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Abstract

The SMN protein is essential and participates in the assembly of macromolecular complexes of
RNA and protein in all cells. The best-characterized function of SMN is as an assembler of
spliceosomal small nuclear ribonucleoproteins (snRNPs). SMN performs this function as part of a
complex with several other proteins called Gemins. ShnRNPs are assembled in the cytoplasm in a
stepwise manner and then are imported to the nucleus where they participate globally in the
splicing of pre-mRNA. Mutations in the SMN/I gene result in the motor neuron disease, spinal
muscular atrophy (SMA). Most of these mutations result in a reduction in the expression levels of
the SMN protein, which, in turn, results in a reduction in snRNP assembly capacity. This review
highlights current studies that have investigated the mechanism of SMN-dependent SnRNP
assembly, as well as the downstream effects on pre-mRNA splicing that result from a decrease in
SMN.
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1. Introduction

Spinal muscular atrophy (SMA) is a severe motor neuron disease characterized by skeletal
muscle weakness, respiratory insufficiency and death (Crawford and Pardo, 1996). SMA is
caused by mutations in the Survival Motor Neuron 1 (SMNZI) gene (Lefebvre et al., 1995).
Most of these SMNI mutations are deletions; however, ~2% are missense mutations (Alias
et al., 2009). Humans also possess a second copy of the gene, SMN/Z, containing a single
nucleotide change in exon 7. While this change is translationally silent, it does affect
splicing of the SMN pre-mRNA, resulting in aberrant skipping of exon 7 in approximately
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85% of the SMNZ2transcripts (Cartegni and Krainer, 2002; Gennarelli et al., 1995; Kashima
and Manley, 2003; Lorson et al., 1999; Monani et al., 1999). Thus, those afflicted with SMA
have reduced levels of functional full-length SMN protein expressed in cells. The precise
biochemical pathways that result in motor neuron dysfunction and death when SMN protein
expression is reduced are obscure. On the other hand, much progress has been made in
understanding the major cellular function of the SMN protein. This work was initiated by
the Dreyfuss laboratory, which first recognized the role of SMN in the biogenesis of
spliceosomal snRNPs (Liu and Dreyfuss, 1996).

The SMN protein is a multi-functional protein, broadly acting in the assembly of protein-
RNA complexes (RNPs) (Eggert et al., 2006; Fischer et al., 2011; Liu et al., 1997; Meister et
al., 2002; Paushkin et al., 2002; Simic, 2008; Wan et al., 2005). SMN accomplishes this in a
modular way, bringing together several RNA binding proteins with several “substrate”
RNAs, facilitating the assembly of specific proteins on the target RNAs. In this review, we
describe the role of the SMN protein in the stepwise assembly of spliceosomal small nuclear
RNPs (snRNPs), highlight the relationship between defective SnRNP assembly and SMA
phenotype, and consolidate our current understanding of the downstream RNA processing
consequences of defective SnRNP biogenesis.

2. sSnRNP assembly

Splicing of pre-mRNA transcripts is carried out in eukaryotes by 9 snRNPs (Nilsen, 2003;
Will and Luhrmann, 2001). These large RNA-protein complexes recognize the 5’ and 3’
splice sites, as well as the branch points, on most eukaryotic introns, and directly catalyze
the splicing reaction, yielding mature, spliced mRNAs. Each snRNP contains a single copy
of one of 9 uridine-rich small-nuclear RNAs (U1, U2, U4, U5, U6, U11, U12, U4atac, and
U6atac snRNAs), bound to a set of accompanying proteins. In addition to proteins specific
to each snRNP, all SnRNPs except U6 also contain 7 common core proteins, known as Sm
proteins. The seven Sm proteins (Sm B/B’, D1, D2, D3, E, F and G) form a heptameric ring
around the uridine-rich Sm site found on all sSnRNAs (Achsel et al., 2001; Kambach et al.,
1999; Stark et al., 2001). Formation of this Sm core is required for the /n vivo stability,
nuclear import, and splicing activity of the sSnRNPs.

At one time, it was thought that ShRNAs and Sm proteins spontaneously assembled to form
spliceosomal snRNPs in cells. However, in 1996, Dreyfuss and colleagues demonstrated that
the SMN protein existed in a protein complex with spliceosomal SnRNP proteins and
subsequently demonstrated that SMN was required for the assembly of spliceosomal
SnRNPs in cells (Liu and Dreyfuss, 1996; Pellizzoni et al., 2002b). They also found that
SMN does not act in this function alone, but within a complex with seven other proteins
called Gemins. SMN itself lies at the heart of the SMN complex, contacting most of the
Gemins. Gemin2, a 32-kDa protein most often found with SMN, binds to Sm proteins
(Fischer et al., 1997; Liu et al., 1997). Gemin3 is a DEAD-box RNA-dependent RNA
helicase and ATPase (Charroux et al., 1999). Gemin5 is a large protein containing WD
repeat domains (Gubitz et al., 2002). Gemins 6 and 7 adopt Sm folds (Baccon et al., 2002;
Ma et al., 2005; Pellizzoni et al., 2002a), and little is known about the structures of the
remaining Gemins 4 and 8.

It is now clear that the SMN complex directly binds to snRNAs and to Sm proteins, and then
assembles the Sm core onto the ShnRNA in an ATP-dependent manner (Fischer et al., 1997;
Meister et al., 2001a; Pellizzoni et al., 2002b). Thus, SMN plays a profound cellular
function that has the potential to influence pre-mRNA splicing in all cells. Recent research
has focused on understanding how the SMN complex binds to SnRNAs and to Sm proteins.
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3. snRNA binding activity

The SMN complex binds snRNA through one of its associated proteins, Gemin5. Gemin5
binds directly and with high affinity and specificity to ShRNAs (Battle et al., 2006; Lau et
al., 2009). The 170-kDa Gemin5 protein comprises at least two domains, an N-terminal
WD-repeat domain and a C-terminal half containing no identifiable sequence homology to
any other proteins (Gubitz et al., 2002). Gemin5 primarily uses its WD-repeat domain to
bind directly to the snRNA (Lau et al., 2009). While the WD-repeat domain accounts for the
majority of the affinity for ShRNAs, the novel C-terminal domain is required to achieve the
full SnRNA-binding specificity of the intact SMN complex (Battle et al., 2006; Golembe et
al., 2005; Lau et al., 2009). Gemin5 makes specific contacts to several positions of the Sm
site on snRNAs, including high-affinity contacts with the first adenosine as well as the first
and third uridines, although the other uridines also contribute to the binding (Battle et al.,
2006). While, in this respect, Gemin5 seems to mimic the binding specificity of Sm proteins,
Geminb5 further requires the presence of a stem-loop immediately 3’ of the Sm site, the so-
called “snRNP code” (Battle et al., 2006; Golembe et al., 2005).

The majority of Gemin5 is in the cytoplasm, where, depending on conditions, roughly 25—
75% of Geminb resides outside of the SMN complex (Battle et al., 2007a; Pellizzoni, 2007).
Inhibition of sSnRNP assembly, either in cell extracts with ATPase inhibitors or /in vivo with
cell stressors or protein synthesis inhibitors, induces Gemin5 to dissociate from SMN and
accumulate in these cytoplasmic SMN-free complexes (Battle et al., 2007a; Yong et al.,
2010). It is this SMN-free Gemin5 that binds to newly exported snRNAs prior to association
with SMN (Figure 1). Further, Gemin5 binds precursor snRNAs with extraneous sequence
still on their 3’ ends, suggesting that 3’ end maturation occurs on the SMN complex (Yong
etal., 2010).

4. Interactions of SMN with Sm proteins

Sm proteins, like SnRNAs, are never free in the cytoplasm. After synthesis, Sm proteins are
processed by several complexes based on the protein methyltransferase, PRMT5, and the
small protein, pICIn (Brahms et al., 2000; Brahms et al., 2001; Friesen et al., 2001b; Friesen
et al., 2002; Meister et al., 2001b) (Figure 1). Sm proteins are first targeted to the 20S
methylosome, where arginine residues on the C-terminal tails of Sm D1, D3 and B/B’ are
converted by PRMTS5 to symmetrical dimethylarginine (Meister et al., 2001b). Following
methylation, a pentamer of Sm proteins, D1/D2/E/F/G, are sequestered by pICIn (Meister et
al., 2001b). Recent EM structures reveal that the pentamer-pICln complex is a closed ring
similar to the heptameric Sm ring, except that pICln takes the place of the B/D3 subunits
(Chari et al., 2008; Chari et al., 2009). SMN and Gemin2 (and possibly Gemin8) catalyze
release of the Sm pentamer from pICIn (Chari et al., 2008; Chari et al., 2009).

The Sm pentamer is then transferred to the SMN complex, where it is bound by Gemin2.
Recently, the structure of the Sm pentamer bound to Gemin2 and the Gemin2-binding
domain of SMN was solved by X-ray crystallography (Zhang et al., 2011). When bound to
Gemin2, the partial Sm ring is in an open configuration, in contrast to the pICIn-bound Sm
pentamer (Zhang et al., 2011). Gemin2 wraps around the open ring, contacting all five Sm
proteins. Interestingly, the N-terminal tail of Gemin2 extends into the snRNA-binding
pocket on the Sm pentamer, blocking the RNA-binding surface. Further, although the
pentamer ring is open at one end, the intersubunit angles are reduced relative to those
observed in the heptameric Sm structures, leaving no room for either the B/D3 dimer or
SnRNA (Figure 1). The Gemin2 binding domain of SMN binds to Gemin2 distal to the Sm
binding surface, and does not contact the Sm proteins. A notable SMA-causing missense
mutation occurs at position D44, which is observed in the crystal structure at the SMN-
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Gemin2 interface (Sun et al., 2005; Zhang et al., 2011). The D44V patient mutation disrupts
snRNP assembly by disrupting the interaction between SMN and the Sm-fold binding
Gemin2 protein (Ogawa et al., 2007; Zhang et al., 2011).

In addition to binding the Sm-fold of the pentamer, the SMN complex also binds to the
symmetrical-dimethylarginine (SDMA) tails found on Sm B/B’, D1 and D3 (Friesen et al.,
2001a). This binding is directly mediated by the Tudor domain of SMN (Friesen et al.,
2001a). NMR structures have detailed the interaction of SDMA peptides with the SMN
Tudor domain, explaining the specificity for SDMA, as well as elucidating the mechanism
by which several SMA patient missense mutations interfere with snRNP assembly (Selenko
et al., 2001; Sprangers et al., 2003; Tripsianes et al., 2011). The SMN Tudor domain forms a
cage of aromatic residues that specifically bind SDMA (Tripsianes et al., 2011). Glu134
stabilizes the conformation of the cage through a hydrogen bond network (Selenko et al.,
2001; Tripsianes et al., 2011). The SMN E134K mutation disrupts this network, causing
significant reduction in the ability of the Tudor domain to bind SDMA (Tripsianes et al.,
2011).

Still other SMA-associated SMN mutations occurring in the Tudor domain disrupt Sm
binding in different ways. For instance, W92S and Q136E cause the Tudor domain to
misfold, disrupting the ability of SMN to bind SDMA (Kotani et al., 2007; Shpargel and
Matera, 2005; Tripsianes et al., 2011). Three more SMN missense mutations, G95R, 1116F
and A111G, are oriented towards the interior of the hydrophaobic core formed by the beta
barrel structure of the SMN Tudor domain (Selenko et al., 2001; Tripsianes et al., 2011). In
the context of the Tudor domain alone, these mutations cause smaller changes to the
structure and do not greatly affect SDMA binding, although there may be larger defects in
the context of full-length SMN.

Although these mutations suggest that the ability to bind SDMA is critical to the SMA-
relevant SMN function, the precise role for SDMA in Sm core assembly remains unclear.
The simplest explanation may be that while Gemin2 holds the D1/D2/E/F/G pentamer, the
sDMA tails either allow the recruitment of the B/D3 dimer to SMN, or they allow proper
spatial orientation of the Sm proteins for transfer to SnRNA, although these activities do not
seem to be strictly required in /in vitro systems (Chari et al., 2008; Zhang et al., 2011).
Further, it must be noted that while these mutations disrupt productive SMN interactions
with Sm proteins necessary for Sm core assembly, these mutations could also potentially
disrupt the interaction of the SMN Tudor domain with other methylated arginine-bearing
proteins and thereby affect non-snRNP-related functions, as well as cause loss of misfolded
SMN proteins in their entirety (Coté and Richard, 2005; Jones et al., 2001; Pellizzoni et al.,
2001; Pillai et al., 2003; Schumperli and Pillai, 2004) Also, SMN does not act alone, but
rather as an obligate oligomer, and the effects of these mutations may be ameliorated by
oligomerization of mutant SMN with the wildtype SMN expressed from SMNZ. The SMN
A111G mutation, for example, seems to be relatively inactive in SnRNP assembly on its
own, but is able to complement activity in the presence of small amounts of wildtype SMN
expressed from the SMNZ2 gene (Burghes and Beattie, 2009; Workman et al., 2009).

Sm core assembly proceeds readily /n vitro with purified Sm proteins and snRNAs, and
without SMN (Kleinschmidt et al., 1989; Meister et al., 2001a; Pellizzoni et al., 2002b;
Raker et al., 1996; Raker et al., 1999; Sumpter et al., 1992). This is not the case when the
reaction occurs in cell extracts (Fischer et al., 1997; Meister et al., 2001a; Pellizzoni et al.,
2002b). This suggests that, /n vivo, the SMN complex functions as a specificity factor,
sequestering Sm proteins and SNRNAS until they are finally assembled together (Pellizzoni
et al., 2002b). Gemin5 binds to sSnRNAs in a complex absent of either SMN or Sm proteins
(Battle et al., 2007b; Yong et al., 2010). It is likely that this complex serves to sequester
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snRNAs until they are delivered to SMN for assembly. pIClIn, in turn, binds to Sm proteins
in the absence of SMN, blocking their shRNA-binding activity (Pu et al., 1999). Once pIClin
delivers the Sm proteins to the SMN-Gemin2 subunit, Gemin2 blocks the sSnRNA binding
surface (Zhang et al., 2011). Presumably, SMN acts as an adaptor 7 vivo to bring both the
SsnRNA and Sm proteins together where, finally, the Sm proteins and SnRNA are released
for assembly.

5. Downstream consequences

SMN itself does not appear to function directly in pre-mRNA splicing. Rather, reduced
SMN lowers the capacity of cells to assemble snRNPs, the general pre-mRNA splicing
machinery, which leads to altered levels of spliceosomal components and defects in splicing.
It remains unclear how a defect of splicing results in a motor neuron-specific phenotype.
Two broad theories have emerged to explain this cell type-specificity (Burghes and Beattie,
2009; Pellizzoni, 2007). 1) Altered splicing in motor neurons could result in the absence of
critical pre-mRNA splicing events that are unique to motor neurons. 2) SMN may be critical
in other RNA-protein complexes in motor neurons, and a loss in this function may explain
motor neuron selectivity. It is also likely that these two possibilities are not mutually
exclusive and may be tied to the unique developmental profile of motor neurons.

It is possible to quantify the capacity of cell extracts to assemble spliceosomal SnRNPs.
Overall, snRNP assembly activity correlates well with both SMN levels and disease
phenotype (Gabanella et al., 2007; Wan et al., 2005; Workman et al., 2009). /n vitro SnRNP
assembly assays are conducted in cell extracts containing excess amounts of exogenous
SnRNA and ATP (Pellizzoni et al., 2002b; Wan et al., 2005). /n vivo, excess ATP and RNA
are not necessarily present, and it is known that SnRNP levels are further dependent on the
rates of SnRNA transcription, SnRNP turnover, nuclear import, and final SnARNP maturation
in the nucleus. As such, the /n vitro sSnRNP assembly assays measure the capacity of the
SMN complex in an extract to assemble Sm cores, and do not necessarily directly reflect /n
vivo snRNP levels. Nevertheless, much has been learned by measuring ShRNP assembly
capacity in cell and animal models of SMA.

Studies of SMN expression and snRNP assembly in mice have revealed that SMN levels and
SnRNP assembly activity changes during CNS development (Gabanella et al., 2005). SnRNP
assembly capacity is high in the spinal cord until approximately 2 weeks postnatally in mice,
when it is reduced approximately 10-fold compared to the E18 level. These data suggest that
SMN function in SNnRNP assembly is developmentally regulated, and that a reduction of
SMN in SMA could preferentially affect neuronal cells during a critical developmental
window. In cellular and animal models of SMA, reduction of SMN protein or expression of
SMA patient missense mutations predicts low snRNP assembly activity (Gabanella et al.,
2005; Wan et al., 2005; Winkler et al., 2005). Further, in SMA animal models,
reintroduction of SMN to rescue the phenotype rescues SnRNP assembly activity (Gabanella
et al., 2005; Winkler et al., 2005).

One of the most exciting new ideas to emerge in addressing the cell-specificity of SMA is
that, when SMN is reduced in an organism, the various SnRNPs are not reduced to the same
extent, but rather, changes in the relative amounts of individual snRNPs are specific to
different cell types (Gabanella et al., 2007; Zhang et al., 2008). These cell type-specific
changes in the relative amounts of the various sSnRNPs should, therefore, give rise to cell
type-specific changes in pre-mRNA splicing. This was determined to be the case in several
recent studies that have looked directly at the effect of reduced SMN on snRNP levels in
SMA mice (Gabanella et al., 2007; Zhang et al., 2008). The U11 and U12 minor snRNPs are
preferentially lowered in spinal cord and brain of some SMA animals, indicating that
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perhaps a reduction of the minor splicing pathway may be a neuron-specific defect. These
data suggest that neurons may reduce cell type-specific transcripts that contain introns
processed by the minor splicing pathway, which could make neurons hypersensitive to a
reduction in minor snRNP levels. Interestingly, voltage-gated ion channels have a large
number of U12-type introns and thus, may be affected by a change in minor sSnRNP levels
(Wu and Krainer, 1999). To date, mRNAs spliced by the minor SnRNPs have not been
found to be preferentially defective (Baumer et al., 2009; Zhang et al., 2008).

Presumably, the proximal cause of motor neuron degeneration is not from defects in ShRNPs
per se, but rather from a downstream defect in pre-mRNA splicing. In one of the most
complete studies thus far, the transcriptome was analyzed for changes in splicing as a result
of low SMN in SMA mouse models (Zhang et al., 2008). Exon microarray data were
obtained for brain, spinal cord and kidney of normal and SMA mouse littermates. As
expected from the variation in SnRNP levels among the different tissues, the defective
transcripts vary dramatically among the three tissues. The exon array detected 259 splicing
defects in the spinal cord of the SMA animals, with somewhat more defects observed in
kidney and fewer in the brain. Unfortunately, none of these defective genes are as yet
obvious candidates to explain the neurodegenerative phenotype. Various other studies of
MRNA transcripts and snRNA levels have also been inconclusive as to the disease-relevant
consequence of SMN reduction (Baumer et al., 2009; Boulisfane et al., 2011; Campion et
al., 2010). A pre-symptomatic, early symptomatic and late symptomatic analysis of SMA
mice found that splicing changes are not as dramatic in pre-symptomatic or early
symptomatic mice as in late stage mice (Baumer et al., 2009), indicating that some of the
splicing defects observed in later mice could be a secondary effect of the disease state and
not a primary cause.

6. Conclusions and future directions

The mystery of motor neuron selectivity in SMA may be discovered within the framework
of its function as the assembler of spliceosomal snRNPs. The resolution and the timing of
experiments to define the motor neuron transcriptome in animal and cell culture models of
SMA are important considerations that may provide invaluable information about essential
splicing events. While it appears from mRNA measurements that SMN expression levels in
motor neurons of wildtype mice at early developmental stages are lower than in other
neuronal populations (Ruggiu et al., 2012), there have been no longitudinal studies of motor
neuron gene expression in animals. The use of laser-capture microdissection paired with
quantitative mMRNA analysis will elucidate the exact changes in downstream expression
patterns that may help in the discovery of the relevant changes leading to motor neuron
death, thus providing a model of splicing pattern changes (Corti et al., 2008). Further, the
functional consequences of any expression changes presumed to be causal will have to be
studied.

An important concept that has recently emerged from the many, dramatically successful
preclinical experiments involving gene and anti-sense oligonucleotide-based therapies is that
rescue of an SMA phenotype in mice is more effective when therapy is initiated as early as
possible after birth (Dominguez et al., 2011; Foust et al., 2010; Hua et al., 2011; Le et al.,
2011; Lutz et al., 2011; Passini et al., 2010; Porensky et al., 2011; Valori et al., 2010).
Longitudinal transcriptome analysis of this crucial immediate postnatal period may need to
be performed as early as possible because it is not known exactly when changes in gene
expression that lead to motor neuron death occur and, as animals become weakened from the
disease, it becomes challenging to distinguish between secondary expression changes that
result from weakness and the sustained disease state and primary changes that are causal.
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Motor neurons are particularly vulnerable to alterations in RNA-protein interactions
(Baumer et al., 2010; Kolb et al., 2010; Lemmens et al., 2010). The extreme specialization
of the lower motor neuron, with a transcriptome that is, most likely, largely devoted to the
growth and maintenance of an axon that can be 20,000 times as long as the cell body is wide
suggests that an understanding of critical RNA-protein interactions in the axoplasm may be
required to uncover the basis of this vulnerability. Nevertheless, sSnRNP capacity
insufficiency resulting from inadequate expression of SMN protein may be the primary
cause of motor neuron dysfunction and death in SMA. Experiments to reduce the abundance
of spliceosomal snRNPs in animal models would provide powerful proof of principle in
support of this contention.
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SMA spinal muscular atrophy

SMN survival motor neuron protein

SMN1 Survival Motor Neuron 1 gene

SMN2 Survival Motor Neuron 2 gene

RNPs ribonucleoprotein complexes

SnRNPs small nuclear ribonucleoproteins

SsnRNA small nuclear RNA

sDMA symmetrically dimethylated arginine
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Fig. 1.

The role of SMN in sSnRNP biogenesis. Following transcription, SnRNAs are exported to the
cytoplasm where they are bound by Gemin5 and delivered to SMN for Sm core assembly.
Sm proteins are methylated in the cytoplasm by PRMT5 and then transferred to pICin,
which delivers them to the SMN complex. The SMN complex binds Sm proteins through at
least 2 binding modes: 1) SMN binds to SDMA tails on Sm B, D1 and D3, and 2) Gemin2
recognizes the Sm-fold of the Sm D1/D2/E/F/G pentamer. Several SMA patient mutations
disrupt these binding activities. SMN forms oligomers and is depicted here as a tetramer for
simplicity. The SMN complex then assembles the Sm proteins into a heptameric ring on the
snRNA. Assembled snRNPs are then imported into the nucleus for final maturation and
function in pre-mRNA splicing.
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