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ABSTRACT
Novel RNA Targets of the Spinal Muscular Atrophy Protein
Darrick K. Li

Ribonucleoprotein complexes (RNPs) are involved in many essential cellular
processes, of which the most prominent examples include the ribosome that functions in
protein translation and the spliceosome which catalyzes pre-mRNA splicing. The
biogenesis of RNPs often involves complex and elaborate pathways involving posttranslational modifications, transit into specific cellular domains, and several auxiliary
factors including assembly chaperones. One of the best-studied examples of such a
chaperone is the survival motor neuron (SMN) protein, the disease gene in spinal
muscular atrophy (SMA). SMN is part of a macromolecular protein complex and
catalyzes the assembly of a heptameric core of Sm proteins onto small nuclear RNAs
(snRNAs) to form spliceosomal snRNPs required for RNA splicing.
The Sm and Sm-like (LSm) proteins are an evolutionarily conserved family of
proteins that exhibit the propensity to form diverse heteromeric complexes with unique
RNA-binding characteristics. The Sm/LSm proteins are thought to function as RNA
chaperones whose association with their target RNAs plays a critical role in the
maturation, transport, and stability of the resulting RNPs as well as modulation of RNARNA and RNA-protein interactions that are critical for RNP function. Sm/LSm
containing RNPs have been shown to function in a variety of cellular pathways in
addition to pre-mRNA splicing, including histone mRNA 3’ end formation and mRNA
decay. Interestingly, in addition to its direct binding to Sm proteins, SMN has been
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shown to associate in vitro with members of the LSm family as well as other RNA
binding proteins, implicating the SMN complex in the biology of other cellular RNPs.
The discovery of the full spectrum of RNPs that are dependent on SMN activity has
important implications not only for our understanding of fundamental aspects of posttranscriptional gene regulation but also for SMA pathogenesis.
To pursue this line of investigation, in this dissertation, I explore the hypothesis
that SMN plays a general role in RNP assembly that extends to novel RNAs that function
in diverse cellular pathways. First, I report the identification of a RNA polymerase III
transcript of unknown function to be a novel cell type-specific RNA target of SMN
function in ribonucleoprotein assembly. Second, I explore the role of SMN in the biology
of the nuclear LSm2-8 complex active in splicing and the cytoplasmic LSm1-7 complex
involved in mRNA decay. Finally, to facilitate the discovery of cellular pathways linked
to SMN biology, I describe a novel cell-based model system for the phenotypic screening
of genetic and pharmacological modifiers of SMN expression and function.
Together, my studies significantly expand the repertoire of cellular RNAs that
SMN is known to target and provide a unique platform for the identification of novel
SMN-dependent cellular pathways, which have relevance for understanding RNA
regulation and disease mechanisms and may help in the development of therapeutic
approaches to SMA.
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Chapter 1. General Introduction
1.1. Post-transcriptional mechanisms of gene regulation
Non-coding RNAs: diverse regulators of gene expression
Contrary to the past belief that the non-protein coding sequences in the genome
are simply “junk” DNA (Orgel and Crick, 1980), it is becoming increasingly clear that
the vast majority of the genome is in fact transcribed into non-coding RNAs (ncRNAs)
(Amaral et al., 2008). Though ncRNAs have been previously implicated in functions such
as dosage compensation and genomic imprinting in animals (Yang and Kuroda, 2007),
the growing consensus is that these molecules have critical roles in the regulation of gene
expression via a number of different mechanisms (Figure 1.1) (Kim et al., 2009; Mattick
and Makunin, 2006; Mercer et al., 2009; Prasanth and Spector, 2007). These include
control points at the level of transcription and RNA processing as well as translational
activation and mRNA stability. Our understanding of ncRNA expression and function is
continually expanding and serves to add another layer of complexity in the bewildering
interplay of factors that govern the expression of genes.
One of the hallmarks of ncRNAs is their association with a specific complement
of proteins to form ribonucleoprotein complexes (RNPs). It is in the RNP context that
ncRNAs can function in their myriad roles in gene expression, including as platforms for
macromolecular assembly, templates for nucleic acid synthesis, regulators of protein
function, and guides for hybridization to nucleic acid targets (Hogg and Collins, 2008).
Indeed, functional RNPs are the means by which ncRNAs regulate a variety of biological
processes including cell growth, differentiation and development of multicellular
!
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organisms. Their importance to these critical cellular processes is highlighted by the fact
that loss-of-function mutations or deletions of these ncRNAs and impairment of their
ability to be organized into RNPs can lead to human disease. Association of ncRNAs
with their specific set of proteins into functional RNPs often involves complex multi-step
biogenesis pathways, requiring post-translational modifications, transit in dedicated
subcellular domains and several auxiliary factors (Matera et al., 2007; Pellizzoni, 2007).
One of the best studied RNP biogenesis pathways is that of spliceosomal small nuclear
ribonucleoprotein complexes (snRNPs), consisting of U snRNAs, a common set of Sm
proteins and additional snRNP-specific proteins, which are active in pre-mRNA splicing.
!
Pre-mRNA splicing
Post-transcriptional regulation of gene expression involves complex networks of
RNA-protein interactions whose molecular elucidation has been critical to our evolving
understanding of the organization and function of the human genome as well as the
pathogenesis of numerous human genetic disorders that are a result of dysfunction in
RNA metabolism. One of the most well-studied and fundamental processes in eukaryotic
gene expression is pre-mRNA splicing, an intricate and essential process that involves the
in-frame ligation of exons with the concomitant excision of introns to form mRNA that
will be translated.
Pre-mRNA splicing is carried out by an enormous complex termed the
spliceosome which consists of five small nuclear ribonucleoprotein complexes (snRNPs)
and a host of auxiliary factors that cooperate to identify splice sites and to catalyze the
two-step splicing reaction (Figure 1.2) (Black, 2003; Wahl et al., 2009). In eukaryotic
cells, the spliceosome comes in two forms: (i) the major spliceosome which is
!
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responsible for the splicing of the vast majority of introns and is composed of the U1, U2,
U4, U5, and U6 snRNPs and (ii) the minor spliceosome which excises a rare class of
introns and is composed of the U11, U12, U4atac, U5, and U6 snRNPs. In brief, splicing
(reviewed in (Black, 2003) is directed by certain sequences at the intron/exon junctions
termed splice sites. The 5’ splice site contains a critical GU dinucleotide while the 3’
splice site region contains three conserved sequence elements: a branch point (usually an
adenosine), a polypyrimidine tract, and a terminal AG at the extreme 3’ end of the intron
(minor spliceosomes excise introns with AT-AC boundaries). Splicing is contingent on
the spliceosome carrying out two trans-esterification steps: (i) nucleophilic attack of the
the 2’-hydroxyl of the branch point adenosine on the 5’ splice site, and (ii) the attack of
the 3’-hydroxyl of the detached exon on the phosphate at the 3’ end of the intron.
Spliceosome assembly is also well characterized. The process begins with the base
pairing of U1 snRNA to the 5’ splice site and the binding of splicing factor 1 (SF1) to the
branch point in an ATP-independent manner to form the E’ complex (Berglund et al.,
1997). The E’ complex is then converted into the E complex after recruitment of U2
auxiliary factor (U2AF) to the polypyrimidine tract and the 3’ terminal AG. The E
complex then becomes the ATP-dependent A complex by the replacement of SF1 by the
U2 snRNP at the branch point (Kent et al., 2005). Recruitment of the U4/U6/U5 trisnRNP leads to the formation of the B complex which is then followed by extensive
conformational rearrangements resulting in the loss of the U1 and U4 snRNPs to form the
C complex, the catalytically active form of the spliceosome.

!
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Splicing regulation
Adding another layer of complexity to the process of RNA splicing is the
phenomenon of alternative splicing, where different combinations of exons are joined
together to form different mRNA isoforms from a single gene, greatly expanding the
information content and versatility of the transcriptome. It has been recently estimated
that the expression of nearly 95% of human multi-exon genes involves alternative
splicing to some degree (Wahl et al., 2009). Alternative splicing contributes enormously
to the diversity as well as tissue specificity of the proteome (Matlin et al., 2005). One of
the most dramatic examples of protein diversity as a result of alternative splicing has
come from the molecular characterization of the Drosophila Dscam gene, which is
involved in axon guidance. The Dscam gene contains four sites of alternative splicing at
exons 4, 6, 9 and 17 but there are 12 variants of exon 4, 48 variants of exon 6, 33 variants
of exon 9 and 2 variants of exon 17. Only one exon from each position is included in the
processed Dscam mRNAs, resulting in a kaleidoscopic spectrum of over 38,000 different
protein isoforms derived from a single gene (Schmucker et al., 2000). The extraordinary
variety in Dscam mRNAs is critical for its function, as each isoform is able to interact
with a unique set of axon guidance cues (Wojtowicz et al., 2004). Dscam interaction then
stimulates self-avoidance mechanisms that are critical for normal neuronal wiring
(Hattori et al., 2008). Understanding how the cell decides which exons are utilized in a
transcript has required in-depth investigation into the regulatory network of proteinprotein, protein-RNA, and RNA-RNA interactions that modulate alternative splicing
(Chen and Manley, 2009).

!

!

5!
Splicing regulation involves both cis-acting elements and trans-acting factors. Cis

elements are composed of auxiliary sequences on the pre-mRNA that influence
alternative splicing and are named by their location and activity. They are known as exon
splicing enhancers (ESEs) and silencers (ESSs) and intron splicing enhancers (ISEs) and
silencers (ISSs). Splicing enhancers function by activating adjacent splice sites or by
deactivating adjacent silencer sequences while silencers repress splice sites and enhancers
(Matlin et al., 2005). Ultimately, the skipping or inclusion of an exon is determined by
the balance of these competing cis elements, which in turn is very much connected with
the relative abundance of cognate trans-acting splicing factors that bind these sites.
Trans-acting factors are splicing regulators, most often RNA-binding proteins,
that bind the pre-mRNA and influence alternative splicing. Splicing enhancers (ESEs and
ISEs) often contain binding sites for SR proteins, a large family of proteins that have
roles in several steps of spliceosome assembly and generally function by facilitating the
recruitment of spliceosomal snRNPs (Graveley, 2000). SR proteins promote the inclusion
of exons through a number of mechanisms. For example, SR proteins have been shown to
play important roles in facilitating splice site recognition. They have been shown to
recruit the U1 snRNP to the 5’ splice site and the U2AF complex and U2 snRNP to the 3’
splice site by binding to an exon splicing enhancer (ESE) and directly interacting with
these components of the spliceosome (Bourgeois et al., 1999; Feng et al., 2008; Zuo and
Maniatis, 1996). Larger splicing enhancing complexes can also be formed by SR proteinmediated interaction with other positive regulators including Tra2 and other SR proteins
(Tacke and Manley, 1999).

!
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Splicing silencers (ESSs and ISSs) are often bound by members of the

heterogeneous nuclear ribonucleoprotein (hnRNP) family, including hnRNP A1 and the
polypyrimidine tract binding protein (PTB). Inhibition of splicing by binding to silencer
sequences has also been shown to occur via a number of mechanisms. For example,
hnRNP A1 has been shown to bind exonic and intron silencers in the exon 7 and intron 7
of the SMN2 gene, and the interaction between all the hnRNP A1 molecules is thought to
produce an environment that is not conducive for exon inclusion, potentially by “looping
out” the 5’ splice site and inhibiting spliceosome assembly (Singh et al., 2009). Splicing
regulation is generally accomplished through the combinatorial or competitive effects of
activating and inhibitory proteins. Ultimately, the final decision of whether a particular
exon is included or excluded is made according to the concentration or activity of each
type of regulator.
Understanding the molecular mechanisms of splicing regulation has also assumed
greater importance as it has been shown that a large fraction of human disease-causing
mutations disrupt splicing (Cartegni et al., 2002; Lopez-Bigas et al., 2005). Indeed,
mutations of splice-site sequences are thought to account for about 10% of human
heritable disorders and mutations that affect splicing regulatory sequences outside of the
splice sites is thought to account for as much as 25% of inherited disease (Cooper et al.,
2009; Sterne-Weiler et al., 2011; Wang and Cooper, 2007). Prader-Willi Syndrome
(PWS), a congenital disease that is characterized by a number of symptoms including
obesity and mental retardation, was the first known example of a genetic disease whose
pathogenesis involves perturbed activity of a splicing regulatory factor (Wang and
Cooper, 2007). The disease is caused by the deletion of paternal copies of the maternally
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imprinted region, 15q11-13, which contains clusters of small nucleolar RNAs (snoRNAs)
including 48 copies of HBII-52 (Cavaille et al., 2000; Goldstone, 2004). Both these
snoRNAs are absent in PWS patients and thought to function in alternative splicing
regulation. Indeed, HBII-52 snoRNA has an 18-base pair region complementary to the
serotonin receptor 2C gene near an alternative 5’ splice site and loss of HBII-52 snoRNA
results in aberrant splicing of this gene (Kishore and Stamm, 2006).
Very recently, it has also been shown that mutations in the U4atac snRNA, a
component of the minor spliceosome that removes a small fraction of eukaryotic introns
(U12-dependent introns), result in the developmental disorder known as microcephalic
osteodysplastic primordial dwarfism type I (MOPD I) or Taybi-Linder syndrome (Edery
et al., 2011; He et al., 2011). . Endogenous U12-dependent but not U2-dependent introns
were found to be poorly spliced in MOPD I, suggesting that splicing of minor introns
plays a critical role in normal human development. These recent results emphasize the
importance of further investigation and understanding of the basic biology of pre-mRNA
splicing.

1.2. Sm/LSm proteins
The Sm and Sm-like (LSm) family of proteins are ubiquitously expressed RNA
binding proteins that are common participants in RNA processing pathways in all three
branches of life and that form diverse heteromeric ring-shaped complexes (Figure 1.3).
The Sm proteins were originally identified using antisera isolated from a patient with
systemic lupus erythematosus (Tan and Kunkel, 1966). The anti-Sm antibodies recognize
protein subunits of heteromeric rings that are associated with small nuclear RNAs

!

!

8!

(snRNAs) in nuclear complexes active in pre-mRNA splicing. These founding members
of the Sm family include seven distinct proteins – SmB, SmD1, SmD2, SmD3, SmE,
SmF, and SmG. Interestingly, SmB can be replaced by an alternatively spliced gene
product SmB’ or by another protein altogether, SmN, in a tissue-specific manner
(Schmauss and Lerner, 1990). The Sm proteins form a heptameric ring known as the Sm
core (Figure 1.4A) around a single-stranded uridine-rich region of the snRNAs (PuAU46GPu)

termed the Sm site (Kambach et al., 1999). Spliceosomal snRNPs containing Sm

cores include members of the major (U1, U2, U4 and U5) and minor (U11, U12, U4atac)
splicing pathways (Patel and Steitz, 2003). In addition to the canonical Sm proteins,
higher eukaryotes contain at least sixteen Sm-related LSm proteins that have been
identified on the basis of conserved sequence motifs (Khusial et al., 2005; Wilusz and
Wilusz, 2005). LSm proteins have also been found to form a number of heteroheptameric rings that transiently bind a number of cellular RNAs. These include the
LSm1-7 ring which functions in cytoplasmic mRNA degradation pathways (He and
Parker, 2000) and the LSm2-8 ring which functions as part of the U6 snRNP in the
nucleus (Achsel et al., 1999). A unique Sm/LSm-containing hybrid ring in which SmD1
and SmD2 are replaced by LSm10 and LSm11 proteins has also been described for U7
snRNP (Pillai et al., 2003), which functions in the 3’ end formation of replicationdependent histone mRNAs. These examples illustrate how this family of proteins has the
unique capacity to assemble into complexes of varying composition. Depending on the
exact combination of Sm/LSm proteins, these cores give both function and stability to
their intended RNA target, with important consequences for downstream gene expression
via multiple different pathways.
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Sm/LSm structure
The Sm/LSm family of proteins all share a common motif called the Sm fold. The
Sm fold is characterized by a closed twisted β-sheet with an N-terminal α-helix stacked
on top (Figure 1.4B). The β-barrel is comprised of five anti-parallel β strands. The α
helix and β1, β2 and β3 strands are coded in one sequence motif (Sm1) followed by a
variable internal sequence while strands β4 and β5 are encoded in a second sequence
motif (Sm2) after the variable region (Khusial et al., 2005). The Sm-fold domains are
remarkably well conserved, with small variants occurring only in the loops between the
strands, and paralogs are highly conserved throughout eukaryotes. In addition to the Sm
fold domain, LSm proteins occasionally have long terminal extensions that include
additional protein motifs that interact with other proteins or RNAs. These include SmB,
LSm10 and LSm11, LSm4 and the recently identified LSm12-16 proteins (Albrecht and
Lengauer, 2004).
A number of studies have yielded insight into the structure of the Sm core and its
RNA-binding mechanisms (Collins et al., 2001; Kambach et al., 1999; Mura et al., 2001;
Mura et al., 2003). The Sm core forms a toroid structure with a diameter of 7 nm and a 2nm lumen that is large enough to encircle an RNA molecule. β4 and β5 are involved on
the external side of the ring in monomer-monomer interactions to maintain the doughnutshaped heptameric ring. The loops between β2 and β3 and β4 and β5 face the lumen of
the ring where they interact directly with the RNA. Residues within each loop and the
adjacent strand form two nucleotide-binding pockets and are among the most conserved
residues in the entire structure (Kambach et al., 1999). Crosslinking experiments have
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demonstrated that the first and third uridines in the Sm site are bound to SmG and the
SmB subunit, respectively (Urlaub et al., 2001). Extrapolation of this Sm site
conformation with the known structure of the Sm core indicates that the adenosine
nucleotide is bound to the SmE subunit while the terminal guanosine of the Sm site is
bound to the SmF subunit (Khusial et al., 2005). The molecular determinants of LSm ring
binding at the ultrastructural level are less well explored and no crosslinking data exists
to enable alignment of RNA sequences with LSm subunits. However, sequence analysis
has shown that LSm rings diverge from the classical Sm core in the amino acids involved
in contacting the RNA, suggesting a mechanism by which LSm rings exhibit broader
RNA-binding specificity (Salgado-Garrido et al, 1999).

Functions of Sm/LSm proteins
The members of the Sm/LSm protein family have been shown to form
heteromeric rings that function in a number of cellular pathways (Figure 1.3). For the
classical Sm core, it is well established that it is tightly associated with snRNAs and is
critically involved in the maturation, stability and function of spliceosomal snRNPs
(Pellizzoni, 2007). In RNA splicing, the Sm core may act as a chaperone for RNA-RNA
interactions, as it has been shown to do in the U1 snRNP by stabilizing the interaction
between the U1 snRNA and 5’ splice site (Zhang et al., 2001a).
A hybrid Sm/LSm core is found in the U7 snRNP that is essential for the 3’ end
processing of histone mRNAs. The U7 snRNP consists of a U7 snRNA with a degenerate
Sm site, a 100 kDa zinc finger protein called ZFP100, and an unusual core in which
LSm10 and LSm11 have taken the place of SmD1 and SmD2 in the canonical core,
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respectively (Pillai et al., 2003; Pillai et al., 2001). The U7 snRNA base pairs to a
conserved sequence downstream of the conserved stem-loop at the 3’ end of histone
mRNAs and facilitates the assembly of the cleavage complex (Gilmartin et al., 1988).
Both LSm10 and LSm11 are highly conserved and their in vivo association with the U7
snRNA is dependent on the presence of a unique Sm site found in the U7 snRNA
(Azzouz et al., 2005; Pillai et al., 2003; Pillai et al., 2001). LSm10 is a small Sm-like
protein (~14 kDa) that is similar in structure to the canonical Sm proteins (Pillai et al.,
2001), while LSm11 possesses a long N-terminal domain flanking the Sm-domain that is
essential for histone mRNA 3’-end processing (Pillai et al., 2003).
The functions of LSm cores have also recently been explored and have revealed
that LSm proteins are involved in a surprising number of RNA-dependent pathways. This
is consistent with the much more transient and broad RNA-binding capabilities of the
LSm-containing cores (Salgado-Garrido et al., 1999). Classically, the first two LSmcontaining cores to be described were the nuclear LSm2-8 core of U6 snRNP and the
cytoplasmic LSm1-7 core involved in mRNA degradation. The nuclear LSm2-8 complex
is associated with the 3’-uridine tract of U6 snRNA and functions to promote the
annealing of U4/U6 snRNAs and the formation of higher order spliceosomal complexes
(Achsel et al., 1999). The LSm1-7 complex participates in mRNA decapping and is
enriched in P bodies, cytoplasmic structures of translationally repressed mRNPs and sites
of mRNA decay (Eulalio et al., 2007). Further background on the biology of both of these
LSm-containing complexes will be given in Chapters 3 and 4, respectively.
A number of additional functions have been ascribed to LSm proteins, including
roles in the processing of tRNAs, snoRNAs, ribosomal RNAs, and nuclear mRNAs
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(Kufel et al., 2003a; Kufel et al., 2003b; Kufel et al., 2002; Kufel et al., 2004). In
addition, parallels between the LSm proteins and the bacterial Hfq protein, which exists
as a homo-hexameric complex and harbors an Sm fold, have been used to make
hypotheses as to the identities of yet undiscovered LSm cellular functions (Wilusz and
Wilusz, 2005). LSm cores containing only six proteins have also been described. The first
was found to be associated with U8 snoRNA in Xenopus laevis containing LSm2-4 and
LSm6-8 (Tomasevic and Peculis, 2002), and the second was bound to the yeast snR5
snoRNA containing LSm2-7 (Fernandez et al., 2004). In a recent study, Sm and LSm
proteins were shown to bind sequentially to the precursor telomerase RNA of fission
yeast during the process of telomerase biogenesis (Tang et al., 2012).
In summary, Sm/LSm proteins are a flexible and variegated group of proteins that
are involved in multiple RNA pathways, and new members of the family continue to be
discovered. The structural conservation and diversity of function of Sm/LSm cores
represents a clear example of how biological systems can exploit the full potential of a
basic RNA-protein interaction module for expanding the gamut of post-transcriptional
mechanisms of gene regulation.

1.3. Small nuclear ribonucleoprotein particles (snRNPs)
snRNP structure and composition
Small nuclear ribonucleoprotein particles (snRNPs) comprise some of the most
essential components of the spliceosome and thus are critical RNPs for the efficient and
faithful processing of precursor mRNAs (Wahl et al., 2009). The snRNPs that form the
major spliceosome include the U1, U2, U4, U6 and U5 snRNPs, while minor
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spliceosomal snRNPs include the U11, U12, U4atac, U6atac, and U5 snRNPs. Each
snRNP consists of a post-transcriptionally modified small nuclear RNA, a core of
Sm/LSm proteins, and an entourage of snRNP-specific proteins (Figure 1.5). Moreover,
spliceosomal snRNPs associate with each other to form higher order complexes required
for RNA splicing.
All the spliceosomal snRNAs are transcribed by RNA polymerase II with the
exception of U6 and U6atac snRNAs that are transcribed by RNA polymerase III (Krol et
al., 1987; Lund and Dahlberg, 1984). For several of the Sm-class snRNA genes (U1, U2,
U4, U5), there has been significant evolutionary divergence in the length and sequence of
their snRNA coding regions and multiple copies of these genes have arisen by gene
duplication (Bark et al., 1986; Lund and Dahlberg, 1984; Van Arsdell and Weiner, 1984).
For example, human U1 genes have been extensively characterized and have been shown
to be present in 30-50 functional genes and approximately 500-1000 pseudogenes
organized into tandem repeat clusters (Lund and Dahlberg, 1984; Manser and Gesteland,
1982). The genes that encode the other major snRNAs show similar organization to that
of U1. Interestingly, the U6 snRNA is highly evolutionarily conserved and is present in
only 10 functional copies per human genome (Datta and Weiner, 1993; Domitrovich and
Kunkel, 2003). This is likely due to the critical role that U6 snRNA plays as part of the
catalytic core of the spliceosome (Yean et al., 2000).
Spliceosomal snRNAs are combined with their protein partners through complex
biogenesis pathways in the nucleus and the cytoplasm to form “mono-snRNPs”
(discussed in the next section). Though the U1 and U2 snRNPs are thought to function in
splice site recognition by themselves, other snRNPs are known to form higher-order RNP
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complexes. U4 and U6 snRNPs are organized into a higher order structure known as the
U4/U6 di-snRNP before associating with the U5 snRNP to form the U4/U6.U5 trisnRNP, which is functional in splicing (Behrens and Luhrmann, 1991; Liu et al., 2006).
This same pattern holds true for the U4atac, U5 and U6atac snRNPs, which form the
U4atac/U6atac.U5 tri-snRNP of the minor spliceosome (Schneider et al., 2002).
Additionally, the U11 and U12 minor snRNPs assemble into a higher-order complex
called the U11/U12 di-snRNP, which represents their functional form (Wassarman and
Steitz, 1992; Will et al., 2004). An even higher-order spliceosomal complex has been
proposed to exist in yeast and humans termed the “penta-snRNP” which consists of all
five major splicing snRNPs (Malca et al., 2003; Stevens et al., 2002), though it is still yet
to be determined what role this complex plays if any in splicing.

snRNP biogenesis
Each spliceosomal snRNP of the Sm-class is assembled through a series of
complex and intricate steps involving the precise coordination of transcription,
subcellular trafficking, RNA-protein interactions, and post-transcriptional modifications
(Pellizzoni, 2007) (Figure 1.6), which are described below. The assembly of the U6
snRNP will be discussed in detail in Chapter 3.
The snRNP biogenesis pathway starts with the transcription of the U snRNAs in
the nucleus. The snRNAs are transcribed as 3’-extended precursors by RNA polymerase
II and co-transcriptionally acquire a 5’- to 5’-linked N7-methyl guanosine (m7G) cap
(Wieben et al., 1985). Transcription of the snRNAs is driven by the proximal sequence
element (PSE), an snRNA-specific TATA-less promoter. The PSE is instrumental in
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recruiting the snRNA-specific PSE-binding transcription factor/snRNA gene activating
protein complex (PTF/SNAPc) (Ford et al., 1998; Ma and Hernandez, 2001). The mature
3’-end of the pre-snRNAs is generated via a mechanism that is coupled to PSE-directed
transcription. A conserved 3’-box marks the cleavage site located approximately 10
nucleotides upstream of this motif (Hernandez and Lucito, 1988; Hernandez and Weiner,
1986), and recruits a large multi-component complex, the Integrator, which catalyzes the
3’-cleavage reaction (Baillat et al., 2005). The Integrator is associated with the Cterminal domain (CTD) of RNA polymerase II and its recruitment requires the
phosphorylation of serine 7 of the CTD (Egloff et al., 2007).
The newly transcribed pre-snRNAs are then assembled with an export complex to
continue with their maturation into functional snRNPs. The nuclear cap binding complex
(CBC) associates with m7G capped U snRNAs as it does with newly transcribed mRNAs
(Izaurralde et al., 1995; Izaurralde et al., 1992) followed by the phosphorylated adaptor
for RNA export (PHAX) (Segref et al., 2001). The export receptor Exportin
1/Chromosome Region Maintenance 1 (Xpo1/CRM1) then recognizes PHAX and binds
the PHAX/CBC/pre-snRNA cargo along with RanGTP (Ohno et al., 2000). After
assembly of the export complex, the pre-snRNA is translocated through the nuclear pore
complex and enters the cytoplasmic phase of its maturation process.
In the cytoplasm, PHAX is dephosphorylated by protein phosphatase 2A but
remains associated with the CBC/pre-snRNA complex (Ohno et al., 2000; Segref et al.,
2001). It is thought that this association prevents an inappropriate interaction with the
translation initiation factor eIF4E, which would then target the RNA for translation. CBC
and PHAX are eventually recycled back to the nucleus, where PHAX is phosphorylated
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by casein kinase 2 to begin the cycle of pre-snRNA nuclear export anew (Kitao et al.,
2008).
The cytoplasmic phase of snRNP biogenesis is orchestrated by a macromolecular
complex called the SMN complex, consisting of SMN, Gemins2-8, and the UNRinteracting protein (unrip) (Pellizzoni, 2007). During this phase, pre-snRNAs will have an
Sm core loaded onto their Sm sites, the m7G cap will be hypermethylated into an m3G
cap, and the 3’-ends of each pre-snRNA will be further trimmed (Espert et al., 2006;
Mouaikel et al., 2003; Pellizzoni et al., 2002b). Further discussion of the role that the
SMN complex plays in snRNP biogenesis will be provided in the following section
(Section 1.4).
Newly assembled snRNPs are then brought back into the nucleus to complete
their maturation process and ultimately to participate in pre-mRNA splicing. The import
of snRNPs is dependent on two nuclear localization signals (NLS): the m3G cap and the
Sm core (Rollenhagen and Pante, 2006). The relative importance of the m3G cap for
snRNP import depends on the type of U snRNP as well as the organism. For example, in
Xenopus oocytes nuclear import of U1 and U2 snRNPs requires an intact m3G cap but
that of U4 and U5 snRNPs does not (Marshallsay and Luhrmann, 1994). Both NLSs use
importin β as the import receptor but they differ in the adapters they use. The m3G cap
has been shown to associate with Snuportin 1 (SPN1), which then functions as an adaptor
for importin β binding (Huber et al. 1998). Interestingly, SMN binds to importin β in
vitro and is associated with importin β-containing snRNP complexes in the cytoplasm
(Huber et al., 2002; Massenet et al., 2002; Narayanan et al., 2002). Furthermore, purified
SMN complexes have been shown to promote the in vitro nuclear import of snRNPs in
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the presence of importin β (Narayanan et al., 2004). Thus, SMN is likely the adaptor that
binds to the Sm core and helps recruiting importin β as part of the bipartite nuclear
localization signal of snRNPs.
The nuclear phase of snRNP biogenesis is not as well understood. Once the
import complex has been transported through the nuclear pore, newly assembled snRNPs
accumulate first in subnuclear structures called Cajal bodies (Sleeman et al. 2001). It has
been proposed that the release of snRNP cargo from the import machinery is mediated by
coilin, the Cajal body marker protein. Coilin associates with both SMN and SmB and
competes with SMN for SmB binding in vitro (Hebert et al., 2001). Within the Cajal
bodies, the snRNAs undergo extensive internal modifications including 2’-O-methylation
and pseudouridylation, which are critical for snRNP function in pre-mRNA splicing
(Donmez et al., 2004; Yu et al., 1998). These modifications are directed by small Cajal
body RNAs (scaRNAs) that can base pair to specific regions of each U snRNA (Jady et
al., 2003). Cajal bodies have also been shown to be a site for the assembly of snRNPspecific proteins to form fully mature snRNPs (Nesic et al., 2004). Additionally, U4/U6
di-snRNP and U4/U6.U5 tri-snRNP formation is also thought to occur in Cajal bodies
(Schaffert et al., 2004; Stanek et al., 2003).
Given the remarkable complexity of the biogenesis of spliceosomal snRNPs, a
critical question that has long been the subject of intense investigation is how the RNA
and protein components of RNPs find each other in the complex microenvironment of the
cell. Early studies indicated that RNP assembly was a spontaneous process. Indeed, a
variety of RNPs have been shown to spontaneously assemble from their constituent parts
in vitro, including the signal recognition particle (SRP) (Walter and Blobel, 1983) and the
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E. coli 30S ribosomal subunit which consists of 21 proteins and a single ~1500
nucleotide RNA molecule (Held et al., 1973). However, whether or not RNPs
spontaneously assembled in vivo remained an unresolved issue. The study of Sm proteins
soon revealed a surprising answer to this long-standing question. As for other RNPs,
purified Sm proteins were shown to spontaneously assemble in vitro with snRNAs to
form snRNPs structurally similar to their in vivo counterparts (Raker et al., 1999). It was
further shown that Sm proteins are avid RNA binding proteins that can readily form Sm
cores on short oligonucleotides comprising only the Sm site (Raker et al., 1999) or even
simply short U-rich oligonucleotides (Achsel et al., 2001). It was only with studies on the
biological function of the SMN complex that the intrinsic lack of specificity of Sm
proteins with respect to the RNA substrate emerged (Pellizzoni et al., 2002b). Although
spontaneous assembly of Sm cores can occur in vitro, the activity of the SMN complex is
required for snRNP assembly to prevent the illicit binding of Sm proteins on RNAs other
than the U snRNAs. Thus, SMN functions as a molecular chaperone of RNPs by
providing the necessary efficiency and specificity to the process of snRNP biogenesis in
vivo. The SMN complex associates with Sm proteins in the cytoplasm to ensure that there
is no free pool of Sm proteins competent for RNA binding outside the SMN complex.
This increases the efficiency and specificity of snRNP assembly by preventing the illicit
association of Sm proteins with other RNAs. This finding represented a fundamental
paradigm shift in our understanding of RNP biogenesis. Despite previous studies that
demonstrated the spontaneous in vitro assembly of RNPs without the assistance of
additional proteins (Raker et al. 1999), the discovery of SMN as an RNP chaperone
brought to the forefront the idea of assisted RNP assembly. The idea of assisted RNP
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assembly has strong similarities with the role of chaperones in protein folding. Although
the three-dimensional folding of proteins is specified by the amino acid sequence, this
information is insufficient to ensure efficient and accurate folding in vivo (Bukau and
Horwich, 1998; Hartl and Hayer-Hartl, 2002). Though protein folding can take place
unaided in vitro, molecular chaperones such as heat shock proteins are required in vivo.
The concept of chaperone action also applies to the assembly of macromolecular protein
complexes. In that case their primary function is to orchestrate the joining of individual
components into higher-order complexes as has been demonstrated for the biogenesis of
nucleosomes and proteasomes (Hirano et al., 2006; Laskey et al., 1978; Le Tallec et al.,
2007). Thus, the SMN complex likely plays a similar role for large RNP complexes in
cells.

1.4. The SMN complex
Composition and localization of the SMN complex
The survival motor neuron (SMN) protein is a ~37 kDa protein that is
ubiquitously expressed by all cells. It localizes to both the cytoplasm and the nucleus,
where it is concentrated in distinct nuclear bodies known as Cajal bodies and Gems (Liu
and Dreyfuss, 1996). Cajal bodies are nuclear bodies that have been implicated in the
assembly and modification of various RNPs (Cioce and Lamond, 2005). Gems are
nuclear structures that contain high local concentrations of SMN but not spliceosomal
snRNPs (Liu and Dreyfuss, 1996), and though they are often associated with Cajal
bodies, they are distinct nuclear structures. Later studies showed that Gems and Cajal
bodies associate in the nuclei of most cell lines and adult tissues but are separate entities
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in fetal tissues (Carvalho et al., 1999; Young et al., 2001). Methylation of the Cajal body
marker coilin not only regulates its interaction with SMN but also the formation of Gems,
thus providing a mechanistic thread linking these two nuclear structures (Hebert et al.,
2001).
SMN interacts tightly with itself and a number of other core proteins (Gemins2-8
and unrip) to form a large macromolecular complex known as the SMN complex
(Pellizzoni, 2007) (Figure 1.7). SMN interacts with Gemin2 (Liu et al., 1997), Gemin3
(Charroux et al., 1999), Gemin5 (Gubitz et al., 2002), and Gemin7 (Baccon et al., 2002),
while Gemin4 and Gemin6 are brought to the SMN complex through their interactions
with Gemin3 (Charroux et al., 2000) and Gemin7 (Baccon et al., 2002; Pellizzoni et al.,
2002a), respectively. Gemin8 binds the Gemin6-Gemin7 heterodimer as well as SMN,
and mediates the association of Gemin6, Gemin7, and unrip with the SMN complex
(Carissimi et al., 2006a; Carissimi et al., 2006b). These proteins are termed Gemins
because they display a subcellular distribution similar to that of SMN, including
localization to Gems. The UNR-interacting protein (unrip) is an atypical member of the
SMN complex that binds to the Gemin6/7 heterodimer but does not localize in Gems or
Cajal bodies (Carissimi et al., 2005; Grimmler et al., 2005b). Recent studies have
revealed additional contacts among the SMN complex constituents that may further
contribute to the structural organization of the SMN complex (Ogawa et al., 2007; Ogawa
et al., 2009; Otter et al., 2007).
SMN itself exhibits the ability to self-oligomerize, which is critical for the
formation of higher-order SMN complexes ranging from 20S to 80S and is impaired in
SMN mutants of SMA patients (Carissimi et al., 2005; Carissimi et al., 2006a; Lorson et
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al., 1998; Paushkin et al., 2002; Pellizzoni et al., 1999). Thus, SMN self-oligomerization
probably has a critical role in the architecture of the SMN complex by forming a scaffold
upon which the different components of the complex are assembled.

Roles of the SMN complex in snRNP biogenesis
The best-characterized function of the SMN complex is in the biogenesis of
spliceosomal snRNPs. The SMN complex mediates the assembly of a heptameric ring of
Sm proteins (the Sm core) on a conserved uridine-rich sequence in snRNAs known as the
Sm site. The recruitment of Sm proteins to the SMN complex occurs in the cytoplasm
and begins with the association of Sm proteins with the chloride-conductance regulatory
protein (pICln) and the protein arginine methyltransferase 5 (PRMT5) complex prior to
their association with the SMN complex (Friesen et al., 2001a; Meister et al., 2001b). The
20S PRMT5 complex (also known as the methylosome) symmetrically dimethylates
arginines within the C-terminal tail domains of Sm proteins B-B’, D1, and D3, which
enhances their affinity for SMN in vitro (Friesen et al., 2001a; Meister and Fischer, 2002;
Paushkin et al., 2002). It is thought that pICln then forms a complex with Sm proteins
D1/D2 and E/F/G and a complex with Sm proteins D3/B, which are then brought for Sm
core formation on the SMN complex (Chari et al., 2008; Friesen et al., 2001b).
The SMN complex bound to the seven Sm proteins interacts with newly exported
spliceosomal pre-snRNAs and mediates the ATP-dependent assembly of the Sm core on
their Sm site (Meister et al., 2001a; Meister and Fischer, 2002; Pellizzoni et al., 2002b).
In addition, a recent study showed that the 3’-extended tails of the pre-snRNAs function
to enhance snRNP assembly (Yong et al., 2010). Through direct binding to specific
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domains of snRNAs and Sm proteins, the SMN complex ensures that Sm cores are
efficiently and specifically assembled only on the correct snRNA targets (Golembe et al.,
2005b; Pellizzoni et al., 2002b; Yong et al., 2004; Yong et al., 2002). All SMN complex
components with the possible exception of unrip are required for the Sm core assembly
reaction as knockdown of SMN and the Gemin proteins result in severe disruption of
snRNP assembly activity (Carissimi et al., 2006b; Feng et al., 2005; Pellizzoni et al.,
2002b) However, the precise contribution of each SMN complex component to snRNP
assembly is only beginning to be elucidated. Gemin5 was identified as the subunit that
specifically binds to the U snRNAs via its WD repeats (Battle et al., 2006; Lau et al.,
2009). Crystal structures of Gemin6 and Gemin7 have shown that these two proteins
associate in a heterodimer that exhibits an Sm protein-like structure (Ma et al., 2005).
This has led to the hypothesis that the Gemin6-Gemin7 heterodimer may serve as a
surrogate for the SmB-SmD3 dimer around which the other Sm oligomers are arranged,
thus facilitating the ultimate formation of the Sm core. Gemin6, Gemin7 and unrip form a
stable cytoplasmic heteromeric complex whose association with SMN is dependent on
Gemin8 (Carissimi et al., 2006a; Carissimi et al., 2006b). Importantly, knockdown of
Gemin8 disrupts the interaction of the Gemin6/Gemin7/unrip subcomplex with SMN and
results in defective snRNP assembly by impairing the association with Sm proteins
(Carissimi et al., 2006b). The functions of the other Gemins are less well characterized.
However, Gemin3, a DEAD-box RNA helicase, has been shown to exhibit ATPdependent 5’-3’ RNA unwinding activity in vitro that might be critical to the snRNP
assembly mechanism, likely with its tight binding partner, Gemin4, as a co-factor (Yan et
al., 2003).
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The SMN complex is likely involved in other steps of the snRNP biogenesis

pathway. Initial evidence for this came from the identification of three distinct SMN
complexes, each representing an intermediate in the formation of snRNPs. These include
the SMN complex association with the newly exported snRNA complex containing
dephosphorylated PHAX and the CBC (Massenet et al., 2002). The SMN complex is also
associated with cytoplasmic m3G-capped snRNAs, indicating that the SMN complex is
not released from the snRNP after Sm core assembly and is present during and after cap
hypermethylation (Massenet et al., 2002). Consistent with a potential role in the
hypermethylation of snRNAs, SMN interacts with the trimethyl-guanosine synthase
TGS1, which recognizes SmB in the context of an Sm core as well as the m7G cap on the
snRNA and transfers two methyl groups to form the m3G cap (Mouaikel et al., 2003;
Plessel et al., 1994). Finally, a third distinct snRNP-associated SMN complex detected in
the cytoplasm contains snurportin1 and importin-β (Massenet et al., 2002; Narayanan et
al., 2002), suggesting that SMN may enter the nucleus together with newly assembled
snRNP cargo. Accordingly, the SMN complex binds importin-β and facilitates the
nuclear import of snRNPs in an in vitro system (Narayanan et al., 2004). Several other
studies have proposed additional roles for the SMN complex in snRNP biogenesis,
including snRNA 3’-trimming (Espert et al., 2006; Madore et al., 1984). Continued
characterization of SMN complex-dependent intermediates in snRNP biogenesis will
likely highlight other mechanisms by which this macromolecular machine participates in
RNP assembly.
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Evolution of the SMN complex
The multisubunit human SMN complex evolved from a simple system that
gradually grew in size and function through the stepwise addition of Gemin proteins. The
most primitive version of the SMN complex consisting of only SMN and Gemin2 is
observed in the fission yeast, Schizosaccharomyces pombe, and plants (Hannus et al.,
2000). Interestingly, Saccharomyces cerevisiae does not have an SMN ortholog but does
encode a distantly related Gemin2 ortholog Brr1p (Liu et al., 1997), indicating that S.
cerevisiae is unlikely to form a functional SMN complex and snRNP biogenesis may
occur through fundamentally different pathways from metazoans. This is consistent with
the idea that snRNP biogenesis is thought to be entirely nuclear in yeast (Xue et al.,
2000).
The addition of Gemin3 was likely the next step in the evolution of the SMN
complex as it appears in the genome of Dictyostelium discoideum, a facultative
multicellular organism that pre-dates the appearance of the fungi and metazoan clade.
Gemin5 is absent from fungal and land plant genomes but is present in the green algae
Ostreococcus tauri and in D. discoideum, which has been suggested to indicate
independent secondary gene loss in fungi and in land plants. In dipterans, an extensive
order of insects that include the mosquito, Anopheles gambie, and the fruit fly,
Drosophila melanogaster, the SMN complex contains SMN, Gemin2, Gemin3, Gemin5
(Cauchi et al., 2010). Remarkably, reconstitution of the simplified SMN complex
containing only SMN and Gemin2 from D. melanogaster revealed that the dSMN
complex was sufficient to mediate the assembly of the Sm core domain in vitro and also
shared a number of other similarities to the human SMN complex including binding to U
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snRNP-specific factors (Kroiss et al., 2008). Gemin6-8 proteins were then added to the
SMN complex with the first metazoans and organisms evolving from this point likely
harbored SMN complexes similar to that found in humans. The most recently evolved
SMN complex subunit is Gemin4, which can only be found in the genomes of
deuterostomes (Kroiss et al., 2008).
The recruitment of new proteins to the SMN complex may reflect the increasing
complexity of the snRNP biogenesis pathway over time and the greater need for its
regulation. Evidence for this concept has been provided by the finding that SMN activity
in snRNP assembly is regulated in a time and tissue-specific manner during mouse
ontogenesis (Gabanella et al., 2005). The incorporation of new proteins into the SMN
complex also might have allowed it to acquire additional properties that not only
optimized its function in snRNP biogenesis but also positioned it to play a role in other
RNA pathways.

Functions of the Gemins and unrip outside the SMN complex
Several studies have shown that components of the SMN complex perform
cellular functions unrelated to snRNP biogenesis and independently of SMN
(summarized in Figure 1.8). For example, Gemin2 has been implicated in DNA damage
pathways as an enhancer of RAD51-DNA complex formation and RAD51-mediated
homologous pairing (Takizawa et al., 2010). Also, Gemin3 and Gemin4 (Charroux et al.,
1999; Charroux et al., 2000) have been shown to co-sediment in a complex that contains
polyribosomes, Ago2, and numerous microRNAs (miRNAs) (Hock et al., 2007;
Mourelatos et al., 2002; Nelson et al., 2004). Also supporting the role that these Gemin
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proteins might play in miRNA biology is the presence of Ago2 and Gemin3 in murine
peripheral sciatic nerve axons and their ability to form functional RNA-induced silencing
complexes (RISCs) (Murashov et al., 2007). Given the helicase activity of Gemin3 and
the potential co-factor activity of Gemin4, these proteins may be responsible for RNA
unwinding or RNP restructuring during miRNA maturation or miRNA-mediated events.
In addition, Gemin5 has been shown to associate with the m7G cap of mRNAs and the
translation initiation factor eIF4E, suggesting a role for Gemin5 in translational activity
(Bradrick

and

Gromeier,

2009;

Fierro-Monti

et

al.,

2006).

Furthermore,

Gemin6/Gemin7/unrip form a subcomplex that is recruited by Gemin8 into the SMN
complex (Carissimi et al., 2006b). However, it is not known if the Gemin6/Gemin7/unrip
subcomplex plays a role outside the SMN complex. Finally, unrip interacts with UNR
and is thought to function in the cap-independent translation of cellular and viral mRNAs
(Hunt et al., 1999). Gemin8 is the only protein to date that is found exclusively with
SMN in the context of the SMN complex. These studies demonstrate that we may only be
starting to understand the true extent to which the SMN complex and its constituents
regulate many cellular pathways outside of snRNP biogenesis.

Implications for the SMN complex as a general RNP assembly machine
Much as the SMN complex clearly functions as a chaperone for spliceosomal
snRNP assembly (Pellizzoni et al., 2002b), SMN has also been implicated in the
assembly of other RNPs (Figure 1.9). These include the assembly of Sm cores on the
small viral HSUR RNAs encoded by the lymphotrophic Herpesvirus saimiri (HVS)
(Golembe et al., 2005a). SMN has also been implicated in the assembly of a non-
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canonical Sm/LSm core on the U7 snRNA to form the U7 snRNP (Azzouz et al., 2005;
Pillai et al., 2003), which functions in the 3’ end processing of histone mRNAs. This
latter function likely involves direct contacts with the LSm10 and LSm11 proteins, which
take the place of SmD1 and SmD2 in the canonical Sm core. SMN has also been shown
to bind in vitro to LSm4 through its C-terminal arginine- and glycine-rich (RG-rich)
domain, implicating SMN in the biology of LSm cores (Friesen and Dreyfuss, 2000).
Consistent with an even more general role in the assembly of RNPs, SMN has
also been shown to interact with protein components of other cellular RNPs. For
example, SMN binds directly in vitro and in vivo to fibrillarin and GAR1 (Jones et al.,
2001; Pellizzoni et al., 2001), specific protein components of two classes of small
nucleolar RNPs (snoRNPs) that function in the biogenesis and maturation of ribosomes in
the nucleolus. As seen for members of the Sm/LSm protein family, SMN interaction was
mediated by RG-rich domains that exist in both fibrillarin and GAR1. Significantly,
specific point mutations identified in SMA patients were found to impair association of
SMN with each of these core snoRNP proteins, suggesting snoRNP dysfunction may also
contribute to development of disease.
The SMN complex has also been implicated in the assembly of transcriptional
complexes and their coupling with RNA processing factors. This was primarily suggested
by the finding that the SMN complex with RNA helicase A and the C-terminal domain of
RNA polymerase II in vivo and in vitro (Pellizzoni et al., 2001). RNA helicase A is an
ATP-dependent DEAH-box RNA helicase that physically associates with RNA
polymerase II and functions in promoting transcription (Lee et al., 1998; Lee and
Hurwitz, 1993). Overexpression of a dominant negative mutant form of SMN in HeLa
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cells led to the accumulation of RNA polymerase II together with transcription and RNA
processing factors in nuclear aggregates and inhibition of transcription.
SMN has also been shown to interact with protein components of other cellular
RNPs that do not contain RG-rich domains, including ZPR1 (Gangwani et al., 2001),
profilin (Giesemann et al., 1999), p53 (Young et al., 2002a), the FUSE-binding protein
(Williams et al., 2000), telomerase (Bachand et al., 2002), nucleolin (Lefebvre et al.,
2002), hnRNP proteins (Mourelatos et al., 2001; Rossoll et al., 2002), fragile X mental
retardation protein (FMRP) (Piazzon et al., 2008), and most recently KSRP (Tadesse et
al., 2008) and HuD (Akten et al., 2011; Fallini et al., 2011; Hubers et al., 2011).
These findings are consistent with a possible role of the SMN complex as a
general assembly machine for cellular RNPs. However, a function for SMN outside Sm
core assembly has not been clearly established. In all the examples described above,
SMN seems to exert multiple functions on RNA metabolism by interacting with various
RNA-binding proteins. Conceivably, the extent to which the activity of SMN is required
for the biology of the vast complement of cellular RNPs is just beginning to emerge.

1.5. RNA metabolism in neurological disease
Dysfunction of RNA-binding proteins is a common feature of neurological disease
RNA-binding proteins are critical for post-transcriptional gene regulation,
including the maturation, surveillance, translation, degradation, compartmental transport
and alternative splicing of mRNAs. Regulation of RNA metabolism in the nervous
system is especially complex as alternative splicing is highly active in the brain and
neuronal morphology dictates the need for elaborate means of compartmentalized
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expression and long-distance RNA trafficking with local translation (Gao and Taylor,
2012). Consistent with these aspects of neuronal RNA metabolism, it is not surprising
that defects in RNA-binding proteins and/or RNA gain-of-function mutations often result
in neurological disease (Figure I.8). Here, I discuss three examples of human
neurodegenerative disease linked to RNA dysfunction.

Retinitis Pigmentosa (RP)
Autosomal dominant retinitis pigmentosa (adRP) is a degenerative eye disease
that is caused by dysfunction in the photoreceptors of the retina, leading to progressive
loss of sight and ultimately blindness. Though most disease-causing mutations are in
essential photoreceptor genes, adRP has been shown to be caused also by mutations in
the PRPF3, PRPF8, PRPF31, and SNRNP200 genes (Chakarova et al., 2002; McKie et
al., 2001; Vithana et al., 2001; Zhao et al., 2009). Each of these genes encode
ubiquitously expressed components of the U4/U6.U5 tri-snRNP required for splicing.
PAP1, another gene whose mutation causes adRP, encodes a protein that interacts with
PRPF3 to modulate splicing (Maita et al., 2005; Maita et al., 2004).
Tri-snRNP remodeling is particularly critical to spliceosomal activity because
catalytic activation of the spliceosome requires unwinding of the U4/U6 snRNA duplex
to allow for U6 interactions with the U2 snRNA and the pre-mRNA itself. The efficiency
of tri-snRNP remodeling has recently been shown to correlate with the severity of the
disease. Researchers who were studying SNRNP200, which is required for both winding
of the U4/U6 duplex and spliceosomal disassembly, found that SNRNP200 mutations
associated with more severe adRP forms caused greater defects in U4/U6 unwinding
activity (Zhao et al., 2009).
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As with many neurodegenerative diseases, it is unclear why mutations in

ubiquitously expressed “housekeeping” genes would result in tissue-specific degeneration
(Mordes et al., 2006; Poulos et al., 2011). One hypothesis that has been put forward for
adRP is that photoreceptor cells may have particularly high demand of certain proteins
like rhodopsin and a need for complex regulation of mRNA expression, i.e. the circadian
oscillation of transcript levels. This may make these cells especially susceptible to
disruptions in the biogenesis of active splicing machinery. Alternatively, mutations that
affect the splicing machinery may have detrimental effects on the expression of genes
critical for photoreceptor viability.
Haploinsufficiency has also been posited as a possible loss-of-function
mechanism for the development of adRP. To date, more than 40 mutations in PRPF1
have been reported, and most of them create a premature termination codon resulting in
mRNA degradation via the nonsense-mediated decay pathway and thus reduced
expression of the mutant gene (Rio Frio et al., 2008). However, many other cells,
including other types of neurons, place large demands on RNA processing. Thus, this
explanation still does not adequately answer the question of cell-type specificity in adRP.
Other hypotheses have been offered for the selective sensitivity of photoreceptors
to mutations in these splicing proteins, including alteration of the spliceosome so that it
fails to efficiently proofread incorrectly spliced mRNAs or U4/U6.U5 tri-snRNP
mutations that result in the synthesis of aggregation-prone proteins which are known to
be particularly toxic to photoreceptors (Mordes et al., 2006; Zhao et al., 2009). However,
numerous hurdles still remain in the study of adRP and understanding the role of splicing
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in its molecular pathogenesis, including the fact that there are no mouse models with
mutations in these genes yet that adequately reproduce adRP.

Paraneoplastic opsoclonus myoclonus ataxia
Paraneoplastic syndromes are collections of symptoms that are the result of
damage to organs or tissues distant from the site of a tumor or its metastases. In some
paraneoplastic syndromes, auto-antibodies are generated against epitopes from a
malignant tumor which then damage the brain, producing characteristic neurological
symptoms (Darnell and Posner, 2003). One such syndrome that results from autoantibodies against the Nova proteins is called paraneoplastic opsoclonus myoclonus
ataxia (POMA). This syndrome is characterized by uncoordinated and involuntary
movement of the eyes, limbs, and trunk. Some of these patients then progress to develop
cortical defects as well as encephalopathy that can lead to dementia, coma and death.
Most commonly, this syndrome arises in patients who suffer from breast, gynecologic,
lung, and bladder cancers. POMA patients usually exhibit a high titer of auto-antibodies
termed anti-Ri, which was later found to cross-react with two proteins that have been
characterized to be the Nova proteins (Luque et al., 1991).
The Nova proteins, Nova1 and Nova2, were the first mammalian neuronalspecific splicing factors to be identified (Buckanovich et al., 1993; Jensen et al., 2000;
Yang et al., 1998). The Nova proteins regulate the alternative splicing of a specific set of
genes that have been shown to regulate inhibitory synaptic transmission, i.e. glycine
alpha 2 and GABAA (Ule et al., 2003; Ule et al., 2006; Ule et al., 2005). Interestingly,
dysfunction of these RNA targets of Nova is consistent with many of the clinical features
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of POMA patients, which are thought to involve the loss of inhibitory communication
within the brain and spinal motor neurons. Furthermore, Nova knockout mice share many
similarities with POMA patients, including weakness, tremulousness, and motor neuron
atrophy (Jensen et al., 2000). Restoration of agrin, a Nova-regulated gene involved in
normal NMJ post-synaptic development is able to rescue acetylcholine receptor
clustering in Nova1-/-;Nova2-/- mice but leaves the mice paralyzed (Ruggiu et al. 2007),
suggesting that the integrated action of Nova-regulated protein is required for proper
neuronal function. Thus, the study of Nova proteins has provided proof of principle that
disruption in tissue-specific RNA binding proteins alters neuronal alternative splicing
resulting in disease.

Amyotrophic Lateral Sclerosis (ALS)
Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disease
that targets upper and lower motor neurons, resulting in progressive paralysis and death
within 2-5 years of the onset of symptoms. ~10% of cases are inherited in an autosomal
dominant fashion (familial ALS, fALS) while the remaining 90% of ALS cases are not
inherited and are termed sporadic ALS, sALS. The first gene that was linked to ALS was
the superoxide dismutase gene (SOD1), which is thought to be responsible for ~20% of
fALS cases (Rosen et al., 1993). Research on SOD1 has suggested that mutant SOD1
synthesized within motor neurons and glia results in disease from one or more properties
of mutant SOD1 (Ilieva et al., 2009). However, more recently, attention as to the
molecular cause of ALS has turned to RNA dysfunction due to discoveries of new genes
associated with fALS.
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Mutations in the TARDP gene, which encodes the protein TDP-43, were

discovered to cause ALS in approximately 5% of fALS cases (Kabashi et al., 2008;
Sreedharan et al., 2008). TDP-43 had previously been found to be the major component
of the cytoplasmic inclusions that were found in affected neurons of all sporadic ALS
patients (Arai et al., 2006; Neumann et al., 2006). Soon afterwards, mutations in the
FUS/TLS gene were identified in ~5% of fALS patients, supporting the rapidly
developing notion that disruption of normal RNA metabolism may play a significant role
in the pathogenesis of ALS (Kwiatkowski et al., 2009; Vance et al., 2009). TDP-43 and
FUS are both RNA-binding proteins that have been shown to bind to a large number of
mRNAs primarily via intronic sequences (Hoell et al., 2011; Sephton et al., 2011),
strongly suggesting a role for these proteins in RNA splicing. As such, splicing
alterations have been reported in ALS patients with TDP-43 mutations (Xiao et al.,
2011b). TDP-43 has also been shown to be necessary for the maintenance of the
expression level of RNAs containing exceptionally long introns (Polymenidou et al.,
2011). Transcripts with exceptionally long introns are disproportionally represented by
brain-specific transcripts (Ameur et al., 2011), suggesting a mechanism for the cell-type
specificity exhibited in ALS. TDP-43 and FUS have also been shown to be found in RNA
granules that are transported to dendritic spines in response to various stimuli (Fujii et al.,
2005) and loss of TDP-43 has been shown to reduce dendritic branching and synaptic
formation in Drosophila neurons (Feiguin et al., 2009; Lu et al., 2009). These results
suggest that TDP-43 and FUS may play a role in the modulation of neuronal plasticity,
possibly by regulating mRNA transport and local translation.
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Despite the rapidly growing amount of data that implicates TDP-43 and FUS in a

variety of RNA-dependent pathways, the pathological mechanism that results in the
disease state is not clear. A number of hypotheses have been put forth based on these
early observations, including a potentially toxic role for cytoplasmic TDP-43 and FUS as
well as development of disease secondary to splicing defects. One of the most interesting
hypotheses involves the recent finding that TDP-43 and FUS easily form aggregates,
likely through their prion-like domains (Cushman et al., 2010). Indeed, it was found that
out of 27,879 human proteins, FUS and TDP-43 ranked 15th and 69th, respectively, in
terms of prion-like domains. High levels of TDP-43 and FUS have been shown to lead to
aggregation and cellular toxicity and the observation that ALS-linked mutations increase
TDP-43 stability is consistent with the idea that aggregation of these proteins may be one
cellular insult that starts the pathogenic cascade (Guo et al., 2011; Kryndushkin et al.,
2011). Thus, the formation of cytoplasmic aggregates and subsequent sequestration of
cellular RNAs and other RNA-binding proteins in these inclusions may deplete the cell of
critical RNA components leading to pathogenesis of disease.
This model for the development of disease has also been hypothesized to be the
causative mechanism for a newly discovered genetic cause of ALS. Hexanucleotide
repeat expansions were discovered in the first intron of the C9ORF72 gene in ALS
patients and are thought to represent the most frequent genetic cause of ALS (~33% of all
fALS cases) (DeJesus-Hernandez et al., 2011; Renton et al., 2011). C9ORF72 encodes a
highly conserved protein of unknown function. In healthy individuals, hexanucleotide is
repeated 2-23 times but is repeated up to 1600 times in ALS patients. It is thought that the
massively expanded RNA results in sequestration of one or more RNA binding proteins
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and results in the depletion of these critical proteins. To further emphasize the growing
consensus that RNA dysregulation plays a critical role in ALS pathogenesis, mutations in
angiogenin (Greenway et al., 2006), senataxin (Chen et al., 2004), and ataxin-2 (Elden et
al., 2010), all RNA-binding proteins, have been shown to contribute to the development
of disease.

1.6. Spinal muscular atrophy (SMA)
Introduction
One of the most well studied examples of how a defect in RNA metabolism can
lead to neurodegenerative disease is spinal muscular atrophy (SMA), an autosomal
recessive disorder and the most common known monogenic cause of infant mortality.
SMA is characterized by degeneration of motor neurons in the spinal cord as well as
hypotonia and symmetrical muscle weakness that affects the lower limbs more than the
upper limbs, the proximal muscles more than the distal, and the selective atrophy of axial
and intercostal muscles but sparing the diaphragm (Crawford and Pardo, 1996). The
incidence of SMA is thought to be approximately 1 in 10,000 live births with a carrier
frequency of 1 in 40 to 50 (Monani, 2005). SMA was independently described over 120
years ago by two physicians, Guido Werdnig and Johann Hoffman, who initially defined
the disease as a disorder of progressive weakness beginning in infancy that results in
death at an early but variable age and characterized by anterior horn cell loss (Dubowitz,
2009). However, for the next century, little progress as to the molecular cause of this
devastating illness was made and new insight into SMA was primarily clinical, providing
knowledge of its natural history and helping define a classification system that is still
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used today. A breakthrough was finally made in 1990, when investigators used linkage
analysis to identify the locus of the SMA-causing gene to chromosome 5q13
(Brzustowicz et al., 1990). However, subsequent attempts at cloning the region of the
SMA-causing gene were hindered by the fact that this region of the genome is
characterized by high instability and subject to gene duplications, gene conversions, and
deletions (Melki et al., 1994). Finally, by probing a human fetal brain cDNA library with
genomic DNA from the candidate region, SMN1 was identified as the disease-causing
gene in 1995 (Lefebvre et al., 1995). Since identifying SMN1 as the disease gene in
SMA, a remarkable amount of progress has been made in understanding how disruption
of SMN expression and function results in this devastating neurodegenerative disease.
One of the key advances has been the mapping of many SMN mutants found in patients
to specific regions of the SMN protein (Burghes and Beattie, 2009) (Figure 1.11). This
has led to directed investigation into the functions of specific domains of SMN and
molecular insights into how SMN deficiency results in disease.
Here, I will review the progress that has been made in our understanding of SMA
pathogenesis and many of the tools that have been instrumental in expanding our
knowledge of this disease. First, I will discuss the clinical manifestations of SMA, how it
is diagnosed and the standard of care that exists for patients with this debilitating disease.
Subsequently, I will address the genetics of SMA and the critical role that SMN2 has as a
disease modifying gene as well as what is known about its regulation. Finally, I will
expound upon what has been discovered about the cellular and molecular mechanisms of
disease, including insights provided by mouse models of SMA as well as advances in our
understanding as to how loss of SMN function results in motor neuron pathology.
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Classification of SMA
SMA is divided into four clinical types in accordance with the age of onset as
well as the highest level of motor function achieved: (1) Type I/severe; (2) Type
II/intermediate; (3) Type III/mild; and (4) Type IV/adult-onset (reviewed in Wang et al.
2007).
Children with Type I SMA, also called Werdnig-Hoffman disease, show onset of
symptoms before 6 months of age never attaining the ability to sit up without support.
This is the most common type of SMA, accounting for 50% of diagnosed patients, who
usually die within the first 2 years of life. Infants afflicted with this type of disease often
present with a rapid and unexpected onset of symptoms, including severe hypotonia as
well as impaired head control with a weak cry and cough, leading to the classic “floppy
baby” presentation. As the disease progresses, symmetrical weakness and hypotonia in
the limbs and trunk become accompanied by intercostal muscle weakness with relative
sparing of the diaphragm. This results in characteristic paradoxical breathing as well as a
bell-shaped trunk with collapse of the chest wall and abdominal protrusion. Bulbar
dysfunction results in tongue atrophy and fasciculation with relative inability to suck or
swallow. Accordingly, these infants have a much higher risk of aspiration pneumonia and
early morbidity, with mortality of these patients most commonly being associated with
pulmonary complications.
Type II SMA, also called Dubowitz disease, is defined to include children with
onset of symptoms between 7 and 18 months of age and who are never able to stand or
walk without support but able to maintain a sitting position at some point in their lives.
As with Type I SMA patients, bulbar weakness with weak swallowing ability can lead to
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poor weight gain as well as difficulty coughing and clearing secretions, predisposing
them to pulmonary complications. Patients may also exhibit tremors when extending their
fingers or gripping objects. Additionally, kyphoscoliosis and joint contractures develop
later in life, oftentimes requiring bracing or corrective surgery.
Type III SMA is also termed Kugelberg-Welander disease or juvenile spinal
muscular atrophy. These patients have onset of symptoms later on in life (>18 months)
and all achieve the ability to walk independently at some point in their lives. Some of
these patients may lose this ability later on, but many retain the ability to walk well into
adulthood. In addition, pulmonary co-morbidities due to weak swallow or cough are less
common than in Types I and II. As such, Type III patients often live well into adulthood.
Scoliosis develops frequently, while muscle aching and joint overuse symptoms are also
quite common.
Finally, Type IV SMA, or adult-onset spinal muscular atrophy, is ascribed to
patients with onset of weakness typically in the second or third decade of life. Motor
impairment is mild in these patients and they typically live full adult lives without
respiratory or gastrointestinal problems. Besides these standard types of SMA, there are
other forms of spinal muscular atrophy including X-linked infantile spinal muscular
atrophy,

spinal

muscular

atrophy

with

respiratory

distress

(SMARD),

and

scapuloperoneal spinal muscular atrophy. However, they are not genetically linked to the
SMN gene and will not be further discussed here.
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Diagnosis and treatment of SMA
The guidelines for the diagnosis and treatment of SMA were established by the
International Standard of Care Committee for Spinal Muscular Atrophy and will be
briefly summarized here (Wang et al., 2007). The path toward the diagnosis of SMA is
first made based on symptoms such as hypotonia and weakness. The first diagnostic test
for a patient that is suspected to have SMA is an SMN gene deletion test, which is
currently performed by several laboratories with results in 2 to 4 weeks. This test is
powerful, with 95% sensitivity and nearly 100% specificity (Lefebvre et al., 1998;
Rodrigues et al., 1995). If the test is positive for a homozygous deletion of SMN1, this
confirms the diagnosis of SMN-associated SMA (5q SMA) as opposed to the other
known spinal muscular atrophies briefly mentioned above. However, a negative test
result does not necessarily rule out diagnosis of SMA; the patient should receive another
clinical examination with further laboratory testing. Most importantly, these should
include electromyography (EMG). EMG, which was the only diagnostic test available
before the discovery of SMN1 as the disease-causing gene, gives a characteristic readout
if the patient is positive for SMA. Characteristic EMG features of the disorder include
features of denervation with spontaneous activity of positive sharp waves, fibrillation and
occasional fasciculations (Buchthal and Olsen, 1970; Emery et al., 1976). Motor unit
action potential also shows high amplitudes with long durations coupled with decreased
recruitment of muscle fibers. Muscle biopsy often reveals atrophic fibers with islands of
group hypertrophy (Buchthal and Olsen, 1970). If EMG is characteristic of a motor
neuron disease, further testing for SMN mutations should be pursued. If the patient
possess only a single copy of SMN1 (as determined by SMN1 gene copy number testing),
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sequencing of the coding region of the remaining SMN1 copy may reveal mutations,
insertions, or deletions, confirming the diagnosis of 5q spinal muscular atrophy. If the
patient possesses two copies of SMN1, other motor neuron disorders such as SMARD
should be considered.
At this point in time, treatment of SMA is primarily palliative. As pulmonary,
gastrointestinal and orthopedic morbidities are most common in SMA patients, the
International Standard of Care Committee for Spinal Muscular Atrophy has spelled out
several guidelines for the treatment of each of these issues. Chronic pulmonary care often
centers on providing methods for airway clearance, including mechanical insufflationexsufflation, manual cough assist and noninvasive ventilatory support. Gastrointestinal
problems due to weak feeding and swallowing or gastroesophageal dysmotility with
resulting nutritional deficiencies include modifying diet and optimizing oral intake and
may in some cases require the placement of a gastrostomy tube. Finally, orthotic care
centers around the treatment of contractures and spinal deformity that can occur with
Type II or Type III patients. This can be achieved through orthoses as well as braces and
corrective surgery.
Though care for SMA at this point can be described as almost entirely palliative,
extraordinary advances in the lifespan extension of mouse models via small molecule
therapeutics, antisense oligonucleotides, or gene therapy have provided hope that
successful treatment of SMA is on the horizon. Several compounds that have been
discovered to increase SMN expression and/or function have already made it to clinical
trials. A thorough overview of the advances that have been made in SMA therapeutic
development will be provided in Chapter 5.
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1.7. Genetic basis of SMA
The SMN2 gene: a modifier of SMA severity
Nearly all SMA patients (~98%) have a homozygous deletion in SMN1 (also
known as SMNR, or telomeric SMN) (Hahnen et al., 1995; Lefebvre et al., 1995). A
defining characteristic of SMA patients is the retention of at least one copy of the nearly
identical SMN2 gene (also known as SMNC, or centromeric SMN). This gene duplication
event is specific to primates and thus occurred after the evolutionary split between
primates and rodents. However, SMN2 itself is specific to humans as chimpanzees have
multiple SMN duplications (Rochette et al., 2001). These two genes differ in only five
nucleotides, of which only one is found in the protein-coding portion of the gene but does
not change the amino acid sequence of SMN1. (Lorson et al., 1999; Monani et al., 1999).
SMN2 is alternatively spliced with isoforms that skip exon 3, exon 5, and exon 7, the
latter of which is by far the most abundant mRNA isoform produced by the SMN2 gene
(Gennarelli et al., 1995). The C to T transition in exon 7 is responsible for the alternative
splicing of exon 7. The resulting SMNΔ7 protein isoform is extremely unstable and
rapidly degraded (Burnett et al., 2009). This is due to the formation of a degron at the Cterminal end of the protein (Cho and Dreyfuss, 2010). Since approximately 90% of
transcripts derived from SMN2 are missing exon 7, SMN2 produces enough full-length
SMN to prevent embryonic lethality but is unable to fully compensate for the
homozygous loss of SMN1, resulting in SMA (Figure 1.12).
However, since SMN2 does produce some full-length SMN, it would be expected
that increased copy number of SMN2 would correlate with increased SMN levels and
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may lessen phenotypic severity. Indeed, evaluation of SMN2 copy number in SMA
patients reveals that increased SMN2 copy number is inversely related with phenotypic
severity (Campbell et al., 1997; McAndrew et al., 1997). Though exceptions to this rule
have been observed in a number of patients, thus pointing to the existence of additional
SMA-modifying genes (Cobben et al., 1995; Muller et al., 1992), understanding the
regulation of SMN2 splicing has thus been the focus of intense study. Identifying the
mechanisms of SMN2 splicing regulation will be instrumental in identifying therapeutic
modalities that are able to correct the splicing pattern of SMN2.

Splicing regulation of the SMN2 gene
Given its role in SMA etiology and as a target for potential therapeutic
development, SMN2 exon 7 regulation has become one of the most extensively studied
models of alternative splicing. To date, research efforts have implicated several splicing
factors in promoting exon 7 skipping or inclusion (Figure 1.13). The first splicing factor
that was shown to regulate SMN2 splicing was the SR-like protein Tra2β (Hofmann et al.,
2000). This factor was shown to bind one of the three putative exonic splicing enhancers
(ESEs) identified in exon 7 by genetic analysis (Lorson and Androphy, 2000).
Overexpression of Tra2β in human and mouse cell lines was shown to significantly
upregulate exon 7 inclusion of SMN2 minigenes (Lorson and Androphy 2000). Soon after
the discovery of Tra2β, hnRNP G and SRp30c proteins were identified as additional
trans-acting splicing factors that enhance the inclusion of SMN2 exon 7 (Hofmann and
Wirth, 2002; Young et al., 2002b). Though they are able to bind non-specifically to RNA,
it was shown that both hnRNP G and SRp30c required direct association with Tra2β in
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the context of an intact ESE to mediate their function in promoting exon 7 inclusion.
Similarly, TDP-43, an RNA binding protein also implicated in other diseases such as
frontotemporal dementia and ALS, was shown to stimulate SMN2 exon 7 inclusion
possibly through interaction with Tra2β (Bose et al., 2008). Another identified positive
regulator SMN2 exon 7 inclusion is hnRNP Q1 (Chen et al., 2008), whose expression
levels had previously been shown to correlate with SMA phenotypic severity (Helmken
et al., 2003). hnRNP Q1 binds directly to SMN2 exon 7 and its C-terminal region
important for RNA-binding and homodimerization is critical for its activity. Interestingly,
over-expression of two other isoforms of hnRNP Q (hnRNP Q2 and hnRNP Q3) causes
exon 7 skipping. Thus, the expression levels of each isoform of hnRNP Q appear critical
in fine-tuning exon 7 splicing. An important caveat to these findings is that the evidence
that many of these are real regulators has been limited to over-expression studies in
cultured cells, and may not reflect the in vivo requirements for exon 7 splicing.
Supporting this idea, conditional knockout of Tra2β in motor neurons of severe SMA
mice does not affect exon 7 splicing (Mende et al., 2010).
Though the factors described above have been implicated to function in SMN2
splicing regulation, these factors are able to bind both SMN1 and SMN2 and so they do
not by themselves explain why the splicing pattern of SMN2 is so different from that of
SMN1. The first critical insight into answering this question came with the identification
of an ESE in SMN1 exon 7 that is bound by ASF/SF2 and disrupted by the C to T
transition in SMN2 (Cartegni et al., 2006; Cartegni and Krainer, 2002). An alternative
hypothesis was presented soon afterwards when it was demonstrated that the C to T
transition creates an exonic splicing silencer (ESS), which when bound by hnRNP A1
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inhibits exon 7 inclusion (Kashima and Manley, 2003; Kashima et al., 2007a).
Furthermore, it was subsequently found that another nucleotide difference between SMN1
and SMN2, the A100G substitution in intron 7, produces an additional hnRNP A1 binding
site in the SMN2 pre-mRNA (Kashima et al., 2007b). Base changes that eliminate this
binding site rescue exon 7 inclusion in vivo while also disrupting hnRNP A1 binding in
vitro. Since hnRNP A1 is known to homodimerize, the authors proposed a mechanism in
which hnRNP A1 molecules at both binding sites interact with one another, producing a
RNA loop which negatively inhibits exon 7 inclusion. It is important to note that while
these models may appear to be antagonistic to one another, they are not mutually
exclusive – the C to T substitution in exon 7 can result in both the elimination of an ASFSF2-dependent ESE with the concomitant formation of an hnRNP A1-dependent ESS.
It has also been shown that the C to T transition results in the formation of a
Sam68 binding site (Pedrotti et al., 2010). Sam68 was shown to bind directly to the newly
formed ESS and that its binding promoted exon 7 skipping. Mutations that destroy its
binding site promoted exon 7 inclusion and suppressed Sam68-mediated exon skipping
entirely. Given that Sam68 physically interacts with hnRNP A1 and affects the splicing
of other genes (Paronetto et al., 2007), it has been hypothesized that Sam68 cooperates
with hnRNP A1 to inhibit the inclusion of exon 7.
Recently, hnRNP U/SAF-A was identified as a potent regulator of SMN1 and
SMN2 splicing in an RNAi screen against a large panel of RNA-binding proteins that
sought to identify potential splicing regulators of SMN2 (Xiao et al., 2012). Interestingly,
this protein is thought to promote the skipping of exon 7 not through direct interactions
with SMN1 and SMN2 pre-mRNA but by regulating U2 snRNP maturation.
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Interestingly, SMN itself has been shown to be involved SMN2 splicing regulation

through a negative feedback loop (Jodelka et al., 2010; Ruggiu et al., 2012). Analysis of
exon 7 splicing in SMN-deficient NIH3T3 fibroblasts and in motor neurons of severe
SMA mice revealed that exon 7 splicing is significantly reduced in conditions of low
SMN in vivo (Ruggiu et al., 2012). Importantly, defective snRNP biogenesis triggered by
shRNA-mediated knockdown of SmB similarly downregulated exon 7 inclusion. These
results suggest that SMN is involved in SMN2 exon 7 splicing regulation through a
negative feedback loop in which SMN deficiency results in reduced snRNP levels which
leads to further reductions in exon 7 inclusion (Ruggiu et al., 2012). Significantly, exon 7
inclusion is intrinsically more inefficient in motor neurons in severe SMA mice, thus
providing an explanation for the selective vulnerability of motor neurons to loss of SMN1
(Ruggiu et al., 2012).
Conventionally, it is thought that the first step toward the processing of short
exons surrounded by long introns (as is the case for SMN2 exon 7) is exon definition,
whereby the 5’ and 3’ splice sites of the exon are recognized simultaneously through
cross-talk from both ends of the exon. The discussion of SMN2 splicing regulation to this
point has supported the notion that SMN1 and SMN2 exon 7 splicing follows the exon
definition model. However, there has been increasing evidence that reveals the existence
of additional splicing regulators that support an intron definition model of SMN1 and
SMN2 exon 7 splicing. In this model, splicing can occur through direct definition of
introns with no need for exon definition. A number of observations have suggested that
SMN1 and SMN2 exon 7 have an inherently weak 5’ splice site and that inclusion of exon
7 in SMN1 is primarily driven by the removal of intron 6 (Singh et al., 2004). In SMN2,
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the C to T mutation weakens the 3’ splice site of exon 7 (Lim and Hertel, 2001), which
together with the inherently weak 5’ splice site causes exon 7 skipping. Furthermore, a
number of cis-acting elements have been reported within intron 7 that contribute to the
weakening the 5’ splice site of exon 7. For example, an inhibitory terminal stem-loop
structure (TSL2) that spans the exon 7/intron 7 junction functions by sequestering the 5’
splice site (Singh et al., 2007). Mutations that affected the stem-loop structure promoted
SMN2 exon 7 inclusion. Another inhibitory element was discovered immediately
downstream of the 5’ splice site of SMN2 exon 7 termed intronic splicing silencer N1
(ISS-N1) (Singh et al., 2006). ISS-N1 contains two putative hnRNP A1 binding sites
(Hua et al., 2008), which may render the 5’ splice site inaccessible. Deletion of ISS-N1
promoted SMN2 exon 7 inclusion and more interestingly, removal of a number of
positive cis elements (including the Tra2β-dependent ESE) was tolerated when ISS-N1 is
deleted, highlighting the powerful inhibitory effect of this element. An inhibitory GC-rich
element spanning nucleotides 7-14 of intron 7 has also been identified (Singh et al.,
2009). Though the mechanism by which it exerts its inhibitory effect on exon 7 splicing
is currently unclear, an antisense oligonucleotide targeting this sequence was shown to
fully restore SMN2 exon 7 inclusion in primary fibroblasts from a Type I SMA patient.
Further evidence that intronic motifs are critical to SMN2 exon 7 regulation comes from
the recent identification of TIA1 as the first splicing factor to promote exon 7 inclusion
by binding to U-rich intronic sequences (URC1 and URC2) downstream of ISS-N1
(Singh et al., 2011).
Clearly, SMN2 exon 7 splicing is subject to numerous levels of regulation with
numerous molecular players being involved. Our continued understanding of this disease-

!

!

47!

related alternative splicing event will be certain to yield therapeutic avenues for the
treatment of SMA.

1.8. Mechanisms of disease
Pathology in human SMA patients
Before the discovery of SMN1 as the disease gene, most SMA studies were
neuropathological in nature. These studies involved small numbers of patients that were
clinically poorly characterized and heterogeneous in presentation and mainly focused on
spinal cord, brain, and muscle tissue. Most autopsy studies were performed on Type I
patients, as this form was the most common and most fatalities occurred in patients with
this severe disease type.
Many early studies concentrated on a single neuropathologic phenomenon, the
loss of motor neurons in the spinal cord as well as the lower brainstem. These studies
found that any surviving motor neurons were characterized by perikaryal swelling and
chromatolysis and more detailed studies have shown the presence of collections of
mitochondria and vesicular bodies in the soma as well as concentrations of
phosphorylated neurofilaments in the periphery (Chou and Fakadej, 1971; Lippa and
Smith, 1988; Murayama et al., 1991). Indeed, for type I patients, a histopathologic tetrad
has been described: (i) central chromatolysis, (ii) empty-cell beds, (iii) migratory motor
neurons, and (iv) glial bundles of spinal roots (Chou and Wang, 1997) (Figure 1.14).
Chromatolytic neurons have also been seen in a variety of other locations in SMA
patients, especially in the most severely affected infants. Most significantly, these dying
neurons were discovered in the dorsal root ganglia, Clarke’s column, and the lateral
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geniculate and posteroventral or ventrolateral nuclei of the thalamus (Marshall and
Duchen, 1975; Murayama et al., 1991; Peress et al., 1986; Towfighi et al., 1985). These
findings suggested that though the cellular defect in SMA is primarily the loss of spinal
motor neurons in the ventral horn, the disease is not exclusive to this cell type.
Interestingly, a number of areas of the nervous system are relatively spared in SMA
patients, including Onuf’s nucleus (involved in sphincter control) and the
intermediolateral column, suggesting that SMA spares those motor neurons related to
autonomic processes (Sung and Mastri, 1980).
More recently, developmental studies have shown that prenatally, ventral horn
neurons from fetuses already show increased motor neuron loss and neuronal death at 12
weeks (Soler-Botija et al., 2002) and abnormal nuclear shape and density have been
observed in SMA motor neurons at 20 weeks (Fidzianska and Rafalowska, 2002). In
addition, myotubes in SMA fetuses tend to be smaller and arranged in clusters close to
isolated and larger myotubes (Martinez-Hernandez et al., 2009). This finding suggests
that growth and maturation of SMA muscle is delayed, an overlooked concept that was
actually hypothesized 35 years earlier (Fidzianska, 1974). It has also been shown very
recently that prenatal type I SMA patients exhibit markedly abnormal neuromuscular
junctions, including acetylcholine receptor clustering, pre-terminal accumulation of
vesicles, and aberrant ultrastructure of nerve terminals, with the severity of these
pathological changes being directly correlated with clinical features (Martinez-Hernandez
et al., 2012).
Though these neuropathological studies have certainly yielded many insights into
the development of SMA in the human organism, it is still unclear how each of these
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individual observations link together functionally and mechanistically to produce the
phenotype seen in these patients. Due to limitations in the acquisition of human tissues
for studying SMA pathogenesis in a detailed cellular and molecular fashion, investigators
have turned to other tools to continue to shed light on the steps that lead to the
development of SMA.

Animal models of SMA
One of the most essential contributions to our understanding of SMA pathology
and disease progression has been the development of animal models of disease. These
have included models in C. elegans (Miguel-Aliaga et al., 1999), zebrafish (McWhorter
et al., 2003), and Drosophila (Chan et al., 2003). However, mouse models of SMA in
particular have allowed for a detailed understanding of biological processes and
assessment of SMN function in the context of a mammalian system, and have also been a
useful tool in translational research as a testing ground for potential therapies (Figure
1.15) (Sleigh et al., 2011).
Unlike humans, who have undergone a gene duplication event, mice possess a
single Smn gene displaying 82% homology with its human homolog and a widespread
expression pattern including brain, muscle, heart, spleen, lung, liver, kidney, and testis as
well as in virtually all cell types in the spinal cord (Bergin et al., 1997; DiDonato et al.,
1997; Viollet et al., 1997). Homozygous Smn deletion (Smn-/-) in mice results in
extensive cell death approximately 80 hours after fertilization at the early blastocyst
stage, corresponding to the initiation of embryonic RNA transcription (Schrank et al.,
1997). Smn-/- embryos fail to form a blastocoel cavity, become progressively more
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fragmented, and ultimately are unable to implant into the uterine wall. TUNEL staining
of such embryos reveals a very large number of intensely labeled cells, reflecting the high
incidence of apoptotic death. This is consistent with the ubiquitous “housekeeping” role
of SMN and also reflects the concept that SMA is a disease of low levels of SMN rather
than of complete absence of SMN. Heterozygous Smn+/- mice appear phenotypically
normal. However, histological and transcriptional investigation of these mice revealed a
gradual age-dependent loss in motor neurons (~50% at one year) compared to wild-type
mice as well as reproducible changes in the spinal cord transcriptome, notably in genes
encoding for apoptotic genes (Balabanian et al., 2007; Jablonka et al., 2000). For these
reasons, Smn+/- mice have been proposed as a model for mild Type III SMA.
To study genetic defects in other components of the SMN complex and whether
they are of pathophysiological relevance for SMA, mice containing heterozygous and
homozygous deletions of a number of Gemin proteins have also been created and
described. Similar to what is seen for Smn-/- mice, Gemin2-/- homozygous knockout mice
die during or shortly after implantation (Jablonka et al., 2002). Heterozygous Gemin2+/mice appear normal and do not show any signs of motor neuron loss, unlike Smn+/- mice.
Interestingly, Smn+/-; Gemin2+/- double heterozygous animals express 50% of wild-type
SMN levels but only 25% of wild-type Gemin2 levels and develop a stronger motor
neuron degenerative phenotype than Smn+/- (Jablonka et al., 2002). This is consistent with
the fact that SMN regulates the stability of Gemin2 (Gabanella et al., 2007; Liu et al.,
1997) and the essential role for Gemin2 in snRNP assembly (Feng et al., 2005). Gemin3-/homozygous mutants also die early in embryogenesis while Gemin3+/- heterozygous
animals are healthy and fertile with only minor abnormalities in the female reproductive

!

!

51!

system (Mouillet et al., 2008). Thus, these findings demonstrate that the Gemins are
essential proteins for normal development and are required for viability.
A number of strategies have been implemented to recapitulate the human
genotype in mice. The first attempt was made by two independent groups, who took into
consideration the fact that SMA patients always carry at least one copy of the SMN2
gene. As such, both groups introduced the SMN2 transgene on the Smn-null background
(Smn-/-; SMN2+/+) and found that SMN2 is able to rescue the embryonic lethal phenotype
of Smn-/- mice and that SMN2 transgene copy number modifies disease severity (Hsieh-Li
et al., 2000; Monani et al., 2000). Mice carrying only one or two copies of the SMN2
gene have normal numbers of motor neurons at birth but drastically reduced numbers by
postnatal day 5 (P5) and die by P6. More importantly, mice with eight copies of SMN2
show complete rescue as well as a normal lifespan (Hsieh-Li et al., 2000; Monani et al.,
2000), mirroring observations that had been made in patients (McAndrew et al., 1997).
Thus, this severe mouse model of SMA demonstrated that enhanced expression of SMN
from SMN2 can prevent SMA, which galvanized the search for therapeutic strategies that
increase the expression of full-length SMN from the SMN2 gene.
The same laboratory then introduced a second transgene to the severe SMA
model, the human SMNΔ7 cDNA (Smn-/-; SMN2+/+; SMNΔ7+/+) (Le et al., 2005). The
addition of the SMNΔ7 gene extends the lifespan of the severe SMA model from 6 days
to approximately 13 days and exhibits loss of motor neurons and other pathologies that
have been shown in the severe mouse model, albeit more delayed. The SMNΔ7 protein is
thought to extend the lifespan of these mice through the formation of heterologous
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oligomeric SMN complexes with full-length SMN, thereby increasing the amount of
functional SMN complex and improving the phenotype of SMA animals.
Besides the SMNΔ7 protein, a several other transgenes containing point mutations
of SMN1 linked to SMA have been introduced into the severe mouse model. These
include the A2G and A111G mutations associated with mild SMA, resulting in
significantly increased lifespan (Monani et al., 2003; Workman et al., 2009). However,
addition of these transgenes in the absence of SMN2 does not rescue embryonic lethality
caused by homozygous Smn knockout. The observed allelic complementation between
mild SMA mutations and the SMN2 gene suggest that some full-length SMN is required
for normal cellular function, perhaps by serving as a scaffold upon which heteromeric
SMN oligomers can be assembled to form functional SMN complexes (Workman et al.,
2009).
Another mouse model of note was created by knocking-in an Smn transgene
harboring three nucleotide substitutions within the exonic splicing enhancer of exon 7,
thus making the endogenous Smn gene behave similarly to SMN2 (Bowerman et al.,
2009). These mice show a slightly milder phenotype compared to the severe mouse
model, having an average lifespan of approximately 28 days. Thus, a number of mouse
models that recapitulate the human SMA genotype have been created and these have
been critical to our understanding of disease pathogenesis.

Tissue-specific and temporal requirements for SMN
As SMN is a ubiquitously expressed housekeeping gene, it is unclear how
deficiencies in a function required by all cells may lead to the preferential degeneration of
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motor neurons in the spinal cord. One possibility is that some tissues, like motor neurons,
have a higher basal requirement for SMN to maintain their function and viability. Thus, a
variety of approaches have used mouse models of SMA to address the question of tissuespecific requirements in SMA biology.
Early attempts to answer this question used the Cre-loxP recombination system to
perform deletion of the Smn exon 7 from a conditional (floxed) allele (SmnF7), which
results in the complete absence of full-length Smn upon expression of the Cre
recombinase. Investigators crossed these mice with tissue-specific Cre mouse lines to
explore potential tissue-specific contributions to SMA pathogenesis by completely
ablating Smn in target tissues such as muscle, neuronal tissue, and hepatocytes
(Cifuentes-Diaz et al., 2001; Cifuentes-Diaz et al., 2002; Donnelly et al., 2012; Ferri et
al., 2004; Frugier et al., 2000; Nicole et al., 2003; Vitte et al., 2004). Unfortunately, these
models provide limited insights into SMA pathogenesis as they result in the complete
absence of SMN, a situation never seen in SMA patients.
However, recently developed mouse models that have taken advantage of tissuespecific promoters have provided powerful new tools to investigate the spatial
requirements of SMN. For instance, neuronal expression of full-length SMN under the
control of the prion (PrP) promoter rescued severe SMA mice (Gavrilina et al., 2008).
Mice homozygous for PrP-SMN with two copies of SMN2 (Smn-/-; SMN2+/+; PrPSMN+/+) survive for an average of 210 days and have wild-type lumbar motor neuron
counts. In contrast, expression of SMN in skeletal muscle and heart using the human
skeletal actin (HSA) promoter (Smn-/-; SMN2+/+; HSA-SMN+/+) resulted in neither
improvement of the SMA phenotype nor extension in survival (Gavrilina et al., 2008).
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Thus, the expression of full-length SMN in neurons alone can correct the severe SMA
phenotype.
As SMA selectively results in motor neuron degeneration, significant efforts have
also been made to investigate the importance of SMN in motor neurons. One such mouse
line was created by conditionally depleting endogenous Smn from motor neuron
progenitors in mice that express SMN2 (Olig2-Cre; SMN2+/+; SmnF7/-). Targeted
depletion of Smn in this fashion was sufficient to cause a neuromuscular phenotype
reminiscent to that seen in SMA but the phenotype was surprisingly mild (Park et al.,
2010). SMA mice have also been made that express SMN under the control of the motor
neuron-specific Hb9 (Gogliotti et al., 2012) and choline acetyltransferase (ChAT)
promoters (Martinez et al., 2012). Surprisingly, while restoration of SMN to motor
neurons significantly improved motor neuron number and NMJ morphology, it had
minimal affect on motor behavior and survival (Gogliotti et al., 2012; Martinez et al.,
2012). These results suggested that the pathogenesis of SMA involves a significant
contribution from cell types besides motor neurons, likely other neuronal cells.
In addition to the spatial requirement, another element that is critical to
understanding the specific function of SMN in SMA and to develop effective therapeutic
strategy is the temporal requirement for SMN. This was first assessed using a SMNΔ7
mouse model with doxycycline-inducible expression of SMN (Le et al., 2011). Induction
of SMN expression at E15 or at birth resulted in substantial rescue of the SMA phenotype
with some mice living over 200 days (Le et al., 2011). Induction of SMN expression at
later time points resulted in less dramatic rescue. Furthermore, cessation of SMN
induction after one month of treatment in some cases resulted in no overt phenotype. The
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same question was investigated by another group using a mouse model with a tamoxifeninducible Smn allele (SMN2+/+; Δ7+/+; SmnRes/Res) (Lutz et al., 2011). Using this model,
the authors showed that SMN restoration, even after the appearance of cellular pathology
and symptoms of disease, results in dramatic phenotype rescue. However, induction after
P6 provided little survival benefit, indicating that there is a therapeutic window in which
initiation treatment confers maximal benefit. Together, these results indicated that high
SMN levels are only required during a limited postnatal period and that two copies of
SMN2 may be sufficient for all tissues in adult life.

Pathology in SMA animal models
Active investigation of pathogenic mechanisms using SMA mouse models has
yielded a number of critical insights into the major cellular events that occur during the
development of SMA. Of these, the “severe” SMA mouse model (Smn-/-; SMN2+/+) and
the SMNΔ7 model (Smn-/-; SMN2+/+; SMNΔ7+/+) have been most commonly studied.
SMA mice differ from wild-type mice in a number of ways. At birth, control and
SMA mice are phenotypically indistinguishable. The first sign of a phenotypic difference
is usually in body weight. While control mice steadily gain weight, SMA mice are
noticeably smaller and struggle to gain any weight whatsoever. In addition, when placed
on their back, SMA mice have remarkable difficulty righting themselves with the
weakness growing progressively more severe over time (Le et al., 2005; Monani et al.,
2000). SMA mice also perform poorly in several other tests of motor function, including
the tube test and the rotarod (Gogliotti et al., 2012; Martinez et al., 2012). Over time,
SMA mice begin to exhibit labored breathing together with decreased movement and
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suckling and eventually, tremor and fibrillations (Le et al., 2005; Monani et al., 2000).
Finally, SMA mice exhibit markedly reduced survival with severe SMA mice surviving 4
to 6 days (Monani et al., 2000) and the SMNΔ7 mouse surviving an average of 14 days
(Le et al., 2005). Thus, these two mouse models of SMA reflect many of the disease
symptoms of severe SMA in humans.
As the cell type most obviously affected in SMA, the behavior of motor neurons
in these mouse models has been studied extensively. The development and patterning of
embryonic motor neurons were first studied in vivo in a mouse model of SMA that
expressed green fluorescent protein (GFP) under the motor neuron-specific Hb9
promoter. Surprisingly, this study showed that embryonic motor axon formation in the
severe mouse model of SMA was normal overall (McGovern et al., 2008). These motor
axons develop and extend to reach the appropriate muscles in SMA animals at the same
time as in carrier and normal littermates. Consistent with these preliminary findings, a
later more detailed study of pre-symptomatic severe SMA mice (P1) showed that reduced
SMN expression did not result in any aberrations in lower motor neuron connectivity and
that NMJs were formed normally (Murray et al., 2010). These results were consistent
with observations that demonstrated that despite motor neuron loss later in disease
pathogenesis (Figure 1.16A), mouse models of SMA have similar numbers of motor
neurons in the spinal cord at birth compared with their control littermates, suggesting that
embryonic development is not significantly affected in vivo (Hsieh-Li et al., 2000; Le et
al., 2005; Monani et al., 2000). Collectively, these studies provided strong evidence
against a role for SMN in regulating motor neuron development and highlighted the
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importance of focusing on the role of SMN in maintaining the activity of the
neuromuscular system.
Significant denervation of NMJs had been reported in a mouse model with
selective deletion of SMN exon 7 in neurons (Frugier et al., 2000). However, its relevance
was limited as the genetic status of these neurons is distinct from that which is seen in
disease. A detailed morphologic study of NMJ pathology from severe SMA mice
provided evidence for breakdown of NMJs in SMA (Murray et al., 2008). This study
revealed significant loss of presynaptic motor nerve terminals from NMJs, with
increasing levels of pathology as the disease progressed (Figure 1.16B). Furthermore,
this study and others also highlighted abnormal accumulations of neurofilament proteins
in pre-synaptic nerve terminals (Kariya et al., 2008; Murray et al., 2008). Combined with
the progressive loss of motor neurons observed in SMA mouse models, this has led to the
proposal that SMA is a motor neuron “dying back” axonopathy (Cifuentes-Diaz et al.,
2002; Kariya et al., 2008). Neuromuscular pathology was also more pronounced in
postural slow-twitch muscles of the trunk (transversus abdominis) than in fast-twitch
muscles from distal limb regions (deep lumbricals), suggesting that certain muscle groups
are more susceptible to defects caused by SMN deficiency. This has been substantiated in
other studies that demonstrated severe denervation of many muscles involved in vital
motor functions including maintaining head posture, respiration and mastication in endstage SMA mice (Ling et al., 2012; Voigt et al., 2010). Importantly, synaptic pathology at
the NMJ is apparent in the most severely affected muscles by P2, before the appearance
of a clinical phenotype in the mouse (Murray et al., 2008). Thus, NMJ breakdown is an
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early event in SMA pathogenesis and precedes both motor neuron loss and onset of
symptoms.
A number of studies have also shown defects in NMJ electrophysiological
function in addition to NMJ morphology, including abnormal synaptic transmission with
abnormal intracellular calcium homeostasis alongside reductions in quantal content and
neurotransmitter release (Kong et al., 2009; Ruiz et al., 2010). Detailed analysis of motor
nerve terminals in SMNΔ7 mice revealed various structural abnormalities including
clustering of synaptic vesicles and active zones, reductions in the size of the readily
releasable pool and recycling pool of synaptic vesicles, a decrease in active mitochondria,
and limited neurofilament and microtubule maturation (Torres-Benito et al., 2011).
However, the relevance of these findings is unclear given the high safety factor of
mammalian NMJs, which allow for significant reductions in neurotransmission while
maintaining normal functionality (Wood and Slater, 2001).
Recently, proprioceptive neurons in the dorsal root ganglia (DRG) have also been
shown to exhibit significant pathology in SMA mouse models. One of the first significant
studies on DRG neurons reported that though the cell number and size of DRGs were
normal at a late-symptomatic stage in severe SMA mice, sensory neurons cultured from
E14 embryos exhibited reduced neurite length and growth cone size (Jablonka et al.,
2006). Additionally, sensory nerve terminals were found to be smaller in footpads of
SMN-deficient E14 embryos, which correlates well with the finding that the latency to
paw withdrawal in a hot plate test increased more than two-fold in a new mouse model of
severe SMA (Michaud et al., 2010). Sensory synapses have also been examined in mice,
which have selectively depleted SMN levels in motor neuron progenitor cells (Park et al.,
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2010). These mice showed a decrease in the number and mean area of synaptic boutons
positioned against motor neurons. This finding was further supported by loss of VGlut1+
boutons on SMA motor neuron somata and dendrites in the spinal cord of SMNΔ7 mice
by P4 (Figure 1.16C) (Ling et al., 2010; Mentis et al., 2011) with more severe decreases
in the number of proprioceptive inputs onto motor neurons innervating proximal muscles
(Mentis et al., 2011). As SMA motor neurons also exhibit a number of functional defects,
including reduction in monosynaptic potentials and hyperexcitability (Mentis et al.,
2011), these findings are consistent with the possibility that functional changes in motor
neurons may be secondary to alterations in synaptic inputs.
The early reduction of loss of proprioceptive input onto motor neurons makes
sensorimotor dysfunction one of the earliest pathological events in SMA. This may be
due to cell-autonomous dysfunction in proprioceptive neurons due to SMN deficiency or
it may be a secondary effect of motor neuron dysfunction. Recent demonstration that
selective restoration of SMN to motor neurons in a mouse model of SMA partially
restores VGlut1+ contacts on motor neurons and that VGlut1+ contacts with certain
groups of interneurons are upregulated would appear to argue for the latter possibility
(Gogliotti et al., 2012; Thirumalai et al., 2012). However, restoration of SMN to motor
neurons results in little improvement to the righting reflex (Gogliotti et al., 2012), a
complex motor function that is mediated by vestibular pathways, spinal interneurons,
proprioceptive afferents, and motor neurons (Bignall, 1974; Bose et al., 1998). Thus, the
lack of correction in the righting reflex would indicate that proprioceptive neurons are
dysfunctional despite SMN rescue in motor neurons, arguing that SMN may also be

!

!

60!

required in DRG neurons for complete rescue of the neuronal circuit. This possibility
awaits experimental testing.
To assess whether SMA pathogenesis primarily occurs cell-autonomously via
defects in motor neurons, investigators have explored the consequences of selectively
restoring SMN to motor neurons. Restoration of SMN to this cell type alone increased
survival of the SMA mice and also restored presynaptic properties of quantal content and
the probability of synaptic vesicle release (Gogliotti et al., 2012; Martinez et al., 2012).
Additionally, SMN restoration of motor neurons was accompanied by reduced
neurofilament accumulation in presynaptic terminals, increased endplate size, reduced
denervation, and overall improved synaptic integrity. However, SMN rescue in motor
neurons did not significantly improve survival, only extending lifespan by 5 to 8 days
(Gogliotti et al., 2012; Martinez et al., 2012). This was independently confirmed by
another group that found that selective restoration of SMN selectively to motor neurons
in a new severe mouse model of SMA conferred only modest benefits to lifespan (Lee et
al., 2012). These results suggest that other neuronal cell types, possibly DRG neurons, are
required to significantly rescue the SMA phenotype in the mouse model.
As the other component in the motor unit, changes in muscle tissue in animal
models of SMA have also been an area of active investigation. In SMA mice, myofibers
are hypotrophic (Figure 1.16D) and express immature forms of myosin before there is
any loss of motor neurons (Biondi et al., 2008; Kong et al., 2009; Lee et al., 2011;
Martinez-Hernandez et al., 2009). This mirrors what is seen in muscle from severe SMA
patients, which show small myofibers with a developmentally arrested appearance as well
as an immature profile of myofibrillary proteins (Fidzianska et al., 1990; Stevens et al.,
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2008). A recent study also showed that there is significant disruption to the molecular
composition of skeletal muscle in pre-symptomatic severe SMA mice in the absence of
any pathologic changes in lower motor neurons (Mutsaers et al., 2011). Restoration of
SMN expression in muscle resulted in rescue of myofiber growth as well as modest
increases in survival and motor behavior (Martinez et al., 2012). This finding was
discrepant with a previous study finding that expression of SMN driven by the human
skeletal actin (HSA) promoter did not result in improvement in survival or motor
behavior (Gavrilina et al., 2008). HSA drives expression in skeletal muscle fibers but
neither in satellite cells nor myoblasts. The more recent study used a MyoD and Myf5
promoters to drive SMN expression, which results in expression in all muscle cells.
However, both promoters were leaky, especially later on in development. Moreover, PrPdriven expression of SMN in neuronal tissue was also able rescue many muscle defects
normally seen in SMA mice, including decreased average myofibril size and necrotic or
angulated fibers (Gavrilina et al., 2008). Thus, it is unlikely that muscle plays a primary
role in the pathogenesis of disease.
Pathological events due to severe SMN deficiency have also been observed in
brain tissue. SMA embryos show signs of cell death in the telencephalon by E14.5 and
cranial nerves show altered morphology by E10.5 (Liu et al., 2010). Retinal neurons also
exhibit reduced numbers, abnormal synaptogenesis and neurofilament accumulation in
SMA mice (Liu et al., 2011). Additionally, SMN deficiency has been shown to result in
disruption in perinatal brain development, with reduction in volume and size in end-stage
SMA mice (Wishart et al., 2010). Interestingly, regions of the brain were differentially
affected, suggesting that the brain exhibits a gradient of susceptibility to SMN deficiency.
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For example, the primary cortex showed a steady decrease in size through development
but the somatosensory cortex was unaffected at all time points. Most significantly
affected was the hippocampus with a 50% decrease in size in late-symptomatic SMA
mice as compared to controls (Figure 1.16B). Proteomic analysis of brains from SMA
mice have additionally shown widespread changes in expression levels in genes that
regulate cellular proliferation, migration, and development, consistent with many of the
pathological changes seen in tissue (Wishart et al., 2010).
Cardiovascular abnormalities have also been described in SMA patients but
remain anecdotal at present (Figure 1.16C) (Rudnik-Schoneborn et al., 2008).
Investigation in SMA mice have revealed signs of altered cardiac function including
bradycardia, heart block, dilated cardiomyopathy, and decreased contractility, all of
which were corrected by ubiquitous genetic restoration of SMN expression (Bevan et al.,
2010; Heier et al., 2010; Shababi et al., 2010). Interestingly, HSA-driven SMN
expression results in high expression of SMN in the heart but does not improve survival
in SMA mice (Gavrilina et al., 2008), suggesting that these effects may be non-cellautonomous. This contrasts with the finding that scAAV9-SMN injection, which is able
to efficiently transduce cardiomyocytes but also the autonomic nervous system, is able to
at least partially rescue cardiac defects including left ventricular mass and wall thickness
while completely rescuing others like bradycardia (Heier et al., 2010). These results point
to an autonomic etiology for some of the cardiac defects observed in SMA mouse
models, an idea that is supported by the finding that autonomic innervation to the heart is
decreased in SMA mice (Gogliotti et al., 2012). Nevertheless, these results also suggest
that cardiac defects are likely minor contributors to the overall poor health of SMA mice.

!

!

63!

Defects in other non-neuronal tissues have also been recently described for the pancreas
as well as skeletal muscle vasculature (Bowerman et al., 2012; Somers et al., 2012).
These observations of neuronal and non-neuronal contributions to disease
pathology have led to the development of the “threshold hypothesis” in SMA. In this
model, different tissues and cell types have a differential susceptibility to SMN reduction.
Motor neurons reside on one end of the spectrum as the most severely affected by SMN
depletion. As SMN is further reduced, additional tissues including the heart, brain, and
sensory neurons become affected and begin to show pathological signs of deterioration.
For example, Type I SMA patients show severe motor neuron dysfunction but the heart,
bone and brain are only partially affected (Sleigh et al., 2011). Indeed, a recent study that
compared the effect of systemic versus central nervous system (CNS) restoration of SMN
by antisense oligonucleotide injection in severe SMA mice demonstrated that systemic
restoration had significant benefits in lifespan extension over CNS restoration (Hua et al.,
2011). Thus, systemic restoration of SMN may be required to successfully treat this
disease in full. However, as the contributions of nonneuronal tissue to diease
pathogenesis are likely minor, SMA is therefore a disease primarily of the neuron, and
continued efforts to understand how low levels of SMN result in neuronal pathology will
provide the best opportunity for the development of effective therapies to treat this
neurodegenerative disorder.

snRNP dysfunction in SMA
The molecular mechanisms as to how deficiency in the ubiquitously expressed
SMN protein that is involved in an essential housekeeping process results in motor
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neuron disease is not well understood. One of the prevailing hypotheses among SMA
investigators is that disruption of SMN function in snRNP assembly results in
perturbations in the splicing and expression of a select number of genes that are critical
for motor neuron function. This hypothesis has been supported by a wealth of
experimental evidence.
Early studies investigating SMN mutants from SMA patients showed defects in
their ability to bind Sm proteins (Buhler et al., 1999; Pellizzoni et al., 1999; Shpargel and
Matera, 2005). Furthermore, fibroblasts and lymphoblasts from Type I SMA patients
have severely decreased snRNP assembly activity as compared to controls (Wan et al.,
2005). In addition, analysis of spinal cords of SMA mice of varying phenotypic severity
has shown an inverse correlation between snRNP assembly activity and disease severity
(Gabanella et al., 2007; Workman et al., 2009). Surprisingly, despite severe defects in
SMN activity in snRNP assembly, the bulk of snRNPs are only modestly affected in
SMA tissues. The discrepancy between the in vitro snRNP assembly activity and snRNP
levels in tissues of SMA indicated that SMN complexes are in excess of their in vivo
requirement (Gabanella et al., 2007). Thus, only if SMN activity decreases below this
threshold are steady-state snRNP levels affected. Furthermore, the threshold of SMN
activity required to support the level of snRNP synthesis in vivo may differ in distinct
cells and in development (Gabanella et al., 2005), possibly contributing to cell typespecificity of the effects of SMN deficiency in vivo. Importantly, though SMN deficiency
has little impact on the levels of most snRNPs in SMA, one striking observation was that
a subset of snRNPs was specifically affected in SMN deficiency, most prominently those
of the minor spliceosome (Gabanella et al., 2007; Workman et al., 2009; Zhang et al.,
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2008). This finding had important implications for SMA pathogenesis as it suggested the
possibility that the disease trigger targeted by SMN reduction could be one of the small
numbers of genes that are processed by the minor splicing pathway, providing an
additional mechanism for the cell-type specificity of SMA.
Studies in zebrafish provided direct evidence that snRNP defects may underlie
SMA pathogenesis. Knockdown of smn by antisense morpholino injection in zebrafish
embryos resulted in striking defects in motor axon outgrowth and pathfinding
(McWhorter et al., 2003). Remarkably, injection of purified U snRNPs in Smn-deficient
embryos was able to rescue these motor neuron defects (Winkler et al., 2005). The
importance of snRNP assembly activity in mice was further supported through allelic
complementation of the SMN2 with the mild SMA mutant SMN(A111G) (Smn-/-;
SMN2+/+; SMN(A111G)+/+) (Workman et al., 2009). The addition of the A111G protein
provided substantial gains in snRNP assembly activity, leading to restoration of normal
snRNP levels and correction of the SMA phenotype (Workman et al., 2009). Thus, these
observations in zebrafish and mice strongly suggest that SMN function in snRNP
assembly plays a direct role in the development of pathology that is seen in SMA.
The identification of key mRNAs whose altered expression in SMA due to SMNdependent splicing dysfunction results in perturbations of motor neuron survival or
function is critical to conclusively establish the link between snRNP biogenesis defects
and SMA etiology. One study used exon arrays to explore gene expression changes in
SMNΔ7 mice at a late-symptomatic stage (Zhang et al., 2008). Though hundreds of genes
were found to have splicing defects and expression changes, it was difficult to pinpoint
which abnormalities were due to loss of SMN function in snRNP assembly or simply
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secondary effects as a result of the disease state of the animal. Consistent with the latter
possibility, another study investigated genome-wide splicing changes at three different
time points in the SMNΔ7 model corresponding to pre-symptomatic (P1), earlysymptomatic (P6), and late-symptomatic (P13) and found only a small number of splicing
defects at P1 but this increased over the course of disease pathogenesis (Baumer et al.,
2009). Though the authors suggest that this reflects the fact that alternative splicing
defects are a secondary effect of disease as opposed to the primary cause, they cannot
rule out that SMN-dependent dysregulation of a small number of genes in selected cell
types may trigger disease. A number of other studies have utilized expression arrays to
try to identify genes whose expression and splicing are specifically altered by SMN
deficiency but have run into similar issues (Corti et al., 2008; Lee et al., 2008; Olaso et
al., 2006). Thus, despite the significant progress in the understanding of the molecular
defects in SMA, investigators have not been able to identify a direct connection between
a gene or group of genes that are misregulated in SMA with downstream phenotypic
effects.
A recent study provided the first clear link between defective splicing to motor
circuit dysfunction in SMA (Lotti et al., 2012). In this study, the investigators took
advantage of the fact that Drosophila only encodes ~20 genes that encode U12 introns,
which are spliced by the minor spliceosome. Systematic analysis of the splicing patterns
of the U12 introns in each of these genes revealed that SMN deficiency perturbs splicing
and decreases the expression of a subset of U12 intron-containing genes in Drosophila as
well as their mammalian homologues. Pan-neuronal knockdown of each of these genes in
Drosophila larvae led to the identification of Stasimon, a conserved protein of unknown
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function, as critical to motor circuit function. Expression of Stasimon in Drosophila and
zebrafish SMN mutants rescued neurotransmitter release at the NMJ and corrected motor
axon defects, respectively (Imlach et al., 2012; Lotti et al., 2012). Importantly, this study
provides a mechanism for the selectivity of the effects of SMN deficiency on the motor
circuit in vivo. First, SMN deficiency impairs Sm core formation, leading to a decrease in
snRNP levels with tissue-specific effects and prominent effects on the U12 splicing
machinery. Second, this reduction in snRNP levels causes selective splicing defects in a
limited set of genes, resulting in alterations in their normal profile of expression. Third, a
subset of these genes, including but not limited to those with U12 introns, performs
functions critical for specific neuronal classes. Lastly, disruption of the activity of these
genes, such as Stasimon, results in selective defects in neuronal function that collectively
lead to the SMA phenotype (Lotti et al., 2012). Thus, this study represented a
fundamental advance in our understanding of SMA pathogenesis.

Other functions of SMN in SMA
A number of observations have also implicated SMN in other cellular pathways
besides snRNP assembly, dysfunction of which may also contribute to the SMA
phenotype. An alternative hypothesis to snRNP dysfunction that has garnered the
strongest support in the SMA field has been for a role for SMN in axons, specifically the
transport of mRNAs to the axon growth cone (Fallini et al., 2012). The first study that
suggested a potential axonal function for SMN came from the observation that primary
motor neurons derived from severe SMA mice had short axons and small growth cones
and exhibited a significant reduction in β-actin mRNA and protein levels at the axon tip
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(Rossoll et al., 2003), though this finding has not been confirmed in other laboratories
(C.E. Henderson, personal communication). Specific transport of β-actin mRNA to axons
is critical for proper growth cone development and guidance (Luo, 2002). The
localization of β-actin mRNA involves a 54-nucleotide sequence within its 3’-UTR
(termed the zipcode) that is both sufficient and necessary for peripheral localization
(Kislauskis et al., 1994). A number of proteins have been shown to bind to this, including
the zipcode binding proteins (ZBP-1 and ZBP-2) (Bassell et al., 1998; Zhang et al.,
2001b) as well as hnRNP R, which has also been shown to interact with SMN (Rossoll et
al., 2002). Thus, it is thought that hnRNP R binding to the β-actin mRNA 3’-UTR is lost
in primary motor neurons derived from severe SMA mice, leading to defects in β-actin
transport to the growth cone. This proposed mechanism is supported by a number of
studies have demonstrated the SMN complex to be partially localized to axons and
growth cones in cultured neurons without Sm proteins (Sharma et al., 2005; Zhang et al.,
2006; Zhang et al., 2003). Furthermore, live cell imaging showed that fluorescentlytagged SMN exhibited rapid, bidirectional, cytoskeletal-dependent movements consistent
with motor protein-dependent fast axonal transport (Fallini et al., 2010; Zhang et al.,
2003). Disruptions in SMN axonal function would be expected to result in reduced
expression of specific genes in the growth cone, leading to alterations in axon and
synapse biology. For example, primary motor neurons from SMA mice have been shown
to have altered distribution of the Cav2.2 Ca2+ channel, which results in
electrophysiological disturbances including loss of Ca2+ transients (Jablonka et al., 2007).
In addition to β-actin, SMN deficiency has also been recently shown to regulate
the expression and subcellular localization of the cpg15/neuritin mRNA (Akten et al.,

!

!

69!

2011; Hubers et al., 2011) which encodes a protein involved in neurite outgrowth, axon
regeneration, axon branching, and neuromuscular synaptogenesis. Cpg15 mRNA is
bound by HuD and stabilizes the transcript (Wang et al., 2011). Interestingly, HuD and
KSRP, members of a family of RNA-binding proteins that regulate mRNA expression
and function, have recently been shown to interact with SMN (Akten et al., 2011; Fallini
et al., 2011; Hubers et al., 2011; Tadesse et al., 2008), suggesting a potential a role for
SMN in mRNP assembly and transport. Interestingly, SMN, HuD, and cpg15 mRNA all
colocalize in motor neuron axons. Furthermore, cpg15 levels are significantly reduced
upon SMN knockdown and cpg15 overexpression partially rescued axonal defects in
SMN-deficient zebrafish embryos (Akten et al., 2011). Indeed, future studies may reveal
that β-actin and cpg15 are two examples of transcripts whose expression and localization
to axons may be disrupted by SMN deficiency.
To date, the precise activity of SMN in neuronal mRNA localization has remained
elusive. Furthermore, there are some inconsistencies with the hypothesis that disruption
of SMN axonal function contributes to SMA. For one, the findings of impaired growth
cone development and axonal pathfinding in cultured primary motor neurons from severe
SMA mice are not observed in vivo. Motor axons were examined in severe SMA
embryos and in neonates and showed no patterning abnormalities (McGovern et al.,
2008). Thus, SMA in the mouse does not result from incorrect development or outgrowth
of motor axons. Interestingly, a recent mouse model with motor neuron-specific ablation
of β-actin showed that β-actin is not required for the viability or function of motor
neurons in vivo (Cheever et al., 2011). Indeed, while several studies have shown that
SMN is localized to axons, there is no mechanistic understanding to date as to what SMN
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does in this cellular compartment and if it is in fact separate from its role in snRNP
assembly. It is possible that the defects in axonal function observed in these studies could
in fact be due indirectly to splicing defects in transcripts that are important for axonal
growth and pathfinding, resulting in defects in their expression and function. Thus,
conclusive evidence that a specific axonal role for SMN is critically disrupted in SMA
remains to be established.

1.9. Hypothesis to be addressed into the following chapters
As investigation into the cellular functions of SMN continues, a pattern begins to
emerge. In each case that has been described thus far, SMN appears to exert its multiple
functions by interacting with RNA-binding proteins that are components of various
cellular RNPs (Figure 1.17). Thus, the function of SMN in RNP metabolism may not be
limited to the assembly of spliceosomal snRNPs, In this dissertation, I explore the extent
to which SMN is required for the assembly of other cellular RNPs. I use the data to
address my hypothesis that the SMN complex is a general macromolecular assembly
machine used by cells for the formation of Sm/LSm cores on target RNAs that function
in diverse cellular pathways.
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ncRNA

Function

Transcription
7SK RNA
RNA processing and
modification

P-TEFb-mediated transcription-elongation control

U snRNAs

Pre-mRNA splicing

U7 snRNA
C/D snoRNAs

Histone pre-mRNA 3'-end formation
2' O-methylation of rRNAs, snRNAs, and tRNAs; rRNA
processing

H/ACA snoRNAs

Pseudouridylation of rRNAs and snRNAs; rRNA processing

RNase P RNA

pre-tRNA maturation (5'-end cleavage)

RNase MRP RNA

pre-rRNA processing, mitochondrial DNA replication

Translation
tRNA

mRNA translation

rRNA

ribosomal structure and function

Protein trafficking
SRP RNA

Protein translocation to the endoplasmic reticulum

Regulation of gene expression
siRNAs
miRNAs
piRNAs

Gene silencing: cleavage of RNAs derived from viruses,
retroelements and repeat sequences
Gene silencing: translational repression or cleavage of target
mRNAs
Gene silencing: mammalian germline silencing of repeat
transcripts

Genomic stability
Telomerase RNA

Telomere synthesis

Figure 1.1. Summary of different classes of non-coding RNAs and their functions.
Adapted from Matera et al., 2007.
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Figure 1.2. The spliceosomal cycle in pre-mRNA splicing. The assembly of the
spliceosome is a step-wise process that involves several small nuclear ribonucleoprotein
particles (snRNPs) and many auxiliary factors, the vast majority are not depicted here for
simplicity. The end result of pre-mRNA splicing is the ligation of two exons with the
formation of a lariat intron byproduct. 5’SS = 5’ splice site; 3’SS = 3’splice site; A =
branch point adenosine; Y10-12 = polypyrimidine tract.
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Figure 1.3. Known Sm/LSm containing complexes. Schematic representation of known
cores. The order of the Sm core is defined based on Kambach et al. 1999 and that of the
LSm core is based on homology and known interaction data (Salgado-Garrido et al. 1999;
Fromont-Racine et al. 2000). The order of the non-mammalian cores are based on
interactions known to occur in other LSm complexes though no data exists to support
these configurations. Hfq is a bacterial protein that is found in homohexameric
complexes that function in a wide variety of RNA processing pathways (Wilusz and
Wilusz 2005).
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Figure 1.4. Structure of the Sm core and the Sm fold motif. (A) Ribbon structure of the
Sm core (reproduced from Kambach et al. 1999). The Sm proteins form a sevenmembered ring with their RNA-binding domains facing the central pore and interact with
each other through their respective β4 and β5 strands. (B) Crystal structure of the SmD1
subunit (reproduced from Khusial et al. 2005). The five β strands of the Sm fold are
labeled as well as the RNA-binding pocket formed by the K1 and K2 knuckles. In
addition, the Asp37 and Arg67 conserved residues are indicated.
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snRNP

Sm/Lsm Proteins

U4/U6specific

U4/U6/U5
-specific

SR140

20K

27K

CHERP

90K

65K

U2AF

60K

110K

U1

U2

U4

U5

U6

B/B'

B/B'

B/B'

B/B'

LSm2

D1

D1

D1

D1

LSm3

D2

D2

D2

D2

LSm4

D3

D3

D3

D3

LSm5

E

E

E

E

LSm6

F

F

F

F

LSm7

G

G

G

G

LSm8

U1-A

U2-A'

15.5K

15K

p110

U1-C

U2-B''

61K

40K

U1-70K

SF3a

100K

SF3b

102K

P14

116K

SF2/ASF

200K

hPrp5

220K

hPrp43
Specific Proteins

Hsp60
Hsp75
PUF60
SPF45
SPF31
BRAF35

Figure 1.5. Known composition of the major spliceosomal snRNPs in humans. Based on
Patel and Bellini 2008.
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Figure 1.6. The snRNP biogenesis pathway (reproduced from Pellizzoni, 2007). The
best-characterized function of the SMN complex is in the assembly of spliceosomal
snRNPs. This pathway requires the activity of a number of auxiliary factors and takes
place in the nucleus and the cytoplasm. In the cytoplasm, the SMN complex mediates the
ATP-dependent assembly of the heptameric ring of Sm proteins around the Sm site of
snRNAs. The SMN complex ensures that Sm cores are assembled only on the correct
RNA targets, thus acting as a chaperone of RNP assembly by increasing the efficiency
and specificity of Sm binding to snRNAs (Pellizzoni et al., 2002)
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Figure 1.7. Schematic illustration of the survival motor neuron (SMN) complex
(reproduced from Pellizzoni 2007).
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Figure 1.8. Interactions of Gemin and unrip proteins outside of the SMN complex.
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Figure 1.9. SMN-interacting proteins.
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Figure 1.10. Known human diseases that result from dysfunction of RNA-binding
proteins or from RNA gain-of-function (adapted from Lukong et al. 2008). Of note is that
the overwhelming majority of these diseases result in neurological disorders, which
speaks the important role that RNA processing plays in the maintenance of proper
neuronal function. ALS = amyotrophic lateral sclerosis; POMA = paraneoplastic
opsoclonus myoclonus ataxia; OPMD = oculopharyngeal muscular dystrophy; MOPD I =
microcephalic osteopathic primordial dwarfism type I.
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Figure 1.11. Schematic of the SMN mRNA, protein domains, and known missense
mutations found in SMA patients. Missense mutations are classified by the clinical
severity associated with each mutation as described in Burghes and Beattie 2009.
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Figure 1.12. A C6T transition in exon 7 profoundly affects the splicing pattern of SMN2.
The survival motor neuron genes SMN1 and SMN2 have an identical structure and only
vary from one another by five nucleotides (Wirth, 2000). The single-nucleotide change in
exon 7 results in ~90% of SMN2-derived transcripts lacking exon 7, resulting in the
production of the truncated SMNΔ7 protein which exhibits severely decreased
oligomerization efficiency and stability (Pellizzoni et al. 1999; Lorson et al. 1998). Thus,
SMN2 is unable to compensate for deletion or mutation of SMN1, resulting in disease.
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Figure 1.13. Schematic of known exon 7 regulatory factors. Exon 7 is denoted in red
with capitalized letters while introns are depicted with lower case lettering. Factors that
promote the inclusion of exon 7 are depicted in orange while those that promote exon 7
skipping
!

are

indicated

in

blue.
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Figure 1.14. Histopathologic tetrad of Type I SMA (reproduced from Chou and Wang
1997). (A) A chromatolytic motor neuron with peripheralization of nucleus and Nissl
granules, with normal spinal motor neurons around. Bar = 32 µm. (B) Empty-cell beds
(arrows) approximately the same size to the lone chromatolytic motor neuron at the
bottom of frame. Bar = 32 µm. (C) Migratory motor neurons (arrow heads) along the
axonal pathways of spinal motor neurons including the anterior spinal nerve roots (ASR).
Bar = 46 µm. (D) Transverse section of anterior spinal nerve roots showing cylindrical
glial bundles with prominent astroglial nuclei aligned parallel to myelinated axons. Bar =
14 µm.
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Genotype

Severity

SMN

-/-

++++

SMN

+/-

+

-/-

+/+

+ to +++

-/-

+/+

+ to +++

-/-

+/+

SMN ; SMN2

SMN ; SMN2

SMN ; SMN2 ;
+/+
SMNdelta7
-/-

+++

+
+

+/+

SMN ; SMN2 ;
+/SMN1(VDQNQKE)

SMN

Gradual age-dependent loss of motor neurons
Transgene includes human SMN2, SERF1, and
part of NAIP
Transgene copy number correlates with
disease severity, ranging from death in 1 week
to normal survival.
Transgene containing only the SMN2 locus
Transgenecontaining human SMNd7, the
predominant isoform produced by SMN2

Schrank et al. 1997
Jablonka et al.
2000
Hsieh-Li et al. 2000

Monani et al. 2000
Le et al. 2005

Mean lifespan: 13.3 days

+/-

SMN ; SMN2 ;
+/SMN1(A2G)
-/+/SMN ; SMN2 ;
+/SMN1(A111G)
-/-

References
Embryonic death occurs prior to uterine
implantation.

2B/-

+++

++

Mean lifespan: 227 days
Mean lifespan: >1 year with no obvious
phenotype
Transgene containing SMN1 Exons 1-6 +
additional motif that rescues axon defects in
zebrafish.
Lifespan: 7 days
SMN transgene harboring three nucleotide
substitutions within the exonic splicing
enahncer of exon 7.

Monani et al. 2003
Workman et al.
2009
Workman et al.
2009

Bowerman et al.
2009

Mean lifespan: 28 days

SMN

SMN

F7/d7

F7/d7

; NSE-Cre

; HSA-Cre

+

+

++

SMN

F7/F7

; HSA-Cre

+

+

SMN

F7/F7

; NSE-Cre

+

++

SMN

F7/F7

+

SMN
+
Cre

F7/-

-/-

; Alfp-Cre

++++

+/+

; SMN2 ; Olig2-

+/+

SMN ; SMN2 ; PrP-SMN
"
-/+/+
SMN ; SMN2 ; HSASMN
"
-/+/+
SMN ; SMN2 ;
+/+
res/res
SMNdelta7 ; SMN
;
ChAT-Cre
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++

+

+"
""
+++"
""
++"

Cre-loxP-mediated deletion of SMN exon 7 in
neuronal tissue.
Mean lifespan: 25 days
Cre-loxP-mediated deletion of SMN exon 7 in
myoblasts and post-mitotic myotubes of
skeletal muscle.
Mean lifespan: 33 days
Cre-loxP-mediated deletion of SMN exon 7 in
myoblasts and post-mitotic myotubes of
skeletal muscle.
Cre-loxP-mediated deletion of SMN exon 7 in
neuronal tissue.
Mean lifespan: 31 days
Cre-loxP-mediated deletion of SMN exon 7 in
hepatocytes.

Frugier et al. 2000;
Cifuentes-Diaz et
al. 2002

Cifuentes-Diaz et
al. 2001

Nicole et al. 2003
Ferri et al. 2004

Vitte et al. 2004

Causes late embryonic lethality at E18
Cre-loxP-mediated deletion of SMN exon 7 in
Park et al. 2010
motor neuron progenitor cells.
~70% of mutants survived to 12 months but were
distinguishable from controls
Selective expression of SMN predominantly in
neuronal tissue with trace expression in muscle
Gavrilina et al. 2008
and liver.
Mean lifespan: 210 days
Selective expression of SMN exclusively in
muscle cells.
Mean lifespan: 3.5 days
Selective Cre-loxP-mediated expression of
SMN in motor neurons.

""
Gavrilina et al. 2008
""
Martinez et al. 2012
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"
-/+/+
SMN ; SMN2 ;
+/+
res/res
SMNdelta7 ; SMN
;
MyoD-Cre
"
-/+/+
SMN ; SMN2 ;
+/+
res/res
SMNdelta7 ; SMN
;
Myf5-Cre
"
-/+/2BSMN ; SMN2 ; SMN
Neo/2B-Neo
; Hb9-Cre
"
-/+/+
SMN ; SMN2 ;
+/+
SMNdelta7 ; ROSA26+/+
rtTA ; Luci-Tre-SMN
"
-/+/+
SMN ; SMN2 ;
+/+
res/res
SMNdelta7 ; SMN

""
++"
""
++"
""
+++"
""

Mean lifespan: 23 days.
Cre-loxP-mediated expression of SMN in
muscle progenitor cells, brain, heart.
Mean lifespan: 19 days
Cre-loxP-mediated expression of SMN in
muscle progenitor cells, DRGs
Mean lifespan: 21 days
Inducible expression of SMN in motor neurons.
Significant improvement of motor phenotype.
Mean lifespan: 12 days

+"to"++"

""
Martinez et al. 2012
""
Martinez et al. 2012
""
Gogliotti et al. 2012
""
Le et al. 2011

Doxycycline-induced SMN in all tissues.
""

Restoration of SMN levels by P3 leads to mean lifespan > 150 days.

+ to +++

Tamoxifen-induced Cre-loxP-mediated
restoration of SMN.
Restoration at day 4 leads to mean lifespan >
250 days. Later restoration results in fewer
gains.

Lutz et al. 2011

Figure 1.15. Mouse models used to study SMA (adapted from Sleigh et al. 2011).
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Figure 1.16. Cellular pathology in mouse models of SMA. (A) Motor neuron loss in
SMNΔ7 mice (from Mentis et al. 2011). L1 spinal cord sections from P4 WT and SMA
mice showing significant loss of ChAT+ motor neurons. (B) Presynaptic NMJ defects in
severe SMA mice (from Kariya et al. 2008). Representative images of NMJs in the
gastrocnemius muscle of SMNΔ7 mice and a control littermate. The pre-synaptic
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compartment is illustrated by NF and SV2 staining (green) while motor endplates are
denoted by rhodamine-α-bungarotoxin staining (red). (C) Reduction in proprioceptive
input to L1 motor neurons in SMA mice (from Mentis et al. 2011). Z stack projections of
confocal images of retrogradely labeled P4 motor neurons (blue) and VGlut1+ synaptic
boutons (green) from WT and SMNΔ7 mice. (D) SMA mice exhibit hypomorphic,
atrophied muscle fibers (from Bowerman et al. 2012). Cross-sections of tibialis anterior
muscles from WT and SMN2B/- mice stained with hematoxylin and eosin.
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Figure 1.17. RNA and protein targets of the SMN complex. Schematic representation of
the SMN complex with its core subunits and of known Sm/LSm protein rings. Solid and
dotted arrows indicate known and potential RNA-protein and protein-protein interactions.
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Chapter 2. The 4.5SH RNA is a novel target of SMN function in RNP
assembly

Introduction
2.1. Evolution of non-coding RNAs
One prevailing view for how life on Earth began centers on the so-called “RNA
world” hypothesis. This hypothesis posits that self-replicating RNA molecules were the
precursors to life as we know it today, which is based on DNA, RNA and proteins.
Although the term “RNA world” was originated by Gilbert (Gilbert, 1986), the idea of
RNA as a precursor molecule to life had been raised earlier by several scientists (Crick,
1968; Orgel, 1968; Woese, 1967). Indeed, many characteristics of RNA lend support to
the idea of RNA as the initial primordial molecule to life, including the fact that it is able
to store and replicate genetic information as well as generate enzymatic activity in the
form of ribozymes (Guerrier-Takada et al., 1983; Kruger et al., 1982).
It is widely believed that the transition from an RNA world to the world of
contemporary biochemistry proceeded along the following path (Cech, 2012). In the
primordial world, many complex organic molecules were produced by stochastic
chemistry. However, these all died out because they failed to be self-replicative.
Eventually, molecules that were able to self-replicate were produced and these selfreplicating systems evolved to become RNA. Thus, the RNA world was formed. Proteins
that were large enough to have useful function likely came about only after RNA was
able to catalyze either peptide ligation and amino acid polymerization. As this protein
rich environment developed, an “RNP world” was founded and later on DNA took over
!
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as the primary means of genetic coding. Indeed, the last universal common ancestor
already had a DNA genome and carried out catalysis using a host of protein enzymes,
RNP enzymes (i.e. the ribosome) and ribozymes.
Although contemporary biology involves the delicate interplay of RNA, DNA,
and proteins, the recent discovery that substantial amounts of our genome are not devoted
to protein-coding mRNA production but transcribed into non-coding RNA (ncRNA)
indicates that in many ways we are still living in an RNA-dominant world. The emerging
view is that ncRNAs have critical roles in the regulation of gene expression and genome
function at multiple levels (Kim et al., 2009; Mattick and Makunin, 2006; Mercer et al.,
2009). While some of these ncRNAs emerged as functional molecules fairly early on in
evolution - and they can be regarded as direct descendants of the constituents of the RNA
world - most ncRNAs are thought to have evolved recently.
A hallmark of ncRNAs in current biology is their association with specific sets of
proteins to form either stable or dynamic ribonucleoprotein complexes (RNPs). RNA
binding proteins have had a critical role in the evolution and functional diversification of
ncRNAs (Hogg and Collins, 2008). One proposal that has been put forth is that the rich
diversity in RNA-protein interaction modes evident in modern organisms in fact
facilitates ncRNA gain of function in the context of RNPs (Hogg and Collins 2008).
RNA-protein interactions facilitate ncRNA gain of function in several ways
illustrated by well-studied cellular RNPs. For example, ncRNAs that are able to scaffold
proteins due to their secondary structure can acquire cellular functions by increasing the
number of proteins in a single macromolecular assembly. Thus, the ncRNA itself drives
the formation of larger RNP complexes. An example of this is a recently discovered
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component of the heat shock pathway, termed heat shock RNA 1, which functions by
trimerizing the heat shock transcription factor, HSF1, which stimulates its function
(Shamovsky et al., 2006).
ncRNA gain of function in the context of RNPs can also be attributed to base
paired interactions. Though any transcript has the intrinsic ability to hybridize to a
suitable complementary target, base pairing in the RNP context provides opportunities for
improved hybridization specificity and new functions in diverse cellular pathways.
Guide-sequence divergence can expand the repertoire of RNP hybridization targets, while
sequence changes in other regions of the ncRNA can lead to the recruitment of novel
protein factors to accrue additional functions for the RNP (Hogg and Collins, 2008). The
small nucleolar RNAs (snoRNA), which function as guide RNAs for the posttranscriptional modification of ribosomal RNA (Matera et al., 2007) are a classical
example of this phenomenon. snoRNAs share motifs that allow for the recruitment of a
conserved set of proteins but differ in their guide sequences, leading to target specificity.
Additionally, a subset of the snoRNA family possesses an additional RNA motif, the
CAB box, which mediates their subcellular localization to Cajal bodies instead of the
nucleolus (Jady et al., 2004). Instead of functioning to modify ribosomal RNAs, these
small Cajal body RNAs (scaRNAs) modify small nuclear RNAs (snRNAs) that function
in pre-mRNA splicing (Jady et al., 2003).
Furthermore, RNA-protein action can lead to ncRNA gain-of-function by
increasing the efficiency of an RNA-mediated catalytic reaction. The spliceosome, made
up of hundreds of protein factors and five RNA components, is one of the most complex
RNPs in the cell (Wahl et al., 2009). At its catalytic core are the U2 and U6 snRNAs,
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which play critical roles in the catalysis of the splicing reaction (Wahl et al., 2009).
Surprisingly, a protein-free complex of U2 and U6 is able to catalyze the splicing of an
RNA substrate (Valadkhan and Manley, 2001). However, the kinetics of the reaction are
very slow, suggesting that protein co-factors that interact with these ncRNAs are
necessary for increasing the efficiency of this reaction. Thus, ancient RNA-protein
interactions likely played a key role in the recruitment of snRNAs to their present roles
within the spliceosome.
While many other mechanisms of ncRNA gain-of-function facilitated by their
association with RNA-binding proteins exist, these examples serve to illustrate the
importance that RNPs have played in the evolution of gene regulation and the critical role
of RNP assembly in the functional diversification of ncRNAs.

2.2. Evolutionarily recent species-specific ncRNAs derived from short interspersed
nuclear elements (SINEs)
While several ncRNAs exhibit an ancient heritage - the result of billions of years
of evolution - many species-specific ncRNAs have a recent evolutionary origin. One
prominent example is provided by species-specific RNAs derived from short interspersed
nuclear elements (SINEs) (Kramerov and Vassetzky, 2005).
SINEs are members of a group of retrotransposons responsible for the millions of
DNA repeats that populate the genomes of higher eukaryotes. Members of the
retrotransposon family include the LTR-transposons - which resemble retroviruses in that
they have long terminal repeats (LTRs) with open reading frames encoding proteins
necessary for retropositional activity - and the long interspersed nuclear elements
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(LINEs) - which lack LTRs but encode similar activities (Kramerov and Vassetzky,
2005). SINEs are non-autonomous retroposons that do not encode proteins required for
positional activity and are dependent on the replication machinery of autonomous
transposons such as LINEs. However, once an active SINE is incorporated into the
genome, it is passed down to all its descendants. Thus, recently evolved SINEs are often
found in a narrow phylogenetic range.
SINEs were discovered more than 30 years ago (Jelinek et al., 1980) with the
cloning and sequencing of the primate Alu element (Daniels and Deininger, 1983;
Deininger et al., 1981) and the rodent B1 and B2 elements (Haynes and Jelinek, 1981;
Haynes et al., 1981; Krayev et al., 1980; Krayev et al., 1982). Remarkably, 11% of the
human genome is composed of Alu SINEs and the mouse genome contains
approximately 5.5 x 105 B1 and 3.5 x 105 B2 SINEs (Lander et al., 2001; Waterston et
al., 2002). SINEs contains an internal RNA polymerase III (Pol III) promoter and
encodes a small ncRNA, which is exported to the cytoplasm, retrotranscribed using LINE
machinery, imported back into the nucleus and ultimately incorporated into the genome.
For many years after their discovery, SINEs were seen as essentially selfish, selfreplicating pieces of DNA - popularly termed “junk DNA” - with no biological function.
However, recent evidence has challenged this view highlighting a variety of functions for
SINE RNAs in critical cellular processes such as gene expression and alternative
splicing.
The rodent-specific B2 RNA and the human-specific Alu RNA, which have been
recently shown to be play an integral role in the regulation of RNA polymerase II
transcription in the setting of heat shock (Espinoza et al. 2004; Allen et al. 2004; Mariner
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et al. 2008), constitute two prominent examples of this situation. The human Alu RNA is
an approximately ~300 nucleotide-long transcript composed of two arms that are related
in sequence and structure to the 7SL RNA, the RNA moiety of the signal recognition
peptide involved in the translocation of nascently translated peptide into the lumen of the
endoplasmic reticulum (Schmid and Jelinek, 1982). The B2 RNA is a ~185 nucleotidelong transcript derived from tRNAAla that does not share homology with the Alu RNA
either in sequence or in structure. B2 and Alu RNAs are both transcribed by RNA
polymerase III in a tightly regulated fashion. In particular, the expression of these
ncRNAs is upregulated following various cellular stresses such as heat shock (Li et al.,
1999), translational inhibition (Liu et al., 1995), and DNA damage (Rudin and
Thompson, 2001). Consistent with a role in the cellular response to stress, B2 and Alu
RNAs are involved in the repression of mRNA transcription in the setting of heat shock
(Espinoza et al., 2004; Mariner et al., 2008). Normally, the cell responds to heat shock by
upregulating a number of transcripts that are critical for its survival (i.e. heat shock
proteins and other chaperones), while downregulating other transcripts that are nonessential for stress response (i.e. actin). Surprisingly, knockdown of B2 and Alu RNAs
using anti-sense oligonucleotides resulted in the continued expression of certain
transcripts that are normally repressed after heat shock (Allen et al., 2004; Espinoza et al.,
2004; Mariner et al., 2008). B2 RNA and Alu RNA bind directly to RNA polymerase II
(Pol II) and co-localize with the promoters of transcriptionally repressed genes in heat
shocked mouse and human cells, where they are able to repress transcription by
disrupting the contacts between Pol II and the DNA promoter (Yakovchuk et al., 2009).

!

!

96!

Thus, SINE-derived RNAs play important roles in transcriptional regulation of the
cellular response to stress.
Alternative splicing is another cellular process in which SINE-derived RNAs have
been shown to function. Alternative splicing greatly increases the complexity of the
transcriptome as it allows for the production of multiple mRNAs from a single premRNA transcript (Keren et al., 2010). Recently, it has been shown that Alu RNAs
embedded within Pol II transcripts can influence alternative splicing (Lin et al., 2008b).
Alu RNAs are present in over 5% of alternatively spliced exonic regions (Grover et al.,
2004). Most of these Alu sequences occur in non-conserved alternatively spliced exons,
potentially allowing the production of novel protein isoforms and their subsequent
evolutionary selection. Alu sequences are able to influence alternative splicing because
both their sense and anti-sense strands contain potential 5’ and 3’ splice sites. This
feature enables previously intronic Alu elements to become exonized through alternative
splicing (Sorek, 2007). A recent study provided evidence for Alu exonization in multiple
human genes as well as tissue-specific regulation of Alu-mediated alternative splicing
(Lin et al., 2008b). Thus, Alu-derived alternative exonization may have contributed and
likely still is contributing to primate evolution.
Neuronal functions of SINE-derived RNAs have also emerged. The mousespecific BC1 RNA and the human-specific BC200 RNA (Tiedge et al., 1993; Tiedge et
al., 1991) are specifically expressed in neuronal tissue and function in the control of
translational initiation in dendrites (Lin et al., 2008a). Specifically, these ncRNAs appear
to inhibit the formation of the 48S pre-initiation complex via interactions with eIF4A and
the poly(A) binding protein (Wang et al., 2002). Translational control mediated by BC1
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RNA has been shown to be important in the regulation of neuronal excitability. Indeed,
BC1 knockout mice exhibited increased group I metabotropic glutamate receptordependent synthesis of select synaptic proteins (Zhong et al., 2009). These changes result
in neuronal metabotropic glutamate receptor-mediated hyperexcitability, which presents
in the form of epileptogenic neuronal responses and generalized seizures in response to
auditory stimulation (Zhong et al., 2009; Zhong et al., 2010). Additionally, BC1 RNA has
been reported to bind directly to the fragile X mental retardation protein (FMRP) - a
translational repressor at synapses - and to promote the ability of FMRP to bind to its
target mRNAs (Zalfa et al., 2003). However, the direct binding of BC1 to FMRP has
been recently put into question (Iacoangeli et al., 2008). The human-specific BC200
RNA was shown to be upregulated in brains of Alzheimer’s patients relative to normal
individuals and its upregulation was specific to brain areas affected by disease (Mus et
al., 2007), suggesting that deregulated translation of dendritic mRNAs may participate in
the development of disease.
Those described above are only but a handful of examples of the diversity of
function and biological relevance of ncRNAs of recent evolutionary origin. Furthermore,
the species- and tissue-specificity of several of these ncRNAs reflects the specialized
roles that they have been recruited to play in their respective cellular environments.
Moreover, it is highly likely that pre-existing RNP assembly machines were the driving
force for the gain-of-function and stabilization of these recently evolved transcripts by
bringing them together with their protein partners.
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2.3. The 4.5SH RNA
Many other SINE-derived ncRNAs beyond those discussed above have been
identified, but most have yet to be ascribed a function. One such RNA is the rodentspecific 4.5SH RNA. The 4.5SH RNA was discovered nearly 35 years ago as a 95
nucleotide-long ncRNA that could be isolated is association with nuclear and cytoplasmic
polyadenylated mRNAs from cultured Chinese hamster ovary cells or from viral
genomes of infected cells (Harada et al., 1979; Jelinek and Leinwand, 1978). The 4.5SH
gene has an unusual genomic organization. 4.5SH genes in the mouse and rat can be
found in tandem repeat arrays approximately 4.2 kb and 5.5 kb in length, respectively
(Schoeniger and Jelinek, 1986) (Figure 2.1). In the mouse, there are 850 copies of these
tandem repeats per haploid genome accounting for 3 x 106 base pairs, or approximately
0.1% of the mouse genome (Schoeniger and Jelinek, 1986). 4.5SH RNA genes and
pseudogenes can also be found scattered throughout the genome outside of tandem
repeats in similar copy numbers (Kraft et al., 1992). Although the tandem arrays are
heterogeneous in sequence both in the same organism and between species, the coding
region of the 4.5SH RNA exhibits significant interspecies conservation (84-98%). The
organization of the 4.5SH RNA genes into tandem arrays is a characteristic shared with
the 5S ribosomal RNA (rRNA) as well as a number of small nucleolar RNA (snoRNA)
genes (Cavaille et al., 2000). This strongly suggests that the 4.5SH RNA is under selective
pressure to be retained and performs some important cellular function.
The 4.5SH RNA is found in a relatively narrow phylogenetic range, distributed in
only six rodent families. Considering paleontological and molecular data on these rodent
families, it is thought that the 4.5SH RNA must have evolved approximately 50-85
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million years ago (Gogolevskaya et al., 2005). Since it emerged relatively recently in
evolutionary history, it is hypothesized that the 4.5SH RNA is involved in conditional
events, such as an additional defense against parasites or as part of stress responses,
consistent with what has been recently discovered about other SINE RNAs. The 4.5SH
RNA is thought to be derived from a copy of an ancient SINE called pB1d10, which is
itself related to the B1 SINE (Quentin, 1994). Importantly, since the parent pB1d10 SINE
is considered non-functional (Gogolevskaya et al., 2005), the emergence of the
presumably functional 4.5SH RNA from a previously non-functional SINE is an example
of molecular exaptation or recruiting.
The 4.5SH RNA has also been shown to be homologous to various viral origins of
replication (Jelinek et al., 1980) and to the splice junction of 16S late simian virus 40
mRNA (Ohshima et al., 1981). In addition, the 4.5SH RNA was able to be crosslinked to
cytoplasmic poly(A) RNAs in cultured mouse cells, leading to the hypothesis that this
ncRNA may be involved in transport of poly(A)-containing transcripts (Schoeniger and
Jelinek, 1986). However, a definitive role in pre-mRNA splicing or mRNA transport
could not be confirmed. More recently, the 4.5SH RNA was found to crosslink with at
least nine proteins, two of which were identified as nucleolin and La (Hirose and Harada,
2008). Though these observations do not establish a cellular function for this transcript,
4.5SH function is likely performed in concert with protein partners as an RNP.
As discussed earlier, it is thought that the acquisition of non-coding RNA function
is facilitated by its interaction with protein partners in the context of RNPs. RNP
assembly is often mediated by chaperones that are able to bring individual RNP
constituents together in an energetically favorable manner (Matera et al., 2007; Yong et
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al., 2004). The SMN complex has emerged as one of the best examples of RNP
chaperones based on its ability to mediate the efficient and specific assembly of
spliceosomal snRNPs by bringing together snRNAs with a heptameric core of Sm
proteins to form functional RNPs active in pre-mRNA splicing. Observations that SMN
interacts with a number of proteins that are known to be active as part of RNPs in a
variety of cellular pathways (see Introduction) have led to the hypothesis that the SMN
complex may serve as a general assembly machine for cellular RNPs. To address this
hypothesis, I sought to determine the repertoire of ncRNAs associated with the SMN
protein in mammalian cells.
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Results
2.4. The 4.5SH RNA associates with the SMN complex
To identify novel ncRNA targets of the SMN complex, I carried out RNA coimmunoprecipitation experiments using whole extracts from mouse embryonic stem (ES)
cells and a previously characterized monoclonal antibody against SMN (Carissimi et al.,
2005). Mouse immunoglobulins were used as a negative control in these experiments.
The immunoprecipitated RNAs were subsequently 3’ end-labeled with [32P]pCp and
analyzed by denaturing gel electrophoresis followed by autoradiography. This analysis
revealed that an unknown 95 nucleotide-long RNA species was specifically and robustly
co-immunoprecipitated by SMN antibodies in addition to several snRNAs (Figure 2.2A).
Next, this RNA was gel purified, amplified following ligation of 5’ and 3’ linkers, cloned
and sequenced (see Materials and Methods for further experimental details) in order to
determine its identity. These experiments identified the 95-nucleotide RNA as the 4.5SH
RNA (Figure 2.2B), a small rodent-specific RNA polymerase III SINE-related transcript
(Schoeniger and Jelinek 1986).
To validate the association of the 4.5SH RNA with SMN, I carried out
immunoprecipitation experiments with anti-SMN antibodies from mouse ES cell extracts
followed by Northern blot analysis. This experiment showed that the 4.5SH RNA is
specifically co-immunoprecipitated by SMN whereas the 5S rRNA is not (Figure 2.3A).
Further analysis by real-time quantitative PCR (RT-qPCR) showed that the 4.5SH RNA is
co-immunoprecipitated by SMN as efficiently as U1 snRNA (Figure 2.3B). Several
abundant RNA polymerase III transcripts such as 7SL RNA, U6 snRNA, and 5S rRNA
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were not found in SMN immunoprecipitates, further highlighting the specificity of SMN
association with the 4.5SH RNA.
Next, to determine whether the 4.5SH RNA is associated with SMN in the context
of the SMN complex, I performed immunoprecipitation experiments from mouse ES cell
extracts with antibodies directed against Gemin2, Gemin4 and Gemin6 as well as SMN.
Northern Blot analysis of the immunoprecipitated RNAs revealed that the 4.5SH RNA is
associated with all the core components of the SMN complex tested (Figure 2.3C). The
efficiency of 4.5SH RNA immunoprecipitation was similar to that of U1 snRNA and
roughly proportional to the level of SMN immunoprecipitated by each antibody.
Together, these results demonstrated that the 4.5SH RNA is associated with the SMN
complex in mouse cells.

2.5. Analysis of the SMN complex association with SINE RNAs
The 4.5SH RNA is part of a large family of small ncRNAs derived from SINEs
that include the rodent-specific B1, B2, and 4.5SI RNAs as well as the human-specific
Alu and small cytoplasmic Alu (scAlu) RNAs (Figure 2.4). Therefore, I sought to
investigate whether the SMN complex associated with other SINE-derived transcripts in
addition to 4.5SH RNA. To do so, I carried out immunoprecipitation experiments with
anti-SMN antibodies using extracts from mouse ES cells and human HeLa cells followed
by Northern blot analysis of the immunoprecipitated RNAs with oligonucleotide probes
specific for members of the SINE RNA family. With the exception of the 4.5SH RNA,
none of the other SINE RNAs tested was co-immunoprecipitated with SMN (Figure 2.5).
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Thus, the SMN complex association with SINE RNAs appears to be specifically limited
to the rodent-specific 4.5SH RNA.

2.6. Cell type-specific regulation of 4.5SH association with the SMN complex
Next, I explored whether the association of 4.5SH RNA with SMN was present in
other cell types. For these experiments, I used three different types of cycling cells such
as NIH3T3 fibroblasts, ES cells and C2C12 myoblasts as well as post-mitotic neurons
and myotubes. For neuronal differentiation, mouse ES cells were differentiated into EBMNs in the presence of retinoic acid and a sonic hedgehog agonist using a wellestablished procedure (Wichterle et al., 2002). EB-MNs contain a large proportion of
neurons (70-80%) half of which are motor neurons. For myogenic differentiation, C2C12
myoblasts were differentiated into myotubes in the presence of serum-free media and
mitotic inhibitors (Blais et al., 2005; Falcone et al., 2003), yielding over 90% postmitotic
myotubes. Equal amounts of whole cell extracts from each of these cell types were
immunoprecipitated with an antibody against SMN followed by both RNA and protein
analysis. Western Blot showed that approximately similar levels of SMN protein were
immunoprecipitated from each cell type (Figure 2.6A). RT-qPCR analysis showed that
4.5SH RNA expression levels varied less than two-fold in extracts from the different cell
types (Figure 2.6B). Remarkably, analysis of the immunoprecipitates revealed much
greater differences in the degree of SMN association with 4.5SH RNA among the cell
types (Figure 2.6C). Consistent with downregulation upon neuronal and myogenic
differentiation, I observed a strong decrease (8 to 10 fold) in the association of SMN with
the 4.5SH RNA in neurons and myotubes relative to their undifferentiated progenitor cells
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(Figure 2.6C). Furthermore, these differences appeared specific to 4.5SH RNA because
similar levels of U1 snRNA were immunoprecipitated from all cell types. Collectively,
these findings represent the first proof-of-principle that association of a ncRNA target of
the SMN complex can be regulated in a cell type-specific manner.

2.7. Direct association of the 4.5SH RNA with the SMN complex via Gemin5
To determine whether the 4.5SH RNA binds directly to the SMN complex, I
carried out in vitro binding experiments using purified SMN complexes and in vitro
transcribed 4.5SH RNA. Native SMN complexes were isolated by affinity
chromatography with anti-Flag antibodies from extracts of HeLa cells stably expressing
Flag-tagged SMN using a well-established procedure (Pellizzoni et al., 2002a) (see also
Materials and Methods). A parallel immunopurification with anti-Flag antibodies from
parental HeLa Tet-ON cells that do not express Flag-SMN was carried out as a negative
control. SDS-PAGE and silver staining of purified SMN complexes revealed the presence
of all known integral constituents of the SMN complex and only minor amounts of SmB
(Figure 2.7A). To analyze the SMN complex binding to 4.5SH RNA, Flag bead-bound
SMN complexes purified from HeLa Flag-SMN (SMN) cells or non-specific proteins
purified from HeLa Tet-ON (control) cells were incubated with in vitro transcribed [32P]labeled 4.5SH RNA and U6 snRNA. In this experiment, U6 was used as a negative
control because it does not interact with the SMN complex in vitro (Yong et al., 2002).
Following extensive washing, bound RNAs were analyzed on a denaturing
polyacrylamide gel followed by autoradiography. As shown in Figure 2.7B, the 4.5SH
RNA interacted efficiently and specifically with purified SMN complexes while the U6
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snRNA did not. These results demonstrated that 4.5SH RNA directly binds to the SMN
complex.
Next, I sought to identify the subunit(s) of the SMN complex that directly contact
the 4.5SH RNA. To this end, in vitro transcribed radioactive 4.5SH RNA was incubated
with purified SMN complexes or non-specific proteins. Reactions were then subjected to
UV-crosslinking and subsequently treated with RNase A prior to SDS-PAGE analysis.
Indirectly labeled protein subunits of the SMN complex were identified by
autoradiography. This experiment revealed the covalent crosslinking of 4.5SH RNA to a
170 kDa protein (Figure 2.7C), which likely corresponds to Gemin5.
Collectively, these experiments showed that the 4.5SH RNA binds directly to the
SMN complex via Gemin5. This is consistent with previous studies that identified
Gemin5 as the subunit of the SMN complex responsible for binding to snRNAs (Battle et
al., 2006).

2.8. The 4.5SH RNA is associated with SmB
In light of the association of the SMN complex with the 4.5SH RNA and the wellestablished role of SMN in mediating Sm core assembly on spliceosomal snRNAs, I
investigated whether Sm proteins bind to the 4.5SH RNA. This possibility was further
supported by evidence for weak crosslinking of the 4.5SH RNA to several proteins with a
molecular weight corresponding to that of Sm proteins (marked with asterisks in Figure
2.7C). To study the 4.5SH RNA association with Sm proteins, I performed
immunoprecipitation experiments with a monoclonal antibody against SmB using mouse
ES cell extracts followed by Northern blot analysis. Remarkably, the 4.5SH RNA was
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robustly and specifically pulled down by the SmB antibody (Figure 2.8A). As expected,
U1 snRNA but not the abundant 5S rRNA was efficiently immunoprecipitated with antiSmB

antibodies.

Furthermore,

none

of

the

RNAs

was

found

in

control

immunoprecipitates with mouse immunoglobulins. These findings demonstrated a novel
association of the 4.5SH RNA with the SmB protein.
SmB is part of a larger family of Sm/LSm proteins that share the characteristic of
forming diverse hetero-heptameric cores. For example, while SmB is one component of
the canonical Sm core associated with spliceosomal U snRNPs, it is also a member of the
mixed Sm/LSm core containing LSm10 and LSm11 proteins specifically bound to the U7
snRNP, which functions in 3’ histone mRNA processing (Pillai et al., 2003).
Additionally, LSm cores containing the LSm2-8 proteins associate with the U6 snRNP
(Achsel et al., 1999) and those containing the LSm1-7 proteins are involved in mRNA
degradation (Tharun et al., 2000). To determine the selectivity of 4.5SH RNA association
with known Sm/LSm cores, I performed immunoprecipitation experiments using mouse
ES cell extracts and monoclonal antibodies against SmB, LSm4 and LSm11 as well as
mouse immunoglobulins as a control. Northern blot analysis revealed that anti-SmB
antibodies efficiently co-immunoprecipitated the 4.5SH RNA as well as U1 and U6
snRNAs (the latter likely due to U6 association with Sm core-containing U4 and U5
snRNPs in higher-order spliceosomal complexes) (Figure 2.8B). In agreement with the
unique composition of its Sm/LSm core, U7 snRNA associated with both SmB and
LSm11 but not with LSm4 (Figure 2.8B). As expected, LSm4 associated with U6 but not
with U1 or U7 (Figure 2.8B). Importantly, 4.5SH RNA was not immunoprecipitated with
either anti-LSm4 or anti-LSm11 antibodies, indicating that this RNA does not associate
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with LSm-containing complexes. To further confirm the specificity of the
immunoprecipitations, 5S rRNA was not immunoprecipitated by any of the antibodies
tested. Taken together, these results demonstrated that the 4.5SH RNA is specifically
associated with SmB, possibly in the context a canonical Sm core.

2.9. Identification of SmB binding sites on the 4.5SH RNA
To identify SmB binding sites on the 4.5SH RNA, I employed iCLIP (individualnucleotide resolution cross-linking and immunoprecipitation) – a well-established method
to study protein-RNA interactions in intact cells and tissues (Konig et al., 2010). To do
so, I collaborated with the laboratory of Dr. Jernej Ule (MRC Laboratories in Cambridge,
England) who pioneered the iCLIP methodology.
Briefly, the iCLIP procedure (depicted in Figure 2.9) involves UV crosslinking of
cells or tissues to form covalent bonds between protein and RNA molecules followed by
RNA

digestion

and

stringent

purification

of

protein-RNA

complexes

via

immunoprecipitation against the protein of interest (SmB in this study). Following
radioactive labeling and ligation of adaptors to the RNA fragment, the RNA-protein
complexes are separated by SDS-PAGE and transferred to a nitrocellulose membrane.
Radiolabeled protein-RNA complexes of the proper size are visualized, excised from the
membrane and treated with proteinase K, which releases the RNA but leaves an amino
acid or short peptide at the crosslink site. RNAs are then reverse transcribed, but cDNAs
are often truncated at the crosslink site. cDNAs are then PCR amplified, analyzed by
high-throughput sequencing and the resulting reads mapped to the reference genome.
Finally, a heat map is generated that corresponds to the number of reads ending at each
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nucleotide position in the sequence of a specific target RNA. These reverse transcription
termination points represent crosslinking sites between the RNA and the protein of
interest.
To map SmB binding sites on the 4.5SH RNA, triplicate iCLIP experiments were
carried out according to the procedure described above using mouse ES cells and
immunoprecipitation with anti-SmB antibodies. Figure 2.10 shows the heat map of SmB
iCLIP data for the 4.5SH RNA as well as the predicted secondary structure of this RNA.
SmB was prominently cross-linked to two main locations on the 4.5SH RNA: i) a GUU
trinucleotide in the loop region of a hairpin structure located at the 3’ end, and ii) a
single-stranded region (GAUUUG) spanning nucleotides 28-33. Interestingly, the
sequence of this region directly contacted by SmB bears resemblance with the Sm site
consensus (PuAU4-6GPu) of spliceosomal snRNAs around which Sm cores are assembled
(Kambach et al., 1999), suggesting that the 4.5SH RNA may associate with Sm proteins
in a similar manner. In conclusion, these experiments identified the direct contacts of
SmB to the 4.5SH RNA and revealed the presence of snRNA-like features in the 4.5SH
RNA that are consistent with its association with an Sm core and a possible role for SMN
in this process.

2.10. Identification of distinct 4.5SH RNP complexes
I sought to characterize the endogenous RNA-protein complexes containing the
4.5SH RNA and their relationship with SMN and SmB proteins. To do so, I first
fractionated mouse ES cell extracts by sucrose gradient centrifugation and then analyzed
the distribution of SMN, SmB and 4.5SH RNA using Western blot and Northern blot.
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This analysis revealed that the 4.5SH RNA is broadly distributed with a significant
proportion being present in complexes up to 20S in size (Figure 2.11A). Most SmB
fractionated in complexes smaller than 20S, consistent with its association with
spliceosomal snRNPs. SMN displayed the expected distribution in macromolecular
complexes between 20S and 80S (Carissimi et al., 2006a). There was partial overlap
between the 4.5SH RNA and SMN and SmB proteins.
To determine which of the 4.5SH RNA-containing complexes comprise SMN
and/or SmB, following sucrose gradient centriguation of ES cell extract, each fraction
was immunoprecipitated with either anti-SMN or anti-SmB antibodies. Western blot and
Northern blot analysis of the SMN immunoprecipitates demonstrated that the 4.5SH RNA
as well as SmB associated with the broad spectrum of SMN complexes from 20S to 80S
(Figure 2.11B). Notably, the large pool of 4.5SH RNA fractionating up to 20S did not
contain SMN, suggesting that the majority of 4.5SH-containing RNPs in the cell are not
associated with the SMN complex. Analysis of SmB immunoprecipitates demonstrated
that most of SmB-associated 4.5SH RNA is found in low-molecular weight complexes
(<20S) that do not contain SMN while a small proportion is found in large (20-80S)
complexes together with SMN and the 4.5SH RNA, consistent with the analysis from
SMN immunoprecipitates (Figure 2.11C). Together these results identified at least two
distinct 4.5SH RNA-containing complexes: (1) a large RNP containing both SmB and
SMN proteins in the context of the SMN complex, and (2) a small RNP together with
SmB. Both complexes also contain nucleolin (data not shown), a recently reported
binding partner of the 4.5SH RNA (Hirose and Harada, 2008). The profile of endogenous
SmB-associated 4.5SH RNA complexes with and without SMN complex shares
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similarities with that of spliceosomal snRNPs, and is consistent with the 20S 4.5SH RNP
representing the end product of SMN-mediated assembly of Sm proteins with the 4.5SH
RNA that may take place within the 20-80S SMN complexes.

2.11. SMN mediates SmB association with the 4.5SH RNA
To investigate the requirement of SMN for the assembly of the 4.5SH RNA with
Sm proteins, I utilized an ES cell line (ES-SmnRNAi) with tetracycline-inducible, RNAimediated knockdown of endogenous Smn mRNA previously developed in the laboratory.
The ES-SmnRNAi cell line was constructed by using the lentiviral constructs described in
Figure 2.12A. First, ES cells were transduced with the pLenti.neo TetR vector that
constitutively express the tetracycline-regulated repressor protein (TetR) under the
control of the PGK promoter followed by antibiotic selection. The resulting stable ES
cells were then transduced with a lentiviral construct (pLenti.pur SmnRNAi) that expresses
a short hairpin RNA (shRNA) against mouse Smn mRNA under the control of a modified
H1 promoter containing the Tet operator (TO) sequences. Under normal conditions, the
constitutively expressed TR repressor protein binds the TO sequences and represses
shRNA expression. Addition of doxycycline to the growth media relieves TR protein
binding and induces shRNA expression. Western blot analysis showed that doxycycline
treatment for four days resulted in a ~10-fold decrease in SMN protein levels with no
change in SmB steady-state levels (Figure 2.12B). An additional ES cell line (ESSMN/SmnRNAi) was generated to control for potential non-specific, off-target effects of
shRNA expression. To do so, the ES-SmnRNAi cell line was transduced with an additional
lentiviral construct (pLenti.hyg hSMN) that constitutively expresses an epitope-tagged
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human SMN cDNA that is resistant to RNAi. Western Blot analysis of ES-SMN/SmnRNAi
cells cultured with and without doxycycline revealed that human SMN is expressed at
lower levels than endogenous Smn (approximately 15%) and it is unaffected by
doxycycline-induced shRNA expression (Figure 2.12B).
To investigate a possible role for SMN in 4.5SH RNP assembly, I analyzed the
effect of SMN deficiency on SmB association with newly transcribed 4.5SH RNA using
pulse-labeling and co-immunoprecipitation experiments. ES-SmnRNAi cells were grown in
the presence or in the absence of doxycycline for 4 days before incubation with 200 uCi
of [32P]-phosphoric acid for 16 hours. I then immunoprecipitated ES cell extracts with an
antibody against SmB and analyzed the labeled RNAs on a denaturing polyacrylamide
gel

(Figure

2.13A).

4.5SH

RNA

and

all

major

snRNAs

were

robustly

immunoprecipitated with anti-SmB antibodies from ES cells with normal levels of SMN,
indicating their efficient assembly into RNPs. Consistent with the established role of
SMN in snRNP biogenesis, association of newly transcribed snRNAs with SmB was
severely reduced by SMN deficiency (Figure 2.13A), while global transcription was not
significantly affected (data not shown). Strikingly, the assembly of the 4.5SH RNA with
SmB was strongly reduced to a degree similar to that seen for U1 (Figure 2.13B).
Importantly, similar experiments performed in ES-SMN/SmnRNAi cells showed that
expression of RNAi-resistant human SMN completely corrected the RNP assembly
defects of both snRNAs and 4.5SH RNA in Smn-deficient ES cells (Figure 2.13A and B).
These findings demonstrated that SMN is required for the formation of the SmBcontaining 4.5SH RNP. Thus, the 4.5SH RNA is a novel target of SMN function in RNP
assembly.
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2.12. SMN expression is required for the stability of the 4.5SH RNA
It has been well established that Sm core assembly on snRNAs is critical for their
stabilization and ultimately their function (Grimm et al., 1993; Jones and Guthrie, 1990).
Since the SMN complex is responsible for the assembly of SmB onto the 4.5SH RNA, I
investigated the effects of SMN deficiency on 4.5SH RNA turnover. To do so, I treated
control and SMN-deficient ES-SmnRNAi cells with actinomycin D to block transcription
and analyzed 4.5SH RNA levels at various time points by Northern blot. Phosphorimager
quantification revealed that the half-life of 4.5SH RNA is approximately 30 minutes in
ES-SmnRNAi cells with normal SMN levels, consistent with the rapid turnover that had
been described previously in other rodent cells (Schoeniger and Jelinek, 1986). SMN
deficiency strongly reduced the half-life of 4.5SH RNA in ES cells to 16 minutes (Figure
2.14A). These results demonstrated that SMN is required for the stability of the 4.5SH
RNA.
Next, I investigated the effect of SMN deficiency on the steady-state expression
levels of 4.5SH RNA. Surprisingly, RT-qPCR analysis revealed that 4.5SH RNA levels
increased approximately ~30% in SMN-deficient ES-SmnRNAi cells relative to control
cells with normal SMN levels (Figure 2.14B). In contrast, SMN deficiency significantly
decreased U1 snRNA levels in agreement with previous studies (Gabanella et al., 2007;
Lotti et al., 2012). Since transcription of SINE-derived RNAs is often upregulated in
response to stress (Li et al., 1999), the observed increase in 4.5SH RNA expression
despite decreased stability might be due to transcriptional upregulation in response to
SMN deficiency. !
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2.13. Discussion
The SMN complex is a large macromolecular machine critical for the assembly of
spliceosomal U snRNPs. To date, no other functions besides snRNP assembly have been
firmly established for the SMN complex, although SMN has been implicated in a number
of additional RNA pathways. In this study, I provide direct evidence that SMN plays a
more general role in RNP assembly that extends to other ncRNAs beyond snRNAs.
Specifically, here I show that the 4.5SH RNA - a SINE-related RNA polymerase III
transcript of unknown function - is a novel ncRNA target of the SMN complex.
Furthermore, the association with SmB identifies the 4.5SH RNA as a novel ncRNA of
the Sm class. Importantly, I demonstrate that SMN is functionally required for the
formation of the SmB-containing 4.5SH RNP and the stability of the 4.5SH RNA, thereby
expanding the repertoire of the RNA substrates of the SMN complex. Based on these
findings and the recent evolutionary origin of 4.5SH RNA, I propose that the SMN
complex might contribute to ncRNA evolution by promoting the incorporation of newly
arising RNAs into stable RNP complexes.
My experiments are consistent with the identification of the 4.5SH RNA as a
novel ncRNA of the Sm class. I demonstrate that the 4.5SH RNA is directly associated
with the SmB protein, which is a member of the canonical Sm core (SmB/B’, D1, D2,
D3, E, F, G) of spliceosomal snRNPs. In contrast, the 4.5SH RNA is associated with
neither LSm4 (a component of the cytoplasmic LSm1-7 ring and the nuclear LSm2-8 ring
associated with the U6 snRNP) nor LSm11 (a component of the hybrid core associated
with the U7 snRNP that also contains SmB) (Figure 2.8B), demonstrating that the 4.5SH
RNA is not associated with any other known Sm/LSm containing complexes. It is
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formally possible that the 4.5SH RNA is associated only with SmB or a subset of Sm
proteins. However, members of the Sm/LSm protein family are rarely associated with
RNAs outside the context of hetero-heptameric cores. The only known exceptions to this
are the scaRNAs and the telomerase RNA, which appear to associate with SmB and
SmD3 only (Fu and Collins, 2006). To definitively conclude that the 4.5SH RNA
associates with a canonical Sm core would require demonstration of its association with
each member of the ring. Unfortunately, I was unable to directly test this due to lack of
available antibodies. However, the fact that SMN mediates the assembly of SmB on
4.5SH RNA and the analysis of the 4.5SH RNA secondary structure together with the
identification of the SmB binding site by iCLIP further corroborates the conclusion that
the 4.5SH RNA is associated with a canonical Sm core.
The 4.5SH RNA shares a number of features with snRNAs of the Sm class
(Figure 2.2B). These include 5’ and 3’ stem loops as well as a single-stranded uridinerich stretch of nucleotides (GAUUUGCUG) that bears resemblance to the Sm site of
spliceosomal snRNAs (PuAU4-6GPu). Importantly, analysis of iCLIP data demonstrated
direct binding of SmB to this uridine-rich “Sm-like” site of the 4.5SH RNA. Furthermore,
the contacts of SmB with specific uridines in this region of the 4.5SH RNA are consistent
with the results of a previous UV-crosslinking study which demonstrated that SmB
crosslinks specifically to the first and third uridine of the Sm site of U snRNAs (Urlaub et
al., 2001). iCLIP reveals that SmB is also strongly crosslinked to U65 in the 3’ stem-loop
(Figure 2.10), which represent an additional contact that might be favored by the threedimensional conformation of the 4.5SH RNA with the SmB protein bound to the “Smlike” site.
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Though there are differences between the 4.5SH RNA “Sm-like” site and the

consensus Sm site sequence (PuAU4-6GPu), alignment of known Sm sites that have been
identified in U snRNAs and the Herpesvirus saimiri U RNAs (HSURs) illustrate that
strict adherence to the consensus sequence is not necessary for Sm core assembly (Figure
2.15). Moreover, it has been shown that the SMN complex contacts the Sm site at the
first and third uridines of the Sm site, and that modifications in the last three nucleotides
only modestly reduce binding efficiency (Golembe et al., 2005b). The “Sm-like” site of
the 4.5SH RNA contains these features and its high degree of sequence conservation is
consistent with a role for SMN-mediated RNP assembly analogous to that of snRNAs. As
such, by taking advantage of an ES cell line with inducible knockdown of SMN, I show
that SmB association with the 4.5SH RNA requires SMN, making the 4.5SH RNA the first
cellular ncRNA outside of the snRNAs to be acted upon by the SMN complex in this
fashion. Based on my findings and by analogy with the role of SMN in snRNP assembly,
I propose a possible model for the SMN-mediated ribonucleoprotein assembly of the
4.5SH RNA. Newly transcribed 4.5SH RNA binds to the SMN complex via Gemin5
forming a large macromolecular RNP complex corresponding to the broadly distributed
20S-80S complexes in SMN and SmB immunoprecipitates of sucrose gradient fractions
(Figure 2.11B and C). These complexes are likely transient as the majority of total 4.5SH
RNA is found in light complexes outside the 20S to 80S range (Figure 2.11A). The SMN
complex then catalyzes the assembly of an Sm core onto the “Sm-like” site of the 4.5SH
RNA, which subsequently dissociates from SMN to form a light (<20S) RNP easily
visualized in SmB immunoprecipitates of sucrose gradient fractions (Figure 2.11C). By
analogy with snRNP assembly, it is conceivable that the subcellular compartment where
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the SMN-dependent assembly of the 4.5SH RNP is taking place is the cytoplasm.
Interestingly, immunoprecipitation experiments in myogenic and neuronal cell types
revealed that SMN binding to 4.5SH RNA is decreased upon differentiation to postmitotic myotubes and motor neurons, providing the first proof of principle for cell typespecific regulation of the SMN complex binding to a ncRNA. These results suggest that
cells contain regulatory mechanisms that are able to influence the ability of the SMN
complex to bind to its RNA targets. As the 4.5SH RNA is associated with the SMN
complex via Gemin5 (Figure 2.7), regulation of Gemin5 RNA binding activity likely
accounts for the cell type-specific modulation of the SMN complex association with the
4.5SH RNA. Alternatively, nucleolin (Hirose and Harada, 2008) may play a role in the
regulating the association of SMN with the 4.5SH RNA. Nucleolin is a multifunctional
protein (Tajrishi et al., 2011) that is auto-catalyzed in non-cycling cells (Chen et al.,
1991) and has been shown to be involved in the cytoplasmic transport of RNPs (Borer et
al., 1989). As the 4.5SH RNA appears to be predominantly nuclear at steady state (Hirose
and Harada, 2008), nucleolin may transport nuclear 4.5SH RNA into the cytoplasm where
it is brought to the SMN complex. Low levels of nucleolin in post-mitotic cells would
thus be expected to result in decreased cytoplasmic transport of the 4.5SH RNA and
consequently reduced levels of SMN association. Future experiments that directly assess
cell-type specific differences in the RNA binding capabilities or the composition of the
SMN complex will aid in addressing these possibilities. More importantly, the discovery
that the SMN complex binding to the 4.5SH RNA is regulated raises the possibility that
other yet to be discovered ncRNAs may exist that display a cell type-specific profile of
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association with SMN, including in motor neurons and other disease-relevant neurons,
and contribute to SMA pathology when disrupted by SMN deficiency.
The identification of the 4.5SH RNA as a novel ncRNA target of SMN implicates
the SMN complex in the biology of RNA polymerase III (Pol III) transcripts. The Pol III
transcriptome was previously thought of being primarily composed of a narrow set of
housekeeping ncRNAs. In more recent years, this has expanded to include a remarkable
variety of transcripts involved in a surprisingly large number of cellular processes (Dieci
et al., 2007). Classical Pol III transcripts include tRNAs, the 5S rRNA, the 7SL RNA, the
RNase P RNA involved in 5’-tRNA processing and this list has recently grown to include
microRNAs, some snoRNAs, and the SINE-related RNAs. Evidence for an association of
Sm and LSm proteins with the pre-RNase P RNA, pre-tRNAs, and pre-ribosomal RNAs
has previously been reported, but no direct connection with SMN-mediated assembly of
Sm/LSm proteins onto these RNAs has been established (Kufel et al., 2003a; Kufel et al.,
2002; Salgado-Garrido et al., 1999). Consistent with a role for SMN in pol III RNPs, the
SMN complex has recently been shown to bind to the 7SL RNA and be implicated in the
biogenesis pathway of the signal recognition particle (SRP) (Piazzon et al., 2012).
Coupled with the demonstration that the SMN complex plays a direct role in the
assembly of Sm proteins on the 4.5SH RNA, these findings expand the potential scope of
SMN biology to include that of pol III transcripts.
Based on my findings and the recent evolutionary origin of 4.5SH RNA, I propose
that the SMN complex might contribute to ncRNA evolution by promoting the
incorporation of newly arising RNAs into stable RNP complexes. All ncRNAs exert their
function in association with RNA-binding proteins, which stabilize them by promoting
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folding and protecting them from the activity of cellular nucleases. Stabilization through
protein interactions can also play a key role in the gain of function of novel ncRNAs
(Hogg and Collins, 2008). Protein-RNA interactions are often mediated via chaperones
that catalyze the assembly of RNPs and are critical for their proper cellular function
(Matera et al., 2007; Pellizzoni, 2007). Thus, ancient chaperones may have played an
important role in the evolutionary history of RNPs by combining newly evolved
transcripts with proteins into novel RNP complexes. These new RNPs would ultimately
be maintained over time if they served an essential cellular purpose. Identifying
chaperones that may have played such an important role in evolution would provide
critical insight into the transition from the ancient RNA world to our current RNPdominated world. Here, I have demonstrated that SMN is required for the RNP assembly
and stability of the 4.5SH RNA (Figure 2.14), an evolutionarily recent transcript of
unknown function thought to have arisen 50-85 million years ago in rodent species. SMN
itself is much more ancient protein that first arose with the appearance of fission yeast,
Schizosacchromyces pombe (Hannus et al., 2000). It is conceivable that the 4.5SH RNA
could have arisen suddenly in certain rodent species and been recruited into cellular
pathways through its interaction with SMN. To assess this experimentally, expressing the
4.5SH RNA in normal and SMN-deficient human cells, which do not express this
transcript, could provide a preliminary glimpse as to the requirement of SMN for the
acquisition of a novel RNA in a naïve system. Unfortunately, though I have made a
number of attempts to express the 4.5SH RNA in HeLa cells, they have been unsuccessful
in establishing significant steady-state levels of 4.5SH expression (data not shown). This
may be related to both the rapid turnover of the 4.5SH RNA and the insufficient number
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of gene copies that could be introduced in transfected cells relative to the thousands of
4.5SH genes, which exist in the mouse genome to maintain expression of this RNA. The
critical role that SMN plays in the assembly of Sm proteins with the 4.5SH RNA likely
resulting in increased 4.5SH stability is consistent with a role for SMN in the recruitment
of newly evolved transcripts for novel cellular functions. Thus, the RNP assembly
chaperone function of the SMN complex may have had an important role in ncRNA
evolution by facilitating the widespread emergence of functionally diverse RNPs seen
throughout extant biology.
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Figure 2.1. Genomic organization of the 4.5SH RNA. Many of the mouse 4.5SH genes in
both species are arranged in tandemly repeated DNA arrays that are 4,245 base pairs in
length (Schoeniger and Jelinek, 1986). The remaining 4.5SH RNA genes are scattered
throughout the genome separate from tandem arrays (Kraft et al., 1992).
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Figure 2.2. The 4.5SH RNA is a novel RNA polymerase III transcript associated with
SMN in vivo. (A) Identification of a novel 95-nt RNA transcript associated with SMN in
vivo. ES (Hb9::GFP) extracts were immunoprecipitated with a monoclonal antibody
against SMN or mouse immunoglobulins (Control). Purified RNAs were end labeled with
[32P]pCp, run on a denaturing polyacrylamide gel, and analyzed via autoradiography.
Known snRNA species are indicated on the right. Asterisks denote ribosomal RNAs and
tRNAs. (B) Predicted secondary structure of the 4.5SH RNA. Secondary structure was
predicted by a publically available thermodynamic folding program, RNAfold.
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Figure 2.3. Validation of 4.5SH association with the SMN complex. (A) Purified RNAs
from ES (Hb9::GFP) cell extracts immunoprecipitated with mouse immunoglobulins
(Control) or anti-SMN (SMN) were run on a denaturing polyacrylamide gel. Northern
blot analysis was performed with oligonucleotide probes specific for the 4.5SH RNA and
5S ribosomal RNA. (B) The immunoprecipitated RNAs described in (A) were analyzed
using real-time RT-qPCR analysis. Values are represent means and SEMs of independent
experiments (n = 3). (C) The 4.5SH RNA associates with the entire SMN complex.
Northern Blot analysis of purified RNAs from immunoprecipitations of ES (Hb9::GFP)
extracts with the indicated antibodies (top panel). SMN protein levels in the
immunoprecipitated extracts used for Northern Blot analysis were analyzed by Western
blotting (bottom panel).
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Figure 2.4. The 4.5SH RNA is part of a family of SINE-derived RNAs. Many human and
mouse SINEs and therefore their associated RNAs are derived from ancient 7SL RNA or
tRNA genes. Most SINE RNAs have no known function, including the 4.5SH RNA,
though the B2 and Alu RNAs have been shown to function as RNA polymerase II
repressors in the setting of heat shock (Allen et al., 2004; Espinoza et al., 2004; Mariner
et al., 2008).
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Figure 2.5. SMN associates specifically with the 4.5SH RNA. Northern Blot analysis was
performed with oligonucleotide probes against the indicated SINE-derived RNAs from
SMN immunoprecipitates of ES (Hb9::GFP) and HeLa extracts.
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Figure 2.6. Association of the 4.5SH RNA with the SMN complex is lost upon
differentiation into post-mitotic cells. (A) Western Blot of SMN immunoprecipitates
from extracts of each cell type as indicated. Input represents 1/10 of total cell extract used
for each immunoprecipitation. (B) Expression of 4.5SH RNA is relatively unchanged
upon differentiation. RNAs from extracts of each cell type indicated were analyzed via
real time RT-qPCR analysis. Data is normalized to NIH3T3 expression levels. (C)
Association of 4.5SH RNA with SMN is significantly downregulated in post-mitotic,
differentiated cell types. Purified RNAs from SMN immunoprecipitates of extracts
derived the cell types indicated, were analyzed by real-time RT-qPCR. Data is
normalized to efficiency of immunoprecipitation defined as a percentage of input. Values
represent means and SEMs from independent experiments (n = 3).
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Figure 2.7. Direct association of the 4.5SH RNA with the SMN complex via Gemin5 in
vitro. (A) Silver staining of purified SMN complexes from HeLa Tet-ON (Control) and
HeLa Flag-SMN (SMN) cell lines. SMN complexes were purified according to
established protocols (Yong et al., 2002). Known SMN complex constituents are
indicated on the right. (B) The 4.5SH RNA directly binds to purified SMN complexes. In
vitro transcribed [32P]-labeled 4.5SH RNA and U6 snRNA were incubated with Flag
bead-bound SMN complexes from Flag-SMN-expressing HeLa cells (SMN) or nonspecific proteins from HeLa TetON cells (Control) and eluted with 3X-Flag peptide.
Bound RNAs were run on a denaturing polyacrylamide gel and analyzed by
autoradiography. Input represents 1/40 of RNA used in each binding reaction. (C)
Gemin5 mediates the direct binding of the SMN complex to the 4.5SH RNA. Purified
SMN complexes from Flag-SMN-expressing HeLa cells (SMN) and nonspecific proteins
from HeLa TetON cells (Control) bound to [32P]-labeled 4.5SH RNA, were UVcrosslinked, treated with RNase A, and run on an SDS-PAGE gel and analyzed by
autoradiography. Low molecular weight proteins that crosslinked with the 4.5SH RNA
are indicated by *.
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Figure 2.8. The 4.5SH RNA is associated with SmB. (A). ES extracts were
immunoprecipitated with a monoclonal antibody against SmB and analyzed by Northern
Blot. (B) The 4.5SH RNA does not associate with other known Sm/LSm-containing
complexes. ES extracts were immunoprecipitated with anti-SmB, anti-LSm4, and antiLSm11 antibodies and analyzed via Northern Blot with probes against the indicated
transcripts. Input in (A) and (B) represent 1/10 of RNA used in each
immunoprecipitation.
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Figure 2.9. Schematic of iCLIP procedure (reproduced from Konig et al., 2011). ProteinRNA complexes are covalently crosslinked in vivo using UV irradiation (step 1). The
protein of interest is purified together with the bound RNA (steps 2-5). To allow for
sequence-specific priming of reverse transcription (RT), an RNA adapter is ligated to the
3’ end of the RNAs whereas the 5’ end is radioactively labeled (steps 6 and 7). Crosslinked protein-RNA complexes are purified from free RNA using SDS-PAGE and
membrane transfer (step 8). The RNA is recovered from the membrane by digesting the
protein with proteinase K leaving a polypeptide remaining at the cross-link nucleotide
(step 9). RT truncates at the remaining polypeptide and introduces two cleavable adaptor
regions nad barcode sequences (step 10). Size selection removes free RT primer before
circularization. Linearization then generates suitable templates for PCR amplification
(steps 11-15). Finally, high-throughput sequence generates reads in which the barcode
sequences are immediately followed by the last nucleotide of the cDNA (step 16). Since
this nucleotide is located one position upstream of the cross-linked molecule, the binding
site is deduced with high resolution.
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Figure 2.10. SmB is crosslinked to the 4.5SH RNA at an uridine-rich stretch. ES extracts
were immunoprecipitated with anti-SmB antibody and analyzed using iCLIP. (Top)
Cross-linked nucleotides are indicated on the 4.5SH RNA secondary structure schematic
with larger letters and darker colors indicating increased enrichment of cross-link
nucleotides at those sites. (Bottom) Heat map of cross-linked nucleotides of the 4.5SH
RNA. Greater enrichment of cross-link nucleotides are indicated by darker shades of
grey.
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Figure 2.11. Sucrose gradient centrifugation analysis of cellular 4.5SH-containing
complexes. (A) Total cell extracts from ES (Hb9::GFP) cells were analyzed by
centrifugation on a 10-30% sucrose gradient and Western blot and Northern blot.
Fractions in (A) were analyzed by immunoprecipitation with anti-SMN (B), and antiSmB (C) by Western blot and Northern blot. Sedimentation (S) values are indicated.
Western blot and Northern blot analysis were performed with antibodies and
oligonucleotide probes, respectively, specific for the proteins and RNAs labeled to the
right.
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Figure 2.12. An ES cell model with doxycycline-regulated knockdown of SMN. (A)
Lentiviral vectors used for the construction of ES-SmnRNAi and ES-SMN/SmnRNAi cell
lines. (B) ES cell lines with regulated knockdown of mouse SMN. Western blot analysis
of ES-SmnRNAi and ES-SMN/SmnRNAi cells cultured for 5 days without (-) or with (+)
doxycycline (Dox). Blots were probed with an antibody that recognizes both mouse and
human SMN proteins to monitor knockdown efficiency and with an antibody against
tubulin as a loading control. Addition of Dox to the growth medium specifically induces
shRNA expression and consequently RNAi-mediated knockdown of endogenous mouse
SMN protein. The slower migration of RNAi-resistant human SMN is due to the presence
of an epitope tag at the amino terminus.
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Figure 2.13. Assembly of 4.5SH RNP is significantly reduced in SMN deficiency. (A)
Assembly of the Sm proteins with the 4.5SH RNA is impaired in SMN deficiency. ESSmnRNAi and ES-SMN/SmnRNAi cells were grown for 5 days in the absence (-) or
presence (+) of doxycycline (Dox). 16 hours before collection, 200 µCi of [32P]phosphoric acid was added to the media. Extracts from pulsed cells were analyzed by
immunoprecipitation with an antibody against SmB. Purified RNAs were run on a
denaturing polyacrylamide gel and analyzed via autoradiography. (B) Quantification of
three independent experiments was performed using a Typhoon PhosphorImager
(Molecular Dynamics). * P < 0.05; ** P < 0.01; *** P < 0.001.
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Figure 2.14. SMN-dependent regulation of 4.5SH stability. (A,B) SMN deficiency
reduces the half-life of the 4.5SH RNA. ES-SmnRNAi cells grown for 5 days in the absence
(-) or presence (+) of doxycycline (Dox) were treated with 5 µg/mL actinomycin D for
the indicated amount of time. Total RNA from –Dox and +Dox cells were analyzed by
Northern Blot with oligonucleotide probes specific for the 4.5SH RNA and the 5.8S
ribosomal RNA. Quantification was performed by phosphorimager analysis. (C) 4.5SH
RNA expression is increased in SMN deficiency. Total RNA purified from untreated (Dox) and treated (+Dox) ES-SmnRNAi cells were analyzed by real time RT-qPCR. RNA
levels were normalized to 5.8S ribosomal RNA expression levels. * indicates P < 0.05.
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Figure 2.15. Sm site sequence conservation among known Sm-site containing RNAs
(adapted from Khusial et al., 2005). WEB logos, in which the height of the letter sh ows
the relative abundance, illustrate the sequence conservation in the Sm-site sequence motif
in the major snRNAs in the seed databases in the RFam sequence library
(www.sanger.ac.uk/Software/Rfam). HSUR Sm site sequences were based on those listed
in Golembe et al., 2005b. The analyzed RNA species are listed on the right. Previous
crosslinking studies (Urlaub et al. 2001) established that SmB binds directly to the third
uridine of the Sm site (denoted by *).
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Chapter 3. Role of SMN in the formation of U6 snRNP complexes

The members of the Sm/LSm protein family have been shown to form
heteromeric cores consisting of only LSm proteins. One example is the LSm2-8 core that
binds directly to the U6 snRNA within the U6 spliceosomal snRNP. Here, I investigated
whether SMN played a role in the assembly of the LSm2-8 core in the U6 snRNP. Since
defective assembly of LSm proteins onto U6 snRNA would be expected to affect U6
incorporation into higher-order snRNP complexes, I also determined the effects of SMN
deficiency on the formation of the U4/U6 di-snRNP and the U4/U6/U5 tri-snRNP
complexes, which are required for pre-mRNA splicing.

Introduction
3.1. U6 snRNP biogenesis and function
The U6 snRNP, similar to the Sm-class spliceosomal snRNPs, consists of an RNA
molecule, the U6 snRNA, and a complement of U6 snRNP-specific proteins. However,
U6 has several distinct features. The biogenesis of the U6 snRNP (Figure 3.1) differs in a
number of fundamental ways from that of the Sm-class snRNPs, most notably that the
maturation occurs entirely within the nucleus (Patel and Bellini, 2008). Importantly, the
biogenesis pathway that is described below for U6 likely applies to the U6atac snRNA as
the composition of the minor U4atac/U6atac/U5 tri-snRNP has been shown to be similar
to that of the major U4/U6/U5 tri-snRNP (Schneider et al., 2002). U6 snRNP biogenesis
begins with transcription of the snRNA precursor by RNA polymerase III (Pol III) (Lobo
and Hernandez, 1989). Transcription of U6 utilizes many of the same cis-acting
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sequences as its Sm-class counterparts including a PSE that is functionally
interchangeable with the PSE of the other snRNA genes (Mattaj et al., 1988). However, a
major difference is the presence of a TATA box within the U6 gene promoter, which
through undefined mechanisms specifies the recruitment of Pol III (Lobo and Hernandez,
1989). Indeed, placing the U6 TATA box within the promoter of the Sm snRNA genes
causes them to switch to Pol III-mediated transcription.
The 5’-end of U6 is modified by a specific methyltransferase that catalyzes the
addition of a methyl group to the 5’-triphosphate cap to form the mature γ-methyltriphosphate guanosine cap (γ-m-P3G), which differs from the mature m3G cap of the Sm
snRNPs (Shimba and Reddy, 1994).
The 3’-end processing of the pre-U6 snRNA also differs from the Sm-class
snRNAs in that it results from a canonical Pol III transcription termination at uridine
stretches, rather than a processing event (Paule and White, 2000). After transcription of
the pre-U6 snRNA, the La protein binds both its 5’ and 3’ ends (Bhattacharya et al.,
2002; Dong et al., 2004), and the 3’ end of the pre-snRNA undergoes a number of
modifications. First, a U6 terminal uridyl-transferase and a U6-specific 3’-exonuclease
extend and trim the 3’ tail of the pre-U6 snRNA to form the mature length U6 snRNA
(Booth and Pugh, 1997; Trippe et al., 1998). The final 3’-end is generated ultimately by
the formation of a 2’, 3’ cyclic phosphate (Gu et al., 1997). Recently, the product of the
C16orf57 gene, Mpn1, was shown to be a conserved 3’-5’ exonuclease essential for the
generation of the 3’ cyclic phosphate and for U6 stability (Mroczek et al., 2012;
Shchepachev et al., 2012). Mutations or deletions of this gene resulted in poikiloderma
with neutropenia, highlighting the critical role that functional U6 plays in the cell.
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Once the mature 5’- and 3’-ends have been formed, the La protein is unable to

associate with the snRNA, allowing for the association of U6 snRNP-specific LSm2-8
proteins (Bhattacharya et al., 2002; Terns et al., 1992). Indeed, the mature 3’ end of U6
promotes the binding of the LSm2-8 core to the 3’ U-rich stretch (Pannone et al., 2001).
The LSm2-8 complex facilitates a number of subsequent steps in U6 snRNP maturation
including the incorporation of the other known U6-snRNP-specific component,
SART3/p110/Prp24 (Licht et al., 2008; Stevens et al., 2001), and the formation of higherorder complexes like the U4/U6 di-snRNP (Achsel et al., 1999). Further discussion of the
specific roles of the LSm2-8 core in U6 snRNP biology will be provided in Section 3.3.
Finally, the U6 snRNA is 2’-O-methylated and psuedouridylated by snoRNAs
rather than the scaRNAs that modify the spliceosomal snRNAs of the Sm class (Ganot et
al., 1999; Tycowski et al., 1998). Consistent with snoRNA-mediated post-transcriptional
RNA modification, U6 transiently localizes to nucleoli after its transcription and prior to
accumulating in Cajal bodies where U6 snRNP biogenesis continues through association
with other snRNPs into higher-order complexes (Lange and Gerbi, 2000), which are
ultimately responsible for splicing and are described below.

3.2. Higher-order U6 snRNP complexes and their role in pre-mRNA splicing
The U6 snRNP follows a stepwise assembly pathway to form higher-order
complexes with the U4 and U5 snRNPs known as the U4/U6 di-snRNP and the
U4/U6.U5 tri-snRNP (Wahl et al., 2009). The formation of the U4/U6 di-snRNP occurs
first and is contingent upon base pairing between the U4 and U6 snRNAs followed by
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addition of U4/U6 di-snRNP specific proteins, including the 20/60/90K protein complex
and the 61K and 15.5K proteins (Nottrott et al., 2002).
A number of factors have been shown to play an important role in the promotion
of U4/U6 di-snRNP assembly. One of these factors is the U6 snRNP-specific protein
Prp24 (also known as SART3 or p110). Prp24 promotes the annealing of U4 and U6
snRNAs (Ghetti et al., 1995; Jandrositz and Guthrie, 1995; Shannon and Guthrie, 1991)
and contributes to the recycling of the U4/U6 di-snRNP after splicing (Raghunathan and
Guthrie, 1998). It binds directly to the U6 snRNA at highly conserved regions,
corresponding to the 5’ side of the extended 3’ intermolecular stem loop of U6, and to the
LSm2-8 complex (Bell et al., 2002). Importantly, expression of mutant Prp24 that cannot
bind to U6 results in reduced levels of U4/U6 duplexes (Rader and Guthrie, 2002).
Interestingly, Prp24 is enriched in Cajal bodies, and expression of Prp24 mutants that
have localization defects result in dominant negative effects on U6 snRNP localization to
Cajal bodies (Stanek et al., 2003), suggesting that Cajal bodies may be the sub-nuclear
domain of U4/U6 di-snRNP assembly. In addition, the 15.5K protein - which binds the kturn motif in the 5’ stem of the U4 snRNA and induces changes in the conformation of
the RNA - is critical for the recruitment of the remaining U4/U6 di-snRNP components
(Nottrott et al., 1999; Nottrott et al., 2002; Schultz et al., 2006).
The next step following U4/U6 di-snRNP biogenesis is the incorporation of the
U5 snRNP and association of additional proteins to form the U4/U6/U5 tri-snRNP that is
competent for splicing (Wahl et al., 2009). Critical proteins for this process include the
U4/U6 di-snRNP-associated 61K protein (also known as Prp31) and the U5 snRNPassociated 102K protein (also known as Prp6), which bind one another and likely
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physically tether the U4/U6 di-snRNP with the U5 mono-snRNP (Makarova et al., 2002).
Knockdown of Prp31 results in accumulation of di-snRNPs in Cajal bodies, suggesting
that tri-snRNPs may also be assembled in these nuclear structures (Schaffert et al., 2004).
A number of tri-snRNP specific proteins are critical for the incorporation of the
U4/U6.U5 tri-snRNP into pre-spliceosomes (complex A). For example, knockdown of
the 65K and 110K proteins resulted in the stalling of spliceosomal assembly at complex
A, and progression to complex B was restored upon addition of recombinant protein
(Makarova et al., 2001). Once the U4/U6.U5 tri-snRNP joins pre-spliceosomal complex
A on the pre-mRNA, it undergoes extensive remodeling to help the developing
spliceosome to become active for splicing. The first step involves the disruption of the
U4/U6 duplex to allow the U6 snRNA to base pair with both the pre-mRNA and the U2
snRNA. This step is catalyzed by the U5-associated 200k protein (also known as Brr2) - a
conserved DExD/H-box RNA helicase whose activity is regulated by the U5-associated
220k protein (Prp8) and the U5-associated 116k protein (Snu114) (Laggerbauer et al.,
1998; Mozaffari-Jovin et al., 2012; Small et al., 2006). Concomitant with this step, the
U4 snRNA and all U4/U6-associated proteins (including the LSm2-8 core) are
destabilized or released from the spliceosome, along with proteins responsible for
tethering the U5 snRNP to the U4/U6 di-snRNP (Wahl et al., 2009). A host of new
proteins then assemble on the developing U2/U6/U5 catalytic core of the spliceosome to
carry out the splicing reaction.
The U6 snRNA itself plays a central role in the catalytic reaction. For one, the U6
internal stem loop - which forms upon binding U2 and bears structural resemblance to
domain V of self-splicing group II introns (Sashital et al., 2004) - coordinates essential
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magnesium ions during the splicing reaction (Yean et al., 2000). In addition, U6 replaces
U1 in 5’ splice site recognition while U2 remains bound to the branch site (Dunn and
Rader, 2010). In this way, both snRNAs participate in the proper positioning of the premRNA substrate in the spliceosome active site. Remarkably, a protein-free complex of
U2 and U6 can bind and position a small RNA containing the branch site sequence and
catalyze the nucleophilic attack of the branch adenosine on a critical domain of U6,
similar to the first step of splicing (Valadkhan and Manley, 2001). While the kinetics of
the reaction are slow, suggesting that protein co-factors are important for optimal splicing
efficiency, this finding underscores the essential catalytic role of U6 in pre-mRNA
splicing. Indeed, reflective of its essential function, the U6 snRNA shows remarkable
evolutionary conservation from primitive eukaryotes to the metazoans, with some
sequences being essentially evolutionarily invariant (Datta and Weiner, 1993).
Once splicing has been completed, the ligated pre-mRNA is released and the postsplicing complex remains bound to the intron lariat. At this point, the U2, U5, U6
snRNAs, and the intron lariat are released from the complex through a series of steps that
are still very poorly understood (Arenas and Abelson, 1997; Tsai et al., 2005). Once
released, individual snRNPs must be recycled and assembled back into higher-order
snRNP complexes prior to a new round of splicing.

3.3. Role of LSm2-8 proteins in U6 snRNP biogenesis and function
The search for additional members of the Sm protein family was prompted by the
molecular characterization of a doughnut-shaped core of Sm proteins around the U1, U2,
U4 and U5 snRNAs (Kastner et al., 1990; Kastner and Luhrmann, 1989; Raker et al.,
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1996). Kastner et al. proposed that each of the major snRNP species (including U6)
contained core domains containing proteins common to a single family (the Sm family)
and that each of the cores would have a similar structure. However, since the U6 snRNA
did not have an Sm site and consequently did not bind Sm proteins, investigators became
interested in searching for other proteins with predicted Sm folds or Sm-like motifs that
could associate with U6.
The first published studies to this end were in yeast, where a number of proteins
with Sm motifs were discovered. These included Uss1p, which was characterized as a
novel splicing factor (Cooper et al., 1995); Smx4p, which was reported to associate with
free U6 and U4/U6 duplexes (Seraphin, 1995); and Spb8p, which was proposed to play a
role in mRNA decapping (Boeck et al., 1998). The nomenclature for these Sm-like genes
was later updated and they were renamed LSm4, LSm3, and LSm1 respectively (Mayes
et al., 1999). In total, nine putative LSm genes were discovered in S. cerevisiae
(Fromont-Racine et al., 1997). Seven of them (LSm2-8) were found to immunoprecipitate
U4 and U6 snRNAs (Mayes et al., 1999) and to be present in purified yeast tri-snRNPs
(Gottschalk et al., 1999; Stevens and Abelson, 1999). The LSm proteins were found to
bind to the terminal 3’-end of U6 snRNA although this region was not sufficient by itself
for LSm binding. The LSm proteins also required the 3’ stem loop of U6 snRNA for
efficient binding (Vidal et al., 1999). Isolation of the human LSm2-8 core was achieved
by utilizing stringent biochemical purification conditions on U4/U6.U5 tri-snRNPs
(Achsel et al., 1999). This study demonstrated that the LSm2-LSm8 proteins form a
doughnut-shaped structure similar to the Sm core that binds directly to the U6 snRNA at
its 3’-terminal oligo-uridine tract, although their association is far less stable than that of
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canonical Sm proteins on the Sm site of snRNAs (Liautard et al., 1982). The new
heteromeric complex composed of LSm proteins and associated with the U6 snRNA
plays a critical role in the maturation and function of the U6 snRNP. Many of the studies
that have investigated the function of the LSm2-8 proteins have been performed in yeast.
As the primary sequences of the snRNAs and the protein composition of many of the
snRNPs are well conserved between yeast and man, it is believed that insights from yeast
apply to the human system.
The best defined activity for the LSm2-8 complex in U6 snRNP biology is in
promoting U4/U6 di-snRNP formation. Before the discovery of the LSm2-8 complex,
studies had identified Prp24 as a protein factor critical for the annealing of the U4 and U6
snRNAs (Ghetti et al., 1995; Jandrositz and Guthrie, 1995; Shannon and Guthrie, 1991).
However, the activity of Prp24p in promoting the association of U4 and U6 snRNAs was
observed to be significantly more efficient (~15-fold) on purified U4 and U6 snRNPs as
compared to naked U4 and U6 snRNAs, suggesting that other proteins cooperate with
Prp24 to promote its annealing activity (Raghunathan and Guthrie, 1998). The U6 3’stem loop needs to be destabilized so that previously inaccessible nucleotide can interact
with U4 snRNA to form stem II of the U4/U6 dimer (Brow and Vidaver, 1995; Vidal et
al., 1999). Binding of the LSm2-8 proteins to the 3’-stem loop of U6 is believed to
cooperate with Prp24 in this activity. Consistent with this, addition of purified LSm
proteins significantly increased the efficiency (~5-fold) of U4/U6 snRNA duplex
formation in vitro (Achsel et al., 1999). Furthermore, deletion of LSm proteins caused a
dramatic decrease in base-paired U4/U6 snRNA levels and accumulation of free U4
snRNA (Mayes et al., 1999; Pannone et al., 1998), supporting a model in which the LSm
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core and Prp24p act cooperatively to promote the formation of the U4/U6 di-snRNP.
Furthermore, mutational studies of U6 revealed that deletion of the 3’ domain resulted in
loss of LSm core binding and Prp24 binding, with a concomitant decrease in splicing
activity in vitro (Ryan et al., 2002). Consistent with this, binding of Prp24 and the LSm
core to U6 resulted in a more open conformation, allowing increased access for U4
annealing and U4/U6 duplex formation (Karaduman et al., 2006). Significantly, Prp24
binding in the absence of the LSm core blocked duplex formation. Thus, the LSm core
may serve as a key RNA chaperone that facilitates U6 restructuring and Prp24
stabilization of the newly formed secondary structure (Karaduman et al., 2006).
Interestingly, mutations in the 5’-region of U6 that disrupt binding of Prp24 did not
decrease LSm core association with U6. These observations strongly suggest a model in
which the LSm core binds to the U6 snRNA first where it then physically recruits Prp24
to the nascent snRNP. In support of this model, yeast two-hybrid analysis had previously
demonstrated that the LSm2-8 proteins interact with Prp24 (Fromont-Racine et al., 2000).
Furthermore, the C-terminal 10 amino acids of Prp24 form an LSm binding motif that
was critical for U4/U6 duplex formation (Licht et al., 2008; Ryan et al., 2002). Notably,
although mammalian SART3/p110 is only distantly related in sequence and domain
structure to its yeast counterpart Prp24, the C-terminal LSm binding motif is wellconserved (Bell et al., 2002; Rader and Guthrie, 2002), highlighting the importance of the
LSm core in the assembly of the di-snRNP.
The LSm core together with SART3/p110/Prp24p has also been shown to play an
important role in U4/U6 di-snRNP recycling. Following completion of the splicing
reaction, the spliceosome is disassembled into its constituent parts and snRNPs must be
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recycled in order to complete subsequent rounds of splicing. Compared to the other
aspects of spliceosome function, very little is known about the regeneration of splicing
activity. In yeast, it has been demonstrated that splicing-competent extracts from LSm
deletion mutants are able to splice a pre-mRNA reporter gene, but are unable to do so on
subsequent sequential incubations (Verdone et al., 2004). Similarly, Prp24 has previously
been shown to be critical for U4/U6 re-annealing after a round of splicing (Raghunathan
and Guthrie, 1998). Furthermore, splicing in SART3-depleted extracts resulted in the
accumulation of free U4 and U6 snRNPs and a decrease in U4/U6 di-snRNPs, which was
rescued by addition of recombinant SART3 (Bell et al., 2002). Together, these
experiments highlighted a role for the LSm2-8 complex in the maintenance of splicing
activity in the cell. Additionally, the LSm2-8 proteins have been implicated in the nuclear
retention of U6 snRNP (Spiller et al., 2007).
In sum, the observations described above clearly demonstrated that LSm core
assembly on U6 snRNA is a critical step in U6 snRNP biogenesis required for the
formation of higher-order snRNP complexes and ultimately pre-mRNA splicing.

3.4. Links between SMN and U6 snRNP biology
The LSm2-8 core is another example of the diversity of heteromeric complexes
that can be formed by members of the Sm/LSm protein family and their importance for
fundamental aspects of post-transcriptional gene regulation. To date, several lines of
evidence suggested a possible link between SMN and the biology of LSm-containing U6
snRNPs. First, in vitro binding experiments demonstrated that SMN binds directly to both
LSm4 and LSm6 proteins (Brahms et al., 2001; Friesen and Dreyfuss, 2000). Second,
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over-expression of a dominant-negative deletion mutant of SMN in HeLa cells, in
addition to blocking the cytoplasmic phase of snRNP biogenesis, caused a striking
accumulation of spliceosomal snRNPs in enlarged nuclear bodies containing markers of
both Cajal bodies and Gems (Pellizzoni et al., 1998), suggesting a role for SMN in
recycling of nuclear snRNPs after rounds of splicing. This was further supported by
experiments in which addition of a recombinant SMN mutant or anti-SMN antibodies
inhibited in vitro splicing (Meister et al., 2000; Pellizzoni et al., 1998) with effects similar
to those seen upon depletion of the U6 snRNP component Prp24 (Raghunathan and
Guthrie, 1998). Lastly, a recent study suggested SMN involvement in the assembly of
U4/U6/U5

and

the

U4atac/U6atac/U5

tri-snRNPs

(Boulisfane

et

al.,

2011).

Immunoprecipitations from one lymphoblastoid cell line derived from an SMA Type I
patient revealed a 2-fold reduction in major tri-snRNP levels and a striking 25-fold
reduction in minor tri-snRNP levels. This defect appeared to be specific because no
changes were seen in the levels of U2 snRNP or U11/U12 di-snRNP.
Although the precise role(s) of SMN in nuclear snRNP biology remains poorly
understood, it may be linked to formation of higher-order snRNP complexes that contain
U6 and is thought to occur in Cajal bodies (Schaffert et al., 2004; Stanek et al., 2003).
This may include SMN requirement for the assembly of LSm cores onto U6 and U6atac
snRNAs, which promotes higher order tri-snRNP formation and is required for splicing.
My hypothesis was that SMN is a macromolecular machine for the assembly of different
Sm/LSm cores on multiple cellular RNAs. Therefore, I sought to investigate a role for
SMN in the assembly of the LSm2-8 core on U6 and U6atac snRNAs.
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Results
3.5. Characterization of novel monoclonal antibodies against LSm4
To investigate the role of SMN in the assembly of LSm2-8 cores onto U6 snRNA,
I took advantage of two monoclonal antibodies against the LSm4 protein (6F3 and 4E3)
that were previously generated in the laboratory. These antibodies were made by
immunizing mice with GST-tagged human LSm4 and screened by ELISA against GSTLSm4 as well as GST as a negative control. However, no further analysis was performed.
To begin to characterize these antibodies, I analyzed by Western blot extracts of 293T
cells that had been transiently transfected with either Flag-tagged human LSm4 or empty
vector. Similar to anti-Flag antibodies, both anti-LSm4 antibodies specifically recognized
overexpressed Flag-LSm4 protein but were unable to detect endogenous LSm4 in human
293T cells transfected with empty vector (Figure 3.2A). Both antibodies did not display
any appreciable non-specific binding to other human proteins by Western blot. To further
characterize the specificity of 6F3 and 4E3 antibodies, extracts from 293T cells
transiently transfected with Flag-LSm4 were analyzed by immunoprecipitation with both
antibodies under normal conditions as well as in the presence of high detergent
concentrations that disrupt most protein-protein interactions (1% Empigen). Both
antibodies efficiently immunoprecipitated overexpressed LSm4 (Figure 3.2B).
Next, I determined the ability of both antibodies to recognize endogenous LSm4containing complexes. To do so, immunoprecipitation experiments were performed from
wild-type NIH3T3 cell extracts using both 6F3 and 4E3 antibodies as well as mouse
immunoglobulins as a control followed by Western blot with 6F3. This revealed that both
6F3 and 4E3 were able to specifically immunoprecipitate endogenous LSm4 protein
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(Figure 3.3A), which could be detected by Western blot due to its enrichment after
immunoprecipitation. Next, I performed RT-qPCR analysis of RNAs immunoprecipitated
from wild-type NIH3T3 cell extracts using both LSm4 antibodies. This experiment
revealed that both 6F3 and 4E3 antibodies efficiently immunoprecipitated all of the
expected endogenous LSm4-associated snRNAs including U6 and U6atac as well as
major and minor di-snRNPs (U4/U6 and U4atac/U6atac) and to a lesser extent the major
and minor tri-snRNPs (U4/U6/U5 and U4atac/U6atac/U5) as indicated by the relatively
low amounts of U5 that were detected in LSm4 immunoprecipitates (Figure 3.3B). These
immunoprecipitations were specific for a number of reasons. In addition to the fact that
negligible amounts of snRNAs were purified by mouse immunoglobulins (Control), U2
snRNA, which contains a canonical Sm core as opposed to an LSm core, was not
immunoprecipitated by either LSm4 antibody. Furthermore, the abundant 5S rRNA was
not detected in LSm4 immunoprecipitates. Together, these results demonstrate that both
LSm antibodies efficiently and specifically immunoprecipitate endogenous LSm4containing U6 snRNP complexes.
I then tested the ability of both antibodies to monitor the incorporation of newly
transcribed snRNAs into LSm4-containing complexes. To do so, I carried out
immunoprecipitation experiments from extracts of NIH3T3 fibroblasts that were pulsed
for 16 hours with [32P] phosphoric acid. In these experiments, I used both 6F3 and 4E3
antibodies as well as a widely used antibody (Y12), that recognizes symmetrically
dimethylated arginines in a subset of Sm/LSm proteins including LSm4, and mouse
immunoglobulins as a negative control. Immunoprecipitated RNAs were run on a
denaturing polyacrylamide gel and detected by autoradiography. These experiments
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revealed efficient and specific immunoprecipitation of newly assembled LSm4containing U6 snRNP and U4/U6 di-snRNP complexes (Figure 3.4). Consistent with the
results of the RT-qPCR analysis (Figure 3.3B), other Sm class snRNAs that do not
associate directly with U6 (i.e. U1, U2) were efficiently immunoprecipitated by Y12
antibodies as expected but not by LSm4 antibodies, further highlighting the specificity of
the antibodies.
Lastly, I carried out immunofluorescence analysis of NIH3T3 cells with 6F3 and
4E3 antibodies, which showed the expected subcellular localization for LSm4 with
diffuse nucleoplasmic staining and cytoplasmic punctate bodies likely corresponding to P
bodies (Figure 3.5), sites of translationally repressed mRNAs and mRNA degradation
(Ingelfinger et al., 2002; Kedersha et al., 2005). Similar results were found in HeLa cells
(data not shown).
Collectively, these experiments demonstrated that 6F3 and 4E3 are two novel
monoclonal antibodies that specifically recognize the LSm4 protein and are effective
tools for monitoring the composition and assembly of LSm4-containing complexes.

3.6. SMN is required for U6 snRNP biogenesis
To investigate the role of SMN in the assembly of the LSm2-8 core on U6
snRNA, I utilized a stable NIH3T3 cell line (NIH3T3-SmnRNAi) in which expression of
an shRNA against endogenous Smn mRNA is triggered by addition of doxycycline to the
culture medium (Lotti et al., 2012). Treatment with doxycycline for 5 days dramatically
reduced levels of SMN protein by ~90% (Figure 3.6A). To control for non-specific offtarget effects of shRNA expression, NIH3T3-SmnRNAi cells were further engineered to
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constitutively express an epitope-tagged isoform of human SMN that is resistant to RNAi
(NIH3T3-SMN/SmnRNAi). Human SMN is expressed at levels comparable to that of
endogenous SMN and is not affected by RNAi induction in NIH3T3-SMN/SmnRNAi cells.
SMN deficiency resulted in non-uniform reductions in snRNP levels (Figure 3.6B) (Lotti
et al., 2012). These included all Sm-class snRNPs of the U12 spliceosome, with U5
snRNP being the most severely affected (~70%). Importantly, expression of RNAiresistant human SMN in NIH3T3-SMN/SmnRNAi cells rescued these changes (Figure
3.6B), indicating that they are SMN-dependent.
Next, I investigated the role of SMN on the biogenesis of the U6 snRNP. To
assess LSm4 association with newly transcribed snRNAs, I immunoprecipitated [32P]pulse labeled NIH3T3 extracts with anti-LSm4 (4E3) antibodies and analyzed
immunoprecipitated RNAs on a polyacrylamide gel. Analysis in SMN-deficient NIH3T3SmnRNAi cells revealed a 70% reduction of nascent U6 snRNA assembled with LSm4 and
similar decreases in the levels of U4, reflecting decreased U6 incorporation into U4/U6
di-snRNP complexes (Figure 3.7A, B). Importantly, similar analysis performed on
NIH3T3-SMN/SmnRNAi extracts showed that all of these defects were corrected by
human SMN expression (Figure 3.7A). I then sought to monitor whether SMNdependent defects in LSm4 association with U6 snRNAs caused changes in the steadystate levels of U6 snRNP in SMN-deficient NIH3T3 cells. Immunoprecipitation analysis
with anti-LSm4 (4E3) antibodies followed by RT-qPCR revealed a strong (75%)
decrease in the levels of both U6 and U6atac snRNAs (Figure 3.7C). This was also
accompanied by reduced levels of co-immunoprecipitated U4 and U4atac snRNAs that
associate with U6 and U6atac in higher order snRNP complexes. Together, these results
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indicated that SMN is required for LSm4 assembly with U6 and U6atac snRNAs into
snRNPs.

3.7. SMN is required for LSm4 expression
Next, I investigated the effects of SMN deficiency on LSm4 expression.
Endogenous LSm4 levels in SMN-deficient NIH3T3-SmnRNAi cells were analyzed by
LSm4 immunoprecipitation followed by Western blot analysis. This experiment revealed
reduced levels of LSm4 protein expression in SMN-deficient NIH3T3 cells, which was
partially rescued by expression of human SMN (Figure 3.8A). To investigate the
mechanism of LSm4 downregulation, I evaluated the mRNA expression levels of several
LSm proteins in SMN-deficient NIH3T3 cells by RT-qPCR. This analysis revealed that
the expression of LSm4 mRNA was unaffected by SMN deficiency (Figure 3.8B). Thus,
downregulation of LSm4 protein expression is likely due to a post-transcriptional
mechanism, possibly protein destabilization. Interestingly, loss of protein expression in
response to SMN deficiency has also been described for components of the SMN
complex, including Gemin2, Gemin6, and Gemin8 (Feng et al., 2005; Gabanella et al.,
2007). These experiments indicated that SMN is required for LSm4 protein expression
whose reduction might contribute to U6 snRNP biogenesis defects caused by SMN
deficiency in mammalian cells.

3.8. Effect of SMN deficiency on the assembly of higher-order snRNP complexes
After formation of the U6 mono-snRNP, U4 and U5 snRNPs are added in a
stepwise manner to form higher order snRNP complexes including the U4/U6 di-snRNP
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and the U4/U6/U5 tri-snRNP active in pre-mRNA splicing (Wahl et al., 2009). I sought
to investigate whether reduced SMN levels resulted in defects in higher-order snRNP
complex formation as suggested by co-immunoprecipitation of lower amounts of U4 and
U4atac using anti-LSm4 antibodies (Figure 3.7A and B). To do so, I performed
immunoprecipitation experiments with antibodies against the U4/U6/U5 tri-snRNPassociated protein U5-110K (Makarova et al., 2001) as well as U2- and U11/U12 disnRNP-specific protein SF3b155 (Will et al., 2004) from doxycycline-treated NIH3T3SmnRNAi and NIH3T3-SMN/SmnRNAi cells. Importantly, Western blot analysis revealed
that expression of both these spliceosomal snRNP components is unperturbed by SMN
deficiency (Figure 3.9A). RT-qPCR analysis of RNAs immunoprecipitated with
antibodies against the U5-110k protein revealed a reduction in the levels of U5 as well as
of the associated U4/U6, and U4atac/U6atac snRNAs in SMN-deficient cells, which was
corrected upon expression of human SMN (Figure 3.9B). These results indicated that
both major and minor tri-snRNP levels were similarly reduced in SMN-deficient
NIH3T3-SmnRNAi cells. Interestingly, while SMN deficiency severely reduced (>70%)
the total amount of U5 snRNP (Figure 3.6B), it only modestly reduced (~25%) trisnRNP-associated U5 levels (Figure 3.9B), indicating that the most prominent effect of
SMN deficiency was to decrease the pool of free U5 snRNP. Furthermore, the decrease in
the levels of U4 and U4atac snRNAs were significantly lower (p < 0.05) than that of U5
in U5-110K immunoprecipitates from SMN-deficient cells (Figure 3.9B) and reduction
in U6 and U6atac nearly reached statistical significance. Therefore, while SMN
deficiency primarily reduces snRNP levels, these results indicated an additional, albeit
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modest, SMN-dependent effect on U4/U6 di-snRNP association with U5 snRNP into trisnRNP complexes of both the major and minor spliceosomes.
I also monitored the association of the SF3b155 protein with U2 and U11/U12 disnRNPs, which occurs at a late stage in their functional maturation and is required for
splicing (Will et al., 2004). No significant changes in the levels of U2 associated with
SF3b155 were found. In contrast, I did observe a strong reduction (70%) in the levels of
U12 associated with SF3b155, which was rescued by human SMN expression (Figure
3.9C). However, this reduction was similar to the decrease in the levels of U12 snRNPs
in SMN-deficient cells, arguing against an additional effect on the formation of higher
order U11/U12 di-snRNPs.
In light of my findings that SMN deficiency results in equal reductions in both
major and minor tri-snRNPs, which is discrepant from what has been reported by
Boulisfane et al (2011), I decided to analyze lymphoblastoid cell lines from control and
severe type I SMA patients (Helmken et al., 2003). First, I investigated changes in the
levels of snRNAs in control and SMA cell lines by RT-qPCR analysis. Consistent with
previous studies (Gabanella et al., 2007; Lotti et al., 2012; Workman et al., 2009; Zhang
et al., 2008), I found a non-uniform alteration in the snRNA profile of SMA lymphoblasts
compared to controls (Figure 3.10A). Interestingly, the levels of U2, U5 and all the
snRNAs of the minor spliceosome were significantly decreased. Next, I analyzed trisnRNP levels by performing RT-qPCR analysis of immunoprecipitates with U5-110k
antibodies from control and SMA lymphoblasts. No significant changes were observed in
the average levels of either major or minor tri-snRNPs in SMA lymphoblasts as
compared to controls (Figure 3.10B). Of note, remarkable differences in tri-snRNP levels
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were observed among individual cell lines regardless of their genotype, pointing to
intrinsic cell line-specific differences unrelated to SMN expression. Similar analysis
performed with SF3b155 immunoprecipitation revealed a modest but significant decrease
in the levels of SF3b155-associated with U12 snRNA (Figure 3.10C) that was
proportional to the decrease in the total amount of this snRNA in the corresponding
extracts. Together, these experiments do not provide evidence for SMN-dependent
defects in the levels of tri-snRNP complexes in lymphoblastoid cell lines derived from
Type I SMA patients.
!
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3.9. Discussion
Here I provide evidence linking SMN function to the biology of LSm-containing
U6 snRNP complexes. I demonstrate that LSm core assembly on U6 snRNA is decreased
in SMN-deficient mammalian cells and that SMN is critical for the maintenance of LSm4
protein expression. Consistent with the role of the LSm core in promoting U6
incorporation into higher order snRNP complexes, I show that U6-containing di-snRNP
and tri-snRNP levels are significantly reduced by SMN deficiency. This appears to be
predominantly due to reductions in the cellular pools of individual snRNPs, caused by
disruption of the SMN-dependent assembly of Sm and LSm cores on spliceosomal
snRNAs, rather than for a direct role of SMN in higher-order snRNP formation.
Together, my findings identify the association of LSm4 with the U6 snRNA as an SMNdependent event that subsequently affects formation of higher-order U6 snRNP
complexes.

Role of SMN in LSm core assembly on U6 snRNA
While a direct role for SMN in the formation of the Sm-class snRNPs is well
established, there has been no evidence for a direct role for SMN in the formation of
LSm-class snRNPs. In this work, I show that steady-state levels of LSm4-associated U6
and U6atac as well as U4/U4atac snRNAs are strongly reduced in SMN-deficient cells
(Figure 3.7A). Furthermore, I demonstrate that the association of LSm4 with newly
transcribed U6 and U4 snRNAs is an SMN-dependent process (Figure 3.7B). These
findings strongly suggest that SMN plays a direct role in the assembly of LSm cores on
U6 and U6atac snRNPs. Analogous to its established role in Sm-class snRNP assembly,
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SMN may play a role in the formation of the LSm-class U6 snRNP by direct binding to
LSm proteins prior to the loading on the 3’-uridine rich tail of the U6 snRNA. Consistent
with this scenario, direct binding of LSm4 with SMN has been previously demonstrated
in vitro (Friesen and Dreyfuss, 2000), an interaction likely mediated by the symmetrically
dimethylated RG-rich tail of LSm4 (Brahms et al., 2001; Friesen and Dreyfuss, 2000).
Furthermore, my results reveal that LSm4 protein expression levels are reduced in SMN
deficiency (Figure 3.8A), Importantly, mRNA levels of LSm4 and other LSm proteins
were not affected in SMN deficiency, consistent with the idea that the reduction in LSm4
protein expression is mediated through loss of protein stability (Figure 3.8B). These
findings are reminiscent of previous observations that revealed that reductions in SMN
levels decrease the protein levels of Gemin2, Gemin6, and Gemin8 in cultured cell lines
as well as in animal models of SMA (Feng et al., 2005; Gabanella et al., 2007). SMN is
known to bind directly to Gemin2 and to Gemin8 (Carissimi et al., 2006a; Liu et al.,
1997) and is critical for recruitment of Gemin6 into the SMN complex via Gemin8
(Carissimi et al., 2006b). Thus, the reduction in expression of these Gemins in SMN
deficiency likely results from degradation due to defective incorporation into SMN
complexes (Feng et al., 2005; Gabanella et al., 2007). Similarly, low levels of SMN may
reduce the ability for the LSm2-8 core to be loaded onto the 3’-uridine tract of U6
snRNA, leading to degradation of its constituents, including LSm4. At this point, my
results do not allow to distinguish whether defective SMN-dependent assembly on the U6
snRNA drives reductions in LSm4 levels or conversely if reductions in LSm4 levels leads
to the observed reductions in LSm4-containing complexes.
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In summary, the findings I present here provide direct evidence of SMN

functional involvement in LSm core assembly on U6 snRNA. Future experiments aiming
to characterize the effects of SMN deficiency on LSm protein expression and U6 snRNP
biogenesis in a mouse models are needed in order to establish a link between disruption
of this novel SMN-dependent pathway and the pathogenesis of SMA.

Role of SMN in the assembly of higher-order snRNP complexes
LSm proteins participate spliceosomal complex formation by promoting the
annealing of the U4/U6 duplex (Achsel et al., 1999) and in the scaffolding of proteinprotein interactions that facilitate di-snRNP formation (Licht et al., 2008; Raker et al.,
1996). Thus, SMN-dependent defects in the incorporation of LSm proteins into U6
snRNPs would be expected to reduce the levels of higher order U6-containing snRNP
complexes. Accordingly, SMN deficiency decreased both the association of newly
transcribed U4 and U6 snRNAs resulting in reduced steady-state levels of the U4/U6 disnRNP (Figure 3.7). Furthermore, tri-snRNP levels were also reduced by approximately
50% in SMN-deficient NIH3T3 cells with no appreciable differences for major or minor
tri-snRNPs (Figure 3.9B).
A recent report showed that minor tri-snRNPs appeared significantly more
affected than major tri-snRNPs in Type I SMA lymphoblasts (Boulisfane et al., 2011).
However, in similar analysis from lymphoblastoid cell lines derived from control and
Type I SMA patients, while I detected a non-uniform reduction in the levels of individual
snRNPs I could not find any evidence for decreased tri-snRNP levels or preferential
effects on major versus minor tri-snRNPs (Figure 3.10B). One critical difference
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between my experiments and theirs was that I analyzed three lymphoblastoid cell lines
from controls and three derived from SMA Type I patients, while Boulisfane et al.
analyzed a single cell line from a control and an SMA patient. Individual analysis of each
control and SMA cell line reveals that tri-snRNP levels vary significantly among
individual cell lines regardless of the genotype (Figure 3.10B). This may explain the
discrepancy between the results of Boulisfane et al. and my own.
Evaluation of a direct role for SMN in tri-snRNP formation is complicated by the
primary defect in snRNP biogenesis that alters individual snRNP levels in SMN-deficient
cells. Thus, the levels of each snRNP constituent of the tri-snRNP appears affected in a
non-uniform manner and to a different degree in distinct cell type (Figure 3.6B), making
it difficult to determine the relative contribution of snRNP biogenesis defects to
reductions in tri-snRNP levels as opposed to defects in a possible SMN function in trisnRNP formation. In the absence of direct biochemical evidence for a specific activity of
SMN in the association of U4/U4 di-snRNP with U5 snRNP, the most likely scenario is
that reductions in tri-snRNP levels found in SMN-deficient mammalian cells are
primarily driven by SMN-dependent defects in snRNP biogenesis, including the newly
discovered requirement for SMN in LSm core formation on U6 and U6atac snRNAs
described in this study. !
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Figure 3.1. The U6 snRNP biogenesis pathway (reproduced from Patel and Bellini,
2008).
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Figure 3.2. 6F3 and 4E3, two novel monoclonal antibodies against LSm4. (A) Extracts
from 293T cells transiently transfected with Flag-tagged LSm4 were analyzed by
Western blot. Blots were probed with secondary antibody only, anti-Flag antibody, and
both LSm4 antibodies (6F3 and 4E3). (B) Extracts from 293T cells transiently transfected
with Flag-tagged LSm4 were immunoprecipitated with mouse immunoglobulins, antiFlag, 6F3 and 4E3 in the presence of 1% Empigen and analyzed by Western blot with
6F3. Input represents 1/10 of protein extract used for immunoprecipitation.
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Figure 3.3. 6F3 and 4E3 recognize endogenous LSm4-containing complexes. (A)
Extracts from NIH3T3 fibroblasts were immunoprecipitated with 6F3 and 4E3 and
immunoprecipitates were analyzed by Western blot with 6F3. Immunoprecipitation with
mouse immunoglobulins (Control) was used as a negative control. (B) 6F3 and 4E3
recognize various LSm4-containing spliceosomal complexes. Extracts from NIH3T3
fibroblasts were immunoprecipitated with 6F3 and 4E3, and mouse immunoglobulins
(Control) and analyzed by real-time RT-qPCR analysis. Values represent means and
SEMs of multiple independent experiments (n = 3).
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Figure 3.4. Association of LSm4 with newly transcribed snRNAs. NIH3T3 fibroblasts
were pulsed with 200 µCi of [32P]-phosphoric acid for 16 hours before collection.
Extracts from pulsed cells were analyzed by immunoprecipitation with mouse
immunoglobulins (Control), anti-Sm (Y12), and two LSm antibodies (6F3 and 4E3).
Purified RNAs were run on a denaturing polyacrylamide gel and analyzed via
autoradiography. Input represents 1/20 of total RNA used in each immunoprecipitation.
Asterisks indicate 5.8S and 5S ribosomal RNAs.
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Figure 3.5. LSm4 is localized diffusely in the nucleus and in punctate cytoplasmic
bodies. Immunofluoresence analysis by confocal laser microscopy of NIH3T3 fibroblasts
stained with 6F3 and 4E3 antibodies. Scale bar = 5 µm.
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Figure 3.6. SMN deficiency causes non-uniform reductions in the level of snRNPs. (A)
Western blot analysis of NIH3T3-SmnRNAi and NIH3T3-SMN/SmnRNAi cells cultured for
5 days without (-) or with (+) doxycycline (Dox). (reproduced from Ruggiu et al. 2012).
(B) RT-qPCR analysis of snRNAs immunoprecipitated with anti-SmB antibodies from
NIH3T3-SmnRNAi (red) and NIH3T3-SMN/SmnRNAi (blue) cells cultured as in (A). RNA
levels in Dox-treated cells were expressed relative to untreated cells (dotted line). Values
represent means and SEM from independent experiments (n = 3; *, p < 0.05).

!

!

164!

Figure 3.7. SMN-dependent reduction of steady state and newly formed LSm4containing complexes. (A) Assembly of LSm4 with newly transcribed spliceosomal U
snRNAs is impaired in SMN deficiency. NIH3T3-SmnRNAi and NIH3T3-SMN/SmnRNAi
cells were grown for 4 days in the presence (+Dox) or absence (-Dox) of doxycycline
before being pulsed for 16 hours overnight for with 200 µCi of [32P]-phosphoric acid.
Extracts from pulsed cells were analyzed by immunoprecipitation with an antibody
against LSm4 (4E3). Purified RNAs were run on a denaturing polyacrylamide gel and
analyzed via autoradiography. Input represents 1/20 of total RNA in each
immunoprecipitation. (B) Phosphorimager quantification of (A). (C) Steady-state levels
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of LSm4-containing spliceosomal complexes are reduced in SMN deficiency. Real-time
RT-qPCR analysis of LSm4 immunoprecipitates of extracts from NIH3T3-SmnRNAi cells
cultured for 5 days without (-) or with (+) doxycycline (Dox). Values represent means
and SEM from independent experiments (n = 3; *, p < 0.05; **, p < 0.01; ***, p < 0.001).
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Figure 3.8. LSm4 is destabilized in SMN deficiency. (A) LSm4 protein levels are
reduced in SMN deficiency. Extracts from NIH3T3-SmnRNAi and NIH3T3-SMN/SmnRNAi
cells grown for 5 days without (-) or with (+) doxycycline (Dox) were
immunoprecipitated with 4E3 and proteins were analyzed by SDS-PAGE and Western
blot. (B) Transcriptional levels of LSm proteins are unchanged in SMN deficiency.
Extracts from NIH3T3-SmnRNAi –Dox and +Dox cells were analyzed by real-time RTqPCR with primers specific for the indicated mRNAs.
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Figure 3.9. SMN-dependent perturbations in the levels of higher order spliceosomal
complexes. (A) Western blot analysis of NIH3T3 SmnRNAi and NIH3T3 SMN/SmnRNAi
cultured for 5 days without (-) or with (+) doxycycline (Dox) for the proteins indicated on
the right. (B) RT-qPCR analysis of RNAs immunoprecipitated with anti-U5-110k and (C)
anti-SF3b155 antibodies from NIH3T3-SmnRNAi and NIH3T3-SMN/SmnRNAi cells
cultured as in (A). RNA levels in Dox-treated cells were expressed relative to untreated
cells (dotted line). Values in all graphs represent means and SEM from independent
experiments (n = 3; *, p < 0.05; **, p < 0.01; ***, p < 0.001).
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Figure 3.10. Lymphoblasts derived from type I SMA patients show defects in snRNA
expression but no defects in higher order spliceosomal assembly. (A) Minor snRNAs are
preferentially reduced in Type I SMA lymphoblasts. Total RNA was isolated from
extracts of control and Type I SMA lymphoblasts and snRNA levels were assessed by
real-time RT-qPCR. (B, C) RT-qPCR analysis of RNAs immunoprecipitated with
antibodies against U5-110k and SF3b155 from control and Type I SMA lymphoblasts
For (A, B), breakdown of levels found in each individual line relative to control (dotted
line) is found in the right panel. Values in all graphs represent means and SEM from
independent experiments (n = 3; *, p < 0.05; **, p < 0.01).
!

!

169!

Chapter 4. SMN is required for P body formation and the regulation of
ARE-containing mRNAs

Besides their role in RNA splicing as part of the nuclear LSm2-8 complex
associated with U6 and U6atac snRNAs, select members of the LSm protein family
(LSm1-7) form heptameric complexes that localize to cytoplasmic structures known as
processing bodies (P bodies) and that function in the regulation of mRNA decay. Here I
sought to investigate the role of SMN in the biology of these cytoplasmic LSm
complexes, based on my hypothesis that the SMN might orchestrate the specific
assembly of diverse Sm/LSm cores with distinct RNA targets.

Introduction
4.1. P bodies: bridging RNA translation and decay
Discovery
P bodies are cytoplasmic aggregates of translationally repressed mRNPs that are
associated with a host of factors involved in post-transcriptional mRNA regulation,
including translational repression and mRNA decay. P bodies were originally discovered
when investigators observed that Xrn1—the main cytoplasmic 5’ to 3’ exonuclease in
eukaryotic cells—was localized in small punctate structures within the cytoplasm of
mammalian cells (Bashkirov et al., 1997). This observation was relatively unappreciated
until a number of other findings brought P bodies back to the forefront of interest. These
findings included the discovery that the mRNA decapping enzyme Dcp2 as well as its co-
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factors Dcp1a, Dcp1b and LSm1-7 proteins co-localize to these same cytoplasmic foci
(Cougot et al., 2004; Ingelfinger et al., 2002; van Dijk et al., 2002). In addition, the
autoimmune serum from a patient with motor and sensory neuropathy that stained these
cytoplasmic bodies led to the discovery of GW182, a protein later found to be critical for
miRNA-mediated gene regulation (Eystathioy et al., 2002). Since then, additional
constituents of P bodies have been discovered at a rapid rate. Proteins involved in mRNA
degradation, ARE-containing mRNA regulation, nonsense-mediated decay (NMD), RNA
interference (RNAi) and translational repression have been found in P bodies (Eulalio et
al., 2007). Conversely, ribosomal proteins and proteins that are involved in translation
initiation are absent from P bodies, with the exception of the cap-binding protein eIF4E
and its binding partner eIF4E-transporter (eIF4E-T) (Andrei et al., 2005; Ferraiuolo et al.,
2005). Numerous studies have revealed a dense network of interactions between P body
constituents (Coller and Parker, 2005; Fenger-Gron et al., 2005; Gavin et al., 2006; Ho et
al., 2002; Krogan et al., 2006). The presence of proteins involved in such a broad range
of post-transcriptional regulatory processes indicate that the P bodies play a central role
in the regulation of gene expression.

Mechanisms of mRNA turnover
Degradation of most mRNA occurs through two major pathways in eukaryotic
cells (Figure 4.1). In both cases, bulk mRNA decay is initiated by deadenylation (Eulalio
et al., 2007). The Pan2/3 complex is thought to initiate deadenylation that is then
continued by the Caf1/Ccr4/Not1 complex, which localizes to the P bodies (Parker and
Song, 2004). After this rate-limiting step, the deadenylated mRNA can undergo
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degradation from the 3’ end — a process catalyzed by the exosome and the SKI complex
(Houseley et al. 2006). Alternatively, 5’ to 3’ degradation requires the removal of the cap
structure from the 5’ end of the deadenylated mRNA (van Dijk et al., 2002). The
decapping of mRNA is an irreversible and highly regulated process that is catalyzed by
Dcp2 and also requires the function of several additional proteins as decapping coactivators. These decapping co-activators are very well conserved in eukaryotes and
include Dcp1a/1b, Edc3 (also known as LSm16), the LSm1-7 proteins, Ge-1, the RNA
helicase RCK/p54, and Pat1 (Eulalio et al., 2007). Remarkably, all these proteins
functioning in the 5’ to 3’ decay pathway have been shown to localize to P bodies. Thus,
it appears that these structures are equipped with the entire machinery necessary for
processive, efficient degradation of mRNAs. In contrast, members of the exosome and
the SKI complex have not been shown to co-localize to the P bodies, indicating that these
two modes of mRNA decay may be spatially distinct from one another in the cell.
Interestingly, exosome subunits have been shown to localize into distinct cytoplasmic
granules from P bodies (Lin et al., 2007).
Consistent with their a role in mRNA decay, P bodies also contain mRNAs (Liu
et al., 2005; Pillai et al., 2005; Teixeira et al., 2005) Although this finding suggests that P
bodies may require mRNAs for their assembly, it does not distinguish whether P bodies
represent actual sites of mRNA degradation or simply storage sites for translationally
repressed mRNAs and mRNA degradation enzymes. Several observations have indicated
that mRNA degradation can take place within P bodies. For example, transcriptional
inhibition by actinomycin D or RNase A treatment leads to P-body disassembly,
indicating that P-body formation is dependent on RNA synthesis (Cougot et al., 2004;
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Teixeira et al., 2005). In addition, inhibition of mRNA decay (i.e. by blocking
deadenylation by through Ccr4 depletion) results in the disappearance of P bodies
(Andrei et al., 2005; Sheth and Parker, 2003). Trapping mRNAs with ribosomes using
cyclohexamide also reduces the number of P bodies (Cougot et al., 2004; Sheth and
Parker, 2003). In contrast, blocking mRNA decay at a late stage by interfering with
decapping or exonucleolytic activity results in an increase in the size and number of P
bodies (Cougot et al., 2004; Teixeira et al., 2005). Similarly, blocking the progression of
Xrn1 along an mRNA through the insertion of specific RNA sequences or by depleting
Xrn1 leads to enlargement of P bodies due to the accumulation of decay intermediates
with these bodies.
Before mRNAs assemble into P bodies, they are translationally repressed.
Translational silencing factors then promote the formation of a P body “monomer” by
recruiting decapping factors and other P body assembly components. Depending on the
speed at which mRNA decay occurs, mRNAs may be degraded prior to the assembly of a
visible P body but if decay enzymes are limiting, repressed mRNPs multimerize through
interactions between decapping/translational silencing factors to form visible P bodies
where they are either degraded or released back into the polysome pool. Together, these
lines of evidence indicate that mRNA decay can take place in P bodies and that the size
and number of P bodies is directly proportional to the number of mRNAs that are
translationally stalled or are committed to/undergoing degradation.
It is important to note that P bodies are not the only sites of 5’ to 3’ mRNA
degradation as most P-body components are also diffusely distributed throughout the
cytoplasm. Indeed, the pool of P body components that are diffusely localized in the
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cytoplasm may be greater than the amount of each protein that exists within the P bodies.
Furthermore, P body components dynamically exchange with the cytoplasmic pool
(Kedersha et al., 2005). Thus, it has been hypothesized that mRNA decay occurs and may
even be initiated in the cytoplasm, and the formation of P bodies is a result of interactions
between decay enzymes, cofactors, and RNA substrates (Eulalio et al., 2007). The high
concentration of the mRNA degradative machinery in P bodies would then increase the
efficiency and specificity of turnover of cytoplasmic mRNAs. Consistent with this, a
recent study demonstrated Rck/p54, a DExD-box helicase, is enriched 170-fold within P
bodies to a concentration of 0.56 mM, providing multiple binding sites for repressed
mRNAs and enhancing the recruitment of the decapping complex (Ernoult-Lange et al.,
2012).
Degradation is not the only fate of mRNAs localized to P bodies. Several
observations have demonstrated that mRNAs can be transiently stored in P bodies and
return to the translationally competent pool of mRNPs in response to specific cues. For
example, specific mRNAs accumulated in P bodies under particular growth or stress
conditions can be observed to exit P bodies when conditions change and to re-enter the
pool of actively translated mRNAs (Bhattacharyya et al., 2006). Accordingly, yeast cells
that are in stationary phase concentrate reporter mRNAs in P bodies but these mRNAs
exit P bodies and resume translation upon resumption of growth (Brengues et al., 2005).
Thus, P bodies are dynamic cytoplasmic structures that are involved in the storage of
translationally repressed mRNAs and in the regulation of their fate.
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4.2. Role of the LSm1-7 complex in mRNA degradation and turnover
In addition to the nuclear LSm2-8 complex, a cytoplasmic complex containing
LSm1-7 proteins is present in both yeast and mammalian cells (Bouveret et al., 2000;
Ingelfinger et al., 2002). Cytoplasm-specific LSm1 was first identified as an Sm motif
containing protein whose deletion in yeast led to defects in decapping (Boeck et al.,
1998). Subsequently, two-hybrid studies and immunoprecipitation experiments
demonstrated that the LSm1 protein interacted with a subset of other LSm proteins
(Mayes et al. 1999). However, LSm1 did not associate with U6 snRNA and was not
found in the U4/U6 di-snRNP or the U4/U6/U5 tri-snRNP (Gottschalk et al., 1999;
Stevens and Abelson, 1999). In addition, deletion of yeast lsm1 did not affect the levels
of U6 snRNA or in vitro splicing efficiency (Mayes et al., 1999; Salgado-Garrido et al.,
1999). Interestingly, lsm1 mutation suppressed deletion of poly(A) binding protein and
stabilized mRNAs, suggesting a role in mRNA degradation (Boeck et al., 1998).
The involvement of the LSm1-7 proteins in 5’ to 3’ mRNA decay was initially
characterized in Saccharomyces cerevisiae. A number of investigators observed that
several mRNAs exhibited lower decay rates in lsm1-lsm7 mutants but not in lsm8
mutants (Boeck et al., 1998; Bouveret et al., 2000; Tharun et al., 2000). These mRNAs
were known to primarily degrade via the 5’ to 3’ pathway in yeast (Hatfield et al., 1996)
thus implicating the LSm1-7 proteins in the 5’ to 3’ decay pathway. Direct evidence of a
physical interaction between the LSm1-7 proteins with two decapping activators (Dhh
and Pat1), the decapping enhancer Dcp1, and the 5’ to 3’ exonuclease Xrn1, corroborated
the involvement of the LSm1-7 complex in 5’ to 3’ mRNA decay (Bonnerot et al., 2000;
Bouveret et al., 2000).
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Early studies demonstrated that lsm1-lsm7 mutants accumulate oligoadenylated

mRNAs unlike wild-type cells which exhibit uniform distribution of mRNA poly(A) tail
length (Boeck et al., 1998; Tharun et al., 2000). However, the rate of deadenylation was
not affected in lsm mutants. These findings, together with the observation that a major
fraction of the accumulating oligoadenylated mRNAs were capped, suggested decapping
defects in lsm1-lsm7 mutants. Moreover, the fact that some of the oligoadenylated mRNA
that accumulated in these mutants was uncapped, pointed to an additional block in the 5’
to 3’ exonucleolytic activity likely related to the physical interaction between LSm1-7
and Xrn1 (Bouveret et al., 2000; Tharun et al., 2000). Collectively, these studies
suggested a role for the LSm1-7 complex as an activator of decapping and the 5’ to 3’
exonucleolytic pathway (Bouveret et al., 2000; Tharun et al., 2000).
Consistent with a specific activity in mRNA turnover, the LSm1-7 complex
preferentially associates with translationally repressed mRNPs that are targeted for
decapping. It was shown that the LSm1-7 complex does not co-immunoprecipitate with
any of the key translation initiation factors including the cap binding complex or the
poly(A) binding protein, but does interact with the decapping enzyme (Tharun and
Parker, 2001). Thus, the displacement of translation initiation factors and recruitment of
decay factors are mRNP rearrangements critical for mRNA decapping and subsequent
decay. Interestingly, the translational repressor Pat1 has been shown to interact with the
LSm1-7 complex in yeast (Coller and Parker, 2005) and further studies in mammalian
cells showed that Pat1b is tightly associated with the Ccr/Caf/Not1 deadenylation
complex, the Dcp1/Dcp2 decapping complex, and the LSm1-7 core through three
independent domains (Ozgur et al., 2010). These observations suggest that Pat1 serves as
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a scaffolding protein linking deadenylation with decapping. Thus, the LSm1-7 core
together with Pat1 likely plays a role in facilitating the structural rearrangements that
transition an mRNP from being actively translated to being targeted for decay.
Additional biochemical characterization of the LSm1-7 complex has led to further
insight into the mechanisms by which it may regulate the transition from translation to
decapping and decay. Purification of the LSm1-7/Pat1 complex revealed that the complex
is able to bind directly to RNA in vitro (Chowdhury et al., 2007). Specifically, the
purified LSm1-7/Pat1 complex bound near the 3’-end of RNAs and had a strong binding
preference for oligoadenylated RNAs over unadenylated and polyadenylated RNAs. As
electron microscopic analysis of reconstituted LSm1-7 revealed that this complex forms a
doughnut-like structure similar to that of the canonical Sm complex and the LSm2-8 core
(Zaric et al., 2005), it is thought that LSm1-7 accommodates RNA through its central
pore.
The in vitro RNA-binding characteristics of the LSm1-7 complex have been
shown to be critical for RNA regulation in vivo. lsm1 mutants that do not exhibit higher
affinity towards oligoadenylated RNAs but are normal with regard to LSm complex
integrity and maintain the other characteristic RNA binding properties of the wild-type
LSm1-7/Pat1 complex exhibit significant mRNA decay defects in vivo (Chowdhury and
Tharun, 2008; Tharun et al., 2005). As it has been shown that polyadenylated mRNAs
recruit the poly(A) binding protein and that decapping of polyadenylated mRNAs is
inhibited in vivo by the poly(A) binding protein, this result suggests that the specific
preference for LSm1-7/Pat1 for oligoadenylated mRNAs could account for the
dependence of decapping on prior deadenylation. In addition, a preference for
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oligoadenylated mRNAs could prevent the LSm1-7/Pat1 complex from non-specifically
binding to other RNAs in vivo and erroneously facilitate their decapping. Recognition of
3’-uridine tracts by LSm1-7 have also been shown to be important for mRNA decay in
mammalian cells. 3’-uridine tracts can stimulate decapping of RNAs in an LSm1dependent manner and several decapping factors including LSm1 and LSm4 bind
selectively to RNAs carrying such 3’-U-tracts (Song and Kiledjian, 2007). These findings
collectively demonstrate that the LSm1-7 complex plays a critical role in the regulation
mRNA degradation by promoting decapping and facilitating mRNP rearrangements that
ultimately lead to 5’ to 3’ decay via Xrn1.

4.3. Regulation of ARE-containing mRNAs
AU-rich elements: cis-acting motifs that regulate mRNA stability
A notable mechanism for regulation of mRNA turnover of a variety of transcripts
involves AU-rich elements (AREs), the largest and most studied group of cis-acting
elements controlling mRNA stability (Schoenberg and Maquat, 2012). AREs are found in
tightly regulated mRNAs that include cyclins, cytokines, growth factors, and protooncogenes. Canonically, mRNAs that undergo ARE-mediated decay (Figure 4.3) are
thought to comprise up to 10-15% of all cellular mRNAs and typically have one or more
copies of the AUUUA pentamer embedded in a U-rich context in their 3’-UTR (Bakheet
et al., 2006; Gruber et al., 2011).
AREs have been grouped into three broad categories based on the number and
context of the AUUUA repeats (Chen and Shyu, 1995). Class I AREs contain 1 to 5
dispersed copies of the AUUUA motif within U-rich regions. Class II AREs possess at
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least 2 overlapping UUAUUUA(U/A)(U/A) nonamers and have been subdivided into
five additional groups based on the repetition pattern of the AUUUA pentamer (Bakheet
et al., 2006). Class III AREs are less well defined than Class I or II in that they are U-rich
regions but contain no AUUUA motif. Most mRNAs containing class II AREs encode for
cytokines and mediators of the inflammatory response, while class I and class III AREs
are found in mRNAs encoding transcription factors and cell cycle regulatory proteins.
AREs thus represent a common 3’-UTR motif that regulates the stability of many critical
mRNAs. The dynamic control that AREs confer on their mRNAs is mediated by transacting factors that bind directly to the ARE, the ARE-binding proteins.

Mechanisms of ARE-mediated turnover
ARE-binding proteins (ARE-BPs) are among the principal trans-acting factors
that recognize ARE sequences and mediate mRNA turnover (von Roretz et al., 2011).
ARE-BPs bind directly to ARE elements in the 3’ UTR of target mRNAs and regulate
their stability. ARE binding of some ARE-BPs such as CUGBP-2 (Mukhopadhyay et al.,
2003) and HuR (Fan and Steitz, 1998) results in mRNA stabilization. Other ARE-BPs
such as tristetrapolin (TTP) (Chen et al., 2001), butyrate response factor-1 (BRF1)
(Stoecklin et al., 2002) and KH-splicing related protein (KSRP) (Gherzi et al., 2004)
promote rapid decay of mRNAs. Still others, such as AUF1, are able to stabilize or
destabilize the transcript depending on the isoform used (Sela-Brown et al., 2000; Xu et
al., 2001). Thus, the steady-state levels of ARE mRNAs depend on the balance between
transcription rate together with the relative levels of expression and activity of stabilizing
and destabilizing ARE-BPs.
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ARE-BPs themselves are regulated by a variety of post-translational

modifications directed by kinases, phosphatases and arginine methyltransferases
(Schoenberg and Maquat, 2012). For instance, post-translational modification of HuR has
profound effects on its subcellular localization. Phosphorylation by PKCα (Doller et al.,
2007), PKCγ (Doller et al., 2008), or p38 (Lafarga et al., 2009) and methylation by
CARM1 (Li et al., 2002) increases the cytoplasmic accumulation of HuR where it
stabilizes mRNAs destined for translation. Conversely, phosphorylation by Cdk1 in the
G2 phase of the cell cycle sequesters HuR in the nucleus (Kim et al., 2008). This is
thought to be a critical event in cell cycle regulation as HuR regulates the stability of
cyclin mRNAs, and erroneous stabilization of these transcripts can result in uncontrolled
proliferation. Post-translational modification can also regulate the association of AREBPs with RNA or the degradation machinery. For example, phosphorylation of KSRP by
p38 decreases its binding to the ARE-containing myogenin mRNA with subsequent
downregulation of its decay (Briata et al., 2005). Alternatively, phosphorylation of KSRP
by phosphatidylinositol 3-kinase-Akt (PI3-Akt) at a different site does not interfere with
KSRP binding to β-catenin mRNA but prevented KSRP association with the exosome
(Gherzi et al., 2006). Thus, ARE-BPs are subject to several layers of regulation by which
they control the stabilization or destabilization of ARE-containing mRNAs.
The exact mechanisms by which ARE-BPs mediate their effects on mRNA
stability are still unclear. However, it is thought that destabilizing ARE-BPs target
mRNAs for degradation by serving to recruit components of the cellular mRNA decay
machinery (Figure 4.2). As it is for non-ARE-containing mRNAs, the first step of AREmediated decay is the rapid deadenylation of the target mRNA mediated by the
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Ccr/Caf/Not1 deadenylase complex (Zheng et al., 2008). Though it is not known exactly
how ARE-BPs promote deadenylation, one hypothesis is that ARE-BPs interfere with the
binding of the 5’-cap complex with 3’-bound poly(A) binding protein. This would
prevent mRNA from assuming the “closed loop” configuration important for translational
efficiency and expose the 3’-end to deadenylation complexes (Chen and Shyu, 2011).
Following removal of the poly(A) tail, ARE-containing mRNAs are degraded by
both the 3’ to 5’ and 5’ to 3’ decay machineries. Early studies indicated that AREcontaining mRNAs were degraded primarily by the exosome (Chen et al., 2001; Gherzi et
al., 2004; Mukherjee et al., 2002). The exosome is a complex of 3’ to 5’ nucleases that is
involved in the degradation and processing of a wide variety of RNA species in the
cytoplasm and the nucleus (Parker and Song, 2004). ARE-binding proteins including
AUF1, TTP, and KSRP were shown to associate with both the exosome and AREcontaining mRNAs and to be necessary for exosome-mediated decay in vitro (Chen et al.,
2001). Accordingly, immunodepletion of exosome components decreased AREcontaining mRNA decay in a cell-free assay (Mukherjee et al., 2002) Thus, ARE-BPs
may recruit the exosome to target mRNAs and facilitate their degradation.
More recent studies have implicated a role for 5’ to 3’ mRNA machinery in the
degradation of ARE mRNAs (Lykke-Andersen and Wagner, 2005; Stoecklin et al.,
2006). RNAi-mediated knockdown of Xrn1 and LSm1 in human cells stabilized AREcontaining reporter mRNAs by reducing the efficiency of their decay (Stoecklin et al.,
2006). Furthermore, ARE-BPs including TTP have been shown to localize to P bodies as
well as to interact with members of the decapping complex and to facilitate the decapping
of ARE-containing mRNAs in vitro (Fenger-Gron et al., 2005; Lykke-Andersen and
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Wagner, 2005). However, it is important to note that P bodies themselves are not required
for ARE-mediated decay because knockdown of GW182 causes P body disruption but
does not affect ARE-mediated decay (Stoecklin et al., 2006). Thus, in addition to
recruiting the exosome for 3’ to 5’ degradation, ARE-BPs recruit decapping factors such
as the LSm1-7 complex to ARE-containing mRNAs for their 5’ to 3’ degradation. These
findings illustrate the complex network of regulatory elements that function to modulate
the expression and stability of ARE-containing mRNAs.

4.4. Links between SMN and mRNA turnover
SMN association with P bodies in Drosophila
Recent studies in Drosophila suggested a connection between P bodies and SMN.
In addition to being localized in Cajal bodies, the SMN complex and U snRNPs were
shown to be concentrated in discrete cytoplasmic structures called U bodies in Drosophila
oocytes (Cauchi et al., 2010; Liu and Gall, 2007). Double labeling experiments revealed
that U bodies were invariably associated with cytoplasmic P bodies, occasionally forming
large aggregates with multiple U bodies and P bodies (Liu and Gall, 2007). Moreover,
genetic disruption of either P bodies or U bodies dramatically affected the organization of
the other, suggesting a functional link (Lee et al., 2009; Liu and Gall, 2007). Most
Drosophila oocytes that expressed mutant cup or otu, two P body constituents, exhibited
complete loss of U body formation, interspersed with rare cells that formed unusually
large U bodies (Lee et al., 2009). Conversely, mutant smn oocytes exhibited P bodies that
were aberrantly organized, often forming large aggregates (Lee et al., 2009). Although
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the biological significance of these observations is unclear, they are consistent with a
possible link between SMN and cytoplasmic mRNA regulation.

SMN interaction with ARE-BPs KSRP and HuD
SMN has been shown to associate with two RNA-binding proteins that play
critical roles in the regulation of ARE mRNAs. KSRP was shown to directly interact with
the Tudor domain of SMN in a methylation-dependent fashion (Tadesse et al., 2008).
Furthermore, the authors provided evidence that SMN deficiency decreased both the
levels of KSRP and the in vitro degradation of p21 mRNA - a known target of KSRP
(Briata et al., 2005) - in extracts from the spinal cord of heterozygous SMA mice
(Tadesse et al., 2008). Recently, several groups independently reported that the neuronalspecific ARE-BP HuD is associated with SMN through its Tudor domain in motor
neuron-derived MN-1 cells and in primary motor neurons (Akten et al., 2011; Fallini et
al., 2011; Hubers et al., 2011). One of these studies showed that SMN and HuD
associated with the cpg15/neuritin mRNA and that SMN deficiency decreased
cpg15/neuritin mRNA levels in primary neurons (Akten et al., 2011). Furthermore,
overexpression of cpg15 mRNA partially rescued motor axon defects in SMN-deficient
zebrafish (Akten et al., 2011). Collectively, these experiments implicated SMN in some
aspects of mRNA regulation possibly involving the association of specific RNA binding
proteins with their RNA targets.
It has been established for over a decade that SMN plays a critical role in snRNP
biogenesis. Although SMN has been implicated in a number of other RNA processing
pathways, investigators in the field have been unable to definitively link SMN to cellular
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pathways outside RNA splicing. Here, I sought to investigate a role for SMN in the
biology of the LSm1-7 complex and the regulation of mRNA decay.
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Results
4.5. SMN deficiency disrupts P body formation
To begin to assess the possible involvement of SMN in the biology of
cytoplasmic LSm1-7 complexes, I analyzed the effect of SMN deficiency on the
subcellular localization of LSm4. To do so, I used NIH3T3-SmnRNAi fibroblasts with
doxycycline-inducible knockdown of endogenous SMN (described in Chapter 3).
Immunofluorescence analysis of wild-type NIH3T3 fibroblasts with anti-LSm4
antibodies detected cytoplasmic foci likely representing P bodies in addition to diffuse
nucleoplasmic staining consistent with LSm4 presence in the LSm2-8 ring associated
with the U6 snRNP (Figure 3.5). To demonstrate that the cytoplasmic foci corresponded
to P bodies, I immunostained wild-type NIH3T3 cells with antibodies against both the
LSm4 and the decapping activator Dcp1a (Figure 4.4), which is a well-established P
body constituent (Kedersha et al., 2005). Confocal laser microscopy revealed complete
colocalization of LSm4 cytoplasmic foci with Dcp1a, confirming that these were P
bodies (Figure 4.3C and D). Next, I performed immunofluorescence analysis with antiLSm4 antibodies on untreated and doxycycline-treated NIH3T3-SmnRNAi cells. SMNdeficient NIH3T3-SmnRNAi cells exhibited reduced LSm4 staining (Figure 4.4A),
consistent with the reduction in LSm4 protein expression levels (Figure 3.8).
Remarkably, LSm4 localization to P bodies was almost entirely lost while nucleoplasmic
staining appeared relatively spared (Figure 4.4A). Normal LSm4 subcellular distribution
in P bodies was fully restored by expression of human SMN in NIH3T3-SMN/SmnRNAi
cells (Figure 4.4B), indicating that the effect was specific to SMN.
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To determine whether SMN deficiency caused the disruption of P bodies and not

simply the localization of LSm4 to these cytoplasmic foci, I carried out
immunofluorescence analysis of untreated and doxycycline-treated NIH3T3-SmnRNAi and
NIH3T3-SMN/SmnRNAi fibroblasts using antibodies against several known P body
constituents. Dcp1a, GW182, and Xrn1 all localized diffusely in the cytoplasm and to P
bodies in NIH3T3 cells with normal SMN levels (Figure 4.6A), consistent with previous
studies (Kedersha et al., 2005). In contrast, localization of these proteins to cytoplasmic
foci was lost in SMN-deficient NIH3T3 fibroblasts (Figure 4.5A), and restored upon
expression of human SMN (Figure 4.5B). In addition, GW182 exhibited an SMNdependent reorganization with strong nuclear staining occurring in SMN deficiency in
what appear to be nucleolar caps. To determine whether the failure to detect Dcp1a,
GW182, and Xrn1 localization to cytoplasmic foci was due to changes in their expression
levels, I carried out Western blot analysis of NIH3T3-SmnRNAi and NIH3T3SMN/SmnRNAi cell extracts. Dcp1a and Xrn1 protein levels were unchanged in SMN
deficiency (Figure 4.6), demonstrating that the failure of Dcp1a and Xrn1 to localize to P
bodies was not the result of their decreased expression. Levels of GW182 could not be
assessed because the antibodies do not work in Western blot. Collectively, these results
demonstrated that SMN deficiency disrupts P body formation is mammalian cells.

4.6. SMN deficiency upregulates the expression of ARE-containing mRNAs
Reduced LSm4 levels and disruption of P bodies caused by SMN deficiency
might affect cytoplasmic mRNA turnover. To address this possibility, I investigated the
effects of SMN deficiency on mRNA expression using genome-wide microarray analysis.
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In collaboration with Dr. Jernej Ule (MRC Molecular Biology Laboratory, Cambridge,
UK), RNA from SMN-deficient NIH3T3-SmnRNAi and NIH3T3-SMN/SmnRNAi cells
grown in the presence of doxycycline for 5 days was analyzed using Affymetrix exonjunction arrays that monitor expression and splicing changes of approximately 25,000
mouse genes. Three biological replicates for each group were used in the analysis.
Comparison of SMN-deficient NIH3T3 cells with or without human SMN expression
was advantageous for a number of reasons: 1) as all these cells were grown in
doxycycline, their analysis minimizes the identification of potential doxycyclinedependent effects on mRNA expression; 2) as they also expressed shRNA against SMN,
they control against the identification of shRNA-dependent, off-target effects on mRNA
expression, and 3) only mRNA expression changes that are corrected by human SMN
should be identified.
Although numerous splicing changes were detected by the exon-junction array, in
my study I specifically focused on mRNA expression changes. Bioinformatics analysis of
microarray data identified 112 mRNAs with a 1.8-fold or greater change in expression
levels (Transcript Fold Change, TFC) in SMN-deficient NIH3T3 fibroblasts, of which 76
were downregulated and 36 were upregulated (Figure 4.7). A list of all upregulated and
downregulated mRNAs (TFC > 1.8) that were identified in the microarray analysis is
provided in Figure 4.8 and Figure 4.9. Changes in mRNA expression were tested by RTqPCR analysis of total RNA extracted from NIH3T3-SmnRNAi cells cultured with or
without doxycycline and demonstrated a degree of validation greater than 95%,
establishing the accuracy of the microarray predictions. Analysis of representative
upregulated and downregulated genes are shown in Figure 4.10.
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Further data mining revealed that a significant fraction (~80%) of the upregulated

mRNAs in SMN-deficient NIH3T3 fibroblasts are predicted to contain AU-rich elements
(AREs) (Figure 4.8 and Figure 4.11), a >7-fold enrichment over the estimated 10-15%
of ARE mRNAs present in the mouse genome (Gruber et al., 2011). Predicted AREcontaining genes were also found over-represented among downregulated mRNAs
although to a much lower extent (~45%) than upregulated genes in SMN-deficient
NIH3T3 fibroblasts (Figure 4.9 and Figure 4.11). Identified transcripts needed to fulfill
a number of criteria to be classified as ARE-containing in this analysis: 1) the transcript
had to contain known ARE motifs as analyzed by AREsite, an online resource for the
detailed investigation of AREs in vertebrate mRNAs (Gruber et al., 2011); 2) predicted
ARE motifs had to exhibit a high level of evolutionarily conservation; and 3) as AREBPs are known to prefer binding to single-stranded RNA, ARE motifs had to exist in
thermodynamically favorable regions for ARE-BP binding with low levels of predicted
secondary structure. In addition, any mRNA previously reported to associate with AREBPs was considered an ARE-containing mRNA. Collectively, these experiments
demonstrated that ARE-containing mRNAs represent the vast majority of the upregulated
transcripts in SMN-deficient NIH3T3 fibroblasts, suggesting a possible role for SMN in
the regulation of this class of mRNAs.

4.7. SMN deficiency decreases the turnover of ARE-containing mRNAs
Increases in mRNA expression can be the result of transcriptional upregulation
and/or increased stability. Given the well-established role of AREs in the regulation of
mRNA turnover, I investigated whether the observed increases in the expression of ARE-
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containing mRNAs reflected changes in their stability in SMN-deficient cells. To do so, I
carried out a time-course analysis by RT-qPCR using total RNA from untreated and
doxycycline-treated NIH3T3-SmnRNAi cells that had been treated with actinomycin D to
inhibit transcription. I determined the turnover of several ARE mRNAs that are
upregulated by SMN deficiency, including Mdm2, Cited2, Cdkn1a, and Thbs1 as well as
of Bpil2 mRNA that does not contain an ARE (Figure 4.12A). In untreated cells, Mdm2,
Cited2, Cdkn1a, and Thbs1 were found to be relatively short-lived mRNAs (t1/2 = 45
minutes, t1/2 = 34 minutes, t1/2 = 90 minutes, and t1/2 = 4 hours respectively). Strikingly,
each of these mRNAs was significantly stabilized in SMN-deficient NIH3T3 fibroblasts,
with an average 2-fold or greater increase in half-life. Importantly, the turnover of Bpil2
mRNA - a transcript that is upregulated in SMN-deficient NIH3T3 cells but does not
contain an ARE – was not changed by SMN depletion (Figure 4.12B). Collectively,
these findings indicated that SMN deficiency caused the upregulation of ARE-containing
mRNAs by decreasing their turnover in NIH3T3 fibroblasts. In contrast, analysis of
several ARE-containing mRNAs that were downregulated by SMN deficiency, including
Tk1, Ect2 and Mcm2 as well as the non-ARE-containing Top2a mRNA, revealed that the
stability of these transcripts were unaffected by SMN deficiency (Figure 4.13A and B).
Thus, the reduced expression of these ARE-containing mRNAs was likely due to
transcriptional downregulation as opposed to decreased stability.

4.8. SMN deficiency does not affect the association of ARE-BPs with target mRNAs
The turnover of ARE-containing mRNAs is regulated through the association
with ARE-BPs, resulting either in stabilization (i.e. HuR, HuD) or destabilization (i.e.
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KSRP, TTP, BRF1). Interestingly, SMN has been reported to interact directly with two
ARE-BPs - KSRP (Tadesse et al., 2008) and the neuron-specific HuD (Akten et al., 2011;
Fallini et al., 2011; Hubers et al., 2011). Thus, I investigated whether the effects of SMN
deficiency on the stability of ARE-containing mRNAs could be due to SMN-dependent
perturbations in their association with ARE-BPs. For this analysis, I focused specifically
on KSRP and HuR - two ARE-BPs that bind to Cdkn1a/p21 mRNA and influence its
turnover in an antagonistic manner (Briata et al., 2005; Wang et al., 2000). Antibodies
against KSRP and HuR specifically and efficiently recognize their respective target
proteins as demonstrated by Western blot analysis of both mouse NIH3T3 fibroblasts and
human HeLa cells (Figure 4.14A). First, I used these antibodies in coimmunoprecipitation experiments with extracts from NIH3T3 and HeLa cells to
determine whether SMN associates with KSRP and HuR. These experiments did not
provide evidence for SMN association with either KSRP or HuR in both mouse and
human cells (Figure 4.14B). Next, I investigated whether SMN deficiency affected the
expression levels of KSRP and HuR proteins. Western blot analysis of extracts from
NIH3T3-SmnRNAi and NIH3T3-SMN/SmnRNAi cells cultured with or without doxycycline
revealed no significant changes in either KSRP or HuR protein expression levels in SMN
deficiency (Figure 4.15).
SMN may regulate turnover of ARE mRNAs by specifically regulating their
association with ARE-BPs. To address this possibility, I analyzed the effect of SMN
deficiency
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immunoprecipitation and RT-qPCR analysis. First, I performed immunoprecipitation
experiments from extracts of NIH3T3-SmnRNAi cells with normal SMN levels using
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antibodies against KSRP and HuR as well as mouse immunoglobulins as a control. RTqPCR demonstrated that both KSRP and HuR specifically associated with Cdkn1a
mRNA but not with GAPDH mRNA (Figure 4.16A), consistent with previous studies
(Briata et al., 2005; Wang et al., 2000). Next, I looked for SMN-dependent changes in the
association of Cdkn1a mRNA with both KSRP and HuR proteins. To do so, I performed
RT-qPCR analysis of immunoprecipitates from untreated and doxycycline-treated
NIH3T3-SmnRNAi cells. These experiments showed that SMN deficiency did not
significantly affect the association of either KSRP or HuR proteins with Cdkn1a mRNA
(Figure 4.16B).
Collectively, these results showed that SMN does not appear to influence the
association of ARE-BPs with target ARE mRNAs such as Cdkn1a mRNA either by
modulating ARE-BPs expression levels or their RNA binding activity. Thus, one possible
mechanism is that SMN deficiency impairs the turnover of ARE-containing mRNAs by
affecting downstream events such as the assembly of components of the decay machinery
on the mRNA (see Discussion).

4.9. Upregulation of ARE-containing mRNAs in SMA
Identification of SMN-dependent RNA pathways dysregulated in SMA is relevant
to understanding disease mechanisms. Thus, I sought to investigate whether upregulation
of ARE mRNAs caused by SMN deficiency in the NIH3T3 cell model could be also
found in disease relevant cells or tissues from animal models of SMA.
First, I examined several existing data sets for gene expression changes of AREcontaining mRNAs from both spinal cords (Baumer et al., 2009; Zhang et al., 2008)
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(Figure 4.17 and 4.18) and motor neurons (Corti et al., 2008) (Figure 4.19) from latesymptomatic SMNΔ7 mice (P13) relative to control animals. Interestingly, in all three
data sets analyzed I found that ARE-containing mRNAs represent a high proportion
(~50%) of the genes that are upregulated in SMA. Furthermore, there was little overlap
among the upregulated genes identified in each of these studies as only two genes were
found to be upregulated in all three data sets, Cdkn1a and Sult1a1 (highlighted in yellow
in Figures 4.17-4.19). Importantly, both of these transcripts are ARE-containing
mRNAs. Furthermore, two other ARE-containing transcripts (Fkbp5 and Ptk2b) were
common hits in the spinal cord expression studies but not in the analysis of motor
neurons. Thus, the result of this meta-analysis is consistent with disruption of ARE
mRNA gene regulation in the spinal cords of SMA mice and the possibility that aberrant
stabilization of certain mRNAs of this class may contribute to SMA pathogenesis.
I then sought to directly assess SMN-dependent changes in the expression of
ARE-containing mRNAs in motor neurons from control and SMNΔ7 mice. As motor
neurons are the cell type primarily affected in SMA, it was important to define whether
ARE mRNA deregulation occurs in these disease-relevant neurons. To address this,
expression levels of the SMN-dependent ARE-containing Cdkn1a mRNA were
monitored in laser-captured motor neurons from control and SMNΔ7 mice. Laser capture
microdissection (LCM) from specific areas of the lumbar spinal cord was used to isolate
cells of interest from control and SMNΔ7 mice at postnatal day 6 (Figure 4.20A). In
addition to motor neurons (MNs) in the ventral horn, dorsal horn cells (non-MNs) of the
same spinal segment were collected as a control. This area of the spinal cord contains a
mixture of glia and neurons but is devoid of motor neurons. To assess the level of motor
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neuron enrichment as a result of LCM, RT-qPCR analysis was performed on RNA
isolated from LCM MNs and LCM non-MNs of spinal cord from control mice (Smn+/-;
SMN2+/+; SMNΔ7+/+; Hb9::GFP+/-) which express GFP under the control of the motor
neuron-specific Hb9 promoter (Cooper et al., 1995; Le et al., 2005; McGovern et al.,
2008). Similar levels of mRNA expression in MNs and non-MNs of another
housekeeping gene, Atp6, relative to Gapdh support the use of the latter as an appropriate
normalizer between different cell populations (Figure 4.20B). Importantly, ChAT and
GFP were expressed at 50- and 150-fold higher levels in MNs than in non-MNs,
respectively (Figure 4.20B), demonstrating very strong enrichment of motor neurons by
LCM.
Next, SMN-dependent changes in the expression levels of Cdkn1a mRNA were
measured by RT-qPCR analysis of total RNA extracted from the spinal cord as well as
LCM-MNs and LCM-non-MNs of control and SMA mice. Cdkn1a mRNA is
significantly upregulated (1.8-fold) in the spinal cord of SMA mice compared to
unaffected controls (Figure 4.21A). Strikingly, LCM-MNs from SMA mice displayed a
6-fold increase in Cdkn1a mRNA expression, while the increase in SMA non-MNs (1.7fold) was similar to that found in whole spinal cord (Figure 4.21B). These findings are
consistent with disruption of ARE mRNA gene regulation in SMA mice. Furthermore,
they showed that upregulation of the ARE-containing Cdkn1a mRNA triggered by SMN
deficiency is more prominent in motor neurons than other cells in the spinal cord of SMA
mice.
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4.10. Discussion
!

Here, I demonstrate that SMN deficiency results in the disruption of P bodies and

increased levels of many ARE-containing mRNAs in mammalian cells. I also show that
the SMN-dependent upregulation of ARE mRNAs reflects an increase in the stability of
these RNAs rather than in gene transcription. Importantly, the association of ARE-BPs
with target mRNAs was unchanged in SMN deficiency, suggesting that stabilization of
ARE-containing mRNAs might result from disruption of downstream events. Consistent
with the effects of SMN deficiency in decreasing LSm4 protein levels and affecting P
body formation, one possibility is that SMN is involved in the process of recruiting
components of the decay machinery such as the LSm1-7 complex to ARE mRNAs
targeted for degradation. Furthermore, accumulation of ARE mRNAs in tissues of SMA
mice and the particular prominence of this defect in SMA motor neurons compared to
other spinal cells points to regulation of ARE mRNA turnover as a novel SMNdependent RNA pathway disrupted in SMA that might contribute to disease.

Role of SMN in the formation of P bodies
One of the most striking observations that I present here is the SMN-dependent
disappearance of P bodies in SMN-deficient NIH3T3 fibroblasts (Figure 4.4 and 4.5).
Based on the analysis of several P body markers (LSm4, Dcp1a, GW182 and Xrn1) all of
which failed to localize to P bodies in SMN-deficient NIH3T3 cells, it is reasonable to
conclude that low SMN levels cause the disruption of these cytoplasmic structures rather
then simply affecting the localization of some of its components. Although the precise
mechanism(s) leading to the dispersal of P bodies remains to be established, the results
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presented here provide some clues. Specifically, while SMN deficiency does not affect
the expression of P body constituents such as Dcp1a and Xrn1 it does decrease LSm4
protein levels (Figure 4.6 and Figure 3.8). Previous studies demonstrated that siRNAmediated knockdown of LSm1 (Chu and Rana, 2006) and LSm4 (Kedersha et al., 2005)
caused the complete disappearance of P bodies. It is therefore conceivable that reduced
LSm4 expression is at least one of the SMN-dependent events underlying defective P
body formation in mammalian cells.
The size of P bodies has been shown to be directly proportional to the amount of
translationally repressed mRNPs and the amount of mRNA undergoing decapping in the
cytoplasm (Cougot et al., 2004; Eulalio et al., 2007). Since the LSm1-7 complex
functions as a decapping activator that binds to the oligoadenylated tail of mRNAs
destined for degradation (Song and Kiledjian, 2007), the loss of P bodies could reflect
SMN-dependent defects in cellular decapping activity. In addition, LSm1 and LSm4 have
been recently shown to associate with Pat1b (Ozgur et al., 2010; Pilkington and Parker,
2008), a large protein that is critical for P body formation and regulation of P body size.
Thus, LSm1-7 proteins have also been implicated as part of the scaffold that facilitates
the nucleation of the mRNA decay machinery to assemble P bodies and SMN might be
involved in this process.

Role of SMN in the regulation of ARE- mRNAs
Given the reduction in LSm4 expression and the disruption of P body formation
in SMN deficient cells, it would be expected that mRNA turnover would be affected.
Thus, to explore possible defects in mRNA turnover, changes in global mRNA
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expression were assessed using microarray analysis. Consistent with an effect of SMN
deficiency on turnover of cellular mRNAs, over 80% of the genes that were significantly
upregulated in SMN-deficient NIH3T3 fibroblasts contained bioinformatically predicted
AREs (Figure 4.8 and 4.11). These SMN-regulated ARE-mRNAs encode proteins that
function in a wide variety of cellular processes, including transcriptional activation,
cellular metabolism, inflammation, innate immunity, and differentiation. The diversity of
transcript function argues against the possibility that these upregulated mRNAs fall
within a defined gene regulatory program that is specifically activated by SMN
deficiency. Importantly, SMN-dependent accumulation of these ARE mRNAs was due to
increased transcript stability triggered by SMN deficiency as opposed to transcriptional
upregulation (Figure 4.12). Furthermore, non-ARE-containing mRNAs were not
stabilized and no other shared features besides the presence of AREs can be identified in
these genes to explain their concerted upregulation by SMN depletion. Together, these
findings indicate that SMN deficiency specifically impaired the turnover of AREmRNAs.
Turnover of ARE-containing mRNAs can be mediated by changes in the
expression and function of ARE-binding proteins (ARE-BPs). However, SMN deficiency
does not result in changes in the expression levels of KSRP and HuR proteins, two AREBPs that function antagonistically in the regulation of several ARE-mRNAs.
Furthermore, SMN does not co-immunoprecipitate with KSRP or HuR and SMN
deficiency does not appear to influence the association of these ARE-BPs with their
target mRNAs. These findings contrast with a previous report that showed that KSRP
associated with SMN and that its expression levels were significantly downregulated in
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N2a cells transiently transfected with siRNA against SMN and in the spinal cords of
Smn+/- mice (Tadesse et al., 2008). The discrepancy may be due to the different cell types
used or to differences in the level of SMN knockdown. These differences
notwithstanding, in the cell model that I have used in this study impaired turnover of
ARE-containing mRNAs appear to result from SMN-dependent disruption of events in
the mRNA decay pathway downstream of ARE-BP binding to target mRNAs (Figure
4.16). Consistent with upregulation of ARE-containing mRNAs resulting from SMNdependent defects in the mRNA decay machinery, SMN deficiency does not alter the
stability of ARE-containing mRNAs that are downregulated in SMN-deficient NIH3T3
fibroblasts (Figure 4.9 and 4.11), pointing to mechanisms other than regulation of
mRNA turnover.
Based on these findings, I propose a model for the SMN-dependent upregulation
of ARE-containing mRNAs (Figure 4.22). Under normal conditions, ARE-containing
mRNAs that are targeted for degradation are bound by destabilizing ARE-BPs. SMN
then helps the recruitment of LSm1-7 complexes to the ARE-BP associated mRNA that
promotes decapping and 5’ to 3’ degradation. In SMN-deficient cells, while the
association of ARE-BPs with their target mRNAs is unchanged, LSm4 protein levels
decrease and the LSm1-7 complex assembly with ARE-mRNA targeted for degradation
is impaired. Consequently, the efficiency of ARE-mediated decay is reduced and P
bodies are unable to form, leading to accumulation of ARE-containing mRNAs.
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SMN-dependent disruption of ARE mRNA regulation in SMA
To provide evidence that SMN-dependent changes in ARE-containing mRNA
regulation reflect processes at work in vivo, I carried out a meta-analysis of previously
published gene expression studies in the spinal cord of a mouse model of SMA, which
confirmed a significant over-representation of ARE-containing mRNAs among
upregulated transcripts (Figures 4.17-4.19). Further analysis in motor neurons and dorsal
horn cells from the spinal cord of control and SMA mice revealed a much more
pronounced increase in Cdkn1a mRNA upregulation in SMA motor neurons (Figure
4.21) (Ruggiu et al., 2012), suggesting that these disease-relevant neurons may be
particularly susceptible to changes in ARE-containing mRNA turnover.
AREs are commonly found in tightly regulated mRNAs, many of which are
mediators of inflammatory responses (i.e. TNF-α, IL-1, and GM-CSF). AREs provide
exquisite control of these critical transcripts, allowing them to be downregulated and
upregulated to desired levels quickly and efficiently (Eulalio et al., 2007). Indeed,
turnover of ARE-containing mRNAs has important physiological and pathological
functions. For example, under normal conditions, cytokines and chemokines that are
produced by members of the immune system work together to produce an environment
that is able to fend off and neutralize offending agents and also to promote healing and
recovery. Dysregulation of the proper turnover of these transcripts contributes to the
pathogenesis of inflammatory diseases such as atherosclerosis, rheumatoid arthritis, and
asthma (Eberhardt et al., 2007). Neuroinflammation has been identified as a pathological
feature in most acute and chronic disorders of the central nervous system (Papadimitriou
et al., 2010). Gliosis, or reactive astrocytosis, is a commonly used indicator of
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neuroinflammation and has been observed in areas of motor neuron degeneration in the
spinal cord and brain stem of SMA patients (Araki et al., 2003; Garcia-Cabezas et al.,
2004; Kuru et al., 2009). Neuroinflammation and several inflammatory mediators,
including cardiotrophin (CT-1), a cytokine of the IL-6 family (Bordet et al., 1999), and
TNF-α (Gotz et al., 2000; Millino et al., 2009), have been implicated in SMA
pathogenesis. Interestingly, SMN-dependent changes in the expression of several AREcontaining mRNAs involved in the inflammatory response were identified in our
microarray analysis of NIH3T3 fibroblasts (Figure 4.8), including C1qtnf3 (Schaffler et
al., 2007) and Cited2 (Yoshida et al., 2011). Additional ARE-containing mRNAs linked
to inflammation such as Fkbp5 were significantly upregulated in the spinal cord of SMA
mice (Baumer et al., 2009; Zhang et al., 2008) (Figure 4.17 and 4.18) Thus, the
upregulation of ARE-mediated mRNAs in SMN-deficient cells may play a role in the
pathogenesis of disease by misregulating the inflammatory process.

Further implications of SMN mediated assembly of cytoplasmic LSm complexes for
neuronal function
Much as SMN deficiency results in the dispersal of P bodies, SMN-dependent
reductions in LSm4 expression may destabilize other cytoplasmic LSm4-containing
complexes. This could be especially relevant in the context of SMA because LSm4 has
recently been shown to be part of LSm-containing mRNPs in the dendrites of various
types of neurons (di Penta et al., 2009). These complexes were shown to contain the cap
binding protein, CBP80, but not the translation initiation factor, eIF4E, and also
contained the small ribosomal subunit, indicating that these mRNPs might represent
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stalled 48S pre-initiation complexes. Thus, these mRNPs are thought to represent
translationally repressed mRNPs that shift into dendritic spines when synapses are
stimulated for local translation and possible modulation of synaptic response.
Significantly, co-immunoprecipitation experiments suggested that SMN is also a
component of these mRNPs, possibly suggestive of a role for SMN in their biology.
Interestingly, analysis of LSm1 and LSm4 expression in the brain and spinal
cords of rats demonstrated that LSm1 and LSm4 were not detected in axonal fibers or
presynaptic structures in the brain but were found in the spinal cord, especially in the
axonal projections of α-motor neurons (di Penta et al., 2009). This surprising observation
suggests a potentially motor neuron-specific role for the LSm1-7 complex in the axons of
motor neurons. Thus, LSm4 downregulation and destabilization of LSm4-containing
complexes may result in cell-type specific defects in motor neurons, which may have
relevance to SMA pathogenesis.
Neurons have also been shown to harbor other cellular bodies that may be
affected by LSm dysregulation in SMN deficiency. In addition to the classical
cytoplasmic P bodies involved in mRNA turnover, P body-like structures have been
recently detected in the dendrites of cultured mammalian neurons (Cougot et al., 2008;
Zeitelhofer et al., 2008). These dendritic P bodies contain decapping factors and
components of microRNPs but not Xrn1. Moreover, their constituents exchange rapidly
with their environment upon neuronal activation, suggesting that dendritic P bodies may
have a role in the local regulation of gene expression. Thus, similar to what is observed
for cytoplasmic P bodies (Figure 4.4), low levels of SMN may result in the dispersal of
these dendritic LSm-containing bodies. As a result, impairment in the function of these
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complexes may result in defects in synaptic plasticity and growth, events that may
contribute to the pathogenesis of SMA.
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Figure 4.1. The two main pathways of cytoplasmic mRNA decay (Adapted from Eulalio
et al. 2007). mRNA decay by either pathway is initiated by deadenylation which is
mediated by the Ccr4-Caf1-Not1 deadenylase complex. Following deadenylation,
mRNAs are degraded by exonucleolytic degradation from both ends. 3’ to 5’ decay is
catalyzed by the SKI complex and the exosome (Houseley et al. 2006). 5’ to 3’ decay
requires decapping before exonucleolytic digestion by Xrn1.
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Figure 4.2. Mechanisms of ARE-mediated mRNA decay. As it is for the process of bulk
mRNA decay, once an ARE-containing mRNA is targeted for degradation by the binding
of destabilizing ARE-BPs, mRNA decay is initiated by deadenylation by one of the
cellular deadenylase complexes (Ccr4-Caf1-Not complex shown here). The ARE-BP then
recruits the exosome (Chen and Shyu, 1995) to facilitate 3’ to 5’ decay or interacts with
decapping factors (Lykke-Andersen and Wagner, 2005) to promote 5’ to 3’ decay.
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Figure 4.3. LSm4 stains diffusely in the nucleoplasm and co-localizes with Dcp1a in
cytoplasmic P bodies. Analysis by double-label immunofluorescence and confocal laser
microscopy of wild-type NIH3T3 fibroblasts with antibodies against (A) LSm4 (6F3) and
(B) Dcp1a with counterstaining using (C) DAPI. (D) Superimposition of all three
channels shows colocalization of LSm4 and Dcp1a. Scale bars = 5 µm.
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Figure 4.4. SMN-dependent loss of LSm4 cytoplasmic staining. (A) NIH3T3-SmnRNAi
and (B) NIH3T3-SMN/SmnRNAi fibroblasts grown in culture for 5 days in the absence (-)
or presence (+) of doxycycline (Dox) were analyzed by immunofluorescence by staining
with 6F3 antibody. Scale bars = 5 µm.
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Figure 4.5. Analysis of SMN deficiency on P body constituents. Immunofluoresence
analysis and confocal microscopy of (A) NIH3T3-SmnRNAi and (B) NIH3T3SMN/SmnRNAi cells grown in culture for 5 days in the absence (-) or presence (+) of
doxycycline (Dox) and stained with antibodies against a number of known P body
constituents including Dcp1a, GW182, Xrn1, and counterstained with DAPI. Scale bars =
5 µm.
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Figure 4.6. Protein expression levels of Xrn1 and Dcp1a are not affected in SMN
deficiency. Extracts of NIH3T3-SmnRNAi and NIH3T3-SMN/SmnRNAi cells grown in
culture for 5 days in the absence (-) or presence (+) of doxycycline (Dox) were analyzed
by Western blot. Blots were probed with antibodies against proteins indicated on the
right.
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mRNA expression
changes

= Upregulated mRNAs
!
= Downregulated mRNAs
!
32.1%

67.9%

!

Figure 4.7. mRNA expression changes in SMN-deficient NIH3T3 SmnRNAi fibroblasts.
Pie chart indicating the relative numbers upregulated and downregulated genes whose
expression was significantly changed (>1.8 fold). Out of 112 mRNAs that were
significantly changed, 36 (32.1%) were upregulated and 76 (67.9%) were downregulated.
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Gene symbol
Thbs1
Hist2h3c1
C1qtnf3
Ctgf
Id3
Bpil2
Grem2
Serpine1
Cited2
Mdm2
Lrrc67
AC139209.10
Dhrs3
Ces5
Smad7
Irs1
Id1
Ptgs2
Masp1
Eda2r
Dusp6
Npr3
Ptx3
Hmox1
EG240549
Cyr61
Cdkn1a
Mef2c
Htr2a
Igfbp7
Ddit4
Gpr176
Jhdm1d
Sulf2
Nr1d1
Enc1

Description
thrombospondin 1
histone cluster 2, H3c2
C1q and tumor necrosis factor related protein 3
connective tissue growth factor
inhibitor of DNA binding 3
bactericidal/permeability-increasing protein-like 2
gremlin 2 homolog, cysteine knot superfamily
serine
Cbp/p300-interacting transactivator, with Glu/Asp-rich
carboxy-terminal domain, 2
transformed mouse 3T3 cell double minute 2
RIKEN cDNA 4930418G15 gene
RAN binding protein 3-like
dehydrogenase/reductase
carboxylesterase 5
MAD homolog 7
insulin receptor substrate 1
inhibitor of DNA binding 1
prostaglandin-endoperoxide synthase 2
mannan-binding lectin serine peptidase 1
ectodysplasin A2 isoform receptor
dual specificity phosphatase 6
natriuretic peptide receptor 3
pentraxin related gene
heme oxygenase
predicted gene, EG240549
cysteine rich protein 61
cyclin-dependent kinase inhibitor 1A
myocyte enhancer factor 2C
5-hydroxytryptamine
insulin-like growth factor binding protein 7
DNA-damage-inducible transcript 4
G protein-coupled receptor 176
jumonji C domain-containing histone demethylase 1
homolog D
sulfatase 2
nuclear receptor subfamily 1, group D, member 1
ectodermal-neural cortex 1

TFC
5.69
4.81
3.00
2.82
2.77
2.71
2.62
2.53

ARE
Y
N
Y
Y
Y
N
Y
Y

2.43
2.37
2.33
2.33
2.30
2.25
2.19
2.18
2.14
2.07
2.04
1.98
1.98
1.96
1.95
1.94
1.93
1.92
1.90
1.88
1.87
1.86
1.85
1.84

Y
Y
Y
Y
N
Y
Y
Y
N
Y
Y
Y
Y
Y
Y
Y
N
Y
Y
Y
N
Y
N
Y

1.84
1.83
1.82
1.80

Y
Y
Y
Y

Figure 4.8. Significantly upregulated genes (total fold change (TFC) > 1.8) identified in
SMN-deficient NIH3T3-SmnRNAi fibroblasts. Bioinformatic prediction of AREcontaining RNAs was performed using AREsite, an online resource for the detailed
investigation of AREs in vertebrate 3’-UTR (Gruber et al., 2011), as described in the text.
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Gene symbol
Cdc6
Il1rl1
Dhfr
Mcm6
Tk1
C79407
Ccna2
Idi1
Mki67
2810417H13Rik
Top2a
Melk
Sgol1
Hmgb2
Mastl
Tacc3
Hmgn2
Uhrf1
Msln
Fancl
5430437P03Rik
Gemin6
Lig1
Nop56
Pole
6330406I15Rik
Gen1
Ccdc5
Lmnb1
Mad2l1
Atad2
Slc29a1
Trip13
Mcm2
Rad18
Esco2
Pbk
Cbr2
Kif15
Cenph
Mettl1
Ect2
Fads1
Rnaseh2a
Nt5dc2
Asf1b
Rps6ka6
4930547N16Rik
Rsrc1
Fads2
Hells
Prim1

!

Description
cell division cycle 6 homolog
interleukin 1 receptor-like 1
dihydrofolate reductase
minichromosome maintenance deficient 6
thymidine kinase 1
expressed sequence C79407
cyclin A2
isopentenyl-diphosphate delta isomerase
antigen identified by monoclonal antibody Ki 67
RIKEN cDNA 2810417H13 gene
topoisomerase
maternal embryonic leucine zipper kinase
shugoshin-like 1
high mobility group box 2
microtubule associated serine/threonine kinase-like
transforming, acidic coiled-coil containing protein 3
high mobility group nucleosomal binding domain 2
ubiquitin-like, containing PHD and RING finger domains, 1
mesothelin
Fanconi anemia, complementation group L
RIKEN cDNA 5430437P03 gene
gem
ligase I, DNA, ATP-dependent
nucleolar protein 5A
polymerase
RIKEN cDNA 6330406I15 gene
RIKEN cDNA 5830483C08 gene
coiled-coil domain containing 5
lamin B1
MAD2
ATPase family, AAA domain containing 2
solute carrier family 29
thyroid hormone receptor interactor 13
minichromosome maintenance deficient 2 mitotin
RAD18 homolog
establishment of cohesion 1 homolog 2
PDZ binding kinase
carbonyl reductase 2
kinesin family member 15
centromere protein H
methyltransferase-like 1
ect2 oncogene
fatty acid desaturase 1
ribonuclease H2, large subunit
5'-nucleotidase domain containing 2
ASF1 anti-silencing function 1 homolog B
ribosomal protein S6 kinase polypeptide 6
RIKEN cDNA 4930547N16 gene
arginine/serine-rich coiled-coil 1
fatty acid desaturase 2
helicase, lymphoid specific
DNA primase, p49 subunit

TFC
0.34
0.36
0.37
0.37
0.39
0.39
0.39
0.40
0.40
0.42
0.42
0.43
0.43
0.43
0.43
0.43
0.44
0.44
0.45
0.45
0.45
0.45
0.45
0.46
0.46
0.47
0.47
0.47
0.47
0.48
0.48
0.48
0.48
0.48
0.49
0.49
0.49
0.50
0.50
0.50
0.50
0.50
0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.52
0.52

ARE
Y
Y
Y
N
Y
N
Y
Y
N
N
N
Y
N
Y
Y
Y
N
Y
N
N
N
Y
N
N
N
N
N
N
N
Y
Y
N
N
Y
Y
N
Y
N
Y
Y
N
Y
Y
N
N
N
Y
Y
Y
N
N
N
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Fbxo5
Mrpl48
S1pr3
Smc4
Coro1b
Prim2
Casc5
Insig1
Dnmt1
Kntc1
Racgap1
Tfrc
Ncapd2
Dkc1
Ncaph2
Aurkb
Hdac3
Prr11
Topbp1
Ncapg2
Ahcy
Xrcc5
Vdr
Rag1ap1

F-box protein 5
mitochondrial ribosomal protein L48
endothelial differentiation, sphingolipid G-protein-coupled
receptor, 3
structural maintenance of chromosomes 4
coronin, actin binding protein 1B
DNA primase, p58 subunit
cancer susceptibility candidate 5
insulin induced gene 1
DNA methyltransferase
kinetochore associated 1
Rac GTPase-activating protein 1
transferrin receptor
non-SMC condensin I complex, subunit D2
dyskeratosis congenita 1, dyskerin homolog
non-SMC condensin II complex, subunit H2
aurora kinase B
histone deacetylase 3
proline rich 11
topoisomerase
non-SMC condensin II complex, subunit G2
S-adenosylhomocysteine hydrolase
X-ray repair complementing defective repair in Chinese
hamster cells 5
vitamin D receptor
recombination activating gene 1 activating protein 1

0.52
0.52

N
N

0.52
0.52
0.53
0.53
0.53
0.53
0.53
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.55
0.55

Y
N
N
Y
N
Y
N
Y
N
N
N
Y
Y
Y
N
Y
N
Y
N

0.55
0.55
0.55

Y
N
N

Figure 4.9. Significantly downregulated genes (total fold change (TFC) > 1.8) identified
in SMN-deficient NIH3T3-SmnRNAi fibroblasts. Bioinformatic prediction of AREcontaining RNAs was performed using AREsite, an online resource for the detailed
investigation of AREs in vertebrate 3’-UTR (Gruber et al., 2011), as described in the text.
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Figure 4.10. Validation of upregulated and downregulated genes from the Affymatrix
exon junction array. RT-qPCR analysis was performed on the indicated genes from total
RNAs extracted from NIH3T3-SmnRNAi fibroblasts grown in the absence (-) or presence
(+) of doxycycline (Dox) for 5 days. Asterisks indicate statistical significance (P < 0.05).
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A

Upregulated mRNAs
= ARE-containing mRNAs
!
= Other mRNAs
!
19.4%

80.6%

B

Downregulated mRNAs
= ARE-containing mRNAs
!
= Other mRNAs
!

44.7%
55.3%

Figure 4.11. ARE-containing mRNAs are significantly overrepresented among genes
whose expression was significantly affected in SMN-deficient NIH3T3-SmnRNAi
fibroblasts. Pie charts indicating the number of predicted ARE-containing mRNAs
among (A) significantly upregulated and (B) downregulated genes in SMN-deficient
NIH3T3-SmnRNAi fibroblasts. Out of 36 upregulated mRNAs, 29 (80.6%) were predicted
to contain AREs. Out of 76 downregulated mRNAs, 34 (44.7%) were predicted to
contain AREs.
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Figure 4.12. SMN deficiency specifically stabilizes upregulated ARE-containing
mRNAs in NIH3T3-SmnRNAi fibroblasts. RT-qPCR analysis for the indicated mRNA
transcripts was performed on total RNA extracted from actinomycin D-treated NIH3T3SmnRNAi cells that were grown for 5 days in the absence (-) or presence (+) of
doxycycline (Dox). Data was normalized to GAPDH, and for each group, mRNA levels
were expressed relative to the 0 h time point.
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Figure 4.13. SMN deficiency does not alter the stability of downregulated mRNAs in
NIH3T3-SmnRNAi fibroblasts. RT-qPCR analysis for the indicated mRNA transcripts was
performed on total RNA extracted from actinomycin D-treated NIH3T3-SmnRNAi cells
that were grown for 5 days in the absence (-) or presence (+) of doxycycline (Dox). Data
was normalized to GAPDH, and for each group, mRNA levels were expressed relative to
the 0 h time point.
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Figure 4.14. SMN does not co-immunoprecipitate with KSRP or HuR. (A) Western blot
analysis of NIH3T3 and HeLa extracts using antibodies against KSRP and HuR. (B) Coimmunoprecipitation experiments performed on NIH3T3 and HeLa cell extracts with
antibodies against KSRP and HuR. Western Blot analysis was performed using
antibodies against proteins indicated on the right. Input represents 1/10 of total protein
used in this assay. !
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Figure 4.15. KSRP and HuR expression levels are unchanged in SMN deficiency.
Western blot analysis of equal amount of extracts from NIH3T3-SmnRNAi and NIH3T3SMN/SmnRNAi fibroblasts grown in the absence (-) or presence (+) of doxycycline for 5
days in culture for the proteins indicated on the right.
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Figure 4.16. Association of KSRP/HuR with Cdkn1a is unimpaired in SMN deficiency.
(A) RT-qPCR analysis of RNAs from immunoprecipitations of NIH3T3-SmnRNAi
fibroblasts using mouse immunoglobulins (Control) and antibodies against KSRP and
HuR. Values refer to the percentage of input that was immunoprecipitated. (B) RT-qPCR
analysis of KSRP and HuR immunoprecipitates from NIH3T3-SmnRNAi fibroblasts grown
in culture for 5 days in the absence (-) or presence (+) of doxycycline (Dox). Values were
normalized to the percentage of input immunoprecipitated from each respective extract.
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Gene symbol

Description

TFC

ARE

Fkbp5

FK506 binding protein

4.30

Y

Cdkn1a

cyclin dependent kinase inhibitor 1a

3.20

Y

Sult1a1

sulfotransferase family 1A, phenol-preferring, member 1

2.71

Y

Itih3

inter-alpha trypsin inhibitor, heavy chain 3

2.13

N

Lrdd

leucine-rich and death domain containing

1.96

Y

Sub1

SUB1 homolog

1.90

N

Cbs

cystathionine beta-synthase

1.80

N

Lair1

leukocyte-associated Ig-like receptor 1

1.72

Y

Morf4I1

mortality factor 4 like 1

1.70

N

Ptk2b

PTK2 protein tyrosine kinase 2 beta

1.69

Y

Trp53bp2

transformation related protein 53 binding protein 2

1.68

Y

Uspl1

ubiquitin-specific peptidase like 1

1.68

N

Pdgfd

1.61

Y

Slc5a11

platelet-derived growth factor, D polypeptide
solute carrier family 5 (sodium/glucose cotransporter),
member 11

1.51

N

Thbs3

thrombospondin 3

1.48

N

Zhang et al. 2008
P11 spinal cord

46.7%
53.3%

= ARE-containing mRNAs
!
= Other mRNAs
!
Figure 4.17. Analysis of upregulated mRNAs in P11 spinal cords of SMNΔ7 mice from
Zhang et al., 2008. Bioinformatic prediction of ARE-containing RNAs was performed
using AREsite (Gruber et al., 2011) as described in the text. Genes labeled in yellow are
found in all three expression studies analyzed in this meta-analysis. Out of 15 upregulated
mRNAs, 8 (53.3%) were predicted to contain AREs.
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Gene symbol

!

Description

TFC

ARE

Cdkn1a

cyclin dependent kinase inhibitor 1a

3.90

Y

BC055107

cDNA sequence BC055107

3.50

N

Sult1a1

sulfotransferase family 1A, phenol-preferring, member 1

3.10

Y

Fkbp5

FK506 binding protein

2.60

Y

Txnip

thioredoxin interacting protein

2.50

N

Ccdc3

coiled-coil domain containing 3

2.40

N

Plek2

pleckstrin 2

2.30

N

Perp

PERP, TP53 apoptosis effector

2.20

Y

Chad

Chondroadherin

2.10

N

Apoc1

apolipoprotein C-I

2.10

N

Klf15

Kruppel-like factor 15

2.00

Y

Ptk2b

PTK2 protein tyrosine kinase 2 beta

2.00

Y

Pxmp2

peroxisomal membrane protein 2

2.00

N

Agt

angiotensinogen

2.00

N

Hif3a

hypoxia inducible factor 3, alpha subunit

2.00

N

Sgk1

serum/glucocorticoid regulated kinase 1

2.00

Y

Dcxr

dicarbonyl L-xylulose reductase

1.90

N

Hist1h1c

histone cluster 1, H1c

1.90

N

Agxt2l1

alanine-glyoxylate aminotransferase 2-like 1

1.90

Y

Tap1

transporter 1, ATP-binding cassette, sub-family B

1.90

Y

Cirbp

cold inducible RNA binding protein

1.90

Y

Gpx3

glutathione peroxidase 3

1.80

N

Ddit4

DNA-damage-inducible transcript 4

1.80

N

Npsr1

neuropeptide S receptor 1

1.80

Y

Mt2

metallothionein 2

1.80

N

Slc2a4

solute carrier family 2, member 4

1.80

Y

Ltb4r2

leukotriene B4 receptor 2

1.80

Y

!

220!
Baumer et al. 2009
P13 spinal cord

50.0%

50.0%

= ARE-containing mRNAs
!
= Other mRNAs
!
Figure 4.18. Analysis of upregulated mRNAs in P13 spinal cords of SMNΔ7 mice from
Baumer et al. 2009. Bioinformatic prediction of ARE-containing RNAs was performed
using AREsite (Gruber et al., 2011) as described in the text. Genes labeled in yellow are
found in all three expression studies analyzed in this meta-analysis. Out of 26 upregulated
mRNAs, 13 (50.0%) were predicted to contain AREs.
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Gene symbol

Description

TFC

ARE

Hspb1

heat shock protein 1

11.10

Y

Tmsb10

thymosin, beta 10

5.55

N

Sult1a1

sulfotransferase family 1A, phenol-preferring, member 1

5.20

Y

Prodh

proline dehydrogenase

4.35

N

Hspb1

heat shock protein 1

4.35

Y

Cdkn1a

cyclin-dependent kinase inhibitor 1a

4.00

Y

Gdf10

growth differentiation factor 10

3.70

N

Mt2

metallothionein 2

3.57

N

Tcap

titin-cap

3.12

N

Mt1

2.94

N

Kcna5

metallothionein 1
potassium voltage-gated channel, shaker-related
subfamily, member 5

2.94

N

Tsc22d3

TSC22 domain family 3

2.77

Y

Ccl2

chemokine (C-C motif) ligand 2

2.70

Y

Ddx5

DEAD box polypeptide 5

2.70

Y

Hif3a

hypoxia inducible factor 3, alpha subunit

2.27

N

Corti et al. 2008
P13 LCM motor neurons

46.7%
53.3%

= ARE-containing mRNAs
!
= Other mRNAs
!
Figure 4.19. Analysis of upregulated mRNAs in laser-capture microdissected (LCM)
motor neurons of P13 SMNΔ7 mice from Corti et al. 2008. Bioinformatic prediction of
ARE-containing RNAs was performed using AREsite (Gruber et al., 2011) as described
in the text. Genes labeled in yellow are found in all three expression studies analyzed in
this meta-analysis. Out of 15 upregulated mRNAs, 7 (46.7%) were predicted to contain
AREs.
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A
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Figure 4.20. Enrichment for motor neurons by laser capture microdissection (LCM)
(adapted from Ruggiu et al., 2012). (A) Schematic representation (top left) and Nisslstained image (bottom left) of a transverse section of the mouse spinal cord. Nissl-stained
images of the ventral horn area of the spinal cord before (top right) and after (bottom
right) laser capture microdissection (LCM) of motor neurons are shown. (B) RT-qPCR
analysis of the expression of Atp6, ChAT, and GFP mRNAs relative to GAPDH RNA in
LCM motor neurons (MNs) and LCm non-motor neurons (non-MNs) from the spinal
cord of normal mice (Smn+/-; SMN2+/+; SMNΔ7+/+; Hb9::GFP+/-) at postnatal day 6.
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A!

B!

Figure 4.21. SMN deficiency exacerbates Cdkn1a mRNA upregulation in SMA motor
neurons (adapted from Ruggiu et al., 2012). (A) RT-qPCR analysis of Cdkn1a mRNA
expression in whole spinal cord as well as (B) motor neurons (LCM MN) and non-motor
neurons (LCM non-NM) isolated from control (Smn+/-; SMN2+/+; SMNΔ7+/+; GFP+/-) and
SMA (Smn-/-; SMN2+/+; SMNΔ7+/+; GFP+/-) mice at P6 by laser capture microscopy
(LCM). Data was normalized to GAPDH, and for each group, Cdkn1a mRNA levels in
Δ7 SMA were expressed relative to those in control. Values represent means and SEM
from independent experiments (n = 8; *, P < 0.05; ***, P < 0.001).
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Figure 4.22. Model for the stabilization of ARE-containing mRNAs in SMN-deficient
cells. Under normal conditions, the LSm1-7 complex is assembled and brought to
mRNAs targeted for degradation by SMN. However, in SMN-deficient conditions, the
LSm1-7 complex is unable to be assembled onto their target mRNA leading to LSm
destabilization. This results in defects in the nucleation of mRNA decay machinery on
target mRNAs, impairing decay and leading to the stabilization of ARE-containing
mRNAs.
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Chapter 5. A novel cell-based system for screening modifiers of SMN
expression and function

Spinal muscular atrophy (SMA) is a devastating neurodegenerative disorder
caused by the homozygous loss of the SMN1 gene and is the most frequent cause of
infant mortality worldwide. As the copy number of the nearly identical SMN2 gene
correlates with disease severity (Coovert et al., 1997; Lefebvre et al., 1997), SMA
therapeutic development has primarily focused on enhancing the expression of full-length
SMN from the SMN2 gene. However, most screening efforts to date have used assays that
do not directly assess SMN function or downstream effects of SMN deficiency, hindering
the discovery of agents of possible therapeutic relevance that may act through these
mechanisms.
High-throughput screening (HTS) of chemical libraries has been one strategy that
has been adopted successfully for drug discovery. Indeed, recent FDA-approved drugs
for the treatment of cancer, HIV, diabetes, pulmonary hypertension, and other diseases
have their origins as HTS hits (Macarron et al., 2011). In addition, recent advances in
functional genomics have made it simpler and more affordable to perform genome-wide
genetic screens to identify novel cellular pathways and networks involved in disease
mechanisms. For these reasons, I developed a cell-based platform for the screening of
genetic and pharmacological modifiers of SMN expression and function with the dual
purpose of identifying modulators of SMN-dependent pathways as well as novel
candidates for SMA therapeutic development.
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5.1. SMA therapeutic development
Although no effective treatment for SMA has been developed as of yet, a number
of different strategies have been explored in the hopes of establishing a large and diverse
therapeutic pipeline to maximize the chances of finding a viable treatment for this
devastating neuromuscular disease. As SMN2 gene copy number is inversely proportional
to clinical severity (Coovert et al., 1997; Lefebvre et al., 1997), therapeutic development
has centered on methods to increase SMN protein levels from the SMN2 gene. Multiple
approaches tested to date include activation of the SMN2 promoter, increasing inclusion
of exon 7 in SMN2-derived transcripts, stabilizing the SMN protein, or restoring SMN
expression through gene therapy (Van Meerbeke and Sumner, 2011). These approaches
will be described below and are summarized in Figure 5.1.

SMN gene therapy
Given the monogenic and autosomal recessive nature of SMA, replacement of the
SMN1 gene to SMA patients via gene therapy is an extremely attractive approach.
However, for years, effective delivery to motor neurons presented a technical challenge
that was ultimately overcome by the finding that some adeno-associated viruses (AAVs)
have tropism for motor neurons in neonatal animals when injected intravascularly (Foust
et al., 2009). Two landmark studies employed different methods for the injection of
AAV-based vectors encoding full-length SMN1 in mouse models of SMA: (i) intravenous
injection of scAAV9-SMN (Foust et al., 2010) and (ii) intracerebroventricular (ICV)
injection of scAAV8-SMN (Passini et al., 2010). Both studies resulted in remarkable
increases in the median survival of severe SMA mice compared to vehicle-treated
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controls. Intravenous injection resulted in greater benefits to life span than ICV injection
(median survival of >250 days vs. 157 days), suggesting that restoration of SMN to nonneuronal tissue might improve the degree of phenotypic rescue in mouse models of SMA
(Foust et al., 2010; Passini et al., 2010). In addition, both studies showed marked
correction of NMJ morphology and strong improvement in motor function. Subsequent
studies using intravenous delivery of scAAV9-SMN have also demonstrated significant
extensions in median life span with median survivals of 69 and 199 days (Dominguez et
al., 2011; Valori et al., 2010). Importantly, injection of scAAV9-SMN into cynomolgus
macaques on postnatal day 1 resulted in strong GFP expression in dorsal root ganglia and
motor neurons 25 days later, offering evidence for the efficient targeting of the virus to
the CNS in non-human primates. Collectively, these results demonstrate the considerable
potential of this candidate approach for the treatment of SMA. Preclinical studies are
currently ongoing in order to address the potential challenges for toxicity, delivery, and
manufacturing of AAV9 vectors for use in human clinical trials.

SMN2 exon 7 splicing modulation
Another strategy that has been pursued for SMA therapy aims to increase exon 7
inclusion from SMN2-derived transcripts through the use of antisense oligonucleotides
(ASOs). Binding of the ASO to RNA can cause its target to be altered via a number of
mechanisms, including promoting its degradation, interfering with pre-mRNA
processing, hindering association of RNA-binding proteins, and disrupting RNA structure
(Bennett and Swayze, 2010; Kole et al., 2012).
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Several antisense approaches have been used to promote SMN2 exon 7 splicing.

An early approach to enhance SMN2 exon 7 inclusion was to recruit factors that activate
splicing to the pre-mRNAs through the use of a bi-functional ASO (Cartegni and Krainer,
2003). This strategy, termed ESSENCE (exon-specific splicing enhancement by small
chimeric effectors), used an antisense moiety covalently linked to a small peptide that
mimics the RS activation domain of SR proteins, effectively making an artificial SR
protein that significantly improved exon 7 inclusion. Another approach has used
bifunctional ASOs composed of one segment complementary to exon 7 and a noncomplementary tail consisting of RNA sequences with ESE motifs recognized by SR
proteins (Baughan et al., 2009; Dickson et al., 2008; Owen et al., 2011; Skordis et al.,
2003). In addition, several groups have used bifunctional U7 small nuclear RNAs
complementary to various sites on SMN2 that stimulate exon 7 inclusion (Madocsai et al.,
2005; Marquis et al., 2007), a strategy which has also been successful in ameliorating
symptoms in a severe mouse model of SMA (Meyer et al., 2009).
Intronic splicing silencers (ISSs) represent ideal sites for ASO targeting. Indeed,
analysis of the elements that regulate SMN2 exon 7 inclusion identified a sequence
adjacent to the 5’ splice site of intron 7, termed ISS-N1, targeting of which resulted in
almost complete induction of SMN2 exon 7 inclusion (Hua et al., 2007; Hua et al., 2008;
Singh et al., 2006). This binding site comprises a bipartite hnRNP A1-dependent ISS
element, which represses exon 7 splicing (Hua et al., 2008; Singh et al., 2009). ASOs that
target this region sterically inhibit binding of hnRNP A1/A2 to the transcript, thereby
preventing its splicing repressing activity (Rigo et al., 2012). ISS-N1 has been targeted by
a variety of ASOs and delivery routes in SMA mice. For example, ICV delivery of a
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morpholino oligomer against ISS-N1 to severe SMA mice at P0 was shown to markedly
increase survival from 15 days to greater than 100 days (Porensky et al., 2012). In
addition, after exhaustively screening ASOs of different chemistries for binding
efficiency and effect on exon 7 inclusion, a 2’-O-2-methyloxyethyl-modified ASO (ASO10-27) was developed that exhibited near complete inclusion of exon 7 as well as
increased stability and enhanced cellular uptake in animal models (Hua et al., 2010;
Passini et al., 2011; Williams et al., 2009). ICV injection of ASO-10-27 resulted in the
correction of ear and tail necrosis in a mild mouse model of SMA and the extension of
median survival in severe SMA mice from 16 to 26 days (Hua et al., 2010; Passini et al.,
2011). More recently, systemic delivery of ASO-10-27 resulted in striking phenotypic
correction of severe SMA mice, with some mice surviving for more than 1 year (Hua et
al., 2011). Intrathecal delivery into cynomolgus monkeys delivered putatively therapeutic
levels of the oligonucleotide to all regions of the spinal cord (Passini et al., 2011). The
clear applicability of ASO-mediated therapy for SMA from mouse models to human
patients has resulted in positive Phase 1a clinical studies to assess the safety, tolerability
and pharmacokinetic profile of the drug in healthy children and the initiation of Phase
1b/2a studies to evaluate safety when given in multiple doses.

Chemical modifiers of SMN expression
An ideal strategy for SMA therapeutic discovery is the identification of small
chemical compounds that can increase the expression of SMN. Among the first
compounds to be evaluated for therapeutic potential in SMA were members of the
histone deacetylase inhibitor (HDACi) family, including sodium butyrate (Chang et al.,
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2001), valproic acid (VPA) (Brichta et al., 2003; Sumner et al., 2003), phenylbutyrate
(Andreassi et al., 2004), trichostatin A (TSA) (Avila et al., 2007), and suberoylanilide
hydroxamic acid (SAHA) (Narver et al., 2008) – all of which have been shown to
increase SMN2 expression in patient-derived cell lines to some extent. Some of these
compounds were also the first class of small molecules to show the ability to modestly
improve the phenotype of SMA in animal models. For example, it has been shown that
TSA and SAHA increase median survival by 40% and 30%, respectively, in different
SMA mouse models (Avila et al., 2007; Riessland et al., 2010). In addition to drugs that
generally increase SMN expression levels, several small molecules have been identified
that function by increasing full-length SMN transcript levels by increasing exon 7
inclusion. For example, salbutamol - a β2-adrenergic receptor agonist - was shown to
increase full-length SMN transcript levels in SMA patient-derived cell lines (Angelozzi
et al., 2008; Tiziano et al., 2010). Additional drugs that function through other
mechanisms including increasing SMN protein stability (Kwon et al., 2011a; Mattis et al.,
2009) and neuroprotection (Abbara et al., 2011) have also been described.
A number of these molecules such as VPA and phenylbutyrate have been taken to
clinical trials in SMA patients. However, these studies demonstrated that these two
compounds do not confer any significant clinical benefit to SMA patients (Kissel et al.,
2011; Mercuri et al., 2007; Swoboda et al., 2010). Clinical trials for SMA therapeutics
have been limited by a number of factors including the lack of specificity and the relative
toxicity of the small molecules tested (i.e. HDACs). The lack of reliable biomarkers that
correlate with disease severity poses another limitation to the design of SMA clinical
trials. For example, although SMN transcript or protein levels are clear candidates to be
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used as biomarkers, measures of SMN expression in blood may not reflect the critical
level of expression of the protein in the central nervous system and are also widely
variable (Crawford et al., 2012). Recently, a comprehensive study identified 200
candidate biomarkers isolated from blood and urine that will be the focus of additional
prospective studies to assess their usefulness as a biomarker for SMA (Finkel et al.,
2012).

Small molecule candidates for SMA therapy identified by high-throughput screening
To date, SMA therapy development has been limited by the paucity of candidate
small molecules. To address this critical issue, HTS and cell-based assays have been used
to process large chemical libraries for chemical modifiers of SMN expression. Most of
these high-throughput screens have been using reporter-based assays in cell lines and
human SMA fibroblasts. The first such high-throughput screen used a minigene
containing the SMN2 promoter fused to luciferase and identified indoprofen as a
candidate inducer of SMN expression (Lunn et al., 2004). Soon after its discovery,
indoprofen was selected as a starting point for a medicinal chemistry program termed the
Spinal Muscular Atrophy (SMA) Project, funded by the National Institutes of
Neurodegenerative Disorder and Stroke (NINDS). To date, this program has synthesized
and screened more than 1,400 analogs of indoprofen and has provided a number of
candidates for the SMA therapeutic pipeline.
Another study used a high-throughput cell-based reporter screen for molecules
that upregulate transcription from the SMN2 promoter (Jarecki et al., 2005). This screen
yielded two series of chemically amenable hits: (i) the indoles and (ii) the C5-substituted
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quinazolines. The C5-substititued quinazolines were verified to increase SMN mRNA
and protein levels as well as the number of nuclear Gems in SMA patient-derived
fibroblasts. These compounds were further optimized through rounds of medicinal
chemistry, leading to the development of analogs that are well tolerated and distributed to
the brain (Thurmond et al., 2008). Surprisingly, it was found that quinazolines targeted
the scavenger decapping enzyme DcpS (Singh et al., 2008). DcpS functions in the 3’ to 5’
exonucleolytic pathway for mRNA decay to hydrolyze the residual m7G cap structure
(Liu et al., 2002; Wang and Kiledjian, 2001) and in the 5’ to 3’ pathway to
dephosphorylate the m7GDP decapping product to m7GMP (van Dijk et al., 2003). In
vitro biochemical studies confirmed that the C5-substituted quinazolines are potent DcpS
inhibitors that function by trapping DcpS in a catalytically inactive conformation (Singh
et al., 2008). When tested in SMNΔ7 mice, however, oral administration of the candidate
drug did not result in significant increases in SMN levels in the CNS and showed only
modest improvements in the survival and motor phenotype of these mice (Butchbach et
al., 2010). A further optimized compound, RG3039, has now moved into phase I clinical
trials, making RG3039 the first clinical-stage drug specifically designed to treat SMA.
More recent high-throughput screens have highlighted additional classes of
molecules that are candidates for SMA therapeutics. One notable screen used an imagebased screen of annotated chemical libraries to identify several classes of compounds that
were able to increase cellular SMN (Makhortova et al., 2011). Through the use of
quantitative microscopy, the authors found that chemical inhibitors of glycogen synthase
kinase 3 (GSK-3) elevated SMN levels by stabilizing the protein. Other high-throughput
screens have used optimized versions of classical reporter-based luciferase assays that

!

!

233!

increase sensitivity and also allows for the detection of hits that increase SMN expression
through additional mechanisms (Cherry et al., 2012; Xiao et al., 2011a). For example, a
new luciferase-based screening assay identified aryl piperidines as a novel class of
potential SMA therapeutic compounds, though their mechanism of action remains to be
determined (Xiao et al., 2011a). Most impressively, a recent high-throughput screen
identified three different chemical scaffolds that have activity in increasing SMN
expression and extending survival from 14 to 132 days in SMA mice (Naryshkin et al.,
2011).
Although these high-throughput drug discovery efforts have shown promise in
identifying chemical modifiers of SMN expression, most cell-based platforms to date do
not directly assess SMN function. Furthermore, the lack of functional readouts for
increased SMN activity in a high-throughput format has hindered early evaluation of
compound efficacy. As such, the lack of suitable cell-based assays has hampered the
discovery of chemical compounds that might upregulate SMN function or correct
downstream defects through a variety of mechanisms.

5.2. Known modifiers of SMN expression and function
Current high-throughput screens lack the ability to monitor the effect of small
molecules on downstream effects of SMN deficiency. This includes snRNP assembly
activity and splicing defects but also may include defects in other pathways such as
mRNA stability (see Chapter 4). Identifying molecules that intervene downstream of
SMN expression would provide new opportunities for the improvement of SMN
dysfunction. Indeed, this has become especially salient in light of studies in mice that
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have shown that SMN function is regulated in vivo (Gabanella et al., 2005). Thus, the
identification of the molecular effectors of SMN regulation may provide new therapeutic
targets and also for greater understanding of SMN basic biology (Eggert et al., 2006).

Role of phosphorylation in SMN biology
SMN is phosphorylated at residues 4, 5, 8, 25, 28, and 31 (Oppermann et al.,
2009) and phosphorylation at these sites has been suggested to regulate aspects of SMN
biology. Early evidence that SMN function may be modified by post-translational
modification came from the finding that the protein phosphatase PPP4c associated with
the SMN complex subunits Gemin3 and Gemin4 (Carnegie et al., 2003). Overexpression
of PPP4c in HeLa cells enhanced the temporal localization of snRNPs in the nucleus.
These findings were expanded upon by a later study that demonstrated that SMN,
Gemins3/4 were phosphorylated and that phosphorylation of serine residues 28 and 31 of
SMN appeared important for snRNP assembly in vitro (Grimmler et al., 2005a).
Additionally, it was suggested that phosphorylation may regulate the subcellular
localization of the SMN complex. Consistent with this idea, nuclear phosphatase PPM1G
was found to specifically copurify with the SMN complex and reduction of PPM1G led
to reduced phosphorylation of SMN and Gemin3 as well as loss of SMN and Gemin2
accumulation in Cajal bodies (Petri et al., 2007). Recently, another protein phosphatase
(PP1γ) has been shown to interact with the SMN complex through Gemin8 (Renvoise et
al., 2012). In contrast to PPM1G, knockdown of PP1γ enhances the localization of the
SMN complex and snRNPs to Cajal bodies (Renvoise et al., 2012).
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Phosphorylation has also been shown to regulate the stability of the SMN protein.

One study indicated that SMN is phosphorylated by protein kinase A at residues at 4, 5, 8
in vitro (Lander et al., 2001; Wu et al., 2011) and PKA activation inhibited SMN
degradation in cultured cells (Burnett et al., 2009). It was hypothesized that PKAmediated stabilization of SMN may be due to increased incorporation of SMN into the
SMN complex. Additionally, the apoptosis signal-regulating kinase 1 (ASK1) has
recently been shown to associate with the SMN complex (Kwon et al., 2011b). Although
ASK1-dependent phosphorylation sites have not been identified, ASK1 was shown to
stabilize SMN by inhibiting its ubiquitination. Bioinformatic analysis identified several
additional putative phosphorylation sites on SMN, making it likely that other unidentified
kinases exist. In agreement with this idea, inhibitors of glycogen synthase kinase 3 (GSK3) have been shown to increase SMN expression levels by reducing the rate of SMN
degradation (Makhortova et al., 2011). As SMN has a consensus GSK-3 phosphorylation
site on Ser4 (Badorff et al., 2005; Pearson and Kemp, 1991), this has led to the
hypothesis that GSK-3 phosphorylates SMN to increase its rate of turnover. However,
although several candidate kinases and phosphatases of SMN have been identified, their
precise role in the regulation of SMN biology is yet to be firmly established.
Furthermore,

the

therapeutic

potential

of

modulating

SMN

post-translational

modifications through these factors in SMA mice has not been assessed yet.

Other cellular factors that modulate SMN expression and function
Only a handful of cellular factors with a potential role in influencing SMN
expression and function have been identified to date. For this and other reasons, the
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development of alternative approaches for the treatment of SMA has lagged behind. The
recent identification of the actin-bundling protein plastin 3 as a potential protective
modifier of SMA pathology in human patients highlights the critical importance of
identifying genetic modifiers of SMN biology (Oprea et al., 2008). Indeed,
overexpression of plastin 3 in cultured neurons and in zebrafish could rescue axon defects
caused by low SMN levels (Oprea et al., 2008). In addition, a recent study observed that
overexpression of plastin 3 in mice led to restoration of presynaptic organization,
stabilization of axons, and moderately improved survival and motor function in SMA
mice (Ackermann et al., 2012). A number of other studies have further suggested a role
for actin dynamics in SMA. For example, in a mouse model of SMA, the expression of
the actin-binding protein profilin IIa is increased, plastin 3 is reduced, and RhoA kinase,
a negative regulator of actin dynamics is overactive (Bowerman et al., 2009; Bowerman
et al., 2010). Interestingly, survival of SMA mice is prolonged when rhoA kinase is
inactivated by adminstration of the drug fasudil (Bowerman et al., 2010). These results
suggest that perturbations in cytoskeletal regulation play an important role in SMA
pathogenesis.
Proteins important for neuronal survival and function have also been recently
identified to modulate neuronal phenotypes caused by low levels of SMN. For example,
Cpg15/neuritin mRNA was reported to associate with SMN and the ARE-binding protein
HuD, and its expression level has been shown to be downregulated in SMN deficiency
(Akten et al., 2011). Cpg15/neuritin is a protein highly expressed in postmitotic neurons
that is thought to be involved in motor neuron axon branching and neuromuscular
synapse formation (Javaherian and Cline, 2005). Interestingly, overexpression of cpg15 is
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able to partially rescue motor axon defects in SMN-deficient zebrafish (Akten et al.,
2011). Most recently, Stasimon, a protein of unknown function that is highly expressed in
the nervous system, has been identified as a gene that is aberrantly spliced in the setting
of SMN deficiency (Lotti et al., 2012). Knockdown of Stasimon phenocopies
neurotransmission defects seen in SMN deficiency and, importantly, Stasimon expression
is able rescue synaptic dysfunction in Drosophila smn mutants and SMN-dependent
motor neuron defects in zebrafish (Lotti et al., 2012). This work was the first
demonstration of a downstream target of SMN function in splicing that directly
contributes to disease phenotypes. Thus, in addition to providing insight into SMN
biology and the effects of its deficiency in vivo, the genes described above and the
pathways in which they function are potentially attractive therapeutic targets for SMA
treatment.
Recently, a genome-wide RNAi screen for SMA modifier genes in invertebrates
(C. elegans and Drosophila) identified a handful of conserved genes that modify SMN
loss of function, including genes involved in endocytosis (i.e. Uso1) and mRNA
processing (i.e. Cbp20) (Dimitriadi et al., 2010). Performing similar functional genomics
studies in a mammalian system is an unmet priority to strengthen our understanding of
SMN basic biology but also provide relevant targets for SMA therapeutic development.
However, a high-throughput platform for the identification of protein factors, signal
transduction pathways and genetic networks that control SMN biology in a mammalian
system is currently unavailable. By generating a cell model system amenable to
phenotypic screening of modifiers of SMN expression and function in high-throughput
format, my studies described in this chapter were intended to address this limitation.
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However, before presenting the results of my work, I will describe recent developments
in functional genomics and chemical genetics approaches that could be applied to the
discovery of modifiers of SMN biology with the cell-based platform I have developed.

5.3. Functional genomics approaches
!

The ability to perform genetic screens has been popular for decades. However,

these approaches have been predominantly used in simpler model organisms, including
bacteria (Shuman and Silhavy, 2003), yeast (Forsburg, 2001), worms (Jorgensen and
Mango, 2002) and flies (St Johnston, 2002). In contrast, approaches to functional
genomics have been relatively limited for mammalian systems, especially in cultured
cells. Mammalian cells have a number of advantages over yeast and lower eukaryotes,
perhaps most important of which is their biological relevance to human biology.
Sequencing of yeast, mouse and human genomes have shown that many human and
murine genes are not represented in yeast, and there are no true counterparts to critical
cellular processes seen in higher eukaryotes, including transformation and complex RNA
processing (Aravind et al., 2001). A number of approaches to performing genome-wide
functional studies have been developed in recent years that have revolutionized our
ability to carry out genetic screens in mammalian cells.
Classically, functional genetic studies are classified as either forward or reverse
screens. A forward screen starts with a mutant phenotype of interest followed by the
identification of altered genes contributing to this phenotype. On the other hand, a reverse
screen involves disruption of the gene(s) of interest and subsequent determination of
function and placement in a cellular pathway. One of the most commonly used

!

!

239!

techniques for forward genetics and functional genomics is the use of genome-wide overexpression screens. In this method, low- to high-throughput selection schemes,
oftentimes using a reporter gene, identify and select for certain phenotypes in populations
of cells that have been transfected with a cDNA overexpression library that covers the
entire genome (Carpenter and Sabatini, 2004). In this way, investigators can identify
novel biological regulators of the cellular pathway of interest or to assign novel functions
to known regulators. Many novel genes that regulate a large number of cellular pathways,
including but not limited to the cell cycle (Stevenson et al., 2001; Tallada et al., 2002),
oxidative stress-induced damage (Luesch and Liu, 2008), endocytic vesicle trafficking
(Arlt et al., 2011), and development (Tseng and Hariharan, 2002) have been identified
using these genome-wide genetic screens.
Reverse screens require gene perturbation with subsequent functional analysis.
Once the set of genes has been identified, they can be targeted by several gene-perturbing
strategies to generate genome-wide collections. The most direct way to assess gene
function is to knock out the gene and while this is very difficult to produce in most
organisms, it is easily done in yeast and in mouse embryonic stem cells by homologous
recombination (Giaever et al., 2002). Genome-wide random insertional mutagenesis or
degron tags can also be used to ablate gene function (Kanemaki et al., 2003).
However, the discovery of RNA interference coupled with genomic sequencing
has truly changed how researchers have been able to use genome-wide functional genetic
studies to explore individual gene function and elucidate the biological framework of
entire cellular pathways (Silva et al., 2004). To utilize RNAi for these purposes in
mammalian systems, several investigators have constructed miRNA adapted short hairpin
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RNA (shRNAmir) libraries that take advantage of our current knowledge of RNAi
biology. Basic shRNAs are the 21-22 nt products of the RNase III family nuclease, Dicer,
which then seek out mRNA targets with complementary sequences and target them for
degradation. To improve upon first-generation shRNA libraries that were relatively
inefficient in knocking down their gene targets, shRNAmirs have been modeled after
endogenous miRNAs that are specifically contained in the backbone of the primary miR30 microRNA, enabling specific processing by the endogenous RNAi pathway to
produce more effective knockdown efficiencies (Silva et al., 2005). Using these design
principles, more than 200,000 shRNAs covering almost all predicted genes in the mouse
and human genomes have been cloned into retroviral and lentiviral vectors and have been
sequence-verified. The development of this highly efficient RNAi library has provided a
practical platform to scan the entire genome in loss-of-function studies in order to find
genes relevant to any biological process.

Chemical genetics
An alternative approach for target discovery is the study of genes through small
molecule-mediated phenotypic modulation, or chemical genetics (Cong et al., 2012).
Chemical genetics can reveal tractable molecular targets within an entire disease-relevant
signaling pathway in an efficient and unbiased way. Furthermore, it can identify smallmolecule tools with which to probe protein function, mechanism of action, and
potentially be used as pharmacological candidates for disease therapy. Furthermore,
unlike traditional target-based assays, the biological activities and off-target effects of a
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potential drug candidate are assessed early on using chemical genetic screens instead of
at the end, thereby facilitating the efficiency of drug discovery.
One of the first successful applications of the concept of chemical genetics was
the discovery that a small molecule called FK506 blocks the production of several
substances produced during the immune response. Subsequent studies found that FK506
targets calcineurin, indicating that it was important for the induction of an immune
response (Kino et al., 1987a; Kino et al., 1987b). This study revealed a previously
unknown biological function of calcineurin and identified a small molecule that has since
been considered for use as an immunosuppressant drug (Kino et al., 1987a; Kino et al.,
1987b). Since then, the principles of chemical genetics have been combined with highthroughput screening of extensive proprietary and commercial small molecule libraries to
provide basic biological insight and identified potential pharmacological therapeutics for
a variety of diseases including malaria (Arastu-Kapur et al., 2008; Yeoh et al., 2007),
hepatitis C (Gao et al., 2010), and cancer (Dixon et al., 2012). Chemical genetics has
provided a powerful new approach for the efficient identification of small molecules that
act on disease-relevant pathways and has also facilitated advances in our understanding
of basic disease processes.

Towards a platform for the high-throughput screening of genetic and chemical modifiers
of SMN function
The functional genomic approaches that have been described here represent but a
sampling of the technologies that are now available for the identification of novel genes
that function in virtually every cellular pathway. Furthermore, these approaches are
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adaptable to high-throughput screening, which will allow for the comprehensive mining
of the entire human genome. Indeed, with the advent of such technologies, superior tools
now exist to dissect and explore cellular pathways that are relevant to disease
pathogenesis and to identify small molecules for therapeutic development.
SMA is one such disease that stands to benefit enormously from these
technological advances. Indeed, research in the SMA field has progressed by leaps and
bounds in the past decade, which has led the NIH to identify SMA as the single most
promising neurological disorder for translational research. However, a current limitation
to the development of effective treatments for SMA is the limited knowledge of suitable
targets as well as the lack of cell-based assays that directly assess increased SMN
function and are adaptable to high-throughput screening. To address this need, here I
present a novel cell-based platform for the identification of genetic and chemical
modifiers of SMA expression and function. Using a NIH3T3 cell model with inducible
knockdown of SMN that expresses the full-length SMN2 gene, I am able to circumvent
the limitations of previously designed cell-based screens. Phenotypic screening using a
robust cell proliferation defect that occurs after SMN knockdown is not only adaptable
for high-throughput screening, but will allow for the unbiased identification of small
molecules that are able to rescue SMN activity via a number of mechanisms, including
the correction of downstream effects of SMN deficiency. Moreover, this cell-based
platform is adaptable to functional genomics approaches that promise to identify novel
protein factors and genetic networks that modify SMN, thereby strengthening our
understanding of SMN biology and identifying novel therapeutic targets for the treatment
of SMA.
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Results
5.4. Generation of NIH3T3-SmnRNAi cell lines containing the human SMN2 gene
Here, I present the development of a novel cell-based system uniquely suited to
identify chemical and genetic modifiers that increase functional SMN levels as well as
correct downstream defects caused by SMN deficiency. This system is based on a mouse
NIH3T3 fibroblast cell line in which regulated knockdown of endogenous mouse Smn
(NIH3T3-SmnRNAi) triggers a severe cell proliferation defect (Lotti et al., 2012; Ruggiu et
al., 2012), providing a direct phenotypic readout of SMN function. The rationale was to
adapt this system for purposes of therapeutic and biological discovery by introducing the
entire human SMN2 gene into NIH3T3-SmnRNAi cells, thereby making cell proliferation
dependent on the levels of functional SMN produced from the SMN2 gene. Importantly,
since this cell line would contain the entire human SMN2 gene, it can detect SMN2dependent increases in SMN levels that occur through a wide variety of molecular
mechanisms. This system has been miniaturized to allow for high-throughput screening
of chemical and genetic modifiers of SMN biology with potential relevance for SMA
therapeutics development.

Introduction of the human SMN2 gene into NIH3T3-SmnRNAi cells
We recently established a NIH3T3-SmnRNAi cell line with inducible RNAimediated knockdown of endogenous mouse Smn (Lotti et al., 2012; Ruggiu et al., 2012).
In these cells, addition of doxycycline causes SMN depletion and severe cell proliferation
defects that can be corrected by transgenic expression of RNAi-resistant human SMN
(Figure 5.2A-C) (Lotti et al., 2012). I sought to modify this model system so that cell
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proliferation would be dependent on SMN levels produced by the human SMN2 gene. To
do so, the 35.5 kb BamHI fragment corresponding to the genomic region encompassing
the SMN2 gene (Figure 5.3A), which was previously used to generate SMA mice
(Monani et al., 2000), was cloned into a cosmid vector (Qiagen) containing a neomycin
selection cassette under the control of the SV40 promoter and the resulting construct was
transfected into NIH3T3-SmnRNAi cells. Several neomycin-resistant stable cell lines were
isolated through antibiotic selection and cloning by limiting dilution in 96-well plates.
Here, I describe in detail the characterization of two representative NIH3T3
SMN2/SmnRNAi cell lines with either low or high SMN2 copy number. Genomic DNA
from these NIH3T3 cell lines was isolated and the relative SMN2 gene copy number was
determined by quantitative PCR with human-specific SMN primers. NIH3T3SMN2high/SmnRNAi cells contained more than 10-fold the number of SMN2 copies relative
to NIH3T3-SMN2low/SmnRNAi cells (Figure 5.3B). Consistent with this, RT-qPCR
analysis with human-specific SMN primers showed that NIH3T3-SMN2high/SmnRNAi
cells expressed 10 times the amount of SMN2 mRNA compared to NIH3T3SMN2low/SmnRNAi cells (Figure 5.3C). Importantly, radioactive RT-PCR analysis
revealed the expected pattern of exon 7 splicing regulation of transcripts from the SMN2
gene in both cell lines (Figure 5.3D). Irrespective of the marked difference in the overall
levels of SMN2 expression, the majority of SMN2 transcripts lacked exon 7 (SMNΔ7)
and only ∼10% were full-length SMN mRNA. Thus, I generated two NIH3T3 cell lines
with inducible knockdown of SMN that stably express properly spliced SMN2-derived
transcripts at different levels.
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Analysis of SMN expression in NIH3T3-SMN2/SmnRNAi cell lines
Next, I investigated the expression and subcellular localization of the human
SMN protein in NIH3T3-SMN2/SmnRNAi, cells. In agreement with the SMN2 gene copy
number and mRNA expression levels, Western blot analysis with an antibody that
specifically detects human SMN revealed that NIH3T3-SMN2high/SmnRNAi cells express
approximately 10-fold more SMN than NIH3T3-SMN2low/SmnRNAi cells (Figure 5.4).
Human SMN protein was not detected in wild-type NIH3T3 and NIH3T3-SmnRNAi cells
that do not contain the SMN2 gene, confirming the specificity of the antibodies. I then
carried out immunofluorescence experiments with human-specific SMN antibody (antihSMN) or an antibody that recognizes both mouse and human SMN (anti-SMN).
Analysis in NIH3T3-SmnRNAi cells showed no staining with anti-hSMN but strong
cytoplasmic and weak nuclear staining with anti-SMN (Figure 5.5A and 5.5D). As
expected, staining with anti-hSMN was weak in NIH3T3 SMN2low/SmnRNAi cells (Figure
5.5B and 5.5E) and strong in NIH3T3 SMN2high/SmnRNAi cells (Figure 5.5C and 5.5F),
and revealed a similar subcellular distribution to that of endogenous mouse SMN.
Noticeably, SMN localization in nuclear structures known as Gems while rare in wildtype NIH3T3 cells is frequent in NIH3T3 SMN2high/SmnRNAi cells, possibly due to higher
SMN levels.
I then investigated whether the capacity for doxycycline-inducible, RNAimediated knockdown of endogenous Smn characteristic of parental NIH3T3-SmnRNAi
cells was retained in the newly established NIH3T3-SMN2/SmnRNAi cell lines. First, the
effects of doxycycline on the expression levels of mouse Smn mRNA by RT-qPCR were
analyzed. As expected (Lotti et al. 2012), doxycycline-treated NIH3T3-SmnRNAi cells had
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strongly decreased levels of Smn mRNA compared to untreated cells and doxycycline
had no effects in wild-type NIH3T3 cells (Figure 5.6A). Importantly, doxycycline caused
a reduction in Smn mRNA levels in both NIH3T3-SMN2low/SmnRNAi and NIH3T3SMN2high/SmnRNAi cells similar to that in parental NIH3T3-SmnRNAi cells, demonstrating
that these cells preserved the ability for regulated knockdown of Smn mRNA.
Furthermore, human SMN2 mRNA levels were unaffected by RNAi induction with
doxycycline in both NIH3T3-SMN2/SmnRNAi cells (Figure 5.6B), consistent with the
shRNA specific targeting of mouse Smn mRNA. Lastly, Western blot analysis to
determine the levels of SMN expression following knockdown of endogenous SMN was
performed (Figure 5.6C). In agreement with Smn mRNA levels and our previous studies
(Lotti et al., 2012; Ruggiu et al., 2012), NIH3T3-SmnRNAi cells cultured in the presence
of doxycycline for 7 days displayed a strong reduction in SMN protein to approximately
10% of normal levels, while no effects were found in wild-type NIH3T3 cells.
Importantly, the amounts of SMN in doxycycline-treated NIH3T3-SMN2low/SmnRNAi
(∼20%) and NIH3T3-SMN2high/SmnRNAi cells (∼80%) relative to untreated cells were
decreased to a level consistent with the degree of human SMN mRNA expression from
the SMN2 gene (Figure 5.6C). Thus, SMN2-containing NIH3T3 cell lines with regulated
knockdown of endogenous SMN that express either low or high levels of human SMN
from the SMN2 gene were developed and validated.

Phenotypic analysis of NIH3T3 SMN2/SmnRNAi cell lines
SMN deficiency elicits a severe cell proliferation phenotype in NIH3T3 cells.
SMN-deficient NIH3T3 SmnRNAi cells displayed decreased proliferation after 3 days of
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doxycycline treatment and growth arrested at day 5 (Figure 5.2B), entering a
proliferative quiescent state that could last for many days without significant cell death
(Lotti et al., 2012). Importantly, while doxycycline had no effect in wild-type NIH3T3
cells (Figure 5.2A), transgenic expression of human SMN was able to correct cell
proliferation defects in SMN-deficient NIH3T3 cells (Figure 5.2C), indicating that the
effects are specifically due to SMN depletion (Lotti et al., 2012).
Decreased cell proliferation provides a robust phenotypic readout of SMN
deficiency in this model system as the difference in cell number between normal and
growth arrested SMN-deficient NIH3T3 cell can be enormously amplified over time. I
therefore investigated the effect of SMN2 gene expression on SMN-dependent cell
proliferation defects in NIH3T3 cell lines cultured in the presence and in the absence of
doxycycline for 7 days (Figure 5.7). Smn deficiency resulted into a 20-fold difference in
the number of NIH3T3-SmnRNAi cells relative to that in wild-type NIH3T3 cells, in which
doxycycline had no effect on proliferation. Consistent with the expression of low levels
of human SMN from the SMN2 gene, NIH3T3-SMN2low/SmnRNAi cells exhibited a strong
cell proliferation defect following knockdown of endogenous SMN, but this effect was
significantly less severe than that in NIH3T3-SmnRNAi cells. In particular, despite very
slow cell proliferation, SMN-deficient NIH3T3-SMN2low/SmnRNAi cells unlike NIH3T3SmnRNAi cells did not stop growing even after prolonged culture in the presence of
doxycycline. Increased levels of human SMN expression from the SMN2 gene in
NIH3T3-SMN2high/SmnRNAi cells resulted in a robust albeit incomplete correction of the
cell

proliferation

phenotype

triggered

by

SMN

deficiency,

with

NIH3T3-

SMN2high/SMNRNAi cells on average cycling ~10% more slowly than wild-type NIH3T3
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cells in the presence of doxycycline. Collectively, these results indicated that cell
proliferation is dependent on SMN2 gene expression in NIH3T3 fibroblasts and decreased
proliferation could be used as a robust phenotypic readout of functional SMN levels
produced from the SMN2 gene in this model system.

5.5. Miniaturization of the cell platform for use in high-throughput screening
Growth proliferation defects in a miniaturized system
The next goal was to develop a cell-based assay amenable to high-throughput
screening for chemical and genetic modifiers of SMN expression and function using the
NIH3T3-SMN2/SmnRNAi model system. First, an imaging-based approach for automated
determination of cell number in 96-well format that could be used as readout of SMNdependent cell proliferation in NIH3T3 cells was developed. Serial dilutions of NIH3T3SMN2low/SmnRNAi cells were seeded in a 96-well optical plate followed by fixation and
nuclear staining with Hoechst four hours later. Direct determination of cell number was
then carried out by whole well imaging with an IN Cell Analyzer. These experiments
demonstrated a linear relationship between the number of cells plated and the optical
readout of Hoechst-stained nuclei (Figure 5.8A). This methodology showed remarkable
linearity over a wide range of cell number in addition to being rapid and cost-effective.
Next, it was important to determine whether SMN-dependent effects on cell
proliferation in NIH3T3 cells could be assessed using a 96-well format and the above
readout. To do so, NIH3T3-SmnRNAi and NIH3T3-SMN2low/SmnRNAi cells were cultured
with or without doxycycline for 5 days prior to seeding 200 cells into 6 replicate wells of
a 96-well plate, with doxycycline treatment continuing throughout the course of the
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experiment. Cell number was determined at 4 hours (time zero) as well as 4 and 5 days
post-plating using Hoechst staining followed by imaging with the IN Cell Analyzer.
Figure 5.8B shows representative whole well images of normal and SMN-deficient
NIH3T3-SmnRNAi cells at 5 days post-plating in 96-well plates. These experiments
revealed a similar time-dependent increase in the number of untreated NIH3T3-SmnRNAi
and NIH3T3-SMN2low/SmnRNAi cells with normal levels of SMN and the time zero
readout confirmed the presence of equal numbers of cells at plating (Figure 5.8C and
5.8D). Consistent with the growth arrest phenotype at the time of plating, the number of
doxycycline-treated NIH3T3-SmnRNAi cells did not change over time. In contrast,
doxycycline-treated NIH3T3-SMN2low/SmnRNAi showed a modest time-dependent
increase in cell number, consistent with both a much slower rate of proliferation relative
to untreated cells and the differential severity of the phenotype triggered by SMN
deficiency in NIH3T3-SMN2low/SmnRNAi compared to NIH3T3-SmnRNAi (Figure 5.8C
and 5.8D). The largest difference in cell number between normal and SMN-deficient cells
was observed at 5 days post-plating for both NIH3T3-SmnRNAi (~40-fold) and NIH3T3SMN2low/SmnRNAi (~5-fold) cells. Thus, this cell-based phenotypic assay faithfully
measures SMN-dependent effects on cell proliferation in a 96-well format and can
potentially be used in high-throughput screens.

Genetic and pharmacological modulation of SMN-dependent proliferation in NIH3T3
SMN2/SmnRNAi cell lines
Next, it was important to determine whether the cell proliferation defects caused
by SMN deficiency in NIH3T3 cells could be modulated by genetic and chemical
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approaches. The capacity for the system to respond to genetic approaches was assessed
by the ability of lentiviral-mediated human SMN expression to correct the cell
proliferation phenotype in SMN-deficient NIH3T3 cells using our 96-well format assay.
To do so, both NIH3T3-SmnRNAi and NIH3T3-SMN2low/SmnRNAi cells in which SMN
deficiency was induced by preincubation with doxycycline for 5 days were plated in six
replicate wells of a 96-well plate in the presence of doxycycline as well as increasing
amounts of lentivirus expressing human SMN driven by the CMV promoter. A virus
expressing GFP was used as a negative control. The number of lentivirus-treated NIH3T3
cells was determined 5 days later using Hoechst nuclear staining and IN Cell Analyzer
imaging. These experiments revealed that human SMN expression promoted cell
proliferation of SMN-deficient NIH3T3 cells in a dose-dependent manner with a
maximum increase in cell number of 3.5-fold for NIH3T3-SmnRNAi cells and nearly 3fold for NIH3T3-SMN2low/SmnRNAi cells compared to their corresponding untreated
controls (Figure 5.9A). Similar experiments were carried out using a lentivirus
expressing GFP and no effect on cell proliferation of SMN-deficient NIH3T3 cells were
observed (Figure 5.9B), supporting the specificity for the beneficial effects of restoring
SMN expression.
Next, I tested whether SMN-dependent cell proliferation could be modulated
pharmacologically by treatment with small chemical compounds. To do so, I used the
histone deacetylase inhibitor valproic acid (VPA), which was previously demonstrated to
increase SMN levels in human SMA fibroblasts (Brichta et al., 2003; Sumner et al.,
2003) as well as modestly improve motor function and survival in a mouse model of
SMA (Tsai et al., 2008). A dose-response analysis of VPA effects on cell proliferation of
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doxycycline-treated NIH3T3-SMN2low/SmnRNAi and NIH3T3-SmnRNAi cells was
performed using the same conditions employed in lentiviral transduction experiments.
VPA treatment resulted in a dose-dependent stimulation of cell proliferation in SMNdeficient NIH3T3-SMN2low/SmnRNAi cells compared to vehicle-treated controls (Figure
5.10A). There was a maximum 2.5-fold increase in cell number at 1 mM while higher
drug concentrations appeared toxic. Importantly, VPA treatment had no significant effect
on cell proliferation in SMN-deficient NIH3T3-SmnRNAi cells lacking the human SMN2
gene (Figure 5.10A). The specificity of the effects for NIH3T3-SMN2low/SmnRNAi cell
lines containing the SMN2 gene was consistent with the predicted mechanism of action
for VPA in increasing SMN2 gene transcription. To determine whether this was indeed
the case, I compared SMN mRNA and protein levels in SMN-deficient NIH3T3SMN2low/SmnRNAi and NIH3T3-SmnRNAi cells treated with 1 mM VPA relative to
vehicle-treated controls. RT-qPCR experiments showed that VPA treatment did not
change the levels of Smn mRNA (Figure 5.10B and C), indicating that it did not
interfere with the doxycycline-dependent RNAi knockdown of endogenous mouse Smn.
In contrast, VPA treatment resulted in a 1.5 fold increase in SMN2 mRNA (Figure
5.10C), similar with effects reported by other investigators (Brichta et al., 2003; Sumner
et al., 2003). Reflective of the observed changes in mRNA levels, Western blot analysis
showed that SMN protein levels were unaffected by VPA in Smn-deficient NIH3T3SmnRNAi cells (Figure 5.10D), while VPA treatment increased SMN protein levels 1.7fold in NIH3T3-SMN2low/SmnRNAi cells compared to vehicle-treated cells (Figure
5.10E). These results were consistent with the beneficial effects on cell proliferation
being the consequence of SMN upregulation.
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Collectively, these experiments demonstrated that cell proliferation in a 96-well

format assay could be modulated either genetically or pharmacologically and thus used as
a phenotypic readout of SMN deficiency in genetic and chemical screens for modifiers of
SMN2 expression or function using the NIH3T3-SMN2-SmnRNAi platform.
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5.6. Discussion
SMA is a devastating neurological disease for which no effective treatment is
currently available. Progress in the discovery of new SMA therapeutics has been
hampered, at least in part, by the lack of assays in high-throughput format that provide a
functional readout of SMN activity. To address this issue, I describe here the
development and characterization of a novel cell-based system that uses cell proliferation
triggered by SMN deficiency in cultured cells as phenotypic readout of the functional
levels of SMN produced from the SMN2 gene. Following miniaturization of this cellbased assay for use in 96-well format, I provide proof of principle for the applicability of
this platform for high-throughput genetic and chemical screens. Thus, this work provides
a powerful new tool for the discovery of modifiers of SMN biology and possibly the
development of novel approaches for SMA therapy.
This cell-based platform has a number of advantages over previously designed
systems for the discovery of candidate SMA therapeutics. Firstly, it provides a direct
phenotypic readout of SMN function. Many current reporter-based assays do not reflect
SMN function or utilize fibroblasts derived from SMA patients that are not amenable to
functional screening because these cells do not exhibit phenotypes despite low levels of
SMN (Gabanella et al., 2007; Wan et al., 2005). In contrast, cell proliferation is a robust
phenotype whose severity is inversely proportional to the levels of SMN in the NIH3T3SmnRNAi and NIH3T3-SMN2/SmnRNAi cell models I have described here. Furthermore,
cell proliferation in this system is a direct phenotypic readout of SMN function. SMN
function in snRNP assembly is drastically reduced in SMN-deficient NIH3T3-SmnRNAi
cells, only slightly ameliorated in NIH3T3-SMN2low/SmnRNAi and significantly rescued in
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NIH3T3-SMN2high/SmnRNAi cells (Lotti et al., 2012 and data not shown), consistent with
a correlation between the degree of functional SMN impairment and the severity of the
cell proliferation defect in this cell model. In addition, analysis of several different SMN
point mutations associated with SMA has revealed that their ability to correct the
proliferation defects in NIH3T3 fibroblasts is proportional to their potency in rescuing
motor neuron phenotypes in animal models (data not shown) and inversely correlated
with clinical severity in patients, supporting the idea that the effect of SMN deficiency on
cell proliferation in this cell system mirrors at least partially the mechanisms at play in
the disease.
Another unique advantage of this platform is that the phenotypic assay will allow
for the identification of novel genes or molecules that influence SMN expression and
function through multiple mechanisms of action. The models employed by cell-based
screening assays used for SMA therapeutic discovery thus far have been limited in the
mechanisms that they monitor, mainly identifying upregulators of SMN2 transcription
and enhancers of exon 7 inclusion. In contrast, utilizing both the NIH3T3-SmnRNAi and
the NIH3T3-SMN2/SmnRNAi cell lines will also provide the opportunity to screen for
genes or molecules that modulate SMN function and ameliorate downstream effects of
SMN deficiency in a comprehensive and mechanistically unbiased manner. For example,
the presence of the entire SMN2 gene allows for the identification of potential modifiers
acting at any level of SMN gene expression from transcription to protein turnover. Thus,
this cell platform addresses several of the limitations that have hindered the pace of drug
discovery and provides a number of distinct benefits for the identification and validation
of novel SMA therapeutic agents.
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The robust cell proliferation phenotype of NIH3T3-SMN2/SmnRNAi cells

combined with the development of an assay in 96-well format provides the foundation for
the applicability of our platform to high-throughput screening. Furthermore, I show that
direct measure of NIH3T3 cell number by a single-step method comprising nuclear
Hoescht staining followed by automated imaging, is a rapid, cost-effective and accurate
method for assessing SMN-dependent cell proliferation in the 96-well format. More
importantly, I provide proof-of-concept evidence that this cell-based system responds to
both chemical and genetic manipulation via treatment with VPA and a lentivirus
expressing the human SMN cDNA, respectively. Together these findings support the
viability of our system for use in various SMA discovery projects, including highthroughput chemical and genetic screens.
As such, a number of projects have already started in the laboratory that are
taking advantage of this cell system’s amenability to high-throughput screening. On one
hand, multiple screens of libraries of small chemical compounds are being performed
using NIH3T3-SMN2/SmnRNAi cells for the identification of potential SMA therapeutic
compounds acting through multiple mechanisms. On the other hand, genome-wide cDNA
and RNAi screens are also being performed. These screens are designed to unravel
genetic networks linked with SMN biology, to identify cellular factors that control SMN
expression or function, and to suggest novel therapeutic targets for SMA.
In conclusion, this cell-based system for the phenotypic screening of modulators
of SMN2 gene expression and function provides a powerful new tool for identifying and
validating novel chemical and genetic modifiers of SMN expression and function. These
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efforts promise to yield not only critical insights into our understanding of the basic
biology of SMN but also new therapeutic avenues for the treatment of SMA.
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Figure 5.1. An overview of selected SMA therapeutic approaches. Adapted from (Bebee
et al., 2012).
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Figure 5.2. SMN deficiency affects cell growth in NIH3T3 fibroblasts. Cell growth
analysis of (A) wild-type NIH3T3; (B) NIH3T3-SmnRNAi; and (C) NIH3T3SMN/SmnRNAi cells cultured with and without doxycycline for the indicated number of
days.
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Figure 5.3. Development of SMN2-containing NIH3T3 cell lines with inducible
knockdown of endogenous SMN. (A) Schematic representation of the human SMN2 gene
used to establish NIH3T3-SMN2/SmnRNAi cell lines. (B) Analysis of the relative SMN2
gene copy number in the indicated NIH3T3 cell lines by qPCR. (C) Analysis of total
SMN2 mRNA expression levels in the indicated NIH3T3 cell lines by RT-qPCR. The
data in (B) and (C) are normalized to the NIH3T3-SMN2low/SmnRNAi cell line. (D)
Analysis of SMN2 exon 7 splicing in the indicated NIH3T3 cell lines by radioactive RTPCR. The levels of exon 7 inclusion are shown at the bottom.
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Figure 5.4. Analysis of human SMN protein levels in NIH3T3-SMN2/SmnRNAi cell lines.
Western blot of equal amounts of protein extract from wild-type (Control), NIH3T3
SmnRNAi, NIH3T3-SMN2low/SmnRNAi and NIH3T3-SMN2high/SmnRNAi cell lines with
monoclonal antibodies against the indicated proteins.
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Figure 5.5 Subcellular localization of the SMN protein in NIH3T3-SMN2/SmnRNAi cell
lines. Indirect immunofluorescence analysis of NIH3T3-SmnRNAi (A and D) and
NIH3T3-SMN2low/SmnRNAi (B and E) and NIH3T3-SMN2high/SmnRNAi (C and F) cell
lines using monoclonal antibodies specific to human SMN (anti-hSMN) or both mouse
and human SMN (anti-SMN).
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Figure 5.6. Inducible knockdown of endogenous mouse SMN in NIH3T3SMN2/SmnRNAi cell lines. (A) RT-qPCR analysis of mouse SMN mRNA expression
levels in wild type (Control), NIH3T3-SmnRNAi,, NIH3T3-SMN2low/SmnRNAi and
NIH3T3-SMN2high/SmnRNAi cell lines cultured with and without doxycycline (Dox) for 7
days. (B) RT-qPCR analysis of human SMN2 mRNA in NIH3T3-SMN2low/SmnRNAi and
NIH3T3-SMN2high/SmnRNAi cell lines cultured with and without Dox for 7 days. In
panels (A) and (B), data in Dox-treated cells were normalized to those of untreated cells.
(C) Western blot analysis of equal amounts of extract from wild-type (Control), NIH3T3SmnRNAi, NIH3T3-SMN2low/SmnRNAi and NIH3T3-SMN2high/SmnRNAi cell lines cultured
with and without Dox for 7 days using monoclonal antibodies against the indicated
proteins. The relative SMN levels for each cell line are shown at the bottom.
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Figure 5.7. Effect of human SMN2 expression on SMN-dependent cell proliferation
defects in NIH3T3 cell lines. Analysis of cell proliferation in wild type (control),
NIH3T3-SmnRNAi,, NIH3T3-SMN2low/SmnRNAi and NIH3T3-SMN2high/SmnRNAi cell lines
cultured with and without doxycycline (Dox) for 7 days. For each cell line, the cell
number of Dox-treated cells versus untreated cells is expressed relative to that of wildtype cells, which is set to 1. Values represent means and SEMs from independent
experiments (n = 3; ***, P < 0.001).
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Figure 5.8. An SMN-dependent cell proliferation assay in 96-well format. (A)
Automated determination of NIH3T3 cell number in 96-well format. Two-fold serial
dilutions of NIH3T3-SMN2low/SmnRNAi cells were plated in eight replicate wells of a 96well plate. Following fixation and Hoechst staining four hours later, cell number was
determined by imaging whole wells with an IN Cell Analyzer. (B) Representative IN Cell
Analyzer images of NIH3T3-SmnRNAi cells cultured with or without Dox in a 96-well
format. (C-D) Analysis of SMN-dependent cell proliferation defects in NIH3T3-SmnRNAi
(C) and NIH3T3-SMN2low/SmnRNAi (D) cells using the 96-well format assay. NIH3T3
cells were cultured for 5 days with or without doxycycline (Dox), and then seeded in six
replicate wells of a 96-well plate (200 cells/well). Dox treatment was continued
throughout the experiment. Cell number was determined with an IN Cell Analyzer
following fixation and Hoechst staining at 4 hours (To), 4 days and 5 days post-plating.
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Figure 5.9. Genetic modulation of the SMN-dependent proliferation phenotype in
NIH3T3 cells. (A) Dose response analysis of the effect of lentiviral-mediated human
SMN expression on cell proliferation of SMN-deficient NIH3T3-SmnRNAi and NIH3T3
SMN2low/SmnRNAi cell lines. (B) Dose response analysis of the effect of lentiviralmediated GFP expression on cell proliferation of SMN-deficient NIH3T3-SmnRNAi and
NIH3T3-SMN2low/SmnRNAi cell lines. In both (A) and (B), NIH3T3 cells were cultured
for 5 days with doxycycline (Dox), and then seeded in six replicate wells of a 96-well
plate (200 cells/well) in the presence of Dox as well as vehicle or increasing amounts of
GFP-expressing lentivirus. Cell number was determined with an IN Cell Analyzer
following fixation and Hoechst staining at 5 days post-plating and normalized to that of
vehicle treated cells, which is set to 1.
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Figure 5.10. Pharmacological modulation of the SMN-dependent proliferation phenotype
in NIH3T3 cells. (A) Dose response analysis of the effect of valproic acid (VPA) on cell
proliferation of SMN-deficient NIH3T3-SmnRNAi and NIH3T3-SMN2low/SmnRNAi cell
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lines. In all of these experiments, NIH3T3 cells were cultured for 5 days with
doxycycline (Dox), and then seeded in six replicate wells of a 96-well plate (200
cells/well) in the presence of Dox as well as vehicle or increasing amounts of human
SMN-expressing lentivirus and VPA as indicated. Cell number was determined with an
IN Cell Analyzer following fixation and Hoechst staining at 5 days post-plating and
normalized to that of vehicle treated cells, which is set to 1. (B-C) RT-qPCR analysis of
mouse SMN and human SMN2 mRNA expression levels in NIH3T3-SmnRNAi (B) and
NIH3T3-SMN2low/SmnRNAi (C) cultured with Dox for 3 days and then in the presence of
water (Vehicle) or 1 mM VPA for additional 4 days. Note that there is no signal for
SMN2 in NIH3T3-SmnRNAi cells, showing the specificity of these primers for human
SMN. (D-E) Western blot analysis of SMN protein levels in NIH3T3-SmnRNAi (D) and
NIH3T3-SMN2low/SmnRNAi (E) cultured with Dox for 3 days and then in the presence of
water (Vehicle) or 1 mM VPA for additional 4 days. Blots were probed with an antibody
that recognizes both mouse and human SMN proteins. Relative SMN levels
(VPA/vehicle) are shown at the bottom.
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Chapter 6. General Discussion
In this dissertation, I investigated the hypothesis that the SMN complex is a
macromolecular machine that is used generally by the cell for the assembly of Sm/LSm
cores on their RNA targets. In agreement with this hypothesis, I have identified at least
two novel targets of SMN function, the 4.5SH RNA and ARE-containing mRNAs.

The 4.5SH RNA
The identification of the 4.5SH RNA as a novel non-coding RNA target of the
SMN complex has provided the first proof-of-principle for a number of aspects of SMN
biology. First, the 4.5SH RNA is the first known RNA polymerase III transcript targeted
by the SMN complex, thus implicating the diverse RNA polymerase III transcriptome as
a potential target that is acted upon by SMN. Second, the 4.5SH RNA is the first RNA
target of the SMN complex whose binding is regulated in a cell-type specific fashion.
Lastly, I have demonstrated that the 4.5SH RNA is associated with SmB and likely the
entire canonical Sm core and that the association between the 4.5SH RNA and Sm
proteins is SMN-dependent in vivo. Collectively, these findings represent the first direct
biochemical demonstration that the SMN complex is able to assemble Sm proteins onto a
cellular RNA apart from the spliceosomal snRNAs.
The function of the 4.5SH RNA is currently unknown and the role it may play in
SMN biology remains a topic of speculation. One possibility is that given that the 4.5SH
RNA associates with Sm proteins in an SMN-dependent manner, it may function to
regulate snRNP assembly by competing with U snRNAs for available Sm-containing
SMN complexes. However, two lines of evidence suggest that, although the 4.5SH RNA
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is directly bound by the SMN complex and is present in the cell in thousands of copies, it
is unlikely that the 4.5SH RNA is involved in the regulation of snRNP assembly. First, the
4.5SH RNA is much less efficiently assembled into Sm-containing complexes in vitro and
moreover, is unable to compete effectively with U1 in in vitro assembly experiments
(data not shown), indicating that 4.5SH RNA is bound with relatively low affinity.
Second, spliceosomal snRNP assembly activity does not significantly change upon
differentiation of ES cells into motor neurons (L. Pellizzoni, unpublished data), while
4.5SH association with the SMN complex is strongly decreased (Figure 2.6). Thus,
changes in SMN association with the 4.5SH RNA do not correlate with alterations in
snRNP assembly, consistent with a role in the regulation of SMN-dependent Sm core
formation.
The 4.5SH RNA has previously been shown to associate with nuclear and
cytoplasmic poly(A)-containing mRNAs (Harada et al., 1979; Schoeniger and Jelinek,
1986) and thus a function for the 4.5SH RNA in mRNA transport has been suggested. The
association of the 4.5SH RNA with an Sm core may thus be required for the association
of the 4.5SH RNA with poly(A) RNAs. Though the function of the 4.5SH RNA remains
unknown, SMN is very likely to play an important role in its life cycle and biology, an
assertion that is supported by the fact that SMN deficiency results in loss of 4.5SH RNA
stability. Future experiments will focus on experiments that seek to identify the function
of the 4.5SH RNA, and subsequently the role of SMN in modulating that function. One
approach that would certainly yield further insight into 4.5SH RNA function and its
relationship with SMN is analysis of 4.5SH subcellular localization via in situ
hybridization with a 4.5SH-specific probe in wild-type and SMN-deficient cells. Changes
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in the normal localization of the 4.5SH RNA in SMN-deficient cells for example, would
suggest that SMN plays an important role in the localization of the 4.5SH RNA to cellular
compartments that may be critical for its function.
One of the most interesting implications of my work on the 4.5SH RNA is that the
SMN complex might contribute to ncRNA evolution by promoting the incorporation of
newly arising RNAs into stable RNP complexes. Ancient chaperones may have played an
important role in the evolutionary history of RNPs by combining newly evolved
transcripts with proteins into novel RNP complexes, which would ultimately be
maintained over time if they served an essential cellular purpose. Identifying chaperones
that may have played such an important role in evolution would provide critical insight
into the transition from the ancient RNA world to our current RNP-dominated world. The
critical role that SMN plays in the assembly of Sm proteins with the 4.5SH RNA is
consistent with a role for SMN in the recruitment of newly evolved transcripts for novel
cellular functions. Thus, the RNP assembly chaperone function of the SMN complex may
have had an important role in ncRNA evolution by facilitating the emergence of
functionally diverse RNPs.

ARE-containing mRNAs
Through my work I discovered ARE-containing mRNAs to be a target of SMN
function. SMN deficiency results in the downregulation of LSm4 protein expression and
also results in the striking loss of P bodies in SMN-deficient NIH3T3 fibroblasts. As
LSm4 is a key component of the LSm1-7 core which plays an essential function in
mRNA turnover, I hypothesized that SMN deficiency would result in impaired mRNA
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degradation. Surprisingly, genome-wide mRNA expression analysis demonstrated that
ARE-containing mRNAs were overrepresented among the upregulated genes in SMNdeficient NIH3T3 fibroblasts. Mechanistically, this was due at least in part to increased
stability, or impaired decay of these transcripts. SMN has recently been shown to
associate with two ARE-BPs, KSRP and HuD (Tadesse et al., 2008; Hubers et al., 2011).
However, I was unable to demonstrate an interaction between SMN and KSRP or with
HuR (Figure 4.14), an ARE-BP belonging to the same family of proteins as HuD.
Furthermore, SMN deficiency did not alter the expression level of either KSRP or HuR
and did not change their level of association with their mRNA targets (Figure 4.15 and
4.16). Though SMN does not seem to be required for the expression or the association of
ARE-BPs with their targets, SMN may play a role in the degradation of ARE-containing
mRNAs in other ways. ARE-mediated decay utilizes many of the same factors, including
the LSm1-7 core, used in other mRNA degradative pathways, including that of the bulk
3’-5’ and 5’-3’ mRNA decay pathways responsible for the vast majority of mRNA
degradation in the cell. ARE-BPs are thought to promote degradation of their mRNA
targets at least in part by interacting with components of the exosome (3’-5’ decay) and
the decapping machinery (5’-3’ decay) (Chen et al., 2001; Lykke-Andersen et al., 2005).
Thus, SMN may be required for the association of ARE-BPs with these proteins, thus
acting as a nucleator of the degradative machinery on mRNAs targeted for destruction.
Alternatively, SMN may play an important role at other points in the mRNA degradation.
One possibility that provides appealing symmetry with SMN’s role in snRNP biogenesis
is that SMN may function to assemble LSm cores onto oligo(U) tract of ARE-containing
mRNAs that are destined for degradation.
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Interestingly, only a subset of ARE-containing mRNAs was found to be

upregulated in conditions of SMN deficiency while others were unaffected or even
downregulated. Numerous ARE-BPs have been identified to date, each with overlapping
complements of mRNA binding partners (Schoenberg and Maquat, 2012). Additionally,
each ARE-BP can be categorized as having either stabilizing or destabilizing effects on
their target mRNAs. Thus, the half-life of ARE-containing mRNAs is determined largely
by the balance of antagonistic effects between competing ARE-BPs. Therefore, the
observation that not all ARE-containing mRNAs were upregulated in SMN deficiency
can be explained by the possibility that low levels of SMN leads to perturbations in the
balance between stabilizing and destabilizing proteins, thus leading to the preferential
destabilization of specific transcripts. As only KSRP and HuR were analyzed in this
study, future assessment of other the expression and/or function of other ARE-BPs in
SMN-deficient conditions will address this hypothesis.

How low levels of SMN result in SMA: new possibilities
How low levels of the ubiquitously expressed and required SMN protein results in
specific motor neuron pathology remains the leading question in the field of SMA. The
best-supported explanation to this point is that SMN deficiency results in defective
snRNP biogenesis, which leads to alterations in the expression of selected genes that
cause motor neuron dysfunction. Proof-of-principle of this has recently been brought
forth in with the gene Stasimon (Lotti et al., 2012). It has also been shown that motor
neuron selectivity may arise from the finding that motor neurons have an intrinsically low
efficiency of SMN2 exon 7 splicing (Ruggiu et al. 2012). SMA motor neurons are thus

!

!

273!

specifically vulnerable as their inefficient exon 7 inclusion strongly limits their ability to
synthesize full-length SMN from SMN2 at levels achieved in other spinal cord cells,
leading to more significant dysfunction of SMN-dependent downstream pathways in
these motor neurons. My work here has helped link SMN function to the regulation of
ARE mRNA decay, a novel RNA pathway disruption of which may also contribute to
SMA pathogenesis in a non-mutually exclusive manner with splicing dysfunction.
Perturbations in mRNA degradation pathways can result in accumulation of certain
mRNAs and their aberrant expression, which may ultimately be detrimental to the cell.
Dysregulation of specific transcripts and their accumulation in neurons may thus result in
cell-type specific pathology.
Alternatively, SMN-dependent perturbations in mRNA dynamics may also
contribute to SMA pathogenesis by disrupting the ability for cells to respond to stress. P
bodies, which are disrupted in SMN deficiency, are related to another class of
cytoplasmic foci known as stress granules. Stress granules are induced in response to
external (i.e. drugs, environmental insults) or internal triggers (i.e. errors in cellular
functioning) and form synchronously with stress-induced translational arrest and require
phosphorylation of translation initiation factor eIF2α (Kedersha and Anderson, 2002;
Kedersha et al., 1999). P bodies and stress granules have been shown to harbor the same
species of mRNA and physically associate with one another in vivo (Kedersha et al.,
2005). Thus, it has been postulated that stress granules and P bodies function as triage
centers for sorting mRNA transcripts for stabilization or for degradation in response to a
stressor. Interestingly, stress granules have been previously been linked to SMN. For
example, SMN was found to associate with TIA-1 and G3BP, two well-established
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markers for stress granules after heat shock (Hua et al., 2004). More recently, SMN
deficiency was shown to drastically reduce the ability for cells to form stress granules in
response to stress treatment (Zou et al., 2011), mirroring the reduction in P bodies I
observe in SMN-deficient cells. In addition, SMN deficiency resulted in cell death at
much lower concentrations of stressors including sodium arsenite and hydrogen peroxide
(Zou et al., 2011). Thus, SMN deficiency may disrupt P body/stress granule-related
pathways and may limit the ability for cells to respond appropriately to stress.
Interestingly, formation of stress granules has not been well documented in motor
neurons (Zou et al., 2011), suggesting that motor neurons may be intrinsically more
susceptible to stress than other cell types. Furthermore, stress granules have recently been
implicated in the pathogenesis of a number of neurological diseases including ALS and
frontotemporal lobar dementia (Dewey et al., 2012).
In conclusion, the data that I have presented in this dissertation is thus in
accordance with the hypothesis that the SMN complex is used generally by the cell to
assemble Sm/LSm-containing cores onto their RNA targets. Given the wide-ranging
functions of Sm/LSm-containing cores, these data further suggest that SMN is a central
regulator of various cellular RNA processing pathways (Figure 6.1). To date, these have
included pre-mRNA splicing and mRNA decay but further exploration may reveal
additional RNA pathways that are controlled by SMN. This will not only provide novel
insight into basic SMN biology but may also lead us in unexpected new directions as we
move toward a more comprehensive understanding of SMA pathogenesis.
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Figure 6.1. SMN is a central regulator of multiple cellular pathways. Solid lines refer to
established relationships between the SMN complex, cellular pathways, and their
connection to disease processes in SMA. Dotted lines indicate relationships that have not
been definitively established and require further investigation.
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Chapter 7. Experimental Methods

Antibodies. The antibodies used in this work were as follows (dilutions and quantities
used for Western blot (WB), immunoprecipitation (IP) of 200 µg of protein extract, and
immunofluorescence (IF) are indicated): anti-SMN clone 8 (BD Transduction
Laboratories) (1:10000 for WB), anti-SMN 7F3 (10 µg for IP), anti-human SMN (gift
from Dr. Adrian Krainer) (1:1000 for WB), anti-Gemin2 2E17 (10 µg for IP), antiGemin4 22C10 (1 µg for IP), anti-Gemin6 20H8 (1:20 for WB; 10 µg for IP), anti-SmB
18F6 (1:20 for WB; 10 µg for IP), anti-Sm Y12 (Lab Vision) (5 µg for IP), anti-LSm4
6F3 (1:20 for WB, 10 µg for IP, 1:1 for IF), anti-LSm4 4E3 (1:20 for WB, 10 µg for IP,
1:1 for IF), anti-Flag (Sigma) (1:1000 for WB), anti-nucleolin (Sigma) (1 µg for IP), antiSF3b155 (Bethyl Laboratories) (1:1000 for WB, 2 µg for IP), anti-U5 110K (Bethyl
Laboratories) (1:1000 for WB, 2 µg for IP), anti-Xrn1 (Bethyl Laboratories) (1:1000 for
WB, 1:100 for IF), anti-Dcp1a (Bethyl Laboratories) (1:25000 for WB, 1:10000 for IF),
anti-GW182 (Bethyl Laboratories) (1:200 for IF), anti-KSRP (Bethyl Laboratories)
(1:5000 for WB, 1 µg for IP), anti-HuR (Santa Cruz) (1:1000 for WB; 2 µg for IP), antitubulin DM 1A (Sigma) (1:10000 for WB), and purified mouse IgG imunoglobulins
(Sigma).

DNA constructs
The Flag-tagged LSm4 construct was generated by first generating the cDNA of
human LSm4 by PCR amplification with specific primers. The insert was then cloned
downstream of the CMV promoter into a modified pcDNA3 vector (Invitrogen)
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containing the Flag-tag sequence at the amino acid terminus. All constructs were
analyzed by automated DNA sequencing by GENEWIZ, Inc. (South Plainfield, NJ).
The cosmid construct used to generate the NIH3T3-SMN2/SmnRNAi was generated
by excising the 35.5 kb BamHI fragment corresponding to the genomic region
encompassing the SMN2 gene from a BAC construct (a gift from Dr. Arthur Burghes)
previously used to generate SMA transgene mice (Monani et al., 2000), and cloning it
into the SuperCos1 cosmid vector (Stratagene).
For lentiviral constructs, with the exception of the commercially available
pLenti6/TR (Invitrogen), all other constructs were generated by standard cloning
techniques using the pRRLSIN.cPPT.PGK-GFP.WPRE vector (Addgene pasmid 12252)
as a backbone (Dull et al, 1998; Zufferey et al. 1998). The pLenti6/TR construct
constitutively expresses the tetracycline-dependent repressor (TetR) protein under the
control of the CMV promoter as well as the blasticidin resistance gene from the SV40
promoter. The pLenti.pur/SmnRNAi construct expresses an shRNA targeting mouse SMN
mRNA (5’-GAAGAAUGCCACAACUCCC-3’) under the control of a tetracycline
regulated H1TO promoter as well as the puromycin resistance gene from the
phosphoglycerate kinase (PGK) promoter. The pLenti.hyg/SMN constitutively expresses
an RNAi-resistant, epitope-tagged human SMN (Flag and Strep fused in tandem at the
amino-terminus) under the control of the PGK promoter as well as the hygromycin
resistance gene from the SV40 promoter. Viral stocks pseudotyped with the vesicular
stomatitis G protein (VSV-G) were prepared by transient transfection of 293T cells using
the ViraPower lentiviral packaging mix (Invitrogen) according to the manufacturer’s
instructions.
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Lentiviral production
Helper plasmids pLP1, pLP2, pLP.VSV.G and backbone plasmid were cotransfected in 293T cells using calcium phosphate (CalPhos Mammalian Transfection
Kit, Clontech). After 2 days, lentivirus in supernatants were harvested and concentrated
by centrifugation. The viral titer was determined with the Lenti-XTM qRT-PCR Titration
Kit (Clontech). 4 hours post-plating, NIH3T3 cells were infected with serial dilutions of
viral particles.

Cell lines
The NIH3T3 cell lines used in this work were generated as previously described
(Lotti et al., 2012). Briefly, these cell lines were generated through lentiviral
transduction. NIH3T3 cells were grown in medium containing the appropriate antibiotic
at the following final concentrations: 5 µg/mL Blasticidin-S hydrochloride (Invitrogen), 5
µg/mL Puromycin (Sigma), and 250 µg/mL Hygromycin B (Invitrogen). NIH3T3SmnRNAi cells were generated by serial transduction of wild-type NIH3T3 cells with
pLenti6/TR (Invitrogen) and pLenti.pur/SmnRNAi followed by antibiotic selection and
cloning by limiting dilution. To control for potentially non-specific effects of shRNA
expression, NIH3T3-SMN/SmnRNAi cells were generated by transduction of NIH3T3SmnRNAi cells with a pLenti.hyg/SMN followed by antibiotic selection.
ES-SmnRNAi and ES-SMN/SmnRNAi cell lines were generated via lentiviral
transduction with the same constructs as described above for the NIH3T3 cell lines.
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NIH3T3-SMN2/SmnRNAi cell lines were generated by transfection of SuperCos1

(Invitrogen) cosmid containing the entire SMN2 gene into NIH3T3-SmnRNAi cells
followed by antibiotic selection in the presence of G418 (500 µg/mL) and cloning by
limiting dilution. Individual clones were isolated and analyzed by RT-qPCR for the
expression of SMN2.

Tissue culture, transfection, and treatments
NIH3T3, HeLa and 293T cells were grown in Dulbecco modified Eagle medium
(DMEM) with high glucose (Gibco) containing 10% fetal bovine serum (HyClone), 2
mM glutamine (Gibco), and 0.1 mg/mL gentamicin (Gibco). For SMN knockdown
studies, RNA interference (RNAi) was induced where needed by addition to the growth
medium of doxycycline (Fisher) at a final concentration of 100 ng/mL, and cells were
collected after 5 days unless otherwise indicated.
C2C12 myoblasts were maintained in DMEM with high glucose containing 15%
FBS and penicillin/streptomycin (GM medium). To induce myogenic differentiation,
C2C12 cells were switched to serum-free DMEM with high glucose containing 10 µg/mL
insulin and 10 µg/mL transferrin (DM mediu) for 1 day. Fully differentiated myotubes
were selected by growth for four additional days in DM medium containing 30 µM
cytosine-D-arabinofuranoside as previously described (Gabanella et al. 2005).
Mouse ES (Hb9::GFP) cells (Wichterle et al. 2002) (a gift from Dr. Hynek
Wichterle) were grown on UV-irradiated mouse embryonic fibroblasts (MEFs) in ES cell
medium. ES cell colonies were trypsinized and replated onto 10 cm plates (BD Falcon)
treated with gelatin and grown for 2 days before collection. To induce motor neuron
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differentiation, ES cell colonies were trypsinized after 2 days and transferred into
differentiation medium containing 50% ADMEM/F12 (Gibco), 50% Neurobasal medium
(Gibco), 2 mM L-glutamine, penicillin/streptomycin, and 0.1 mM 2-mercaptoethanol.
After 2 days, medium was replaced and supplemented with 1 µM retinoic acid (Sigma),
and 0.5 µM sonic hedgehog agonist Hh-Ag1.3 (Curis, Inc.). Embryoid bodies (EBs) were
then cultured for 5 days before collection. To induce RNAi, 100 ng/mL of doxycycline
was added to the media when ES cells were grown on UV-irradiated MEFs. After 2 days
and transfer of cells to gelatin-treated plates, media continued to be supplemented with
doxycycline until collection 2 days later. Media was replaced each day.
Epstein-Barr virus-transformed lymphoblast cell lines derived from control and
Type I SMA patients (Helmken et al. 2003) (a generous gift from Dr. Brunilde Wirth)
were maintained in RPMI 1640 medium (Gibco) containing 10% fetal bovine serum and
penicillin-streptomycin.
For transient transfection experiments, cells were plated the day before according
to the manufacturer’s instructions and transfected with plasmid DNA using PoyFect
transfection reagent (Qiagen) according to the manufacturer’s instructuions. Following
incubation for 12 hours at 37°C, the growth medium was changed and cells were
incubated for another 24 hours at 37°C prior to collection.
In RNA turnover experiments, cells were incubated with 5 µg/mL actinomycin D
for the specified period of time. In pulse-labeling experiments, cells were incubated for
16 h with 200 µCi of [32P]-phosphoric acid in the appropriate media.
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DNA and RNA analysis
For genomic DNA analysis, cells were washed twice in ice cold PBS and then
harvested into 500 µL of proteinase K buffer (10 mM EDTA, 100 mM Tris-HCl pH 7.5,
300 mM NaCl, 2% SDS) containing 1 mg/mL proteinase K and incubated at 50°C
overnight with shaking at 800 rpm. The following morning, 500 µL of isopropanol was
added and incubated at room temperature with shaking for 2 hours. Genomic DNA was
pulled out of solution and resuspended in TE buffer (10 mM Tris-HCl, 1 mM EDTA pH
7.5).
Total RNA from cells or tissue prepared and analyzed as previously described
(Ruggiu et al. 2012; Lotti et al. 2012). In summary, RNA was extracted with TRIzol
reagent (Invitrogen) and digested with RNase-free DNase I (Ambion) to remove DNA
contamination. Semi-quantiative radioactive reverse transcription PCR (RT-PCR) was
carried out by end-labeling the forward primer using T4 polynucleotide kinase (New
England BioLabs) and [γ-32P]-ATP (Perkin Elmer). PCR products were amplified using
AmpliTaq Gold DNA polymerase (Roche), resolved on an 8% polyacrylamide-8 M urea
gel and analyzed by autoradiography. For quantitative RT-qPCR analysis, a mixture of
oligo-dT primers and random hexamers (for mRNA amplification) or gene-specific
primers (for small RNAs) were used to generate cDNA using the RevertAid First-Strand
cDNA kit (Fermentas) and 1 µg of total RNA following manufacturer’s instructions.
2.5% of the cDNA was used and each measurement was carried out in triplicates in a
standard 3-step qPCR reaction with a Mastercycler ep Realplex4 (Eppendorf) PCR
system and Power SYBR Green PCR Master Mix (Applied Biosystems). The sequences
of the primers used in RT-PCR experiments are provided in Table 6.1.
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In vitro transcription
Radioactive transcripts were transcribed from DNA templates using the
MEGAshortscript T7 transcription kit (Ambion) in the presence of 7.5 mM
ATP/CTP/GTP, 0.01 mM UTP, 0.5 mM m7G cap analog, and [α-32P]UTP (3,000
Ci/mmol). After digestion with Turbo DNase I (Ambion), transcribed RNAs were
separated on an 8% polyacrylamide-8 M urea gel and purified from the gel using RNA
elution buffer (300 mM sodium acetate, 0.1% SDS, 1 mM EDTA) in the presence of 10%
phenol (phenol-chloroform-isoamyl alcohol, 25:24:1) overnight at room temperature as
described previously (Gabanella et al. 2005; Gabanella et al. 2007).

Western blot
Protein was extracted from cells and tissues and analyzed according to established
procedures (Ruggiu et al. 2012; Lotti et al. 2012). Cells were lysed in SDS sample buffer
(2% SDS, 10% glycerol, 5% β-mercaptoethanol, 60 mM Tris-HCl, pH 6.8, bromophenol
blue) unless otherwise indicated, and passed through a 27-gauge needle five times.
Protein extracts were quantified using the RC DC protein assay (Bio-Rad). Samples were
run on a 12% SDS-PAGE gel and transferred onto a Trans-Blot transfer medium
nitrocellulose membrane (Bio-Rad) using a TE77x semidry transfer unit (Hoefer) using
1x Tris-glycine buffer (Bio-Rad) containing 20% methanol. Membranes were stained
with 0.1% (wt/vol) Ponceau S and 5% acetic acid, destained in distilled H2O, and blocked
for 1 hour at room temperature with 5% nonfat dry milk (LabScientific) in PBS
containing 0.1% Tween 20 (Acros). Incubation with primary antibody was performed in
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PBS containing 0.1% Tween 20 for 1 hour at room temperature. Membranes were
washed 3 times for 10 minutes with PBS containing 0.1% Tween 20 at room temperature.
Incubation with secondary antibodies conjugated to horseradish peroxidase was
performed in PBS containing 0.1% Tween 20 at room temperature. Membranes were
washed 3 times for 10 minutes with PBS containing 0.1% Tween 20 at room temperature.
Chemiluminescence was carried out using a SuperSignal West Pico chemiluminescent
substrate (Thermo Scientific) according to the manufacturer’s instructions. Signal was
detected by autoradiography using Full Speed Blue sensitive medical X-ray film (Ewen
Parker X-Ray Corporation).

Northern blot
Total RNA purified from whole cell extracts or immunoprecipitation reactions as
described above were analyzed by electrophoresis on an 8% polyacrylamide-8M urea gel
and transferred to a Hybond+ membrane (GE Healthcare) using a TE77x semidry transfer
unit (Hoefer) using 0.5x Tris-borate-EDTA buffer (Bio-Rad) (Lotti et al., 2012).
Radioactive antisense RNA probes were transcribed in vitro from DNA templates as
described above except that gel purification was omitted. Signal was detected by
autoradiography using X-ray film (Kodak). Quantification was carried out using a
Typhoon PhosphorImager (Molecular Dynamics). The sequences of probes used in this
study are provided in Table 6.1.

Immunoprecipitation
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Antibodies were bound to protein G-Sepharose (Sigma) in RSB-100 buffer (100

mM NaCl, 10 mM Tris-HCl pH 7.4, 2.5 mM MgCl2) containing 0.1% NP-40 for 2 hours
at 4°C. Following five washes with the same buffer, immunoprecipitations of cell or
tissue extracts were carried out in RSB-100 buffer containing 0.1% NP-40, phosphatase
inhibitors, and protease inhibitors for 2 hours at 4°C (Gabanella et al. 2007).
Immunoprecipitations were then washed five more times with the same buffer. For RNA
analysis, immunoprecipitates were treated with 200 µg proteinase K for 20 minutes at
room temperature before phenol:chloroform extraction and ethanol precipitation. RNA
was analyzed by Northern Blot or RT-qPCR as described above. For protein analysis,
SDS sample buffer was added to immunoprecipitates and proteins were analyzed by
SDS-PAGE electrophoresis.

Isolation and cloning of ncRNAs
ES cell extracts prepared in RSB-100 buffer containing 0.1% NP-40, phosphatase
inhibitors, and protease inhibitors were immunoprecipitated with anti-SMN antibodies
(7F3) bound to Protein G-Sepharose (Sigma) for 2 hours at 4°C as described above.
Immunoprecipitated RNAs were end-labeled with [32P]pCp and run on an 8%
acrylamide-8M urea gel. RNAs of appropriate size purified from the gel using RNA
elution buffer (300 mM sodium acetate, 0.1% SDS, 1 mM EDTA) in the presence of 10%
phenol (phenol-chloroform-isoamyl alcohol, 25:24:1) overnight at room temperature.
Purified RNAs were then ligated with 2.5 µM miRCat-33 3’ pre-activated,
adenylated cloning linker (5’ - rAppTGGAATTCTCGGGTGCCAAGG/ddC/ - 3’) in the
presence of 12% PEG 8000 and 200 units of T4 RNA Ligase 2 truncated (New England
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Biolabs) at 22°C for 2 hours. T4 RNA ligase was inactivated by incubation at 65°C for 15
minutes. To remove excess linker, the ligation reaction was applied to a Chroma Spin TE
30 column (Clontech) and equilibrated with water. Ligated RNAs were ethanol
precipitated and recovered by centrifugation.
The ligated RNAs were then annealed with 20 pmol of reverse primer
complementary to the ligated miRCat-33 linker (5’ – CCTTGGCACCCGAGAATT - 3’)
by incubating at 70°C for 2 minutes and subsequently cooling on ice. Reverse
transcription (RT) was then performed at 42°C in the presence of 0.5 mM dNTPs, 10 mM
DTT, 20 U RNAsin (Promega) and 200 U of SuperScript II enzyme (Invitrogen) which
adds three non-templated Cs as an overhang when reaching the end of the template. After
45 minutes, 20 pmol of a forward primer terminating with 3 Gs (5’CCGGTACCGGGATCCTCATTCTCTGGG - 3’) was added and incubation at 42°C was
allowed to proceed for 15 minutes. After one hour of incubation, Superscript II was
inactivated by heating at 70°C for 15 minutes. To remove excess oligonucleotides, the
RT reaction was applied to a Chroma Spin TE 30 column and equilibrated in water. The
cDNA library was then ethanol precipitated and recovered by centrifugation. 3’ A
overhangs were then added to the cDNA library by incubating cDNAs with 1 U Taq
DNA polymerase in the presence of 10 mM dATP and 1.5 mM MgCl2 at 72°C for 20
minutes. The cDNA library was then cloned using the TOPO TA Cloning Kit for
Sequencing (Invitrogen) according to the manufacturer’s protocol and sequenced by
GENEWIZ, Inc. (South Plainfield, NJ).

Purification of native SMN complexes
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Extracts from HeLa cells stably expressing Flag-SMN or HeLa TetR (control)

cells were immunoprecipitated with anti-Flag beads (Sigma) in RSB-100 buffer
containing 0.1% NP-40, phosphatase inhibitors, and protease inhibitors for 2 hours at
4°C. Supernatants were discarded and beads were extensively washed with RSB-100
containing 0.02% NP-40. Three washes were performed with 10 bed volumes of RSB500 containing 0.02% NP-40 for 15 minutes at 4°C. Following three washes with RSB100 containing 0.02% NP-40, bound proteins were eluted with 10 bed volumes of the
same buffer containing 0.5 mg/mL 3X-Flag peptide (Sigma) for 1 hour at 4°C (Pellizzoni
et al., 2002). Purified SMN complexes were separated by 12.5% SDS-PAGE and
detected by silver staining.

In vitro binding of RNAs
A total of 50,000 cpm of [32P] UTP-labeled in vitro transcribed RNAs was mixed
with RSB-100 with 0.1% NP-40 and 5 µg E. coli tRNA and added directly to purified
SMN complex on the Flag beads. The binding was carried out for 1 hour at 4°C with
shaking to keep beads in suspension according to established procedures (Yong et al.
2002). The beads were then washed five times with 10 bed volumes of RSB-100 + 0.1%
NP-40. For control experiments, the same procedure was carried out using beads
previously incubated with extracts from HeLa TetR cells. The bound RNAs were isolated
and analyzed by electrophoresis on 8% polyacrylamide-8M urea gels).

UV-crosslinking
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In vitro binding reactions were performed as described above. Supernatants were

collected and UV-crosslinked at 0.12 J/cm2. Samples were then treated with 0.5 mg/mL
RNase A for 15 minutes at 37°C before being run on a 12% SDS-PAGE gel and analyzed
by autoradiography.

Immunofluorescence analysis
NIH3T3 or HeLa cells cultured on glass coverslips in 24-well plates either in the
presence or in the absence of doxycycline were washed briefly with PBS, fixed with 4%
formaldehyde-PBS for 15 minutes at room temperature and permeabilized with 0.5%
Triton X-100-PBS for 10 minutes at room temperature. Blocking was performed using
3% BSA dissolved in PBS for 1 hour at room temperature. Next, incubation of primary
antibody diluted in 3% BSA-PBS wash was performed for 1 hour at room temperature.
Cells were then washed three times in 1x PBS for 5 minutes each. Cells were then
incubated with secondary antibody conjugated to fluorescent dye (Alexa Fluor) diluted in
3% BSA-PBS for 1 hour at room temperature in the dark. Cells were washed three more
times in 1x PBS for 5 minutes each in the dark. Slides were then mounted on glass slides
using Prolong Gold Antifade reagent (Invitrogen) in the dark overnight. The next day,
slides were sealed with nail polish and analyzed. Images were collected with a Leica SP5
confocal microscope.

Sucrose gradient centrifugation
ES cell extracts were prepared in RSB-100 buffer containing 0.1% NP-40,
phosphatase inhibitors, and protease inhibitors. Extracts were passed five times through a
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25G needle, sonicated and cleared by centrifugation for 15 minutes at 10,000 x g at 4°C.
Sucrose gradient centrifugation experiments were carried out by centrifugation of extracts
on 10 mL 10-30% sucrose gradients for 4 hours at 38,000 rpm in an SW41 rotor
(Beckman Coulter) at 4°C (Carissimi et al. 2006a; Carissimi et al. 2005). Fractions were
collected and analyzed by SDS-PAGE on 12% polyacrylamide gels and Western blot or
by

TRIzol

extraction

and

Northern

Blot.

Alternatively,

each

fraction

was

immunoprecipitated with an antibody of interest and immunoprecipitates were analyzed
by Western and Northern blot.

iCLIP
ES cells were irradiated with UV-C light to covalently cross-link proteins to
nucleic acids in vivo. Upon cell lysis, RNA was partially fragmented using low
concentrations of RNase I, and SmB-RNA complexes were immunopurified with antiSmB antibody (18F6) immobilized on immunoglobulin G-coated magnetic beads. After
stringent washing, RNAs were ligated at their 3’ ends to an RNA adaptor and
radioactively labeled to allow visualization. Denaturing gel electrophoresis and transfer
to a nitrocellulose membrane removed RNAs that were not covalent linked to the protein.
RNA was recovered from the membrane by proteinase K digestion. The oligonucleotides
for reverse transcription contained two inversely oriented adaptor regions as well as a
barcode region at their 5’-end containing a 2-nucleotide barcode to mark the experiment
and a 3-nucleotide random barcode to mark individual cDNA molecules. cDNA
molecules were size-purified using denaturing gel electrophoresis, circularized by singlestranded DNA ligase, annealed to an oligonucleotide complementary to the restriction
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site and cut between the two adaptor region by an appropriate restriction enzyme.
Linearized cDNAs were then PCR-amplified using primers complementary to the adaptor
regions and were subjected to high-throughput sequencing using the Illumina Genome
Analyzer 2 platform. iCLIP experiments and bioinfomatic analysis of sequence reads
were carried out in the laboratory of Dr. Jernej Ule. For additional details, refer to
supplementary methods of Konig et al., 2010.

Microarray analysis
To identify gene expression changes caused by reduced SMN levels in NIH3T3
fibroblasts, RNA from SMN-deficient NIH3T3-SmnRNAi and NIH3T3-SMN/SmnRNAi
cells grown in the presence of doxycycline for 5 days were analyzed using Affymetrix
exon junction arrays. Three biological replicates for each group were used for microarray
hybridization. Preparation of labeled probes using Affymetrix WT Sense Target labeling
kits, hybridization to Affymetrix exon junction arrays, and bioinformatics analysis were
carried out in the laboratory of Dr. Jernej Ule. For additional details on the design of the
microarray, refer to supplementary methods of Licatalosi et al., 2008. The latest highresolution version of the Affymetrix exon junction array was used, which monitors over
25,000 genes in the mouse genome. Data was analyzed by version 3 of ASPIRE
(Analysis of Splicing by Isoform Reciprocity) software, which was developed by Dr. Ule.
For the purposes of this work, the pertinent output of ASPIRE3 consisted of transcript
fold change (TFC) and TFC-test values, where TFC is the change in mRNA expression
and TFC-test is a measure of the statistical significance of the TFC value. Only
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transcripts with TFC-test values greater than 10, which approximately corresponds to P <
0.001, were included in this study.

Laser capture microdissection
Spinal cord sections (L1 to L5) were harvested from control (Smn+/-; SMN2+/+;
SMNΔ7+/+; Hb9:GFP+/-) and SMNΔ7 (Smn-/-; SMN2+/+; SMNΔ7+/+; Hb9:GFP+/-) mice at
postnatal day 6, mounted, and flash frozen in liquid nitrogen-cooled isopentane. Spinal
cords were cryosectioned (14 µm) and made to adhere to UV-treated PEN membrane
slides (Zeiss). Tissue sections were immediately fixed in methanol for 30 s, Nissl stained
in 1% cresyl violate acetate for 1 min, and immediately stored at -80°C. Laser capture
microdissection (LCM) was performed with the Palm Microbeam (Carl Zeiss
MicroImaging) under 10x magnification. Motor neurons were identified by size and
position in the ventral horn of the spinal cord. Approximately 500,000 µm2 of motor
neuron tissue was collected per sample. For each sample, an additional 500,000 µm2 of
non-motor neuron tissue was collected from the dorsal horn of the same spinal cord
sections. LCM was carried out in the laboratory of Dr. Arthur Burghes. For additional
details, refer to Ruggiu et al 2012.

Cell proliferation assay in 96-well format
50,000 cells were plated in 10 cm dishes and cultured in the presence or absence
of doxycycline for 5 days prior to seeding in a 96-well plate. NIH3T3 cells were counted
using an automatic cell counter (ADAM-MC) and dispensed into 96-well optical plates
(Grainer) at a concentration of 200 cells per well in 200 µL of media while continuing
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prior treatment with doxycycline. To estimate cell number, a 4X solution containing 16%
paraformaldehyde and 8 µg/mL of Hoechst stain in PBS was added to the plated cells and
incubated for 15 minutes at room temperature. After one wash with PBS, whole-well
imaging acquisition was performed using the IN Cell Analyzer 2000, followed by
automated nuclear counting using MetaMorph software.

Bioinfomatics
Secondary structure prediction of the 4.5SH RNA was performed using the
publically

available

RNAfold

WebServer

(http://rna.tbi.univie.ac.at/cgi-

bin/RNAfold.cgi). This program calculates the optimal secondary structure to maintain
minimum free energy and also calculates base-pair probabilities as well as positional
entropy for each nucleotide. The 4.5SH sequence was analyzed by the RNAfold program
while imposing a constraint that the Sm-like site sequence must remain single-stranded.
Sm site alignment was performed using the web-based application, WebLogo
(http://weblogo.berkeley.edu) which generates a graphical representation of multiple
sequence alignments in which the height of the letter shows the relative sequence
conseration of that nucleotide. Sm-site sequences of the major snRNAs were derived
from

the

seed

databases

in

the

RFam

sequence

library

(http://www.sanger.ac.uk/Software/Rfam). HSUR Sm site sequences were based on those
listed in Golembe et al., 2005b.
Predictions of ARE-containing mRNAs were performed using AREsite, an online
resource for the detailed investigation of AU-rich elements (ARE) in vertebrate mRNA
3’-UTRs (Gruber et al. 2011) (http://rna.tbi.univie.ac.at/AREsite). AREsite identifies
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ARE-containing mRNAs by searching for known ARE motifs in the 3’-UTRs of the
inputed gene of interest. Additionally, the site also provides information as to whether the
gene has experimentally validated as a target of ARE-binding proteins. Furthermore, the
database provides a detailed phylogenetic analysis of any found ARE motifs and also
quantifies the structuredness of ARE motif sites in terms of opening energies and
accessibility probabilities. To be classified as an ARE-containing mRNA for the analysis
presented here, transcripts needed to fulfill a number of criteria: 1) the transcript had to
contain known ARE motifs identified by AREsite; 2) phylogenetic analysis showed a
high level of evolutionary conservation of the identified ARE motifs between human and
mouse; and 3) ARE motifs had to exist in thermodynamically favorable regions for AREbinding protein binding with low levels of secondary structure (defined as accessibility
probabilities > 0.5). Any experimentally validated targets of ARE-binding proteins were
also considered ARE-containing transcripts.
In addition to identified mRNAs from the Affymetrix exon junction array,
upregulated mRNAs highlighted in microarray analyses from previous studies were also
data mined for ARE-containing mRNAs. The microarray data sets that were analyzed
were: 1) spinal cords from P11 SMNΔ7 mice (Zhang et al. 2008); 2) spinal cords from
P13 SMNΔ7 mice (Baumer et al. 2009); and 3) laser-captured microdissected motor
neurons from P13 SMNΔ7 mice (Corti et al. 2008). For a complete listing of all mRNAs
analyzed, please refer to the supplementary data from each of these publications.

Statistical Analysis
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Statistical analysis was carried out using the two-tailed unpaired Student’s t test or

one-way ANOVA as applicable and the Prism 5 (GraphPad) software. Data are
represented as mean and standard error of the mean (SEM) from independent
experiments and P values are indicated as follows: * = P < 0.05; ** = P < 0.01; *** = P <
0.001.
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Table 6.1. Oligonucleotide primers and probes used in this dissertation
Northern blot probes
Name

Sense Sequence (5’ to 3’)

U1
U6
U7
4.5SH
4.5SI
scB1
scB2
scAlu
Alu
5S
5.8S

ACGCAGTCCCCCACTACCACAAATT
TGTATCGTTCCAATTTTAGTATATG
TTCCGACCGAAGTCAGAAAACCTGC
AAATCCTACCGGCGTGCGCCACCAC
GGGTGCTGGGAACCGAACTCTTATA
CCTGGAGCTCACTTTGTAGACCAGG
TGGTTGTGAGCCACCATGTGGTTGCTGG
GGCTGGTCTTGAACTCCTGATCTCA
GGTTCACGCCATTCTCCTGCCTCAG
GGGCGCGTTCAGGGTGGTATGGCCG
CGACGCACGAGCCGAGTGATCCACC

RT-qPCR primers for mouse genes
Name

Forward Sequence (5’ to 3’)

Reverse Sequence (5’ to 3’)

Smn

TGCTCCGTGGACCTCATTTCTT

TGGCTTTCCTGGTCCTAATCCTGA

GAPDH

AATGTGTCCGTCGTGGATCTGA

GATGCCTGCTTCACCACCTTCT

β-actin

GGACCTGACAGACTACCTCATGAA

TTGATGTCACGCACGATTTCCC

Atp6

ACAAATCTCCTAGGCCTTTTACCACAT

TGTGTCGGAAGCCTGTAATTACGG

ChAT

CGGTCCTCTTAAAAGACTCCACCAAC

TGTGTGTGTCACTGAGGTCTCCA

GFP

CGTCTATATCATGGCCGACAAGCA

TTGTGGCGGATCTTGAAGTTCACC

Cdkn1a

GACATTCAGAGCCACAGGCACC

GAGCGCATCGCAATCACGGCGC

Cited2

AAAGACGGAAGGACTGGAAATGGC

TGATGCGGGCTCGGGAACT

Mdm2

TTGGAGTCCCGAGTTTCTCTGTGA

GATGTGCCAGAGTCTTGCTGACTT

Thbs1

TCACTGCCAGAACTCGGTTACCAT

GCAGCATTCACCATCAGGAACTGT

Bpil2

TGTCTTGTCCCAGCCGTTCATACT

CAGGGAACTCCAGGCTGAAATTGT

Tk1

TCAGGGAAAAGCACAGAGCTGATG

TGTGGAGAAGCTGTTGCTATAGCG

Ect2

GTCCAGCATCCACTATGGAGAAACAC

TCTCAGTCTGGTAGAGCTCTTTCGC

Mcm2

AACTTTGTACTGGGGCCTTTCTGC

GGATGCGGATACGTTGGTAGTTCT

Top2a

GTGGTCGAAATGGCTATGGAGCTA

CCATGTTATCCATCCACGTCTGTTTG

RT-qPCR primers for mouse RNAs
Name

Forward Sequence (5’ to 3’)

Reverse Sequence (5’ to 3’)

U1

CCTGGCAGGGGAGATACCATGAT

TGCAGTCGAGTTTCCCGCATTT

U2
U4
U5

CGGCCTTTTGGCTAAGATCAAGTG
GAGGTTTATCCGAGGCGCGATTAT
TTTCCGTGGAGAGGAACAACTCTG

TCCTCGGATAGAGGACGTATCAGA
CACGGCGGGGTATTGGGAAAAGTT
CTTGTCAAGACAAGGCCTCAAAA

U6

TCGCTTCGGCAGCACATATACT

CGCTTCACGAATTTGCGTGTCA

U11

CGTGCGGAATCGACATCAAGAGA

CAACGATCACCAGCTGCCCAATTA

U12

GCCCGAGTCCTCACTGCTTATGT

AAAGTAGGCGGGTCGCCTCAGAT

U4atac
U6atac

TTTCTTGGGGTTGCGCTACTGT
TTAGCACTCCCCTTGACAAGGATG

AAAGCAGAGCTCTAACCGATGCAG
CGAAGTAGGTGGCAATGCCTTAAC
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5.8S

GCGCTAGCTGCGAGAATTAATGTG

CAAGTGCGTTCGAAGTGTCGATGA

4.5SH
SRP

CACGCCGGTAGGATTTGCTGAA
TCGGAAACGGAGCAGGTCAAAA

AGGCTGGCCTCGAACTCGT
TGGAGTGCAGTGGCTATTCACA

RT-PCR primers
Name

Forward Sequence (5’ to 3’)

Reverse Sequence (5’ to 3’)

hSMN E6fwd/E8rev

ATAATTCCCCCACCACCTCCC

TAGTGCTGCTCTATGCCAGCA

RT-qPCR primers for human SMN
Name

Forward Sequence (5’ to
3’)

Reverse Sequence (5’ to 3’)

SMN2TOT

GTGAGGCGTATGTGGCAAAAT

SMN2FL

CACCACCTCCCATATGTCCAGAT
T

CATATAGAAGATAGAAAAAAACAGTACAA
TGACC
GAATGTGAGCACCTTCCTTCTTT
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Appendix. Other Projects
In addition to the work that I have presented in this dissertation, I have also been
involved in a number of collaborations that have resulted in publications and
contributions to the field of SMN and SMA study. The titles and abstracts of each of
these publications are presented together below with a short description of my
contribution to each of these projects.

Post symptomatic restoration of SMN rescues the disease phenotype in a mouse
model of severe spinal muscular atrophy.

Cathleen M. Lutz, Shingo Kariya, Sunita Patruni, Melissa A. Osborne, Don Liu,
Christopher E. Henderson, Darrick K. Li, Livio Pellizzoni, Jose Rojas, David M.
Valenzuela, Andrew J. Murphy, Margaret L. Winberg, and Umrao R. Monani

Journal of Clinical Investigation. 2011 Aug; 121(8):3029-41

Abstract
Spinal muscular atrophy (SMA) is a common neuromuscular disorder in humans.
In fact, it is the most frequently inherited cause of infant mortality, being the result of
mutations in the survival of motor neuron 1 (SMN1) gene that reduce levels of SMN
protein. Restoring levels of SMN protein in individuals with SMA is perceived to be a
viable therapeutic option, but the efficacy of such a strategy once symptoms are apparent
has not been determined. We have generated mice harboring an inducible Smn rescue
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allele and used them in a model of SMA to investigate the effects of turning on SMN
expression at different time points during the course of the disease. Restoring SMN
protein even after disease onset was sufficient to reverse neuromuscular pathology and
effect robust rescue of the SMA phenotype. Importantly, our findings also indicated that
there was a therapeutic window of opportunity from P4 through P8 defined by the extent
of neuromuscular synapse pathology and the ability of motor neurons to respond to SMN
induction, following which restoration of the protein to the organism failed to produce
therapeutic benefit. Nevertheless, our results suggest that even in severe SMA, timely
reinstatement of the SMN protein may halt the progression of the disease and serve as an
effective postsymptomatic treatment.
One of the principal aims of this study was to determine whether a specific
therapeutic window exists in which the restoration of SMN would be able to confer
functional benefits. As recent attempts at gene therapy using adeno-associated viruses
have proven successful (Foust et al., 2010; Passini et al., 2011), determining the stage of
disease at which maximally beneficial therapy can be administered is an important and
clinically relevant question. As such, a transgenic mouse model was constructed that
harbored an inducible Smn allele (SmnRes). In this mouse, the endogenous Smn gene was
engineered to behave like human SMN2 by replacing Smn exons 7 and 8 with a cassette
consisting of SMN2 exons 7 and 8. In addition, an inverted copy of Smn exon 7 was
placed in the intron between SMN2 exons 7 and 8 and was flanked with mutant loxP
sites. The rescue allele was introduced into the genetic background of the SMNΔ7 mouse
in combination with a tamoxifen-inducible, ubiquitously expressed Cre transgene (CreER) to create mice of the genotype (SMN2; Δ7; Cre-ER; SmnRes/Res). Prior to tamoxifen
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treatment, these mice appeared very similar to severely affected Δ7 SMA mice in terms
of SMN protein levels, NMJ pathology, and physical parameters such as weight and
righting reflex scores. Treatment with tamoxifen at post-natal day 4 (P4) resulted in
restoration of SMN protein as well as reductions in NMJ pathology, increased survival
and improved motor performance on tests including grip strength, rotarod, and open-field
assays. Importantly, it was found that there is a limited therapeutic window in SMA
model mice harboring the rescue allele. Despite similar restoration of SMN protein levels
regardless of when tamoxifen was administered, restoration of SMN at earlier time points
generally correlated with greater increases in body weight and enhanced motor
performance together with milder decreases in spinal motor neuron loss and the
appearance of nuclear gems. Treatment starting at P10 conferred no additional survival
benefit over the untreated mice. The finding of a critical early postnatal window of SMN
induction that is most effective for rescue was confirmed independently by another group
in a study that was published shortly after ours (Le et al. 2011).
My contribution to this study came in characterizing the rescue of SMN
expression and function after tamoxifen treatment. I analyzed spinal cords and brain
samples from tamoxifen treated mice harboring the inducible rescue allele for protein
expression levels as well as snRNP assembly activity. Reduced SMN protein in mouse
tissue results in a severely compromised ability to assemble spliceosomal snRNP
particles, and the extent of this defect correlates with phenotypic severity (Gabanella et
al. 2007). Compared with spinal cord extracts from vehicle-treated mutants, extracts from
tamoxifen-treated mice prepared 4 days after treatment showed significant increases in
SMN protein expression. Importantly, spinal cord extracts from tamoxifen-treated mice
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also exhibited a significant 2-fold increase in their ability to assemble snRNPs in vitro
compared to vehicle-treated mutants, indicating an increase in functional SMN protein.
Similar results were also seen in brain tissue but the results did not reach statistical
significance. Thus, restoration of SMN following disease onset is sufficient to enhance
the most widely recognized molecular function of the SMN protein in this inducible
mouse model.
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A Role for SMN Exon 7 Splicing in the Selective Vulnerability of Motor Neurons in
Spinal Muscular Atrophy

Matteo Ruggiu, Vicki L. McGovern, Francesco Lotti, Luciano Saieva, Darrick K. Li,
Shingo Kariya, Umrao R. Monani, Arthur H. M. Burghes, and Livio Pellizzoni

Molecular and Cellular Biology. 2012; 32(1):126-128

Abstract
Spinal muscular atrophy (SMA) is an inherited motor neuron disease caused by
homozygous loss of the Survival Motor Neuron 1 (SMN1) gene. In the absence of SMN1,
inefficient inclusion of exon 7 in transcripts from the nearly identical SMN2 gene results
in ubiquitous SMN decrease but selective motor neuron degeneration. Here we
investigated whether cell-type specific differences in the efficiency of exon 7 splicing
contribute to the vulnerability of SMA motor neurons. We show that normal motor
neurons express markedly lower levels of full-length SMN mRNA from SMN2 than do
other cells in the spinal cord. This is due to inefficient exon 7 splicing that is intrinsic to
motor neurons under normal conditions. We also find that SMN depletion in mammalian
cells decreases exon 7 inclusion through a negative feedback loop affecting the splicing
of its own mRNA. This mechanism is active in vivo and further decreases the efficiency
of exon 7 inclusion specifically in motor neurons of severe-SMA mice. Consistent with
expression of lower levels of full-length SMN, we find that SMN-dependent downstream
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molecular defects are exacerbated in SMA motor neurons. These findings suggest a
mechanism to explain the selective vulnerability of motor neurons to loss of SMN1.

To date, a dual connection between RNA splicing and SMA etiology has been
elucidated. The first is that SMN functions in the biogenesis of small nuclear
ribonucleoprotein complexes that are essential components of the pre-mRNA splicing
machinery. Indeed, previous studies in mouse models of SMA have demonstrated a direct
correlation between disease severity and the degree of snRNP assembly defects caused by
SMN deficiency in the spinal cord (Gabanella et al. 2007). On the other hand, the low
levels of SMN that cause SMA are due to inefficient splicing of exon 7 in transcripts
from SMN2. This work tested the hypothesis that cell type-specific differences in the
efficiency of exon 7 splicing may contribute to the selective vulnerability of motor
neurons in SMA. We show that normal motor neurons express significantly lower levels
of full-length SMN mRNA from the SMN2 gene than other types of the spinal cord and
that this is due to particularly inefficient exon 7 inclusion. In addition, we highlight a
negative feedback loop whereby SMN-dependent changes in the snRNP abundance
decrease exon 7 splicing in mammalian cells. Importantly, analysis of severe-SMA mice
revealed that this feedback mechanism is active in vivo in motor neurons but not in other
spinal cord cells. Importantly, we provide evidence that downstream molecular defects
linked to SMN deficiency are strongly and specifically exacerbated in SMA motor
neurons. Thus, our results uncover a plausible mechanism to explain the selective
vulnerability of motor neurons in SMA.
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My contribution to this work came in highlighting how SMN deficiency impairs

the splicing efficiency of exon 7 of SMN1 and SMN2. To do so, I utilized an NIH3T3
fibroblast cell line with doxycycline-inducible knockdown of SMN (NIH3T3-SmnRNAi)
as well as a rescue cell line that also expresses RNAi-resistant human SMN (NIH3T3SMN/SmnRNAi. To analyze exon 7 splicing in these cells, I used well-established
minigene reporters (Kashima and Manley 2003) that express the region between exon 6
and exon 8 of either SMN1 or SMN2 genes under the control of the CMV promoter. Next,
I performed RT-PCR analysis of SMN1 and SMN2 minigenes transiently transfected into
wild-type NIH3T3 cells and found that they showed the expected alternatively spliced
products corresponding to SMN mRNAs that either contain or lack exon 7. No RT-PCR
products were observed following transfection of an empty vector. Phosphorimager
quantification of multiple transfection experiments indicated that exon 7 is included in
~80% of SMN1 mRNAs and ~6% of SMN2 mRNAs in NIH3T3 cells. Thus, transfected
NIH3T3 fibroblasts display a pattern of exon 7 splicing similar to that of endogenous
SMN1 and SMN2 genes in human cells.
Next, I assessed whether SMN elvels affect splicing of exon 7 in human SMN1
and SMN2 mRNAs. Strikingly, RT-PCR analysis following transient transfection of
splicing reporters in NIH3T3-SmnRNAi cells depleted of endogenous Smn demonstrated
that the efficiency of exon 7 inclusion in both SMN1 (without Dox, 83.6% ± 2.7%; with
Dox, 55.5% ± 3.8%; P < 0.001) and SMN2 (without Dox, 6.4% ± 1.1%; with Dox, 3.1%
± 0.7%; P < 0.05) mRNAs were strongly reduced compared to the same cells with
normal SMN levels. Importantly, I found no significant differences in exon 7 splicing for
both SMN1 and SMN2 mRNAs in NIH3T3-SMN/SmnRNAi with or without endogenous
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Smn, indicating that expression of human SMN restored the normal pattern of exon 7
splicing. Therefore, the observed changes in exon 7 splicing were direct and specific
consequences of SMN dysfunction. Moreover, since depletion of SMN impairs exon 7
inclusion in both SMN1 and SMN2 mRNAs to similar extents, the SMN-dependent effect
on exon 7 splicing appears to be independent of the C-to-T transition. These results
demonstrate that deficiency of SMN protein affects the splicing of its own mRNA
through a negative feedback loop that decreases inclusion of exon 7. Thus, my
contributions set the groundwork for future experiments that would highlight the intrinsic
vulnerability of motor neurons to low levels of SMN.
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An SMN-Dependent U12 Splicing Event Essential for Motor Circuit Function

Francesco Lotti, Wendy L. Imlach, Luciano Saieva, Erin S. Beck, Le T. Hao, Darrick K.
Li, Wei Jiao, George Z. Mentis, Christine E. Beattie, Brian D. McCabe, and Livio
Pellizzoni

Cell. October 12th, 2012; 151: 440-454

Abstract
Spinal muscular atrophy (SMA) is a motor neuron disease caused by deficiency of
the ubiquitous survival motor neuron (SMN) protein. To define the mechanisms of
selective neuronal dysfunction in SMA, we investigated the role of SMN-dependent U12
splicing events in the regulation of motor circuit activity. We show that SMN deficiency
perturbs splicing and decreases the expression of a subset of U12 intron-containing genes
in mammalian cells and Drosophila larvae. Analysis of these SMN target genes identifies
Stasimon as a protein required for motor circuit function. Restoration of Stasimon
expression in the motor circuit corrects defects in neuromuscular junction transmission
and muscle growth in Drosophila SMN mutants and aberrant motor neuron development
in SMN-deficient zebrafish. These findings directly link defective splicing of critical
neuronal genes induced by SMN deficiency to motor circuit dysfunction, establishing a
molecular framework for the selective pathology of SMA.
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In this landmark study, a fundamental conundrum that had eluded SMA

investigators for over a decade began to unravel. After discovery of SMN as the diseasecausing gene in SMA, and the further molecular elucidation of SMN’s ubiquitous
function in the biogenesis of small nuclear ribonucleoproteins (snRNPs), a central
question that remained to be resolved was how defective splicing resulted in specific
neuronal deficits. Though numerous studies have demonstrated that the degree of snRNP
assembly impairment correlates with disease severity in SMA mice (Gabanella et al.
2007) and that SMN deficiency leads to decreases in levels of spliceosomal snRNPs
(Gabanella et al. 2007; Zhang et al. 2008) that are more pronounced in motor neurons
than in other cells (Ruggiu et al. 2012), no clear molecular link between defects in snRNP
assembly and disease pathogenesis has been illustrated. Interestingly, SMN deficiency
changes the snRNP profile of tissues in a nonuniform manner and appears to
preferentially reduce accumulation of minor snRNPs that catalyze U12-intron splicing
(Gabanella et al. 2007; Zhang et al. 2008).
This study investigated the effects of SMN deficiency on U12 splicing by using
cellular and animal models in an effort to identify a clear molecular link for the
disruption of this pathway with motor circuit dysfunction in SMA. We show that U12
splicing is disrupted in both SMN-deficient mammalian cells and in Drosophila SMN
mutant larvae. Significantly, Drosophila SMN mutant larvae exhibited selective defects
in motor neuron electrophysiology and alterations in motor circuit function (Imlach et al.
2012), and that splicing defects in the U12-intron containing gene stasimon, induced
phenotypes that mirror the SMN-deficient phenotype. Importantly, restoration of
Stasimon can rescue SMN-dependent neuronal defects in both fly and zebrafish SMA
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models. SMN deficiency affects Stasimon U12 splicing and mRNA expression in the
motor circuit of the SMNΔ7 mouse model. Thus, this data directly links defective
splicing of a gene with essential functions in motor circuits to the phenotypic
consequences of SMN deficiency, thus providing a mechanistic basis for the neuronal
selectivity of SMA.
My contribution to this project came in the analysis of SMN-dependent disruption
in the splicing of Stasimon. I analyzed Stasimon mRNA splicing and U12 intron retention
by RT-qPCR in brain and kidney from SMNΔ7 and control mice at postnatal day 1 (P1),
P6, and P11, corresponding to pre-, early- , and late-symptomatic stages of disease in this
model (n = 5 for each time point from each tissue). Previous analysis in the spinal cord
and first lumbar dorsal root ganglia (L1 DRG) had revealed the accumulation of
aberrantly spliced Stasimon as well as U12 intron retention that worsened over time. My
analysis in brain and nonneuronal kidney tissue revealed significant accumulation of
Stasimon U12 intron retention but not aberrant spliced mRNA. These results
demonstrated that SMN deficiency caused progressive alteration in Stasimon U12
splicing and neuronal and nonneuronal tissues in SMA mice.
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The DcpS inhibitor RG3039 improves motor neuron function in SMA mice

James P. Van Meerbeke, Rebecca M. Gibbs, Heather L. Plasterer, Wenyan Miao, Zhihua
Feng, Ming-Yi Lin, Cidi D. Wee, Aggie Rucki, Bing Xia, Shefali Sharma, Vincent
Jacques, Darrick K. Li, Livio Pellizzoni, James R. Rusche, Chien-Ping Ko, and Charlotte
J. Sumner

Human Molecular Genetics. June 13th, 2013. [Epub ahead of print]

Abstract
Objective: Spinal muscular atrophy (SMA) is caused by mutations of the survival motor
neuron 1 (SMN1) gene, retention of the SMN2 gene, and insufficient expression of fulllength SMN protein. Quinazolines increase SMN2 promoter activity and inhibit the RNA
scavenger enzyme DcpS and the quinazoline derivative RG3039 has advanced to early
phase clinical trials. In preparation for efficacy studies in SMA patients, we investigated
the effects of RG3039 in severe SMA mice.
Methods: Mice were treated with RG3039 and pharmacokinetic, pharmacodynamic,
motor behavorial, and motor unit functional outcome measures were assessed.
Results: RG3039 distributed to CNS tissues where it robustly inhibited DcpS enzyme
activity, but minimally activated SMN expression or snRNP assembly. Nonetheless,
treated SMA mice showed a dose-dependent increase in survival, weight, and motor
function. This was associated with improved motor neuron somal and neuromuscular
junction (NMJ) synaptic innervation, NMJ function, and muscle size. RG3039 also

!

!

378!

enhanced survival of conditional SMA mice in which SMN had been genetically-restored
to motor neurons.
Interpretation: RG3039 improves motor unit function and survival of SMA mice with
robust inhibition of DcpS enzyme activity, but minimal change in SMN expression. As
this systemically delivered drug may have therapeutic benefits that extend beyond motor
neurons, it could act additively with SMN-restoring therapies delivered directly to the
CNS such as antisense oligonucleotides or gene therapy.

This study aimed to investigate the effects of a recently identified small molecule
that holds promise for clinical trials as a potential SMA therapeutic. A wide variety of
small molecules that increase SMN expression have been identified over the past decade
but with limited efficacy at increasing the motor function and survival of SMA mice. A
recently identified class of molecules known as the quinazolines was first identified
during a high-throughput screen to identify transcriptional activators of the SMN2 gene in
a motor neuron-like cell line (Jarecki et al. 2005). Further efforts using medicinal
chemistry generated several 2,4-diaminoquinazoline derivatives, some of which showed
increased SMN mRNA and protein levels and gem number in SMA patient-derived
fibroblast cell lines and modestly increased survival in severe SMA mice (Thurmond et
al. 2008; Butchbach et al. 2010). The molecular target of these compounds was identified
as DcpS, a scavenger mRNA decapping enzyme that hydrolyzes residual cap structure on
processed mRNAs after 5’ to 3’or 3’ to 5’ decay. RG3039 was selected for further
development as the lead candidate due to reduced off-target liabilities compared to other
derivatives. Excitement for RG3039 has been high, as it recently completed a phase I
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clinical trial indicating good safety results in healthy volunteers, making it the first drug
specifically made for the treatment of SMA that reached early stage clinical trials.
This study investigated the effects of RG3039 treatment in SMNΔ7 mice.
Treatment of SMNΔ7 mice with RG3039 was well-tolerated and effectively distributed to
the brain and spinal cord where it robustly inhibited DcpS enzyme activity in a dosedependent manner. Administration of RG3039 resulted in modest increases in median
survival compared to vehicle-treated mice and significant improvements in motor
function. Importantly, RG3039 treatment resulted in increased synaptic transmission at
the NMJ as well as improved synaptic connectivity at central and NMJ synapses.
Interestingly, RG3039 treatment conferred additional survival benefit to a line of SMA
mice in which increased SMN expression in motor neurons is driven by Cre under control
of the choline acetyltransferase (ChAT) promoter (Martinez et al. 2012).
My contribution to this study came in characterizing changes in SMN protein
expression and function that occurred as a result of RG3039 treatment. Surprisingly,
despite the fact that RG3039 has been shown to activate the SMN2 promoter in vitro
(Jarecki et al. 2005), I could not observe any detectable increases in SMN protein levels
in spinal cord or brain tissues (n = 5 of each tissue) from RG3039-treated mice as
compared to vehicle-treated controls. I also measured whether RG3039 increased the
functional activity of SMN in snRNP assembly but could not find any significant changes
in either spinal cord or brain (n = 5 of each tissue). These results indicate that the
phenotypic benefits of RG3039 in this mouse model of SMA is either SMN-independent
(i.e. an off-target effect) or influences another aspect of RNA metabolism that is affected
by SMN deficiency.
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