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ABSTRACT
BRAIN SPECIFIC NEURAL EXTRACELLULAR MATRIX EXPRESSION AND
MODIFICATIONS IN NEUROLOGICAL DISEASE AND DISORDERS
Chrissa A. Dwyer
Thesis Advisor: Rick Matthews, Ph.D.
The central nervous system (CNS) is extraordinarily complex in both structure and
function. The neural extracellular matrix (ECM) is one of the key classes of molecules
that regulates the development of the CNS and maintains its structure and function in the
adult. Thereby understanding the function of the neural ECM is key to understanding the
CNS. The neural ECM is composed of several nervous-system specific proteins, which
are hypothesized to uniquely contribute to the defining physiological functions of the
CNS. However, work in this area has been hindered by the highly complex molecular
properties of the neural ECM, which stem from alterations in expression and
modifications (resulting from glycosylation and proteolytic cleavage) of its constituents.
Further defining mechanisms that alter the expression and modifications of neural ECM
constituents are critical to fully understanding its complex array of functions. Often in
neuropathologies, the neural ECM undergoes dynamic changes providing a valuable tool
to further understand its function and the opportunity to explore its contribution to
disease pathology and utility as a therapeutic target. The work presented herein
investigates the role of altered expression of the nervous-system specific ECM
constituent, Brain Enriched Hyaluronan Binding (BEHAB)/ brevican (B/b), in glioma,
and altered glycosylation of the nervous system enriched ECM constituent,
RPTPζ/phosphacan, in O-mannosyl related congenital muscular dystrophies (CMDs).
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Our work suggests that increased expression of B/b in the glioma tumor
microenvironment (TEM) contributes to the pathological progression of these tumors,
and reducing its expression is a valuable therapeutic strategy. Additionally, our work
evaluates the transcriptional regulatory mechanisms leading to increases in B/b
expression in glioma and highlights the potential value of these mechanisms as
therapeutic targets. Our work also identifies the absence of O-mannosyl linked
carbohydrates on RPTPζ/phosphacan in the brains of CMD models and suggests that
altered glycosylation of RPTPζ/phosphacan may have a role in the neuropathologies
underlying these disorders. Overall this work provides valuable insight into the molecular
complexities of the neural ECM stemming from changes in the expression and
glycosylation of its constituents and furthers our understanding of its function in the
normal CNS and in neuropathologies.
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INTRODUCTION
Perhaps one of the most striking features of the central nervous system (CNS) is its
exquisite anatomical complexity, which arises from an inordinate number of different cell
types that are positioned and connected with incredible precision. In turn, this structural
complexity underlies the equally complex functions of this system, spanning from simple
actions such as reflexes to more esoteric functions like cognition and consciousness.
Proper anatomical formation of the CNS and its subsequent functions are dependent on
the execution of precisely ordered and highly complex developmental processes.
Progenitor cell proliferation and differentiation give rise to the orderly production of
appropriately numbered neurons and glial cells, which must migrate to defined locations
within the developing CNS. Precise synaptic connections are formed between different
cell populations and pruning of these connections leads to the formation of the mature
CNS circuitry. In the adult, proper CNS function depends heavily on the maintenance of
this complex anatomical structure and circuitry throughout the life of the animal.
Interestingly, constituents of the neural extracellular environment play important roles in
regulating all critical aspects of neural development and maturation.
A defining aspect of the extracellular environment is the extracellular matrix
(ECM), which forms a three-dimensional carbohydrate and protein scaffold and provides
biophysical support and influences biochemical signaling through its ability to bind
growth factors and cell-ECM receptors (for review see Hynes, 2009). Therefore, the
ECM in virtually all organ systems plays important roles in development and maturation
of all cells. However, the neural ECM is distinct from matrices in other organ systems.
Our lab and other labs theorize that the unique qualities of the neural ECM form the basis
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of its defining functional aspects within this specialized system (for review see
Yamaguchi, 2000, Barros et al., 2011). Work from numerous labs has highlighted the
precise and microheterogenous expression of the neural ECM in the CNS, and detailed
the unique composition of this matrix. Importantly, studies have also shown that while
the expression of nervous system-specific constituents further defines the composition of
the neural ECM, additional modifications to these constituents that are also nervous
system specific occur and are key to understanding the function of the neural ECM (for
reviews see Yamaguchi, 2000, Zimmermann and Dours-Zimmermann, 2008).
While a significant amount of progress has been made in identifying the vital
components of the neural ECM over the past two decades, our understanding of their
function is incomplete. One of the primary challenges to understanding their function is
the lack of detailed analysis of the mechanisms that control the expression of ECM
components and their neural-specific modulations, including proteolytic cleavage and
turnover and glycosylation (for review see Zimmermann and Dours-Zimmermann, 2008).
Interestingly, some of the best examples of altered expression and/or modification of
neural ECM comes from work on neuropathologies wherein ECM alterations are a key
contributor to disease progression (for review see Galtrey and Fawcett, 2007). In the
body of work presented here, we investigated mechanisms that regulate the neuralspecific expression and modulation of neural ECM constituents and their pathological
impact in disease and disorders that affect the CNS. We specifically examined two key
nervous system-specific or enriched neural ECM components by taking advantage of
neuropathologic models in which either the expression or glycosylation of these
components were respectively altered. This work provides important insight into the
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regulation of expression and glycosylation of nervous-system specific ECM constituents,
their biological and pathophysiological functions and provides clinical insight into the
role of the neural ECM in brain tumors and congenital muscular dystrophy.

1.1 The Neural ECM
The neural ECM is secreted by neurons and glia, the two major cellular subtypes of the
CNS, and comprises the majority of the extracellular milieu in the parenchyma of the
CNS. Although the neural ECM is marginally similar to cartilage, both the composition
and structure of the neural ECM is unique from all other peripheral matrices (Ruoslahti,
1996). The neural ECM has several nervous-system specific constituents, which support
its hypothesized role in defining the physiological characteristics of neural cells
(Yamaguchi et al., 2000).
Previous work has demonstrated that the neural ECM accounts for ten to twenty
percent of the total volume of the mature brain and occupies an even larger percentage in
the developing brain (Ruoslahti, 1996). The neural ECM is primarily comprised of
carbohydrates, and proteoglycans and glycoproteins. Glycoproteins are proteins
extensively modified with carbohydrates, establishing carbohydrates as an integral
component of the neural ECM (Delpech and Delpech, 1984, Ruoslahti, 1996).
Glycosaminoglycans (GAGs), which are negatively charged, high molecular weight
polymers of repeating disaccharide units, contribute most significantly to the overall
carbohydrate content of the neural ECM (Ruoslahti, 1996).
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1.1A The Molecular Composition and Structure of the Neural ECM
One GAG chain in particular, Hyaluronan (HA), is the primary constituent of the neural
ECM (Ruoslahti, 1996). HA is a secreted component of the neural ECM that is expressed
without an attached protein core. HA is simply comprised of repeating disaccharide units
of N-acetylglucosamine and glucuronic acid. The anionic properties of HA facilitate its
ability to bind and organize water and thus provide the mechanical pliability of the ECM
(Ruoslahti, 1996, Toole, 2000, 2004).
Interactions between HA and receptors at the plasma membrane are critical for
maintaining the organization of the neural ECM and facilitating cross-talk between cells
and the extracellular environment (Yamaguchi, 2000). Therefore, receptors that tether
HA to the surface of cells are of utmost importance. The biosynthesis of HA is highly
unique, and unlike all other GAGs (which are synthesized in the endoplasmic reticulum
and Golgi). Trans-membrane enzymes called hyaluronan synthases (HAS) synthesize HA
at the intracellular surface of the plasma membrane and extrude into the extracellular
space. The unique biosynthesis of HA enables HASs to serve as cell surface receptors by
tethering HA to the plasma membrane following its production (Weigel et al., 1997,
DeAngelis, 1999, Itano and Kimata, 2002, Spicer and Tien, 2004). Several traditional HA
receptors including CD44 and Hyaluronan-mediated motility receptor (RHAMM) are
highly expressed in peripheral tissues, however their relative expressions in the adult
CNS are low and restricted to specific cellular subclasses within defined developmental
windows (Vogel et al., 1992, Lynn et al., 2001). In contrast, the major HA binding
molecules in the CNS are the lectican family of chondroitin sulfate proteoglycans
(CSPGs).
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The lectican family of CSPGs, namely aggrecan, versican, and brain-specific
neurocan and brain enriched hyaluronic acid binding protein (BEHAB)/ brevican (B/b),
are the primary HA binding proteins of the neural ECM (Yamaguchi, 2000). Through
their ability to bind to the HA scaffold and receptors at the plasma membrane, the
lecticans function as the primary structural organizers and regulators of the neural ECM.
The terminal globular protein domain structures of the lectican family members are
highly conserved and enable their role as organizers of the neural ECM- the N-terminal
protein domains of the lecticans bind HA in the neural extracellular space (Yamaguchi,
2000). This interaction is further enhanced by additional binding of hyaluronan and
proteoglycan binding link proteins (HAPLNs) and the formation of ternary complexes
(Spicer et al., 2003). The C-terminal protein domains of the lecticans interact with
receptors at the plasma membrane including tenascins and sulfate glycolipids
(Yamaguchi, 2000). The protein domain structure of the lectican family members is
outlined in Figure 1.2. Tenascins are secreted multimeric glycoproteins which form
protein complexes with cell surface adhesion molecules and constituents of the neural
ECM (Zimmermann and Dours-Zimmermann, 2008). Individual members of the lectican
family have also been shown to bind to cell adhesion molecules including NCAM, L1,
TAG1 and contactin (Milev et al., 1995, Margolis et al., 1996, Milev et al., 1996)
expressed on the surface of neural cells.
The terminal globular protein domains are highly conserved across individual
family members, but the lengths of the central carbohydrate attachment region are highly
variable. As a result, the chondroitin sulfate glycosaminoglycan (CS-GAG) modifications
present on individual lectican family members are also variable (Maeda, 2010). Aggrecan
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has the longest carbohydrate attachment regions and is typically modified with ~120 CSGAG chains, while B/b has the shortest and exhibits ~3 CS-GAG chains and can also be
expressed without any CS-GAGs.
CS-GAGs are unbranched polysaccharides that consist of repeating disaccharide
units of N-acetylgalactosamine and glucuronic acid. Similar to HA, these carbohydrates
are negatively charged at physiological pH (Gandhi and Mancera, 2008, Maeda, 2010).
CS-GAGs are further modified by sulfotransferases that catalyze the addition of sulfate
groups onto N-acetylgalactosamine. The extent and position of sulfation along with the
formation of resulting structural motifs are highly variable and regulate biophysical
properties of CS-GAGs and interactions with ligands (Maeda et al., 2010). In addition to
CS-GAGs, CSPGs can also be modified with other O-and N-linked glycans, which have
also been shown to have a role in ligand binding (Yamaguchi, 2000, Milev et al., 1995).
Consistencies in the globular domain structures of lectican family members conserve the
general structural organization of the neural ECM, while variation in the length of the
central carbohydrate attachment region and glycosylation provides lectican family
members with inherently different molecular properties. It is hypothesized that the length
of the GAG attachement region and the number of attached GAGs consequently
influences the nature and functions of the different lectican family members within the
neural ECM while maintaining the basic structural features of the matrix (Yamaguchi,
2000).
Another CSPG that is closely associated with the neural ECM is phosphacan/
receptor protein tyrosine phosphatase zeta (RPTPζ) encoded by the PTPRZ1 gene.
RPTPζ is the full-length protein form and alternative splicing gives rise to phosphacan,
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containing only the extracellular protein domains, and two additional short isoforms
(Garwood et al., 2003). The protein domain structures of RPTPζ and its splice variants
are outlined in Figure 1.3. The expression of RPTPζ/phosphacan is enriched in the CNS.
Although the protein structure of RPTPζ/phosphacan is drastically different,
RPTPζ/phosphacan has been shown to bind the same complement of cell-surface
receptors and cell adhesion molecules as lectican CSPGs (Margolis et al., 1996, Peles et
al., 1998). Therefore, RPTPζ/phosphacan is closely associated with the lectican-based
neural ECM structure. A schematic diagram showing the primary constituents and
theoretical structural model of the neural ECM modified from (Ruoslahti et al., 1996;
Yamaguchi et al., 2000) is presented in Figure 1.1.
Other carbohydrates, proteoglycans and glycoproteins, including heparan sulfate
proteoglycans, are also present in the extracellular environment. However, these
constituents are primarily found on the surface of cells as part of the cell-surface
glycocalyx (Yamaguchi et al., 2010). The neural ECM is an extracellular extension of
this cell-surface glycocalyx. The structure and function of the immediate cellular
glycocalyx in the CNS is, however, beyond the scope of this work.

1.1B Composition and Structure of Specialized ECM Substructures
In addition to the neural ECM that comprises the vast majority of the extracellular mileu
of the CNS parenchyma, specialized substructures of the neural ECM have also been
described including perineuronal nets and perinodal ECM structures. These substructures
are composed of largely similar constituents as the more general neural ECM, as
described above, however they exhibit distinct structures and localizations (Bekku et al.,
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2009, Bekku and Oohashi, 2010, Bekku et al., 2010, Kwok et al., 2011). Perineuronal
nets are substructures of the ECM that have a characteristic net-like appearance formed
by a reticular network of carbohdyrates, glycoproteins and proteoglycans that ensheathe
the cell soma and proximal neurites surrounding a subpopulation of neurons in the adult
brain (Celio and Blumcke, 1994). The perinodal ECM structure has more recently been
described and is formed by a collection of ECM constituents around axonal nodes of
Ranvier (Bekku et al., 2009, Bekku and Oohashi, 2010, Bekku et al., 2010).
In addition to the highly unique neural ECM, traditional matrices are also present
in limited quantity in the CNS and comprise the mesenchymal ECM. Traditional matrices
found in other peripheral tissues and organs are predominately composed of rigid and
fibrillar proteins including laminin, fibronectin and collagen. However, the expressions of
these proteins are low in the mature CNS parenchyma and are temporally and spatially
restricted. During early nervous system development, mesenchymal ECM proteins
including fibronectin and laminin are expressed in the neurogenic regions of the
developing brain (Lathia et al., 2007). In the mature CNS, mesenchymal ECM is limited
to anatomical structures including basal laminas, cerebral vasculature and is sparsely
distributed throughout white matter tracts (Liesi, 1984).
Cell-ECM receptor systems that bind mesenchymal ECM proteins include αdystroglycan and integrins. These receptors are located on the surface of neurons and
glial cells in the CNS and therefore serve as molecular bridges between traditional ECM
proteins in the mesenchymal ECM and the plasma membrane. The association of these
receptors with intracellular proteins involved in cytoskeletal reorganization link the
mesenchymal ECM with intracellular cytoskeletal dynamics (del Zoppo and Milner,
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2006). Similar to the neural ECM, carbohydrates also play an essential role in the
mesenchymal ECM of the CNS and are required for the interaction between
mesenchymal ECM constituents and their receptors (Endo, 2006).
The molecular composition and structures of these matrices are intimately tied to
their functions. Through their interactions, both matrices provide biophysical support to
the developing and mature CNS. Previous studies have also demonstrated that through
interactions with cell-surface receptors, neural and mesenchymal ECM can also modulate
intracellular signaling cascade (Endo, 2006). While the mesenchymal ECM has important
functional roles, the predominant ECM of the CNS parenchyma is the neural ECM.
Therefore, the neural ECM is uniquely posed to influence cells within the parenchyma of
the CNS, including both neurons and glia, which give rise to the defining functions of the
CNS.

1.2 The Function of the Neural ECM
Normal function of the CNS requires that developmental processes proceed correctly,
leading to proper CNS structure and function. The neural ECM is a critical regulator of
developmental processes in the CNS, with a described functional role in progenitor cell
proliferation, differentiation, migration, axonal outgrowth, synapse formation and
myelination (For review see Barros et al., 2011). In the mature CNS, the neural ECM is
required to maintain these properties and the overall function of the CNS (Dityatev et al.,
2010).
While several previous studies have highlighted the important functional role the
neural ECM has in the normal CNS, little is known about the functional contribution of
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individual constituents of the neural ECM. Further, while the expressions of neuralspecific ECM constituents are hypothesized to uniquely contribute to the physiology of
the CNS, our understanding of their functions remains largely enigmatic. Knockout mice
lacking any one constituent have relatively mild phenotypes, likely resulting from their
molecular complexity and functional redundancy. One of the primary challenges to
uncovering the function of individual neural ECM constituents is the lack of detailed
analysis of the mechanisms that control their expression and modifications, including
proteolytic cleavage and glycosylation (Zimmermann and Dours-Zimmermann, 2008).
Changes to the expression and modifications of neural ECM constituents subsequently
modify both its biophysical properties and biochemical interactions with ligands and cellECM receptors, which alter downstream signaling. This in turn affects the function of the
neural ECM. During nervous system development and maturation mechanisms that
control the expression and modifications of neural ECM constituents are tightly regulated,
resulting in stereotypical changes to its composition that precede its function and role in
the developing and mature CNS. In neuropathologies, these mechanisms lead to
substantially altered expression of the neural ECM that often facilitate disease
progression (Viapiano and Matthews, 2006). Therefore, neuropathologies represent
unique and unlikely tools to further understand the function of the complex expression
and modifications of nervous system specific ECM constituents.

1.2A The Function of the Neural ECM in the Normal CNS
The expression of neural ECM constituents is tightly regulated during CNS development
and maturation, which in turn influences its function. During early nervous system
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development, the expression of HA and its high molecular weight forms are substantially
increased in expression (Margolis et al., 1975, Zimmermann and Dours-Zimmermann,
2008). Additionally, specific CSPGs including neurocan, phosphacan and specific
versican isoforms are the predominant organizers of the juvenile neural ECM. Based on
their inherent biochemical qualities, the expression of these constituents likely form a
loosely organized, hydrated meshwork that is largely permissive to cellular
reorganization and axonal outgrowth (Zimmermann and Dours-Zimmermann, 2008).
In the mature CNS, the expression of HA is significantly decreased (Margolis,
1975). The expression of CSPGs change and the primary lectican organizers aggrecan
and B/b replace those during early nervous system development (Dours-Zimmermann,
2008). Additionally, organized substructures of the neural ECM, including perineuronal
nets, appear in the mature CNS. As a result the neural ECM structure is likely more
condensed in the adult CNS and is associated with a less permissive and largely
inhibitory extracellular environment, which functions to restrict cellular dynamics to
maintain the mature structure and circuitry of the adult CNS (Hockfield et al., 1990).
While not as extensively studied, alternative splicing and proteolytic cleavage can
also modulate the neural ECM. Previous studies have documented the expression of
several splice variants of CSPGs in the neural ECM, with varying compositions of
protein domain structures. Interestingly, alternative splicing of B/b gives rise to a
glycophosphatidylinositol (GPI)-linked variant whose C-terminal ligand binding domain
is substituted with a GPI-anchor, also making it the only known lectican isoform to be
membrane bound (Seidenbecher et al., 1995). Previous studies have also documented that
all lectican family members undergo proteolytic cleavage by ADAMTS (a disintegrin and
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metalloproteinase with thrombospondin motifs) and MMP (matrix metalloproteinase)
family members. While the function of this cleavage in the normal CNS is not well
understood, a potential and mostly theoretical role in loosening the neural ECM
meshwork has been described. Wherein proteolytic cleavage of the lectican CSPGs
would reduce molecular bridges formed between the cellular plasma membrane and the
HA scaffold leading to a reduction in the organization of the neural ECM structure and its
tensile properties (for review see Howell, 2011).

Interestingly modifications to neural ECM constituents resulting from glycosylation of
CSPGs also play an important role in regulating its function. CS-GAG modifications and
other O- and N-linked glycans have been show to regulate ECM-ligand interactions
through their ability to either create or mask ligand-binding domains. Glycan
modifications can also modify the biophysical properties of the neural ECM.
During early nervous system development, a particular highly sulfated pattern of
CS-GAG, CS-E, is expressed and binds to a variety of growth factors (Deepa et al., 2002,
Nandini et al., 2004). The specific binding of CS-E to contactin-1 has been shown to
mediate process outgrowth (Mikami et al., 2009). Previous studies have also
demonstrated that complex N-linked glycans on neurocan and phosphacan can regulate
their ability to bind cell-ECM receptors in vitro (Milev et al., 1995). Glycosylation of
CSPGs with CS-GAGs, and their further sulfation, can also influence the biophysical
properties of the neural ECM due to their anionic properties. Previous work has
demonstrated that the expression of specific CS-GAG structures, that are traditionally
inhibitory to cellular dynamics, are enriched in regions of the developing CNS that
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typically function as barriers to cell migration (Niederost et al., 1999). Changes in the
expression and modifications of neural ECM constituents can also work in concert with
one another, whereby modulating expression of individual CSPGs or their protein domain
structure, can subsequently alter their glycan content and the function of the neural ECM.

To further complicate the role of glycosylation to CSPG function, CS-GAG structures
and other forms of glycan modifications are dynamically regulated in a temporal manner
during CNS development and maturation. Changes in glycan structure and content can be
modulated by a variety of different mechanisms, including changes in the expression of
glycostransferases and further modifying enzymes. Modifications to glycan structure or
content subsequently affect the function of the CSPGs that they decorate and the role of
the neural ECM (Maeda, 2010).
Recent studies have demonstrated that the sulfation pattern of CS-GAG structures
is dynamically modified over the course of development and maturation, which
subsequently affects their function (Miyata et al., 2012). Miyata and colleagues
demonstrated that while the overall levels of CS-GAG does not change over the course of
development, their types and patterns of sulfation are highly dynamic. This study
demonstrated that over the course of CNS development and maturation that the 4S/6S
ratio of sulfation was dynamically changed, wherein a shift from 6S to 4S was observed
over the course of maturation. Interestingly, transgenic animals that overexpressed the 6S
form subsequently had increased plasticity, the underlying mechanisms of which was
related to delayed maturation of inhibitory cells in the cortex (Miyata et al., 2012).
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Further studies that investigated the function of CS-GAG chains in the neural ECM
support their role as critical regulators of plasticity in the mature CNS. Previous studies
demonstrated renewed plasticity following the enzymatic degradation of CS-GAG chains
with chondroitinase ABC (chABC) (Pizzorusso et al., 2002, 2006). A caveat however, is
that chABC also affects the structural integrity of perineuronal nets. Therefore, it remains
to be determined whether the function of the neural ECM in plasticity is from CS-GAG
chains or matrix structure.
In the visual system, monocular deprivation early in development leads to
permanent alterations in ocular dominance columns in the visual cortex that negatively
affect the function of the deprived eye in the adult. Using this model, Pizzorusso and
colleagues demonstrated that chABC injection in the visual cortex and reverse lid
suturing in the adult restored ocular dominance plasticity and visual acuity, suggesting
that the neural ECM is a negative regulator of cortical plasticity (Pizzorusso et al., 2002,
2006). Another study by Gogolla and colleagues demonstrated similar findings wherein
permanent fear-conditioned memories in adult animals could be erased with chABC
injection in the amygdala, suggesting that the neural ECM is also involved in memory
consolidation (Gogolla et al., 2009). Additionally, while the phenotypes of mice that lack
neurocan or B/b are relatively minor, due likely to their partially overlapping functions
with other constituents of the neural ECM, both animals exhibit impaired long term
potential (LTP), a form of cellular memory (Zhou et al., 2001, Brakebusch et al., 2002).

Further adding to the complex function of the neural ECM, is the highly microheterogeneous nature of CSPG glycosylation. Previous studies have demonstrated that
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the same CSPG can be modified with different glycan structure, which can exhibit
distinct regional patterns of expression in the CNS (Matthews et al., 2002b). While the
functional significance of this remains largely unknown, it is likely that the elaboration of
different glycan structures differentially affects the function of the CSPG they decorate.
In this manner, the neural ECM could have considerably different functions on cellular
function that are context-specific and dependent on both the composition of the neural
ECM and the cell-ECM receptors expressed by the cell.
Previous studies have detailed the importance of the neural ECM in the CNS,
however little is known about the function of its individual constituents. Additionally,
little is known about the role of nervous system specific ECM constituents. The
molecular complexity of the neural ECM resulting from mechanisms that alter the
expression of its constituents and modifications, through proteolytic cleavage and
turnover, gives rise to its complex functions. Therefore further understanding these
mechanisms is critical to understanding the function of the neural ECM. Importantly,
neuropathologies in which the neural ECM is substantially altered represent valuable
tools to further uncover the enigmatic functions of the neural ECM.

1.2B The Function of the Neural ECM in Disease and Disorders of the CNS
In several neuropathologies, including diseases and disorders of the CNS, expression and
modifications of nervous system specific ECM constituents are often substantially altered.
This in turn influences the function of the neural ECM and often facilitates pathological
progression. Therefore, further uncovering the expression, function and pathological
contribution of alterations to the neural ECM and its primary nervous system specific
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constituents are essential to also fully understanding its pathological function (Galtrey
and Fawcett, 2007).
Previous studies in spinal cord injury are perhaps the best-documented examples
of alterations to the expression and modifications of neural ECM constituents and their
pathogenic contribution. In response to neural injury, reactive astrocytes increase the
expression of several molecules including CSPGs, neurocan, versican, B/b and NG2,
which are important constituents of the glial scar (Asher et al., 2000, Jones et al., 2003,
Viapiano and Matthews, 2006). The role of the glial scar is thought to be in part neuroprotective, however it forms the major inhibitory barrier to axonal regrowth and repair
following spinal cord injury. While debated, the inhibitory properties of the glial scar
have been attributed to increased expression of oversulfated forms of CS-GAGs present
on CSPGs (Gilbert et al., 2005, Lin et al., 2011- in opposition). Enzymatic digestion of
CS-GAGs with chABC has been shown to promote regeneration and sprouting and
restore loss of function associated with spinal cord injury (Bradbury et al., 2002, Houle et
al., 2006, Cafferty et al., 2008). This provides direct evidence for the inhibitory properties
of CS-GAGs. More recent studies have demonstrated that protein tyrosine phosphatase σ
(PTPσ) is a receptor for oversulfated forms of CS-GAGs and confers the inhibitory
properties of CS-GAGs in spinal cord injury (Shen et al., 2009). The vast body of work
on the altered expression and function of the neural ECM in spinal cord injury has
provided important insight into the inhibitory role of CS-GAGs and their functions in the
normal CNS.
Recent studies also suggest that the neural ECM is altered in psychological
disorders, including schizophrenia and mania, degenerative disorders, including
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Alzheimer’s disease, and malignancies of the CNS, including glioma (Viapiano and
Matthews, 2006, Kahler et al., 2011, Miro et al., 2012, Morawski et al., 2012, Schultz et
al., 2013). Additionally, alterations to the mesenchymal ECM in the CNS have been
implicated in congenital muscular dystrophy (Bonnemann et al., 1996). While a
significant body of research has documented alterations to the neural ECM that occur in
these neuropathologies, less is known about its functional contribution. Additionally,
given the varying nature of underlying mechanisms leading to these neuropathologies
including regression of the mature CNS, oncogenesis and abnormal developmental
mechanisms, each likely provides a different biological perspective regarding the
function of altered neural ECM expression and modifications. Future work directed at
further unraveling the expression and modifications of neural ECM constituents (and
specifically its nervous system specific constituents) in disease and disorders of the CNS
will likely uncover the complex function of the neural ECM. Additionally, novel
molecular underpinnings of neuropathologies and potentially valuable therapeutic targets
could be identified in the process.

1.3 Using Glioma and Congenital Muscular Dystrophy to Further Understand Neural
ECM Function
The purpose of the work comprised in this dissertation was to further investigate the
function of nervous system-specific constituents of the neural ECM, how alterations to
their expression and modifications affect this function, and their contribution to
neuropathologies. While investigating the role of altered expression and modification of
neural ECM constituents in all neuropathologies is important, our work focused in on two
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of these specifically. We investigated the role of two essential nervous system specific
ECM constituents, B/b and RPTPζ/phosphacan, in two different neuropathologies leading
to their altered expression and modification. Including altered expression of B/b in
glioma and altered glycosylation of RPTPζ/phosphacan in O-mannosyl congenital
muscular dystrophy (CMD).

1.3A The Contribution of Increased Expression of the Neural-Specific ECM Constituent,
B/b, in Malignant Glioma
Glioma is the most prevalent and lethal form of primary brain cancer in the CNS. Despite
significance progress in developing more effective adjuvant therapies, the inherent
characteristics of glioma cells cause these tumors to be largely refractory to therapeutic
intervention. Previous studies have documented the unique ability of glioma cells to
invade the normal surrounding brain tissue, as peripheral tumors that metastasize to the
CNS rarely exhibit diffuse invasion and gliomas have rarely been reported to metastasize
outside the confines of the CNS (Bellail et al., 2004). These evidences suggest that the
glioma tumor microenvironment (TME) likely underlies the invasive attributes of glioma
cells. This TME is also responsible for maintaining the cellular heterogeneity of tumor
cells, in particular the highly tumorigenic glioma initiating cell class (GICs). Previous
reports have documented that the inherent qualities of GICs cause these cells to be
primary contributors to tumor recurrence following therapeutic intervention. Therefore,
the tumor microenvironment has attracted considerable interest as a potential therapeutic
target to reduce the pathogenesis of glioma (for review see Lathia et al., 2011).
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Interestingly, the ECM is a primary constituent of the glioma TME and its
composition closely resembles the juvenile neural ECM. Previous studies have
documented that glioma cells secrete a specialized ECM, the primary function of which is
to likely overcome the inhibitory properties of the mature neural ECM in the adult CNS
to make it more permissive for cellular dynamics required for tumor progression. Glioma
cells increase the expression of several neural ECM constituents including HA and
CSPGs phosphacan and lectican family members, with the exception of aggrecan. The
expression of mesenchymal ECM proteins including laminin and fibronectin are also
found in the tumor microenvironment. The activity of proteases including MMPs and
ADAMTS family members and the subsequent abundance of cleaved forms of lectican
CSPGs are also increased in expression (for review see Viapiano and Matthews, 2006).
Additionally, glioma cells have been shown to express glycosylated forms of CSPGs,
which are normally only found during early human nervous system development
(Viapiano et al., 2005). Therefore, mechanisms that modify the expression and
modification of neural ECM constituents cause a reversion of the mature neural ECM
composition back to its juvenile qualities in glioma. In turn, this alters both its
biophysical and biochemical interactions, which function to promote tumor progression
within the normally inhibitory confines of the adult CNS.
In glioma, neural-specific expression and modifications, resulting from
proteolytic cleavage and glycosylation, of neural ECM constituents is exemplified by a
single nervous-system specific member of the lectican family, B/b. Therefore, further
understanding the function of increased B/b and the mechanisms which lead to its
increased expression in glioma will further our understanding of its role in the normal
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developing CNS and its contribution and utility as a therapeutic target in glioma (for
review see Dwyer and Matthews, 2012).
During early nervous system development, B/b expression is first detected at high
levels in the ventricular zone coincident with the period of gliogenesis (Jaworski et al.,
1995). Previous studies have also documented B/b is predominately expressed by glial
cells, including mature oligodendrocytes and astrocytes and their immature precursors
(Yamada et al., 1997, Ogawa et al., 2001). In glioma, the expression of B/b and its
transcript, BCAN, are significantly increased relative to the normal adult brain (Jaworski
et al., 1996). The expression of several proteolytic cleavage fragments and glycovariants
resulting from its altered glycosylation are also increased in expression (Gary et al., 2000,
Matthews et al., 2000, Viapiano et al., 2003, Viapiano et al., 2005). Importantly, the
increased expression of all B/b isoforms and its proteolytic cleavage facilitate glioma
invasion into the normal surrounding brain tissue (Nutt et al., 2001, Hu et al., 2008,
Viapiano et al., 2008), a property which is restricted to glioma within the normally
inhibitory extracellular environment of the CNS (Bellail et al., 2004). While previous
studies have demonstrated that proteolytic cleavage of B/b is required for its proinvasive
effects (Hu et al., 2008, Viapiano et al., 2008), the value of targeting the increased
expression of B/b at the level of transcription to reduce the pathogenesis of glioma
remains undetermined.
More recent studies have documented the overexpression of B/b by glioma
initiating cells (Gunther et al., 2008), a particular cellular subclass that have unique
functional qualities and are believed to be the primary contributors to tumor recurrence
and perhaps represent the cellular origins of these tumors (Heywood et al., 2012). These
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results suggest that B/b is likely a predominant constituent of the GIC niche, or
specialized tumor microenvironment, surrounding these cells. The importance of the GIC
niche in maintaining the defining qualities of GICs, which contribute to their overall
tumorigenic capabilities, has previously been demonstrated (for review see Lathia et al.,
2011). Therefore we hypothesized that B/b may have additional functional roles as a
primary constituent of the GIC niche to maintain this unique cellular subclass.
Therefore, in Chapter 2 of this dissertation we evaluate the efficacy of targeting
the increased expression of B/b in glioma to reduce its pathological progression and
evaluated its functional role in traditional glioma cell lines and glioma initiating cells. In
this chapter, a previous member of the Matthews’ Lab, Wenya Linda Bi, provided studies
that were done in traditional serum cultured glioma cell lines. I provided studies in
glioma initiating cells. In Chapter 3, we evaluated the cis-regulatory mechanisms
responsible for the nervous system specific expression of B/b and its increased expression
in glioma.

1.3B The Contribution of Altered Glycosylation of the Nervous System-Enriched ECM
Constituent, RPTPζ/phosphacan, in Congenital Muscular Dystrophy
In addition to evaluating the alterations to the neural ECM that arise as a result of
changes to the expression of its constituents, we also evaluated the role of altered
glycosylation of neural ECM constituents in glycosylation deficient models of congenital
muscular dystrophy (CMD). CMD with associated brain abnormalities (also referred to as
O-mannosyl related CMDs or dystroglycanopathies) is a group of devastating
developmental disorders characterized by congenital muscular dystrophy, brain and eye
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abnormalities and often mental retardation. This group of disorders arises from mutations
in genes that encode glycostransferases involved in protein O-mannosyl glycosylation
(Brockington et al., 2001, Beltran-Valero de Bernabe et al., 2002, Schessl et al., 2006).
Numerous glycostransferases that participate in the synthesis and elaboration of Omannosyl glycan chains have been identified, mutations in several of these enzymes
regardless of their functional role in this pathway, lead to various forms of O-mannosyl
related CMDs (Wells, 2013).
Previous studies have shown that the majority of phenotypes observed in Omannosyl related CMDs arise from the absence of O-mannosyl linked glycan structures
on α-dystroglycan (Moore et al., 2002, Satz et al., 2010). The absence of these glycans
subsequently eliminates the ability of α-dystroglycan to bind mesenchymal ECM proteins
in the parenchymal basal lamina (Kano et al., 2002, Michele et al., 2002). In the early
developing CNS, this causes the structural integrity of pial basal lamina to be comprised
and the rapid expansion of the cortex leads to physical breaks in the pial basal lamina (Hu
et al., 2007). As a result newly generated neurons migrate beyond the outer limits of the
developing cortex, created by the normally intact pial basal lamina, resulting in
cobblestone lissencephaly and subsequent alterations to the structural lamination of the
developing cortex, which in turn affects CNS function (Michele et al., 2002). Important
to my work, recent studies have suggested that additional substrates of protein Omannosyl glycosylation, other than α-dystroglycan, exist in the CNS and therefore may
also contribute to the molecular underpinnings of this disorder (Stalnaker et al., 2011).
Previous reports suggested that neural ECM constituents and cell-adhesion
molecules also are modified with O-mannosyl linked glycans (Finne et al., 1979, Rauch,
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1990, Bleckmann et al., 2009). Among the constituents identified, RPTPζ/phosphacan is
of particular interest because of its nervous system-enriched expression present in both
glia and neurons in the developing and mature CNS (Lander et al., 1998, Hayashi et al.,
2005, Faissner et al., 2006). During early CNS development, the expression of RPTPζ is
predominately localized to ventricular zone while phosphacan expression is more
widespread throughout the entire cortex and is the predominate form expressed by post
mitotic cells (Canoll et al., 1993)
PTPRZ1 knockout mice, the gene which encodes RPTPζ/phosphacan, were
initially described to have no apparent anatomical abnormalities but exhibited abnormal
myelination described as myelin fragility which had no affect on conduction velocity
(Harroch et al., 2000). Additional studies have since documented several phenotypes,
which are relatively mild in comparison to its abundant expression and interactions with
ligands critical for normal CNS development. Adult animals have enhanced LTP and
impaired spatial learning (Niisato et al., 2005) and exhibited impaired repair of
demyelinating lesions caused by autoimmune encephalitis (Harroch et al., 2002). In
young animals, increased proliferation and production of oligodendrocyte precursors cells
(OPCs) were observed, which did not translate to changes in the expression of cells
positive for mature oligodendrocyte markers, however reduced morphological maturation
was indicated (Lamprianou et al., 2011). Additional studies provide further evidence for a
role of RPTPζ/phosphacan in the regulation of oligodendrocyte production, wherein a
reduction in the expression of RPTPζ/phosphacan increased human OPC proliferation
and self-renewal and inhibited differentiation (McClain et al., 2012). Together these data
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suggest that RPTPζ/phosphacan functions as a negative regulator of OPC proliferation
and promotes cell cycle exit and differentiation.
Previous studies have also documented a role for RPTPζ in signaling through
several downstream effector molecules. Binding of the soluble growth factor,
pleiotrophin (PTN), to RPTPζ was found to decrease β-catenin phosphorylation and
downstream signaling (Meng et al., 2000). Interestingly, McClain and colleagues also
showed the addition of PTN and a pan-tyrosine phosphatase inhibitor increased the
production of human OPCs, suggesting in the presence of PTN that RPTPζ signaling
through β-catenin would be inhibited resulting in maintenance of the OPC pool (McClain
et al., 2012).
Important for our studies, previous reports have demonstrated that PTN binds to
RPTPζ/phosphacan through a particular CS-GAG modification (Maeda et al., 1996, Bao
et al., 2005). Similarly, N-linked glycans on RPTPζ/phosphacan have been shown to bind
NCAM and L1 in vitro (Milev et al., 1995). These results suggest, that glycans play an
essential role in regulating RPTPζ/phosphacan ligand binding and likely function. A case
for the role of O-mannosyl linked glycans on RPTPζ/phosphacan originated several
decades ago following the creation of a monoclonal antibody, Cat-315, which was later
determined to detect O-linked glycan epitopes on RPTPζ/phosphacan early in
development and on aggrecan in the mature CNS (Matthews et al., 2002a, Dino et al.,
2006). Additional studies suggested that the carbohydrate epitope detected by Cat-315
was likely an O-mannosyl linked glycan structure. Therefore, Chapters 4 and the attached
Appendix determined whether the glycosylation of RPTPζ/phosphacan was altered in
mouse models of O-mannosyl CMDs lacking functional O-mannosyl glycotransferase
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activity, and how the absence of glycan modifications on RPTPζ/phosphacan could lead
to the neurological abnormalities described in these disorders.

Overall the work comprising this thesis furthers our knowledge regarding the function
and transcriptional regulation of the nervous system-specific ECM constituent, B/b, and
its increased expression in glioma. These studies also further our knowledge regarding
the function of O-mannosyl glycosylation of RPTPζ/phosphacan and its contribution to
the neuro-pathological underpinnings of O-mannosyl related CMDs. Together, this body
of work furthers our understanding of the regulation of mechanisms which alter the
neural ECM, their function and roles in normal CNS and neuropathologies.
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Figure 1.1. Schematic diagram of the neural extracellular matrix. Figure illustrates the
model composition of the extracellular matrix and cell surface receptors in the normal
adult brain. Figure adapted from (Dwyer and Matthews, 2011). Sulfated glycolipids
(SGLs), neural cell adhesion molecule (NCAM), chondroitin sulfate glycosaminoglycan
(CS-GAG).
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Figure 1.1

37

Chapter 1. General Introduction

Figure 1.2. Schematic diagram of the protein domain structure of the lectican chondroitin
sulfate proteoglycans.
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Figure 1.2
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Figure 1.3. Schematic diagram of the protein domain structure of RPTPζ and its splice
variants including phosphacan.
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Figure 1.3
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CHAPTER 2
BREVICAN KNOCKDOWN REDUCES
GLIOMA AGGRESSIVENESS IN TUMORS
DERIVED FROM RODENT MODELS AND
HUMAN GLIOMA INITIATING CELLS

This chapter is under preparation for manuscript submission. Copyright: Dwyer,
CA.*, Bi, W.L*, Viapiano, M.S, Matthews, R.T. (* These authors contributed
equally, W.L.B contributed studies done in rodent models and C.A.D contributed
studies done in glioma initiating cells). Figures produced by W.L.B are
acknowledged in the legend.
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ABSTRACT
The tumor microenvironment (TME) has gained considerable attention as growing
evidence suggests that interactions between tumor cells and their surrounding
environment are an important aspect of cancer biology. A defining aspect of the glioma
TME is the unique composition and structure of its extracellular matrix (ECM), which
enables glioma tumor cells to overcome the normally inhibitory barriers of the adult
central nervous system (CNS); playing a role in glioma invasion and the cellular
heterogeneity that distinguishes these tumors. The nervous-system specific ECM
constituent, Brain Enriched Hyaluronan Binding (BEHAB)/ brevican (B/b) is an
important constituent of the glioma TME. Previous studies have demonstrated that B/b is
expressed exclusively in the CNS, is upregulated in glioma and has a pro-invasive
function. Suggesting that increased B/b expression represents a novel target to reduce
glioma pathogenesis. Herein, we also provide evidence to suggest B/b expression is
enriched in the glioma initiating cell niche, which is in accordance with previous studies.
We found that reducing the expression of B/b by RNA interference decreased the
pathological progression, aggressiveness and lethality of tumors derived from traditional
glioma cell lines and human glioma initiating cells. This study suggests that the increased
expression of B/b in the TME represents a valuable therapeutic target for glioma.
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INTRODUCTION
The tumor microenvironment (TME) has attracted considerable interest over the past
several years for its contribution to cancer biology stemming from interactions between
tumor cells and their surrounding environment (Swartz et al., 2012). As in other cancers,
emerging evidence suggests that the TME also plays an important role in the
pathogenesis of glioma. High-grade gliomas (HGGs) are the most common and fatal
form of primary intracranial tumors. Despite significant progress in developing more
effective adjuvant therapies HGG mortality remains high (For review see Tanaka et al.,
2013). Several aspects of glioma pathophysiology enable tumor cells to evade therapeutic
treatments (For review see Chen et al., 2012), including their ability to invade the normal
surrounding brain tissue and their highly heterogeneous cellular composition.
Glioma cell invasion is a unique characteristic that is restricted to this tumor
subtype within the central nervous system (CNS). As glioma tumors rarely metastasize
outside the confines of the CNS, and peripheral tumors that metastasize to the CNS fail to
invade the surrounding neural tissue (Bellail et al., 2004). The ability of glioma cells to
invade the CNS where other tumors fail indicates that a unique interaction between
glioma cells, the TME and the normal extracellular environment of the CNS facilitates
glioma cell invasion. Not only does the glioma TME play a role in invasion but it also
provides a niche for establishing and maintaining the heterogeneity of cellular
subpopulations within glioma tumors, including the therapeutic-resistant glioma initiating
cell (GIC) population (Lathia et al., 2010, 2012, for review see Filatova et al., 2013). The
broad functionality of the glioma TME in mediating aspects of glioma progression makes
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its defining components attractive therapeutic targets (For review see Charles et al.,
2012).
The glioma TME is in part distinguished by the composition of its extracellular
matrix (ECM), which closely resembles the neural ECM of the normal CNS and is highly
unique (Ruoslahti, 1996). The backbone of the neural ECM is chiefly comprised of the
glycosaminoglycan hyaluronan (HA) (Ruoslahti, 1996, Toole, 2000, 2004). Proteins that
bind HA, like the lectican family members of chondroitin sulfate proteoglycans, serve as
molecular organizers of the ECM by facilitating interactions between the ECM scaffold
and the plasma membrane (see introduction, Ruoslahti, 1996, Bandtlow and
Zimmermann, 2000, Yamaguchi, 2000).
Previous work in this from our lab and other labs provided evidence that the
lectican family member, Brain Enriched Hyaluronan Binding (BEHAB)/ brevican (B/b),
is a key constituent of the ECM of the TME and contributor to glioma progression. These
studies showed that several B/b protein isoforms are increased in expression in gliomas
relative to normal brain (Jaworski et al., 1996, Gary et al., 2000, Viapiano et al., 2003,
Viapiano et al., 2005) and that overexpression of B/b in rodent models increased tumor
invasion and progression (Zhang et al., 1998, Nutt et al., 2001, Hu et al., 2008, Viapiano
et al., 2008b). More recently, the overexpression of the B/b gene, BCAN, has been
identified in subtypes of GICs (Gunther et al., 2008). Together the abundant
overexpression of B/b in gliomas, its pro-invasive function, and expression in the GIC
population suggest B/b may play an important function in multiple aspects of the
progression of HGGs. While previous studies suggest that B/b may be a possible
therapeutic target for glioma (Jaworski et al., 1996, Nutt et al., 2001, Viapiano et al.,
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2005), it remains unknown whether reducing the expression of B/b can decrease the
tumorigenic qualities of glioma cells. Therefore, the purpose of this study was to
investigate the efficacy of targeting B/b in rodent models of invasive glioma and the GIC
subpopulation to reduce tumor formation and subsequent disease progression.

MATERIALS AND METHODS
Cell Culture: CNS-1 cells were grown in RMPI 1640 media supplemented with Lglutamine (Invitrogen, Carlsbad, CA, USA), 10% fetal calf serum, 50 µg/mL penicillin,
and 50 µg/mL streptomycin. GIC lines 0627 and 0913 were previously described (Galli
et al., 2004). GICs were grown in a modified Sato’s Base Medium (Bottenstein and Sato,
1979) comprised of DMEM-F12 media with L-glutamine (Invitrogen) supplemented with
100µg/mL human apo-transferrin, 10µg/mL human insulin, 100µM putrescine, 20nM
progesterone, 30nM sodium selenite, 50µg/mL gentamicin, 100µg/mL BSA (Sigma
Aldrich, Saint Louis, MO, USA). For Standard growth media conditions, Sato’s Base
Medium was supplemented with 10ng/mL EGF and bFGF (Invitrogen). All cell lines
were maintained at at 37°C with 5% CO2.

B/b shRNA construct design: Effective siRNA sequences and controls designed to target
all isoforms of rat and human B/b are presented in Table 2.1. These sequences were
transformed into shRNAs and purchased PAGE purified from Invitrogen. Sense and antisense strands were annealed and then ligated downstream of the U6.1 promoter in
vectors, which also expressed GFP under control of the CMV promoter. The pRNATU6.1/Hygro vector (GenScript, Piscataway, NJ) was used for rodent models and the
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lentiviral delivery vector pLentiLox3.7 (pLL3.7) (Rubinson et al., 2003) (Addgene,
Cambridge, MA, USA) was used for human GICs. One Shot Top10 or Stbl3 competent
E. coli were then transformed for selection (Invitrogen). The EndoToxin Free Maxi Prep
Kit (Qiagen, Valencia, CA, USA) was used to prepare plasmid for transfection into cell
lines. The ability of shRNA sequences to reduce either the expression of rat or human B/b
was assessed by Western blot analysis.

Lentiviral Production: 293FT cells were seeded into T175 flasks and transfected the
following day using polyethylenimine (PEI) with pLL3.7 transducing vector, pLP1
(Invitrogen), and pCMV-VSV-G-RSV-Rev (Miyoshi Lab, RIKEN, Japan). The following
morning media was changed to reduced-serum OptiMEM media with Glutamax
(Invitrogen) supplemented with 25µM chloroquine (Sigma). Viral conditioned media was
collected 48 hours following transfection and concentrated in 100,000 molecular weight
cutoff concentrators (Amicon Ultra, Millipore, Billerica, MA, USA). Functional viral
titers were determined using 293FT cells by counting isolated GFP-positive colonies 3
days following infection. Typical viral titers obtained were 3x106 functional titer units/
mL. Biosafety measures and protocols for the appropriate handling of infectious reagents
were approved by the Institutional Biosafety Committee at SUNY Upstate Medical
University, Syracuse, NY.

Sample Preparation and Western blotting: Western blotting protocol was carried out as
specified previously by Viapiano and colleagues (Viapiano et al., 2003). Briefly, cells
were washed with 1x dPBS and collected by centrifugation and lysed using a syringe in
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0.03M sodium phosphate buffer, pH 7.4 with mini EDTA-free protease inhibitor tablet
(Roche). Conditioned media samples were collected by centrifugation and analyzed
either directly or concentrated in 30,000 MWCO concentrators (Amicon Ultra,
Millipore). Equal amounts of protein were electrophoresed under denaturing and
reducing conditions on 6% or 7% SDS-polyacrylamide gels, immunoblotted onto
nitrocellulose membrane and incubated with primary antibodies. Antibodies specific for
B/b included the rabbit polyclonal B6 which detects the full-length and C-term
proteolytic cleavage fragments of B/b. In rodent models B50 was used, which recognizes
the 60 kDa N-terminal proteotlytic cleavage fragment (Matthews et al., 2002). An
antibody against α-tubulin served as a loading control in all cases (Molecular Probes,
Eugene, OR). Membranes were incubated with secondary antibodies conjugated to
horseradish peroxidase (HRP) and visualized with the SuperSignal West Pico or Femto
ECL kit for HRP (Pierce, Rockford, IL) by exposing to BioMax MR film (Kodak,
Rochester, NY). Western blot were quantified using Image J software.

(3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) (MTT) Assays: For
CNS1 cells, the CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega,
Madison, WI) was used. For GICs, a standard MTT assay was conducted on cells
growing as non-adherent spheres and processed using low-speed centrifugation.
Statistical comparisons were performed by two-way ANOVA.

Sphere Formation Assay: GICs were seeded at clonal density in standard growth medium
and single clones were verified at the time of plating. The ability to self renew was then
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determined by the formation of spheres 12-13 days post plating. Both the percentage of
sphere formation and sphere size as a measure of two-dimensional area and perimeter
were determined using Image J. Statistical comparisons were performed by Chi-square
analysis for sphere formation and standard two-tailed, equal variance t-test for measures
of sphere size.

Differentiation Assay: GICs were seeded on glass coverslips pre-coated with 5µg/mL
laminin (Millipore) in standard growth medium. The following day, media was changed
to Sato’s Medium Base containing 10% fetal bovine serum. Half volume media changes
were done every three days and cells were fixed for immunocytochemistry at 12DIV.
Similarly, non-differentiated control cells were plated on laminin coated glass coverslips
and cultured in standard growth medium and collected at 3DIV. Cells were then
processed for immunocytochemistry as specified below.

Immunocytochemistry: Cells were fixed with 4% PB-PFA for 20 min at RT, washed in
1X PBS, and blocked in 1X phosphate-buffered saline with 0.2% Tween-20 (PBST), 5%
non-fat dry milk (NFDM), with 0.5% triton x-100 for 45 min at room temperature. Cells
were then incubated in primary antibodies diluted in 1XPBST with 5% NFDM overnight
at 4°C. Primary antibodies for ICC included: rabbit anti-Olig2 (Chemicon), mouse-anti
human-specific Nestin (Chemicon), mouse anti-GFAP (Sigma). Following washes in
1XPBS, cells were incubated with alexa-fluor conjugated secondary antibodies
(Invitrogen or Jackson Labs). Nuclei were visualized with Hoechst stain. Coverslips, cells
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or tissue sections were mounted onto glass slides using ProLong Anti-Fade Kit
(Invitrogen).

Transwell Haptotactic Migration Assay: The underside of Transwell inserts (Corning,
Sigma Aldrich) were prepared with 5µg/mL laminin and then blocked with 0.1% BSA
and washed in 1XdPBS. Both the upper and bottom chambers were filled with standard
growth medium, GICs were enzymatically dissociated and plated in the upper chamber
only. The migration of cells through the pores to the laminin-coated underside was
assessed at 3DIV by fixing cells in 4% phosphate-buffered paraformaldehyde (PB-PFA)
and stained with Hoechst nuclear stain. Both the total number of cells and those with
elongated processes, as observed with endogenous GFP-expression were manually
determined. Statistical comparisons were performed by standard two-tailed, equal
variance t-test.

Microarray analysis: Biological triplicates of control and shB/b 1 and shB/b 2 GICs were
independently infected to express virally delivered B/b shRNA plasmids. Three days
following initial infection, cells were plated at equal densities on either laminin precoated
dishes or cultured as non-adherent spheres. RNA was then harvested from cells 2 days
post plating using the RNeasy Mini Kit (Qiagen) with Qiashredder colums (Qiagen)
according to manufactures protocol and then processed for microarray analysis on
Affymetrix Human GeneChip arrays by the SUNYMAC facility, SUNY Upstate Medical
University, Syracuse, NY.
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RT-PCR: RNA was harvested as specified above, cDNA was synthesized using the
QuantiTect Reverse Transcription Kit (Qiagen). Standard RT-PCR was conducted using
Platinum Taq DNA Polymerase (Invitrogen) according to manufacturer’s protocol and
resulting products were resolved by agarose gel electrophoresis. Quantitative RT-PCR
was performed using the Roche SYBR Green Master Mix on a LightCycler 480
instrument (Roche Applies Science, Indianapolis, IN). Experimental duplicates were
performed on a minimum of three biological replicates (N= 3) for each treatment tested.
Relative gene expression levels were determined using the ΔΔCt method with
normalization to the calculated geometric mean of Ct values for two-independent loading
control genes including 18S ribosomal RNA and tyrosine 3-monooxygenase/tryptophan
5-monooxygenase activation protein, zeta polypeptide (YWHAZ) mRNA. Primer
sequences used in these analyses can be found in Table 2.1. Statistical analyses
performed included two-tailed, equal variance t-test and two-way ANOVA.
To examine changes in gene response following bone morphogenic protein 4
(BMP4) treatment, exogenous BMP4 [50ng/mL] (PeproTech, Rocky Hill, NJ) was added
to cultures of GICs following 1 day of growth in standard growth medium. Following the
addition of BMP4, RNA was collected from cells at 6HR, 1DIV and 3DIV as above. For
3DIV time points, standard growth medium containing BMP4 was refreshed each day for
the duration of 3 days.

Immunohistochemistry: Paraffin-embedded human brain tumor sections were fixed in 4%
formalin and prepared at 5µM sections on glass slides. All tumors examined (n= 5) were
classified as glioblastoma multiforme (GBMs). Sections were rehydrated prior to
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staining and heat-mediated antigen retrieval was completed with sodium citrate buffer
(10mM sodium citrate, 0.05% Tween-20, pH6.). Sections were blocked in UltraV Block
(Thermo Scientific, Rockford, IL, USA) and primary antibodies were diluted in
UltraClean Diluent (Thermos Scientific) and incubated overnight at 4°C. Primary
antibodies included mouse anti-brevican 40091 (R&D Systems, Minneapolis, MN, USA),
rabbit anti- CD133 (AC133) (Abcam, Cambridge, MA, USA), rabbit anti- Olig2
(Chemicon). Following washes in 0.1M phosphate buffer, sections were incubated with
alexa-fluor conjugated secondary antibodies diluted in UltraClean Diluent, counterstained
and coverslipped as above.

Animals: For in vivo experiments using CNS-1 cells, adult female Lewis rats were
obtained at 9 weeks of age or approximately 160 g. For GICs, adult female nude CD-1
mice were obtained at 8 weeks of age (Charles River Laboratory, New Brunswick, NJ).
Prior to surgical procedures, animals were housed for 7 days with food and water
available ad libitum. All protocols were approved by Yale University and State
University of New York Upstate Medical School animal care committees.

Stereotaxic Tumor Implantation: For intracranial CNS-1 cell grafts, 1.5x105 cells in
1.5µL total volume was injected into the right thalamus of anesthetized rats at -3.2 mm
AP, -2.3 mm ML, -5.5 mm DV from Bregma. Survival was plotted according to the
method of Kaplan and Meier and statistical significance was determined using the LogRank (Mantel-Cox) test.
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For intracranial GIC grafts, 1.1x106 cells in 1.5µL total volume was injected into
the right striatum of anesthetized CD-1 nude mice at 0.5 mm AP, -2.0 mm ML, -3.5 mm
DV from Bregma. Animals were closely monitored and grip strength was used as a
measure of neurological deterioration. Animals were sacrificed on or after 50 D.P.I when
3 successive days with grip strengths below -70 grams of force (GF) were measured
(which was consistent with disuse of one forelimb) or when signs of significant
neurological deterioration were observed. Due to the slow and unpredictable nature of
GIC-derived tumor growth, control animals and B/b knockdown animals were paired at
the time of tumor implantation; both animals were then sacrificed when either animal in
the pair met the above criteria. In all analyses conducted paired comparisons were
completed. Statistical analysis for survival was carried by Log-Rank (Mantel-Cox) test.

Tumor Analysis: At the time of sacrifice, animals were anesthetized and then
transcardially perfused with ice cold PBS followed by 4% PB-PFA. Brains were postfixed overnight at 4°C and cryo-protected in 30% phosphate-buffered sucrose prior to
being cut on a cryostat. Free-floating 40µM coronal sections were collected in 0.1M
phosphate buffer containing 0.2% sodium azide. For tumor volume analysis every sixth
(CNS-1) or eighth (GICs) sections were mounted on gelatin-subbed slides and counterstained with Hoechst nuclear stain. Additional sections were stained for Griffonia
simplicifolia Isolectin-IB4 conjugated to Alexa Fluor 594 (Invitrogen), rabbit anti-Ki67
(Abcam), rabbit anti-phospho-Histone H3 (Chemicon).
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In all cases, GFP expression by implanted tumor cells was used to define tumor
boundaries for histological analysis. The anterior-posterior (A/P) extent of tumors was
approximated based on the appearance of tumor cells in sections mounted on slides.
Tumor volume was reconstructed based on the method of Cavalieri (Rosen and Harry,
1990), using the formula V = (0.24)[∑1n(y)] – (0.04)ymax, where y represents crosssectional area and n represents the number of sections through the tumor. The crosssectional area of tumors was determined using either NIH Image J or Nikon Elements
Software. Values for total mean tumor volume ± standard error of the mean (SEM) are
presented. For CNS-1 tumors, statistical significance was determined by a standard twotailed, equal variance t-test. Due to the paired nature of studies done with GICs, statistical
significance was determined with the Wilcoxon matched-pairs signed rank test. The
experimenter was blinded to the identity of all animals.

Microscopy: Epi- fluorescent images were collected on a Zeiss Imager.A2 with Nikon
Elements software package. Confocal images were collected on a Zeiss LSM 510 LaserScanning confocal microscope and converted using Zeiss LSM 5 Image Browser
Software. Final images were formatted and compiled into figures using Adobe Photoshop
CS5.5 or 6.

*In all studies, statistical significance was determined by a p value that was less than
0.05.
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RESULTS
B/b knockdown in a rodent model of invasive glioma
Previous studies demonstrated that the CNS-1 cell line is a reliable rodent model of
invasive glioma, as the invasive characteristics of this cell line have been shown to be
similar to human gliomas (Kruse et al., 1994, Matthews et al., 2000, Nutt et al., 2001).
The benefits of this model come from the ability to create intracranial grafts in syngenic
rat models, which enable the examination of tumor pathophysiology in an animal model
with an intact immune response. While previous studies have demonstrated that B/b
contributes to the pathogenesis of glioma progression by increasing the aggressiveness of
tumors through tumor cell invasion (Nutt et al., 2001, Hu et al., 2008, Viapiano et al.,
2008a), a fundamental question remains as to whether B/b could be targeted to reduce the
progression of gliomas. Therefore, we evaluated the effects of reducing B/b expression
through shRNA-mediated knockdown on the pathophysiology of tumors created using
the CNS-1 rodent model of invasive glioma.

Previous research identified an inherent obstacle to evaluating the role of endogenous B/b
expression using traditional glioma cell lines, as nearly all cell lines tested do not express
B/b in vitro (Jaworski et al., 1996). Importantly however, B/b is expressed at high levels
in intracranial grafts established with these same cell lines in vivo (Jaworski et al., 1996).
Therefore to overcome this obstacle, control and shRNA constructs designed against B/b
(designated shB/b) were co-transfected into CNS-1 cells along with cDNA encoding rat
full-length B/b. Western blot analysis was used to determine the efficiency of B/b
knockdown. In control lysate samples, the full-length form of B/b could be detected at
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~150 kD. While in conditioned media samples, both the full-length form as well as the
~50 kD N-terminal proteolytic cleavage fragments were present. However, when a 20:1
ratio of rat B/b cDNA to shB/b were co-transfected a significant decrease in the
expression of all B/b reactive bands were observed (Figure 2.1A). Stable transfection
with these construct showed no affects on cell proliferation in vitro by MTT assays (data
not shown).

B/b knockdown in an invasive rodent model decreases tumor size.
Due to the lack of endogenous B/b expression in vitro, to analyze the functional
consequences of reduced B/b we turned to an in vivo intracranial graft model, in which
both the induction and importance of B/b has been previously detailed (Jaworski et al.,
1996; Nutt et al., 2001). CNS-1 cells were engineered to stably express either control or
shB/b and were injected to the thalamus of adult rats to establish intracranial grafts. At 12
D.P.I the brains of these animals were collected for histological examination. The
expression of GFP by the shRNA plasmid allowed for easy demarcation of tumor cells
(Figure 2.1B,C). Manual tumor volume reconstruction was derived using the Cavaleri
estimate. The two replicate groups of control and shB/b tumors (utilizing two distinct
brevican-directed and scrambled shRNAs respectively) did not have significantly
different tumor volumes, therefore replicates of a single group were combined for
analysis. Control tumors had a mean total tumor volume of 71.44 ± 9.595 mM3, n = 11,
while tumors expressing shB/b experienced a 34% reduction in mean volume, at 47.36 ±
2.130 mM3, n = 11 (p = 0.024) (Figure 2.1D). Control tumors had a mean A/P spread of
5.415 ± 0.283 mM, n = 11, while tumors expressing shB/b experienced a 27% reduction
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in mean volume, at 3.9898 ± 0.07572 mM, n = 11 (p =< 0.001) (Figure 2.1E), suggestive
of restricted invasiveness.

B/b knockdown in an invasive rodent model improves animal survival.
We next determined whether decreased tumor volume and A/P spread resulting from B/b
knockdown translated to changes in animal survival. Animals with control gliomas (n =
9) reached their survival endpoint within 16.56 ± 2.79 days on average. In comparison,
rats harboring gliomas with either of two independent B/b-specific shRNAs (n = 10)
survived 22% longer, with means of 20.6 ± 2.3 and 19.8 ± 0.87 days (p < 0.01) Figure
2.2).

B/b expression is heterogeneously distributed throughout human gliomas and is enriched
in the glioma initiating cell niche.
Previous results and those presented herein, suggest that B/b functions to mediate tumor
cell invasion and targeting its expression can reduce glioma pathogenesis. Therefore, we
sought to evaluate the distribution pattern of B/b protein in human high-grade glioma
tumors. Interestingly, we observed that B/b was non-homogeneously distributed
throughout the tumor core, wherein distinct sub-regions stained more intensely for B/b
than others (Figure 2.3 A, B). We determined that sub-regions highly reactive for B/b
preferentially surrounded cells which expressed Olig2 and CD133, markers of highly
tumorigenic cell populations including the glioma initiating cell (GIC) subclass (Figure
2.3 A, B, C).
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Human GICs express high levels of endogenous B/b in vitro.
To examine the role of B/b in the GIC population, we utilized two previously published
GIC cell lines 0627 and 0913 (Galli et al., 2004). Notably, although previous reports have
documented the expression of the B/b gene, BCAN, by these cell lines (Gunther et al.,
2008), its expression has not been studied in detail. We first evaluated the expression of
BCAN by RT-PCR. As a negative control we also evaluated the expression of BCAN in
the traditional human glioma cell line, U373MG, which similar to CNS-1 cells has
previously been shown to lack endogenous B/b expression in vitro (Jaworski et al., 1996).
As expected, RT-PCR yielded no band in U373MG cells while 0627 and 0913 GICs
resulted in an intensely reactive band for the BCAN gene (Figure 2.4A).

We next evaluated the expression of B/b protein by Western blot analysis and found that
both 0627 and 0913 cell lysates expressed full-length B/b, which was observed at
~150kD for both cell lines. However, in conditioned media (CM) samples full-length B/b
and the ~80-90kD C-terminal proteolytic cleavage fragment were primarily detected in
0627 and not 0913 GICs (Figure 2.4B). Consistent with our previous work, which
suggested B/b isoforms found on the cell membrane are decorated with fewer
carbohydrate modifications (Viapiano et al., 2005), the molecular weight of full-length
B/b from lysates resolved consistently lower than that from CM samples. Comparison of
lysate and CM samples indicated that 0627s expressed significantly higher levels of B/b
than 0913 cells. Quantitative RT-PCT revealed that this observed increase was due to
elevated levels of transcript expression in 0627 relative to 0913 GICs (Data not shown).
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B/b knockdown has no obvious effects on GICs in vitro.
Given the abundant expression of B/b by GICs, we next investigated the function of B/b
in GICs. Utilizing GICs as a model system for glioma is uniquely valuable, as they selfrenew, differentiate, and possess tumorigenic capabilities to recreate intracranial grafts
that recapitulate the parent tumor from which they were derived (Singh et al., 2003, Galli
et al., 2004, Singh et al., 2004). Therefore, we hypothesized that while the function of B/b
in traditional serum cultured glioma cell lines is primarily associated with tumor cell
invasion, that B/b may have additional functions to support the defining characteristics of
the GIC subclass.

To examine the function of B/b in GICs, stable 0627 GICs expressing either control or
shRNA against human B/b (shB/b) were created. Western blot analysis confirmed that
GICs expressing either independent shB/b construct significantly reduced all B/b protein
isoforms (Figure 2.5A). The endogenous expression of B/b by GICs enabled us to
investigate its physiological function using shRNA-mediated knockdown in vitro. To
determine whether a reduction in B/b affected the growth potential of GICs, an MTT
assay was conducted. We found that B/b knockdown had no effect on the growth
potential of GICs in vitro (Figure 2.5B). The ability of GIC clones to form spheres as a
measurement of self-renewal did not differ between control and B/b shRNA cells (Figure
2.5C, p = 0.4182) nor did the area or circumference of the formed spheres (data not
shown). We also examined whether B/b knockdown affected the expression of cell fate
markers and the subsequent ability of GICs to differentiate. We found no differences in
the expression of cell-fate markers in undifferentiated conditions, and found no
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differences in the ability of GICs to differentiate in response to serum (Figure 2.5D, E).
Together, these results suggest that a reduction in B/b does not affect the growth
characteristics or self-renewal of GICs in vitro.
Given that previous work suggested B/b promotes cell motility and invasion in
rodent models, we also performed transwell migration assays and ex vivo slice invasion
assays using GICs. Surprisingly, we found no consistent differences in the migration or
invasion of control and B/b shRNA expressing cells in these assay (Data not shown).

To further investigate molecular differences resulting from a reduction in B/b expression
in vitro, we performed a microarray analysis on acutely infected control and shB/b GICs.
As was expected, we detected significantly decreased levels of BCAN expression in
shB/b GICs relative to controls. However, no other genes were significantly differentially
expressed (Supplemental Figure 2.1). Together these results suggest that B/b expression
by GICs has no obvious role in the maintenance of their defining phenotypes in vitro.

B/b knockdown reduces aggressiveness in late stages of GIC-derived tumor pathogenesis.
Due to the absence of a clear function of B/b in GICs in vitro we reasoned that its
function, as a secreted protein, may be best observed in the in vivo environment.
Additionally, the high expression of B/b by GICs and its presence in the extracellular
environment likely surrounding GICs suggested that B/b may provide an extracellular
environment which supports their maintenance and tumorigenicity in vivo.
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To evaluate the function of B/b knockdown, shRNA-expressing GICs were injected into
the striatum of nude mice. Mice were observed and carefully evaluated daily until they
showed detectable signs of neurological deterioration at which point they were sacrificed
and the brain processed for further analysis. Due to our inability to predict the timecourse of tumor growth using this model, pairs of control and shB/b animals were
established at the time of tumor implantation. Both animals in the pair were then
sacrificed at the point when one was showing signs of neurological deterioration and
tissue was harvested and processed for histological analysis. To control for differences in
survival times, analyses were carried out between animal pairs by comparing tumor
volumes for shB/b tumors relative to respective controls.
Six animal pairs were sacrificed as a result of neurological deterioration that was
observed in the control animal with a median survival time of 62 days, while animals
harboring tumors with reduced B/b did not show these signs (p = 0.009). ShB/b GICderived tumors (N= 6) were found to have a 20% reduction in the total mean tumor
volume relative to controls (N=6). The decrease was found to encroach on statistical
significance by two-tailed Wilcoxon matched-pairs signed rank test (p = 0.0625) and was
determined to be statistically significant by a one-tailed test (p = 0.008) (Figure 2.6A).
However, both control GICs and those expressing shB/b formed large intracranial masses
(Figure 2.6D, F). Consistent with an overall decrease in tumor cell invasion resulting
from reduced B/b, the A/P spread of shB/b tumors relative to controls was significantly
decreased by one-tailed Wilcoxon matched-pairs signed rank test (p = 0.011) (Figure
2.6B). While the size of shB/b GIC-derived tumors was significantly reduced, the
morphology of individual cells and their dispersion into the normal brain tissue at both
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rostral and medial/lateral tumor/stromal boundaries were similar in both control and
shB/b GIC-derived tumors (Figure 2.6C, D, D’, D’’, E, F, F’, F’’). Together, these results
suggest that reducing B/b expression significantly reduces the progression of GICderived tumors.

To determine whether a reduction in tumor size in vivo as a result of decreased B/b
expression was due to alterations in the ability of GICs to form intracranial grafts, we
examined the histology of engrafted GICs prior to tumor formation. Control (n=4) or
shB/b (n=4) GICs were injected into the striatum of adult female nude mice and then
harvested at 19 or 20 D.P.I. prior to neoplastic tumor formation. The expression of GFP
by shRNA vectors allowed us to easily demarcate engrafted cells. We found that both
control and B/b shRNA expressing tumors engrafted similarly, wherein GFP-positive
cells were primarily localized along the primary injection site (Figure 2.7A, D). Invasion
of cells into the grey matter of the striatum and along the vasculature and dorsal and
ventral white matter tracts was also observed at similar levels in engrafted control and
shB/b GICs (Figure 2.7B,C, E, F). Together these data suggest that B/b knockdown does
not affect the ability of GICs to form intracranial grafts and reductions in tumor volume
following B/b knockdown occur at later stages of tumor formation.

B/b is Likely Downstream of Proneural Gene Expression in GICs.
Previous research has shown that the expression of the B/b gene, BCAN, correlates with
the expression of other proneural genes and can be used to molecularly categorize the
proneural subclass of human GICs and GBM tumors (Phillips et al., 2006, Gunther et al.,
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2008, Lottaz et al., 2010). Other proneural genes are highly expressed in this molecular
subclass including oligodendrocyte lineage transcription factor 2 (OLIG2), delta-like 3
(DLL3), and achaete-scute complex homolog 1 (ASCL1) (Phillips et al., 2006; Gunther
et al., 2008). Previous studies have demonstrated that these genes play a significant role
in maintaining the self-renewal and tumorigenic qualities of GICs (Ligon et al., 2007,
Rheinbay et al., 2013). Given that we did not observe any obvious affects on the
phenotypes of GICs following B/b knockdown, we hypothesized that B/b may function
downstream of proneural gene expression.
In accordance with previously published data, we first confirmed the enriched
expression of proneural genes in 0627 GICs relative to the traditional serum cultured
human cell line, U373MG (data not shown). To confirm that proneural genes were not
altered in response to decreased B/b expression, we investigated the expression of
OLIG2, DLL3 and ASCL1 in GICs expressing shB/b. A significant decrease in BCAN
expression by shB/b constructs relative to controls was detected (Figure 2.8A), however
the expression of OLIG2, DLL3 and ASCL1 were not significantly altered (Figure 2.8A).

In order to determine whether BCAN is downstream and functionally connected to
proneural gene signaling, we examined if the expressions of BCAN, OLIG2, DLL3 and
ASCL1 could be similarly perturbed by an inhibitor of the proneural pathway. Given that
BCAN and other proneural genes (OLIG2, DLL3 and ASCL1) are enriched in the CNS,
we examined whether their expressions could be antagonized by exogenous bone
morphogenic protein 4 (BMP4), a known antagonist of neuralization (Harland, 2000).
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0627 GICs were treated with exogenous BMP4 and RNA was collected at 6HR,
1DIV, or 3DIV following treatment. Following 6HR treatment with BMP4, we observed
statistically significant decreases in gene expression for OLIG2 (-6.8 fold ± 2.5, p =
6.8x10-6), DLL3 (-2.9 fold ± 0.6, p = 4.5x10-6 ) and ASCL1 (-2.5 fold ±0.4, p = 4.5x10-7)
(Figure 2.8B). While BMP4 did not significantly alter the expression of BCAN at 6HR,
its expression was significantly decreased at 1DIV (-3.08 fold ± 0.67, p = 0.00025)
(Figure 2.8B). The expression of all proneural genes were most significantly reduced
within the first day following BMP4 exposure and the continued addition of exogenous
BMP4 to 3DIV did not substantially decrease the magnitude of gene expression further.
Together, these data suggest that BCAN is likely downstream of proneural gene
signaling.

DISCUSSION
B/b knockdown reduces tumor aggressiveness in a rodent model of invasive glioma and
GIC-derived tumors.
Modulation of the extracellular space through altered expression and processing of ECM
constituents is a phenomenon that occurs in nearly all neoplasms, and leads to changes in
the extracellular environment. This in turn impacts multiple aspects of tumor cell biology.
However the brain-specific expression of B/b (Jaworski et al., 1994, 1995) and its
glioma-specific upregulation (Jaworski et al., 1996; Gary et al., 2000) suggest that this
ECM protein may uniquely contribute to the pathogenesis of glioma tumors. While
previous studies showed that the forced overexpression of B/b enhanced glioma
aggressivenss of invasive rodent models, it has remained unclear whether B/b represents
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a potential therapeutic target to reduce glioma progression. Therefore, to address this
question we conducted shRNA-mediated knockdown studies in rodent models of invasive
glioma and GIC-derived models to assess the function of B/b. We observed a significant
34% reduction in the volume of intracranial tumors created with the invasive CNS-1
rodent model of glioma. While in tumors derived from human GICs, we observed a
similar decrease in the volume of resulting tumors. Accordingly, we also observed a
significant increase in animal survival in response to B/b knockdown. Together these
results suggest that targeting the expression of B/b in glioma significantly reduces the
tumorigenic potential of glioma cells and subsequently slows disease progression.
We were unable to detect changes in proliferation rates, and consistent changes in
tumor necrosis and vascularization as a result of B/b knockdown (data not shown).
However, alterations in the A/P spread and mean tumor volume suggest that reducing B/b
in vivo decreases the invasive and motile potential of tumor cells, which is consistent
with previous reports on the function of B/b in vitro (Nutt et al., 2000; Zhang et al., 1998;
Viapiano et al., 2008; Hu et al., 2008).

B/b is dispensable for the defining characteristics of the GIC subpopulation.
We hypothesized that the function of enriched B/b expression by GICs would likely
exceed its previously described role in glioma tumor cell invasion by supporting the
defining characteristics of this unique cellular subclass – including the ability to selfrenew, differentiate and generate tumors (Singh et al., 2003, Galli et al., 2004, Singh et
al., 2004). However, our results suggest that while B/b is highly expressed by GICs, that
it does not critically contribute to their maintenance or defining properties in vitro.
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Together our immunohistochemical results that suggest B/b expression is
enriched in the extracellular environment surrounding GICs and the abundant expression
of secreted B/b in cultures of GICs, provides evidence that its accumulation in the
extracellular environment may have a unique function in vivo that cannot be recapitulated
in vitro. However, GICs harboring B/b shRNA were capable of forming intracranial
grafts, differentiating in vivo and giving rise to tumors. As noted above B/b knockdown
in intracranially engrafted GICs reduced the volume at end stage, however, we found no
alterations in either the ability of GICs to form intracranial grafts or changes in the
histology or expression of immunohistochemical marker in these grafts at early time
points prior to glioma formation. Therefore, together these results suggest that the
function of B/b in the GIC population is likely dispensable for maintaining their
molecular signatures in vivo. Additionally the ability to slow the progression of GICderived tumors by reducing the expression of B/b likely results from its invasive function
at later stages of disease progression following GIC differentiation and neoplastic tumor
formation.

Comparing B/b function in traditional glioma cell lines and GICs.
Several previous studies have characterized the invasive function of B/b expression in
traditional glioma cells lines and also identified the mechanistic underpinnings of this
effect (Hu et al., 2008). Therefore, we were surprised to find that B/b did not have any
identifiable additional functional roles in GICs or on the expression of molecular markers
in these cells, in particular it was surprising to find no effect on the invasive properties of
these cells.
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Previous work has determined that the invasive function of B/b in traditional serum
cultured cell lines requires proteolytic cleavage of the full-length protein (Viapiano et al.,
2008). The N-terminal B/b cleavage fragment in-turn binds to fibronectin following its
increased production as a result of B/b induced activation of the epidermal growth factor
receptor (EGFR) (Hu et al., 2008). The increased association between B/b and
fibronectin then facilitates tumor cell invasion in traditional glioma cell lines (Hu et al.,
2008). We found that while cultures of GICs had high levels of detectable B/b proteolytic
cleavage fragments, that these cells remained non-adhesive on fibronectin substrate (data
not shown), thus suggesting that inherent differences in the expression of adhesion
receptors likely accounts for the observed functional differences between traditional
glioma cell lines and GICs. Furthermore, the observation that B/b knockdown decreases
GIC-derived tumor volume at late stages of tumor formation, suggests that the function of
B/b may coincide with phenotypic changes of GICs that lead to tumor formation –
including differentiation and proliferation. Future work to study the role of B/b in the
transformation of GICs into non-stem glioma cells and its subsequent function will
undoubtedly be challenging due in-part to the difficulties of modeling the neural
extracellular environment in vitro.

B/b is Likely Downstream of Proneural Gene Signaling.
Previous work has demonstrated that the expression of BCAN along with other genes,
including OLIG2, ASCL1 and DLL3 are preferentially enriched in the proneural
molecular subclass of GBMs and GICs (Gunther et al., 2008; Phillips et al., 2006; Lottaz
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et al., 2010). Studies have further demonstrated that the expression of ASCL1 and Olig2
are required to maintain the phenotypes of GICs (Ligon et al., 2007, Rheinbay et al.,
2013). Our results, which suggest that BCAN expression is not required by GICs in vitro,
lead us to hypothesize that BCAN expression is likely downstream of proneural gene
expression. Therefore, we confirmed the correlation between the expression of BCAN
with other proneural genes in our GIC lines and determined that reduced BCAN
expression did not affect the expression of these genes, further corroborating the lack of
an obvious function for BCAN expression in GICs. Further, the ability to similarly
antagonize the expression of these genes with exogenous BMP-4, supports our hypothesis
and the possibility that B/b may function as a downstream effector of proneural gene
expression.
Little is known about the regulation of CSPG gene expression, however BMP4 is
the first described soluble antagonist of B/b expression. Interestingly, previous work by
Piccirillo and colleagues demonstrated that BMP-4 pretreatment substantially reduced the
tumorigenic qualities of GICs (Piccirillo et al., 2006), while BMP-4 treatment has also
been demonstrated to reduce GIC proliferation (Zhou et al., 2011). The potential
inhibition of pro-neural gene signaling as a possible contributing mechanistic explanation
for these observed results is undoubtedly intriguing and requires further exploration.

Targeting BCAN expression in glioma.
Our study suggests that B/b knockdown decreases the pathological progression of glioma
and the expression of the B/b gene, BCAN, represents a potentially valuable therapeutic
target. The extracellular and brain-specific nature of B/b expression, the glioma-specific
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expression of certain isoforms, its upregulation in glioma, and its abundance in the GIC
niche supports its promise as a target for the directed delivery of therapeutic agents.
Furthermore, it remains to be determined whether B/b knockdown increases the
susceptibility of these deadly tumors to antineoplastic agents. Finally, the correlation and
likely functional association between the B/b gene, BCAN, and other tumorigenic
proneural genes suggests that common upstream mechanisms may regulate their
expressions at the level of gene transcription. These enigmatic mechanisms therefore
represent valuable therapeutic targets to reduce the expression of several genes which
promote glioma progression especially within the proneural tumor subclass. Identifying
these regulatory mechanisms could provide the initial steps to developing patient-tailored
drug therapies.
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Table 2.1. Short hairpin RNA and primer sequences.
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Table 2.1
shRNA

Species

Sequence

Control 1

Rat

CGTGATAGTTACAGAGGCATTCC

Control 2

Rat

CCGCTTCTATTCCTGATATACGA

shB/b 1

Rat

AACCGCTTCAATGTCTACTGCTT

shB/b 2

Rat

GCAGGACTTTGTCAACGATCGAT

shB/b 1

Human

GGACGCTCCTAGAATTTGA

shB/b 2

Human

GATAATTCTGGAAGAACTG

Primer (human)
BCAN

Forward (5’-3’)
GTGACCCTCCAGAGAAGCTG

Reverse (5’-3’)
CCATGATGGGGATGGAGTAG

OLIG2

TCCCTGTCTCTCGTTGATTTG

AGATGAGTCGGTGGGGTAGTT

DLL3

CACTCCCGGATGCACTCAAC

CCCGAGCGTAGATGGAAGGA

ASCL1

CGCGGCCAACAAGAAGATG

CGACGAGTAGGATGAGACCG

TBP

AACTTCGCTTCCGCTGGCCC

GAGGGGAGGCCAAGCCCTGA

YWHAZ

CCTGCATGAAGTCTGTAACTGAG

GACCTACGGGCTCCTACAACA

18S

CGCCGCTAGAGGTGAAATTC

TTGGCAAATGCTTTCGCTC
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Figure 2.1. BEHAB/brevican knockdown reduces the tumor volume and
anterior/posterior spread of tumors derived from a traditional rodent model of
invasive glioma. A, Western blot analysis demonstrated that shRNA constructs designed
against B/b (shB/b) effectively reduced the expression of exogenous full-length and
proteolytic cleavage fragments of rat B/b induced by overexpressing cDNA encoding the
full-length form of rat B/b in CNS-1 glioma cells. B, C, Control or shB/b CNS-1 glioma
cells were injected into the thalamus of syngenic adult rats and collected at 12D.P.I for
histological examination. Representative images showing a cross section of the resulting
tumor core is presented. Scale (1mM) D, Total mean tumor volumes were reconstructed
using the Cavalieri Method. Tumor volumes are presented relative to the average mean
tumor volume for control tumors, wherein control tumors were defined as 100. Results
show that tumors created with shB/b CNS-1 glioma cells had significantly reduced tumor
volumes relative to controls. (* indicates statistical significance p = < 0.05). E, The A/P
spread of resulting tumors were determined by an estimation based on the appearance of
tumor cells at the most rostral and causal positions in collected serial sections. Values for
A/P spread are presented relative to the average mean A/P spread from control tumors,
wherein control tumors were defined as 100. Results show that tumors created with shB/b
CNS-1 glioma cells had significantly reduced A/P spread relative to controls. (* indicates
statistical significance p = < 0.001). THESE DATA WERE DONE BY WLB.
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Figure 2.1
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Figure 2.2. BEHAB/brevican knockdown in glioma increases animal survival. Control or
shB/b knockdown CNS-1 glioma cells (harboring two independent shB/b constructs,
shB/b 1 or shB/b 2) were injected into the thalamus of syngenic adult rats and grown until
significant neurological deterioration required euthanasia. Animals harboring shB/b
CNS-1 glioma cells had significantly longer life expectancies than controls on log rank
analysis of Kaplan-Meier survival curves (p = < 0.05). THESE DATA WERE DONE
BY WLB.
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Figure 2.2
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Figure 2.3. BEHAB/brevican expression is enriched in the glioma initiating cell
extracellular niche in human glioblastoma multiforme tumors. A-C: Paraffin embedded
human tumors sections were immunostained with antibodies against B/b and markers
enriched in highly tumorigenic cells (Olig2) and GICs (CD133). The expression of B/b
was non-homogeneously distributed throughout the tumor core. Regions with high levels
of reactivity for anti-B/b antibodies were enriched in regions containing cells positive for
Olig2 and CD133. A, A representative region within the tumor core with low levels of
B/b (red) contained limited population of cells positive for Olig2 (green). B, Regions
within the tumor core with high levels of B/b (red) was enriched with cells positive for
Olig2 (green) and C, CD133 (green).
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Figure 2.3
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Figure 2.4. BEHAB/brevican is expressed endogenously by glioma initiating cells
in vitro . A, RT-PCR analysis of B/b mRNA, BCAN, expression in a traditional human
glioma cell lines (U373MG) and cultures of GICs (0627 and 0913). U373MG cells lack
endogenous BCAN expression, while GICs express high levels of this gene in vitro.
TATA Box Binding Protein (TBP) served as a loading control. B, Western blot analysis
for B/b expression in GICs show endogenous B/b expression in GICs, with the 0627 line
having elevated levels of expression in both lysate and conditioned media samples.
Samples were either treated with a control buffer (-) or chABC to remove CS-GAG
chains (+). Full-length B/b protein was detected around 150kD in both lysate and
conditioned media samples (CM), while C-terminal proteolytic cleavage fragments
resolved at ~80 kD and were found primarily in conditioned media samples. The absence
of a apparent molecular weight shift following chABC treatment (+) suggests B/b
expressed by GICs is not extensively modified with CS-GAGs. a-tubulin was used as a
loading control for lysate samples.
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Figure 2.4
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Figure 2.5. BEHAB/brevican does not alter the phenotypes of glioma initiating

cells in vitro. A, Western blot analysis demonstrated that shRNA constructs designed against
B/b (shB/b) effectively reduced the expression of full-length forms and proteolytic cleavage
fragments in lysate and conditioned media (CM) samples relative to untreated and empty vector
(pLL3.7) controls in 0627 GICs. a-tubulin was used as a loading control for lysate samples. B, An
MTT assay was conducted to examine the in vitro proliferation profile of GICs expressing either
control (pLL3.7) or two independent B/b knockdown lines (shB/b 1 and shB/b 2) over the course
of 7 DIV. Cells harboring either control or shB/b constructs had similar levels of viability for the
duration of the assay. C, Sphere formation was examined at 5DIV between passages to evaluate
the self-renewal and adhesive characteristics of control and B/b knockdown GICs. No
differences were observed in their abilities to form spheres between passages, scale (100µM). D,
E, Control and shB/b expressing GICs were plated on laminin coated glass coverslips in
undifferentiated conditions for 3 DIV or differentiated conditions for 12 DIV then analyzed by
immunohistochemistry. D, Nestin immunoreactivity (red) was detected at similar levels in control
and B/b knockdown GICs in undifferentiated conditions, while serum differentiation caused
similar decreases in nestin (red) immunoreactivity, scale (50µM). Nuclei are counterstained with
Hoechst (blue). E, Negligible GFAP immunoreactivity (red) and high levels of Olig2
immunoreactivity (violet) were detected at similar levels in control and B/b knockdown GICs in
undifferentiated conditions, while differentiation caused similar increases and decreases in GFAP
and Olig2 immunoreactivity, respectively, scale (50µM). Nuclei are counterstained with Hoechst
(blue) C, D, E, in all cases GFP expression was driven by either control or shB/b expressing
plasmids.
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Figure 2.5
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Figure 2.6. BEHAB/brevican reduces the tumor volume and anterior/posterior spread of

glioma initiating cell-derived tumors. Control (pLL3.7) or B/b knockdown (shB/b) GICs
were injected into the striatum of nude mice and collected in pairs at first sign of neurological
deterioration. A, Total mean tumor volumes were reconstructed using the Cavalieri method.
Tumor volumes are presented relative to the paired control, wherein control tumors were defined
as 100. Results show that shB/b- GIC derived tumors had significantly reduced tumor volume
relative to controls. (* indicates statistical significance, p= < 0.05). B, The A/P spread of resulting
tumors were determined by an estimation based on the appearance of tumor cells at the most
rostral and caudal positions in collected serial sections. Values for A/P spread are presented
relative to the paired control, wherein control tumors were defined as 100. Results show that
shB/b- GIC derived tumors had significantly reduced A/P spread relative to controls. (* indicates
statistical significance, p= < 0.05). C,D, Low mag representative image shows control GICderived tumors at rostral (C) and central core (D) positions, scale (1mM). Nuclei were
counterstained with Hoechst (Blue). D’, D’’ High mag image shows lateral invasion and diffusion
of control GIC derived tumor cells into the surrounding brain tissue at the tumor/stromal border at
core positions, scale (100µM). E, F, Low mag representative image shows shB/b GIC-derived
tumors have reduced tumor volumes, which can be observed at both rostral (E) and central core
(F) positions relative to controls. However, shB/b GIC-derived tumors were still found to form
large intracranial masses, scale (1mM). Nuclei were counterstained with Hoechst (Blue). F’, F”
High mage image shows lateral invasion of shB/b GIC-derived tumor cells at the tumor/stromal
border at core positions which are similar to controls, scale (100µM).
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Figure 2.6
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Figure 2.7. BEHAB/brevican knockdown does not alter the ability of glioma initiating
cells to form intracranial grafts. Control (pLL3.7) or B/b knockdown (shB/b) GICs were
injected into the striatum of animal models and tissue was collected at 20 D.P.I to assess
intracranial graft formation. In all cases, GFP expression by control or shB/b expressing
plasmids were used to demarcate engrafted GICs A, Low mag representative image
shows control engrafted GICs localized primarily along the injection tract and diffused in
grey matter and surrounding white matter tracts, scale (1mM). B, C, High mag images
show lateral invasion of control GICs into grey matter at the tumor/stromal boundary,
scale (100µM). D, E, F, shB/b GICs form intracranial grafts with lateral invasion similar
to controls. In all cases nuclei were counterstained with Hoechst (Blue).

89

Chapter 2: Brevican Function in Glioma

Figure 2.7
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Figure 2.8. BEHAB/brevican is a likely downstream effector of proneural gene signaling
that is antagonized by BMP4 in glioma initiating cells. B, Quantitative RT-PCR was
done to examine the expression of proneural genes BCAN, OLIG2, DLL3, ASCL1
following B/b knockdown at 2DIV with two independent shRNA contructs (shB/b 1 and
shB/b 2) in 0627 GICs. The fold change in gene expression relative to control levels is
presented following normalization to loading controls. The expression of BCAN was
significantly decreased relative to controls, while the expression of other proneural genes
were not significantly altered. C, Quantitative RT-PCR was done to examine the
expression of proneural genes BCAN, OLIG2, DLL3, ASCL1 following exposure to
exogenous BMP4 [50ng/ml] for 6HR, 1DIV or 3DIV in 0627 GICs. The fold change is
presented as described above. The expression of all genes was found to significantly
decrease by 1DIV following exposure to BMP4. (*) indicates statistical significance (p=
<0.05).
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Figure 2.8
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SUPPLEMENTAL FIGURE
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Supplemental Figure 2.1. BEHAB/brevican knockdown in glioma initiating cells does
not alter the expression of other genes. Microarray analysis was conducted to determine
whether B/b knockdown affected the global expression of genes. A, Schematic diagram
showing experimental setup. 0627 GICs were acutely infected to express either empty
vector control (pLL3.7) or shRNA against BCAN (shB/b). Infected cells were then
passaged on either uncoated plates to maintain non-adherent properties or on plates that
had been coated with laminin. Cells were collected 48 hours following plating for
microarray analysis. B, Microarray data showing genes that were significantly changed
by more than 20% in non-adherent shB/b expressing GICs relative to controls. Statistical
significance was determined by a two-tailed, unpaired T-test for p <0.05. No genes other
than BCAN survived statistical analysis with multiple testing corrections. (Red) indicates
genes that are upregulated, (green) indicated genes that were down regulated. The most
significantly changed gene was determined to be BCAN. Given the relatively low
magnitude in gene expression level changes, further studies to validate these data by
qRT-PCR were not pursued. Similar results were obtained for cells plated on laminin
substrate. We also did not detect any substrate specific effects in gene changes in
response to B/b knockdown (data not shown).
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Figure S2.1
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CHAPTER 3
A COMPARATIVE GENOMICS APPROACH TO
IDENTIFY CIS-REGULATORY MECHANISMS
CONTROLLING THE EXPRESSION OF
THE BREVICAN GENE, BCAN, IN GLIOMA

This chapter is an original copyright and has not been previously published: Dwyer
CA, Matthews RT (2013)
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ABSTRACT
Previous work has suggested that, BCAN, the gene that encodes the nervous systemspecific extracellular matrix protein, brain-enriched hyaluronan bind (BEHAB)/brevican
(B/b), plays an important role in high-grade glioma through its upregulation at the level
of transcription. Elevated B/b expression has been associated with increased tumor
aggressiveness and the highly tumorigenic subpopulation of glioma initiating cells
(GICs). Our previous work demonstrated that reducing the expression of B/b in glioma
decreased tumor pathogenesis. Together these evidences suggest that targeting the
transcriptional regulation of BCAN would comprise a potential novel therapeutic avenue.
Additionally, recent work has shown that increased BCAN expression can be used in-part
as criterion to molecularly classify the proneural subclass of GBM tumors and GICs,
suggesting that uncovering the transcriptional mechanisms controlling BCAN expression
may also reveal key regulators of this GBM subtype. From a mechanistic standpoint, the
expression of BCAN has revealed that the mechanisms regulating its transcription are
likely unique and highly dynamic. However, efforts to identify the factors regulating the
specific expression of BCAN have been hindered by the absence of in vitro models with
endogenous expression. With the exciting finding that cultures of GICs express high
levels of endogenous BCAN, we now have the tools to study its complex transcriptional
regulation. The nervous-system specific expression of BCAN is highly conserved across
species, which suggest its regulatory mechanisms are also. Therefore, we have taken a
comparative genomics approach to identify putative regulatory sequence flanking the
BCAN gene containing cis-regulatory elements that are conserved across species. The
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ability of these conserved regions to confer either the nervous-system specific or gliomaspecific expression of the BCAN gene were then evaluated.
INTRODUCTION
High-grade gliomas (HGGs) comprise the most common and lethal forms of intracranial
neoplasms. Known for their aggressive nature and resistance to therapeutic treatments,
the necessity of identifying novel and effective therapeutic targets has become
increasingly evident. Gliomas, in particular the proneural molecular subclass, express an
array of nervous system-enriched proteins that aid their disease progression within the
confines of the central nervous system (CNS) (Ligon et al., 2004, Phillips et al., 2006,
Ligon et al., 2007, Gunther et al., 2008, Mehta et al., 2011). Often the expressions of
these proteins are upregulated at the level of gene transcription, likely resulting from
alterations in the mechanisms controlling their transcriptional regulation that remain
largely enigmatic (Somasundaram et al., 2005, Phillips et al., 2006). Consequentially, the
cis-regulatory mechanisms that govern the specific transcriptional expression of these
genes within the CNS represent potentially valuable therapeutic targets.
Exemplary to this is the nervous-system specific extracellular matrix protein
Brain Enriched Hyaluronan Binding (BEHAB)/ brevican (B/b), which is encoded by the
BCAN gene. B/b belongs to the lectican family of chondroitin sulfate proteoglycans
(CSPGs), which are key molecular organizers of the extracellular environment within the
CNS (Yamaguchi, 2000). Previous work has demonstrated that B/b is significantly
overexpressed in HGGs relative to the normal brain resulting from an increase in
transcript expression (Jaworski et al., 1996, Gary et al., 2000). The function of B/b in
glioma has been shown to promote tumor aggressiveness by increasing tumor cell
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invasion and more recently its expression has been identified in the highly tumorigenic
glioma initiating cell (GIC) subpopulation (Nutt et al., 2001, Gunther et al., 2008,
Viapiano et al., 2008). Previous work from our lab and others have demonstrated that the
increased expression of several B/b protein isoforms resulting from alternative splicing,
post-translational modifications and proteolytic cleavage contribute to the complexity of
this protein in glioma (Gary et al., 2000, Matthews et al., 2000, Viapiano et al., 2003,
Viapiano et al., 2005). Together these findings suggest that mechanisms controlling the
transcriptional regulation of BCAN represent novel therapeutic targets to reduce its
expression and tumor promoting function, target the highly tumorigenic GIC subclass and
circumvent the complexities of targeting several protein isoforms.
BCAN expression has also been shown to correlate with the expression of other
proneural genes including ASCL1, DLL3 and OLIG2 (Phillips et al., 2006; Gunther et
al., 2008; Lottaz et al., 2010), which together with BCAN have been used in-part as
molecular determinants of the proneural glioma subclass (Phillips et al., 2006; Gunther et
al., 2008). The functional contributions of these proneural genes have been shown to have
important roles in maintaining the GIC population and promoting tumor progression
(Ligon et al., 2007, Rheinbay et al., 2013). Therefore, uncovering the transcriptional
regulation of BCAN may reveal potential therapeutic targets with broader functional
implications in the progression of gliomas by uncovering a key transcriptional
regulator(s) of the proneural molecular subclass.

The dynamic and complex nature of the mechanisms regulating BCAN transcription are
highlighted by its unique expression pattern which is binary in nature, exhibiting a
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precise ON/OFF expression pattern. During early nervous system development the
expression of BCAN is specifically and rapidly induced in the ventricular zone coincident
with the period of gliogenesis (Jaworski et al., 1995). In regards to glioma, BCAN is a
prominently expressed in intracranial glioma grafts created with traditional serumcultured glioma cell lines. Interestingly, peripheral grafts formed in the flank of animal
models with these same cell lines lack endogenous BCAN expression. Additionally when
cultured in vitro, these cells also do not express BCAN endogenously (Jaworski et al.,
1996), highlighting potential parallels between the non-neural environment and in vitro
conditions. Together these evidences demonstrate the highly dynamic and unique nature
of BCAN transcriptional regulation, suggesting that the factor(s) that regulate its
expression also represent a valuable therapeutic target from a mechanistic standpoint.
Therefore, to begin unraveling the molecular underpinnings of BCAN regulation,
we sought to investigate whether we could identify cis-regulatory mechanisms that were
responsible for both its nervous-system specific expression and upregulation in glioma.
To do this, we took advantage of the conserved CNS-specific expression of BCAN across
species and employed a comparative genomics approach to identify functional cisregulatory elements flanking the BCAN gene. Our results suggest that a specific enhancer
may be located within the 3’ downstream flanking region of this gene.

MATERIALS AND METHODS
Cell culture: U373MG, HEK293 and HeLa cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) high glucose containing L-glutamine and supplemented with
10% fetal bovine serum (FBS) and 1X Penicillin/Streptomycin (Gibco Invitrogen,
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Carlsbad, CA, USA.) 0627 Glioma Initiating Cells (GICs) have been previously
published (Galli et al., 2004). 0627 GICs were cultured in a modified Sato’s Medium
(Bottenstein and Sato, 1979) comprised of DMEM: nutrient mix F12 (1:1) medium with
L-glutamine (Invitrogen) supplemented with 100µg/mL human apo-transferrin, 10µg/mL
human insulin, 100µM putrescine, 20nM progesterone, 30nM sodium selenite, 50µg/mL
gentamicin, 100µg/mL BSA (Sigma Aldrich, St. Louis, MO, USA), 10ng/mL EGF and
bFGF (Invitrogen). All cell lines were grown in a humidified atmosphere at 37°C, 5%
CO2.

Evolutionary Conserved Region Analysis: Briefly, the evolutionary conserved regions
(ECRs) containing putative cis-regulatory elements were identified by a bioinformatics
approach as outlined by the Grainger Laboratory, (Louie et al., online). Briefly, noncoding sequence flanking the BCAN gene in human, cow, rat, mouse, and opossum
genomes were extracted from the UCSC genome browser. Piphelper and MultiPipMaker
were utilized to align sequences on a genome-wide scale. Once ECRs were identified
broadly, local alignments were done using ClustalW. The percentage of sequence
conservation and conserved transcription factor binding sites were determined with
MatInspector and DiAlignTF, part of the Genomatix Suite of analysis software
(Genomatix Software Inc., Ann Arbor, MI, USA).

Plasmid Construction: Identified regions of non-coding sequence flanking the BCAN
gene were isolated by PCR from 0627 GICs genomic DNA. Genomic DNA was isolated
using the Genomic DNA isolation kit (Qiagen, Germantown, MD, USA) and PCR was
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performed with Advantage HD Polymerase Mix according to manufacture’s protocol
(Clontech, Mountain View, CA, USA). Primers were designed using Primer3 and NCBI
Primer-BLAST in combination with the UCSC genome browser. Primers were purchased
HPSF purified from MWG/Eurofins/Operon (Huntsville, AL, USA) to contain the
appropriate restriction enzyme sites for cloning. A complete list of primers used in the
construction of plasmids is presented in Table 3.1. In all cases +1 was defined as the first
transcribed base in human BCAN ref sequence NM_021948.3 in the March 2006 hg18
human sequence assembly in UCSC genome browser. Isolated non-coding sequences
were gel purified using the Qiagen Gel Extraction Kit (Qiagen), digested and cloned into
the multiple cloning site region of the promoter-less and enhancer-less pGL3-basic vector
(Promega, Madison, WI, USA) upstream of the firefly luciferase gene. As a positive
control the pGL3-control vector (Promega) was also used which contains SV40 promoter
and enhancer elements which drive the expression of the firefly luciferase gene. To
ensure mutations were absent, DNA sequencing of inserts was completed by SUNY
Upstate Medical University DNA sequencing core facility (Syracuse, NY, USA). All
reagents for cloning were obtained from New England Biolabs (Ipswich, MA, USA)
unless otherwise specified. Plasmids were then prepped with the EndoFree Plasmid Maxi
Kit (Qiagen) for use in cell transfections.

Dual Luciferase Reporter Assays: For transfections with reporter plasmids, cells were
seeded into single wells of a 24-well plate (Corning, Corning, NY) at the following
densities (cells/cm2): U373MG (6.0E4); 0627 GIC (2.7E5); HeLa (2.4E5); Hek293
(2.4E5). 0627 GICs were plated on a combination of 10µg/mL fibronectin (Sigma) and
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2µg/mL laminin (Millipore, Billerica, MA, USA). Cells were transfected with 0.138µg
DNA one day following plating using the Lipofectamine 2000 reagent (Invitrogen)
according to manufacture’s protocol. The dual luciferase assay was selected for its
combined use of firefly reporter plasmids (as described above) in combination with the
pRLTK vector expressing renilla luciferase, which serves as an internal control. pGL3
basic firefly luciferase expressing reporter plasmids containing non-coding regions of
interest and the pRLTK renilla luciferase expressing plasmid were co-transfected at a
ratio of 10:1. A minimum of 3 biological replicates, each consisting of a single well of a
24-well plate were assayed for each condition. In most cases, a minimum of 2
experimental replicates were completed for a given analysis. Cells were collected 36
hours following transfection and their relative luciferase unit (RLU) values were
measured using the Dual Luciferase Reporter Assay System (Promega) and a Synergy 2
Microplate Reader with an automated dual-injector system (Bio-Tek, Winooski, VT,
USA). To control for differences in the transfection efficiency across biological replicates
and cell lines, firefly RLU values were corrected by renilla RLU values for a given
sample. These corrected values were then normalized to the average of that obtained for
the empty pGL3 basic vector, which served as a baseline control. Normalized values
were then averaged to yield the final presented measure of relative luciferase activity,
which is directly indicative of transcriptional activity. Two-tailed, unpaired t-tests were
performed and p = < 0.01 with greater than a 1.5 fold change in activation relative to
baseline was used as criteria for statistical significance. Graphs were constructed using
Graph Pad Prism 6.
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RT-PCR: RNA was harvested using the RNeasy Mini Kit with QIAshredder columns
(Qiagen) and cDNA was synthesized using the QuantiTect Reverse Transcription Kit
(Qiagen). RT-PCR was conducted using Platinum Taq DNA Polymerase (Invitrogen)
according to manufactures protocol. Primers were designed and purchased as specified
above and resulting products were resolved by agarose gel electrophoresis. Primer
sequences for RT-PCR based experiments are listed in Table 3.2.

RESULTS
The BCAN Gene
The human BCAN gene is located on chromosome 1q31 (Gary et al., 2000). The Brainspecific link protein gene (BRAL1) also referred to hyaluronan and proteoglycan link
protein (HAPLN2) is located approximately 20Kb upstream of the BCAN gene in the
parallel orientation (Nomoto et al., 2002). The brain-enriched nestin (NES) gene is
located approximately 10Kb downstream in the anti-parallel orientation (Figure 3.1A).
While the transcriptional start site (TSS) of BCAN is known, the gene lacks a traditional
TATA box binding site. Together the full-length BCAN gene is comprised of
approximately 17.5Kb, with 13.0Kb of this containing coding sequence. BCAN has 13
introns and 14 exons total, the first of which is the 5’UTR followed by 13 coding exons
(Figure 3.1B). Alternative splicing of exon 8 gives rise to a glycophosphatidylinositol
(GPI) anchored isoform (Seidenbecher et al., 1995, Seidenbecher et al., 1998) (Figure
3.1B).

104

Chapter 3: Brevican Transcriptional Regulation in Glioma

Model Systems
The unique expression pattern of BCAN in the normal brain and glioma provides insight
into the mechanisms underlying its transcriptional regulation. Both the nervous systemspecific expression, glioma-specific upregulation of BCAN and its binary ON/OFF
expression suggest that cis-regulatory mechanisms that regulate its complex expression
likely consist of a combination of transcriptional activators, enhancers and repressors that
function in a concerted manner.
While the expression of BCAN has been described in detail, previous attempts to
identify the mechanisms underlying its complex regulation were hindered by the absence
of an in vitro model with endogenous BCAN expression (Jaworski et al., 1996). More
recently, a model system with endogenous BCAN expression was identified and this
technical issue resolved, as studies have documented endogenous BCAN expression by
cultures of GICs in vitro (Gunther et al., 2008, Dwyer and Bi, unpublished). As
anticipated, all non-neural cell lines that have been examined also do not express BCAN
endogenously (Jaworski et al., 1996). Together these data suggest that the combination of
traditional serum cultured glioma cell lines, non-neural cell lines and GICs would provide
useful model systems in which to study the unique transcriptional regulation of the
BCAN gene (Table 3.3).
To confirm the in vitro expression profile of BCAN, we performed RT-PCR for
this gene in our cell lines. The traditional glioma cell line, U373MG, did not
endogenously express BCAN. In contrast the GIC line, 0627, highly expressed BCAN
transcript in vitro (Figure 3.2). As expected, non-neural cell lines Hek293 and HeLa also
did not endogenously express BCAN (Figure 3.2). Given the differences in BCAN
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regulation in our models, we hypothesized that cis-regulatory elements conferring the
nervous system specific-expression and glioma-specific upregulation of BCAN would be
revealed by disparity in the activation of reporter constructs containing regulatory
sequence flaking the BCAN gene between our selected cell lines.

ECR Analysis of Regulatory Sequence Upstream and Proximal to the TSS of the BCAN
gene
The nervous-system specific expression of BCAN is highly conserved across species
(Sander et al., 2001, Gill et al., 2012), suggesting the mechanisms that regulate its
specific expression are also. Therefore we undertook a comparative genomics approach
to identify functional cis-regulatory elements that were responsible for the nervous
system specific expression of BCAN and its upregulation in glioma. We identified
regions of non-coding sequence within the human BCAN gene that were evolutionary
conserved across several species including cow, rat, mouse and opossum (Figure 3.3A).
Our ECR analysis yielded four non-coding regions upstream and more proximal to the
published TSS that could be clearly delineated by the conservation of cis-regulatory
elements across species. Three out of four ECRs were located upstream of the BCAN
gene, two of these ECRs were distal and one was proximal to the TSS. The fourth ECR
was located downstream of the 5’UTR and within the first intron of the BCAN gene
(Figure 3.3A). The chromosomal locations of ECRs are provided in Supplemental Table
3.1. For experimental purposes ECRs were used to define four regions of interest (ROIs):
ROIA (-9665-9148), ROIB (-3900-1467), ROIC (-1077+187), ROID
(+3063+3736) (Figure 3.3A), whose transcriptional activities were examined through
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transcriptional reporter assays. Sequence homology across species is presented for each
region noted, it should be noted however, within each of these large ROIs there are subregions that show much higher sequence conservation with numerous stretches of 100%
identity.

The ECR Most Proximal to the TSS is a Transcriptional Activator
To determine whether ECRs upstream of the BCAN gene contained cis-regulatory
elements that confer either the nervous system-specific or glioma-specific upregulation of
the BCAN gene, we examined the ability of these regions to elicit transcriptional
activation of the luciferase gene in the promoterless and enhancerless expression vector,
pGL3 Basic. To begin our analysis all upstream ROIs were artificially adjoined and
cloned upstream of the firefly luciferase gene (fLuc) to generate
ROIA_ROIB_ROIC_fLuc (Figure 3.3A, B). To further characterize the activity
contained in each ROI, we created additional constructs by sequentially removing the 5’
ROI to generate ROIB_ROIC_fLuc and ROIC_fLuc (Figure 3.3A, B). The activity of
ROIA_ROIB_ROIC_fLuc, ROIB_ROIC_fLuc and ROIC_fLuc were evaluated in 0627
GICs and U373MG cells. All three constructs elicited statistically significant
transcriptional activation relative to the empty pGL3 basic alone in 0627 cells (p = <
0.01) (Figure 3.3B). Additionally, all three constructs were found to elicit significantly
higher levels of transcriptional activation in 0627 when compared to U373MG cells,
ROIA_ROIB_ROIC_fLuc was 2.8 fold greater (p = < 0.01), ROIB_ROIC_fLuc was 2.66
fold greater (p = < 0.01), ROIC_fLuc was 3.48 fold greater (p = < 0.01) (Figure 3.3B).
However, the activity of ROIA_ROIB_ROIC_fLuc and ROIB_ROIC_fLuc were
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comparable to that of ROIC_fLuc alone (Figure 3.3B). We also evaluated that ability of
the ECR in the first intron, ROID, to elicit transcriptional activation in the presence of
ROIC. Our initial results suggested that ROID contained repressive qualities, however
further analysis revealed that decreased transcriptional activation was likely due to the
position of ROIC being farther from the luciferase gene (Supplemental Figure 3.1).
We also examined the ability of isolated ROIs to activate transcription. Individual
ROIs were cloned upstream of the luciferase gene to generate ROIA_fLuc, ROIB_fLuc,
ROIC_fLuc, ROID_fLuc and their activities were evaluated in 0627 GICs and U373MG
cells (Figure 3.4A, B). Consistent with our previous results, ROIC_fLuc was the only
construct that yielded statistically significant transcriptional activation above the empty
pGL3 Basic vector (p = < 0.01). Additionally, this level of activation was observed to be
2.5 fold higher in 0627 cells than U373MG cells (p = < 0.01) (Figure 3.4B).

Functional Elements Within the Proximal ECR of ROIC (-1077è+187) are Downstream
from the Published TSS and Have Uncommon Response Properties
To map the location of elements eliciting transcriptional activation in ROIC, a series of 5’
deletion constructs were generated that successively removed regions of non-coding
sequence from the 5’ end of ROIC (-1077+187)_fLuc (Figure 3.5A,B). The four
additional constructs generated were -403+187_fLuc, -128+187_fLuc,
+29+187_fLuc, +64+187_fLuc (Figure 3.5A, B), the activities of these constructs
were then analyzed in 0627 GICs and U373MG cells. We hypothesized that the activity
conferred by ROIC would be eliminated in constructs +29+187_fLuc,
+64+187_fLuc, as these contained elements downstream of the published TSS. We
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observed a significant increase in transcriptional activation above pGL3 basic for all
ROIC 5’ deletion constructs in 0627 GICs (p = < 0.01) (Figure 3.5B). To our surprise, all
5’ deletion constructs activated transcription of the luciferase gene, including
+29+187_fLuc, +64+187_fLuc, which contained only sequence downstream from
the published TSS (Figure 3.5B).
To determine whether the increased activation of ROIC in 0627 GICs relative to
U373MG cells was due to the presence of elements conferring the specific expression
(either nervous system specific or glioma specific) of BCAN, we also examined the
activation of ROIC 5’ deletion constructs in non-neural HeLa and Hek293 cells. We
observed significant activation of ROIC_fLuc and all 5’ deletion constructs in our nonneural HeLa and Hek293 cell lines (p = < 0.01) (Figure 3.5B), suggesting that ROIC does
not confer the specific expression of the BCAN gene.

Given that we observed transcriptional activation of ROIC 5’ deletion constructs
containing only sequence downstream from the published TSS, we evaluated whether the
published TSS was functional and therefore present in the BCAN transcript in 0627
GICs. To do this, we conducted RT-PCR using a nested primer set that was designed to
amplify a region at the 5’ end either with close proximity to the TSS or downstream of
ROICIV, while the 3’ end was anchored downstream of the translational start codon (R2)
(Figure 3.6A). RT-PCR analysis generated bands for both primer pairs (Figure 3.6B),
suggesting that the published TSS was active in 0627 GICs and cis-regulatory elements
contained in both +29+187_fLuc, +64+187_fLuc were indeed downstream.

109

Chapter 3: Brevican Transcriptional Regulation in Glioma

We next investigated the nature of activity elicited from +29+187_fLuc in an
effort to determine whether its transcriptional response was physiological in nature. The
majority of traditional eukaryotic promoters exhibit several generalized characteristic
response properties, included binary activation and directionality, therefore we evaluated
whether +29+187_fLuc adhered to these properties. Therefore, we determined whether
the activation elicited by +29+187_fLuc was either a binary or graded transcriptional
response. The activation of +29+187_fLuc exhibited a linear increase in transcriptional
activation in response to increasing plasmid concentrations (Figure 3.6C), suggesting that
its response was graded and therefore its activity did not behave like common eukaryotic
promoters. To further examine the specificity of elements within +29+187_fLuc, we
reversed the orientation of this sequence to be 3’5’ and evaluated its relative levels of
activation in 0627 GICs. We hypothesized that reversal of the noncoding elements would
eliminate activity if the response was coming from cis-regulatory elements that were
dependent on directionality. We found that the transcriptional activation instead of being
mitigated was significantly increased (p = < 0.01) (Figure 3.6D).

Evolutionary Conserved Regions Downstream from 3’ UTR Elicit Transcriptional
Activation Suggestive of Specific Regulation
Our ECR analysis also highlighted a highly conserved region of intergenic DNA located
downstream from the 3’UTR of the BCAN gene (Figure 3.7A). In order to determine
whether this region contains cis-regulatory elements which confer the specific expression
of the BCAN gene, a region spanning from +17305+20314 was isolated by PCR and
cloned downstream of the luciferase gene, to mimic the endogenous genomic
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arrangement of these elements, in the promoterless and enhancerless pGL3 Basic vector.
Two constructs were generated, the first of which also contained ROIC upstream of the
luciferase gene, which we hypothesized would function to elicit a basal level of
transcriptional activation (ROIC_fLuc_+17305+20314). The second construct
generated did not include ROIC and thus lacked elements that could drive upstream
transcriptional activation of the luciferase gene (fLuc_+17305+20314). The activation
of these constructs were examined in 0627 GIC, U373MG, and HeLa cell lines (Figure
3.7, B, C, D).

As we had hypothesized, we did not observe transcriptional activation of
fLuc_+17305è+20314 likely due to the absence of elements to elicit basal luciferase
activation (Figure 3.7C). However, the addition of ROIC to generate
ROIC_fLuc_+17305+20314 resulted in significant transcriptional activation beyond
pGL3 basic alone in all cell lines (Figure 3.7C), suggesting that the inclusion of ROIC (1077+187) was necessary for transcriptional activation by +17305+20314 in its
endogenous orientation. The activity of ROIC_fLuc_+17305+20314 relative to
ROIC_fLuc alone was determined by normalizing to relative luciferase values obtained
for ROIC_fLuc (Figure 3.7D). Interestingly, the activation of
ROIC_fLuc_+17305+20314 was significantly greater in 0627 GIC and U373MG cells
than in HeLa cells (p = < 0.01) (Figure 3.7D). Additionally, U373MG cells showed a
significantly increased level of activation from ROIC_fLuc_+17305+20314 compared
to 0627 GIC (p = < 0.01) (Figure 3.7D). These results suggest that +17305+20314 may
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contain cis-regulatory elements that confer the specific expression of BCAN by glioma
cells.

3’UTR ECR Does Not Respond to Extrinsic Cues that Repress BCAN Expression
Given that we observed activity to suggest that +17305+20314 contained elements that
may confer the specific expression of BCAN, we sought to determine whether the
activity coming from ROIC_fLuc_+17305+20314 responded to exogenous antagonists
of BCAN expression. Our previous work identified several soluble factors that
significantly decreased the expression of BCAN in 0627 GICs including bone
morphogenic protein 4 (BMP4) (Dwyer and Bi et al., unpublished, see Chapter 1) and
leukemia inhibitory factor (LIF) (Supplemental Figure 3.2).
Soluble antagonists were added to the media of 0627 and U373MG cells
expressing either pGL3 Basic or ROIC_fLuc_+17305+20314. In all conditions tested,
we observed no significant decreases in the activation of ROIC_fLuc_+17305+20314
in response to exogenous BCAN antagonists in either 0627 (Figure 8A) or U373MG cells
(Figure 3.8B).

DISCUSSION
While the upregulation of the BCAN gene in glioma could stem from a variety of
underlying mechanisms including an increase in transcription, alterations in transcript
stability and changes in gene amplification (Gary et al., 2000). Together our work and
that of others strongly suggest that changes in gene transcription underlie its increased
expression in glioma. In support of this, our previous studies and those presented in the
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previous chapter suggested that endogenous expression of BCAN in GICs can be
suppressed by the addition of soluble antagonists (Dwyer and Bi, unpublished).
Furthermore the finding that traditional glioma cell lines do not endogenously express
BCAN in vitro, however intracranial grafts formed with these same cell lines express it in
high levels provides compelling evidence for neural-specific tumorigenic regulation of
BCAN expression (Jaworski et al., 1996; Gary et al., 2000). Therefore, the purpose of
this study was to determine whether cis-regulatory mechanisms could be identified that
contributed to the nervous system-specific and glioma-specific upregulation of the BCAN
gene.
Our initial analysis utilized a comparative genomic approach to identify ECRs
within non-coding sequence flanking this gene. We identified multiple conserved regions
upstream of the gene and through reporter assays determined the transcriptional activity
of these regions. Our analysis identified one of these ECRs, termed ROIC (-1077+187)
as the best candidate region. ROIC (-1077+187) was found to ubiquitously activate
transcription in glioma cell lines with and without endogenous BCAN expression and
non-neural cell lines. The activity of this region was mapped to the most distal 3’
sequence +29+187, which contained elements downstream from the published TSS.
We confirmed that the published TSS was indeed active in cells expressing BCAN
endogenously, and further studies revealed that the activity elicited from this construct
was both graded and non-directional. These data however raise the possibility that the
activation of these constructs is not physiological in nature. However, it should be noted
promoter with such characteristics, while less common in eukaryotes, have been
previously described for other genes (Kringstein et al., 1998, Biggar and Crabtree, 2001,
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FitzGerald et al., 2006). Therefore, the nature of the activity elicited by ROIC remains
inconclusive. Interestingly, distinct CpG islands overlie regions of the BCAN gene,
including CpG69 which encompasses (-95+712) and overlies ROIC (UCSC genome
browser). Therefore, the possibility that this CpG island could direct the tissue-specific
expression of BCAN in the presence of a ubiquitously active promoter cannot be
discounted.

We also examined the activity of a large region encompassing several ECRs downstream
from the 3’UTR of the BCAN gene, (+17305+20314). We observed that this region
was preferentially active in glioma cell lines and not non-neural cell lines, suggesting that
it may confer either the nervous-system specific expression of this gene or its glioma
specific upregulation. In support of the functional importance of (+17305+20314),
recent advances in the human genome structure from the ENCODE Project Consortium
identified that this region contains significant histone modification marks indicative of
regulatory elements often associated with transcriptional promoters and enhancers
(Dunham et al., 2012). Thus suggesting that activity from this region may also be
functionally regulated by epigenetic modifications.
We also established that the activation from (+17305+20314) was dependent
on the presence of ROIC (-1077+187) upstream of the luciferase gene and therefore
the basal activity elicited by this region. However, we are uncertain whether the
relationship between ROIC (-1077+187) and (+17305+20314) regions are
dependent on specific elements or rather simple basal activation of gene expression, and
therefore could be replaced by any basal promoter. Therefore future experiments should
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be done using luciferase reporters with generic basal promoter elements to drive
luciferase gene expression in the presence of (+17305+20314).
Additionally, we observed that (+17305+20314) elicited activity in glioma cell
lines with and without endogenous B/b expression and its activity did not respond to
exogenous antagonists of BCAN expression. Several explanations exist to explain these
findings, the simplest of which is the absence of a distal repressor. More work is however
required to definitely conclude this and to determine how soluble antagonists of BCAN
expression are exerting their transcriptional repressive qualities.

While our analysis was also designed to identify functional repressors, we found that all
ECRs evaluated did not elicit activity indicative of transcriptional repression. While our
data indicates that evaluated ECRs cannot fully recapitulate the endogenous expression of
the BCAN gene in our cell lines, suggesting that additional functional elements were
missing from our analysis. While we have experimental evidence to support this
statement (data not shown), our analysis identified an ECR downstream from the 3’UTR
of the BCAN gene as likely regulating the specific expression of the BCAN gene.
Importantly, further experiments are necessary to fully elucidate the functional qualities
of this region.
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Table 3.1. List of primer sequences and restriction enzymes sites used in the generation
of luciferase reporter constructs containing non-coding regions flanking the human
BCAN gene.
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Table 3.1
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Table 3.2. List of human primer sequences used for RT-PCR based experiments.

121

Chapter 3: Brevican Transcriptional Regulation in Glioma

Table 3.2

122

Chapter 3: Brevican Transcriptional Regulation in Glioma

Table 3.3. Model systems. An outline of the cell lines used as model systems in our
analyses, the expression of BCAN in vitro and in vivo highlights the combined utility of
these models in identifying the mechanisms regulating its transcription.
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Table 3.3
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FIGURES
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Figure 3.1. Genomic arrangement of the human BCAN gene. A, The BCAN gene is
located on human chromosome 1q31. The 5’ end of the gene is flanked by the hyaluronan
and proteoglycan link protein (HAPLN2), which is transcribed in the parallel orientation.
The 3’ end of the gene is flanked by nestin (NES), which is transcribed in the antiparallel orientation. Approximately 20Kb and 10Kb of intergenic non-coding DNA
flanks the 5’ and 3’ ends of the BCAN gene, respectively. B, The BCAN gene is 17.4Kb
total, with 13.0Kb of this being coding sequence. The gene has 14 exons, the first of
which is the 5’UTR. Alternative splicing of exon 8 gives rise to the GPI anchored
isoform.
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Figure 3.1
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Figure 3.2. Expression of BCAN in cell culture model systems in vitro. Agarose gel
showing RT-PCR products from cell lines, two independent primer pairs against the
BCAN gene (BCAN 1, BCAN 2) confirm that 0627 GIC cultures endogenously
expression BCAN in vitro. In contrast, traditional glioma cell lines, U373MG, and nonneural cell lines, Hek293 and HeLa, do not endogenously express BCAN in vitro. TATA
Box Binding Protein (TBP) served as the loading control and showed equivalent amounts
of substrate were present for each cell line.
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Figure 3.2
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Figure 3.3. An evolutionary conserved region most proximal to the transcriptional
start site of the BCAN gene elicits transcriptional activation. A, Evolutionary conserved
regions (ECRs) of non-coding sequence (red) flanking the human BCAN gene were
identified by a bioinformatics approach. The percentage of conserved bases relative to the
human sequence for each ECR are indicated. NA= (not applicable), indicates the absence
of conserved sequence. B, Hybrid constructs were created by adjoining ECRs, ROIA (9665 -9148), ROIB (-3900 -1467) and ROIC (-1077 + 187). These hybrid ECRs
were cloned upstream of the firefly luciferase (fLuc) gene in the promotorless and
enhancerless pGL3 Basic vector. Dual luciferase reporter assays in 0627 GIC and
U373MG cells were conducted. All constructs were found to activate transcription of the
luciferase reporter above the pGL3 Basic vector, which was statistically significant for all
constructs in 0627 GIC and for ROIBC_fLuc in U373MG cells. Additionally, levels of
activation were significantly greater in 0627 GIC relative to U373MG cells. The activity
of ROIC was non significantly different from constructs also containing ROIA and
ROIB, suggesting the source of transcriptional activity is present in ROIC. Statistical
significance is indicated by * for p = < 0.01.
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Figure 3.3
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Figure 3.4. The evolutionary conserved region most proximal to the transcriptional
start site elicits transcriptional activation while other evolutionary conserved
regions do not. A, Schematic diagram showing ECRs located in the non-coding sequence
flanking the BCAN gene, as described in Figure 2.3. B, ECRs were individually cloned
upstream of the firefly luciferase (fLuc) gene in the promotorless and enhancerless pGL3
Basic vector and transcription activation analyzed using dual luciferase reporter assays in
0627 GIC and U373MG cells. ROIC was the only ECR that activated transcriptional
expression of the luciferase reporter above the empty pGL3 Basic vector. The activation
of ROIC was significantly greater in 0627 GICs relative to U373MG cells. Statistical
significance is indicated by * for p = < 0.01.
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Figure 3.4
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Figure 3.5. Transcriptional activity of an evolutionary conserved region most
proximal to the transcriptional start site localizes to a region downstream
from the published transcriptional start site. A, Schematic diagram showing the
transcriptionally active ECR, ROIC, located proximal to the TSS of the BCAN gene, as
described in Figure 2.3. B, To identify regions within ROIC that contained transcriptional
activity, 5’ deletion constructs were generated. The ability of these constructs to activate
transcription was evaluated using dual luciferase reporter assays in 0627 GIG, U373MG,
HeLa and Hek293 cells. Transcriptional activity was maintained across all 5’ deletion
constructs in all cell lines. All constructs were found to elicit statistically significant
transcriptional activation above baseline in all cell lines with the exception of ROIC (1077+187) and (-403+187) in U373MG cells. The activation of (-128+187) and
(+29+187) were found to be greatest in HeLa cells, however consistent with our
previous results the activation of all constructs in glioma cell lines were greater in 0627
GIC than U373MG cells. Statistical significance is indicated by * for p = < 0.01.
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Figure 3.5
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Figure 3.6. Characterization of the BCAN transcriptional start site and the
downstream transcriptionally active evolutionary conserved region. A, RT-PCR was
conducted to evaluate whether the published TSS could be detected in 0627 GIC. The
forward F1 primer was located proximal to the published TSS, while F2 was located
downstream from the 3’ end of deletion constructs. A single reverse primer, R2, was
anchored downstream of the start codon. B, RT-PCR products resulting from experiment
outlined in A, were resolved by agarose gel electrophoresis. Bands were detected with
both F1-R2 and F2-R2 primer combinations. C, Dose-dependent transcriptional
activation of (+29+187) was examined in 0627 GICs. A linear increase in
transcriptional activation was observed with increasing plasmid concentrations. Dashed
lines indicate the 95% confidence interval of linear regression. D, To determine whether
the activity from (+29+187) was dependent on either directional or non-directional
(palindromic) cis-regulatory elements, the orientation of this region was reversed and its
activation was evaluated in 0627 GIC. The empty pGL3 Basic vector served as a control
for baseline activation. Reversing the orientation of (+29+187) resulted in enhanced
transcriptional activation. Statistical significance is indicated by * for p = < 0.01.
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Figure 3.6
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Figure 3.7. A large evolutionary conserved region downstream of the BCAN gene
elicits specific transcriptional activation in glioma cell lines. A, Three ECRs were
identified downstream of the BCAN gene. Schematic diagram same as described in
Figure 2.3, A. B, Schematic representation of upstream and downstream ECRs flanking
the BCAN gene used in subsequent transcriptional reporter assays to evaluate the activity
of ECRs downstream from the 3’UTR (+17305+20314). C, (+17305+20314) was
cloned downstream of the firefly luciferase (fLuc) gene in the promotorless and
enhancerless pGL3 Basic vector either with or without ROIC, which was cloned
upstream of fLuc. The ability of these constructs to activate transcription was evaluated
using dual luciferase reporter assays in 0627 GIC, U373MG and HeLa cells. In the
absence of ROIC, (+17305+20314) did not activate transcription of the luciferase
reporter above baseline in any cell line. With the inclusion of ROIC, (+17305+20314)
significantly activated transcription of the reporter gene above baseline in all cell lines.
C, To determine whether (+17305 +20314) enhanced the transcriptional activation
beyond ROIC, relative luciferase activity was normalized to ROIC. The addition of
(+17305+20314) significantly enhanced transcription of the luciferase reporter gene in
0627 GIC and U373MG glioma cells, which was greater in U373MG, and not HeLa
cells. Statistical significance is indicated by * for p = < 0.01.
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Figure 3.7
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Figure 3.8. The evolutionary conserved region downstream of the BCAN gene
does not respond to known inhibitors of BCAN expression. Previous work identified
several soluble inhibitors of BCAN gene expression, including bone morphogenic protein
4 (BMP4) and leukemia inhibitory factor (LIF). A, The activity of
ROIC_fLuc_+17305+20314 in either untreated control conditions (CT) or in the
presence of soluble antagonists was evaluated using dual luciferase reporter assays in
0627 GIC. The transcriptional activation of ROIC_fLuc_+17305+20314 was not
significantly decreased in response to BCAN antagonists. The activity was however
enhanced in the presence of BMP4, which was due to alterations in the expression of
renilla luciferase which served as an internal control. # indicates a statistically significant
increase (p = < 0.01). B, The same experiment described in A was performed in U373MG
cells (glioma, BCAN-). Similar results were obtained wherein the transcriptional
activation of ROIC_fLuc_+17305+20314 was not significantly decreased in response
to BCAN antagonists.
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Figure 3.8
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Supplemental Table 3.1. Chromosomal location of evolutionary conserved regions
identified in the non-coding sequence of the BCAN gene.
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Table S3.1
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Supplemental Figure 3.1. The evolutionary conserved region within the first
intron is not functionally active. A, Schematic representation of ECRs within the BCAN
gene used in subsequent transcriptional reporter assays to evaluate the activity of the
ECR identified in the first intron ROID (+3063+3736). B, ROIC and ROID
(+3063+3736) were cloned upstream of the firefly luciferase (fLuc) gene in the
promotorless and enhancerless pGL3 vector. The empty pGL3 Basic vector served as a
control for baseline activation The ability of these constructs to activate transcription was
evaluated using dual luciferase reporter assays in 0627 GIC, U373MG cells. The
combined presence of ROIC ad ROID was found to suppress the activation significantly
below ROIC alone in 0627 GIC. C, To determine whether ROID (+3063+3736)
displayed properties of a transcriptional repressor, it was cloned upstream of the firefly
luciferase (fLuc) gene in the SV40 promoter containing pGL3 promoter vector. The
empty pGL3 Promoter vector served as a control for baseline activation The presence of
ROID did not alter the levels of transcriptional activation relative to the baseline control
in either 0627 GIC or U373MG cells. Together these results suggest that altered
activation of ROIC_ROID_fLuc relative to ROIC_fLuc was likely due to the proximity
of ROIC to fLuc. Statistical significance is indicated by * for p = < 0.01.
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Figure S3.1
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Supplemental Figure 3.2. Leukemia Inhibitory Factor (LIF) reduces the expression of
BCAN in vitro. 0627 GIC were treated with [10ng/mL] LIF everyday for the duration of
3 DIV. A, Quantitative RT-PCR results show LIF treatment dramatically suppresses the
expression of BCAN. B, Western blot analysis shows a reduction in the full-length
secreted form of brevican protein following LIF treatment.
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Figure S3.2
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CHAPTER 4
RPTPζ/ PHOSPHACAN IS ABNORMALLY
GLYCOSYLATED IN A MODEL OF MUSCLEEYE-BRAIN DISEASE LACKING
FUNCTIONAL POMGNT1

This chapter has been published see: Dwyer CA, Baker E, Hu H, Matthews RT
(2012) RPTPzeta/phosphacan is abnormally glycosylated in a model of muscle-eyebrain disease lacking functional POMGnT1. Neuroscience 220:47-61.
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ABSTRACT
Congenital muscular dystrophies (CMDs) with associated brain abnormalities are a group
of disorders characterized by muscular dystrophy and brain and eye abnormalities that are
frequently caused by mutations in known or putative glycotransferases involved in
protein O-mannosyl glycosylation. Previous work identified α-dystroglycan as the major
substrate for O-mannosylation and its altered glycosylation the major cause of these
disorders. However, work from several labs indicated that other proteins in the brain are
also O-mannosylated and therefore could contribute to CMD pathology in patients with
mutations in the protein O-mannosylation pathway, however few of these proteins have
been identified and fully characterized in CMDs. In this study we identify receptor
protein tyrosine phosphatase ζ (RPTPζ) and its secreted variant, phosphacan, as another
potentially important substrate for protein O-mannosylation in the brain. Using a mouse
model of muscle-eye-brain disease lacking functional protein O-mannose β-1,2-Nacetylglucosaminyltransferase (POMGnT1), we show that RPTPζ/phosphacan is shifted
to a lower molecular weight and distinct carbohydrate epitopes normally detected on the
protein are either absent or substantially reduced, including HNK-1 reactivity. The spatial
and temporal expression pattern of these O-mannosylated forms of RPTPζ /phosphacan
and its hypoglycosylation and loss of HNK-1 glycan epitopes in POMGnT1 knockouts
are suggestive of a role in the neural phenotypes observed in patients and animal models
of CMDs.
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INTRODUCTION
Congenital muscular dystrophies (CMDs) with associated brain abnormalities are a group
of devastating autosomal recessive disorders characterized by congenital muscular
dystrophy, type II lissencephaly and eye anomalies (Dobyns et al., 1985, Haltia et al.,
1997, Jimenez-Mallebrera et al., 2005, Reed, 2009). Abnormalities in protein Omannosyl glycosylation, often arising from mutations in genes encoding functional or
putative glycotransferase involved in O-mannosyl glycosylation, are causal to this group
of disorders (Brockington et al., 2001a, Brockington et al., 2001b, Beltran-Valero de
Bernabe et al., 2002, Schessl et al., 2006). Exemplary to this is muscle-eye-brain disease
(MEB) which arises from mutations in the gene encoding the known glycotransferase
protein O-mannose β-1,2-N-acetylglucosaminyltransferase 1 (POMGnT1) (Yoshida et al.,
2001, Liu et al., 2006). POMGnT1 catalyzes the transfer of an N-acetylglucosamine
saccharide on to O-mannose present on serine and threonine residues of glycoproteins
(Yoshida et al., 2001).
The most well characterized protein substrate of O-mannosyl glycosylation is αdystroglycan (α-DG), which forms a heterodimer with β-dystroglycan to function as a
transmembrane cell-surface receptor for constituents of the extracellular matrix (ECM)
present in the basal lamina of the developing and mature brain (Ervasti and Campbell,
1991, Ibraghimov-Beskrovnaya et al., 1992, Ervasti and Campbell, 1993, Montanaro et
al., 1999). Proper protein O-mannosyl glycosylation of α-DG is essential to maintain its
ligand binding properties and the subsequent integrity of the basement membrane (Kano
et al., 2002, Michele et al., 2002, Kim et al., 2004). Disruption of pial basement
membrane integrity consequently leads to overmigration of cortical neurons and type II
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lissencephaly along with other CNS pathologies (Michele et al., 2002). A number of
studies have demonstrated that altered glycosylation of α-DG accounts for most of the
obvious neural abnormalities (Moore et al., 2002, Satz et al., 2010), however a number of
pieces of evidence indicate that additional protein substrates for protein O-mannosyl
glycosylation exist and may also contribute to the phenotypes observed in these
disorders. Glycomic analysis revealed brains of animals lacking α-DG have similar
amounts of proteins with O-mannose initiated structures as wild-type animals (Stalnaker
et al., 2011). Work also showed that up to 30% of all O-linked sugars in the brain are Olinked via mannose (Finne et al., 1979, Krusius et al., 1986, Chai et al., 1999, Kogelberg
et al., 2001), a number that could not be accounted for by α-DG alone. Furthermore, Omannosyl linked carbohydrates have also been described on particular cell-adhesion
molecules (Bleckmann et al., 2009). Therefore identifying and characterizing novel
protein substrates with altered glycosylation in these CMDs may provide important
insights into the molecular basis of their complex phenotypes. Perhaps most importantly,
future avenues of therapeutic intervention may be revealed in the yet-unidentified
molecular underpinnings of these disorders.
Our previous work demonstrated that the monoclonal antibody, Cat-315, likely
detects an HNK-1 epitope present on receptor protein tyrosine phosphatase ζ (RPTPζ),
also referred to as RPTPβ, in the developing brain with biochemical properties that
correlated with O-linked mannose structures (Matthews et al., 2002, Dino et al., 2006)
and in a neuroblastoma cell line (Abbott et al., 2008). RPTPζ along with its secreted
variant, phosphacan (Maurel et al., 1994), are primarily expressed in the CNS (Shitara et
al., 1994, Maeda et al., 1995) and have been implicated in several key developmental
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neural processes including proliferation (Ida et al., 2006, Soh et al., 2007), differentiation
(Canoll et al., 1996, Ranjan and Hudson, 1996, Meng et al., 2000, Soh et al., 2007) celladhesion and migration (Abbott et al., 2008), axonal guidance and neurite outgrowth
(Grumet et al., 1996, Sakurai et al., 1997, Hayashi et al., 2005), myelination (Harroch et
al., 2000, Harroch et al., 2002) and higher order cognitive function (Niisato et al., 2005).
The extracellular domains of RPTPζ/ phosphacan bind a wide array of ligands important
for normal CNS development (for review see (Peles et al., 1998)) including pleiotrophin
(Maeda et al., 1996, Meng et al., 2000), midkine (Maeda et al., 1999), tenascin (Grumet
et al., 1994, Milev et al., 1995), NCAM, Ng-CAM (Maurel et al., 1994, Milev et al.,
1994) and contactin (Sakurai et al., 1997). Previous work has demonstrated that
carbohydrate modifications on RPTPζ modulate receptor-ligand binding which can inturn influence downstream signaling and cellular behaviors (Milev et al., 1995, Peles et
al., 1998, Maeda et al., 2003, Abbott et al., 2008). Therefore, altered O-mannosylation of
RPTPζ/ phosphacan could potentially have deleterious effects on neural development.
The work presented herein demonstrates that RPTPζ/ phosphacan is hypoglycosylated
in POMGnT1 knockout mice, an animal model of MEB. These data suggest that RPTPζ/
phosphacan is a novel and major protein substrate for protein O-mannosyl glycosylation
by POMGnT1 in vivo. Furthermore we demonstrate that in the developing brain RPTPζ/
phosphacan bears the majority of HNK-1 reactivity in the soluble fraction, and most of
these glycans on RPTPζ/ phosphacan are O-linked via mannose. Given the CNS-enriched
expression and interactions of RPTPζ/ phosphacan and the known importance of the
HNK-1 carbohydrate in development, our data argue for an important role of altered O-
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mannosyl glycosylation on RPTPζ/ phosphacan and a potential contribution to the
complex neurological phenotypes associated with CMDs.

MATERIALS AND METHODS
Animals: Protocols for animal usage were approved by the Institutional Animal Care and
Use Committee of Upstate Medical University. POMGnT1 knockout mice were
generated by Lexicon Genetics Incorporated (The Woodlands, TX) (Liu et al., 2006).
Large myodystrophy (Largemyd) mutant mice were acquired from Jackson Laboratories
(Bar Harbor, ME). For timed pregnant breeding, the morning of plug discovery was
designated E0. POMGnT1 and Largemyd genotyping was carried out as previously
published (Browning et al., 2005, Liu et al., 2006). No differences were observed
between wildtype and heterozygous animas, therefore both were used as littermate
controls for knockout animals.

Antibodies: Cat-315 has been previously characterized (Lander et al., 1998, Dino et al.,
2006). Mouse monoclonal anti-rat phosphacan (clone: 6B4) was purchased from
Associates of Cape Cod, Inc. (East Falmouth, MA, USA). Rat monoclonal anti-DSD-1
(clone: 473HD) was purchased from both Santa Cruz Biotechnology (Santa Cruz, CA,
USA) and Chemicon (Billerica, MA, USA). Mouse monoclonal anti-phosphacan 5210
(Clone #122.2) and rabbit polyclonal anti-aggrecan were purchased from Chemicon.
Rabbit polyclonal anti-PTPζ (H300) was purchased from Santa Cruz Biotechnology.
Anti-brevican and anti-HNK-1 were purchased from BD-Biosciences, Pharmingen (San
Diego, CA, USA). The 3F8 antibody developed by Dr. Margolis was obtained from the
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Developmental Studies Hybridoma Bank (developed under the auspices of the NICHD
and maintained by the University of Iowa, Department of Biology, Iowa City, IA, USA).
Table 4.1 summarizes the antibodies used in this study, their previously predicted
epitopes and revisions to these epitopes identified through the experiments presented in
this study.

Preparation of homogenates, soluble fraction: Tissue homogenates with respective
soluble and particulate fractions were prepared as previously described by Viapiano and
colleagues (Viapiano et al., 2003). Briefly, the corticies from postnatal day (P) 4 and
whole brains from adult POMGnT1 knockout and wildtype mice and whole brains from
P1 Largemyd were homogenized in 10 volumes of 25mM Tris-HCl (pH=7.4) containing
0.32M sucrose and a protease inhibitor cocktail (EDTA-free Complete, Roche,
Indianapolis, IN, USA). The homogenates were centrifuged at 950 x g for 10 min at 4°C,
the resulting postnuclear supernatant was centrifuged again at either 20,000 or 100,000 x
g for 60 min to obtain total soluble and particulate fractions.

SDS-PAGE and Western blotting: Equal amounts of protein were electrophoresed on 5%
or 7% SDS-polyacrylamide gels and transferred to nitrocellulose for blotting. Western
blots were completed as described previously (Viapiano et al., 2003). In all cases
brevican served as the loading control and HRP-conjugated secondary antibodies were
employed and detected with supersignal west pico or femto chemilumensent substrate
(Thermo Scientific, Rockford, IL, USA) and Kodak biomax MR film (Sigma-Aldrich,
Saint Louis, MO, USA). Western blot quantification was carried out to determine relative
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intensity of resulting bands normalized to internal loading controls using ImageJ
software.

Protein Deglycosylation: All samples analyzed by Western blotting were pretreated with
chondroitinase ABC (chABC) to remove chondroitin sulfate glycosaminoglycan (CSGAG). Protein samples were diluted to 1-2mg/mL in chABC buffer (40mM Tris-HCl,
40mM sodium acetate, protease inhibitor tablet, mini, EDTA free, pH=8.0) and treated
with 0.2U/mL of chABC, protease free from Proteus vulgaris (Associates of Cape Cod,
Inc.) and incubated for 8 hours at 37°C. For experiments in which CS-GAG, mucin-type
O-linked and N-linked glycans were removed by enzymatic deglycosylation, 1.8mg/mL
protein was incubated for 8 hours at 37°C in deglycosylation buffer (20mM Tris-HCl,
20mM sodium acetate, 25mM NaCl, pH= 7.0) with 0.2U/mL chABC, 0.2U/mL sialidase
(Roche), 2,400,000U/mL O-Glycosidase (New England Biolabs, Ipswich, MA, USA),
20,000 U/mL PNGase F (New England Biolabs). For immunoprecipitation, samples were
diluted to 1.5mg/mL in 40mM sodium phosphate buffer, pH 7.5, 25 mM NaCl, protease
inhibitor tablet, mini, EDTA-free (Roche). Deglycosylation was performed by incubating
samples for 2 hours at 37°C with 150U/mL bovine testicular hyaluronidase (which also
removes CS-GAG chains) (Sigma Aldrich), 0.1U/mL sialidase (Roche), 2,400,000U/mL
O-Glycosidase (New England Biolabs), 17,500 U/mL PNGase F (New England Biolabs)
for 2 hours at 37°C.

Immunoprecipitation: Soluble samples from adult POMGnT1 wildtype, heterozygous
and knockout animals were prepared as specified above. Ten volumes of Cat-315
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hybridoma media was incubated with rat anti- mouse IgM sepharose beads (Invitrogen,
Carlsbad, CA, USA) at 4°C overnight. For immunoprecipitation, samples were diluted to
1mg/mL in 25mM Tris, pH 8.0 with protease inhibitor tablet, mini, EDTA free (Roche).
500ug total protein was used for each IP reaction, protein samples and antibody/ bead
mixture were incubated for 5 hours, rotating at 4°C. Beads were washed several times in
25mM Tris, pH 8.0 and boiled under reducing conditions in 2X sample buffer. Starting
material and immunoprecipitated material were electrophoresed on 5% SDSpolyacrylamide gels and processed for immunoblotting as described above.

Immunohistochemistry: Embryonic day (E) 15 and E18 embryonic brains were drop fixed
in ice-cold 4% phosphate-buffered paraformaldehyde. P4 pups and adults were
transcardially perfused with PBS prior to perfusion with 4% phosphate-buffered
paraformaldehyde. In all cases, tissue was post-fixed overnight and cryoprotected by
sinking in 30% phosphate-buffered sucrose with 0.2% sodium azide and cut on a
cryostat. For E15, E18 and P4 brains, 14µM cryosections were mounted directly onto
superfrost plus glass slides (Thermo Fisher Scientific, Waltham, MA). For adult animals,
40µM cryosections were collected as free floating sections in phosphate buffer with 0.2%
sodium azide.
For immunostaining, sections were blocked with screening medium (DMEM, 5%
FBS, 0.2% sodium azide with 1% Triton X-100) for 45 minutes at room temperature and
then incubated in primary antibody overnight at 4°C. The following day, sections were
washed and incubated with Alexa fluorescent- conjugated secondary antibodies
(Molecular Probes, Invitrogen, Carlsbad, CA). In all cases, primary and secondary
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antibodies were diluted in screening media. Nuclei were stained with Hoechst 33342
(Sigma-Aldrich) diluted in 0.1M phosphate buffer with 1% Triton X-100.

Microscopy: Confocal images were collected on a Zeiss LSM 510 Laser Scanning
Confocal Microscope (SUNY Upstate, Syracuse, NY 13210) and converted using Zeiss
LSM 5 Image Browser Software. Final images were formatted and compiled into figures
using Adobe Photoshop CS5.5.

RESULTS
The immunoreactivity of monoclonal antibodies Cat-315 and 6B4 are dramatically
reduced in the cortex of embryonic and early postnatal POMGnT1 knockout animals
Previous work definitively demonstrated the monoclonal antibody Cat-315 prominently
detects an epitope on aggrecan in the adult brain (Matthews et al., 2002), but an epitope
on RPTPζ/ phosphacan in the immature brain (Dino et al., 2006). Further characterization
showed that the Cat-315 antibody detects an O-linked carbohydrate epitope (Matthews et
al., 2002, Dino et al., 2006), which we hypothesized was likely O-linked via mannose. To
test this hypothesis, Cat-315 reactivity was evaluated in POMGnT1 knockout mice.
In the cortex of POMGnT1 heterozygous E15 mice, Cat-315 immunoreactivity was
found in two intense bands in the marginal zone (MZ) and subplate (SP) but also
diffusely in the cortical plate (CP) (Figure 4.1A), consistent with previous work on the
expression of RPTPζ/ phosphacan in the developing brain. Interestingly, Cat-315
reactivity was essentially eliminated in the cortex of POMGnT1 knockout mice (Figure
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4.1B). These data support our hypothesis that the Cat-315 reactive epitope detects an Olinked glycan on RPTPζ/ phosphacan that is likely an O-mannosyl-linked glycan.
We next asked whether the loss of O-mannosyl glycans on RPTPζ/ phosphacan
altered its distribution in the brain. To investigate this, tissue was stained with the 6B4
antibody, which specifically detects RPTPζ/ phosphacan in the developing brain (Maeda
et al., 1994). Similar to Cat-315, 6B4 has also been suggested to detect a carbohydrate
epitope (Maeda et al., 1995). Additionally, we stained with the rat monoclonal antibody
473HD, which detects CS-GAG epitopes specific to RPTPζ/ phosphacan in the
embryonic brain (Faissner et al., 1994, Ito et al., 2005). We predicted that neither of these
epitopes would be altered in the POMGnT1 knockout animals. Similar to Cat-315,
staining with 6B4 in heterozygous POMGnT1 animals revealed two prominent bands of
immunoreactivity in the MZ and SP (Figure 4.1C). Surprisingly, however, 6B4 reactivity
was essentially eliminated in POMGnT1 knockout brains, suggesting it too detects an Omannosyl glycan on RPTPζ/ phosphacan (Figure 4.1D). 473HD staining in the
heterozygous animals intensely stained the MZ and SP and diffusely stained the
intermediate zone (IZ) (Figure 4.1E). Importantly, unlike Cat-315 and 6B4 staining,
staining with 473HD appeared essentially unaltered in the cortex of knockout animals,
indicating that the distribution of RPTPζ/ phosphacan is not dramatically changed despite
its altered glycosylation (Figure 4.1F).
We next determined whether the expression and glycosylation of RPTPζ/ phosphacan
was affected in late embryonic (E18) and early postnatal (P4) development, which is
roughly coincident with the peak of RPTPζ/ phosphacan expression (Maeda et al., 1995).
At E18, Cat-315 and 6B4 reactivity in the cortex of heterozygous POMGnT1 mice was
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distributed throughout the MZ, CP and IZ (Figure 4.2A, C). However, their reactivities
were dramatically reduced in the cortex of knockout animals, with the exception of subtle
residual staining which remained in the MZ/ diffuse cell zone (DCZ) and was most
prominent for 6B4 (Figure 4.2B, D). At P4, the immunoreactivity of Cat-315 and 6B4
were found throughout cortical layers and most highly in the MZ but were essentially
absent in the knockout cortex (Figure 4.2E, F, G, H).

RPTPζ/ phosphacan is hypoglycosylated in the cortex of POMGnT1 knockout mice
Our immunohistochemical analysis clearly demonstrated the loss of carbohydrate
epitopes on RPTPζ/ phosphacan. We hypothesized this represented the direct loss of Omannosyl glycans that were reactive for Cat-315 and 6B4 antibodies. To investigate this
possibility in more detail, we turned to Western blot analyses. Consistent with published
data, immunoblot analysis of samples from the soluble fraction of cortical homogenate
from wildtype P4 brains revealed high molecular weight bands (greater than 250 kD) that
were reactive for Cat-315 and 6B4. These bands were absent in POMGnT1 knockout
samples (Figure 4.3), providing further evidence that the carbohydrate epitopes
recognized by Cat-315 and 6B4 are likely O-mannose linked.
While there are a limited number of antibodies directed against RPTPζ/ phosphacan
that work well for immunohistochemical analysis, there is a greatly expanded array of
antibodies that detect RPTPζ/ phosphacan on immunoblots. Therefore to further explore
the altered glycosylation of RPTPζ/ phosphacan, we employed three additional wellestablished antibodies, 3F8, H300 and 5210. 3F8 is a monoclonal antibody, which has
been previously shown to recognize a carbohydrate epitope present on RPTPζ/
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phosphacan (Maurel et al., 1994). The specificity of the 3F8 antibody for RPTPζ/
phosphacan has been clearly demonstrated, as it was utilized to purify phosphacan to
homogeneity which led to its original identification and cloning of the gene (Maurel et
al., 1994). 3F8 detected a high molecular weight band in wildtype samples. Surprisingly,
3F8 reactivity was also absent from knockout samples (Figure 4.3). Our interpretation of
these data is that 3F8 also detects an O-mannosyl glycan on RPTPζ/ phosphacan,
however these findings raised the question whether RPTPζ/ phosphacan was absent in
POMGnT1 knockout mice.
Therefore we next evaluated H300 antibody reactivity, a peptide antibody that detects
the protein core of RPTPζ/ phosphacan. Again we detected a large molecular weight band
in wildtype samples, but unlike other antibodies we also detected a band in samples from
knockouts of similar intensity that was shifted downward in molecular weight (Figure
4.3). These data suggest that RPTPζ/ phosphacan in POMGnT1 knockouts is expressed at
normal levels but is shifted in molecular weight due to hypoglycosylation. To further
confirm these findings we investigated the antibody reactivity of 5210, which is believed
to detect all forms of RPTPζ/ phosphacan (Dr. Joel Levine, personal communication).
5210 detected bands in both control and knockout samples, and similar to H300, the
bands were shifted downward in knockout samples. However, surprisingly there was also
a dramatic decrease in the intensity of 5210 reactive bands (Figure 4.3), suggesting that
the epitope detected by 5210 is at least partially glycosylation dependent. Overall we
identified 4 antibodies against carbohydrate epitopes on RPTPζ/ phosphacan that are
absent or dramatically reduced in POMGnT1 knockout mice, likely indicating that they
are detecting O-mannosyl glycans.
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As noted above, from our previous work we hypothesized that the Cat-315
epitope belongs within the family of HNK-1 (Human Natural Killer-1) glycans, also
known as CD34. Therefore we next investigated if HNK-1 reactivity was altered in the
POMGnT1 knockouts. As expected, we detected an HNK-1-reactive band at the same
molecular weight as RPTPζ/ phosphacan in wildtype samples, which was shifted
downward and less intense in the POMGnT1 knockout samples (Figure 4.3), similar to
the results with the 5210 antibody. Our findings with both 5210 and HNK-1
immunoblotting led us to the hypothesis that 5210 and HNK-1 terminal carbohydrates on
RPTPζ/ phosphacan are present on O-mannosyl linked glycans.

HNK-1 carbohydrates on RPTPζ/ phosphacan are O-mannose and N-linked in the early
postnatal cortex
Previous studies have described HNK-1 terminal carbohydrate structures on both Nlinked and O-linked glycans, of which most O-linked HNK-1 bound glycans were found
to be O-mannose linked (Yuen et al., 1997). Since residual HNK-1 reactivity on RPTPζ/
phosphacan was observed in POMGnT1 knockout samples lacking O-mannosyl linked
glycans, we sought to determine how these residual HNK-1 glycans were linked by
utilizing enzymatic deglycosylation. Similarly we reasoned that if 5210 was detecting a
carbohydrate epitope we should be able to eliminate the residual reactivity through
enzymatic deglycosylation.
Samples were deglycosylated with chABC alone or in combination with O-glycanse
and sialidase (to remove CS-GAG and mucin-type O-linked glycans) or with O-glycanse
and sialidase and N-glycanse (to remove CS-GAG, mucin-type O-linked and N-linked
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sugars). All samples were then subsequently analyzed by Western blot analysis.
Immunoblot analysis with H300 showed expected results, wherein enzymatic
deglycosylation shifted the apparent molecular weight of RPTPζ/ phosphacan downward
in both wildtype and knockout samples (Figure 4.4). Similarly, 3F8 reactivity showed a
comparable shift in apparent molecular weight with deglycosylation in wildtype samples,
but was absent in knockout samples as expected. Therefore these results show that
RPTPζ/ phosphacan was effectively deglycosylated by our treatments.
Next we analyzed how deglycosylation altered the reactivity of HNK-1 and 5210
antibodies. In wildtype samples both HNK-1 and 5210 detected a similar pattern of bands
perhaps suggesting they detect a similar epitope. Both detected the high molecular weight
band representing RPTPζ/ phosphacan and two other bands, one just above 250 kD and
another between 250 and 150 kD that likely represent reactivity with other proteins.
Reactivity for these lower molecular weight bands seemed to be consistent in wildtype
and knockout samples and increased in intensity with both antibodies when
deglycosylated with O-glycanase and sialidase. However, their reactivities were
dramatically reduced with N-glycanase essentially leaving RPTPζ/ phosphacan reactive
bands. Similar results were noted in knockout samples where N-glycanase nearly
eliminated all remaining reactivity (Figure 4.4), however at significantly longer
exposures subtle bands were still detected (data not shown), which could be attributed to
our experimental methodology and the absence of detergent from enzymatic reactions.
Consistent with previous work (Maeda et al., 1994), our data show that RPTPζ/
phosphacan is a major soluble HNK-1 reactive protein in the P4 brain and the majority of
HNK-1 reactive glycans that decorate it are seemingly O-linked via mannose.
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Additionally, the majority of residual reactivity on RPTPζ/ phosphacan in knockout
samples for both HNK-1 and 5210 represent N-linked glycans. Finally our data suggest
that 5210 does not detect RPTPζ/ phosphacan core protein but a carbohydrate epitope on
RPTPζ/ phosphacan that bears notable resemblance to the HNK-1 epitope.

Glycosylation of RPTPζ/ phosphacan is not significantly altered in Largemyd mutant mice
In order to further characterize the nature of the glycan modifications on RPTPζ/
phosphacan, we turned to Largemyd mutant mice. Large is a putative glycotransferase
involved in the extension of O-mannosyl linked glycans, which has also been implicated
in CMDs with associated brain abnormalities (Longman et al., 2003). In the brains of
Largemyd mutant mice, which lack Large function, α-DG is hypoglycosylated and has
substantially reduced immunoreactivity for IIH6C4 and VIA4, antibodies that are
believed to recognize undefined O-mannosidically linked carbohydrate epitopes, and
laminin binding capabilities (Grewal et al., 2001, Michele et al., 2002). Recent work
suggested that Large is involved in catalyzing a phosphoryl glycan branch of alternating
xylose and glucuronoic acid residues on O-mannosyl linked glycans (Yoshida-Moriguchi
et al., 2010, Inamori, 2012). Therefore we sought to determine if glycans on RPTPζ/
phosphacan are modified by Large and if the absence of Large function has similar
effects on the reactivity for our array of carbohydrate antibodies against RPTPζ/
phosphacan.
Immunoblot analysis on the soluble fraction from P1 Largemyd mutant and wildtype
whole brain homogenate was performed. The immunoreactivity of antibodies against
carbohydrate epitopes on RPTPζ/ phosphacan, that were essentially eliminated in early
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postnantal POMGnT1 brains, were not detectably altered in Largemyd mutant samples.
Specifically, Cat-315, 3F8, 5210, and HNK-1 reactivities and molecular weights were
similar in Largemyd mutant samples and respective controls (Figure 4.5). Moreover, the
molecular weight of RPTPζ/ phosphacan core protein as detected by H300 was seemingly
unchanged (Figure 4.5). Taken together these findings suggest that Cat-315, 3F8, 5210,
and HNK-1 epitopes on RPTPζ/ phosphacan are unaffected in the brains of Largemyd
mutant mice. The absence of a detectable shift in the molecular weight of RPTPζ/
phosphacan core protein as detected by H300 suggests that RPTPζ/ phosphacan is not
substantially glycosylated by the enzymatic activity of Large.

Cat-315 and 6B4 reactive perineuronal nets are present in the barrel cortex of adult
POMGnT1 knockout animals
The Cat-315 antibody was originally discovered due to its ability to specifically detect a
substructure of the neural matrix in the adult brain called the perineuronal net (PN),
which envelop a subset of neuronal cells and exhibit a characteristic reticular structure
with holes at points of synaptic contact (for review see (Celio et al., 1998)). While both
Cat-315 and 6B4 have been shown to primarily detect carbohydrate epitopes on RPTPζ/
phosphacan in the early developing brain these antibodies largely detect carbohydrate
epitopes on aggrecan and PNs in the adult brain (Matthews et al., 2002; McRae et al.,
2007; Saitoh et al., 2008). Given that the immunoreactivity of both Cat-315 and 6B4 on
RPTPζ/ phosphacan were dramatically reduced in the cortex of embryonic and early
postnatal POMGnT1 knockout animals, the reactivity of these antibodies were evaluated
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in the cortex of adult POMGnT1 knockout animals to determine if their carbohydrate
epitopes present on aggrecan were also lost in the absence of O-mannosyl linked glycans.
Immunohistochemical analysis with Cat-315 and 6B4 in adult wildtype brains
showed the typical reticular PN staining in the cortex surrounding a subset of
interneurons (Figure 4.6A, C). However, surprisingly, reactivity in the POMGnT1
knockouts appeared unaltered (Figure 4.6B, D). Western blot analysis on the soluble
fraction isolated from adult wildtype and POMGnT1 heterozygous and knockout animals,
confirmed that Cat-315, HNK-1 and 5210 immunoreactivities in adult POMGnT1
knockout animals were indeed unaltered, as was the molecular weight of aggrecan
(Figure 4.6E). Immunoreactive bands for all antibodies were present at molecular weights
well above 250kD. Importantly, carbohydrate and protein core antibodies against RPTPζ/
phosphacan showed similar trends as the studies in younger brains. In adult POMGnT1
knockout mice, 3F8 immunoreactivity was essentially absent, which was also
accompanied by a molecular weight shift in H300 reactive bands relative to wildtype and
heterozygous samples (Figure 4.6E). These results suggest that the molecular weight of
aggrecan along with the Cat-315, HNK-1 and 5210 epitopes are largely unaffected, while
the hypoglycosylation of RPTPζ/ phosphacan is maintained in the brains of adult
POMGnT1 knockout mice.

Both phosphacan and aggrecan have been detected in PN structures (Haunso et al., 1999,
Deepa et al., 2006), however previous work has suggested that the Cat-315 antibody
primarily detects aggrecan in PNs (Matthews et al., 2002). Therefore, to show that
maintained Cat-315 reactivity in the adult POMGnT1 knockout cortex was primarily
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from the presence of reactive epitopes on aggrecan and not RPTPζ/ phosphacan, we
performed immunoprecipitation with the Cat-315 antibody and immunoblotted with
antibodies against either aggrecan or RPTPζ/ phosphacan (H300). Reactive bands with
similar intensities were observed with the anti-aggrecan antibody at high molecular
weights (above 250 kDa) in both control and POMGnT1 knockout samples. In contrast, a
high molecular weight band reactive for H300 was detected in control samples but absent
from knockout samples (Figure 4.6F). These results show that the Cat-315 epitope on
aggrecan is unaltered in POMGnT1 knockout brains, while the same epitope on RPTPζ/
phosphacan is absent in animals lacking O-mannosyl glycans. Our interpretation of these
findings is that Cat-315 and likely 6B4 detect O-mannosyl glycans on RPTPζ/
phosphacan in the developing brain and to a lesser extent in the adult brain, but detect
carbohydrate epitopes that are not O-mannosyl linked on aggrecan in the adult brain.
These findings exemplify the highly heterogeneous and complex nature of protein
glycosylation in the CNS.

DISCUSSION
Abnormal glycosylation of RPTPζ/ phosphacan in models of CMDs with associated brain
abnormalities
The congenital nature of CMD disorders, which stem from abnormalities in prenatal
development provide a significant challenge to both diagnosing and treating affected
individuals at the point when defects occur (Brasseur-Daudruy, 2011). Therefore, fully
understanding the molecular pathomechanisms leading to the complex disease
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phenotypes of these disorders is imperative to future efforts in diagnostic testing and
therapeutic intervention.
While this study primarily focused on a model system of MEB caused by mutations
in POMGnT1, mutations in related known or putative glycostransferases also involved in
O-mannosyl glycosylation give rise to associated disorders with highly overlapping
phenotypes. While the abnormal glycosylation of α-DG is a commonality to all of these
disorders and clearly a primary cause of most of the identified phenotypes (Grewal et al.,
2001, Michele et al., 2002), a complete knowledge of affected glycoproteins and their
functional contribution to the pathomechanisms underlying these disorders are crucial for
the full identification of potential avenues of therapeutic intervention.
In accordance with this, the findings presented herein represent the first in vivo
evidence that the glycosylation of RPTPζ/ phosphacan is altered in the brains of animal
models of MEB lacking functional POMGnT1 activity. Together with previous findings,
these data suggest RPTPζ/ phosphacan is a substrate for protein O-mannosyl
glycosylation by POMGnT1 in vivo and raise the possibility that RPTPζ/ phosphacan
contributes to the pathogenesis of these CMDs.

The abnormal glycosylation of RPTPζ/ phosphacan in the developing brain may
contribute to cortical malformations
Type II lissencephaly resulting from breaches in the pial basement membrane and
subsequent neuronal overmigration is a common cortical malformation that has been
observed in CMD patients and animal models (Haltia et al., 1997, Michele et al., 2002,
Liu et al., 2006, Hu et al., 2007); for review see (Reed, 2009). While previous work has

168

Chapter 4: Abnormal Glycosylation of RPTPζ/Phosphacan in CMDs

shown that animal models lacking α-DG recapitulate this phenotype (Moore et al., 2002,
Satz et al., 2010), the expression pattern of O-mannosylated forms of RPTPζ/ phosphacan
suggests that its abnormal glycosylation may also contribute to these cortical
malformations.
RPTPζ knockout mice display abnormalities in myelination (Harroch et al., 2000,
Harroch et al., 2002) and impaired learning and memory (Niisato et al., 2005), raising the
possibility that abnormal glycosylation of RPTPζ/ phosphacan may contribute in-part to
these phenotypes which have also been described in O-mannosyl CMD patients (for
review see (Muntoni and Voit, 2004)). The relatively mild phenotypes of RPTPζ
knockout mice are in stark contrast to the wide array of interactions RPTPζ/ phosphacan
has with key extracellular and intracellular components of nervous system development.
However, the possibility that abnormal glycosylation of RPTPζ/ phosphacan could lead
to a gain of function and exhibit far more deleterious effects than eliminating the protein
alone cannot be discounted.
In support of this, Abbott and colleagues demonstrated highly Cat-315-reactive
RPTPζ led to receptor dimerization and subsequent inactivation of intracellular
phosphatase domains, a mechanism that was mediated by binding of glycosylated RPTPζ
to galectin-1 (Abbott et al., 2008). Consequently the authors observed increased tyrosine
phosphorylation of β-catenin resulting in its destabilization along with increased cell
migration and decreased cell-cell adhesion (Abbott et al., 2008). Therefore, the absence
of key glycan epitopes on RPTPζ/ phosphacan may impinge on β-catenin signaling and
influence key cellular events during neural development including cell migration and
adhesion. The potential implications of findings by Abbott and colleagues in relation to
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those presented here are unclear in so much that O-mannosylated forms of RPTPζ/
phosphacan were present in large quantities in the soluble fraction from subcellular
fractionation, suggesting that we were detecting primarily phosphacan in our analyses.
Future work to assess isoform-specific glycosylation will reveal if the glycosylation of
RPTPζ is altered by the absence of O-mannosyl glycosylation and begin to unravel the
individual function of abnormally glycosylated isoforms of RPTPζ/ phosphacan.

Multiple antibodies against RPTPζ/ phosphacan detect likely O-mannosyl glycan
carbohydrate epitopes
In our previous studies we hypothesized that the Cat-315 epitope was an O-linked,
terminal HNK-1 saccharide that correlated with biochemical characteristics consistent
with O-mannose linked epitopes (Matthews et al., 2002, Dino et al., 2006, Abbott et al.,
2008). Our findings presented herein strongly support that Cat-315 likely detects an Omannose linked epitope on RPTPζ/ phosphacan early in development by demonstrating
the essential elimination of Cat-315 reactive RPTPζ/ phosphacan in vivo from the cortex
of embryonic and early postnantal POMGnT1 knockout animals relative to controls.
Taken together, our data supports the hypothesis that the Cat-315 epitope on RPTPζ/
phosphacan is the direct result of deficient O-mannosyl glycosylation.
Surprisingly, we also observed the essential elimination of reactivity of two other
known anti- RPTPζ/ phosphacan antibodies, 6B4 and 3F8, and a substantial reduction in
the reactivity of 5210 in the cortex of POMGnT1 knockout animals. While 6B4 and 3F8
were known carbohydrate antibodies, the reactivity of 5210 with carbohydrate epitopes
had not been previously described. However, our studies clearly demonstrated using the
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peptide antibody, H300, that in POMGnT1 knockouts RPTPζ/ phosphacan was present at
normal levels but shifted in molecular weight, leading us to the conclusion that these
antibodies detect a carbohydrate-dependent epitope.
Previous work has suggested that the 6B4 epitope is similar biochemically to Cat-315
(Maeda et al., 1995). The 3F8 antibody was used in the initial isolation and identification
of RPTPζ/ phosphacan, it has been reported by other groups that 3F8 detects an N-linked
epitope on RPTPζ/ phosphacan (Garwood et al., 1999, Garwood et al., 2003). In contrast
in our work, the absence of 3F8 reactivity from POMGnT1 knockouts and our inability to
alter its reactivity with N-glycanase suggests that 3F8 detects a carbohydrate epitope on
RPTPζ/ phosphacan that is O-mannose linked. We cannot, however rule out that reaction
conditions used for our deglycosylation experiments, which were non-denaturing, could
also result in the incomplete digestion of buried N-linked glycans. Understanding this
discrepancy will be a focus of future work. The antibody 5210 is predicted to detect the
protein core and therefore its reduction in POMGnT1 knockouts was a surprise. Further
characterization of the 5210 epitope through enzymatic protein deglycosylation revealed
that this epitope is indeed carbohydrate dependent and can likely be found on O- and Nlinked structures. While there are alternative explanations for the absence of 6B4, 3F8
and altered 5210 reactivity in POMGnT1 knockouts including the indirect disruption of
carbohydrate epitopes present on other carbohydrate linkages in the absence of Omannosyl linked glycans, the most straight-forward explanation for these finding are
simply that these antibodies detect epitopes present on RPTPζ/ phosphacan that are Omannose linked.

171

Chapter 4: Abnormal Glycosylation of RPTPζ/Phosphacan in CMDs

While Cat-315 and 6B4 reactivity were essentially eliminated in the cortex of
embryonic and early postnatal POMGnT1 knockouts, the reactivity of these antibodies
for PNs in the adult brain was unaffected. Previous work has shown that both Cat-315
and 6B4 primarily detect carbohydrates on RPTPζ/ phosphacan early in development
(Dino et al., 2006; Maeda et al., 1994) and on aggrecan in the adult brain (Matthews et
al., 2002, McRae et al., 2007, Saitoh et al., 2008). Therefore, while the reactivity of these
antibodies for RPTPζ/ phosphacan was eliminated, surprisingly it was essentially
unaffected on aggrecan localized to PN structures. Further work will be required to
determine the exact epitope these antibodies are detecting and how these carbohydrates
are linked to aggrecan. Overall this work highlights the micro-heterogeneity of
glycosylation in the nervous system in both the complex elaboration of O- glycans on
RPTPζ/ phosphacan and the conservation of specific terminal epitopes on different
glycans.

Decreased HNK-1 immunoreactive RPTPζ/ phosphacan in the early postnatal cortex of
POMGnT1 knockout mice
Our findings demonstrate that HNK-1 reactivity on RPTPζ/ phosphacan was significantly
diminished in the cortex of early postnatal POMGnT1 knockout brains relative to
wildtype controls, and suggest that RPTPζ/ phosphacan is a highly abundant soluble
substrate for HNK-1 modifications in the P4 brain. We hypothesize that these
modifications are primarily O-mannose linked, which is in agreement with our previously
published findings (Matthews et al., 2002; Dino et al., 2006).
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HNK-1 carbohydrate structures are predominately expressed in the brain and have
previously been described on RPTPζ/ phosphacan (Maeda et al., 1994) along with a wide
array of other cell adhesion and ECM molecules (McGarry et al., 1983, Morita et al.,
2009a); for review see (Morita et al., 2008). The HNK-1 carbohydrate epitope is
comprised of a 3-sulfated terminal glucuronic acid residue linked to the β-1,3 position of
a galactose (Bakker et al., 1997, Terayama et al., 1997, Ong et al., 1998). HNK-1
structures have been shown to influence cell adhesion (Schmidt and Schachner, 1998),
proliferation (Yagi et al., 2010), motility (Abbott et al., 2008), synapse formation (Morita
et al., 2009b) and higher order cognitive functioning (Yamamoto et al., 2002a, Yoshihara
et al., 2009). Previous work has demonstrated that animals with reduced HNK-1
reactivity have impaired synaptic plasticity and spatial learning (Yamamoto et al., 2002b,
Yoshihara et al., 2009). Thus, suggesting that the terminal HNK-1 glycan structure is
involved in higher order nervous system function in vivo.

Previous work has also shown that protein substrates in addition to RPTPζ/ phosphacan
are also likely decorated with O-mannosyl linked HNK-1 saccharides, such as CD-24
(Bleckmann et al., 2009). While our analyses did not identify abnormalities in HNK-1
reactive bands corresponding to proteins other than RPTPζ/ phosphacan in POMGnT1
knockout brains, it is likely that additional abnormally glycosylated protein substrates are
also present in the brains of these animals. Future work to specifically evaluate the
glycosylation of other known protein substrates of O-mannosyl glycosylation, like CD24, will likely yield important information regarding the molecular underpinnings of Omannosyl CMDs
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The absence of O-mannosyl glycans on RPTPζ/ phosphacan does not affect its expression
Despite the clear loss of carbohydrate epitopes on RPTPζ/ phosphacan in POMGnT1
knockout animals relative to controls, our preliminary studies suggest that its expression
was not substantially altered. Both by immunohistochemistry with the 473HD antibody at
E15 and by Western blot analysis with the core peptide antibody, H300, we show that
both the spatial localization and overall expression levels of RPTPζ/ phosphacan in
POMGnT1 knockouts are comparable to that in controls. The absence of a core peptide
antibody against RPTPζ/ phosphacan that can be utilized for immunohistochemistry
studies limit our abilities to evaluate both the spatial and cellular localizations of the
hypoglycosylated protein in POMGnT1 knockout animals in detail and this will be a
focus of future work.

The glycosylation of RPTPζ/ phosphacan is unaffected in Largemyd mutant brains
Despite the profound effect the absence of POMGnT1 had on the glycosylation of
RPTPζ/ phosphacan, we found no effect in Largemyd mutant mice. These findings indicate
that RPTPζ/ phosphacan likely does not exhibit abnormal glycosylation in all models of
CMDs with associated brain abnormalities. Subtractive analysis of phenotypes from
Largemyd mutants and POMGnT1 knockout mice may provide useful in determining the
function of hypoglycosylated RPTPζ/ phosphacan. Furthermore, differential
glycosylation of α-dystroglycan and RPTPζ/ phosphacan by Large suggests a level of
exclusivity in the enzymatic activity of Large for α-dystroglycan and emphasizes
structural differences in O-mannosyl linked glycans on α-dystroglycan and RPTPζ/
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phosphacan. Large, fukutin and fukutin related protein (FKRP) have been suggested to
participate in the assembly of a common carbohydrate moiety on α-dystroglycan, which
is required for proper laminin binding (Yoshida-Moriguchi et al., 2010, Kuga et al.,
2012). In combination with our data that suggests RPTPζ/ phosphacan is not modified by
Large, the circumstantial evidence supports the hypothesis that RPTPζ/ phosphacan also
would not be a likely substrate for fukutin or FKRP. However, it is highly likely that
RPTPζ/ phosphacan is also abnormally glycosylated in protein O-mannosyltransferase 1
and 2 (POMT1/POMT2) knockout animals, in so much that these enzymes catalyze the
attachment of the initial O-mannose saccharide which is prerequisite for further Omannosyl glycan elaboration by downstream enzymes like POMGnT1 (Manya et al.,
2004).

Theoretical Model of HNK-1 linked glycan structure on RPTPζ/ phosphacan
Taken together, previous published findings and those presented here provide the bases
for a theoretical model of O-mannosyl linked HNK-1 glycan structures on RPTPζ/
phosphacan (Figure 4.7). Wherein, O-mannosyl glycosylation by POMGnT1 at the β-1,2
position of the primary mannose and subsequent glycosylation by HNK-1 synthesizing
glycotransferases results in the elaboration of a terminal HNK-1 structure. Our previous
work suggested that additional elaboration of the mannose at the β-1,6 position by GnTVb could result in the creation of a bi-antennary HNK-1 branched glycan structure which
is dependent on preceding POMGnT1 modifications (Abbott et al., 2008, Stalnaker et al.,
2011), however glycan analysis is necessary to definitively conclude this. Our findings
which suggest RPTPζ/ phosphacan glycosylation is seemingly normal in the brains of

175

Chapter 4: Abnormal Glycosylation of RPTPζ/Phosphacan in CMDs

Largemyd mutant mice suggest that RPTPζ/ phosphacan is not endogenously modified by
Large (Figure 4.7). Therefore in POMGnT1 knockout mice, both β-1,2 and presumptive
β-1,6- mannose modifications would be absent thus eliminating HNK-1 reactivity from
O-mannosyl glycans on RPTPζ/ phosphacan.

Conclusions
In summary, herein we reported that RPTPζ/ phosphacan is hypoglycosylated in animal
models of MEB lacking functional POMGnT1. Theses results suggest that RPTPζ/
phosphacan is a significant substrate for protein O-mannosyl glycosylation in vivo,
displaying the loss of several carbohydrate epitopes including HNK-1. Additionally, this
work identifies the epitopes of several previously uncharacterized carbohydrate
antibodies against RPTPζ/ phosphacan as likely detecting O-mannosyl-linked glycans.
While our results clearly demonstrate RPTPζ/ phosphacan is hypoglycosylated in
POMGnT1 knockout mice, additional evidences also suggest that abnormal glycosylation
of the protein does not affect its overall expression or spatial localization. We also
evaluated the glycosylation of RPTPζ/ phosphacan is Largemyd mutant mice and found
that carbohydrate epitopes that were absent or altered in the brains of POMGnT1 mice
were seemingly unaffected in these animals. These results suggest that abnormal
glycosylation of RPTPζ/ phosphacan is not present in all CMD models, which provide
insight into the O-mannosyl glycan structures on RPTPζ/ phosphacan and highlights the
specificity of glycotransferase activity by Large. Finally, we show that select
carbohydrate epitopes absent from the cortex of embryonic and early postnatal
POMGnT1 animals are unchanged in the adult cortex localized to aggrecan in PN
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structures, while the hypoglycosylation of RPTPζ/ phosphacan is maintained. These
results represent the first in vivo data showing the hypoglycosylation of RPTPζ/
phosphacan in the absence of POMGnT1 and the possibility that abnormally glycosylated
RPTPζ/ phosphacan may contribute to the neural pathology of O-mannosyl CMDs.
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Table 4.1. Description of antibodies. Previously known antibody epitope specificity and
modifications to these epitope specificities as suggested by the results presented herein.
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Figure 4.1. Cat-315 and 6B4 staining are nearly eliminated in the cortex of E15
POMGnT1 knockout brains. Coronal sections from E15 brains were immunostained,
counter-stained with Hoechst nuclear stain (blue) and imaged by confocal microscopy. A,
POMGnT1 heterozygous (+/-) control section stained for Cat-315 (red) showing
prominent staining of the ECM between and surrounding cells in the MZ and SP and
more diffuse radially oriented fibrillar staining in the CP. B, in a POMGnT1 knockout (-/) section Cat-315 reactivity from the developing cortex of these animals is essentially
eliminated. C, POMGnT1 +/- section showing 6B4 immunoreactivity throughout the MZ
and SP. D, POMGnT1 -/- section showing the near complete elimination of 6B4
reactivity, with the exception of subtle residual staining which spans the medial to lateral
aspect of the MZ. E, POMGnT1 +/- section stained for 473HD (green) showing antibody
reactivity in the MZ, SP, and IZ of the E15 cortex. F, POMGnT1 -/- section stained for
473HD showing relatively similar spatial localization and intensity of antibody reactivity
as its +/- counterpart. Bar, 100µM.
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Figure 4.2. Cat-315 and 6B4 staining are dramatically reduced in the cortex of E18 and
P4 POMGnT1 knockout brains. Coronal sections from E18 and P4 brains were
immunostained and counter-stained with Hoechst nuclear stain (blue) and imaged with
confocal microscopy. A, POMGnT1 +/- section at E18 stained for Cat-315 (red) showing
prominent ECM staining in the MZ, CP and IZ. B, POMGnT1 -/- section shows the near
complete elimination of Cat-315 reactivity from the cortex of these animals. C,
POMGnT1 +/- at E18 section stained for 6B4 (red) shows prominent staining in the MZ,
CP and IZ, which is very similar to the localization of Cat-315 reactivity at this age. D,
POMGnT1 -/- sections stained for 6B4 shows the near complete elimination of reactivity
from the cortex with the exception of subtle residual staining which remains in the
MZ/DCZ (denoted by *). E, wildtype (+/+) section at P4 stained for Cat-315 (red) shows
prominent ECM staining most intensely in the MZ and throughout cortical layers. F,
POMGnT1 -/- section shows the absence of Cat-315 reactivity from the cortex at P4. G,
+/+ section stained for 6B4 (red) shows high levels of reactivity in the MZ and
throughout the cortical layers. H, POMGnT1 -/- section shows the essential elimination
of 6B4 reactivity form the cortex of these animals. Arrows in POMGnT1 -/- images point
to characteristic abnormalities in cortical lamination formed at the MZ, which results
from neuronal overmigration leading to the formation of the DCZ. Bar, 100µM.
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Figure 4.3. RPTPζ/ phosphacan is abnormally glycosylated and has reduced reactivity
for HNK-1 glycans in the cortex of P4 POMGnT1 knockout animals. The corticies of P4
POMGnT1 +/+ or -/- animals were homogenized and processed for subcellular fraction,
the resulting soluble fraction was subject to chABC treatment and prepared for Western
blot analysis. Immunoblot analysis with 5% SDS- polyacrylamide gels showed bands
reactive for antibodies Cat-315, 6B4, 3F8, H300, 5210 and HNK-1 in +/+ samples that
were greater than 250kD. In POMGnT1 -/- samples, reactivity for Cat-315, 6B4, and 3F8
were essentially eliminated. Additionally, H300 reactive bands were shifted to a lower
molecular weight but maintained consistent levels of reactivity relative to +/+ controls.
The reactivity of 5210 and HNK-1 antibodies were shifted to a lower molecular weight
and were dramatically decreased in intensity in -/- brains relative to +/+ controls. An
antibody against the full-length form of brevican was used as the loading control, which
ran around 150kD and showed consistent levels of reactivity across +/+ and -/- samples.
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Figure 4.4. Residual HNK-1 glycan reactivity on RPTPζ/ phosphacan in the cortex of P4
POMGnT1 knockout animals is N-linked. Soluble fractions from P4 POMGnT1 +/+ and /- cortical homogenates were subject to enzymatic protein deglycosylation with chABC
and combinations of O-glycosidase (O-gly), sialidase (Sial’ase), and N-glycanase (N-gly)
and then subject to Western blot analysis. Electrophoresis on 7% SDS- polyacrylamide
gels and immunoblotting of +/+ samples with H300 revealed a reactive band that when
treated with chABC alone ran well above 250kD and was the same molecular weight as
the 3F8 reactive band in the corresponding sample. Enzymatic deglycosylation with
chABC, O-gly, sial’ase resulted in a shift toward a lower molecular weight and an
increase in the intensity of H300 reactivity in both +/+ and -/- samples. The same was
also observed for 3F8 in +/+ samples, while no 3F8 reactivity was detected in POMGnT1
-/- samples. High molecular weight bands reactive for HNK-1 and 5210 which resolved
at the same molecular weight as H300 and 3F8 reactive bands in +/+ samples treated with
chABC (denoted with an *), corresponding to phosphacan/ RPTPζ, were decreased in
intensity in POMGnT1 -/- samples. Enzymatic deglycosylation with a combination of
chABC, O-gly, sial’ase, and N-gly resulted in a near complete elimination of these bands
(*) in POMGnT1 -/- samples in comparison to chABC, O-gly, sial’ase alone.
Additionally, numerous bands of lower molecular weight also reactive for HNK-1 and
5210 were detected in chABC treated wildtype samples and found to be unaltered in
POMGnT1 -/- samples. The reactivity of these lower molecular weight bands, which
likely detect proteins other than RPTPζ/ phosphacan, were essentially eliminated with the
treatment of chABC, O-gly, sial’ase, and N-gly relative to chABC, O-gly, sial’ase alone.
Subsequently, a single band corresponding to RPTPζ/ phosphacan in the +/+ samples
remained and essentially all reactive bands in POMGnT1 -/- samples were nearly
eliminated, as faint residual bands were detected at longer exposures in these samples
(not shown). The B50 antibody against the cleavage fragment of brevican served as the
internal control for both total protein concentration and enzymatic deglycosyaltion.
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Figure 4.4
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Figure 4.5. The glycosylation of RPTPζ/ phosphacan is seemingly normal in Large
myodysotrophy mutant mice. Whole brains from P1 +/+ and Largemyd mutant mice (-/-)
that were either +/+ or +/- for POMGnT1 were homogenized and processed for
subcellular fractionation. The resulting soluble fraction was analyzed by Western blot
analysis for Cat-315, 3F8, H300, 5210, HNK-1, and brevican. In all cases, large
molecular weight bands positive for Cat-315, 3F8, H300, 5210 and HNK-1 resolved well
above 250kD. An antibody detecting the full-length form of brevican was used as a
loading control and reactive bands were detected around 150kD. Quantification of
reactive bands revealed no alteration in their intensities when normalized to brevican for
all antibodies with respect to genotype. Additionally, the molecular weight of H300 in
Large myodystrophy mutant mice was not altered from controls samples.
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Figure 4.5
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Figure 4.6. Cat-315 and 6B4 reactive perineuronal nets are present in the cortex of adult
POMGnT1 knockout animals. Coronal sections from the barrel cortex of adult POMGnT1 +/+
and -/- samples were immunostained and counter-stained for Hoechst nuclear stain (blue). A,
POMGnT1 +/+ section stained for Cat-315 (red) shows reactivity that is localized to PNs in layer
IV and VI. B, POMGnT1 -/- sections stained for Cat-315 shows abnormal cortical lamination but
the presence of Cat-315 reactive PNs. C, POMGnT1 +/+ section stained for 6B4 (red) shows
reactivity that is localized to PNs. D, POMGnT1 -/- section shows abnormal cortical lamination
but the presence of 6B4 (red) reactive PNs. Bar, 100µM. E, chABC treated soluble adult brain
homogenates from POMGnT1 +/+, +/- and -/- mice were analyzed by Western blot analysis for
Cat-315, HNK-1, 5210, aggrecan, 3F8, H300 and brevican reactivity. Reactivity and molecular
weight for Cat-315, HNK-1, 5210 and aggrecan reactive bands appeared unaffected in the
POMGnT1 -/- tissue relative to controls (+/+ and +/-). In contrast, 3F8 reactivity was absent in
POMGnT1 -/- samples and the apparent molecular weight of the H300 bands were shifted
downwards. Reactive bands are isolated from the same region of the gel, as reactivity for Cat315, HNK-1, 5210, aggrecan, 3F8 and H300 were all present above 250kD. As in previous
figures, brevican reactive bands were located at 150kD. F, adult brain soluble fractions from +/and -/- animals were subject to immunoprecipitation (IP) with the Cat-315 antibody.
Immunoprecipitated material was then detected with antibodies against either aggrecan or H300.
Aggrecan reactive bands were pulled down with the Cat-315 antibody and this reactivity was
essentially unaltered in -/- samples compared to +/- controls. In contrast, a band reactive for H300
was only detected in +/- samples and absent from -/- samples. (+) denotes the inclusion of the
Cat-315 antibody in IP reaction, (M) indicates mock control IP reactions lacking Cat-315
antibody.
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Figure 4.6
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Figure 4.7. Theoretical schematic diagram of O-mannosyl linked HNK-1 glycan
structures on RPTPζ/ phosphacan in the early postnatal cortex. O-mannosyl
glycosylation by POMGnT1 at the β1,2 position of the primary mannose and further
modifications by HNK-1 synthesizing enzymes results in the elaboration of a terminally
sulfated HNK-1 structure. POMGnT1 activity, which is prerequisite for GnT-Vb
modifications at the β1,6 position of the primary mannose, could then facilitate GnT-Vb
mediated glycan modifications of terminal HNK-1 structures at the β1,6 position
resulting in a bi-antennary HNK-1 glycan structure. Additionally, RPTPζ/ phosphacan is
likely not a primary substrate of glycosylation by Large. Consequential to an absence of
POMGnT1 activity, terminal HNK-1 structures are not elaborated on O-mannosyl linked
glycans present on RPTPζ/ phosphacan in the cortex of POMGnT1 knockout mice.
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Figure 4.7
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DISCUSSION
The neural ECM is a defining aspect of the extracellular environment of the CNS and has
vital roles in the development and function of the normal CNS and in neuropathologies.
The ECM of the CNS is composed of a number of neural-specific constituents as well as
more common matrix elements and has a highly unique structure. Importantly, altered
expression or modifications, resulting from proteolytic cleavage and glycosylation of
these constituents serve as key regulators of their functions. Often in neuropathologies
the expression and modifications of neural ECM proteins are substantially altered,
suggesting disease and disorders of the CNS are valuable tools in which to study the
function of the neural ECM. Additionally, such studies will also provide important
insight into the molecular mechanisms underlying neuropathologies. Therefore, the
purpose of this body of work was to further understand the role of altered expression and
modifications to nervous system specific ECM constituents. We employed two different
models of neuropathologies to evaluate these questions and investigated changes in the
expression of brevican in glioma and the glycosylation of RPTPζ/phosphacan in Omannosyl related CMDs.

5.1 The Function of Increased B/b Expression in Glioma
B/b has attracted considerable attention for its potential utility as a specific therapeutic
target for glioma since early reports, which documented its nervous system-specific
expression and glioma-specific upregulation (Jaworski et al., 1994, 1995, Jaworski et al.,
1996). Our results demonstrate that targeting the increased expression of B/b in glioma
reduces the pathogenesis of these tumors. Together our work and previous studies
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suggest that increased B/b expression in the glioma tumor microenvironment facilitates
tumor progression likely by increasing tumor cell dispersion into the normal surrounding
brain tissue (Nutt et al., 2001, Hu et al., 2008, Viapiano et al., 2008).
Additionally high levels of B/b expression have also been documented in the GIC
subclass (Gunther et al., 2008) and we determined that its expression is likely enriched in
the GIC niche, suggesting that B/b may support the defining qualities of this cellular
subclass including the ability to self-renew, differentiate and generate tumors in vivo.
However, we found no obvious function for high levels of B/b expression in GICs,
however a reduction in the expression of B/b was found to have an affect at late stages of
GIC-derived tumor formation. These data suggest that B/b likely has the most significant
function in GICs following phenotypic changes (likely resulting from their
differentiation) that accompany tumor formation. There are a number of potential
explanations for the differences in the function of B/b in GICs relative to their tumorderived counterparts, including the acquisition of cell-ECM receptors or changes to the
composition of the neural ECM to eliminate functional redundancies.
Interestingly, previous studies in traditional glioma cell lines determined that B/b
exhibited a substrate dependent motogenic role, wherein expression of its N-terminal
cleavage fragment lead to increased EGFR activation and increased fibronectin
expression. Subsequently, increased fibronectin assembly was observed on the surface of
B/b expressing cells and additional studies demonstrated that N-terminal cleavage
fragment of B/b bound directly to fibronectin. Additionally, fibronection was determined
to be required for B/b mediated increases in cell adhesion. Increased expression of N-
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cadherin and phospho-β3 integrin were observed in response to the presence of
fibronectin and B/b (Hu et al., 2008).
Important for our studies, previous results provide important insight into the
mechanistic underpinnings of B/b function. We determined that GICs express high levels
of B/b endogenously, including its proteolytic cleavage fragment however these cells do
not bind fibronectin. This suggests that receptors that tether B/b to the surface of cells or
bind to fibronectin to mediate its motogenic role are likely absent from GICs and account
for the observed differences in B/b function in GICs and traditional glioma cell lines. It is
interesting to postulate that a change in cell-ECM receptors during the process of GIC
differentiation could initiate the motogenic function of B/b. Therefore, while B/b may not
be required to maintain the GIC population its presence could promote the invasive and
motile properties of cells exiting this dormant phenotype and their invasion into the
surrounding brain tissue. More work to identify potential discrepancies in the expression
of B/b receptors between GICs and traditional glioma cell lines may provide additional
insight into the function of B/b.
Of further interest, B/b knockout mice have no gross anatomical abnormalities
suggesting that B/b is largely dispensable for early nervous system development.
However, previous studies have documented increased B/b expression in reactive
astrocytes following CNS injury (Jaworski et al., 1999, Jones et al., 2003, Tang et al.,
2003). It is interesting to postulate that B/b may have a role in promoting the migration of
reactive astrocytes, which could potentially be mediated by similar changes to the
expression of receptors expressed on the surface of these cells that are different from
those expressed during early nervous system development.
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Previous studies have documented that the increased expression of B/b in glioma results
from increased expression of its transcript, BCAN, which likely originates from changes
in its transcriptional regulation (Gary et al., 2000). Therefore, targeting the mechanisms
regulating BCAN expression in glioma represents a novel therapeutic avenue to reduce
glioma pathogenesis. The nervous system and glioma-specific qualities of BCAN
expression and its correlation with other proneural genes, which also promote glioma
pathogenesis, suggest that mechanisms regulating the expression of BCAN are likely
highly specific and function as global regulators of glioma-promoting genes. Therefore,
we also investigated the cis-regulatory mechanisms controlling the specific expression of
BCAN in glioma. Our analysis identified a region downstream from the 3’UTR of the
BCAN gene containing transcriptional activity representative of a likely specific
enhancer. Further efforts to map the location of this enhancer and determine the transactivating factors (transcription factors) that bind to it and subsequently regulate B/b
expression could reveal important therapeutic targets to reduce the pathogenesis of
glioma.
We also found that while BCAN correlates with other proneural genes including
OLIG2, ASCL1 and DLL3, that its expression is likely downstream from these genes.
Interestingly, these genes are major regulatory transcription factors themselves and could
directly lead to increased BCAN expression. Subsequently, we also evaluated whether
OLIG2 and ASCL1 regulated the expression of BCAN in our in vitro cell lines and found
no evidence to support this possibility (data not shown). However, two recent studies
have highlighted the role of chromatin remodeling to influence changes in downstream
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gene expression related to proneural signaling (Rheinbay et al., 2013, Yu et al., 2013).
Therefore, it is possible that the simple design of our experiments would have missed
such mechanisms. Also noteworthy, upstream transcriptional regulators of proneural gene
expression are largely unknown, further supporting the concept that a common enigmatic
upstream regulator may exist. Excitingly, a recent publication highlighted likely
deregulation of polycomb repressive complexes that result in aberrant transcription factor
expression in GICs, including ASCL1 (Rheinbay et al., 2013). These data provide insight
into the function of increased B/b expression in glioma and its underlying mechanisms
and suggest that reducing B/b expression in glioma is a potentially valuable therapeutic
strategy to reduce the pathogenesis of these tumors and improve patient outcome.

5.2 The Function of Altered Glycosylation of RPTPζ/phosphacan in Congenital Muscular
Dystrophy with Associated Brain Abnormalities
Congenital muscular dystrophy with associated brain abnormalities results from
mutations in genes that encode glycostransferases involved in protein O-mannosyl
glycosylation. Previous studies have demonstrated that the absence of O-mannosyl
glycan structures on α-DG results in the majority of neurological abnormalities described
in these disorders. However and important for our studies, substantial evidence exists to
suggest that additional substrates of protein O-mannosyl glycosylation in the CNS exist
(Finne et al., 1979, Krusius et al., 1986, Stalnaker et al., 2011). The identification of these
substrates would likely provide additional insight into the molecular underpinnings of
these devastating disorders. Several lines of circumstantial evidence supported the likely
abnormal glycosylation of the CNS-enriched CSPG, RPTPζ/phosphacan, in the brains of
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models for CMD with associated brain abnormalities(Rauch, 1990, Dino et al., 2006,
Abbott et al., 2008). Therefore, we evaluated whether RPTPζ/phosphacan was
abnormally glycosylated mouse models of CMD with associated brain abnormalities
lacking functional glycostransferases involved in protein O-mannosyl glycosylation.
We determined that RPTPζ/phosphacan is abnormally glycosylated in a specific
CMD model, which results from mutations in POMGnT1 resulting in muscle-eye-brain
disease. Further, several carbohydrate epitopes were absent from RPTPζ/phosphacan in
the early postnatal brains of these animals, including HNK-1. Several previously
uncharacterized antibodies against RPTPζ/phosphacan were also determined to likely
detect O-mannosyl linked carbohydrate epitopes on this protein. We also determined that
the glycosylation of RPTPζ/phosphacan was seemingly unaffected in another form of
CMD resulting from inactivity of the glycotransferase Large, which is responsible for a
specific O-mannosyl branched glycan structure on α-dystroglycan. Further, we
determined that specific carbohydrate epitopes, mainly those that likely detect terminal
HNK-1 epitopes, were largely unaffected in adult POMGnT1 brains. We determined this
was due to a shift in these carbohydrate epitope from phosphacan to aggrecan that were
not O-mannosyl linked in the mature CNS.
While our results suggested that RPTPζ/phosphacan is a major substrate of
protein O-mannosyl glycosylation, glycan analysis was deemed necessary to definitively
conclude this statement. Therefore, data included in appendix 1 details the presence of Omannosyl linked glycan structures on RPTPζ/phosphacan determined by glycan analysis
(conducted in collaboration with Michael Tiemeyer’s lab at CCRC) in an enriched
preparation from the soluble fraction of early postnatal mouse brain. Interestingly, these
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results also highlight the heterogeneity of O-mannosyl linked glycan structures on
RPTPζ/phosphacan.
Our work also highlighted a theoretical glycan structure on RPTPζ/phosphacan
that was derived from our findings and those of others (Abbott et al., 2008; (Lee et al.,
2012). Wherein a biantennaery O-mannosyl initiated structure could be formed by the
cooperative activities of POMGnT1 and GnTVb, a nervous-system specific
glycotransferase. Importantly, our glycan analysis demonstrated several biantennaery
structures that likely result from modifications by GnTVb. Interestingly, since our study
was published two additional publications have provided further insight into the function
of GnTVb-mediated modifications in the CNS. Lee and colleagues demonstrated that
GnTVb knockout mice had no gross CNS anatomical abnormalities, however Cat-315
expression was decreased by approximately half (Lee et al., 2012). Kanekiyo and
colleagues further demonstrated that GnTVb knockout mice had accelerated
remyelination following cuprizone-mediated demyelination, suggesting GnTVb branched
O-mannosyl modifications are negative regulators of myelination (Kanekiyo et al., 2013).
A theoretical explanation for the mechanistic underpinnings leading to these
results can be deduced from previously published information regarding
RPTPζ/phosphacan function. Several studies suggest that RPTPζ/phosphacan functions
as a negative regulator of the OPC pool, wherein its absence leads to increased
proliferation of PDGFRα and Olig2 positive OPC precursors (Lamprianou et al., 2011,
McClain et al., 2012). Evidence suggests that the role of RPTPζ/phosphacan in this
circumstance is regulated through its interaction with PTN. PTN functions to suppress the
phosphatase activity of RPTPζ and may in turn maintain the proliferation of the
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progenitor pool and in the absence of PTN since RPTPζ phosphatase activity induces
differentiation (McClain et al., 2012). However, other studies have suggested that the
soluble form of phosphacan plays a role in this also (Lamprianou et al., 2011). Although
the proliferation of OPCs was increased in RPTPζ/phosphacan knockout mice, the
numbers of mature MBP and MAG positive oligodendrocytes was unaffected
(Lamprianou, et al., 2011), however their morphologies were compromised and
RPTPζ/phosphacan knockout mice have impaired repair of following demyelinating
lesions induced by auto-immune encephalitis (Harroch et al., 2002).
In contrast, Kanekiyo and colleagues study suggests that in the absence of
branched O-mannosyl glycan structures that RPTPζ/phosphacan promotes remyelination.
Interestingly, increased MBP positive mature oligodendrocytes, increased Olig2 positive
and decreased PDGFRα positive OPCs were found in the brains of GnTVb knockout
mice under demyelinating conditions. The authors determined that elevated levels of
Olig2 OPCs did not arise from increases in their proliferation and together these results
suggest increased differentiation of OPCs in the absence of O-mannosyl glycan structures
on RPTPζ/phosphacan under demyelinating conditions (Kanekiyo et al., 2013). Together
these studies suggest that the absence of branched O-mannosyl glycans may lead to a
gain of function for RPTPζ/phosphacan which influences its role in differentiation
independent from its role in OPC proliferation. It is interesting to speculate that aberrant
glycosylation of RPTPζ/phosphacan could alter myelination in O-mannosyl CMDs.
Further, our study and the study conducted by Lee and colleagues suggests that
RPTPζ/phosphacan is a substrate for the O-mannosyl β1-2 branch catalyzed by
POMGnT1 and the β1-6 branch catalyzed by GnTVb, but not for the β1-6 branch
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catalyzed by Large, Fukutin or FKRP. In contrast, these studies suggest that αdystroglycan is also a substrate for the O-mannosyl β1-2 branch catalyzed by POMGnT1
and for the β1-6 branch catalyzed by Large, Fukutin or FKRP, but not for the β1-6 branch
catalyzed by GnTVb (Dwyer et al., 2012; Lee et al., 2012). These results further suggest
that if abnormalities in myelination were present in O-mannosyl CMD and specific to
only the GnTVb β1-6 branch that these phenotypes would likely be from altered
glycosylation of RPTPζ/phosphacan and be present in only a subset of O-mannosyl CMD
disorders, including Walker Warburg syndrome and Muscle-Eye-Brain disease.

The phenotypes associated with RPTPζ/phosphacan to this end have been largely glial
however RPTPζ/phosphacan is expressed in both neurons and glial cells. Of particular
interest, the antibodies that we identified to likely detect O-mannosyl linked carbohydrate
epitopes on RPTPζ/phosphacan have been associated with the expression of this protein
in either glia (for the case of 3F8) or neurons (for the case of 315 and 6B4). Given the
microheterogeneous nature of CSPG glycosylation in the CNS has been previously
documented (Matthews et al., 2002), we hypothesized that these antibodies likely against
O-mannosyl linked carbohydrates on RPTPζ/phosphacan were detecting different glycan
structures produced in a cell type specific manner. In data presented in appendix 2, we
have determined that O-mannosyl linked epitopes detected by 3F8 and Cat315 on
RPTPζ/phosphacan are largely biochemically exclusive and decorate different cellular
subclasses, suggesting they are produced in a cell-type specific manner. These results
exemplify the microheterogeneity of glycosylation in the CNS and suggest that the
function of RPTPζ/phosphacan could be differentially regulated in neurons and glial by
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variations in O-mannosyl linked glycan structures on this CSPG. Further, the absence of
these glycan structures on RPTPζ/phosphacan in CMDs with associated brain
abnormalities could have different functional consequences in neurons and glial cells.
These data further our understanding of altered glycosylation of RPTPζ/phosphacan in
CMDs with associated brain abnormalities and provide insight into its possible functional
role in these disorders and the developing CNS.

5.3 Conclusions and Future Directions
In summary are results expound on the complexity of the neural ECM. Specifically
arguing for a role in alterations to the expression and modifications of nervous system
specific constituents that are likely context-specific and vitally important in the normal
CNS and in disease and disorders of the CNS. Therefore, further understanding the
molecular details underlying the vital functions of neural ECM are important for
identifying their biological activities. Perhaps more importantly, the specificity with
which alterations to the expression and modification of neural ECM constituents occurs
would provide highly valuable therapeutic targets for neurological disease and disorders
that would limit off-target effects and potentially pinpoint key pathological processes.

As equally exciting, are the seemingly endless molecular and functional complexities of
neural ECM constituents. Our studies, which comprise only a limited snapshot of neural
ECM in neuropathologies with restricted resources and reagents, highlight its incredible
molecular diversity that likely underlies context-specific functions. Each level of

213

Chapter 5: General Discussion

modification therefore represents a potential avenue of functional regulation and
intervention, in the case of disease and disorder of the CNS.
While we specifically addressed the increased expression of B/b in glioma and its
contribution to disease pathogenesis, additional studies have demonstrated that
proteolytic cleavage of B/b is necessary for its function. Further, specific glycoforms of
B/b that are only present in gliomas within the adult CNS have also been identified. As
outlined above, the added possibility of a key receptor mechanism would also suggest
another level of complexity to B/b function. Further efforts to evaluate these different
levels of B/b regulation are critical to understanding its role in the normal CNS and in
glioma.
Our studies also suggest that glycosylation alone is highly molecularly complex
and likely confers key biological functions that are spatially, temporally and cellularly
regulated. We found two-specific antibodies against different O-mannosyl carbohydrate
epitopes that are likely produced in a cell-type specific manner, however our glycan
analysis suggests that these uncommon carbohydrate structures are even far more
complex. Importantly, having identified reagents and a model in which to study the
expression of these glycan structures we will be able to ascertain their individual
functions. Additionally, these studies could have important implications in O-mannosyl
related CMDs and lead to the identification of novel neurological phenotypes and their
molecular underpinnings.
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INTRODUCTION
Our study presented in Chapter 4 determined that RPTPζ/phosphacan was abnormally
glycosylated in a mouse model of muscle-eye-brain disease lacking functional
POMGnT1. Further, we determined that RPTPζ/phosphacan was shifted to a lower
molecular weight in these animals, and the epitopes of several antibodies that likely
detect O-mannosyl linked epitopes on RPTPζ/phosphacan were either altered or absent
from early postnatal POMGnT1 knockout mouse brains, including HNK-1. This work
strongly suggests that RPTPζ/phosphacan is a substrate from protein O-mannosyl
glycosylation by POMGnT1 (Dwyer et al., 2012). While early studies suggested that
RPTPζ/phosphacan is decorated with O-mannosyl linked glycans, including O-mannosyl
linked HNK-1, an in-depth analysis regarding the structures of these carbohydrates was
not provided (Rauch, 1990). Therefore, we performed glycan analysis on a preparation
enriched for RPTPζ/phosphacan from the soluble fraction of early postnatal brains from
mice. Our results detail the structure of O-mannosyl linked carbohydrates on
RPTPζ/phosphacan and demonstrate it is a substrate for protein O-mannosyl
glycosylation by POMGnT1.

MATERIALS AND METHODS
Animals: Protocols for animal usage were approved by the Institutional Animal-Care and
Use Committee of Upstate Medical University. Wildtype timed pregnant CD1 mice were
purchased from Charles River Laboratory (Wilmington, MA, USA). POMGnT1
knockout mice (strain: B6; 129S5-POMGnT1tm1lex/Mmucd) were purchased from MMRRC
at the University of California, Davis.
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Antibodies: Cat-315 has been previously published and characterized (Lander et al., 1998,
Dino et al., 2006). The 3F8 antibody developed by Dr. Margolis was obtained from the
Developmental Studies Hybridoma Bank (developed under the auspices of the NICHD
and maintained by the University of Iowa, Department of Biology, Iowa City, IA, USA).
The rabbit polyclonal anti- RPTPζ/phosphacan core antibody was made against amino
acids (25-47) in the N-terminal domain, peptide sequence
YYRQQRKLVEEIGWSYTGALNQKC and affinity purified and tested for its specificity
(YenZym Antibodies, LLC, South San Francisco, CA, USA). Polyclonal anti-neurocan
was purchased from R&D systems (Minneapolis, MN, USA). Polyclonal anti-brevican
from BD-Biosciences, Pharmingen (San Diego, CA, USA).

Preparation of Homogenates, soluble fraction: Tissue homogenates with respective
soluble and particulate fractions were prepared as previously described by (Viapiano et
al., 2003). Briefly, for glycan analysis, ~90 whole brains from postnatal day 4 (P4)
wildtype mice were homogenized in 3 volumes of 25 mM Tris-HCl (pH = 7.4) containing
0.32M sucrose and a protease inhibitor cocktail (EDTA-free Complete, Roche,
Indianapolis, IN, USA). Whole brains from POMGnT1 P4 wildtype or knockout mice
were similarly homogenized in 10 volumes. The homogenates were centrifuged at 950g
for 10 min at 4°C, the resulting post-nuclear supernatant was centrifuged again at
20,000g for 30 min. The post-membrane supernatant was centrifuged again at 100,000g
for 60 min to obtain final soluble and particulate fractions.
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Anion Exchange Chromatography: Anion exchange chromatography was performed to
enrich for RPTPζ/phosphacan in the soluble fraction. Soluble fractions from P4 wildtype
mice were pooled and diluted 1:1 in 25 mM Tris-HCl (pH = 7.4) containing 0.5M NaCl
and filtered through a 0.22µM filter. Manual anion exchange chromatography was
performed using a 1mL HiTrap Q HP column and peristaltic PI pump connected to an
Amersham Pharmacia RediFrac fraction collector (GE Healthcare Life Science). Prior to
and following sample binding, the column was equilibrated and washed in 25 mM TrisHCl (pH = 7.4) containing 0.5M NaCl. Elution was done in a continuous gradient from
0.5M NaCl to 1.0M NaCl over 10 column volumes ending with a final 2M NaCl bump.
125µL fractions were collected at a rate of 250µL/min.

Preparation of Sample for O-linked Glycan Analysis: Dot blots were conducted on
fractions resulting from anion exchange chromatography. Total protein was detected with
amido black and CSPGs were detected with antibodies against RPTPζ/phosphacan,
neurocan and B/b to determine their presence within eluted fractions. The total protein
was eluted at ~0.58M NaCl and other CSPGs eluted together between ~0.95M and 1.0M
NaCl. Fractions containing CSPGs were pooled and dialyzed into 40 mM Tris-HCl (pH =
8.0) containing 40 mM sodium acetate using 7,000 MWCO Slide-A-Lyzer Dialysis
Casettes (Pierce) overnight at 4°C. The dialyzed sample was then concentrated in
100,000 MWCO Concentrators (AmiconUltra) by centrifugation. Glycan analysis was
performed by Michael Tiemeyer’s laboratory at the Center for Complex Carbohydrate
Research at University of Georgia, Athens, GA. Briefly, Samples dried and reductive β-
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elimination was performed to release O-linked glycans, which were analyzed as
previously described (Stalnaker et al., 2011).

SDS-PAGE and Western Blotting: Where specified, samples were treated with bovine
testicular hyaluronidase (BTH) to remove CS-GAG chains prior to SDS-PAGE. Samples
were diluted in 1X BTH Buffer (40mM sodium phosphate buffer with 25mM NaCl,
pH=7.4) and incubated with 1mg/mL BTH for 2HR at 37°C. Protein concentrations were
determined by BCA assay and electrophoresed on 5%, 7% or 4-12% SDSpolyacrylamide gels (gradient gels only were precast and obtained from BioRad). Stainsall staining for the visualization of acidic proteins was completed on SDS-polyacrylamide
gels according to published protocol (Goldberg and Warner, 1997). For Western blotting,
SDS-Polyacrylamide gels were transferred to nitrocellulose. Western blots were
completed as previously described (Viapiano et al., 2003). Blots were incubated with
primary antibodies and detected with HRP-conjugated secondary antibodies and detected
with supersignal west pico or femto chemilumensent substrate (Thermo Scientific,
Rockford, IL, USA) and Kodak biomax MR film (Sigma-Aldrich, Saint Louis, MO,
USA).

RESULTS
RPTPζ/phosphacan is a Primary Substrate for O-mannose Initiated Glycans in the
Neural ECM
To evaluate the O-linked glycan structures on RPTPζ/phosphacan we devised a modified
anion exchange chromatography preparation that enriched for RPTPζ/phosphacan
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contained in the soluble fraction from early postnantal mouse brain. Our modified
protocol was successful at eliminating the majority of total protein from the sample,
which was resolved in the flow through (Figure A1.1A). Additionally, stains-all, utilized
to visualize acidic proteins, revealed a high molecular weight smear in our purification
sample that was condensed to two single definable bands following enzymatic removal of
CS-GAG chains that resolved well above 250kD (Figure A1.1A). The upper band was
the most prominent and likely represents RPTPζ/phosphacan while the lower band likely
represents neurocan (Figure A1.1A). While our goal was to purify RPTPζ/phosphacan,
our initial results suggested we also co-purified other secreted CSPGs. In addition to
RPTPζ/phosphacan, the most predominately secreted CSPGs in the CNS are the lectican
family, namely aggrecan, versican, neurocan and brevican.
Therefore, we performed Western blot analysis to evaluate the presence of
RPTPζ/phosphacan and additional CSPGs belonging to the lectican family, namely
neurocan and brevican. Following digestion of CS-GAG chains, antibodies that likely
detect O-mannosyl linked carbohydrate epitopes on RPTPζ/phosphacan, 3F8 and Cat315, detected high molecular weight bands that resolved well above 250kD in both input
and purification samples (Figure A1.1B). Similarly, a core antibody against
RPTPζ/phosphacan also detected these same bands. The full-length form of neurocan and
its cleavage fragment were detected in these same samples and resolved just above
250kD and at approximately ~140kD, respectively (Figure A1.1B). The full-length form
of B/b was also detected at ~150kD (Figure A1.1B). We also attempted to determine
whether versican was in our sample, however commercially available antibodies were
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highly non-specific. Importantly, aggrecan is not expressed in the early developing brain
and therefore was not included in our analysis.
To determine whether CSPGs in addition to RPTPζ/phosphacan are likely
modified with O-mannosyl glycans, we evaluated their molecular weights in the soluble
fraction isolated from P4 POMGnT1 knockout brains. In accordance with our previously
published data, high molecular weight bands were detected with a core antibody against
RPTPζ/phosphacan in wildtype samples that were shifted to a lower molecular weight in
POMGnT1 knockout samples (Figure A1.1C) (Dwyer et al., 2012). However, we
observed no detectable molecular weight shift in neurocan in POMGnT1 knockouts. We
previously showed that B/b was also not shifted in molecular weight in these animals
(Figure A1.1C).

To determine whether RPTPζ/phosphacan is a substrate for protein O-mannosyl
glycosylation by POMGnT1, we conducted glycan analysis on O-linked carbohydrates in
our purification samples. The results revealed numerous O-mannose initiated structures
that vary in their branching, composition and terminal glycan structures. In fact appears
to be heavily invested with O-mannosyl glycans as it contained more O-mannose-linked
than mucin-type O-linked proteins, which has never previously been found on any
protein. Additionally, several sulfated O-mannose linked glycans were also identified,
which have not previously been described. O-mannose linked terminal sulfated HNK-1
structures that have previously been hypothesized to be the carbohydrate epitope of the
Cat-315 antibody were also detected in our analysis (Figure A1.2). We also did not detect
any modifications consistent with enzymatic activity from Large, Fukutin or FKRP.

224

Appendix 1: Glycan Analysis of RPTPζ/Phosphacan

Together these results suggest RPTPζ/phosphacan is a substrate for protein O-mannosyl
glycosylation.

DISCUSSION
Early studies reported the presence of O-mannose initiated glycans, including those
modified with terminal HNK-1 structures, on RPTPζ/phosphacan and neurocan (Rauch et
al., 1990). However, detailed information regarding their structures were not provided.
More recent studies have suggested that lecticans also carry O-mannosyl carbohydrate
modifications (Pacharra et al., 2013). Our results suggest RPTPζ/phosphacan is the
primary CSPG bearing O-mannosyl linked modifications and that the majority of Omannose initiated structures detected in our analysis are likely on RPTPζ/phosphacan.
Several studies have suggested that RPTPζ/phosphacan is a likely substrate for Omannose linked modification by the nervous system-specific glycotransferase, GnTVb
(Abbott et al., 2008, Kanekiyo et al., 2013, Lee et al., 2013). The presence of biannetnerary structures supports previous hypotheses and suggests that in addition to the
expression of RPTPζ/phosphacan being enriched in the CNS, that it also likely carries
nervous system specific glycan modifications.
Importantly, the resulting glycan analysis highlights the complexity and
heterogeneous nature of O-mannose initiated glycans in the neural ECM and suggests
different functional roles for the elaboration of varying terminal structures and sulfation
patterns. Further development of reagents to distinguish between different glycan
structures on the same protein and their function will provide important insight into the
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role of heterogeneous glycosylation in the neural ECM and the context-specific functions
of individual constituents.
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Figure A1.1. CSPG Enrichment for RPTPζ/phosphacan suggests RPTPζ/phosphacan is
likely the primary substrate for O-mannosyl linked glycans on secreted CSPGs in Early
Postnatal Brain. Anion exchange chromatography from the soluble fraction of P4
wildtype mouse whole brains was performed to enrich for RPTPζ/phosphacan. A, Total
protein visualized with Amido Black stain following transfer to nitrocellulose
membranes, and acidic proteins were detected with Stains-all stain following SDS-PAGE
on the Input, flow through (Flow) and purified sample (Pur). M (molecular weight
marker), - (buffer control), + (BTH treated to remove CS-GAG chains). Arrows indicate
bands likely representing RPTPζ/phosphacan in the purified sample following CS-GAG
removal. B, Western blot analysis was performed with Cat-315 and 3F8, antibodies likely
against O-mannosyl linked carbohydrate epitopes on RPTPζ/phosphacan. The reactivity
of peptide antibodies against the core protein of RPTPζ/phosphacan, neurocan and
brevican (B/b) were also evaluated. C, Western blot analysis was performed to evaluate
whether a molecular weight shift of bands reactive for RPTPζ/phosphacan, neurocan and
B/b could be detected in the soluble fraction from P4 POMGnT1 knockout mice (-/-). In
wildtype samples (+/+) high molecular weight bands reactive for an antibody against the
core protein of RPTPζ/phosphacan resolved well above 250kD, in POMGnT1 -/- these
bands were shifted to a lower molecular weight. No apparent molecular weight shifts
were observed for bands reactive for either neurocan or B/b.
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Figure A1.1
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Figure A1.2. Analysis of O-linked glycans reveals O-mannose linked structures likely on
RPTPζ/phosphacan. Glycan analysis was performed on O-linked glycans released by
reductive β-elimination by Michael Tiemeyer’s Laboratory at the Complex Carbohydrate
Research Center at the University of Georgia, Athens. Major, Middle, Minor refers to
concentrations of specific glycan structures relative to the cumulative quantity of Olinked glycan detected in analysis.
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Figure A1.2
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APPENDIX 2
NEURONS AND GLIA ARE DECORATED
WITH DIFFERENT O-MANNOSYL
GLYCOSYLATED FORMS OF
RPTPζ/ PHOSPHACAN
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INTRODUCTION
Our results from Chapter 4 suggested that several antibodies that have been previously
used to detect RPTPζ/phosphacan are likely detecting O-mannosyl linked carbohydrate
epitopes on this protein (Dwyer et al., 2012). Of particular interest are the monoclonal
antibodies Cat-315 and 3F8, as several decades of research employing these antibodies
have created a wealth of knowledge regarding their expressions. Previous studies have
demonstrated that Cat-315 and 6B4, an antibody whose epitope closely resembles Cat315, detects RPTPζ/phosphacan present on the surface of neurons (Lander et al., 1998,
Hayashi et al., 2005, Saitoh et al., 2008). In contrast, 3F8 has been used to detect
RPTPζ/phosphacan in glial cell cultures (Dobbertin et al., 2003). Importantly,
RPTPζ/phosphacan can be expressed by both neurons and glia (Shintani et al., 1998).
Together these result, our knowledge regarding the microheterogeneous nature of
glycosylation in the CNS (Matthews et al., 2002) and the heterogeneity of O-mannosyl
linked carbohydrate structures likely decorating RPTPζ/phosphacan (see appendix 1),
lead us to hypothesize that Cat-315 and 3F8 were detecting different O-mannosyl
carbohydrate epitopes on RPTPζ/phosphacan that were produced in a likely cell-type
specific manner.

METHODS AND MATERIALS
Animals: Protocols for animal usage were approved by the Institutional Animal-Care and
Use Committee of Upstate Medical University. Wildtype timed pregnant CD1 mice were
purchased from Charles River Laboratory (Wilmington, MA, USA). POMGnT1
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knockout mice (strain: B6; 129S5-POMGnT1tm1lex/Mmucd) were purchased from MMRRC
at the University of California, Davis.

Antibodies: Cat-315 has been previously published and characterized (Lander et al., 1998,
Dino et al., 2006). The 3F8 antibody developed by Dr. Margolis was obtained from the
Developmental Studies Hybridoma Bank (developed under the auspices of the NICHD
and maintained by the University of Iowa, Department of Biology, Iowa City, IA, USA).
The rabbit polyclonal anti- RPTPζ/phosphacan core antibody was made against amino
acids (25-47) in the N-terminal domain, peptide sequence
YYRQQRKLVEEIGWSYTGALNQKC and affinity purified and tested for its specificity
(YenZym Antibodies, LLC, South San Francisco, CA, USA). The anti-HNK-1 antibody
was purchased from BD-Biosciences, Pharmingen (San Diego, CA, USA).

Preparation of Homogenates, soluble fraction: Tissue homogenates with respective
soluble and particulate fractions were prepared as previously described by (Viapiano et
al., 2003). Briefly, whole brains from postnatal day 4 (P4) wildtype mice were
homogenized in 10 volumes of 25 mM Tris-HCl (pH = 7.4) containing 0.32M sucrose
and a protease inhibitor cocktail (EDTA-free Complete, Roche, Indianapolis, IN, USA).
The homogenates were centrifuged at 950g for 10 min at 4°C, the resulting post-nuclear
supernatant was centrifuged again at 20,000g for 30 min to obtain final soluble and
particulate fractions.
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Immunoprecipitation: Samples were diluted to 2.0mg/mL in 40mM sodium phosphate
buffer, pH 7.5, 25 mM NaCl, protease inhibitor tablet, mini, EDTA-free (Roche).
Deglycosylation was performed by incubating samples for 2 hours at 37°C with
150U/mL bovine testicular hyaluronidase (which also removes CS-GAG chains) (Sigma
Aldrich).
Ten volumes of Cat-315 hybridoma media was incubated with goat anti- mouse
IgM agarose beads (Sigma) at 4°C overnight. Similarly, 3F8 was diluted 1:30 in PBS and
incubated with protein A/G beads at 4°C overnight. For immunoprecipitation, samples
were diluted to 1mg/mL in 25mM Tris, pH 8.0 with protease inhibitor tablet, mini, EDTA
free (Roche). 500ug total protein was used for each IP reaction, protein samples and
antibody/ bead mixture were incubated overnight, rotating at 4°C. Beads were washed 3
times in 25mM Tris, pH 8.0 followed by 2 washes in PBS and boiled under reducing
conditions in 2X sample buffer. Starting material and immunoprecipitated material were
electrophoresed on 5% SDS-polyacrylamide gels and processed for immunoblotting as
described below.

Western blotting: Protein samples were resolved on a 5% SDS-acrylamide gel and
subjected to Western blotting as previously described (Viapiano et al., 2003). Blots were
incubated in primary antibodies overnight at 4°C. HRP conjugated secondary antibodies
were used and detected with supersignal west pico or femto chemilumenescent substrate
(Thermo Scientific). In some cases, blots were stripped with Re-Blot Plus Strong reagent
(Chemicon) and reprobed.
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Primary Cortical Cultures: Mixed primary cortical cultures were performed essentially as
previously described (Giamanco et al., 2010). Briefly, the cortices from embryonic day
(E) 16 CD-1 wildtype or POMGnT1 embryos were removed and digested in 0.25%
trypsin-EDTA. Following culturing, cells were plated in Neurobasal Medium containing
3% B27, 1X Glutamax and 1X Pen/Strep (Invitrogen) on glass coverslips precoated with
50µg/mL poly-D-lysine (sigma). For AraC treated cells, 5µM AraC was added at 1 day in
vitro (DIV) and removed with a full media change at 3DIV. All cells received either a
half or full media change at 3DIV.

Immunohistochemistry and Microscopy: Cells were rinsed in 1X dPBS and fixed by
submersion into -20°C methanol for 2 minutes. Cells were then washed with 1XdPBS
and treated with 0.6U/mL BTH dilutes in PBS for 4 hours at 37°C. Cells were rinsed and
blocked in 5% non-fat dry milk (NFDM) diluted in 1X PBST with 0.5% TX-100 for 45
min at RT. Primary antibodies were diluted in 5%NFDM in 1XPBST and incubated
overnight at 4°C. Alexa-fluor conjugated secondary antibodies were used and nuclei were
visualized with Hoechst stain. Coverslips were mounted on glass slides with prolong antifade B (Invitrogen) and imaged on an epi- fluorescent Zeiss Imager.A2 with Nikon
Elements software package. Final images were formatted and compiled into figures using
Photoshop CS5.5.

RESULTS AND DISCUSSION
To determine whether O-mannosyl linked carbohydrate epitopes detected by Cat-315 and
3F8 on RPTPζ/phosphacan were biochemically exclusive we conducted
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immunoprecipitations then evaluated antibody cross-reactivity on the precipitated
material by Western blot analysis. Cat-315 immunoprecipitated material was found to be
preferentially reactive for Cat-315 while 3F8 immunoprecipitated material was
preferentially reactive for 3F8. Cat-315 and 3F8 mmunoprecipitated samples were
similarly reactive for an antibody against the protein core of RPTPζ/phosphacan and
HNK-1 (Figure A2.1A). These results suggest that Cat-315 and 3F8 detect different Omannosyl carbohydrate structures that are largely differentially expressed on separate
forms of RPTPζ/phosphacan.
One possible explanation for the biochemical exclusivity of the carbohydrate
epitopes is the production of different RPTPζ/phosphacan forms by different cellular
subclasses. Therefore, we performed immunocytochemistry with these antibodies on
mixed cortical cultures isolated from E16 mouse brain that were fixed at 3DIV. Cat-315
and 3F8 were found to detect predominately mutually exclusive populations of cells with
non-overlapping staining patterns (Figure A2.1B). To confirm that immunostaining
obtained with these antibodies was indeed on O-mannosyl linked carbohydrate epitopes,
we also performed 3F8 and Cat-315 staining in mixed cortical cultures from POMGnT1
wildtype and knockout mice. Staining for both Cat-315 and 3F8 were eliminated from
knockout cultures, with the exception of subtle residual staining that remained for Cat315 (Figure A2.2).
While previous studies suggested that Cat-315 predominately decorates neurons
(Lander et al., 1998), we were uncertain about the fate of cells reactive for 3F8.
Therefore, we performed triple labeling with Cat-315, 3F8 and cell fate markers. In
accordance with previous studies we observed co-localization of Cat-315 positive cells
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with doublecortin (DCX), an immature neuronal marker. Cat-315 was found to decorate a
subpopulation of DCX positive cells. In contrast, no overlap between DCX and 3F8 was
observed (Figure A2.3). To determine whether 3F8 detected a subpopulation on neurons
not detected by DCX, we treated cultures with arabinofuranosyl cytidine (AraC). AraC
treatment preferentially eliminates actively dividing cells and spares post-mitotic
neurons. We found that AraC treatment had no effect on Cat-315 reactivity but
eliminated 3F8 reactivity (Figure A2.4), suggesting that cells reactive for 3F8 were likely
actively dividing and potentially glial in nature. Therefore, we performed
immunocytochemistry with 3F8 and markers of glial cell subclasses. We observed that
the majority of 3F8 reactive cells were reactive for the immature astrocyte marker,
GLAST. Additionally, we found that subpopulations of 3F8 reactive cells were also
reactive for Olig2 and PDGFRα, glial precursor makers (Figure A2.5).
Together these results suggest that different O-mannosyl carbohydrate structures
decorate different forms of RPTPζ/phosphacan that are made by either neurons or glial
cells. These results highlight the incredible microheterogeneity of glycoylation,
suggesting that different O-mannosyl linked glycan structures on RPTPζ/phosphacan
confer cell-type specific functions. Further work is directed at determining the Omannosyl linked carbohydrate epitope detected by 3F8 in glial cells. Additional studies to
evaluate the function of different O-mannosyl glycosylated forms of RPTPζ/phosphacan
in neurons versus glia in the normal CNS will provide important insight into the function
of glycosylation in the CNS. Further, the absence of these carbohydrate epitopes on
RPTPζ/phosphacan in O-mannosyl related CMDs and their cell-type specific expression
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suggests that abnormal glycosylation of RPTPζ/phosphacan may have different
functional consequences on neurons and glia.
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Figure A2.1. O-mannosyl carbohydrate epitopes on RPTPζ/ phosphacan are
biochemically exclusive and decorate different cell types in vitro. A, Immunoprecipitation
(IP) was performed on the soluble fraction of P4 mouse brains. Cat315 and 3F8 detect
likely O-mannosyl linked carbohydrate epitopes on RPTPζ/ phosphacan in the early
postnatal brain. Immunoprecipitated material was then detected by Western blot analysis
with antibodies Cat315, 3F8 and HNK-1.The total amount of immunoprecipitated
material was equalized using an antibody against the protein core of RPTPζ/ phosphacan,
which showed approximately equivalent levels in all IP samples. Bands that were
immunoprecipitated with the Cat-315 antibody were preferentially detected by Cat-315
and showed significantly lower levels of reactivity for 3F8. Bands that were
immunoprecipitated with the 3F8 antibody were preferentially detected by 3F8 and
showed significantly lower levels of reactivity for Cat-315. Both bands were similarly
reactive for HNK-1. M = mock, += with antibody. B, Primary cortical cultures were
prepared from E16 mice and processed for immunocytochemistry at 4DIV with Cat315
(red) and 3F8 (green) antibodies. Nuclei were counterstained with Hoechst nuclear stain
(blue). Different cellular subpopulations were found to be reactive for either Cat315 or
3F8, suggesting that these antibody epitopes decorate different cellular subclasses and are
likely made in a cell-type specific manner. Scale 50mM.
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Figure A2.2. O-mannosyl carbohydrate epitopes on RPTPζ/ phosphacan are absent from
cortical cultures isolated from POMGnT1 knockout mice. Primary cortical cultures were
prepared from either wildtype (+/+) or POMGnT1 knockout (-/-) animals on E16 and
processed for immunocytochemistry at 4 DIV with either Cat315 or 3F8. Cat315
reactivity was detected in +/+ cultures and the majority of Cat315 reactivity was absent
from POMGnT1 -/- cultures, with the exception of sparse punctate staining, which
remained around a small population of cells. Likewise, 3F8 reactivity was detected in +/+
cultures and was absent from POMGnT1 -/- cultures. In accordance with previously
published findings, these results suggest that Cat315 and 3F8 detect O-mannosyl
dependent carbohydrate epitopes on RPTPζ/ phosphacan also in vitro. Scale 50mM.
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Figure A2.3. Neurons are reactive for the Cat-315 epitope and not 3F8. Primary cortical
cultures were prepared from embryonic day 16 mice and processed for
immunocytochemistry at 4DIV with Cat315 (red) and 3F8 (green) antibodies. The
immature neuronal marker doublecortin (DCX) (violet) was used as a marker of neurons
and nuclei were counterstained with Hoechst. In accordance with previously published
findings, Cat315 labeled a subpopulation of neurons that were also positive for DCX.
However, cells positive for 3F8 did not co-localize with DCX positive cells. Together
these data suggest that while Cat-315 detects primarily neurons that 3F8 detects a
different neural subpopulation. Scale 50mM.
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Figure A2.4. 3F8 reactive cells are eliminated following AraC treatment. Primary
cortical cultures were prepared from embryonic day 16 mice. Cultures were treated with
AraC from 1 to 3DIV to selectively eliminate actively proliferating cells. Control or AraC
treated cells were then processed for immunocytochemistry at 4DIV with Cat315 (red)
and 3F8 (green) antibodies and nuclei were counterstained with Hoechst. Control cultures
contained distinct populations of cells that were reactive for either Cat315 or 3F8. AraC
treatment eliminated the 3F8 reactive cell population, while the Cat315 reactive cell
population remained. Scale 50mM.
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Figure A2.5. 3F8 detects immature glial subclasses in vitro. Primary cortical cultures
were prepared from E16 mice and processed for immunocytochemistry at 4DIV with 3F8
(green) and glial markers (red). Nuclei were counterstained with Hoechst. The majority
of cells reactive for glial glutamate transporter GLT-1 (GLAST) were also 3F8 reactive.
Additionally the majority of cells reactive for immature oligodendrocyte markers,
platelet-derived growth factor receptor α (PDGFRα) and NG2, were found to also be 3F8
reactive. These results suggest that 3F8 detects glial cells in vitro. Scale 100mM.
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