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ABSTRACT 

THE RNA-BINDING PROTEIN HETEROGENEOUS NUCLEAR 

RIBONUCLEOPROTEIN K IS RESPONSIBLE FOR REGULATING THE FATE 

DECISIONS OF NEURAL PRECURSOR CELLS OF THE DEVELOPING CEREBRAL 

CORTEX  

 

Julia T. Brott 

University of Guelph, 2020

Advisor(s): 

Dr. John P. Vessey 

Neurogenesis within the developing cortex occurs as a result of the controlled differentiation of 

neural precursor cells (NPCs), achieved by tightly regulated gene expression. Many RNA-binding 

proteins have been implicated in regulating gene expression throughout development, including 

the heterogeneous nuclear ribonucleoproteins (hnRNPs). Specifically, mutation of hnRNP-K has 

been identified in Kabuki-like syndrome, a neurodevelopmental disorder presenting with cortical 

atrophy, ventriculomegaly, and periventricular nodular heterotopia. This research validates 

hnRNP-K expression throughout the neurogenic period of cortical development and demonstrates 

a critical role for hnRNP-K in the cell fate decisions of NPCs. Knockdown of hnRNP-K in vitro 

resulted in a significant increase in the proportion of β3T+ neurons and a significant decrease in 

the proportion of Nestin+ NPCs. Immunoprecipitation revealed hnRNP-K maintains RNA-based 

interactions with proteins known to regulate gene expression, proliferation and differentiation. 

Collectively, these findings demonstrate a significant role for hnRNP-K in maintenance of NPC 

phenotype during murine cortical development.      
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1 Introduction 

1.1 Development of the cerebral cortex 

The cerebral cortex is the most recently evolved structure in the mammalian brain (Rakic, 

2009). Largely composed of grey matter and forming the outer most region of the cerebrum, the 

cerebral cortex is responsible for cognitive functions, such as language, reasoning, and perception 

(Rakic, 2009; Zhong and Chia, 2008). During embryonic development of the central nervous 

system (CNS) the neural plate, composed of neuroepithelium, folds resulting in the production of 

the neural tube (Rakic, 2009). The anterior aspect of the neural tube will then develop into the 

telencephalon, which then provides the structure for the developing neocortex and lateral 

cerebrospinal fluid filled ventricles (Kriegstein et al., 2006). 

The mammalian cortex is organized radially into six cellular layers from the apical 

ventricular surface to the dorsal pial surface (Kriegstein et al., 2006). These layers include two 

proliferative zones: the ventricular zone (VZ) and subventricular zone (SVZ); an intermediate zone 

(IZ); and three neuronal zones: the subplate (SP), cortical plate (CP) and marginal zone (MZ) 

(Figure 1-1) (Kriegstein et al., 2006; 1970). The expansion of the neocortex begins in the VZ as a 

layer of apical progenitor cells, known as neuroepithelial (NE) cells, divide symmetrically to form 

the neuroepithelium (Lehtinen and Walsh, 2011). Once neurogenesis begins, NE cells transition 

into a second type of apical progenitor cell known as a radial glial (RG) cells (Kriegstein and Götz, 

2003). NE and RG cells then undergo neurogenic asymmetric divisions, in which two non-identical 

daughter cells are produced, one fated to become a neuron while the other self-renews maintaining 

the apical progenitor phenotype (Haubensak et al., 2004). Newly born neurons then migrate 

radially along the basal projections of RG cells, out of the VZ towards the pial surface forming the  
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Figure 1-1 Development of the embryonic murine cortex. Dorsal view of whole mouse brain illustrating location 

and result of coronal section. Immunofluorescently labeled neural cell types, neural precursor cells (green), 

intermediate progenitor cells (orange), and post-mitotic neurons (purple), allow for identification of the cortical layers 

present in an E15 brain. The lateral ventricle is identified through the location of a yellow star, and the yellow arrow 

indicates the direction of migration of differentiating cells radially from the ventricular zone out towards the pial 

surface. Figure modified from the Center of Integrative Brain Research (2014), Oto E (2017), and Atkinson E (2014). 
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preplate (PP) (Knoblich, 2008). The PP is the earliest neuronal layer, that provides the structure 

for the later forming SP and MZ (Figure 1-1) (Kriegstein et al., 2006). In addition to directly 

forming neurons, RG cells have the ability to divide asymmetrically to produce a second cell type 

referred to as an intermediate progenitor cell (IPC) (Lehtinen and Walsh, 2011). IPCs migrate 

radially to the dorsal side of the VZ to form the SVZ, and once there have the ability to divide 

symmetrically to produce two neuronal daughter cells (Figure 1-2A) (Noctor et al., 2004). As more 

neurons migrate radially from the VZ and SVZ, they embed themselves in the PP causing it to split 

forming the SP and MZ with the CP in between (Kriegstein et al., 2006). As neurogenesis 

continues, neurons in the cortex create a specific inside-out pattern, as newly born neurons migrate 

radially through established layers of neurons in the CP and deposit themselves in the most dorsal 

regions of the MZ (Rakic, 1972).          

1.2 Mechanisms regulating cortical neurogenesis 

The complex structure created within the developing cortex is a result of multiple signaling, 

transcriptional and epigenetic mechanisms that regulate the differentiation potential of NPCs. 

Signaling mechanisms include Notch, Wnt, and bone morphogenetic protein (BMP), which act 

extrinsically on cells to influence gene expression through the stimulation of various transcription 

factors (TFs) (Martynoga et al., 2012). One example being the basic-helix-loop-helix (bHLH) TFs 

which include Hes1 and Hes5, as well as proneural-TFs Neurogenin1(Ngn1), Neurogenin2 

(Ngn2), and Ascl1 (Kageyama and Nakanishi, 1997). Notch signaling increases expression of 

Hes1 and Hes5 which function in maintaining the proliferative NPC phenotype through the 

repression of neural differentiation (Martynoga et al., 2012; Ross et al., 2003). Specifically, Hes1 

and Hes5 can hetero- and homo-dimerize and bind to N box DNA elements to repress the  
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Figure 1-2 The asymmetric neurogenic divisions of neural precursor cells (NPCs). Proper cortical expansion 

relies on the ability of NPCs to be able to rapidly differentiate during the neurogenic phase while still maintaining an 

adequate population of precursors for the later gliogenic phase. NPCs have the ability to divide and produce two 

daughter cells, one fated to maintain an NPC phenotype and the other fated to differentiate. This can be done either 

directly by differentiating into a post-mitotic neuron (A) or indirectly, by first becoming an intermediate progenitor 

cell and then undergoing a symmetric division to produce two post-mitotic neurons (B). The yellow arrow indicates 

the direction of migration of differentiating cells radially from the ventricular zone to the pial surface. The fate decision 

made by the daughter cells of NPCs are influenced by a variety of signaling, transcriptional and epigenetic mechanism 

(A) as explained in the introduction. Figure modified from the Center of Integrative Brain Research (2014), Martynoga 

et al. (2012), Kageyama et al. (2008).   
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expression of target genes, such as the proneural TF Ascl1, as well as directly interact with 

proneural TFs to antagonize their function (Ross et al., 2003). Proneural TFs Ngn1, Ngn2, and 

Ascl1 are expressed consistently within in the developing cerebral cortex at low levels but once 

increased, act to promote neural differentiation (Ross et al., 2003). One dominant mechanism in 

this process is Wnt signaling, which acts to promote neural differentiation through the increased 

expression of Ngn1 (Figure 1-2B) (Martynoga et al., 2012). 

Another factor recognized to play a role in gene expression are modifications of chromatin 

structures. The post-translational modification of histones include methylation, acetylation, and 

phosphorylation occurring on the core histones H2A, H2B, H3, and H4 (Bernstein et al., 2006). 

These modifications, or marks, can activate or repress gene expression depending on whether or 

not they increase or decrease the accessibility of gene encoding DNA regions to TFs (Hirabayashi 

and Gotoh, 2010). Notably, many important neural genes, like Ngn1, Ngn2 and Ascl1, are located 

within regions of ‘bivalent’ chromatin, meaning they have both activating, H3 methylation (me) 

at lysine 4 (K4), and repressing marks, H3me at lysine 27 (K27) (Figure 1-3) (Bernstein et al., 

2006; Hirabayashi and Gotoh, 2010). Bivalent chromatin enables developmentally important 

genes to be silenced or minimally expressed in early neural lineage cells, such as NPCs, while 

keeping them poised to activate differentiation in more lineage restricted progenitor cells 

(Bernstein et al., 2006).  

1.2.1 Trithorax and Polycomb group epigenetic regulation of gene expression 

First identified in Drosophila melanogaster, Trithorax group (TrxG) and Polycomb group 

(PcG) proteins were discovered for their ability to antagonistically regulate the expression of 

anteroposterior patterning homeobox genes through the post translational modification of histones  
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Figure 1-3 Polycomb repressive complex 2 (PRC2) and Trithorax MLL2 methyltransferase complex. Histone 3 

lysine 4 (H3K4) and lysine 27 (H3K27) methylation are responsible for regulating the expression of many 

developmentally important genes. Responsible for these epigenetic changes are the Polycomb repressive complex 2 

(PRC2) and the Trithorax MLL2 methyltransferase complex. The PRC2 is responsible for methylating H3K27 to 

repress gene expression through the action of its 3 major subunits; the histone methyltransferase EZH2, the enhancer 

SUZ12 and EED which mediates protein-protein interactions. Antagonistically to PRC2, the MLL2 complex acts to 

increase gene expression by removing H3K27 methylation using the demethylase UTX, while methylating H3K4 

using the methyltransferase MLL2/4. Figure constructed using information from Smith and Shilatifard (2010), 

Bernstein et al. (2006), Geisler and Paro (2015), Corley and Kroll (2015), and Issaeva et al (2007).  
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(Ringrose and Paro, 2004). Both TrxG and PcG proteins have mammalian complex homologues, 

those being COMPASS, COMPASS-like, TAC1 and ASH1 for TrxG and Polycomb repressive 

complex 1 and 2 (PRC1 and 2) for PcG depending on their subunit composition (Geisler and Paro, 

2015). Of specific interest are the COMPASS-like MLL2 histone methyltransferase complex and 

PRC2 (Figure 1-3) (Geisler and Paro, 2015; Issaeva et al., 2007). The MLL2 histone 

methyltransferase complex functions to increase transcription by methylation of H3K4 via the 

protein complex methyltransferase ALR/MLL2, as well as by removal of repressive H3K27 

methylation via the protein complex demethylase UTX (Issaeva et al., 2007; Van der Meulen et 

al., 2014). In contrast, the PRC2 complex functions to decrease transcription by tri-methylation of 

H3K27 via the protein complex methyltransferase EZH2 (Corley and Kroll, 2015).   

1.3 The heterogeneous nuclear ribonucleoprotein (hnRNP) family  

One of the largest and most abundant families of RNA-binding proteins (RBPs) is the 

heterogenous nuclear ribonucleoprotein (hnRNP) family (Geuens et al., 2016). This family of 

RBPs, first identified in the nucleus of eukaryotic cells, associates with newly transcribed 

heterogeneous nuclear RNA (hnRNA/pre-mRNA) and is thought to play a role in its transcription, 

nucleocytoplasmic transport, and translation (Dreyfuss et al., 1993). The hnRNP family includes 

20 major proteins, designated hnRNP-A through hnRNP-U (Figure 1-4), with some hnRNPs 

containing subgroups, such as hnRNP-A1, A2/B1, A3, A0, C1 and C2 (Geuens et al., 2016). All 

of the hnRNP proteins can be isolated and purified by weight with hnRNP-A1 being the smallest 

at 34kDa, and hnRNP-U being the largest at 120kDa (Piñol-Roma et al., 1988). In addition to the 

major hnRNP proteins there are a group of minor hnRNPs that do not contain RNA-binding motifs, 

but aid in the regulation of the major hnRNPs (Geuens et al., 2016).  
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Figure 1-4 The heterogeneous nuclear ribonucleoprotein (hnRNP) family. The hnRNP family collectively 

contains four different RNA binding domains (RRM, qRRM, KH, RGG) and three auxiliary domains that aid the 

function of the RNA-binding domains (Glycine-rich; Proline-rich; Acidic-rich). The RNA recognition motif (RRM) 

is frequently found within many of the hnRNPs, with quasi-RRMs (qRRMs) being found in most of those without an 

RRM. In addition to these, the K-homology (KH) domain and Arg-Gly-Gly (RGG) box are frequently found within 

glycine rich auxiliary domains. Figure obtained from Geuens et al. (2016). 
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hnRNPs maintain both protein-protein as well as protein-RNA interactions in complexes 

known as hnRNP particles (van Eekelen et al., 1981). These particles are most commonly found 

within the nucleus due to the presence of nuclear localization signals (NLS) in many of the hnRNP 

proteins, and only localize to the cytoplasm as a result of post-translational stimulation or the 

binding of minor hnRNPs (Geuens et al., 2016). The ability of hnRNPs to bind a variety of 

hnRNAs comes from the presence of four RNA binding domains (RBDs), three auxiliary domains, 

and the tertiary protein structure that is formed around these domains (Geuens et al., 2016). The 

majority of hnRNPs have an RNA recognition motif (RRM), which contains four β-sheets and two 

α-helices (hnRNPs A, A/B, C, D, G, I, L, M, P, Q, R). Those hnRNPs that do not contain an RRM 

most often have a quasi-RRM in its place (hnRNPs F and H) (Dreyfuss et al., 1988). The two 

remaining RBDs are found within glycine-rich auxiliary domains. These are the Arg-Gly-Gly 

(RGG) box which is composed of continuous groupings of phenylalanine and tyrosine amino acid 

residues (hnRNPs A, A/B, P, R, U), and the K-Homology (KH) domain which is composed of 

three antiparallel β-sheets packed against three α-helices (hnRNPs E and K) (Kiledjian and 

Dreyfuss, 1992; Siomi et al., 1993). In addition to the glycine auxiliary domain, some hnRNPs 

also contain proline or acid-rich auxiliary domains to complement their RBDs (Dreyfuss et al., 

2002).      

1.3.1 Heterogeneous nuclear ribonucleoprotein K (hnRNP-K) 

Like all other hnRNPs, hnRNP-K was first identified as part of hnRNP particles, which are 

the protein-RNA complexes of nascent RNA pol II transcripts or hnRNA and their specific binding 

proteins the hnRNPs (Dreyfuss, 1986). hnRNP-K was first characterized due to the unique 

presence of three K-homology (KH) domains, named so for its presence in hnRNP-K, two located 
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at the amino terminus (KH1 and KH2) and one at the carboxy terminus (KH3) (Matunis et al., 

1992; Silvera et al., 1999; Siomi et al., 1993). In addition, to the KH domains, hnRNP-K also 

contains two RGG boxes, a NLS and a nuclear shuttling domain (KNS) located between KH2 and 

KH3 (Figure 1-5) (Bomsztyk et al., 1997; Michael et al., 1997). hnRNP-K is a poly ribose cytosine 

binding protein that is capable of binding both single- and double-stranded DNA and RNA, it has 

a molecular weight of 65kDa and five alternative splice variants (Blanchette et al., 2006; Bomsztyk 

et al., 2004; Dejgaard et al., 1994; Michael et al., 1997; Siomi et al., 1993). One splice variant of 

hnRNP-K was previous called hnRNP-J which excludes the exon between KH1 and KH2 

(Dejgaard et al., 1994; Makeyev and Liebhaber, 2002). hnRNP-K is unique when compared to 

other poly ribose cytosine binding proteins as it has the ability to bind and interact with other 

proteins through its K-protein-interactive (KI) region, which is located between KH2 and KH3 

(Figure 1-5) (Makeyev and Liebhaber, 2002). 

 Expression of hnRNP-K is observed in the developing rat embryo throughout both the 

central and peripheral nervous system, with expression in the CNS decreasing and becoming more 

restricted after parturition (Blanchette et al., 2006). High expression levels of hnRNP-K are first 

observed throughout the neocortical neuroepithelium at the beginning of neurogenesis at 

embryonic day 12 (E12) and continues to the end of neurogenesis at E18. Between E18 and E20 

hnRNP-K becomes restricted to the cortical plate with expression waning after E20 (Blanchette et 

al., 2006). Expression of hnRNP-K is subsequently restricted to the secondary visual cortex and 

retrosplenial granular cortex at post-natal day 30 (P30) (Blanchette et al., 2006).   
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Figure 1-5 Heterogeneous nuclear ribonucleoprotein K (hnRNP-K). hnRNP-K was first categorized based on the 

identification of three K-Homology (KH) domains, named so for their presence in hnRNP-K. The KH domains 

together with the two Arg-Gly-Gly (RGG) boxes give hnRNP-K the ability to bind both DNA and RNA. hnRNP-K 

was also found to contain a secondary nuclear shuttling domain, hnRNP-K nuclear shuttling or KNS, in addition to 

its bipartite-basic nuclear localization signal (NLS) at the amino terminus. The KNS has been shown to play a role in 

both nuclear import and export in response to mRNA signaling. hnRNP-K has also been shown to bind and interact 

with other proteins through its K-protein-interactive (KI) region which is located between the KNS and KH2 domain. 

Documented mutations of hnRNP-K resulting in Kabuki-like syndrome are indicated in red. Figure updated from 

Figure 1-4 with information from Dentici et al. (2018), Lange et al. 2016), Miyake et al. 2017), Michael et al. (1997), 

Silvera et al. (1999), Matunis et al. (1992), and Bomsztyk et al. (1997). 
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1.4    Kabuki Syndrome  

First discovered in individuals of Japanese ethnicity, Kabuki syndrome (KS) is a rare disease 

that presents with five distinct characteristics: postnatal growth deficiencies, mild to moderate 

cognitive impairments, and skeletal, facial, and dermatoglyphic abnormalities (Cheon and Ko, 

2015). KS is estimated to have a frequency of 1 in 32,000 births in newborn infants of Japanese 

ethnicity. With approximately 400 reported cases globally identified to date (Ng et al., 2010; 

Niikawa et al., 1988). Specific to brain development, many patients with KS suffer from 

ventriculomegaly, dilation of the lateral ventricles, cortical atrophy, and microcephaly, in which 

the head is below average in size (Dentici et al., 2018). 

KS is an autosomal dominant disorder with two known causative genes, the histone H3 

lysine 4 (H3K4)-specific methyl transferase KMT2D, also known as MLL2 and the histone H3 

lysine 27 (H3K27)-specific demethylase KDM6A, also known as UTX  (Lederer et al., 2012; 

Miyake et al., 2013; Ng et al., 2010). Mutations in KMT2D and KDM6A account for  56-75% and 

3-8% of cases, leaving approximately 30% of cases without a known cause and therefore being 

referred to as Kabuki-like syndromes (Lintas and Persico, 2018). Mutations within KMT2D and 

KDM6A result in reduced transcription as both proteins function within the TrxG COMPASS-like 

MLL2 methyl transferase complex to regulate histone modification (Figure 1-3) (Dubuc et al., 

2013; Schuettengruber et al., 2007, 2011).  

1.4.1 hnRNP-K mediated Kabuki-like syndrome  

In 2015, two cases of confirmed Kabuki-like syndrome were linked to mutations in hnRNP-

K (Lange et al., 2016). To date there are five annotated mutations within hnRNP-K that have 

resulted in a phenotype of Kabuki-like syndrome (Dentici et al., 2018; Lange et al., 2016; Miyake 
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et al., 2017). The mutations can be broken down into two categories depending on the location and 

consequence of the mutation (Figure 1-5). Two mutations fall directly in either the KH1 and KH2 

RNA binding motifs on the N-terminal side of hnRNP-K, that are de novo missense mutations that 

typically result in reduced expression of hnRNP-K thought to be caused by an atypical splicing 

mechanism (Dentici et al., 2018; Lange et al., 2016; Miyake et al., 2017). The other three mutations 

lie between KH2 and KH3, specifically within the speculated boundaries of the KI region, resulting 

in frameshift mutations and premature truncations of the hnRNP-K protein (Dentici et al., 2018; 

Lange et al., 2016).  

The genes mutated in Kabuki syndrome, KMT2D and KDM6A, play a significant role in the 

regulation of chromatin structure and therefore have the ability to affect the activation and 

repression of transcription. Both proteins function within the MLL2 methyl transferase complex, 

which is responsible for the maintenance of bivalent chromatin through the deposition and removal 

of H3 methylation. Bivalent chromatin is known to contain critical developmentally regulated 

genes that are responsible for lineage specification and differentiation of NPCs. The connection 

between the expression of hnRNP-K and the similarity of the hnRNP-K mutant phenotype to 

Kabuki syndrome leads us to believe that hnRNP-K may also play a role in the regulation of 

developmentally important genes. Specifically, I hypothesize that hnRNP-K plays a role in 

regulating the cell fate decisions made by NPCs in the developing cerebral cortex of the embryonic 

mammalian brain.  

To test this hypothesis, I constructed a detailed temporal expression profile of mouse hnRNP-

K throughout the neurogenic period of cortical development. Following this, I confirmed that 

hnRNP-K protein, via immunofluorescence (IF), was expressed in the nucleus of NPCs, IPCs, and 
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post-mitotic neurons in both primary cultured murine NPCs, as well as in histological coronal 

sections of the murine cortex. Subsequently, I knocked down hnRNP-K expression in vitro to 

investigate the effect the loss of hnRNP-K on NPC differentiation potential. I found that loss of 

hnRNP-K resulted in increased populations of post-mitotic neurons, and decreased populations of 

NPCs. The increase in post-mitotic neurons suggest hnRNP-K plays a role in maintaining NPCs 

in a stem-cell like state, and in its absence are unable to maintain a precursor phenotype. To 

elucidate a potential mechanism of action, hnRNP-K was immunoprecipitated (IP) from cerebral 

hemispheres at embryonic day (E) 15 in order to identify protein binding partners present at the 

peak of cortical neurogenesis. hnRNP-K was identified to interact with multiple protein binding 

partners including nuclear matrix proteins Matrin-3 and hnRNP-U. Gene ontology (GO) analysis 

revealed significant enrichment of hnRNP-K within the nuclear matrix, spliceosome, and mRNA 

regulation. Overall, our results suggest that hnRNP-K plays a critical role in regulating the cell 

fate decisions of NPCs by maintaining a proliferative state and repressing neuronal differentiation.                                     
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2 Materials and Methods 

2.1 Murine model of cortical development 

All western blotting, primary cell culture, and IP experiments were carried out using timed 

pregnant ± 12hours (h) CD1 female mice (Charles River Laboratories, Sherbrooke, Quebec) which 

were housed in the Central Animal Facility at the University of Guelph until use. All housing, 

handling, and experimentation was conducted according to the guidelines outlined by the Canadian 

Council for Animal Care under AUP# 3997. CD1 mice are a highly outbred murine stain 

commonly used in molecular studies due to their genetic variability, as well as their ability to 

produce large litter sizes reducing the volume of mice required (Aldinger et al., 2009). Timed 

pregnant mice were obtained to match predetermined embryonic ages consistent with pivotal 

timepoints in murine neurogenesis ranging from E11 to E18 (Figure 2-1). Neurogenesis within the 

neocortex begins at E11 when cells, particularly neuroepithelial cells and RG cells begin 

populating the VZ, these RG cells then begin to undergo neurogenic asymmetric divisions at E12 

(Caviness and Sidman, 1973). This marks the beginning of cortical expansion as the number of 

asymmetric divisions continues to increase until reaching its peak at late E15 early E16 (Caviness 

and Sidman, 1973). E18 marks the end of neurogenesis and the beginning of gliogenesis, the 

formation of glial support cells such as oligodendrocytes, microglia, and astrocytes (Caviness and 

Sidman, 1973; Götz and Huttner, 2005). 

 To access the embryonic tissue, the skin, skull, and meninges were removed from each 

embryo in order to reveal and accurately excise the whole brain (western blotting and histological 

sectioning), the cerebral cortex (primary tissue culture), or the cerebral hemispheres (IP lysates). 

Specifically, embryonic brains were excised at E11, 12, 15, 16, and 18 for determination of  
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Figure 2-1 Timeline of murine neurogenesis. Neurogenesis begins on E11 at which point the cortex is populated by 

neuroepithelial cells. At E12, neuroepithelial cells transition to RG cells and begin to asymmetrically divide to produce 

immature neurons or IPCs, the number of these neurogenic divisions continues to increase until the peak of 

neurogenesis at E15/16. The end of neurogenesis occurs at E18, at which point gliogenesis begins with the production 

of astrocytes and continues after parturition with the production of oligodendrocytes. Figure created by Dr. John P. 

Vessey and Julia T. Brott.  
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temporal expression of mhnRNP-K via western blotting, and E12 and 18 for histological 

sectioning. E12 cortical tissue was dissected for primary murine NPC cultures, while E15 cerebral 

hemispheres were obtained for IP lysates.  

2.2 Cell culture 

Prior to culture, 12mm round German glass coverslips (Electron Microscopy Sciences, 

Hatfield, PA) were washed in anhydrous ethanol (Millipore Sigma) before being flamed and 

placed in wells a 24 well plate containing a coating solution of 4% laminin (Corning) and 2% poly-

D lysine (MilliporeSigma, Oakville, Ontario) in sterile culture grade water (HyClone, GE 

Healthcare, Mississauga, Ontario). After a minimum incubation of 24h the coverslips were washed 

twice with water to remove excess coating solution before cultured NPCs could be plated. 

Timed pregnant ± 12h CD1 mice at E12 were euthanized using CO2 (4L/min; Linde) before 

being transferred into a sterilized dissection hood (HeraGuard Eco, Thermo Fisher Scientific, 

Ottawa, Ontario). Mice were then abdominally sterilized using 75% ethanol before a ventral 

pfannenstiel or pubic incision was made through the skin and abdominal wall to reveal the uterine 

horn. The uterine horn was then removed and placed in a 10cm petri dish filled with 1XHBSS 

(Gibco, Thermo Fisher Scientific), and subsequently the individual embryos were removed from 

their yolk sacs and placed into smaller petri dishes filled with 1XHBSS. Using a dissecting light 

microscope (Nikon SMZ745T, Nikon Instruments Inc., Melville, NY) the embryos were 

immobilized with 21G needles (PrecisionGlide, BD, Franklin Lakes, NJ), to allow for easy 

removal of the skin, skull and meninges using forceps (Fine Science Tools, North Vancouver, 

British Columbia) to reveal the cerebral cortex. Cortices were then removed and placed in a petri 

dish filled with primary culture media (NeuroCult™ Basal Media with 10% NeuroCult™ 



 

 

18 

 

Proliferation Supplement, 0.2% 10µg/mL EGF and 0.1% 10µg/mL FGF (STEMCELL 

Technologies, Vancouver, British Columbia)), triturated into a single-cell suspension using a 

pipette and plated at density of 175,000 cells/well in 1mL of primary culture media. Cultures were 

incubated for 3 days in vitro (DIV) at 37ᴼC and 5% CO2 (FORMA Series II Water Jacket CO2 

Incubator, Thermo Fisher Scientific).     

HEK293T cells were maintained in 10cm culture plates at an average density of 1.0X106 

cells/mL in HEK media (Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 Ham 

(MilliporeSigma) with 10% fetal bovine serum (HyClone) and 1% penicillin-streptomycin 

(Gibco)) at 37ᴼC and 5% CO2 (FORMA Series II Water Jacket CO2 Incubator, Thermo Fisher 

Scientific). Cells were split at dilutions of 1:10 once they reached a confluency of 70% until they 

reached a passage day of 30 at which they were discarded.  

For lentivirus validation, HEK293T cells were seeded into 6 well plates at 75,000 cells/well 

in 2mL HEK media overnight at 37ᴼC and 5% CO2 (FORMA Series II Water Jacket CO2 

Incubator, Thermo Fisher Scientific). Media was then aspirated and replaced with a dilution of 

lentivirus (1:10,25,50,75,100), 10µg/mL polybrene (MilliporeSigma), and HEK media for a final 

volume of 1.5mL and incubated for an additional 72h. Following incubation, cells were washed 

once with 1XPBS (Fisher BioReagents) then lysed 1X RIPA buffer (10% NP-40 (Fisher 

Scientific), 5% sodium deoxycholate (Fisher Chemical), 1% SDS (MilliporeSigma) diluted in 

1XPBS (Fisher BioReagents, Thermo Fisher Scientific)) containing protease inhibitors (Pierce 

Protease Inhibitor mini tablet EDTA-free, Thermo Fisher Scientific) using sonication (Q500 

Sonicator, QSONICA Sonicators, Melville, NY) at an amplitude of 20% for 3s (1pulse on, 1 pulse 

off). The resulting solution was centrifuged at 4ᴼC for 10min at 10,000rpm and the protein 
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containing supernatant was separated from the pelleted cellular debris. Protein quantification was 

done in triplicate (Pierce Micro BCA Protein Assay Kit, Thermo Fisher Scientific) and western 

blotting (refer to 2.3 Western blotting) was used to determine the minimum lentiviral volume that 

was effective in reducing hnRNP-K expression in vitro when compared to shctrl, and normalized 

to a beta-actin loading control. 

2.2.1 Lentiviral transduction 

After plating, primary cultured E12 NPCs (refer to 2.2 Cell culture) were allowed to adhere 

for 4h at 37ᴼC and 5% CO2 (FORMA Series II Water Jacket CO2 Incubator, Thermo Fisher 

Scientific) before being transduced with lentiviral shRNAs to knockdown endogenous expression 

of mouse hnRNP-K. A multiplicity of infection (MOI) of approximately 1 (~30µL or 1:50 dilution) 

was used for knockdown of cultured NPCs in a 24 well plate at a density of 175,000 cells/well. 

Transduction volumes were validated for effectiveness in reducing endogenous expression of 

hnRNP-K in HEK293T cells, that were transduced with virus and incubated for 3 DIV (refer to 

2.2 Cell culture). Following addition of virus to NPCs, cultures were incubated for 3 DIV in the 

presence of growth factors (NeuroCult™ Basal Media with 10% NeuroCult™ Proliferation 

Supplement, 0.2% 10 µg/mL EGF and 0.1% 10µg/mL FGF (STEMCELL Technologies)) at 37ᴼC 

and 5% CO2 (FORMA Series II Water Jacket CO2 Incubator, Thermo Fisher Scientific) before 

being fixed, immunocytochemically stained, and quantified (refer to 2.4 Immunohistochemistry 

and immunocytochemistry and 2.4.1 Microscopy and quantification).        

2.3 Western blotting 

CD1 murine whole brains excised for temporal expression studies were collected and placed 

into ice-cold 1XPBS (Fisher BioReagents), then homogenized in 1X RIPA buffer (10% NP-40 
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(Thermo Fisher Scientific), 5% sodium deoxycholate (Fisher Chemical), 1% SDS 

(MilliporeSigma) diluted in 1XPBS (Fisher BioReagents)) containing protease inhibitors (Pierce 

Protease Inhibitor mini tablet EDTA-free, Thermo Fisher Scientific) using a Dounce homogenizer 

(Wheaton, Millville, NJ) until a single-cell suspension was formed. Subsequently the solution was 

centrifuged at 4ᴼC for 10min at 10,000rpm, the protein containing supernatant was removed, and 

quantification was done in triplicate (Pierce Micro BCA Protein Assay Kit, Thermo Fisher 

Scientific). Protein lysates were mixed at a ratio of 4:1, protein to 5X sample buffer (2 M Tris pH 

6.8, glycerol, SDS, pyronin Y, β-mercaptoethanol; MilliporeSigma), and heated for 10min at 

100ᴼC before being stored at -80ᴼC until use.  

All protein samples were run on SDS-PAGE gels (4% stacking gel, 10% resolving gel), and 

transferred to a nitrocellulose membrane (MilliporeSigma), and blocked in 5% BSA 

(MilliporeSigma) in 1XTBST (MilliporeSigma) and probed with primary antibodies diluted in 1% 

BSA in 1XTBST. Temporal mhnRNP-K expression and HEK293T endogenous hnRNP-K 

expression blots were run using 20µg of protein and membranes were cut at 95kDa to allow for 

simultaneous probing with anti-rabbit hnRNP-K (Sigma-Aldrich, MilliporeSigma, HPA007644, 

1:5000) and the consistently expressed actin-binding protein Vinculin (Abcam, Cambridge, United 

Kingdom, ab129002, 1:2000). The latter membranes were also cut at 52kDa to allow for probing 

of beta-actin (Abcam, ab6276, 1:100,000) as a secondary control. Membranes were incubated with 

primary antibody overnight at 4ᴼC with shaking, the following day membranes were washed 3X 

for 8min with 1XTBST before addition of secondary goat anti-rabbit and mouse antibodies 

(BioRad, Hercules, California, 1:50,000) for 1h at room temperature. Membranes were again 

washed 3X for 8min before treatment with ECL (Amersham ECL Prime Western Blotting 
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Detection Reagent, Thermo Fisher Scientific) for 2min at room temperature with shaking. 

Membranes were then developed using film (8X10inch Blue Ray Film PK100, VWR, Mississauga, 

Ontario; SRX-101A developer, Konica Minolta, Chiyoda City, Tokyo) or by using a 2min 

chemiluminescence exposure, followed by a 30s 600 channel, and 30s 700 channel exposure for 

ladder illumination (LI-COR Odyssey Fc, Lincoln, Nebraska). 

2.3.1 Densitometry  

Temporal expression of hnRNP-K compared to a constitutively expressed actin-binding 

protein, Vinculin, was quantified from film using ImageJ software (NIH) following the protocol 

outlined by Davarinejad H (2017). Whereas lentiviral validation images, taken using the LI-COR 

(LI-COR Odyssey Fc), were exported to the appropriate format before hnRNP-K expression was 

quantified relative to the cytoskeletal protein beta-action.   

2.3.2 Silver staining 

Following IP of mouse hnRNP-K and control rabbit IgG, 2mg lysates were loaded and run 

on an SDS-PAGE gel accompanied by a 10% input. The finished gel was then immediately 

transferred into an 10% HCl (Sigma-Aldrich) washed container filled with a 5% acetic acid: 

methanol (v/v) (Fisher Chemical) solution for 30min with shaking. The gel was then rinsed 2X 

with milliQ for 2min and then left overnight to shake in milliQ to reduce yellow background. The 

following day the gel was sensitized for 2min in 0.02% sodium thiosulfate (Fisher Chemical), 

rinsed 2X in milliQ for 30s, then incubated in 0.1% silver nitrate (w/v) (Fisher Chemical) for 

30min. The gel was then rinsed 2X with milliQ for 30s and developed in 0.01% formaldehyde 

(v/v) in 2% sodium carbonate (w/v) solution (Acros Organics, Thermo Fisher Scientific) for 

approximately 5-10min. Once sharp, clear banding appeared the gel was washed and stored in 1% 
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acetic acid (Fisher Chemical) solution until mass spectrometry analysis was conducted (refer to 

2.7 Mass spectrometry).      

2.4 Immunocytochemistry and immunohistochemistry 

Following incubation for 3 DIV (refer to 2.2 Cell culture), primary culture media was 

aspirated and NPCs were washed with 1XHBSS (Gibco) before fixation with 4% 

paraformaldehyde (Electron Microscopy Sciences) diluted in 1XHBSS (Gibco) for 10min. Cells 

were then washed 3X with 1XHBSS (Gibco) before permeablization with 0.2% NP-40 (Thermo 

Fisher Scientific) in 1XHBSS (Gibco) for 5min, followed by three washes with 1XHBSS (Gibco) 

before applying blocking buffer (6% normal goat serum (Invitrogen), 0.5% (w/v) BSA (Sigma-

Aldrich) in 1XHBSS (Gibco)) for 1h at room temperature. Following block, cells were incubated 

in primary antibody diluted in 1:1 block, 1XHBSS solution for 2h at room temperature before 

being washed 3X with 1XHBSS, and then incubated for 1h at room temperature in a drawer with 

secondary antibody diluted in a 1:1 block, 1XHBSS solution. Cells were then washed once with 

1XHBSS and incubated with Hoechst (Sigma-Aldrich, 94403, 1:2000) nuclear stain diluted in 

1XHBSS for 2min, then rinsed 3X with 1XHBSS before being mounted onto microscope slides 

(Selectfrost, Thermo Fisher Scientific) using Permafluor mounting medium (Thermo Fisher 

Scientific). Primary antibodies used were anti-rabbit hnRNP-K (Sigma-Aldrich, HPA007644, 

1:1000), the precursor specific intermediate filament Nestin (R&D Systems, Minneapolis, 

Minnesota, MAB2736, 1:250), the stem cell specific transcription factor Sox2 (Thermo Fisher 

Scientific, MA1-014, 1:250), the microtubule component specific to post-mitotic neurons βIII-

tubulin (BioLegend, San Diego, California, 801201, 1:2000), the DNA-binding protein specific to 

upper layer neurons SatB2 (Abcam, ab51502, 1:500), and the T-domain transcription factor 
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specific for IPCs TBR2 (Thermo Fisher Scientific, MA5-24291, 1:200), hnRNP-U (Santa Cruz 

Biotechnology, Dallas, Texas, sc-32315, 1:100), Matrin3 (Santa Cruz Biotechnology, sc-81318, 

1:250), Caprin1 (Proteintech, Rosemont, IL 66352-1-Ig, 1:500), α-Internexin (Sigma-Aldrich, 

MAB5224, 1:50), anti-chicken GFP (Abcam, ab13970, 1:1000).   

After removal, E12 and E15 murine brains were fixed in 4% paraformaldehyde (Electron 

Microscopy Sciences) diluted in 1XPBS (Fisher BioReagents) for 24h at 4ᴼC. Following removal 

brains were submerged in 30% sucrose (Thermo Fisher Scientific) for 24h at 4ᴼC to allow for 

sufficient tissue dehydration. Brains were then placed into trays filled with OCT (Thermo Fisher 

Scientific) and left at -80ᴼC to solidify before collecting 16µm sections coronally from the occipital 

to the frontal lobe onto subbed (0.5% porcine gelatin, 0.05% chromium potassium sulphate in 

milliQ; MilliporeSigma) microscope slides (Selectfrost, Thermo Fisher Scientific). For staining 

sections were removed from -80ᴼC and dried in a 37ᴼC incubator for 5min. Slides were then 

washed once with 1XPBS, and submerged in boiling 1X Target retrieval solution (Advanced Cell 

Diagnostics, Newark, CA) for 15min. Upon removal slides were washed 3X with 1XPBS, 

submerged in 100% ethanol (MilliporeSigma) for 3min, and dried at 37ᴼC before being outlined 

with a Pap pen (Invignome, FroggaBio Inc., Toronto, ON). The sections were then stained 

following the procedure outlined in the Mouse on Mouse (M.O.M.®) Basic Kit (Vector 

Laboratories, Burlingame, California) before being incubated with Hoechst (Sigma-Aldrich, 

94403, 1:2000) nuclear stain diluted in 1XPBS for 2min. Once completed the slide was rinsed 3X 

with 1XPBS before using Permafluor mounting medium (Thermo) to apply a glass coverslip 

(Thermo Fisher Scientific). The primary antibodies used were anti-rabbit hnRNP-K (Sigma-
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Aldrich, HPA007644, 1:200), as well as Nestin, Sox2, SatB2 and βIII-tubulin, prepared as stated 

above.    

2.4.1 Microscopy and quantification  

Immunocytochemically stained NPC cultures and immunohistochemically stained cortical 

sections were imaged using epifluorescent light microscopy (Zeiss Axio Observer Z.1, Jena, 

Germany). Cultures were imaged using 63X magnification to clearly display cellular features, 

while quantification was completed using the 40X magnification to quantify more cells per frame. 

Cortical sections were imaged using 40X magnification, and tiling and stitching features were 

utilized to capture the entire region from ventricular zone to pial surface. 

Quantification was completed by a single, blinded individual, who assessed approximately 

200 healthy positively transduced cells per slide and determined their cellular identity based on 

immunocytochemical stain (refer to 2.4 Immunocytochemistry and immunohistochemistry). 

Positively transduced cells appear green due to the presence of EGFP downstream of the shRNA 

insert in the pSicoR plasmid. A cell was considered healthy if the nucleus was present with visible 

nucleoli and showing no signs of condensation. Cells were identified as NPCs if they were positive 

for the intermediate filament protein Nestin, IPCs if they were positive for the transcription factor 

TBR2 and post-mitotic neurons if they were positive for tubulin component βIII-tubulin. The 

average number of GFP-positive cells also positive for each marker within each culture was 

averaged over three biological replicates.     
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2.5 Lentivirus production 

Lentiviral shRNAs were constructed by first designing and annealing oligonucleotides 

specific for mhnRNP-K (NM_025279) using the program PSICOLIGOMAKER 1.5 (Andrea 

Ventura) and then inserting them into restriction endonuclease (HpaI, XhoI; NEB, Ipswich, 

Massachusetts) digested pSicoR plasmid (Addgene plasmid #11579; 

http://n2t.net/addgene:11579; RRID: Addgene_11579) provided by Tyler Jacks. Ligation 

reactions (10µL) were then transformed into E. coli (subcloning efficiency DH5α competent cells, 

Invitrogen, Thermo Fisher Scientific) and incubated overnight at 37ᴼC on amp+ agar plates. 

Selected colonies were then placed in 3mL LB (MilliporeSigma) cultures containing 0.1mg/mL 

ampicillin (MilliporeSigma) overnight prior to DNA purification (Monarch® Plasmid Miniprep 

Kit, NEB). Two validation methods were completed to ensure proper construct incorporation, first 

the plasmids were digested (XhoI, XbaI; NEB) and run on a 2% agarose gel (UltraPure™ Agarose, 

Invitrogen) to determine product size. pSicoR with proper incorporation will produce a fragment 

approximately 50bps larger than empty vector control. Plasmids that produced the appropriate 

fragment size following digestion then underwent sequencing at the Genomics Facility, Advanced 

Analysis Centre, University of Guelph for sequence confirmation. 

Three successful shRNAs were constructed (shctrl, shRNA#1, shRNA#3) (Table 2-1) and 

used for lentivirus production in 10cm culture plates containing 80-90% confluent HEK293T cells 

(refer to 2.2 Cell culture) utilizing Lenti-X™ Packaging Single Shots (VSV-G) (070618, Clontech 

Laboratories, TaKaRa Bio, Kusatsu, Shiga, Japan). Viruses were filtered through a 0.45µm 

polyethersulfone filter (Thermo Fischer Scientific) before addition of Lenti-X™ Concentrator 

(PT4421-2, Clontech Laboratories, TaKaRa Bio) for 2h at 4ᴼC, followed by centrifugation at 
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1500xg for 45min at 4ᴼC. Pellet was then resuspended in 250µL of ice-cold 1XPBS (Fisher 

BioReagents) and aliquoted into 100µL viral aliquots and stored at -80ᴼC until use. Prior to 

validation in HEK293T cells, shRNA sequences were compared to human hnRNP-K sequences 

(BLAST, NCBI) to ensure knockdown specificity.  

Table 2-1 hnRNP-K lentiviral shRNA sequences. 

shRNA Sequence (5’->3’) 

shctrl TTCTCCGAACGTGTCACGT 

shRNA#1 GATCATCCTTGACCTTATA 

shRNA#3 GAATCTGGAGCATCAATCA 

2.6 Immunoprecipitation  

CD1 murine E15 cerebral hemispheres were excised and homogenized into a single cell 

suspension in Nature Lysis Buffer (100mM NaCl, 20 mM Tris pH 6.8, 0.5% NP-40, 5mM MgCl2, 

200Mm NaF, 1mM Na3VO4) with protease inhibitors (Pierce Protease Inhibitor mini tablet EDTA-

free, Thermo Fisher Scientific) using a Dounce homogenizer (Wheaton). Suspension was 

centrifuged at 4ᴼC for 10min at 10,000rpm and the protein containing supernatant was removed, 

quantified in triplicate (Pierce Micro BCA Protein Assay Kit, Thermo Fisher Scientific) and 

aliquoted into 2mg lysates and stored at -80ᴼC until use. Lysates were diluted to 1mL with Nature 

Lysis Buffer and 2µg immunoprecipitating antibody was added for a final concentration of 

1µg/mL, before being left overnight on rotator at 4ᴼC. The following day lysates were incubated 

with magnetic beads (Protein G or Protein A Dynabeads, Thermo Fisher Scientific) for 1h at room 

temperature with rotation to allow complexation between antibody and beads. For RNase IPs, 

following complexation, beads were incubated for 15min with 0.1mg/mL RNase A (Thermo 

Fisher Scientific) in 1mL of Nature Lysis Buffer to remove any RNA present. Beads were then 
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washed 2X with 1XTBS (Millipore Sigma) before the additional of 5X samples buffer (2 M Tris 

pH 6.8, glycerol, SDS, pyronin Y, β-mercaptoethanol; MilliporeSigma) and boiled for 90s at 95ᴼC 

to elute proteins from beads. Immunoprecipitating antibodies used were anti-rabbit hnRNP-K 

(Sigma-Aldrich, HPA007644, 0.05mg/mL), rabbit IgG (MilliporeSigma, PP64B, 1mg/mL), anti-

mouse hnRNP-U (Santa Cruz Biotechnology, sc-32315, 200µg/mL), anti-mouse Matrin3 (Santa 

Cruz Biotechnology, sc-81318, 100µg/mL), anti-mouse Caprin1 (Proteintech, 66352-1-Ig, 

111µg/mL), anti-mouse α-Internexin (Sigma-Aldrich, MAB5224, 40µL serum used), mouse IgG 

(MilliporeSigma, cs200621, 1mg/mL).              

IP SDS-PAGE gels were loaded with entire 2mg IP and membranes probed with anti-mouse 

Matrin3 (Santa Cruz Biotechnology, sc-81318, 1:300), anti-rabbit Caprin1 (St John’s Laboratory, 

STJ22886, 1:500), anti-mouse hnRNP-U (Santa Cruz Biotechnology, sc-32315, 1:2000), anti-

mouse α-Internexin (Sigma-Aldrich, MAB5224, 1:1000). Membranes were then washed 2X for 

5min with milliQ, stripped for 5min in stripping buffer (0.2M NaOH with 0.1% β-

mercaptoethanol; MilliporeSigma), rewashed 2X for 5min in milliQ, before being re-blocked in 

5% BSA in 1XTBST for an hour. Membranes were then probed with anti-rabbit hnRNP-K (Sigma-

Aldrich, HPA007644, 1:5000) to confirm protein interaction. Membranes were developed using a 

2min chemiluminescence exposure, followed by a 30s 600 channel, and 30s 700 channel exposure 

for ladder illumination (LI-COR Odyssey Fc).            

2.7 Mass spectrometry 

Bands of interest were excised from a silver stained SDS-PAGE gel (refer to 2.3.2 Silver 

Staining) using a sterile blade and washed with milliQ. Gel pieces were then destained using a 

solution of 30mM potassium ferricyanide (Sigma-Aldrich) and 100mM sodium thiosulfate 
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(Sigma-Aldrich) mixed at a 1:1 ratio, prior to reduction and alkylation using 10mM DTT (Sigma-

Aldrich) and 55mM iodoacetamide (Sigma-Aldrich). Gel pieces were then incubated overnight at 

37ᴼC in the presence of trypsin to produce tryptic peptides that were then extracted using 

acetonitrile (Fisher Chemical,) and identified. Identification was completed using mass 

spectrometry analysis at the Mass Spectrometry Facility, Advanced Analysis Centre at the 

University of Guelph. Analysis was conducted using an Agilent LC-UHD Q-TOF instrument with 

sample introduction via a HPLC with auto sampling device. The resulting peptide spectra was 

compared to a total mouse protein library to determine protein identity.            

2.8 Statistics 

Analysis of temporal expression profile of mhnRNP-K throughout cortical neurogenesis was 

done using a one-way analysis of variance (ANOVA) to determine if there was any significant 

difference in hnRNP-K expression between the various timepoints. Following quantification of 

in vitro knockdown data, paired two-tailed t-tests (n=3) were used to determine if shRNAs 

resulted in a significant change in the populations of NPCs, IPCs, or post-mitotic neurons. Data 

is presented as mean + SEM. All differences were considered significant at p<0.05. 
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3 Results 

3.1 mhnRNP-K is expressed throughout murine cortical neurogenesis 

Prior to experimentation, the efficacy of the anti-rabbit hnRNP-K antibody had to be 

confirmed to rule out potential cross reactivity with other hnRNPs sharing structural poly ribose 

cytosine binding protein  similarity but having different molecular weights, such as hnRNP-E1 

and E2 (Kiledjian et al., 1995; Leffers et al., 1995). This was achieved through western blotting 

by using a CD1 E15 murine whole brain lysate and an anti-rabbit hnRNP-K antibody. The five 

isoforms of hnRNP-K present visually with two protein bands, one at 65kDa and the other at 

55kDa. (Dejgaard et al., 1994; Dreyfuss et al., 1993; Makeyev and Liebhaber, 2002) (Figure 3-

1A). The presence of these two bands only at the peak neurogenic timepoint in cortical 

development demonstrates the efficacy of the hnRNP-K. While I cannot rule out cross-reactivity 

with other hnRNPs, the lack of bands at other molecular wights is a strong indication that this 

antibody is also specific for hnRNP-K.   

A developmental timeline of hnRNP-K expression was then conducted using CD1 whole 

brain murine protein lysates spanning the neurogenic period during cortical development to 

confirm the expression of hnRNP-K. Expression of hnRNP-K was consistent from the beginning 

of neurogenesis at E11, through to the end of neurogenesis and initiation of gliogenesis at E18 

(Figure 3-1B). Densitometry conducted on three biological replicates revealed no significant 

change in the expression of hnRNP-K at any developmental timepoint within the neurogenic 

period, as well as in the adult murine brain. Both hnRNP-K bands, 65kDa and 55kDa, are present 

in all neurogenic time point lysates; however, the lower, 55kDa, band is consistently absent in the 

adult murine brain. This band seems to fluctuate in expression, appearing to increase from E11  
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Figure 3-1 hnRNP-K is expressed in the murine brain throughout cortical neurogenesis. Temporal Western blots 

demonstrating mhnRNP-K expression throughout the cortical neurogenic period. (A) Western blot demonstrating the 

efficacy of the anti-rabbit hnRNP-K antibody. Only two bands at the predicted MW are produced, further suggesting 

that this antibody is specific for hnRNP-K. The band at 65kDa corresponds to the four larger isoforms of hnRNP-K 

and 55kDa corresponds to a smaller isoform. (B) A temporal expression profile illustrating hnRNP-K expression 

across the neurogenic timeframe of cortical development (E11 to E18) with expression within the adult murine brain 

for comparison. (C) Quantification of both hnRNP-K bands was normalized to vinculin. Illustrated on graph are error 

bars for the standard error of the mean based on n=3 biological replicates and ANOVA statistical testing demonstrating 

no significant difference in hnRNP-K expression across the various timepoints (p-value=0.7296, with df=5 between 

groups and df=12 within groups).   
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until a peak at E15, with a following decrease in expression to E18 (Figure 3-1B). Expression 

levels were quantified and normalized to Vinculin whose expression remained consistent across 

all developmental timepoints (Figure 3-1C). 

3.2 mhnRNP-K is expressed in NPCs, IPCs, and neurons in the cerebral 

cortex 

Primary NPC cultures from E12 CD1 mice were used to determine if hnRNP-K expression 

was restricted to a particular cell type during the neurogenic period of cerebral cortical 

development. Within culture, NPCs were identified through the use of intermediate filament 

marker; Nestin, and the transcription factor; Sox2. hnRNP-K is co-expressed in cells stained for 

Nestin, and shares overlapping expression with nuclear stain Sox2 (Figure 3-2A). Intermediate 

progenitor cells (IPCs) are identified by TBR2 expression. I found that hnRNP-K also overlaps 

with TBR2 (Figure 3-2B). Post-mitotic neurons, identified by βIII-tubulin (β3T) 

immunoreactivity, would compromise neurons occupying the subplate, while the more mature 

upper layer neurons occupying the cortical plate and marginal zone would be identified by SatB2 

immunoreactivity. I found that hnRNP-K is co-expressed in β3T positive cells and overlapped 

with expression with nuclear SatB2 (Figure 3-2C). Overall, this suggests that hnRNP-K maintains 

a consistent nuclear localization in NPCs, IPCs, and post-mitotic neurons in vitro, but was 

excluded from the nucleoli which can be visualized in all cell types (Figure 3-2).  

Following confirmation of hnRNP-K expression in NPCs, IPCs, and post-mitotic neurons, 

the spatial expression of hnRNP-K throughout the developing murine cerebral cortex was 

examined. Expression of hnRNP-K was examined throughout the VZ, SVZ, IZ and CP of E12 and  
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Figure 3-2 mhnRNP-K is expressed in NPCs, IPCs and post-mitotic neurons. Immunocytochemistry of primary 

CD1 murine NPC cultures demonstrating cellular identity of mhnRNP-K positive cells. Cells were obtained from E12 

mice and plated in the presence of EGF and FGF for 3DIV before being fixed and stained with the nuclear marker 

Hoechst (blue), mhnRNP-K (red), and various cytoplasmic and nuclear cell markers (green). NPC cell markers used 

were (A) cytoplasmic intermediate filament Nestin and nuclear transcription factor Sox2. The IPC marker used were 

(B) nuclear T-domain transcription factor TBR2. The post-mitotic neuronal markers used were (C) cytoplasmic 

microtubule component β3T and nuclear DNA-binding protein SatB2. Scale bars = 5µm. 
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E18 murine cortex to investigate any enrichment of hnRNP-K within a particular zone of the cortex 

at the beginning of neurogenesis and at the end. Upon onset of neurogenesis, the cortex is primarily 

composed of NPCs spanning from the lateral ventricle up to the pial surface with a thin layer of 

immature post-mitotic neurons present at the pial surface. hnRNP-K expression is seen throughout 

the E12 cortex spanning from the lateral ventricle to the pial surface, co-expressing with both NPC 

makers, Nestin and Sox2 (Figure 3-3A), as well as post-mitotic neuron marker β3T (Figure 3-3B). 

In the E18 cortex, hnRNP-K co-expression is still maintained with NPC markers, Nestin and Sox2, 

even though their populations are now restricted to the VZ at the surface of the lateral ventricle 

(Figure 3-3A). At E18 most of the cortex is now populated with mature neurons, whose β3T 

positive expression can be seen with hnRNP-K and a clear population of mature upper layer SatB2 

positive neurons can be seen that are also hnRNP-K positive (Figure 3-3B). Throughout 

development hnRNP-K maintains a nuclear localization within the different cortical cell types, and 

expression is consistent throughout the cortex at the beginning and end of neurogenesis showing 

no restricted expression patterns. This is consistent with the expression pattern I observed in vitro.     

3.3 In vitro knockdown of mhnRNP-K shifts NPC fate decision from 

proliferation to differentiation 

After confirming expression of hnRNP-K in NPCs, IPCs, and post-mitotic neurons, I wanted 

to investigate the role of hnRNP-K in the cellular processes underlying cortical expansion, as 

haploinsufficiency and mutants of hnRNP-K result in proliferative and cognitive deficits (Dentici 

et al., 2018; Gallardo et al., 2015). To conduct this investigation two lentiviral shRNAs, specific 

for mouse hnRNP-K, and a scrambled unspecific shctrl were created to facilitate knockdown of 

hnRNP-K in E12 CD1 NPC culture. Prior to use in NPCs, the shRNAs were validated for hnRNP- 
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Figure 3-3 mhnRNP-K is expressed by both NPCs and post-mitotic neurons in the developing murine cerebral 

cortex. Immunohistochemistry demonstrating the spatial and temporal expression of hnRNP-K in the embryonic 

murine cerebral cortex at embryonic E12 and E18. Sections (16µm) were stained with Hoechst nuclear stain (not 

shown), mhnRNP-K (red), and NPC and post-mitotic neuronal markers (green). Images are oriented with the pial 

surface dorsal to the lateral ventricle. Right panels indicate co-expression images, inset scale bar = 1µm. (A-Left) E12 

and E18 murine cortices stained for cytoplasmic NPC intermediate filament Nestin. (A-Right) E12 and E18 murine 

cortices stained for nuclear NPC transcription factor Sox2. (B-Left) E12 and E18 murine cortices stained for 

cytoplasmic post-mitotic neuronal marker microtubule component β3T. (B-Right) E12 and E18 murine cortices 

stained for nuclear post-mitotic neuronal DNA-binding protein SatB2. E12 scale bars = 10µm; E18 scale bars = 20µm. 
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K knockdown in HEK293T cells, as the human hnRNP-K transcript shares high sequence 

similarity to the murine homolog. Following lentiviral transduction of HEK293T cells, western 

blotting revealed efficient knockdown of endogenous hnRNP-K expression by both shRNA#1 and 

shRNA#3, with minimal cell death, and optimal dilutions of 1:25 and 1:50 (Figure 3-4A). The 

dilution of 1:50 was chosen for treatment of NPC cultures as it was the smallest volume of virus 

per population of cells that produced an efficient knockdown of endogenous hnRNP-K. 

Knockdown of endogenous hnRNP-K was then confirmed in NPC cultures by 

immunocytochemically straining for hnRNP-K and GFP, following treatment with lentiviral 

shRNA#1, 3 and shctrl. Cells positive for GFP, an indicator of transduction, showed no or reduced 

expression of hnRNP-K following treatment with shRNA#1 or #3 when compared to untransduced 

cells within the same culture (Figure 3-4B). Whereas, GFP positive cells treated with shctrl showed 

no decrease in endogenous hnRNP-K expression compared to untransduced cells within the same 

culture (Figure 3-4B).          

After confirming efficiency of shRNA#1 and #3 in knockdown of endogenous mhnRNP-K, 

NPCs were treated with shRNAs, and following immunocytochemical staining, cells were 

quantified based on cell type identity. The identity of approximately 200 positively transduced 

cells, indicated by GFP expression, was determined based on expression of Nestin, indicating an 

NPC; TBR2, indicating IPC; or β3T, indicating a post-mitotic neuron. Upon knockdown of 

mhnRNP-K using either shRNA#1 or #3, a significant increase in the population of β3T positive 

cells was seen with a corresponding significant decrease in population of Nestin positive cells 

(Figure 3-5). Specifically, shRNA#1 mediated knockdown resulted in an average of 89.0% β3T 

positive cells compared to a control average of 35.2% (p=0.00400, n=3). Whereas, shRNA#3  
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Figure 3-4 Lentiviral shRNAs efficiently knockdown endogenous hnRNP-K expression. Western blots and 

immunocytochemistry demonstrate the efficiency of shRNA#1 and shRNA#3 at knocking down endogenous 

expression of hnRNP-K in HEK293T and primary E12 CD1 murine cultures. (A) HEK293T cells were transduced 

with varying dilutions of lentiviral shRNA#1 and #3 to determine optimal viral volume to achieve knockdown. 

hnRNP-K expression was quantified and normalized to Beta Actin. (B) NPCs were transduced 4h after plating and 

then allowed to incubate for 3 DIV in the presence of EGF and FGF before fixation and staining with Hoechst nuclear 

marker (blue), GFP, as a positive indicator of transduction, (green), and mhnRNP-K (red). Scale bars = 5µm. 
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Figure 3-5 Knockdown of mhnRNP-K results in a decreased proportion of NPCs and an increased proportion 

of post-mitotic neurons. Immunocytochemical staining of NPCs transduced with shRNA#1 and #3 revealed cellular 

identity allowing for quantification of cell populations within culture. NPCs were transduced 4h after plating and then 

allowed to incubate for 3 DIV in the presence of EGF and FGF before fixation and staining for markers of cellular 

identity (red), Hoechst nuclear stain (blue), and GFP (green) as a positive indicator of transduction. Approximately 

200 positively transduced (GFP+ve) cells were counted per coverslip (n=3) in a 24 well plate that was 

immunocytochemically stained. (A) NPC intermediate filament marker Nestin staining revealed a significant decrease 

in NPCs upon shRNA#1 (p=0.000269) and shRNA#3 (p=0.0267) mediated knockdown. (B) IPC T-domain 

transcription factor TBR2 staining revealed no significant change in IPCs upon shRNA#1 (p=0.566) and shRNA#3 

(p=0.369) mediated knockdown. (C) Post-mitotic neuron microtubule component β3T staining revealed a significant 

increase in post-mitotic neurons upon shRNA#1 (p=0.004) and shRNA#3 (p=0.0471) mediated knockdown. Scale 

bars = 5µm. Reference images were taken of shRNA#1. Statistical testing was conducted using paired t-tests on 3 

biological replicates with df=2 and p<0.05 (*), p<0.005 (**), p<0.0005 (***). 
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mediated knockdown resulted in an average of 82.7% β3T positive cells compared to an average 

of 35.2% (p=0.0471, n=3) (Figure 3-5C). For Nestin, shRNA#1 resulted in an average of 8.7% 

positive cells compared to a control average of 66.0% (p=0.000269, n=3) and shRNA#3 resulted 

in an average of 16.5% positive cells (p=0.0267, n=3) (Figure 3-5A). There was no observed 

significant change in the number of TBR2 positive cells as shRNA#1 resulted in an average of 

2.1% and shRNA#3 resulted in an average of 2.5% compared to a control average of 3.9% 

(p=0.566, n=3; p=0.369, respectively, n=3) (Figure 3-5B). The true effect of shRNA mediated 

knockdown of hnRNP-K cannot be conclusively determined in our system as the proportion of 

TBR2 positive cells is only ~4% and therefore not a large enough population to draw definitive 

conclusions.                   

3.4 hnRNP-K interacts with hnRNPU, Matrin3, Caprin1, and Ina in vivo 

The significant shift of NPCs towards differentiation over proliferation upon knockdown of 

mhnRNP-K in vitro demonstrates the importance of hnRNP-K in regulating the differentiation 

potential of NPCs. To identify potential hnRNP-K interacting proteins, immunoprecipitations (IPs) 

were completed using protein lysates from E15 cerebral hemispheres during the peak of 

neurogenesis when the largest number of these fate decisions are being made. Prior to mass 

spectrometry the anti-rabbit hnRNP-K antibody had to validated for specificity to ensure all protein 

hits were a result of an interaction with hnRNP-K. Western blotting confirmed specificity of the 

anti-rabbit hnRNP-K antibody when compared to a normal rabbit IgG control, as only the lane 

containing the hnRNP-K IP contained a band at approximately 65kDa, corresponding to hnRNP-

K (Figure 3-6A).  
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Figure 3-6 hnRNP-K interacts with multiple proteins in vivo including Ina, Caprin1, Matrin3, and hnRNP-U. 

Western blots illustrating the IP of mhnRNP-K from E15 cerebral hemisphere protein lysates and the range of 

interactors bound by mhnRNP-K in vivo. (A) Western blot demonstrating the IP ability of the anti-rabbit hnRNP-K 

antibody as the IP lane contains the 65kDa band present in the input in addition to the heavy IgG chain (~52kDa) also 

seen in the rabbit IgG lane. (B) Silver stained SDS-PAGE gel illustrating the protein interactors pulled out by 

mhnRNP-K compared to input and rabbit IgG. (C) Reverse IPs were used to confirm RNA based interactions with 

Ina, Caprin1, Matrin3, and hnRNP-U. 0.1 mg/mL RNase A was added following immunological complex precipitation 

for 15min.  
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Following validation, IPs for hnRNP-K, as well as normal rabbit IgG, were conducted and 

processed for mass spectrometry analysis to determine the identity of protein interactors in vivo 

(Figure 3-6B). Mass spectrometry identified a total of 70 proteins, using a minimum limit of 3 

peptide hits per protein. Twenty-six of those proteins were identified as ribosomal subunits, 13 

identified as hnRNPs, 3 identified as RNA helicases, and the rest being related to various mRNA 

biogenesis pathways such as transcriptional regulation or splicing. Gene ontology (GO) analysis 

was conducted to determine any significant enrichment in a particular biological pathway, 

molecular function or cellular component using the Fisher’s Exact test and an FDR of p<0.05. The 

list of protein interactors, with exclusion of the ribosomal subunits, showed enrichment in the 

biological processes of mRNA splicing (p=2.69E-13), post-transcriptional regulation of gene 

expression (p=5.96E-18), mRNA processing (p=1.23E-24), and the negative regulation of gene 

expression (p=1.20E-10) (Figure 3-7). Enrichment in the molecular functions of ribonucleoprotein 

complex binding (p=6.64E-10), chromatin binding (p=2.80E-5), long noncoding RNA binding 

(p=1.10E-4) and regulatory region RNA binding (p=8.28E-5) (Figure 3-7). Additionally, 

enrichment in the cellular components of chromatin (p=1.59E-4), the RNA polymerase II 

transcription factor complex (p=2.11E-5), the ribonucleoprotein granule (p=6.11E-10), and the 

nuclear matrix (p=7.99E-10) (Figure 3-7). 

To validate some of the more important interactions identified by mass spec, I used 

antibodies specific to hnRNP-U, Matrin3, Caprin1, and α-Internexin (Ina), to determine if they co-

immunoprecipitated with hnRNP-K (Figure 3-6C). I used mIgG as a negative control. These 

reverse IPs revealed that the interactions between the four selected proteins and mhnRNP-K are 

all RNA dependent, as hnRNP-K expression is lost upon addition of RNase to the  
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Figure 3-7 mhnRNP-K protein interacting network is enriched in multiple biological, molecular and cellular 

functions. Gene ontology (GO) analysis was conducted on the 44 identified protein interactors that were not identified 

as ribosomal subunits to determine specific enrichment in biological process, cellular components, and molecular 

functions. Enrichment was determined using the Fisher’s Exact Test with an FDR of p<0.05. Fold enrichment 

represents the number of genes observed in the identified interaction network that annotate to the network over the 

expected number of genes based on that category. Value represents the -log base 10 of the p-value for the Fisher’s 

Exact Test statistic which is the probability that the number of genes observed in that category occurred by chance.     
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immunoprecipitated complexes (Figure 3-6C). Immunocytochemistry was then conducted to 

visualize the expression of mhnRNP-K with the selected four proteins in vitro using E12 CD1 

NPC cultures incubated for 3 DIV. Staining demonstrated co-expression of hnRNP-K with all four 

proteins, as hnRNP-U and Matrin3 show a specific nuclear localization, while Ina and Caprin1 

appear both within the cytoplasm and nucleus of cells (Figure 3-8). 
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Figure 3-8 mhnRNP-K co-expresses with Ina, Caprin1, Matrin3, and hnRNP-U within the nucleus. 

Immunocytochemistry of primary CD1 murine NPC cultures demonstrating co-expression of mhnRNP-K with 

identified protein binding partners within the nucleus. Cells were obtained from E12 mice and plated in the presence 

of EGF and FGF for 3DIV before being fixed and stained with the nuclear marker Hoechst (blue), mhnRNP-K (red), 

and antibodies for Ina, Caprin1, Matrin3, and hnRNP-U (green). Scale bars = 5µm. 

  



 

 

44 

 

4 Discussion 

4.1 Consistency with other results 

Western blotting and immunohistochemistry indicated expression of mouse hnRNP-K 

throughout neurogenesis of the embryonic cerebral cortex, E12 to E18, with consistent expression 

seen from the lateral ventricle to the pial surface (Figure 3-1B; Figure 3-3). This is consistent with 

Blanchette et al. who observed high hnRNP-K mRNA expression in the rat neocortical 

neuroepithelium at both E14 and E18, accompanied by high hnRNP-K protein expression at the 

neocortical neuroepithelium and cortical plate at E18 (Blanchette et al., 2006). The results 

presented here demonstrate that hnRNP-K is expressed within the murine cerebral cortex at E12 

when cortical expansion begins as the cortex, largely populated by NPCs, begins to divide to 

produce the first neurons (Figure 3-3A) (Caviness and Sidman, 1973). hnRNP-K continues to be 

expressed as this neurogenic period continues, and the number of divisions rises until reaching a 

peak at E15/16 (Figure 3-1B) (Caviness and Sidman, 1973). hnRNP-K is still present throughout 

the cortex from the lateral ventricle to the pial surface at E18 when neurogenesis concludes and 

the cortex is largely composed of post-mitotic neurons (Figures 3-1 & 3-3B) (Caviness and 

Sidman, 1973; Götz and Huttner, 2005). Importantly, the western blot data corroborates the 

immunohistochemistry and together, suggests that the expression of hnRNP-K throughout this 

developmental time period is suggestive of a role for hnRNP-K in cortical expansion. 

Immunological staining demonstrated a nuclear localization of hnRNP-K with exception of 

the nucleoli within all three major cell types present during cortical neurogenesis: NPCs, IPCs and 

post-mitotic neurons (Figure 3-2). This is consistent with Kamma et al. who reported only nuclear 

expression of hnRNP-K in neuronal brain tissue, compared to nuclear and cytoplasmic staining 
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being shown in hepatocytes and adrenal cortical cells (Kamma et al., 1995). Our results 

demonstrate a more in-depth look at the neurogenic cell types exhibiting hnRNP-K expression 

throughout cortical expansion. The nuclear localization is consistent with known roles for hnRNPs 

in gene expression, mRNA biogenesis, and translational regulation (Geuens et al., 2016).     

4.2 hnRNP-K plays multiple cell type specific roles throughout cortical 

neurogenesis 

Immunological staining indicated relatively equal expression of hnRNP-K in NPCs, IPCs, 

and post-mitotic neurons in both primary murine culture (Figure 3-2) and murine histological 

sections (Figure 3-3). Histological staining additionally indicated consistent expression of hnRNP-

K throughout all functional layers of the cerebral cortex demonstrating no population specific 

enrichment (Figure 3-3). The pan neural expression of hnRNP-K in NPCs, IPCs, and post-mitotic 

neurons suggests that hnRNP-K has multiple cell type specific roles, as expression is continuous 

regardless of the functional differences between these cells. The multifunctional ability of hnRNP-

K could be attributed to its unique structure, which includes multiple RBDs, a KI region, as well 

as the ability to bind both single- and double-stranded DNA (Bomsztyk et al., 1997; Matunis et 

al., 1992; Silvera et al., 1999; Siomi et al., 1993). Collectively these regions allow hnRNP-K to 

act as a docking platform facilitating interactions between nucleic acid sequences and additional 

proteins in molecular processes such as transcription, mRNA processing and translation 

(Bomsztyk et al., 1997).  

Previous research has indicated a role for hnRNP-K in the maintenance of stem cell and 

precursor phenotypes in multiple cells types through the regulation of both transcription and 

translation. Yano et al. demonstrated the role of hnRNP-K in negatively regulating the translation 
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of p21 mRNA in N1E-115 cells (mouse neuroblastoma), acting antagonistically to neuronal 

differentiation protein HuB, to promote proliferation (Yano et al., 2005). Whereas, Lin et al. 

discovered that knockdown of hnRNP-K results in an 80% decrease in proliferation in human 

epidermal progenitor cells (Li et al., 2019). This was determined to be a result of hnRNP-K acting 

as a docking platform between DNA and RNA pol II to activate transcription of proliferative genes, 

while also facilitating an interaction between differentiation specific mRNA and the RNA helicase 

DDX6 degradation complex (Li et al., 2019). This research provides insight into the molecular 

nature of hnRNP-K, but provides limited detail into its functional role during cortical neurogenesis. 

Therefore, further experimentation was conducted using shRNA knockdown, to determine the 

effect of loss of mouse hnRNP-K on the cell fate decisions of NPCs in vitro.        

4.3 Model for mhnRNP-K dependent control of proneural gene expression 

during cortical development 

shRNA mediated knockdown of mhnRNP-K expression at the beginning of murine cortical 

neurogenesis produced a significant effect on the differentiation potential of NPCs in vitro 

compared to control cultures. In fact, we show that application of different shRNAs targeting 

hnRNP-K resulted in a significant increase in the proportion of post-mitotic neurons, indicated by 

β3T staining, in addition to a significant decrease in the proportion of NPCs, indicated by Nestin 

staining (Figure 3-5). Taken together, these results suggest a role for hnRNP-K in the maintenance 

of the NPCs, as upon loss of hnRNP-K expression NPCs are unable to maintain a precursor identity 

and prematurely differentiate taking on a post-mitotic neuronal phenotype. These results mirror 

the phenotype seen in hnRNP-K mutation mediated Kabuki-like syndrome, as well as the 
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phenotype identified in NPCs with reduced PRC2 function due to knockdown of EED and EZH2 

subunits.    

Kabuki-like syndrome patients present with microcephaly and periventricular nodular 

heterotopia, which are brain abnormalities suggestive of a premature transition from proliferation 

to differentiation (Dentici et al., 2018; Manzini and Walsh, 2011). A premature transition from 

proliferation to differentiation results in depletion of the progenitor pool reducing the number of 

overall neurons that can be produced, and therefore resulting in a smaller brain size (Manzini and 

Walsh, 2011). Additionally, the depletion of NPCs can affect migration of neurons radially from 

the VZ to the CP, as NPCs act as guides for neuronal migration and without them differentiated 

neurons remain in the VZ (Kriegstein et al., 2006). 

As mentioned previously, neuronal differentiation can be triggered through the over-

expression of tightly regulated proneural genes present within chromatin regions controlled by the 

antagonistic regulation of MLL2 and PRC2 (Ringrose and Paro, 2004; Ross et al., 2003). Notably, 

these regions of bivalent chromatin are associated with low levels of gene expression which allow 

genes, such as proneural gene Ngn1, to maintain expression at a level below the threshold for 

differentiation (Bernstein et al., 2006; Ross et al., 2003). Previous studies have identified EED, a 

component of the PRC2, to be a direct binding partner of hnRNP-K through the 209-337 amino 

acid region containing the KI domain (Denisenko and Bomsztyk, 1997). In vivo disruption of 

PRC2 in E12 murine cerebral cortex resulted in premature onset and increased production of IPCs 

and post-mitotic neurons (Pereira et al., 2010) This was accompanied by a significant upregulation 

in expression of neuron specific genes and transcription factors (Pereira et al., 2010). In vitro loss 

of EZH2 or EED in primary murine E12.5 NPCs resulted in a significant increase in the proportion 
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of β-Tubulin III (TuJ1) positive cells, with EZH2 loss producing increased expression of proneural 

gene Ngn1 (Hirabayashi et al., 2009).  

In contrast, there was no significant change seen in the population of IPCs, indicated by 

TBR2 staining (Figure 3-5B). This could be due to the underrepresentation of IPCs within our 

culture system as IPCs are only approximately 4% of the cell population present on each coverslip 

and this population size is too small to be able to conclusively determine an effect. Additionally, 

this could also be a reflection of our animal model as the development of the lissencephalic murine 

cortex is more dependent on direct neurogenesis of the NPCs residing in the VZ then IPCs in the 

SVZ. Whereas the gyrencephalic primate cortex is very dependent on the proliferative ability of 

IPCs residing in the outer SVZ which is absent in mice (Dehay and Kennedy, 2007; Kriegstein et 

al., 2006). Therefore, no change in IPC populations within our system is understandable, but a 

significant increase in IPCs would be expected in the more complex primate system.     

Collectively, our data supports a role for hnRNP-K in the regulation of NPC fate decision 

making, as reduced expression of mhnRNP-K results in increased differentiation to a post-mitotic 

neuronal phenotype and a reduced proportion of proliferative NPCs (Figure 4-1). The similarity 

between these results and the phenotype demonstrated in Kabuki syndrome patients suggests that 

the disruption caused by hnRNP-K mutation may be directly linked to gene expression. 

Specifically, genes regulated by the PRC2 and MLL2 complexes as all three causative genes can 

be linked to this complex: UTX, MLL2/4 and hnRNP-K. The direct binding of hnRNP-K to PRC2 

through the subunit EED, and the similarities in phenotype upon knockdown of hnRNP-K, EED 

and EZH2 in vitro provides further evidence that the ability of hnRNP-K to affect NPC fate  
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Figure 4-1 Proposed role of mhnRNP-K in the cell fate regulation of NPCs. During embryonic neurogenesis key 

developmental genes are highly regulated through the use of activating and repressive histone modifications to control 

the accessibility of these genes to transcriptional machinery. Specifically, methylation of H3K27 acts to repress 

transcription by closing chromatin making specific genes inaccessible to transcription machinery such as RNA 

polymerase II. The transcriptional repression mediated by methylation of H3K27 is achieved through the action of the 

PRC2 complex, which has been identified to bind directly to hnRNP-K through the protein subunit EED. Other 

biological mechanisms utilizing transcriptional repression, such as lncRNA mediated inactivation of the X 

chromosome, have identified hnRNP-K as a critical protein docking platform to recruit PRC2 to certain regions of 

chromatin via binding to lncRNA. We propose hnRNP-K maintains RNA-based interactions with the nuclear matrix 

to localize PRC2 to critical developmental genes, such as proneural genes, in order to repress their transcription to 

maintain an NPC phenotype. Upon loss of hnRNP-K, NPCs prematurely differentiate into post-mitotic neurons 

resulting in decreased proportions of NPCs in culture.    
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decisions during embryonic cortical development is likely due to the repression of proneural gene 

expression (Figure 4-1).      

4.4 mhnRNP-K maintains RNA-based interactions to the nuclear matrix to 

facilitate gene repression 

Following determination that hnRNP-K plays a role in regulating the differentiation of NPCs 

during the neurogenic period of cortical development, IP, and mass spectrometry identified protein 

binding partners interacting with hnRNP-K in vivo (Figure 3-6). Four selected binding partners 

were identified and confirmed through reverse IP that had been previously associated with 

neuronal development or specifically gene expression (Figure 3-6C). Neurogenesis is known to be 

associated with the restricted expression of specific neuronal intermediate filaments (IFs) whose 

roles beyond providing structural support are unknown (Kaplan et al., 1990). Ina is a CNS specific 

class IV neuronal intermediate filament that is enriched in the embryonic rat brain from E12 to 

E18, with peak expression at E16 (Fliegner et al., 1990, 1994; Kaplan et al., 1990). The interaction 

between hnRNP-K and Ina (Figure 3-6C), and IF Vimentin (data not shown), could be indicative 

of a role in mRNA localization or cellular migration. 

A large proportion of identified protein-binding partners were nuclear matrix proteins with 

previously identified importance in regulating proliferation and gene expression such as Caprin1, 

Matrin3, and hnRNP-U (Figure 3-6C). Caprin1 is an RBP that has been implicated in cell cycle 

regulation through the binding of c-Myc mRNA, with loss of Caprin1 expression resulting in 

decreased proliferation in vitro (Solomon et al., 2007; Wang et al., 2005). Additionally, Caprin1 

has been shown to non-specifically repress translation of mRNAs present in rabbit reticulocyte 

lysates (Shiina et al., 2005). Matrin3 is an RBP whose phosphorylation is necessary for the 
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maintenance of the undifferentiated state of neural stem cells in response to FGF2 induction both 

in vitro and in vivo (Coelho et al., 2016; Niimori-Kita et al., 2018). Knockdown of Matrin3 in vivo 

and in vitro resulted in increased disorder of the VZ and SVZ, as well as an increased proportion 

of TuJ1 positive cells with a decreased proportion of Nestin positive cells (Niimori-Kita et al., 

2018). hnRNP-U is the largest RBP in the hnRNP family and has been identified to play a role in 

transcriptional repression through the binding of several lncRNAs (Geuens et al., 2016). hnRNP-

U is bound by the lncRNA H19 through its RGG box, and this interaction disrupts hnRNP-U’s 

ability to bind RNA pol II and activate transcription (Bi et al., 2013). Additionally, hnRNP-U is 

required for the proper localization of the lncRNA Xist to the inactive X chromosome in order to 

facilitate gene repression (Hasegawa et al., 2010). 

The data presented here illustrates novel interactions between hnRNP-K, Ina, Caprin1, 

Matrin3, and hnRNP-U, highlighting that all these interactions are mediated through the binding 

of unknown RNA (Figure 3-6C). The deficit in NPC renewal and resulting premature 

differentiation upon in vitro knockdown of hnRNP-K, Caprin1, and Matrin3 suggests that these 

proteins may regulate the expression of the same target mRNAs either transcriptionally or post-

transcriptionally. This regulation could occur as a result of these proteins acting collectively within 

a complex or separately at different points in mRNA biogenesis pathway. Immunocytochemical 

staining demonstrated a nuclear enrichment of Matrin3 and hnRNP-U overlapping with nuclear 

hnRNP-K expression (Figure 3-8). While staining for Ina and Caprin1 revealed both a nuclear and 

cytoplasmic localization (Figure 3-8). The overlapping expression of all four selected proteins with 

hnRNP-K in the nucleus demonstrates opportunity for RNA mediated interaction of these proteins 

with hnRNP-K. This supports the evidence of an interaction as all proteins have the opportunity 
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to interact with hnRNP-K, and that this interaction likely plays a role in a nuclear specific activity 

such as transcriptional regulation.     

Mass spectrometry revealed that two of the most enriched protein binding partners in the 

hnRNP-K IP were Matrin3 and hnRNP-U, producing 25 and 15 unique peptides. Like hnRNP-K 

both of these proteins share ties to the epigenetic regulatory MLL2 methyltransferase complex and 

PRC2. Immunoaffinity column chromatography on human myelogenous leukemia K562 cells 

revealed Matrin3 as an additional protein interactor of the MLL2 methyltransferase complex 

(Issaeva et al., 2007). While further studies into Xist mediated X chromosome inactivation 

confirmed that hnRNP-U is required for localization of Xist to the X chromosome, hnRNP-K is 

also bound by Xist and is required for the deposition of silencing histone modification including 

H3K27 methylation (Chu et al., 2015). This epigenetic silencing is likely a result of hnRNP-K 

acting as a docking platform between Xist  and PRC2 component EED as knockdown of hnRNP-

K results in reduced methylation as well as dissociation of EED from Xist (Chu et al., 2015). Our 

analysis also confirmed that the interaction between hnRNP-K and hnRNP-U is RNA dependent 

(Figure 3-6C) which is consistent with the role of these two proteins in lncRNA mediated gene 

silencing. Additionally, an analysis of Xist protein interactors across four cell types produced a list 

of 62 common proteins, of which 16 (25.8%) were identified in this current study, including 

hnRNP-K itself (Chu et al., 2015).  

To further understand the enrichment of hnRNP-K and its protein interactors in biological, 

molecular and cellular functions gene ontology (GO) analysis was conducted (Figure 3-7). GO 

further supported the role of hnRNP-K in the regulation of gene expression with enrichment in the 

negative regulation of gene expression (EF=5.74, p=1.20E-10), chromatin (EF=5.98, p=1.59E-
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04), the nuclear matrix (EF=39.41, p=7.99E-10), chromatin binding (EF=6.52, p=2.80E-05), and 

long noncoding RNA binding (EF=100, p=1.10E-04) (Figure 3-7). The enrichment of hnRNP-K 

and its protein network in mechanisms regulating gene expression, specifically gene repression, is 

suggestive that hnRNP-K likely plays a role in repressing the expression of proneural genes during 

embryonic cortical development. It is also likely that hnRNP-K’s mechanism of gene repression 

may be elicited through the binding of specific lncRNAs. Indeed, GO analysis demonstrated a 

significant enrichment in lncRNA binding, and previous research has demonstrated a critical role 

for hnRNP-K in lncRNA mediated gene repression (Chu et al., 2015; Huarte et al., 2010).    
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CONCLUSION 

 Previous studies have identified hnRNP-K as a novel protein interactor for many factors 

involved in regulating the various mechanisms of gene expression, but none on the specific roles 

of hnRNP-K with cortical neurogenesis. This work provides novel information about the 

expression, function, and protein-protein interaction network of hnRNP-K within the developing 

murine cerebral cortex. hnRNP-K is consistently expressed throughout the timeframe of murine 

cortical neurogenesis from E12, the onset of neurogenic cell divisions, through the peak of these 

divisions, taking place at E15, to E18 when these neurogenic divisions subside and gliogenic 

divisions begin. hnRNP-K maintains a nuclear localization with exclusion of the nucleoli, in NPCs, 

IPCs, and post-mitotic neurons in primary CD1 murine cultures. Expression of hnRNP-K can be 

visualized throughout the murine cortex at E12 and E18, from the VZ at the lateral ventricle to the 

CP at the pial surface, with no specific zonal enrichment. In vitro knockdown of mouse hnRNP-K 

using lentiviral shRNAs results in altered cell fating of NPCs. Upon loss of hnRNP-K NPCs have 

an increased differentiation potential producing a larger proportion of post-mitotic neurons and a 

decreased proportion of NPCs, with an unchanging proportion of IPCs. IP of hnRNP-K, followed 

by mass spectrometry, identified 70 proteins interacting in vivo with hnRNP-K. Interactions 

confirmed through the use of reverse IPs revealed hnRNP-K maintains RNA based interactions 

with nuclear matrix proteins Matrin3 and hnRNP-U. These interactions in addition to GO analysis 

revealed enrichment of hnRNP-K in regulatory processes of gene expression, specifically linking 

hnRNP-K to the negative regulation of gene expression through previously established interactions 

with PRC2. Overall, our data supports a critical role for hnRNP-K in the cell fating of NPCs in the 

developing murine cerebral cortex, through the control of proneural gene expression.             
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