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ABSTRACT
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Dr. John Vessey

Heterogeneous nuclear ribonucleoproteins (hnRNP) constitute a family of RNAbinding proteins (RBP) capable of regulating mRNA dynamics and protein translation.
Mutations in one such protein, hnRNP Q, were recently identified as a potential cause of
human intellectual disorders. This protein is highly expressed in the neocortex during
peak neurogenic periods and is suggested to be a mediator of neurogenesis and facets
of interneuronal connectivity, including dendritogenesis and synaptogenesis. This
research aimed to identify a role for hnRNP Q in the maturation of newborn cortical
neurons by knocking down hnRNP Q in vitro and analyzing dendritic complexity and
synaptic density. Dendritic complexity as evaluated by Sholl analysis was increased in
hnRNP Q-depleted neurons and these neurons also demonstrated lower synapse density
relative to control neurons. This suggests that hnRNP Q is critical to neuron development
and morphogenesis, and aberrant hnRNP Q expression could result in intellectual
disorders in humans.
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Introduction

1.1 Cortical Neuron Development
The neocortex is the most recently evolved brain region characterized by its gyrified
structure and its role in higher order processing such as judgement, reasoning and
perception (Figure 1.1.A). Erroneous development of the neocortex is associated with a
variety of neurodevelopmental, cognitive, and intellectual disabilities, including
schizophrenia, autism spectrum disorders, and epilepsy; hence, understanding the
developmental trajectory of the neocortex and the neural network within this region is
necessary for determining how and why cortical malformation contribute to the
phenotypes associated with such diseases (Pang et al., 2008; Goncalves et al., 2013;
Stoner et al., 2014).
Six cell layers comprise the mature mammalian neocortex and each layer differs in
its cell type populations, cell density and sizes, and afferent and efferent connections
across the brain (Figure 1.1.B). Layer I, the outermost layer of the cortex closest to the
skull and underlying the nutrient-providing meninges, is often referred to as the molecular
layer and is composed primarily of neurite extensions from lower-layer neurons (Douglas
and Martin, 2004). In contrast, layers II through VI are populated by a plethora of
excitatory and inhibitory neurons, with large excitatory pyramidal neurons and small
inhibitory interneurons being the most notable neuronal subtypes across these layers
(Petersen and Crochet, 2013). While layer II/III is primarily populated with interneurons
and small pyramidal neurons responsible for intra- and interhemispheric corticocortical
connectivity, layer IV is characterized by interneurons and large pyramidal neurons that
1

establish thalamic connectivity (Douglas and Martin, 2004). Layers V and VI, the deepest
layers of the cortex, also participate in corticocortical networks but project to other brain
areas such as subcortical regions by layer V pyramidal neurons and thalamic regions via
layer VI neurons (Douglas and Martin, 2004; Briggs, 2010; Kim et al., 2015).
Although the cortex exhibits extensive heterogeneity in its organization and cell
populations, cortical neuron development requires three distinct processes for cells to be
functional: migration, in which neurons navigate to their appropriate cortical layer;
neuritogenesis, the formation of neurite extensions that comprise cortical networks; and
synaptogenesis, the development of synaptic terminals required for interneuronal
communication (Jiang and Nardelli, 2016). The temporal and spatial regulation of cortical
neuron proliferation and subsequent differentiation are required for effective and specific
cell communication, and dysregulation at any of these steps may impair cortical network
efficacy (Albert and Huttner, 2018).

2

A

B

Skull

Human
Layer I
Neocortex
Lateral ventricle

Layer II/III
Layer IV

Hippocampus
Layer V

Mouse

Neocortex
Hippocampus
Lateral ventricle

Layer VI

Figure 1.1: The mature neocortex and its cellular composition. A) Whole view
and coronal sections of the human (top) and mouse (bottom) of the neocortex
indicated in purple. B) Enlarged view of neocortical lamination showing the six layers
of the cortex. Figure modified from Cryan and Holmes (2005) and Gray and Lewis
(1918).
Cortical neural precursor cells (NPC), otherwise known as radial glial cells, play
several roles in the generation and migration of excitatory neurons within the mammalian
cortex (Figure 1.2). Precursors reside within the ventricular and subventricular zones of
the embryonic cortex that line the lateral ventricles in both brain hemispheres. Following
a series of symmetric divisions needed to increase the precursor population, NPC will
asymmetrically divide their cell constituents to produce two unique daughter cells: an
identical NPC that serves to self-renew the progenitor pool, and an immature post-mitotic
neuron that must radially navigate through the rudimentary cortex to find its destination
layer (Chenn and McConnell, 1995; Noctor et al., 2004; Figure 1.2.A). Alongside their role
in cortical neuron proliferation, NPC also guide neuronal migration by extending basal
fibers from the ventricular zone towards the cortical plate that will act as scaffolding for
3

nascent neurons (Rakic, 1972; Noctor et al., 2004; Figure 1.2.B). Layer VI neurons are
the first to be produced and initially extend highly dynamic lamellipodia needed for active
migration along the NPC’s basal extension (Schaar and McConnell, 2005). Layer V
neurons are generated following layer VI neurogenesis and these cells must bypass the
previously generated layer when migrating to the cortical plate. Neurons destined for each
cortical layer are born in reverse sequence, resulting in an inside-out lamination wherein
the firstborn neurons populate the deeper cortical layers and younger cells are
superficially positioned (Rakic, 1974). Once properly positioned, the immature neurons
differentiate and develop mature neuronal morphology through neuritogenesis and
synaptogenesis.

Figure 1.2: Cortical neuron differentiation and migration. A) NPC asymmetrically
distribute cell constituents (blue gradient) and will either divide these components to
daughter cells symmetrically (left) to self-renew or asymmetrically (right) to produce one
NPC and one post-mitotic neuron. B) Immature neurons migrate along NPC basal fibers
and populate the cortex following an inside-out lamination. Migrating neurons differentiate
from NPC in the ventricular zone (VZ) and subventricular zone (SVZ) and will migrate
radially through the intermediate zone (IZ), subplate (SP), and older neurons before
positioning themselves below the marginal zone (MZ).
4

Neuron processes known as neurites are necessary for neurons to communicate
with target cells outside of the neuron’s immediate vicinity, often located in distant brain
regions. These protrusions are axons and dendrites, which send and receive stimulation,
respectively, and a mature neuron will typically maintain one axon and a dendritic arbour.
Once an immature neuron finishes migrating to its destination within the cortex, the
lamellipodia required for radial movement along NPC basal fibers are converted into the
first of several neurites that will bud from the cell body, otherwise known as the soma,
and grow towards their targets (Marin-Padilla, 1992). Neurite initiation and directional
growth are determined by a combination of intracellular signals and chemotactic gradients
in the extracellular environment; as a neurite extends towards attractive signals and
retracts away from repulsive ones, the axon or dendrite navigates its surrounding
environment and eventually connects with its target partner (Brose and Tessier-Lavigne,
2000; Gurdon and Bourillot, 2001). Dendritogenesis, the process through which dendrites
are formed, requires neurite budding, extension, and retraction, though the final dendritic
morphology can be highly heterogeneous across different cell types (Corty et al., 2009).
Growth is in part dependent on exocytosis at the growth cone, a highly specialized
structure heading nascent neurites that detects extracellular signals and dictates
directional growth through cytoskeletal remodeling (Compagnucci et al., 2016).
Exocytosis at the growth cone allows for plasma membrane expansion and the integration
of plasma membrane proteins into growing extensions (Tojima et al., 2007; Peng et al.,
2015). To establish efficient and specific neural networks, a neuron will initially extend
more neurites than are needed then later prune away any extensions that do not form
5

proper connections with target cells, although the underlying molecular mechanisms of
dendritic pruning have yet to be fully elucidated (Riccomagno and Kolodkin, 2015).
Post-transcriptional modifications of mRNA transcripts relevant to neurite
development by RNA-binding proteins (RBP) are integral to neuron maturation (Figure
1.3). By spatially localizing mRNA important for dendritic outgrowth to the sight of
extension, protein can be locally translated where it is needed rather than ubiquitously
throughout the cell (Buxbaum et al., 2015; Figure 1.3.A). Not only does this increase the
cell’s efficiency, but neurites can develop independently of each other within the same
cell in response to intrinsic and extrinsic signals. Impaired RBP activity and subsequent
mislocalization and/or faulty expression of their target mRNA can have a dramatic impact
on dendritic development. For instance, the RBP Staufen 1 (Stau1) localizes along
dendrites with β-actin mRNA in ribonucleoparticles (RNP), and a loss-of-function mutation
removing the RNA-binding capabilities of Stau1 impairs β-actin mRNA delivery to
dendrites (Vessey et al., 2008). Consequently, Stau1-mutant neurons demonstrate
decreased neurite growth and dendritic complexity relative to their wild-type counterparts.
In contrast, knockdown of the RBP Pumilio 2 (Pum2) results in increased dendritic
arbourisation, highlighting the divergent roles of RBP on neuronal morphology as dictated
by their specific RNA targets (Vessey et al., 2010).
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Figure 1.3: Activity of RBP in dendritic and synaptic development. Unbound RNA is
sequestered into RNP complexes by binding with RBP and other proteins. A) RNP are
localized to dendrites and axons by motor proteins to spatially confine protein translation.
B) RNP localize to pre- and postsynaptic terminals and temporally regulate RNA
translation to synaptic activity. Specialized synaptic proteins such as Bassoon integrate
into the presynaptic terminal and postsynaptic proteins including Homer-1 likewise
comprise the postsynaptic density. Presynaptic vesicles containing neurotransmitters
fuse with the presynaptic plasma membrane and neurotransmitters bind with postsynaptic
receptors to alter postsynaptic neuron polarization. Activity at the synapse can regulate
the expression of synapse-specific proteins and their integration into the pre- and
postsynaptic terminals.

Neurite extension is followed by synaptogenesis, the formation of specialized protein
densities along plasma membrane that convert intracellular electrical impulses known as
action potentials into an intercellular chemical signal, thus allowing for interneuronal
communication. Unlike neurogenesis and neuron morphogenesis, which is largely
completed prior to birth in rodents and primates, synapses remain highly dynamic through
early postnatal development and stabilize during mid-adolescence (Moyer and Zuo,
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2018). Synaptogenesis encompasses three principal steps: 1) axonal pathfinding and
target recognition; 2) pre- and postsynaptic terminal formation; and 3) synaptic pruning
and stabilization (Cline, 2001). Akin to dendritogenesis, axogenesis and pathfinding is
dependent on intrinsic and extrinsic cues that dictate the directional growth of axons to
their appropriate targets (Rankin et al., 2008; Murray et al., 2010). Growth cones that
head nascent axons detect chemotactic environmental stimuli and undergo actin and
microtubule rearrangements to push or pull the elongating process towards its target,
which is typically another neuron’s dendrite (Murray et al., 2010; Leung et al., 2018). Upon
connecting with its target, the growth cone transitions to an immature presynaptic terminal
characterized by neurotransmitter-containing vesicles and the recruitment of specialized
presynaptic proteins (e.g. Bassoon) pertinent to presynaptic terminal structure and
function (Zhang et al., 2016; Figure 1.3.B). The target postsynaptic cell in turn develops
a density enriched with structural proteins (e.g. Homer-1) and neurotransmitter receptors
that, when bound with ligands, can depolarize or hyperpolarize the postsynaptic neuron
in response to excitatory or inhibitory presynaptic neurotransmitter release, respectively.
Depolarizing currents generated by excitatory neurotransmitters binding to postsynaptic
receptors increase the cell’s internal charge and, if the depolarization reaches the
appropriate threshold, can evoke an action potential in the postsynaptic cell. Thus, the
electrical impulse is propagated from one cell to the next. Conversely, a hyperpolarizing
current increases the cell’s internal negative charge, decreasing the likelihood of
generating an action potential and the release of neurotransmitter to downstream
neurons.
8

As rudimentary pre- and postsynaptic terminals are formed, signal propagation is
initially driven by spontaneous synaptic activity (Soto et al., 2012; Yamamoto et al., 2016).
Terminal strength and maintenance is later activity-driven; active synapses recruit
specialized proteins and promote the formation of robust pre- and postsynaptic terminals,
whereas inactive synapses will degrade and eventually be fully eliminated (Schafer et al.,
2012; Lozano et al., 2016; Younts et al., 2016; Ostroff et al., 2018). It is through this
regulation that neurons are dynamic and effectively adapt to neural network changes.
Like dendrites, synapses can be strengthened or weakened independently of each other
by temporal and spatial protein translation regulation (Figure 1.3.B). For example, the
mRNA of synapse-specific proteins can be localized to the synapse and held in a
translationally-repressed state in RNP by RBP until synaptic activity occurs and protein
integration is needed to strengthen the synapse (Dynes and Steward, 2012; Daroles et
al., 2016). As with dendritic complexity, cortical loss-of-function of Stau1 is also coupled
with decreased dendritic spines, small dendritic protrusions that are the site of synaptic
terminals, possibly because mRNA critical for their formation and/or stabilization is not
present (Vessey et al., 2008). It is likely that Stau1 function is dependent on N-Methyl-Daspartic acid (NMDA) receptor-mediated synaptic plasticity at the postsynaptic terminal,
as pharmacologic blockade of hippocampal NMDA receptors elicits a Stau1-knockdown
phenotype not further exacerbated by Stau1 depletion (Lebeau et al., 2011). Therefore,
Stau1-regulated protein translation may be temporally regulated to synaptic activity. By
temporally regulating protein expression in this way, the cell increases its efficiency by
only making protein on-demand rather maintaining constant protein translation, which
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would also impair the ability for synapses to develop independently of each other
(Buxbaum et al., 2015). Contrary to Stau1, Pum2 knockdown increased dendritic
complexity in neurons while also resulting in increased putative synapse density in
neurons (Vessey et al., 2010; Dong et al., 2018). Although the underlying molecular
mechanisms related to Pum2-dependent synaptic changes have yet to be identified, a
recent study found that hippocampal Pum2 represses translation of GluR2 mRNA, which
encodes for excitatory α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptor subunits at the postsynaptic density (Dong et al., 2018). AMPA receptors
integrate into the postsynaptic density following stimulation, so it is likely that Pum2
selectively represses GluR2 transcription until synaptic strengthening by AMPA receptor
integration is needed; thus, Pum2’s function is temporally constrained (Anggono and
Huganir, 2012). The multiplex roles of Stau1 and Pum2 in neuritogenesis and
synaptogenesis highlight the importance of identifying the mRNA targets of RBP and how
each may individually contribute to neurite and synapse development.

1.2 Heterogeneous Nuclear Ribonucleoproteins
Heterogeneous nuclear ribonucleoproteins (hnRNP) are the largest and most
investigated RBP family to date (Geuens et al., 2016). These proteins are evolutionarily
conserved across species and contain at least one of four RNA-binding domains (RBD):
an RNA recognition motif (RRM), a quasi-RRM (qRRM), a K-homology (KH) domain, and
an arginine-glycine-glycine (RGG) box (Figure 1.4). Classic RRM are defined by a
β1α1β2β3α2β4 topology in which conserved six- and eight-residue motifs exists within the
central antiparallel β-sheets that allows for RNA binding, though RRM with variable
10

sequence conservation have been identified since their initial characterization (Loerch
and Kielkopf, 2015). Despite topological similarities, RNA binding to qRRM relies less on
sequence conservation as RNA also interacts with protein loop regions (Dominguez et
al., 2010). In contrast, the KH domain is composed of a core βααβ structure and a
conserved GxxG sequence between the α-helices position complementary RNA towards
a groove in the protein where adjacent hydrophobic elements, main chains, and side
chains will mediate binding specificity (Nicastro et al., 2015). Standalone or compounded
RGG boxes also dictate RNA binding capacity in many hnRNP members through
hydrogen

bonding and amino-aromatic interactions at

arginine-enriched

sites

(Thandapani et al., 2013). Aside from RBD, an hnRNP may contain auxiliary domains
thought to promote family diversity by influencing RNA binding capacity and specificity,
regulating protein subcellular localization, and/or facilitating protein-protein interactions
(Biamonti and Riva, 1994; Geuens et al., 2016).
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Figure 1.4: The hnRNP family. Family members A-U contain variable combinations of
RNA recognition motifs (RRM), quasi RRM (qRRM), K homology (KH), arginineglycine-glycine (RGG) boxes, and auxiliary domains. Figure adapted from Geuens et
al. (2016).
hnRNP contribute to a plethora of cellular functions including pre-mRNA/mRNA
processing, metabolism, homeostasis, and transcriptional and translational control
(Geuens et al., 2016). Although hnRNP are typically localized to the nucleus through
nuclear localization signals (NLS), several members contain nuclear export signals or will
shuttle between the nucleus and cytoplasm in RNP complexes (Michael et al., 1995;
Michael et al., 1997). Such is the case with the previously-described RBP Stau1 and
Pum2, hnRNP will execute multiplex functions within the cell by participating in several
12

protein-RNA complexes (Vessey et al., 2008; Vessey et al., 2010). Alternative splicing of
each family member also contributes to their diversity as unique combinations of the RBD
and auxiliary domains will dictate their mRNA targets and protein binding partners.
1.2.1 hnRNP Q
One hnRNP of interest for its potential role in neurodevelopment is hnRNP Q,
otherwise known as Synaptotagmin Binding Cytoplasmic RNA Interacting Protein
(Syncrip) or NS1 Associated Protein 1 (NSAP1). The function of hnRNP Q in neurons has
been under investigation for over a decade, however, information regarding this protein
is scarce relative to many classic hnRNP family members such as hnRNP A, A/B, and C
(Bannai et al., 2004; Geuens et al., 2016). There are three canonical isoforms of hnRNP
Q (Q1-Q3) derived by alternative splicing of the longest Q3 transcript. Each isoform
contains three RRM, an N-terminal acidic auxiliary domain, a C-terminal RGG box, and a
minimum of one NLS (Mourelatos et al., 2001; Quaresma et al., 2006; Figure 1.5). A
second C-terminal NLS present in the Q2 and Q3 isoforms is spliced from the Q1 variant,
which is the presumed reason for Q1’s predominantly cytoplasmic expression unlike the
nuclear localization of the Q2 and Q3 isoforms (Mourelatos et al., 2001). However, the
significance underlying the generation of multiple hnRNP Q isoforms has yet to be
determined and the current literature focuses primarily on the Q1 variant while the
functions of Q2 and Q3 are poorly defined.
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(561)

(589)

(623)

Figure 1.5: The hnRNP Q isoforms. These isoforms vary by length, RNA-binding
domain (RBD) composition, and nuclear localization signals (NLS). Isoforms are
generated by alternative splicing of the Q3 variant. Amino acid number is indicated in
parentheses to the left of each isoform. Figure adapted from Mourelatos et al. (2001).

To date, several studies implicate that hnRNP Q is relevant to development.
Drosophila melanogaster rely on Syncrip, the insect orthologue of hnRNP Q, to
asymmetrically localize gurken mRNA to the dorso-anterior pole of a developing oocyte.
Failure to do so results in abnormal protein expression and consequently erroneous axial
polarity in larvae (McDermott et al., 2012). Syncrip is also required for differentiation of α,
β, α’, β’, and γ neurons that populate insect mushroom bodies, the epicenters of insect
olfaction, learning and memory and the closest analogous structure to the mammalian
cerebral cortex (Busto et al., 2010; Liu et al., 2015). Syncrip expression is temporally
regulated in mushroom bodies and its dysregulation increases the proportion of γ neurons
14

at the expense of α and β neurogenesis, highlighting a role for this protein in cell fate
determination (Liu et al., 2015). Furthermore, postsynaptic Syncrip expression at
Drosophila neuromuscular junctions (NMJ) was also found to regulate presynaptic
neurotransmitter vesicle release through trans-synaptic retrograde signaling, and
repressed Syncrip expression reduced NMJ signal amplitude by approximately half
(Halstead et al., 2014). Taken together, these studies suggest that Syncrip is essential
for aspects of insect development and is particularly relevant to neuron differentiation and
synapse function.
Given the highly conserved nature of hnRNP across species, it is unsurprising that
mammalian hnRNP Q has several neuronal functions akin to its insect orthologue. As its
alternate name, Syncrip, implies, hnRNP Q was initially discovered as a binding partner
of multiple synaptotagmin isoform members in the mouse brain, though the significance
of this association has yet to be identified (Mizutani et al., 2000). Additionally, multiple
lines of evidence point to hnRNP Q being critical to cortical development. As indicated by
in situ hybridization, hnRNP Q expression appears to be upregulated during mouse
embryogenesis, specifically within the cortex across the neurogenic period, suggesting a
role for this protein in neurogenesis (Visel et al., 2004). Moreover, cytoplasmic Q1 is
essential for neurite development and axonal extension as in vitro knockdown of Q1 in
embryonic mouse cortical neurons results in increased length of nascent axons (Williams
et al., 2016). Williams et al. (2016) demonstrate that hnRNP Q regulates axonal
morphology through repression of growth associated protein-43 (GAP-43), a critical
component of actin polymerization/depolymerization in axonal growth cones (Frey et al.,
15

2000). Although this study did not explicitly investigate the impact of hnRNP Q knockdown
on dendrite formation, prior studies suggest hnRNP Q is localized to dendrites as a
component of kinesin-associated somatodendritic granules and therefore may be
required for dendritogenesis and/or dendrite maintenance (Kanai et al., 2004). Within
these dendritic mRNA granules, hnRNP Q was found to bind with the primate-specific,
non-coding brain cytoplasmic RNA, 200nt (BC200) through its N-terminal RBD (Duning
et al., 2008). As BC200 is a known repressor of local mRNA translation, it is postulated
that hnRNP Q works in concert with BC200 to regulate protein expression in dendrites
and consequently mediate elements of neuron plasticity. Mutations in hnRNP Q may
therefore impact human neuron function as evidenced by a recent genome-wide analysis
study of those with intellectual disorders that showed that individuals with a generalized
intellectual disabilities also had mutations within the hnRNP Q gene (Lelieveld et al.,
2016). Overall, these mammalian studies echo the Drosophila findings that hnRNP Q is
an important component of neuronal morphology and brain development.

1.3 Rationale
Many studies implicate RBP as important to neurogenesis and differentiation, and
hnRNP Q may likewise be relevant to these processes. Previous research conducted by
Dr. John Vessey indicates that the RBP Pum2 and Stau1 are required for dendritic and
synaptic development in the cortex (Vessey et al., 2008; Vessey et al., 2010). It is
hypothesized that Pum2 and Stau1 participate in RNP that bind target mRNA and localize
it to the site of dendritic and/or synaptic growth to regulate elements of protein translation.

16

Literature specific to hnRNP Q also suggests that this protein is important to cortical
development as hnRNP Q mRNA is enriched in the murine cortex during the height of
neurogenesis (Visel et al., 2004). In fact, preliminary findings showed recently found that
hnRNP Q is highly expressed in the murine neurogenic period (~E12-E18) and that in
vivo knockdown of hnRNP Q mRNA in NPC shifts the precursor-neuron population
towards increased precursor self-renewal (Figure 1.6, Supplemental Figure 1,
Supplemental Figure 2). Furthermore, hnRNP Q appears to influence neurite outgrowth
in mouse cortical neurons and the insect orthologue Syncrip is required for vesicular
release at the NMJ (Halstead et al., 2014; Williams et al., 2016). Finally, the finding that
individuals with mutations to hnRNP Q also have intellectual disabilities, which are often
caused by abnormal cortical development and function, also supports the premise that
hnRNP Q is a key component of cortical neurogenesis (Lelieveld et al., 2016). Despite
these findings, the role of hnRNP Q in dendritogenesis and synaptogenesis, two critical
facets of cortical network formation, remains unclear. I hypothesize that hnRNP Q is a
critical component of cortical neurogenesis and is needed for dendritic development and
synapse formation, and that impairing the function of this protein will result in atypical
cortical neuron morphology and connectivity.
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Figure 1.6: Cortical development of the mouse. Neurogenesis and gliogenesis in the
murine neocortex. Neurogenesis begins at E12, peaks at E15, and completes at E17-18.
Gliogenesis begins following neurogenesis and persists into postnatal development.

To test my hypothesis, my objective was to analyze the role of hnRNP Q in the
developing murine cortex by knocking down its expression in vitro and quantifying
changes to dendritic arbourization and synapse density. Using a lentiviral shRNA to
knockdown hnRNP Q mRNA in vitro in post-mitotic cortical neurons, I evaluated dendritic
complexity using Sholl analysis. I also investigated the impact of hnRNP Q knockdown
on putative synapse formation by quantifying the co-localization of pre- and postsynaptic
terminal markers along neurite extensions. If hnRNP Q is required for aspects of neuronal
morphogenesis, it is likely that disrupting its expression will change dendritic arbour
features and synapse density.
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2

Materials and Methods

2.1 Animals
Wildtype outbred timed-pregnant CD1 dams provided by Charles River Laboratories
(Sherbrooke, Quebec) were housed at the University of Guelph’s Central Animal Facility
under the Canadian Council of Animal Care Guidelines (AUP #2569 and #3997). Outbred
CD1 mice were selected for their large litter sizes, high genetic diversity, and stereotypical
cortical development that models human development (Figure 1.6). According to each
experimental outline, cortical tissue was harvested between E11 and P9 for Western blot
analysis and immunohistochemistry, and exclusively at E18 for primary culture
generation.

2.2 Western blotting
Whole brain tissue was harvested from mice and cells were lysed with a Dounce
homogenizer using cold lysis buffer (25mM HEPES, pH 7.3, 150 mM KCl, 8% glycerol,
0.1% NP-40, 1% liquid protease inhibitor in water) for developmental profile Western
blotting. For shRNA efficacy testing, protein lysate was collected from dissociated cell
cultures seeded in six-well plates using a cell scraper and lysis buffer. All lysates were
centrifuged at 10,000 RPM at 4°C for ten minutes to collect supernatant. Protein
concentration was quantified in a 96-well microplate using the Pierce™ BCA Protein
Assay Kit (Thermo Scientific #PI23227) according to manufacturer instructions. Lysates
were used immediately or stored at -80°C until use.
Protein samples were mixed in a 4:1 ratio with 5X sample buffer (2M Tris pH 6.8,
glycerol, sodium dodecyl sulfate (SDS), Pyronin Y, β-mercaptoethanol) and boiled at
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100°C for ten minutes. Ten micrograms of sample protein lysate and 7µL of protein ladder
(Thermo Scientific #26634) were loaded into a 4% stacking (30% acrylamide-Bis Solution,
0.5M Tris pH 6.8, 10% SDS, 10% APS, TEMED (Thermo Scientific #17919)), 10%
resolving (30% acrylamide-Bis Solution, 1.5M Tris pH 6.8, 10% SDS, 10% APS, TEMED)
SDS-PAGE gel and the gel was electrophoresed for 90 minutes at 110 V or until the
sample buffer run-off was observed. Gels were inserted into a transfer apparatus
containing a methanol-activated PVDF membrane (Millipore Sigma #IPVH00010) and
transferred on ice at 0.25 Amps for 90 minutes. The PVDF membrane was blocked in a
5% bovine serum albumin (BSA) blocking solution (Sigma #A2153) in 1XTBS with 0.1%
Tween 20 at room temperature for 60 minutes with constant shaking. Blots were cut and
sections were separately incubated overnight in a 1% BSA blocking solution containing
diluted primary antibody (Table 2.1). Blots were washed three times with 1XTBST
containing 0.1% Tween 20 for eight minutes prior to a 60 minute incubation with constant
shaking in 1:50,000 secondary antibody:1% blocking solution (Table 2.2). Blots were
washed three times in 1XTBS with 0.1% Tween 20 before being submerged in enhanced
chemiluminecence solution prepared according to manufacturer instructions (GE
Healthcare RPN2232) for two minutes, rinsed with 1XTBS with 0.1% Tween 20, and
exposed to X-ray film in a dark room.

2.3 Primary cultures
One day prior to primary culture seeding, 24-well plates containing flame-sterilized
12mm glass coverslips and 6-well plates were incubated overnight (37°C, 5% CO2
content; FORMA Series II Water Jacket CO2 Incubator, Thermo Scientific) with a 2%
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poly-D-lysine, 4% laminin solution. Well plates were washed with 1XPBS prior to tissue
harvesting and incubated at 37°C in 1XPBS until time of primary culture seeding.
Cortical tissue was harvested from E18 brains and stored in Hibernate™-E Medium
(Gibco A1247601) on ice. Papain solution (17 U/mg papain from papaya latex (Sigma
P3125), 4% L-cysteine in Dulbecco’s Modified Eagle Media (DMEM), DNase) was
incubated in a 37°C water bath for 25 minutes, filtered through a 0.2µm polyethersulfone
filter, and added to Hibernate™-E with tissue for chemical dissociation. Tissue samples
were incubated in a 37°C water bath for 25 minutes with periodic shaking. Following a
five minute papain deactivation period with stop basal medium (NeuroCult™ Neuronal
Basal

Medium

(StemCell

Technologies

#05710),

antibiotic-antimyotic

solution

(ThermoFisher #15240062), 200 mM L-glutamine, 92.5 mg/mL L-glutamic acid) at room
temperature, tissue was mechanically dissociated through a flame-polished glass Pasteur
pipette. Dissociated cells were passed through a 0.45µm cell strainer and spun at 500xg
for five minutes. The cell pellet was resuspended in complete plating medium
(NeuroCult™ Neuronal Basal Medium, SM1 Neuronal Supplement (StemCell
Technologies #05711), antibiotic-antimyotic solution, 200 mM L-glutamine, 92.5 mg/mL
L-glutamic acid) and passed through a 0.45µm cell strainer to achieve a single-cell
suspension. Cells were seeded at a density of 860,000 cells/well in six-well plates or
175,000 cells/well in a 24-well plate. Total medium volume was 2 mL or 1 mL in six- and
24-well plates, respectively. Following a 72 hour incubation period (37°C, 5% CO2
content; FORMA Series II Water Jacket CO2 Incubator, Thermo Scientific), a halfmedium change was performed on cultures with maturation medium (BrainPhys™
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Neuronal Medium (StemCell Technologies #05790), SM1 Neuronal Supplement,
antibiotic-antimyotic). Half-medium changes with maturation medium were subsequently
performed every 72-96 hours until cultures were to be used.

2.4 Immunohistochemistry and immunocytochemistry
Embryo whole brains were harvested from timed-pregnant dams, fixed with formalin,
embedded and sliced (Lieca CM1860) in paraffin, and adhered to gel-coated glass
microscope slides. Paraffin slices were submerged in the following solutions in order:
100% xylene solution for six minutes, 100% ethanol for three minutes, 95% ethanol for
three minutes, 70% ethanol for three minutes, 50% ethanol for three minutes, water for
20 minutes. Slices were immersed in boiling 10 mM sodium citrate solution, pH 6.0
(Trisodium citrate dihydrate, Tween 20) for 30 minutes or until excess paraffin was
removed from the slide. Following a twenty-minute incubation in cold water, coverslips
were dried in a 37°C oven and processed with the Vector Laboratories, Inc. M.O.M.™ Kit
(BMK-2202) according to manufacturer instructions unless otherwise specified. In brief,
samples were washed three times with 1XPBS, incubated for five minutes with M.O.M.™
diluent and incubated with primary antibody diluted in M.O.M.™ diluent for overnight at
4°C (Table 2.1). Following primary antibody application, slides were incubated with
M.O.M.™ Biotinylated Anti-Mouse IgG Reagent and submerged in a 1:1,000 secondary
antibody:1XPBS solution for 60 minutes at room temperature in the dark (Table 2.2). A
Hoechst’s nuclear stain diluted 1:2,000 in 1XPBS was applied to tissue sections for two
minutes before slides were washed and mounted with mounting medium (ThermoFisher
TA-030-FM).
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Primary cortical cultures seeded on glass coverslips were fixed in 4%
paraformaldehyde for ten minutes, permeabilized with 0.2% NP-40 for five minutes, and
blocked with BSA blocking solution (0.5% BSA, 6% normal goat serum in 1XHank’s
Balanced Salt Solution (HBSS)) for 60 minutes at room temperature. Coverslips were
immersed in a 1:1 blocking solution:1XHBSS containing diluted primary antibodies (Table
2.1) for two hours. Coverslips were washed three times with 1XHBSS and immersed in a
1:1 blocking solution:1XHBSS containing diluted secondary antibodies (Table 2.2) for one
hour in the dark. Following three washes with 1XHBSS, coverslips were incubated with a
1:2,000 Hoechst’s solution:1XHBSS for two minutes, washed three times with 1XHBSS,
and mounted with mounting medium.
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2.5 Primary and secondary antibodies
Table 2.1: List of primary antibodies used in Western blotting, immunohistochemistry, and immunocytochemistry.
Antibody

Product Number

Application

Dilution

Rabbit anti-hnRNP Q

Sigma HPA041275

Western blotting

1:10,000

Immunohistochemistry

1:100

Immunocytochemistry

1:500

Mouse anti-β-actin

Abcam ab6276

Western blotting

1:500,000

Rabbit anti-ERK1/ERK2

Abcam ab17942

Western blotting

1:5,000

Chicken anti-turboGFP (tGFP)

OriGene TA150075

Immunocytochemistry

1:1,000

Mouse anti-Nestin

MAB2736

Immunohistochemistry

1:200

Mouse anti-βIII Tubulin

MMS-435P

Immunohistochemistry

1:5,000

Mouse anti-MAP2

Abcam ab11268

Immunocytochemistry

1:1,000

Mouse anti-Bassoon

Synaptic System 141003

Immunocytochemistry

1:350

Rabbit anti-Homer-1

Synaptic Systems 160011

Immunocytochemistry

1:500
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Table 2.2: List of secondary
immunocytochemistry.

antibodies

used

in

Western

blotting,

immunohistochemistry,

and

Antibody

Product Number

Application

Dilution

Goat Anti-Rabbit IgG-HRP

BioRad 1706515

Western blotting

1:50,000

Goat Anti-Mouse IgG-HRP

BioRad 1706516

Western blotting

1:50,000

Goat Anti-Chicken IgM:HRP

BioRad AAI27

Western blotting

1:50,000

Streptavidin, Alexa Fluor™ 488

LifeTechnologies S32354

Immunohistochemistry

1:1,000

Goat anti-Rabbit IgG, Alexa Fluor™ 555

ThermoFisher A-21429

Immunohistochemistry

1:1,000

Goat anti-Mouse IgG, Alexa Fluor™ 555

ThermoFisher A-21422

Immunocytochemistry

1:1,000

Goat anti-Chicken IgG, Alexa Fluor™ 488

A11039

Immunocytochemistry

1:1,000

Donkey anti-Rabbit IgG Alexa Fluor™ 647

A31573

Immunocytochemistry

1:1,000

Goat anti-Rabbit IgG Alexa Fluor™ 488

A11034

Immunocytochemistry

1:1,000
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2.6 Nocodazole treatment
Primary cultures at 7DIV were incubated with 4µg/µL of nocodazole (Sigma SML1665) in maturation medium for three hours. Cultures were then fixed and subject to
immunocytochemistry (see Section 2.4) using anti-MAP2 and anti-hnRNP Q primary
antibodies (Table 2.1 and 2.2).

2.7 Virus production and transduction
Target lentiviral shRNA plasmid, packaging plasmids pMDLG/PRRE and pRSVRev, and envelop plasmid pMD2.G were transfected in a 7:14:14:10 µg ratio into 70%
confluent LentiX HEK293T cultures supplemented with HEK293T medium composed of
1% penicillin-streptomycin (Gibco 15140-122) and 10% fetal bovine serum (FBS; Gibco
10437-010) in DMEM. Cell medium was replaced 2-16 hours prior to polyethyleneimine
(PEI; Santa Cruz Biotechnology sc-360988) transfection. Total cDNA was added to OPTIMEM (Gibco 31985-062) and PEI in a 22µg:700µL:88µL ratio, vortexed for 10 seconds,
incubated at room temperature for five minutes, and added to a 15cm plate containing
LentiX HEK293T cells in 10mL of medium. Following a six- to eight-hour incubation
period, medium was replaced with HEK293T medium containing 0.1% HEPES buffer
(HyClone SH30237.01). Medium containing viral particles was harvested from each 15cm
plate 72 hours post-transfection, concentrated, and measured for titer according to Ding
and Kilpatrick (2013). In brief, viral suspension was spun at 300xg for 5 minutes,
supernatant was collected and filtered through a 0.45µm PES filter, and supernatant was
centrifuged at 27,000 RPM using a SW-Ti-32 rotor. Supernatant was aspirated and the
viral pellet was resuspended in 200µl of 10% FBS-HEK293T medium per plate harvested.
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Viral suspension was stored at -80°C until use. Viral titer levels were calculated from
HEK293T cells to approximate viral concentration. HEK293T cells seeded in 24-well
plates were transduced at 60% confluency with concentrated viral suspension serial
diluted five times by a concentration of 10-2 in HEK293T medium. A total of 500µL of viruscontaining medium was added to each well and cells were incubated for 72 hours. The
percentage of tGFP-positive cells for each serial dilution factor was quantified according
to Ding and Kilpatrick (2013) using the Countess® II FL Hemocytometer to determine viral
concentration and multiplicity of infection (MOI).
Primary cultures were transduced with concentrated virus volumes needed for an
MOI of 50 and MOI of 10 in HEK293T cells for shRNA efficacy testing and
dendrite/synapse analysis, respectively. Primary cultures were incubated overnight in
500µL of medium harvested from primary cultures mixed with viral particles. Following
overnight incubation, 500µL of warm maturation medium was added to each well for a
final volume of 1mL of medium/well. Half-medium changes with maturation medium were
performed every 72-96 hours. Primary cultures were harvested for Western blotting or
fixed for immunocytochemistry seven days post-transduction.

2.8 shRNA validation
Four chloramphenicol-resistant hnRNP Q and one kanamycin-resistant scrambled
control shRNA containing a tGFP reporter sequence were commercially provided in a
pGFP-C-shLenti vector backbone (OriGene TL509015V). To validate shRNA efficacy,
lentiviral particles (see Section 2.7) were used to transduce primary cortical cultures in
six-well plates. Protein lysates were harvested and used for Western blotting (see Section
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2.1) and hnRNP Q knockdown was determined by comparing hnRNP Q expression from
hnRNP Q shRNA-transduced cultures to expression in scrambled control-transduced and
untransduced cultures. Refer to Table 2.3 for each 29-mer shRNA sequence.
Table 2.3: List of shRNA constructs used for hnRNP Q knockdown.
shRNA Construct

Sequence

hnRNP Q shRNA A

CCUUCGUGUAACCACAGACGUAGAGUCAA

hnRNP Q shRNA B

UUCUGCCGCGUAACCGUCACGAAGUUGUC

hnRNP Q shRNA C

UCUCUACCACGACAGUUCCGAUACCUUCU

hnRNP Q shRNA D

GGUAACGAGUCGUUGGCGAGGUUCCACCA

Scrambled shRNA

CGUGAUGGUCUCGAUUGAGUCUAUCAUGA

2.9 Microscopy
Epifluorescent microscopy was employed to characterize hnRNP Q expression and
evaluate dendritic complexity and synapse numbers. All images were acquired with the
ZEISS Axio Observed Z.1 and accompanying ZEN 2.3 software (Carl Zeiss Microscopy
GmbH, 2011). Coronal cortical sections were imaged at 40X magnification (Hamamatsu
ORCA-Flash 4.0LT C11440-42U camera) with tiling. Representative images of hnRNP Q
expression in primary cortical cultures were captured as Z-stack serial images 0.4µm
apart at 63X magnification with the apotome enabled (ZEISS Apotome.2) to limit
background signal caused by light scattering. Images for dendrite and synapses analysis
were acquired by a single individual following condition blinding. Z-stack serial images
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were captured 0.4µm apart; uncompressed Z-stacks were used for dendrite analysis and
synapse analysis was conducted on compressed Z-stacks.

2.10 Sholl analysis
Primary cortical cultures transduced at 2DIV with hnRNP Q or scrambled control
shRNA lentiviral vectors (see Section 2.7) and subject to immunocytochemistry at 9DIV
(see Section 2.4). Neurons were immunolabelled with anti-MAP2 and anti-tGFP primary
antibodies conjugated to the secondary antibodies Goat anti-Mouse IgG, Alexa Fluor™
555 and Goat anti-Chicken IgG, Alexa Fluor™ 488 (Table 2.1 and Table 2.2). Neurons
were imaged (see Section 2.9), semi-automatically traced using Neurolucida 360, and
subject to Sholl analysis using Neurolucida Explorer (version 2.70.5; MBF Bioscience).
Concentric circles increasing in diameter by 10µm were placed around the exterior of the
soma and extending to the outermost traced neurite. The number of intersections,
average neurite length, and number of nodes were quantified within each concentric
circle. Three independent biological replicates were analyzed. Within each replicate, four
to five neurons were traced from one coverslip and three coverslips were analyzed for a
total of 12-15 neurons analyzed per condition per replicate, with n equal to the number of
coverslips analyzed. All data was analyzed in Graphpad Prism 7 (version 7.0a; La Jolla
California USA) and presented as the mean ± SEM. Statistical significance was
determined from area under the curve using a two-tailed Students’ t-test and significance
of p<0.05.
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2.11 Synapse quantification
Primary cortical cultures transduced with hnRNP Q or a scrambled control shRNA
lentiviral vectors (see Section 2.7) were subject to immunocytochemistry at 14DIV as
previously described (see Section 2.4). Cultures were immunolabelled with anti-Bassoon,
anti-Homer1, and anti-tGFP primary antibodies and Donkey anti-Rabbit IgG Alexa Fluor™
647, Goat anti-Mouse IgG, Alexa Fluor™ 555, and Goat anti-Chicken IgG, Alexa Fluor™
488 secondary antibodies (Table 2.1 and Table 2.2). Cultures were imaged (see Section
2.8) and analyzed with ImageJ (version 1.51w; National Institute of Health, USA). The
plugin NeuronJ (version 1.4.3; Meijering et al., 2004) was used to semi-automatically
trace a 20nm diameter over tGFP-positive neurites and regions of overlap between
Bassoon and Homer-1 signal in this region were automatically detected with the plugin
SynapCountJ (version 1.1; Mata et al., 2016). The detection threshold of Bassoon and
Homer-1 was manually adjusted as to exclude quantification of background signal and
artifacts. Three independent biological replicates were analyzed for each shRNA
condition, and synapse density from four to five neurons was quantified per coverslip;
three coverslips were quantified per condition per replicate and n was equal to the number
of coverslips examined. All data is presented at the mean ± SEM. Statistical significance
was determined using a two-tailed Students’ t-test and significance of p<0.05.
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3

Results*

*

*

*

3.1 hnRNP Q is expressed during pre- and postnatal periods
To determine the distribution of hnRNP Q in the cortex during late embryogenesis,
brains were harvested from E18 mice and subject to immunohistochemistry. Coronal
cortical slices were immunofluorescently labelled for hnRNP Q and nestin or βIII-tubulin,
markers of NPC or immature neurons, respectively (Figure 3.1). Immunohistochemical
analysis shows that hnRNP Q expression is high in the ventricular and subventricular
zones, colocalizing with nestin-positive NPC (Figure 3.1.A). Expression is also consistent

*
* zone and cortical
* plate where immature
*
in the area between
the intermediate
neurons
reside during and after migration following NPC division (Figure 3.1.B). Although it is
impossible to discern between migrating and stagnant cells using these methods, the
expression of hnRNP Q in the low-density intermediate zone and basal cortical layers
suggests that hnRNP Q is expressed in migratory and non-migratory immature neurons.
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Figure 3.1: hnRNP Q is expressed throughout the late-developing cortex in NPC and
immature neurons. Immunofluorescent labelling of E18 cortical slices labelled for antihnRNP Q (red; 1:500) and A) anti-nestin (green; 1:200) or B) anti-βIII-tubulin (green;
1:5,000). Merged images show hnRNP Q colocalizing with both cell type markers
extending from the ventricular zone (VZ) and subventricular zone (SVZ), the intermediate
zone (IZ), and the cortical layers (C) to the marginal zone (MZ). Nuclei were stained with
Hoechst. Scale bar: 100µm.
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Despite its high level of expression during the peak neurogenic period in mice
(~E12-E18), hnRNP Q protein expression was previously shown to be low during
adulthood (Supplemental Figure 1). I aimed to determine if hnRNP Q expression remains
upregulated in the early postnatal period when dendritogenesis and synaptogenesis are
prominent, or if hnRNP Q expression in the immediate postnatal period is comparable to
the low levels previously observed in the adult brain. Brain tissue was harvested from
embryonic and postnatal mice at various ages and protein lysates were extracted from
cells for Western blotting to probe for hnRNP Q (Figure 3.2).

~72 kDa

~42 kDa

Figure 3.2: hnRNP Q is highly expressed through early postnatal development.
Western blotting of lysates harvested from E19, P1, P3, P5, P9, and adult brains reveal
high postnatal expression of hnRNP Q relative to negligible expression observed in
adulthood. Blot was probed with anti-hnRNP Q (1:10,000) and anti-ERK1/ERK2 (1:5,000)
as a loading control. Figure made in collaboration with Anastasia Smart.
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Although hnRNP Q protein levels are reduced in adulthood relative to the high
expression observed during neurogenesis and neuronal development, the point at which
hnRNP Q is downregulated remains unclear. In vitro neuron morphology experiments are
conducted on neurons at 14DIV to evaluate synapse features, but protein lysate could
only be harvested from whole brains up to P9 due to AUP limitations. To circumvent this
issue, protein lysates harvested from cultured primary neurons between 3DIV and 15DIV
were probed for in vitro hnRNP Q expression (Figure 3.3). Like its postnatal expression,
hnRNP Q is robustly expressed in primary cultures between 3DIV and 15DIV when
dendritogenesis and synaptogenesis occur in vitro (Harrill et al., 2015). Interestingly,
multiple bands were observed at 7DIV and 11DIV but not 3DIV and 15 DIV, suggesting
the presence of multiple hnRNP Q isoforms and/or post-transcriptional protein
modifications.

~72 kDa

~52 kDa

Figure 3.3: hnRNP Q expression is consistent in vitro until 15DIV. Protein lysates
were harvested from primary cultures at 3, 7, 11 and 15DIV and Western blots were
probed with anti-hnRNP Q (1:10,000) and β-actin (1:500,000) as a loading control.
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Consistent expression of hnRNP Q in the postnatal period and past 14DIV implies
that hnRNP Q is needed for elements of cortical development and/or neuron maturation.
This period aligns with dendritic arbourisation and synaptogenesis in cortical cells
following neurogenesis and neuron migration through the cortex, implicating hnRNP Q in
one or both processes.

3.2 Cortical neurons express hnRNP Q in nuclei, soma, and neurites
To further characterize the expression of hnRNP Q in neurons, primary cortical
cultures were subject to immunocytochemistry at 7 and 14DIV with probing for hnRNP Q
and the dendritic protein microtubule-associated protein 2 (MAP2) to visualize subcellular
distribution of hnRNP Q (Figure 3.4). At both 7 and 14DIV, hnRNP Q is expressed
ubiquitously through the nucleus and the soma of all cultured cells. Interestingly, hnRNP
Q expression is higher in the cytoplasm than the nucleus at 7DIV but appears to be
equally distributed through both regions by 14DIV. The dendritic marker MAP2 also
colocalizes with hnRNP Q through proximal and distal extensions.
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Figure 3.4: hnRNP Q is expressed in primary neurons in vitro at 7 and 14DIV. In vitro
primary cortical cultures were immunolabelled with anti-hnRNP Q (1:500) and anti-MAP2
(1:1,000) at 7 and 14DIV. Merged images show colocalization of hnRNP Q with nuclei
stained with Hoechst and MAP2-labelled dendritic protrusions at both time points. Scale
bars: 20µm.

3.3 Microtubule depolymerization disrupts hnRNP Q distribution
Many RBP participate in RNP granules and exert their functions following RNP
subcellular localization along cytoskeletal elements. Therefore, hnRNP Q may be
localized to dendrites along microtubules and disrupting microtubule formation would
impair hnRNP Q distribution. To test this, microtubule polymerization was disrupted for
three hours in 7DIV neurons using 4µg/mL of nocodazole in culture media and neurons
were immunolabelled post-treatment for hnRNP Q and MAP2 (Figure 3.5). Nocodazole,
which disrupts microtubule polymerization by sequestering tubulin dimers, was sufficient
to disturb hnRNP Q localization (Goryunov et al., 2004). Specifically, hnRNP Q
expression was confined to regions in which MAP2 expression was also present and
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likewise absent from regions in which the microtubule protein was excluded along the
dendrite. This finding suggests that rather than passively diffusing through the cell,
dendritic hnRNP Q expression is dependent on microtubule activity and is actively
localized along microtubules in dendrites.

Figure 3.5: hnRNP Q localization is dependent on microtubules. 7DIV primary
cultures were treated with nocodazole (4µg/mL) for three hours to disrupt microtubule
polymerization and were immunolabelled with anti-hnRNP Q (1:5,00) and MAP2
(1:1,000). Enlarged images show that microtubule depolymerization disrupts the
localization of hnRNP Q in MAP2-positive dendrites. Nuclei were stained with Hoechst.
Figure made in collaboration with Christopher Kuc. Scale bars: 20µm.
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3.4 hnRNP Q shRNA knockdown validation
To assess the effects of hnRNP Q on dendritic complexity and synapse numbers,
hnRNP Q shRNAs were tested for their ability to knockdown in vitro hnRNP Q protein
expression in cortical neurons. Lentiviral shRNA transduction was used in lieu of more
traditional transfection methods because lentiviral transduction can be used in primary
neurons at any point following seeding, can be reliably delivered to a large proportion of
cells in culture, and is not known to damage neurite extensions as is reported to be the
case with some delivery methods (Karra and Dahm, 2010). Four commercially-available
pGFP-C-shLenti hnRNP Q shRNAs (shA-D) and one scrambled control shRNA (shSc)
were transduced in 3DIV neurons; each shRNA contained a tGFP reporter to identify
successfully transduced cells. Protein lysates were extracted from primary cultures 10
days post-transduction for Western blotting to evaluate hnRNP Q knockdown efficacy
(Figure 3.6.A). Apart from shD, all hnRNP Q shRNAs were capable of knocking down
hnRNP Q expression in primary cortical cultures relative to those transduced with shSc
shRNA and untransduced controls. As the 29-mer shRNA sequence contained in the shB
construct has previously been employed by our lab to knockdown hnRNP Q in NPC and
because this construct is successfully able to reduce hnRNP Q expression in cultured
primary cortical cultures, all subsequent knockdown experiments were conducted with
shB. Further, shB was found to reduce hnRNP Q levels in primary culture seven days
post-transduction, making it suitable for use in dendrite and synapse analysis (Figure
3.6.B).
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~72 kDa

~42 kDa

B
~72 kDa
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Figure 3.6: Lentiviral shRNA constructs can successfully knockdown hnRNP Q in
primary cultures. Western blotting demonstrated that shRNAs are effective at knocking
down hnRNP Q expression A) 10 and B) 7 days post-transduction. A) Three of four
shRNA constructs (shA-D) are capable of knocking down hnRNP Q expression in primary
cultures relative to scrambled (shSc) and untransduced (UT) controls. B) hnRNP Q
expression is reduced by the shB construct seven days post-transduction. Blots were
probed with anti-hnRNP Q (1:10,000), and anti-ERK1/ERK2 (1:5,000) and β-actin
(1:500,000) as loading controls.

3.5 In vitro hnRNP Q knockdown increases dendritic complexity
The role of hnRNP Q on dendritic morphology was evaluated by shRNA
knockdown of hnRNP Q in primary cortical cultures seven days post-transduction.
Primary cortical cultures were transduced at 2DIV and fixed for immunolabelling at 9DIV.
Cortical neurons were probed for MAP2 and tGFP expression to visualize dendrites and
enhance the tGFP reporter signal of successfully transduced neurons, respectively. Using
Neurolucida 360, neurons transduced with shB and shSc were semi-automatically traced
and subject to Sholl analysis to evaluate multiple parameters of dendritic complexity
(Figure 3.7.A). To determine overall complexity changes while still accounting for
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distance, the area under the curve (AUC) was determined from the average number of
intersections, neurite length, and number of branching nodes at 10µm distances
beginning at the periphery of the soma (Figure 3.7.B). From the AUC, the average number
of intersections in hnRNP Q-knockdown cells were significantly increased relative to the
number of intersections by scrambled control neurons by 27.52% (p=0.0443, n=9; Figure
3.7.B.i). Likewise, the AUC of average neurite length was also increased by 27.50%
(p=0.0392, n=9; Figure 3.7.B.ii) in neurons lacking hnRNP Q compared to controls.
Despite bifurcations increasing 32.42% in the knockdown condition from controls, an even
greater increase than observed with the number of intersections or length, branching was
not significantly different (p=0.0554, n=9; Figure 3.7.B.iii) between conditions. Taken
together, the increase in number of neurite intersections and neurite length suggest
hnRNP Q is needed to limit dendritic complexity in cortical neurons, a finding also
supported by the increase in dendritic branching trending towards significance.
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Figure 3.7: hnRNP Q knockdown causes increased dendritic complexity in cortical
neurons. A) Cortical neurons were harvested at E18, transduced at 2DIV, and labelled
with anti-tGFP (white) and anti-MAP2 (red) at 9DIV to identify dendrites. Neurite tracings
of successfully transduced, tGFP-positive neurons were generated semi-automatically for
Sholl analysis. Nuclei were stained with Hoechst. Scale bars: 20µm. B) Sholl analysis
quantifying the number of neurite intersections (i), neurite length (ii), and number of nodes
(iii) between shB and shSc neurons. The line graph shows the average number of
intersections, total neurite length, and number of nodes at concentric circles increasing in
diameter by 10µm intervals. The bar graphs represent the average AUC of the line graphs
for the number of intersections, total neurite length, and number of nodes. Knockdown of
hnRNP Q significantly increased the number of intersections and total neurite length, but
no significant changes were observed in neurite branching. Data presented as the mean
± SEM. *p<0.05 using a two-tailed Students’ t-test, n=9.
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3.6 In vitro hnRNP Q knockdown reduces synaptic density
To further evaluate the role of hnRNP Q on facets of neuron morphology and
highlight any potential functions it may have related to cortical network formation, I
knocked down hnRNP Q expression in cortical neurons and investigated its effect on
synapse density. Primary cortical cultures were transduced with shB and shSc at 7DIV
and immunolabelled for the presynaptic active zone marker Bassoon and the
postsynaptic terminal marker Homer-1 at 14DIV (Figure 3.8.ii-iv). Cultures were also
probed with anti-tGFP to enhance the shRNA reporter signal (Figure 3.8.i). Using the
tGFP signal to identify neurites of successfully transduced cells, tracings were semiautomatically generated using the ImageJ plugin NeuronJ, and synapse density along
neurites was quantified with the SynapCountJ plugin (Figure 3.8.viii). As functional
synapses require a pre- and postsynaptic terminal for neurotransmission to occur,
putative synapses were determined through the colocalization of presynaptic Bassoon
and postsynaptic Homer-1. Knockdown of hnRNP Q significantly reduced synapse
density from an average of 59.22 synapses per 100µm to 48.65 synapses per 100µm, a
decrease of approximately 17.85% (p=0.0327, n=9). In contrast to the suggestion that
hnRNP Q represses dendritic arbourisation, these findings imply that hnRNP Q is
required for synapse formation and number.
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Figure 3.8: Knockdown of hnRNP Q decreases cortical
Cortical neurons were harvested at E18, transduced with shB or shSc at 7DIV, and
analyzed for synapse density at 14DIV. Neurite tracings were semi-automatically
generated from tGFP-positive neurons (i; white) that were co-labelled with the presynaptic
marker Bassoon (ii; red) and the postsynaptic marker Homer-1 (iii; green). Colocalization
of Bassoon and Homer-1 (iv-vii; white arrowheads) was used to determine synapse
density (viii). Data presented as the mean ± SEM. *p<0.05 using a
two-tailed Students’ t-test, n=9.
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4 Discussion
4.1 The role of hnRNP Q in neuronal morphology
The results presented here indicate several potential roles that hnRNP Q may have
in the development of mammalian cortical neurons. As is evident through in vivo
expression of hnRNP Q in the neocortex, hnRNP Q is present in cells within the
ventricular, subventricular, and intermediate zones, as well as the rudimentary cortical
layers. The presence of hnRNP Q in both NPC and neurons suggests a role for this
protein in both cell types, and preliminary data from the Vessey lab corroborates its
function in the balance between NPC self-renewal and differentiation (Supplemental
Figure 2). At the neuronal level, hnRNP Q is expressed in the nucleus, soma, and is likely
actively transported along microtubules to neurite extensions as demonstrated by
nocodazole treatment of in vitro primary cortical cultures. The hypothesis that hnRNP Q
is required for neuron development is further substantiated through knockdown
experiments that evaluated dendritic maturation and synapse formation as both features
are impacted when hnRNP Q expression is reduced. Knockdown of hnRNP Q at 2DIV, a
point at which neurite complexity is limited and full dendritic arbours have yet to be
established, leads to increased dendritic complexity relative to control neurons one week
later as demonstrated by increased neurite intersections and length evaluated via Sholl
analysis. Furthermore, synapse density also appears dependent on hnRNP Q;
knockdown of hnRNP Q at 7DIV, in which gross neuronal morphology has developed
substantially, results in an approximately 18% decrease in synapse density one week
following knockdown. Together, these findings highlight the importance of hnRNP Q in
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dendritic morphology and synapse integration and suggest this protein’s importance in
establishing cortical networks at multiple levels.

4.2 Supporting evidence of hnRNP Q’s role in dendrite morphology
Several of the findings outlined in this work are corroborated by previous
investigations of the role of hnRNP Q during neurodevelopment. While other groups have
researched the relationship between hnRNP Q and neurite morphology, this is the first
study to date that analyzes the effects of hnRNP Q knockdown on the cortical neuron
dendritic arbourisation over a prolonged period using a knockdown construct delivery
method that does not impact neural morphology. Although one previous study by Chen
et al. (2012) found that knockdown of hnRNP Q increased total dendritic length at 7DIV,
consistent with the findings described here, these results could be potentially confounded
by employing lipofection to deliver siRNA constructs to cells because lipofection is
believed to have adverse effects on cell protrusions (Karra and Dahm, 2010). A more
recent study by Williams et al. (2016) also found that hnRNP Q1 knockdown in cortical
cells increases overall neurite complexity but did not explicitly investigate knockdown
effects on dendritic morphology and harvested cortical cells preceding the end of cortical
neurogenesis in mice at E16.5. Additionally, this previous study analyzed the outcome of
a one-day knockdown on cortical neuron morphology and thus the sustained
consequences of an hnRNP Q1 deficit were not considered. In contrast, the methods
outlined in this work circumvent many of these shortcomings; shRNA delivery by lentiviral
transduction is considered less cytotoxic and is not known to impact cell protrusions,
dendrites were exclusively analyzed rather than overall neurite morphology, and
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knockdown analysis was performed on neurons harvested at E18 following a seven-day
incubation post-transduction to determine the long-term consequences of hnRNP Q
depletion (Karra and Dahm, 2010). However, contrary to the studies by Chen et al. (2012)
and Williams et al. (2016), my results did not investigate any hnRNP Q isoforms
independently and their individual contributions to increased dendritic complexity were
not assessed. Nevertheless, my finding that hnRNP Q knockdown results in a more
complex dendritic arbour is consistent with these prior studies.
While there is a general consistency across the results shown here and in previous
research, the finding that hnRNP Q does not significantly affect dendritic branching comes
in contrast with findings from Chen et al. (2012) that found a nearly 50% increase in the
number of nodes in hnRNP Q-depleted cells at 3DIV and a 40% increase at 7DIV.
Although no significant differences were found in the number of branch points between
shSc- and shB-transduced neurons here, there was an approximately 32% increase in
the total number of nodes between knockdown and control conditions when analyzed at
9DIV and the AUC data was trending towards significance with p=0.0554. The apparent
tapering effect of hnRNP Q knockdown on cortical neuron branching across
developmental day in vitro may indicate that hnRNP Q regulates early dendritogenesis
and the formation of nodes from primary dendrites but is not required for distal branching
in later development. This hypothesis is supported by the finding that hnRNP Q
participates in dendritic mRNA granules containing Pur α protein, an mRNA transport
protein previously reported to localize to proximal, but not distal, dendrites (Li et al., 2001).
However, given that hnRNP Q appears to be ubiquitously expressed throughout neurons
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and their extensions even at 14DIV and is not confined to proximal dendrites, it is more
likely that the number of neurite branching points is largely established by 7DIV and 9DIV
and that knockdown of hnRNP Q at these points is less likely to evoke a substantial
change in the number of dendritic branches than at earlier time points. This second
hypothesis is consistent with the low expression of hnRNP Q during adulthood, when
dendritic arbours are largely stable and most plasticity occurs at the synapse instead of
affecting gross neuronal morphology (Koleske, 2013).
Studies identifying the protein binding partners and RNA targets of hnRNP Q also
complement the findings that this protein is integral to dendritic morphology. Previous
studies show that hnRNP Q participates in RNP actively localized to dendrites, which is
consistent with the punctate expression of hnRNP Q in dendrites following microtubule
depolymerization by nocodazole treatment (Bannai et al., 2004). These hnRNP Q-positive
granules contain several additional proteins known to mediate dendrite development,
including Stau1, synaptotagmin VII and DDX3. Additionally, hnRNP Q can directly or
indirectly regulate multiple RNA transcripts known to influence neurite morphology such
as BC200, Cdc42, GAP43, TDP-43, and RhoA. It is important to note that many of these
RNA and protein interactors were not identified in cortical cells or in the context of
neurodevelopment. For instance, knockdown of hnRNP Q in hippocampal cells results in
a decreased dendritic complexity phenotype through RhoA mRNA translation regulation,
contrasting the increased complexity in cortical cells following knockdown (Xing et al.,
2012). With this in mind, the role of hnRNP Q in cortical dendritic outgrowth cannot be
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generalized to all neuronal subtypes despite interacting with proteins and RNA related to
neurite development and warrants further investigation.

4.3 hnRNP Q in synapse development
While the role of hnRNP Q in gross neuronal morphology has been investigated in
the past, this is the first study to draw a relationship between hnRNP Q and synapse
development. Pre- and postsynaptic marker colocalization indicative of putative synapses
was significantly reduced in hnRNP Q knockdown neurons, contrasting the increased
arbourisation observed during neuron maturation. It is possible that reduced synaptic
activity is in part responsible for the excessive neurite complexity observed at 7DIV and
failing to receive the appropriate level of input could prompt neurons to extend additional
neurites in an attempt to establish connections with nearby partners. This is consistent
with the observation that hnRNP Q knockdown promotes axon growth through
upregulating GAP-43, a protein required for actin dynamics at axonal growth cones
(Williams et al., 2016). However, this possible compensation mechanism is unlikely
responsible for the full extent of heightened dendritic complexity for several reasons. First,
as described above, hnRNP Q is known to associate with several protein and RNA targets
known to directly influence neurite outgrowth and it is likely that their function in this
process is disrupted by hnRNP Q knockdown. Furthermore, it is unlikely that there are
many active synapses in 9DIV cortical neurons since in vivo murine cortical neurons
continue to develop after birth and synapses begin to form during the first postnatal week
(Farhy-Tselnicker and Allen, 2018). Most in vitro experiments analyzing synapse function
take place multiple weeks after plating for this reason. It is therefore improbable that
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alterations to dendritic morphology are purely the consequence of aberrant synaptic input.
In light of this and considering that RBP traditionally participate in multiple unique RNP
complexes, hnRNP Q likely has several functions related to cortical development and
separately regulates dendritic and synaptic maturation.
There are several mechanisms through which hnRNP Q may affect cortical
synapses. The finding that the insect orthologue of hnRNP Q, Syncrip, is required for
proper presynaptic vesicle release in Drosophila lends some evidence to this protein’s
potential role in cortical synapse development. Electrophysiological experiments show
that excitatory postsynaptic potential (EPSP) amplitude in loss-of-function Syncrip
mutants is reduced by up to 50% relative to wildtype counterparts (Halstead et al., 2014).
These amplitude decreases are believed to be the consequence of impaired vesicle
docking in the presynaptic terminal and subsequent faulty neurotransmitter release. It
was determined that Syncrip, expressed in the postsynaptic muscle but not the
presynaptic motor neuron, is involved with retrograde synaptic signaling though its exact
role in this signaling remains unclear. Recent evidence suggests that Syncrip may act
through exosomes to regulate NMJ retrograde signaling. Exosomes, small vesicles
secreted from cells and an important component of intercellular communication, are
known to regulate elements of synaptic activity including postsynaptic retrograde
signaling (Korkut et al., 2013). Recent structural analysis of hnRNP Q suggests this RBP
is integral to microRNA partitioning in exosomes through its highly conserved N-terminal
domain (Santangelo et al., 2016; Hobor et al., 2018). Although there has been no
evidence to date to suggest the function of Syncrip in vesicular release is conserved by
49

mammalian hnRNP Q, it would nevertheless be interesting to determine if NMJ retrograde
signaling and vesicular docking are related to Syncrip’s function in exosome formation
and microRNA activity, and, if so, whether this function is preserved in other synapse
types and in mammals.
The prevalence of hnRNP Q expression in the postnatal period and its recent
association with exosomes could also suggest a role for this protein in glia. Glia,
traditionally seen as a supporting component of the brain but now recognized as
imperative to its function, aid neurons in many ways including regulating homeostasis,
phagocytosis, and neurotransmission (Schafer et al., 2012; Farhy-Tselnicker and Allen,
2018). In the murine brain, gliogenesis follows neurogenesis and persists into postnatal
development, parallel with the period of high hnRNP Q expression in early life (FarhyTselnicker and Allen, 2018; Figure 1.6). While cortical tissue was harvested at E18 in this
study, theoretically preceding glia formation, cultures are likely to be heterogeneous and
contain a mix of neurons and glia. It is therefore possible that gliogenesis and glia
development is dependent on hnRNP Q, and knockdown of hnRNP Q could evoke
changes to glia function that could indirectly affect synaptic development in cortical
neurons. This possibility is also consistent with the finding that hnRNP Q is pertinent to
exosome formation and microRNA sorting, as glia are known to communicate with
neighbouring neurons through exosomal signaling (Agnati and Fuxe, 2014; Frohlich et
al., 2014). If it were the case that hnRNP Q was important to glia function and their
relationship with neurons, future experiments would need to parse the role of hnRNP Q
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in each cell type, if any, and how these functions work in conjunction with each other to
potentially regulate synaptic development and activity.

5 Future Directions
5.1 Use of an in vitro versus an in vivo model
Although in vitro experiments provide a valuable basis for understanding the
molecular and cellular consequences of hnRNP Q knockdown, they are limited in their
generalizability. Cortical development is heavily dependent on external factors such as
chemotactic gradients, spatial positioning, and the presence of other cell types that may
be absent in vitro. Astrocytes, for example, are glia cells that provide neurons with
important signaling factors and can impact dendritic and synaptic development (FarhyTselnicker and Allen, 2018). However, because gliogenesis predominantly occurs in the
early postnatal period, the representation of glia cells in vitro likely deviates from what is
seen in vivo. It is therefore important that the experiments conducted here are replicated
using an in vivo model. Multiple systems could be used to achieve this, such as in utero
electroporation or an hnRNP Q knockout model. By injecting hnRNP Q shRNA into the
lateral ventricle of a developing embryo and passing an electrical current across the skull,
NPC lining the ventricle can take up the shRNA and neurons arising from these
precursors would consequently be hnRNP Q-depleted (LoTurco et al., 2009). Applying
this in utero approach at different developmental stages could highlight the differential
effects of hnRNP Q knockdown on each cortical layer, including changes to cell subtype
specification alongside dendritic and synaptic changes. Although this in utero approach
is frequently employed for investigative studies of the neocortex, it is important to note
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that the knockdown would not be specific to post-mitotic neurons as NPC would also be
affected and our unpublished data suggests that hnRNP Q is important to NPC division
and neuronal differentiation (Supplemental Figure 2). Despite requiring more technical
skill to generate, a conditional knockout mouse model could also be employed to evaluate
the function of hnRNP Q in cortical neurons and temporally confined to periods of
dendritogenesis and synaptogenesis. However, this approach would be limited in the cell
subtypes that could be investigated as it would be infeasible to generate a knockout model
specific to each cortical layer or cell type.

5.2 Electrophysiological experiments
It is important to note that the colocalization of pre- and postsynaptic markers is
indicative of putative synapses but does not confer functionality at these sites. During
cortical development, long and motile protrusions from the dendrite known as filopodia
are thought to act as axon sensors that will later transition into mature dendritic spines
containing one or multiple synapses (Cline, 2001). While dendritic spines are notoriously
difficult to study during this transition due to their highly dynamic nature, it is possible that
scaffolding proteins like Bassoon and Homer-1 are integrated into the synapse prior to it
becoming fully functional. Therefore, although hnRNP Q knockdown shows a decrease
in synapse density, it is possible that there are contrary overarching changes to
connectivity

as

a

consequence

of

altering

synaptic

protein

expression.

Electrophysiological analysis such as whole-cell patch clamping could be used to
evaluate the role of hnRNP Q on synaptic function (Vessey et al., 2010). Changes to
EPSP amplitude and frequency readings would suggest altered synapse function. For
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example, amplitude changes could be indicative of altered synapse strength caused by
altered postsynaptic receptor levels or type, or fluctuations in total neurotransmitter
release following stimulation. Conversely, EPSP frequency changes would reveal
changes to synapse numbers between hnRNP Q-depleted and control neurons.
Considering that the insect orthologue of hnRNP Q was previously found to regulate
presynaptic vesicle release at the NMJ, it would be unsurprising if hnRNP Q knockdown
in cortical cells demonstrated EPSP amplitude changes (Halstead et al., 2014). Likewise,
the finding here that hnRNP Q decreases putative synapse density would be consistent
with decreased EPSP frequency. Future experiments should therefore aim to delineate
the role of hnRNP Q on synapse function and evaluate the consistency with the results
from immunofluorescence experiments.

5.3 Isoforms
One conspicuous gap in the literature regarding hnRNP Q is the individual
contributions of the three isoforms to cell function. Most studies of this RBP do not
distinguish between the isoforms or concern the predominantly cytoplasmic Q1 variant
(Bannai et al., 2004; Chen et al., 2008; Duning et al., 2008; Williams et al., 2016). While
the current literature suggests that Q1 is responsible for controlling dendritic
development, it is currently unclear how the Q2 and Q3 isoforms affect the decreased
synaptic density observed here, if at all. Given that Q2 and Q3 are nuclear, it is
implausible that these proteins affect synapse formation or function by localized posttranscriptional mRNA modification (Mourelatos et al., 2001). Instead, these proteins are
more likely to participate in nuclear RNP complexes that are indirectly linked to
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synaptogenesis or other aspects of cortical maturation if they play a role in
neurodevelopment. Previous studies suggest that Q1 function may be regulated by the
Q3 variant, so each isoform must be examined individually and in combination to fully
define the function of this protein in the context of neurodevelopment (Chen et al., 2008).
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CONCLUSION:
The results outlined in this work demonstrate a multiplex role of the RBP hnRNP
Q on dendritic morphology and synapse density in maturing cortical neurons. Sholl
analysis used to evaluate the dendritic complexity of hnRNP Q-depleted neurons
revealed an increase in dendritic arbourisation, corroborating previous experiments that
suggest hnRNP Q limits dendritic complexity possibly by participating in dendritic RNP
granules and regulating the translation of mRNA relevant to neurite outgrowth.
Immunofluorescent experiments examining putative synapses also suggests that
neurons create fewer synapses in the absence of hnRNP Q, and that hnRNP Q may be
required for facets of synaptogenesis and/or synapse stabilization. Future work should
aim to evaluate if hnRNP Q is also critical to neuron subtype differentiation and synapse
function, and how the different protein isoforms may individually contribute to cortical
development. Understanding the function of this RBP may reveal the molecular
underpinnings of intellectual disorders found to be associated with hnRNP Q gene
mutations.
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APPENDICES

~72 kDa

~42 kDa

Supplemental Figure 1: hnRNP Q expression over cortical neurogenesis. hnRNP Q
expression in the brain is high during cortical neurogenesis and low during adulthood.
Blot labelled with anti-hnRNP Q (1:10,000) and β-actin (1:30,000) as a loading control.
Data generated by Fraser McCready, unpublished.
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Supplemental Figure 2: In utero hnRNP Q knockdown alters the proportion of
neurons and NPC across the cortex. In vivo knockdown of hnRNP Q by in utero
electroporation increases the proportion of GFP-positive cells in the ventricular zone (VZ)
and subventricular zone (SVZ) and concurrently reduced the number of GFP-positive
cells in the intermediate zone (IZ) and near the cortical plate (CP). Data generated by
Anastasia Smart, unpublished.
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