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Abstract 

Investigating the role of hnRNP-M in asymmetric neural precursor cell divisions in the 

developing cerebral cortex 

 

Dendra Hillier        Advisor: Dr. John P. Vessey 

University of Guelph, 2017 

 

The mature cortex carries out many complex cognitive functions in the brain, such as 

reasoning and conscious thought. During brain development the process of neurogenesis expands 

the cortex through asymmetric divisions of neural precursor cells (NPCs). Asymmetric divisions 

are carried out, in part, through concise control of RNA expression. This research sought to 

expose a role for RNA-binding protein hnRNP-M in asymmetrically dividing NPCs. hnRNP-M 

was shown to be expressed in the nucleus during mouse cortical development by both NPCs and 

neurons. In vitro knockdown studies revealed changes in cellular populations, favouring the 

creation of NPCs and thereby suggesting a role in differentiation. This data, combined with 

knowledge from the literature, suggests hnRNP-M may regulate important alternative splicing 

events during asymmetric divisions of NPCs. The elucidation of the role of hnRNP-M provides 

insight into the molecular basis of brain development, and could have clinical applications for 

neurodevelopmental disorders.  
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Chapter one: Introduction 

 

Mammalian cortical development 

 

Exclusively found in mammals, the cerebral cortex is the outermost layer surrounding the 

cerebral hemispheres of the brain. The mature cortex carries out some of the most complex 

cognitive functions in the brain, such as reasoning and conscious thought. Indeed without the 

concerted effort of a variety of cellular networks, humans would not retain the ability to make 

decisions or to understand the world around them. As such, abnormalities in the processes 

contributing to cortical development have been implicated in several neurodevelopmental 

disorders, including schizophrenia, autism spectrum disorder, and fetal alcohol syndrome (Reif et 

al. 2007; Wegiel et al. 2010; Zhou et al. 2011).  

The onset of cortical development coincides with the closing of the neural tube during 

embryogenesis. Upon primary neurulation, neuroepithelial cells from the anterior neuroectoderm 

form the interior of the newly formed ventricles, and subsequently undergo the conversion from 

epithelial cells to neural precursor cells (NPCs) (Franco and Müller 2013).  NPCs are multipotent 

in nature, and give rise to most cell types in the cerebral cortex (Williams, Read, and Price 

1991). Adjacent to the lateral ventricles, the ventricular zone (VZ) houses the population of 

NPCs. At the beginning of brain development, NPCs split symmetrically to expand the pool of 

precursors. Symmetric divisions in precursor cells are well understood, and require a well-

orchestrated series of events and coordination of a variety of mechanisms.  

Accelerated expansion of the developing cortex is a consequence of the rapid divisions of 

neural precursors. Subtypes of neural cells include NPCs, intermediate precursors and basal 

radial glial cells- each with their own subclasses which share general features (Betizeau et al. 
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2013). It is the specialization of NPCs which coincides with the onset of neurogenesis. NPCs 

have processes that extend to the apical plate of the cortex, which form the lining of the 

ventricular zone (VZ), and to the basal plate where the cortical plate (CP) resides (Figure 1). 

These processes are retained by the NPC even after mitosis has occurred (Rakic 1972). The 

subventricular zone (SVZ) lies immediately basal to the ventricle, and is populated with 

intermediate progenitors, which have a more defined cell fate (Figure 1). These cells undergo 

symmetric, neurogenic divisions which rapidly expand the developing cortex (Hansen et al. 

2010). 

 Upon establishment of the NPC population, the switch to asymmetric divisions occurs. 

In contrast with symmetric divisions, these asymmetric divisions result in the production of 

distinct daughter cells. When NPCs begin asymmetrically dividing, the result is the production of 

two distinct daughter cells; a renewed precursor cell, and a differentiated neuron (Figure 2a). 

NPCs generate the majority of neurons in the brain, and also retain the capacity to differentiate 

into astrocytes and oligodendrocytes. (Anthony et al. 2004; Noctor et al. 2001; Zhong and Chia 

2008). NPCs have specific cell polarity determinants that must be localized with precision to 

perform asymmetric divisions.  

Following neuronal differentiation and the establishment of the neuronal population, 

migration commences. The migration of neurons is temporally and spatially controlled along two 

basic axes: radial and tangential. Radial movement begins at the VZ, moving outwards to the CP. 

This movement creates columns of neurons which work together in units. Tangential movement 

runs parallel to the brain surface, and usually occurs in the late stages of cortical development 

(Rakic 1990). The result is very controlled movement along determined pathways that is 
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Figure 1. Development of the mammalian cortex. 

Coronal section of embryonic day (E) 15 mouse brain displaying immunohistological staining of 

three main cell types. Neural precursor cells (NPCs) are found adjacent to the ventricle in the 

ventricular zone (VZ). Following neurogenesis, neurons move outward toward the cortical plate 

(CP), in an inside-out fashion. Intermediate progenitors exist in the subventricular zone (SVZ) and 

serve to create additional neurons. Figure adapted from Centre for Integrative Brain Research 

(2014). 
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temporally and spatially regulated. NPCs also act as substrates for the migration of neurons, 

whereby newly differentiated neurons travel past previously formed neurons using the network 

of long basal processes which extend from the NPCs (Gadisseux et al. 1990). Migration results 

in the movement of cells over very large distances during development, depending on the species 

(Rakic 1990). As a result, the mature cortex houses the youngest, most recently differentiated 

neurons in its outer most layers while the oldest neurons reside in the inner most layers (Levison 

2006).  

 Upon completion of neurogenesis, NPCs switch to gliogenesis to create cells such as 

astrocytes and oligodendrocytes, which will provide the support network for the newly born 

neurons. Notch signalling is known to play a role in a wealth of differentiation processes (Yoon 

and Gaiano 2005), and Notch ligands have been shown to promote the switch from neurogenesis 

to gliogenesis (Morrison et al. 2000). In vitro NPCs are known to divide to create neurons, then 

astrocytes, in a temporal manner (Qian et al. 2000). The Janus Kinase (JAK)- Signal transducer and 

activator of transcription (STAT) pathway is known to play an important role in the neurogenic to 

gliogenic switch. Inhibition of the JAK-STAT pathway occurs during neurogenesis, after which 

decreases in neurogenic factors lead to the increased expression of STAT1/3. STAT1/3 are 

transcription factors which induce expression of the JAK-STAT pathway, thereby prompting the 

switch to gliogenesis. (F. He et al. 2005). Glial fibrillary acidic protein (GFAP) is a commonly used 

glial cell marker, whose promoter is methylated during neurogenesis. As such, STAT3 is incapable 

of binding and activating GFAP expression earlier in development. During the transition to 

gliogenesis, the regulatory region of the GFAP promoter is de-methylated, and STAT3 is then 

capable of binding and promoting gliogenesis via GFAP expression (Takizawa et al. 2001).  Most 

glia are generated after birth, but the question of how many astrocytes one precursor cell may create 

remains controversial (Ge and Jia 2016).  
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Asymmetric cell division 

 

It is clear that cortical development relies upon asymmetric divisions of NPCs to achieve 

coordinated, layered expansion. A concerted effort within the dividing NPC will result in the 

production of two daughter cells with distinct cell fates. Much more information is becoming 

available about the molecular identities of the cells in the developing cortex (Pollen et al. 2015), but 

much is still yet to be investigated. The exact method by which NPCs execute asymmetric divisions 

is still unknown. (Shitamukai and Matsuzaki 2012). 

The unequal splitting of cellular components during division is known to be essential to 

the production of distinct daughter cells. Orientation of the mitotic spindle relative to the 

cleavage plane (apicobasal axis) results in the unequal splitting of certain cellular components, 

and as such is particularly important to asymmetric divisions (Chenn and McConnell 1995). The 

Par complex, a grouping of six proteins named PAR-1 through PAR-6, is known to contribute to 

cellular differentiation and polarity (Goldstein and Macara 2007). This complex has been shown 

to indirectly regulate the orientation of the mitotic spindle and division plane (Inaba and 

Yamashita 2012).  

Besides mitotic spindle orientation, cells utilize other methods for spatial control of gene 

expression. One such method is the control of RNA metabolism, which encompasses processes 

which start during transcription and continue right up to translation (Figure 2b). These processes 

are essential not only for cell survival, but for complex events such as differentiation. RNA 

localization is employed at the cellular level to provide differential expression of genes in each 

daughter cell. Intracellular mechanisms used to achieve this include export of mRNA from 

nuclei, localized protection from degradation, active transport of transcripts on the cytoskeleton 

through the use of molecular motors, and localized anchorage (Holt and Bullock 2009). The 
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targeted transport of specific transcripts increases precision, leading to the assembly of protein 

complexes in targeted regions (Holt and Bullock 2009).  

Mammalian localization of mRNA is executed through motor-based transport utilizing 

myosin-, kinesin- and dynein-driven movement. Ribonucleoprotein (RNP) complexes are 

involved in the process of active transport, and consist of RNA-binding proteins (RBPs) in 

combination with their target mRNA (Mili et al. 2001; H. L. Zhang et al. 2003). Following 

transcription, RBPs commonly bind with their mRNA targets within the nucleus, but may form 

these associations in the cytoplasm. These protein-mRNA complexes can then be shuttled out to 

the cytoplasm where cis-acting sequences work to provide translational suppression and control 

of localization (Kuersten and Goodwin 2003). These sequences are commonly referred to as 

RNA localization signals, which induce oligomerization of mRNA molecules (Bergsten and 

Gavis 1999). The binding of trans-acting factors (typically RBPs), to the mRNA subsequently 

form an RNP complex. When the RNP complex is formed, it may then be moved along the 

cytoskeleton to its final destination in the cell by molecular motors (Holt and Bullock 2009). 

This process is conserved across many species including mammals, Drosophila melanogaster 

(Drosophila), and Caenorhabditis elegans (LeGendre et al. 2013; Vessey et al. 2012; Xu, 

Brechbiel, and Gavis 2013).  

Additional forms of RNA regulation support the effort to achieve control of gene 

expression. Alternative splicing is a powerful tool enabling differential expression of genes, 

where single transcripts can be processed to create entirely different proteins with distinct roles 

in the cell. RBPs are again found to regulate this area of RNA metabolism. RBPs are commonly 

found to have alternative splicing capabilities; one such example is heterogeneous nuclear 

ribonucleoprotein H (hnRNP-H) and its associated RNA c-src. hnRNP-H regulates the c-src N1 



7 

 

exon in human neurons through alternative splicing (Chou et al. 1999). RBPs hnRNP-A1/B2, 

hnRNP-H3, PTB (hnRNP-I isoform), and hnRNP-P2 (TLS/FUS) have been shown to be bound 

to ZNF198 within the nucleus, and all of these have been found within the spliceosome 

(Kasyapa, Kunapuli, and Cowell 2005; Z. Zhou et al. 2002). Indeed, RBPs facilitate most events 

that effect RNA function. Within the context of asymmetric divisions, RBPs are critical. 

hnRNPs: Functions in mRNA metabolism 

 

By far, the most abundant family of RBPs are hnRNPs (Dreyfuss et al. 1993), which have 

a varied set of roles in RNA metabolism. hnRNPs are a family of twenty diverse proteins (Figure 

3), which are known to exist in the nucleus but are excluded from the nucleolus, simply residing 

in the nucleoplasm or within nuclear substructures (Marko et al. 2010; Mili et al. 2001). Some 

hnRNPs are capable of shuttling between the nucleus and cytoplasm, as they possess a nuclear 

export signal (NES), while others remain strictly nuclear (Mili et al. 2001). hnRNPs (with the 

exception of hnRNP-U) contain RNA binding domains (RBDs) in the form of RNA-recognition 

motifs (RRMs), K-homology (KH) domains, or glycine-rich domains, which are critical to their 

function (Han, Tang, and Smith 2010). RRMs are common structural elements which allow for 

specificity in binding to target transcripts, and are unique to each protein (Q. Chen et al. 2013b; 

Han, Tang, and Smith 2010). RRMs are the most abundant RBD in eukaryotes, providing 

incredible transcript specificity when present in multiples within a single RBP (Guallar and 

Wang 2014). KH domains originally discovered in hnRNP-K have similarly been found in other 

hnRNPs, and these domains provide RNA-binding activity (Kim et al. 2000). Providing 

additional diversity to hnRNPs, alternative splicing of these proteins results in many paralogues 

and isoforms (Q. Chen et al. 2013b). It has been shown that many of the hnRNPs have very  
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Figure 2. Asymmetric NPC divisions are driven by all aspects of RNA metabolism.  

NPCs executing an asymmetric division (A) must coordinate the driving aspects of RNA 

metabolism in order to achieve cell polarity. Alternative splicing, export, passive diffusion, 

active transport, translational suppression, and localized anchorage of RNAs must all be 

harnessed to create a microenvironment suitable for the production of an asymmetric division 
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specific affinities to RNA, affecting how and where they bind the strand (Weighardt, Biamonti, 

and Riva 1996). Due to their incredible abundance within the cell, hnRNPs are found to be 

actively involved in many processes (Weighardt, Biamonti, and Riva 1996). These proteins are 

known to be important to aspects of RNA metabolism such as alternative splicing, translational 

repression and localization. hnRNPs are also been implicated in stem cell differentiation and cell 

cycle regulation (Q. Chen et al. 2013a). The diversity of hnRNPs is reflected in their various 

cellular functions. For example, hnRNP-K and hnRNP-E1 have been shown to bind the 3’ UTR 

of LOX mRNA in erythroid cells, inducing translational repression and implicating both RBPs as 

part of translational regulatory circuits (Ostareck et al. 1997). hnRNP-A/B forms the core of the 

RNP complex, and roles in RNA transcription, alternative splicing, and nuclear import/export 

have been observed (Y. He and Smith 2009). Further, hnRNPs have been implicated in renewal 

and differentiation in the mammalian brain. hnRNP-A2/B1, separate from hnRNP-A/B, has been 

implicated in regulation of pluripotency in human stem cells, suggesting the importance of 

hnRNPs in the brain (Choi et al. 2013). It was demonstrated that hnRNP-AB regulates proteins 

vital to the development of neurons, thereby influencing neural stem cell differentiation 

(Sinnamon et al. 2012). It is understood that many of the hnRNPs are expressed in the 

developing brain, suggesting that many of them are important for this critical developmental 

event. One of the hnRNPs in particular, hnRNP-M, represents a novel candidate regulator of 

NPC differentiation. 
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Figure 3. Heterogeneous nuclear ribonucleoproteins (hnRNPs) and their structural differences. 

hnRNPs are a diverse group of abundant proteins which facilitate all aspects of RNA metabolism 

in the cell. Many contain one or more RNA recognition motifs (RRMs), along with unique 

structural elements (Chen et al., 2013). hnRNP-M is quite large in proportion to other members of 

the hnRNP family, and contains three RRMs. 
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hnRNP-M – Structure and Function 

 

In 1993, hnRNP-M proteins were first discovered in human (HeLa) cells as a cluster of 

four isoforms (Datar, Dreyfuss, and Swanson 1993). These variants were thought to have arisen 

from a single transcript, and have been shown to bind tightly to pre-mRNA poly(U) and poly(G) 

sequences in vivo (Datar, Dreyfuss, and Swanson 1993). The aforementioned isoforms are highly 

related, though unique in their binding specificity. Grouped by molecular size; hnRNP-M 1 and 2 

are of lower molecular weight at 64 kDa, while isoforms 3 and 4 are larger at 68 kDa. 

Commonly, hnRNP-M isoforms will run at higher molecular weights closer to 72 kDa (Gattoni 

et al. 1996). These pairs of isoforms have been shown to bind different transcription factors in 

vitro (Marko et al. 2014). hnRNP-M, located on chromosome 19 in humans, is structurally 

similar to many other hnRNPs (Gattoni et al. 1996). It contains three RRMs (Figure 3), one 

located directly at the C-terminus (Han, Tang, and Smith 2010). During mid-neurogenesis, 

hnRNP-M transcript and protein levels appear to be high throughout the central nervous system, 

but enriched in the cerebral cortex (Mahé et al. 2000). The investigation of higher hnRNP-M 

expression in the cerebral cortex has not been pursued further in the literature.  

hnRNP-M homolog Rumpelstiltskin is critical to Drosophila development 

 

hnRNP-M has an insect ortholog, Hrp59, isolated in Chironomus, as well as a Drosophila 

homolog, Rumpelstiltskin (Rump). Both forms have high sequence similarity to hnRNP-M 

(Kiesler et al. 2005), and play varying roles in RNA metabolism. Rump works as an antagonist 

to chromatin insulators acting upon gypsy DNA (King et al. 2014). Chromatin insulators are 

protein–DNA complexes which prevent enhancer and promoter interaction, thereby inhibiting 

expression of a particular gene. The result of Rump’s action on gypsy is expression of the gene in 
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all tissues outside of the CNS (King et al. 2014). Rump has also been found to function in the 

shuttling and translational suppression of nanos mRNA in the developing Drosophila oocyte 

(Jain and Gavis 2008). This process is critical for oocyte development, as nanos must be shuttled 

to the posterior for axis determination to occur. Additionally, Rump binds in combination with 

Oskar to nanos transcripts, forming an RNP complex responsible for localization of nanos to the 

dendrites of dopaminergic neurons (Xu, Brechbiel, and Gavis 2013). Thus, Rump retains its role 

in mRNA localization well beyond early development, which could suggest roles that are 

potentially conserved in mammals. 

hnRNP-M is responsible for mRNA splicing in mammalian neurons 

 

In mammals, hnRNP-M displays mRNA splicing activity akin to that of many other 

hnRNPs. hnRNP-M has been shown to be a part of the human spliceosome (Rappsilber et al. 

2002), even playing a role in alternative splicing of its own transcripts (Hase, Yalamanchili, and 

Visa 2006). In vitro, polypyrimidine tract-binding protein-associated splicing factor (PSF) and 

Non-POU domain-containing octamer-binding protein (p54nrb) bind hnRNP-M, and these factors 

are known to be responsible for pre-mRNA processing,  mRNA quality control, and have been 

identified as part of the spliceosome (Marko et al. 2010; Patton et al. 1993; Z. Zhang and 

Carmichael 2001; Z. Zhou et al. 2002). hnRNP-M is associated with exon silencing in fibroblast 

growth factor receptor 2 (FGFR2), thereby contributing to its splicing regulation resulting in 

functionally distinct receptors (Hovhannisyan and Carstens 2007). It was demonstrated that 

hnRNP-M could prompt specific exon silencing for FGFR2, as well as exon skipping or 

exclusion using mini genes containing unrelated exons (Hovhannisyan and Carstens 2007). In 

the central nervous system, hnRNP-M once again displays functional significance. The 

dopamine D2 receptor (D2R) exists in two isoforms which occur due to alternative splicing in 
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dopaminergic neurons, and is critical to cellular function. hnRNP-M was implicated as a splicing 

factor for D2R in mammalian dopaminergic neurons (Park et al. 2011). Alternative splicing is 

also employed by cells under abnormal conditions. The heat shock response provides protection 

against inappropriate gene expression during cellular stress (Morimoto 1998). It was observed 

that during heat shock, hnRNP-M remains inactive to prevent abnormal splicing events (Gattoni 

et al. 1996). In Chironomus and Drosophila, the hnRNP-M homolog Hrp59 binds the exonic 

splicing enhancer on mRNA, and accompanies the transcripts from the gene to the nuclear 

envelope where they are released (Kiesler et al. 2005). The literature provides data on the 

varying roles of hnRNP-M in RNA metabolism, and suggests key roles for hnRNP-M in 

development, both in Drosophila and in mammalian cells. I therefore hypothesized that hnRNP-

M could play a critical role in facilitating the asymmetric divisions on NPCs through control of 

RNA metabolism.  

To achieve a greater understanding of cortical development, the driving mechanisms 

behind NPC divisions must be fully understood. This research sought to expand upon the role of 

hnRNP-M in the cells of the CNS, to attain further understanding into the molecular events 

which facilitate the development of the cerebral cortex. With a wealth of supporting evidence for 

hnRNP-M as a splicing regulator, coupled with its importance in mRNA metabolism in the CNS 

and its enrichment in the mammalian cortex, I hypothesize that hnRNP-M could be a key 

regulator of cortical development. hnRNP-M may facilitate alternative splicing in NPCs, but may 

also influence nucleocytoplasmic transport, active transport, or translational suppression. Taken 

together, we therefore hypothesized that hnRNP-M could play a critical role through RNA 

metabolism in facilitating the asymmetric divisions of NPCs (Figure 4).  
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Figure 4. Hypothesis model 

RNA processing begins in the nucleus, where transcription and alternative splicing of transcripts 

takes place. Mature mRNAs can then be exported where they are able to associate with RNP 

complexes, facilitating their active transport across the cytoskeleton. hnRNP-M is hypothesized to 

play a role in alternative splicing, or active transport of RNAs through association with RNP 

complexes. These processes are critical to differentiation and renewal, and thus may implicate 

hnRNP-M as a contributor to asymmetric neural precursor cell divisions. 
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To test this hypothesis, normal expression patterns of hnRNP-M in the developing brain 

must be established. Using key time points during neurogenesis, hnRNP-M expression was to be 

explored on a global scale and the subcellular level. hnRNP-M expression in the developing 

cortex was investigated through the use of Western blotting and immunohistological analysis of 

cortical sections and primary cell culture. A developmental profile was created for hnRNP-M, 

and after confirmation of its abundant expression we sought to visualize the expression on a 

global and cellular scale during key neurogenic stages. Upon establishment of normal expression 

patterns, in vitro knockdown of hnRNP-M was employed to monitor changes in NPC and 

neuronal populations. Transient knockdown of hnRNP-M in primary cortical cell culture led to a 

significant increase in NPCs and, conversely, significant decreases in neurons and intermediate 

progenitors. Thus, loss of hnRNP-M in vitro appears to reduce the ability for NPCs to 

differentiate, suggesting that hnRNP-M plays an essential role in the differentiation of NPCs.  
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Chapter two: Methods and Materials 
 

Model System 

 

CD1 mice were used as the mammalian model in this study. This strain is known for their 

large litter sizes, which reduced the amount of mice needed for sacrifice, while providing ample 

tissue for experimental use. An outbred strain was used, providing unique and representative 

individuals of a large population (Chia et al. 2005). Mice were ordered timed pregnant ±12 

hours (h) (Charles River Laboratories, Sherbrooke, Quebec) and housed short term in the 

University of Guelph Central Animal Facility. All experiments and housing conditions were in 

compliance with the guidelines outlined by the Canadian Council of Animal Care. In the mouse, 

the NPC population is still dividing symmetrically to expand the pool of precursors at embryonic 

(E) day ten. By E12, neurogenesis begins; signifying the switch from symmetric divisions to 

asymmetric divisions. Neurogenesis peaks at E15, and slows by E17 or E18. At this time, the 

switch from neurogenesis to gliogenesis occurs, resulting in the formation of astrocytes (Figure 

5). Dissection therefore took place during critical and relevant points in development, namely 

E12, E14/E15, and E18/19. 

Dissection and cell culture 

 

Round 12mm coverslips (Electron Microscopy Sciences) were flamed in a sterile hood 

(Biological Safety Cabinet Model S425-600, Nuaire) and placed in 500uL of coating solution 

(Appendix A). 24 well plates were then placed in 37 ºC incubator (Forma Direct Heat CO2 

Incubator Model 3110, Thermo Scientific) overnight. The following day, coverslips were washed 

twice with sterile water (GE Life Sciences), then 500 μL of supplemented media (Appendix A)  
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Figure 5. Timeline for neurogenesis and gliogenesis in the mouse.  

Tissue harvest occurred at critical time points in development (red arrows), as noted by 

embryonic day (E).  
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was added to the wells. The plate was then placed back into the 37 ºC incubator until cells were 

plated, about 3-5 h following washing. E12 timed pregnant mice were euthanized using CO2 (5 

L/min; Linde). Mice were transferred to a sterile hood (HeraGuard Eco, Thermo Fisher), their 

abdomens then sterilized with 75% ethanol. An incision was created to remove uterine horns, 

containing the embryos. The uterine horns were placed in a sterile 12 cm tissue culture dish 

(Corning) containing Hank’s Buffered Salt Solution (HBSS; Gibco, Life Technologies). 

Embryos were removed from their sacs and placed into 2 cm dishes (Corning), also containing 

HBSS. Using a dissecting light microscope (Nikon SMZ 745T), embryos were pinned to the dish 

using 21 G needles (PrecisionGlide, BD) to prevent jostling during dissection. The skin, skull, 

and meninges were removed to gain access to cortices, then cortical tissue was removed and 

placed in a dish containing fresh primary culture media, on ice (Appendix A). Upon removal of 

tissue, the dish was moved to a sterile hood (Biological Safety Cabinet Model S425-600, 

Nuaire), where cells were dissociated using a sterile plastic Pasteur pipette. Cells were counted in 

a hemocytometer, and plated at a density of 175, 000 cells/mL in 1 mL primary culture media on 

12 mm coated coverslips. 24 well plates were placed back into a 37 ºC incubator for three days. 

Under these conditions, these cells are able to recapitulate the same differentiation in culture as 

they would in vivo. Primary cortical cells were used for both knockdown and expression studies 

of hnRNP-M.  

Human Embryonic Kidney (HEK) Cells 

 

HEK293T cells (Promega) were used for preliminary testing of shRNA knockdown and 

overexpression experiments, due to their capacity for high transfection efficiency. Cells were 

plated at a density of 100, 000 cells/mL, and maintained in 10 cm tissue culture dishes (Corning) 

at 37 ºC with 5% CO2 (Forma Direct Heat CO2 Incubator Model 3110, Thermo Scientific). 
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HEK293T media consisted of Dulbecco’s Modified Eagle’s Medium Ham’s F-12 Nutrient 

Mixture (Sigma Aldrich), with 10% bovine serum albumin (Sigma Aldrich) and 1% 

penicillin/streptomycin mixture (Sigma Aldrich). Cells were passaged twice weekly at a 1:10 

dilution, using 0.25% Trypsin EDTA (GE Healthcare Life Sciences). Cells were transfected 24 h 

after passage (see Transfection of cultured cells). 

Transfection of Primary Culture 

 

hnRNP-M knockdown was achieved using transient transfection with shRNAs. Initial 

verification of transfection efficiency was performed in HEK293T cells, reducing the number of 

mice to be sacrificed. Four commercially available shRNA constructs (Origene TG517228, 

Kanamycin resistant), as well as a murine hnRNP-M cDNA construct (OriGene NM_029804, 

Ampicillin resistant) were transformed into Escherichia coli (E. coli; subcloning efficiency 

DH5α competent cells, Invitrogen) and incubated overnight at 37 ⁰C. Colonies from each 

transformation were selected to be grown in LB broth (Sigma Aldrich) overnight at 37 ⁰C, with 

Kanamycin or Ampicillin (100 μg/mL, Sigma Aldrich). DNA was purified (Endofree and High 

Speed Maxi Kits, Qiagen), quantified (Thermo Scientific NanoDrop 8000, University of Guelph 

Genomics Facility), and transfected into HEK293T cells using lipid-based transfection 

(Lipofectamine 2000, Invitrogen). HEK293T cells were co-transfected with 3:1 ratio of shRNA 

(0.75 μg/well) and hnRNP-M-GFP (0.25 μg/well), or with overexpressed hnRNP-M-GFP alone 

(1.0 μg/well) and incubated for 24 h (37⁰C, 5% CO2; Forma Direct Heat CO2 Incubator Model 

3110, Thermo Scientific). Protein lysates were obtained from untransfected (UT), overexpressed 

(OE), co-transfected (hnRNP-M-GFP + shRNAs), and co-transfected control (hnRNP-M-GFP + 

scrambled control) cells. Protein extraction occurred on ice using 1X Brain Extraction Buffer 

(BEB) plus protease inhibitors (Appendix A). Protein quantification was done in triplicate 
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(Micro BCA Protein Assay kit, Thermo Scientific Pierce). Western blotting revealed successful 

co-transfection with effective shRNAs. These validated shRNAs (sh-C and sh-D) were selected 

for knockdown of protein in cortical cells.  

Knockdown of hnRNP-M after validation was continued in vitro using primary cell 

culture of NPCs. Transfection using FuGene HD Reagent (Promega) transiently introduced 

validated shRNA constructs targeted to hnRNP-M. This method has a lipid component which 

creates a complex with DNA that is then brought into the cells (Roche 2001).  A nuclear green 

fluorescent protein (gfp) construct (nGFP, courtesy of Dr. Freda Miller, SickKids Toronto), as 

well as sh-C or sh-D construct, were introduced at a ratio of 3:1 as described previously. A 

scrambled 29-mer shRNA (OriGene) transfected with nGFP was used as the experimental 

control. Knockdown was performed 1 h or more after primary culture cells were plated. After 

three days in culture, cells were stained for the presence of nGFP along with a cell type marker: 

Nestin, βIIIT or Tbr2 (see Primary Culture Immunofluorescence). For each marker, knockdown 

was performed in triplicate.  

Western blotting 

 

Whole brains were excised from embryos at a variety of developmental time points (E11, 

12, 14, 15, 19) and placed in PBS on ice, then transferred to 1 mL cold 1X BEB per 6 

hemispheres. Tissue was homogenized using a 1 mL dounce tissue grinder (Wheaton), and cells 

were pelleted (10, 000 rpm at 4 ºC, 10 minutes). A Micro BCA Protein Assay Kit (Thermo 

Scientific Pierce) was used to quantify protein samples. Samples were subsequently mixed with 

5X sample buffer (Appendix A), then heated at 95 ºC for 10 minutes and frozen at -80 ºC until 

use.  
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Protein samples were separated on 10% resolving, 4% stacking SDS-PAGE gels 

(Appendix A), for 1.5 h at 110V. Gels were wet-transferred to PVDF membrane (BioRad) at 

0.25A for 1.5 h at room temperature surrounded by ice. Membranes were then blocked in 5% 

bovine serum albumin (BSA) (Appendix A) for 1 h, followed by overnight incubation at 4 ºC 

with primary antibodies diluted in 1% BSA (Appendix A). The loading control used for western 

immunoblots was β-actin, a cytoskeletal protein with expected size of 42 kDa. To allow probing 

for hnRNP-M and loading control simultaneously, blots were cut between 52 kDa and 72 kDa.  

Following primary antibody incubation, blots were washed in 1X TBST (Appendix A) three 

times for 8 minutes each. Horseradish peroxidase secondary antibody (BioRad) was applied for 1 

h at a dilution of 1:50, 000 in 1% BSA. Blots were treated with enhanced chemiluminescence 

substrate (GE Healthcare Life Sciences, Amersham ECL prime), then developed on film 

(Clinicselect blue X-ray film, Carestream; SRX-101A developer, Konica Minolta). Primary 

antibodies used were as follows: hnRNP-M (Sigma, HPA024344, 1:2000), β-actin (Abcam, 

Ab6276, 1:100, 000), and Sox2 (Thermo Fisher, MA1-014, 1:500).  

Primary Culture Immunofluorescence  

 

 Primary cortical cells were grown in culture for 3 days prior to immunohistochemistry. 

Media was removed and cells were washed once with HBSS. Cells were fixed for 10 minutes in 

4% PFA (Appendix A, Electron Microscopy Sciences) then permeabilized in 0.2% NP-40 

(Sigma Aldrich). Cells were blocked for 1 h in Blocking Solution (Appendix A), then co-stained 

with primary antibodies diluted in half Blocking Solution for 2 h. Primary antibodies targeted 

hnRNP-M, and either NPCs or neurons. Antibodies chosen to observe NPCs were Nestin 

(Abcam, ab6142, 2 μg/mL), an intermediate filament marker, and Sox2 (Thermo Fisher, MA1-

014, 10 μg/mL), a pluripotency marker. Neuronal markers such as SatB2 (Abcam, ab92446, 3.6 
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μg/mL) and βIIIT (Covance, PRB-435P, 0.5 μg/mL) were used, which are a transcription factor 

and microtubule marker, respectively. Additional antibodies utilized for immunofluorescence in 

knockdown experiments included Tbr2 (Abcam, ab183991, 1 μg/mL), a marker for intermediate 

progenitors, hnRNP-M (Sigma, HPA024344, 2 μg/mL) and GFP (Abcam, ab13970, 1 μg/mL). 

The fluorescent secondary antibodies that were applied, namely Alexa Fluor anti-mouse and 

anti-rabbit 488 and 555 (ThermoFisher Scientific, 2 μg/mL, 1 h), were then followed by Hoechst 

nuclear stain (Sigma Aldrich, 33258, 0.00025 μg/mL in HBSS, 2 minutes). Coverslips were 

mounted to microscope slides (Selectfrost, Thermo Fisher) using PermaFluor Mountant 

(ThermoFisher Scientific).  

Paraffin Immunofluorescence  

 

Whole brains were collected and placed in ice-cold PBS, then drop-fixed in formalin (10% 

neutral buffered with 4% w/v formaldehyde, Sigma Aldrich) for 24 h, dehydrated in 30% sucrose 

in Phosphate Buffered Saline (PBS; Ambion), and sent to SickKids Hospital (Toronto) for 

paraffin embedding and slicing. Coronal slices were obtained from E12 and E15 embryos for 

subsequent staining using antibodies targeted to βIIIT and Sox2, co-stained with hnRNP-M to 

observe global distribution of hnRNP-M. Immunohistochemistry on paraffin-embedded slides 

involved dehydration and antigen retrieval steps prior to blocking. Paraffin removal and 

dehydration took place in sequential dilutions of 100% and 50% xylenes (Thermo Fisher; in 95% 

ethanol), followed by 95%, 70% and 50% dilutions of ethanol in milliQ H2O. Antigen retrieval 

was achieved through immersion in boiling Sodium Citrate Buffer (Appendix A). Washes were 

performed using PBS. A Mouse on Mouse (M.O.M.) Kit (Vector Laboratories) was used to 

reduce endogenous mouse IgG staining while using mouse primary antibodies on mouse tissue. 

Blocking solution (Appendix A) was applied for 1 h and sections were incubated for 5 minutes in 
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MOM Diluent (Appendix A). Samples were incubated in primary antibody overnight at 4 ºC, 

diluted in MOM Diluent. Sections were then incubated for ten minutes in MOM Biotinylated 

Anti-Mouse IgG Reagent (Appendix A) before secondary antibody (ThermoFisher, Alexa Fluor) 

incubation. Nuclei were stained using Hoechst diluted in PBS. Primary antibody, secondary 

antibody, and Hoechst nuclear stain incubations were completed as described above in Primary 

Culture Immunofluorescence. Coverslips (Fisher Scientific) were applied using PermaFluor 

Mountant (Thermo Fisher Scientific). Confocal imaging revealed hnRNP-M localization on a 

global scale in the developing brain.  

Microscopy and Analysis 

To obtain representative images for immunofluorescence and knockdown experiments, 

epifluorescent light microscopy (Zeiss Axio Observer Z.1) was used. hnRNP-M/marker co-stains 

and knockdown analyses were performed at 40X magnification (Hamamatsu ORCA-Flash 4.0LT 

C11440 camera) with the apotome enabled (Zeiss Apotome.2) to reduce background signal from 

scattered light. Imaging of paraffin embedded sections was done at 20X magnification. 

Quantitative analysis of knockdown was performed at 20X magnification, where 

coverslips were scanned by a single observer, and presence or absence of chosen cellular 

markers was recorded within the population of healthy GFP positive cells (as determined by the 

presence of visible nucleoli, as compared to visibly condensed/fragmented nuclei which signify 

cell death). Approximately 150 cells per treatment were identified as GFP positive, and classified 

as either very positive for hnRNP-M (++), slightly positive for hnRNP-M (+), or negative for 

hnRNP-M staining (-).These experiments were blinded and performed in triplicate with an 

average of 150 cells counted in each biological replicate. Each marker was averaged to obtain a 
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mean of cells expressing the marker, as well as hnRNP-M. In vitro knockdown experiments 

employed antibodies for markers βIIIT, Nestin and Tbr2.   

Cell death within the knockdown experiments was measured through the identification of 

GFP-positive cells with condensed nuclei, indicating apoptotic cell death. This quantification 

was performed on three of the knockdown experiments to obtain an average of GFP-positive 

dead cells between treatments.  

Nuclear Extraction 

 

 Extraction of nuclear protein fraction from E15 whole brains was performed using NE-

PER Nuclear and Cytoplasmic Extraction Reagents (ThermoFisher Scientific) for efficient 

separation of cytoplasmic and nuclear fractions, as per the manufacturer’s instructions. Reagents 

were scaled up to obtain large quantities of protein for immunoprecipitation experiments (2mg 

per IP). 

Statistics 

 

Statistical analyses for in vitro knockdown experiments were performed in Microsoft 

Excel using paired two-tailed t-tests for means (n=3; n=4 for Nestin in vitro knockdown). Data 

are presented as mean ± SEM through the use of Prism GraphPad software. All differences were 

considered significant at p<0.05. 
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Chapter three: Results 
 

hnRNP-M is expressed throughout cortical development 

 

 Previous work has shown that hnRNP-M is highly expressed in the murine cortex, both at 

the RNA and protein level (Mahé et al. 2000), but the developmental timing of its expression has 

not been documented. An antibody with specificity to all three murine isoforms of hnRNP-M 

was selected for Western blotting and immunofluorescence experiments. Similar to previous 

work (Chen et al. 2017), the antibody used was raised against hnRNP-M of human origin, but is 

suitable for use in mouse tissue. The level of homology between human and mouse hnRNP-M 

allows for its use, as it contains an immunogen sequence that is conserved in mice (Appendix C). 

This was verified, and mouse hnRNP-M was detected (Figure 12). To explore the expression 

levels of hnRNP-M throughout development, Western blot analysis was performed on E11, E14, 

E15, and E19 whole brain protein lysates (Figure 6). High hnRNP-M expression levels were 

observed in the brain at all time points, as seen through the appearance of bands at the expected 

size of 72 kDa (Datar, Dreyfuss, and Swanson 1993). hnRNP-M expression remained highly 

expressed throughout embryonic development, from before neurogenesis (E11), to after 

neurogenesis has subsided (E19). β-actin, a cytoskeletal filament, served as a protein loading 

control (Thyagarajan and Szaro 2008; Varnum et al. 2015; Zhang et al. 2003).  

hnRNP-M is a nuclear protein, expressed in neurons and NPCs 

 

              Thorough histological analysis of hnRNP-M expression in the brain has not previously 

been explored. Spatial expression patterns of hnRNP-M in the cortex are described here for the 

first time. E12 and E15 paraffin embedded cortical sections were examined for hnRNP-M  
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Figure 6. Expression of hnRNP-M throughout murine brain development.  

Western blot analysis of embryonic whole brain lysates recovered from embryonic day (E) 11, 

E12, E14, E15 and E19 embryos. hnRNP-M protein expression was shown to remain high in the 

embryonic brain, from mid- to late-gestation.  
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expression in the three major layers of the embryonic cortex: the cortical plate (CP), intermediate 

zone (IZ) and subventricular zone (SVZ)/ventricular zone (VZ). Co-staining of hnRNP-M with 

βIIIT (neuron specific) and Sox2 (NPC specific) was observed at both ages. 

 Cellular co-staining was observed at both embryonic time points, with both cell type 

markers (Figures 7 and 8). hnRNP-M staining spans the cortex, appearing to be at least partially  

nuclear, as seen by the co-localization with Sox2 (Figure 7). Cultured E12 primary cortical cells 

were analysed through immunocytochemistry after three days in vitro (DIV), to observe the 

subcellular localization of hnRNP-M after differentiation events have occurred. Expression of 

hnRNP-M was compared to that of neuronal markers βIIIT and SatB2, and NPC markers Nestin 

and Sox2. Co-staining of hnRNP-M was observed with all cell markers, indicating its presence in 

both NPCs (Figure 9a) and neurons (Figure 9b), corroborating the results seen in the E12 and 

E15 sections. hnRNP-M was observed to be primarily nuclear, as seen by co-localization with 

Sox2 (a transcription factor) and SatB2 (a DNA-binding protein).  

It has been proposed that hnRNP-M plays a role in alternative splicing of RNA (Hase, 

Yalamanchili, and Visa 2006; Hovhannisyan and Carstens 2007; Marko et al. 2014), which 

would suggest that this protein would be primarily nuclear. However, hnRNPs are known to 

shuttle between the nucleus and the cytoplasm (Kim et al. 2000). Thus, exploring the location of 

hnRNP-M within the cell could hint at its role in RNA metabolism in the developing cortex. 

Cytoplasmic and nuclear protein extracts were obtained from E15 whole brains using a 

commercially available kit, and subsequently used for Western blot analysis. hnRNP-M 

expression was compared to the cytoplasmic protein β-actin, and nuclear transcription factor 

Sox2. β-actin was shown to be expressed in the cytoplasm as expected, while Sox2 and  
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Figure 7. hnRNP-M is found throughout the cortex and in Sox2-positive cells. 

Immunofluorescence on E12 and E15 paraffin embedded cortical sections. Sections were 

immunostained with hnRNP-M (red) and Sox2 (green). Precursor marker Sox2 is found near the 

ventricular zone (VZ). hnRNP-M is found throughout the cortex, and is expressed in Sox2-positive 

cells. 
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Figure 8. hnRNP-M is found throughout the cortex, and in βIIIT positive cells. 

Immunofluorescence on E12 and E15 paraffin embedded cortical sections. Sections were 

immunostained with hnRNP-M (red) and Beta-III-Tubulin (βIIIT). Neuronal marker βIIIT is 

localized toward the cortical plate (CP). hnRNP-M is found throughout the cortex, including βIIIT-

positive cells.  
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Figure 9. hnRNP-M is expressed in both neurons and NPCs in primary cell culture. 

hnRNP-M co-stained with neuronal and NPC markers in E15 neural precursor cells. Primary E12 

cortical cells were plated for immunohistological analysis using antibodies hnRNP-M (red), and 

the various markers (green). A two-stain merge of the images (right) shows sub-cellular co-

localization of hnRNP-M SatB2 and Sox2, as well as anti co-localization with Beta-III-Tubulin 

and SatB2. Hoechst nuclear staining shown in blue. Sox2 and Nestin are NPC markers (A), while 

SatB2 and β-III-Tubulin are neuronal markers (B). hnRNP-M is expressed in neurons and neural 

precursors, and remains primarily nuclear.  
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hnRNP-M bands were present only in the nuclear fraction. Upon Western blot analysis of 

nuclear and cytoplasmic embryonic brain extracts, hnRNP-M was shown to be highly expressed 

in the nucleus, and not detectable in the cytoplasm (Figure 10). In fact, hnRNP-M was observed 

to be nuclear in a variety of nuclear extracts including liver, lung, heart, and spinal cord (Figure 

11). The presence of hnRNP-M in nuclear extracts in consistent with a role for hnRNP-M in 

alternative splicing in the developing brain.  

shRNA validation for in vitro knockdown of hnRNP-M. 

 

Preliminary validation of hnRNP-M knockdown was performed in HEK293T cells and 

observed through Western blotting (Figure 12). HEK293T cells were transfected with a mouse 

hnRNP-M-GFP construct (at a higher level for overexpression), and co-transfected with shRNA 

and hnRNP-M-GFP constructs at a ratio of 3:1, and hnRNP-M-GFP with sh-control. Un-

transfected (UT) lysates were also obtained to compare to endogenous expression of hnRNP-M. 

Transient knockdown shows decreased protein levels of hnRNP-M-GFP across four shRNA 

constructs, as compared to overexpression and scrambled control (Figure 12). Endogenous 

expression of human hnRNP-M can be seen at 72 kDa, with the murine hnRNP-M-GFP chimeric 

protein running at 95 kDa. Sequences of the shRNA constructs should target all murine isoforms 

of hnRNP-M (NCBI, Appendix C).  

Within primary cortical culture, significant knockdown of hnRNP-M was achieved using 

sh-C and sh-D, two of the constructs used in the preliminary HEK cell validation. Transient 

knockdown of hnRNP-M was performed in E12 NPCs, and immunofluorescence was performed 

three days after. A significant increase in hnRNP-M negative (-) staining was observed  
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Figure 10. Nuclear localization of hnRNP-M. 

E15 whole brains were used for extraction of nuclear and cytoplasmic protein fractions. The 

cytoplasmic and nuclear fractions were probed for the presence of β-actin (cytoskeletal protein), 

Sox2 (nuclear transcription factor), and hnRNP-M. hnRNP-M is an abundant nuclear protein 

within the developing brain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. hnRNP-M is nuclear in a variety of tissues 

Cytoplasmic (C) and nuclear (N) lysates were obtained from E15 brain (B), liver (Li), heart (H), 

lung (Lu), and spinal cord (S) tissue. hnRNP-M is only present in the nuclear fractions of each 

tissue. β-actin was used as the protein loading control. 
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Figure 12. Validation of shRNAs for knockdown of hnRNP-M in HEK293T cells. 

HEK293T cells were transfected with plasmid encoding murine hnRNP-M, along with four 

shRNAs targeted to hnRNP-M. Protein was extracted one day after transfection. Un-transfected 

(UT), overexpressed murine hnRNP-M construct (OE); 1 μg/well, hnRNP-M + sh-A (M+A); 0.75 

μg/well + 0.25 μg/well, hnRNP-M + sh-B (M+B) 0.75 μg/well + 0.25 μg/well, hnRNP-M + sh-C 

(M+C) 0.75 μg/well + 0.25 μg/well, hnRNP-M + sh-D (M+D) 0.75 μg/well + 0.25 μg/well, 

hnRNP-M + scrambled control (M+Ctrl) 0.75 μg/well + 0.25 μg/well. 
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Figure 13. Validation of hnRNP-M knockdown in primary cell culture.  

E12 cortical cells transfected with nGFP and shRNAs and left for 3 DIV before 

immunohistological staining for hnRNP-M. GFP-positive cells (positive indicator of transfection) 

were identified as negative for hnRNP-M (M-), low levels of hnRNP-M (M+), or high levels of 

hnRNP-M (M++), and representative images of each were obtained (A). Statistical analysis 

revealed two shRNAs, sh-C and sh-D, as appropriate for knockdown of hnRNP-M. sh-C and sh-

D both achieved  significant reduction in the amount of hnRNP-M (++) staining, as well as a 

significant increase in the amount of  hnRNP-M negative (-) staining (B). Percent of cell with 

condensed nuclei was not significantly different between control and treatment groups during 

knockdown experiments (C). Data are presented as mean ± SEM *=p< 0.05, **=p<0.01, 

***=p<0.001 (Student’s t-test, N=3).  
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(sh-C: p=0.026, sh-D p=0.012; Figure 13b). Conversely, a slight decrease in weakly positive (+) 

(sh-C p=0.243, sh-D p=0.162; Figure 13b) was seen, as well as a significant decrease in strongly 

positive (++) hnRNP-M staining (sh-C p=0.0005, sh-D p=0.005; Figure 13b). Representative 

images of hnRNP-M staining for each classification are presented in Figure 13a. To assess that 

the knockdown phenotypes were not due to cell death, GFP-positive cells with condensed nuclei 

were counted within three knockdown experiments (Figure 13c). Cells undergoing apoptosis 

have condensed nuclei due to the irreversible condensation of chromatin which occurs during 

programmed cell death. Differences between treatment groups were nonsignificant (sh-C: 

p=0.181, sh-D: p=0.461, Figure 13c), thus cell death due to apoptosis was not considered a factor 

within these experiments. This validation of knockdown in primary cortical culture therefore 

revealed sh-C and sh-D as appropriate for subsequent knockdown experiments in vitro. sh-A and 

sh-D were also tested, data not shown. 

In vitro knockdown of hnRNP-M changes populations of neurons and NPCs 

 

In vitro knockdown was performed on cultured primary cortical cells to observe changes 

in cellular populations upon loss of hnRNP-M. Cells were quantified after transfection with GFP 

and shRNA by identifying GFP-positive (transfected) cells and scoring for the presence or 

absence of each cell lineage marker. Antibodies were used to identify each cell lineage (NPCs, 

intermediate progenitors, and neurons), and changes in their populations were observed upon 

knockdown. An approximate decrease of 20% in βIIIT positive neurons was found upon 

knockdown of hnRNP-M after 3 DIV. The average control βIIIT+/GFP+ cells were reduced 

from 39.97% to 21.15% (p=0.007, n=3), and 20.92% (p=0.037, n=3), using sh-C and sh-D, 

respectively (Figure 15b). A proportional increase was observed in Nestin expressing NPCs from  
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Figure 14. Knockdown of hnRNP-M in primary cell culture leads to a significant increase of 

NPCs  

In vitro knockdown of hnRNP-M led to changes in NPC populations. E12 cortical cells were 

transfected with nGFP plus validated shRNA constructs, and left for 3 DIV before 

immunofluorescent staining for NPC marker Nestin. GFP positive cells (green) were identified 

as positive or negative for Nestin (red) and quantified (A). Statistical analysis revealed a 

significant increase in the number of Nestin-positive cells upon knockdown of hnRNP-M (B). 

Data presented as mean ±SEM *=<0.05 (Student’s t-test, N=4). 
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Figure 15. Knockdown of hnRNP-M in primary cell culture leads to a significant decrease of 

neurons.  

In vitro knockdown of hnRNP-M changed NPC populations. E12 cortical cells were transfected 

with nGFP plus validated shRNA constructs, and left for 3 DIV before immunofluorescent 

staining for neuronal marker β-III-Tubulin (βIIIT). GFP-positive cells (green) were identified as 

positive or negative for βIIIT (red) (A). Statistical analysis revealed a significant decrease in the 

number of βIIIT-positive cells upon knockdown of hnRNP-M (B). Data presented as mean 

±SEM *=<0.05, **=p<0.01 (Student’s t-test, N=3). 
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Figure 16. Knockdown of hnRNP-M in primary cell culture leads to a significant decrease in 

intermediate progenitors  

In vitro knockdown of hnRNP-M changed intermediate progenitor populations. E12 cortical cells 

were transfected with nGFP and validated shRNA constructs and left for 3 DIV before 

immunohistological staining for intermediate progenitor marker Tbr2. GFP-positive cells (green) 

were identified as positive or negative for Tbr2 (red) (A). Statistical analysis revealed a significant 

decrease in Tbr2-positive cells upon hnRNP-M knockdown (B). Data presented as mean ±SEM 

*=p< 0.05, **=p<0.01 (Student’s t-test, N=3). 

 

 

sh-Ctrl                               sh-C                                    sh-D 

10 μm 

Tbr2 

A. 

B. 



39 

 

65.88% to 76.65% (p=0.028, n=3) and 85.28% (p=0.011, n=3) with sh-C and sh-D respectively 

(Figure 14b). Additionally, intermediate progenitors expressing Tbr2 were significantly 

decreased upon knockdown using sh-C (0.834%, p=0.027, n=3) and sh-D (1.01%, p=0.009, 

n=3), as compared to control shRNA (3.22%, Figure 16b). Representative images taken as a 

sample from each knockdown experiment are presented in Figures 14a, 15a, and 16a. Though the 

sum of the averages for the knockdown experiments are above 100%, some cells may express 

multiple cell markers during this transition due to the kinetics of protein degradation. 
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Chapter four: Discussion 
 

 The purpose of this study was to characterise the expression of hnRNP-M in the 

developing brain, and to explore its potential role in asymmetric NPC divisions. This study 

focused on a time point in brain development where NPCs are primarily undertaking 

asymmetric, neurogenic divisions. hnRNP-M was found to have a unique profile of expression, 

with consistent robust expression throughout the embryonic stages from before neurogenesis 

(E11) to stages after neurogenesis (E19) (Figure 6). Interestingly, it has been found that hnRNP-

M RNA levels are highest at E11.5 in the mouse (Yue et al. 2014). This spike in expression of 

hnRNP-M at the onset of neurogenesis could implicate hnRNP-M as a contributor to the process. 

hnRNP-M is present in both neurons and precursors (Figure 9), and its expression spans the 

developing cortex (Figures 7 and 8). It was observed that hnRNP-M is localized to the nucleus of 

a variety of embryonic tissues (Figure 11), including embryonic whole brain lysates (Figure 10). 

This finding corroborates results from a previous study in HeLa cells, where hnRNP-M was 

found to be highly expressed in the nucleus and associated with spliceosome machinery (Gattoni 

et al. 1996). Upon characterization of hnRNP-M in the developing cortex, we sought to knock 

down expression of hnRNP-M in cortical NPCs using validated shRNAs. shRNA mediated 

knockdown of hnRNP-M has been achieved in other cell types (Chen et al. 2017), and is a useful 

tool in understanding the roles of uncharacterized proteins. shRNA constructs were validated in 

HEK293T cells against exogenous hnRNP-M-GFP (Figure 12), then in primary cortical NPCs 

(Figure 13). Knockdown of hnRNP-M resulted in a 20% increase in NPCs, and a proportional 

decrease in neurons (Figure 14 and 15). Intermediate progenitors were also significantly reduced 

upon in vitro knockdown of hnRNP-M (Figure 16). This loss of intermediate progenitors may 

have been a contributor to the decrease in neurons observed during knockdown, however the 
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dramatic increase in NPCs provides evidence to suggest this loss is due to an overarching effect 

on neurogenesis. Culturing methods ensured that primary cortical NPCs would recapitulate the 

same differentiation pattern in culture as they would in vivo (Vessey et al. 2012). These 

significant changes in neuronal and NPC populations suggest a dysregulation of asymmetric 

divisions, which favours the creation of NPCs (Figure 14 and 15). Cell death was ruled out as a 

confounding factor during knockdown experiments, through quantitation of cells with condensed 

nuclei. These data suggest that the absence of hnRNP-M either negatively influences the ability 

of NPCs to differentiate, or promotes NPC renewal. While there is data to suggest that hnRNP-M 

plays a role in cellular differentiation (Chen et al. 2017), this is the first known study to have 

explored the role of hnRNP-M in NPCs. 

 hnRNP-M has been found to be highly expressed during CNS development, with 

enrichment in the cortex (Mahé et al. 2000). This work expanded upon the study by Mahé et al. 

(2000) to observe expression of hnRNP-M in specific cell populations, with greater detail at the 

subcellular level. hnRNP-M was indeed found to be enriched in the cortex, with expression in 

multiple cell types. hnRNP-M staining revealed nuclear protein in both neurons and NPCs, with 

exclusion from the nucleoli (Figure 9). Analogous staining has been detected for many members 

of the hnRNP family (Mili et al. 2001). Similar nuclear staining for hnRNP-M was previously 

observed utilizing immunofluorescence in HeLa cells (Marko et al. 2010). hnRNP-M was shown 

to be highly expressed in the nucleus, but was also found to exist in distinct nuclear foci where it 

was bound to polyrimidine tract-binding associated splicing factor (PSF) (Marko et al. 2010). 

These distinct nuclear foci are termed nuclear paraspeckles, and are structures that dynamically 

interact with the nucleolus (Fox et al. 2002). Nuclear extraction was 
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Figure 17. Proposed working model 

Under normal conditions, NPCs are able to regulate the metabolism of RNA correctly, resulting 

in the ability to execute asymmetric divisions and thus, the creation of neurons (A). However, 

with decreased levels of hnRNP-M present, RNA splicing may be affected. This could result in 

truncated protein or perhaps intron retention, leading to the production of non-functional protein 

product (B). 
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employed to confirm expression of hnRNP-M in the nucleus (Figure 10). It is not clear in the 

data presented here whether hnRNP-M displays a similar distribution to nuclear paraspeckles, 

and this will require further investigation under higher magnification.  As seen in previous work, 

hnRNP-M was expressed throughout the cortex, however the understanding of hnRNP-M 

expression in the developing brain has been expanded in this study. 

RNA binding proteins are associated with renewal and differentiation 

 

Cortical development relies heavily on the ability of precursor cells to divide 

asymmetrically. These divisions require a concerted effort from RBPs to facilitate proper RNA 

metabolism. The functions of RBPs can result in both renewal and differentiation. The RBP 

Staufen2, for example, has been shown to cause premature NPC differentiation when knocked 

down. This was found to be due to its role in Prox1 RNA localization during asymmetric NPC 

divisions (Vessey et al. 2012). hnRNPs in particular have been shown to regulate cell fate 

determination. hnRNP-AB plays a role in stem cell maintenance, differentiation, and cell 

survival after glutamate signaling pathway activation. Interestingly, the distribution of hnRNP-

AB isoforms is altered during maturation of neurons, and thus its role may change throughout 

neurogenesis (Sinnamon et al. 2012). It is therefore unsurprising to find a role for an RBP such 

as hnRNP-M in the process of neurogenesis. Recently, knockout of hnRNP-M was performed in 

myoblasts and this was observed to have a profound effect on differentiation through regulation 

of internal ribosome entry site (IRES)-dependant translation of FGF1 (Ainaoui et al. 2015). 

Knockdown of hnRNP-M in C2C12 myoblasts most intriguingly reduced differentiation, a 

similar phenomenon found in the data presented in this study and in Chen et al. (2017). What 

remains to be discovered is whether myoblasts function is also relevant to NPCs and, if so, what 

is the mechanism. 
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Roles in alternative splicing 

 

A small subset of highly expressed RBPs commonly regulate alternative splicing (Pino et 

al. 2003), and through this mechanism cells achieve tight control over gene expression. hnRNP-

M has been explored extensively as a splicing factor, which might hint at its role in NPC 

divisions. hnRNP-M plays a known role in auto-regulation of alternative splicing of its four 

transcripts in human cells, which helps maintain the splicing environment (Hase, Yalamanchili, 

and Visa 2006). Spliceosomal components such as cell division cycle 5 like (CDC5L) and 

human pleiotropic regulator 1 (PLRG1) have been found to have a direct interaction with 

hnRNP-M, and this interaction was shown to facilitate splice site choice (Llères et al. 2010). It 

has also been shown that hnRNP-M is involved in early spliceosome assembly (Marko et al. 

2014). The presence of hnRNP-M in the nuclear extracts of embryonic brain tissue (Figure 10) 

suggests the possibility that its role in alternative splicing may be conserved during cortical 

development. Moreover, within the set of four human hnRNP-M transcripts, two encode higher 

molecular weight proteins and two encode lower molecular weight proteins (Datar, Dreyfuss, 

and Swanson 1993). These two groups have been shown to bind different transcripts 

preferentially, suggesting there may be functionally significant differences between the isoforms 

(Marko et al. 2014). This study investigated murine hnRNP-M as a whole, even though there are 

three murine isoforms (Appendix C). Further investigation into isoform specificity is warranted 

to obtain a clear understanding of hnRNP-M action. Molecular events such as alternative splicing 

have a profound effect during neurological development, and as such it is imperative to 

investigate the proteins driving these events. 



46 

 

Roles in neurodevelopmental disorders 

 

The cortex is the region of the brain that employs higher order cognitive processes such 

as reasoning and conscious thought. A subset of neurodevelopmental disorders are caused by 

abnormal cortical development, which can be the result of aberrant RNA metabolism and, 

particularly, splicing dysregulation (Cooper, Wan, and Dreyfuss 2009). RBPs are key regulators 

of temporal gene expression, and as such have been implicated in a variety of disorders. 

Importantly, FUS (a member of the hnRNP family) has been shown to be differentially spliced in 

children with Autism Spectrum Disorder (ASD) (Stamova et al. 2013). FUS regulates the 

splicing of Tau, and is normally downregulated after fetal development (Dormann and Haass 

2013). Much more is yet to be understood about RNA regulation during development. Other 

hnRNPs have also been implicated in neurodevelopment. The expression of a critical neurogenic 

transcription factor human achaete-scute homolog 1 (hASH1) is regulated by hnRNP A2/B1, 

through post-transcriptional suppression (Kasim et al. 2014). FMRP, known for its role in Fragile 

X Syndrome, is an RBP which has been found to interact with RNA-binding protein 14 (RBM-

14), and the two are shown to co-localize in the nucleus of hippocampal neurons (Zhou et al. 

2017). FMRP has been shown to modify alternative splicing of Tau and Protrudin through its 

association with RBM-14, contributing to the production of some of the thirteen isoforms of Tau 

which regulate microtubule dynamics (Lee 1990). The role of FMRP in Tau RNA metabolism 

directly effects the disease phenotype of Fragile X Syndrome, a disorder within the Autism 

Spectrum (Wang 2015). Notably, transcriptome analysis has shown that splicing dysregulation is 

a common factor between patients with Autism Spectrum Disorder (Voineagu et al. 2011). An 

overwhelming amount of evidence suggests RNA regulation plays a critical role within the 
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context of neurodevelopmental disorders, and it is for this reason that this study of hnRNP-M has 

implications in neurological development.  

Proposed mechanism of hnRNP-M function in NPCs 

 

Relationships have been identified between hnRNP-M and critical factors affecting 

differentiation. Fibroblast growth factor 2 (FGF2) is a neurotrophic and mitogenic factor that is a 

member of the fibroblast growth factor (FGF) family. It is highly expressed in the brain, and 

binds both fibroblast growth factor receptor 2 (FGFR2) and FGFR1 (Ortega et al. 1998). Exon 

skipping of FGFR2 is caused by increased hnRNP-M levels, which notably has a high degree of 

involvement in the renewal of human embryonic pluripotent stem cells (Dvorak et al. 2005; 

Hovhannisyan and Carstens 2007). Thus, it could be hypothesized that the association between 

hnRNP-M and its target transcripts is the driving force behind the phenotype of increased NPC 

populations upon hnRNP-M knockdown (Figure 17). Alternatively, the relationship between that 

of hnRNP-M and polpyrimidine tract-binding protein (PTB), and RNA binding protein, may be 

the essential piece linking hnRNP-M to NPC differentiation. It was shown that knockout mice 

lacking PTB are embryonic lethal. PTB knockout ES cells have been found to have a prolonged 

G2/M phase, resulting in severe delays in cellular proliferation and differentiation (Shibayama et 

al. 2009). Polypyrimidine-associated splicing factor (PSF) was previously discovered as a pre-

mRNA splicing factor, bound to PTB (Patton et al. 1993). Interestingly, hnRNP-M has been 

shown to be in direct association with PSF within the nucleus (Marko et al. 2010). One 

experimental model would be that hnRNP-M modulates asymmetric divisions through its 

association with PSF, in turn effecting PTB expression during cortical development. Finally, it is 

also possible that hnRNP-M plays a role in active transport of RNAs. Though hnRNP-M is 

primarily nuclear, it has been isolated from cytoplasmic extracts from a variety of adult mouse 
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tissues (Mahé et al. 2000). As such, hnRNP-M may shuttle in and out of the nucleus, comparable 

to the movement of many hnRNPs (Figure 17). Once in the cytoplasm hnRNPs participate in a 

variety of roles in RNA metabolism, but are commonly found associated with RNP complexes 

(Mili et al. 2001). These complexes aim to actively transport transcripts to a defined location in 

the cell, to be locally translated or anchored (Holt and Bullock 2009). Each of these hypotheses 

will require a thorough understanding of the binding specificity, structure, and function of 

hnRNP-M. 

Chapter five: Future Directions 

 

To elucidate the mechanism behind the hnRNP-M knockdown phenotype, future studies 

should aim to identify both protein and RNA binding partners. Immunoprecipitations in other 

tissues have found binding partners such as mTORC2, p54nrb, and PSF, all of which play a role 

in differentiation or proliferation (Ainaoui et al. 2015; W.-Y. Chen et al. 2017; Kasyapa, 

Kunapuli, and Cowell 2005; Marko et al. 2010). Co-IPs should be pursued within developing 

brain tissue to further elucidate its role during asymmetric division. If hnRNP-M indeed acts as a 

splicing regulator, splicing machinery will likely be uncovered during such experiments. Further, 

RNA-IPs should also be done to achieve a detailed understanding of the molecular function of 

hnRNP-M. Transcripts could be seen which regulate differentiation, either promoting cellular 

differentiation or perhaps supporting self-renewal. hnRNP-M has been successfully identified in 

co-IPs as well as RNA-IPs from embryonic brain nuclear lysates (Appendix B). Due to the 

unknown nature of hnRNP-M in the brain, it is possible that it could be acting to alternatively 

splice transcripts to silence their expression or perhaps form a unique protein with altered 

functionality. This would support the knockdown phenotype if the target transcript was one 

which favours renewal.  
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 In utero electroporation should be the next step in corroborating the results from this 

knockdown study. shRNAs can be used to target a specific region of the cortex, after which the 

embryos are placed back into the mother to develop for three more days before euthanasia. 

Whole brains are then removed and cortices can be analyzed upon loss of hnRNP-M. Using this 

as an in vivo model would provide detailed information about which layers of the cortex are 

affected by hnRNP-M knockdown. To date, there is no known hnRNP-M knockout mouse 

available. In utero electroporation is the most representative method of in vivo loss of hnRNP-M, 

in the absence of a knockout model. Long term research goals should include creating an 

hnRNP-M knockout mouse to observe how cortical development is affected, and if this loss is 

embryonic lethal. Importantly, hnRNPs commonly exist in RNP complexes, and many of them 

play similar roles and overlap in their binding targets (Mili et al. 2001). It could be possible that 

complete loss of hnRNP-M may be compensated for by other RBPs in its complex.  

Conclusion 
 

In conclusion, hnRNP-M represents a novel candidate for the study of asymmetric NPC 

divisions. A unique expression profile of hnRNP-M in the developing cerebral cortex was 

characterized, which provided a detailed understanding of basal hnRNP-M expression not 

observed before. Validated shRNA constructs were employed in an in vitro system which models 

in vivo differentiation of NPCs. Knockdown of hnRNP-M resulted in a shift in cellular 

populations, which indicated a loss in the ability of NPCs to differentiate. This investigation 

revealed a significant role for hnRNP-M in asymmetric NPC divisions, and this role may 

implicate hnRNP-M as a critical factor for normal cortical development. Understanding the 

molecular mechanisms behind cortical development provides the basis for research into 

neurodevelopmental disorders, such as Autism Spectrum Disorder. 
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Appendix A – Buffers and Solutions 
 

Poly-D Lysine 

Reconstitute using 2.5 mL sterile deionized H2O (HyClone, GE Life Sciences) to one bottle of 

powdered Poly-D- Lysine Hydrobromide (Sigma Aldrich; stored at -20 °C). Prepare aliquots and 

store at -20 °C, freeze-thaw maximum 3 times. 

 

Laminin 

10 mL sterile deionized H2O (HyClone, GE Life Sciences) to one bottle of powdered laminin 

(Corning; stored at -80 °C). Prepare aliquots and store at -20 °C, freeze-thaw maximum 3 times.  

 

Coating solution 

Sterile 4.2% v/v Laminin, 2.1% v/v Poly-D-Lysine in deionized H2O. 

 

Supplemented Media 

5 mL NeuroCultTM NSC proliferation supplement (Stem Cell Technologies), 45 mL 

NeuroCultTM Basal Medium. Supplemented media stored at 4 °C for no more than two weeks. 

 

EGF (10 μg/mL) 

10 mM acetic acid containing 0.1% w/v BSA, sterilized with 0.2 micron syringe filter. Dissolve 

200 μg of EGF (Stem Cell Technologies) in 100 uL sterile acetic acid containing 0.1% w/v BSA, 

add 19.9 mL supplemented media. Store at -20 °C. 

 

FGF (10 μg/mL)  

2.5 mL PBS containing 0.1% w/v BSA, sterilized with 0.2 micron syringe. Dissolve 0.25 ug FGF 

(Stem Cell Technologies) in 2.5 mL sterile PBS containing 0.1% w/v BSA, store at -20 °C. 

 

Primary culture media 

20 mL supplemented media, 0.2% v/v EGF (10 ug/mL), 0.1% v/v FGF (10 ug/mL), 1% w/v 

PenStrep (Fisher Scientific; sterile). Stored at 4 °C for no more than two weeks. 

 



57 

 

1X Brain Extraction Buffer (BEB)  

25 mM HEPES pH 7.3 (Fisher Scientific), 150 mM KCl (Fisher), 8% v/v Glycerol (Sigma 

Aldrich), 0.1% v/v NP-40 (Sigma Aldrich) in deionized H2O, with 1 protease inhibitor tablet 

(Protease Inhibitor Mini Tablets, Thermo Scientific Pierce). 

 

5X sample buffer  

3.75 mL 2M Trizma Base (Sigma Aldrich) pH 6.8, 12.5 mL glycerol (Sigma Aldrich), 2.5 g SDS 

(Sigma Aldrich), 60 mg pyronin Y (Fisher), 6.25 mL β-mercaptoethanol (Sigma Aldrich) 

 

10% resolving gel 

10% v/v acrylamide (30% Acrylamide/Bis solution, 29:1 crosslinker ratio, Bio-Rad), 

0.0003096% w/v Trizma base (Sigma Aldrich) pH 8.8, 0.01% w/v SDS (Sigma Aldrich), 

0.005% v/v APS (Fisher), 0.0005% v/v TEMED (Invitrogen Life Sciences) dissolved in 

deionized H2O. 

 

4% stacking gel 

4% v/v acrylamide (30% stock, 29:1 crosslinker ratio, Bio-Rad), 0.004127% Trizma base (Sigma 

Aldrich) pH 6.8, 0.1% w/v SDS (Sigma Aldrich), 0.05% v/v APS (Fisher), 0.00025% v/v 

TEMED (Invitrogen Life Sciences), dissolved in deionized H2O. 

 

Running Buffer 

0.3% w/v Trizma base (Sigma Aldrich), 1.44 % w/v glycine (Fisher), in 1L deionized H2O, pH 

8.3. 

 

Transfer buffer 

1.44% w/v glycine (Fisher), 0.302% w/v Trizma base (Sigma Aldrich), 5% v/v Methanol (Fisher 

Scientific), in deionized H2O. 

 

10X TBS 

6.06% w/v Trizma base (Sigma Aldrich), 8.76% w/v NaCl (Sigma Aldrich), dissolved in 

deionized H2O, pH adjusted to 7.6 with HCl. 
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1X TBST 

1X TBS plus 1% v/v Tween 20 (Sigma Aldrich).  

 

1% BSA 

1% w/v BSA (Sigma Aldrich) dissolved in 1X TBST. 

 

5% BSA 

5% w/v BSA (Sigma Aldrich) dissolved in 1X TBST. 

 

Lysis Buffer 

100 mM NaCl (Sigma Aldrich), 20 mM Trizma base (Sigma Aldrich) pH 6.8, 0.5% v/v Nonidet-

P-40 (NP-40, 100% stock, Sigma Aldrich), 5 mM MgCl2 (Fisher), 200 mM NaF (Fisher), 1 mM 

Sodium Orthovanadate (Acros Organics), 1 protease inhibitor tablet (Protease Inhibitor Mini 

Tablets, Thermo Scientific Pierce), dissolved in deionized H2O for a final volume of 8 mL. 

Prepared on ice.  

 

1:1 5% Acetic acid:methanol 

5% v/v acetic acid: 475 dH2O, 25 mL glacial Acetic Acid (Fisher Scientific). Combine 500 mL 

5% acetic acid with 500 mL Methanol (Fisher). 

 

0.01% formaldehyde 2% Sodium carbonate 

2% w/v Sodium Carbonate: 10 g Sodium carbonate (Fisher) in 500 mL dH2O  

with 150 μL formaldehyde (37% stock; Fisher). 

 

Blocking Solution (Primary Culture) 

6% Normal Goat Serum (Jackson ImmunoResearch), 5% w/v BSA (Sigma Aldrich) in 40 mL in 

HBSS. 

 

Sodium Citrate Buffer 

0.294% w/v Trisodium Citrate Dihydrate (Fisher) diluted in 1 L of dH2O. pH adjusted to 6.0 

using 1M HCl (Fisher Scientific). 0.05% v/v Tween 20 (Fisher). 
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Blocking Solution (Paraffin Sections) 

10% w/v BSA, 6% v/v Normal Goat Serum (Jackson ImmunoResearch), 0.3% v/v Triton-X 

(Fisher), diluted in 1X PBS (Ambion) for a final volume of 40 mL. 

 

Blocking Buffer 

Two drops of IgG Blocking Reagent (MOM Kit, Vector Laboratories) per 2.5 mL Blocking 

Solution. 

  

MOM Diluent 

600uL protein concentrate stock (MOM Kit, Vector Laboratories) per 7.5 mL PBS. 

 

MOM Biotinylated Anti-Mouse IgG Reagent 

10uL Biotinylated IgG Reagent (MOM Kit, Vector Laboratories) per 2.5 mL MOM Diluent. 
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Appendix B – Immunoprecipitation data 
 

 hnRNP-M has been immunoprecipitated from a variety of tissues, however analysis of 

binding partners in the developing brain remains unknown (Chen et al. 2017; Hovhannisyan and 

Carstens 2007; Llères et al. 2010). hnRNP-M was successfully precipitated from E15 whole 

brain nuclear lysate, and subsequently run through SDS-PAGE for silver staining of proteins 

(Figure 18). hnRNP-M runs as a doublet as seen in the third lane of Figure 18a, which is known 

to be the high molecular weight isoforms and lower molecular weight isoforms running 

separately (Marko et al. 2014). Presence of hnRNP-M was confirmed through Western blotting 

(Figure 18).  

 RNA-immunoprecipitation (RNA-IP) of hnRNP-M was successful in pulling down 

hnRNP-M protein, as seen through Western blotting in Figure 19. Subsequent sequencing of 

RNAs from IPs will be performed through collaboration with SickKids Hospital (Toronto, ON). 

Methods and Materials: Co-IP 

 

Four E15 brains were removed and used for nuclear extraction, as described above. 2 mg 

of protein was added to 1 mL of Lysis Buffer (Appendix A). 2 μg of antibody was added to 2 mg 

of nuclear lysate, then rotated overnight at 4 ºC to allow antibody binding to occur. 30 μL of 

protein A Dynabeads (Invitrogen) were then added to the mixture, followed by a 1 h incubation 

at 4 ºC to allow for immunoprecipitation. Following two washes with 1X TBS, 5X Sample 

Buffer was added for a final concentration of 1X in preparation for SDS-PAGE and Western 

blotting or silver staining. 
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Methods and Materials: Silver Staining 

 

Immunoprecipitation (IP) samples containing 5X sample buffer were boiled and run on a 

0.75 mm thick, 10% SDS-PAGE gel. Immediately after electrophoresis, the gel was placed in 1:1 

5% acetic acid:methanol solution (Appendix A) for 30 minutes. Two minute-long washes in 

deionized H2O followed, and the gel was left in deionized H2O overnight at room temperature 

with shaking to ensure minimal background. The gel was then sensitized in 0.02% Sodium 

thiosulfate (Sigma Aldrich) for 2 minutes, washed and then placed in 0.1% AgNO3 (Sigma 

Aldrich) for 30 minutes. After two rinses, the gel was developed in 0.01% formaldehyde, 2% 

Sodium Carbonate (Appendix A) solution and agitated until bands appeared. Bands were then 

able to be excised for analysis though mass spectrometry (Appendix B, Figure 18a). 

Methods and Materials: RNA-IP 

 

Four E15 brains were removed as described above, and used for nuclear extraction. 

Nuclear were used for RNA-IP which utilized Magna RIP RNA-Binding Immunoprecipitation 

Kit (EMD Millipore). RNase inhibitors (EMD Millipore) and protease inhibitors (Sigma Aldrich) 

were added during nuclear extraction to prevent degradation of protein and RNA targets. 

RNaseZAP (ThermoFisher Scientific) wipes and spray were used for decontamination of 

working surfaces during RNA-IP. The procedure was carried out according to the manufacturer’s 

instructions. The RNAs were re-suspended in RNase-free water and sent for sequencing to 

SickKids Hospital (Toronto, ON). 
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Figure 18. Co-immunoprecipitation of hnRNP-M  

E15 whole brains were used to the extract nuclear protein fraction that was subsequently used for 

immunoprecipitation of hnRNP-M using 2 μg of antibody. Control, IgG, and hnRNP-M IPs were 

then subjected to SDS-PAGE and silver staining (A), and hnRNP-M was seen running at 

approximately 72 kDa (red arrow). Western blotting for hnRNP-M confirmed the presence of 

hnRNP-M in the IPs (B). 

  

 

 

 

 

 

IgG       M 

72 kDa - 

 

52 kDa - 

72 kDa - 

 

52 kDa - 

L         IgG       M B. A. 



63 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. RNA-Immunoprecipitation of hnRNP-M 

E15 nuclear extracts from whole were brain used for RNA-IP of hnRNP-M using a Magna RNA-

IP kit. Western blotting was used to confirm the presence of hnRNP-M (red arrow), as compared 

to control IgG. 
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Appendix C – Sequences 
 

Mouse hnRNP-M cDNA ORF (OriGene, NM_029804) 

>MG217561 representing NM_029804 

Red=Cloning site Blue=ORF Green=Tags(s) 

 

GCGATCGCCATGGCGGCAGGGGTCGAAGCGGCAGCCGAAGTGGCGGCGACAGAACCCAAAATGAGG

AAGAGAGCGGCGCGCCCTGCGTGCCGAGCGGCAACGGAGCTCCGGGCCCGAAGGGTGAAGAACGACC

TACTCAGAATGAGAAGAGGAAGGAGAAAAACATAAAAAGAGGAGGCAATCGCTTTGAGCCATATTCC

AACCCAACTAAAAGATACAGAGCCTTCATTACAAATATACCTTTTGATGTGAAATGGCAGTCACTTAA

AGACCTGGTTAAAGAAAAAGTTGGTGAGGTAACATACGTGGAGCTCTTAATGGACGCTGAAGGAAAG

TCAAGGGATGTGCTGTTGTTGAATTCAAGATGGAGGAGAGCATGAAAAAAGCTGCTGAAGTTCTAAAC

AAGCATAGTCTGAGTGGAAGGCCACTGAAAGTCAAGGAAGATCCTGATGGTGAACATGCAAGGAGAG

CAATGCAAAAGGTGATGGCTACGACTGGTGGGATGGGTATGGGACCAGGTGGCCCAGGAATGATTAA

TATCCCACCCAGTATCCTAAATAATCCTAACATCCCAAATGAGATTATCCATGCATTACAGGCTGGAA

GACTTGGAAGCACAGTATTTGTAGCAAATCTGGATTATAAAGTTGGCTGGAAGAAACTGAAGGAAGT

ATTTAGTATGGCTGGTGTGGTGGTCCGAGCAGACATTCTGGAAGATAAAGATGGGAAAAGTCGTGGA

ATAGGCATTGTGACTTTTGAACAGTCCATTGAAGCTGTGCAAGCAATATCTATGTTTAATGGCCAGTTG

CTGTTTGATAGACCGATGCACGTCAAGATGGATGAGAGGGCTTTACCAAAGGGAGACTTTTTTCCTCC

TGAACGCCCACAGCAACTTCCCCATGGACTTGGTGGTATTGGCATGGGATTAGGACCTGGAGGTCAGC

CTATTGATGCCAACCATCTGAGCAAAGGCATTGGAATGGGAAACCTAGGACCTGCAGGGATGGGAAT

GGAAGGCATAGGATTTGGAATAAATAAAATTGGAGGCATGGAAGGACCCTTTGGTGGTGGTATGGAA

AACATGGGCCGATTTGGATCCGGGATGAACATGGCCGAATAAATGAAATCCTAAGTAATGCACTGAA

GAGAGGAGAGATCATTGCAAAACAGGGAGGAGGTGGAGCTGGAGGCAGTGTCCCTGGGATCGAGAG

GATGGGCCCTGGCATTGACCGCATTAGCGGTGCTGGCATGGAGCGCATGGGCGCAGGCTTAGGCCATG

GCATGGATCGAGTGGGCTCTGAGATTGAGCGCATGGGCCTGGTCATGGACCGCATGGGCTCAGTTGAG

CGCATGGGCTCCAGCATTGAGCGCATGGGCCCACTAGGCCTTGACCACATGGCCTCCAGTATTGAGCG

CATGGGCCAGACCATGGAGCGCATTGGTTCTGGCGTGGAGCGCATGGGTGCCGGCATGGGCTTCGGCC

TGGAGCGCATGGCCGCACCCATTGACCGTGTGGGCCAAACCATTGAGCGCATGGGCTCTGGTGTAGAG

CGCATGGGTCCTGCCATTGAACGCATGGGCCTAAGCATGGATCGGATGGTCCCACAGGCATGGGGGCC

AGCCTGGAGCGCATGGGTCCTGTGATGGATCGGATGGCCACCGGCCTGGAGCGCATGGGCGCCAACA

ACCTGGAGCGCATGGGCCTGGAGCGTATGGGAGCCAACAGTCTTGAGCGCATGGGCCTGGAGCGAAT

GGGCGCCAACAGCCTGGAACGTATGGGCCCTGCCATGGGCCCAGCATTGGGCGCTGGTATTGAGCGA

ATGGGCCTGGCCATGGGTGGAGCCGGAGGTGCTAGCTTTGACCGAGCCATTGAGATGGAGCGGGGCA

ACTTTGGAGGAAGCTTCGCAGGTTCCTTTGGCGGAGCTGGAGGCCATGCACCTGGAGTAGCCAGGAAG

GCCTGCCAGATATTTGTGAGAAATCTCCCATTTGATTTTACATGGAAGATGCTAAAGGACAAGTTCAA

TGAATGTGGCCACGTGCTGTACGCCGACATCAAGATGGAGAACGGAAAGTCCAAGGGGTGCGGTGTG

GTTAAGTTTGAGTCTCCAGAGGTGGCTGAGAGAGCCTGCCGGATGATGAATGGCATGAAGCTGAGTGG

CCGAGAGATTGATGTTCGAATTGATAGAAATGCTACGCGTACGCGGCCGCTCGAG - GFP  
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shRNA sequences (OriGene, NM_001109913, BC065172) 

 

sh-A TGGAGGTCAAGCCTATTGATGCCAACCATC 

sh-B GAACGACCTACTCAGAATGAGAAGAGGAA 

sh-C TGAACCACATGGCCTCCAGTATTGAGCGCA 

sh-D ATGAAGCTGAGTGGCCGAGAGATTGATGT 
 

Endogenous mus musculus hnRNP-M, Variant 1 

>NC_000083.6:c33685458-33646233 Mus musculus strain C57BL/6J chromosome 17, 

GRCm38.p4 C57BL/6J 
 

GGTCGTTCGGGGTCACGTGAGCGCGCAGGCGCAGCTCGACAGAGCCCGCTCCCTCACACAAAGCCCG

ACGCGGAGAAAATGGCGGCAGGGGTCGAAGCGGCAGCCGAAGTGGCGGCGACAGAACCCAAAATGG

AGGAAGAGAGCGGCGCGCCCTGCGTGCCGAGCGGCAACGGAGCTCCGGGCCCGAAGGGTGAAGAAC

GACCTACTCAGAATGAGAAGAGGAAGGAGAAAAACATAAAAAGAGGAGGCAATCGCTTTGAGCCAT

ATTCCAACCCAACTAAAAGATACAGAGCCTTCATTACAAATATACCTTTTGATGTGAAATGGCAGTCA

CTTAAAGACCTGGTTAAAGAAAAAGTTGGTGAGGTAACATACGTGGAGCTCTTAATGGACGCTGAAG

GAAAGTCAAGGGGATGTGCTGTTGTTGAATTCAAGATGGAGGAGAGCATGAAAAAAGCTGCTGAAGT

TCTAAACAAGCATAGTCTGAGTGGAAGGCCACTGAAAGTCAAGGAAGATCCTGATGGTGAACATGCA

AGGAGAGCAATGCAAAAGGTGATGGCTACGACTGGTGGGATGGGTATGGGACCAGGTGGCCCAGGAA

TGATTAATATCCCACCCAGTATCCTAAATAATCCTAACATCCCAAATGAGATTATCCATGCATTACAGG

CTGGAAGACTTGGAAGCACAGTATTTGTAGCAAATCTGGATTATAAAGTTGGCTGGAAGAAACTGAAG

GAAGTATTTAGTATGGCTGGTGTGGTGGTCCGAGCAGACATTCTGGAAGATAAAGATGGGAAAAGTC

GTGGAATAGGCATTGTGACTTTTGAACAGTCCATTGAAGCTGTGCAAGCAATATCTATGTTTAATGGCC

AGTTGCTGTTTGATAGACCGATGCACGTCAAGATGGATGAGAGGGCTTTACCAAAGGGAGACTTTTTT

CCTCCTGAACGCCCACAGCAACTTCCCCATGGACTTGGTGGTATTGGCATGGGATTAGGACCTGGAGG

TCAGCCTATTGATGCCAACCATCTGAGCAAAGGCATTGGAATGGGAAACCTAGGACCTGCAGGGATG

GGAATGGAAGGCATAGGATTTGGAATAAATAAAATTGGAGGCATGGAAGGACCCTTTGGTGGTGGTA

TGGAAAACATGGGCCGATTTGGATCCGGGATGAACATGGGCCGAATAAATGAAATCCTAAGTAATGC

ACTGAAGAGAGGAGAGATCATTGCAAAACAGGGAGGAGGTGGAGCTGGAGGCAGTGTCCCTGGGATC

GAGAGGATGGGCCCTGGCATTGACCGCATTAGCGGTGCTGGCATGGAGCGCATGGGCGCAGGCTTAG

GCCATGGCATGGATCGAGTGGGCTCTGAGATTGAGCGCATGGGCCTGGTCATGGACCGCATGGGCTCA

GTTGAGCGCATGGGCTCCAGCATTGAGCGCATGGGCCCACTAGGCCTTGACCACATGGCCTCCAGTAT

TGAGCGCATGGGCCAGACCATGGAGCGCATTGGTTCTGGCGTGGAGCGCATGGGTGCCGGCATGGGCT

TCGGCCTGGAGCGCATGGCCGCACCCATTGACCGTGTGGGCCAAACCATTGAGCGCATGGGCTCTGGT

GTAGAGCGCATGGGTCCTGCCATTGAACGCATGGGCCTAAGCATGGATCGGATGGTGCCCACAGGCAT

GGGGGCCAGCCTGGAGCGCATGGGTCCTGTGATGGATCGGATGGCCACCGGCCTGGAGCGCATGGGC

GCCAACAACCTGGAGCGCATGGGCCTGGAGCGTATGGGAGCCAACAGTCTTGAGCGCATGGGCCTGG

AGCGAATGGGCGCCAACAGCCTGGAACGTATGGGCCCTGCCATGGGCCCAGCATTGGGCGCTGGTATT

GAGCGAATGGGCCTGGCCATGGGTGGAGCCGGAGGTGCTAGCTTTGACCGAGCCATTGAGATGGAGC

GGGGCAACTTTGGAGGAAGCTTCGCAGGTTCCTTTGGCGGAGCTGGAGGCCATGCACCTGGAGTAGCC

AGGAAGGCCTGCCAGATATTTGTGAGAAATCTCCCATTTGATTTTACATGGAAGATGCTAAAGGACAA

GTTCAATGAATGTGGCCACGTGCTGTACGCCGACATCAAGATGGAGAACGGAAAGTCCAAGGGGTGC

GGTGTGGTTAAGTTTGAGTCTCCAGAGGTGGCTGAGAGAGCCTGCCGGATGATGAATGGCATGAAGCT

GAGTGGCCGAGAGATTGATGTTCGAATTGATAGAAATGCTTAAGCAGTTGCCTTTTTTAAACATCAAT

ACCAGACCTCTGAATTTGTATTTTTTCTTGTTAACCATTTTAATTTGTTGGCTGGATGTATAAAGATGTT

TAAAAAATTCAGTTGCTTTTTTGGGGTAATTTGAATTAATTTTTTAATGATTGGGGTTCCATTTGACTGT

TTGCATTGAGATTGCAATGTGCGCAATTTTTTTTGTAGTTGTGGCATCTTGTTGACATCGAATATGACTT

TGATAATAAATACCAGTTCCTGAAAGTG 
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Endogenous mus musculus hnRNP-M, Variant 2 

>NM_001109913.1 Mus musculus heterogeneous nuclear ribonucleoprotein M (Hnrnpm), transcript variant 2, 

mRNA 

 

GGTCGTTCGGGGTCACGTGAGCGCGCAGGCGCAGCTCGACAGAGCCCGCTCCCTCACACAAAGCCCA

GACGCGGAGAAAATGGCGGCAGGGGTCGAAGCGGCAGCCGAAGTGGCGGCGACAGAACCCAAAATG

GAGGAAGAGAGCGGCGCGCCCTGCGTGCCGAGCGGCAACGGAGCTCCGGGCCCGAAGGGTGAAGAA

CGACCTACTCAGAATGAGAAGAGGAAGGAGAAAAACATAAAAAGAGGAGGCAATCGCTTTGAGCCAT

ATTCCAACCCAACTAAAAGATACAGAGCCTTCATTACAAATATACCTTTTGATGTGAAATGGCAGTCA

CTTAAAGACCTGGTTAAAGAAAAAGTTGGTGAGGTAACATACGTGGAGCTCTTAATGGACGCTGAAG

GAAAGTCAAGGGGATGTGCTGTTGTTGAATTCAAGATGGAGGAGAGCATGAAAAAAGCTGCTGAAGT

TCTAAACAAGCATAGTCTGAGTGGAAGGCCACTGAAAGTCAAGGAAGATCCTGATGGTGAACATGCA

AGGAGAGCAATGCAAAAGGCTGGAAGACTTGGAAGCACAGTATTTGTAGCAAATCTGGATTATAAAG

TTGGCTGGAAGAAACTGAAGGAAGTATTTAGTATGGCTGGTGTGGTGGTCCGAGCAGACATTCTGGAA

GATAAAGATGGGAAAAGTCGTGGAATAGGCATTGTGACTTTTGAACAGTCCATTGAAGCTGTGCAAGC

AATATCTATGTTTAATGGCCAGTTGCTGTTTGATAGACCGATGCACGTCAAGATGGATGAGAGGGCTT

TACCAAAGGGAGACTTTTTTCCTCCTGAACGCCCACAGCAACTTCCCCATGGACTTGGTGGTATTGGCA

TGGGATTAGGACCTGGAGGTCAGCCTATTGATGCCAACCATCTGAGCAAAGGCATTGGAATGGGAAA

CCTAGGACCTGCAGGGATGGGAATGGAAGGCATAGGATTTGGAATAAATAAAATTGGAGGCATGGAA

GGACCCTTTGGTGGTGGTATGGAAAACATGGGCCGATTTGGATCCGGGATGAACATGGGCCGAATAA

ATGAAATCCTAAGTAATGCACTGAAGAGAGGAGAGATCATTGCAAAACAGGGAGGAGGTGGAGCTGG

AGGCAGTGTCCCTGGGATCGAGAGGATGGGCCCTGGCATTGACCGCATTAGCGGTGCTGGCATGGAGC

GCATGGGCGCAGGCTTAGGCCATGGCATGGATCGAGTGGGCTCTGAGATTGAGCGCATGGGCCTGGTC

ATGGACCGCATGGGCTCAGTTGAGCGCATGGGCTCCAGCATTGAGCGCATGGGCCCACTAGGCCTTGA

CCACATGGCCTCCAGTATTGAGCGCATGGGCCAGACCATGGAGCGCATTGGTTCTGGCGTGGAGCGCA

TGGGTGCCGGCATGGGCTTCGGCCTGGAGCGCATGGCCGCACCCATTGACCGTGTGGGCCAAACCATT

GAGCGCATGGGCTCTGGTGTAGAGCGCATGGGTCCTGCCATTGAACGCATGGGCCTAAGCATGGATCG

GATGGTGCCCACAGGCATGGGGGCCAGCCTGGAGCGCATGGGTCCTGTGATGGATCGGATGGCCACC

GGCCTGGAGCGCATGGGCGCCAACAACCTGGAGCGCATGGGCCTGGAGCGTATGGGAGCCAACAGTC

TTGAGCGCATGGGCCTGGAGCGAATGGGCGCCAACAGCCTGGAACGTATGGGCCCTGCCATGGGCCA

GCATTGGGCGCTGGTATTGAGCGAATGGGCCTGGCCATGGGTGGAGCCGGAGGTGCTAGCTTTGACC 

GAGCCATTGAGATGGAGCGGGGCAACTTTGGAGGAAGCTTCGCAGGTTCCTTTGGCGGAGCTGGAGG

CCATGCACCTGGAGTAGCCAGGAAGGCCTGCCAGATATTTGTGAGAAATCTCCCATTTGATTTTACAT

GGAAGATGCTAAAGGACAAGTTCAATGAATGTGGCCACGTGCTGTACGCCGACATCAAGATGGAGAA

CGGAAAGTCCAAGGGGTGCGGTGTGGTTAAGTTTGAGTCTCCAGAGGTGGCTGAGAGAGCCTGCCGG

ATGATGAATGGCATGAAGCTGAGTGGCCGAGAGATTGATGTTCGAATTGATAGAAATGCTTAAGCAGT

TGCCTTTTTTAAACATCAATACCAGACCTCTGAATTTGTATTTTTTCTTGTTAACCATTTTAATTTGTTG

GCTGGATGTATAAAGATGTTTAAAAAATTCAGTTGCTTTTTTGGGGTAATTTGAATTAATTTTTTAATG

ATTGGGGTTCCATTTGACTGTTTGCATTGAGATTGCAATGTGCGCAATTTTTTTTGTAGTTGTGGCATCT

TGTTGACATCGAATATGACTTTGATAATAAATACCAGTTCCTGAAAGTG 
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Immunogen sequence of Sigma Aldrich hnRNP-M antibody 

NKMGGMEGPFGGGMENMGRFGSGMNMGRINEILSNALKRGEIIAKQGGGGGGGSVPGIERMGPGIDRLG

GAGMERMGAGLGHGMDRVGSEIERMGLVMDRMGSVE 

 

Isoform A 

MEEESGAPCVPSGNGAPGPKGEERPTQNEKRKEKNIKRGGNRFEPYSNPTKRYRAFITNIPFDVKWQSLK 

DLVKEKVGEVTYVELLMDAEGKSRVSCC 

 

Isoform B 

MAAGVEAAAEVAATEPKMEEESGAPCVPSGNGAPGPKGEERPTQNEKRKEKNIKRGGNRFEPYSNPTKRY 

RAFITNIPFDVKWQSLKDLVKEKVGEVTYVELLMDAEGKSRGCAVVEFKMEESMKKAAEVLNKHSLSGR

PLKVKEDPDGEHARRAMQKAGRLGSTVFVANLDYKVGWKKLKEVFSMAGVVVRADILEDKDGKSRGIGI

VTFEQSIEAVQAISMFNGQLLFDRPMHVKMDERALPKGDFFPPERPQQLPHGLGGIGMGLGPGGQPIDANH

LSKGIGMGNLGPAGMGMEGIGFGINKIGGMEGPFGGGMENMGRFGSGMNMGRINEILSNALKRGEIIAKQ

GGGGAGGSVPGIERMGPGIDRISGAGMERMGAGLGHGMDRVGSEIERMGLVMDRMGSVERMGSSIERMG

PLGLDHMASSIERMGQTMERIGSGVERMGAGMGFGLERMAAPIDRVGQTIERMGSGVERMGPAIERMGLS

MDRMVPTGMGASLERMGPVMDRMATGLERMGANNLERMGLERMGANSLERMGLERMGANSLERMGP

AMGPALGAGIERMGLAMGGAGGASFDRAIEMERGNFGGSFAGSFGGAGGHAPGVARKACQIFVRNLPFD

FTWKMLKDKFNECGHVLYADIKMENGKSKGCGVVKFESPEVAERACRMMNGMKLSGREIDVRIDRNA 

 

Isoform C 

MAAGVEAAAEVAATEPKMEEESGAPCVPSGNGAPGPKGEERPTQNEKRKEKNIKRGGNRFEPYSNPTKRY 

RAFITNIPFDVKWQSLKDLVKEKVGEVTYVELLMDAEGKSRGCAVVEFKMEESMKKAAEVLNKHSLSGR

PLKVKEDPDGEHARRAMQKVMATTGGMGMGPGGPGMINIPPSILNNPNIPNEIIHALQAGRLGSTVFVANL 

DYKVGWKKLKEVFSMAGVVVRADILEDKDGKSRGIGIVTFEQSIEAVQAISMFNGQLLFDRPMHVKMDER 

ALPKGDFFPPERPQQLPHGLGGIGMGLGPGGQPIDANHLSKGIGMGNLGPAGMGMEGIGFGINKIGGMEG 

PFGGGMENMGRFGSGMNMGRINEILSNALKRGEIIAKQGGGGAGGSVPGIERMGPGIDRISGAGMERMGA 

GLGHGMDRVGSEIERMGLVMDRMGSVERMGSSIERMGPLGLDHMASSIERMGQTMERIGSGVERMGAG

MGFGLERMAAPIDRVGQTIERMGSGVERMGPAIERMGLSMDRMVPTGMGASLERMGPVMDRMATGLER

MGANNLERMGLERMGANSLERMGLERMGANSLERMGPAMGPALGAGIERMGLAMGGAGGASFDRAIE

MERGNFGGSFAGSFGGAGGHAPGVARKACQIFVRNLPFDFTWKMLKDKFNECGHVLYADIKMENGKSKG

CGVVKFESPEVAERACRMMNGMKLSGREIDVRIDRNA 

 

 


