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The development of the cerebral cortex is reliant upon the collaborative efforts of a wide variety 

of molecular mechanisms, one of which is the ability of neural precursor cells (NPCs) to undergo 

asymmetric cell division. Asymmetric cell divisions produce two daughter cells with distinct 

identities, one NPC and one neuron. The identity of each daughter cell is decided by the unequal 

distribution of cell fate determinants. This imbalance is created by the partitioning of RNA:protein 

complexes to an intracellular site for localization. As a result, the post-mitotic translation of 

localized transcripts dictates the relative abundance of cell fate determinants and thus, daughter 

cell identity. Heterogeneous nuclear ribonucleoproteins (hnRNPs) are a family of RNA-binding 

proteins with diverse functions. This research aimed to characterize the hnRNP Q complex and its 

activity in asymmetric NPC division. The postnatal expression profile revealed hnRNP Q 

expression persists beyond embryonic development into the immediate postnatal period. Inhibiting 

nuclear export in NPCs and isolating the hnRNP Q complex via co-immunoprecipitation indicated 

hnRNP Q shuttles in and out of the nucleus and is capable of forming nuclear and cytoplasmic 

complexes, suggesting hnRNP Q is involved in splicing, localization and translational repression. 

Finally, in vivo knockdown experiments replicated in vitro findings that revealed altered patterns 

of NPC division that show a bias towards self-renewal.  
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CHAPTER 1: INTRODUCTION 

Cerebral Cortex Development 

 The mammalian cerebral cortex is home to higher-order cognitive processes that give way 

to thinking, reasoning, and decision-making (Kandel et al. 2013). The complex cytoarchitecture of 

the mammalian cortex is mirrored in the complexity of its development.  Prevalent in the 

developing cortex are asymmetrically dividing neural precursor cells (NPCs), terminally 

differentiated neurons, and to a lesser extent, intermediate progenitors. Atypical NPC divisions 

and abnormal neuronal migration during neurogenesis has previously been shown to lead to 

neurodevelopmental disorders such as schizophrenia, autism spectrum disorder, microcephaly or 

lissencephaly (Reif et al. 2007; Wegiel et al. 2010; Gotz & Huttner 2005; Guerrini et al. 2008). 

Therefore, maintaining the balance between NPC self-renewal and differentiation along with 

establishing correct neuronal connectivity via migration contributes to the development of the 

cortex and its proper function.   

 The development of the cerebral cortex begins during vertebrate embryogenesis. 

Neuroepithelial (NE) cells originate from the neuroectoderm and form the neural tube, the earliest 

form of the central nervous system (CNS) (Gotz & Huttner 2005; Hemmati-Brivalou & Melton 

1997; Franco & Muller 2013). Prior to neural tube closure, early CNS development is marked by 

the proliferative, self-renewing divisions of NE cells, responsible for the rapid expansion of the 

founder cell population (Hemmati-Brivanlou & Melton 1997; Huttner & Brand 1997). The 

neurogenic period is marked by the transition from proliferative self-renewing divisions to the 

asymmetric cell divisions of NPCs. NPCs are multipotent neural stem cells that are able to give 

rise to different cells of the cerebral cortex including neurons, astrocytes, and oligodendrocytes 
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(Florio & Huttner 2014). NPCs line the developing lateral ventricles and form a mitotic layer 

known as the ventricular zone (VZ) (Figure 1). During neurogenesis, NPCs perpetuate themselves 

through self-renewal while also producing intermediate progenitors and terminally differentiated 

neurons (Inaba & Yamashita 2012; Knoblich 1997). To do so, NPCs undergo asymmetric cell 

divisions whereby two daughter cells are produced with distinct fates, that is, one self-renewed 

NPC and either a neuron or an intermediate progenitor (IP). The NPC produced will continue to 

reside in the ventricular zone and repeat this process. The final destination of the other daughter 

cell depends on its identity; a neuron will basally migrate to the cortical plate while an intermediate 

progenitor will basally migrate to the subventricular zone (SVZ) situated between the VZ and the 

inner cortical plate. Once in the SVZ, intermediate progenitors provide further means to increase 

the neuron population by undergoing one more final division to produce two terminal neurons that 

will take up their role in cognitive functioning (Gotz & Huttner 2005; Florio & Huttner 2014; 

Haubensak et al. 2004; Merkle & Alvarez-Buylla 2006) (Figure 1).  It should be noted that 

although the majority of IPs undergo symmetric divisions to produce two neurons, a small 

percentage (~10%) undergo symmetric self-renewing divisions. Neuronal migration specifically 

occurs tangentially and radially to expand the width and height of the cortex, respectively. 

Migration starts at the most inner layers of the cerebral cortex and moves outward (Figure 1). 

Therefore, the oldest differentiated cells reside at the innermost part of the cerebral cortex and the 

youngest differentiated cells make up the outermost layers of the cerebral cortex (Florio & Huttner 

2014).   
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Figure 1.  Development of the embryonic mouse brain. Coronal brain section displaying distinct 

cell types that are localized to their respective layers of the developing cerebral cortex. The yellow 

arrow indicates the direction of neuronal migration. Figure modified from (49).  

Asymmetric cell division 

 Asymmetric cell divisions occur in many different cell types, tissues and organisms as they 

promote cellular diversity while also ensuring the stem cell population is not depleted in the 

process (Gonczy 2008; Malatesta 2007, Lui et al. 2011).  This type of stem cell division is 

intrinsically driven and particularly abundant in the vertebrate nervous system (Betschinger & 

Knoblich 2004). Simply put, asymmetric divisions involve: cellular polarization along the body 

axis, asymmetric alignment of the mitotic spindle along the polarity axis, polarized distribution of 

cell fate determinants and finally, the creation of two post-mitotic cells of unique identity (Wodarz 

2003; Gonczy 2008). Several cell fate determinants and molecular pathways used in asymmetric 

divisions have been identified in non-human organisms.  

 The process of asymmetric cell division has been well characterized in Drosophila 

melanogaster. In Drosophila, neuroblasts (analogous to mammalian NPCs) are found within the 
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monolayered epithelium known as the ventral neuroectoderm. Neuroblasts delaminate from the 

epithelium and become situated apical to the adherens junctions in an area known as the subapical 

region (Petronczki & Knoblich 2001). A partition defective (Par) protein complex made up of Par3, 

Par6 and atypical protein Kinase C (aPKC) independently localizes to occupy the apical cell cortex 

(Wodarz et al. 2000). However, its localization becomes co-dependent when it binds with the 

adaptor protein, Inscuteable that in turn, recruits the adaptor protein, Pins and the heterotrimeric 

G protein α-subunit Gαi (Schober et al. 1999; Wodarz et al. 1999; Yu et al. 2000; Schaefer et al. 

2000; Parmentier et al. 2000; Schaefer et al. 2001).  The moment at which a neuroblast takes up 

residence in the subapical region and establishes an apical cortex-Par 3/6 association it inherits its 

apical-basal polarity from the overlying epithelium, instead of polarity being internally driven 

(Schober et al. 1999; Wodarz et al. 1999) 

 The asymmetric alignment of the mitotic spindle results in daughter cells of unique size and 

identity, and the asymmetric distribution of cell fate determinants (Betschinger & Knoblich 2004). 

Proper orientation of the mitotic spindle relies on the interactions between the cell cortex and the 

depolarized microtubules (Hyman & White 1987; Gonczy 2002; Hyman 1989; Grill et al. 2001). 

The posterior spindle pole typically exerts a greater amount of force to the centrosomes of the 

mitotic spindle than the anterior spindle pole, which causes the orientation of the mitotic spindle 

to become asymmetric (Kaltschmidt et al. 2000). In addition, Par 3, Par 6, and aPKC migrate to 

the apical cortex meanwhile Par 1 and Par 2 proteins migrate to the basal cortex (Gonczy 2008; 

Etienne-Manneville 2004). Par-6 binds directly to the cytoskeletal protein Lethal (2) giant larvae 

(Lgl) (127 kDa) and when found in its active state, is able to associate with membranes as well as 

with the cytoskeleton (Strand et al. 1994). Lgl however, is incapable of forming or maintaining 

these associations following phosphorylation, a process that is site selective and occurs only at the 
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apical cortex but not at the basal cortex. The lack of phosphorylation at the basal cortex, allows 

Lgl to be membrane- and cytoskeleton-bound. Bound Lgl at the basal cortex in turn, binds and 

represses non-muscle myosin II that causes a localized absence of actomyosin cytoskeleton 

contractions. Phosphorylated Lgl at the apical cortex however, is unable to bind to: the membrane, 

the cytoskeleton, or to non-muscle myosin II and thus, contractile repression is lost  (Strand et al. 

1994; Kalmes et al. 1996). Opposing contractile forces that occur exclusively at one end of the cell 

but are absent from the other end drive the formation of post-mitotic daughter cells. As a result, 

the daughter cell formed from the contracting apical cortex is larger than its sister formed by the 

resting basal cortex. Therefore, the larger apical daughter cell continues to divide asymmetrically 

and the smaller basal daughter cell becomes the ganglion mother cell (GMC) and undergoes one 

more self-consuming division to give rise to two neurons (Betschinger & Knoblich 2004).  

 The differing concentrations of fate-determining proteins segregated to each of the daughter 

cells gives rise to their identity (Chia et al. 2008; Knoblich 2008). For example, in Drosophila 

neuroblasts, prospero (pros) mRNA associates with Staufen (Stau) in a RNA:protein complex and 

is localized to the basal end of the neuroblast. The asymmetrically inherited prospero transcripts 

are translated into Prospero (a homeobox transcription factor) and enters the nucleus. In the 

nucleus, Prospero drives GMC differentiation by suppressing the transcription of various cell cycle 

regulators such that the cell is forced to exit the mitotic cell cycle (Knoblich 2008; Roegiers & Jan 

2000). Therefore, mRNA localization spatially restricts protein synthesis to one daughter cell and 

temporally restricts protein synthesis to occur post-mitosis (Wilhelm & Vale 1993). The proposed 

pathway in which mRNA localization occurs involves 1) the formation of a ribonucleoprotein 

complex, 2) kinesin- or dynein- driven translocation of the complex in association with the 

cytoskeleton to its destination 3) anchoring of the complex to cytoskeletal elements at the target 
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site and, 4) translation of the localized mRNA at the correct time (Holt & Bullock 2013; Ainger et 

al. 1993).  

 In mammalian systems, Staufen 2 (Stau2)-dependent RNA granules regulate stem cell self-

renewal and differentiation. Stau2 forms an asymmetrically enriched complex that contains RNA-

binding proteins Pumilio2 (Pum2) and DDX1, and target mRNAs such as β-actin, prospero and 

prox1. Knockdown of Stau2, Pum2, or DDX1 causes premature neuronal differentiation as well 

as altered localization and expression of prox1 mRNA. Therefore, Stau2, Pum2 and DDX1 emerge 

as key components of an asymmetrically localized RNA granule, capable of controlling the 

translation of mRNAs that regulate stem cell maintenance and differentiation. By extension, Stau2, 

Pum2 and DDX1 are also key regulators of embryonic cortex development. A prominent group of 

RNA-binding proteins present and poorly characterized in mammals are heterogeneous nuclear 

ribonucleoproteins (hnRNPs), critical for the formation of ribonucleoprotein complexes and thus, 

mRNA localization according to the aforementioned pathway. Therefore, a better understanding 

of hnRNP function is crucial and beneficial to the improved comprehension of developmental 

neurobiology. 

Heterogeneous nuclear ribonucleoprotein family  

Heterogeneous nuclear ribonucleoproteins (hnRNPs) are a diverse family of modular 

proteins that originally consisted of just three members, hnRNP A, B and C, and has now expanded 

to consist of at least 20 members (labelled A-U; Figure 2) (Beyer et al. 1977; van Eekelen et al. 

1981). As shown in Figure 2, hnRNPs contain an RNA recognition motif (RRM) approximately 

90 amino acids long forming a β1-α1-β2-β3-α2-β4 topology and comprised of two RNP consensus 

sequences, RNP-1 and RNP-2 (Hoffman et al. 1991).  The RRM allows mRNA to bind to the β3 
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and β1 strands in the RNP-1 and RNP-2 consensus sequences, respectively. Furthermore, the RNP-

1 and RNP-1 sequences are separated by approximately 30 amino acids (Chen et al. 2013). In 

addition, the two external β sheets, loops and C- and N- termini increases RNA-binding affinity 

and specificity in nucleotide sequence recognition (Chen et al. 2013). Among the shared 

characteristics of hnRNPs is the presence of repeated Arg-Gly-Gly tripeptides (referred to as RGG 

boxes), often occurring in sequence interspersed with aromatic amino acids. RGG may bind 

directly to RNA or indirectly through concomitant associations with other RNA-binding motifs. 

Also shared are auxiliary domains with enriched amino acid arrangements, i.e. glycine-rich or 

proline-rich. However, these enrichments tend to be more divergent among the hnRNPs, which 

makes characterizing these auxiliary domains more difficult. Previous research suggests auxiliary 

domain involvement in strand annealing, protein-protein interaction and nucleocytoplasmic 

localization (Biamonti & Riva 1994).  

 
 

Figure 2. The hnRNP Family. The hnRNPs are involved in all aspects of RNA metabolism45, 47 

and are capable of preventing RNA degradation and promote subsequent processing. Each hnRNP 

has a specialized role dictated by its specific RNA-protein or protein-protein interactions48. 

Through these interactions hnRNPs are capable of regulating gene expression, which is important 
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for stem cell self-renewal, differentiation and cortical development45. RRM: RNA Recognition 

Motif; qRRM: quasi RNA Recognition Motif; KH: K Homology; RGG: Arginine Glycine Glycine. 

 

Nuclear hnRNP Localization 

 Immunofluorescence microscopy has revealed that most of the hnRNPs show nucleoplasmic 

expression with a large proportion of signal derived from hnRNP protein that are bound to nascent 

RNA polymerase II transcripts and a smaller proportion of signal derived from hnRNPs that are 

either bound to RNAs at various stages of processing or to fully processed RNAs that have not yet 

been transported to the cytoplasm. To date, there is no evidence for free unbound hnRNPs in the 

nucleus however, immunoelectron microscopy studies show that hnRNPs mostly localize to 

perichromatin fibrils, a site known to have the greatest enrichment of heterogeneous nuclear RNAs 

(hnRNAs) (Jones et al. 1980). 

Nucleocytoplasmic Shuttling 

 While some hnRNPs are restricted to the nucleus, others are capable of shuttling between 

the nucleus and cytoplasm. In mitotic cells, the nuclear envelope breaks apart during the M-phase 

and hnRNP complexes scatter throughout the cell (Dreyfuss 1986) The hnRNP proteins are 

excluded from the region of condensed chromatin and remain cytoplasmic until mitosis is 

completed and the nuclear envelopes of the daughter cells reform. At this stage, the cytoplasmic 

hnRNP complexes break apart and individual hnRNP proteins return to the nucleus separately 

where they reassemble (Dreyfuss 1986). The separate return of hnRNP proteins to the nucleus 

reflect two separate means by which nuclear localization occurs: a transcription-independent 

process and transcription-dependent process. Inhibition of RNA polymerase II transcription results 

in the cytoplasmic accumulation of the transcription-dependent shuttling proteins (Dreyfuss 1986). 



 9 

Therefore, hnRNP protein can exist separately or in complexes, providing evidence for the 

dynamic character of hnRNPs and their complexes. This observation concludes that hnRNPs are 

not fixed in their structure and that rearrangements occur as a result of mRNA binding and 

transport.  

hnRNP Complexes 

 Most hnRNP proteins are able to interact with each other and these protein-protein 

interactions are an important characteristic of complex structure, however are not sufficient to hold 

them together in the absence of RNA. Individual hnRNPs in the nucleus will bind independently 

and differentially those RNAs to which they have higher affinity. However, since most hnRNP 

proteins are found in excess, cooperative interactions with the lower-affinity, sequence-

nonspecific binding of the hnRNP proteins allow additional binding sites on the RNA that would 

result in contiguous binding to form RNP complexes (Dreyfuss 1986). Furthermore, the complex 

of hnRNP proteins bound to a given hnRNA is determined in part, by the sequence of the RNA. 

In its entirety, the parameters that dictate RNA-protein interactions include: RNA sequence, the 

characteristic binding preferences of the hnRNP proteins, cooperative and competitive interactions 

between the hnRNPs for binding sites, the relative amounts of the hnRNP proteins and the amount 

of hnRNAs.  hnRNP complexes rearrange as they transport mRNA transcripts from the nucleus to 

the cytoplasm (Dreyfuss 1986).  

hnRNP Function 

The hnRNPs are involved in various steps of RNA processing including: transcriptional 

regulation, nucleocytoplasmic transport, RNA localization and translational regulation (Chen et al. 

2013; Han et al. 2010). Through their functions, hnRNPs prevent RNA degradation and promote 
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subsequent processing. Although the aforementioned functions are representative of the family as 

a whole, each hnRNP has a specialized role dictated by its specific RNA-protein or protein-protein 

interactions (Venables et al. 2008). Regardless, as regulators of gene expression, emerging 

evidence suggests that hnRNPs are important for stem cell self-renewal, differentiation and cortical 

development (Chen et al. 2013).  

hnRNP Q in self-renewal and cell differentiation in non-human organisms 

 Research on the classic hnRNPs is detailed and comprehensive, yet the same cannot 

be said for the lesser known and more recently identified hnRNPs. hnRNP Q, also referred to as 

Synaptotagmin-binding cytoplasmic RNA interacting protein (SYNCRIP) in non-mammalian 

organisms, falls into the latter category. SYNCRIP is a glycine-rich RNA binding protein with an 

acidic domain at the N terminus followed by three sets of RRMs and a RGG box. SYNCRIP 

exhibits tyrosine enrichment at the C terminus that mediates protein-protein interactions (Choi et 

al. 2004). As previously mentioned, Drosophila neuroblasts undergo asymmetric divisions that 

self-renew and differentiate to produce a post-mitotic GMC. GMCs behave similar to mammalian 

intermediate progenitors by dividing once more to produce two post-mitotic neurons (Jan & Jan 

2001; Chia et al. 2008). Asymmetric cell division and cell fate determination in Drosophila 

requires RNA expression to be spatially and temporally restricted. During division, mRNA 

transcripts are localized by way of hnRNP transport, among other RNA-binding proteins. hnRNP 

Q is essential for the posterior localization of oskar (osk) and gurken (grk) mRNAs during 

Drosophila oogenesis (Mcdermott et al. 2012). Localization of these transcripts establishes spatial 

restrictions that generate protein gradients necessary for asymmetric division. However, hnRNP 

Q may work synergistically and share target mRNAs with Stau, a known regulator of osk posterior 

localization, during transcript localization (Gavis 1997; Grunert & Johnston 1996). In addition to 
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localizing osk and grk, it has been postulated that hnRNP Q interacts with known translational 

repressors, Brain cytoplasmic RNA, 200nt (BC200), and IGF-II mRNA-Binding Protein (Imp), to 

provide further means in which to exert temporal restrictions that dictate cell fate in Drosophila 

neuroblasts (Duning et al. 2008).  

In mammals, hnRNPs are suggested to be involved in asymmetric NPC divisions because 

of their prevalence in the developing mouse brain  (Gong et al. 2003; Lein et al. 2007). In mice, 

hnRNP Q expression is perinuclear and cytoplasmic and found within granule cells, a type of 

neuron that resides in the external germinal layer and internal granular layer, similar to the SVZ 

and cortical plate in humans, respectively. In addition, it is present in β-actin mRNA transport 

granules and thus, only found in mouse molecular layers that contain migrating granule cells. As 

such, hnRNP Q functions as a distal mRNA trafficking protein via microtubule directed transport 

with kinesin motor proteins (Shan et al 2003; Bannai et al 2004). hnRNP Q is also a primary 

constituent of dendritically localized Stau1-containing RNP granules found in mammalian 

hippocampal neurons (Bannai et al. 2004). This finding reaffirms the suggestion that there may be 

some degree of overlap between Stau1 and hnRNP Q.  

 Although a preliminary spatiotemporal expression profile of hnRNP Q is offered, its role in 

mammalian NPC divisions and cortical development has not been previously characterized. 

Clarification of hnRNP Q’s role as it pertains to NPC self-renewal and differentiation, can be 

extrapolated from work done on its function in mice.  

Rationale 

 hnRNP Q’s involvement in mRNA regulation during mammalian NPC divisions both in 

vitro and in vivo has not been fully characterized. To date, our lab has used Western blotting as 
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well as immunofluorescence on tissue cultures and coronally sectioned embryonic brains to obtain 

an expression profile for hnRNP Q.  

 

Figure 3. Analysis of hnRNP Q expression in cortical lysates. The expression profile was 

obtained using Western blotting with rabbit hnRNP Q and mouse β-actin antibodies at 1:10,000 

and 1:30,000, respectively. Vessey Lab, unpublished. 

 

 

Figure 4. hnRNP Q is expressed by neural precursor cells and post-mitotic neurons in the 
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developing embryonic cortex. Primary cultures of cortical neurons and progenitor cells 

immunofluorescently stained for hnRNP Q and the precursor cell markers Sox2 and Nestin (A), 

or neuronal markers SatB2 and β-III-tubulin (B). E15 coronal sections immunofluorescently 

stained with Hoescht for nuclei, and with anti-hnRNP Q and either anti-Sox2 (C), or anti-β-III-

tubulin (D).  Vessey Lab, unpublished.  

 

The results from these experiments indicate that hnRNP Q displays both a nucleoplasmic 

and cytoplasmic distribution in both NPCs and neurons (Figure 4A and B), and is expressed 

throughout all levels of the developing cortex: VZ, SVZ and cortical plate (Figure 4C and D) 

during murine embryonic cortical development but not adulthood (Figure 3). In addition to an 

expression profile, our lab has completed in vitro overexpression and shRNA knockdown 

experiments of hnRNP Q, which provides a preliminary overexpression and knockdown 

phenotype. These experiments altered the NPCs proliferation profile in favour of self-renewal 

when hnRNP Q was both absent and overexpressed, lending support to its involvement during 

these divisions (Figures 5 and 6).  

 

Figure 5: in vitro shRNA knockdown of hnRNP Q in primary tissue culture. Cortical tissue 

was extracted at E12.5, dissociated, transfected with verified shRNAs and cultured for 3 days in 

vitro and immunofluorescently stained with antibodies against neural precursor marker, nestin, or 

neuronal marker, βIII-Tubulin. An increase in the percentage of NPCs in culture was observed 
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following transfection with verified shRNAs, accompanied by a proportional decrease in the 

number of neurons in culture (n=3).  

 

Figure 6: in vitro overexpression of hnRNP Q in primary tissue culture. Cortical tissue was 

extracted at E12.5, dissociated, transfected with hnRNP Q and cultured for 3 days in vitro and 

immunofluorescently stained with antibodies against neural precursor marker, nestin, or neuronal 

marker βIII-Tubulin. An increase in the percentage of NPCs in culture was observed following 

transfection with hnRNP Q, accompanied by a proportional decrease in the number of neurons in 

culture (n=3). 

 Although it is not yet clear why overexpression and knockdown of hnRNP Q leads to the 

same phenotypic profile, previous research has shown that overexpression of RNA-binding 

proteins involved in translational repression causes the formation of cytoplasmic stress granules 

that in turn, impairs translation (Mazroui et al. 2002; Gilks 2004; Kedersha et al. 2005). 

Interestingly, stress granules also impair translation initiation when knockdown of initiation 

factors occur (Mokas et al. 2009). Therefore, it is possible that regardless of the mechanism used 

to trigger stress granule formation, the resultant sequestration of proteins to stress granules causes 

the protein to become inactive and exhibit the same phenotype. 

My objective is to use a mouse model of human cortical development to investigate the 

role of hnRNP Q in mRNA regulation during in vivo mammalian NPC divisions. Here, co-
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immunoprecipitation (co-IP) and mass spectrometry will be used to test our hypothesis that hnRNP 

Q works synergistically with other proteins involved in alternative splicing, nuclear export and 

RNA localization, to exert spatial and temporal restrictions necessary for asymmetric NPC 

division. If true, I further hypothesize that knockdown of hnRNP Q in vivo will lead to proliferative 

changes in NPCs that exhibit a bias towards self-renewal and lead to a reduction in the generation 

of neurons and a mislocalization of those remaining.  

 

 

 

 

Figure 7. Hypothesis Model.  In the nucleus, pre-mRNA undergoes transcription and post-

transcriptional modifications, once RNA processing is complete, the mature mRNA will undergo 

nuclear export and enter the cytoplasm where, in association with shuttling proteins will be 

targeted to an intracellular site for localized protein translation. Along the way, RNA-binding 

proteins such as hnRNP Q, will assemble on mRNAs to assist in transcriptional regulation, 

Neural Precursor 

Cell 
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nucleocytoplasmic transport and translation.  

 

Chapter 2: MATERIALS AND METHODS 

Animals 

 Wildtype outbred CD1 mice (Charles River Laboratories, Sherbrooke, Quebec) were chosen 

to carry out this research as they are less susceptible to impairments of the developing cortex that 

may arise as a result of inbreeding, and for their large litter sizes that yield copious amounts of 

cortical tissue, which minimizes the number of animals sacrificed (Aldinger, Sokoloff, Rosenberg, 

Palmer, & Millen, 2009). The mice were housed at the University of Guelph Central Animal 

Facility until needed. The guidelines set forth by the Canadian Council on Animal Care were 

adhered to during housing experimentation.  

  

Figure 8. Timeline depicting murine embryogenesis. Neurogenesis begins at embryonic day (E) 

12, peaks at E15, and a signal switch initiates gliogenesis between E17-E18. Cortical tissue was 

extracted at E15, correlating with mid-neurogenesis and used for co-immunoprecipitation 

experiments to determine hnRNP Q protein interactors. Figure generated by Dr. John Vessey and 

Kathryn Reynolds. 

Cortical tissue was dissected and prepared for a number of experimental procedures 

including: leptomycin B treatment and immunohistochemistry, Western blotting and co-

immunoprecipitation. For immunohistochemistry, cortical tissue was extracted at E12, treated with 

Leptomycin B at E12 + 2DIV, then fixed and stained for hnRNP Q localization visualization. For 
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Western blotting, lysates were prepared at different developmental timepoints from PD1 through 

to PD9 to determine hnRNP Q expression during the immediate postnatal period. Finally, E15 

cortical tissue was extracted to assess hnRNP Q protein interactors at mid-neurogenesis via co-

immunoprecipitation. Mouse cortical development relies on a neurogenic period that closely 

mimics what occurs during human cortical development.  

Western blotting  

Cortical tissue was collected from CD1 mice aged PD1-PD9 (see tissue culture for 

dissection procedure) and manually homogenized in ice-cold lysis buffer (7 mL 1X brain 

extraction buffer, composed of 25 mM HEPES pH 7.3; 150 mM KCl; 8% glycerol; 0.1% NP-40 

in milliQ H2O (Sigma Aldrich) and 1 protease inhibitor tablet (Protease Inhibitor Mini Tablets, 

Thermo Scientific Pierce)) at a ratio of 6 hemispheres per 1 mL lysis buffer using a glass dounce 

(Wheaton). The resulting mixture was centrifuged to separate protein lysate from pelleted debris 

(10 min, 10 000 rpm, 4ºC). Following centrifugation, protein concentration was quantified in 

triplicate using a Micro BCA Protein Assay kit (Thermo Scientific Pierce). 5X stock sample buffer 

(2M Tris pH 6.8, glycerol, SDS, pyronin Y, β-mercaptoethanol; Sigma Aldrich) was added to 

lysate for a final concentration of 1X and boiled at 95 ºC for 10 min prior to storage at -80ºC.  

Lysates from ages PD1 to PD9 were used to obtain a postnatal expression profile of hnRNP 

Q. Lysates were run on 10% resolving, 4% stacking SDS-PAGE gels, wet transferred to 

nitrocellulose membranes (BioRad), and blocked using 5% BSA (sigma Aldrich) in 1X TBST 

(Sigma Aldrich). Blots were cut at approximately 52 kDa such that hnRNP Q (Sigma, HPA041275, 

1:10000) and ERK1/2 (loading control; Ab17942) could be probed for simultaneously, overnight 

at 4 ºC. The next day, primary antibody was removed and followed by 3x 5 min washes in 1X 
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TBST prior to secondary antibody incubation, horseradish peroxidase (BioRad) for 1h. Again, the 

blot was washed 3x 5 min in 1X TBST, and treated with enhanced chemiluminescence (ECL 

Prime, GE Healthcare) and developed on film (Clinicselect blue X-ray film, Carestream, SRX-

101A developer, Konica Minolta).  

Cell culture  

Mice pregnant at E12 were euthanized with CO2 (4L/min; Linde), the abdomen was 

sterilized with 70% ethanol and embryos were dissected in a sterile hood (heraGuard Eco, Thermo 

Fisher). To dissect, a bilateral transverse incision was made through the skin and abdominal wall 

such that the uterine horns could be removed. The uterine horns were placed in a 10 cm petri dish 

(Corning) containing 1X PBS pH 7.4 (Life Technologies) and individual uterine sacs were 

punctured using 45° angled forceps (Fine Science Tools) allowing for embryo removal and 

placement into individual petri dishes containing 1X PBS. Under the microscope (Nikon SMZ 

745T), 21G needles (PrecisionGlide, BD) were used to puncture through the eye sockets to attach 

the embryonic heads to the surface of the dish for stable dissection. The skin, skull and meninges 

were removed using 45° angled forceps. The cerebral hemispheres were collected and placed in 

primary culture media on ice for tissue culture preparation. The lateral and medial inhibitory 

ganglionic eminences were avoided during dissection.  

24h previous to dissection, 12 mm German glass coverslips (Electron Microscopy 

Sciences) were dipped in 95% ethanol, sterilized by flame, and placed in 24-well plates (Nuclon 

Delta Surface, Thermo Fisher). Coverslips were coated with 4% laminin (Corning) and 2% poly-

D-lysine (Sigma Aldrich) in sterile water (GE Healthcare), and incubated (37⁰C, 5% CO2; 

FORMA Series II Water Jacket CO2 Incubator, Thermo Scientific) for 24h. Just prior to dissection, 
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the coverslips were washed 2x with sterile water and incubated for 2h in supplemented neural stem 

cell media (NeuroCult primary culture media plus 10% neural stem cell proliferation supplement, 

0.2% 10 μg/mL EGF, 0.1% 10 μg/mL FGF, and 1% penicillin/streptomycin (Sigma Aldrich); 

StemCell Technologies). Cortical tissue was plated at a concentration of 175 000 cells/well, in 1 

mL primary culture media, and incubated for 2 days (37⁰C, 5% CO2, FORMA Series II Water 

Jacket CO2 Incubator, Thermo Scientific).  

Leptomycin B 

E12 cortical cells were cultured and left for 2d in vitro (37⁰C, 5% CO2; FORMA Series II 

Water Jacket CO2 Incubator, Thermo Scientific). During this time, cortical cells in vitro will 

recapitulate the differentiation pattern as would happen in vivo such that at E12 + 2DIV, cells are 

a mixture of NPCs, intermediate progenitors, and neurons. It has been previously shown that 

addition of leptomycin B (LMB) inhibits export protein Exportin 1, and as a result, nuclear export 

is blocked (Kudo et al., 1999). Therefore, 120 nM LMB (Sigma) dissolved in 70% methanol:30% 

dH2O, and a vehicle (70% methanol in dH2O), was added to cells in primary culture media 

(NeuroCult primary culture media plus 10% neural stem cell proliferation supplement, 0.2% 10 

μg/mL EGF, 0.1% 10 μg/mL FGF, and 1% penicillin/streptomycin (Sigma Aldrich); StemCell 

Technologies) for 15h.  

In utero electroporation  

 To expand on in vitro knockdown findings, hnRNP Q knockdown was repeated in vivo 

using in utero electroporation (thanks to Sarah Burns, SickKids, Toronto). A Kanamycin-resistant 

hnRNP Q-specific shRNA (AAGACGGCGCATTGGCAGTGCTTCAACAG; Origene) or a 29-

mer scrambled control shRNA (ORIgene), was mixed with nGFP for a final ratio of 3 µg shRNA:1 
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µg nGFP to maximize shRNA delivery. The separate mixtures were then mixed with 0.05% 

Trypan Blue dye (Sigma Aldrich) and diluted in dH2O to visualize delivery in the ventricle. These 

mixtures were then preloaded into a glass capillary micropipette. Timed E13 CD1 pregnant mice 

(Charles River Laboratories, Sherbrooke, Quebec) were anesthetized with isoflurane (1.5%-2%, 

Baxter Corporation) plus O2 (0.8L) and N2O (1.2L). A midline abdominal incision exposed the 

uterine sacs and each embryo in turn, was treated as follows: using the pre-loaded capillary, a 

puncture was made through the uterus, the yolk sac and the developing cortical wall to access a 

single lateral ventricle for shRNA injection. Meanwhile, the opposing lateral ventricle of the same 

embryo was left untreated and therefore, served as a control. Electroporation was carried out using 

electrodes placed outside of the uterus on both sides of the embryo head, and five 40 ms pulses at 

50 volts at 950 ms intervals were applied. Applying an electrical pulse causes the ventricle-injected 

DNA vectors to enter the cells that line the ventricle. Finally, the uterine horns were placed back 

into the abdominal cavity and the abdominal wall and skin were sutured separately. The mother 

recieved a subcutaneous injection of an analgesic (0.05-0.1 mg/kg Anafen Ketoprofen, Merial) for 

recovery. The embryos developed for 3d in vivo prior to removal and dissection. The E16 brains 

were dissected and fixed in 4% paraformaldehyde (PFA) (Electron Microscopy Sciences) at 4°C 

for 24h prior to dehydration in 30% sucrose (Sigma Aldrich) in HBSS (Thermo Fisher) at 4°C for 

24h. Finally, the brains were placed in Optimal Cutting Temperature compound (OCT) embedding 

media (Tissue – Tek) and stored at -80°C until frozen and ready for sectioning. Due to low 

vasculature in embryonic brains and post-dissection fixing, perfusion was not necessary. Using a 

cryostat, coronal sections, 16 µm in thickness, were made at -20°C (Leica CM1860 cyostat) and 

mounted onto gelatin-coated (0.5% gelatin and 0.05% chromium potassium sulphate in dH2O, 
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Sigma Aldrich) microscope slides (Selectfrost, Thermo Fisher).  The slices were stored at -80°C 

until needed for immunohistochemistry.  

Immunocytochemistry and immunohistochemistry  

Following 2d in vitro, E14.5 primary cultures were fixed with 4% paraformaldehyde 

(Electron Microscopy Sciences) diluted in HBSS (Thermo Fisher), then permeabilized in 0.2% 

Nonidet P-40 in HBSS (Sigma Aldrich). Fixed cultures were blocked in 5% BSA (Sigma Aldrich) 

and 6% Normal Goat Serum (Jackson ImmunoResearch) in HBSS (Thermo Fisher), and co-stained 

in half block for 2h with antibodies specific to i) hnRNP Q and ii) nestin NPC marker (R&D 

Systems, MAB2736, 1:250 dilution). Fluorescent secondary antibodies used include Alexa Fluor 

anti-mouse and anti-rabbit 488 and 555 (Life Technologies, 1:1000 dilution in half block, 1h), and 

were followed by nuclear stain Hoechst (Sigma Aldrich, 33258, 1:2000 dilution in HBSS, 2min). 

Coverslips were mounted onto microscope slides (Selectfrost, Thermo Fisher) using Permafluor 

mounting agent (Thermo Fisher) and allowed to dry for 24h prior to imaging.  

Cryosectioned E16 in utero electroporated brains (see In utero electroporation for 

preparation) were stained with anti-GFP primary antibody and Hoechst nuclear stain to visualize 

the cortical layer localization of GFP-positive cells. Primary and secondary antibodies were 

prepared as described above. Cryosections were processed in the same manner as primary cultures, 

with a modified block comprised of 4% BSA (Sigma Aldrich), 6% Normal Goat Serum (Kackson 

ImmunoREsearch), 0.3% Triton X (Sigma Aldrich) in 1X PBS pH 7 (Life Technologies).  
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Microscopy and quantification  

Epifluorescent light microscopy (Zeiss Axio Observer Z.1) was employed to assess hnRNP 

Q localization in LMB treated cultures. Representative images of hnRNP Q/Nestin co-stains were 

taken at 63x magnification (Hamamatsu ORCA-Flash 4.0LT C11440 camera) with the apotome 

enabled (Zeiss Apotome.2) minimizing background signal.  

To analyze in vivo knockdown and the cortical localization patterns of GFP-positive cells, 

images of E16 electroporated cortices spanning the VZ, SVZ and CP were taken. Borders between 

each cortical layer were drawn in ImageJ using observable changes in nuclear density visible via 

Hoescht nuclear stain (National Institutes of Health). GFP-positive cells present in each cortical 

layer were counted, and averaged with counts obtained from all electroporated slices per cortex, 

n=3 cortices per 1 replicate completed.  

Neural Precursor Cell Isolation 

To isolate NPCs for use in biochemical experiments, the embryonic skin, skull and 

meninges are removed under the microscope to reveal the underlying cortex. Excitatory cortical 

tissue is targeted for excision while avoiding the inhibitory ganglionic eminences. The collected 

E15 cortical tissue is prepared for future co-immunoprecipitation by manual dissociation in ice-

cold Nature Lysis Buffer (0.02% NaCl, 0.005% NP-40, 0.02% Tris pH 6.8, 0.005% MgCl2, 

0.005% NaF, 0.005% sodium orthovanadate in 8 mL dH2O + 1 protease inhibitor tablet) prior to 

microcentrifugation at 10 000 rpm for 10 minutes. The prepared lysate is then stored at -80 °C 

until use.  

Co-immunoprecipitation  
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 Previously prepared E15 cortical lysate was diluted to a final volume of 1 mL using Nature 

Lysis buffer and hnRNP Q (Sigma, HPA041275) antibody, as well as rabbit immunoglobulin G 

(IgG, Santa Cruz, sc-2027) as a control was added for a final concentration of 2 µg/mL. Overnight 

incubation at 4°C lasted 20h, at which time 50 µL of magnetic protein A dynabeads (Life 

Technologies), pre-washed with 1X TBS, was added to each tube of antibody-incubated lysate for 

30 min such that the co-immunoprecipitation (Co-IP) reaction could occur. Following the 30m 

reaction, the lysate was decanted using a magnet and discarded.  The protein A beads were then 

washed twice with 1X TBS prior to the addition of 5X stock sample buffer (2M Tris pH 6.8, 

glycerol, SDS, pyronin Y, β-mercaptoethanol; Sigma Aldrich) for a final concentration of 1X and 

boiled at 95 ºC for 90s prior to storage at -20ºC.  

Silver Stain 

 The isolated proteins and protein interactors were subsequently separated by SDS-PAGE 

and the resulting gel was fixed in 5% methanol: acetic acid (Thermo Fisher) solution, and 

background staining was reduced by incubating the gel overnight in dH2O. The next day, the gel 

was sensitized using sodium thiosulfate solution for 2 mins and washed twice for 30s with dH2O. 

Next, silver nitrate solution was added for 30min, washed twice with dH2O, and developed using 

0.01% formaldehyde in 2% sodium carbonate solution until a desired level of protein visualization 

had occurred. The gel was washed twice in 1% acetic acid and stored in fresh 1% acetic acid at 

4°C until in-gel digestion for mass spectrometry.  

In-gel tryptic digestion  

 Bands visible on polyacrylamide gels as a result of silver staining and are present in the 

hnRNP Q co-IP lane but not in the control IgG co-IP lane were deemed of interest and thus targeted 
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for excision. Following band excision, the protein-containing gel pieces were destained using a 

1:1 solution of 30 mM potassium ferricyanide (Sigma Aldrich) and 100 mM sodium thiosulfate 

(Sigma) for 20 minutes in the dark. The supernatant was removed and washed in dH2O with 

periodic vortexing until colourless. Once destained, in-gel digestion occurred as follows. 100% 

acetonitrile (ACN) (SAFC) was added to the gel pieces and incubated for 2 mins and 5 mins, 

respectively, until gel pieces were shrunken and opaque. The gel pieces were then centrifuged and 

the ACN was removed, at which time 10 mM dithiothreitol (DTT) (MBI Fermentas) was added 

and incubated for 30 minutes at 50°C. Alkylation occurred via the addition of 55 mM 

iodoacetamide (Sigma) for 30 mins at room temperature, in the dark. Following alkylation, the gel 

pieces were centrifuged and washed with 50 mM ammonium bicarbonate (Fisher) for 15 mins with 

occasional vortexing. The gel pieces were once again shrunken by the addition of 100% ACN for 

2 mins and 5 mins, respectively. The gel particles were then dried on the Speedvac for 20 minutes. 

After drying, trypsin (Promega) in 50 mM ammonium bicarbonate (Sigma) solution was added to 

the gel pieces and rehydration occurred overnight at room temperature.  

 The following day, 50 µL of dH2O was added to the gel pieces and digest, prior to vortexing, 

centrifugation and water bath sonication for 10 minutes. The digest from each from each tube was 

then transferred to a new labelled, siliconized tube. To the gel pieces in the original tubes, 75 µL 

of 5% formic acid (FA) (Fisher) in 50% ACN was added prior to vortexing, centrifugation and 

sonication for 5 minutes. The digest from this first organic extraction was removed from the tubes 

and added to the newly labelled tubes containing the supernatant from the first digestion. The 

organic extraction step was repeated once more and the supernatant from this step was added to 

the digest from the previous two steps. The digest volume was then reduced to 10-15 µL on the 

SpeedVac and analyzed by mass spectrometry. Peptide mass is determined and matched to a 
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peptide database to determine protein identity.  

If a protein is consistently identified to be a part of the hnRNP Q complex by way of co-

immunoprecipitation and Mass Spectrometry, the simultaneous hnRNP Q and IgG co-IPs will be 

repeated and protein interactors will be probed for on a Western Blot (see Western Blotting) to 

reduce the probability of false-positives due to non-specific binding.   

CHAPTER 3: RESULTS 

hnRNP Q is expressed into the immediate postnatal period 

Due to low hnRNP Q expression found in adult cortical tissue, as evidenced by Fig. 3, a 

postnatal expression profile was obtained to determine if hnRNP Q expression gradually tapers off 

or if it stops abruptly. Determining the point at which hnRNP Q expression is down-regulated 

during the postnatal period could provide insight into its function. As a result, cortical lysates from 

E19, P1-P9 and adult underwent Western blotting and were probed with anti-hnRNP Q (1:10000) 

as well as β-actin (1:500000) as a loading control (Figure 9).  

 

Figure 9: Analysis of hnRNP Q expression in cortical lysates. Western blot analysis of hnRNP 

Q (1:10000) expression in cortical protein lysates from embryonic day 19 (E19), different postnatal 

timepoints (P1-P9), and adult using ERK1/2 (1:2000) as a loading control. 

 

Expression is uniform from E19 through to P9 with expression entirely absent in adult 

lysates. Due to the limitations of our AUP protocol that dictates postnatal mice can only be kept 
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until P9, the question of whether or not low hnRNP expression in adult lysates is due to a gradual 

decline or an abrupt stop could not be determined.  However, the uniform expression of hnRNP Q 

throughout embryonic development suggests that it may be important for neurogenesis. Since 

asymmetric cell divisions rely heavily on localized transcripts that act as cell fate determinants, 

the next step was to determine whether hnRNP Q binds these RNA transcripts solely or work 

synergistically with other proteins towards localization.  

hnRNP Q forms three complexes: nuclear, nucleocytoplasmic, and cytoplasmic  

To address this question, two co-immunoprecipitation reactions occurred side by side, each 

utilizing E15 cortical lysate and incubated overnight at 4°C with anti-hnRNP Q (2 µg/mL) and 

anti-IgG (2 µg/mL) as a control. The resultant samples, along with a 25 µg input, were run on 

polyacrylamide gels for gel electrophoresis, fixed and silver stained. Bands that appeared in the 

hnRNP co-IP lane but not in the IgG lane were targeted for excision, underwent in-gel tryptic 

digestion and were analyzed by Mass Spectrometry. Proteins with a peptide count of ≥3 and found 

in all three replicates were considered a viable target and thus, included in the final characterization 

of the hnRNP Q complex (Table 1). The hnRNP Q complex is dynamic in its composition and 

thus, changes along with subcellular location and stage of RNA processing. As a result, three 

unique complexes emerged: nuclear, nucleocytoplasmic and cytoplasmic. The nuclear complex 

consisted of hnRNP K, hnRNP M, hnRNP C1/C2, hnRNP F, and DDX5. The nucleocytoplasmic 

complex consisted of ZBP1, IF2B3, PABP1, EF1a1, and hnRNP A/B. The cytoplasmic complex 

consisted of YB1, IMP2, hnRNP D, Elavl2, and Elavl4.  
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Table 1. E15 cortical lysate was incubated with anti-hnRNP Q and anti-IgG (control) overnight 

prior to the addition of Protein A dynabeads for co-immunoprecipitation. Using gel 

electrophoresis, proteins were seperated based on size, fixed, and silver stained for band 

visualization. (A) Silver stain  of hnRNP Q Co-IP (left), IgG control (middle), and E15 cortical 

lysate input (right) that underwent band excision, and in-gel tryptic digestion. (B) Table of hnRNP 

Q protein interactors following co-immunoprecipitation, silver staining, and in-gel tryptic 

digestion analyzed by mass spectrometry and categorized based on subcellular localization.  

To further verify complex composition, the two co-IP reactions were repeated and followed 

by Western blotting. The blots were probed for protein interactors, hnRNP K (1:250) and hnRNP 

M (1:2000). hnRNP K and hnRNP M bands were observed at 52 kDa and 72 kDa, respectively 

(Figure 10).  

  

Figure 10. Verification of hnRNP Q protein interactors by way of co-immunoprecipitation 

and Western blotting. Co-immunoprecipitation of hnRNP Q was followed up with a Western 

blot, which probed for hnRNP K and hnRNP M, respectively. (A) Western blot probed with anti-

hnRNP K (1:250) verifying it as a protein interactor when hnRNP Q is isolated from solution. (B) 

Western blot probed with anti-hnRNP M (1:2000) also verifying it as a protein interactor when 

hnRNP Q is isolated from solution. 
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Leptomycin B inhibits nuclear export 

 To determine whether hnRNP Q undergoes nuclear/cytoplasmic shuttling in NPCs, E13 

cultured cortical cells were treated with nuclear export inhibitor, leptomycin B (LMB) and 

subsequently co-stained with hnRNP Q and Nestin. While hnRNP Q expression is predominantly 

nucleocytoplasmic in vehicle-treated Nestin+ NPCs, upon treatment with 120 nM LMB, expression 

shifted to display nucleocytoplasmic but also nuclear expression profiles (Figure 11). To quantify 

this shift in expression, Nestin+ NPCs were categorized as either predominantly cytoplasmic, 

nucleocytoplasmic, or predominantly nuclear. As a result, there was a shift in hnRNP Q’s 

expression from predominantly nucleocytoplasmic (85%) to both nucleocytoplasmic (60%) and 

nuclear (40%) expression.   In addition, there were no significant changes in NPCs as a result of 

leptomycin B treatment. 

    

Figure 11. Leptomycin drug treatment inhibits nuclear export and alters hnRNP Q 

subcellular localization. E13 cultured neural precursor cell were treated with either a vehicle 

control or 120 nM leptomycin B and immunofluorescently stained with anti-hnRNP Q and nestin 

to determine localization changes as a result of leptomycin B treatment. Representative images of 

nuclear, cytoplasmic and nucleocytoplasmic localization taken from leptomycin B treated cells.  
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In vivo knockdown of hnRNP Q increased GFP+ cells in the VZ 

 To expand on in vitro hnRNP Q knockdown findings that show a preference towards self-

renewal in place of differentiation, hnRNP Q was knocked down in vivo via in utero 

electroporation (Figure 12). hnRNP Q- specific shRNA and control shRNA vectors along with 

nGFP were injected into the lateral ventricles of E13 mice. 3d post-electroporation, coronal 

sections were analyzed for GFP localization. Analysis showed changes in the distribution of GFP-

positive cells between cortical layers, with a bias towards cells found in the VZ/SVZ. A 

proportionate decrease was observed in GFP-positive cells in the IZ and CP. These findings have 

not yet been deemed statistically significant as two more replicates still need to be completed.  

 

Figure 12. In vivo knockdown of hnRNP Q reveals changes in the ratio of cells present in 

each of the cortical zones. Live E13 embryos were electroporated with sh-Q + nGFP, removed 

after 3 days in vivo and stained for GFP and Hoescht. Quantification revealed an increase in GFP+ 

cells in the ventricular and subventricular zone (VZ/SVZ) with a decrease in GFP+ cells in the 

intermediate zone (IZ) and the cortical plate (CP).  

 

 

CHAPTER 4: DISCUSSION 

 

 

hnRNP Q is present throughout embryonic development and the cortical layers in both 

NPCs and in newly formed neurons. hnRNP Q expression persists until PD9 before tapering off 



 30 

such that it is altogether absent in 3 month CD1 mice. When hnRNP Q expression is knocked 

down in vitro, a bias towards self-renewal in lieu of differentiation is observed. This phenotype 

persists following in vivo knockdown of hnRNP Q via in utero electroporation. Finally, as 

evidenced by leptomycin B and co-immunoprecipitation experiments, hnRNP Q is a shuttling 

protein able to form unique complexes in the nucleus and cytoplasm, all of which are necessary 

for RNA processing. These results indicate that hnRNP Q is important for regulating the 

asymmetric cell divisions of NPCs.  

Based on the co-immunoprecipitation results, I postulate the following: hnRNP Q, along 

with hnRNP K, hnRNP F, hnRNP C1/C2, hnRNP M and DDX5, assemble to form a complex in 

the presence of pre-mRNAs that are targeted for further RNA processing (i.e. alternative splicing), 

as protein-protein interactions alone are not sufficient for complex formation (Dreyfuss 1986). 

During proliferation, the nuclear envelope disassembles such that the proteins and bound 

transcripts contained in the nucleus are scattered in the post-mitotic NPC (Dreyfuss 1986). hnRNP 

Q once in the cytoplasm, forms two more complexes, one deemed nucleocytoplasmic for the 

ability of proteins present to shuttle between the nucleus and cytoplasm. This complex consists of 

ZBP1, IF2B3, PABP1, EF21a1, and hnRNP A/B. The strictly cytoplasmic complex, in addition to 

hnRNP Q, consists of hnRNP D, IMP2, Elavl2, Elavl4 and YB1. Both the nucleocytoplasmic and 

cytoplasmic complexes function to package mRNAs into mRNP granules necessary for storage, 

transport, and localized translation. Finally, the nuclear envelope reforms in the post-mitotic NPC 

and those proteins that have a nuclear localization signal will return to the nucleus and repeat this 

process that underlines asymmetric neural precursor cell divisions.  

The co-immunoprecipitation of hnRNP Q and analysis of by mass spectrometry indicates 

hnRNP Q works synergistically with other proteins to carry out its role in RNA processing and 
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asymmetric cell divisions overall. Composition of the hnRNP Q complex changes based on 

subcellular location as does its role, which can be extrapolated from the known function of its 

protein interactors. For example, hnRNP K and DDX5 are both protein interactors of hnRNP Q as 

well as cofactors that activate p53 mediated transcription in response to DNA damage (Moumen, 

Magill, Dry & Jackson, 2013). Therefore, where hnRNP Q is found in complex with these proteins, 

it might also be involved in this response. Furthermore, long intergenic RNA-p21, is mediated 

through its interaction with hnRNP K, and serves as a transcriptional repressor itself and recruits 

hnRNP K as a repressor in p53-dependent transcriptional responses. This interaction is necessary 

for proper localization of hnRNP K at the site of previously active genes and regulates p53 

mediated apoptosis (Huarte et al., 2010). DDX5, also found to be in association with hnRNP Q in 

the nucleus, is important for the regulation of pre-mRNA splicing. Specifically, its RNA helicase 

activity is necessary for binding to tau pre-mRNA in the stem loop region downstream of exon 10 

and increasing its inclusion (Kar et al., 2011). Independent of its function as a RNA helicase, 

DDX5 is also involved in transcriptional regulation as it is a coactivator of RUNX2, necessary for 

osteoblast differentiation regulation (Jensen et al., 2008). hnRNP F, a nuclear protein interactor of 

hnRNP Q, provides the substrate that binds and underlies the processing events (i.e. alternative 

splicing) that G-rich pre-mRNAs undergo before becoming functional, translatable mRNAs in the 

cytoplasm (Dominguez et al., 2010). Finally, where hnRNP Q is found interacting with nuclear 

hnRNP M, a pre-mRNA binding protein that due to previous work done in the lab, may be involved 

in alternative splicing, and as such, hnRNP Q might also be important in these events.  

Those protein interactors deemed nucleocytoplasmic in localization include ZBP1, IF2B3, 

PABP1, EF21a1, and hnRNP A/B (Table 1). In response to viral, bacterial, or host origin DNA 

vectors, ZBP1 plays a role in host inflammatory response. hnRNP Q interacts with (Insulin-like 
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growth factor 2 mRNA-binding protein 3 (IF2B3), known to bind beta-actin, ACTB, and MYC 

transcripts to recruit them to cytoplasmic protein-RNA complexes, allowing for mRNA transport 

and transient storage (Liao et al., 2005). Poly-adenylate binding protein 1, (PABP1), also a 

member of the hnRNP Q complex, exerts these same influences when found in an IGF2B1-

dependent mRNP granule that contains untranslated mRNA transcripts (Afonina et al., 1998).  

Also contained in the hnRNP mRNP complex is EF1a1, a protein which promotes the GTP-

dependent binding of aminoacyl-tRNA to the A-site of ribosomes during translation (Maruyama 

et al., 2007). Finally, contained within the nucleocytoplasmic complex is hnRNP A/B, a protein 

that interacts with nascent pre-mRNAs and packages them into hnRNP particles. These particles 

serve to condense and stabilize the transcripts. hnRNP A/B has the ability to form particles with 

all 20 hnRNP family members to transport them within the cytoplasm in neurons (Munro et al., 

1999). Isoforms A2/B1, specifically found in the hnRNP Q complex, are abundant in Purkinje 

cells and less so in neighbouring glial cells.  

hnRNP Q, hnRNP D, IMP2, Elavl2, Elavl4 and YB1 compose the cytoplasmic mRNP 

complex (Table 1). hnRNP D binds with high affinity to RNA transcripts that have AU-rich 

elements in the 3’UTR. Furthermore, they are localized in cytoplasmic mRNP granules that 

contain untranslated mRNAs that may be involved in translationally coupled mRNA turnover 

(Grosset et al., 2000). IMP2, much like IF2B3, is a RNA-binding factor that packages target 

transcripts into cytoplasmic protein-RNA complexes which allows for mRNA transport and 

transient storage (Nielsen et al., 1999). Finally, YB1 is predominantly found in cytoplasmic 

mRNPs in proliferating cells shuttling untranslated mRNAs between the nucleus and cytoplasm 

(Salleron et al. 2014). Elavl2 is an RNA-binding protein that can bind to its own 3’UTR, the FOS 

3’UTR and the ID 3’UTR and recognizes GAAA motifs. Elavl4, on the other hand, may play a 
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role in neuron-specific RNA processing in that it is able to protect CDKN1A mRNA from decay 

by binding to its 3’UTR and has an affinity for AU-rich sequences of target mRNAs that include 

VEGF and FOS mRNA (King, P.H., 2000). Finally, YB1, in response to stress, localizes in stress 

granules and as a protein interactor of hnRNP Q, may be the reason in vitro knockdown and 

overexpression of hnRNP Q leads to the same phenotype, that is, a bias towards self-renewal.  

Roles in Neurodevelopmental Disorders and Neurodegenerative Diseases  

 Autism spectrum disorder is a neurodevelopmental syndrome characterized by deficits in 

communication, social reciprocity and unusual, repetitive behaviours (American Psychiatric 

Association, 2004). Also, autism is a heterogeneous condition; each case different from the next, 

despite behavioural characteristics falling into consistent and measurable domains.  In a patient 

with severe nonsyndromic intellectual disability (ID), a heterozygous 4.96 Mb loss at 6q14.1-q15 

(chromosome 6: 83,648,997-88,613,065 bp; hg19) included 31 genes, amongst which was hnRNP 

Q, while in another patient, a de novo 23 kb 6q14.3 microdeletion included hnRNP Q and led to 

autism, severe intellectual disability, absence of language, one seizure event, macrocephaly and 

long and narrow hands and feet (Pinto et al, 2014). However, further evidence is required to 

determine hnRNP Q deletions causal for ID and autism as another study found hnRNP Q to be 

affected by de novo CNVs as well as LoF de novo SNVs in ID. Closely related to autism and ID, 

Elavl2, a protein interactor of hnRNP Q, has been found associated with schizophrenia.  

Elavl2 is first expressed in early neuronal progenitor cells throughout embryo 

corticogenesis, while its protein is uniquely expressed in a subset of neurons in the adult 

hippocampus and in intermediate basal progenitor cells of the subventricular zone (Okano and 

Darnell, 1997, Ohtsuka et al., 2015). Elavl2 is associated with schizophrenia and is particularly 
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implicated in Asian populations. The SNP site is found located in the non-coding first intron, and 

is likely to contain regulatory elements that are shared with c-fos, MYC, and STAT3 binding sites. 

This suggests that Elavl2 transcription is controlled via transcription factor binding to this element 

at a steady state level or in an activity-dependent manner. In mice, an acute reduction in Elavl2 

protein in CA3 pyramidal neurons after kainic acid stimulation was observed, suggesting that 

Elavl2 expression is controlled by neuronal activity. However, future research is required to 

determine the downstream consequences of Elavl2 regulation as it might be associated with higher-

order cognitive malfunctioning in schizophrenia. 

Elavl4 null mice have been generated, and are viable into adulthood despite displaying 

neurological defects and decreased proliferative activity in neural progenitor cells. Therefore, this 

model has previously been used to study dendritogenesis in the adult hippocampus and neocortex, 

which found that in Elavl4-deficient brains, dendritogenesis is affected in the CA3 pyramidal 

neurons of the hippocampus and lower neocortical layer, but not in the upper neocortical layers 

(Akamatsu et al., 2015). This suggests that Elavl4 only functions in the dendritogenesis of specific 

neuronal subtypes. Furthermore, Elavl4 mediates the regulation of many transcripts related to 

diseases that control neuronal maturation and function in the brain. A recent study found that 

Elavl4 binds to mRNAs linked to Alzheimer’s disease (AD) pathogenesis, mainly APP3’UTR, 

BACE1’UTR and antisense RNA of BACE1, and by so doing, enhances the production of Aβ 

proteins (Kang et al., 2014). This mechanism of Elavl4-dependent Aβ protein production is 

consistent with the upregulation of aforementioned transcripts in AD patients. Finally, Elavl4 is 

implicated as a susceptibility gene for Parkinson’s Disease (PD), however, its connection to PD is 

unclear and will need further study in the future.   
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The circadian rhythm is regulated by clock genes and is often disturbed in patients with 

schizophrenia. There is a molecular feedback loop in which BMAL1 and CLOCK act as 

transcriptional regulators of the period homologue 1 (PER1), PER2, PER3 and cryptochrome 1 

(CRY1) and CRY2 genes. PER1, PER2, PER3, CRY1 and CRY2 proteins form a complex and 

enter the nucleus to impede the BMAL-1 and CLOCK-mediated transcription. The complex 

therefore represses the transcription of its own genes (Wulff et al. 2010). The expression of PER1 

is regulated by the rhythmic translation of Per1 and its translation is controlled by an internal 

ribosome entry sites (IRES) element in the 5’ untranslated region. hnRNP Q is capable of 

mediating IRES-dependent translation of Per1 to contribute to rhythmic circadian control (Lee et 

al. 2011). Treatment for schizophrenia relies on the modulation of serotonin-mediated synaptic 

signaling and more specifically on the rhythmic translation of serotonin N-acteyltransferase 

(arylkylamine N-acteyltransferase [AANAT] protein. Similar to Per1, hnRNP Q is able to bind to 

the IRES element in the 5’ UTR of AANAT mRNA and ensure a nocturnal peak in protein 

expression further contributing to the establishment and maintenance of circadian rhythms (Kim 

et al. 2007).  

CHAPTER FIVE: FUTURE DIRECTIONS  

In utero electroporation to determine cell type 

In the future, costains with anti-GFP and either a(n) NPC, intermediate progenitor or 

neuronal marker (Sox2, Tbr2 and βIII-Tubulin) will follow in utero electroporation to determine 

whether the observed phenotype is the result of a change in asymmetric NPC divisions and 

therefore, a change in the ratio of NPCs: neurons produced, or whether neuronal migration 

through the cortical layers is impaired. Therefore, E13 embryos, electroporated in a single lateral 

ventricle with 3 μg shRNA: 1 μg nGFP and allowed to develop in vivo for 3d, will be extracted, 
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fixed, and stained. The number of GFP-positive cells in each cortical region will be counted and 

cell type will be determined. It is hypothesized that, similar to in vitro knockdown experiments, a 

higher proportion of NPCs will be present in knockdown brains than in controls, at the expense 

of intermediate progenitor and neuron generation.  

In utero electroporation to determine in vivo hnRNP Q overexpression phenotype 

It is also important to determine if in vivo overexpression will follow in vitro findings that 

both hnRNP Q knockdown and overexpression leads to the same phenotype. Therefore, E13 

embryos, will be electroporated in a single lateral ventricle with nGFP plus an overexpression 

construct and allowed to develop in vivo for 3d prior to extraction, fixing and staining. Again, the 

number of GFP-positive cells in each cortical region will be counted and cell type will be 

determined via co-stains with anti-GFP and either a(n) NPC, intermediate progenitor or neuronal 

marker (Sox2, Tbr2 and βIII-Tubulin, respectively). It is hypothesized that, similar to in vivo 

knockdown experiments and in vitro knockdown and overexpression experiments, a higher 

proportion of NPCs will be present in overexpressed brains than in controls, at the expense of 

intermediate progenitors and neurons.  

Elucidating the knockdown and overexpression phenotype 

Further investigation is needed to elucidate why in vitro knockdown and overexpression 

and possibly, in vivo knockdown and overexpression leads to the same phenotype. It is conceivable 

that overexpression is a stressful event for cells and those cells respond by sequestering RNA-

binding proteins and any bound mRNAs into stress granules. For example, cells treated with PMA, 

thapsigargin, arsenite and heat shock showed the formation of stress granules that contained 

untranslated mRNAs when they were co-stained with anti-hnRNP Q and TIA1, a stress granule 
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marker (Alexandre et al. 2009). In addition, hnRNP Q protein interactors, PABP and YB1, are also 

known to form stress granules in response to stress (Salleron et al. 2014; Vessey et al. 2006). 

Therefore, E12 cultured cells will be co-transfected with a Kanamycin-resistant hnRNP Q-FLAG 

overexpression construct as well as nGFP. Following transfection, primary cultures will develop 

for 3d in vitro prior to co-staining with anti-hnRNP Q and TIA1 to determine stress granule 

formation as a result of overexpression. If this were the case, localized mRNA translation would 

be impaired and thus, asymmetric cell divisions would be affected overall.  

Identifying hnRNP Q RNA Interactors 

Since hnRNP Q is an RNA-binding protein involved in various steps of RNA processing, 

it is important to identify specific RNA targets that contribute to the asymmetric cell divisions of 

NPCs. This will be done via RNA-immunoprecipitation (RNA-IP). RNAs that are known to be to 

be both targets of hnRNP Q and involved in neurogenesis will be probed for once the RNA-IP is 

converted into a cDNA library, and will be done so alongside non-specific binding partners used 

as negative controls. It is predicted that hnRNP Q will bind RNAs that are implicated in 

neurogenesis, due to the confirmed interaction between Syncrip and oskar/gurken mRNA in 

Drosophila (Mcdermott et al. 2012). Next, microarray analysis will be done to determine the 

expression levels of specific mRNAs. 

CONCLUSION 

This research identifies the RNA-binding protein hnRNP Q as a necessary component of 

asymmetric neural precursor cell division. A postnatal expression profile reveals hnRNP Q’s 

persistence into the postnatal period, a time of rapid development, before tapering off in adulthood, 

while leptomycin B treatments and co-immunoprecipitation experiments reveal hnRNP Q as a 
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protein capable of shuttling between the nucleus and cytoplasmic forming complexes necessary 

for RNA processing and subsequently, required for asymmetric cell division. Finally, in vivo 

knockdown of hnRNP Q resulted in an increase of cells in the VZ/SVZ and a decrease of cells in 

both the IZ and CP, a finding which suggests an absence of asymmetric NPC division, or impaired 

cortical migration. Further research investigating hnRNPQ’s target RNAs within the cortex, will 

determine those necessary for cell fate determination and overall, asymmetric NPC division and 

cortical development. 
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