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ABSTRACT

During central nervous system (CNS) development, neural progenitor cells undergo
dramatic changes in gene expression to differentiate into diverse types of neurons. One of
the fundamental challenges in neurobiology is to understand the molecular mechanisms
that drive this drastic and thorough transformation of the gene expression profile.
Previous research suggests that transcription factors are the primary regulators of gene
expression changes during neurogenesis. However, recent studies have shown that
microRNAs (miRNAs) are also important components of the gene regulatory networks
that direct neuronal cell fate. The extent to which miRNAs collaborate with transcription
factors in the gene network that determines neuronal identity remains unclear.

Previous work in the Lee laboratory has shown that two LIM-homeodomain
factors, LIM homeobox 3 (Lhx3) and Islet-1 (Isll), form a transcription complex that is a
potent driver of spinal motor neuron fate specification. Work in our laboratory and others
have shown that the Isl1-Lhx3 complex directly upregulates genes that promote motor
neuron characteristics. To determine whether miRNAs are also upregulated by Isl1-Lhx3,
I performed a miRNA array in Isl1-Lhx3-induced mouse embryonic stem cells (Isll-
Lhx3 ESCs). This experiment showed that miR-218 is uniquely and highly upregulated
during Isl1-Lhx3 ESC motor neuron differentiation. The fact that miR-218 is highly
induced during Isll1-Lhx3-directed motor neurogenesis in Isl1-Lhx3 ESCs led us to
investigate whether miR-218 expression is directly controlled by the Isl1-Lhx3 complex.
The analysis of our chromatin immunoprecipitation deep sequencing (ChIP-seq) data
from Isl1-Lhx3 ESCs uncovered potential Isll1-Lhx3-bound ChIP-seq peaks near both
miR-218-1 and miR-218-2 genes. To validate these ChIP-seq peaks, we performed ChIP
experiments in Isl1-Lhx3 ESCs and embryonic mouse spinal cord. We found that the
ChIP-seq peak regions near both miR-218 genomic loci are occupied by the Isl1-Lhx3
complex in Isl1-Lhx3 ESCs and the developing spinal cord. Altogether, these results
strongly suggest that miR-218 is directly upregulated by Isl1-Lhx3 during spinal motor
neuron differentiation.

The robust expression of miR-218 in Isl1-Lhx3 ESC-derived motor neurons led
me to test whether miR-218 is upregulated in motor neurons in vivo. I performed in situ

hybridization analyses in developing mouse and chick spinal cords, which showed that

vii



miR-218 is exclusively expressed in motor neurons throughout embryonic spinal cord
development. Additionally, miR-218 expression began at the onset of motor neuron
differentiation and endogenous miR-218 activity was sufficient to repress the expression
of synthetic miR-218 target mRNAs specifically in spinal motor neurons.

To examine whether miR-218 is important for motor neuron development, I
designed a miR-218 sponge and a 2’0 methyl RNA antisense inhibitor and performed
loss-of-function studies. Using in ovo electroporation, I found that inhibition of miR-218
resulted in a small, but significant (10%) reduction of motor neurons in embryonic spinal
cord. Additionally, we generated mouse ESC lines, which express either miR-218 sponge
or scramble sponge in a doxycycline-dependent manner, and found that miR-218 was
essential for the generation of motor neurons from ESCs.

In order to understand the function of a miRNA, it is important to identify
authentic target mRNAs. To determine direct miR-218 targets, I collaborated with the
Goodman laboratory to perform RISC-trap screens in HEK293T cells. The RISC-trap
experiments identified numerous novel miR-218 target mRNAs as well as previously
known miR-218 targets. Remarkably, some of the miR-218 targets have well established
roles in progenitor cell maintenance or interneuron differentiation in the developing
spinal cord. Using target 3’UTR reporter assays both in vitro and in vivo, I further
validated five miR-218 target mRNAs: TEA Domain Family Member 1 (Teadl), Solute
Carrier Family 6 Member 1 (SLC6A1), B-Cell CLL/Lymphoma 11A (BCL11A), LIM
homeodomain 1 (Lhx1), and Forkhead box protein 2 (Foxp2).

Next, to test whether misexpression of miR-218 inhibits the expression of the
newly identified miR-218 target mRNAs, as well as interneuron or progenitor fates, I
designed a miR-218 overexpression construct and performed in ovo electroporation.
Overexpression of miR-218 in the developing chick neural tube significantly decreased
interneurons, but did not have a significant effect on the number of neural progenitors or
motor neurons. Additionally, we generated mouse ESC lines that constitutively express
miR-218 or a control miRNA. When we directed these miRNA-expressing ESCs to
differentiate into interneurons, miR-218 repressed the expression of interneuron markers,
while it did not affect the expression of a broad neuronal marker. Together, these gain-of-

function experiments validated RISC-trap target the interneuron genes, and provided
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strong evidence that miR-218 downregulates the expression of genes that promote
interneuron programs.

Our data show that miR-218 is upregulated by the Isl1-Lhx3 complex and is
important for the generation of motor neurons in vitro and in vivo. Our data also
demonstrate that miR-218 downregulates target mRNAs that are important for
interneuron differentiation. However, these experiments did not directly assess whether
miR-218 activity is important for motor neuron fate specification downstream of the Isl1-
Lhx3 complex. Previous work in the Lee laboratory has shown that electroporation of
Isl1-Lhx3 generates ectopic motor neurons in the dorsal spinal cord. To assess whether
miR-218, which is induced by Isl1-Lhx3, is important in the gene regulatory network that
determines motor neuron fate, I performed co-electroporation experiments with Isll and
Lhx3 and either miR-218 sponge or scramble sponge inhibitor. These experiments
revealed that inhibition of miR-218 activity significantly reduces the ability of the Isl1-
Lhx3 complex to generate ectopic motor neurons at the expense of interneurons. These
data support our major finding that miR-218 is essential for motor neuron differentiation
downstream of Isll1-Lhx3, and provide further evidence that miR-218 functions to
establish motor neuron identity by repressing the expression of genes that promote
interneuron characteristics.

In addition to investigating the role of miR-218 in motor neuron development, I
also identified other miRNAs that are upregulated during motor neuron differentiation.
Further analysis of the activity of multiple motor neuron miRNA candidates revealed that
numerous mMiRNAs may have dynamic spatiotemporal expression pattern in the
developing spinal cord. In particular, miR-153 was identified as a promising motor
neuron miRNA candidate, and further investigation of miR-153 expression suggests that
miR-153 may play a role in spinal cord neurogenesis. Additionally, previous work in the
Lee laboratory show that miR-218 and miR-153 co-regulate an axon guidance factor
roundabout 2 (Robo2). I performed a Robo2 3’UTR sensor analysis and found that
endogenous miR-218 and miR-153 combinatorially regulate Robo2 expression in motor
neurons. This result suggests that combinatorial function of miRNAs is important to

effectively repress target mRNAs.
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CHAPTER 1

THESIS INTRODUCTION

Over a century ago, Ramoén y Cajal observed that strikingly different neuronal cell types
arise during early stages of vertebrate development (Ramon y Cajal 1899). Since this
discovery, researchers have been determined to understand the mechanisms that produce
the remarkable diversity of neurons in the nervous system. Understanding how distinct
neuronal cell types are established is an essential aim in biology because neuronal
cellular diversity is inexorably linked to the circuits that form the basis of vertebrate
behavior.

Recent advances in molecular, genetic, informatics, and electrophysiological
methods have allowed researchers to examine complex profiles that determines neuronal
identity. The Lee laboratory has been a leader in the field of applying genomic and
transcriptome profiling techniques to describe the complex gene networks that control
neurogenesis in the central nervous system. By performing genome-wide screens to
determine the chromatin binding sites of transcription factors and the expression of
mRNAs during motor neuron differentiation in vivo and in vitro, the Lee laboratory has
played a particularly important role in refining the molecular profile of developing spinal
motor neurons (Lee et al. 2008; 2012; 2013). My dissertation work extends this

investigation to the role of miRNAs in determining spinal cord motor neuron fate.

An overview of spinal cord neurogenesis

Nervous system development requires precise spatiotemporal regulation of genes that
control tissue patterning and the formation of distinct neuronal cell types. Extracellular
signals, known as morphogens, are essential factors that drive the initial patterning of
embryonic tissue and neuronal subtypes. One of the most extensively studied examples of
morphogen patterned neuronal tissue is the developing vertebrate spinal cord (Ulloa and
Briscoe 2007; Stifani 2014), where four morphogen signaling molecules are required for
patterning neural tube tissue: bone morphogenetic proteins (BMPs), wingless-type
MMTYV integration site (Wnt), retinoic acid (RA), and sonic hedgehog (Shh). These

morphogens are upregulated in discrete tissue locations shortly after the neuroepithelial



tissue folds to form the neural tube. Wnt and BMP are derived from the neural tube roof
plate, RA is upregulated in the mesoderm and somites and Shh is upregulated in the
notochord and ventral floor plate (Liem et al. 1997; Briscoe et al. 1999; Novitch et al.
2003; Ulloa and Briscoe 2007). From these locations, morphogens are secreted to
produce extracellular signaling gradients that control the spatiotemporal pattern of cell
specification in the neural tube in a concentration-dependent manner (Figure 1.1 A).

Along the dorsoventral axis of the developing neural tube, the opposing dorsal
BMP-Wnt and ventral Shh morphogen gradients are essential to induce or repress the
expression of specific genes in discrete dorsal (pdl1-6) and ventral (p0-p3, pMN)
progenitor domains (Figure 1.1 A) (Caspary and Anderson 2003; Helms and Johnson
2003; Ulloa and Briscoe 2007; Dessaud et al. 2008). These domains are primarily defined
by the expression of homeodomain and basic helix-loop-helix (bHLH) transcription
factors, which bind directly to DNA to control the expression of determinant genes that
promote specific postmitotic motor neuron (MN) and interneuron fates (V0-V3, dl1-dl16)
(Figure 1.1 A) (Alaynick et al. 2011). For example, in the ventral spinal cord, graded
concentrations of Shh induce the expression of the transcription factors such as NK6
homeobox 1 (Nkx6.1), NK6 homeobox 2 (Nkx6.2), Oligodendrocyte transcription factor
2 (Olig2), and NK2 homeobox 2 (Nxk2.2) and also represses the expression of
transcription factors such as Developing brain homeobox 1 (Dbx1), Developing brain
homeobox 2 (Dbx2), Iroquois-class homeodomain protein (Irx3), and Paired box protein
6 (Pax6) (Figure 1.1 A) (Briscoe et al. 1999; Jessell 2000; Lee and Pfaff 2001; Mubhr et al.
2001; Novitch et al. 2001). The selective expression of these transcription factors in
discrete ventral progenitor domains leads to the upregulation of genes that drive the
differentiation of postmitotic motor neurons (MN) and interneuron subtypes (V0-V3)
(Figure 1.1 A).

One of the striking features of both ventral and dorsal fate-specifying
transcription factors is their precise spatial expression pattern in the spinal cord (Alaynick
et al. 2011). Some of this precision can be explained by transcription factor regulation of
the spatial boundaries via cross-repressive interactions in neighboring domains (Figure
1.1 B) (Ericson et al. 1997; Briscoe et al. 2000; Jessell 2000; Novitch et al. 2001;
Glasgow 2005; Lee et al. 2008). This cross-repression hypothesis is supported by



evidence that overexpressing or repressing domain-specific transcription factors leads to
altered progenitor boundary patterns and the misexpression of postmitotic neuronal cell
types (Ericson et al. 1997; Briscoe et al. 2000). These data suggest that a morphogen-
induced transcription factor expression “code” is largely responsible for patterning
neurogenesis in the spinal cord.

Although this transcription factor code has been considered a prominent
mechanism that controls neuronal subtype differentiation, it is evident that additional
mechanisms are required to establish the wide variety of neurons generated during
development. For example, many progenitor and postmitotic fate-specifying transcription
factors overlap in the developing spinal cord without known cross-repressive functions
(Alaynick et al. 2011). Additionally, many transcription factors are crucial for cell-
specific phenotypes in the spinal cord are also expressed and important in different
developmental and functional contexts. In particular, Olig2 is required for motor neuron
differentiation (Mizuguchi et al. 2001; Novitch et al. 2001), but is also essential for
oligodendrocyte and glia differentiation in the spinal cord (Zhou et al. 2001; Zhou and
Anderson 2002). Another example is the LIM homeodomain transcription factor Islet-1
(Isl1). Isl1 is known to be essential for the generation of motor neurons (Pfaff et al. 1996;
Lee and Pfaff 2003), but it also functions to promote the development of spinal
interneuron populations (Pfaff et al. 1996), dorsal root ganglia sensory neurons (Sun et al.
2008), developing heart muscle (Ahlgren et al. 1997), and pancreas islet cells (Sun et al.
2007). Although it is clear that transcription factors are essential to establish postmitotic
neuron fate, it is also important to investigate additional mechanisms that maintain the

accuracy of neuronal cell fate decisions.
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Figure 1.1. Schematic model of spinal cord neurogenesis

(A) Illustration of a transverse section of the developing neural tube representing mouse embryonic day
10.5 and chick Hamburger Hamilton stage 18. The morphogen gradients — bone morphogenetic protein
(BMP) and wingless-type MMTYV integration site (Wnt) from the roof plate (RP), retinoic acid (RA) from
somites, and sonic hedgehog (Shh) from the notochord (NC) and floor plate (FP) — determine the patterning
of progenitor tissue in the developing spinal cord. These morphogen gradients regulate the expression of
transcription factors in discrete progenitor (p0-p3, pMN, dl1-dl6) and postmitotic domains (V0-V3, MN,
dl1-dl6). The progenitor zone expression patterns of selected Shh repressed transcription factors (Pax6, Irx3,
Dbx2) and Shh induced transcription factors (Nkx2.2, Olig2, Nkx6.1) are shown. Paired box protein 6
(Pax6); Iroquois-class homeodomain protein (Irx3); Developing brain homeobox 2 (Dbx2); NK2
homeobox 2 (Nxk2.2); Oligodendrocyte transcription factor 2 (Olig2); NK6 homeobox 1 (Nkx6.1).

(B) Schematic model of transcription factor cross-repression in the ventral spinal cord during neurogenesis.
Some of the morphogen-regulated transcription factors are expressed in distinct regions of the developing
spinal cord and function to repress the expression of transcription factors in neighboring domains. The
cross-repressive interactions between these transcription factors is important to establish the position of
discrete progenitor domains and proper neuronal subtype specification.

*Figure adapted from Briscoe et al. 2000; Jessell 2000; Kicheva et al. 2014.



An overview of spinal cord motor neuron development

Spinal cord motor neurons are the terminal links in the neuron network that control
movement in the nervous system. Motor neuron cell bodies are in the ventral spinal cord
and send axon projections to the periphery that synapse directly onto muscles and
visceral targets. The majority of motor neurons are characterized by their cholinergic
neurotransmitter phenotype and motor neuron subtypes are further categorized by the
muscle or tissue groups that they innervate (Kanning et al. 2010; Stifani 2014).

The patterning of spinal motor neuron subtypes occurs in stereotypical locations
along the rostrocaudal axis, and is primarily regulated by the expression of homeobox
(Hox) genes (Figure 1.2 A). These Hox genes control the selective expression of
transcription factors in distinct motor neuron subtypes, termed columns (Dasen et al.
2003; 2005; 2008; Shah et al. 2004; Stifani 2014). The four main columns are the medial
motor column (MMC), the lateral motor column (LMC), the hypaxial motor column
(HMC), and the preganglionic column (PGC). Each of these motor neuron columns are
identified by their gene expression profile and their axonal projection pattern, where
MMC neurons innervate dorsal body wall muscles, HMC neurons innervate respiratory
and ventral body wall muscles, PGC neurons innervate sympathetic ganglia, and LMC
neurons innervate limb muscles (Figure 1.2 A, B) (Gutman et al. 1993; Landmesser 2001;
Kanning et al. 2010). Motor neurons have been extensively studied as a model for neuron
fate specification and the expression of reliable, subtype-specific markers are used to
study the molecular pathways that determine different motor neuron column locations
and identities (Figure 1.2 B) (Stifani 2014). Although the mechanisms that guide motor
neuron column patterning are relatively well understood, less is known about the
developmental mechanisms that underlie the initial transition from neural progenitors to
postmitotic motor neurons, and the maintence of motor neuron characteristics.

All motor neurons arise from the motor neuron progenitor domain (pMN) in the
ventral spinal cord, which is primarily defined by the expression of bHLH transcription
factor Olig2 (Figures 1.1 A and 1.2 C) (Novitch et al. 2001). Olig2 is required for spinal
motor neurogenesis and upregulates the expression of key transcription factors, such as
neurogenin 2 (Ngn2), LIM homeobox 3 (Lhx3), and Islet-1 (Isl1), which initiate motor
neuron differentiation (Mizuguchi et al. 2001; Thaler et al. 2002; Lee and Pfaff 2003;



Novitch et al. 2003; Lee 2004; Lee 2005; Lee et al. 2008). In particular, Isl1 and Lhx3 are
known to form a transcription complex that directly binds and upregulates genes that are
essential to promote motor neuron development, such as homeobox gene 9 (Hb9) and
cholinergic pathway genes (Figure 1.2 C) (Lee and Pfaff 2003; Lee et al. 2012; Mazzoni
et al. 2013; Cho et al. 2014). Although these transcription factors are crucial regulators of
motor neuron differentiation, there is evidence of plasticity within the system. Inhibition
of Isll or Hb9 in motor neurons leads to the aberrant upregulation of interneuron genes
and Olig2-lineage cells produce ventral interneurons in addition to motor neurons (Pfaff
et al. 1996; Arber et al. 1999; Thaler et al. 1999; Dessaud et al. 2007; Lee et al. 2008;
Song et al. 2009; Chen et al. 2011). These data support the hypothesis that additional
mechanisms beyond transcription factor regulation are required to ensure the

development of motor neuron phenotypes.
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Figure 1.2. Schematic representation of motor neuron development

(A) Schematic model of rostrocaudal patterning of motor neuron spinal cord development. Along the
rostrocaudal axis, the patterning of motor neuron subtypes (columns) is controlled by the spatiotemporal
expression of homeobox (Hox) genes. The four main columns are the medial motor column (MMC), the
lateral motor column (LMC), the hypaxial motor column (HMC), and the preganglionic column (PGC).
Each of these motor neuron columns are identified by their gene expression profile and their axon
projection pattern, where MMC neurons innervate dorsal body wall muscles, HMC neurons innervate
respiratory and ventral body wall muscles, PGC neurons innervate sympathetic ganglia, and LMC neurons
innervate limb muscles.

(B) Ilustrations of transverse sections of one half of the ventral embryonic spinal cord showing
stereotypical developmental motor neuron column locations and molecular markers in the brachial/lumbar
(A) and thoracic (B) spinal cord. This illustration represents mouse embryonic day 13.5 and chick
Hamburger Hamilton stage 28. *PGC neurons in chick are positioned in the medial, not lateral spinal cord
in chick spinal cord. Homeobox gene 9 (Hb9); Islet-1 and Islet-2 (Isl1/2); LIM homeobox 3 (Lhx3);
Forkhead box protein 1 (FoxP1); LIM homeobox 1 (Lhx1); Ets variant 1 (Etvl); Neuronal nitric oxide
synthase 1 (nNos); Phospho-mothers against decapentaplegic (pSMAD); Zinc finger E-Box binding
homeobox 2 (Zeb2).

(C) Illustrations of transverse sections of one half of the ventral embryonic spinal cord during the initial
stages of differentiation, representing mouse embryonic day 10.5 and embryonic chick Hamburger
Hamilton stage 18. Motor neuron progenitors (pMN) are defined by the expression of oligodendrocyte
transcription factor 2 (Olig2). As pMN cells migrate laterally and exit the cell cycle, they express
transcription factors Islet-1 and Islet-2 (Is11/2), LIM homeobox 3 (Lhx3), and homeobox gene 9 (Hb9).

*Figure adapted from Tsuchida et al. 1994; Dasen et al. 2003; 2005; 2008; Stifani 2014.

Chicken Embryo: a model system for studying spinal cord development

Chicken (Gallus gallus) embryos have a long, distinguished history in studies of
embryonic spinal cord development. From Aristotle in 300 BC to Rita Levi-Montalcini in
the 20™ century, the ease of maintence, visualization, and manipulation of the chick
embryo has produced some of the most important scientific advances in vertebrate
developmental biology. In particular, the concept of competence — defining a stage at
which developing tissue is first able to respond to inductive cues — was first identified in
chick (Waddington 1940). Additionally, grafting experiments using the developing chick
spinal cord revealed the importance of growth factors in nerve and limb development
(Levi-Montalcini and Cohen 1956).

Today, with technological advances in microscopy and molecular biology tools,
such as in ovo electroporation, chick embryos continue to be an exceptional model
organism to study spinal cord development. Gene transfer via spinal cord in ovo
electroporation, the method of injecting plasmid DNA into the developing neural tube
and applying a short square wave pulse, has been important tool for developmental

neurobiology (Figure 1.3 A) (Momose et al. 1999; Nakamura and Funahashi 2001). This



method allows for the misexpression of genes at the onset of chick neural tube
development, providing a fast and inexpensive paradigm for loss-of-function and gain-of-
function experiments in the developing spinal cord. Importantly, in ovo electroporation of
DNA or RNA constructs in the neural tube results in the transfection of progenitor cells
in only one half of the neural tube, allowing for a perfect developmental control when
comparing electroporated versus unelectroporated sides of the spinal cord (Figure 1.3 B).
Additionally, in ovo electroporation allows for precision in assessing different
developmental time points. The development of chick embryos is easily assessed by
cutting a window in the eggshell to monitor the morphological development of the
embryo before and after electroporation.

Another advantage of using chick embryos as a model for spinal cord
development is their rapid development. Chick embryo development is temperature
dependent and growth of the embryo only requires 48-56 hours until reaching a stage
where the neural tube closes and the embryos can be electroporated. After electroporation,
eggs are placed back into the incubator and the developmental progression of postmitotic
neuronal populations can be studied within a week. Because spinal cord development is
highly conserved among vertebrates, the molecular mechanisms in the chick neural tube
are often recapitulated in other vertebrates (Briscoe et al. 2000; Jessell 2000; Stern 2005).
Altogether, chick embryos are a fundamental model system for teasing out the molecular

mechanisms of neurogenesis in the developing spinal cord.




Figure 1.3. Schematic model of in ovo electroporation

(A) Schematic model of in ovo electroporation. DNA or RNA expression constructs are injected into the
neural tube lumen of chick embryos at Hamburger Hamilton stages 11-13. A square wave pulse is then
immediately applied to the chick embryo to transfect progenitor cells on one half of the developing neural
tube.

(B) Illustration of a transverse section of electroporated embryonic chick spinal cord at Hamburger
Hamilton stage 25. Only one half of the developing neural tube becomes electroporated (green).

Embryonic stem cells: a model system for studying motor neuron differentiation
Embryonic stem cells (ESCs) were first isolated and cultured from developing mouse
embryos in 1981 (Evans and Kaufman 1981; Martin 1981). Further advances in culturing
methods allowed for scientists to reliably induce ESCs to differentiate into specific
neuronal cell types such as dopaminergic and motor neuron cell lineages (Renoncourt et
al. 1998; Wichterle et al. 2002; Lee et al. 2007). The ability to control the differentiation
of mouse ESCs in vitro provides essential tool to study the molecular mechanisms that
trigger the differentiation of ESCs into specific postmitotic neurons. The first
experiments that directed ESC differentiation toward a neuronal phenotype used retinoic
acid (RA), which was known to be essential for neurogenesis (Wilkinson et al. 1987;
Bain et al. 1996). Further characterization of genes upregulated in RA-induced ESC
neurons revealed that the differentiated ESCs resembled a heterogeneous population of
interneurons and few motor neurons (Renoncourt et al. 1998).

Interestingly, the ability to induce neuronal markers in RA-differentiated ESCs
coincided with a boom in our understanding of the molecular pathways that drive motor
neuron specification in the developing spinal cord (Briscoe et al. 1999). Using clues from
studies of embryonic spinal cord development, researchers tested whether the sequential
application of the morphogens RA and Shh could induce motor neuron differentiation in
ESCs. Remarkably, RA and Shh-treated ESCs recapitulated the gene expression observed
in ventral spinal cord development, in that different concentrations of Shh could reliably
induce motor neuron versus ventral interneuron phenotypes. Additionally, ESC-derived
motor neurons could be isolated in vitro and implanted into the developing chick neural
tube where they formed synapses with target muscles (Wichterle et al. 2002). This
groundbreaking study highlighted how ESCs could be differentiated into specific
neuronal cell types using extracellular signaling molecules and provides an essential tool

for studying motor neuron differentiation in vitro.



Another key advance was the development of methods to generate transgenic
ESCs and inducible transgenic ESCs. In particular, the creation of a doxycycline (Dox)
inducible ESC line was a major step in creating robust tools to manipulate ESC gene
expression (Iacovino et al. 2011). The transfection efficiency of ESCs is notoriously low
and therefore, a method with which the expression of an inserted DNA construct can be
precisely and strongly upregulated by Dox was a crucial technological advance. In the
context of studying motor neuron differentiation in ESCs, the Dox-inducible system
provided a method to test whether the regulation of transcription factors could improve
the efficacy of ESC motor neuron differentiation.

Although extracellular signaling molecules RA and Shh induces motor neuron
differentiation in ESCs, the percentage of ESCs that express motor neuron markers using
this method is relatively low (Wichterle et al. 2002; Lee et al. 2012). The Lee laboratory
and independent groups have shown that the co-expression of Isl1 and Lhx3 enhances
motor neuron differentiation in numerous contexts (Thaler et al. 2002; Lee et al. 2008;
2009; Son et al. 2011; Hester et al. 2011). To test whether the upregulation of the Isl1-
Lhx3 transcription factor complex could improve ESC motor neuron differentiation, the
Lee laboratory generated a Dox-inducible ESC line to express an Isl1-Lhx3 fusion
protein (Figure 1.4) (Lee et al. 2012). The motor neuron differentiation of Isl1-Lhx3
ESCs showed a ~37% increase in upregulating motor neuron markers compared to the
morphogens alone, and when co-cultured with myotubes, the Isl1-Lhx3 ESCs formed
neuromuscular synapses (Lee et al. 2012). These results established Isl1-Lhx3 ESCs as a

model for studying the molecular mechanisms that govern motor neuron differentiation.
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Figure 1.4. Schematic model of Isl1-Lhx3 ESC differentiation.

Schematic model of the doxycycline-inducible Isl1-Lhx3 embryonic stem cell line (Isl1-Lhx3 ESC) and the
experimental protocol to differentiate Isl1-Lhx3 ESCs into motor neurons. The treatment of doxycycline
(DOX) induces the expression of Isl1-Lhx3 fusion protein, which is controlled by tetracycline response
element promoter (TRE). Then, Isl1-Lhx3 forms a hexamer transcription complex with endogenous nuclear
LIM interacting protein (NLI) and upregulates its direct target genes that have hexamer response elements
(HxRE), such as motor neuron (MN) genes and miRNAs (Lee et al. 2012; 2013). EB, embryoid bodies; RA,
retinoic acid.

Clinical relevance of studying motor neuron development

In addition to providing insights into the molecular mechanisms that regulate
neurogenesis, motor neuron development is also relevant to clinical research. Motor
neurons are required for movement, breathing and swallowing and therefore, the loss of
motor neurons due to disease or injury often results in debilitating symptoms or death
(Rowland and Shneider 2001; McDonald and Sadowsky 2002; Lunn and Wang 2008).
By uncovering the molecular mechanisms that support spinal motor neuron formation, it

brings researchers another step closer to identifying innovative ways to prevent their loss
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or degeneration due to disease or injury. Thus, our study may contribute to the
development of novel therapies for a wide variety of spinal cord injuries and diseases that
result from impaired motor function such as pediatric motor neuron diseases,
amyotrophic lateral sclerosis (ALS, Lou Gehrig’s disease), spinal muscular atrophy
(SMA) and post-polio syndrome.

In particular, the molecular mechanisms that govern motor neuron development
are relevant to the neurobiology of motor neuron disease and nerve injury where a desired
treatment is the generation of new motor neurons from stem cells. The potential for stem
cells to be used for cell replacement therapy in humans is an exciting goal of biomedical
research. Recent studies have demonstrated that human stem cells can be cultured into
spinal motor neurons (Li et al. 2005; Karumbayaram et al. 2009; Hester et al. 2011), and
can form neuromuscular junctions when transplanted into chicks and rats (Lee et al.
2007; Su et al. 2013). These human stem cell motor neuron differentiation studies relied
on knowledge gained from motor neuron differentiation in animal models and mouse
ESCs. Future research to refine our understanding of motor neuron development
networks in model systems has the potential improve the differentiation methods that

may be used for future human stem cell transplant studies.

Overview of miRNA biogenesis and target recognition

Since their discovery in c. elegans in 1993, miRNAs have emerged as crucial regulators
of many biological processes (Wightman et al. 1993; He and Hannon 2004). miRNAs are
small noncoding RNA molecules that bind to target mRNAs and prevent translation or
trigger degradation of their target transcripts. Canonical miRNA biogenesis begins in the
nucleus where pri-miRNAs are transcribed as independent genes (intergenic) by
polymerase II or within a host gene (intragenic) by polymerase III (Figure 1.5 A). The
pri-miRNA stem loop structure is then cleaved by RNA-binding protein, Drosha, to form
an approximately 70 nucleotide long pre-miRNA (Figure 1.5 A) Next, pre-miRNAs are
exported to the cytoplasm by Exportin5, where the enzyme Dicer severs the stem loop to
generate a pair of ~23 nucleotide long mature miRNAs. A mature miRNA strand is then
incorporated into a miRNA-induced silencing complex (miRISC) to mediate

postranscriptional repression or degradation of mRNA targets in the cytoplasm
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(Figurel.5 A) (Krol et al. 2010). Within miRISC, a mature miRNA is directly bound to
Argonaute (Ago), which stabalizes the miRNA-mRNA interaction, and other complex
proteins, such as GW182, promote deadenylation and degradation of the mRNA (Figure
1.5 A).

The target selection of miRNAs is dependent on complementary nueclotide
matches in specific regions of a miRNA (seed region) and a corresponding mRNA target
(Figure 1.5 B). The matching nucleotiedes on a mRNA target are termed miRNA
response elements (MREs). Cannonical mRNA targeting requires MREs with continous
seed region base-pair matches in nucleotide postitions 2 to 7 at the 5’ end of the miRNA
(Figure 1.5 B) (Bartel 2009). However, additional pairing of nucleotides at miRNA
positions 12-17 can enhance targeting, and mismatches between miRNA nucleotide
positions 5-6 form a pivot MRE that can still function as an effective target recognition
site (Figure 1.5 C) (Grimson et al. 2007; Chi et al. 2012)

The dominant theory used to predicit miRNA-mRNA interactions is based on the
assumption that mRNAs are primarily targeted via MREs that are located within their 3’
untranslated regions (UTRs) (Filipowicz et al. 2008; Bartel 2009). However, recent
methods to determine direct miRNA-mRNA target interactions have found that the
5’UTRs, coding sequences (CDS) and 3’UTRs of mRNA targets that contain MREs can
reliably function as miRNA binding sites (Chi et al. 2009; Hafner et al. 2010; Cambronne
et al. 2012). These results suggest that the current methods used to predict miRNA targets
based solely on analysis of 3’UTR sequences may exclude numerous potential targets.
Overall, since their discovery twenty years ago, miRNAs have been shown to be essential
posttrasncriptional repressors that shape the gene expression profiles in many biological
contexts (Bartel 2009). However, the characterization of miRNA function is still in its
infancy, and future research is needed to improve our understanding of miRNA

biogenesis and miRNA-mRNA target interactions.
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Figure 1.5. Overview of miRNA biogenesis and target mRNA regulation

(A) Schematic model of miRNA biogenesis. miRNAs are transcribed from genomic DNA as an intergenic
gene by Polymerase II (pol II) or an intragenic gene, within another gene intron or exon, by Polymerase I1I
(pol III) to form pri-miRNAs. pri-miRNAs are processed by Drosha to form a pre-miRNA, which is then
exported to the cytoplasm by Exportin5. The pre-miRNA is then cleaved by Dicer to form a 21-22
nucleotide duplex of two mature miRNA strands. One mature miRNA is then bound to Argonaut (Ago)
protein within the miRNA induced silencing complex (miRISC). Within miRISC, miRNAs guide the
complex to bind directly to mRNA targets that contain complementary nucleotide sequences. Other
miRISC proteins, such as GW182, mediate destabilization and degradation of the mRNA target.

(B) Illustration of a canonical 7-mer miRNA response element (MRE). The mRNA target MRE contains 7
complementary nucleotides to the miRNA seed region, miRNA nucleotide positions 2-8.

(C) Illustration of a pivot miRNA response element (MRE). The mRNA target MRE contains at least 6
complementary nucleotides in the seed region and either a C or G “pivot” nucleotide between miRNA
nucleotide positions 5-6.

*Figure adapted from Grimson et al. 2007; Bartel et al. 2009; Chi et al. 2012.

The role of miRNAs during neurogenesis

miRNA regulation of neural stem cells and neurogenesis is a rapidly growing field of
research. miRNAs are required for neuronal differentiation in the cortex (Makeyev et al.
2007; De Pietri Tonelli et al. 2008; Davis et al. 2008; Tuncdemir et al. 2014), promote
neurogenesis in vitro (Yoo et al. 2011; Victor et al. 2014), and are also important to

regulate the transition between neural progenitor proliferation and neurogenesis (Shi et al.
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2010; Zhao et al. 2010; Brett et al. 2011; Rago et al. 2014). Of particular interest to my
thesis work, recent studies have reported that miR-124, miR-9 and miR-17-3p play
important roles in spinal cord neurogenesis. miR-124 is one of the best characterized
neurogenic miRNAs and within the developing spinal cord, miR-124 supports neuronal
differentiation by repressing the expression of neural progenitor genes (Cao et al. 2007,
Visvanathan et al. 2007; Yoo et al. 2009). Another important neurogenic miRNA, miR-9,
fine-tunes the specification of motor neuron subtypes (Otaegi et al. 2011a; Luxenhofer et
al. 2014). And finally, miR-17-3p regulates neural progenitor patterning in the ventral
spinal cord via repression of pMN marker Olig2 (Chen et al. 2011). These experiments
suggest that miRNAs play an important role in influencing neuronal fate specification in
the spinal cord. However, important questions remain concerning how miRNAs are
regulated within these gene regulatory networks and whether additional miRNAs can

direct the specification neuronal phenotypes.

Overview of miRNA-218

My thesis work uncovered a novel role for miR-218 in spinal cord motor neuron
development. miR-218 has previously been described as a tumor-suppressor that is down
regulated in cancerous tissues including glioblastoma , medulloblastoma, and breast
cancer (Tu et al. 2013; Venkataraman et al. 2013; Gao and Jin 2014; Mathew et al. 2014).
Within the context of cancer research, miR-218 represses numerous targets that promote
proliferation and stem cell maintenance and miR-218 is considered a primary miRNA
involved in glioblastoma (Tu et al. 2013; Gao and Jin 2014). These previously identified
functions of miR-218 are interesting in the context of neuronal differentiation, where
miRNAs have been shown to repress cell cycle regulators to stimulate neurogenesis (Dill
et al. 2012; Peng et al. 2012; Bersten et al. 2014).

Additionally, there are studies that suggest that miR-218 plays a role in heart
development, brain function, and there is one report of miR-218 expression in developing
chick spinal cord motor neurons. During zebrafish heart development, miR-218 has been
shown to repress the expression of roundabout 1 and 2, (Robol, Robo2) and T-box gene
5 (Tbx5) to regulate heart field migration and heart tube morphogenesis (Fish et al. 2011;

Chiavacci et al. 2012). Also, recent miRNA array studies in the developing brain have
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shown that miR-218 is enriched in mouse and human brain (Sempere et al. 2004), and
also the hippocampus (Kaalund et al. 2014) and hypothalamus (Sangiao-Alvarellos et al.
2014). Finally, miR-218 expression in chick spinal motor neurons was established using
whole embryo chick in situ hybridization to screen the expression of 135 miRNAs, but

they did not assess miRNA function (Darnell et al. 2006).

Complications in studying miRNAs

Although miRNAs are essential for numerous biological processes, there are many
challenges in studying miRNA function. One of the primary complications is the fact that
miRNAs can direct the repression of target mRNAs with as little as six complementary
base-pairs in the seed region (Figure 1.5 B) (Grimson et al. 2007). This makes for an
astonishingly large number of potential targets for a single miRNA, thus determining
authentic miRNA-target interactions has been a tremendous challenge. Bioinformatic
algorithms, such as miIRANDA, miRBase, TargetScan, PicTar, have been used to predict
the presence of conserved MREs within potential target 3°UTRs (Lewis et al. 2003;
Bartel 2009). However, these prediction methods do not determine direct target
interactions, ignore cellular context, and neglect potential MREs that are non-canonical
or located within the coding regions of target mRNAs. To overcome some of these
challenges, new immunoprecipitation techniques have been developed to reliably detect
miRNA targets in an unbiased manner. These methods use the expression of a miRNA
followed by immunoprecipitation (IP) for Ago protein, isolation of co-IPed target
mRNAs, and cDNA or deep sequencing analysis (Chi et al. 2009; Hafner et al. 2010;
Cambronne et al. 2012). The development of these transcriptome-wide screens has
greatly improved our ability to identify direct miRNA-mRNA target interactions and
unbaised miRNA regulatory networks.

Another complication in studying miRNAs is the lack of obvious phenotypes in
miRNA knockout models. There have been many reports where knocking out miRNA
loci in flies, worms, and vertebrates results in no or subtle phenotypes (Liu et al. 2005;
Miska et al. 2007; Xiao et al. 2007). Subtle phenotypes are often attributed to gene
network compensation, a lack of meaningful situations to assess potential consequences,

and the fact that effective target repression may require the action of multiple different
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miRNAs (Bartel 2009). Although this challenge is difficult to overcome, alternative
experiments that assess individual miRNA action and targets in acute regulatory contexts

can provide essential clues about miRNA function.

Thesis Overview

The goal of this thesis was to determine the role of miRNAs in spinal cord motor neuron
development. Using a miRNA array screen, I identified miR-218 as the most promising
motor neuron miRNA candidate and, in collaboration with others, I performed an
extensive characterization of miR-218 regulation, expression, activity, function, and
direct targets in the developing chick spinal cord and mouse ESCs. I uncovered a novel
role for miR-218 as an essential regulator of motor neuron fate specification downstream
of the Isl1-Lhx3 transcription factor complex and I show that miR-218 directly represses
numerous target mRNAs that promote interneuron fates (Chapter 2). Additionally, I
examined the expression and activity of multiple miRNAs in the developing spinal cord
and describe numerous miRNAs that may play important roles during spinal cord

development (Chapter 3).
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CHAPTER 2

miR-218 is Essential to Establish Motor Neuron Fate as a
Downstream Effector of Isl1-Lhx3

Karen P. Thiebes', Heejin Nam®, Xiaolu A. Cambronne?, Rongkun Shen?,
Stacey M. Glasgow’, Hyong-Ho Cho'*, Ji-sun Kwon', Richard H. Goodman®,

Jae W. Lee'”, Seunghee Lee*, & Soo-Kyung Lee'*”

'Pediatric Neuroscience Research Program, Papé Family Pediatric Research Institute,
Department of Pediatrics, *Vollum Institute, *Department of Cell and Developmental
Biology, Oregon Health & Science University, Portland, OR 97239, USA; 4College of
Pharmacy and Research Institute of Pharmaceutical Sciences, Seoul National University,
Seoul 151-742, Korea; *Center for Cell and Gene Therapy, Baylor College of Medicine,
One Baylor Plaza, Houston, TX 77030, USA; “Department of Otolaryngology—Head and
Neck Surgery, Chonnam National University Medical School, Gwangju 501-746, Korea

*This chapter represents an expanded version of my first-author paper that is under review
for publication in Nature Communications. Supplementary Data 1-3 are large excel datasets that will be

published with the mansucript.
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ABSTRACT

While microRNAs have emerged as an important component of gene regulatory networks,
how microRNAs collaborate with transcription factors in the gene network that
determines neuronal cell fate remains unclear. Here we show that in the developing spinal
cord, the expression of miR-218 is directly upregulated by the Isl1-Lhx3 complex, which
drives motor neuron fate. Inhibition of miR-218 suppresses the generation of motor
neurons in chick neural tube and mouse embryonic stem cells, suggesting that miR-218
plays a crucial role in motor neuron differentiation. Our unbiased RISC-trap screens, in
vivo reporter assays, and expression studies revealed that miR-218 directly represses
transcripts that promote developmental programs for interneurons and neural progenitors.
In addition, miR-218 activity is required for Isll-Lhx3 to effectively induce motor
neurons and suppress interneuron fates. Together, our studies uncovered an essential role
for miR-218 as a downstream effector of the Isl1-Lhx3 complex in establishing motor

neuron identity.
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MATERIALS AND METHODS

DNA and RNA Constructs

Mammalian expression constructs for Isll, Lhx3, Isl1-Lhx3, and GFP were previously
described (Lee et al. 2008; 2012). The generation of the miRNA sensor plasmid was
previously described (Cao et al. 2007). miRNA sensor MREs were cloned into the
3’UTR of sensor d4EGFP by multimerization of the following oligos: miR-218 MRE
forward 5°- CGC GTA CAT GGT TAG ATC AAG CAC AAG, reverse 5’- CGC GCT
TGT GCT TGA TCT AAC CAT GTA; miR-218* MRE forward 5’- CGC GCT TGT
GCT TGA TCT AAC CAT GTA, reverse 5’- CGC GC AAC ATG GTT AGA TCA AGC
ACA AA.

RISC-trap target miR-218 MRE containing 3’UTRs were amplified from
HEK293T cDNA and cloned into the 3’UTR of sensor d4EGFP or luciferase reporter
using the following primers: Teadl forward 5°’- GGG AGA GCT GTC TGG TTC,
reverse 5’- GG CTC TGG GAA GGC TTC TTT; SLC6A1 forward 5°- GTG CCC TGT
AGC TCC TTA GC, reverse 5’- GGG AAG TGG GAC CAT GAG AC; BCLI11A
forward 5°- CAA AAG CCC TGG AAC GCA AT, reverse 5’- ACA GGC AGA GTC
AAG TGC T; Lhx1 forward 5’- CAG ATT TGC AGG GCT TTC GG, reverse 5’- TGC
ACT GGA GGT CAC ACA AG; FoxP2 forward 5’- TTT CTG CAT CTG CTT TGC GT,
reverse 5’- ACA ACT GTG CCA CGA ATC CA. Target 3°’UTR luciferase mutant
reporters were generated using overlap extension PCR by combining the previously
described flanking primer sets and the following internal primers to mutate the miR-218
MRESs: Teadl forward 5’- TTC CAA GCT AGC AAA ATA CTG G, reverse 5’- TTT
TGC TAG CTT GGA AAG GA; SLC6A1 forward 5’-ACA ATA TGC TAG CTA ATA
TTC TGA GG, reverse 5’- GAA TAT TAG CTA GCA TAT TGT AGA GAA A;
BCLI11A forward 5’- TAT AGC TAG CAC GTG GTA CTA TTT GC, reverse 5’- CGT
GCT AGC TAT AAA TCA TAT TAT TTT C; Lhx1 forward 5°- GTA TTG CTA GCT
TAA TTA TTC TAT TTG G, reverse 5’- TAA TTA AGC TAG CAA TAC TGT AAA
GGT G; FoxP2 forward 5’-TGT TGC TAG CTC AGT TTA AAA TTT, reverse 5’- CTG
AGC TAG CAA CAT CTG TTT ATG.

Sponge inhibitor constructs were generated by multimerizing 10x bulge sponge

sequences that were ordered using GeneArt synthetic gene assembly (Life Technologies)
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and cloning the 40X sponge sequences into the 3’'UTR of a CMV-LacZ reporter. The
following sequences were ordered as synthetic genes: miR-218 bulge sponge 10X — TAG
ACA ACA TGG TTT GGG AAG CAC AAT AAT CAA CAT GGT TTG GGA AGC
ACA ATA ATC AAC ATG GTT TGG GAA GCA CAA TAA TCA ACAT GGT TTG
GGA AGC ACA ATA ATC AAC ATG GTT TGG GAA GCA CAA TAA TCA ACA
TGG TTT GGG AAG CAC AAT AAT CAA CAT GGT TTG GGA AGC ACA ATA
ATC AAC ATG GTT TGG GAA GCA CAA TAA TCA ACA TGG TTT GGG AAG
CAC AAT AAT CAA CAT GGT TTG GGA AGC ACA ATA ATA CTA; Scramble
miR-218 bulge sponge 10x — TAG AGA CTA CTA TAC GAG TAA CAG ATA ATG
ACT ACT ATA CGA GTA ACA GAT AAT GAC TAC TAT ACG AGT AAC AGA
TAA TGA CTA CTA TAC GAG TAA CAG ATA ATG ACT ACT ATA CGA GTA
ACA GAT AAT GAC TAC TAT ACG AGT AAC AGA TAA TGA CTA CTA TAC
GAG TAA CAG ATA ATG ACT ACT ATA CGA GTA ACA GAT AAT GAC TAC
TAT ACG AGT AAC AGA TAA GAC TAC TAT ACG AGT AAC AGA TAA TAC
TA. The anti-2’0Ome RNA constructs were ordered from Integrated DNA Technologies
(IDT) with the following sequences: Anti-miR-218 — mAmMCmA mUmGmG mUmUmA
mGmAMU mCmAmA mGmCmA mCmAmA mA; Anti-miR-67 — mUmCmU
MAMCmU mCmUmU mUmCmU mAmGmGm AmGmGm UmUmGm UmGmA.

The miR-218 and miR-Control expression constructs were generated by annealing
and cloning the following oligos into the EFU6-300 hairpin vector: miR-218 fwd 5 —
GAT CCA CAT GGT TAG ATC AAG CAC AAT TCA AGA GAT TGT GCT TGA
TCT AAC CAT GTT TTT TA; miR-218 rev 5> — AGC TTA AAA AAC ATG GTT
AGA TCA AGC ACA ATC TCT TGA ATT GTG CTT GAT CTA ACC ATG TG; miR-
Ctrl fwd 5 — GAT CCC CGG CTT ACG CGT TCT CGT CTT CTC TTG AAA GAC
GAG AAC GCG TAA GCC GGT TTT TA; miR-Ctrl rev 5 — AGC TTA AAA ACC
GGC TTA CGC GTT CTC GTC TTC TCT TGA AAG ACG AGA ACG CGT AAG
CCG GG.

Isl1-Lhx3 ESC miRNA Array and Small RNA Quantitative RT-PCR

The generation and differentiation of Isl1-Lhx3 ESCs was previously described (Lee et al.
2012). The miRNA array assays were performed with TagMan® Array Rodent
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MicroRNA Card A (Life Technologies). The miRNA Array analyzes 380 miRNAs and
contains five endogenous controls and one negative control assay. RNA extraction and
cDNA amplification for TagMan® miRNA array, miRNA and pri-miRNA gqRT-PCR
assays were performed according to manufacturer’s instructions.

(http://www.lifetechnologies.com/us/en/website-overview/ab-welcome.html).

In Ovo Electroporation and Immunohistochemistry

Expression constructs were injected into the lumens of chick embryonic spinal cords at
Hamburger Hamilton stages 12-14 