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Abstract

A key problem in multiple sclerosis (MS) is the diminished capacity for myelin repair.
Although oligodendrocyte (OL) precursors can be seen at the lesion site, their ability to
differentiate appears inhibited. MicroRNAs are key regulators of OL differentiation, and
have been observed to be misregulated in MS lesions compared to healthy white
matter. Thus, aberrant microRNA expression in MS lesions may disrupt the ability of
incoming oligodendrocyte progenitor cells (OPCSs) to differentiate. Specifically, a
microRNA known as miR-145 is downregulated as OPCs progress to OLs, but is found
at unusually high levelsin MS lesions. In this study, we investigated how misregulation
of miR-145 affects OL differentiation in vitro. Bioinformatic analysis revealed that
putative targets of miR-145 are significantly enriched for factors which promote actin
cytoskeleton organization and myelination.An immortalized OL cell line was transduced
with an inducible lentivirus to create stable lines that overexpress miR-145. These
stable lines were characterized while proliferating, early in differentiation and late in
differentiation. Immunofluorescence was used to quantify changes in proliferation rate,
apoptosis, branching ability and myelin gene expression. qPCR arrays were used to
guantify changes in microRNA target expression levels between induced and uninduced
cells. Two stable lines were created: ON-145-1 and ON-145-2, which upon induction,
over-express miR-145 ~33-fold and ~11-fold, respectively. When proliferating, no
significant morphological differences nor target expression differences could be
detected between induced and uninduced cells. Proliferation was significantly
decreased in ON-145-1 induced cells, but not in ON-145-2. No changes in apoptosis
frequency were detected. In contrast, during early and late differentiation, both induced

cell lines showed significant morphological defects characterized by a reduction in both



primary and secondary branching. Further, significant differences in branching ability
were observed between induced cells of ON-145-1 and ON-145-2, suggesting a dose-
dependent response to miR-145 overexpression. Expression of MAG, a myelin marker,
was also significantly lowered in induced cells of both cell lines. Finally, we found that
multiple miR-145 targets involved in promoting cytoskeletal organization and
myelination were significantly decreased both early and late in differentiation.These
results suggest that overexpression of miR-145 during OL differentiation may disrupt
actin organization and myelin gene expression required for successful process
extension and subsequent myelinating ability. Thus, the increase in miR-145 in MS

lesions may be a significant contributing factor to the loss of myelin repair in MS lesions.
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Introduction
Multiple Sclerosis

Multiple Sclerosis (MS) is an inflammatory demyelinating disease of the central
nervous system (CNS). It is typified by areas of inflammation and demyelination in CNS
white matter, followed by eventual axonal and neuronal degeneration. Areas of
demyelination, or plaques, may be found anywhere in the CNS; however, they occur
most frequently in the brain stem, optic nerve, spinal cord and periventricular regions
(Noseworthy et al., 2000). Loss of myelin in the CNS is manifested as both physical and
cognitive disabilities in patients. Early in the disease, remyelination can occur, leading to
an apparent recovery. But MS is a progressive disease, and these symptoms return and
become more debilitating with disease chronicity. MS most commonly presents in young
adulthood, with diagnosis occurring typically between the ages of 20-40, and affects
approximately 2.5 million people globally (Antel et al., 2012). It affects women more
often than men, at a ratio which in recent years appears to be increasing (D’hooghe et
al., 2013).

There are various subtypes of MS, which include relapsing-remitting MS
(RRMS), primary progressive MS (PPMS), and secondary progressive MS (SPMS). As
the name suggests, RRMS is characterized by periods of disability or relapse,
interrupted by periods of recovery or remission. These periods of relief from symptoms
can be attributed to remyelination in plagues, leading to partial or full return of neuron
communication in the damaged area. Newly formed myelin in plaques is not as thick
however, and appears to be more susceptible to subsequent attack (Franklin & Ffrench-

Constant, 2008).In most patients, RRMS will eventually deteriorate to SPMS, in which



there are no longer periods of remission and symptoms persist and consistently worsen
(Antel et al., 2012). PPMS is progressive from disease onset.

Currently, diagnosis requires both dissemination in space by visualization of
plaques on magnetic resonance imagining (MRI) and dissemination in time requiring
clinical progression for at least one year. Diagnosis is sometimes accompanied by
cerebrospinal fluid (CSF) analysis. Two conditions may or may not develop into MS;
these are radiologically isolated syndrome (RIS) in which one or more plaques are
detected by MRI but without symptoms, and clinically isolated syndrome (CIS) in which
a patient has presented with a single attack of symptoms and one or more plaques
visualized by MRI (Granberg et al., 2013; Miller et al, 2005).

The etiology of MS remains poorly understood. It is widely considered to be a T-
cell-dependent autoimmune disease (McFarland & Martin, 2007). Support for this is
found in the fact that risk alleles associate with MS are almost entirely immune-related
genes. However, while active demyelination in lesions is usually characterized by the
presence of activated T-cells and severe inflammation, it has been suggested that the
disease is in fact an oligodendendriopathy in which inflammation is merely a byproduct.
There is also support for this hypothesis, as autopsy of MS lesions has sometimes
shown severe oligodendrocyte apoptosis without the presence of inflammatory cells
(Barnet & Prineas, 2004). Additional roles for B-cells, environmental factors and viral
infection also have a basis in scientific evidence (Hernandez-Pedro et al., 2013;
Simpson et al., 2011; Pakpoor et al., 2013). What is clear is that there is no single

cause of MS, and the mechanisms of its origin are likely heterogeneous.



The difficulty of elucidating the etiology of MS has consequently lead to
difficulties in treating it. There is currently no cure for the disease, and most therapies
are immunomodulatory, aimed at preventing myelin damage. The fact that the disease
progresses in the majority of cases indicates that these treatments lack efficacy.
Further, they are only effective in patients with RRMS; at present there are no treatment
strategies for patients suffering from progressive MS. It is therefore critical that research
is done to discover treatment strategies that focus on the regeneration of the myelin

sheath once it has been damaged.

Oligodendrocytes and CNS myelination

Oligodendrocytes (OLs) are the myelinating cells of the CNS. Mature OLs
contact axons via long processes which wrap themselves in concentric circles around
the axon. The plasma membrane which spirals around the axon is transformed into a
fatty, compact membrane containing myelin-specific proteins. In addition to its
compacted form, myelin is characterized by several proteins unique to its composition,
such as proteolipid protein (PLP), myelin-associated glycoprotein (MAG), 2":3'-cyclic
nucleotide-3'-phosphodiesterase (CNP), myelin basic protein (MBP) and myelin
oligodendrocyte protein (MOG).

The myelinated areas of the axon, or internodes, are arranged discontiguously
along the axon. A single OL can myelinate up to fifty axons, and a single axon is
myelinated by many OLs (Pfeiffer et al., 1993). The insulating properties of myelin both
increase resistance and reduce capacitance of the axon (Pfeiffer et al., 1993;Bakiriet al.,

2011), making it the critical factor in determining the speed and efficiency of action



potentials as they can only occur at the unmyelinated areas of the axon, or Nodes of
Ranvier. This saltatory nerve conduction, or “jumping” of the current, only occurs in
myelinated axons and is required for proper function of the CNS. Additionally, myelin
confers protection on axons from oxidative and inflammatory insults. Thus, the
importance of myelin is paramount, as is made evident by its loss in a demyelinating
disease such as MS.

Developmentally, OLs originate from neuroepithelial stem cells that give rise to
oligodendrocyte progenitor cells (OPCs). During embryonic development, OPCs arise
from ventral ventricular zones of the neural tube and later from dorsal telencephalic
ventricular and sub-ventricular zones (Yu et al., 1993; Richardson et al., 2006). The
developmental stages between OPC and mature, myelinating OL are marked by both
morphological and gene expression changes; notably, these sequential gene
expression changes have allowed for characterization of the different stages of OL
maturation (Pfeiffer et al., 1993). Maintenance of proliferating OPCs and the transition to
differentiating OL is orchestrated by a complex array of cross-talk between external
cues, intrinsic inhibitors of differentiation and intrinsic promoters of differentiation. In
order to differentiate, OPCs must cease proliferation, exit the cell cycle, express a host
of appropriate OL-specific genes, extend processes, contact and wrap axons, and
finally produce myelin.Upon interaction with appropriate environmental signals and the
expression of a host of necessary genes, OPCs will terminally differentiate to post-
mitotic myelinating cells (Baumann & Pham-Dinh, 2001; Emery, 2010).

OPCs are both motile and mitotic and can be found throughout the CNS. They

typically display a bipolar morphology. Two growth factors with a well-characterized role



in promoting OPC proliferation are platelet-derived growth factor (PDGF) and fibroblast
growth factor 2 (FGF2) (Bansal et al., 1996; Fortin et al., 2005; Cui et al., 2010; Huang
et al., 2013). Additional factors known to promote proliferation are FGF8, FGF17,
FGF18 and acetylcholine (ACh) (Fortin et al., 2005; de Angelis et al., 2011).
Responsiveness of OPCs to these factors is dependent on tight control of the
expression of appropriate cell-surface receptors. In fact, the receptors PDGF receptor a
(PDGFRa), FGF receptor 1 (FGFR1), FGFR3, and muscarinic receptors M1, M2 and
M3, which bind PDGF, FGF2, FGF8/17/18 and ACh respectively, have all been found to
be highly upregulated in OPCs compared to differentiated OLs (Bansal et al., 1996;
Fortin et al., 2005; Cui et al., 2010; Huang et al., 2013, de Angelis et al., 2011). The
GD3 ganglioside A2B5 and the chondroitin sulfide proteoglycan (CSPG) NG2 are also
highly expressed in OPCs, and are commonly used as markers of OPC identity (Pfeiffer
et al., 1993). Transcription factors involved in the regulation of OPC genes at this stage
include Oligl, Olig2, myelin transcription factor 1 (MyT1), mammalian achaete scute
homolog 1 (Mash1l), hair and enhancer of split 5 (Hes5), and sex determine region Y
box 5 and 6 (Sox5 and Sox6; Huang et al., 2013; Watanabeet al., 2004; Fancy et al.,
2004; Sim et al., 2002; Emery, 2010). Of these, Olig2 is the only factor required for
specification of OPCs to the OL lineage; in this context, the remainder function to
maintain their proliferative capacity and to inhibit differentiation (Ligon et al., 2006;
Emery, 2010). A schematic illustrating some important gene expression changes is
provided in Figure 1.

The transition from OPC to differentiating OL is also highly influenced by extrinsic

factors, such as ciliary neurotrophic factor (CNTF), brain-derived neurotrophic factor
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Figure 1. Expression patterns of differentially regulated genes as OPCs progress
through the stages of differentiation to become myelinating OLs. Differentiation
and myelination require multi-faceted coordination of the precisely times downregulation
of factors which promote proliferation and inhibit differentiation and the upregulation of

factors that promote differentiation and myelination.



(BDNF), insulin-like growth factor-1 (IGF-1), and the thyroid hormone triiodothyronine
(T3) (Van'’t Veer et al., 2008; Huang et al., 2013; Miron et al., 2011). Of these, T3 has
been the most widely investigated, with studies showing that application of T3 to OPCs
in culture is sufficient to induce differentiation even in the presence of PDGF (Barres et
al., 1994; Jones et al., 2003). Transcription factors Smad-interacting protein 1 (Sipl),
Sox10 and myelin gene regulatory factor (MRF; human homolog C110rf9) are all
requirements for OL differentiation and myelination, as indicated by the lack of
myelination observed in various knockout models generated for each protein (Figure 1;
Weng et al., 2012; Stolt et al., 2002; Emery et al., 2009).

Additional transcription factors have been found to be important in differentiation;
however, their role is likely involved in the still poorly understood “internal clock”
possessed by OPCs. This timing of oligodendrocyte differentiation was first observed by
Temple and Raff (1986), in which the authors found that OPCs cultured on a monolayer
of astrocytes would divide a maximum of eight times before terminally differentiating,
without any additional experimental stimulation. This led to a hypothesis that OPCs
somehow counted the number of cell divisions they underwent and would
spontaneously differentiate once they had reached a division limit. This was amended
by a study which showed that OPCs taken from the same source cultured in the
presence of mitogens at either 33°C or 37°C underwent different numbers of cell
divisions in each group but differentiated at approximately the same time, suggesting
that some instrinsic OPC mechanism measured time and not cell divisions (Gao et al.,
1997). Gao et al. further noted the intrinsic timing of differentiation could be overridden

by exogenous application of differentiation-promoting factors in vitro.While this internal



clock is still not fully understood, multiple positive regulators of differentiation are
believed to be involved in the timing of differentiation. These include transcription
factors homeobox proteins Nkx2.2 and Nkx2.6, as well as transcription factors
previously implicated in proliferating OPCs, MyT1, Mashl, Oligl and Olig2 (Huang et al,
2013). It has been suggested that those factors also expressed in proliferating OPCs
likely take on different roles as cells differentiate; for example, Mash1 has been shown
to collaborate with Nkx2.2 to promote OPC differentiation, and Oligl works with Sox10
to promote myelin gene expression and was found to relocate from the nucleus to the
cytoplasm as cells differentiate (Ligon et al., 2006; Li et al., 2007; Niu et al, 2006). As
cells move through the different stages of differentiation, a canonical set of markers are
commonly used to identify them (Baumann & Pham-Dinh, 2001; Huang et al., 2013;
Miron et al., 2011; Jackman et al., 2010). Pro-oligodendrocytes (pro-OLs) express 2’3’-
cyclic nucleotide 3’-phosphodiesterase (CNP), galactosylceramidase (GalC), and a
sulfatide recognized by the antibody O4,. Premyelinating OLs continue expression of
04, CNP and GalC, but also begin to express myelin associated glycoprotein (MAG),
proteolipid protein (PLP) and myelin basic protein (MBP). Finally, mature myelinating
OLs express the same host of markers as premyelinating OLs with the addition of
myelin oligodendrocyte protein (Figure 1; MOG).

In addition to the extrinsic and intrinsic factors required for proper OL
development, organization of the cytoskeleton is also a requirement for successful
differentiation. Contact with axons and the wrapping of membrane and subsequent
compaction require that cells have the ability to extend many elaborate processes from

the cell body. Process extension is mediated by both actin microfilaments and



microtubules. Initial membrane protrusions are created by localized actin polymerization
and branching of single microfilaments to form filopodia, which are then expanded into
microfilament-rich lamellipodia (Bauer et al., 2009). Microtubules then follow the path of
microfilaments into lamellipodia, and together continue to extend the process. The
primary branches which extend from the cell body will branch further into secondary,
tertiary and quaternary branches through a process similar to that of the primary branch
extension. Actin and tubulin organization is orchestrated by a host of cytoskeleton
associated proteins. Actin-associated proteins are many and have diverse roles, but
share the mutual characteristic of binding to microfilaments. Intracellular signalling
mechanisms involved in actin organization have been elucidated that highlight roles for
Src family kinase (SRK) Fyn, focal adhesion kinase (FAK), Wiscott-Aldrich syndrome
protein (N-WASP), and WASP family verprolin homologous 1 (WAVEL1). In fact,
knockdown or knockout of any of these factors results in reduced myelination in vivo
and a reduction in process extension in differentiating oligodendrocytes in vitro (Kim et
al., 2006; Goto et al 2004; Bacon et al., 2007; Forrest et al. 2009). Tubulin organization
is equally critical to OL differentiation, as evidenced by a total inhibition of differentiation
in oligodendrocytes in which tubulin polymerization promoting protein (TPPP/p25) is
knocked down (Lehotzky et al., 2010). Clearly, the course of OL development is
governed by a multitude of factors, both extracellular and intracellular, which act

collectively to set the stage for successful differentiation and myelination.



Oligodendrocytes and remyelination in MS

In healthy white matter, myelination continues to take place throughout
adulthood. Much of this is done to replace myelin lost in the course of oligodendrocyte
death (Young et al., 2013). Mature oligodendrocytes do not appear to be involved in this
process.Instead, a demyelinating event is followed by the recruitment of OPCs
distributed throughout the CNS to the demyelinated area; these cells then differentiate
and remyelinate denuded axons (Blakemore & Keirstead, 1999; Franklin, 2002). While
newly established internodes tend to be shorter, thinner and more numerous in
comparison to myelin sheaths created during development, they appear to be equally
efficient in allowing conduction of saltatory nerve impulses (Franklin & Ffrench-
Constant, 2008; Young et al., 2013).

Remyelination can also occur in MS but this capacity is severely reduced and
disappears over time until there is complete remyelination failure. Further, patients who
present with PPMS exhibit little to no remyelination. Reasons for this may be multi-
faceted. Recruitment of OPCs to the area may be impaired due to a loss of
chemoattractants such as Semaphorin A (Williams et al., 2007; Boyd et al, 2013). Many
lesions, however, are replete with OPCs that never differentiate, indicating that lack of
OPCs is not the cause for loss of remyelination (Wolswijk, 1998; Kuhlmann et al., 2008).
This inhibition of differentiation is like due to the inhospitable microenvironment of the
lesion; multiple factors have been found to be upregulated in lesion tissue which are
negative regulators of OL differentiation. These factors include polysialylated neural cell
adhesion molecule (PSA-NCAM), the glycosaminoglycan hyaluronan, jagged-1 via

Notchl signalling, and multiple factors via Wnt signaling (Kotter et al., 2011; Fancy et

10



al., 2010; Franklin & Ffrench-Constant, 2008). Myelin debris resulting from demylination
is itself an inhibitor of remyelination.

Currently, there are no approved treatments available for MS aimed at enhancing
myelin regeneration. The fact that disease continues to progress even with treatment by
immunomodulatory therapies indicates that such strategies require ongoing rigorous
research. This could benefit not only patients with RRMS through combination of
therapeutics to both relieve immune-mediate attack on myelinand enhance
remyelination, but also SPMS and PPMS patients for whom there are currently no

effective strategies to slow disease progression.

MicroRNA

MicroRNAs (miRNAs)are short, non-coding RNAs capable of regulating protein
expression within a cell. These 18-25 nucleotide transcripts are able to bind with full or
partial complementarity usually to the 3’ untranslated region (UTR)of mRNA targets,
resulting in the inhibition of translation or degradation of that target (Leung & Sharp,
2010; Grimson et al., 2007; Schier & Giraldez, 2006). It is estimated that at least 60%
and up to 90% of all mammalian mMRNAs may be targeted by miRNAs (Friedman et al.,
2009a; Perron & Provost, 2008), and at this time over 1000 miRNAs have been

identified in the human genome (http://www.mirbase.org). A single miRNA may target

multiple MRNAs, and a single mRNA may have multiple miRNA binding sites (Lewis et
al., 2003; Bartel, 2004). Obviously, simply due to their sequence diversity and the fact
that they are predicted to target the majority of mMRNAs in mammals, this regulatory
pathway is of great importance. In fact, through a myriad of comparative expression

analyses and gain- and loss-of function experiments, miRNAs have been shown to be
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critically involved in biological development, cell differentiation, apoptosis, cell-cycle
control, stress response and disease pathogenesis (Shi & Jin, 2009; Chan et al., 2005;
Leung & Sharp, 2010; Ivey & Srivastava, 2010).

Three miRNA structures exist over the course of maturation: the primary miRNA
(pri-miRNA), the precursor miRNA (pre-miRNA) and the mature miRNA, each
containing fewer nucleotides and a less complex secondary structure than the last (Krol
et al., 2004; Hausser et al., 2009). A specialized pathway exists to progress the pri-
MiRNA to the mature miRNA in eukaryotes, which includes both RNase and nuclear
transport proteins, as well as a variable host of proteins which associate with the mature
MiRNA to facilitate target binding and subsequent translational control(Figure 2 ).
Processing occurs in both the nuclear and cytoplasmic compartments (Krol et al., 2010;
Zeng et al., 2005; Perron & Provost, 2010). The canonical processing pathway involves
the nuclear RNase Ill enzyme Drosha, followed by the cytoplasmic RNase Il enzyme
Dicerl (Lee et al., 2003; Zeng et al., 2005; Krol et al., 2010; Perron & Provost, 2010).
Recently, alternative processing machinery has also been discovered in which either
Drosha or Dicerl is substituted by a different cleavage enzyme (Yang & Lai, 2011; Yang
et al., 2012); however only a small proportion of microRNAs are likely to be processed
by either Drosha- or Dicerl-independent means as it appears that miRNAs fitting into
this category also have non-canonical pri- or pre-miRNA structures.

Many levels of control exist in the miRNA processing pathway that lead to highly
monitored regulation of both miRNAs and their associated proteins within the cell. The
sequences of both pre-miRNA and miRNA appear to be highly conserved in mammals

and the protein components of mMiRNA-mediated pathways may have been present as
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Figure 2.Schematic representation of canonical microRNA processing.Primary
microRNA (pri-miRNA) is first transcribed and then processed to pre-miRNA. This is
exported from the nucleus, and is then processed to the miRNA duplex. Normally, one
strand of the duplex is degraded, while the other is incorporated into miRISC. This
complex binds to a complementary region in the 3° UTR of a mRNA target, which

subsequently undergoes degradation or translational inhibition.

13



far back in evolution as the last eukaryotic common ancestor (LECA) (Shabalina &
Koonin, 2009). This theory is based on the presence of the same or homologous
proteins in both plants and animals which are major players in miRNA biogenesis,
indicating that these miRNA-processing factors evolved before divergence of the two
major eukaryotic lineages (Shabalina & Koonin, 2009).

MIRISC is the effector complex that mediates binding and inhibition of translation
or degradation of target mMRNAs. This complex includes Dicerl, TRBP and the Paz
domain, as well as Argonaute (Ago) proteins of which there are four (Krol et al., 2010;
Ikeda et al., 2006). The degree of complementarity between miRNA and mRNA will
determine the mode of mMRNA degradation or if its translation will be inhibited without
degradation (Friedman et al, 2009b; Weston et al, 2006). Full complementarity
promotes endonucleolytic activity of miRISC-associated proteins such as Ago2 (lkeda et
al., 2006; Krol et al., 2010). If pairing is only partially complementary, translational
repression or degradation through deadenylation and mRNA uncapping will occur (Krol
et al., 2010; Nishiara et al., 2013). Ago proteins have been shown to interact with a
class of proteins called GW182, which appears to function in repression of mMRNA
translation through an as-yet uncharacterized mechanism (Pauley et al., 2006). Proteins
from this class as well as miRISC:mRNA complexes have been found to aggregate into
units called processing bodies (P-bodies), in which miRNA-repressed mRNAs build up
and are eventually either degraded or rescued for translation (Pauley et al., 2006). The
degradation of mMRNASs in this context is by shortening of the poly-A tail; this leads to
recruitment of uncapping proteins, which leaves the mRNA susceptible to the

cytoplastic exonuclease XRN1 (Nishihara et al., 2013).
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The first 6-8 nucleotides of the 5’ ends of miRNA are known as the ‘seed,’” and
are responsible for specifying complementarity with target mRNAs. Four types of seed
MRNA complementarity patterns with varying binding/modification efficacy have been
elucidated based on the positions of complementary nucleotides between miRNA and
MRNA (Lewis et al., 2005; Friedmanet al, 2009b). Matching sequences in mRNA are
generally found in 3’ UTRs (though not always), and binding sites found outside the
path of the ribosome have been found to have greater efficacy of miRNA regulation
(Weston et al, 2006; Friedman et al, 2009b). While seed region binding is generally
recognized as the most important factor in miRNA target site recognition, the following
factors also come into play: the location of the site in the 3’'UTR of the mRNA, the
sequence composition in the immediate vicinity of the target site, the accessibility of the
target site with respect to the stop codon, any base pairing that may occur between the
3’ end of the miRNA and the target site, and the positions of multiple miRNA target sites

with respect to each other (Hausser et al., 2009; Grimson et al., 2007).

MicroRNAs are required for oligodendrocyte differentiation

In addition to the complicated landscape of factors required for OL development
discussed above, microRNAs add an extra layer to the complexity of differentiation and
myelination. MicroRNAs have been shown to be critical to OLsboth in the developing
and adult CNS. In mice, conditional embryonic knockout of Dicerl in uncommitted
neuronal precursors was shown to lower numbers of both OPCs and mature OLs in that
compartment (Kawase-Koga et al., 2009), likely due to a decrease in OPC production

rather than a reduction in OPC expansion (Dugas & Notterpek, 2010).Failure to
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differentiate was also shown in two independent Cre-mediated conditional OPC Dicerl
knockout mice. Distinct mouse models using Olig2-, CNP- and Olig1-driven deletion of
Dicerl by Cre recombinase showed defects in CNS myelination and OL differentiation
in vivo (Dugas et al., 2010; Zhao et al., 2010). Interestingly, despite the loss of Dicerl,
OPCs were able to proliferate in an apparently normal manner. Postnatal conditional
knockout of Dicerl specifically in mature OLs in P30 mice using PLP-driven Cre
expression was found to reduce myelin protein levels and mature OL numbers in the
white matter of the cerebellum and corpus callosum, suggesting that loss of Dicerl
resulted in demyelination in these areasdue to deficits at both the molecular and cellular
levels (Shin et al., 2010).

Several specific microRNA species and their respective targets have been
elucidated as particularly important for OL differentiation(Figure 3).In proliferating OPCs,
miRs 9, 214, 199a-5p and 145 are expressed at higher levels than in differentiating or
mature OLs. Both miR-199a-5p and miR-145 have predicted but unconfirmed target
sites in the 3’ UTR of C11o0rf9, the putative human homolog of mouse myelin regulatory
factor (MRF).Loss of this transcription factor in mice leads to a severe reduction in
myelin genes such as PLP, MBP, MOG and MAG (Emery et al., 2009; Koenninget al.,
2012). MiR-214 is also predicted to target a myelin-associated gene, myelin-associated
oligodendrocyte basic protein (Mobp), involved in organizing proper compact myelin
structure (Yoshikawa, 2001). Thus, stronger expressionof these miRNAs in OPCs may
block myelin gene expression during the proliferative stage, and their downregulation
during differentiation may release this block. The transcript for peripheral myelin protein

(Pmp22) has been confirmed as a target of miR-9; Pmp22 is
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Figure 3.Schematic representation of the possible roles of several microRNAs
known to be differentially regulated at different timepoints as OPCs progress to
myelinating OLs. MiRNAs shown are upregulated at their respective timepoints during
OL lineage progression. Confirmed miR targets are in blue, suspected targets are in

green.OPC - oligodendrocyte progenitor cell; pro-OL — pro-oligodendrocyte.
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important in Schwann cell myelination in the peripheral nervous system (PNS), but is
found only at the mRNA level and never at the protein level in OPCs and OLs (Lau et

al., 2008).

MiRs -219 and -338 and -138 have all been shown to be strongly upregulated in
differentiated OLs compared to OPCs (Lau et al., 2008; Dugas et al., 2010; Zhao et al.,
2010). Using the Olig2- and CNP-drivenCre-mediated conditional Dicerl knockout
modelsmentioned above, Dugas et al. (2010) were able to illustrate that OL-specific
miR-219 was not only required but sufficient to induce OL differentiation in vitro, and
was further able to partially rescue the loss of differentiation in OPCs in which
endogenous MiRNA production was ablated. Using the Olig2-driven conditional Dicerl
knockout, a separate group recapitulated these results and additionally showed that
miR-338 was also able to induce differentiation in proliferating OPCs as well as partially
rescue Dicerl knockout OPCs from differentiation defects(Zhao et al., 2010). They
further found that application of both of these microRNAs simultaneously produced a
slightly synergistic rescue effect (Zhao et al., 2010). Knockdown of these two miRNASs in
cultured OPCs as well as in zebrafish leads to a reduction in OL differentiation (Zhao et
al., 2010). Mir-219 and miR-338 have been found to jointly target multiple factors -
including PDGFRa, Hesb, FoxJ3, Sox6, ZFP238 and FGFR2 - that normally maintain
OPCs in an undifferentiated and proliferative state (Figure 3; Dugas et al., 2010; Zhao
et al., 2010).Additionally, miR-219 is known to target the fatty acid elongase named
elongation of very long chain fatty acids protein 7 (ELOVL7). While very long chain fatty
acids (VLCFASs) are integrated into PLP and are thus an important constituent of the

myelin sheath, their accumulation produces an increase in oxidative damage and leads
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to demyelination (Shin et al., 2009; Dugas, 2010). In this case, miR-219 regulation of
ELOVLY likely serves to tightly control active protein levels within a functional but not
detrimental range. The role of miR-138 in OL differentiation is somewhat paradoxical.
Purified OPCs can be induced to differentiate with transfection of miR-138 but only as
far along the lineage as CNP*/MBP” cells. However, miR-138 expression strongly
represses expression of MOG required in late differentiation (Dugas et al., 2010).
Interestingly, once OLs are MOG" they no longer retain the capacity to contact new
axons and produce new myelin sheaths (Watkins et al., 2008). Regulation of genes by
miR-138 might therefore allow an extension of the period during which OLs are able to
reach and initiate myelination of additional axons. Potential target candidates for this
MiRNA include SRY-box 4(Sox4), which is an early differentiation inhibitor, and
ubiquitin-like containing PHD and RING finger domains 1 binding protein 1
(UHRF1bpl), which is an indirect promoter of late differentiation (Figure 3; Dugas et al.,
2006).An additional miRNA upregulated during differentiation is miR-23. Specifically
overexpressing miR-23 in vivo was shown to increase OPC differentiation and to lead to
hypermyelination of the CNS (Lin et al., 2013). This miRNA species was shown to
directly target both lamin B1 (LMNB1), which negatively regulates PLP, along with
phosphatase and tensin homolog (PTEN), which negatively regulates OL differentiation
via the PISK/Akt/mTor pathway (Figure 3; Lin & Fu, 2009; Lin et al., 2013).Taken
together, these studies show that mature microRNAs are required for the generation of
OPCs and mature OLs, as well as the development and maintenance of the myelin

sheath.
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MicroRNAs are misregulated in MS

In recent years, several studies have been done which highlight potential roles
for miRNAs in the pathogenesis of MS. Profiling done on whole blood samples and
peripheral blood mononuclear cells (PBMCs) has revealed some interesting findings.
One group found that after microarray analysis of miRNA profiles in whole blood taken
from MS patients and healthy controls, they were able to reliably differentiate between
the two groups based solely on differential miRNA expression (Keller et al., 2009).
Another group found that they could distinguish RRMS patients in relapse from healthy
controls based on differential expression of miRNAs in PBMCs (Otaegui et al., 2009).
These and similar studies have highlighted the potential of circulating miRNAs as
biomarkers for MS diagnosis, a valuable prospect as current diagnosis criteria involve

long-term monitoring and considerable uncertainty for patients.

A study investigating miRNA profiling in active and chronic MS plaquesby
microarray has also yielded interesting results. This study identified many miRNAs that
exhibited altered expression levels in MS lesions compared to healthy white matter
(Junker et al., 2009). They further investigated one of these miRNAs, miR-155, which
was upregulated in lesions. These authors found that miR-155 was expressed by
astrocytes, and was predicted to target a gene called CD47 expressed by brain resident
cells which functions as a self-marker to preventimmune reaction. They further found
that CD47transcript was downregulated in lesion tissue compared to healthy white
matter, and were able to show that miR-155 is able to directly bind the 3’ UTR of CD47
in vitro. Interestingly, another study profiling miRNA expression in PBMCs found that

miR-155 was the most upregulated miRNA in MS patient samples compared to healthy
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controls (Paraboschi et al., 2011). Additional study of this miRNA revealed that it plays a
significant role in mediating inflammatory responses by enhancing the development of
inflammatory T-cells, and that mice deficient in miR-155 showed strong resistance to
experimental autoimmune encephalitis (EAE), an animal model of MS (O’Connell et al.,
2012). While it is crucial to better understand the molecular mechanisms of miRNAs in
MS, these results suggest that they are likely to be advantageous as lines of

investigation for therapeutic potential.

Rationale and Hypothesis

It has been established that miRNAs are necessary for OL differentiation, and
that the expression of many miR species are precisely timed as OPCs progress toward
myelinating OLs. In MS, OPCs are known to migrate to the lesion site, but appear to
become progressively less able to differentiate with disease chronicity. A likely reason
for this is that the microenvironment of the lesion is rife with factors that inhibit
differentiation. Further, microarray data from human lesion tissue has shown that
mMiRNAs are misregulated within the lesion site as compared to healthy white matter.
Based on these, we hypothesized that OPC differentiation may be negatively impacted
by misregulation of miRNAS, leading to a loss of differentiating and myelinating ability.
The objective of this project was to investigate the soundness of this hypothesis through
characterization of the effects of misregulation of a miRNA, found to be both
differentially expressed during OL differentiation and misregulated in MS lesions, on the

differentiating ability of OPCs in vitro.
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The following aims were formed to address our objectives:

1. Identify relevant candidate microRNA

A subset of possible candidates was isolated through comparison of available
MiRNA microarrayexpression data from important timepoints in OL differentiation
and from MS active and chronic lesion tissue. Chosen candidates exhibit
expression levels in lesions that might negatively impact OL differentiation. Lists
of putative targets for these candidates were generated using an available
algorithm-based database. The putative target list for each candidate was
subjected to bioinformatic analysis by gene ontology clustering and KEGG
pathway analysis to determine the most relevant single candidate. Since an
immortalized mouse oligodendrocyte cell line — Oli-neu — was used for our
experiments, expression of the candidate microRNA was verified and differential

expression was quantified during proliferation and differentiation.

2. Establish stable inducible cell line that expresses the candidate miRNA in a

manner similar to expression levels found in MS lesions
Oli-neu cells were transduced with an inducible lentivirus to produce

stable lines. These cells were characterized in non-inducing and inducing
conditions at three timepoints: proliferation, early differentiation (day 3; DD3) and
late differentiation (day 6; DD6). Changes in proliferation rates and the frequency
of apoptosis were assessed. Changes in morphology were investigated through

quantification of both primary and secondary branching ability. Progression
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through lineage development was measured by myelin-associated gene
expression. Finally, expression of relevant putative targets of our candidate

MiRNA as identified by bioinformatic analysis was measured at each timepoint.
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Materials and Methods
Generation of putative miR target lists and bioinformatics analysis
Putative target lists were generated using TargetScanMouse version 6.1

(www.targetscan.org; Lewis et al., 2005; Grimson et al., 2007; Friedman et al., 2009b),

using an algorithm based on seed region:3’ UTR complementarity and thermodynamic
stability of target binding. Functional clustering and pathway analyses of complete
putative target lists was done using the Database for Annotation, Visualization and
Integrated Discovery (DAVID) Functional Annotation Tools (FAC). High stringency
EASE score parameters were used to indicate confident enrichment scores

(http://david.abcc.ncifcrf.gov/; Huang et al., 2009a; Huang et al., 2009b). Heat map

analyses were conducted using DAVID based on the clustering results to show the
correlation between each gene ontology term and each gene in the cluster. A positive
correlation is indicated in green; a negative or unconfirmed correlation is indicated in
black. For miR-145, KEGG pathway analysis was also done through DAVID to visualize

pathway enrichment from the complete putative target list.

Oli-neu cell culture

Oli-neu cells were incubated in SATO medium with 1% horse serum in Dulbecco’s
Modified Eagle’s Medium (Wisent) at 37.5°C and 10% CO, (Jung et al., 1995). Medium
was replaced every 2-3 days. Cells were plated on poly-L-lysine coated plates or
coverslips (poly-L-lysine; Sigma). To differentiate cells, 1mM dbcAMP (Sigma) was
added to the medium. To passage cells, plates were incubated for 1 min with 0.05%

trypsin (Invitrogen) at 37.5°C, followed by trypsin deactivation with 10% horse serum in
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D-MEM. Detached cells were spun at 1200 rpm for 3 min and then replated in SATO
medium as above. For all experiments, n=1 was considered to be cells from

differentpassages.

Lentiviral transduction of Oli-Neu cells

Oli-neu cells were plated as above and allowed to proliferate to ~40% confluency. Cells
were infected with Lenti-GFP-mIiR Pre-made Virus (ABMGood) specific for miR-145 at
MOI 80-100 in proliferation medium with 5 uyg/mL polybrene (Sigma). This construct
represents a tetracycline-inducible system, in which tetracycline treatment results in
expression of both miR-145 and GFP. After 24 hrs, virus-containing medium was
replaced with selection medium (proliferation medium with 1 pg/mL puromycin).
Transduced cells were differentiated and passaged as above, and medium was
consistently supplemented with 1 uyg/mL puromycin. To induce overexpression of miR-
145, cells were treated with 1ng/mL tetracycline every 24 hrs. For proliferating cells,
cells were lysed for RNA isolation or fixed for immunofluorescence on day 6 after
initiating of tetracycline treatment. For differentiation, cells were treated with tetracycline
for 4 days followed by 1mM dbcAMP treatment + tetracycline every 24 hrs until lysed or
fixed, as appropriate. For early differentiation, cells were evaluated on day 3 after
initiation of differentiation, and for late differentiation cells were evaluated on day 6 after

initiation of differentiation.
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RNA isolation

Total RNA was extracted from approximately 10° cells per sample. Medium was
removed from cells followed by washing in ice cold 1x PBS. The PBS was aspirated and
cells were then lysed using 1 mL Trizol® reagent (Qiagen). After 5 min incubation at
room temperature, 250 uL chloroform was added to the Trizol®/cell lysate mixture and
the sample was centrifuged at 10,000 rpm for 5 min. The aqueous phase was extracted,
and RNA was precipitated with the addition of isopropanol followed by 10 min
incubation at 4°C. Samples were centrifuged at 14,000 rpm at 4°C for 30 min. The
resultant RNA pellet was washed in 1mL of 75% ethanol in RNase-free water (Qiagen),
centrifuged at 9500 rpm for 5 min and finally resuspended in RNase-free water
(Qiagen). RNA concentration was measured using a NanoDrop ####. RNA quality was
assessed by measuring OD2go/280; Only samples with OD2e0/280>1.8 were used in further
analysis. RNA quality was additionally ensured by running total RNA on a 1% agarose
gel by electrophoresis to visualize clear bands for 18S and 28S rRNA. Samples were

stored at -80°C until use.

microRNA reverse transcription

Reverse transcription of miR-145 and snU6 was done according to Biggar et al. (2011)
to produce specific DNA for each small RNA species. In short, 1 ug total RNA was
incubated with 5 pL 250 nM stem-loop primer in a total volume of 10 yL. This annealing
reaction was carried out at 95°C for 5 min, followed by 60°C for 5 min. Samples were
immediately centrifuged and held on ice for at least 1 min. Reverse transcr