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Abstract

Regulation of Myelin Proteins and Protection Against Demyelination
by GPR37 Signaling

By Brilee Michelle Smith

The G protein-coupled receptor (GPCR) superfamily is the largest and most
diverse transmembrane receptor family in vertebrates. For this reason, GPCR signaling is
involved in numerous biological processes, and GPCRs are major pharmaceutical targets.
GPR37 is an orphan GPCR that is predominantly expressed in the brain and found at
particularly high levels in oligodendrocytes. GPR37 has been shown to exert effects on
oligodendrocyte differentiation and myelination during development, but the molecular
basis of these actions is incompletely understood and moreover nothing is known about
the potential role(s) of this receptor under demyelinating conditions. To shed light on the
fundamental biology of GPR37, we performed proteomic studies comparing protein
expression levels in the brains of mice lacking Gpr37 and its close relative Gpr37-like 1
(Gpr37L1). These studies revealed that one of the proteins most sharply decreased in the
brains of Gpr37/Gpr37L1 double knockout mice is the myelin-associated glycoprotein
MAG. Follow-up Western blot studies confirmed this finding and demonstrated that
genetic deletion of Gpr37, but not Gpr37L1, results in strikingly decreased brain
expression of MAG. Further in vitro studies demonstrated that GPR37 and MAG form a
complex when expressed together in cells. As loss of MAG has previously been shown to
result in increased susceptibility to brain insults, we additionally assessed Gpr37-
knockout (Gpr37”°) vs. wild-type mice in the cuprizone model of demyelination. These
studies revealed that Gpr37” mice exhibit dramatically increased loss of myelin in
response to cuprizone, yet do not show any increased loss of oligodendrocyte precursor
cells or mature oligodendrocytes. To develop tools to manipulate GPR37 signaling in
order to better understand the receptor’s physiological functions, we sought to identify
compounds and interacting partners that modulate GPR37 signaling. A high-throughput
screen of 16,000 compounds revealed that octoclothepin maleate is a nonspecific
inhibitor of constitutive GPR37 signaling. The GPR37-interacting proteins regenerating
islet-derived family member (REG)2 and REG4 were also found to inhibit GPR37
signaling. The findings presented in this dissertation reveal that loss of Gpr37 alters
oligodendrocyte physiology and increases susceptibility to demyelination, indicating that
GPR37 could be a potential drug target for the treatment of demyelinating diseases such
as multiple sclerosis.
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Chapter I: Introduction to G protein-coupled receptors and their role in
myelination



1.1 Background and history of the study of GPCRs

Since the emergence of the first multicellular organisms around 600 million years
ago, communication between individual cells in the same organism has been critical to
survival (Yuan et al., 2011). Cells use chemical transmitters to send messages about their
status to neighboring cells. Eukaryotic cells are bound by a selectively permeable lipid
bilayer membrane; any highly polar or large molecules are unable to enter the cell
without facilitation. Messages from outside the cell are transduced into useful
intracellular information by receptor proteins expressed at the cell surface. The G
protein-coupled receptor (GPCR) superfamily is the largest and most diverse set of
transmembrane receptors in vertebrates, and it constitutes an estimated 1-2% of the

human genome (Bockaert and Pin, 1999; Fredriksson and Schioth, 2005)

Receptor theory originated as a way to explain cellular responses to external
stimuli and was developed in large part based on laws of mass action applied to
pharmacological dose-response curves (Clark, 1933). The discovery of second
messengers and G proteins allowed for more direct measurement of receptor activation,
reducing the need to rely on complex physiological responses to understand signaling
pathways (Gilman, 1987). Until the 1970s, a widely-held belief was that receptors did not
exist as discrete molecular entities, but rather served as a theoretical framework on which
to base cellular responses to external stimuli or a binding site on already-identified

signaling effectors such as adenylyl cyclase (Robison et al., 1967).



In the 1970s, advances in radioligand binding allowed for the identification of
glucagon receptors (Rodbell et al., 1971), opioid receptors (Pert and Snyder, 1973),
muscarinic cholinergic receptors (Yamamura and Snyder, 1974), and adenylyl cyclase-
coupled adrenergic receptors (Mukherjee et al., 1975). Radioligand binding also allowed
for the purification and subsequent reconstitution of receptors; these studies validated the
identity of isolated proteins as receptors and resulted in a better understanding of the

necessary components of receptor activation (Cerione et al., 1984; Cerione et al., 1983).

Cloning of the adrenergic receptors, a muscarinic acetylcholine receptor, and a
substance K receptor, along with the purification and cloning of the sensory receptor
rhodopsin, revealed that GPCRs contain seven a-helical transmembrane (7TM) domains
with a conserved structural architecture (Dixon et al., 1986; Kobilka et al., 1987; Kubo et
al., 1986; Masu et al., 1987; Nathans and Hogness, 1983). These key reports laid the
groundwork for the cloning of many more GPCRs using homology models and the rapid

expansion of the study of GPCR pharmacology (Dohlman et al., 1991).

1.2 GPCR classification

GPCRs do not have any unifying overall sequence homology (Kolakowski, 1994;
Probst et al., 1992). The only structural feature in all GPCRs is the 7TM region.
However, considerable sequence homology is found when GPCRs are subdivided into
families. Several accepted classification systems for GPCRs are actively used today
(Bjarnadottir et al., 2006; Fredriksson and Schioth, 2005). The earliest and still widely

used system separates GPCRs into six classes or clans, A, B, C, D, E, and F (Attwood



and Findlay, 1994; Kolakowski, 1994). This class system encompasses GPCRs expressed

in both vertebrates and invertebrates.

A more recent classification system based on phylogenetic analysis of human GPCR
sequences identified five families, named for notable receptors within the family. The
families are glutamate (G), rhodopsin (R), adhesion (A), frizzled/taste2 (F), and secretin
(S) (Fredriksson et al., 2003). Major differences between these two systems include the
fact that class D and E of the A-F system contain no human homologs, and therefore do
not have a GRAFS system equivalent. Furthermore, the adhesion and secretin families of
the GRAFS system are combined into class B of the A-F system. Conversely, several key
similarities unite the two systems, most notably that both systems have large families
with similarity to thodopsin, classified as family A in the A-F system and as R in the

GRAFS system.

The glutamate or class C family includes 22 receptors in humans and is broken down
into four subgroups in vertebrates (Bjarnadottir et al., 2005). Group I is further
subdivided into four branches: sweet and amino acid taste 1 receptors, L-a-amino acid
binding GPCRs, calcium binding receptors, and pheromone receptors. While pheromone
receptors are found in high numbers in other vertebrates, they are only found as
pseudogenes in the human genome. Group II contains the metabotropic glutamate
receptors, and group III contains GABA receptors. Several orphan receptors are found in
group I'V. Receptors in this class are characterized by long N-termini containing ligand-

binding sites.



The rhodopsin or class A family is the by far the largest and most well characterized
in both classification systems described above, and it includes receptors for a variety of
neurotransmitters, hormones, cytokines, peptides, fatty acids, purines, and light (Joost
and Methner, 2002). Unlike the other families in the GRAFS system, receptors in the
rhodopsin family do not have notably long N-termini. Many ligands in this family bind

their receptors within the TM regions (Baldwin, 1994).

Adhesion family GPCRs form the second-largest GPCR family in humans and are
characterized by long N-termini that are cleaved from the 7TM region of the receptor but
remain covalently associated at the cell surface (Langenhan et al., 2013). Almost all
adhesion GPCRs have a GPCR autoproteolysis-inducing (GAIN) domain, at which the
N-termini are cleaved (Arac et al., 2012). All adhesion receptors are currently considered
orphans, although a growing body of evidence shows that removal of the non-covalently
associated N-terminus activates G protein-mediated signaling (Kishore et al., 2016;
Paavola et al., 2011; Stephenson et al., 2013). Recent work suggests that after removal of
the long N-terminus, the remaining N-terminal stalk of at least some adhesion GPCRs
can act as a tethered cryptic agonist (Liebscher et al., 2014; Petersen et al., 2015;
Stoveken et al., 2015). Many adhesion GPCRs are known to be heavily involved in
development, and several mutations in adhesion GPCRs have been associated with

neurological disorders in humans (Langenhan et al., 2016).



The frizzled/taste2 receptor family is subdivided into two branches. The frizzled
receptors mediate signaling of Wnt glycoproteins, which direct cell fate, proliferation,
and polarity during development (Logan and Nusse, 2004). The taste2 branch of this
family contains bitter taste receptors (Hoon et al., 1999). They are characterized by a
short N-terminus and are expressed in the tongue and palate. Taste2 receptors of this
family show no clear similarities to the tastel receptors of the glutamate family (class C)

(Adler et al., 2000; Matsunami et al., 2000).

Secretin family receptors (class B) are activated by large peptides (Fredriksson et al.,
2003). The N-termini of secretin-like receptors contain conserved cysteine bridges
(Lagerstrom and Schioth, 2008). Much of the variation between members of the secretin
family results from differences in the N-terminus, and ligand binding creates a bridge
connecting the N terminus to the extracellular loops and TM segments, thereby leading to

activation of the receptor (Dong et al., 2004).

The variability in GPCR structure and functions allows for remarkable specificity of
function based on cell-type specific expression patterns. This diversity of function is
achieved by the activation of a variety of downstream effectors and subsequent

generation of second messengers that occurs upon activation of a GPCR.

1.3 GPCR signaling

1.3.1 Diversity of GPCR signaling



As described in the preceding section, GPCRs are 7 transmembrane (7TM)
proteins that are expressed on the cell surface. These receptors are so-named because they
couple to guanine nucleotide binding proteins, or G proteins. G proteins are
heterotrimeric complexes consisting of a guanine nucleotide-binding a subunit and 3 y
subunit dimer. At baseline, the o subunit of the G protein is bound to guanosine
diphosphate (GDP). Upon agonist binding, the 7TM receptor undergoes a conformational
change such that the GDP bound to the G protein is exchanged for guanosine-5’-
triphosphate (GTP). Following the exchange of GTP for GDP, the a subunit dissociates
from the By subunit of the G protein. Both freed subunits are then able to act on
downstream effectors to begin a wide variety of signaling cascades. G proteins have
intrinsic GTPase activity, and GPCR signaling is terminated when GTP is cleaved to
GDP and the a and Py subunits reassociate, returning the G protein to its inactive state

(Bourne et al., 1990).

This model of activation is described by the ternary complex model, which is
based on the concept that at baseline a GPCR is inactive, and that GPCRs become
activated upon ligand binding and form complexes consisting of the activated receptor,
the ligand, and another membrane component (the G protein) (De Lean et al., 1980). In
this model, the ligand stabilizes the active conformation of the receptor, and without
ligand stimulation, GPCRs favor the inactive conformation. This view of GPCR
activation was expanded in 1993 to account for the existence of intermediate states in

between the inactive and active conformation of a GPCR (Samama et al., 1993).



The extended ternary complex model considers the fact that GPCR conformation
can be affected by factors in addition to binding of the ligand, such as membrane
composition and presence of interacting partners. This model is also reconcilable with the
observation of constitutively active GPCRs, which have some level of baseline activity in
the absence of ligand stimulation. GPCR ligands are categorized broadly into three
categories: agonists, inverse agonists, and antagonists. Agonists induce G protein-
mediated signaling by stabilizing an active conformation of the receptor. Conversely,
inverse agonists inhibit constitutive GPCR signaling by stabilizing the receptor in its
inactive conformation (Costa and Herz, 1989). Finally, neutral antagonists do not shift
the equilibrium toward either active or inactive states, but prevent the activity of agonists

and inverse agonists.

In the heterotrimeric G protein complex, the Ga subunit contains the GTP binding
site, while the Gy subunit is membrane-anchored via lipid modifications. The number of
different G proteins available to mediate intracellular signaling is relatively small
compared to the incredibly large and diverse GPCR superfamily. Ga subunits have 21
different isoforms, and they are classified broadly into four families: Gas, Gai, Gog, and
Gaz (Oldham and Hamm, 2008; Syrovatkina et al., 2016). A schematic detailing the
signaling pathways downstream of different G proteins is outlined in figure I-1. The Goy
family is made up of Gos and Goir. The s in this family stands for stimulatory, as Ga
subunits stimulate adenylyl cyclase, resulting in increasing levels of 3°,5’-cyclic

adenosine monophosphate (cCAMP). This cAMP second messenger serves to activate



protein kinase A (PKA). Similarly, Gooestimulates adenylyl cyclase activity in olfactory

SENSOry ncurons.

Conversely, Ga; subunits inhibit adenylyl cyclase activity. The Go,; family is the
most diverse of the G protein families, including Gaii, Gain, Goiz, Go, Goy, Gog, and
Go,. Gai-3 are widely expressed throughout the body. Ga,, proteins are highly expressed
in neurons, and are further subdivided into two splice variants: Gaoa and Goop.
Transducin, or Gar, is expressed in rods and cones. Upon light-induced activation of
rhodopsin, transducin removes inhibition on phosphodiesterases that break down cyclic
guanosine monophosphate (cGMP), leading to a decrease in intracellular cGMP.
Gustducin, or Go,, is expressed in ~25% of taste receptor cells (Margolskee, 2002).
Analogous to transducin, gustducin activation binds the inhibitory unit of taste cell cAMP
phosphodiesterase, resulting in decreased intracellular cAAMP. Ga,, is expressed in

neurons and platelets (Ho and Wong, 2001).

The Gag family activates phospholipase C (PLC), which cleaves
phosphatidylinositol 4,5-bisphosphate (PIP2) into the second messengers inositol 1,4,5-
trisphosphate (IP3) and diacylglycerol (DAG). IP3 mobilizes intracellular calcium stores
by activating ligand-gated calcium channels in the endoplasmic reticulum. DAG remains
membrane-associated and activates protein kinase C (PKC), resulting in downstream
phosphorylation of target proteins. This family includes Gog and Gai, which are
expressed ubiquitously, Ga,4 with expression in liver, kidney, and lung, and Ga,s and

Ga6 in hematopoetic stem cells.
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The Gay, subgroup contains Gajz and Gay; proteins. Both family members
regulate the activity of small GTPase Rho through guanine nucleotide exchange factor
(RhoGEF). This modulation of RhoGEF results in activation of Rho and subsequent

reorganization of the actin cytoskeleton (Kristiansen, 2004; Neves et al., 2002).

The B and y subunits of the heterotrimeric G protein complex form a single
functional unit. This unit can be composed of one of five § isoforms and one of twelve y
isoforms. Except for Gfs, which is expressed mainly in the brain, G} isoforms are widely
expressed. Gy isoforms are more diverse; isoforms of show restricted expression in the
olfactory epithelium (Gy8), the brain (Gy3, Gy4), retinal rods and brain (Gyl), and taste

receptor cells and brain (Gy13) (Syrovatkina et al., 2016).
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Figure I-1. Representation of various G protein-mediated signaling pathways.
Schematic representation of GPCR signaling via Ga and Gy subunits. Gos stimulates
adenylyl cyclase (AC) to increase cytosolic cAMP, while Ga, inhibits AC, resulting in
decreased cAMP. Gay activates phospholipase C (PLC), which leads to subsequent
activation of protein kinase C (PKC) and increases in intracellular calcium. Gaj»-family
subunits activate RhoGEF, increasing GTP-Rho. Gy subunits can act by activating PLC,
inhibiting calcium ion channels, activating potassium ion channels, activating mitogen-
activated protein kinases (MAPK), and activating the phosphatidylinositide-3 kinase

(PI3K) signaling pathway.
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1.3.2 Termination and modulation of GPCR signaling

The maintenance of cellular homeostasis requires that cells have mechanisms for
terminating and regulating signals once they are received. Upon activation, most GPCRs
are internalized from the cell surface, then either recycled to the surface after dissociating
from the agonist or targeted to the lysosome for degradation (Ferguson et al., 1996).
When exposed to a stimulus for an extended amount of time, desensitization occurs,
wherein cells become decreasingly responsive to the continued presence of a ligand
(Breer et al., 1990; Schleicher et al., 1993). Receptor desensitization is associated with
phosphorylation of the receptor and is known to be mediated by the interaction of two
protein families: B-arrestins and G protein coupled-receptor kinases (GRKs) (Attramadal
et al., 1992; Stadel et al., 1983). Kinases activated downstream of GPCRs, such as PKA
and PKC, can also phosphorylate GPCRs, usually at sites distinct from GRK
phosphoryaltion. Phosphorylated receptors are less capable of stimulating G proteins,
leading to general, or heterologous, desensitization (Benovic et al., 1985; Pitcher et al.,

1992).

Homologous desensitization occurs when GRKSs are activated, which
phosphorylate only activated receptors (Lohse et al., 1992). There are seven known GRK
family members. GRK1 and 7 regulate rhodopsin and the color opsins, and thus are only
expressed in retinal rods and cones, respectively (Weiss et al., 2001). GRK4 is expressed
in the testes, cerebellum, and kidneys (Virlon et al., 1998). GRK2, 3, 5, and 6 are
ubiquitously expressed (Willets et al., 2003). Receptor phosphorylation by GRKs leads to

recruitment of arrestin proteins, which prevent coupling to G proteins and promote
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internalization of receptors. The retinal-specific arrestin deactivates rhodopsin, whereas
the ubiquitously expressed B-arrestin proteins 1 and 2 (also called arrestins 2 and 3)
interact with a wider variety of receptors (Kuhn and Wilden, 1987). B-arrestins facilitate
clathrin-mediated endocytosis of receptors, and ubiquitination of B-arrestin proteins
bound to activated receptors results in the targeting of the activated receptor to the

lysosome for degradation (Shenoy et al., 2001).

In addition to facilitating the termination of receptor signaling, -arrestins can
transduce G protein-independent signals by activating their own complement of
downstream effectors. For example, -arrestins act as scaffolds linking activated GPCRs
to signaling pathways such as the mitogen activated protein kinase (MAPK) signaling
cascade (Lefkowitz and Shenoy, 2005). Furthermore, B-arrestinl can translocate to the
nucleus and promote gene transcription by recruiting cofactors and enhancing histone
acetylation (Kang et al., 2005). Interestingly, B-arrestin signaling predominantly acts on

pro-survival and anti-apoptotic pathways.

B-arrestin-mediated signaling does not occur in a 1:1 fashion with G protein
activation. Signaling bias toward the -arrestin pathway was discovered when different
agonists of the muscarinic acetycholine receptor M1 (M1) demonstrated differing
efficacies for distinct second messenger systems (Fisher et al., 1993; Gurwitz et al.,
1994). Since then, biased agonism has been demonstrated for dopamine, opioid, and
chemokine receptors (Kohout et al., 2004; Lewis et al., 1998; Whistler and von Zastrow,

1998).
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Direct interacting partners of GPCRs have been shown to be critical signaling
regulators. These interacting partners can be other GPCRs, as is the case with GPCR
dimerization. In some cases, dimerization is critical for receptor function. For example,
the sweet and umami taste receptors are obligate heterodimers of the taste receptor type 1
member 3 (T1R3) with TIR2 and T1R1 respectively (Nelson et al., 2002; Nelson et al.,
2001). In other cases, dimerization modulates receptor responsivity to agonists, as is the
case for the 9 and « opioid receptors (Jordan and Devi, 1999). Other interacting partners
bind GPCRs at PSD95-Dlg1-ZO1 (PDZ) domains located on their distal carboxy (C)-
termini. PDZ proteins regulate subcellular localization and modulate signaling pathways

by maintaining cellular scaffolds (Fanning and Anderson, 1999; Ritter and Hall, 2011).

The signaling of GPCRs through various subtypes of G proteins and -arrestins
presents a complex signaling landscape for each receptor. Modulation of GPCR signaling
by interaction with various partners adds a further layer of regulation on cellular
responses to external stimuli. Because of the broad expression of GPCRs throughout the
body, such versatility in function contributes to a staggeringly diverse array of

downstream physiological responses.

1.4 Clinical relevance of GPCRs

1.4.1 Advantages of pharmacologically targeting GPCRs
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Mutations in GPCRs are known contributors to the development of human
disease. Mechanistically, diseases associated with GPCR mutations can occur due to i)
loss of receptor function through misfolding, ii) decreased receptor signaling activity, or
iii) increased constitutive signaling. Mutations in GPCRs are implicated in disorders
ranging from color blindness and retinitis to familial glucocorticoid deficiency (Spiegel,
1996; Thompson et al., 2014). Defects in G protein function can also contribute to the

development of disease.

Given that GPCRs are involved in many critical signaling systems throughout the
body, it is unsurprising that GPCRs are the targets of ~30% of small molecule drugs
currently on the market (Santos et al., 2017). Restricted expression patterns allow for
selective activation of desired signaling pathways in target organs (Tobin et al., 2008),
and GPCRs are expressed in all tissue types (Regard et al., 2008). The localization of
most GPCRs to the cell surface simplifies drug design, as many small molecule drugs do
not easily cross cell membranes. Looking forward, GPCRs still have great potential as
targets for novel therapeutics. Although the human genome contains 390 nonodorant
GPCRs, only about 10% of them have been successfully pharmacologically targeted so
far (Alexander et al., 2015; Congreve et al., 2011; Hopkins and Groom, 2002; Overington

et al., 2006).

1.4.2 Orphan GPCRs
Of the nearly 800 identified human GPCRs, ~120 remain orphans, without an

identified endogenous ligand (Alexander et al., 2015). Orphan receptors have been
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implicated in many neurological diseases, and many orphan GPCRs are abundantly
expressed in the brain (Ahmad et al., 2015). Understanding the signaling of orphan

GPCRs will provide greater insight into the mechanisms of neurological diseases.

Although a large percentage of FDA-approved drugs target GPCRs, current GPCR
drugs only act on about 10% of known receptors (Alexander et al., 2015). Consequently,
orphan GPCRs represent a largely unexploited group of potential pharmacological
targets. Efforts have been made to deorphanize (identify the endogenous ligands of)
various orphan GPCRs, with some success. High-throughput screening for small
molecule agonists has shed light on the pharmacology of some orphan receptors for
which ligands have not yet been identified (Ahmad et al., 2015). Lacking an endogenous
ligand, many efforts toward understanding the pharmacology of orphan GCPRs focus on
the regulation of GPCR expression and signaling by small molecules (when available)

and interacting partners.

1.5 GPR37 and GPR37L1
1.5.1 Identification

GPR37 and GPR37L1 are class A (rhodopsin family) orphan receptors that are
highly expressed in the brain. GPR37 was originally cloned as a putative 7TM receptor
by two separate groups in 1997 (Marazziti et al., 1997; Zeng et al., 1997). It was
identified both as GPR37 and as the human endothelin B receptor-like protein hET(B)R-
LP because of its close homology to the endothelin B (ETg) receptor (Zeng et al., 1997).

Subsequent efforts to identify homologs of the bombesin family, ETg, or both endothelin
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and bombesin receptor families also resulted in identification of GPR37 (Donohue et al.,
1998; Leng et al., 1999; Valdenaire et al., 1998). GPR37L1 was identified a year after
GPR37, and it was originally named ET(B)R-LP-2 (Valdenaire et al., 1998). It has 68%
similarity and 48% identity to GPR37. Despite their similarity to the ETg receptor,
GPR37 and GPR37L1 are not activated by endothelins or related peptides (Donohue et

al., 1998; Leng et al., 1999; Valdenaire et al., 1998; Zeng et al., 1997).

1.5.2 Expression pattern

GPR37 and GPR37L1 are both widely expressed in the brain. GPR37 is
particularly highly expressed in the corpus callosum and substantia nigra (Donohue et al.,
1998; Marazziti et al., 1997; Zeng et al., 1997). Lower levels of GPR37 expression are
found in the spinal cord, placenta, liver, stomach, and testes (La Sala et al., 2015). Some
groups have reported low levels of GPR37 expression in heart, liver, kidney, pancreas,
and skeletal muscle (Leng et al., 1999; Zeng et al., 1997), although others failed to
detected GPR37 in these other peripheral tissues (Marazziti et al., 1997). Within the
brain, GPR37 is most highly expressed in myelinating oligodendrocytes, dopaminergic
neurons, and hippocampal neurons, with lower expression in oligodendrocyte precursor

cells (Cahoy et al., 2008; Imai et al., 2001; Yang et al., 2016).

GPR37L1 is expressed in the heart and gastrointestinal system in addition to the
brain (Ito et al., 2009; Leng et al., 1999; Min et al., 2010; Valdenaire et al., 1998). Low
levels of GPR37L1 transcripts have also been identified in rodent pituitary, stomach,

lung, liver, and kidney (Leng et al., 1999). However, this expression pattern has not been
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observed in human tissue. In the brain, GPR37L1 is most highly expressed in Bergmann
glia in the cerebellum (Valdenaire et al., 1998). Expression of GPR37L1 is also observed
in astrocytes, oligodendrocyte precursor cells and certain neuronal populations (Cahoy et

al., 2008; Meyer et al., 2013).

1.5.3 Putative ligands

Several peptides have been reported to bind to GPR37 and/or GPR37L1, although
there is not presently a consensus as to whether any of these peptides represents
endogenous ligands for these receptors. For example, head activator (HA) peptide, which
was originally identified in Hydra and reported to have a human homolog (Bodenmuller
and Schaller, 1981), was reported to promote GPR37-mediated signaling (Rezgaoui et al.,
2006). In this study, HA was found to induce internalization of GPR37 and provoke
GPR37-mediated calcium signaling in transfected human embryonic kidney (HEK)293
cells. Another study reported that HA stimulated calcium-mediated nuclear factor of
activated T cells (NFAT) reporter gene expression in a GPR37-dependent manner and
also induced internalization of GPR37 (Gandia et al., 2013). However, another study
found no effect of HA on GPR37 surface expression or signaling (Dunham et al., 2009).

Furthermore, no human analogue of HA has been definitively identified.

The secreted glycoprotein prosaposin, and a peptide fragment known as
prosaptide, were found to induce internalization of GPR37 and GPR37L1, increase
phosphorylation of the extracellular signal-regulated kinase (ERK), and decrease

accumulation of cAMP in a manner dependent on expression of GPR37 or GPR37L1
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(Meyer et al., 2013). This evidence led to the conclusion that prosaposin and its peptide
analog prosaptide might be agonists for GPR37 and GPR37L1. The interaction of
prosaptide with GPR37 was confirmed in subsequent work utilizing fluorescence
correlation spectroscopy and other approaches (Lundius et al., 2014), but subsequent
functional studies have not provided evidence that prosaptide significantly stimulates the
signaling activity of GPR37 or GPR37L1 (Coleman et al., 2016; Yang et al., 2016).
Although the lack of a widely-accepted endogenous ligand has represented a stumbling
block in studies on GPR37 and GPR37L1, other work over the past decade has focused
on the study of regulators and interacting partners of GPR37 and GPR37L1 that regulate

the receptors’ trafficking and/or constitutive signaling activity.
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Figure I-2. Reported GPR37 and GPR37L1 signaling pathways. A) HA was reported
to increase intracellular calcium via GPR37 by activation of transient receptor potential
family (TRP) calcium channels (Rezgaoui et al., 2006). This observed signaling was
sensitive to pertussis toxin, indicating that HA signals through Go;. B) Our lab reported
that PSAP activates GPR37 and GPR37L1, resulting in activation of Go; and decreased
intracellular cAMP (Meyer et al., 2013). Furthermore, increased ERK phosphorylation
was observed upon PSAP treatment of cells expression GPR37 or GPR37L1. Finally,
PSAP treatment resulted in internalization of GPR37 and GPR37L1. C) GPR37L1 was
reported to have constitutive Gas-coupled activity in a cAMP response element (CRE)
reporter gene assay (Coleman et al., 2016). Truncation of the N-terminus of GPR37L1

attenuates its constitutive signaling to CRE.
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1.5.4 Regulation and interacting partners

GPR37 is infamous for its aggregation and poor trafficking to the cell surface
upon expression in heterologous cells (Dunham et al., 2009; Imai et al., 2001; Zeng et al.,
1997). Because GPR37 in implicated in various neurological diseases (see section 1.5.6),
extensive efforts have been made to promote surface expression of the receptor in vitro to
facilitate examination of the receptor’s pharmacology. For example, GPR37 surface
expression can be increased by treatment with the chemical chaperone, 4-phenylbutarate
(4-PBA) (Kubota et al., 2006). Truncation of the long-unstructured N-terminus (Dunham
et al., 2009) or a six-cysteine motif in the C-terminus (Gandia et al., 2013) also results in
enhanced GPR37 surface expression. Finally, co-expression of GPR37 with the PDZ
protein syntenin-1 substantially enhances receptor surface expression (Dunham et al.,

2009).

As discussed in section 1.3.2, the regulation of GPCR signaling is critical for the
maintenance of homeostasis, and heterodimerization is one method through which GPCR
signaling is modulated. GPR37 has been reported to interact with the D, dopamine
receptor and the A2 adenosine receptor (Dunham et al., 2009; Gandia et al., 2015).
Moreover, GPR37L1 undergoes truncation at its amino (N)-terminus by members of the
disintegrin and metalloproteinases (ADAM) family, which reduces receptor constitutive
signaling activity in vitro (Coleman et al., 2016). In separate work, the long NT of
GPR37 was also shown to be cleaved and released in heterologous cells (Mattila et al.,
2016). Whether and how these truncations and interacting partners affect receptor

signaling in vivo are questions that drive active areas of research.
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1.5.5 Cytotoxicity and cytoprotection

Overexpression of GPR37 in heterologous cell lines can cause cytotoxicity, an
effect that has been observed since the infancy of the GPR37 field (Imai et al., 2001;
Zeng et al., 1997). In 2001, GPR37 was identified as a novel interacting partner of the
E3 ubiquitin ligase parkin, and thus was named the parkin-associated endothelin receptor-
like receptor (PaelR) (Imai et al., 2001). GPR37 is prone to misfolding, and under normal
conditions, misfolded GPR37 is bound to Hsp70, a molecular chaperone that promotes
correction of misfolded proteins (Imai et al., 2002; Imai et al., 2001). However, following
cell stress, carboxyl terminus of the Hsc70-interacting protein (CHIP) is upregulated and
promotes dissociation of Hsp70 from GPR37. Parkin associates with the GPR37-CHIP
complex to polyubiquitinate GPR37, thus targeting the receptor for proteasomal
degradation. When parkin activity is lost, misfolded GPR37 aggregates and triggers the
unfolded protein response (UPR) and subsequent cell death (Yang et al., 2003).
Mutations in parkin are linked to autosomal recessive juvenile parkinsonism (ARJP), and
so the identification of GPR37 as a parkin substrate inspired extensive work focused on

the role of GPR37 in dopaminergic neuotoxicity and parkinsonism.

Evidence for GPR37-induced cytotoxicity is mainly linked to misfolding and
aggregation of the receptor upon overexpression. However, recent work suggests that
GPR37, when appropriately folded and trafficked to the cell surface, can protect cells
from insults (Lundius et al., 2013; Lundius et al., 2014; Meyer et al., 2013). A better
understanding of the signaling pathways activated by GPR37 and GPR37L1 will be

necessary to tease apart the cytoprotective and cytotoxic effects of these two receptors.
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1.5.6 Disease association and animal models

There have been a number of studies on mice lacking GPR37 or GPR37L1, with
this body of work laying the foundation for understanding the roles of these receptors in
vivo (reviewed in (Smith, 2015)).These reports span a variety of biochemical and
behavioral readouts, including altered dopaminergic tone (Imai et al., 2007; Marazziti et
al., 2004; Marazziti et al., 2007), increased anxiety- and depression-like behavior
(Mandillo et al., 2013), and altered behavioral responses to cocaine and
methamphetamine in Gpr3 7" mice (Marazziti et al., 2011). Only one study to date has
examined the phenotype of Gpr37L1"" mice, which showed precocious development of

the cerebellum, again resulting in a mild phenotype (Marazziti et al., 2013).

Despite the high expression of GPR37 in myelinating oligodendrocytes, little is
known about the contribution of GPR37 signaling to oligodendrocyte and myelin
physiology. A study of Gpr37” mice during development revealed that they display
precocious myelination and slightly increased thickness of the myelin sheath (Yang et al.,
2016). However, no published studies have yet explored the effect of GPR37 signaling on

demyelination.

1.6 Oligodendroglia and myelination
1.6.1 Role of oligodendrocytes and myelin in brain function
Oligodendrocytes are the myelinating cells of the central nervous system.

Neuronal signaling depends on action potentials, wherein a chemical signal is received by
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the neuron and converted into an electrical signal. This electrical signal travels the length
of the axon and is converted back into a chemical signal via the release of
neurotransmitters from the axon terminal (Bean, 2007). The electrical signal is
propagated by opening of voltage-gated sodium (Nay) channels expressed along the
length of the axon, with the resulting influx of sodium causing depolarization of the
membrane. Oligodendrocytes produce myelin that is wrapped around axons in
multilayered segments (Bunge, 1968). Myelin is a fatty sheath that is highly structured by

organization of specific myelin proteins.

Myelin prevents ions from entering or leaving the axon by reducing membrane
capacitance and increasing membrane resistance in myelinated segments, and it confers
two major advantages in neuronal signaling: rapid conduction velocity and energy
efficiency (Baumann and Pham-Dinh, 2001). In between myelin segments, unmyelinated
regions of the axon form nodes of Ranvier containing Na, channels. The current of the
action potential is carried by the cytoplasm through myelinated segments to the next
node, where it causes depolarization and a fresh influx of sodium ions (Tasaki, 1939).
This “jumping” conduction from node to node is termed saltatory conduction, from the
Latin saltare, meaning to hop or leap (Huxley and Stampfli, 1949). In unmyelinated
axons, on the other hand, action potentials propagate in a way more analogous to a wave;
depolarization of one axon membrane segment results in depolarization of the membrane
directly next to it. Thus, an action potential is more rapidly propagated along a

myelinated axon than an unmyelinated axon.
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In addition to the rapid conduction of electrical signals, myelin prevents the loss
of ions through membrane “leaking” (Hartline and Colman, 2007). Thus, less current is
needed to successfully fire an action potential in myelinated axons because the density of
Na, channels along the axon is lower, and the overall ionic imbalance that needs
restoration following depolarization is smaller. This setup decreases the metabolic
demand of neuronal signaling. Given that myelin is what allows neuronal signals to travel
long distances with high fidelity, understanding the signaling pathways underlying the

development of myelin are critical to understanding the function of the brain.

1.6.2 Oligodendrocyte development

Oligodendrocyte differentiation is a terminal process. Thus, the timing of
differentiation and axon ensheathment is tightly regulated by the upregulation of a series
of positive regulators of myelination and removal of negative regulators of myelination
(Bercury and Macklin, 2015). Oligodendrocyte precursor cells (OPCs) differentiate from
neural stem cells following the gliogenic switch during development (Shimazaki, 2016).
OPCs migrate along the nascent vasculature to populate the entire developing brain (Tsai
et al., 2016). After migration, an intrinsic internal clock and pro-differentiation external
signaling factors promote the differentiation of OPCs into mature oligodendrocytes.
Differentiation of oligodendrocytes is a multistep process characterized by changes in
expression of molecular markers and morphological changes. Mature oligodendrocytes
have a complex morphology, with branched processes. Following differentiation,

oligodendrocytes extend processes in search of an axon to myelinate (Hughes et al.,
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2013; Kirby et al., 2006). Once an axon has been selected for myelination, the

oligodendrocyte process wraps around the axon to form a multilamellar myelin sheath.

1.6.3 Myelination

Mature oligodendrocytes can contribute myelin segments on about 20-60 axons
(Chong et al., 2012; Hildebrand et al., 1993; Matthews and Duncan, 1971). The process
of myelination is thought to involve actin disassembly, wherein filamentous actin (f-
actin) is stimulated to depolymerize into globular actin (g-actin) (Zuchero et al., 2015).
G-actin is then free to re-polymerize on the leading edge of the myelin sheath, pushing
the inner tongue forward around the axon. Myelin basic protein (MBP) is the most
abundant protein present in myelin, and its expression is critical for myelin wrapping and
compaction (Rosenbluth, 1980; Shine et al., 1992). When MBP is knocked down in
cultured oligodendrocytes using siRNA, the density of actin filaments in
oligodendrocytes is increased, suggesting that MBP is necessary to promote the
depolymerization of actin that allows the myelin sheath to wrap around the axon

(Zuchero et al., 2015).

To serve one of its main functions as an insulator that prevents the leakage of
ions, myelin must be compacted (Hartline and Colman, 2007). Compaction results in
tightly wrapped layers with very little cytoplasm in between. Myelin proteins can serve as
structural support for the myelin sheath, and they are differentially expressed throughout

the myelin depending on their function (Han et al., 2013). For example, the myelin-
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associated glycoprotein MAG stabilizes the axon-myelin connection, and is therefore

enriched on the innermost layer of the myelin sheath (Trapp et al., 1989).

Organization of the nodes of Ranvier depends on appropriate subcellular
localization of adhesion proteins in the process of the myelinating oligodendrocyte and
the axon (Arroyo and Scherer, 2000). Each nodal unit consists of the node, which lacks
myelin, the paranode, which is the segment of the myelin sheath that is immediately next
to the node and is uncompacted, and the juxtaparanode, which acts as the compacted
separator between the myelin and the node (Rasband and Peles, 2015). All other sections
of the myelin sheath are considered internodal myelin. One reported GPR37 interacting
partner, CASPR2, is known to be involved in compaction of myelin in the juxtaparanode

(Arroyo and Scherer, 2000; Tanabe et al., 2015).

Myelination begins in late embryonic development, but mostly occurs postnatally.
During development, myelination contributes to the generation of functional circuits.
However, the brain maintains myelin plasticity throughout adulthood (Boulanger and
Messier, 2014). One way in which this is mediated is via neuronal activity-dependent
myelination. Oligodendrocytes express glutamate receptors, and activation of these
receptors has been shown to promote an increase in myelin sheath thickness (Fields,
2015). There is also evidence that direct electrical stimulation from active neurons can
induce thickening of myelin at specialized axon-oligodendrocyte synapses. In addition to
receiving functional inputs from neurons, myelin and oligodendrocytes also provide

trophic support for myelinated axons (Nave, 2010).
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Myelin turnover is common in the healthy adult brain, and a pool of OPCs is
maintained into adulthood, which can migrate to sites lacking myelin and differentiate
into mature myelinating oligodendrocytes (Boulanger and Messier, 2014). Disruptions in
regular myelin maintenance and turnover, either through direct insults to myelin, failure
of differentiation of oligodendrocytes, or exhaustion of the pool of adult OPCs, results in

demyelination and neurological deficits.
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Figure I-3. Schematic representing the differentiation pathway of oligodendroglia.
OPC:s differentiate into mature oligodendrocytes and extend processes to ensheath axons
(shown in cross section in green) in a multilamellar myelin sheath. A subpopulation of
OPCs capable of migrating to sites of demyelination and differentiating into myelinating

oligodendrocytes is maintained into adulthood.
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1.6.4 Demyelination and remyelination

The causes of pathological demyelination are incompletely understood and
variable. Demyelination has been linked to blood-brain barrier disruption and subsequent
peripheral immune cell infiltration (Aube et al., 2014), apoptosis of oligodendrocytes
(Traka et al., 2016), viral infection (Trandem et al., 2010), and environmental factors
(Ebers, 2013). Demyelinated axons are, at least initially, spontaneously remyelinated
(Barnabe-Heider et al., 2010). However, almost invariably, remyelination fails as

demyelinating diseases progress.

One of the most common demyelinating disorders is multiple sclerosis (MS), an
autoimmune inflammatory disorder that leads to progressive demyelination in the central
nervous system (Steinman, 1996). The exact causes of MS are unknown. Patients with
MS experience a wide variety of neurological deficits because of the loss of rapid signal
conduction in demyelinated lesions (Compston and Coles, 2008). Some of the most
common symptoms include vision impairment, numbness or tingling of the extremities,
difficulty walking, fatigue, and depression. The median age of onset of MS is 29, while
the median time to death is around 30 years from disease onset (Bronnum-Hansen et al.,
2004). In addition to complications from demyelination, patients with MS have an
increased risk of suicide, with an increase in lifetime frequency of depression around
50% (Minden and Schiffer, 1990). MS preferentially affects females, with a 3:1 female

to male ratio in MS patients (Orton et al., 2006).



35

All currently FDA-approved therapies for MS suppress the immune system.
When used early and aggressively, these drugs can reduce frequency of relapses in
patients with relapsing-remitting forms of MS. Unfortunately, long-term use of
immunosuppressants is associated with undesired side effects (Wingerchuk and Carter,
2014). Furthermore, patient compliance with MS drugs is frequently low, because they
require daily or weekly injections (Wingerchuk and Carter, 2014). The current MS
treatment landscape has two great unmet needs: myelin-protective therapies that can slow
or halt progressive MS and regenerative therapies that can restore lost myelin and axons.
GPCRs selectively expressed in myelinating cells present attractive targets for both the
understanding of the molecular underpinnings of demyelinating disease and for
developing novel treatments that do not solely rely on suppressing the immune system.
Further understanding of the mechanisms underlying prolonged demyelination and
failure of remyelination will open the door for the development of therapeutics that could
contribute to improved quality of life for patients with demyelinating disorders and

overall improved patient outcomes.

1.6.5 Animal models of demyelination and remyelination

Preclinical studies on mechanisms of and treatments for demyelination disorders
rely on animal models. MS is a complex disease and can affect a variety of brain regions
to different degrees in different patients. Given the heterogeneity of symptoms and
clinical features of MS, no one animal model can completely recapitulate the human
disease. However, several different well-established classes of demyelination models

exist and feature many similarities with human disease (Procaccini et al., 2015). One of
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the most well characterized models is experimental autoimmune encephalomyelitis
(EAE), in which autoimmunity to myelin is induced by immunization of mice with self-
antigens derived from myelin proteins such as myelin basic protein (MBP), myelin
oligodendrocyte glycoprotein (MOG), and proteolipid protein (PLP) (Batoulis et al.,
2011). Animals in the EAE paradigm experience ascending paralysis and cyclic disease
course reminiscent of the relapsing-remitting pattern typical early in many cases of MS
(Tuohy et al., 1989). However, EAE is limited in that demyelinated lesions occur
stochastically, making it difficult to reliably study mechanisms of remyelination in this
model. Furthermore, EAE mainly affects myelination in the spinal cord, whereas MS and

other demyelination disorders show prominent demyelination in the brain.

In addition to provoking autoimmunity, demyelination can be induced in animals
through treatment with toxins. One of the most common toxic demyelinating agents is
bis-cyclohexanone-oxaldihydrazone, or cuprizone. Cuprizone is a copper chelator that
causes oligodendrocyte cell death and demyelination (Matsushima and Morell, 2001).
Maintenance of myelin places an extensive metabolic demand on mature
oligodendrocytes, and copper deficiency due to the chelation activity of cuprizone is
thought to be the reason behind cuprizone-induced oligodendrocyte apoptosis. However,
the reason(s) that cuprizone-induced apoptosis is selective for oligodendrocytes remain
unclear (Liu et al., 2010; Lucchinetti et al., 2000). While cuprizone is not suitable for
studying autoimmune-mediated demyelination, a strength of this model is that

demyelination can be followed by reliable remyelination after removal of cuprizone
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treatment. Thus, the cuprizone model is well suited for exploring mechanisms of

myelination and remyelination.

1.7 GPCRs in myelin health and disease
1.7.1 GPCRs regulating oligodendrocyte development and myelination

Several well-established GPCR signaling pathways contribute to the development
of oligodendrocytes and myelination. Canonical Wnt signaling through frizzled GPCRs
inhibits OPC differentiation and myelination (Fancy et al., 2009; Fancy et al., 2014) and
plays a key role in interactions between migrating OPCs and the vascular endothelium
(Tsai et al., 2016). GPR17 is a rhodopsin-family orphan receptor that is highly enriched
in OPCs and pre-myelinating oligodendrocytes, but not myelinating oligodendrocytes
(Chen et al., 2009; Fumagalli et al., 2011). The endogenous ligand of GPR17 is unknown,
but in vitro work with small molecule agonists demonstrates that GPR17 has the capacity
to couple to Gas, Gaijo, and Gag proteins (Hennen et al., 2013; Simon et al., 2016). This
work also shows that activation of GPR17 inhibits differentiation of oligodendrocytes in
vitro, which complements reports that loss of GPR17 in vivo results in precocious
myelination, while overexpression of GPR17 results in impaired oligodendrocyte

development and hypomyelination (Chen et al., 2009).

As mentioned above, it was recently shown that loss of GPR37 results in
precocious myelination in the brains of developing mice (Yang et al., 2016). While

GPR17 expression decreases upon oligodendrocyte differentiation, GPR37 expression



38

remains high in mature myelinating oligodendrocytes. However, the role that GPR37

might play in myelination beyond development is incompletely understood at present.

1.7.2 GPCRs regulating demyelination and remyelination

While the exact mechanisms of demyelination are unknown, several
oligodendrocyte-enriched GPCRs are emerging as key regulators of the stability of
myelin and differentiation of oligodendrocytes. The k-opioid receptor (KOR) was
identified as a target in a high-throughput screen for compounds that affect
oligodendrocyte differentiation (Mei et al., 2016). The authors reported that KOR
agonists promote differentiation and KOR antagonists inhibit differentiation of OPCs.
This work was further validated in vivo when it was reported that KOR agonists relieved
the clinical features of experimental autoimmune encephalomyelitis (EAE), an animal
model of demyelination, while genetic deletion of KOR exacerbates EAE (Du et al.,

2016).

An in vitro high-throughput screen for compounds regulating OPC differentiation
revealed that benztropine, an antagonist of the muscarinic acetylcholine receptor subtypes
M1 and M3, promotes remyelination in vitro (Deshmukh et al., 2013). As discussed
previously, the high expression of GPR37 in oligodendrocytes (Cahoy et al., 2008; Imai
et al., 2001; Yang et al., 2016) and the recent report about the effect of GPR37 deletion
on myelination during development (Yang et al., 2016) mark GPR37 as a myelin-
regulating GPCR. However, the potential regulation of demyelination or remyelination

by GPR37 has not yet been explored. Further understanding the signaling of various
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GPCRs that are highly expressed in myelinating cells will prove enlightening in the
understanding of myelin development and demyelination while also providing new

therapeutic targets for the treatment of demyelination disorders.

1.8 Aim of dissertation research

The goal of these dissertation studies has been to expand our understanding of the
role of GPR37 signaling in oligodendroglial biology and demyelination. My colleagues
and I approached this goal by using knockout models to identify differentially regulated
proteins in Gpr3 7" mice (Chapter 2), utilizing a model of demyelination to investigate a
potential role for GPR37 in demyelinating disease (Chapter 3), and identifying synthetic
compounds and interacting partners that modulate GPR37 signaling (Chapter 4). Findings
from my dissertation research show that GPR37 regulates the expression of the myelin-
associated glycoprotein MAG and protects against cuprizone-induced demyelination.
Furthermore, octoclothepin maleate and regenerating islet-derived family member (REG)

proteins are identified as novel inhibitors of GPR37 signaling in vitro.
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CHAPTER II: GPR37 Regulates Expression of the Myelin-associated Glycoprotein

MAG

This chapter is adapted in part from: Smith, B.M.; Giddens, M.M.; Neil, J.; Owino, S.;
Nguyen, T.T.; Duong, D.; Li, F.; and Hall, R.A. Mice lacking Gpr37 exhibit decreased
expression of the myelin-associated glycoprotein MAG and increased susceptibility to

demyelination. Manuscript submitted.

Author contributions: Samples for proteomic analyses were prepared by M. Giddens.

Mass spectrometry was performed by D. Duong. Proteomic data were analyzed by D.
Duong, M. Giddens, and B. Smith. T. Nguyen contributed to the mRNA quantification in
Fig. II-1C, and M. Giddens provided replicates for the coimmunoprecipitation studies in
Fig. II-3B. All other experiments described in this chapter were designed and performed

by B. Smith.
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2.1 Abstract

Given the high expression of GPR37 and GPR37L1 in oligodendroglia and the
identified role for GPR37 in myelination, we sought to identify differentially expressed
proteins in mice lacking Gpr37 and/or Gpr37L1 and potential interacting partners of the
two receptors. We utilized proteomic analysis of differentially expressed proteins in
Gpr37/Gpr37L1 double knockout (DKO) mice compared to wild type (WT) mice. One of
the most significantly decreased proteins identified was the myelin-associated
glycoprotein Mag. Conversely, other proteins expressed in oligodendroglia identified by
the proteomic analysis were not differentially expressed between WT and DKO mice.
Decreased Mag expression in DKO mice was confirmed at the protein level using
western blot analysis, and Mag protein expression was also found to be decreased in mice
lacking Gpr37 (Gpr3 7”) but not Gpr37L1 (Gpr37L1 ”). Mag mRNA expression levels in
WT and Gpr37” mice were assessed using reverse transcription and quantitative
polymerase chain reaction (qPCR). These studies found that there was not a significant
difference between Mag mRNA expression levels in WT and Gpr37” mice, indicating
that loss of Gpr37 regulates Mag expression at the protein level. MAG and GPR37 were
co-expressed in HEK293T/17 cells to further study GPR37-mediated regulation of MAG
expression in vitro. No significant differences in MAG protein expression were observed
in the presence or absence of GPR37, and thus the in vivo regulation of MAG expression
by GPR37 was not recapitulated in our in vitro system. However, coimmunoprecipitation
studies indicated that GPR37 coimmunoprecipitates with MAG in vitro. Future work will
seek to identify the structural determinants and functional significance of the

MAG/GPR37 interaction.



42

2.2 Introduction

GPR37 and GPR37L1 are highly expressed in oligodendrocytes (Cahoy et al.,
2008; Imai et al., 2001; Yang et al., 2016) and known to be protective in certain cellular
contexts (Lundius et al., 2013; Lundius et al., 2014; Meyer et al., 2013). Furthermore,
GPR37 has recently been shown to be a regulator of oligodendrocyte differentiation
(Yang et al., 2016). Although evidence exists for several different ligands that bind to
GPR37 and GPR37L1 (Gandia et al., 2013; Lundius et al., 2014; Meyer et al., 2013;
Rezgaoui et al., 2006), the standards for deorphanization of this receptor have not been
met (Alexander et al., 2015). Furthermore, the signaling effects observed with either
prosaposin or HA are modest, reducing the dynamic range of any assay attempting to
examine factors that cause changes in the GPR37 or GPR37L1 signaling system. The
lack of a widely-accepted endogenous agonist or small molecule ligands presents a

challenge in understanding the mechanism of GPR37 and GPR37L1 signaling.

Even in the absence of efficacious agonists, there are still many avenues available
for understanding the physiological importance of a given receptor (Ahmad et al., 2015).
For example, much can be learned from phenotypically characterizing knockout animals.
The exploration of the phenotypes of Gpr37” and Gpr37L1"" mice has provided valuable
information on GPR37 and GPR37L1 signaling based on what pathways seem to be
deficient when the receptors are lost (Mandillo et al., 2013; Marazziti et al., 2013;
Marazziti et al., 2011; Wang et al., 2008; Yang et al., 2016). In addition to animal
models, orphan GPCR activity can be assessed by measuring constitutive signaling,

identifying interacting partners with which the receptors form heteromeric complexes,
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and developing synthetic surrogate ligands, all of which are discussed in detail in chapter
4. In the studies described in this chapter, we utilized Gpr37/Gpr37L1 double knockout
(DKO) mice to assess which proteins and/or signaling pathway components may be up-
or down-regulated in the absence of Gpr37 and/or Gpr37L1. We found that the myelin-
associated glycoprotein Mag is one of the most significantly decreased proteins in DKO
mice compared to wild type (WT) mice. Furthermore, we observed that Mag protein
levels are sharply reduced in the brains of Gpr37” mice and that GPR37

coimmunoprecipitates with MAG when both are overexpressed in HEK-293T cells.
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2.3 Experimental procedures

Tissue preparation for mass spectrometry: Brain tissue was collected from three-
month-old wild-type (WT) and GPR37/GPR37L1 double knockout (DK) mice and then
vortexed in urea lysis buffer (8M urea, 100 mM NaHPO4, pH 8.5), including HALT
protease and phosphatase inhibitor cocktail (Pierce). All homogenization was
performed using a Bullet Blender (Next Advance) per manufacturer protocols. Protein
supernatants were transferred to 1.5 ml Eppendorf tubes, subjected to centrifugation at
14,000 rpm for 1 min and sonicated (Sonic Dismembrator, Fisher Scientific) 3 times for
5 s with 15 s intervals of rest at 30% amplitude to disrupt nucleic acids. Samples were
subsequently vortexed. Protein concentrations were determined by the bicinchoninic
acid (BCA) method, and samples frozen in aliquots at —80°C. Protein homogenates
(100 pg) were then treated with 1 mM dithiothreitol (DTT) at 25°C for 30 minutes,
followed by 5 mM iodoacetimide (IAA) at 25°C for 30 minutes in the dark. Protein was
digested with 1:100 (w/w) lysyl endopeptidase (Wako) at 25°C overnight. Samples
were then diluted with 50 mM NH4HCO;s to a final concentration of less than 2M urea
and further digested overnight with 1:50 (w/w) trypsin (Promega) at 25°C. Resulting

peptides were desalted with a Sep-Pak C18 column (Waters) and dried under vacuum.

LC-MS/MS analysis: Derived peptides were resuspended in loading buffer (0.1%
formic acid, 0.03% trifluoroacetic acid, 1% acetonitrile). Peptide mixtures were
separated on a self-packed C18 (1.9 um Dr. Maisch, Germany) fused silica column (25

cm x 75 uM internal diameter (ID); New Objective, Woburn, MA) by a Dionex
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Ultimate 3000 RSLCNano and monitored on a Fusion mass spectrometer
(ThermoFisher Scientific, San Jose, CA). Elution was performed over a 120-minute
gradient at a rate of 300 nl/min with buffer B ranging from 3% to 80% (buffer A: 0.1%
formic acid in water, buffer B: 0.1 % formic in acetonitrile). The mass spectrometer
cycle was programmed to collect at the top speed for 3 second cycles. The MS scans
(400-1500 m/z range, 200,000 AGC, 50 ms maximum ion time) were collected at a
resolution of 120,000 at m/z 200 in profile mode, and the HCD MS/MS spectra (1.6
m/z isolation width, 32% collision energy, 10,000 AGC target, 35 ms maximum ion
time) were detected in the ion trap. Dynamic exclusion was set to exclude previous
sequenced precursor ions for 20 seconds within a 10 ppm window. Precursor ions with

+1 and +8 or higher charge states were excluded from sequencing.

Data Analysis for LC-MS/MS: RAW data for the samples was analyzed using
MaxQuant v1.5.4.1 with Thermo Foundation 2.0 for RAW file reading capability. The
search engine Andromeda, integrated into MaxQuant, was used to build and search a
concatenated target-decoy Uniprot mouse reference protein database (retrieved April
20, 2015; 53,289 target sequences), plus 245 contaminant proteins from the common
repository of adventitious proteins (CRAP) built into MaxQuant. Methionine oxidation
(+15.9949 Da), asparagine and glutamine deamidation (+0.9840 Da), and protein N-
terminal acetylation (+42.0106 Da) were variable modifications (up to 5 allowed per
peptide); cysteine was assigned a fixed carbamidomethyl modification (+57.0215 Da).
Only fully tryptic peptides were considered with up to 2 miscleavages in the database

search. A precursor mass tolerance of +20 ppm was applied prior to mass accuracy
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calibration and +4.5 ppm after internal MaxQuant calibration. Other search settings
included a maximum peptide mass of 6,000 Da, a minimum peptide length of 6
residues, 0.50 Da tolerance for low resolution MS/MS scans. Co-fragmented peptide
search was enabled to deconvolute multiplex spectra. The false discovery rate (FDR)
for peptide spectral matches, proteins, and site decoy fraction were all set to 1 percent.
Quantification settings were as follows: requantify with a second peak finding attempt
after protein identification has completed; match MS1 peaks between runs; a 0.7 min
retention time match window was used after an alignment function was found with a 20
minute RT search space. Quantification of proteins was performed using summed
peptide intensities given by MaxQuant. The quantification method only considered

razor plus unique peptides for protein level quantification.

Western blotting: Protein samples were reduced and denatured in Laemmli buffer,
loaded into 4-20% Tris-Glycine gels (Bio-Rad) for SDS-PAGE, and then were run at
120V for 20 minutes followed by 180V for 40 minutes. Proteins were transferred to
nitrocellulose membranes for 10 minutes using the Trans-Blot Turbo transfer system
(Bio-Rad). Blots were blocked for 30 minutes at room temperature with 2% milk (in
50mM NaCl, 10mM HEPES, pH 7.3 with 0.1% Tween-20 (Sigma)) and then incubated
in milk with primary antibodies for Mag (Abcam ab89780), Gstr (Abcam ab53943), Mog
(Abcam ab32760), Mbp (Cell Signaling Technology D8X4Q), actin (Abcam ab8227),
Gpr37 (MAD Technologies GPR37-3), or FLAG (Sigma-Aldrich A8592) overnight at
4°C. The following day, blots were washed with milk three times for five minutes. Blots

were then incubated in milk with secondary antibody at a 1:20,000 dilution for 30
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minutes at room temperature. Secondary antibody incubation was followed by three
seven-minute washes. Blots were developed using SuperSignal West Pico, West Dura, or
West Femto chemiluminescent substrate (Thermo) and visualized using a LiCor imaging
platform. Proteins were quantified using densitometry, performed with Image Studio

Lite software.

cDNA conversion and RT-PCR for Mag mRNA quantification. RNA was isolated
from the brains of 3 WT and 3 Gpr3 7" adult mice using TriZOL (Life technologies).
cDNA was prepared using random hexamers and reverse transcription. Real-time RT-
PCR (gqPCR) was performed using DyNaMo Sybr Green qPCR kit (Thermo-Scientific).
Changes in gene expression between WT and Gpr37” mice were assessed by ACt

2NBACY of Mag expression in Gpr37”

relative to Gapdh expression and fold change (
compared to WT mice. Gapdh primers (forward: ACCACAGTCCATGCCATCAC;
reverse: TCCACCACCCTGTTGCTGTA; ordered from IDT) were used as an internal
control and Mag primers (forward: AAAGGTGCCAGCAGCCCAGC; reverse:
CTTGACTCGGATTTCTGCATAC; ordered from IDT) were used to amplify MAG

cDNA.

Cell culture: HEK-293T/17 cells were acquired from ATCC (Manassas, VA) and
maintained in DMEM (Life Technologies) supplemented with 10% fetal bovine serum

and 1% penicillin/streptomycin in a humid, 5% CO,, 37°C incubator. Cells were
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transfected using Mirus (Madison, WI) TransIT-LT1 according to the manufacturer’s

protocol.

Coimmunoprecipitation: HEK-293T/17 cells were transfected in 10 cm dishes with 2pg
of either empty vector plasmid, GFP-tagged GPR37, or FLAG-tagged M1 and 1pg of MAG
(Origene) DNA at 50% confluency. After a 72-hour incubation, cells were harvested in
500 pl of lysis buffer (1% Triton X-100, 25 mM HEPES, 150 mM NaCl, 10 mM MgCl,, 1
mM EDTA, HALT protease inhibitor mix, and 2% glycerol) and lysed by slowly rotating
for 60 min at 4 °C. Cells were subjected to centrifugation to clear cellular debris, and
soluble cell lysates were incubated with 60ul of protein A/G beads and 3uL. of MAG
antibody for 1 h at 4 °C. Following five washes with lysis buffer, beads were resuspended

in 60 pl of 2X Laemmli buffer.

Generation of Knockout Mice and Maintenance of Mouse Colony: We obtained
GPR37-knockout (Gpr37”") mice from Jackson Laboratory (strain Gpr37™P€", stock
number 005806) and GPR37L1-knockout (Gpr37L17") mice from the NIH Mutant Mouse
Regional Resource Centers (strain Gpr3711™'™* stock number 011709-UCD). Following
10 backcrosses each with wild-type C57BL1/6 mice (Jackson Laboratory), the Gpr37”
and Gpr37L17" mice were crossed to develop the DKO line of mice. Genetic deletion of
GPR37 and/or GPR37L1 was confirmed by DNA sequencing, and loss of GPR37 and/or
GPR37L1 protein expression was confirmed by Western blotting of brain tissue samples
with specific anti-GPR37 and anti-GPR37L1 antibodies (MAb Technologies). All mice

were maintained on a C57BL/6J background and housed on a 12-h light/dark cycle, with
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food and water available ad libitum. All experiments were performed in accordance with
the guidelines of the Institutional Animal Care and Use Committee of Emory University.

Age-matched WT controls were used in all experiments.
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2.4 Results

2.4.1 Mag protein expression, but not mRNA expression, is decreased in brains of
Gpr37" mice

To gain molecular insight into the roles of GPR37 and GPR37L1 in the CNS,
brain tissue samples from double knockout (DKO) mice lacking both Gpr37 and
Gpr37L1 were subjected to LC/MS, and the expression levels of brain proteins were
evaluated. One of the most significantly decreased proteins identified in this screen was
the myelin-associated glycoprotein Mag, which exhibited almost 70% lower expression
in DKO vs. WT brain tissue (Table II-1). Given this striking difference, in addition to the
fact that GPR37 is found at its highest levels in oligodendrocytes (Cahoy et al., 2008;
Imai et al., 2001; Yang et al., 2016), we focused further analyses of the proteomic data on
other oligodendroglia-expressed proteins. However, none of the other oligodendroglia-
expressed proteins assessed were found at significantly different levels between WT and

DKO mice (Table II-1).

Western blot studies were performed next to provide a second independent
measure of oligodendroglia-expressed proteins in DKO brain tissue. Moreover, brain
tissue samples from GPR37-knockout (Gpr37”) and GPR37L1-knockout (Gpr37LI17")
mice were also included in these studies to determine whether one receptor or the other
might be more responsible for any observed alterations in the levels of oligodendroglia-
expressed proteins. A one-way ANOVA comparing Mag expression between WT,

Gpr3 77 ", Gpr37L1 ’/', and DKO mice resulted in a significant difference [F(3,28)=4.964,
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p=0.0069]. Post-hoc analysis using Sidak’s multiple comparisons test revealed that, as in
the proteomic analyses, Mag expression in the Western blot studies was significantly
decreased in DKO mice compared to WT (Figure 1I-1A-B). Expression of Mag was
decreased to a similar extent in brain tissue from Gpr37” mice. In contrast, Mag levels in
brain tissue from Gpr37L1"" mice were not significantly different from WT. Quantitative
PCR of whole RNA extracted from WT and Gpr37” mouse brains revealed no difference
in Mag mRNA expression (Figure II-1C-D). These results indicate that GPR37 regulates
expression of MAG at the protein level but not at the level of mRNA. Expression levels
of a handful of other oligodendroglia-expressed proteins (Gstr, Mog, and Mbp) were also
assessed via Western blot and found to not be significantly different between WT, Gpr37

o Gpr37L1 “~ or DKO brain tissue (Figure 1I-2).
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Table II-1 Differentially expressed myelin-associated proteins in brain of mice
lacking Gpr37 and Gpr37L1

Percent Change Significant

Protein P value DKO/WT (p<0.01)
Myelin-associated glycoprotein (MAG) 0.0004 -69% Yes
Myelin proteolipid protein (PLP) 0.072 21% No
2,3-cyclic-nucleotide 3-phosphodiesterase (CNPase) 0.53 6% No
Glutathione S-transferase P 1 (GST) 0.037 7% No
Myelin basic protein (MBP) 0.17 24% No
Myelin-associated oligodendrocyte basic protein (MOBP) 0.73 8% No

Myelin-oligodendrocyte glycoprotein (MOG) 0.99 0% No
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Figure II-1. Expression of Mag protein, but not Mag mRNA, is decreased with loss
of Gpr37. Representative Western blot images (A) and quantification (B) for total MAG
protein in whole brain tissue samples from WT and Gpr37” mice showed significantly
decreased MAG protein expression in Gpr37” and DKO mice, but not Gpr37LI1"" mice.
(n=8 per genotype, data analyzed using one-way ANOVA *p<0.01, **p<0.001).
Molecular mass markers (in kDa) are shown on the left side of the blots. C) Relative Mag
mRNA expression was not significantly different between whole brain samples from WT

and Gpr3 7" mice, as assessed via qPCR (n=3).
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Figure II-2. Expression of other oligodendrocyte and myelin proteins is unaffected
by loss of GPR37. Representative Western blot images (A) and quantification of
expression of the myelin-associated proteins Mbp (B), Mog (C), and Gstr (D) in whole
brain tissue samples from WT and Gpr37” mice revealed no significant differences in
protein expression. All protein levels were normalized to actin expression (n=8 per
genotype). Molecular mass markers (in kDa) are shown on the left side of each

immunoblot (IB).



57

WT Gpr37 Gpr37L1"- DKO

25— i - e s s s 1B Mog

25— @0 SR N S TR W e e 1B: Gsti

25— s s | ah — — C—

207 S ———— --.- IB: Mbp

15 i — . —— — A —

50 —

37 D G w— G TS R S8 S B: Actin
0.4 ns

e

2 0.3 T

B’ 0.2- -

0

= 0.1
0.0

N '\'\" NG
& 2"
3 «‘5«
oN



58

1.0;

C % 0.8/ ns
< 0.6+
=
o 0.4-
O 0.2
0.0 .
N &N o
R O
TN
Dc 0.4 ns
::-:’ 0.3
3 0.2
re)
= 0.1
0.0




59

2.4.2 MAG interacts with GPR37

Given the specific regulation of MAG expression by GPR37 in brain tissue, we
explored whether these two proteins might be found in complex together. Co-
immunoprecipitation assays revealed that GPR37 robustly interacts with MAG in lysates
derived from co-transfected HEK-293 cells (Figure 11-3). The M1 muscarinic
acetylcholine receptor (M1), another receptor known to be highly expressed in
oligodendrocytes (Deshmukh et al., 2013), was also assessed for potential co-
immunoprecipitation with MAG. However, no M1 co-immunoprecipitation with MAG
was observed, suggesting a specific interaction between GPR37 and MAG rather than a
general capacity of MAG to interact with GPCRs. We also assessed whether the effect of
GPR37 on MAG expression in vivo could be recapitulated via co-expression of the two
proteins in heterologous cells. However, transfection of MAG into HEK-293 cells in the
absence and presence of GPR37 co-transfection resulted in no significant differences in
MAG expression (Figure 11-4). Thus, GPR37-mediated regulation of MAG expression in
vivo may be dependent on cellular context or other factors not easily recapitulated in

cultured cells.
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Figure II-3. GPR37 coimmunoprecipitates with MAG. GFP-tagged GPR37, but not
Flag-tagged M1 muscarinic acetylcholine receptor, coimmunoprecipitates with MAG.
Molecular mass markers are shown (in kDa) on the left side of the blots.
IP=immunoprecipitation IB=immunoblot 37=GFP-tagged GPR37 M1=Flag-tagged M1

muscarinic acetylcholine receptor
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Figure I1-4. GPR37 does not increase MAG expression upon co-transfection in vitro.
A) Representative immunoblots (IB) and B) Quantification of MAG protein revealed that
co-transfection of GFP-tagged GPR37 (GFP37) with MAG did not increase MAG
expression in HEK293 cells. All protein levels were normalized to actin expression (n=7

per genotype). Molecular mass markers are shown in kDa on the left side of each blot.
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2.5 Discussion

The studies described in this chapter reveal that loss of GPR37 expression sharply
reduces MAG expression in vivo. MAG, or siglec4a, is a member of the siglec subgroup
of the Ig superfamily and is notable for being the only siglec family member not involved
in the immune system (Lehmann et al., 2004). Two RNA splice variants of MAG are
produced at roughly equal levels in adult animals: L-MAG and S-MAG, for long and
short MAG, respectively. MAG is a sialic-acid binding glycoprotein that is perhaps best
known for its ability to inhibit neurite outgrowth (Kelm et al., 1994; Quarles, 2009; Tang
et al., 1997). In this respect, MAG is seen as a negative factor in the CNS, preventing
regeneration after injury. MAG is also known to promote the stability of myelinated
axons (Pan et al., 2005) and maintain myelin-axon spacing (Lopez, 2014; Trapp and
Quarles, 1982; Trapp et al., 1984). However, the mechanisms through which MAG

mediates its effects are incompletely understood.

MAG is part of a bidirectional signaling complex wherein it acts as a ligand of
axonal receptors as well as a receptor in myelinating oligodendrocytes. Because MAG
can bind to sialic acid groups on both gangliosides and glycoproteins, it is likely to have
many different binding partners on the axonal membrane (Kelm et al., 1994; Strenge et
al., 1998; Strenge et al., 1999; Vyas and Schnaar, 2001). It is known to act via the axonal
Nogo receptor to inhibit neurite outgrowth through both sialic acid-dependent and sialic
acid-independent mechanisms (Domeniconi et al., 2002; Liu et al., 2002; McKerracher

and Winton, 2002; Robak et al., 2009).
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MAG transduces signals into myelinating oligodendrocytes, possibly through the
phosphorylation of MAG and subsequent activation of Fyn kinase (Marta et al., 2004;
Umemori et al., 1994). These signals promote the survival of myelinating
oligodendrocytes (Gard et al., 1996), stabilize the axo-glial interface (Fruttiger et al.,
1995; Pronker et al., 2016), and facilitate organization of nodes of Ranvier (Marcus et al.,
2002). While both L-MAG and S-MAG bind Fyn, the L-MAG isoform seems to be
responsible for Fyn activation (Jaramillo et al., 1994; Umemori et al., 1994). L-MAG and
S-MAG have identical extracellular domains but differing C termini, and the C terminus
of L-MAG appears to be critical for the activity of MAG in the CNS (Fujita et al., 1998;
Quarles, 2007). It cannot be determined from our studies whether loss of Gpr37
preferentially decreases the expression of one MAG isoform over the other, so further

work would be required to address this question.

The data presented in this chapter reveal that GPR37 can interact with MAG.
However, it is unclear whether this interaction is related to the mechanism by which
GPR37 regulates MAG expression, which is a topic that will require further investigation.
A previous report of a GPCR regulating MAG expression showed that co-transfection of
MAG with the adhesion GPCR VLGRI resulted in enhanced MAG levels, thereby
recapitulating in cultured cells the MAG-stabilizing effect of VLGR1 observed in vivo
(Shin et al., 2013). In contrast, no significant increases in MAG expression were
observed in the present study upon co-transfection of MAG with GPR37 in HEK-293
cells in vitro. The regulation MAG expression by GPR37 could possibly be dependent on

cellular context and/or factors in vivo that are not present in vitro.
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Although GPR37 is most highly expressed in oligodendrocytes (Cahoy et al.,
2008; Imai et al., 2001; Yang et al., 2016), it is also expressed in some neuronal
populations. It is therefore possible that GPR37 could interact with MAG either in cis or
in trans, if the interaction we observed in vitro also occurs in vivo. Future studies will be
needed to dissect the structural determinants of the GPR37/MAG interaction and
determine its functional significance. However, the observation that MAG levels are
dramatically decreased in Gpr37"~ mice suggests that these mice may exhibit phenotypic
similarities to Mag™ mice. This idea was explored in the studies described in the next

chapter.
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Chapter I11: Loss of Gpr37 results in increased susceptibility to cuprizone-induced

demyelination

This chapter is adapted in part from: Smith, B.M.; Giddens, M.M.; Neil, J.; Owino, S.;
Nguyen, T.T.; Duong, D.; Li, F.; and Hall, R.A. Mice lacking Gpr37 exhibit decreased
expression of the myelin-associated glycoprotein MAG and increased susceptibility to

demyelination. Manuscript submitted.

Author contributions: Cuprizone studies were designed by B. Smith, R.A. Hall and F. Li

and performed by F. Li and J. Neil. Results were analyzed and interpreted by B. Smith,

R.A. Hall and F. Li.
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3.1 Abstract

The cuprizone model of demyelination was used to determine the susceptibility of
Gpr37" mice to induced demyelination. We found that Gpr37” mice exhibit more
extensive demyelination than their WT counterparts. Density of mature oligodendrocytes
was not significantly altered in Gpr37” mice at any time point during cuprizone
administration, indicating that increased demyelination in Gpr37” mice was not the result
of increased oligodendrocyte cell death. Similarly, Gpr37” mice did not display
decreased density of NG2+ oligodendrocyte precursor cells (OPCs), from which we
concluded that increased demyelination in Gpr37” mice was not the result of impaired
recruitment of OPCs to the corpus callosum. Analysis of g ratio using electron
microscopy indicated significantly thinner myelin sheaths and decreased density of
myelinated axons in the corpus callosum of Gpr37” mice compared to their WT
counterparts. From these results, we conclude that loss of Gpr37 leads to increased
susceptibility to demyelinating insults, independently of trophic effects on mature
oligodendrocytes or OPCs. Future work will seek to identify the mechanism through

which Gpr37 regulates resistance to demyelination.
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3.2 Introduction

Myelinated axons exhibit a high degree of structural organization, to which MAG
contributes significantly. Mice lacking Mag develop sufficient myelin, but display long-
term axonal degeneration, changes in axonal cytoskeletal structure, and disorganization
of ion channels and adhesions proteins at nodes of Ranvier (Fruttiger et al., 1995; Marcus
et al., 2002; Schnaar and Lopez, 2009; Yin et al., 1998). Mag deficient mice also display
mild myelination phenotypes (Li et al., 1994; Montag et al., 1994), but these phenotypes
are more severe when mice are exposed to insults such as toxins, age, or demyelinating
agents (Jones et al., 2013; Lassmann et al., 1997; Lopez, 2014; Weiss et al., 2000). MAG
loss and accompanying periaxonal oligodendrocyte pathology has been reported in
cuprizone-induced demyelination (Ludwin and Johnson, 1981) and lipopolysaccharide-
induced demyelination in the spinal cord (Felts et al., 2005). Furthermore, MAG has
been implicated in demyelinating diseases in humans, with many demyelinating lesions
first presenting with selective loss of MAG (Itoyama et al., 1980; Johnson et al., 1986;

Quarles, 2007).

The data shown in the previous chapter reveal that Gpr37” mice exhibit a
dramatic decrease in Mag expression. This observation raises the question of whether
these mice might share phenotypic similarities to mice lacking Mag. The developmental
myelination phenotype of Gpr37” mice has been characterized in a previous report
(Yang et al., 2016). Gpr37” mice display precocious myelination, which is mediated by
increased phospho-ERK signaling in oligodendrocytes of Gpr37” mice. Adult mice

display slight but significant increases in myelin sheath thickness. Thus, similar to mice
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deficient in Mag, Gpr37” mice exhibit a fairly modest myelination phenotype under
normal conditions. Given that Gpr37” mice are deficient in Mag, and that dramatic
phenotypes are only observed in Mag-deficient mice following brain insults, we explored
the possibility that brain insults might also reveal a more dramatic myelination phenotype
in the Gpr37” mice. In the studies described in this chapter, we assessed the responses of

WT vs. Gpr37” mice to demyelination induced by cuprizone.
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3.3 Experimental Procedures

Cuprizone administration: A total of 90 WT mice and 91 Gpr37” mice between two
and three months of age were used for the experiment, in which 80 WT mice and 81
Gpr37" mice were fed 0.2% cuprizone diet and 10 control animals from both groups
received normal diet. A cohort of animals (10) from each group was sacrificed to
evaluate demyelination at 0, 3, 4 and 6 weeks after cuprizone feeding. Remaining mice
were removed from the cuprizone diet, returned to normal chow alone, and were
sacrificed at week 9 (3 weeks into the remyelination phase) and week 12 (6 weeks into
the remyelination phase) for luxol fast blue (LFB) staining and immunohistochemical
(IHC) staining with NG2 or GSTr antibodies to visualize OPCs or oligodendrocytes,

respectively.

Tissue collection: To harvest tissue for histological analysis, mice were perfused with
buffered 4% PFA (paraformaldehyde). All mice were anaesthetized with 100ml
ketamine/xylazine mix. A lack of response to a toe pinch was used to ensure a sufficient
depth of anesthetization. The thoracic cavity was opened surgically, the diaphragm was
cleared from ribs, and a flap including sternum was cut and pinned back. Pericardium
was cleared from the heart and a needle (with fixative and pump attached) was inserted
into the left ventricle of the heart, the right atrium was cut, and 4% PFA was pumped
through the circulatory system. The animals were checked for stiffness during and after

perfusion. Brains were then removed from the cranial cavity.
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Brain slicing: Brains were placed (dorsal side down) on a brain slicing mold. Two single
edge knives were placed at an angle on groove #4 and #5. One edge of the knife was held
with one finger and the knives were slowly pushed down on the brain using the other
hand. The slice was then transferred to a glass vial containing 2.5% glutaraldehyde/4%
PFA fixative in Sorenson’s buffer and post-fixed overnight. To dissect out the corpus
callosum, the slice was placed in a petri dish containing Sorenson’s buffer and two cuts
were made along the edge of the corpus callosum. The curvature of the cortex served as a
landmark for the orientation. A third cut was made along the midline of the corpus
callosum. The two halves of the corpus callosum were then stored in glutaraldehyde/PFA

for three to five days before embedding in Epon or mounting in paraffin blocks.

Processing for electron microscopy: Brain samples were washed for three times for 10
minutes in 0.08M Sorenson’s buffer. Tissues were placed in 2% osmium tetroxide
(Os0O4) in Sorenson’s buffer for 2 hours at room temperature to preserve lipid. The
tissues were washed twice in 0.08M Sorenson’s buffer and dehydrated through graded

alchohols (as shown below) at room temperature in a fume hood on a rotator:

e 70% EtOH 2X 10 minutes
e 80% EtOH 2X 10 minutes
e 95% EtOH 2X 10 minutes

e 100% EtOH 3X 15 minutes

The tissues were then washed twice with polypropylene oxide (10 min each wash) and

then embedded in epoxy resin. The resin blocks were trimmed with a razor blade to
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expose the tissue region of interest. Then, sections are cut with a diamond tip blade for
fixation onto grids for placement into the transmission electron microscope. A
counterstain of uranyl acetate and lead citrate was performed. For each animal, five
images were taken at the center of corpus callosum. G ratios were calculated by dividing

the inner diameter by the outer diameter of each myelinated axon.

Paraffin mounting of tissue: Tissue was first dehydrated through graded alcohol as

shown below:

e 5ml 70% EtOH 2X 30 minutes
e 5ml 95% EthOH 2X 30 minutes
e 5ml 100% EthOH 4X 1 hour

e 5ml SafeClear 2X 1 hour

Tissue was then placed in cassettes and incubated in 60 °C paraffin for 4 hours. Paraffin
blocks were allowed to harden overnight and stored at room temperature for further
processing. When ready for processing, paraffin blocks were sliced into 8 pm sections

and mounted on glass slides.

Luxol fast blue staining: Rehydrated tissue was incubated in LFB solution overnight at
60°C. After rinsing, tissue was incubated in 0.05% lithium carbonate and differentiated in

70% EtOH until grey and white matter could be distinguished. Samples were dehydrated
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in 95% EtOH, 100% EtOH, and xylene, then mounted on glass slides. Myelination of the

corpus callosum was visualized using a Nikon Eclipse Ti microscope.

Immunohistochemistry: Rehydrated tissue was incubated in antigen retrieval buffer
(10mM sodium citrate, 0.05% Tween 20), quenched in H,O,, and blocked at room
temperature. The tissue was then incubated with primary antibodies [anti-NG2 (Abcam
AB101807) or anti-GST-nt (MBL International #311)] overnight at 4°C. Tissue was
incubated with biotinylated secondary antibody followed by Vectastain ABC reagent.
DAB (3,3'-diaminobenzidine) was used to develop the tissue, after which it was
dehydrated through graded alcohols and xylene and then mounted on a glass coverslip.
Microscopy was performed on a Nikon Eclipse Ti microscope. To quantify positively
stained cells, boxes were drawn to capture the center of the corpus callosum. The area of
the box was measured, and positively stained cells were quantified using BR Elements
software. Data shown as number of positive cells per square millimeter in the center of

the corpus callosum.
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3.4 Results

3.4.1 Loss of Gpr37 increases susceptibility to cuprizone-induced administration
Given the striking decrease in MAG expression that we observed in mice lacking
Gpr37, we assessed the susceptibility of these mice to demyelination induced by
cuprizone. In these studies, Gpr37” vs. WT mice were fed chow with cuprizone for 6
weeks to induce demyelination, and then fed normal chow for 6 additional weeks to
assess remyelination (Figure I1I-1). Luxol fast blue (LFB) staining of myelin revealed a
marked and progressive decrease in myelination for both WT and Gpr37” mice from
week 0 to week 4 of cuprizone treatment (Figure I11-2). However, by week 6, the Gpr37”
mice further progressed to nearly full demyelination, whereas demyelination in the WT
mice was significantly less dramatic. Significant differences in myelination between WT
and Gpr37” were exhibited at weeks 4, 6 and 9, with Gpr37"~ mice showing more
extensive demyelination than WT animals in all cases. By week 12, remyelination had
occurred in both WT and Gpr37” mice and no significant differences were observed

between the two groups at the final time point examined (Figure II1-2).

Myelin sheath thickness and density of myelinated axons were assessed by
electron microscopy. Sheath thickness was determined by calculation of the g ratio,
which is the ratio of the diameter axon to the outer diameter of the myelin sheath. A
higher g ratio is indicative of a thinner myelin sheath if axon caliber is consistent. No
baseline difference in g ratio was observed between WT mice and Gpr37” mice (figure

II1-3A), although WT mice at week four displayed a modestly higher average g ratio than
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Gpr37" mice. Conversely, at weeks six and nine, Gpr37" mice had slightly higher
average g ratios, with no significant difference in g ratio was observed at week 12. The
only significant difference in density of myelinated axons was observed at week nine, the
first part of the remyelination phase, when Gpr37” mice averaged slightly fewer
myelinated axons per square millimeter of corpus callosum tissue sampled (figure II1-

3B).
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Figure III-1. Schematic representation of cuprizone administration for induction of
demyelination. Cuprizone was ground into animal chow for six weeks to induce

demyelination. At week six, cuprizone was withdrawn and a normal diet was resumed for
six additional weeks to allow for remyelination. Ten mice per genotype were sacrificed at

each time point (represented by vertical lines) to assess myelination.
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Figure I11-2. Loss of Gpr37 increases susceptibility to demyelination.

Representative images (A) and quantification (B) of luxol fast blue (LFB)-stained corpus
callosum from cuprizone-treated mice. Gpr37” mice displayed significantly more
demyelination than WT mice at weeks 4, 6, and 9 of cuprizone administration. LFB
analysis of myelination was done by objective, blinded scoring on a scale of 0-4:
O=completely demyelinated, 1=25% myelinated, 2=50% myelinated, 3=75% myelinated,
4=100% myelinated. WT=wildtype, Data analyzed using two-way ANOVA
[F(5,113)=2.763, p=0.0215] with Sidak post-hoc analysis **p<0.01, ***p<0.001,

wx8%p<0,0001.
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Figure III-3. Altered g-ratios in Gpr37” mice subjected to cuprizone-induced
demyelination. A) g ratios of WT and Gpr37” mice during cuprizone administration
revealed differences in myelin thickness at weeks 4, 6, and 9. B) The density of
myelinated axons in the corpus callosum was significantly lower in Gpr37” mice at week
9 of the cuprizone paradigm. C) Representative electron micrographs of quantified data,
WT= wildtype, Data analyzed using two-way ANOVA [F(5,1068)=15.72, p<0.0001]

*p<0.05, ***%p<0.0001.
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Figure II1-4. Representative electron micrographs of myelinated axons in the corpus
callosum during the cuprizone paradigm. WT=wild type
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3.4.2 Loss of Gpr37 does not affect density of OPCs or mature oligodendrocytes
during cuprizone-induced demyelination

Differential responses to demyelinating insults can be accounted for by a variety
of factors, including differences in oligodendrocyte survival, differences in OPC
recruitment to damaged regions and/or differences in myelin stability (Franklin and
Ffrench-Constant, 2008; Stangel and Trebst, 2006). To help distinguish between these
possibilities, we evaluated whether Gpr37” mice displayed lesser recruitment of OPCs
and/or greater loss of mature oligodendrocytes upon cuprizone-induced demyelination.
During cuprizone administration, NG2-positive OPCs proliferate and migrate to sites of
demyelination to replace lost oligodendrocytes (Matsushima and Morell, 2001; Stangel
and Hartung, 2002). Indeed, analyses of NG2 immunostaining revealed substantial
recruitment of OPCs in both WT and Gpr37” mice during cuprizone administration
(Figure III-5A). However, no significant differences in NG2 staining between WT and
Gpr3 7" mice was observed at any time point, indicating that loss of GPR37 did not

affect overall OPC number (Figure III-5B).

In parallel analyses, mature oligodendrocytes were assessed by
immunohistochemical staining for Gstr (Figure III-6A). Staining for mature
oligodendrocytes decreased from week 0 to week 6, as expected, as oligodendrocytes
were lost to cuprizone-induced apoptosis. However, no significant differences in Gstn
staining were observed between WT and Gpr37” mice at any time point (Figure I1I-6B).
The lack of difference in either OPC or oligodendrocyte cell number between WT and

Gpr37" mice during cuprizone-induced demyelination suggests that GPR37 specifically



alters the process of myelination and/or the stability of myelin, rather than modulating

OPC recruitment or exerting cytoprotective effects on mature oligodendrocytes.

87
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Figure III-5. Loss of Gpr37 does not affect numbers of OPCs. Representative images
(A) and quantification (B) of NG2+ oligodendrocyte precursor cells (OPCs) in the corpus
callosum of mice treated with cuprizone. No significant differences between WT and

Gpr37" mice were observed at any time point.
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Figure III-6. Loss of Gpr37 does not affect numbers of mature oligodendrocytes.
Representative images (A) and quantification (B) of GSTn+ mature oligodendrocytes in
the corpus callosum of mice treated with cuprizone. No significant differences between

WT and Gpr37" mice were observed at any time point.
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3.5 Discussion

GPR37 is an orphan GPCR that has not previously been associated with
demyelinating disorders. This receptor, which is also known as the “parkin-associated
endothelin receptor-like receptor” (Pael-R), is expressed predominantly in the brain
(Donohue et al., 1998; Leng et al., 1999; Marazziti et al., 1998; Valdenaire et al., 1998;
Zeng et al., 1997). Several peptides have been reported to bind to GPR37, including head
activator peptide (Gandia et al., 2013; Rezgaoui et al., 2006) and prosaptide (Lundius et
al., 2014; Meyer et al., 2013), but activation of GPR37 signaling by these peptides is
modest at best and not observed at significant levels in all studies (Coleman et al., 2016;
Dunham et al., 2009) and thus GPR37 is still considered an orphan receptor. Most of the
focus of GPR37 research over the past twenty years has been on the potential role of
GPR37 in Parkinson’s disease (Imai et al., 2002; Imai et al., 2001; Kubota et al., 2006;
Lundius et al., 2013; Murakami et al., 2004; Yang et al., 2003) and regulation of the
dopamine system (Imai et al., 2007; Marazziti et al., 2011; Marazziti et al., 2004;
Marazziti et al., 2007). In the absence of parkin, GPR37 is prone to aggregation and
misfolding, resulting in cytotoxicity to dopaminergic neurons (Imai et al., 2002; Imai et

al., 2001).

Although most work to date on GPR37 has focused on the receptor’s role in
certain neuronal populations, such as dopaminergic neurons, the highest expression levels
of GPR37 are observed in mature oligodendrocytes (Cahoy et al., 2008; Imai et al., 2001;
Yang et al., 2016). Indeed, a recent report presented evidence that GPR37 is a negative

regulator of myelination during development (Yang et al., 2016), but this report did not
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assess the effect of GPR37 on responses to demyelinating insults. In the studies described
in this chapter, we observed that loss of GPR37 results in a striking increase in the extent
of demyelination following cuprizone treatment. Additionally, we observed that overall
numbers of OPCs and mature oligodendrocytes were unaffected by loss of Gpr37 at all
stages of cuprizone-induced demyelination. These findings suggest that Gpr37 regulates
the stability of myelin or resistance of myelin itself to demyelination, rather than
regulating OPC recruitment or behaving in a cytoprotective fashion in mature
oligodendrocytes. This apparent decrease in myelin stability is consistent with the idea
presented in chapter two that Gpr37” mice might have a demyelination phenotype that is

related to decreased Mag protein expression.

Mag” mice display sufficient expression of myelin proteins during development,
and no gross myelination phenotype is observed at baseline in adult Mag-deficient mice
(Li et al., 1994; Montag et al., 1994). However, when Mag”" mice are exposed to insults
such as injury, age, or demyelinating agents, they are more susceptible to demyelination
and degeneration of myelinated axons than wild type mice (Jones et al., 2013; Lopez et
al., 2011; Weiss et al., 2000). Mag is expressed at the periaxonal membrane (Sternberger
et al., 1979) and thought to regulate spacing between axons and myelin and attachment of
myelin to axons via interaction with axonal receptors (Pronker et al., 2016; Quarles,
2009). Mag expression is restricted to myelinating oligodendrocytes in the CNS and
Schwann cells in the PNS, and so it makes sense that phenotypes observed in Mag” mice
specifically affect mature myelinating cells. Furthermore, demyelination observed in

Mag-deficient mice begins with a characteristic dying-back oligodendrogliopathy
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(Lassmann et al., 1997), with periaxonal myelin breakdown occurring before
oligodendrocyte apoptosis or axonal degeneration. If deficient Mag expression in Gpr37”
mice contributes to their demyelination phenotype, we would expect to first see loss of
myelin without effects on density of mature oligodendrocytes or OPCs. Further work will
be needed to conclusively show that decreased Mag expression in Gpr37” mice
contributes causally to the observed decrease in myelin stability, but the data presented in
this chapter are consistent with the possibility of destabilized myelin secondary to

insufficient Mag expression.

In the studies described in this chapter, we found that Gpr37” mice display lower
average g ratio at week four, but a higher average g ratio at week six and week nine of the
cuprizone paradigm, with no significant differences between WT and Gpr3 7" mice
observed at any other time point. The g ratio, or ratio of inner axon diameter to the total
outer diameter of the myelinated axon, is generally considered a reliable method for
measuring myelination. A higher g ratio indicates a thinner myelin sheath if axon caliber
is constant. For large-caliber axons, g ratio is also a useful tool for determining if a
population of axons has been remyelinated, since remyelinated axons have thinner myelin
sheaths, and thus higher than average g ratios (Blakemore, 1974; Franklin and Ffrench-
Constant, 2008). However, for the smaller axons of the corpus callosum, remyelinated

axons are frequently indistinguishable from baseline g ratio (Stidworthy et al., 2003).

A recently published report focusing on the role of GPR37 in myelin development

found that Gpr37” mice display a small but significant decrease in g ratio at baseline,
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indicating thicker myelin sheaths in Gpr37” mice (Yang et al., 2016). This difference in
g ratio was first observed at postnatal data (P)14 and sustained throughout adulthood. In
the studies presented here, we also observed a trend toward reduced g ratios in the Gpr37°
" mice. At baseline, the difference from WT was not statistically significant, but at an
early stage (week four) of cuprizone administration, the reduced g ratios of the Gpr3 7"
mice were significantly different from WT mice. Conversely, at weeks six and nine, this
observation was reversed, with WT mice exhibiting significantly lower g ratios,
indicating that their myelin sheaths were thicker on average. This finding is consistent
with our parallel observation that Gpr37” mice displayed far more extensive
demyelination than WT mice: the higher g ratios observed in Gpr37” mice during the
remyelination phase may plausibly reflect a higher percentage of axons observed being

remyelinated. This would make sense, given that Gpr37” mice would have more

demyelinated axons in need of remyelination following cuprizone withdrawal.

Interpretation of the capacity for remyelination in Gpr37” mice is complicated by
the fact that WT mice did not reach complete demyelination during cuprizone
administration. Typically, remyelination following cuprizone administration follows a
pattern of over-remyelination, with increased density of myelinated axons early in
remyelination eventually tapering off to baseline levels (Franklin and Ffrench-Constant,
2008). We observed this pattern in WT mice, with a peak density of myelinated axons
occurring at week nine. Conversely, Gpr37” mice displayed significantly fewer
myelinated axons per area observed at week nine. However, both the density of

myelinated axons and the average g ratios of Gpr37” mice had evened out to that of WT
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mice by week twelve at the end of the remyelination phase of the cuprizone paradigm,
suggesting that Gpr37” mice have the capacity to eventually reach complete

remyelination in this context.

The data presented in this chapter indicate that loss of Gpr37 increases
susceptibility to demyelination. These results suggest that GPR37 may be an attractive
drug target in the treatment of demyelinating diseases. Elucidation of the mechanisms
through which GPR37 regulates susceptibility to demyelination will require the ability to
activity and inhibit receptor signaling. The identification of pharmacological tools for

studying GPR37 signaling was the focus of the studies described in the next chapter.
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Chapter IV: Identification of Modulators of GPR37 Signaling
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4.1 Abstract

Work in the preceding chapters identified GPR37 as a regulator of MAG protein
expression and a factor contributing to protection against demyelination. Furthermore,
previous work from our lab and others have shown that GPR37 is cytoprotective in
several different contexts. Previously identified putative ligands are only able to elicit
modest signaling effects from GPR37, and thus GPR37 maintains its classification as an
orphan receptor. This presents a major challenge to studying the mechanism through
which GPR37 mediates its myriad protective effects. In this chapter, we sought to
identify synthetic surrogate ligands of GPR37. The pathway-independent biophysical
dynamic mass redistribution assay (DMR) was used to complete a high throughput screen
of 16,640 small molecule compounds for activity at GPR37. Subsequent confirmatory
and counter screens resulted in the identification of two compounds with activity against
GPR37. One compound, termed C18 for its location on the screening plate, potentiated
constitutive GPR37-mediated activity to both NFAT and SRE in luciferase-based reporter
gene assays. However, C18 also appeared to show activity at BAI1, an unrelated GPCR,
indicating that it may increase NFAT signaling in a mechanism independent of GPR37
signaling. The second compound, octoclothepin maleate, inhibited constitutive GPR37
signaling to NFAT with an estimated K; of 65 uM. Octoclothepin is a small synthetic
compound that is known to be an antagonist of several other GPCRs. Thus, octoclothepin
is not a selective antagonist of GPR37. However, it is the first identified antagonist of
GPR37 signaling, and it may prove useful in the future as a scaffold for the synthesis for
more selective inhibitors of GPR37. Ongoing small molecule screens aim to identify

agonists and other modulators of GPR37 signaling.
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4.2 Introduction

The studies described in the preceding chapter revealed that loss of GPR37 results
in greatly exacerbated damage in a model of demyelination. These findings suggest that
agonism of GPR37 might be protective against demyelination. At present, no synthetic
agonist for GPR37 are known, and little is known in general about the regulation of
GPR37 signaling. Thus, we sought to identify synthetic ligands and/or interacting
partners that could modulate GPR37 signaling. The identification of small molecule
activators of GPR37 is of interest both in terms of developing tools to better understand
the physiological importance of GPR37 in native tissues and also in terms of the potential
therapeutic targeting of GPR37 in the treatment of neurological diseases. Furthermore,
the characterization of GPR37-interacting partners could shed light on how GPR37
activity is regulated in native cell types, which is important for designing and interpreting

studies on receptor signaling.

It has previously been reported that GPR37 couples predominantly to Go; (Meyer
et al., 2013). High-throughput screening efforts involving Gai-coupled receptors are
challenging, mainly because the most widely-utilized readout of Go; activation is the
inhibition of stimulated cAMP production. Thus, the dynamic range of these assays is
limited, given that these assays traditionally involve a measurement of inhibition of
forskolin-induced cAMP accumulation (Gilissen et al., 2015). Thus, we chose a pathway-
independent screening method to avoid these challenges related to screening Gai-coupled

receptors.
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Dyanmic mass redistribution (DMR) has previously been used to successfully
identify specific ligands for the Gai-coupled orphan GPCR GPR17, a receptor involved
in oligodendrocyte differentiation and myelination (Hennen et al., 2013; Simon et al.,
2016). DMR is a biophysical assay that measures movement of cells, or mass
redistribution, on a biosensor plate upon ligand stimulation. The mass redistribution is
measured by shining broadband light through the biosensor plate before and after ligand
stimulation; changes in the incident wavelength of light indicate movement. In this
chapter, we describe the results of screening 16,640 compounds in the DMR high

throughput screening assay.

In addition to screening for small molecule ligands capable of activating GPR37,
we also explored the effect of several GPR37-interacting partners on receptor signaling.
In the studies shown in Chapter 2, MAG was identified as an interacting partner of
GPR37. Because of the high expression of GPR37 in oligodendrocytes, it is possible that
MAG and GPR37 could interact in vivo to modulate GPR37 signaling activity. Thus, we
assessed the effect of MAG co-expression on GPR37 signaling in HEK-293T cells.
Additionally, the regenerating islet-derived family member 4 (REG4) was identified as a
potential agonist or modulator of GPR37 (Wang et al., 2016). REG proteins are secreted
factors known for their pro-regenerative effects after injury. REG4 expression is highly
restricted to the gastrointestinal tract, but other REG family members are ectopically
expressed, especially in the context of tissue injury (Hartupee et al., 2001; Parikh et al.,

2012; Violette et al., 2003). REG2, also called Reg3f in mice or pancreatitis-associated
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protein (PAP1) in humans, is expressed in the central and peripheral nervous systems
(Bartoli et al., 1998). REG2 is released after sensory or motor neuron injury (Averill et
al., 2002; Livesey et al., 1997), and it promotes regeneration in a mouse model of diabetic
peripheral neuropathy (Tam et al., 2004). Deletion of REG2 also disrupts CNTF
signaling and delays myelination (Tebar et al., 2008). Given the potential role for REG2
in myelination, its close relationship to REG4, and the evidence that REG4 might activate
GPR37, we explored the potential of both REG2 and REG4 to modulate GPR37 signaling

in vitro.
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4.3 Experimental Procedures

Cell Culture: HEK-293T/17 cells were acquired from ATCC (Manassas, VA) and
maintained in DMEM (Life Technologies) supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin in a humid, 5% CO,, 37°C incubator.CHO-K1 cells were
acquired from ATCC and maintained in F12-K medium (ATCC) supplemented with 10%
fetal bovine serum. Cells were transfected using Mirus (Madison, WI) TransIT-LT1

according to the manufacturer’s protocol.

Compounds: Octoclothepin maleate, amantadine hydrochloride, and a-methyl-L-
tyrosine were purchased from Sigma-Aldrich (St Louis, MO). All other compounds were

acquired from Chemical Diversity (San Diego, CA).

Dynamic Mass Redistribution: CHO-K1 cells were seeded in 384-well Epic assay
microplates from Corning (Corning, NY) 24 hours prior to transfection. Each well was
transfected with 15ng GFP-tagged GPR37 or mock DNA when cells reached 50%
confluency. Complete cell media was exchanged for serum-free assay buffer (1% DMSO
in HBSS) 46 hours after transfection. Following a two-hour serum starve, a baseline read
of mass distribution was determined for each plate using an Epic microplate reader
(Corning). Cells were then treated with compounds at 50uM in 1% DMSO. Plates were
immediately returned to the Epic plate reader to assess dynamic mass redistribution. A

total of 16,640 compounds were screened from the Sigma-Aldrich library of
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pharmacologically active compounds (LOPAC) and Sigma-Aldrich and Asinex

(Winston-Salem, NC) compound diversity libraries.

Luciferase Reporter Assays: HEK-293T/17 cells were seeded in 96-well plates 20-24
hours prior to transfection. When cells reached 50% confluency, each well was
transfected with 50ng of firefly reporter, Ing of Renilla luciferase, and 10ng of receptor
or mock DNA. Reporter constructs (NFAT: pGL4.30, SRE: pGL4.33, Renilla pRLSV40)
were acquired from Promega (Madison, WI). Cells were treated with drug or vehicle 24-
42hrs after transfection. 48 hours after transfection, Dual-Glo luciferase assays (Promega)
were performed according to the manufacturer’s protocol and plates were read on a BMG
Omega plate reader. Results were calculated for each assay by determining the
luminescence ratio of firefly:Renilla luciferase counts, normalized to empty vector (EV)

transfected, vehicle-treated wells.

Western Blotting: Protein samples were reduced and denatured in Laemmli buffer,
loaded into 4-20% Tris-Glycine gels (Bio-Rad) for SDS-PAGE, and then were run at
120V for 20 minutes followed by 180V for 40 minutes. Proteins were transferred to
nitrocellulose membranes for 10 minutes using the Trans-Blot Turbo transfer system
(Bio-Rad). Blots were blocked for 30 minutes at room temperature with 2% milk (in
50mM NaCl, 10mM HEPES, pH 7.3 with 0.1% Tween-20 (Sigma)) and then incubated
in milk with primary antibodies overnight at 4°C. The following day, blots were washed
with milk three times for five minutes. Blots were then incubated in milk with secondary

antibody at a 1:20,000 dilution for 30 minutes at room temperature. Secondary antibody
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incubation was followed by three seven-minute washes. Blots were developed using
SuperSignal West Pico, West Dura, or West Femto chemiluminescent substrate (Thermo)
and visualized using a LiCor imaging platform. Proteins were quantified using

densitometry, performed with Image Studio Lite software.

Coimmunoprecipitation: HEK-293T/17 cells were transfected in 10 cm dishes with 2pg
of either empty vector plasmid, GFP-tagged GPR37, FLAG-tagged REG4, His-tagged
prosaposin, or a combination of the three constructs at 50% confluency. After a 48-hour
incubation, cells were harvested in 500 pl of lysis buffer (1% Triton X-100, 25 mM
HEPES, 150 mM NaCl, 10 mM MgCl,, 1 mM EDTA, HALT protease inhibitor mix, and
2% glycerol) and lysed by slowly rotating for 60 min at 4 °C. Cells were subjected to
centrifugation to clear cellular debris, and soluble cell lysates were incubated with 60ul
of anti-FLAG antibody-conjugated protein A/G beads for 1 h at 4 °C. Following five

washes with lysis buffer, beads were resuspended in 60 pl of 2X Laemmli buffer.

AP-TGFa Shedding Assay: HEK-293T/17 cells were transfected in 10 cm dishes with 3
ng AP-TGFa, either 2 pug GFP-tagged GPR37 or EV, and 2 pug of REG2, REG4, or EV
plasmid DNA 48 hours prior to the assay. Transfected cells were detached by treatment
with 0.05% trypsin EDTA and pelleted by centrifugation at 1,200 rotations per minute for
five minutes. Cells from each plate were resuspended in 10 mL Hank’s balanced salt
solution (HBSS) with 5 mM HEPES and reseeded at 90 ul per well in a 96-well plate.
The cells were then returned to the incubator for 30 minutes, after which 80 pl of

conditioned medium were transferred to new wells. A baseline absorbance read at 405
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nm was read on a BMG Omega plate reader, and then a p-NPP solution (10 mM p-NPP,
40 mM Tris-HCI (pH 9.5), 40 mM NacCl, 10 mM MgCl,) was added at 80 pl per well to
wells containing both adherent cells and conditioned medium. Cells were incubated for
one hour, and then absorbance was read again at 405 nm. Relative percentage of alkaline

phosphatase in each well was calculated as follows:

AOD 405CM
AOD 405CM + AOD 405Cells

Relative AP activity =

where AOD 405CM refers to the change in absorbance from baseline in the conditioned
medium wells and AOD 405Cells refers to the change in absorbance from baseline in the

wells containing adherent cells.
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4.4 Results

4.4.1 High-throughput screening for small molecule modulators of GPR37 signaling

Primary screening of compounds was completed in CHO-K1 cells transiently
transfected with GFP-tagged GPR37 (Figure IV-1). Initial hits from the DMR screen
were selected based on their ability to induce changes in DMR compared to cells
transfected with empty vector (EV). For secondary assays, the ability of identified
compounds to enhance constitutive GPR37-mediated signaling to NFAT luciferase in a
reporter gene assay was utilized (Figure IV-2A). This signaling was found to be inhibited
by the GPy inhibitor gallein (Figure IV-2A), revealing that this signaling represents G

protein-mediated signaling downstream of GPR37.

Three compounds were selected from the LOPAC library for secondary
screening: amantadine, a-methyl-L-tyrosine (AMPT), and octoclothepin maleate
(octoclothepin) (Figure IV-3A). These compounds were assessed for the ability to
enhance GPR37-mediated signaling to NFAT-luciferase. Surprisingly, octoclothepin
appeared to attenuate GPR37-mediated signaling at high doses. In contrast, AMPT and
amantadine exhibited no effect on GPR37-mediated signaling to NFAT luciferase (data

not shown), so no further studies were pursued with these compounds.

Dose-response experiments were then carried out to characterize the activity of
octoclothepin on GPR37 signaling. A dose-response curve ranging in concentration from

10 nM to 100 uM octoclothepin revealed a dramatic and dose-dependent inhibition of
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signaling between 10 pM and 100 uM (Figure IV-3B). Thus, we utilized a narrower
range of doses from 10 uM to 100 uM and calculated an ICsy of 65 uM for octoclothepin

inhibition of GPR37-mediated signaling in this assay (Figure IV-3C).

Following the LOPAC library, we screened compounds from the Sigma-Aldrich
and Asinex compound diversity libraries. A total of 12 hits were detected in the primary
screen and assessed in the NFAT luciferase secondary assay, but most of the compounds
exhibited no ability to modulate NFAT luciferase activation by GPR37 (data not shown).
However, one compound (SHDJ[1,2,4]triazino[5,6Db]indolD3Dylthio)acetamide; (termed
“C18” for its plate position) did yield substantial increases in GPR37-mediated signaling
in the NFAT-luciferase assay (figure IV-3A). A full list of all compounds screened and

their identities is presented in table IV-1.

We confirmed that C18 significantly potentiates GPR37-mediated signaling to
NFAT (Figure IV-3B). Subsequent dose-response studies revealed an ECsg of 1.2 uM
(Figure IV-3C). To further confirm that C18 activates GPR37, we tested the ability of
C18 to induce signaling to the serum response element (SRE) reporter. SRE is activated
downstream of the MAPK/ERK signaling pathway, and we have previously reported that
activation of GPR37 results in ERK phosphorylation (Meyer et al., 2013). Unlike the
NFAT assay, GPR37 does not exhibit constitutive activity in the SRE-luciferase assay
(Figure IV-3D). However, treatment of cells with C18 resulted in significant activation of

SRE in the presence of GPR37 but not EV DNA.



112

We next sought to determine if the activation of signaling by C18 was specific for
GPR37. To this end, we treated a stalkless truncated version of the adhesion G protein-
coupled receptor BAII/ADGRB1 (BAI1-SL) with C18. Like GPR37, BAI1-SL exhibits
substantial constitutive activity in the NFAT-luciferase assay (Kishore et al., 2016) but is
only distantly related to GPR37. We observed both NFAT activation (figure IV-4A) and
SRE activation (figure IV-4B) upon treatment of BAI-SL-transfected cells with C18.
Based on these results, we concluded that C18 is not a specific activator of GPR37 but

rather a non-selective activator of GPCR-mediated signaling.
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Figure I'V-1. Transiently transfected CHOK-1 cells express GFP-tagged GPR37 48
hours after transfection. Transfections were confirmed via visualization of GFP before

each screening session.
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Figure IV-2. GPR37 signals to NFAT via Gpy. A) GFP-tagged and Flag-tagged GPR37
constructs, but not an untagged GPR37 construct, signal constitutively to NFAT in a
luciferase reporter assay. B) Constitutive GFP37 signaling is reduced by the Gy

inhibitor gallein (n = 5).
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Figure I'V-3. Octoclothepin is a low-affinity inverse agonist of GPR37. A) Secondary
screening of hits from the LOPAC library revealed that octoclothepin attenuates
constitutive GPR37-mediated NFAT signaling (n=5). B) Octoclothepin inhibits GPR37-
mediated signaling most effectively at doses higher than 10 uM (n=2). C) An inhibition

curve revealed an ICsy of 65 pM (n=4).
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Figure IV-4. C18 promotes GPR37 signaling to NFAT and SRE. Treatment of cells
with both 10 uM and 100 uM C18 (n=3) resulted in significantly increased GPR37-
mediated signaling to NFAT [F(2,4)=7.642, p=0.0430] (A) with an ECsy of 1.2 uM (B).
C) Two-way ANOVA indicated that C18 treatment also resulted in GPR37-mediated

activation of SRE [F(1,1)=348.8, p=0.0341] (n=2). *p<0.05 via Sidak’s post-hoc analysis
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Figure IV-5. C18 potentiates BAI1 signaling to NFAT and SRE. Treatment with C18

increases BAI-SL-mediated signaling to NFAT (A) and SRE (B) (n=2).
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Table IV-1. List of compounds used in secondary assays. All compounds except for
amantadine hydrochloride, octoclothepin maleate, and a-methyl-L-tyrosine are identified
by their [UPAC names. LOPAC=Library of Pharmacologically Active Compounds,
CDL=Chemical Diversity Library, ANXLG=Asinex Library, SID=Pubchem Substance

Accession Identifier.



Library Screened Secondary

LOPAC 1280

CDL 12480

ANXLG 2880

TOTAL 16640

3

6

3

12

SID
17404569
17405444
117393519
24341625

24347677

24338919

24335619

24335703

24285191

24285191

26614794

26613709
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Identity

amantadine hydrochloride
octoclothepin maleate
a-methyl-L-tyrosine
2-chloro-N-(3-nitrophenyl)-5-
sulfamoylbenzamide
4-nitro-N,N-bis(prop-2-
ynyl)aniline
1-(2,6-dimethoxyphenoxy)-3-[4-(2-
fluorophenyl)piperazin-1-
yl]propan-2-ol
4-(2-chlorophenyl)-N-(2,3-
dimethylphenyl)-6-methyl-2-oxo-
1,2,3,4-tetrahydropyrimidine-5-
carboxamide

1-(2-pyrrolidin-1-
ylethyl)chromeno|3,4-d]imidazol-
4-one

N-(2-fluorophenyl)-2-(5H-
[1,2,4]triazino[5,6-b]indol-3-
ylsulfanyl)acetamide
8-chloro-9-nitro-4-(4-nitrophenyl)-
3a,4,5,9b-tetrahydro-3H-
cyclopenta|c]quinolin-6-ol
1-(1-ethylbenzimidazol-2-yl)-N-(5-
propan-2-yl-1,3,4-thiadiazol-2-
yl)piperidine-4-carboxamide
9-cyclohexyl-2-(2-fluorophenyl)-8-
oxo-7H-purine-6-carboxamide
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4.4.2 Effect of interacting partners on GPR37 signaling

In addition to the high-throughput screening efforts to find activators or
modulators of GPR37 signaling activity, we explored the possibility that certain GPR37-
interacting partners might modulate receptor signaling. Given the data shown in Chapter
2 that MAG can interact with GPR37, we sought to determine if co-transfection of MAG
with GPR37 might alter constitutive GPR37-mediated signaling to NFAT. In the course
of these studies, three different GPR37 constructs were identified as having different
levels of constitutive activity in the NFAT-luciferase signaling assay. GFP-tagged
GPR37 (GFP37) exhibits robust constitutive signaling to NFAT (figure [V-5A), perhaps
because of its extremely high level of expression, while Flag-tagged GPR37 (figure IV-
5B) and untagged GPR37 (figure IV-5C) do not display any significant constitutive
activity in the NFAT-luciferase assay. However, co-transfection of MAG with each of the
three GPR37 constructs resulted in no significant differences in signaling to NFAT

luciferase.

In a recent publication, GPR37 was reported to be found in a complex with
prosaposin and REG4 (Wang et al., 2016). We confirmed this interaction via co-
immunoprecipitation, and further found that GPR37 can interact with REG4 in both the
absence and presence of prosaposin (figure [V-6). Wang et al. (2016) also reported that
siRNA knockdown of GPR37 resulted in decreased REG4-evoked TGFa release in a

gastric cancer cell line, concluding that REG4 might be a ligand for GPR37.
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We tested the ability of REG2 and REG4 to activate GPR37 in the NFAT-
luciferase reporter gene assay. Unexpectedly, both REG2 and REG4 attenuated GPR37-
mediated signaling to NFAT (Figure IV-8A). Because REG proteins are secreted factors,
we next sought to determine if REG inhibition of GPR37 signaling was the result of
released REG2 or REG4 acting extracellularly on GPR37. To test this, cells transfected
with GPR37 were co-cultured with cells that were transfected with either REG2 or
REG4. In the co-culture context, neither REG2 or REG4 inhibited GPR37 signaling to
NFAT (Figure IV-8B). From these data, we concluded that the REG-mediated inhibition
of GPR37 signaling that we observed was the result of REG2 or REG4 interacting with

GPR37 within the same cell.

Finally, we explored the ability of REG2 and REG4 to activate GPR37 in an AP-
TGFa activity assay. REG4-evoked TGFa release was reported to be dramatically
decreased when GPR37 was knocked down in gastric cancer cells (Wang et al., 2016).
Thus, we sought to confirm this finding in HEK293 cells by co-transfecting GPR37 with
REGH4 and investigate whether REG2 might also activate GPR37 in vitro. However, no
significant differences in relative secreted alkaline phosphatase activity was observed
between cells transfected with only GPR37 compared to cells transfected with GPR37
and REG2 or REG4 (figure IV-8C). Thus, we concluded that co-transfection of REG2 or
REG4 did not stimulate TGFa release via GPR37 in this cellular context. However, a
significant decrease in alkaline phosphatase activity was observed in cells transfected

with GPR37 compared to EV, regardless of presence or absence of REG proteins.
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Figure IV-6. Co-expression of MAG does not alter GPR37-mediated signaling to
NFAT Co-transfection of Sng/well or 10ng/well MAG with GFP-tagged GPR37 (GFP37)
(A), Flag-tagged GPR37 (FLAG37) (B), or untagged GPR37 (UT37) (C) did not result in

altered GPR37 signaling to NFAT luciferase (n=3).
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Figure IV-7. GPR37 Co-immunoprecipitates with REG4. GPR37 co-
immunoprecipitates with Flag-tagged REG4 in the presence or absence of prosaposin
(n=3). Molecular weight markers are shown in kDa to the left of each immunoblot.

IP=immunoprecipitation.
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Figure IV-8. REG2 and REG4 inhibit constitutive NFAT signaling but not
constitutive TGFa shedding mediated by GPR37. A) GPR37-mediated signaling to
NFAT was significantly reduced by co-transfection of either REG2 or REG4
[F(1,6)=9.926, p=0.0198]. B) Co-culture of cells transfected with GPR37 and either
REG2 or REG4 did not result in altered GPR37-mediated signaling to NFAT. C) Relative
AP-TGFa activity present in media of cells transfected with GPR37 was significantly
decreased compared to empty vector (EV) transfection, but co-transfection of REG2 or
REG4 did not significantly affect GPR37-mediated AP-TGFa release , n=3, *p<0.05 by

two-way ANOVA.
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4.5 Discussion

In studies described in this chapter, octoclothepin was identified as a low-affinity
inverse agonist of GPR37-mediated signaling. The high ICs of 65 uM suggests that
octoclothepin itself will not be a particularly useful tool in studying the signaling of
GPR37. The potential utility of octoclothepin as a pharmacological modulator of GPR37
is further reduced by the fact that this compound is known to act as an antagonist and/or
inverse agonist at a number of dopamine (Burstein et al., 2005; Campiani et al., 2002),
serotonin (Bogeso et al., 1991; Campiani et al., 2002; Roth et al., 1994), histamine (Lim
et al., 2005), and a-adrenergic receptor subtypes (Kristensen et al., 2010). Octoclothepin
is also a norepinephrine reuptake inhibitor (Liljefors and Bogeso, 1988). However, even
though octoclothepin is a non-selective antagonist for many GPCRs, this compound
nonetheless represents the first antagonist discovered for GPR37 and may prove useful as

a lead compound that could be modified to increase specificity for GPR37 in future work.

We also observed that C18 potentiates GPR37-mediated signaling to NFAT.
However, the activity of C18 was not specific for GPR37, as it also potentiated BAI1-
mediated signaling to NFAT. Baseline increases in NFAT signaling were not observed
when EV-transfected cells are treated with C18, indicating that C18 may act to
nonspecifically potentiate GPCR signaling in the NFAT luciferase assay. As discussed in
Chapter 1, GPCR-mediated signaling in regulated through several distinct pathways. C18
could act as an inhibitor of GRKSs or B-arrestins, thereby decreasing the downregulation

of chronically activated GPCRs. Additionally, C18 could exert effects on regulation of G
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protein-mediated signaling by guanine nucleotide exchange factors (GEFs). GEFs
facilitate the exchange of GDP for GTP during G protein activation, and they can
increase the rate of activation by several orders of magnitude (Bos et al., 2007; Murga et
al., 1999; Vetter and Wittinghofer, 2001). C18 could potentiate G protein-mediated
signaling to NFAT by activating GEFs and accelerating guanine nucleotide exchange
during GPCR activation. Finally, G proteins have intrinsic GTPase activity, through
which G protein-mediated signaling is terminated. C18 could possibly inhibit GTPase-
activating proteins (GAPs) to slow the termination of G protein-mediated signaling.
GEFs and GAPs are pharmaceutical targets, particularly in the treatment of cancer
(Stephen et al., 2014; Vigil et al., 2010), and so C18 signaling may be of interest in future
work in that field. However, based on the data presented in this chapter, our conclusion is
that C18 will not be a useful tool for specifically studying GPR37-mediated signaling

because of the non-specificity of C18 action.

No effect of MAG co-expression on constitutive GPR37 signaling to NFAT was
observed in the experiments shown in this chapter. Thus, the functional significance of
the interaction between GPR37 and MAG remains uncertain. The studies shown in
Chapter 2 reveal that GPR37 regulates MAG expression, but it is unclear if this
regulation is dependent in any way on the interaction of the two proteins. Similarly, it is
uncertain if MAG has any effect on GPR37 signaling. Further work in this area could
explore potential effects on MAG on GPR37 localization as well as exploring effects of
MAG on GPR37 signaling activity in different signaling assays and in different cellular

contexts.
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In the studies described in this chapter, we found that co-expression of REG4 with
GPR37 did not activate GPR37 in either the NFAT luciferase or TGFa shedding assays.
Indeed, in the NFAT-luciferase assay, co-transfection of REG2 or REG4 with GPR37
resulted in decreased constitutive signaling of GPR37, but this effect was not seen upon
co-culture of cells transfected with GPR37 and either REG2 or REG4 separately. These
results suggest that REG2- and REG4-mediated modulation of GPR37 signaling is cell-
intrinsic. Further work will be needed to determine whether REG proteins inhibit GPR37
signaling per se or instead impair GPR37 trafficking to the plasma membrane. Also, it
will be interesting to elucidate the structural determinants of the GPR37/REG association

and perform further studies to shed light on the functional significance of this interaction.
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Chapter V: Further Discussion and Future Directions



141

5.1 GPR37 as a regulator of the myelin-associated glycoprotein MAG

5.1.1 Further discussion: GPR37 regulation of MAG expression

The work presented in this dissertation identifies Mag as a significantly
downregulated protein in Gpr37” mice, indicating that GPR37 regulates MAG
expression. Furthermore, we show that there is not a significant difference in Mag mRNA
expression between WT and Gpr37” mice, which suggests that this regulation happens at
the protein level. One other report of a GPCR, VLGRI1, regulating MAG expression in
vivo was able to recapitulate MAG regulation in vitro in transfected cells, which allowed
exploration of the mechanism through which MAG is regulated (Shin et al., 2013).
However, GPR37-mediated MAG regulation was not recapitulated upon transfection of
GPR37 and MAG into HEK-293T cells. It is possible that the regulation of MAG
expression by GPR37 is cell-context dependent, and the model system utilized may lack a
critical component of the signaling machinery that allows GPR37 to promote MAG
protein expression. How this regulation occurs will be the focus of future studies. MAG
is known to be regulated in a variety of ways, and GPR37 could potentially impinge on

one or several of these known pathways by which MAG is regulated.

One intensively-studied mechanism by which MAG is regulated is via cleavage
by matrix metalloproteinases (MMPs) MMP-2, MMP-7, and MMP-9 (Milward et al.,
2008). Cleavage at L509 occurs near the transmembrane domain and results in the release
of an N-terminal fragment that matches the previously-identified derivative of MAG

(dAMAG) in size (Tang et al., 2001; Yanagisawa et al., 1985). Both release of AIMAG and
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increased MMP activity in the CNS are associated with neurological disorders, including
MS. The remaining C-terminal fragment of MAG left after MMP cleavage is
subsequently internalized and broken down. The activity of MMPs is reduced by tissue
inhibitors of metalloproteinases (TIMPs) (Murphy, 2011). GPCRs are known to be
capable of regulating both MMPs (Hsieh, 2014; Thornton et al., 2016; Vacas et al., 2016)
and TIMPS (Hsiao et al., 2014; Khokha et al., 2013). It is possible that GPR37 promotes
MAG stability by positively regulating TIMPS or negatively regulating MMPs, thus

preventing MAG cleavage by MMPS (Figure V-1A).

Data presented in this dissertation show that GPR37 coimmunoprecipitates with
MAG. The functional significance of this interaction is yet to be determined, but
previously identified interacting partners of MAG suggest that GPR37 could be a critical
regulator of myelination and myelin stability in its capacity as a MAG-interacting
protein. For example, the non-receptor tyrosine kinase Fyn is one of the major identified
interacting partners of MAG in oligodendrocytes (Umemori et al., 1994). After MAG
antibody crosslinking, specific Fyn activity is increased, suggesting that Fyn acts
downstream of MAG activation. Fyn is also known to be critical in the initiation of
myelination. However, knockout mice lacking both Fyn and Mag have a more severe
myelination phenotype than either Mag™ or Fyn” mice individually (Biffiger et al.,
2000). These results suggest that, although Fyn and MAG can interact in
oligodendrocytes, at least some of Fyn’s activity occurs independently of MAG; if the
two proteins were restricted to the same signaling axis, Mag” and Fyn” mice should have

similar a similar phenotype to the Mag/Fyn double knockout. Given the possibility for
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GPR37 to act as a novel regulator of myelination, the in vivo relevance of the
GPR37/MAG interaction is likely to be of interest in future exploration of GPR37’s

potential as a drug target for the treatment of demyelinating diseases.

GPR37 could act as a cis-interacting partner of MAG in oligodendrocytes. MAG
typically does not reside in lipid raft fractions of the cell membrane (Taylor et al., 2002;
Vinson et al., 2003). However, it is translocated to lipid rafts following antibody
crosslinking (Marta et al., 2004). GPR37 is localized to lipid rafts (Lundius et al., 2014),
and it is possible that the receptor facilitates MAG translocation to lipid rafts (figure V-
1C). This could occur either through GPR37 downstream signaling or physical
interaction with MAG. For example, GPCR activation results in activation of various
downstream pathways that frequently lead to phosphorylation of proteins. The
cytoplasmic tail of L-MAG is phosphorylated in vitro and in vivo (Bambrick and Braun,
1991; Edwards et al., 1989; Kirchhoff et al., 1993; Yim et al., 1995). This
phosphorylation appears to be mediated by PKC and other calcium-dependent kinases.
The signaling pathways activated by GPR37 in oligodendrocytes are incompletely
characterized, but it is possible that GPR37 activation ultimately leads to phosphorylation

of MAG (Figure V-1B).

Whether or not signaling pathways downstream of GPR37 lead to changes in
MAG phosphorylation, the physical interaction between GPR37 and MAG could
facilitate GPR37-mediated translocation of MAG into lipid rafts (Figure V-1C). Raft-raft

interactions between axons and periaxonal membranes of myelinating oligodendrocytes
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are known to stabilize axoglial structure and regulate spacing between axons and myelin
membranes (Vinson et al., 2003). In particular, lipid raft localization seems to be
important for MAG binding to axonal MAG receptors. In addition to facilitating
interaction of ligands and receptors on opposing cell membranes, lipid rafts create
microenvironments where intracellular signal transduction molecules are closely
associated with MAG:; this signaling of MAG back into myelinating oligodendrocytes is
known to promote oligodendrocyte health and myelin stability. Thus, if GPR37 helps
MAG segregate into lipid rafts in the cell membrane, then the interaction of MAG with

GPR37 could possibly serve to enhance stability of myelin.

In trans, MAG activates axonal receptors to signal to Rho (Yamashita et al.,
2002), facilitate neurofilament phosphorylation (Yin et al., 1998), and regulate the actin
cytoskeleton (Filbin, 2006; Quarles, 2007). Given the expression of GPR37 in certain
neuronal populations, the receptor could act as a trans-interacting partner of MAG
(Figure V-1D). MAG is known to exert sialic acid-dependent (DeBellard et al., 1996;
Tang et al., 1997) and sialic acid-independent (Domeniconi et al., 2002; Liu et al., 2002)
effects on axons. Given that MAG is likely to have a wide variety of axonal binding
partners and GPR37 is localized to lipid rafts, it is possible that MAG interaction with
GPR37 could bring it into close contact with signaling molecules necessary for mediating
certain effects on axons. This would allow MAG to have selective activity in certain

neuronal populations, depending on the presence or absence of GPR37.
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Figure V-1. Potential pathways through which GPR37 might regulate MAG
expression. A) GPR37 could promote TIMP activity or inhibit MMP activity to reduce
MAG cleavage, thereby stabilizing MAG expression levels. B) Signaling downstream of
GPR37 could result in MAG phosphorylation. C) Physical association of GPR37 and
MAG could result in MAG translocation to lipid rafts. D) GPR37 and MAG could

interact in trans across the periaxonal space.
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5.1.2 Future directions: GPR37 regulation of MAG expression

This dissertation lays the groundwork for future studies on the mechanism(s)
behind and functional significance of GPR37-mediated regulation of MAG expression.
The developmental profile of Mag expression in Gpr37 " mice could reveal if timing of
Mag expression is disrupted in the Gpr37” animal model. Results from such studies
could provide insight into why GPR37 seems to act as a negative regulator of myelination
during development (Yang et al., 2016) but yet data presented in this dissertation suggest
that GPR37 stabilizes myelin in the adult brain. Furthermore, viral reintroduction of Mag
in Gpr37”" mice in models of disease could confirm if there is a causal link between
decreased Mag expression and the phenotype observed in Gpr37” mice. In addition to
the increased susceptibility to demyelination presented in this dissertation, Gpr37” mice
also have increased susceptibility to seizure models (Giddens, 2017) (in submission).
Loss of MAG is also associated with increased susceptibility to brain insults beyond
demyelination, for example excitotoxicity (Lopez et al., 2011; Mehta et al., 2010;

Schnaar and Lopez, 2009).

Because of the potential relevance to the etiology of multiple neurological
disorders, understanding the mechanism(s) by which GPR37 regulates MAG expression
is an important future direction. Addressing this question will likely require studies on
primary cultures and/or in vivo experiments, as it seems that HEK cells lack some
fundamental part of the cellular machinery required for Gpr37 to regulate Mag. Oli-neu
cells (Jung et al., 1995) and CG4 (Louis et al., 1992) cells are also possible cell lines for

exploring this question. Myelin mutant animals resulting from dysregulated Mag exhibit
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issues such as irregular glycosylation (Bartoszewicz et al., 1995), increased endocytosis
and decreased production of Mag (Bo et al., 1995), increased proteasomal degradation of
Mag (Shin et al., 2013), and mislocalization of OPCs during development (Myers et al.,
2016). Identification of the mechanisms underlying GPR37 regulation of MAG
expression will illuminate a previously undefined aspect of GPR37 signaling and provide
direction for future efforts aimed at pharmacologically targeting GPR37 in the treatment

of human disease.

5.2 GPR37-mediated protection against demyelination

5.2.1 Further discussion: Gpr37" mice are more susceptible to cuprizone-induced
demyelination

GPR37 is highly expressed in oligodendrocytes (Cahoy et al., 2008; Imai et al.,
2001; Yang et al., 2016), and data presented in this dissertation show that expression of
Mag is significantly decreased in Gpr3 7" mice. Furthermore, mice deficient in Mag
show mild perturbations in myelination (Li et al., 1994; Montag et al., 1994) that are
enhanced upon exposure to injury and demyelinating toxins (Jones et al., 2013; Lassmann
et al., 1997; Lopez et al., 2011). Mag expression is selectively lost in early lesions in
human demyelinating disease (Rodriguez and Scheithauer, 1994), and many cases of
demyelination in humans begin with dying-back oligodendrogliopathy (Lucchinetti et al.,
2000), which is a common myelination feature in Mag-deficient mice. Gpr37” mice have
been previously reported to display precocious myelination during development and

slightly thicker myelin sheaths compared to WT mice (Yang et al., 2016), leading to the
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conclusion that GPR37 is a negative regulator of myelination. However, no previously
published work has explored the phenotype of Gpr37” mice under demyelinating
conditions. Given the evidence that GPR37 negatively regulates the myelin-stabilizing
MAG, we tested the hypothesis that Gpr37” mice would be more susceptible to

cuprizone-induced demyelination than WT mice.

Cuprizone is a copper chelator that selectively induces apoptosis in
oligodendrocytes and results in reliable demyelination in the corpus callosum (Kipp et al.,
2016; Skripuletz et al., 2011), with few peripheral side effects at demyelinating doses.
Furthermore, cuprizone toxicity is a non-T cell-mediated model of demyelination, which
would allow us to focus on the role of GPR37 in demyelination without having to
consider contributions or variability arising from immune system involvement. Mice of
the C57/BI6 background, on which the Gpr37” mice were bred, are particularly
susceptible to cuprizone-induced demyelination (Skripuletz et al., 2008). Finally,
withdrawal of cuprizone treatment following demyelination results in consistent

remyelination.

Here, we report that Gpr37” mice displayed more extensive demyelination than
WT mice in the cuprizone model of demyelination. Although significant differences in
extent of myelination were observed between Gpr37” mice and WT mice at the
beginning of the remyelination phase, the interpretation of data from this phase is
complicated by the fact that WT mice did not reach complete demyelination during the

study. Furthermore, the cuprizone paradigm is theoretically divided into discrete
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demyelination and remyelination phases. However spontaneous remyelination also
occurs during the first phase, while cuprizone is still being administered. Therefore, we
were unable to determine conclusively if loss of Gpr37 resulted in changes in

remyelination capacity.

Additionally, we found that Gpr37” mice did not exhibit differences in density of
OPCs or mature oligodendrocytes at any time point during cuprizone-induced
demyelination and subsequent remyelination. Taken together, these data suggest that
GPR37 contributes to myelin stability per se, rather than exerting cytoprotective effects
on oligodendrocytes or OPCs that result in stabilized myelin, expanding our
understanding of the role of GPR37 in oligodendroglial biology. Further experiments will
be needed to further explore the mechanism through which GPR37 stabilizes myelin and

to establish what role, if any, GPR37 plays in remyelination.
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Figure V-2. Potential model of GPR37 contribution to myelin stability. A) GPR37
regulates MAG expression (Chapter 2) and can increase ERK phosphorylation (Meyer et
al., 2013). 1t is possible that these and/or other yet to be identified downstream signaling
pathways contribute to the maintenance of myelin sheaths under demyelinating
conditions. B) The data presented in this dissertation suggest that loss of GPR37
increases susceptibility of axons to demyelinating attack. The mechanism through which

this occurs will be the focus of future work.
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5.2.2 Future directions: GPR37-mediated protection against demyelination

The potential role of GPR37 in the process of remyelination is of interest to study
further for two main reasons: (1) such studies would shed light on the role of GPR37 in
oligodendroglial biology, given the apparent conflict between GPR37 activity as a
negative regulator of differentiation and a stabilizer of myelin and (2) drug targets that
are involved in remyelination are highly attractive for the treatment of demyelinating
diseases like MS. To assess differences in remyelination capacity between WT and
Gpr37" mice, complete demyelination would need to be achieved for both genotypes.
More complete demyelination can be achieved by extending the timeline of cuprizone
treatment (Skripuletz et al., 2008). However, extended treatment with cuprizone can
result in axonal degeneration, which would add another complication in interpreting the
remyelination data. The mammalian target of rapamycin (mTOR) signaling pathway has
been implicated in stabilizing myelin and promoting remyelination (Sachs et al., 2014).
Furthermore, treatment with rapamycin augments cuprizone toxicity to achieve more
complete demyelination in shorter amounts of time. Rapamycin treatment could be added
to future cuprizone studies involving Gpr3 7" mice to more definitively establish the

effect of knocking out Gpr37 on remyelination.

Despite the advantages of the cuprizone model in studying demyelination and
remyelination, it fails to fully recapitulate the features physiological demyelination
observed in MS. Thus, future studies could complement the cuprizone data by using an
inflammatory model of demyelination, such as experimental autoimmune

encephalomyelitis (EAE). In EAE, mice develop clinical features of demyelination, such
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as hind limb paralysis, that are not seen in cuprizone-induced demyelination (Denic et al.,
2011). Demyelination is also observed in disparate brain regions and the spinal cord in

EAE, a feature present in MS.

In addition to using complementary models of demyelination to confirm the
conclusion that GPR37 protects against demyelination, another important unanswered
question is whether the loss of GPR37 in oligodendrocytes specifically increases myelin
stability. GPR37 is known to be expressed in other glia and certain neuronal populations.
While evidence for a protective role of GPR37 is dependent on cell context, it is known
that GPR37 is protective in other cell types (Lundius et al., 2013; Lundius et al., 2014;
Meyer et al., 2013). Furthermore, other cells in the brain affect cuprizone-induced
toxicity. Astrocytes and microglia are activated during cuprizone administration (Groebe
et al., 2009; Skripuletz et al., 2013). Additionally, demyelination can occur secondary to
axonal degeneration. Conditional knockout mice that lack Gpr37 in different cell types in
the brain can be used in the future to identify which cell type is relevant in Gpr37-
mediated protection against cuprizone-induced demyelination. For example, since GPR37
is known to be expressed in certain neuronal populations, it will be important to
determine whether expression of GPR37 in axons contributes to the stability of the
myelin sheath. Finally, the future identification of small molecule GPR37 agonists would

allow for validation of GPR37 as a drug target in the treatment of MS.

5.3 Signaling modulators of GPR37
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5.3.1 Further discussion: signaling modulators of GPR37

A challenge in fully understanding the mechanism(s) through which GPR37
mediates its myelin-stabilizing effects is the lack of a widely-accepted endogenous
agonist. Activation by the putative ligands HA (Gandia et al., 2013; Rezgaoui et al.,
2006) and prosaptide (Lundius et al., 2014; Meyer et al., 2013) is modest and inconsistent
across cell types. In fact, neither putative ligand could be confirmed in oligodendrocytes
(Yang et al., 2016). We sought to work around the lack of a definitive endogenous ligand
by identifying small molecules and interacting partners that modulate GPR37 signaling.
To that end, we completed a high throughput drug screen and tested several recently
identified GPR37 interacting partners in signaling assays. We chose dynamic mass
redistribution (DMR), a pathway-independent method, for the high throughput screen,
because the signaling pathways activated downstream of GPR37 are not completely

characterized.

We identified octoclothepin maleate as a low-affinity inverse agonist of
constitutive GPR37 signaling to NFAT. While octoclothepin reliably attenuated GPR37
signaling to NFAT, an ICsy of 65 uM was observed. This affinity constant is much
higher than the ICs, of octoclothepin for any of its other many targets (Bogeso et al.,
1991; Burstein et al., 2005; Campiani et al., 2002; Kristensen et al., 2010; Liljefors and
Bogeso, 1988; Lim et al., 2005; Roth et al., 1994). From this, we conclude that
octoclothepin is unlikely to be useful as a tool to selectively study GPR37 signaling in

vitro or for manipulation of GPR37 signaling in vivo, although the possibility exists that
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octoclothepin could serve as a lead compound to develop more selective and higher-

affinity GPR37 antagonists.

Another compound, (SHD[1,2,4]triazino[5,6Db]indolD3Dylthio)acetamide (C18),
was identified in the screen as an activator of GPR37. However, C18 also potentiated
signaling of BAII, a distantly-related GPCR, in secondary assays. From this, we
concluded that C18 is a general potentiator of GPCR-mediated signaling. The multistep
process of GPCR signal initiation and termination presents several mechanisms through
which C18 could potentiate signaling. For example, C18 could inhibit GTPase activating
proteins (GAPs) to prolong GPCR signaling. This possibility could be assessed using
fluorescence-based GTPase activity assays (Willard et al., 2005). Another potential target
of C18 is B-arrestin-mediated receptor internalization. Fluorescence-based B-arrestin
mobilization assays could be used to determine if C18 inhibits B-arrestin recruitment to
GPCRs, resulting in inhibited termination of GPCR-mediated signaling. Further
characterization of the mechanism of action of C18 may reveal a more specific utility for

the compound as a pharmacological tool than was determined by these studies.

Earlier in this chapter, the interaction of MAG with GPR37 was discussed in
terms of the potential impact of this association on MAG function. Given that MAG is
known to be part of a bidirectional signaling complex, we also tested the possibility that
MAG co-expression might modulate GPR37 signaling. However, we found that MAG
did not alter constitutive GPR37 signaling to NFAT. It is possible that MAG regulates

GPR37-mediated signaling to other pathways, such as pERK, and it is also possible that
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MAG association with GPR37 has no effect on the receptor’s signaling. Further studies
will be needed to conclusively determine whether MAG modulates GPR37 signaling

activity.

We also tested whether regenerating islet-derived family members 2 (REG2) and
4 (REG4) could activate GPR37. REG2 is expressed in the brain, is secreted after injury
(Averill et al., 2002; Livesey et al., 1997), and is closely related to REG4, which was
recently suggested to be capable of activating GPR37 (Wang et al., 2016). Furthermore,
mice lacking Reg2 exhibit myelination deficits (Tebar et al., 2008). If indeed REG2 could
activate GPR37 signaling, the known involvement of this protein in myelination would
be tantalizing. However, we found that both REG2 and REG4 co-expression attenuated
constitutive GPR37 signaling. Further work will be needed to ascertain whether this
regulation reflects an effect on receptor trafficking or signaling, or conversely reflects an

effect on signaling pathways downstream of GPR37.

In sum, our efforts to identify either small molecules or endogenous interacting
partners that could activate GPR37 resulted in the identification of three inhibitors of
constitutive GPR37 signaling. Efforts to identify small molecule agonists of GPR37 and

refine some of the inhibitors identified here are ongoing.

5.3.2 Future directions: Small molecule ligands for GPR37

While high throughput screening is a common and often successful method for

identifying agonists of GPCRs, novel strategies are emerging for virtually screening
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receptors (Kumari et al., 2015). These methods depend on knowledge of three-
dimensional structures or receptor-ligand pairs. At present, no crystal structures are
available for GPR37. However, efforts have been made based on primary sequence to
predict ligands that might bind to the closely-related receptor GPR37L1 (Ngo et al.,
2017). Several small molecule ligands were identified via this approach, but these

ligands were all found to be antagonists (Ngo et al., 2017).

The study of heteromeric receptor complexes has expanded drug targets in GPCR
signaling systems (Fuxe et al., 2014; George et al., 2002). Many GPCRs are believed to
exist in a monomer-dimer equilibrium (Gurevich and Gurevich, 2008b; Lambert, 2010),
except for class C receptors, which are believed to exist as more stable dimers (Gurevich
and Gurevich, 2008a). It is becoming increasingly apparent that most signaling molecules
exist as members of larger complexes or signaling structures, highlighting the importance
of taking a signaling system-wide approach in developing pharmaceuticals targeted at
GPCRs. For example, multivalent agonists of receptors have shown increased affinity for
the desired receptors compared to monovalent agonists (Halazy et al., 1996; Perez et al.,
1998). Furthermore, agonists targeting certain opioid dimers over others have been
shown to increase opiate analgesia without increasing tolerance (Daniels et al., 2005;
George et al., 2000; Gomes et al., 2004). This evidence suggests that understanding all
members of the signaling complex and developing agonists selectively targeted at all

members of that complex can significantly improve clinical outcomes.
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Because GPR37 signaling has been implicated in several different disease states,
it may be beneficial to focus future efforts in small molecule agonist development at
creating multivalent ligands that might target GPR37 in complex with a disease-specific
interacting partner, like MAG. This approach could be particularly important for targets
like GPR37. While we show here that GPR37 protects against demyelination, other
reports indicate that GPR37 over-expression is deleterious and can cause cytotoxicity due
to protein misfolding and endoplasmic reticulum stress (Imai et al., 2002; Imai et al.,
2001; Marazziti et al., 2009; Omura et al., 2006; Yang et al., 2003; Zeng et al., 1997).
The development of agonists that target the GPR37/MAG signaling complex could
possibly promote myelin-protective GPR37 signaling while avoiding GPR37 signaling in
dopaminergic neurons or other cell populations where the activity of the receptor might

be less desirable.

Another method for achieving specific modulation of signaling is through the
development of biased agonists. Such agonists allow for the selective activation of one
signaling pathway downstream of a receptor over other pathways (Fisher et al., 1993;
Gurwitz et al., 1994; Reiter et al., 2017). GPR37 has been shown to couple to Ga,
resulting in inhibition of cAMP formation (Meyer et al., 2013). Increased pERK
signaling has also been identified downstream of GPR37, which could be the result of -
arrestin mediated signaling, rather than G protein-mediated signaling. Activation of the
MEK/ERK signaling pathway has been implicated in oligodendrocyte process extension

and myelination (Gaesser and Fyffe-Maricich, 2016). However, further work will be
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required to determine the downstream signaling pathway relevant to GPR37-mediated

protection against demyelination.

5.4 Concluding remarks

The work described in this dissertation provides new knowledge concerning
GPR37 regulation of myelin proteins and demyelination. We also describe GPR37-
mediated activation of a previously unreported downstream signaling pathway and
identify novel inhibitors of GPR37 signaling. Prior to this work, little was known about
the role of GPR37 in oligodendroglial biology, as most previous reports focused on
GPR37-mediated effects on dopaminergic signaling and parkinsonism. During the course
of the studies presented here, a paper was published demonstrating a role for GPR37 as a
negative regulator of oligodendrocyte differentiation during development (Yang et al.,
2016). This study represents a useful complement to the studies described in this
dissertation, as the work presented here focused on the role of GPR37 in adult mice,
rather than development, and also focused on the role of GPR37 in response to a

demyelinating insult, rather than under normal conditions.

In conclusion, the work presented here identifies GPR37 as a novel regulator of
MAG expression and an interacting partner of MAG. Furthermore, this work has
advanced the understanding of the role played by GPR37 in myelin maintenance by
demonstrating that loss of GPR37 increases susceptibility to demyelination. Thus, the

results described in this dissertation provide new insights into the fundamental biology of
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GPR37. These findings may prove useful in the future therapeutic targeting of GPR37 for
the treatment of neurological disorders, especially myelination disorders such as multiple

sclerosis.
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