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Abstract 

Spinal muscular atrophy is an autosomal recessive genetic disease that results from 

the loss and/or degeneration of alpha motor neurons in the lower part of the spinal cord. 

With ~ 1 in 6000 live births per year being affected, this disease is the second leading cause 

of infant death and is caused by the loss or decrease of the Survival of Motor Neuron 

protein (SMN). While a lot is known about the role that SMN plays in the cytoplasmic 

assembly of spliceosomal small nuclear ribonucleoproteins (snRNPs), it remains a crucial 

question in the field to gain a better understanding of what specific/distinct function(s) 

SMN might have in motor neurons. We have identified novel interactions between SMN 

and two RNA-binding proteins (RBPs) known to be components of axonal RNA granules. 

More specifically, we demonstrated that SMN interacts with HuD and SERBP1 in a direct 

fashion in foci-like structures along neurites of motor neuron-derived cells. We have also 

demonstrated that the SMN/HuD interaction is required for the localization of HuD into 

RNA granules in neurites of motor neuron-derived cells. Furthermore, I have shown that 

SERBP1 is down-regulated in the absence of normal levels of SMN and, most importantly, 

that over-expression of SERBP1 can rescue SMA-like neuronal defects using a cell culture 

model of the disease. These findings may help shed light on the non-canonical molecular 

pathway(s) involving SMN and RBPs in motor neurons and underscores the possible 

therapeutic benefits of targeting these RBPs in the treatment of SMA.  
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Chapter 1. Introduction 

	  

1.1 Proximal Spinal muscular atrophy (SMA) 

	  

1.1.1 Classification of Proximal spinal muscular atrophy 

Proximal spinal muscular atrophy (SMA) is a common autosomal recessive genetic 

disease found in humans with a carrier frequency of 1 in 40 and an incidence of 1 in 6000  

(Monani 2005; Pearn 1980). It is a leading cause of infant mortality, second only to cystic 

fibrosis (Monani 2005). This devastating disease was first described more than a century 

ago by Werdnig and Hoffman and was characterized by a loss of anterior horn cells 

resulting in progressively increasing weakness and death at an early age (Werdnig 1892; 

Hoffmann 1892). This disease specifically affects alpha-motor neurons in the anterior horn 

of the spinal cord leading to atrophy of the proximal muscles of the limbs and trunk (Melki 

1997; Monani 2005). SMA progresses by a diffuse symmetric weakness of proximal 

muscles, which then worsens into paralysis and finally leads to death by respiratory distress 

(Melki 1997; Roberts et al. 1970). The patients suffering from this disease are also marked 

by a decrease in deep reflexes (Lefebvre et al. 1998). Moreover, SMA is characterized by a 

broad range of phenotypes which Byers and Banker divided into 3 groups based on the 

maximum muscle function achieved (Byers and Banker 1961). The current clinical 

classification used by researchers is comprised of 5 types based on age of onset and 

maximum muscle function achieved which is more closely related to life expectancy. Type 

0 is considered the most severe SMA and patients usually have respiratory distress and 

limited life expectancy. Type 1 patients that are classified as having severe SMA, cannot sit 
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without being supported, are younger than 6 months and have a life expectancy of 

approximately 2 years. Type 2 patients are between the ages of 6 months and 18 months 

and are able to sit without support. Type 3 is composed of infants older than 18 months that 

can walk. Finally, Type 4 patients are usually older than 10 years old when disease 

manifests itself and they have a normal life expectancy (Brzustowicz et al. 1990; Monani 

2005). Additionally, there are other forms of SMA (i.e. not caused by SMN) that are 

genetically distinct and affect different neuron and muscle types. There is an autosomal 

dominant form (Sambuughin et al. 1998; van der Vleuten et al. 1998), a recessive form that 

affect specifically the distal muscles (Viollet et al. 2002) and a severe form of SMA with 

respiratory distress (Grohmann et al. 2001).  

1.1.2 The genetic cause of proximal SMA 

The chromosomal localization of the causative gene and large range of phenotypes 

presented by SMA suggested that a genetic cause might be difficult to uncover (Pearn 

1980). However, the origin that gave rise to the pathology was surprisingly simple. SMA is 

caused by mutation (5%) or deletion (95%) of the survival of motor neuron gene (SMN1) 

that encodes a ubiquitously expressed protein called Survival of motor neuron (SMN) 

which has been implicated in RNA metabolism (Figure 1; Lefebvre et al. 1995). The SMN1 

gene is responsible for the production of nearly all the full length functional SMN protein; 

however there is another copy of this gene termed SMN2 that shares a high level of 

homology (Lefebvre et al. 1995). These two genes are different by 5 nucleotides in their 

sequences and a single base pair change of a C to a T in exon 7 of the SMN2 gene causes 

the skipping of this exon, which leads to the production of an unstable and rapidly degraded 

protein (Lefebvre et al. 1995). In spite of this, the SMN2 gene contributes 10% of the full  
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Figure 1. The genetic cause of proximal Spinal Muscular Atrophy (SMA). SMN 
genomic locus in healthy individuals and in SMA type 1 patients. In healthy patients the 
SMN1 gene produces the full length functional SMN protein, whereas in SMA type 1 
patients this gene is mutated or completely deleted which leads to a drastic decrease in full 
length functional SMN protein levels. The SMN2 gene is responsible for only 10% of the 
production of the SMN protein since in exon 7 there is a single base pair change of a C to a 
T that results in its skipping, and leads to the production of a truncated protein that is 
unstable and rapidly degraded (modified from Khoo et al., Trends Biotechnol, 2003). 
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length functional SMN protein in cells (Figure 1) (Coovert et al. 1997; Lefebvre et 

al.1997). The Cartegni and Krainer laboratories demonstrated that the single base pair 

change between SMN1 and SMN2 in exon 7 disrupts an enhancer sequence which abolishes 

the binding of the ASF/SF2 splicing factor and causes skipping of this exon (Cartegni and 

Krainer 2002). However, the Kashima and Manley laboratories reported that the change 

from a C to a T in exon 7 creates an exonic splicing silencer (ESS) which permits the 

hnRNP A1 splicing factor to bind and silence the exon (Kashima and Manley 2003). It is 

possible that both of these mechanisms play a role since the end result is the same; skipping 

of exon 7 (Monani 2005). The genome at the location of the SMN2 gene is susceptible to 

recombination and duplication events; therefore it is possible that patients can have more 

than one copy of the SMN2 gene present. Moreover, the SMN2 gene produces 10 percent of 

the full length functional SMN protein; therefore the severity of the disease is inversely 

correlated with the SMN2 gene copy number. This may also contribute to the diverse range 

of clinical presentation observed for SMA (Feldkotter et al. 2002; McAndrew et al. 1997).  

 

1.2 The survival of motor neuron protein (SMN) 

	  

1.2.1 The Survival of motor neuron protein. 

SMN is a ubiquitously expressed protein that is composed of 294 amino acids and 

resolves at a molecular weight of 38 KDa on a SDS-PAGE gel. The SMN gene is 

comprised of nine exons and 8 introns (Figure 2A). The N-terminal region of this protein 

has been shown to bind to Gemin2. An amino acid domain encoded by exon 2b and a 

tyrosin/glycine-rich motif encoded by exon 6 allows the dimerization of SMN (Young et al. 
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2000). Furthermore, exon 2a and 2b encode for a domain that has been demonstrated to 

bind to nucleic acid in vitro (Briese et al. 2005). Although somewhat controversial, the 

localization of SMN to the cytoplasm has been linked to a domain encoded by exon 7 (van 

Bergeijk et al. 2007; Wolstencroft et al. 2005; Zhang et al. 2007b; Zhang et al. 2003). The 

middle region of the SMN protein contains a 60 amino acid domain, termed the Tudor 

domain, that is encoded by exon 3 and in its core has a barrel-like structure (Figure 2A). 

This barrel-like structure is composed of beta-sheets that form a hydrophobic pocket with a 

large amount of negatively charge residues which allow protein-protein interactions 

(Selenko et al. 2001). Specifically, the Tudor domain of SMN allows the interaction with 

methylated arginines residues in substrate proteins (Barth et al. 2003; Brahms et al. 2001; 

Cheng et al. 2007; Cote and Richard 2005; Kim et al. 2006).	   In the snRNP assembly 

process (discussed below), it is this domain that mediates the interaction of the SMN 

complex with core Sm proteins (Chari et al. 2008). Importantly, mutations in the Tudor 

domain of SMN are found in human patients with severe forms of SMA and these 

mutations inhibit its capacity to interact with methylated arginines, therefore highlighting 

its implication in the etiology of the disease (Cote and Richard 2005; Tadesse et al. 2008). 

 

1.2.2 Arginine methylation 

As mentioned above, the Tudor domain allows SMN to interact with arginine 

methylated proteins, and mutations of this domain have been linked to the SMA pathology 

(Cote and Richard 2005). This specific post-translational modification is catalysed by a 

family of protein termed the protein arginine methyltransferases (PRMT). These enzymes 

catalyse the transfer of a methyl group from a donor (S-adenosyl methionine) to a nitrogen 
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atom of the guanidino group on an arginine. This increases the bulkiness of the arginine 

residue and its hydrophobicity without changing its charge (Pahlich et al. 2006). A first 

methyl group is added to the arginine forming a mono-methylated intermediate; while a 

second methyl group is added in most cases to generate a dimethylated arginine (Figure 

2B). There are two types of arginine dimethylation reactions, namely asymmetric 

dimethylation and symmetric dimethylation that are carried out by type I and type II 

PRMT, respectively (Figure 2B). The type III PRMT is composed of only PRMT7 and is 

characterised by a single addition of a methyl group, therefore forming a mono-methylated 

arginine (Bedford 2007). Importantly, we count up to 9 different PRMTs in mammals that 

are almost all ubiquitously expressed, apart from PRMT8 which is expressed only in 

neurons, and play crucial roles in the regulation of numerous cellular processes. They 

usually recognize and methylate an arginine (R)-glycine (RG) rich sequence known as the 

GAR motif (Najbauer et al. 1993). However, one member of this family, PRMT4, also 

known as coactivator-associated arginine methyltransferase 1 (CARM1), has a higher level 

of specificity for an R in a ‘non RG’ context. This R is most often surrounded by a so-

called ‘PGM motif’, which is rich in proline, glycine and methionine residues (Cheng et al. 

2007). Furthermore, PRMT6 recognizes the consensus GAR motif and can also recognize 

and methylate RR motifs (Xie et al. 2007). Lastly, PRMT5 and 7 can methylate isolated 

arginines in non-consensus regions.  

Arginine methylation can regulate a number of processes, including subcellular 

localization of proteins, transcription, protein-protein interaction, protein-RNA interactions 

as well as cell differentiation (Bedford et al. 2000; Bedford and Richard 2005). Arginine 

methylation is most known for its role in the regulation of transcription by its action on the  
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Figure 2. The SMN protein and arginine methylation. A. Schematic representation of 
the full length SMN protein. Numbers 1 to 7 represent the different exons that encodes the 
indicated protein domains (modified from Renvoise et al., J. Cell Sci., 2006). B. Protein 
arginine methylation is catalysed by a family of protein known has protein arginine 
methyltransferases (PRMTs). Nine of these proteins have been characterized in mammals 
to date (top panel). Following the catalysis of the formation of a monomethyl-arginine, type 
I transfers a second methyl group to the same nitrogen which generates an asymmetrical 
dimethylation whereas type II transfers a methyl group to the second nitrogen producing a 
symmetrical dimethylation (modified from Wolf, Cell. Mol. Life Sci., 2009). 
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remodeling of chromatin, through modification of histone tails (Chen et al. 1999; Mowen et 

al. 2001; Wang et al. 2001; Yun and Fu 2000). Importantly, arginine methylation of RNA-

binding proteins (RBPs) has been demonstrated to influence their subcellular localization 

and interaction with their RNA targets. For example, it has been shown that methylation of 

HuD by CARM1 negatively affects the binding activity of HuD to p21 mRNA (Fujiwara et 

al. 2006; Hubers et al. 2011). Additionally, it was shown that methylation of HuR can 

positively regulates its RNA binding activity to Sirtuin 1 mRNA (Calvanese et al. 2010). 

Apart from its role in the regulation of RNA-binding activities, arginine methylation has 

also been linked with neuronal differentiation. When the methyltransferase activity is 

inhibited in PC12 cells, a defect was observed at the level of neurite outgrowth following 

treatment with nerve growth factors (NGF) (Cimato et al. 1997). This demonstrates that 

methylation may be crucial for the differentiation process of these cells.  

 

1.2.3 The canonical function of SMN: snRNP biogenesis 

 In the subcellular context, SMN localizes to both the cytoplasm and nucleus (Monani 

2005). Precisely, early work demonstrated that SMN binds to heterogeneous nuclear 

ribonucleoproteins (hnRNPs) and that it localizes to nuclear bodies termed Cajal bodies 

(Liu et al. 1997). SMN also localizes to foci-like structure in the nucleus which can 

colocalize in some instances with Cajal bodies. These structures termed Gemini of Cajal 

bodies or more commonly referred to as ‘gems’, are not present in all types of cells and 

their cellular function is still largely unknown. It is thought that gems are a cluster of SMN 

proteins and some associated proteins that are not exported to the cytoplasm due to the 

absence of post-translation modifications needed for this export (Carvalho et al. 1999; 
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Hebert et al. 2002). Furthermore, Cajal bodies are rich in transcription factors, factors 

implicated in the post-transcriptional modification of nuclear RNAs and small 

ribonucleoproteins (snRNPs). Therefore, SMN could possibly play a crucial role in RNA 

metabolism (Monani 2005). Evidence has shown that SMN is involved in the assembly and 

maturation of snRNPs (Figure 3) (Pellizzoni 2007). SMN forms a multi-protein complex 

containing Gemin proteins and Unrip collectively called the core SMN complex. In this 

complex, SMN increases the efficiency and specificity of snRNP assembly by acting like a 

chaperone molecule (Akamatsu et al. 2005). Furthermore, SMN, Gemin7 and Gemin8 form 

the backbone of the complex and therefore create a binding platform for all the binding 

partners of the core complex. Several Gemin proteins are present in the SMN complex. 

Gemin2, Gemin3 and Gemin8 can interact directly with the SMN proteins, while, Gemin4 

and Gemin5 are recruited to the complex via their interaction with Gemin3 and Gemin2, 

respectively. Gemin8 can interact with Gemin7 and Gemin4 and latter recruits Unrip and 

Gemin6 (Figure 3, top panel) (Cauchi 2010; Ogawa et al. 2009; Otter et al. 2007). The size 

of SMN does not allow the association of all these proteins; therefore SMN oligomerizes to 

form a higher-order complex of 20S to 80S (Lorson et al. 1998). Moreover, the SMN 

complex plays an essential role in the assembly of the splicing machinery by promoting the 

formation of cytoplasmic complexes between core Sm proteins, which are a heptameric 

ring of Sm proteins that forms around a conserved sequence present on Uridine-rich small 

nuclear RNAs  (U snRNAs) (Pellizzoni 2007). Additionally, Gemin5 confers specificity to 

U spliceosomal snRNAs by recognizing the Sm site and an adjacent 3’-terminal stemloop 

structure found in all pre-snRNAs; therefore allowing the Sm core to interact only with the 

proper RNAs (Yong et al. 2010). This association between the SMN complex and Sm 

proteins is facilitated by symmetrical arginine dimethylation of the C-
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Figure 3. The role of the SMN core complex in snRNP biogenesis. Uridine-rich small 
nuclear RNAs (U snRNAs) are first transcribed and exported to the cytoplasm where they 
are recognized and bound by the SMN complex (Gemin5). This complex is composed of 
SMN proteins, Gemins and Unrip (top panel). The role of the SMN complex is to facilitate 
and promote the specific assembly of Sm proteins and U snRNAs into snRNPs. Following 
arginine methylation of SmD1, SmD3 and SmB/B’ by PRMT5 (and potentially PRMT7) 
which renders them better substrates for the Tudor domain of SMN, it directs the Sm core 
to the SMN complex. The complex composed of the SMN complex, Sm proteins and U 
snRNA is then translocated into the nucleus in foci-like structures known as the Cajal 
bodies where, after further maturation, they can participate in pre-mRNA splicing 
(modified from Pellizzoni, Embo Rep., 2007 and Coady and Lorson, Wiley Interdiscip. Rev. 
RNA, 2011). 
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terminal domain of SmD1, SmD3 and SmB/B’ by the 20S PRMT5 methylosome complex, 

facilitating their interaction with the Tudor domain of SMN (Meister et al. 2001). 

Importantly, plCln, a member of the PRMT5 complex, was recently shown to be 

responsible for the recruitment of Sm proteins to the SMN complex. Binding of the SMN 

complex to the Sm proteins causes the dissociation of plCln and catalyze ring closure on 

the specific snRNA (Chari et al. 2008). Additionally, Gemin2, which is part of the SMN 

complex, acts like an arm that gathers 5 of the 7 Sm proteins, positioning them in a 

pentamer fashion ready for the Sm core assembly. Gemin2 also blocks the pre-mature 

association between the Sm core and RNA (Zhang et al. 2011). Following transport of the 

snRNP complexes from the cytoplasm to the nucleus and further maturation within Cajal 

bodies, they are now ready to participate in splicing (Figure 3; bottom panel) (Mouaikel et 

al. 2003; Narayanan et al. 2004). It surprisingly took a long time before defects in splicing 

were observed in SMA-like conditions, even though SMN plays a crucial role in snRNP 

biogenesis. In an early study, Pellizzoni and colleagues demonstrated a dominant-negative 

form of SMN, SMNΔN27, which provoked a reorganization of snRNPs in the nucleus and 

inhibited pre-mRNA splicing in vitro suggesting that defects in splicing may contribute to 

SMA (Pellizzoni et al. 1998). It wasn’t until 2005 that Wan and colleagues demonstrated a 

correlation between the levels of SMN and snRNP assembly in cells deficient for SMN 

(Wan et al. 2005). More recently, Gabanella and colleagues supported this notion by 

demonstrating that there were defects in snRNP assembly in tissues from SMA mice; 

therefore linking the assembly defects to the SMA pathology (Gabanella et al. 2007). More 

recently, changes in the stoichiometry of specific snRNAs and more importantly, pre-

mRNA splicing defects in numerous transcript have been reported (Zhang et al. 2008). 

Additionally, in lymphoblast from SMA patients, a marked decrease in tri-snRNPs and 
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splicing defects in minor introns have also been reported (Boulisfane et al. 2011) Since 

then, numerous defects in splicing and also alternative splicing have been documented 

(Baumer et al. 2009; Campion et al. 2010; Jodelka et al. 2010; Ruggiu et al. 2012). 

Nevertheless, the reasons why motor neurons are specifically affected by the drastic 

decrease in SMN protein levels in SMA remains unclear. Perhaps SMN modulates 

downstream pathways that are crucial to motor neurons making them more susceptible to a 

decrease in SMN protein level. Another reasonable explanation is that SMN has a function 

that is independent of its role in snRNP assembly which would be specific to motor 

neurons.  

 

1.2.4 The non-canonical function of SMN: why are motor neurons more sensitive to low 

levels of SMN? 

Numerous hypotheses have been brought forth to explain why motor neurons are more 

sensitive to a decrease in the SMN protein. The implication of SMN in motor neuron-

specific activities could explain the specificity of this pathology and recently, there is 

growing evidence to support this hypothesis. It has been demonstrated that the activity of 

SMN in snRNP assembly is elevated in embryonic and early postnatal spinal cord 

development, but it decreases dramatically when myelination occurs and is maintained at a 

low steady state (Gabanella et al. 2005). Furthermore, in humans, during the development 

of the central nervous system, the localization of SMN changes from being predominantly 

in the nucleus, where it participates in snRNP assembly, to a more axonal localization 

(Giavazzi et al. 2006). In agreement with this localization, it has been observed that SMN 
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colocalizes with cytoskeletal filaments in axons (Pagliardini et al. 2000). Intriguingly, using 

fluorescently tagged SMN granules, a bidirectional movement dependent on the 

cytoskeleton has been observed. More specifically, the long range transport of these SMN 

containing granules is inhibited by depolymerisation of microtubules and the short range 

transport is decreased dramatically upon disruption of F-actin (Zhang et al. 2003). Another 

team of researchers also demonstrated that SMN can be transported in a retrograde and 

anterograde fashion at a speed of 2 µm/second. This is in agreement with the motor protein-

dependent fast axonal transport (Fallini et al. 2010). Furthermore, a novel splicing isoform 

of SMN termed axonal-SMN (a-SMN) which is essentially the Tudor domain of SMN and 

a few additional amino acids at its C-terminus, was discovered and is expressed in foci-like 

structures along the axons where it promotes axonogenesis (Setola et al. 2007). These 

granular foci are thought to be RNA granules which are multiprotein complexes reported to 

transport RNA-binding proteins and their specific mRNA targets along the growing axons 

(Elvira et al. 2006a; Lee 2012). This transport allows the local translation of some specific 

mRNAs implicated in neurite outgrowth (Schuman 1999). Additionally, several RNA-

binding proteins have been reported to localize to neuronal RNA granules along the axons, 

like for example KSRP, HuD, hnRNP Q/R and Staufen 2 (Elvira et al. 2006a). There is 

evidence that some components of the SMN core complex are present in SMN containing 

axonal granules (Fallini et al. 2011; Sharma et al. 2005; Todd et al. 2010; Zhang et al. 

2006). Even though, some of the well known components of the SMN complex such as the 

Gemins, are present, it seems that the Sm proteins are absent, further supporting the 

possibility that SMN plays a role in motor neuron axons that is independent of its role in 

snRNP assembly (Fallini et al. 2011; Sharma et al. 2005; Todd et al. 2010; Zhang et al. 

2006).  
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1.3 RNA binding proteins and regulation of mRNA transport 

	  

1.3.1 The RNA binding protein HuD 

 RNA binding proteins constitute a large proportion of RNA containing granules since 

they are responsible for, among other things, the localization and stability of mRNA 

(Deschenes-Furry et al. 2006). Our lab is interested in the RNA-binding protein HuD which 

is part of the ELAV-like family of proteins. This family of proteins was first identified as a 

target of autoantibodies found in patients affected with paraneoplastic cephalomyelitis 

(Dalmau et al. 1990). Hu proteins are the mammalian homologues of the ELAV protein 

found in Drosophila (Robinow et al. 1988), which when deleted, results in an abnormal 

vision phenotype and embryonic lethality. The Hu family of proteins is comprised of four 

members which include HuC (PLE21), HuD and HuB (He1-N1) that are all specifically 

expressed in neurons and HuR (HuA) which is ubiquitously express (Hinman and Lou 

2008). The Hu proteins are considered classical RBPs since they contain three RNA 

recognition motifs (RRMs), which are 90% homologous, separated by a hinge region 

between the second and the third RRM (Figure 4A). The RRM binds to mRNA targets 

(Hinman and Lou 2008) while the hinge region contains a nuclear export signal which 

allows the shuttling back and fourth from the nucleus to the cytoplasm (Kasashima et al. 

1999). The RRM1 of HuD predominantly binds to the mRNA target, whereas the RRM2 

does aid in binding of the target transcript, but is mostly important for the stabilization of 

the RNA-protein interaction. The RRM3 is involved in the stabilization of the RNA-protein  
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Figure 4. The ELAV-like family of proteins. A. Schematic representation of the full 
length Hu proteins which consist of tree RNA recognition motifs (RRM1, RRM2, RRM3) 
separated by a Hinge region (Hinge) between the second and the third RRM (modified 
from Hinman et al., Cell mol. Life Sci., 2008). B. Illustration of the numerous functions of 
Hu proteins showing its role in many post-transcriptional events carried out in both the 
nucleus and the cytoplasm (modified from Hinman et al., Cell mol. Life Sci., 2008). 
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interaction and also binds the poly(A) tail (Kasashima et al. 2002). It has also been 

proposed that the RRM3 could be involved in protein-protein interactions since HuD, HuC 

and HuB have been shown to dimerize (Kasashima et al. 2002). Moreover, AU rich 

elements (AREs) located in the 3’ untranslated region (UTR) of target transcripts allows the 

Hu proteins to recognize the different mRNA targets (Hinman and Lou 2008). Most ARE-

binding proteins have the effect of destabilizing their target transcripts, however the Hu 

family of proteins stabilize their targets; therefore increasing their half life (Aranda-Abreu 

et al. 1999; Deschenes-Furry et al. 2003; Deschenes-Furry et al. 2006; Mobarak et al. 

2000). One mechanism through which HuD increases mRNA stability is by blocking the 

association of destabilizing RBPs when it forms oligomers on mRNA targets (Fialcowitz-

White et al. 2007). But the regulation of mRNA stability is very complex since 

destabilizating RBPs and stabilizating RBPs compete for binding to specific mRNA targets, 

therefore the half-life of the mRNA is dependent on the relative abundance of each of these 

types of RBPs (Barreau et al. 2006; Lal et al. 2004). Lastly, HuD has also been linked to 

the regulation of translation (Fujiwara et al. 2012; Fukao et al. 2009), where it would 

mediate a bridging interaction between the poly(A) tail and eIF4A. 

 It has been shown that Hu proteins are amongst the earliest marker of neuronal 

differentiation and therefore it is not surprising that these proteins play a crucial role in 

neuronal development (Anderson et al. 2001; Antic and Keene 1997; Figueroa et al. 2003; 

Perrone-Bizzozero and Bolognani 2002). In our laboratory we are particularly interested in 

studying the role of HuD in this process. Within neurons, HuD is expressed in the cellular 

body, axons and growth cones (Aronov et al. 2002; Okano and Darnell 1997; Smith et al. 

2004). It has been shown that HuD, through its interaction with target transcripts such as c-
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fos, N-myc, p21, neuroserpin and MARKs, plays a crucial role in the processes of neuronal 

development and differentiation (Figure 4B) (Chagnovich et al. 1996; Wein et al. 2003). 

Furthermore, in HuD knockout mice, neuronal cells do not exit the cell cycle in a normal 

fashion leading to a decreased neurite production, suggesting that HuD is crucial for the 

differentiation of neuronal cells through the regulation of cell cycle exit and cell lineage 

commitment (Akamatsu et al. 2005). Moreover, HuD stabilizes many targets, such as GAP-

43 and Tau, that are implicated in the formation of neuronal processes (Aranda-Abreu et al. 

1999; Chung et al. 1997; Mobarak et al. 2000). Additionally, it has been demonstrated in 

E19 cortical neurons, PC12 cells and retinoic acid induced embryonic stem cells that 

HuD’s expression accelerates neurite outgrowth (Anderson et al. 2000; Anderson et al. 

2001; Kasashima et al. 1999). Furthermore, when overexpressed, HuD significantly 

stimulates long neurite formation and increased levels of GAP-43 (Anderson et al. 2001). 

Whereas when HuD is knockdown in PC12 cells there is a decrease in the production of 

neurites even in the presence of nerve growth factor (Mobarak et al. 2000). Taken together, 

these results demonstrate that the neuronal specific Hu protein, HuD, through its stabilizing 

effect on target transcripts and its positive effects on neurite outgrowth, plays a pivotal role 

in the development of the nervous system. Some evidence has been brought to light 

demonstrating that HuD might also play a role in the adult nervous system. In fact, HuD 

has been linked to plasticity of the nervous system. It has been shown that following spatial 

learning tasks there is an increase in HuD levels in hippocampal neurons. This is also 

accompanied by a dramatic increase in GAP-43 transcript levels (Pascale et al. 2004; 

Quattrone et al. 2001). Furthermore, it has also been demonstrated that HuD is linked to 

axonal regeneration since after a crush of the DRG sensory neurons and facial neurons 

there is an increase in HuD protein levels that remain elevated for a duration of 21 days. 
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This elevation of HuD is also accompanied by an increase in GAP-43 mRNA levels 

(Anderson et al. 2003). Taken together, HuD is a neuronal protein that is implicated in 

many aspects of neuronal development, maintenance and axonal regeneration. These 

observations demonstrate its importance for a proper functioning nervous system. 

 

1.3.2 The RNA-binding protein SERBP1 

 The Serpine mRNA binding protein 1 (SERBP1) is a protein that has been 

identified by several groups and has several acronyms, including PAI-RBP1, HABP4, CGI-

55. Currently the function of SERBP1 is unknown. It was first named PAI-RBP1 since it 

bound the cyclic nucleotide-responsive sequence in type-1 plasminogen activator inhibitor 

mRNA (Heaton et al. 2001). Analysis done on one of the isoforms of SERBP1, CGI-55, 

predicted a nuclear localization signal (NLS), two coiled-coil motifs, and five lysines that 

have the potential to be modified by small ubiquitin modifiers (SUMO) (Kobarg et al. 

1997). Furthermore, it has recently been demonstrated that SERBP1 has three possible 

arginine methylation sites. Specifically, the N-terminus contains an arginine rich sequence, 

an arginine glycine (RG)-rich segment is located in the middle of the protein and finally at 

the C-Terminus end there is an Arginine-glycine-glycine box (RGG box) (Lee et al. 2012). 

Interestingly, it has been shown that SERBP1 interacts with PRMT1 in HeLa cells and 

upon AdOx treatment, an indirect methyltransferase inhibitor, there is a significant decrease 

in this interaction. Furthermore, PRMT1 methylates SERBP1 at the middle RG and the C-

terminal RGG. When PRMT1 activity was inhibited by AdOx treatment or when PRMT1 is 

depleted by siRNA, there was a significant translocation of SERBP1 in the nucleus (Lee et 

al. 2012). Therefore, methylation of SERBP1 significantly impacts its intracellular 
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localization. Moreover, it has been demonstrated that the TDRD3 protein, known to contain 

a Tudor domain which is responsible for the interaction with methylated proteins, interacts 

with SERBP1 and localizes to stress granules. It is then possible that SERBP1 is implicated 

in RNA regulation since stress granules are important in translational regulation upon 

cellular stress (Goulet et al. 2008). Additionally, SERBP1 has also been linked to 

processing of mRNA as it localizes to Cajal bodies and interacts with pre-mRNA, mRNA, 

spliceosomes and U2 small nuclear RNP auxiliary factor U2AF65, further supporting the 

possible function of SERBP1 in splicing (Prigge et al. 2009). Finally, SERBP1 has been 

found in a screen performed on rat brains for proteins present in RNA granules. As 

mentioned above, RNA granules are a complex of proteins that have the role of 

transporting RNA molecules along the neurites for local translation of mRNA, therefore 

SERBP1 may play a role in the differentiation process of neuronal cells (Elvira et al. 

2006b). Taken together, SERBP1 is a methylated RNA-binding protein that can interact 

with proteins that harbor a Tudor domain and is linked to numerous RNA regulation 

functions including transport of RNA granules along the neurites. 

 

1.4 Rationale, Hypothesis and objectives 

	  

1.4.1 Rationale 

SMN has a wide assortment of interacting partners that are implicated in numerous 

different cellular processes. Therefore, it has been postulated that SMN might play essential 

roles in other cellular processes in motor neurons, apart from its housekeeping role in 

snRNP biogenesis. We then decided to investigate the possible interacting proteins of SMN 
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by carrying out a proteomic screen in an attempt to shed light on putative non-canonical 

functions of SMN. We uncovered that SMN might interact with two RNA-binding proteins, 

HuD, which is implicated in a number of neuronal processes from neuronal differentiation 

to plasticity and SERBP1, a protein with largely unknown functions. SMN is known to 

interact with arginine methylated RBPs such as KSRP and FMRP (Piazzon et al. 2008; 

Tadesse et al. 2008) which have been linked to the transport of mRNPs in axons during 

neuronal differentiation. We have demonstrated that HuD can be methylated by CARM1 

and recent work done by the Lee laboratory showed that SERBP1 is methylated by PRMT1 

(Lee et al. 2012), therefore it is possible that HuD and SERBP1 are interacting partners of 

SMN. Additionally, HuD and SERBP1 have been shown to be components of RNA 

granules (Elvira et al. 2006b), which play an important role in neuronal differentiation by 

promoting transport and regulating local translation of specific mRNAs in growth cones. 

Therefore, we propose that the interactions between SMN and HuD as well as the 

interaction between SMN and SERBP1, might be implicated in the assembly and/or 

transport of RNA granules in neurites of motor neurons. These findings would shed light on 

a cellular function for SERBP1, since it has not yet been associated with a specific 

physiological cellular function. Additionally, this would help elucidate the possible novel 

function(s) of SMN in motor neurons and, in turn, provide crucial information to help 

understand the motor neuron-specificity of SMA. 

 

1.4.2 Hypothesis 

I propose that SMN interacts with RNA binding protein HuD and SERBP1 and that 

these interactions promote motor neuron differentiation. 
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1.4.3 Objectives 

- Complete the biochemical and functional characterization of the interaction between 

HuD and SMN in motoneuron-derived MN-1 cells. 

- Biochemical and functional characterization of a novel interaction between SMN 

and the RNA-binding protein SERBP1 in motoneuron-derived MN-1 cells. 

 

Chapter 2. Materials and Methods. 

	  

	  

2.1 Cell culture, differentiation and generation of stable knockdown cell lines 

MN-1 cells were cultured in Dulbecco’s modified eagle medium (DMEM) 

containing 10% fetal bovine serum (FBS; Thermoscientific), 2% penicillin/streptomycin 

(Multicell; Wisent) and 25 µg/mL plasmocin (Invivogen). They were cultured at 37 ºC with 

5% CO2 and cells were passaged at approximately 85% confluency.  For protein extraction, 

GST pulldowns and Immunoprecipitation, cells were plated at 50% confluency and 

incubated overnight. For immunofluorescence, BiFC and transfection, cells were plated at 

30% confluency and incubated overnight. 

MN-1 cells were differentiated using a differentiation media containing 2% FBS, 50 

µM Transretinol (Sigma) and 10 µg/mL of GDNF (Cedarlane). The maintenance media was 

first discarded and cells were washed with 1X phosphate buffered saline solution (1X 

PBS). The 1X PBS was then replaced with the differentiation media and cells were 
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incubated for 24 to 48 hours prior to extraction of proteins or mRNA (as described in the 

section 2.2 and 2.6, respectively).  

To generate a stable knockdown of CARM1 in MN-1 cells, a target sequence was 

selected using the online ‘RNAi Explorer’ design algorithm 

(http://www.genelink.com/sirna/shRNAi.asp), and from this, the following 2 oligos (Sens 

mCARM1 oligo: 5’-GATCGGCTACATGCTCTTCAATGAACGAATGCTCTCAA-

GAGGAGCATTCGTTCATTGAAGAGCATGTAGCTTTTTTGA; Antisense mCARM1 

oligo: 5’-

AGCTTCAAAAAAGCTACATGCTCTTCAATGAACGAATGCTCCTCTTGAGAGCAT

T-CGTTCATTGAAGAGCATGTAGC) were hybridized, digested, and subcloned into the 

BamH1 and HindIII sites of the pRS shRNA vector (OriGene).  For the SMN stable 

knockdown, a predesigned microRNA-adapted shRNA lentiviral vector targeting a 

sequence in the 3’UTR of mouse SMN mRNA (GIPZ #RMM4431, OpenBiosystems) was 

used.  The pRS-1 (Origene) and pGIPZ (OpenBiosystems) empty vectors, respectively, 

were used as controls for the selection process.  Lipofectamine 2000 (Invitrogen) was used 

for DNA transfections according to manufacturer instruction.  Selection was achieved using 

4 µg/ml puromycin dihydrochloride (Sigma).  Pools obtained following 2 weeks of 

selection regiment were then maintained in 2 µg/ml of puromycin. 

 

2.2 Isolation of proteins, SDS-PAGE and Western blot 

Cells from 100 mm plates were first washed with 1X PBS and then lysed with 

radioimmunoprecipitation (RIPA) lysis buffer (10 mM Tris pH 7.4, 100 mM NaCl, 1 mM 
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ethylene tetraacetic diamine acid (EDTA), 1% nonyl phenoxypolyethoxylethanol 40 (NP-

40), 0.5% sodium deoxycholate (NaDOC), 0.1% sodium dodecyl sulfate (SDS)). The 

extracts were then mixed intermittently and put at one ice for 15 minute to insure proper 

lysis. The extract was centrifuge at maximum speed for 15 minutes and the supernatant was 

collected. The protein quantification was done using the Bradford method (BioRad) 

according to manufacturer protocol.  Bovine serum albumin (BSA) was used to generate a 

standard curve. To quantify the proteins, the optical density (OD) was measured using a 

spectrophotometer with a wavelength of 595 nm. The concentrations of proteins were 

obtained by extrapoling the OD value to the standard curve. Equal concentration of protein 

contained in the numerous extracts were then mix with a equal amount of 2X Laemmli 

buffer (25% glycerol, 125 mM Tris HCl pH 6.8, 4% SDS, 700 mM β-mercaptoethanol, 

0.1% bromophenol Blue). The extracts were boiled at 95 ºC for 10 minutes and loaded in a 

12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Resolved protein were then 

transferred onto an Immunobilon-P polyvinylidene difluoride (PVDF; Millipore: 0.45 µm 

pores) membrane. The membrane was blocked for one hour in 5% non-fat milk in 1X PBS 

with 0.05% Tween 20 (PBS-T). The primary antibody mixed in 2% non-fat milk in PBS-T 

was then added onto the membrane for one hour at room temperature or overnight at 4 ºC 

depending on the antibody. Primary antibody includes HuD (1:1000; Santa Cruz), GAPDH 

(glyceraldehydes 3-phosphate dehydrogenase) (1:5000; Covance), SMN (1:3000; BD 

Biosciences), SERBP1 (1:1000; Abnova), GST (1:3000), Tubulin (1:1000; Sigma). After 

the incubation period, the membrane was washed 3 times for 5 minutes with PBS-T. The 

secondary horseradish peroxidase (HRP) conjugated antibody (goat anti-mouse or goat 

anti-rabbit; Jackson Immunoresearch Labs) was added for one hour at room temperature. 
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The membrane was again washed 3 times for 5 minutes with PBS-T before the exposition 

on film (Clonex) using chemiluminescent HRP substrate (Millipore).  

 

2.3 Production of recombinant proteins 

Escherichia coli BL21 (Stratagene) were transformed with the various cDNA 

construct (GST-Tag, GST-SMN Tudor and GST-SMN Tudor E134K). One colony was 

picked and cultured overnight at 37 ºC in 100 mL of Lysogeny broth (LB; Fisher Scientific) 

containing 100 µg/mL of ampicillin (Sigma). The next day, the 100 mL of bacteria was 

transferred to 900 mL of LB and incubated at 37 ºC for an hour. Isopropyl-D-

thiogalactopyranoside (IPTG; Wisent) at a final concentration of 0.1 µM was added to the 

bacteria. There were then allowed to grow for 3 more hours before being centrifuged at 

4000 rpm for 30 minutes. The pellets were resuspended in 10 mL of cold 1X PBS with 

complete protease inhibitors and sonicated five times for 15 secondes at 4 ºC. The extracts 

were then centrifuge for 20 minutes at 12000 rpm. 1% Triton X-100 and 500 µL of 

glutathione agarose beads (Sigma) was added to the supernatant and allowed to tumble 

overnight at 4 ºC. The next day, the beads were centrifuge at 2500 rpm for 2 minutes and 2 

washed with 1X PBS containing 1% triton were done. Two other washes were done using 

1X PBS. For the GST pulldown experiment, proteins were not eluded from the beads to 

simplify the experimental process. The beads were kept in 50% slurry in 1XPBS at 4ºC. 

The concentrations of the proteins were quantified by SDS-PAGE followed by a 

commassie dye. The gel was distained overnight using a methanol and acetic acid solution. 

An image of the distained gel was taken using the Gel Logic 200 imaging system (Kodak). 
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The proteins were eluted from the beads for the Far Western experiment. The beads 

were centrifuged at maximum speed for 30 seconds and the supernatant was discarded. An 

equal amount of a 10mg/mL glutathione in 1X PBS with complete protease inhibitor 

solution was added to the beads. The beads were shook vigorously and placed at 37ºC for 1 

minute. The beads were then centrifuge at maximum speed for 30 seconds and the 

supernatant was collected. The three previous steps were done 10 times and the final extract 

was dialysed overnight at 4 ºC in 2 L of cold 1X PBS. The extracts were then concentrated 

using a 0.45 µM filter (Millipore). The Bradford experimental procedure was used to 

quantify the protein (as described in section 2.2). 

 

2.4 GST pulldown 

MN-1 cells were lysed as describe previously in section 2.1 using a 1% Triton X-

100 lysis buffer (10 mM Tris HCl pH 7.4, 150 mM NaCl and 1% triton). For each 

pulldown, 500 ug of proteins was used and lysis buffer was added to give a final volume of 

1mL. Approximately 5 µg of the different beads (GST-Tag, GST-SMN Tudor, GST-SMN 

Tudor E134K) were added to the extract and the pulldown was then allowed to tumble 

overnight at 4 ºC. Four washes with 1 mL of the lysis buffer followed by a wash with 1 mL 

1X PBS was then done and the beads were resuspended in equal amount of 1X PBS. An 

equal amount of 2X Laemmli buffer was added to the beads and the extracts were run on a 

12% SDS- PAGE gel and transferred onto a PVDF membrane as described in the section 

2.2. Resulting membrane was blotted with the anti-GST antibody and anti SERBP1 

antibody. 



	  

	   26	  

 

2.5 Immunoprecipitation and Far Western  

The proteins from MN-1 cells were extracted has described in section 2.2. For each 

immunoprecipitation (IP), 500 µg of protein was used and RIPA lysis buffer was added to a 

final volume of 1 mL. A 10% input was also aliquoted and kept at -20 ºC until the IP was 

run on a gel. Either 1 µg of IgG or 5 µg of HuD or SMN was added to the lysate. The IP’s 

were tumbled at 4ºC overnight. The next day, 30 µL of slurry Protein A/G sepharose beads 

(Sigma) was added to the IP’s for an hour. The beads were then washed with 1 mL of RIPA 

lysis buffer 5 times for 5 minutes. Beads were resuspended in 30 µL of Laemmli buffer and 

ran on a 12% SDS-PAGE gel and transferred as described in section 2.2. The resulting 

membrane was blotted with anti-HuD, anti-SERBP1. The membrane was then stripped and 

reblotted with anti-SMN antibody. 

For the Far Western, an IP was done as described previously, however 1000 µg of 

protein were used and the antibody added to the IP was anti-SERBP1 or anti-HuD. The 

SDS-PAGE and the Western Blotting was done has previously described in section 2.2. 

The type of membrane used was nitrocellulose (GE Water and Process technologies: 45 

microns). The membrane was blocked overnight at 4 ºC and probed with GST-SMN Tudor 

protein in 2% non-fat milk also overnight at 4 ºC. The proteins were produced has 

previously described in section 2.3. The membrane was washed 3 times for 5 minutes with 

PBS-T and then blotted with anti-GST antibody for one hour. The secondary goat anti 

rabbit was incubated for one hour and the membrane was exposed on film with the help of 

HRP substrate. As a control, anti-HuD or anti-SERBP1 was also blotted for one hour after 

the membrane had been stripped. 
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2.6 RNA extraction and Reverse transcription 

The RNA was isolated from a 100mm plate using Trizol reagent (Invotrogen) 

according to the manufacturer protocol. The RNA was resuspended in a rational amount of 

DEPC treated water depending on the size of the pellet obtained, and then was quantified 

using a spectrophotometer with a wavelength of 260 nm. DEPC treated water was used as a 

negative control. 1 µg of RNA was incubated with 1 µM oligo dT for 10 minutes at 65 ºC. 

Reverse transcription was then done on the respective sample using 0.5 mM 

deoxyribonucleotide (dNTPs; Invitrogen), 20 U RNasin (Promega), and 10 U AMV reverse 

transcriptase enzyme (Promega) in AMV reverse transcriptase buffer. The samples were 

incubated for 1 hour at 42 ºC. 

Polymerase chain reactions (PCR) were done using 25 ng of the respective cDNA, 2 

X GoTaq green master mix (Promega) and 400 nM of the respective forward and reverse 

primers.  The PCR conditions for GAPDH, γ-actin, β-actin, GAP-43 and Tau are shown in 

appendix 1. The primers used were: 

GAPDH (F) 5’-ACCACAGTCCATGCCATCAC-3’,  

GAPDH (R) 5’TC-CACCACCCTGTTGCTGTA-3’,  

γ-actin (F) 5’-ACAGCTTTACCACCACTGCTGAGA- 3’,  

γ-actin (R) 5’-ACTCCTGCTTGCTGATCCACATCT-3’,  

β-actin (F) 5’- TCTTGGGTATGGAATCCTGTGGCA-3’,  

β-actin (R) 5’-	  ACTCCTGCTTGCTGATCCACATCT-3’,  
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GAP-43 (F) 5’-	  TTTGTTTCTTGGTGTTGTTATGGC-3’,  

GAP-43 (R) 5’-	  GAACGAACATTGCACACACA-3’, 

Tau (F) 5’-	  GGTCGAAGATTGGCTCTACTG-3’,  

Tau (R) 5’-	  GCCAAGGAAGCAGACACTTC-3’. 

 

 2.7 DNA plasmids 

First, in order to identify YFP fragments that can associate to form a bimolecular 

fluorescent complex, we generated the bicistronic expression vectors.  The constructs 

encoding N-YFP (Nyfp-) or the C-terminal fragment of YFP (Cyfp) were generated as 

follows: The DNA sequence enconding EGFP was removed by restriction endonuclease 

digestion using NheI and BspEI and replaced with a sequence encoding the N-terminal 

region (1-154 amino acids: Nyfp) and C-terminal region (155-238 amino acids: Cyfp) of 

YFP.  A linker sequence (RSIAT) was also engineered to prevent disruption of protein 

folding in the context of the fusion.  The Nyfp and Cyfp fragments were generated using 

PCR with pEYFP-C1 vector (Clontech) as a DNA template and the following primers:  

Nyfp-1-154 (5’-gcatgctagcatggtgagcaagggcgag-3’)  

and 5’-atgctccggaagtagcaatagaacgcatgatatagacgttgtg-3’) 

Cyfp-155-238 (5’-gcatgctagcatggccgacaagcagaagaac-3’ 

and 5’-atgctccggaagtagcaatagaacggtacagctcgtccatgcc-3’). 
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The NheI and BspEI sites are underlined and the RSIAT sequence is indicated in bold 

letters.  These vectors were used for the Bimolecular Fluorescense complemention system 

(BiFC).  The BiFC constructs expressing Nyfp-H/SMN and HuD/SMN-Cyfp were 

constructed by a two-step subcloning strategy.  First, the cDNA encoding HuD was 

removed from myc-pcDNA-HuD (a gift from Dr. Bernard Jasmin, University of Ottawa) 

digested with BamHI and XhoI.  The resulted DNA fragment was then inserted in the BglII 

and SalI sites of N-YFP and C-YFP respectively.  Wild type and mutant SMN cDNA 

sequences were removed from EGFP-C1-SMN (122) by restriction endonuclease digestion 

following the same strategy as described above. For the SERBP1 fusion constructs, the 

SERBP1 sequence was removed from the myc-pcDNA-SERBP1 vector with EcoRI and 

XhoI restriction endonuclease enzymes (New England Biolabs). The vector containing the 

N-yfp and C-yfp fragments generated above was digested with EcoRI and SalI (New 

England Biolabs) and the coding sequence of SERBP1 was ligated with the T4 ligase 

(Promega) according to manufacturer protocol in this specific vector.  

 

2.8 Immunofluorescence and Biofluorescence complementation assay 

MN-1 cells were first plated in 6 well plates at 30% confluency on glass coverslips 

and the next day, cells were left untreated or were treated with differentiating media as 

described previously in section 2.1.  Cells were first washed with 1X PBS three times and 

then incubated with 4% paraformaldehyde (PFA; Fisher Scientific) for 10 minutes. Three 

washes with 1X PBS were done and cells were incubated with 0.5% triton in 1X PBS for 5 

minutes. Following 3 washed with 1X PBS, the primary antibody was incubated for one 

hour. Primary antibodies used include:  HuD (1:300, Santa Cruz), SMN (1:300, BD 



	  

	   30	  

Sciences), SERBP1 (1:300, Abnova). Three washes with 1X PBS were done.  Finally, the 

cells were incubated for an hour in the dark with alexa fluor secondary antibody goat anti 

mouse (594 nm) or goat anti rabbit (488nm) (1:300, Life Technology). The coverslips were 

then washed three times prior to being mounted on a microscope slide with Vectashield 

containing DAPI (Vector laboratories). The cells were visualized using Zeiss 40X objective 

of a Zeiss Axo Imager.Z1 microscope. Furthermore, an AxioCam HRm camera was used to 

take the images. Finally, Adobe Photoshop CS2 (Adobe) was used to merge the different 

filters used to create the final image. 

MN-1 cells were first transfected with the different fusion construct separately. 

These include: Nyfp-SMN, Nyfp-E134K, Nyfp-SERBP1, Cyfp-HuD and Cyfp-SERBP1. 

MN- 1 cells were also co-transfected with either Nyfp-SMN - Cyfp-SMN, Nypf-HuD - 

Cyfp-HuD, Nyfp-SERBP1 - Cyfp-SERBP1, Nyfp-SMN – Cyfp-HuD, Nyfp-SMN – Cyfp-

SERBP1, Nyfp-E134K – Cyfp-HuD or Nyfp-E134K – Cyfp-SERBP1. An empirical ratio 

of 2:1 (Nyfp:Cyfp) was used to co-transfect a total of 1 ug of cDNA. The transfections 

were performed using Lipofectamine Plus reagent (Life Technology) according to the 

manufacturer’s protocol. The cells were incubated for 24 hour prior to the fixation and 

imaging that was performed as previously described. 

 

2.9 Sucrose density gradient fractionation 

MN-1 cells were first plated in 150mm plates at 25% confluency and incubated 

overnight. Next, the cells were first washed with ice cold 1X PBS and then lysed with a 

low-salt lysis buffer (20 mM Tris-HCl pH 7.5, 10 mM NaCl, 3 mM MgCl2, 1 mM 
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rRNasin, 1 mM dithiothreitol, 0.3% Triton X-100, 50 mM sucrose (Fisher Scientific)). The 

extracts were then centrifuge at 10 000g at 4 ºC for 10 minutes. Another centrifugation this 

time at maximum speed for 10 minutes was performed. A sucrose gradient (15-45% (w/w)) 

was prepared in 25 mM Tris HCl pH 7.5, 25 mM NaCl and 5 mM MgCl2 using a Hoefer 

Scientific instrument. One and two tenth mL extract was put onto a 10.6 mL sucrose 

gradient and centrifuge at 85 784.83g for two hours using a SW40 swing out rotor. After 

the centrifugation without brakes, the 1 mL fractions were collected using a fraction 

collector (Brandel-Amersham) and the quality of the extracts was monitored at a 254 nm 

wavelength using an ISCO UA-6 UV detector. The RNA and the proteins were precipitated 

using a 0.1 M NaCl and 2.5 volumes of ethanol solutions. The protein and RNA were 

isolated using the Trizol (Life Technology) reagent according to the manufacture protocol. 

The total RNA was resuspended with 30 uL of DEPC water and the proteins were 

resuspended with 100 uL of Laemmli buffer. The proteins were run on a 12% SDS-PAGE 

gel and transferred onto a PVDF membrane as previously described in section 2.2. A 

reverse transcription was done on the total RNA as described previously. Then the cDNA 

obtained was diluted 20 times and a PCR was done using GOTAq (Promega), 25 ng of 

cDNA and the respective foward and reverse primers at a concentration of 400 nM. The 

product obtained by the PCR was run on a 2% agarose gel (Life Technology). The imaging 

of the gel was done using a Gel logic 200 imaging system (Kodak). 

2.10 Rescue experiment 

Vector control and shSMN stable knockdown MN-1 cells were first plated at a 25% 

confluence and incubated overnight. The next morning, the pcDNA-3.1-myc-SERBP1 was 

transfected using the Lipofectamine Plus reagent as described by the manufacturer protocol 
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and incubated overnight. Cells were then differentiated as described in section 2.1 and left 

incubating for 24h. An average of 5 pictures of various  area of each plate were taken using 

an Axiovert 40 CFL microscope with a magnification of 40X and using a canon power shot 

G6 camera. The total number of cells of each frame was counted. The cells with neurites 

double the length of the cell body and the cells with branching were then counted and a 

percentage of cells with neurites and branching were calculated by dividing these numbers 

by the total number of counted cells. The proteins were extracted, run on a SDS-PAGE gel 

and subjected to immunoblotting (as described in section 2.2) to verify the expression 

levels of the pcDNA-3.1-myc-SERBP1.  
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Chapter 3. Results 
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3.1 SMN interacts directly with the RNA-binding protein HuD and regulates its 

localization into RNA granules in motor neuron-derived cells. 

 Since HuD is well-known to be implicated in numerous crucial neuronal pathways, 

I have previously hypothesized that SMN mediate its specific role in motor neurons 

through an interaction with HuD, which our lab has identified as a putative interacting 

protein using mass spectrometry (unpublished data, J. Côté Laboratory). A previous 

graduate student initiated the characterization of the interaction between SMN and HuD, 

and showed that it could indeed interact using GST-pulldown experiments (Lisa Hubers, 

M. Sc.). However there remained a few important outstanding questions to be studied. 

First, I determine whether there was an interaction in a cellular context and if this 

interaction was dependent on the presence of RNA or regulated by arginine methylation, 

since the Tudor domain is known to recognize arginine methylated proteins. Furthermore, it 

was also crucial to determine if the interaction is direct and where this physical interaction 

occurs in differentiated motor neurons. Lastly, determining the functional consequence of 

this interaction was also important to assess, in the hope to possibly uncover a novel non-

canonical function of SMN in motor neurons. 

 

3.1.1 HuD can interact directly with SMN. 

 In order to determined whether the interaction between endogenous SMN and HuD 

actually exist in motor neuron-like cells, I performed co-immunoprecipitation experiments 

(co-IP) (Figure 5). Specifically, HuD was immunoprecipitated from wild type (WT) motor 

neuron-derived cells (MN-1) and the resulting immunoprecipitate was resolved by SDS-

PAGE, transferred onto a PVDF membrane and probed for the presence of endogenous  



A
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Figure 5. SMN and HuD interact in motor neuron-derived MN-1 cells extracts. A. 
SMN and HuD interact in extracts prepared from MN-1 cells and the interaction is 
potentially not dependent on an mRNA molecule, as determined by co-
immunoprecipitation (co-IP) experiments. An IP of endogenous HuD was performed using 
WT MN-1 cells lysates treated or untreated with RNase A and analysed by western blot for 
the presence of HuD (left panel; lanes 1-6). The membrane was stripped and blotted for 
SMN (lane 7-12). 10% of the amount of lysates used for IPs was loaded and the IP was 
done with purified non-immunogenic mouse immunoglobulins G (IgGs) as a negative 
control (n = 3). B. The methylation status of HuD by CARM1 does not affect the 
interaction with SMN. Co-IPs of endogenous HuD were performed in vector control and 
CARM1 stable knockdown cell lines and subjected to Western blot analysis for the 
presence of HuD (right panel; lanes 1-6). The membrane was stripped and blotted for the 
presence of SMN (n = 3; right panel; lanes 7-12). 
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SMN using Western blotting. This experiment strongly suggests that there is an interaction 

between HuD and SMN, which is consistent with the proteomic screen and previous results 

obtained in the laboratory (Figure 5A; lanes 7 to 9). Interestingly, it was demonstrated in 

our recently published paper (Hubers et al. 2011), that the SMN/HuD interaction was 

sensitive to the RNase A treatment in GST-pulldown experiments, suggesting that the 

interaction might be mediated by an mRNA transcript. To assess if this was also the case 

for the endogenous interaction, cell lysates were treated with RNase A prior to being 

subjected to co-IP experiments as above. Strikingly, there was no effect on the levels of 

interaction between HuD and SMN following RNase A treatment (Figure 5A; lanes 10 to 

12), implying that, in a cellular context, the interaction is not dependent on the presence of 

an mRNA molecule. It has also been described for HuD (Hubers et al. 2011) and other 

RNA-binding proteins, that the interaction between RBPs and SMN is methylation-

dependent and hence, suggesting that the interaction is dependent on the Tudor domain of 

SMN (Cote and Richard 2005; Tadesse et al. 2008). Therefore, a co-IP was performed on 

vector control MN-1 cells and shCARM1 stable knockdown cells, since CARM1 is the 

PRMT responsible for methylating HuD at arginine 248 (Figure 5B) (Hubers et al. 2011). 

Strikingly, there was no apparent effect on the level of interaction between HuD and SMN 

with a ~ 50% to 60% CARM1 depletion (Figure 5B, lanes 10 to 12), suggesting that the 

interaction might not be dependent on methylation of HuD by CARM1. Next, to determine 

if this interaction between SMN and HuD is direct a Blot overlay experiment was carried 

out (Figure 6). A large scale IP of HuD was performed, resolved on a SDS-PAGE gel and 

transferred on a nitrocellulose membrane. The membrane was then probed with purified 

GST-SMN Tudor proteins and subsequent anti-GST Western Blot demonstrated that there 

was, at least in vitro, a direct interaction with HuD. Taken together, I observed with these  
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Figure 6. The Tudor domain of SMN can bind HuD directly n vitro. HuD from MN-1 
cells extracts interacts with the Tudor domain of SMN in a direct fashion in vitro as 
determined using a Blot Overlay assay. A. A large scale IP of HuD was performed, 
resolved on a SDS-PAGE gel, transferred on a Nitrocellulose membrane and probed with 
purified GST-SMN Tudor protein. Anti-GST immunoblotting was performed and shorter 
(panel 1 and 2) and longer (panels 3 and 4) exposures are shown. The same membrane was 
then stripped and reprobed with anti-HuD antibodies to determine the position of HuD 
(panels 5 and 6). A 10% input was used as a positive control. B. A second blot overlay 
assay was done using a larger concentration of the starting lysate. A mock IP, where the 
antibody was omitted, was used as a negative control. Note that the Tudor domain of SMN 
interacts with a slower migrating form of HuD (n = 3, indicated with an arrow). 
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first series of experiments, that the interaction was in fact present in situ and that, in vitro, 

the interaction can be direct. Additionally, I also showed that this specific interaction is 

potentially not dependent on the presence of mRNA and does not seem to be dependent on 

the methylation of HuD by CARM1. 

 

3.1.2 The SMN/HuD interaction occurs in the cytoplasm and in foci-like structures along 

the axons. 

	   Now that a physical interaction was demonstrated between HuD and SMN in motor 

neuron-derived cells, the colocalization of HuD and SMN in motor neuron-derived cells 

was assessed (Lisa Hubers). The intracellular localization of SMN and HuD in fixed cells is 

well-established (Aranda-Abreu et al. 1999; Kasashima et al. 1999; Liu and Dreyfuss 

1996). SMN localizes mostly in the cytoplasm and concentrates in bright nuclear foci 

corresponding to Gems and/or Cajal bodies. In contrast, HuD is diffusely distributed 

throughout the cytoplasm at steady state. Indirect immunofluorescence microscopy for 

SMN and HuD was performed on MN-1 cells induced to differentiate through the addition 

of trans-retinol and GDNF for 48 hrs. Both HuD and SMN were found in granular foci 

along neuritic extensions (Figure 7).  Interestingly, in neurites, 36.4 ± 9.5 % of HuD foci 

also contained SMN, and 48.9 ± 15 % of SMN foci contained HuD (Figure 7, bar graph).  

In order to confirm and also determine where in the cells the HuD and SMN physical 

interaction occurs, we used the Biomolecular Fluorescence Complementation (BiFC) 

approach (Kerppola 2006).  This assay has now been used extensively to detect non-

covalent interactions between proteins of many different structural classes in virtually every  





	  

	   39	  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. SMN and HuD colocalize in axons of motor neuron-derived cells. HuD and 
SMN colocalize in foci-like structures along neurites of MN-1 cells. Images taken at 63X 
and focused on axons of differentiated MN-1 cells. 36.4 ± 9.5 % of the HuD foci contained 
SMN whereas 48.9 ± 15% of SMN foci contained HuD. The Bar graph shows the mean 
percentages of signals co-localizing ± SEM. Bar, 20 um (n = 20 neurites). 
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subcellular compartment (Kerppola 2009 and references therein).  More specifically, the 

BiFC experiment consisted of co-transfecting MN-1 cells with two fusion constructs 

containing the N-terminal of the yellow fluorescent protein (Nyfp) fused to the first 

putative protein and the C-terminal of the yellow fluorescent protein (Cyfp) fused to the 

second putative protein. If there is a non-covalent interaction between the two proteins, the 

Nyfp and the Cyfp will be at an appropriate distance permitting the YFP molecule to 

properly form and emit a discernible signal (Figure 8).  Therefore, cDNAs encoding HuD 

or SMN (wild type and E134K mutant allele) were subcloned to create a fusion with either 

the N-terminal fragment of yellow fluorescent protein, YFP (Nyfp-HuD/SMN) or the C-

terminal fragment of YFP (HuD/SMN-yfpC).  Proper expression of each fusion protein was 

confirmed by immunoblotting (Figure 10A) and all fusion constructs were transfected 

individually to validate the BiFC approach. No discernible signal was observed showing 

that all signal observed when two fusion constructs are co-transfected will be indicative of 

an actual protein-protein interaction between the pair being tested (Figure 9).  Since both 

SMN and HuD are known to oligomerize (Kasashima et al. 2002; Lorson et al. 1998), N- 

and C-terminal YFP fragment fusion constructs of either HuD or SMN were first co-

transfected in undifferentiated MN-1 cells in order to validate the system.  Combining HuD 

with HuD resulted in a diffused cytoplasmic fluorescent signal similar to the distribution 

obtained for endogenous HuD (Figure 10, panels A to C). Similarly, combining SMN-YFP 

fusion constructs resulted in a typical endogenous SMN intracellular distribution (Figure 

10, panels D to F). Together, these controls show that the BiFC approach can be used to 

detect protein-protein interactions in cells, and most importantly reveal where in the cell 

these interactions are taking place.  Next, the Nyfp-HuD and SMN-yfpC constructs were 

co-transfected in undifferentiated MN-1 and 24-48 hours post-transfection, cells were fixed  
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Figure 8. Bimolecular Fluorescence Complementation assay. Schematic representation 
of the Bimolecular Fluorescence Complementation Assay (BiFC). Two fusion constructs 
are generated so that the C-terminal of the Yellow Fluorescent Protein (YFP) is linked to 
the first putative protein and the N-terminal YFP is fused to the second putative protein 
respectively. Hence, if the two proteins are interacting in a non-covalent fashion, the YFP 
protein is properly reconstituted and a signal is discernable (modified from Kerppola, 
Chem. Soc. Rev., 2006). 
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Figure 9. Expression of individual BiFC fusion constructs or combination of parental 
Nyfp and yfpC proteins does not reconstitute YFP fluorescence. The identity of the 
respective expression vectors transfected in MN-1 cells is indicated on the left. Cell nuclei 
were counter-stained with DAPI. Bar is 20 µm (n = 3). 
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and visualized under a fluorescence microscope.  As predicted, SMN and HuD interacted 

with each other in cells, resulting in a reconstituted YFP signal with a mostly diffuse 

cytoplasmic distribution (Figure 11, panels A to C).  All cells positive for a YFP signal 

showed similar distribution suggesting the HuD/SMN interaction occurs predominantly in 

the cytoplasm with some degree of interaction in the nucleus, however not in nuclear 

Gems/Cajal bodies.  As an internal control for this assay, SMN fusion constructs harboring 

the E134K Tudor domain mutation were also engineered.  This mutation does not prevent 

the SMN protein from localizing to the cytoplasm and Cajal bodies, although it often leads 

to accumulation of mutant proteins in an increased number of Gems (Mohaghegh et al. 

1999; Renvoise et al. 2006).  Consistent with this, combination of wild type SMN and 

SMN-E134K yielded a YFP signal resembling normal endogenous SMN distribution 

(Figure 10, panels G to I), while mutant proteins together most often led to an increased 

number of nuclear foci (Figure 10, panels J to L).  In contrast, combining HuD and mutant 

SMN-E134K fusion proteins did not yield any detectable fluorescence (Figure 11, panels D 

to F).  The same experiment was also performed with MN-1 cells induced to differentiate 

18 hours post-transfection and processed for fluorescence microscopy after 48 hours in 

differentiation media.  As seen in undifferentiated cells, all YFP-positive cells showed a 

diffuse cytoplasmic signal, although the YFP signal was also observed within discrete foci 

localized to neurites of differentiated cells (Figure 11, panels G to L).  Taken together, 

these results confirmed a direct interaction between SMN and HuD that mostly occurs in 

the cytoplasm and within neurites of differentiated motoneuron-like cells. 
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Figure 10. SMN and HuD homodimerizes in motor neuron-derived cells. A. The 
expression levels of each fusion construct were assessed by immunoblotting using anti-
HuD and anti-SMN antibodies. The endogenous HuD and SMN proteins are indicated on 
the right and the expressing constructs are indicated with a ‘•’. B. MN-1 cells were co-
transfected with the indicated N-YFP and C-YFP fusion constructs. The co-transfection of 
the C- and N- terminal of either HuD or SMN demonstrates a intracellular and endogenous 
localization that is well established for the two proteins respectively (NYFP-HuD + CYFP-
HuD/ NYFP-SMN + CYFP-SMN) (panel A to F). Furthermore, CYFP-SMN and NYFP-
E134K or CYFP-E134K and CYFP-E134K were co-transfected, and suggests that the 
mutation of the Tudor domain (SMN-E134K) does not affect the homodimerisation of the 
SMN protein (panel g to l), although the co-transfection of both Tudor mutants together 
results in an increased number of nuclear foci likely corresponding to Gems. Bar 20 µm (n 
= 3). 
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Figure 11. HuD and SMN physically interact in undifferentiated and differentiated 
motor neuron-derived cells. Cyfp-SMN and Nyfp-HuD were co-transfected in 
undifferentiated MN-1 cells and suggests that SMN and HuD protein interact directly in the 
cellular context. The localization of the interaction is mostly cytoplasmic with some degree 
of interaction in the nucleus (panel A to C). When Cyfp-E134K, a well known mutation of 
the Tudor domain of SMN and Nyfp-HuD were also co-transfected, it completely abolishes 
the interaction (panel D to F). When cells were co-transfected with Cyfp-SMN and Nyfp-
HuD and were differentiated with a cocktail of Trans-Retinol and GDNF, the interaction 
between HuD and SMN localizes in the cytoplasm but importantly, in foci-like structures 
along extended neurites (panel G to L). Bar 20 µm (n = 3). 
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3.1.3 SMN is implicated in the localization of HuD and KSRP into RNA granules. 

HuD is found in the cytoplasm, but also in neuronal processes, where it resides in so-

called RNA granules with some of its mRNA targets (Anderson et al. 2003; Antic and 

Keene 1998).  Thus, we next determined if SMN may influence HuD function in neurites 

(Hector Valderrama-Carvajal, Janik Laframboise).  Control (empty vector) and shSMN 

knockdown MN-1 cultures were induced to differentiate using RA/GDNF treatment for 48 

hours.  This specific MN-1 cell line (shSMN) is stably expressing a shRNA targeting the 

3’untranslated region of SMN and are expressing a 30% to 50% decrease of SMN protein 

levels compared to the empty shRNA vector control. Cytoplasmic extracts from Mock and 

differentiated cells were then resolved through sucrose density gradient fractionation 

(Figure 12).  It was previously reported that the ‘heavy’ fraction at the bottom of the 

gradient actually contains RNA granules (Krichevsky and Kosik 2001).  In order to validate 

this approach, the fractions were first probed using a series of well-accepted markers for 

mRNPs (Tubulin), ribosomal subunits (data not shown), and RNA granules (KSRP and 

HuD), which allowed identification of those respective fractions in the sucrose gradients 

(Figure 12, respective panels).  An accumulation of KSRP and HuD was observed in these 

fractions upon differentiation of control MN-1 cells (Figure 12, respective panels), further 

supporting that fractions 11-13 indeed contained RNA granules components.  In contrast, 

no accumulation of KSRP was observed in heavy sucrose gradient fractions when MN-1 

shSMN cultures were induced to differentiate whereas for HuD a small amount is still 

present (Fig. 12, right, respective panels).  These results implicates that SMN is required 

for proper recruitment of HuD (and KSRP) in dense neuronal RNA granules.  Interestingly, 

SMN was also detected in RNA granules, consistent with its interaction with HuD (and 

KSRP) in punctate foci in neurites (Figure 12).  
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Figure 12. SMN is required for the localization of HuD into RNA granules. A sucrose 
density fractionation gradient was done on control vector (vector) and on SMN stable 
knockdown MN-1 cells (shSMN) that were left undifferentiated (Mock) or that had been 
differentiated (Diff.). The top panel demonstrates the representative profile of a sucrose 
density fractionation gradient and known component of the sucrose are indicated. They 
include mRNA ribonucleoprotein particules (mRNPs), small and large ribosomal subunits 
(40S and 60S), monosomes (80S), polyribosomes and dense RNA granules (*). The 
representative profiles of the vector control and shSMN left undifferentiated and 
differentiated are show in the middle panel. There is a relative enrichment in the RNA 
granules in vector control that add been differentiated whereas in shSMN cells this is not 
observed. Total proteins were extracted from each fraction, resolved by SDS-PAGE, and 
subjected to immunoblotting with the indicated antibodies.  RNA granules component HuD 
and KSRP are seen enriched in fractions 11-13 upon differentiation of vector-transfected 
control cultures (left panels). In shSMN stable knockdown cells line there is a decrease in 
the translocation of HuD to these fractions whereas no translocation of KSRP is observed 
(right panels). SMN is also detected in the RNA granule fractions, while tubulin is only 
seen in mRNPs, as expected (n = 3). 
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Reduced translocation of β-actin mRNA to neuritic processes and growth cones has 

been observed in SMN-depleted cultured of neuronal cell lines and primary motoneurons 

derived from SMA model mice (Bowerman et al. 2007; Rossoll et al. 2003b).  However, to 

date, no other mRNAs have been documented to be mislocalized in axons of SMA 

motoneurons.  Since we found HuD to be misregulated in shSMN knockdown MN-1 cells, 

we next assessed if this also impacted some of its known axonal mRNA targets (Hector 

Valderrama-Carvajal, Janik Laframboise). The same approach as above was used except 

that total RNA was extracted from each collected fractions, which was then subjected to 

RT-PCR to monitor the distribution profiles of specific HuD mRNA targets (Figure 13).  

As a positive control to validate the procedure, the profile of β-actin mRNA was first 

assessed.  As expected, β-actin mRNA was enriched in heavy fractions 11-13 following 

differentiation of control cells, while this redistribution was not observed in the shSMN 

knockdown samples (Figure 13, β-actin panels).  Importantly, γ-actin mRNA, which does 

not translocate into neurites, was not detected in the heavy fractions under any conditions 

(Figure 13, γ-actin panels), confirming that the discrimination between cytoplasm and 

neuritic RNA granules mRNA populations is possible.  The same fractions were next 

probed using RT-PCR to examine the distribution profiles in the sucrose gradient fractions 

of two known HuD targets, namely GAP43 and Tau.  GAP43 mRNA was distributed more 

or less evenly in the gradient under Mock conditions and became more enriched in the 

heavy fractions following differentiation of MN-1 control cells (Figure 13, Vector, Mock 

and Diff. GAP43 panels).  Although still detectable, this shift towards the dense RNA 

granules fractions was less pronounced in the absence of SMN (Figure 13, shSMN, Mock 

and Diff. GAP43 panels).  Tau mRNA, on the other hand, was found largely enriched in the 

RNA granules fraction (lane 13), even in the absence of differentiation cues, although an  
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Figure 13. Known mRNA molecules implicated in the differentiation process are mis-
translocated to the RNA granules. Total mRNA was extracted from fractions of the 
sucrose density fractionation gradient done in vector control (vector) and MN-1 stable 
knockdown of SMN (shSMN) that had been left undifferentiated or had been differentiated. 
β – actin was used has a positive control and has expected was translocated to the RNA 
granules upon differentiation whereas in shSMN knockdown cells this translocation is not 
observed. γ – actin is not a known component of RNA granules; therefore it was used has a 
negative control. The accumulation of GAP-43 and Tau was observed in the RNA granules 
(fractions 11-13) of undifferentiated vector control cells demonstrating that these mRNA 
are present in these granules. Gap-43 and Tau translocates to the RNA granules (fractions 
11-13) upon differentiation and has expected a decrease in their translocation is observed in 
SMA-like conditions (shSMN) (n = 3). 
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even greater accumulation was seen in fractions 11-13 after RA/GDNF treatment (Figure 

13, Vector, Mock and Diff. Tau panels, respectively).  Again, this enrichment of Tau 

mRNA in the RNA granules fractions was reduced in the MN-1 shSMN knockdown 

samples (Figure 13, shSMN, Mock and Diff. panels).  These results imply that the defect in 

HuD recruitment to RNA granules observed in the face of reduced SMN expression, 

impacted on the fate of HuD mRNA targets GAP43 and Tau.  This also constitutes the first 

identification of additional axonal mRNAs, apart from β-actin, that are misregulated in 

SMA-like conditions. 

 

3.2 Identification and characterization of a novel SMN-interacting protein, SERBP1. 

 It has been reported that SMN localizes in neurites with a variety of RBPs (Fallini et 

al. 2011; Hubers et al. 2011; Tadesse et al. 2008) and that, in this context, SMN does not 

interact with Sm proteins (Fallini et al. 2011; Todd et al. 2010; Zhang et al. 2006) which 

suggest its role in neurites is independent of its well known function in snRNP biogenesis. 

As previously mentioned, we decided to investigate possible interacting proteins of SMN to 

shed light on a possible novel function for SMN in neurites. In the laboratory, it has 

previously been demonstrated that SMN interacts with the RBP KSRP (Tadesse et al. 2008) 

and HuD (Hubers et al. 2011), therefore it is possible that SMN interacts with other RNA-

binding proteins. Data from a proteomic screen for SMN interacting proteins performed in 

the laboratory revealed that SMN might interact with the RBP SERBP1 which has recently 

been identified has a component of RNA granules purified from rat brain (Elvira et al. 

2006a). SERBP1 has not been linked to any specific function in cells and it is possible that 

it interacts with SMN and therefore has a potential role in the SMA pathology. Hence, as 
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for HuD, I characterized the putative interaction between SMN and SERBP1 and 

determined the functional relevance of this interaction in motor neurons-derived cells. 

 

3.2.1 SMN and SERBP1 interact in a direct fashion. 

I first investigated whether an in vitro interaction potentially exists between SMN 

and SERBP1; therefore a GST pulldown experiment was performed. Protein extracts from 

WT MN-1 cells were first incubated with the purified GST-Tag proteins, the GST-SMN 

Tudor proteins or the GST-SMN Tudor E134K mutant found in severe type I SMA 

patients, respectively. Proteins retained on the column were then resolved by SDS-PAGE, 

transferred on a PVDF membrane and subjected to Western blot analysis using anti-

SERBP1 antibodies. This clearly suggests that there is an in vitro interaction between the 

Tudor domain of SMN and SERBP1 and that the interaction observed is specific since the 

presence of only the GST-Tag did not retain SERBP1 (Figure 14). Importantly, the 

interaction between the E134K mutant of the Tudor domain and SERBP1 is completely 

abolished, hence suggesting that the Tudor domain is sufficient for the interaction between 

SMN and SERBP1 and therefore also potentially arginine methylation dependent.  Since a 

non-physiological amounts of Tudor domain was added to the extract, it may drive an 

interaction that might not occur endogenously within cells.  Therefore, I investigated 

whether an interaction is possible with endogenous proteins. To specifically assess this 

question, endogenous SMN proteins was immunoprecipitated from WT MN-1 cell extracts 

(Figure 15). As described above the immunoprecipitate was resolved by SDS-PAGE,  
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Figure 14. The interaction between SMN and SERBP1 is dependent on the Tudor 
domain of SMN. SERBP1 interacts with the Tudor domain of SMN as determined by 
GST-pulldown experiments. A GST pulldown was done using total lysates from MN-1 
cells. The lysates were incubated with purified GST (negative control), GST-SMN Tudor 
or GST-SMN E134K fusion proteins coupled to glutathione-agarose beads and subjected to 
Western blotting to probe for the presence of endogenous SERBP1. 10% of the total 
amount of lysate that was used is shown in lane 1. The anti-SERBP1 blot indicated that 
there is an interaction between the Tudor domain of SMN and SERBP1. The interaction is 
completely abolished when the lysate was incubated with GST-SMN E134K, a mutation of 
the Tudor domain found in severe SMA patients. The same membrane was stripped and 
blotted with anti-GST to verify the abundance of fusion proteins (n = 3). 
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Figure 15. SMN and SERBP1 interact in motor neuron-derived cells. SMN and 
SERBP1 interact in motor neuron derived cells as determined by co-immunoprecipitation 
(co-IP) experiments. Endogenous SMN was immunoprecipitated from MN-1 cell lysates. 
Retained proteins following extensive washings were resolved by SDS-PAGE, transferred 
to PVDF and subjected to western blot analysis for the presence of either SMN (lanes 1-3) 
or SERBP1 (lanes 4-6). 10% of the amount of lysate used for IP is shown in lane 1 and lane 
4. An IP was performed with purified non-immunogenic mouse immunoglobulins G (IgGs) 
as a negative control (n = 3). 
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transferred onto a PVDF membrane and subjected to Western blot analysis. The resulting 

anti-SERBP1 immunoblot suggest a possible interaction between endogenous SMN and 

SERBP1, while no interaction was seen in the IgG negative control. While this experiment 

shows that an interaction between SMN and SERBP1 exists, this interaction might be 

dependent on other proteins. To assess if there is an in vitro direct physical interaction 

between SMN and SERBP1, a Far Western/Blot overlay experiment using a large scale IP 

of endogenous SERBP1 was performed using WT MN-1 cells as described above for HuD 

(Figure 16). A direct interaction between the Tudor domain of SMN and SERBP1 was 

confirmed as the anti-GST immunoblot demonstrated a significant level of the Tudor 

domain binding to the SERBP1 protein and no other signals were observed in the SERBP1 

IP lane. Therefore, taken together, these results suggest that SMN and SERBP1 can 

physically interact in motor neuron derived cells and that this interaction is potentially 

mediated through the Tudor domain of SMN. 

 

3.2.2 SMN and SERBP1 physically interact in granular foci in neurites of motor neuron-

derived cells. 

 The localization of SERBP1 in motor neurons has not been examined, therefore I 

characterized its localization in MN-1 cells using indirect immunofluorescence (IF) 

microscopy (Figure 17A). The IF performed on WT MN-1 cells shows that the endogenous 

localization of SERBP1 in motor neuron-like cells is mainly cytoplasmic with some week 

staining in the nucleus. Importantly, SERBP1 is also localizing to neurites of differentiated 

motor neuron-derived cells. This localization pattern is similar to what is observed for 

endogenous SMN in MN-1 cells; therefore an indirect immunofluorescence was carried out  
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Figure 16. The Tudor domain of SMN can bind directly to SERBP1 in vitro. SERBP1 
interacts directly with the Tudor domain of SMN as determined by a Blot overlay assay. A 
blot overlay experiment was carried out using a large scale IP of SERBP1 from MN-1 cell 
lysates. The IP was resolved by SDS-PAGE, transferred to nitrocellulose, which was then 
probed with purified GST-SMN Tudor. Immunoblotting against GST was performed and 
demonstrates that a significant amount of GST-SMN Tudor can bind directly to SERBP1. 
The membrane was stripped and blotted with anti-SERBP1 to determine where SERBP1 
was migrating. 10% of the amount of lysate used for IP is shown in lane 1 and lane 4. An 
IP was performed with purified non-immunogenic mouse immunoglobulins G (IgGs) as a 
negative control (n = 3). 
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against SMN and SERBP1 in MN-1 cells that were induced to differentiate with a cocktail 

of Trans-Retinol and GDNF for 48 hours (Figure 17B). The resulting data suggests that 

there is co-localization of SMN and SERBP1 in the cytoplasm, and more importantly in 

foci-like structures along the neurites. Taken together, these results show that SERBP1 and 

SMN’s localization in MN-1 cells is similar and that they co-localized in neurites of 

differentiated cells. Therefore, it is possible that the interaction between SMN and SERBP1 

plays a role in neuronal differentiation, as it is the case for its interaction with HuD. 

SERBP1 and SMN interact in a direct fashion in vitro and are found in neuronal processes; 

therefore, in order to validate the endogenous direct interaction as well as assess the 

localization of this interaction, a BiFC experiment was performed. As discussed previously, 

the BiFC experiment can be used to visualize the localization of a direct interaction 

between two putative proteins. First, all the fusion constructs were transfected individually 

in MN-1 cells to verify that no reconstitution of the YFP signal was observed in the 

absence of a physical interaction. As expected, imaging these cells after 24 hours 

demonstrated no discernible signal, showing that the signal is specific (Figure 18B). 

Furthermore, the level of expression of each fusion constructs was verified by 

immunoblotting (Figure 18A). As the dimerization of SERBP1 has not yet been reported, 

the Cyfp-SERBP1 and Nyfp-SERBP1 were first co-transfected in WT MN-1 cells to assess 

whether, like for HuD, this takes place in motor neurons. Surprisingly, after fixation of 

these transfected cells and imaging, SERBP1 was shown to dimerize and this dimerization 

takes place mainly in the cytoplasm, but it is also observed along neurites of motor neuron-

derived cells (Figure 19, panel J to L). Next, the Nyfp-SMN and the Cyfp-SERBP1 were 

co-transfected in WT MN-1 cells and cells were prepared for imaging. The resulting data 

showed that there is a direct endogenous interaction between these two proteins in motor  
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Figure 17. SERBP1 and SMN co-localize in granular foci along neurites of 
differentiated motor neuron derived cells. A. Representative immunofluorescence 
microscopy showing the localization of endogenous SERBP1 in undifferentiated MN-1 
cells. Localization of this protein is mostly cytoplasmic with a low level of expression in 
the nucleus. Bar = 5 µm. B. Indirect immunofluorescence against SMN and SERBP1 
performed on differentiated MN-1 cells shows that these proteins co-localize in granular 
foci along neurites of motor neuron derived cells. Bar = 5 µm (n = 3). 
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Figure 18. Expression of individual BiFC fusion constructs or combination of parental 
Nyfp and yfpC proteins does not reconstitute YFP fluorescence. A. The expression 
levels of each fusion construct were assessed by immunoblotting using anti-SERBP1 and 
anti-SMN antibodies. The endogenous SERBP1 and SMN proteins are indicated on the 
right and the expressing constructs are indicated with a ‘•’. B The identity of the respective 
expression vectors transfected in MN-1 cells is indicated on the left. Cell nuclei were 
counter-stained with DAPI. Bar is 20 µm (n = 3). 
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Figure 19. SERBP1 and SMN physically interact in undifferentiated motor neuron-
derived cells. Cyfp-SERBP1 and Nyfp-SMN were co-transfected in undifferentiated MN-1 
cells and suggests that SMN and SERBP1 protein interact directly in motor neuron-derived 
cells. The localization of the interaction is mostly cytoplasmic with some degree of 
interaction in the nucleus and also in granular foci along the neurites (panel A to F; 
indicated by the arrows). When Cyfp-E134K, a well known mutation of the Tudor domain 
of SMN and Nyfp-SERBP1 were also co-transfected, it completely abolishes the 
interaction (panel G to I). Co-transfections of Nyfp-SERBP1 and Cyfp-SERBP1 (panel J to 
L) indicate that the dimerization of SERBP1 occurs in the cytoplasm but also in granular 
foci along the neurites as indicated by the arrow. Bar = 20 µm (n = 3). 
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neuron-derived cells, consistent with the in vitro Far Western/Blot overlay experiment. 

Importantly, the SMN/SERBP1 interaction localizes mainly in the cytoplasm with some 

evidence of interaction in the nucleus, but, as observed for HuD, it also localizes to 

granular foci along the axons (Figure 19, panel A to F). As I have suggested that the 

interaction is potentially mediated by the Tudor domain of SMN by performing GST 

pulldown experiments, I next co-transfect Nyfp-E134K and the Cyfp-SERBP1 in WT MN-

1 cells to validate whether the interaction is dependent on this specific domain. As 

expected, when these two fusion constructs were co-transfected in MN-1 cells, no YFP 

signal was observed suggesting that the Tudor domain is required for the interaction 

between SMN and SERBP1 (Figure 19, panel G to I). Taken together, these results show 

for the first time that SERBP1 can dimerize and that this dimerization localizes to the 

cytoplasm, as well as in granular foci along neurites of motor neuron-like cells. 

Furthermore, I have uncovered a novel endogenous physical interaction between the 

causative gene for SMA, SMN and SERBP1, therefore establishing a potential implication 

of SERBP1 in the SMA pathology. 

 

3.2.3 SERBP1 is down-regulated in an SMA cell culture model and can rescue SMA-like 

neuronal defects. 

 Since I discovered that SMN and SERBP1 interact directly with each other in motor 

neuron-derived cells, next, I investigated the possibility that this interaction has a role in the 

SMA pathology. It has been reported in numerous instances that in SMA-like conditions 

where SMN protein levels are low, the protein levels of its interacting partners decreases 

(Helmken et al. 2003; Tadesse et al. 2008); therefore this could also be the case for  
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Figure 20. SERBP1 protein levels are reduced in SMA-like conditions. A. 
Representative Western blot demonstrating that in SMN stable knockdown MN-1 cells line, 
there is a significant decrease of SERBP1 protein levels. GAPDH was used has a loading 
control. B. Bar graph demonstrating that the decrease in SERBP1 and SMN protein levels 
are significant (n = 6). 
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SERBP1. To assess if reduced SMN protein levels affect SERBP1 protein levels, I used the 

previously described shSMN stable knockdown cells line. Lysates from vector control MN-

1 cells and	   shSMN knockdown cells were resolved by SDS-PAGE, transferred on a 

nitrocellulose membrane and subjected to Western blot analysis or alternatively were also 

assessed by fluorescence immunoblotting (Licor). The resulting anti-SERBP1 immunoblot 

imply that in shSMN stable knockdown cells there is a significant decrease in the SERBP1 

protein level compared to the vector control cells (Figure 20). Thus, this result suggests that 

in SMA-like conditions, SERBP1 protein levels decrease; therefore implying that SERBP1 

could potential be implicated in the etiology of the disease. Since SERBP1 protein levels 

are down regulated in SMA-like conditions, I next determine the functional relevance of 

this result. A rescue experiment was carried out by transfecting the pcDNA 3.1-myc-

SERBP1 construct in vector control MN-1 cells as well as in shSMN stable knockdown 

MN-1 cells to assess if restoring SERBP1 protein levels would be able to rescue SMA-like 

neuronal defects observed in these cells (Hubers et al. 2011). To obtain a quantitative 

measure of neuronal differentitation, a few specific parameters were monitored in those 

experiments. First, the cells with neurites double the length of the cell body as well as cells 

with neurites showing branching were counted. Additionally, the average length of neurites 

was measured. These three parameters have previously been used to measure the level of 

differentiation of MN-1 cells and other neuronal cell lines and can therefore be suitable to 

measure neurites outgrowth as well as neuronal differentiation (Hubers, L. et al., 2011; 

Tadesse, H. et al., 2008). In all the conditions used the level of expression of the myc 

epitope-tagged SERBP1 was assessed by Western blot analysis to insure comparable 

expression (Figure 21A). I first transfected vector control MN-1 cells that were left 

undifferentiated with the pcDNA 3.1-myc-SERBP1 construct. Phase contrast images were  
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Figure 21. SERBP1 can rescue neurite outgrowth defects observed in SMA-like 
conditions. Vector control (GIP-Z) and shSMN stable knockdown MN-1 cells were 
transfected with the pcDNA 3.1-myc-SERBP1 construct which suggests that SERBP1 can 
rescue neurites outgrowth defects observed in shSMN stable knockdown MN-1 cells. A. 
Western blot analysis demonstrates that the pcDNA 3.1-myc-SERBP1 (myc-SERBP1) is 
expressed at comparable levels in transfected MN-1 cells that were left untreated or treated 
with differentiation media using an anti-myc antibody. The same membrane was stripped 
and reblotted with anti-SMN to verify the level of knockdown of SMN in shSMN MN-1 
cells. GAPDH was used as a loading control. B. Representative phase contrast images 
demonstrating the increased number and length of neurites in transfected/undifferentiated 
and transfected/differentiated vector control (n=5). 
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Figure 21. SERBP1 can rescue neurite outgrowth defects observed in SMA-like 
conditions (continued). C. Vector control (GIP-Z) and shSMN stable knockdown MN-1 
cells were transfected with the pcDNA 3.1-myc-SERBP1 construct which suggests that 
SERBP1 can rescue neurites outgrowth defects observed in shSMN stable knockdown MN-
1 cells. Representative phase contrast images demonstrating the increased number and 
length of neurites in transfected/undifferentiated and transfected/differentiated shSMN 
stable knockdown cell line (n=5). 
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taken (Figure 21B and C) and showed that there is an increase in all three parameters 

described above (Figure 21 D, E and F); therefore suggesting that SERBP1, even in the 

absence of differentiation stimulus, is capable of inducing differentiation of motor neuron-

derived cells implying a potential role of SERBP1 in this specific pathway. Next, the vector 

control cells that were previously transfected were then induced to differentiate with a 

RA/GDNF cocktail. The resulting data suggests that SERBP1 is still increasing the three 

parameters but has less of an effect, since cells have likely reached their maximum 

differentiation level (Figure 21). Together, these results strongly suggests that the over-

expression of SERBP1 in undifferentiated conditions, is capable of inducing neuronal 

differentiation and more specifically neurite outgrowth, thus implying that SERBP1 might 

be implicated in neuronal differentiation of motor neuron-derived cells. 

As previously reported, SMN depletion reduces the efficiency of differentiation and 

in cell culture models, defects in neurite outgrowth have been reported (Zhang et al. 2003; 

Zhang et al. 2007; Rossoll et al. 2003). Hence, next I assessed whether the over-expression 

of SERBP1 might rescue these specific defects. In order to verify this hypothesis, I 

transfected undifferentiated shSMN stable knockdown cells with the pcDNA 3.1-myc-

SERBP1 construct. Interestingly, I observed a significant increase in all three parameters 

described above suggesting that SERBP1 is capable of rescuing neurite outgrowth defects 

observed in the face of low SMN levels (Figure 21). I then differentiated the previously 

tranfected shSMN stable knockdown cells. Precisely, all three parameters increased and 

this effect was even greater than what was observed for undifferentiated cells (Figure 21). 

Taken together, these results imply that over-expression of SERBP1 in shSMN stable 

knockdown cells, which have been reported to have numerous neurite outgrowth defects,  
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Figure 21. SERBP1 can rescue defects in neurites outgrowth found in SMA-like 
conditions (continued). D. Bar graph showing quantification of the average percentage of 
cells with neurites double the length of the cell body (GIP-Z undifferentiated 
untransfected/transfected: p=0.0013; GIP-Z differentiated untransfected/transfected: 
p=0.0015; shSMN undifferentiated untransfected/transfected: p=0.0013; shSMN 
differentiated untrabsfected/transfected: p=0.0027). E. Bar graph showing quantification of 
the average percentage of cells with branching (GIP-Z undifferentiated 
untransfected/transfected: p=0.0056; GIP-Z differentiated untransfected/transfected: 
p=0.0622; shSMN undifferentiated untransfected/transfected: p=0.0131; shSMN 
differentiated untrabsfected/transfected: p=0.0050). F. Bar graph showing quantification of 
the average length of neurites (GIP-Z undifferentiated untransfected/transfected: p=0.0307; 
GIP-Z differentiated untransfected/transfected: p=0.7344; shSMN undifferentiated 
untransfected/transfected: p=0.0399; shSMN differentiated untrabsfected/transfected: 
p=0.0080) (n=5). 
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can rescue these SMA-like defects. Therefore, I speculate that SERBP1 plays an important 

role in neuronal differentiation, and, more importantly, could represent a novel target for 

the development of therapeutic strategies to treat and/or cure SMA.

 

Chapter 4: Discussion 

	  

4.1 Summary 

Since SMN plays a housekeeping role in all cells as it functions as a molecular 

chaperone in snRNP biogenesis, it remains unclear why SMA specifically affects lower 

motor neurons. Hence, it has been postulated that SMN might play an additional function in 

motor neurons. In order to gain insight on this potential role, investigation of possible 

interacting partners of SMN in motor neuron-derived cells seemed essential. We have 

uncovered that HuD and SERBP1, two RNA-binding proteins, are physically interacting 

with SMN in MN-1 cells and that these specific interactions are occurring in granular foci 

along neurites, thought to be RNA granules. Furthermore, we were able to show that SMN 

is potentially crucial for the proper localization of KSRP and HuD (along with some of its 

mRNA targets) in RNA granules, consistent with a role for SMN in the assembly of these 

specific granules. Moreover, I also showed that SERBP1 can promote neuronal 

differentiation, as it was able to induce differentiation in absence of differentiation stimuli 

and was capable of rescuing neurite outgrowth defects observed in MN-1 shSMN stable 

knockdown cells. Together, these results suggest that SMN, through its interaction with 
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specific RNA-binding protein partners including HuD and SERBP1, plays a crucial role in 

promoting differentiation of motor neurons. 

 

4.2 SMN physically interacts with two novel RNA-binding proteins and these 

interactions occur in RNA granules of motor neurons-derived cells. 

SMN has been shown to colocalize with Ribosomal RNA, poly (A+) mRNAs and 

PABP in axons of motor neurons (Zhang et al., 2003; Zhang et al., 2007). Furthermore, 

SMN was also demonstrated to colocalize with hnRNP Q and hnRNP R in axonal 

processes, suggesting a possible functional implication of SMN in neuronal RNA granules 

(Rossoll et al., 2002). Our laboratory has previously reported the characterization of the 

interaction between SMN and KSRP; a known component of these neuronal RNA granules 

(Tadesse et al., 2008). More recently, I have participated in the biochemical and functional 

characterization of a novel interaction between SMN and HuD, another known component 

of RNA granules (Hubers et al., 2010) following up on the work of a former graduate 

student in the laboratory (Lisa Hubers). More specifically, through the use of various 

biochemical and cell biology approaches, I have helped demonstrate that SMN and HuD 

physically interact with each other in the cytoplasm and in axonal foci of motoneuron-

derived MN-1 cells. Intriguingly, although it was speculated that this interaction might take 

place in the context of an mRNP complex, I found that the interaction was resistant to 

RNase treatment suggesting that this specific interaction is not mediated by an mRNA 

molecule. This is in contrast to what was observed before by the previous student, who had 

demonstrated that the interaction between SMN and HuD was sensitive to RNase A 

treatment, when assessed by GST-pulldown assays (Hubers et al. 2011). It is possible that 
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in a cellular context, the interaction between SMN and HuD is part of a larger complex that 

contains additional proteins capable of stabilizing the interaction. Alternatively, a large 

multi-protein complex might block the access to RNase A. As was demonstrated in the 

recent paper (Hubers et al., 2010), HuD is methylated by CARM1, therefore it was 

speculated that arginine methylation of HuD could potentially regulate its interaction with 

the Tudor domain of SMN. However, co-IP experiments performed with lysate of 

shCARM1 stable knockdown cells suggest that CARM1 is not absolutely required for the 

interaction between SMN and HuD to take place. Nevertheless, there is still some CARM1 

present in our stable knockdown line and it is possible that these low levels would be 

sufficient to promote binding of HuD to the Tudor domain of SMN.  Alternatively, a 

distinct PRMT might be responsible for regulating this interaction. Interestingly, while we 

have shown that CARM1 levels are normally down-regulated upon motoneuron 

differentiation (Hubers et al., 2010), we have preliminary evidence that PRMT8 expression 

is gradually up-regulated during this process.  A former graduate student in the laboratory 

has performed experiments which suggests that HuD is unlikely methylated by another 

PRMT apart from CARM1 (Hubers et al. 2011). However, the approach that was used for 

those experiments involved sonication to prepare cellular extracts, and it is possible that 

these treatments may have inhibited the activity of certain PRMTs. Therefore, I cannot rule 

out the possibility that HuD may be methylated by other PRMTs, like e.g. PRMT8, and 

additional experiments will be required to clarify this question.  

I have also biochemically characterized a novel interaction between SMN and the 

RNA-binding protein SERBP1, another known component of RNA granules. Following 

essentially the same experimental scheme as for HuD, I have shown that SMN and 



	  

	   70	  

SERBP1 also interact in a direct fashion in vitro and in the cytoplasm and axons of 

motoneuron-derived cells. However, in contrast to what was observed for HuD, it was 

found that the interaction between SMN and SERBP1 was not sensitive to RNase A 

treatment, even when assessed in vitro using GST-pulldown assays (Dr. Hector 

Valderrama-Carvajal, data not shown), therefore this was not tested further using co-IPs. A 

similar situation was also observed previously by our laboratory for the interaction between 

SMN and KSRP (Tadesse et al. 2008), suggesting that overall, interactions between SMN 

and components of neuronal RNA granules is likely not bridged by RNA.  

A Far Western/Blot overlay was performed as one of two experimental approaches 

to address whether the interactions between SMN and HuD/SERBP1 were direct. The 

signal obtained for SERBP1 in these experiments was generally more intense compared 

with HuD, which could suggest that the binding of the Tudor domain of SMN with 

SERBP1 is stronger. However, it is difficult to compare these two separate blot overlays 

since the amount of antibody used for IP and the efficiency of the antibody can vary. 

Furthermore, in cells, the level of expression of different proteins can differ; therefore 

increased binding of the Tudor domain of SMN to SERBP1 could simply reflect a higher 

expression level in motor neurons. Binding experiments (e.g. using surface plasmon 

resonance, fluorescence polarization, or isothermal titration calorimetry) with known 

amounts of purified proteins would be needed to obtain a precise quantitative measure of 

binding affinity/strength between these proteins and the Tudor domain of SMN. 

Intriguingly, I have observed that in the case of HuD, the Tudor domain of SMN interacts 

directly with a slower-migrating form of HuD. This could possibly be due to post-

translational modifications of HuD. In fact, HuD can be methylated by CARM1 and this 
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methylation can be recognized by the Tudor domain of SMN (Hubers et al. 2011); therefore 

this could explain the data observed. However, we cannot exclude the possibility that the 

slower migrating form of HuD can potentially be due to another form of post-translationnal 

modification like for example phosphorylation. It has also been reported that HuD can by 

alternatively spliced to produce three splicing variants (Wang et al. 2010), which could 

suggest that SMN might interact specifically with only one of these isoforms. Although 

previous experiments from our laboratory have essentially ruled out this possibility (L. 

Hubers, M.Sc. Cellular and Molecular Medicine, 2010), we cannot rule out that this slower 

migrating band could represent a yet-uncharacterized isoform of HuD. Thus, further 

analysis will be needed to determine the precise nature of the HuD form that is bound by 

the Tudor domain of SMN in motor neurons.  

Lastly, BiFC experiments were carried out and suggest a direct interaction between 

SMN and these interacting RBPs. Interestingly, no interaction between SMN and these 

proteins were observed within Cajal bodies, even though SMN is highly concentrated in 

these nuclear bodies that are known sites of maturation for partially assembled snRNPs. 

This strongly suggests that these interactions do not take place in the context of snRNP 

biogenesis; therefore supporting the growing evidence that SMN might play an additional 

role in motor neurons. It is likely that the granular foci where we detected an interaction 

using BiFC represent RNA granules since HuD and SERBP1 have both been shown to be 

components of RNA granules biochemically purified from rat brains (Elvira et al. 2006a). 

Altogether, my results are in line with recent literature suggesting that SMN is likely a bona 

fide component of neuronal RNA granules (Tadesse et al., 2008; Hubers et al., 2010; Akten 

et al., 2011; Fallini et al., 2011; Rossoll et al., 2003). They further indicates that within 
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those structures, SMN interacts directly with a number of RNA-binding proteins through its 

Tudor domain, supporting the notion that it might serve as a scaffold to stabilize these 

complexes and/or serve as a chaperone to promote their assembly. 

 

4.3 SMN is potentially required for the translocation of RNA-binding proteins to RNA 

granules. 

There is growing evidence for the association of SMN with RNA granules. 

However the role it might play in this specific pathway is largely unknown. The Kosik 

group has documented a method that can potentially fractionate RNA granules (Krichevsky 

and Kosik 2001). Precisely, the ultracentrifugation through sucrose density gradient, which 

is most commonly used to assess polysome profiles, contains in its ‘super heavy’ fractions 

RNA granules (Krichevsky and Kosik 2001). The observation of HuD and KSRP, two 

known components of RNA granules, in these fraction and the drastic increase of the 

accumulation of these proteins when MN-1 cells were induced to differentiate, supports 

that these specific fractions contain RNA granules. Importantly, in accordance with the 

possible function of SMN in mRNP assembly, SMN accumulates in these fractions and as 

observed for KSRP and HuD, the translocation of SMN to these specific fraction increases 

upon neuronal differentiation strongly suggesting a possible functional implication of SMN 

in motor neuron differentiation. Interestingly, in SMA-like condition, the translocation of 

both HuD and KSRP to these fractions is decreased. In the case of HuD, a fraction of the 

total HuD protein is still present in these heavy fractions containing RNA granules. It is 

possible that the pool of SMN still expressed in these knockdown cells is monopolized for 

the assembly HuD-containing RNA granules. Interestingly, following publication of our 
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study, Fallini and Colleagues also reported reduced localization of HuD in motor neuron 

axons in the absence of SMN, using a microscopy approach (Fallini et al., J. Neurosci, 

2011). Therefore, these results suggest that SMN plays a determinant role in the assembly 

of RNA granules and/or promotes the specific recruitment of KSRP and HuD to these 

structures. However, this does not pin point the specific role of SMN in this process. 

Gemins, known components of the core SMN complex are found with SMN in neurites of 

motor neurons (Todd et al. 2010; Zhang et al. 2006), which could suggest that it might act 

as a molecular chaperone that mediate the assembly of RNA granules, through a 

mechanism reminiscent of the role the SMN complex plays in snRNP biogenesis. 

Alternatively, SMN could also be required for the stabilization of RNA granules, which 

would be compatible with the fact that it actually stays associated with these structures after 

they are assembled. This might also suggest that SMN could have a more functional role 

within RNA granules. For example, SMN could be implicated in the transport of RNA 

granules along the growing neurites, since a link as been made between components of the 

cytoskeleton and SMA-like defects (Torres-Benito et al. 2011; Wen et al. 2010). 

Furthermore, SMN could also be implicated in the regulation of local translation within 

RNA granules and/or at growth cones as our lab has recently shown that SMN can serve as 

a translational repressor for certain mRNAs (Sanchez et al., HMG, 2012). Taken together, 

these results strongly suggest that SMN is a major player in the proper assembly, Stability, 

and/or function of RNA granules present along neurites of motor neuron-derived cells, but 

clearly, more experiments will be required to start getting an appreciation of the precise 

molecular mechanisms involved.   



	  

	   74	  

Accordingly, some of HuD mRNA targets known to be transported to the growth 

cones were analysed. GAP-43 and Tau translocation to RNA granules was observed, thus 

suggesting that some of HuD’s targets are part of this specific mRNP complex. As could be 

expected, when shSMN stable knockdown cells were used, there was a decrease in the 

presence of these targets in RNA granules. Consistent with the low levels of HuD still 

present in granules in the absence of SMN, a fraction of these mRNAs are also still present 

in heavy fractions, strongly suggesting that the localization of these mRNAs within RNA 

granules is dependent on the interaction between HuD and SMN.  However, we cannot rule 

out the possibility that these targets are also recognized and bound by other RBPs that can 

transport them to RNA granules even under SMA-like conditions. Strikingly, this 

represented the first identification of mRNAs mis-regulated in SMA motor neurons besides 

the well-documented mis-localization of β-actin mRNA (Rossoll et al., 2003). Following 

publication of our study, Akten and colleagues also identified cpg-15 as a novel mRNA that 

is mis-regulated in axons of motor neurons in the absence of SMN (Akten et al., PNAS, 

2011), and Fallini and Colleagues demonstrated that in fact an overall decrease of the 

poly(A)+ mRNA signal normally present in motor neuron axons is decreased in SMA-like 

conditions (Fallini et al. 2011), suggesting a significant number of mRNA targets are 

indeed mis-regulated in SMA motor neuron axons. Interestingly, it is known that KSRP and 

HuD recognize ARE motifs present in the 3’untranslated region of their specific mRNA 

targets and GAP-43, Tau as well as cpg-15 are all known ARE-containing mRNAs (Akten 

et al. 2011; Hubers et al. 2011; Rossoll et al. 2003a). Thus, it will be interesting to 

determine if a greater proportion of ARE-containing messages are actually present in RNA 

granules, and more importantly, if they constitute a major subset of mRNAs mis-regulated 

in SMA motor neuron axons. Together these results, this strongly suggests that there are 
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defects in the axonal transport of some of HuD targets and that SMN plays a essential role 

in this process in motor neurons. 

 

4.4 SERBP1 protein levels decrease in SMA-like conditions. 

 I have demonstrated that SMN physically interacts with SERBP1 and that this 

specific interaction localizes to granular foci along axons, thought to be RNA granules 

since SERBP1 is known to be a constituent of these specific granules (Elvira et al. 2006a). 

However, for SERBP1, the ultracentrifugation through sucrose density gradients assay was 

not carried out; therefore we can only speculate that SMN might be implicated in the 

translocation of SERBP1 into RNA granules as was observed for HuD and KSRP. 

Nevertheless, it has previously been demonstrated by our laboratory and other groups that 

the protein levels of some of SMN RBP interacting partners (e.g. KSRP and hnRNP Q) 

decreased under SMA-like conditions; therefore possibly implicating these specific RBP in 

the SMA pathology (Helmken et al. 2003; Tadesse et al. 2008). Hence, this could 

potentially be the case for SERBP1. As expected, in shSMN stable knockdown cell line, 

which have some of the characteristics of the SMA pathology, there was a significant 

decrease of SERBP1 compared to the vector control cells, therefore possibly linking 

SERBP1 to the pathophysiology of SMA. The mRNA levels of SERBP1 were also 

assessed and even though the levels seem to stay the same in vector control and in shSMN 

knockdown cells, there was too much variability to obtain a statistically significant result 

(data not shown), therefore I was not able to conclusively determine at which level the 

regulation occurs. The decrease in the amount of SERBP1 proteins observed could 

therefore be at the level of transcription or mRNA stability, but also at the level of either 
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proteins stability or translational regulation. A conceivable explanation for this decrease 

could be that SMN is not present to bring additional stabilization to a multi-protein 

complex containing SERBP1, leading to SERBP1 protein degradation. As mentioned 

above, it was demonstrated for KSRP and hnRNP Q that in SMA-like conditions the 

proteins levels of these specific RBPs decrease dramatically (Helmken et al. 2003; Tadesse 

et al. 2008). Furthermore, our laboratory has uncovered in a whole proteome screen that 

CARM1, CDK2 and CKAP5 protein levels are up-regulated in SMA-like conditions and 

that, at least for CARM1, this increase is at the translation level, suggestive of a role for 

SMN in translational regulation (Sanchez et al., HMG 2012 and unpublished results). 

Therefore, my work has identified a novel molecular defect in SMA and it will be 

important in future work to assess the functional consequences of reduced SERBP1 levels 

and how it might relate to the SMA pathology. 

 

4.5 SERBP1 as a novel regulator of neuronal differentiation. 

 I was able for the first time, to potentially implicate SERBP1 in the SMA 

pathology. However, the pathway in which SERBP1 might function in motor neurons that 

would be affected in SMA still remains unclear. We observed that SERBP1 is capable of 

inducing neuronal differentiation even in the absence of differentiation stimulus since 

overexpression of SERBP1 increased the number of neurites double the length of the cell 

body, the number of cells with branching as well as the average length of neurites. When 

these transfected cells were induced to differentiate, as expected, SERBP1 did not increase 

the level of differentiation as drastically as in undifferentiated cells since, for this type of 

cells, the highest level of differentiation was likely reached already. Hence, this suggests 
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that SERBP1 potentially plays a role in motor neuron differentiation. Furthermore, a 

previous graduate student in the laboratory demonstrated that HuD can also induce 

neuronal differentiation even without differentiation stimulus. Precisely, she showed that 

over-expression of HuD can increase the percentage of cells with neurites double the length 

of the cells body and significantly increase p21 mRNA levels which in turn triggers cell 

cycle exit (Hubers et al. 2011). Taken together, for the first time, we were able to implicate 

SERBP1 in neuronal differentiation, although further experiments will be needed to gain 

mechanistic insights into how, and at what level, this effect is mediated. 

 Strikingly, overexpression of SERBP1 was also able to rescue the neurite outgrowth 

defects observed in our cell culture model of SMA. It is possible that SERBP1 might be 

capable of monopolizing the SMN left in these stable knockdown cells and bring it to play 

its crucial role in motor neuron differentiation. However, SERBP1 might also act 

downstream of SMN in this specific pathway, and when the level of expression of SERBP1 

is increased, it is capable of bypassing SMN and therefore promote neurite outgrowth. In 

cell culture, SMN has been reported to possibly play a crucial role in neurite outgrowth 

(McWhorter et al. 2003; Rossoll et al. 2003a; Winkler et al. 2005; Ymlahi-Ouazzani et al. 

2010; Zhang et al. 2007a; Zhang et al. 2003); however, in vivo, these specific defects are 

not observed in all animal models. Therefore, it is possible that, in vivo, an alternative 

pathway and/or support system might compensate for this specific defect which leads to a 

normal elongation of neurites. Nevertheless, motor neurons of SMA patients still die which 

would imply that another molecular mechanism is defective in motor neurons. 

Interestingly, SMN potentially plays a crucial role in the formation and function of 

neuromuscular junctions, since it was observed in SMA models that there was pronounced 
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synaptic defects. Actually, phosphorylated neurofilament aggregation, altered calcium 

homeostasis and impaired neurotransmitter release were observed, underlying the 

importance of SMN in neuromuscular junction activity (Kariya et al. 2008). It was also 

observed that, under decreased SMN protein levels, presynaptic vesicles are not organized 

correctly at the nerve terminal (Kariya et al. 2008; Kong et al. 2009) and neuromuscular 

junction maturation is delayed in SMA model mice (McGovern et al. 2008; Murray et al. 

2010). Therefore SMN, apart from its role in snRNP biogenesis, could play an important 

role in the transport of specific mRNAs within RNA granules to the growth cone leading to 

defects in neuromuscular junction maturation and maintenance. Thus, the molecular 

mechanism which leads to motor neuron death in SMA could be linked to defects in mRNA 

transports which lead to defect in the development, function and maintenance of 

neuromuscular junction. Together, these results demonstrates that SERBP1 is capable of 

rescuing neurite outgrowth defects found in SMA-like conditions, and therefore could 

potentially be a good therapeutic approach for curing SMA.  

 

4.6 Future work 

	  

4.6.1 Determination of the effects of over-expression of HuD on a SMA model mouse. 

 We have demonstrated that a decrease in SMN protein levels affects the 

translocation of HuD into RNA granules. Furthermore, a sucrose density fractionation 

assay done on SMN stable knockdown cells over-expressing WT HuD or its methylation 

mutants demonstrated that HuD can partially rescue SMA-like defects (Hubers et al. 2011). 

Precisely, the methylation mutant R248K, which mimics a protein that cannot be 
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methylated by CARM1, shows a significant increase in neurites double the length of the 

cell body and a drastic increase in the level of p21 demonstrating that the cells are exiting 

the cell cycle and entering the differentiation process. Furthermore, the defects observed on 

the translocation of HuD and its mRNA target to the neurites in shSMN knockdown cells, 

is significantly rescued by over-expression of HuD in MN-1 cells, hence leading us to 

speculate that HuD might be a very interesting therapeutic approach for SMA. Therefore, a 

transgenic mouse over-expressing HuD in a SMA-like background could be generated to 

investigate whether HuD is capable of restoring neuromuscular junction defects, 

translocation of specific RBPs and their mRNA targets to growth cones and possibly other 

defects found in severe SMA mice. Thus, this work could help shed light on novel 

functions of HuD as well as provide information on a possible novel therapeutic approach 

that could help relieve symptoms of SMA or even help finding a cure for this devastating 

disease. 

 

4.6.2 Determination of the function of SERBP1 in motor neurons. 

  SERBP1 is an RNA-binding protein for which the precise cellular function remains 

unknown. Furthermore, not much is known about the mRNA targets that SERBP1 regulates 

and how it might regulate them. We report here that SERBP1 is a novel interacting protein 

of SMN and that over-expression of SERBP1 can induce neuronal differentiation and can 

also rescue SMA-like neuronal defects observed in our cell culture model of the disease. 

Therefore further experiments could be done to investigate the specific contribution of 

SERBP1 in the SMA pathology. First, an ultracentrifugation through sucrose density 

gradients experiment could be done on vector control and shSMN stable knockdown MN-1 
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cells. This would clarify whether, like HuD and KSRP, SERBP1 could present 

translocation defects to RNA granules under SMA-like conditions, hence demonstrating 

that it is possible that numerous or all RBPs implicated in the translocation of mRNA to 

growth cones present these specific defects in SMA-like conditions. Furthermore, a ‘RIP-

Seq’ or ‘CLIP-Seq’ experiment could be done to identify SERBP1 mRNA targets in motor 

neurons. The mRNA targets could next be screened for possible implication in neuronal 

differentiation, and a sucrose gradient fractionation experiment could be done in vector 

control and shSMN stable knockdown MN-1 cells to see if these targets are also presenting 

translocation defects in the face of low levels of SMN. Taken together, these experiments 

would potentially give us information on the targets of SERBP1 and their implication in 

neuronal differentiation. Additionally, this could identify some novel therapeutic targets 

that are mis-regulated in SMA conditions. 

 

4.7 Conclusion 

We have identified two RNA-binding proteins, HuD and SERBP1, that interact with 

the causative gene for SMA, SMN in axons of motoneuron-like cells. Furthermore, we 

have shown that SMN is required for the proper translocation of HuD and at least some of 

its mRNA targets in axonal RNA granules. In contrast, SMN is required for maintaining 

normal protein levels of SERBP1. Strikingly, over-expression of either of these proteins 

can rescue SMA-like axonal defects underlying the potential therapeutic benefits of these 

RNA-binding proteins for the treatment of SMA. The findings presented in this thesis 

support our initial hypothesis and the objectives were fully fulfilled. The novel function, in 

which SMN is hypothesized to contribute, should help the scientific community understand 
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the specificity of the pathology on motor neuron and help develop novel therapeutic 

approaches for the treatment of SMA. My work has supported growing evidence on the role 

of SMN in neuronal mRNP assembly and/or translocation and has paved the road for 

future, more mechanistic studies.  
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Appendix 1:  

 GAPDH γ-actin β-actin GAP-43 Tau 
Initialization 
 
Denaturation 
Annealing 
Extension 
/elongation 
 
 
 
Final             
elongation 

98 ºC: 2 min 
 
95 ºC: 30 sec 
60 ºC: 30 sec 
72ºC : 30 sec 
 
19 cycles of 
steps 2 to 4. 
 
72ºC: 10 min 

94 ºC: 3 min 
 
94 ºC: 30 sec 
64 ºC: 30 sec 
72ºC : 1.5 min 
 
4 cycles of 
steps 2 to 4. 
 
94 ºC: 30 sec 

94 ºC: 4 min 
 
94 ºC: 1 min 
60 ºC: 1 min 
72ºC : 1 min 
 
31 cycles of 
steps 2 to 4. 
 
72 ºC: 10 min 

94 ºC: 5 min 
 
94 ºC: 1 min 
56.5ºC: 1 min 
72ºC : 1 min 
 
32 cycles of 
step 2 to 4. 
 
72ºC: 10 min 

94 ºC: 3 min 
 
94 ºC: 30 sec 
50 ºC: 30 sec 
72 ºC : 30 sec 
 
29 cycles of 
steps 2 to 4. 
 
72 ºC: 10 min 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Polymerization chain reaction conditions (PCR) PCR conditions for GAPDH, 
γ-actin, β-actin, GAP-43 and Tau including the initialization, denaturation, annealing, 
extension/elongation and final elongation temperature used to amplify mRNA extracts as 
well as the number of cycles needed for the amplification.	  




