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ABSTRACT OF THE DISSERTATION

The search for new regulators of remyelination after white matter stroke

by

David DiTullio
Doctor of Philosophy in Neuroscience
University of California, Los Angeles, 2017

Professor Stanley Thomas Carmichael, Chair

White matter stroke comprises up to twenty-five percent of all diagnosed strokes, though
up to ten times as many events go undiagnosed until accumulation leads to clinical sequelae such
as vascular dementia and gait disturbances. White mater stroke leads to death of
oligodendrocytes and demyelination of axons in the peri-infarct area, as well as persistent
inflammation and astrogliosis. After injury, oligodendrocyte progenitor cells (OPCs) are unable
to differentiate into myelinating oligodendrocytes, leaving axons chronically demyelinated. This
pathology is distinct from other demyelinating diseases, but the underlying mechanism remains
unknown.

This dissertation presents a series of studies that aim to elucidate genetic mechanisms of
the observed OPC differentiation block, with the goal of uncovering regulators that can be
manipulated to enhance OPC differentiation, and ultimately, remyelination, after injury. OPCs

isolated from control as well as peri-infarct tissue at key time points after stroke are analyzed

i



using RNA-sequencing to generate an OPC stroke-specific transcriptome. This gene expression
dataset is characterized using complementary bioinformatics metrics, and comparisons to
previously described transcriptomes show it is specific to OPCs and to the post-stroke context.
Using quantitative metrics, ten highly differentially expressed candidate genes are selected for
study to identify regulators of OPC differentiation.

First, each candidate gene is overexpressed in primary OPC cultures, and quantitative
PCR is used to assess differentiation. Several candidate genes show pro-differentiation effects,
but three of the most significant regulators, Chst10, C9orf9, and Csrp2, are selected for study in
vivo, in a mouse model of white matter stroke. Tissue studies demonstrate that both Chst/0 and
Csrp2 induce significant differentiation of OPCs in post-stroke as well as stroke-naive tissue,
suggesting that these genes are involved in pathways that respond to white matter stroke, but
may be applicable in oligodendrocyte biology more broadly.

A final set of experiments returns to the OPC stroke transcriptome to explore ways to
apply this knowledge of OPC differentiation regulators. Small molecule regulators identified
through additional transcriptome analyses are found to promote OPC differentiation both in vitro
and in vivo, underscoring the power of the combined bioinformatics and cell-level approaches

taken in this study.
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Chapter 1

Introduction

1.1 Stroke: a major health challenge

In an age of rapid advances in health sciences research and innovation, stroke remains a
major medical challenge. It is the second leading cause of death worldwide, accounting for 11%
of all deaths globally in 2015 (World Health Organization, 2017a, 2017b). In the United States,
the annual incidence of strokes is 795,000, meaning that on average, someone has a stroke every
40 seconds (Benjamin et al., 2017). Thus, stroke is a pervasive and serious disease. Complicating
this issue beyond its simple mortality statistics, however, are the major challenges and costs
associated with stroke survival. Multiple reports point to a gradual but steady decrease in death
rates worldwide, as imaging techniques and education regarding early signs improve (Carandang
et al., 2006; Ovbiagele et al., 2011). Evidence suggests that this trend will continue over the
coming decades as well: one study estimates that stroke incidence will increase more than
twofold by 2050, while survival increases in most groups (Howard & Goff, 2012). With
increased survival comes an increasing need to support patients in recovery: rehabilitation
strategies are limited, and the toll of living with sensorimotor and cognitive deficits secondary to
chronic injury can be both functionally and emotionally devastating (Carod-Artal & Egido,
2009). Furthermore, although there is a wealth of research into rehabilitation strategies effective
in stroke, recovery is often incomplete, and complementary interventions targeting post-stroke
biology that enhance efficacy of current strategies would greatly improve patient well-being
(Dobkin, 2005; Langhorne et al., 2011). Finally, the impact of these trends extends beyond the
toll it takes on patients and their families: cost of stroke treatment from 2005 to 2050 is estimated

to exceed $2.2 trillion, with over 80% of these costs due to post-hospitalization care,



rehabilitation, and lost earnings (Brown et al., 2006). To this end, research into the
pathophysiology of stroke is of paramount importance. By understanding the specific
mechanisms underlying injury after stroke, through both acute and chronic phases, we can then
identify interventions to minimize negative consequences, as well as enhance and expedite
recovery. New discoveries in this area have the potential not only to reduce mortality, but also to
give survivors back control over their lives.

This dissertation attempts to answer this challenge in one of the most understudied but
pervasive subtypes of stroke: white matter stroke. Ischemia in the white matter is an especially
exciting area of neuroscientific research due to its unique and complex biology, which integrates
responses between well-known neurons and their lesser-known neighbors: the oligodendrocytes.
This project takes a systems-to-cells approach to explore oligodendrocyte biology, with a
specific eye towards stroke pathology. Its foundation is a novel toolkit: a transcriptomic dataset
describing oligodendrocyte progenitor gene expression following white matter stroke.
Bioinformatics analysis identifies a highly promising subset of differentially expressed genes
upon which in vitro screening techniques are focused to explore novel pathways in
oligodendrocyte differentiation. From this screen, three particularly promising genes are
extracted for detailed in vivo study. The remainder of the dissertation explores these in vivo
studies, with a particular focus on how findings using an animal model of injury can both
enhance our understanding of oligodendrocyte biology generally, as well as identify promising
new treatment targets, and specific pharmacologic interventions, that have the potential to

augment the clinician’s toolkit in the fight against this serious and widespread disease.



1.2 White matter ischemia is a pervasive stroke subtype

As with many diseases, “stroke” is a fairly broad term that encompasses a host of
different pathologies sharing central characteristics. The most common of these is ischemic
stroke, which arises from an interruption in blood flow to a brain region and comprises 85% of
diagnosed strokes (Moskowitz et al., 2010). Intracerebral hemorrhage induces stroke via
mechanical disruption of brain architecture and makes up much of the remaining diagnoses
(Barratt et al., 2014; Qureshi et al., 2009). Finally, stroke can also arise secondary to other severe
systemic conditions, such as cardiac arrest (Moskowitz et al., 2010). Thus, even at the highest
level, stroke involves a constellation of mechanisms, each with its own research challenges.

Divisions between stroke subtypes continue beyond the ischemic/hemorrhagic
categorization; specifically, the brain region in which stroke occurs can have a marked effect on
symptomatology, severity, and cellular mechanism of injury (Bamford et al., 1991; Sacco et al.,
2013). To this end, one particularly understudied category of ischemic injury is white matter
stroke (WMS). These arise subsequent to interruptions in blood flow to the small penetrating
arterioles that supply subcortical structures of the brain, and, in particular, axonal tracts that are
highly structured but poorly perfused (Prins & Scheltens, 2015). Prevalence of WMS is high: it
is estimated to comprise at least 15-25% of all stroke diagnoses (Bamford et al., 1991; Schneider
et al., 2004). This figure almost certainly underestimates the pervasiveness of WMS, however, as
one study notes presence of white matter lesions in 70% of participants aged 50-75 (Schmidt et
al., 2003). Furthermore, its clinical presentation is variable, and in many cases, white matter
injury is detected well into the chronic phase of the disease, as small infarcts build up in

sequence until a threshold of clinical symptoms develops (Wright et al., 2008). Thus, treatment



of WMS by its nature requires attention to the post-acute and chronic phases of injury, with an

eye towards enhancing recovery and rehabilitative mechanisms.

Challenges in clinical treatment of white matter stroke

Although WMS often progresses subclinically, it is a debilitating disease and can lead to
serious sequelae. First, even undetected white matter lesions are associated with significant
cognitive impairment, accounting for what patients and their families may brush off as “normal
aging” (Wright et al., 2008). WMS can also impair motor function and has been associated with
increased risk of falls due to gait impairment (Chui, 2007; Srikanth et al., 2009). More serious
effects of WMS can arise with aggregation of multiple lesions; this underlies the pathology of
vascular dementia, the second-leading cause of dementia after Alzheimer’s disease (Prins &
Scheltens, 2015; Schmidt et al., 2003). Figure 1-1 demonstrates the pathology of WMS in
patients and the wide spectrum of injury seen across patients.

A survey of the clinical understanding of white matter stroke, as summarized above,
indeed demonstrates the serious impact of this disease on health, particularly in elderly
populations. Unfortunately, it also highlights distinct gaps in our knowledge of this disease. For
example, in some cases, white matter lesions accumulate in a predictable, progressive fashion; in
others, lesions are apparently benign and remain silent throughout life. The use of magnetic
resonance imaging (MRI) has greatly improved detection rates of white matter injury, but the
correlation between imaging results and clinical effects is imperfect (Grueter & Schulz, 2012;
Longstreth et al., 1996; Manolio et al., 1994; Schmidt et al., 2003). As a result, it is difficult to
offer patients specific interventions before symptoms present, because we lack the tools to

determine who will most benefit.



A final challenge in the clinical practice of stroke treatment, particularly white matter
stroke, is a severe lack of tools. Tissue plasminogen activator (tPA) is the only approved
pharmacologic intervention for acute ischemic stroke but is used only within the first 4.5 hours
after stroke onset, including travel time to the hospital (Prabhakaran et al., 2015; Saver et al.,
2013). White matter stroke, due to its insidious nature, is not typically treated in the acute stage.
No pharmacologic interventions are available for subacute or chronic phases of injury (Teasell et

al., 2013).

Successes in stroke rehabilitation

It is well known, however, that the brain possesses the capacity for repair, even after
serious injuries. Neuroplasticity in the context of stroke has been identified as a major
mechanism of recovery and is enhanced by therapeutic intervention (Teasell et al., 2013). One of
the most impressive examples of this phenomenon is the advent of constraint-induced movement
therapy, in which the stroke-unaffected limb is restrained to force use of the affected side
(Kunkel et al., 1999; Liepert et al., 2000). Because of its efficacy, it is no surprise that constraint-
induced therapy has been carefully refined to maximize benefit, and it is now one of the
mainstays of stroke rehabilitation (Uswatte et al., 2005). Importantly, research into the biological
basis of this recovery suggest that there is a close interplay between behavioral intervention and
cell-level mechanisms of repair (Nie, 2016). In short, recovery in the subacute and chronic
phases of injury is made possible by specific gene expression changes, along with cellular
growth and differentiation on a region- and circuit-specific level.

This interplay between biology and rehabilitative therapy is especially promising when

considering white matter stroke. Because this disease is in large part a chronic condition, with



symptoms slowly building up over time, interventions must be efficacious even well after the
initial ischemic insult. Thus, identifying endogenous repair mechanisms that already exist and
using biological treatment to enhance these pathways offers patients with WMS the best hope for
successful therapy. Research into the basic biology of WMS must thus focus on two major areas:
first, what repair mechanisms exist to repair damage at different phases post-ischemia; and
second, what features of disease are preventing the brain from undergoing full recovery.

As will be discussed below, research into white matter stroke is, even now, at relatively
early stages. The basic pathology has been described as death of myelinating oligodendrocytes
and subsequent inflammation (Sozmen et al., 2012). However, the specific challenges of repair
in the context of WMS are only just now coming to light, and much remains to be discovered.
Regardless, any discussion of white matter injury must first begin with an understanding of the

development and function of a fascinating glial cell type: the oligodendrocyte.

1.3 Oligodendrocytes in the white matter

The concept of neuroglia was first presented to the neuroscience community over 150
years ago, by Rudolf Virchow at a lecture in Berlin (Kettenmann & Verkhratsky, 2008). At that
time, the term referred to neuroglia as an element totally distinct from any “nervous” function,
instead identifying them as providing structure to the brain. Over the next several decades,
neuroscience slowly began to understand the diversity of glial cells present in the brain,
beginning with the astrocyte and its regionally-defined protoplasmic and fibrous populations. It
was not until 1919 and the work of Pio del Rio-Hortega, a colleague of Pedro Ramon y Cajal,

that the oligodendrocyte was identified (Pérez-Cerda et al., 2015). His work provided the first



insight into how oligodendrocytes function in the white matter milieu, integrated with neurons,
but also astrocytes, microglia, and vasculature (Figure 1-2).

Early understanding of oligodendrocytes centered on their role as myelinating cells of the
central nervous system, as seen in del Rio-Hortega’s drawings, and indeed, they were long
thought to serve this purpose almost exclusively (Pfeiffer et al., 1993). As a result, much of the
research into oligodendrocyte biology in the twentieth century focused on developmental
pathways surrounding myelin formation (Baumann & Pham-Dinh, 2001). Our understanding of
these cells has since expanded considerably, and it is clear that oligodendrocytes do a great deal
within the brain beyond producing myelin. Nonetheless, this is undoubtedly one of their most

important roles and is important to understand in some detail.

Development of oligodendrocytes as myelin-producing cells

Oligodendrocytes are initially generated from neuroepithelial sources during neural tube
formation, and arise in multiple waves from different regions along the developing nervous
system (Kessaris et al., 2006; Zuchero & Barres, 2013). The committed progenitor population,
the oligodendrocyte progenitor cell (OPC), is self-renewing and resident throughout the brain,
comprising approximately 5% of all cells (Dawson et al., 2003). The classic view is that OPC
differentiation is induced primarily by transcription factors Oligl and Olig2 (Meijer et al., 2012).
How this switch from progenitor to committed state occurs is complicated. Experiments in vitro
identified a number of signals that induce the differentiation pathway, including transforming
growth factor B (TGF-p), triiodothyronine (T3) (Baumann & Pham-Dinh, 2001). However, the

differentiation process in vivo is more complicated and likely involves a combination of



paracrine signaling (both cytokines and growth factors), epigenetic changes, and responses to
neuronal activity (Zuchero & Barres, 2013).

Upon initiating the differentiation process, OPCs proceed through a series of intermediate
stages, which have been defined by gene expression profiles. Markers characteristic of each
stage are summarized in Figure 1-3, and are helpful to facilitate study of this process in the
laboratory setting (Espinosa-Jeffrey et al., 2009; Nishiyama et al., 2009). In general, OPCs are, at
their earliest stages, small, bipolar cells approximately 20 um in diameter (Dumas et al., 2015).
Receipt of differentiation signals induces changes that include increased cell process number and
cell size, though expression characteristic of OPCs; these cells are often referred to as new
oligodendrocytes (new OLs) or immature OLs (Nishiyama et al., 2009). Expression of the
proteoglycan NG2 disappears, while PDGFRa expression is maintained (Espinosa-Jeffrey et al.,
2009). Of note, the surface marker O4 appears in this stage (Espinosa-Jeffrey et al., 2009).

Further differentiation to the mature OL stage brings the expression of myelin basic
protein (MBP) and dramatic increases in the cell size and number and complexity of processes.
Cells at this stage can be 100 um or more in diameter (Bakiri et al., 2011; Michalski & Kothary,
2015). In addition to expression of MBP, cells also express mature markers including CCl1,
GSTn, and O1 (Mei et al., 2016; Nishiyama et al., 2009). From this stage, further signaling
pathways induce oligodendrocyte process extension towards axons and myelination, leading to
the myelinating OL stage of development. Cell morphology changes as processes extend myelin
wrapping around axons in a stereotyped fashion, generally aligning in parallel processes
especially in the white matter. A single myelinating OL can interact with fifty or more axons,
with each process covering a length of 200 um, suggesting a potential role for oligodendrocytes

in co-regulating networks of axons (Simons & Nave, 2016). Thus, as described above, a great



deal of research has focused on characterizing the oligodendrocyte differentiation pathway from
progenitor to myelin-producing cell integrated into an axonal network. It is important to note,
however, that while stages have been described here as distinct and are often treated as such in
the literature, cells almost certainly proceed along a continuous spectrum of differentiation.
There is a clear pathway from OPC to myelinating oligodendrocyte, and ample research
demonstrates the importance of this pathway in development (Tripathi et al., 2011; Zuchero &
Barres, 2013). OPCs also generate oligodendrocytes in the adult brain, as part of the normal
process of cell turnover. Recent work has used carbon dating in human tissue, combined with
modeling, to show that white matter oligodendrocyte turnover is approximately 0.33% annually,
or one of every 300 oligodendrocytes (Bercury & Macklin, 2015; Yeung et al., 2014). This is
both much slower than the myelin turnover rate, highlighting the dynamism of oligodendrocytes;
and of oligodendrocytes in the cortex, which have a turnover rate of 2.5%. This suggests region-
specific behavior, but also highlights that mechanisms for oligodendrocyte replacement are

established parts of normal physiology.

Mpyelination of axons by oligodendrocytes

While the process of oligodendrocyte differentiation has been characterized over decades,
the actual process by which axons are myelinated, and the signals that indicate to
oligodendrocytes which axons to myelinate and to what degree, have only recently begun to be
elucidated. OPCs possess synapses, allowing them to directly sense neuronal activity (Bergles et
al., 2000). Optogenetic experiments have since directly tested this hypothesis and shown that
increased neuronal activity induces both oligodendrocyte differentiation and myelination,

confirming that oligodendrocytes participate in signaling pathways and can play a role in



network plasticity (Gibson et al., 2014). Axons can release additional signals specific to
oligodendrocytes, as well, providing additional control over selective myelination, and additional
features like axon size may play a role (Simons & Lyons, 2013). Nonetheless, the exact
mechanisms by which oligodendrocytes identify which axons to myelinate, and conversely, what
systems prevent myelination of others, remain mysterious.

Just as new insights are being made into neuron-oligodendrocyte interactions in the decision
to myelinate, new work by Brad Zuchero and Ben Barres has elucidated the physical mechanism
of myelination (Zuchero et al., 2015). They report that actin assembly promotes initial
oligodendrocyte-axon interaction, while wrapping of the axon relies on actin disassembly. Actin
in oligodendrocytes is also important for assembling key protein complexes that regulate the
formation of nodes of Ranvier (Brivio et al., 2017). Taken together, this research makes clear the
diversity of proteins and genes important for oligodendrocyte function. In addition to the
classically-studied myelin genes, systems and structures from the nucleus to the cytoskeleton

play key roles in oligodendrocyte differentiation and function.

Non-myelinating functions of the oligodendrocyte lineage

Oligodendrocytes have been suspected to function as more than just myelinating cells
since the 1980s, when culture experiments suggested that OPCs could differentiate into
astrocytes or oligodendrocytes depending on culture conditions, suggesting that OPCs existed for
reasons beyond producing new myelin-making cells (Barres et al., 1990; Raff et al., 1983).
Although these specific results were not recapitulated in vivo for many years, it opened the door
to the perspective that oligodendrocytes may have additional functions in the brain, both at the

progenitor stage and upon differentiation (L. Zhang et al., 2016). As it stands now, the field is
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actively working to expand our understanding of these additional functions, and much will surely
be presented in the coming years. Already, however, recent research suggests important
additional roles of these cells that contribute to normal physiology and, importantly, could
contribute to pathology.

Oligodendrocytes themselves are poised to play an important role in axonal support due
to their close physical relationship to the axons themselves. NMDA receptors present on
oligodendrocytes, in addition to being a pro-myelination signal, continue to facilitate neuron-
oligodendrocyte signaling once myelination is complete. Glutamatergic signaling via these
receptors induces glucose transporter 1 (GLUT1) translocation to the oligodendrocyte
membrane, increasing glucose uptake and subsequent release of glycolysis products to the axon,
providing long-term reliable metabolic support (Saab et al., 2016). Furthermore,
electrophysiology experiments suggest that oligodendrocytes have electrical activity, and that
their depolarization directly affects latency of action potential in nearby neurons (Fields, 2008).
Both the metabolic and electrical properties of oligodendrocytes are areas of active research in
the field, and these initial findings suggest that there is more to be discovered about the role of
oligodendrocytes within the brain.

Perhaps the most exciting debate in the oligodendrocyte field currently focuses on the
OPC. Thought to exist as a progenitor, resident in the brain to replenish oligodendrocytes when
needed, researchers began to question the utility of 5% of the brain’s cells serving such a
quiescent purpose. Indeed, it appears that cells previously grouped into the category of OPCs are
likely a diverse cluster of cells serving many roles in the brain. OPCs, generally defined as

PDGFRo" NG2" cells, were initially treated purely as progenitor cells, but given their abundant
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functions beyond this, they are starting to earn a place as a distinct glial cell type' (Hill &
Nishiyama, 2014).

In addition to forming synapses with neurons, as described above, OPCs express a variety
of membrane ion channels that, like oligodendrocytes, confer unique electrophysiological
properties (Hill & Nishiyama, 2014). In particular, OPCs express AMPA receptors, which
respond to activity from nearby neurons in a way similar to classical long-term potentiation (Ge
et al., 2006). This leads to long-term changes in calcium permeability in the cell. Though the
downstream effects of this are still not understood, it may relate to differentiation signaling
and/or communication with neurons (Hoffmann et al., 2010). Another feature suggesting OPCs
play unique roles in the brain is that many OPCs never differentiate into oligodendrocytes at all,
suggesting that such a large number of cells would not be necessary for their differentiation
capacity alone.

Finally, there has recently been work to revisit the early culture experiments of OPCs, in
which alterations to culture medium (namely, an increase in serum concentration) induced
differentiation of cells into astrocytes rather than oligodendrocytes. This multipotency was not
observed in vivo, though true fate mapping of cells was difficult due to the transient nature of
receptor expression and limited technologies by which to trace cell fate (Nishiyama et al., 2009).
However, application of bacterial artificial chromosome (BAC) genetic manipulation enabled
researchers to trace NG2" cells during development. In this process, researchers identified a
small population of NG2" OPCs that differentiated into protoplasmic gray matter astrocytes,
sometimes comprising 40% of the astrocytes in the area (Hill & Nishiyama, 2014; Zhu et al.,

2007). Research by Q. Richard Lu’s lab has shown that histone modification can induce

" For clarity, these PDGFRo" NG2" cells will continue to be referred to as oligodendrocyte progenitor cells
(OPCs), consistent with the majority of the relevant literature on this topic.
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astrocyte differentiation of OPCs, providing a potential mechanism for this phenomenon (L.
Zhang et al., 2016). It is worth noting that astrocyte differentiation of OPCs has not been seen in
normal physiology outside of early developmental stages, and even in development, only
protoplasmic astrocytes were derived, while all white matter-localized OPCs appeared to
differentiate into oligodendrocytes (Zhu et al., 2007). Still, this suggests that cellular mechanisms
for this switch exist within OPCs, again showing that these cells play many roles within the

brain, many of which have yet to be identified.

1.4 Oligodendrocytes in disease

Much is known about the development of oligodendrocytes and their function in normal
physiology. Not surprisingly, they also play central roles in disease, particularly those involving
significant white matter pathology (Table 1-1). In each case, oligodendrocyte loss leads to
demyelination of axons, which directly impairs saltatory conduction and thus communication
between brain regions (Crawford, Mangiardi, & Tiwari-Woodruff, 2009). Pathology extends
beyond impaired conduction of demyelinated axons, however, as axons that remain chronically
demyelinated can degenerate, leading to permanent neuronal loss (Crawford, Mangiardi, Xia, et
al., 2009; Nave, 2010). Additionally, in most cases, injury to the white matter leads to
inflammation. This involves CNS-native cells such as microglia and astrocytes, but also
macrophages that infiltrate following transient disruption of the blood-brain barrier (BBB)
(Popescu & Lucchinetti, 2012; Ransohoff, 2012). How oligodendrocytes, and the white matter as
a whole, respond to injury thus depends on the degree and duration of injury, as well as

associated secondary effects.
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Multiple sclerosis as a model of demyelination

Although many diseases involve sustained demyelination as a primary pathology, much
of the research in this area has focused on multiple sclerosis (MS) as a model (Deshmukh et al.,
2013; Ransohoff, 2012). MS is a chronic disease that is at the core autoinflammatory, similar to
rheumatoid arthritis, in which T cells become autoreactive against antigens specific to
myelinated axons; this could be myelin proteins or other proteins in the axon-oligodendrocyte
network (Gold & Wolinsky, 2011) (Figure 1-4). These activated immune cells then cross the
BBB via expression of inflammatory markers that permit passage through the vasculature and
into the CNS. There, the abundance of myelin proteins activates an immune response, and
myelin is attacked and broken down, releasing even more antigen that exacerbates the response.
Thus, inflammation is a key feature of MS; however, it should be noted that mechanism is such
that a specific subset of immune cells, Th17 cells, are primary drivers of this. This makes the
core mechanism different from ischemic injury like WMS, where necrosis and subsequent
release of cellular contents drives an immune response (Sozmen et al., 2012).

There are two main animal models of MS, each of which targets a different pathologic
mechanism to assess disease (Ransohoff, 2012). First, cuprizone, a copper chelator, can be given
to rodents with food for a period of weeks to induce mitochondrial defects selectively in
oligodendrocytes, leading to apoptosis and thus demyelination. After cuprizone is removed,
myelination recovers, making this method effective to study remyelination typical of relapsing-
remitting MS. On the other hand, experimental autoimmune encephalomyelitis (EAE) is a model
based on the immune response and subsequent inflammation seen in MS. Here, a preparation of

proteins from the CNS is injected peripherally to induce immune activation, leading to pathology
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that has shown to be similar to MS, and has actually led directly to the approval of a new

treatment for the disease (Polman et al., 2006; Yednock et al., 1992).

Models of white matter stroke

Despite the wealth of research into MS, there are few similar studies looking at the
pathology of WMS. What is known is that the underlying pathology of WMS is unique, and not
accurately modeled by the same systems as outlined above (Souza-Rodrigues et al., 2008;
Tanaka et al., 2008). In WMS, the primary pathology is ischemia, which leads to necrosis of
oligodendrocytes, but can also affect other cell types. As with other stroke types, there are also
multiple zones of injury, as in most stroke injuries: the center of ischemia is termed the infarct
core, in which there is total destruction of axons and glia alike (Sozmen et al., 2009). The peri-
infarct region is generally defined as 200-300 pm from the stroke border, and has disordered
axonal architecture as well as significant demyelination (Hinman et al., 2013; Sozmen et al.,
2009). Furthermore, such changes have been correlated to human MRI findings of white matter
hyperintensities and then to post-mortem tissue, suggesting that these pathological studies of
ischemia in animal models accurately depicts the condition in humans (Hinman et al., 2015;
Jones et al., 1999).

Given its unique pathology, it is clear that specific models for white matter stroke are
needed to study the pathophysiology and interrogate novel treatments for this disease. In fact, a
handful of such models have been developed, broadly classified as either mechanical vascular
occlusion (generally the common carotid), or of direct stereotactic injection of a vasoconstrictor
(Sozmen et al., 2012). Both have utility, but in general, the stereotactic injection model more

closely models the type of age-related white matter stroke seen in elderly patients (Rosenzweig
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& Carmichael, 2013; Sozmen et al., 2009). The development of such models has expanded the
potential for careful study of pathophysiology of WMS using genetically tractable animal models

such as the mouse.

Oligodendrocyte differentiation in stroke

In most MS models, the principle demyelination injury is followed by OPC proliferation
and subsequent differentiation of oligodendrocytes and remyelination of axons, which matches
the pathology seen in relapsing-remitting MS (Deshmukh et al., 2013). This has recently been
identified as a key difference between MS and WMS: in the latter, OPCs proliferate, but
differentiation into mature oligodendrocytes is significantly inhibited, leading to sustained
demyelination (Sozmen et al., 2016). One interesting mechanism that may account for this is that
a subset of OPCs seem to differentiate into astrocytes in the context of WMS, recapitulating a
behavior previously seen only in development or in cell culture experiments (Sozmen et al.,
2016; Zhu et al., 2007). In other words, WMS displays a unique pathophysiology as compared to
other demyelinating diseases.

Given the central role oligodendrocytes play in both MS and white matter stroke, and the
key differences in their response, it follows that identifying novel factors that affect OPC
differentiation would be a central question in the field. Finding pathways specific to
oligodendrocyte differentiation in pathology is especially enticing as it would open the door to
therapeutic targets that minimize unwanted side effects. Indeed, a wide number of pathways have
been identified as playing a role in oligodendrocyte differentiation, and new ones are reported

regularly. Figure 1-5 shows a selection of these factors, along with key pieces of their associated
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pathways (Back et al., 2005; Patel et al., 2010; Sloane et al., 2010; Sozmen et al., 2016; Ueno et
al., 2012; Yu et al., 2013; Yuen et al., 2013; Ziabreva et al., 2010).

At the same time, although the cast of characters involved in this process has greatly
expanded, two main gaps in our understanding of the disease remain. First, with so many
pathways identified, there is a lack of a unifying model or understanding of oligodendrocytes in
disease that makes sense of the multitude of contributing factors. Second, this research has not as
of yet led to the development of clinically relevant therapeutics that can alleviate disease in
patients. There is reason to be hopeful, however: with the advent of modern bioinformatics,
analysis of groups of genes and pathways is now possible. Characterization of gene expression in
other stroke subtypes has been described and led to promising therapeutic targets (Li et al., 2010,
2015; Zamanian et al., 2012). RNA-sequencing of multiple glial cell types has also been
reported, providing foundational datasets on which to compare disease-specific gene profiles (Y.

Zhang et al., 2014).

1.5 Summary and motivation for the dissertation

In summary, a basic pathologic picture of white matter stroke has emerged in recent
years. Ischemia in axon-rich white matter leads to death of oligodendrocytes and destruction of
axons in the stroke core (Rosenzweig & Carmichael, 2013; Sozmen et al., 2016). In the peri-
infarct region, axon fibers are intact, though they are demyelinated and lack proper nodal
architecture and function as a result (Hinman et al., 2015; Sozmen et al., 2016). The injury
response involves accumulation of microglia and then astrocytes, adding inflammation to the
post-stroke milieu (Rosenzweig & Carmichael, 2013). Over the following days, as the injury

enters the post-acute period, OPCs proliferate at the site of injury, but fail to differentiate or
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replenish the cells lost in the initial injury (Sozmen et al., 2016). The result is sustained
demyelination. Accumulation of these injuries has behavioral consequences and, in humans, can
accumulate undetected for years until such conditions as vascular dementia develop (Rosenzweig
& Carmichael, 2013; Wright et al., 2008).

At the same time, abundant research in the field has uncovered dozens of novel regulators
and pathways involved in OPC differentiation, but it remains challenging to put together a
complete picture of OPC behavior, particularly in pathology and especially in WMS. This
dissertation builds upon the most promising tools available to address this challenge:
transcriptomic analysis of OPCs specific to stroke provides an unbiased approach to identifying
regulators of oligodendrocyte differentiation in WMS. The goal is to increase our understanding
of these crucial cells within the stroke context through a combination of bioinformatics analysis,
in vitro screens, and in vivo manipulation. This is the first such dataset available for this disease,
and it attempts to expand our understanding of oligodendrocyte differentiation in general by
bringing promising results forward to treatment as well as back to understand the biochemical

processes underlying any positive effects.
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1.6 Figures

Figure 1-1

Adapted from Grueter & Schulz, 2012

Adapted from Manolio et al., 1994

Figure 1-1. Pathology of white matter stroke

(A) Coronal human brain stained with luxol fast blue, in which myelin appears dark. Area (1)
shows an area of normal myelination, while multiple white matter (lacunar) infarcts have left
white matter in area (2) nearly devoid of myelin. In contrast, grey matter is normal. (B) Proton
density-weighted magnetic resonance imaging (MRI) scans suppress fat signal and highlight white
matter injury via hyperintensity. This series demonstrates progressively worsening white matter
disease in patients 65 years and older, from grade 1 (top left; barely detectable) to grade 8 (bottom
right; confluent damage).
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Figure 1-2
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Adapted from Perez-Cerda et al, 2012

Figure 1-2. Early drawings of oligodendrocytes

Drawings by Pio del Rio-Hortega show oligodendrocytes in the white matter milieu. (A)
oligodendrocytes (O) shown in context vessels (V), microglia (M), and fibrous astrocytes (FA).
(B) Oligodendrocytes arranged along axon tracts, which proceed along the horizontal axis. DA,
dwarf astrocyte.
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Figure 1-3
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Figure 1-3. Oligodendrocyte lineage markers

A selection of cell markers can be used to identify oligodendrocyte (OL) lineage cells at key
stages of development and differentiation. Cartoon cells demonstrate important morphologic
features at each stage and are color coded for immature (blue) or mature (orange) subtypes.
Marker proteins are identified similarly, or as a combination (purple) or pan-lineage (green).
Relative levels of markers across stages are demonstrated by slope when applicable. OPC:
oligodendrocyte progenitor cell.
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Figure 1-4
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Figure 1-4. Pathogenesis of multiple sclerosis

This model, from Gold & Wolinsky (2011) in their review of multiple sclerosis pathophysiology,
depicts the key pathologic mechanisms of the disease. At the core is peripheral immune cell
activation, in particular T cells, which recognize myelin proteins, or other proteins at the
oligodendrocyte-axon junction. Activation leads to T cell extravasation into the CNS where it
targets myelinated axons for destruction, leading to demyelination and death of oligodendrocytes,
though it can also lead to direct axonal damage as well.
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Figure 1-5
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Figure 1-5. Selected pathways implicated in oligodendrocyte differentiation

A wealth of research has identified numerous factors and pathways that promote or inhibit
differentiation of oligodendrocytes. This schematic highlights a selection of these, along with key
targets or steps in the pathway. Note the diversity of factors, from cell surface receptors to
extracellular matrix proteins. See text for full citations.
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Table 1-1

White matter injury models

Disease

Mechanism of white
matter injury

Example animal model(s)

Citation

White matter stroke

Multiple sclerosis

Traumatic brain
injury

Leukodystrophies

Alzheimer’s disease

Ischemic cell death

T-cell mediated damage
to myelin and axons

Shear forces on axons
and vessels

Genetic defect in myelin
synthesis

Oligodendrocyte damage
from beta-amyloid and
neurofibrillary tangles

e Vasoconstrictor injection
e Common carotid stenosis

o Experimental autoimmune

encephalomyelitis

o Toxic injury (cuprizone)

e Fluid percussion injury

e Genetic mouse models

e Genetic mouse models

Fern et al., 2014
Sozmen et al., 2012

Ransohoff, 2012

Flygt et al., 2013

Nave, 2010
Pouwels et al., 2014

Cai & Xiao, 2016
Desai et al., 2009
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Chapter 2

The oligodendrocyte progenitor stroke transcriptome is a unique

resource to assess white matter stroke pathology

2.1 Introduction

Over the past several years, advances in research and computational technologies have
made large genome studies accessible to academic research groups (Ozsolak & Milos, 2011;
Wang et al., 2009). In particular, RNA-sequencing (RNAseq) takes advantage of high-
throughput sequencing to enable unbiased interrogation of gene expression profiles of cells or
tissues. After reverse transcribing purified RNA into cDNA, massively parallel sequencing
allows for not only whole-exome sequencing, but also additional tools, such as characterization
of microRNAs and other small noncoding RNAs, as well as alternative splicing quantification.
Given that such features are thought to play a role in many diseases in neurology and beyond,
this offers a valuable tool to identify key biological regulators at both the genetic and epigenetic
level (He et al., 2016; T. W. Yu et al., 2013; Zhao et al., 2010).

RNAseq also offers immense benefits when studying complex biological questions such
as the behavior of OPCs in a novel disease context. Assessing expression of every gene gives
researchers an unbiased assessment of cell behavior in the system. That is, with the correct
bioinformatics analysis tools, transcriptomic datasets identify genes that quantifiably play a
significant role in disease. Such an approach is needed in white matter stroke: many regulators of

OPC differentiation have been identified but in different diseases models; transcriptomic analysis
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of OPCs in the stroke context offers the chance to filter these for only those that are most

impactful in an ischemic pathology.

Generation of the OPC stroke transcriptome

An OPC-specific stroke transcriptome has been generated as outlined previously
(Sozmen, 2013). Briefly, in vivo studies using an NG2::CreERT2/Rosa-YFP reporter mouse
identified significantly heightened proliferation of OPCs following ischemic WMS, but very
limited differentiation into maturing oligodendrocytes as assessed by cytoplasmic translocation
of Oligl (Figure 2-1) (Arnett et al., 2004; Sozmen et al., 2016). The mouse model of WMS used
is summarized in Figure 2-2 (Paxinos & Watson, 2001). To assess the observed differentiation
block, OPCs were isolated from peri-infarct tissue at two time points after induction of WMS as
well as control tissue (n = 5-6 animals per group). The first stroke time point, 5 days, was
identified as the peak of OPC proliferation, while the second, at 15 days, showed limited
differentiation and decreases in OPCs suggestive of terminal cell fate. Importantly, OPCs were
labeled with a PDGFRa/IckGFP lentivirus, as recent reports suggest that NG2" cells may not
strictly be oligodendrocyte progenitors, while PDGFRa represents a more selective marker for
OPCs (Nishiyama et al., 2009). Pairwise comparisons between the three groups of OPCs allows
for tracking of stroke-specific genes as well as alterations in gene expression over time.

In this chapter, analysis of the RNAseq data is described, in several stages. First,
bioinformatics analysis is performed to identify the most significantly differentially expressed
genes between each group. This approach combines several methods to ensure stringency and
minimize false positives. Next, it is important to validate the dataset as OPC specific. This is

done through several metrics, including tracking of significant genes compared to well-known
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markers, as well as comparison of the dataset as a whole to published transcriptome datasets
from other groups. Finally, a quantitative methodology is developed to identifying genes of
particular interest for their novelty, either in OPC biology or in white matter stroke injury.
Additional promising genes novel to white matter stroke are also selected, concurrent with truly
novel genes. These studies will form the basis for the mechanistic studies to follow using an in

vitro screen (Chapter 3) and in vivo studies (Chapter 4).

2.2 Results

Bioinformatic analysis of the transcriptome

The first step in analyzing the OPC stroke transcriptome was to determine appropriate
significance thresholds to minimize false positive hits. There are a number of metrics commonly
assessed in RNAseq data, and these were combined to form a stringent paradigm to filter the
gene lists. The first and most common of these is the false discovery rate (FDR). This method, in
short, provides a significance measure (calculated using but distinct from the P-value) that is
adjusted for the large number of pairwise comparisons made on the data (Benjamini &
Hochberg, 1995; J. Li et al., 2012). Given that there are over 20,000 genes analyzed in each of
the three treatment groups, controlling for the large number of comparisons is crucial, but not
sufficient, as even selecting a very stringent FDR would still lead to hundreds or thousands of
false positives.

Unfortunately, there is no consensus regarding appropriate FDR cutoffs. Some reports
even use different cutoffs for different comparisons within the same experiment (Zamanian et al.,
2012). Because FDR is never used on its own, a cutoff within reasonable bounds that provides an

acceptable level of stringency and a manageable dataset for further analysis was deemed
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appropriate. In a survey of similar studies using RNAseq data in neuroscience, an FDR cutoff of
0.1 was most common (Anderson et al., 2016; S. Li et al., 2015; Novarino et al., 2014). To verify
the selection of this cutoff for this dataset, a total of three comparisons per gene were made: (1) 5
day post-WMS vs. control, (2) 15 day post-WMS vs. control, and (3) 15 day vs. 5 day post-
WMS. The number of genes below a variety of FDR thresholds is shown in Figure 2-3. Of note,
regardless of FDR cutoff, day 15 vs. control led to a higher number of genes passing the cutoff
compared to day 5 and day 15 vs. 5; in each case, at least four times as many genes were
significant in the day 15 dataset, suggesting many expression changes occur at this sub-acute
time point compared to resting OPCs.

Because several additional thresholds were to be set prior to selecting genes for further
study, a cutoff of FDR < 0.1 was selected. The next measurement examined was fold change, or
the relative difference in gene expression levels between conditions. At this point, it was
observed that a large number of genes in each group had fold change values of essentially
“infinity.” Upon further examination of these occurrences, it became clear that when a gene
product was not detected in one of the groups, the fold change would be coded as the maximum.
To address this, an additional threshold that represented some semi-quantitative number of RNA
transcripts in the sample was necessary. The metric selected is the fragments per kilobase of
transcript per million reads mapped (FPKM). Briefly, FPKM uses the number of reads of a given
gene obtained in each condition (Garber et al., 2011). However, it normalizes this number to the
length of the transcript, as longer transcripts are more likely to be sequenced more often. Thus,
although FPKM is not an absolute measure of mRNA content per condition, it does allow for

comparison within a given experiment when all samples were prepared and sequenced together.
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FPKM values were obtained for each gene within each sample and averaged per
condition. Thresholds were discussed and selected based on a survey of the literature, as well as
the ultimate goals of the study to identify pathways and potential therapeutic targets. FPKM
thresholds in the literature, used to select genes based on having detectable expression, vary
greatly, but generally fall within the range of 1 — 100 (Anderson et al., 2016; Bennett et al., 2016;
Zhang et al., 2014). For this study, we did not want to exclude genes whose expression change
was “on-off,” but rather those genes for which very small changes led to outsized fold change
values. As a result, genes were included as long as one of the conditions being compared had

FPKM > 1. This led to exclusion of 10-20% of genes in each group (Fig. 2-3B).

Validating specificity of the transcriptome

Thus, through the combination of FDR and FPKM thresholds, the dataset has been
refined into a set of genes most likely to have a statistically and biologically significant impact
on OPC differentiation in white matter stroke. The next step was to validate the specificity of the
dataset. Because cells were individually isolated using laser capture microdissection, it was
important to verify that gene expression was specific to OPCs and not skewed by inadvertent
capture of additional cell types. Two approaches were taken to accomplish this. First, individual
genes known to be specific for non-oligodendrocyte lineage cell types were assessed examined
for expression within the dataset. We used the Brain RNA-Seq tool available from the Barres lab
(https://web.stanford.edu/group/barres lab/brain_rnaseq.html). This database is developed from
an elegant set of transcriptomic profiling studies conducted on every major cell type in the brain,
isolated from tissues using FACS as well as the immunopanning technique (Zhang et al., 2014).

Thus, it is an ideal set of baseline data, procured from control tissue, against which to compare
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our disease-specific OPC transcriptome data. The online tool provides the option to compare
FPKM values between combinations of cell types to determine cell type enrichment for each
gene.

The cell type enrichment tool was used to generate enrichment profiles for key non-
oligodendrocyte lineage cells: astrocytes, microglia, and neurons. For each cell type, enrichment
was calculated relative to OPCs. A set of OPC-specific genes was included by calculating
enrichment in OPCs relative to non-oligodendrocyte lineage cells. For each gene, average FPKM
values were examined within each group of OPCs in our transcriptome. Results are shown in
Figure 2-4. Of note, only one gene of the top 5 from each group stands out: S/fn2, encoding
Schlafen-2, first identified in immune cells of the lymph node and thought to play several roles
in injury, including cell differentiation (Mavrommatis et al., 2013). Of note, it has been shown to
be active in other tissue gene expression studies of demyelinating disease models (Matejuk &
Hopke, 2003). It has not been described in oligodendrocytes, and could potentially represent
some microglial contamination; however, it was the only microglial gene to show high FPKM
values, even when the analysis was extended to 10 microglial-specific genes. The remainder of
the cell-specific genes validate observations seen in the mouse model of WMS: first, there is
enrichment of multiple OPC-specific genes; and excluding Sifn2, the cell type with the highest
overall FPKM values are astrocytes (see Fig. 2-4B). This is potentially consistent with the
observation that a subpopulation of OPCs may shunt to astrocyte fate in the context of WMS,
though this was not statistically validated.

This result was further validated by examining the FDR values for each of the cell-type
specific genes, using each of the pairwise comparisons. None of these cell-type specific genes

reached the FDR < 0.1 threshold set to include genes in further analyses (Figure 2-5). In
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contrast, genes that were selected for further study based on bioinformatics described later in this
chapter all reached high levels of significance based on FDR.

Comparisons of the OPC stroke transcriptome to small sets of cell-type specific genes
provides an effective initial validation and is helpful to visualize the degree of specificity of the
data. However, it does not take advantage of the great power of these large datasets, wherein it is
possible to compare the entire datasets against one another. In order to assess on a large scale the
similarities between our data the Barres lab dataset, we consulted with bioinformatic scientists at
the UCLA Informatics Center for Neurogenetics and Neurogenomics. To best correlate data
from these two independently-run datasets, the recommendation was to compare log-transformed
FPKM values, using a threshold in the Barres dataset to specifically analyze expression in our
dataset to enriched genes of each cell type, similar to the process used in the gene-specific
correlations. Log transformation achieves two goals: first, it reduces the power of a small number
of highly-expressed genes to skew the data. Second, it enables comparison of magnitude of
expression rather than specific FPKM values, which would be inappropriate given that these two
datasets were prepared at different times.

The results of this analysis are shown in a series of figures based on cell type compared
in the Barres dataset: Figure 2-6 (astrocytes), Figure 2-7 (neurons), Figure 2-8 (microglia), and
Figure 2-9 (OPCs). Statistical comparison of each dataset was performed by using linear
regression analysis to compare slopes of pairs of regressions. For example, in Fig. 2-6, the
regression of Zhang OPCs vs. astrocytes is compared to control OPCs from our dataset vs.
Zhang astrocytes. A significantly higher (more positive) slope would indicate higher similarity in
expression patterns within a given comparison pair. Results for each analysis are indicated on the

legend of each figure. The results indicate that there is either no significant difference in
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correlation between OPCs from the Zhang dataset and OPCs from the stroke dataset presented
here; or, in some cases, a lower correlation within the stroke dataset OPCs. Given the differences
in sample preparation, this lower correlation is not unexpected, but still provides evidence
against significant contamination of the dataset from non-oligodendrocyte lineage cells.
Furthermore, when comparing Zhang OPCs to OPCs from each group of our dataset (Fig. 2-9),
statistical analysis demonstrated a significantly higher correlation to control OPCs than to OPCs
in either post-stroke group, providing evidence of stroke-specific expression patterns in OPCs in
our test conditions. In total, correlation analyses provide further validation that the OPC stroke

transcriptome is oligodendrocyte-lineage specific.

Disease specificity of the OPC stroke transcriptome

Correlation testing of OPCs in control vs. stroke conditions against OPCs within the
Zhang dataset provided initial evidence that our dataset identified genes unique to stroke.
However, additional analysis was undertaken to examine whether and to what extent the data
was stroke-specific and thus represented a truly novel tool to examine pathology of this disease.
Again, we went to the Barres RNA-seq dataset. This time, we examined expression patterns in
the two WMS conditions (5 day and 15 day) against Barres lab data for each oligodendrocyte
lineage stage: OPCs, new OLs, and myelinating OLs. Because the online database only provides
FPKM, we were not able to use statistical methods to pull curated lists of genes for each cell
type. Instead, we calculated fold enrichment as was done in Fig. 2-4 above, with one adjustment:
the cell of interest was compared to the average of all other cell types, as in this case
differentiating between OPCs and new OLs is central to the objective of the analysis. This was

compared to the number of significantly overexpressed genes at each time point relative to
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control OPCs. A number of fold enrichment cutoffs in the Barres dataset were examined, and
ultimately a fold enrichment of two was chosen. This led to approximately similar numbers of
genes identified between our dataset and the Barres data. Note, however, that proportions largely
did not change when using higher fold cutoffs.

Four-way Venn diagrams for these analyses are shown in Figure 2-10. Of note, over 80%
of genes in each condition are unique to the OPC stroke transcriptome, while the rest are split
relatively evenly between the three stages of OPCs identified in the Barres dataset. This indicates
that our RNA-seq data represents a novel resource specific to the disease condition.

To assess whether our transcriptome is truly unique to WMS, comparison to other
disease-specific datasets would be ideal. Unfortunately, at the time of writing, there is a dearth of
such datasets available in the literature. The closest correlate to our model is a study of reactive
astrogliosis using microarray technology (Zamanian et al., 2012). A different stroke model was
used in this case, known as transient middle cerebral artery occlusion (MCAo). This induces a
large ischemic stroke that crosses multiple brain regions, and in this study, cortex, corpus
callosum, hippocampus, and striatum were collected and pooled before FACS sorting of
astrocytes. Given the different platform of this study, only fold change values were available for
1 day, 3 day, and 7 days post-stroke. Comparisons were made to 1 day and 7 day time points,
again using correlation of the log-transformed data. When plotting log-fold change values for
each pair of post-stroke time points within the two datasets, slopes of regression lines of best fit
did not differ from zero; however, the range of fold change values was limited in the microarray
dataset, and given the differences in preparation and expression testing done for each of these

studies, comparisons were not pursued beyond these initial tests.
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Selecting genes of interest for further study

Having validated the OPC stroke transcriptome as OPC- and white matter stroke-specific,
we next developed a process by which to identify promising genes worthy of further study. Two
metrics had already been introduced: FDR and FPKM thresholds ensured that only genes with
significant differential expression between time points were selected and that these differences
involved substantial changes in absolute transcription. To select genes for study, we aimed for a
process that was (1) unbiased, and (2) provided room for genetic manipulation and mechanistic
studies. We also had to consider whether genes would be studied from each condition, or
whether to focus on one specific set.

The second challenge was addressed first. The transcriptome arose out of the observation
that there was a failure to switch OPC behavior from proliferation to differentiation, and this
switch occurred between 5 days and 15 days post-injury. Thus, the 15 day vs. 5 day subset of
genes was prioritized for further study. Though there is undoubtedly much to be gleaned from
the other comparisons as well, this gene list offers a window into how OPC behavior changes
over time in response to injury.

To generate an unbiased rank list of genes of interest, we took a straightforward
approach: in each dataset, genes were sorted by log-fold change expression, and those with the
highest differential expression were identified as potential targets. Of note, although we did not
specifically look for genes overexpressed in one time point versus another, the day 15 vs. 5 time
point consisted of 309 genes overexpressed at day 15 as compared to day 5, and only 48 genes
overexpressed at day 5 relative to day 15. Thus, the majority of genes selected were

overexpressed at day 15 compared to day 5.
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A final consideration was made prior to initiating in vitro studies. Given the novelty of
the dataset and the fact that some of the genes identified have not been studied in any system
previously, we elected to include a subset of genes for which there was evidence in the literature
providing support for a role in oligodendrocyte differentiation. This may involve differentiation
of cells in another system, or a known role in CNS disease. The motivation was thus to provide a
foundation of genes with likely positive effects and with more tools (such as antibodies)
available to study molecular pathways.

The proposed list of genes of interest destined for further study is shown in Table 2-1
along with putative functions and key data for each. Of note, additional genes appear as novel
genes unstudied in OPC differentiation since, as studied continued, additional genes were added
for a variety of reasons (see Chapter 3 for a discussion of this process). Thus, every gene
examined throughout the screening process is included in this table. From here, additional
validation is done on a per-gene basis, prior to analyzing capacity to promote or inhibit

differentiation in vitro. These studies are outlined in Chapter 3.

2.3 Discussion

Analysis of the OPC stroke transcriptome involves three statistical metrics

In this chapter, the OPC stroke transcriptome is analyzed using a variety of techniques to
assess its specificity to WMS and to OPCs. First, an FDR threshold was used based on the desire
to retain a comfortable number of genes for further analysis, but also to reduce false positive
rates to acceptable levels. Next, FPKM was introduced as a method of focusing only on genes

with a baseline level of expression in at least one condition. Finally, comparisons to existing
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gene expression datasets allowed us to assess specificity of our dataset to OPCs and
oligodendrocyte lineage cells and to white matter stroke.

The methods presented here highlight a challenge in the analysis of large datasets like
those produced by RNA-seq: what is the best method for analyzing these data in a logical way,
that balances likelihood of success while still allowing for novel discoveries. In particular,
statistics has become a crucial aspect of any bioinformatics analysis. Our selection of an FDR
threshold of 0.1 is based on a survey of other RNA-seq experiments in the field, as well as our
own experience (Anderson et al., 2016; S. Li et al., 2010, 2015). Nonetheless, this is on the less
stringent end of the spectrum when it comes to analyzing genomic expression data (Novarino et
al., 2014; Zamanian et al., 2012). However, this was done with the knowledge that additional
criteria would be introduced to further refine the dataset prior to selection of genes of interest.

The use of FPKM as one way to refine the dataset was selected both for statistical and
biological reasons. Specifically, it was noted that in the dataset, looking only at FDR and log fold
change, some fold change values were coded as >100 million. This is the result of one sample set
not detecting any RNA transcripts for that gene; then, any number of reads in another condition
would be impossible to calculate. Though mathematically accurate, the downside of this is the
loss of the ability to compare fold change between different genes. For example, a theoretical
gene for which absolute number of mRNA transcripts went from zero to 100 would be very
different than one for which number of transcripts increased from zero to 100,000, even though
both would read as an infinite fold change increase. Thus, it was important to find a way to
further assess each of these occurrences and to develop a way to ascertain any differences

between them.
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The most effective way to address this is to introduce a threshold requirement for
absolute number of mRNA molecules. Unfortunately, due to the technical needs of the
experimental setup, absolute number of transcripts cannot be measured. This is a common
challenge throughout the transcriptomics field, and as a result, various semi-absolute metrics
have been developed (Garber et al., 2011). Based on the sequencing technique used for this
experiment, the most appropriate of these is the FPKM method.

Multiple methods of thresholding using FPKM were considered. As with FDR, there is
not a single accepted limit in the field (Anderson et al., 2016; Zhang et al., 2014). We thus
considered the biological implications of various approaches. First, we reasoned that a gene need
not be detectable in every condition to be worth investigating; for example, a gene that is
undetectable in control OPCs that then has an FPKM of 5 in the 15 day OPC condition
represents a potentially novel pathway to OPCs turned on specifically in the context of WMS.
Thus, we required specific thresholds to be met in at least one condition in each pairwise
comparison, an approach that has been successfully used in other studies (Jiang et al., 2015;
Toung et al., 2011). Second, as with FDR, we knew further analyses were to be carried out on
these data, so we wanted to set a lower limit on FPKM that would not exclude any potentially
novel or interesting genes, but rather exclude those for which biological relevance would be
difficult to assess. That is, manipulation of a gene both in the research setting as well as through
any potential therapeutics developed would ideally be able to induce changes to expression that
relatively accurately modeled biologically relevant changes seen in vivo. For these reasons, an
FPKM value was selected, a value 10-fold higher than the lowest limits in the literature of 0.1,
but still low enough that no more than 20% of genes from any condition were excluded in our

study (Fig. 2-3B). It should be noted, however, that specific processes have been developed to
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objectively identify “unreliable” FPKM reads and thus exclude them from analysis (Trapnell et
al., 2010). Such an approach could be used in the future if further analysis or refinement of the
data is necessary.

The final step in refining the gene list was ordering the by log fold change. Because log
fold change is closely correlated with FDR (when considering absolute value of fold change, that
is), inclusion of this final statistic increased the statistical stringency of our selection process. As
a result, all of the novel genes selected for further study have FDR < 0.001, 100-fold lower than
the initial threshold. It should be noted that the list of non-novel genes in some cases had FDRs
greater than 0.01 but still matched the FDR < 0.1 threshold. This was acceptable for the purposes
of this study because such genes were chosen to have a strong foundation for an effect on
oligodendrocytes based on the literature, so only genes with such a background were chosen for
this group. In essence, this further highlights the novelty of this dataset, as most of the highest-
priority genes were truly novel to oligodendrocyte biology.

Regardless of the final FDR or log fold-change expression values for the genes selected
for further study, it will be important to further validate each gene individually. For example,
immunohistochemistry should be used to verify expression of the associated proteins in OPCs
and in the context of WMS. There is also an argument for testing the effects of each gene in a
small-scale system prior to initiating mechanistic studies in the WMS mouse model. Indeed, this
was a major motivation for the in vitro screening studies that will be conducted in the following
chapter. In summary, though the combination of three different bioinformatics measures led to a
list of genes that minimized risk of false positives, the experimental setup going forward was
designed to identify and exclude any such genes that made it through this statistical screening

process.
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The transcriptome is specific to OPCs and to white matter stroke

Comparison of our dataset to published gene expression databases allowed us to assess
both its cell-type and disease specificity. First, we compared our data to that of various cell types
reported in Zhang et al. (2014). This dataset has proven extremely valuable to the field of glial
biology, and for this study, it allowed us to run several validation steps to assess uniqueness of
our dataset. However, some caveats should be raised to use of these data prior to drawing
conclusions from the analysis. First, neonatal mice were used for this study, a time at which
OPCs and oligodendrocytes are still developing (Franklin & ffrench-Constant, 2017; Nave,
2010). Additionally, cells were put through a series of culture steps prior to running RNA-seq, as
opposed to laser capture directly from tissue as described from here. Thus, differences between
the two datasets are inevitable. Nonetheless, this provides an excellent dataset to run initial
comparisons to assess quality of our RNA-seq data.

As shown in Fig. 2-4 and Fig. 2-5, examining the top enriched genes in astrocytes,
microglia, and neurons indicates that our cells appear to be largely OPC-specific. Two caveats to
this, as noted previously, are worth discussing. First, the microglial gene Sifn2 showed high
FPKM values in our dataset. This was unexpected, and S/fn2 has not been described in
oligodendrocytes or any other non-immune cell previously. Further interrogation of the Barres
data indicated that this was the only one of the ten most microglia-enriched genes to show high
levels of expression when calculating FPKM; additionally, this gene did not meet the FDR
threshold in our data and was excluded from further analysis regardless. Thus, it may be an

outlier, the result of expected deviations in sequencing in our amplified dataset that led to an
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unexpected high reading. It does further highlight the importance of downstream validation, and
especially validating expression of genes in OPCs whenever possible.

Comparison of the entire datasets as shown from Fig. 2-6 to Fig. 2-9 again highlights that
(1) there does not appear to be non-oligodendrocyte lineage contamination in the dataset, and (2)
our datasets are in many cases dissimilar from other published datasets. Comparisons to
individual cell types within the Zhang dataset suggested that correlation between OPCs within
the stroke transcriptome were no more, and often significantly less, correlated to non-
oligodendrocyte cell types than the OPCs derived within that study. On the other hand, control
OPCs from our dataset were more highly correlated to Zhang OPCs than either of our post-stroke
OPC groups, providing validation of the control OPCs as a baseline dataset against which to
compare the post-stroke OPC groups.

The result that OPCs from our study were often less correlated to a given cell type than
Zhang OPCs highlights a limitation of this approach to analysis. It is challenging to compare
FPKM values of datasets derived separately, given the measure still is relative to the sample
preparation within a given study (Ozsolak & Milos, 2011). In addition, the Zhang dataset itself
has significant limitations: cells were derived from culture purification, meaning they spent
hours ex vivo prior to RNA extraction. In addition, all tissue was derived from P7 mice, rather
than adult animals as were used in this study. Finally, cells from gray and white matter were
combined into a single pool, ignoring important regional differences between cell types (Chai et
al., 2017; Marques et al., 2016). Nonetheless, as the field of glial biology grows, this represents
one of the early and comprehensive datasets available for comparison; additional such
comparisons will likely become more powerful and informative as transcriptomic analysis of

glial cells in health and disease becomes more prolific.
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Finally, the stroke-specificity of the dataset is assessed via further comparisons shown in
Fig. 2-10. Although additional comparisons were made to the only other available post-stroke
gene expression dataset available, the ability to compare between datasets using vastly different
techniques was extremely limited. However, although global analyses were not informative, one
avenue that may provide interesting insight is to identify genes that show significant expression
changes across both datasets. Such an experiment may begin to uncover common stroke
pathways and new mechanisms of communication between oligodendrocytes and astrocytes. In
any case, that was not the purpose of the present experiment, and thus these data will be set aside

in favor of a closer look into the genes arising from the OPC stroke transcriptome.

Future directions

Having provided a thorough analysis of the transcriptome and finishing with a list of
genes of interest for further study, gene-by-gene experiments can begin. The next steps are to
first validate expression of genes of interest in WMS and in oligodendrocyte lineage cells. Next,
a screening method to assess each of the genes individually will be necessary in order to identify
any effect on oligodendrocyte survival, differentiation, or myelination. Such experiments will be

outlined in the next chapter.
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2.4 Methods

Generation and analysis of the transcriptome

Isolation of OPCs was carried out prior to this study, as described elsewhere (Sozmen,
2013). Briefly, stroke was induced in mice 2.5 months or older. Animals were then injected with
an OPC-specific PDGFRo/IckGFP lentivirus 4 days prior to sacrifice at the given time point:
either 5 days or 15 days post-stroke. (For a description of the stroke model see Chapter 3
methods.) Laser capture microdissection was performed as described elsewhere (Overman et al.,
2012). Isolated total RNA was amplified and sequence libraries were prepared using the NuGEN
Ovation UltraLow library preparation kit (NuGEN Technologies, Inc.) and sequenced using
paired-end 2x100 bp reads. Analysis of the sequencing data, including FPKM calculations per
animal, were performed by the UCLA Informatics Center for Neurogenetics and

Neurogenomics.

Additional analyses of the transcriptome dataset

Further analyses of the RNA-seq data were performed using Excel. FPKM values were
averaged per treatment condition (n = 8-10 per group). Comparisons to the Barres dataset was
done using both publicly available raw data, as well as the Brain-RNAseq website available at

https://web.stanford.edu/group/barres lab/brain rnaseq.html. The online tool was used to

identify top cell-type enriched genes shown in Figs. 2-4 and 2-5. Correlation graphs shown in
Figs. 2-6 through 2-9 were generated by aligning the raw FPKM data downloaded from the
Barres lab to our dataset using the Excel “vlookup” function. Log-transformed data was then
graphed, selecting only the genes of which log,(FPKM) > 2 for that cell type in the Barres

dataset. No thresholds were set based on our data so as not to bias the analysis.
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To assess stroke specificity, comparisons between conditions in the OPC stroke
transcriptome were used, precluding the continued use of FPKM values for comparisons to the
Barres dataset. Thus, a comparable enrichment value had to be calculated based on the Barres
FPKM data. To do this, the FPKM value of each gene for the cell type of interest was divided by
the average FPKM of all other cell types, generating a “fold enrichment” value. This was then
compared to the list of genes matching our previously determined metrics for our data, including
FDR < 0.1 and FPKM > 1 for at least one of the paired conditions. Different thresholds for the
fold enrichment of the Barres data were selected, and ultimately the two-fold condition was
selected to provide relatively equivalent numbers of genes between the Barres data and our
groups.

Finally, to compare to the reactive astrocyte gene expression data in Zamanian et al.
(2012), only log fold change was available. Thus, we directly compared log, fold change values
between datasets. Because our data had a number of entries with fold change >100 million, even
after FPKM thresholding, we normalized all of these very high values to a value of +20 as

appropriate, which was 2°-fold (32x) higher than any other fold change value in the dataset.
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2.5 Figures
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Figure 2-1. Failure of OPC differentiation after white matter stroke

(A) Cell fate mapping using EAU shows increased proliferation in stroke animals (red line) vs.
control (blue line), highest in days immediately following injury but continuing up to two weeks. n
=5 per group. # P <0.0001, ** P <0.001 4d vs. other stroke time points. (B) Example image
shows stroke core (%) with Olig2/EdU positive cells. Inset: double positive cell. (C) Percentage
of YFP" reporter cells that are NG2" identifies proportion of OPCs that remain in progenitor stage
following stroke. (D) Percentage of YFP" cells that exhibit cytoplasmic Olig1 signal indicate
indicates that only a small proportion of OPCs differentiate. n = 5-6 per group. ** P <0.001 in
(C) and (D). (E) Example stain shows cytoplasmic expression of Oligl. Scale bars: 30 pm.
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Figure 2-2
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Figure 2-2. The mouse model of white matter stroke

(A) White matter stroke is induced by stereotactic injection of the vasoconstrictor N5-(1-
Iminoethyl)-L-ornithine (L-NIO) into a localized area of the corpus callosum below the forelimb
motor cortex, as indicated by the red area on the coronal and sagittal sections shown. (B) Staining
tissue from stroke-induced animals at 5 days post-injury shows a well-demarcated area of
demyelination, in the area indicated by the dashed red box from (A). The white line demarcates
the area of ischemia as demonstrated by MBP hypointensity. Scale bar: 100 um.
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Figure 2-3. FDR and FPKM thresholding of the OPC transcriptome

Bioinformatics analysis led to introduction of two commonly used thresholding techniques to filter
for statistically and biologically significant genes. (A) The false discovery rate (FDR), comparable
to a P-value corrected for multiple comparisons, is selected to remove false positives. Different
threshold values are shown, with total genes in each group indicated based on the given threshold.
Note that “Day 5 refers to the comparison of Day 5 vs. control OPCs. (B) Fragments per kilobase
of transcript per million reads mapped (FPKM) was calculated and comparisons for which both
genes had average FPKM < 1 were excluded. (C) Gene expression characteristics with FDR <0.1.
Green bars indicate genes downregulated at the given time point (relative to control unless
otherwise indicated), while red bars indicate genes upregulated at that time point.
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Figure 2-4
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Figure 2-4. Specificity of the OPC stroke transcriptome

To assess the OPC-specificity of the RNA-seq dataset, fragments per kilobase of transcript per
million reads mapped (FPKM) data for each of the three treatment groups was compared to the
most cell-type specific genes identified in the Barres lab RNA-seq online database (Zhang et al,
2014). (A) Unfiltered FPKM values for the top ten most cell-type specific genes of the indicated
type (compared to OPCs). (B) The same data, but with the data for microglial gene Si/fn2 removed
to increase resolution between the remaining cell types. Note the difference in scale for the y-axes
between the two figures.
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Figure 2-5
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Figure 2-5. Non-oligodendrocyte lineage gene markers are excluded from analysis

To further validate the specificity of the OPC stroke transcriptome, false discovery rate (FDR)
values were examined for each of the cell-type enriched genes displayed in Fig. 2-3. FDR values
are shown for each pairwise comparison: (1) 5 days vs. control; (2) 15 days vs. control, and (3) 15
days vs. 5 days. The y-axis is logarithmic to enhance acuity and the threshold used in subsequent
analysis (FDR < 0.1) is shown with the dashed line. To the right, for comparison, is a selection of
genes of interest studied in subsequent experiments.
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Figure 2-6

15 A
10
Q
3
e
-1+]
S
2 57 *+ Zhang OPCs
©
g - 15d OPCs
o
S - 5d OPCs
15}
E 0 - * Control OPCs
X
[~ %
w
[-7:]
o
-5 4
-10 T T T !

0 5 10 15 20
Astrocytes log(FPKM)

Figure 2-6. Dataset-wide comparison to astrocytes

Every gene in the OPC stroke transcriptome was compared to the set of genes in the Barres lab
RNA-seq database for which astrocyte FPKM > 4 (Zhang et al. 2014). FPKM values were log,-
transformed to minimize skew of highly expressed genes and genes with log>(FPKM) > 2 were
selected from the Zhang dataset (n = 7885 genes). These FPKM values were plotted against
Zhang OPCs as a baseline association, as well as the OPC stroke transcriptome FPKM values of
each group: control, 5 day, and 15 day. For statistical analysis, linear regression tests comparing
each distribution. * P <0.05, ** P <0.01, *** P<0.001.

65



Figure 2-7
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Figure 2-7. Dataset-wide comparison to neurons

Every gene in the OPC stroke transcriptome was compared to the set of genes in the Barres lab
RNA-seq database for which neuron FPKM > 4 (Zhang et al. 2014). FPKM values were log,-
transformed to minimize skew of highly expressed genes and genes with logx(FPKM) > 2 were
selected from the Zhang dataset (n = 7926 genes). These FPKM values were plotted against
Zhang OPCs as a baseline association, as well as the OPC stroke transcriptome FPKM values of
each group: control, 5 day, and 15 day. For statistical analysis, linear regression tests comparing
each distribution. * P <0.05, ** P <0.01, *** P<0.001.

66



Figure 2-8
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Figure 2-8. Dataset-wide comparison to microglia

Every gene in the OPC stroke transcriptome was compared to the set of genes in the Barres lab
RNA-seq database for which microglia FPKM > 4 (Zhang et al. 2014). FPKM values were log,-
transformed to minimize skew of highly expressed genes and genes with log>(FPKM) > 2 were
selected from the Zhang dataset (n = 6162 genes). These FPKM values were plotted against
Zhang OPCs as a baseline association, as well as the OPC stroke transcriptome FPKM values of
each group: control, 5 day, and 15 day. For statistical analysis, linear regression tests comparing
each distribution. * P <0.05, ** P <0.01, *** P<0.001.
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Figure 2-9
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Figure 2-9. Dataset-wide comparison to OPCs

Every gene in the OPC stroke transcriptome was compared to the set of genes in the Barres lab
RNA-seq database for which OPC FPKM > 4 (Zhang et al. 2014). FPKM values were log,-
transformed to minimize skew of highly expressed genes and genes with log>(FPKM) > 2 were
selected from the Zhang dataset (n = 8582 genes). These FPKM values were plotted against the
OPC stroke transcriptome FPKM values of each group: control, 5 day, and 15 day. For statistical
analysis, linear regression tests comparing each distribution. * P <0.05, ** P <0.01, *** P <
0.001.
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Figure 2-10

A
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(80.0%)
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(1.82%) a
24
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Day 15 1423 OPCs
(84.0%)
130
32 (7.67%)
(1.89%)
10
(0.59%)
29 \ (2:89%)
New OLs b (2.89%) Myelinating OLs
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Figure 2-10. Disease specificity of the OPC stroke transcriptome

Significantly overexpressed genes from (A) day 5 and (B) day 15 versus control OPCs, based on
FDR < 0.1, were compared to the Barres dataset (Zhang et al. 2014). Specifically, genes for which
FPKM in the indicated cell type was greater than 2-fold higher than the average of all other cell
types was included. This led to similar numbers of genes compared between the stroke
transcriptome and the Barres data. For each of the zones within the stroke-OPC condition,
percentage of the total number of overexpressed genes is indicated.
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Genes of interest selected for further study

Table 2-1

Gene Description Fold change Putative function Citation
(15v5)
Novel genes previously unstudied in OPCs
Protease found in neutrophils, (Shamamian et al
Ctsg Cathepsin G 3,455 implicated in processing engulfed 2001) °
pathogens and tissue remodeling
Proteoglycan 2 Component of eosinophil granule core, (Gleich et al., 1979;
Prg2 Major basic 1,075 high basic properties like MBP suggest Temkin et al.,
protein potential enzyme inhibition 2004)
Carbohydrate Post-translational processing; HNK-1 (Bakker, 2014;
Chst10 sulfotransferase 0.00219 synthesis, implicated in steroid McGarry et al.,
10 hormone and myelin processing 1983)
C9orf9 Sperm acrosome Suggested roles in development and (ELEHE T
. 368 . o al., 2013; Stauber et
(Spaca9) associated 9 function of cilia and flagella
al., 2017)
Zine finger Putative transcription factor,
Zfp474 ne 335 previously implicated in germ line cell  (Zhou et al., 2005)
protein 474 . .
differentiation
Olfi652 Olfactory 255 G—pr(?teln family gene; unknown /a
receptor 652 function
Precursor to the enkephalin opioids (Nissen &
Penk Preproenkephalin = 252 that act as neurotransmitters, as well as  Kragballe, 1997;
other products Zagon et al., 1994)
Cysteine and Interacts with transcription factors,
L . . . (Sagave et al.,
Csrp2 glycine rich 145 implicated in cardiomyocyte 2008)
protein 2 development and ordered cell growth
Genes implicated in CNS differentiation or myelination
MAX Transcription factor. Other members of
Mxd1 dimerization 195 this family have demonstrated roles in (Y. Yu et al., 2013)
protein 1 OPC differentiation
G protein- Orphan receptor thought to be required (Mogha et al
Gprl26  coupled receptor 101 for differentiation of Schwann cells 201 3g) °
126 and PNS myelination
Chemokm e (C- Chemokine. In MS models, identified  (Weiss et al., 2010;
Cxcl13 X-C motif) 54.7 ) . N
s 13 in areas of active demyelination Yuen et al., 2013)
Sal-like 1 Transcriptional repressor shown to
Salll . 22.7 function in OPC differentiation, not (Magri et al., 2014)
(Drosophila)

studied in WMS
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Chapter 3

Development of an in vitro screen to assess impact of candidate

genes on OPC differentiation

3.1 Introduction

Based on bioinformatics analysis of the transcriptome dataset described in Chapter 2, a
list of candidate genes has been generated (Table 2-1). This list is balanced between those with
known roles in oligodendrogenesis and myelination, and totally novel genes previously
unstudied in the nervous system, or to our knowledge, at all since their initial annotation within
the genome. This provides a strong foundation to drive new discoveries in oligodendrocyte
biology, but it also presents a technical challenge: the list of genes is too long to study each
mechanistically in vivo within a reasonable time frame. Furthermore, as discussed in Chapter 2,
additional verification steps are important to validate the gene list as relevant to oligodendrocyte
biology. Thus, an additional screening tool was necessary to prioritize this gene list, identifying
the select group of highly promising genes which can be studied in depth in our animal model of
WMS.

Motivated by this need, a pair of experiments were developed, combining in vivo
expression studies with in vitro genetic manipulation. In the first stage, immunohistochemical
stains on brain tissue of both control and stroke-induced animals were performed using
antibodies for each protein product, a process that has been routinely used to validate RNA-
sequencing results in the field (Anderson et al., 2016; Solga et al., 2014). Examining gene

expression in the same model and at the same time points as were used to generate the RNA-seq
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data aimed to validate expression of proteins in oligodendrocyte lineage cells in tissue, in either
normal physiology or post-stroke. Ideally, this would provide confirmation of transcriptomic
data insofar as genes were identified within OPCs and not contaminating cells, without any need
for quantification, which would be left to subsequent experiments.

In addition to validating results and visualizing expression in control vs. stroke tissue, a
complement of in vitro experiments will provide the ability to quantify each gene’s impact on
differentiation. Such approaches have been a powerful tool to examine oligodendrocyte
differentiation, as they grow robustly in culture and are easily manipulated to maintain OPC state
or differentiate into oligodendrocytes and even myelinate when desired (Emery & Dugas, 2013;
Espinosa-Jeftrey et al., 2009). Two main culture systems are used to provide control over timing

of experiments.

Two complementary culture systems

CG-4 cells were generated from rat OPC cultures by spontaneous transformation and
have been well-characterized (Louis et al., 1992; Stariha & Kim, 2001). Furthermore, as a cell
line, they can be produced in large numbers to facilitate high-throughput testing, and have been
used in this way in previous studies (Suzuki et al., 2012; Ueno et al., 2012; Wang et al., 2009).
Finally, they recapitulate key oligodendrocyte properties, showing capacity to differentiate and
myelinate both in vitro and upon transplantation into the brain of rodent models (Espinosa de los
Monteros et al., 2001; Olby & Blakemore, 1996).

In addition to the CG-4 line, primary OPC cultures are used to provide further
characterization of behavior of these cells. The immunopanning technique developed and refined

by the Barres lab provides a method to culture primary OPCs for immediate study less than 8
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hours from animal sacrifice, minimizing time ex vivo compared to other culture preparation
methods such as differential shaking, which involves preparation over ten days or more prior to
initiating experiments (Chen et al., 2007; Emery & Dugas, 2013). Primary OPC cultures can be
manipulated genetically using commercially available transfection reagents, making them
tractable tools to study gene-specific effects on differentiation pathways in an isolated system
(Bischof et al., 2015).

On the basis of these two well-established culture techniques, we initiated a series of tests
to prioritize each gene of interest based on its propensity to either enhance or repress OPC
differentiation in pure cultures. A series of experiments are presented below, along with
challenges and subsequent adjustments, that provided the basis to initiate in vivo studies on a
selection of three promising genes as outlined in Chapters 4 and 5. This represents the first step
in an experimental flow focused on identifying novel mechanisms of oligodendrogenesis in

WMS, the overarching goal of this dissertation (Figure 3-1).

3.2 Results

Validation of target gene expression in stroke tissue

The same mouse model of WMS used to generate the RNA-seq transcriptome was used
to assess expression of candidate genes in oligodendrocyte lineage cells through
immunohistochemistry. Briefly, WMS was induced by injection of the vasoconstrictor L-NIO
(see Methods). Animals were sacrificed at either 5 days or 15 days post-surgery (control animals
were sacrificed at the 5 day time point).

Tissue stains were carried out using a standard protocol (Sozmen et al., 2016; and

Methods). To assess expression of each gene of interest within oligodendrocyte lineage cells,
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antibodies were obtained when available and tested for optimal fluorescence as outlined in
Methods. Summary images of the expression testing for a selection of key genes is shown in
Figure 3-2.

As shown in the figure, genes showed variable evidence of expression in OPCs following
white matter stroke. Overall quality was limited by novelty of the antibodies against candidate
proteins, so high background or variable expression was a common issue. Notably, no
quantification was carried out on these images, given both the quality of staining and the desire
to use these studies only as a preliminary check for expression. In some cases, however,
antibodies identified expression of a candidate gene in some cells, but not oligodendrocytes as
marked by Olig2; or, they indicated expression in oligodendrocytes but with no discernable
expression in OPCs after stroke. In such cases, those genes were not pursued further. However,
when no staining was possible with a given gene construct, or when no antibody was available,

studies continued to the next screening stage, and alternate validation options were pursued.

CG-4 and primary OPC screen validation

The CG4-16 clonal line of original CG-4 cells was a generous gift from the Ogata group
(Ueno et al., 2012). Cultures were first validated by expression of key oligodendrocyte markers,
including the transcription factor Olig2 and mature marker CC1 (Figure 3-3). Not only are these
markers expressed, but treatment with differentiation media appears to enhance expression of the
mature marker CC1 while also leading to cell growth an increased branching complexity, a
hallmark of oligodendrocyte differentiation (Barratt et al., 2016).

The first approach to assessing CG4-16 differentiation, to validate its use as a screening

tool, involved morphologic quantification. As a rapid test, epifluorescent imaging is readily
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available. Staining against the early differentiation marker CNPase and quantifying fluorescence
relative to actin expression, to normalize to cell size, was an ideal and straightforward study.
Pilot tests utilized two treatment conditions in combination: first, tritodothyronine (Ts), is known
to be a potent inducer of OPC differentiation (Dugas & Emery, 2013). Second, the extracellular
matrix protein matrilin-2 was known by our group to play a role in differentiation, so validation
of this result would verify this system as a screening tool in our hands (see Chapter 5). A time
series experiment was undergone to quantify capacity of CG-4 cells to differentiation over time,
the results of which are shown in Figure 3-4. These results indicate that, while there was some
effect with combined treatment of matrilin-2 and Tjs, the positive control of differentiation media
vs. proliferation media did not show a significant difference, rendering this method unreliable for
assessing meaningful differentiation.

At this point, several variations were tried with the media, and results were also
compared with primary OPC cultures which had been successfully started. The first option tried
was to use Sholl analysis to analyze increases in morphologic complexity, a known marker of
OPC differentiation (Ferreira et al., 2014; Gensel et al., 2010). However, these results also
indicated lack of power in using the CG4-16 cell line, using multiple media formulations,
especially when compared to primary OPC cultures (Figure 3-5).

For a faster and more accurate readout of coordinated changes to gene expression, we
explored the use of qPCR, a method increasingly used to assess OPC differentiation, especially
as genetic markers for stages along the spectrum of oligodendrocyte development are well-
described (Zhang et al., 2014). To this end, qPCR was tested as a third option for differentiation
studies in vitro, again using both primary OPC cultures and CG4-16 cells. Primers were

developed against both OPC-specific genes (Cspg4 and Pdgfra) and differentiation-specific
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genes (Cnp, Mbp, PlpI). The hypothesis is thus that upon differentiation, Cspg4 and Pdgfra
expression decreases, while Cnp, Mbp, and Plp1 expression increases. Results of positive control
tests are shown in Figure 3-6. In short, CG-4 cells do not show this hypothesized response, even
when grown in the same serum-free media shown to support primary OPC cultures. Conversely,
primary OPC cultures show highly significant and reproducible responses to induction of
differentiation with the positive control Ts. This suggests that primary OPC cultures are a

reliable tool to use to assess differentiation of OPCs in culture, while CG-4 cells are not.

Inducing expression of candidate genes

To overexpress candidate genes in primary OPC cultures, we generated a plasmid
expression vector driving expression of the gene of interest containing a dual promoter system
driving (1) expression of the gene of interest under an EF1 promoter, and (2) TagBFP2 under the
CMYV promoter (Figure 3-7). This enabled additional fluorescence studies if desired, and
provided a flexible system for switching CANDIDATE GENEs out when necessary with
minimal cloning. Gene sequences were obtained from Origene; specifically, mouse ORFs for
each gene were available, while rat sequences were not. Since the goal was ultimately to bring
promising genes in vivo in a mouse model, mouse ORFs were used. OPCs were transfected after
two days in proliferation media to stabilize, using a polymer-based reagent (Xfect, Clontech),
which we have found to have 55-60% transfection efficiency in primary OPCs (data not shown).

Csrp2 was the first gene tested with this system, and the first step was to validate that the
construct led to significant overexpression of the gene. Three different qPCR primers were
designed against Csrp2, one of which was designed to be specific to the mouse Cs7p2 mRNA

sequence and the other two in areas of high homology between mouse and rat Csrp2. qPCR
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assays of these test primers, 3 days after transfection with control plasmid versus Csrp2-
TagBFP2, are shown in Figure 3-8. This verifies that the dual promoter plasmids significantly

overexpress the genes of interest.

Effect of overexpression of genes of interest on OPC differentiation

With a validated tool available to induce expression of each gene of interest, a series of
tests were performed to assess the effect of each gene of interest on OPC differentiation. In short,
OPCs were transfected after two days in culture, and mRNA was extracted 4 days after
transfection. The results are summarized in Figure 3-9. As is seen in the figure, there is a clear
gradation of response to overexpression of CANDIDATE GENE:s, with certain genes showing
response and others with no significant difference to control. Furthermore, most genes show
inversely correlative responses between proliferation markers and differentiation markers as seen
in Fig. 3-9B and Fig. 3-9C, as would be hypothesized if cells were undergoing differentiation.
Thus, these results provide strong evidence that a number of genes act to directly induce
oligodendrocyte differentiation endogenously and provide a basis for the selection of genes to

study in vivo, in the context of white matter stroke.

Knockdown of genes of interest

In addition to overexpressing each gene of interest, constructs were developed to attempt
to knock down expression. This would allow for the detection of genes whose effect was to
inhibit differentiation, rather than promote it as seen in the previous experiments. To do this, a
set of microRNA constructs was developed for each gene using the BLOCK-iT system (Thermo

Fisher). The plasmid schematic is shown in Figure 3-10. As in the overexpression studies, a
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ubiquitous promoter drives expression of a microRNA construct, along with emGFP as a marker
of transfection.

The first gene for which constructs were designed was Csrp2. This was done using the
manufacturer primer designing software, with some adjustments. First, the two best predicted
constructs were chosen, but these were noted to be specific to a region of low homology between
mouse and rat Csrp2 regions. Because constructs may be moved in vivo, additional targets were
designed against regions of high homology, using the manufacturer’s software but selecting for
specific regions. This approach ideally maximizes knockdown in vitro as a validation step while
also generating constructs that have utility in vivo (Figure 3-11). Assessment of Csrp2 mRNA
knockdown was tested for each microRNA (Fig. 3-11B). Results of these qPCR expreiments
suggested that primers induce significant knockdown of the primers, of approximately 70-80%
as judged by qPCR across three different primers against Csrp2.

Experiments were then conducted on primary OPC cultures to assess differentiation of
OPCs after gene knockdown. Results are shown in Figure 3-12. Early time course studies
indicate that in particular, expression of Mbp (a marker of early oligodendrocyte differentiation)
is decreased in miRNA-treated cells as compared to controls over 2-3 days following addition of
differentiation media. However, as seen in Fig. 3-12B, subsequent studies targeting this time
point did not show similar results. Further studies are ongoing to attempt to ascertain the most

effective setup to identify changes to differentiation following miRNA treatment.
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3.3 Discussion

Development of an in vitro screening system

In this study, we explored a number of methodologies to assess propensity of candidate
genes to induce or inhibit OPC differentiation using in vitro systems to reduce time and cost
prior to initiating in vivo mechanistic studies. An oligodendrocyte-derived cell line, CG4-16, was
explored as one avenue, but results indicated it lacked a robust response to differentiation signals
and thus was not an ideal tool. Rather, primary OPCs have been successfully used throughout the
field to assess response in a closed system to different factors (Back et al., 2005; He et al., 2016;
Madsen et al., 2016; Sloane et al., 2010). Use of this system to overexpress candidate genes
proved successful, and we saw a substantial differentiation effect for a majority of the genes
tested (Fig. 3-9). On the other hand, knockdown experiments using miRNA constructs produced
mixed results (Fig. 3-12). The result is that we have a strong list of candidates that play a role in
facilitated oligodendrocyte differentiation, but lack a piece of the biological puzzle to (1) judge
their necessity for differentiation and (2) identify genes that are involved in inhibition, rather
than promotion, of differentiation.

Despite the challenges encountered particularly in the knockdown experiments, a number
of promising questions arose that warrant testing in a complex biological system. For this reason,
in vivo studies were initiated with a number of promising candidates identified through these

experiments. The process of selecting those genes will be discussed in Chapter 4.

Validating gene expression in stroke tissue
The first set of experiments described here was the validation of expression of candidate

genes in WMS tissue and specifically in oligodendrocytes. As noted in Table 2-1, a number of
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these genes were completely novel to the field and had not been previously studied beyond
investigation as part of a large-scale genetic study. Thus, many of the genes, and in particular the
novel genes, did not have commercially available antibodies. Thus, in some cases validation was
not possible. Even in those antibodies that did show expression, many had issues of quality,
particularly in post-stroke tissue where background tends to be higher than in control. For
example, although some co-localization with Olig2" cells was identified, for example when
staining for Csrp2, expression was low and visual comparison between control and stroke tissue
was difficult due to differences in background under the same imaging parameters. This
approach thus provided limited utility even for an initial validation step.

One option to overcome this would be to utilize in sifu hybridization, a process we have
used before for similar purposes (Overman et al., 2012). These experiments were initially
planned for candidate genes for which no antibodies were available, but should be expanded to
include all 10 candidates to provide a unified approach to validation. In the meantime, our reason
for moving forward prior to their completion was that the in vitro screens were tenable as a tool
to screen through the 10 genes identified by our initial analysis. Furthermore, positive results in
our studies, even if ultimately the gene was not found in oligodendrocytes natively (i.e. if the
gene was a false positive) would still provide valuable insights into the biology of WMS. Thus,
we continued with in vitro experiments, with the future goal of assessing oligodendrocyte

expression of candidates in tissue using in situ hybridization.

Challenges of the CG-4 culture system
Although several groups have used the CG-4 cell line successfully for similar studies, we

did not find success even in positive control experiments (Suzuki et al., 2012; Ueno et al., 2012).
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This could be for several reasons. First, the line is clonally derived from the original and so has
not been fully characterized; nor was the process used to clone fully described (Ueno et al.,
2012). Thus, it is possible that the stock of CG4-16 cells used in these experiments acquired
additional mutations that limited their utility in differentiation experiments at the resolution
required for our studies involving genes with potentially subtle effects on differentiation. Second,
genes selected for study here are specific to the OPC white matter stroke response (see Chapter
2). This specific biology may not be recapitulated in the CG4-16 cell line. In any case, our
findings highlight that caution should be taken when using cell lines for experiments, and
validation using known positive and negative controls is crucial. Fortunately, primary OPC

cultures provided an efficient system for use in our studies.

Use of gPCR to assess differentiation

A number of techniques were explored both in CG4-16 cells as well as primary OPC
cultures prior to selecting qPCR as the method to assess OPC differentiation. Based on early
results, fluorescence quantification of CG4-16 cells had potential to be a rapid metric by which
to assess differentiation, as it could be automated with a simple script. Unfortunately, even
though visual inspection appeared to show evidence of cell differentiation, the effect was not
consistent, and we saw substantial variability in the ratio of differentiation markers to actin (Fig.
3-4). This was also the case with Sholl analysis; while there is a basis to use this from studies in
the literature, it did not prove consistent in our hands in the CG-4 cell line.

Use of Sholl analysis in primary OPC cultures was attractive as a supplementary readout
to gene expression, since mRNA levels are imperfectly correlated with protein expression (Maier

et al., 2009). Though the intial studies using Sholl analysis were promising, upon studies in
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transfected cells, it was discovered that a substantial decrease in branching was seen in OPCs,
likely due to the addition of the polymer reagent. Because the qPCR assay included multiple
genes from different phases of development, it was determined that additional assays were
redundant and it was preferable to move in vivo to gain a deeper understanding of the function of

a set of promising genes.

Knockdown experiments presented substantial challenges

We were not able to reliably assay OPC behavior after knockdown of candidate genes,
despite clear evidence that constructs did indeed produce significant knockdown of these genes.
However, initial assays did suggest some effect in inhibiting differentiation based on sustained,
diminished expression of Mbp after treatment with different microRNA constructs. This
highlights one potential factor confounding attempts to run assays. The genes tested in this study
are often truly novel, with unknown or limited understanding of their functions. In addition,
kinetics of protein expression are poorly described. This means it is challenging to ascertain half-
life of the native protein in the cell, and thus how long cells must be incubated post-transfection
to identify meaningful decreases in protein levels versus mRNAs. One option to assess this
would be to run Western blots and to determine protein levels at various time points (Zhao et al.,
2010).

Another challenge with running such experiments in vitro is that primary OPC cultures
are difficult to maintain past 7-10 days. Maintaining less than ~70% confluency is ideal as high
density of cells is itself a pro-differentiation signal (Dugas & Emery, 2013). However, cells grow
robustly in culture, so maintaining them long enough to ensure sufficient knockdown of proteins

of interest may prove challenging.
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A potential solution to this problem, which avoids the need to transfect cells and induce
the stress of polymer addition, is to move to a model of soluble siRNA treatment (He et al.,
2016). This bypasses the need for extensive cloning with each new gene construct until candidate
genes are identified for study in vivo. At the same time, it allows for easier maintenance of cells
and calculations of density without adjusting for a degree of cell death upon treatment with the
transfection reagent. Western blots could still be run to assess efficacy of siRNAs, but this
method, having been validated in OPCs in a number of recent papers, offers an attractive
alternate path forward to bypass the challenges described above (Dai et al., 2015; Zuchero et al.,

2015).

Future directions

Results outlined in this chapters, particularly of overexpression experiments, provide
compelling evidence that a number of genes of interest to play significant roles in OPC
differentiation in a closed system. In order to explore in more detail what this may entail in the
context of white matter stroke, a selection of genes will be studied in vivo using the same animal
model from which the OPC stroke transcriptome was initially derived. In the meantime in vitro
studies will still continue, as refinement of a knockdown protocol is necessary. Additionally, the
various techniques described here represent valuable resources for future assays, as will be
described in Chapter 5. Thus, the primary OPC culture system has become a valuable and
sustainable resource for studying OPCs in the context of white matter stroke, as well as other

stroke subtypes or neural repair processes in which they may be involved.
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3.4 Methods
Mice

All animals used in tissue expression studies were wild-type C57BL/6 males obtained
from the Jackson Laboratory, aged 2-3 months at time of surgery. All experiments were
performed in accordance with National Institutes of Health animal protection guidelines and

were approved by the University of California, Los Angeles Animal Research Committee

(protocol #00-159).

White matter stroke

The white matter stroke procedure was carried out as described, with some modifications
(Sozmen et al., 2016). Anesthesia is induced with 5% isoflurane supplied with 100% O, and then
maintained at 2% for the duration of the operation. After exposing the skull, craniectomy is
produced with a high speed dental drill 0.96mm lateral and 0.75mm posterior to Bregma over the
left hemisphere. The vasoconstrictor N5-(1-Iminoethyl)-L-ornithine (L-NIO) is preloaded into a
pulled glass micropipette (tip diameter of 15-22um) fitted onto a Picospritzer pressure injection
system. L-NIO is then injected through the cortex at an angle of 45° with a dorso-medial to
ventro-lateral injection path, into the white matter underlying the forelimb motor cortex. This
procedure promotes intense vasoconstriction at the site of injection, leading to focal ischemia.
Three stereotaxic injections (each of 200 nL of L-NIO solution) are made at coordinates of (AP,
ML, DV) = (+0.75,-0.96, -2.20), (+1.00, —0.96, —2.15), (+1.25, —0.96, —2.10). The pipette is left
in situ for 5 min post-injection to allow proper diffusion. After the procedure, the wound is

closed and the animal is returned to its home cage for recovery.
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Control animals receive craniectomy and insertion of the micropipette as above, but no
injection is performed, to avoid inducing stroke-like tissue damage by mass effect (Rosenzweig

& Carmichael, 2013; Sozmen et al., 2016).

Immunohistochemistry

Animals are perfused transcardially with ice-cold 0.1 M NaPBS followed by 4%
paraformaldehyde prepared in the same solution. Following an overnight postfix in 4% PFA at
4°C, brains are cryoprotected in 30% sucrose at 4°C for 24 hours and then sectioned at 35 um
using a cryostat (Leica CM 0530) and stored in a 50% glycerol anti-freeze solution at —20°C
until staining.

Immunohistochemistry is prepared according to a standard protocol (Rosenzweig &
Carmichael, 2013; Sozmen et al., 2016). Prior to block, antigen retrieval is performed in pH 6
50mM sodium citrate buffer at 95°C for 10 minutes, followed by 20 minutes in citrate buffer at
room temperature. After PBS washes, sections are blocked in a 5% normal donkey serum (NDS),
0.3% Triton-X solution for 1 hour at room temperature. Sections are then incubated in primary
antibody overnight, in 2% NDS, 0.1% Triton-X. The next day, sections are washed 3x in PBS
and then incubated in secondary antibody for 1 hour in the same solution as primary antibody,
then dehydrated with ethanol washes 50-100% and 2x 1 minute xylene washes prior to coverslip
application over DPX. Primary antibodies against candidate genes are from Abcam and used at
1:100; Olig2 antibody is from Millipore (rabbit anti-Olig2, AB9610; and mouse anti-Olig2,
MABNS50; both 1:500). Secondary antibodies are all from Jackson ImmunoResearch (donkey-

raised AlexaFluor AffiniPure F(ab’), fragment antibodies, 1:1000 for all).

93



CG4-16 cell culture

CG4-16 cells were a generous gift from the Dr. Ogata at the National Rehabilitation
Center for Persons with Disabilities, Saitama, Japan. Cultures were grown as described (Ueno et
al., 2012). Briefly, media was 50/50 DMEM/F12 from Invitrogen, supplemented with 5 mg/L
insulin, 16.1 mg/L putrescine, 50 mg/L apo-transferrin, 4.6 mg/L D-galactose, and 8 pg/L
sodium selenite (all from Sigma). Cells were plated in PDL-coated flasks and grown in 2% FBS
(generously supplied by Dr. Espinosa-Jeffrey, UCLA). For differentiation, cells were moved to
0.5% FBS with 50 nM triiodothyronine (T3 hormone; Sigma) as described (Wang et al., 2009).
Cells were passaged at 80% confluence with gentle trypsinization and spin for 5 min at 300g
prior to cell counting and plating again in PDL-coated flasks.

For immunocytochemistry, a general protocol was followed (Abcam, 2014). Antibodies
used were Olig2 (rabbit, Millipore as above, 1:1000), CNPase (Sigma C5922, 1:1000), CC-1
(Abcam anti-APC [CC-1], ab16794, 1:1000). Secondary antibodies were as above.

Matrilin-2 (R&D, 3234-MN-050-CF) was coated onto 24-well plates, after coating with
PDL, at 20 pg/ml, and incubated overnight at 4°C prior to plating of cells, based on previous

studies (Malin et al., 2009).

Primary OPC culture

Primary OPCs were isolated from P6-8 rat pups as described (Dugas & Emery, 2013),
except that only olfactory bulbs and cerebellum was removed prior to papain digestion rather
than isolating only cortex, with the reasoning that white matter is the tissue of interest for these
studies. In brief, one brain (male or female) is dissected and digestion for 90 min in papain and

then triturated into a single cell suspension. Cells are passed through three panning dishes: first,
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Ran-2 binds astrocytes, O1 binds maturing oligodendrocytes, and O4 binds OPCs. Trypsinization
of this final plate followed by quenching in FBS leads to 1.5 — 2 million OPCs from one brain.

OPCs are cultured in DMEM-Sato media according to protocol (Dugas & Emery, 2013).
This media is similar to CG4 media but is serum-free and contains additionally 2 mM glutamine,
5 pg/ml N-acetyl-L-cysteine, 10 ng/ml d-biotin, 1x Trace Elements B (Cellgro 99-175-CI), 100
pg/ml BSA, and 60 ng/ml progesterone. For proliferation, growth factors are added: 4.2 pg/ml
forskolin, 10 ng/ml CNTF, 10 ng/ml PDGF-AA, and 1 ng/ml NT-3. For differentiation, the final
two factors are replaced with 40 ng/ml Ts. Media was changed every 2-3 days as recommended,
if cells were nearing confluence (>50%, after which point growth rate accelerates), PDGF-AA

concentration was doubled.

Transfection

Primary OPCs were plated at 12-15,000 per cm” on PDL-coated 12-well plates. Cells
were maintained for at least 36-48 hours in proliferation media, or longer if necessary to reach
appropriate confluence. At 60-70% confluence, cells were treated with DNA in Xfect reagent as
outlined in the manufacturer’s protocol (Clontech 631317), with the stipulation that 1 pg DNA
per 12-well plate was added; this is the low end of the recommended range and was found to
maintain highest cell viability while still leading to ~60% transfection efficiency.

After transfection, media was changed to fresh warmed proliferation media after 4 hours.
For differentiation experiments, cells were maintained in proliferation media for 2 days to allow

for recovery, and then switched to differentiation media (day 0).
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RNA isolation and gPCR

RNA was prepared from primary OPCs using the RNeasy Plus Micro Kit (Qiagen 74034)
according to manufacturer protocols. Concentration was measured using a Nanodrop
spectrophotometer. 150-300 ng of mRNA was reverse transcribed into cDNA, with the amount
depending on needs of the particular experiment. RT was carried out using oligo-dT .13 primers
(Invitrogen 18418012), Superscript I1I reverse transcriptase (Invitrogen 18080044), and
RNaseOUT (Invitorgen 10777019). Annealing for 5 minutes at 65°C was followed by 5 min on
ice. After addition of Superscript and RNaseOUT, RT was carried out at 50°C for 45 min
followed by enzyme inactivation at 70°C for 15 min.

Quantitative PCR was carried out using the LightCycler system and the SYBR Green [
2X Master (Roche 4707516001) with 200 nM primers and 5 ng DNA per 10 pl reaction.
Annealing temperature was carried out at 60°C and 45 cycles were run, followed by melting
temperature curve run. Melting temperatures were between 70-75°C. Analysis was carried out
using the dCp method, with statistics run using ANOVA prior to converting to fold change

values (i.e., on raw dCp data).
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3.5 Methods

Figure 3-1
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Figure 3-1. Overview of experimental design

This schematic represents the experimental plan and the role of studies outlined in this chapter.
Steps 1-2 were outlined in Chapter 2. Both validation of expression of markers (Step 3) and
expression studies in vitro (Step 4) are outlined in this chapter. Steps 5 and 6 are described in
Chapter 4, and additional studies supplementing in vivo studies are the focus of Chapter 5.
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Figure 3-2. Validation of candidate gene expression in vivo

A selection of colocalization stains for (A) Csrp2, (B) Dcaf17, and (C) Salll, genes of interest
identified in Chapter 2 (Table 2-1). To maximize ability to detect expression differences as
suggested by transcriptomic data, control tissue is compared to time point of maximum differential
expression; in each case, this represents day 15 tissue as each gene was overexpressed at this later
time point relative to control and day 5 WMS OPCs. Expression in OPCs is verified by
colocalization to Olig2, a marker characteristic of OPCs but also present in newly differentiating
OPCs, ensuring detection of gene product in a wider spread of oligodendrocyte lineage cells is
possible. Stroke site is indicated in each slice, and arrowheads indicate examples of cells with
(white) or without (blue) evidence of expression of the indicated gene of interest. Scale bars in all
image sets: 20um.

99



Figure 3-3

Figure 3-3. CG4-16 cells express oligodendrocyte markers and exhibit differentiation
capacity

Initial studies indicate that CG4-16 cells express key markers of oligodendrocyte lineage cells and
express morphological signs of differentiation. (A) Olig2 is visible in all CG4-16 cells at relatively
stable levels (arrows), while the mature marker CC1 appears in higher expression levels in
differentiating cells (arrowhead), which are also larger in size as expected. (B) Comparing CC1
expression to actin expression allows for a method to control for cell size when quantifying gene
expression through fluorescence. Scale bar: 50 pm
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Figure 3-4
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Figure 3-4. CG4-16 cells to not demonstrate specificity of differentiation capacity in vitro
(A) Fluorescence of CNPase was measured and normalized to actin to control for cell size. The
ratio of CNPase/actin was used as a readout of differentiation of CG4-16 cells. (B) Initial assays
using this method did not demonstrate good resolution when assessing differentiation after
treatment with positive controls. Note that proliferation-only and differentiation-only treatments
are not significantly different throughout the treatment period. # P <0.05, “Diff + Matn2” group
compared to others; ** P <0.01, all groups compared to day 0 values. Scale bar: 50 pm
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Figure 3-5
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Figure 3-5. Sholl analysis to quantify complexity of cellular branching and morphology
(A) A representative primary OPC grown in DMEM-Sato differentiation media, imaged using
Acti-stain 488 phalloidin. (B) Sholl analysis processing. Images were processed in Fiji by
thresholding with the Triangle method and manually defining maximum radius before
quantification using published software (Ferreira et al. 2014). Each color in this image represents a
concentric ring across which all process crossings were counted. (C) All crossings through the
rings shown in (B) are graphed and a polynomial line of best fit is shown. From these data, the
average number of crossings per cell is computed. (D) Comparison of average number of
crossings across each test condition. Data were analyzed in GraphPad Prism using one-way
ANOVA with Tukey’s correction for multiple comparisons. Scale bar in (A) and (B), 50 um.
Error bars in (D), SEM. * P <0.05, *** P <0.001.
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Figure 3-6

A Cspg4d (NG2) B Pdgfra
- 2 2 *
g * % % * % *
(]
<_t * %k % n.s. }
2
OE: 1 1 . 1 & Prolif
_g i Diff
4(-0‘ I

0 0
Primary OPCs CG-4 in GDM CG-4 in DMEM Primary OPCs CG-4 in GDM CG-4 in DMEM
Mbp Plp1

C % %k ¥ D
T>J *k % n.s. *
9 100 * % n.s.
<zt 100 -
"E‘ i Prolif
20 7 u Diff
el
[}

0 - = T = 1 0 T = T E— ]
Primary OPCs CG-4 in GDM CG-4 in DMEM Primary OPCs CG-4 in GDM CG-4 in DMEM
n.s.

E& o
@ 6
5 n.s. * n.s.
@ £ GDM
; 4 - * *k *k
°E‘ 7l7 — £ DMEM
()]
2 2 -
E £d 717
: | o == |

Prolif ctrl Cspgd Pdgfra Mbp Plp1l

CG-4 cell gene expression level by type of growth media

Figure 3-6. Quantitative PCR of primary OPCs and CG-4 cells.

(A-D) Gene-by-gene comparison of primary OPCs, CG-4 cells grown in standard GDM, and CG-
4 cells grown in the same DMEM-Sato media as primary OPCs. (A-B) show genes characteristic
of OPC state, while (C-D) show genes characteristic of differentiated oligodendrocytes. Gene
expression is normalized to expression of each cell type when grown in proliferation media for 5
days. (E) Summary of gene expression in CG-4 cells. For each gene of interest, gene expression
levels of CG-4 cells grown in differentiation media are shown, normalized to cells grown in
proliferation media (Prolif ctrl). Statistics were performed in GraphPad prism on ddCp data using
one-way ANOVA with Tukey’s correction for multiple comparisons between groups, and one-
sample t-test to test for significant up- or down-regulation compared to proliferation control (E,
asterisks above columns). * P <0.05, ** P <0.01, *** P <0.001. Error bars represent SEM.
GDM, glial defined medium; DMEM, DMEM-Sato growth medium.
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Figure 3-7
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Figure 3-7. Dual promoter expression system for gene induction in OPC cultures

A dual promoter plasmid was generated to express the gene of interest driven by the ubiquitous
promoter EF1. A second ubiquitous promoter, CMV, drives expression of the fluorophore,
TagBFP2, which identifies transfected cells to assess transfection efficiency. Here, the gene of
interest represented is 7nfsf1 1, but any gene can be inserted in its place. Control plasmid has no
insert in that location, while keeping intact TagBFP2 expression.
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Fold change vs. control

Figure 3-8
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Figure 3-8. Overexpression plasmid successfully drives expression of candidate genes
Validation of overexpression plasmid was conducted using qPCR with three primers specific to
the gene of interest (Csrp2). The first is specific to the mouse Csrp2 sequence, while the second
two are in regions of high homology between rat and mouse Csrp2 sequences. Cells transfected
with control plasmid are normalized to 1 and Csrp2-transfected samples are expressed relative to
that. Error bars: SEM. * P <0.05, ** P <0.01, *** P <0.001.
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Figure 3-9
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Figure 3-9. Assessment of OPC differentiation after overexpressing candidate genes
Transfection of OPCs with genes of interest or control plasmid shown in Fig. 3-7 was followed by
mRNA isolation and qPCR after 4 days in culture. (A) Schematic of primer targets used to assess
OPC differentiation; two are specific for OPCs and two for differentiating oligodendrocytes. (B)
gpCR results for OPC-specific targets shows a number of genes lead to knockdown of these
progenitor-characteristic genes. (C) Results for differentiation markers shows good correlation
with results seen in (B). Statistics were performed in Graphpad Prism using one-way ANOVA
with Tukey’s correction for multiple comparisons. Error bars show SEM. * P <0.05, ** P <0.01,
**% P<0.001.
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Figure 3-10
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Figure 3-10. BLOCKA-iT system for microRNA expression in vitro

The provided expression plasmid from the BLOCK-iT kit was prepared according to manufacturer
protocol with the addition of miRNAs designed against Csrp2 as outlined in Fig. 3-11. Control
plasmid includes the provided scramble miRNA in place of gene-specific miRNAs.
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Fold change vs. control

Figure 3-11
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Figure 3-11. Validation of microRNA constructs using Csrp2

(A) Schematic detailing design of Cs#p2 miRNA primers. The open reading frames (ORFs) of rat
and mouse Csrp2 sequences are shown. Red areas indicate low homology between mouse and rat
constructs. Primer targets are shown by the hairpin cartoons, indicating that two are specific to the
rat ORF (rt-1 and rt-2) while two are targeted to an area of high homology (ms-1 and ms-2). (B)
Validation of miRNA knockdown in primary OPC cultures. After transfection with each the noted
construct, knockdown was assessed after 4 days in culture using three different qPCR primers
against Csrp2 mRNA. One-way ANOVA with Tukey’s correction for multiple comparisons. Error
bars: SEM. ** P <0.01, *** P <0.001.
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Figure 3-12
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Figure 3-12. Results of miRNA knockdown studies on OPC differentiation

(A) A time-course study of miRNA knockdown of Csrp2 in OPCs grown in differentiation media
for the indicated amount of time showed knockdown of Mbp significant across different Csrp?2
miRNA constructs at 2 and 3 days following addition of differentiation media. (B) Subsequent
studies, however, could not replicate this result, perhaps due to difficulty in titrating the correct
degree of knockdown and power to detect inhibition of differentiation. One-way ANOVA with
Tukey’s correction for multiple comparisons. Error bars: SEM. * P <(.05.
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Chapter 4

Investigating the role of candidate genes in an animal model of white

matter stroke

4.1 Introduction

In the previous set of experiments, we screened a candidate set of 10 genes for their role
in OPC differentiation in a simplified system. The goal of this approach was to prioritize genes
for further study in vivo, to examine gene function within the context of white matter stroke
specifically. This chapter focuses on that set of studies. It begins with the selection of three
candidate genes based on the cell culture data. These genes are moved into lentiviral constructs
for cell-type specific expression in the white matter, and transduction efficiency and specificity
are validated. Next, a series of immunohistochemical studies focuses on the three major phases
of oligodendrocyte lineage response to injury: proliferation, differentiation, and myelination.
These studies rest on a solid foundation of tissue studies in oligodendrocyte biology, and well-
established approaches are available to interrogate each step of oligodendrocyte proliferation
(Dai et al., 2015; Sozmen et al., 2016).

Upon characterization of the response to white matter stroke on a cellular level,
functional studies are explored to correlate changes seen on the tissue level with measurable
alterations to CNS function. This is an area in which there is less consensus within the field, as
deficits in CNS injury typically relate to the disease in which they are studied (Crawford,
Mangiardi, Xia, et al., 2009; Ransohoff, 2012; Rosenzweig & Carmichael, 2013). In particular,

in the field of ischemia, large cortical strokes produce significant functional deficits in mouse

116



models, which can be quantitatively assessed through behavioral assays (Barratt et al., 2014;
Tennant & Jones, 2009). However, recent studies of behavioral deficits in the focal model of
white matter stroke developed to closely model human disease, functional effects of stroke were
transient unless mice were aged significantly prior to induction of ischemia (Rosenzweig &
Carmichael, 2013). The use of aged animals to model a disease whose principal risk factor is age
has been a long-standing idea garnering theoretical support for its biological motivations (Buga
et al., 2013). Unfortunately, the financial barriers to procuring such animals in sufficient quantity
to power studies has as of yet made this approach untenable, as aged animals are ten times more
expensive than young adults from common commercial vendors.

Thus, a further aim of studies in this chapter is to identify potential functional readouts of
improved recovery after white matter stroke and overexpression of candidate genes. The multiple
sclerosis field and others commonly use electrophysiological metrics, derived from field
recordings of corpus callosum, to assess functional myelination and axon integrity in the injury
site and adjacent areas (Crawford et al., 2010; Remaud et al., 2017; Saab et al., 2016). The use of
compound action potentials (CAPs) would provide an efficient readout of functional
remyelination while simultaneously providing the opportunity to closely correlate with
observations seen in tissue studies to effects on other cell types like neurons. Thus, field
recordings are explored as a potential supplement to tissue studies and to validate cell-level
effects on a larger scale as an alternative to behavioral testing.

In total, the studies presented below represent the first step in bringing the theoretical
analyses conducted previously back into a model of injury in an animal model and offers the
important opportunity to uncover in more detail potentially novel pathways in oligodendrocyte

differentiation and remyelination.
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4.2 Results

Prioritization of candidate genes for study in the animal model

Quantitative PCR studies presented in Chapter 3 provided a foundational set of data
related to the impact of candidate genes on OPC differentiation (Fig. 3-9). These candidate genes
were initially chosen in an unbiased approach by applying a set of quantitative metrics on the
gene list and sorting by fold change expression between time points. To begin examining the
results from in vitro studies, then, a similar approach was taken. Table 4-1 shows each of the ten
genes tested in primary OPC cultures with fold change values listed the four target genes used in
the qPCR assay. For each target gene, candidate genes are ranked based on their propensity to
promote differentiation. For Cspg4 and Pdgfra, this means genes with the lowest fold change
relative to control are ranked first due to knockdown of genes characteristic of OPCs. In contrast,
Mbp and Plp1 would be expected to increase in expression as OPCs differentiate, so high fold
change values are ranked highly for these genes. Each candidate gene is given a rank per target,
and these are averaged across the four targets to produce an overall rank based on equal
weighting of the four targets. Of note, control is ranked last using this system, which would be
consistent with the hypothesis that none of the candidate genes are actively inhibiting
differentiation.

The top gene ranked using this system was Chstl0, a gene encoding a post-translational
modification protein not previously described in oligodendrocytes or the CNS (Bakker, 2014;
McGarry et al., 1983). Of note, Chst10 was the only gene studied for which expression was
lower at day 15 relative to day 5. The next highest ranked genes, Ctsg and Prg2, encode proteins
well-described in inflammatory pathways. Ctsg encodes cathepsin G, a protease found in

neutrophils; while Prg2 encodes major basic protein, a core component of eosinophil granules
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(Gleich et al., 1979; Shamamian et al., 2001; Temkin et al., 2004). Because these proteins had
known roles in inflammation, they were not pursued for the in vivo phase of the study at this
time. The next two genes, C90rf9 and Csrp2, encode proteins not previously described in
inflammation or the CNS (Bhattacharya et al., 2013; Sagave et al., 2008; Stauber et al., 2017).
Given their novelty and the strong pro-differentiation effects observed in vitro, these two genes

were selected, in addition to Chst10, for study in vivo.

Development of lentiviral constructs

The first set of in vivo studies paralleled the approach taken in vitro; that is, each
candidate gene was to be overexpressed in the WMS animal model. In order to overexpress
genes of interest, a lentivirus approach was taken, building on previous experience in a variety of
stroke models as well as in oligodendrocytes (Overman et al., 2012; Rosenzweig & Carmichael,
2013). Nonetheless, in order to ensure full control over the lentivirus construct and sequence, a
fresh construct was designed and cloned. The primary task was twofold: first, a promoter
sequence had to be selected that would confer cell-type specificity once injected into the white
matter. Second, an appropriate reporter gene had to be added that would allow for visualization
in vivo.

Previous studies used ubiquitous promoters since plasmids were transfected into pure
cultures. Based on previous research into OPC-specific genes, commonly-used options include
promoter sequences associated with Ng2, Pdgfra, Oligl, and Olig2 (Dai et al., 2015; Sozmen et
al., 2016; Zhao et al., 2010). For the purposes of this study, Pdgfra was chosen to match the
approach taken to generate the transcriptome, as well as to minimize the proportion of target

cells already moving into newly-differentiated oligodendrocyte stages (see Fig. 1-3).
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Lentiviruses have stringent size requirements, as the maximum length of the insert between LTR
sequences is 10 kilobases (Lois et al., 2002). Thus, to accommodate potentially large candidate
gene inserts, a short, efficient promoter sequence was desirable. A report looking at promoter
sequences specifically in CNS cells identified a 500 bp + UTR sequence from as the most cell-
type specific and efficient promoter sequence, and thus this was chosen (Geller et al., 2008).

The second modification made to the base lentiviral construct was to insert a reporter
gene and determine an effective expression strategy. In the in vitro study protocol, a dual
promoter plasmid was used; but in that case, two ubiquitous promoters ensured high expression
of both candidate gene and TagBFP2. As the activity of the Pdgfra promoter was likely lower,
especially in vivo, a single promoter system was used, and a 2A site was inserted downstream of
the gene of interest to express mCherry at roughly stoichiometric levels but without requiring a
chimeric protein (Szymczak-Workman et al., 2012). A Kozak sequence was also introduced
before the fluorophore in the control construct, and upstream of the candidate gene in test
constructs. The lentiviral schematic for Csrp2 is shown in Figure 4-1.

The resulting constructs were cloned and packed into lentiviruses adapted from
established protocols (Dull et al., 1998; and Methods). Viruses were injected into white matter in
a pilot experiment to determine time course of expression as well as specificity of expression. As
seen in Figure 4-2, expression of the constructs is seen primarily in OPCs as evidenced by Olig2
colocalization, and it remains localized to the peri-infarct and stroke core region. Based on Olig2
and additional Pdgfra staining, transduction specificity is estimated to be approximately 60% at
minimum (Fig. 4-2B), though staining with many OPC markers is incomplete and thus actual

efficiency may be higher.
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Experimental design of overexpression studies

Having validated the expression construct and prepared viruses for control and test
viruses, in vivo experiments were designed to assess three steps in oligodendrocyte response to
WMS (Figure 4-3). Proliferation is quantified by counting mCherry" cells incorporating
nucleoside analogs 5-ethynyl-2’-deoxyuridine (EdU) over the first 5 days post-WMS, and 5-
bromo-2’-deoxyuridine (BrdU) over the subsequent 10 days (Gitlin et al., 2014). Differentiation
is assessed by quantifying relative expression within mCherry" cells of markers expressed at
various time points along the oligodendrocyte lineage: Pdgfra, Olig2, and CC1 (De Biase et al.,
2010). Finally, remyelination was assessed by staining for the markers of paranodes and nodes of

Ranvier, Caspr and BIV-spectrin, respectively (Sozmen et al., 2016).

Effect of candidate genes on OPC proliferation

Pulse labeling of nucleoside analogs was designed to distinguish between OPC
proliferation in the first 5 days post-WMS and long-term proliferation between 5-15 days post-
WMS, as these were the time points assessed previously in the study. A sample stain of these
experiments is shown in Figure 4-4, and aggregated results, N = 5-6 per group, are shown in
Figure 4-5.

Aggregate results show that EQU incorporation averages >50%, while BrdU
incorporation is approximately 20% across conditions, matching previous studies showing a peak
of proliferation by 5 days post-WMS. However, there were no significant differences in EdU or
BrdU incorporation into mCherry " cells between control virus and any of the three candidate
gene conditions. This suggests that there is no evidence for a pro- or anti-proliferative effect for

any of the genes of interest.
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Candidate genes variably impact OPC differentiation

Studies of differentiation were performed by staining tissue with a set of three
oligodendrocyte lineage cells: Pdgfro, Olig2, and CC1. mCherry" cells were quantified for each
of these markers, and the proportion of oligodendrocyte lineage cells was quantified for each
time point and candidate gene treatment. Sample stains and results are shown in Figure 4-6.

Results indicate that, on one hand, C9orf9 does not appear to play significant role in OPC
differentiation as measured by proportion of Pdgfra- or CC1-positive cells, with the only result
significantly different from the control virus condition is an increase in Pdgfro” cells at 5 days
post-WMS. In contrast, there is a distinct, sustained impact of both Csrp2 and Chst10 expression
on oligodendrocyte differentiation. In both non-stroke and stroke tissue, the proportion of CC1"
cells is significantly increased in Csrp2 animals as well as Chst10 animals. Of note, this increase

is present in the no-stroke condition as well as in the 5 day and 15 day post-stroke conditions.

Effect of candidate gene knockdown on OPC differentiation

In addition to overexpression studies for each of the three candidate genes, a microRNA
expression lentivirus was developed using the same Pdgfra promoter system to induce Csrp2
knockdown; a schematic of the construct is shown in Figure 4-7. The three miRNAs most
effective in knocking down Csrp2 expression seen in vitro through qPCR quantification were
chained together as described by the manufacturer’s protocol (see Methods). These constructs
were injected into animals and strokes were performed in the same experimental setup as with
overexpression studies.

Results of Csrp2 knockdown are shown in Figure 4-8. There were no significant

differences in either Pdgfra” or CC1" oligodendrocyte lineage, virally transduced cells (emGFP")
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between control and Csrp2 miRNA viruses. Thus, like the in vitro miRNA studies, knockdown

studies in vivo did not demonstrate significant results to support overexpression studies.

Assessment of remyelination

Upon demyelination, axonal architecture is lost, including well-demarcated nodes of
Ranvier (Hinman et al., 2013; Sozmen et al., 2016). Thus, quantification of node-paranode pairs
is used as a metric of myelination in peri-infarct tissue, using the proteins Caspr and BIV-spectrin
to stain paranodes and nodes of Ranvier, respectively.

A schematic and sample image used in analysis is shown in Figure 4-9. Quantification
counts the number of intact paranode-node-paranode triads within a selection of 50-pm square
fields in peri-infarct zones as previously described (Hinman et al., 2015). Quantification focused
on 15 days post-WMS to allow maximal time for remyelination after OPC differentiation.
Results of quantification between control virus and Csrp2 overexpression virus are shown in Fig.
4-9C. Although there is a significant decrease in intact node-paranode triplets in stroke as
compared to control tissue, there was not a significant difference between control and Csrp2

overexpression virus-transduced animals.

Functional readouts of remyelination

To assess whether molecular changes seen in tissue studies of candidate gene treatment in
WMS led to measurable physiologic improvements, various methods were considered.
Previously, deficits have been shown in this focal WMS model, but are most robust in aged
animals, making this a time- and resource-intensive endeavor (Rosenzweig & Carmichael, 2013).

Thus, other approaches were considered.
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Compound action potentials (CAP) recordings are commonly used to assess functional
myelination of the corpus callosum in other models of myelination and demyelination, including
multiple sclerosis (Crawford et al., 2010). Thus, if there was indeed enhanced recovery of mature
oligodendrocytes upon candidate gene overexpression, we hypothesized that an improvement in
action potential propagation through peri-infarct tissue would lead to improved signal using this
electrophysiological method.

Figure 4-7 shows preliminary CAP recordings in control and stroke tissue. In control
tissue, two peaks, N1 and N2, are visible. These correlate to different groups of variably
myelinated axon bundles. The N1 peak, with a faster propagation time, is thought to represent
more densely myelinated fibers; while N2 may represent non-myelinated fibers (Crawford et al.,
2010; Crawford, Mangiardi, & Tiwari-Woodruff, 2009). In stroke animals, however, no N1 or
N2 peaks were observed upon repeated attempts to measure such deficits.

Due to time and resource constraints, CAP studies were not run on gene candidates for
this dissertation; however, because a clear deficit is present in stroke compared to control, they
represent a promising avenue forward for functional studies when tissue studies suggest a pro-

differentiation effect in vivo.

4.3 Discussion

Selection of genes for further study is based on complementary biology

As shown in Table 4-1, a number of genes showed significant impact on differentiation
of OPCs in vitro. When genes were ranked according to degree of this response, the top ranked
genes were Chstl0, Ctsg, and Prg2. These genes are all previously unstudied in oligodendrocyte

biology and stroke. Chst10, or Carbohydrate sulfotransferase 10, is involved in post-translational
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processing (Bakker, 2014; McGarry et al., 1983). Ctsg, or cathepsin G, was the most
differentially expressed gene between day 15 and day 5 post-WMS, at with a fold change of over
3,400. Cathepsins are proteases, previously described in immune cells such as neutrophils, but
also have been investigated for roles in tissue remodeling (Shamamian et al., 2001). Finally,
Prg2, known as proteoglycan 2 or major basic protein, is a major component of the eosinophil
granule core. It was the second-highest differentially expressed gene in this group, with a fold
change of 1,000 (day 15 vs. day 5). Of note, this protein shares a highly basic property with
myelin basic protein, potentially conferring a role in enzyme inhibition (Gleich et al., 1979;
Temkin et al., 2004).

Chst10 was particularly interesting as it was the only protein underexpressed at day 15
relative to day 5. This, combined with its role in post-translational modification, made it a
compelling candidate for further study. However, for additional targets, choosing two proteins
involved in immunity and inflammation, a well-studied pathology of stroke, led us to consider
other promising options. C9orf9 is also novel in glial biology studies but has known roles in cell
structure and motility (Bhattacharya et al., 2013; Stauber et al., 2017). Given recent discoveries
related to the importance of actin and oligodendrocyte motility in remyelination, combined with
its strong effect relative to control-transfected OPCs, we selected this gene for further study
(Zuchero et al., 2015). Finally, Csrp2 encodes a transcription factor binding protein, making it
the only gene significant in our screen involved in regulation of gene expression (Sagave et al.,
2008). This, combined with its reported role in cell growth and cardiomyocyte development,
provided a foundation to examine it further as well.

Thus, the three genes selected for study in this report have distinct localizations and

putative functions within the cell, allowing us to interrogate oligodendrocyte biology on multiple
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levels. Other genes identified in Table 4-1 may be interesting targets for further analysis in
future experiments, as this chapter reports the design of an experimental workflow that can be
used to characterize other genes for their impacts in oligodendrocyte behavior in normal brain

tissue as well as in pathology.

Tissue studies

The results presented here offer evidence in support of trends observed in vitro,
particularly for Csrp2 and Chst10. Overexpression of these proteins in tissue not only leads to
enhanced oligodendrocyte differentiation after WMS, but also has this effect in normal tissue as
well, suggesting a mechanism that may act in oligodendrocytes more universally. Of note,
proliferation of OPCs, as measured by changes in EdU" or BrdU" cell populations, was not
significantly impacted by Chst10 or Csrp2 overexpression (Fig. 4-5). A modest effect was seen
at 5 days post-WMS in C9orf9 animals, but considering this was not seen at 15 days post-WMS
or in control animals, combined with the lack of a pro-differentiation effect, C9orf9 does not
seem to otherwise play a compelling role in OPC response to WMS.

That the pro-differentiation effect of Csrp2 and Chst10 was seen also in non-stroke
animals raises an important question: does this study actually contribute to our understanding of
OPC responses to white matter stroke, or does this just describe a new, general pathway of OPC
differentiation? Certainly, these proteins appear able to promote differentiation in normal tissue.
However, this does not mean these pathways play a significant role in normal differentiation of
OPCs, as we saw effects only after exogenous overexpression. Thus, a pathway important for
stroke pathology may be manipulated to impact OPCs in other contexts, but their expression

levels may be important primarily in pathology. Second, identification of these genes from the
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WMS transcriptome indicates that these genes play a role in WMS. In contrast, we cannot
comment on whether genes would impact recovery after other demyelinating diseases such as
multiple sclerosis. Similarly, genes identified as promoting differentiation in other disease
contexts may not impact WMS recovery. Thus, the fact that these were identified through a
disease-specific screen highlights their potential utility in treatment of this disease, regardless of
(or in addition to) their effect in normal physiology. This makes studies of particular disease
processes particularly important, especially given the complexity of the white matter milieu.

In contrast to the significant pro-differentiation effect seen after candidate gene
overexpression in vivo, microRNA knockdown of Csrp2 did not impact OPC differentiation in
vivo (Fig. 4-8). This is consistent with the lack of reproducible results in vitro. Two main
conclusions seem plausible based on these results. On one hand, these miRNA constructs may
not induce a large enough knockdown of Csrp2 protein to detect differences using the power of
our studies. Similarly, it is possible that the half-life of Csrp2 is long enough that protein levels
were not significantly reduced during the post-stroke period. However, it is also possible that
Csrp2 is not required to achieve a base level of OPC differentiation; or, in other words, OPC
differentiation has reached a “floor,” or minimum level, in post-stroke tissue, so that anti-
differentiation treatment has limited capacity to further reduce differentiation. Given a
differentiation block was seen already post-WMS, this seems like a potentially viable
explanation.

In any case, given the lack of significant results after candidate gene knockdown, two
avenues forward will be pursued. First, as discussed in Chapter 3, siRNA treatment of OPC
cultures may provide a higher, faster knockdown of gene expression in vitro and provide

additional power for qPCR studies. This would provide a foundation on which to plan in vivo
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studies; for example, by providing evidence of an inhibitory effect and some sense of the time
course of this effect.

Second, and perhaps more promising initially, is the possibility of co-overexpressing
Chst10 and Csrp2. Both of these genes have shown significant impact on OPC differentiation
upon overexpression, so combining lentiviral overexpression in vivo would provide insight into
whether these effects are complementary. In addition to helping to uncover potential pathways
engaged by these candidate genes, this could also be an initial step into unifying seemingly

disparate pro-differentiation effects into a larger picture of OPC biology.

Compound action potential recordings

CAP recordings offered a promising opportunity to assess functional recovery over
traditional behavioral tests, which required aged animals and were time-intensive, taking many
weeks to complete (Rosenzweig & Carmichael, 2013). Indeed, Fig. 4-8 provides a proof of
concept series of studies that indicate such studies deserve further exploration.

A number of challenges arose in the context of the present studies that made these
experiments difficult to complete. One was limited availability of electrophysiology equipment
set up for field recordings. The second, and more important challenge, was technical expertise.
Given the wealth of other experiments involved in this study, there was limited time available to
devote to these studies. Technical aptitude was thus lacking, and to accurately measure
improvement over a baseline of no signal, it is important to be eminently confident in technical

skills.
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Completion of these experiments thus may require initiation of a collaboration with a
group well-versed in CAP recording procedures, or training and practice over a period of 2-3

months to attain the high level of technical skill necessary to run these experiments efficiently.

Node quantification

An additional approach to quantifying remyelination was through the analysis of nodes of
Ranvier, and corresponding paranodes, whose organization depends on successful myelination
(Hinman et al., 2015). Quantification of node-paranode structures is one method of assessing not
only remyelination of axons, but a functional organization of myelination in a way that enables
proper action potential propagation of wrapped axons.

Preliminary quantification of nodes of Ranvier in post-WMS animals did not show
significant results (Fig 4-9). However, additional analysis is necessary to verify that this does not
provide insight into functional remyelination. In particular, while in this case sections were
chosen randomly from the peri-infarct area for analysis, it is worth using advanced analysis
software such as Imaris (Bitplane) to quantify nodal organization throughout the peri-infarct
region. This would allow for region-specific analysis as well as quantify the region of successful
remyelination such that changes to area of demyelination could be detected with higher power.
Thus, further analysis of node-paranode structures post-WMS is necessary, not just in Csrp2 but

also in Chst10 animals, to accurately determine the utility of this analysis technique.

Future directions
Preliminary results from tissue studies suggest a promising role for Csrp2 in promoting

OPC differentiation. However, little is known about this protein or its function within the cell. In
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addition, this highlights a challenge of the approach taken up to this point: if new candidates are
identified, how can this be used to improve disease outlook? Though identification of new
treatments is beyond the scope of these animal model experiments, returning to bioinformatics to
guide an exploration of small molecules that impact these novel pathways offers a promising first

step. These two extension studies will be the focus of the final chapter.
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4.4 Methods
Lentivirus preparation

Third-generation lentiviruses were packed according to lab protocols and based on
published techniques (Dull et al., 1998). Briefly, packing plasmids pMDLg/pRRE (Addgene
12251), pRSV-Rev (Addgene 12253) and pMD2.G (Addgene 12259) were transfected into
293T/17 cells (ATCC CRL-11268) using calcium phosphate transfection protocols with BES
buffer prepared according to standard recipe (CSH protocols, 2x BBS). At 18 hours after
transfection, cells were treated fresh media containing 10 mM sodium butyrate and incubated
another 24 hours. Viruses were purified from supernatant with a 2.5 hour, 20,000 rpm spin in a
Beckson ultracentrifuge, followed by a 2.5 hour 32,000 rpm through 20% sucrose. Viruses were
titrated by serial dilution transduction of 293 cells as well as p24 assays (UCLA Center for AIDS

Research core).

Lentivirus injection

Injection of lentivirus was done 3 days prior to stroke or control procedure, via a similar
method. In brief, animals were prepared as outlined in Chapter 3, and then 2x 400 nL injections
were made with the same angle of injection but at coordinates (AP, ML, DV) = (+0.88, —0.91, —
2.18), (+1.12,-1.01, —2.13). Skin was closed over the skull and reopened 3 days later where the

craniectomy was still intact for immediate injection of L-NIO.

EdU and BrdU treatment
EdU and BrdU were given in the drinking water as follows. EAU (Carbosynth NE08701)

was dosed in water at a final concentration of 200 png/ml along with antibiotic (cherry flavored
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TMS for taste) at the recommended dose. If animals are not drinking the water, 2% sucrose can
be added. EAU water was changed every 48 hours.

BrdU (Sigma B5002) was added to drinking water at a final concentration of 1 mg/ml
along with TMS as above. Water was changed every 3-4 days. Otherwise, preparation was
identical to above.

Development of BrdU was achieved with a standard IHC protocol with one alteration:
addition of a 2N HCI incubation at 37.5°C for 30 min following antigen retrieval, and then 30
min room temperature incubation with 100 mM sodium tetraporate, pH 8.6. Abcam rat anti-
BrdU (ab6326, 1:500) was used for visualization.

EdU was developed with a protocol modified from the Click-IT EdU imaging kit
(Thermo Fisher). Briefly, prior to antigen retrieval, sections are incubated for 30 minutes in a
100 mM TBS, pH 7.6 containing 100 mM sodium ascorbate, 4 mM CuSOy, and 2 uM sulfo-Cy5
azide (Lumiprobe D3330). Sections are then protected from light for the remainder of the IHC

protocol, which is continued normally.

Additional immunohistochemistry reagents
Additional antibodies used were mouse anti-Caspr (UC Davis NeuroMab) at 1:500, and
rabbit anti-BIV spectrin (a gift from Dr. Matthew Rasband; 1:200), and chicken anti-GFP for

miRNA studies (Abcam ab13970; 1:1000).

Compound action potentials
Compound action potential recordings were performed with the generous assistance of

Kathy Myers in the laboratory of Dr. Felix Schweizer (UCLA) and of Kelli Lauderdale in the
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laboratory of Dr. Seema Tiwari-Woodruff (UC Riverside) according to published protocols
(Crawford et al., 2010). Briefly, 2-3 month animals receiving WMS or control procedure are
sacrificed and brains sectioned at 350um using a Leica VT1000S vibrating knife microtome.
Sections are maintained in buffers as outlined, and recording and stimulating electrodes are
inserted 1 mm apart. Electrodes are adjusted to minimize noise and until signal is detected at
which point a series of CAP recordings are taken at that location (5-7). The pipette is then
removed, and reinserted to obtain another set of recordings as before. Recordings are taken and

processed using LabView software (National Instruments).
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4.5 Figures

Table 4-1

Genes of interest prioritized by differentiation capacity in vitro

Fold change expression vs. control

Candidate OPC markers Mature OL markers Overall rank

Chst10
Ctsg
Prg2
C9orf9
Csrp2
Olfr652 0.485

Penk 0.644 0.527 84.8 51.4
Salll 0.541 118.8

Mxd1
Zfp474

O N N o o A NN

Control

1 g . . . .
Colors indicate fold change expression relative to control, with green = decreased expression,
red = increased expression.
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Figure 4-1

Lentiviral plasmid

(pCDH-Pdgfra-Csrp2-2A-mCherry)

Figure 4-1. Lentiviral construct designed for in vivo transduction of OPCs

A lentiviral construct was designed for expression of candidate genes in vivo. Key elements are
shown, including the OPC-specific Pdgfra promoter sequence; the candidate gene ORF, the
fluorophore mCherry, and a 2A site for co-expression of both proteins under a single promoter. Of
note, Kozak sequences appear before the candidate gene ORF or mCherry when no GOl is
present. All constructs are sequenced prior to packaging to ensure the entire transcript remains in
frame.
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Figure 4-2
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Figure 4-2. Lentivirus is specific to OPCs and targeted to the white matter stroke site

(A) In vivo immunofluorescence images of wild-type mice 5 days post-injection of control or
Csrp2-overexpressing lentivirus constructs shown in Fig. 4-1. Specificity to oligodendrocyte
lineage is assessed via Olig2 colocalization. Antibody against Csrp2 is also included to highlight
overexpression in test animals. (B) Quantification of mCherry/Olig2 colocalization as a measure
of transduction efficiency. n =5 animals; mean £ SD. (C) Virus is targeted to the site of WMS
when injected 3 days before injury as shown here. Note cells are resident in both peri-infarct and
core (*) regions. Scale bar in (A) 20 um, (C) 100 pm.
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Figure 4-3
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Figure 4-3. Experimental design of in vivo experiments

Experimental schematic demonstrates plan for in vivo experiments of candidate genes.
Lentiviruses are injected 3 days prior to induction of WMS based on expression time course
studies. EAU is delivered during the 5 day post-WMS period, and BrdU for the remainder when
relevant. The tissue stains planned for assessing OPC response to injury are outlined in three
phases: proliferation, differentiation, and myelination, as outlined.
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Figure 4-4

Figure 4-4. Example of proliferation stains

EdU and BrdU incorporation into proliferating cells is shown in Chstl0-overexpression virus-
injected sacrificed 15 days post-WMS. EdU was delivered in drinking water beginning ~18 hours
prior to induction of stroke, while BrdU was delivered in water from 6d to 15d post-stroke.
EdU"/mCherry” and BrdU /mCherry" cells are quantified to assess overall proliferation rate of
OPCs. Scale bars: 200 pum.

139



Figure 4-5

70 T
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Figure 4-5. Quantification of proliferation after candidate gene overexpression

EdU (gray) and BrdU (green) incorporation into mCherry" transduced cells is quantified for the
candidate gene overexpression studies. There are no significant differences in EQU or BrdU
incorporation into control virus vs. candidate gene-tranduced cells. n = 5-6 per group. Statistics
were performed in Graphpad Prism using one-way ANOV A with Tukey’s correction for multiple
comparisons. Error bars show SEM. * P <0.05.
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Figure 4-6. Quantification of differentiation after candidate gene overexpression

(A) mCherry colocalization with Pdgfra, Olig2, and CC1 was quantified to assess OPC
differentiation. This example image shows Chst10-overexpression tissue from an animal sacrificed
5 days post-WMS. Scale bars: 200 um. (B) Quantification of differentiation as assessed by
proportion of mCherry " cells within the oligodendrocyte lineage that were Pdgfra” vs. CC1"
indicates a significant impact of Csrp2 expression on OPC differentiation. Statistics were
performed in Graphpad Prism using one-way ANOVA with Tukey’s correction for multiple
comparisons. n = 5-6 per group. Error bars show SEM. * P <0.05, ** P <0.01.
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Figure 4-7

miRNA lentivirus

(pCDH-Pdgfra-emGFP-miRNA-3x)

Figure 4-7. Lentiviral construct used for miRNA knockdown of Csrp2

Schematic showing the plasmid used to induce Csrp2 knockdown in vivo is shown. The same
Pdgfra promoter used for overexpression studies drives expression of the emGFP fluorophore,
followed by a chain of the three most effective miRNA sequences seen in vitro.
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Figure 4-8
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Figure 4-8. miRNA knockdown of Csrp2 does not significantly impact OPC differentiation
Similar quantification of differentiation was carried out on animals after viral knockdown of
Csrp2 as was used in overexpression studies. No significant differences were seen in proportion of
emGFP" cells that were CC1" as compared to Pdgfra’” between control virus and Csrp2
knockdown virus. Statistics were performed in Graphpad Prism using one-way ANOVA with
Tukey’s correction for multiple comparisons. n = 3 per group except Csrp2 control where due to
technical error, n = 1. (This was not included in statistics.) Error bars show SEM. * P <0.05.
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Figure 4-9. Quantification of node-paranode triplets as evidence of remyelination

(A) Schematic showing organization of Caspr (green) and BIV-spectrin (red) in triplets along
nodes of Ranvier. (B) Stain for these markers in control (no stroke) tissue. Number of intact
triplets per 50 pm square are counted to provide a readout of successful remyelination at
concentric zones outside the infarct core providing the ability to determine extent of injury within
different groups after WMS. (C) Quantification of node-paranode triplets per 2500 pm’ image are
shown. A clear deficit is seen in stroke, but no significant differences are seen between control
virus and Csrp2-overexpressed post-WMS animals. Statistics were performed in Graphpad Prism
using one-way ANOVA with Tukey’s correction for multiple comparisons. n = 3 animals per
group. Error bars show SEM. * P <0.05, ** P<0.01, *** P<0.001.
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Figure 4-10
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Figure 4-10. Compound action potential (CAP) recordings demonstrate loss of axon

functionality in white matter stroke

(A) Schematic showing setup of field recordings. Recording and stimulation were ~1 mm apart for
these experiments. (B) CAP recordings were obtained from 350um slices and a 3 mA stimulus
was delivered through the stimulating electode (Stim) for the period indicated by (*). N1 and N2
peaks correspond to varying levels of myelinated fiber bundles. CAP recordings were not detected
in stroke tissue despite repeated attempts across multiple animals. » = 3 per condition.
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Chapter 5

Approaches to further characterization of candidate genes:

Mechanistic studies and small-molecule screens

5.1 Introduction

The studies conducted in Chapter 4 highlight Csrp2 as a protein with potential to induce
oligodendrocyte differentiation in both post-ischemic and normal brain. This makes it a
promising new candidate for promoting myelination. However, examination of a role in the
mouse WMS model is only a small first step towards gaining a mechanistic understanding of this
novel protein. In order to begin to consider possible applications of this discovery, an
understanding of the role of Csrp2 must be ascertained. For example, Csrp2 is a transcription
factor binding protein likely localized to the nucleus (Sagave et al., 2008; UniProt, 2017). Thus,
exogenous application of a treatment to manipulate this pathway would require identifying
protein interactors and thus potential receptors that facilitate external signals to induce Csrp2
activity.

These questions are challenging but necessary: given the number of reports of genes that
impact oligodendrocyte differentiation, few have led to small molecule treatments that show
clinical potential (for reviews see, for example, Franklin & ffrench-Constant, 2017; Nishiyama et
al., 2009; Simons & Nave, 2016). Thus, this final chapter seeks to explore potential
methodologies that may be able to address both of these questions. First, proximity biotinylation
is applied to the study of Csrp2 in an attempt to identify binding partners within the nucleus,

which would provide context that may assist in placing Csrp2 within existing pathways known to
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impact oligodendrocyte differentiation. One hypothesis would be that Csrp2 could complex with
and help to activate a known transcription factor like Oligl, which is known to be required to
initiate oligodendrocyte differentiation (Dai et al., 2015).

Second, opportunities are explored to revisit the OPC stroke transcriptome in order to
identify potential external regulators of genes of interest within the dataset. By comparing the
stroke transcriptomic data to existing databases, it is possible to generate a list of small molecule
candidates that are predicted to interact with each candidate gene.

The studies in this chapter both bring this work back to where it began — founded on a
powerful and disease-specific gene expression dataset — while also extending it beyond the gene-
by-gene approach initially planned for this dissertation. With the approaches and tools explored
in this chapter, our hope is to provide avenues for continued discovery of new pathways
important for recovery after white matter stroke, as well as beyond, to shed light on the many

remaining mysteries of oligodendrocytes themselves.

5.2 Results
Proximity biotinylation of Csrp2

Csrp2 was shown to have a pro-differentiation effect through both in vitro (Chapter 3)
and in vivo (Chapter 4) experiments. However, little is known about this protein, and thus it is
difficult to interpret these encouraging results in a context relevant to understanding the
implications for white matter stroke or oligodendrocyte biology more generally. To attempt to
identify direct interactors of Csrp2, we turned to the BiolD2 proximity biotinylation approach
developed by the Kyle J. Roux (Kim et al., 2016; Roux et al., 2013). In this approach, a

schematic of which is presented in Figure 5-1, a biotin ligase derived from the bacterium A.
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aeolicus is modified such that biotinylation becomes promiscuous. Upon joining this protein,
termed BiolD2, to a protein of interest and treatment with biotin at micromolar concentrations, it
the enzyme releases large quantities of activated biotin in the local vicinity of the protein of
interest. Later, streptavidin bead purification of biotinylated proteins, Western blotting, and mass
spectrometry allows for identification of novel proteins present within 10-20 nm of the chimeric
protein (Lambert et al., 2015; Roux et al., 2012).

The BiolD expression plasmid was obtained from Addgene, and Csrp2 was cloned in to
the appropriate cassette to express BiolD2 joined to the N-terminus of Csrp2, along with a myc
tag for verification of expression via Western blotting. As a control, several options were
considered, and use of a nuclear localization signal (NLS) sequence was chosen in an attempt to
localize control BioID2 to the same subcellular compartment as the BiolD2-Csrp2 construct. In
fact, UniProt identifies a putative NLS within the Csrp2 sequence (UniProt, 2017). We also
included a well-known NLS as an additional control (Pouton, 1998; Schmidt et al., 2015).

After expressing all constructs in the 293T cell line, pulldown of biotinylated proteins
was analyzed using Western blotting, which verified both biotinylation of proteins selectively
upon addition of biotin, as well as successful pulldown of those proteins (Figure 5-2A). Pilot
samples were submitted for mass spectrometry in the laboratory of James Wohlschlegel at
UCLA, and initial run successfully identified Csrp2, validating expression and experimental

design (Fig. 5-2B). At this time, finalized samples have been submitted and awaiting results.

Bioinformatics analysis of upstream and small molecule regulators
Concurrently with proximity biotinylation as a biochemical approach to understanding

the mechanism of promising candidate genes, we returned to the OPC stroke transcriptome
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dataset for deeper analysis of our genes of interest. Data were imported into the Ingenuity
Pathway Analysis software (QIAGEN Bioinformatics), which provides a curated database of
protein-protein and protein-molecule interactions.

This software was used for two reasons. First, it allows for identification of small
molecules, both endogenous and exogenous, that are predicted to interact with the gene of
interest. This could provide a set of readily available molecules that could be tested in primary
OPC culture and/or in vivo to assess whether it (1) affects Csrp2 expression, and (2) recapitulates
the recovery response seen in previous studies.

This process was carried out with two molecules: Csrp2, as noted, as well as the
extracellular matrix protein matrilin-2 (Matn2), which has been studied alongside these genes as
part of a separate series of experiments derived from the OPC stroke transcriptome. It was
selected due to interest in gaining a deeper understanding of the Matn2 functional network of
proteins and potential pathways by which its expression could be manipulated in vitro or in vivo.

Results of Ingenuity Pathway Analysis investigation of these two genes are shown in
Figure 5-3. A number of extracellular molecules were predicted to interact with Matn2, perhaps
not surprising given its role as an extracellular matrix protein. A number of promising molecules,
including CREB, IL-8 and TFG-p, were identified for Csrp2. In the interest of directly testing
small molecules in a straightforward system, Matn2 was selected for further investigation.

A number of the small molecules were available from commercial vendors, and thus were
obtained for testing directly on oligodendrocytes. The same primary OPC culture system was
used for these studies, along with qPCR, as a well-validated readout of oligodendrocyte
differentiation of candidate molecules. The results of the initial screen are shown in Figure 5-4.

Here, rifampin has a robust effect on both OPC differentiation as well as Matn2 induction. Given
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that previous results suggest Matn2 induces OPC differentiation itself, this result is consistent
with previous results (data not shown). This highlights rifampin as a potential regulator of

oligodendrocyte differentiation.

Rifampin treatment of post-stroke animals and effect on OPC differentiation

Based on the results in vitro suggesting a pro-differentiation effect of rifampin mediated
by or in concert with matrilin-2 expression, additional studies were conducted to assess whether
a similar effect on OPC differentiation is seen in vivo. As shown in Figure 5-5, animals received
white matter stroke, and were treated with daily injections of rifampin or vehicle for ten days.
Upon sacrifice, mRNA was extracted from white matter infarct and peri-infarct tissue. This was
then submitted to for gene expression analysis using the Nanostring platform. In this system, a
pre-defined set or sets of genes is analyzed for each sample, and an absolute number of reads per
gene is quantified. After normalization to a set of five housekeeping genes, ratios of expression
can be calculated for each gene between vehicle- and rifampin-treated animals.

As shown in Fig. 5-5B, 120 test genes were analyzed, divided into three groups: OPC,
new oligodendrocyte (new OL), and myelinating oligodendrocyte (mOL). This was based on the
Zhang dataset for the top 40 most enriched genes per cell type (Zhang et al., 2014). Enrichment
of specific groups of genes can be used to identify trends in differentiation of OPC lineage cells.
Results indicate that the mOL gene set is significantly enriched (ratio > 1) in rifampin-treated
animals as compared to vehicle, and this enrichment is significantly higher than either OPC or
new OL enrichment. Thus, rifampin treatment has a pro-differentiation effect in vivo, after white

matter stroke, matching the results seen in vitro.
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Electron microscopy analysis of matrilin-2 treatment

Finally, in Chapter 4 a number of attempts to quantify remyelination proved
unsuccessful. In this study of matrilin-2, electron microscopy (EM) was used to assess
remyelination, as has been done previously by our group and others (He et al., 2016; Sozmen et
al., 2016). This directly assesses remyelination by quantifying the g-ratio of each axon within a
field: that is, the ratio of axon diameter to the diameter of the axon + myelin. Thus, a lower g-
ratio indicates a higher degree of myelination.

Aged animals were subjected to white matter stroke and then injected with soluble
matrilin-2 protein or vehicle. After 30 days, tissue was prepared and imaged by EM.
Quantification of remyelination is shown in Figure 5-6. Analysis of g-ratios shows a significant
decrease in matrilin-2 treated animals (Fig 5-6A and 5-6B). In addition, comparing the
proportion of myelinated vs. unmyelinated axons in each section indicates that a higher
proportion of axons are myelinated in animals treated with matrilin-2. Together, this suggests
that matrilin-2 has a pro-myelination effect after WMS, and provides evidence of a well-

validated technique in our hands to assess remyelination in this animal model.

5.3 Discussion

Proximity biotinylation offers a window into Csrp2 function in vivo

In this section, additional studies are presented that seek to deepen our understanding of
the novel genes discovered through studies of the OPC stroke transcriptome. Csrp2, a novel
transcription factor binding protein, is investigated using proximity biotinylation, with results
ultimately derived from mass spectrometry. The benefits of this biochemical approach to the

study of this protein pathway is that it is unbiased, meaning other novel proteins that come up
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through this analysis may be identified as totally new binding partners to Csrp2, and potentially
to novel actors in oligodendrocyte differentiation.

There were some notable limitations with this approach, however. First, due to time and
resource constrains, experiments using BiolD2-Csrp2 were performed in human-derived HEK
cells; these cells are, in addition to being derived from a different organism, are not CNS-
derived, and thus the biology may differ. Two reasons make us hopeful that this will not be an
issue. First, the protein sequences between human and mouse Csrp2 are 99% identical (192/193
amino acids). Second, Csrp2 has been identified to play a role in differentiation and cell growth
in cardiomyocytes as well, suggesting that this is perhaps a function not wholly specific to

oligodendrocytes (Sagave et al., 2008).

Ingenuity pathway analysis identifies rifampin as a potential regulator of myelination

Ingenuity pathway analysis allowed us to identify putative regulators of candidate genes,
including Csrp2 but also the extracellular matrix protein Matn2. Analysis of small molecule
interactors in particular suggested promising avenues of further study. When these small
molecules were tested in vitro, several had significant effects on oligodendrocyte differentiation,
but in particular, rifampin demonstrated a robust effect both on OPCs and on Matn2 expression.
Rifampin, an anti-tuberculosis drug, is FDA approved, making it especially promising is a
candidate for remyelination after white matter stroke.

Use of NanoString analysis to study rifampin’s effect on OPC differentiation in vivo
represents application of a novel, and complementary, technique similar to the in vitro qPCR
studies, but in a disease-relevant animal model. Combining assessments of OPC, new OL, and

mOL gene sets within the tissue allows for a multi-point lineage analysis of oligodendrocyte
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after injury. Most importantly, the significant results shown in this study further highlight
rifampin as a readily-available drug to examine post-WMS. It also validates an additional
technique that could be used to assess other small molecules identified through a similar process
for Csrp2, Chstl0, or other candidate genes that arise from this dataset or future transcriptomic

datasets using a similar analysis pipeline.

Matrilin-2 electron microscopy analysis

Finally, results of EM analyses of matrilin-2 treatment in aged animals validates this
molecule, the initiator of studies that led to the identification of rifampin, as a promyelinating
factor after WMS. In this case, the g-ratio decreased upon matrilin-2 treatment, and a higher
proportion of axons were myelinated, both of which indicate matrilin-2 is enhancing myelination
after injury.

These studies are also relevant to this dissertation because they represent a methodology,
often used in the glial biology field, that allows for measurement of remyelination. As seen in
Chapter 4, a number of methods were explored to assess this, including compound action
potential recordings and node-paranode quantification, each led to technical issues or did not
demonstrate significant results. In some regard, EM analysis is more limited than those two
techniques, as it does not analyze functionality of remyelination; still, it does provide evidence of
successful outcomes of oligodendrocyte differentiation beyond expression of markers such as

CCl1 in tissue sections.
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Future directions

This chapter chronicles experiments that aim to deepend our understanding of the genes
we have identified in previous chapters as impacting OPC differentiation using a number of
novel techniques. Initially, these highlight the potential of rifampin as a small-molecule
treatment that enhances oligodendrocyte differentiation. Initial follow-up studies should
investigate the effect of rifampin treatment on the tissue level, using a similar experimental
design as outlined in Chapter 4. Additionally, a similar small-molecule screen could focus on
identifying regulators of Csrp2 and Chst10 expression, which would, in combination with
proximity biotinylation studies, help to put these in a broader context within the cell and could
elucidate potential mechanisms for their impact on OPC differentiation.

On the whole, the results shown in this chapter help to reimagine the process of this
dissertation, from the initial linear path of bioinformatics to cell culture to tissue studies, instead
as a multi-faceted toolset in which techniques within each domain work together throughout the
course of a study. In this way, we have been able to delve more deeply into the biologies and
pathologies of a key disease process, both to uncover new cellular pathways, but also identify

promising small molecules with the potential to impact treatment of these diseases.
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5.4 Methods
BiolD construct expression

BiolD constructs were obtained from Addgene (74223 and 74224). Csrp2-ORF (mouse)
was obtained from Origene (MC200815). NLS sequences were: Csrp2, KKYGPK; control,
PKKKRKYV and were tagged to the C-terminus of BioID2 (the same location as Csrp2 in the test
construct).

BioID2 plasmids were expressed in HEK 293T cells (ATCC CRL-1573). To culture,
cells were grown in DMEM as base media (Invitrogen 11995073). This was supplemented with
10% FBS (Invitrogen 10082147). To transfect BiolD constructs, we used Mirus TransIT 293
(MIR 2700) according to manufacturer protocol. Cells were then grown for 72 hours post-
transfection to ensure expression and correct localization of chimeric proteins or NLS-tagged
controls. At that time, media was changed to prewarmed fresh media supplemented with 50 uM

biotin (Sigma B4501). After 18 hours, cells were lysed as described below.

Streptavidin pulldown of biotinylated proteins

The following protocol was generously provided by Dr. James Wohlschlegel and Shima
Rayatpisheh.

All steps involving exposure of sample were performed in a cell culture hood to limit
keratin contamination. Cells were lysed in buffer containing 8M urea, 5% NP40, 30 mM NaCl,
and 100 mM Tris-Hcl (pH 8), with 5 ml added to a total of six T75 flasks per condition. After
resuspension, 2l benzonase (Sigma E1014) and rotated for 30 min at room temperature.
Samples were divided into DNase/RNase free 2 ml tubes and spun at 20,000 g for 15 min.

Supernatant was collected, avoiding pellet and top milky layer, and added to pre-washed
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Dynabeads MyOne Streptavidin C1 beads (Thermo Fisher 65001). Beads were rotated for 2
hours at room temperature, then put through a total of 8 wash steps, with each step involving 1
ml buffer per tube with 5 minutes rotation followed by application of tubes to a ThermoFisher
MagnaRack (CS15000). Washes were: 4x lysis buffer, 2x wash buffer (lysis without NP40), and
2x digestion buffer (§M urea in 100 mM Tris-HCI pH 8.5). Following the final wash, all excess
buffer was removed, and beads were combined within conditions in a total of 100ul digestion

buffer and delivered to Dr. Wohlschlegel’s lab for processing and mass spectrometry.

Western blot

Western blot was carried out with NuPage Bis-Tris 12% gels (Thermo Fisher NP034C)
according to manufacturer instructions. Denaturing NuPAGE electrophoresis (Novex) was
conducted prior to Western blotting, with a dual-component ladder containing 5 pul MagicMark
XP Western Protein Standard and 5 pl Novex Sharp Pre-Stained Protein Standard (Thermo
Fisher Scientific). Prior to gel loading, samples containing loading buffer, reducing agent, and
deionized water were heated at 95°C for 10 minutes to facilitate denaturation.

Gels were subjected to Western blotting using the Abcam Western Blotting protocol
(Abcam). Membranes were blocked for 1 hour in PBS with 5% reconstituted milk and 0.1%
Tween. Membranes were incubated with Pierce high sensitivity Streptavidin-HRP
(ThermoFisher 21130) according to manufacturer instructions. Signals were developed using

Luminata Crescendo Western HRP Substrate (EMD Millipore).
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Small molecule gPCR testing

Primary OPC cultures were carried out as described in Chapter 3 with the following
change: after 1 day in culture to stabilize cells after immunopanning, media was changed to
prewarmed DMEM-Sato proliferation media containing one of the following supplements: 2.5
UM rifampin (Sigma R3501), 1 uM methaneselenenic acid (Sigma 541281), 100 nM vitamin K2
(Sigma V9378). 100 ng/ml BMP6 (R&D 6325-BM-020). After 4 days in culture, changing

media every other day, cells were prepared for qPCR as previously described.

NanoString analysis

WMS was induced in a total of 12 animals as previously described (6 per group). One
day after WMS, animals began daily injections of rifampin (Sigma R3501, 50 mg/kg, in 10%
DMSO) or vehicle. After 10 days, animals were sacrificed, and white matter tissue was isolated
(3-5 mg per animal, from white matter ipsilateral to and including the stroke tissue). mRNA was
isolated using the RNeasy kit described previously. Samples were submitted for NanoString
analysis to the UCLA IMT core/Center for Systems Biomedicine, supported by CURE/P30
DKO041301. Results were analyzed using nSolver Analysis Software 3.0. Briefly, after
normalizing to housekeeping genes, ratios of expression in rifampin-treated animals to vehicle-
treated animals were calculated for each test gene. The list of genes used is shown in Table 5-1.

For statistical analyses, one-way ANOVA was run comparing the ratios of each of the
probe sets to each other, using the Dunnett multiple comparison correction. One-sample #-tests

were used to test for difference in ratios in each probe set from a hypothetical mean of 1.
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Electron microscopy analysis

Aged animals (18-22 months) were given WMS as described previously, but with DV
coordinates of -2.0, -1.95, and -1.9 to account for smaller brain volume. Six days after WMS,
animals received a total of 1 ug of recombinant mouse matrilin-2 (R&D Systems 3234-MN-
050/CF; 2 pg/ul in PBS) or PBS only for the vehicle group. One month after treatment, animals
were perfused with 2% PFA, 2.5% glutaraldehyde and sent to the UC Denver Electron
Microscopy core for processing and electron microscopy.

For analysis, two 100 pm” sections were analyzed per animal, each within 200 um of the
infarct core as judged by Ibal staining of remaining tissue not sent for EM. Images were
analyzed for g-ratios and % myelinated using Fiji. To assess g-ratio, borders around the axon and
myelin were drawn and diameter was calculated by approximating each as a circle, then
calculating g-ratio as (diameter axon) / (diameter axon + myelin). Statistical analysis was
performed in GraphPad Prism 6 using unpaired, two-way student ¢ tests between animal-level

averages in g-ratio and % myelinated axons between stroke + matrilin-2 and stroke + vehicle.
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5.5 Figures

Figure 5-1
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Figure 5-1. Schematic of proximity biotinylation

Proximity biotinylation like BiolD and BiolD2 rely on biotin ligases, such as BirA*, which are
mutated such that they activate biotin in preparation for covalent binding to proteins, but release it
prior to catalyzing the reaction. Thus, any proteins in a small area around the BirA* protein-GOI
complex are biotinylated and can be purified with standard techniques, such as streptavidin bead
pulldown, and analyzed through Western blot or mass spectrometry.
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Figure 5-2. Western blot confirms biotinylation
(A) Western blots run on eluates from the chimeric BiolD2-Csrp2 construct in comparison to
the Csrp2-NLS sequence (NLS[1]) or control NLS (NLS[2]) demonstrate biotinylation of
unique proteins in the BiolD2-Csrp2 condition as compared to control sequences. No protein
appears with addition of chimeric enzyme but no biotin (“No biotin”). Expected band sizes of
BiolD2-Csrp2, 48.9 kDa; NLS(1)-BiolD2, 28.7 kDa; NLS(2)-BiolD2, 28.7 kDa. BiolD2-
Csrp2, visible on the gel, is marked with (*). (B) Csrp2 was detected on mass spectrometry on
a Coomassie gel band isolate, confirming successful expression of gene construct and
validating preparation techniques for mass spectrometry.
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Figure 5-3
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Figure 5-3. Upstream analysis of candidate genes using Ingenuity Pathway Analysis

(A) Csrp2 and (B) Matn?2 are investigated using pathway analysis software to identify
potential regulators of gene expression and thus, interactors within the large oligodendrocyte
differentiation regulation network. In (A), molecules are arranged by cellular location, while
in (B) they are identified based on predicted inhibition (red) or activation (green) of Csrp2. Of
note, a number of extracellular and small molecule genes were identified as potential
regulators of Matn2.
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Figure 5-4. Assays of small molecule impact on OPC cultures and Matn2 expression

(A) Primary OPC cultures were treated with small molecules predicted to interact with Matn2,
and impact on gene expression of Matn2 as well as target genes to assess OPC differentiation,
outlined in Chapter 3, is assessed using qPCR. (B) Expanded view of the effect of rifampin on
OPC cultures shows that there is a robust, pro-differentiation effect, corresponding to
induction of Matn2 mRNA expression in oligodendrocytes. Statistics were performed in
Graphpad Prism using one-way ANOVA with Tukey’s correction for multiple comparisons.
Error bars show standard deviation. * P <0.05, ** P <0.01, *** P <0.001.
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Figure 5-5
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Figure 5-5. Study of rifampin’s effect on OPC differentiation after WMS in vivo

(A) Outline of experiment. WMS was induced in animals at day 0, and daily injections of
rifampin (50 mg/kg) were administered daily for 10 days following, beginning at 1 day post-
WMS. At day 11, animals were sacrificed and mRNA was extracted from infarct and peri-
infarct tissue and submitted for Nanostring analysis. (B) Analysis was performed on three
groups of genes, as identified by the Zhang dataset: OPC-specific genes; newly differentiated
oligodendrocytes (new OLs), and myelinating oligodendrocytes (mOLs). Fold change
expression of each gene between vehicle and rifampin-treated animals are shown. Statistics
were performed in Graphpad Prism using one-way ANOV A with the Dunnett correction for
multiple comparisons. n = 6 per group. Mean + SD. * P <0.05, ** P <0.01, *** P <0.001.
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Figure 5-6
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Figure 5-6. Electron microscopy analysis of matrilin-2 induced remyelination

(A) Aged animals were treated with matrilin-2 protein 6 days after WMS and g-ratios were
analyzed 30 days later. A linear regression trendline is shown for vehicle (black) and matrilin-
2 (red) treated animals. (B) Average g-ratios per animal are plotted and compared using
student #-test, indicating significant decrease in g-ratio in matrilin-2 treated animals. (C)
Analysis of proportion of myelinated vs. unmyelinated fibers shows that matrilin-2 treatment
increases the proportion of axons that are myelinated. Statistics were performed in Graphpad
Prism using unpaired two-way student z-tests (B and C). n = 5 animals per group. Mean = SD.
* P<0.05,** P<0.01, *** P<0.001.
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Table 5-1

Genes included in each probe set in NanoString analysis

Gene Name Set' Accession # Gene Name Set' Accession #
Clqgll OPC NM_011795.2 1810041L15Rik PMO NM_001163145.1
Cacngd OPC NM_019431.2 9630013A20Rik PMO NR_015539.1
Cdol OPC NM_033037.3 Atrn PMO NM_009730.2
Chrna4 OPC NM_015730.5 Bmp4 PMO NM_007554.2
Col1a2 OPC NM_007743.2 Cdc37I11 PMO NM_025950.2
Cspgd OPC NM_139001.2 Cdv3 PMO NM_175833.2
Dcaf12l1 OPC NM_001190718.1 Chn2 PMO NM_001163640.1
Dcn OPC NM_001190451.2 Cnksr3 PMO NM_172546.2
DII3 OPC NM_007866.2 Cyfip2 PMO NM_001252459.1
Emid1l OPC NM_080595.2 Elovl6 PMO NM_130450.2
Fam5c OPC NM_153539.3 Enpp6 PMO NM_177304.3
Fam70b OPC NM_001143671.1 Fam3c PMO NM_138587.4
Gria3 OPC NM_016886.3 Fam73a PMO NM_001162375.1
Grin3a OPC NM_001033351.1 Fmnl2 PMO NM_172409.2
Kenk1 OPC NM_008430.2 Frmd4a PMO NM_001177843.1
Lhfpl3 OPC NM_029990.1 Fyn PMO NM_008054.2
Lnx1 OPC NM_010727.4 Glrb PMO NM_010298.5
Lpprl OPC NM_178756.4 Gplbb PMO NM_010327.2
Lypd6 OPC NM_177139.5 Itpr2 PMO NM_010586.1
Megfll OPC NM_001134399.1 Kif19a PMO NM_001102615.1
Mmp15 OPC NM_008609.3 Lims2 PMO NM_144862.3
Mytl OPC NM_008665.4 Mical3 PMO NM_001270475.1
Ncald OPC NM_134094.3 Mycll PMO NM_008506.2
Nxph1l OPC NM_008751.5 Nfasc PMO NM_001160316.1
Pcdh15 OPC NM_001142741.1 Pik3r3 PMO NM_181585.5
Pdgfra OPC NM_001083316.1 Ppp2r3a PMO NM_001161362.3
Pid1 OPC NM_001003948.2 Rap2a PMO NM_029519.3
Pnlip OPC NM_026925.3 Rnf122 PMO NM_175136.2
Ppapdcla OPC NM_001080963.1 Rras2 PMO NM_025846.2
Rasgrfl OPC NM_011245.2 Samd4b PMO NM_175021.3
Rlbpl OPC NM_001173483.1 Semaba PMO NM_009154.2
Rprm OPC NM_023396.5 Slc12a2 PMO NM_009194.3
Sapcd2 OPC NM_001081085.1 Ssh3 PMO NM_198113.2
Sdc3 OPC NM_011520.3 Strn PMO NM_011500.2
Shc4 OPC NM_199022.2 Tmem108 PMO NM_178638.4
Slitrk1 OPC NM_199065.2 Tmem163 PMO NM_028135.2
Smocl OPC NM_001146217.1 Tmem2_tvl PMO NM_031997.4
Sstrl OPC NM_009216.3 Tmem2_tv2 PMO NM_001033759.2
Tmem179 OPC NM_178915.3 Tns3 PMO NM_001083587.1
Ugdh OPC NM_009466.2 Ust PMO NM_177387.3
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Gene Name Set' Accession # Gene Name Set' Accession #
Acy3 MO NM_027857.3 actb House NM_007393.1
Adap1l MO NM_172723.4 b2m House NM_009735.3
Adssl1 MO NM_007421.2 gapdh House NM_001001303.1
Apod MO XM_003689301.1 pgkl House NM_008828.2
Arsg MO NM_028710.3 rpl19 House NM_009078.1
Aspa MO NM_023113.5

Carnsl MO NM_134148.2

Cdc42ep2 MO NM_026772.2

Cenpb MO NM_007682.2

Cldn11 MO NM_008770.3

Cryab MO NM_009964.2

Efhd1 MO NM_028889.2

Gjbl MO NM_008124.2

Gsn MO NM_146120.3

Haplin2 MO NM_022031.2

Hcn2 MO NM_008226.2

Inf2 MO NM_198411.2

Insc MO NM_173767.3

Itgh4d MO NM_001005608.2

Kif5a MO NM_008447.4

Mal MO NM_001171187.1

Mog MO NM_010814.2

Ndrgl MO NM_008681.2

Nmral MO NM_026393.1

Nol3 MO NM_030152.4

Opalin MO NM_153520.1

Pdlim2 MO NM_145978.1

Pla2gl6 MO NM_139269.2

Plekhb1 MO NM_001163184.1

Ppplrlda MO NM_026731.3

Prrl8 MO NR_028280.1

Rftnl MO NM_181397.2

Slc45a3 MO NM_145977.1

Slco3al MO NM_001038643.1

Thcld9b MO NM_029745.2

Tppp3 MO NM_026481.3

Trak2 MO NM_172406.3

Trf MO NM_133977.2

Trp53inp2 MO NM_178111.3

mbp MO NM_010777.3

" OPC, oligodendrocyte progenitor cell; PMO, premyelinating oligodendrocyte; MO, myelinating oligodendrocyte;

House, housekeeping
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Chapter 6

Integration of findings

This dissertation arose from the realization that white matter stroke affects millions of
people each year, with devastating effect, and yet we have very little understanding of its
pathology much less any idea of how to effectively treat it (Benjamin et al., 2017; Prins &
Scheltens, 2015). Furthermore, much of the research focused on white matter pathology is
founded on models of multiple sclerosis or other demyelinating diseases (Franklin & ffrench-
Constant, 2017). Thus, white matter stroke was clearly a topic about which specific investigation
was necessary, to identify unique pathologic features that made it unique, as well as any barriers
preventing the development of practicable treatments.

This project began on the heels of our development of a transcriptomic dataset of OPCs,
individually isolated from per-infarct tissue at experimentally-derived, pathologically-relevant
post-injury time points. At that time, no major RNA-seq datasets of OPCs had been described,
making this our first window into cell-specific tissue biology, with the added bonus that it
provided insight into a major disease process as well. By all accounts, it represented the ideal
opportunity for a dissertation project.

As the project has progressed, this project has lived up to those initial expectations, albiet
in unexpected ways. While is many cases, transcriptome analysis is the culmination of a major
research project, founded on a long-developed understanding of cell biology through tissue or

cell culture studies, this analysis formed the foundation of the thesis work, and all subsequent
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experiments were guided by initial analyses. In some cases, then, promising opportunities were
sidestepped; or perhaps some paths were taken too readily.

The transcriptomic analyses described in Chapter 2, though presented as the first
experimental step of the process, in fact were refined over the life of this dissertation. Although
some candidate genes were selected early on, supplementation of the analysis with FPKM in
2014 added a further level of scrutiny to the analysis, prompting addition of a handful of new
genes that stood up to increasingly stringent statistical standards. Rather than undermining the
approach, however, this iteration deepened our understanding of the dataset by forcing us to
become familiar with each facet of the analysis and its effect on the data. Lessons learned
throughout these studies will now inform each similar dataset generated in the laboratory; and at
a time many studies incorporate RNA-seq and its sibling approaches, this will no doubt prove
useful.

Even after our candidate gene selection methodology came into final focus, a new
resource became available that has undeniably shifted the field of glial biology: the cell-specific
transcriptome data of Zhang et al. (2014). Their publication of complete gene lists for each major
cell type, including three phases of oligodendrocyte lineage cells, has become a staple for
discussion and evaluation of work presented in all major meetings within the field since.
Certainly, it gave us a new tool to evaluate our own data, and to ask the questions more
confidently: is our data OPC specific, or did the laser microscopy approach lead to significant
off-target cell contamination? Is it stroke specific, or did our area of focus stray too far from the
pathologically-relevant areas of damage?

The analyses presented in Chapter 2 are represent only just begin to answer these

questions. In fact, as valuable as the Zhang dataset has been for the field—and it has been
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instrumental by, at the least, establishing a baseline against which future similar approaches can
be evaluated—it has key limitations. First, cells were isolated from P7 animals, and from whole-
or near-whole brain tissue extracts. This ignores several recent studies that have established key
region-specific differences in gene expression, even among cell types previously determined by
consensus within the field to be well-defined (Chai et al., 2017; Marques et al., 2016). Second,
the cells were processed through several platings and purification steps prior to analysis, and
cells that spend even hours ex vivo are known to substantially alter gene expression patterns
(Gosselin et al., 2017).

In other words, the heavily reliance on the analyses presented in Chapter 2 on the Zhang
dataset to some extent overlook the ways in which this resource may not accurately reflect adult,
white matter OPCs. To address this, we must consider additional methods of transcriptome
analysis, such as making equivalent comparisons to classic markers of each glial cell type, and
even tissue-mRNA driven qPCR confirmation of these results. Still, for the purposes of this
study, the method used to selecting candidate genes did not rely on any external datasets, so no
major alterations to experimental design were made based on these comparisons. Furthermore,
the process of making these comparisons itself proved educational and may present a
methodology that is useful more broadly as additional transcriptomic datasets become available,
including multiple ongoing studies within our own laboratory. So, as an initial characterization,
the studies in Chapter 2 were in many ways valuable.

One final decision had to be made prior to moving beyond the transcriptome and into cell
culture studies of candidate genes: which of the three pairwise comparisons (5 day, 15 day, or 15
vs. 5 day) should be the focus of future study? We decided to focus on one set only, as this

allowed us to both limit the scope of the project, as well as compare candidate genes more
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directly moving forward. Although arguments could be made for any subset, the 15 vs. 5 day
group was selected. This was the result of particular interest into the shifting biology of the OPC
response. The proliferative response activated in the acute phase is intact at 5 days, but by 15
days, cell proliferation has stalled, while differentiation remains limited (Sozmen et al., 2016).
Rather than compare 15 day post-WMS OPC:s to their stroke-naive counterparts, by comparing
them to early-responding OPCs, we hypothesized that this would help us to focus specifically on
genes involved in this behavioral switch. The transcriptomic characteristics support this
hypothesis: while 1695 genes were differentially regulated between 15 day and control OPCs,
only 389 genes were differentially regulated between 15 day and 5 day OPCs (Fig. 2-3). On the
other hand, further analysis of other time points, in particular the 15 day vs. control set, should
be considered in order to more fully assess OPC biology specific to stroke. The upcoming
availability of additional transcriptomic data post-WMS within our laboratory may also provide
additional metrics against which to assess our data and thus focus on a smaller set of interesting
genes from this time point.

In any case, having selected candidate genes with our chosen metrics, cell culture studies
were begun to analyze their biology within OPCs. This chapter chronicles a number of studies
that did not ultimately prove usable as a screening tool as initially hoped. The first of these was
the CG-4 cell line. Though this line has been successfully used elsewhere as a tool to study OPC
biology, in our hands, they did not provide reproducible data across multiple analysis techniques
(Ueno et al., 2012, and Fig. 3-4 to Fig. 3-6). Though the reason for this is not immediately clear,
it is possible that genetic changes that accumulated in the clonally-derived cell line over time led

to diminished OPC-like behavior.
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Fortunately, primary OPC cultures were initiated through collaboration with Brad
Zuchero in the Barres lab. These cultures, while more time-consuming to work with than CG-4
cells, were still remarkably straightforward to isolate, and qPCR analysis provided strong and
reproducible evidence for a pro-differentiation effect of multiple candidate genes (Fig. 3-9). This
ultimately provided a basis on which to identify genes for study in vivo in Chapter 4 (Table 4-1).
Still, even with primary OPC cultures, some studies proved challenging. Knockdown studies of
each candidate gene were initially planned to complement overexpression studies, with the idea
that these would demonstrate whether candidate genes were necessary for OPC differentiation.
The major problem encountered here was likely one of timing: OPCs in culture are easily
maintained for about one week after plating, but given many of the candidate genes were
unstudied, information on the protein half-life, and the time necessary to induce substantial
knockdown, was not known. Thus, it was difficult to set up an experiment that sufficiently
reduced candidate gene expression to a degree that provided the necessary power for gPCR
analysis. Alternate approaches are still being explored, but one promising avenue is the use of
siRNAs. Unlike microRNA plasmid constructs, these do not require harsh transfection protocols,
and can exert an effect more rapidly upon treatment. Studies using siRNAs will be initiated to
attempt to revisit the knockdown approach.

After identifying a rank order differentiation effect for each candidate gene (Table 4-1),
three genes were chosen for in vivo study. As discussed in Chapter 4, however, we did not select
the three genes ranked highest. In this case, two of the highly ranked genes, Prg2 and Ctsg, had
demonstrated roles in inflammation in eosinophils and neutrophils, respectively (Shamamian et
al., 2001; Temkin et al., 2004). In contrast, the next two highly ranked candidate genes, which

showed a similar degree of response in qPCR studies, were C90rf9 and Csrp2, two novel genes
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with few established functions in the literature (Bhattacharya et al., 2013; Sagave et al., 2008).
Based on these observations, we chose to focus on the latter set of genes, in addition to Chst/0 as
the top ranked gene based on qPCR studies. As with previous decision points within the study,
this does not preclude Ctsg and Prg?2 from playing biologically interesting roles in OPC biology
post-stroke. In fact, if at a later time, additional bioinformatics analyses or future transcriptomic
datasets continue to identify these genes, the data presented in this dissertation provide strong
evidence in support of their further study.

Chapter 4 extends our analysis of these three candidate genes into tissue studies using a
mouse model of WMS. The studies outlined focus on two major phases of the OPC response to
injury: first, the proliferative response, which is not significantly affected by overexpression of
any of the three candidate genes as evidenced by EAU and BrdU labeling (Fig. 4-5). Next, OPC
differentiation was assessed. The main goal of this experiment was to identify whether candidate
genes promoted differentiation of OPCs, and so a method was developed to quantify cells at
various stages along the oligodendrocyte lineage. Through this method, we identified Csrp2 and
Chst10 as significantly promoting oligodendrocyte differentiation both after stroke, and in
stroke-naive animals (Fig. 4-6), further supporting the results seen in Chapter 3 after
overexpression of candidate genes in culture.

However, two main questions remain in this arm of studies. The first is whether any
OPCs overexpressing candidate genes are differentiating into other cell types, such as astrocytes,
as previous studies have suggested that such alternate cell fates may be possible in early-stage
OPCs (Sozmen et al., 2016; L. Zhang et al., 2016). In addition, assessing other glial cell types
within the stroke area could identify off-target transduction, or changes in overall cellular

response to stroke upon candidate gene overexpression. It should be noted that these studies are
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ongoing, with GFAP and Ibal used as markers of key glial cell types known to play a role in the
WMS pathologic response (Rosenzweig & Carmichael, 2013; Sozmen et al., 2016).

Another question that arises from these in vivo studies is whether the observation that
OPC differentiation is enhanced in stroke-naive animals suggests that these pathways are not
specific to WMS, but rather general pro-differentiation factors at play in OPC biology. Indeed,
this cannot be ruled out from these studies alone. However, that these genes were identified as
differentially regulated after stroke suggests that they do play some role in the post-stroke
response; and even if they do impact differentiation when artificially overexpressed in vivo in
non-stroke animals, this does not imply that this is a normal physiological function. Still,
additional studies could also seek to answer this question, perhaps by studying OPC biology in
development, or in other disease models such as multiple sclerosis, to understand whether these
genes are involved in multiple processes beyond WMS.

A third goal of in vivo studies was to investigate whether gene overexpression led to
remyelination, and here again, we encountered challenges. One approach was to measure node-
paranode triads to quantify organization of intact nodes of Ranvier (Fig. 4-9). Initial
quantifications, however, did not show significant increases in node density in candidate gene-
overexpressed animals post-stroke. Expanding the analysis to a larger tissue area, or analyzing a
larger proportion of tissue, will enable us to more completely analyze nodal organization within
the peri-infarct area, including adding parameters such as the distance from infarct core at which
nodes of Ranvier are found, which may provide more insight. The second approach to assessing
remyelination was an electrophysiological approach, through compound action potentials
(CAPs). These have been used to study remyelination in MS and in development (Crawford et

al., 2009). However, though deficits were seen in stroke, the technique was so challenging as to

185



be beyond the scope of this dissertation. The technique certainly has potential, and we hope to
revisit the technique as an additional set of experiments at a future date, perhaps in collaboration
with experts in the area of slice electrophysiology.

Of note, the challenges faced in assessing remyelination outlined in Chapter 4 are to
some extent addressed by another experiment described in the Chapter 5. As part of a study of an
additional pro-differentiation candidate gene, Matn2, which is the subject of a different set of
studies, electron microscopy was used to quantify myelination of axons after WMS in the peri-
infarct area (Fig 5-6). The results suggested locally delivered matrilin-2 treatment enhances
remyelination after WMS, and importantly, also establishes this as a workable technique in our
hands. If other assays of remyelination after candidate gene overexpression do not demonstrate
significance, electron microscopy studies should be strongly considered as a tissue-level measure
that can be used to specifically focus on micron-scale peri-infarct tissue.

Building on the three major stages of investigations presented in Chapters 2 through 4, it
is Chapter 5 that asks the question: “What next?”” Though we have provided evidence that two
novel genes, Csrp2 and Chstl0, promote oligodendrocyte differentiation in white matter OPCs,
the applicability of this knowledge is limited without context. To approach this, we took a two-
pronged approach. In the first, we used proximity biotinylation to interrogate the biochemistry of
Csrp2 binding within the nucleus. Mass spectrometry results are pending, but identification of
protein interactors of Csrp2, if successful, could enable us to identify a pathway directly
impacted by Csrp2 overexpression. Whether this pathway is well-known within OPCs, or is
itself novel, will help shape follow-up experiments, but either result would deepen our

understanding of OPC biology both in normal and post-ischemic white matter.
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The second, and perhaps most exciting, follow-up experiment further builds on the
transcriptome dataset by identifying potential small molecule regulators of candidate genes. One
in particular, rifampin, showed a significant impact on OPC differentiation both in vitro and in
vivo (Fig. 5-4 and Fig. 5-5). Of note, the use of Nanostring technology to assess differentiation
based on gene expression in tissue is a first for the lab, and also demonstrates that this technique
can be useful to assess OPC differentiation after WMS. Furthermore, the effect of rifampin, as an
FDA-approved drug to treat tuberculosis, is promising and warrants follow-up tissue studies to
assess differentiation at the cellular level, similar to the process followed in Chapter 4. Based on
those results, additional behavioral testing may be of interest.

The studies outlined in the previous four chapters and discussed above brought new
insights into oligodendrocyte biology after white matter stroke, but also many lessons learned.
First, regarding the design and execution of a large-scale set of experiments based on a single
biological question, this journey has highlighted the power of developing a toolset of techniques
across several domains. The initial plan for this dissertation was to sequentially move from one
set of studies to the next, each time moving deeper into the biology of oligodendrocytes in white
matter and in stroke. Bioinformatic analysis of the transcriptome led to an in vitro screen, which
led to more in depth studies in vivo (Figure 6-1). However, as the project developed and these
techniques were established, the approach evolved. The studies in Chapter 5 begin to illustrate
the power of move back and forth between techniques, and in particular, rifampin and other
small molecules would not have been identified without the return to bioinformatics to more
carefully analyze candidate genes and their predicted interactors. Certainly, this has highlighted

the power of bioinformatics, both as a support for cellular biological studies, but also in its own
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right, as a field that can carefully analyze disease- or even patient-specific data to uncover trends
that may not be visible in more directed animal model-based studies.

In this dissertation, not only have we identified a new protein predicted to promote
oligodendrocyte differentiation in vitro and in vivo, but we have gone beyond the original dataset
and investigated new and even more fruitful avenues for additional studies based on these
results. The studies contained herein thus make a strong argument not only for taking time and
energy to fully investigate large gene expression datasets as seen here, but also of collaborating
across disciplines, making use of new techniques and model systems to explore challenging
questions from new angles. In this spirit of collaboration, these studies were undoubtedly made
more powerful and fruitful from the generosity of scientists in the glial biology community who
have worked diligently to broaden our understanding of these unknown but powerful cell types.
As our understanding of the complex milieu of the brain deepens and our technical prowess
continues to grow, redoubling our efforts to work together, collaborate, and communicate openly
and collegially is sure to strengthen us all, and speed our path towards finding new and better

treatments to address the ever-present burden of disease on society.
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6.1 Figures

Figure 6-1
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Figure 6-1. Reimagined model of studies spanning multiple platforms

(A) Initial experimental design focused on moving from bioinformatics analysis, to cell
culture experiments, and finally to in vivo work in a mouse model. This linear approach
moved sequentially to increasingly complex biological systems. (B) An alternate approach
involves regular coordination of techniques across disciplines, a system adopted in the later
stages of the study, which allowed for more rapid and informed design of new experiments.
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