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Abstract

At the post-transcriptional level, expression of protein-coding genes is controlled by a series of

RNA regulatory events including nuclear processing of primary transcripts, transport of mature

mRNAs to specific cellular compartments, translation and ultimately, turnover. These processes

are orchestrated through the dynamic association of mRNAs with RNA binding proteins and

ribonucleoprotein (RNP) complexes. Accurate formation of RNPs in vivo is fundamentally

important to cellular development and function, and its impairment often leads to human disease.

The survival motor neuron (SMN) protein is key to this biological paradigm: SMN is essential for

the biogenesis of various RNPs that function in mRNA processing, and genetic mutations leading

to SMN deficiency cause the neurodegenerative disease spinal muscular atrophy. Here we review

the expanding role of SMN in the regulation of gene expression through its multiple functions in

RNP assembly. We discuss advances in our understanding of SMN activity as a chaperone of

RNPs and how disruption of SMN-dependent RNA pathways can cause motor neuron disease.
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1. Introduction

The eukaryotic genome is transcribed into RNA comprising protein-coding mRNAs and

non-coding RNAs (ncRNAs) that are critical for regulation of gene expression. A hallmark

of both mRNAs and ncRNAs is their association with specific RNA binding proteins (RBPs)

to form ribonucleoprotein complexes (RNPs) in the context of which they perform their

diverse roles in gene expression. Formation of RNPs often involves multi-step pathways

with precise spatial and temporal coordination. Reflecting the key role of RNP biology, a
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dramatic expansion of the ncRNA transcriptome has accompanied the evolution of organism

complexity [1], and a growing list of human diseases—a large proportion of which affect the

nervous system—are caused by mutations in ubiquitously expressed genes implicated in

RNA processing and post-transcriptional gene regulation [2].

The myriad of RNAs and the large number of RBPs in eukaryotic cells raises the

fundamental biological question of how proper formation of RNPs is orchestrated in the

complex cellular microenvironment. Studies of the biogenesis of essential RNP components

of the splicing machinery revealed that RNP assembly is an assisted process in which the

survival motor neuron (SMN) protein functions as a molecular chaperone [3]. Ubiquitous

SMN deficiency causes spinal muscular atrophy (SMA)—an inherited disorder

characterized by the degeneration of spinal motor neurons and atrophy of skeletal muscle

[4]. SMN has therefore become a model for understanding the role of chaperone-mediated

RNP assembly in RNA processing and the contribution of RNA dysfunction to

neurodegeneration.

This review focuses on the activity of SMN as a molecular machine for the formation of

diverse cellular RNPs, its critical role in post-transcriptional gene regulation, and the

consequences of its loss for the development and function of the motor system. Recent

studies have significantly advanced our knowledge of the molecular mechanisms by which

SMN functions as an RNP assembly chaperone and how its deficiency causes SMA. Beyond

unraveling basic aspects of RNA regulation and SMA pathology, the study of SMN biology

has addressed the broader question of how defects in ubiquitously expressed RNA

processing factors cause selective dysfunction of specific subsets of neurons—a

fundamental problem common to many degenerative disorders of the nervous system.

2. The SMN complex

The SMN gene was identified in the mid-1990s, the culmination of an extensive search for

the gene responsible for SMA [5]. The SMN protein is an evolutionarily conserved and

ubiquitously expressed protein that localizes to both the cytoplasm and the nucleus where it

accumulates in nuclear structures known as Gems. The discovery that Gems are associated

with Cajal bodies (CBs)—nuclear domains implicated in the assembly and modification of

RNPs—provided the first hint of SMN’s involvement in RNA regulation [6]. SMN

associates with eight other proteins (Gemins2-8 and Unrip) to form a large macromolecular

complex through a network of reciprocal interactions (Figure 1) [3 and references therein].

A key feature of the SMN complex is its ability to form higher-order particles ranging in

size from 20S to 80S [7, 8]. Rather than differential association of its integral components,

the heterodispersed nature of these complexes likely reflects the self-oligomerization

properties of SMN. SMN oligomerization requires the carboxy-terminal, evolutionarily-

conserved YG-box and is disrupted by SMA-associated missense mutations in SMN [9, 10],

indicating self-association as a key element for SMN function. Recent studies revealed the

structural basis of SMN oligomerization by showing that the YG-box can form helical

oligomers mediated by glycine zippers similar to those found in transmembrane channel

proteins [11]. SMN contains additional evolutionarily conserved regions involved in protein-

protein interactions, including a Tudor domain that binds symmetrically dimethylated
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arginines found within many SMN binding proteins [12]. These protein interaction domains

likely contribute to forming the core scaffold upon which the different components of the

SMN complex are assembled. Future determination of the stoichiometry of the individual

subunits of the SMN complex and further structural information about their interactions will

continue to reveal the inner workings of this dynamic multiprotein machine.

How the SMN complex is assembled is unknown, but several of its integral components are

also found in distinct multi-protein complexes comprised of Gemin3/4, Gemin6/7/Unrip,

and Gemin5, either alone or in association with Gemin3/4 [7, 8]. These observations suggest

that the SMN complex may undergo stepwise assembly through a series of modular

additions. They may also reflect a steady growth in complexity of the complex throughout

evolution. Accordingly, an ancestral version of the SMN complex in fission yeast comprised

of only SMN and Gemin2 evolved through the stepwise addition of Gemin proteins to the

multisubunit, human SMN complex [13]. This recruitment of new components to the SMN

complex may reflect an evolutionary increase in the complexity of the pathway in which it

functions, allowing more precise regulation and the acquisition of additional properties that

underlie secondary functions. Nevertheless, SMN and all Gemins tested to date are essential

for viability in divergent organisms from yeast to mouse [4], indicating that they perform

essential cellular functions.

3. The SMN complex functions in snRNP assembly

Studies of SMN function revealed an unexpected role for SMN in the biogenesis of small

nuclear ribonucleoproteins (snRNPs) involved in distinct RNA processing pathways.

Through functions in RNP assembly, the SMN complex is required for the expression of

essentially all protein-coding genes.

3.1. The biogenesis pathway of spliceosomal snRNPs

Spliceosomal snRNPs remove introns from pre-mRNA through two trans-esterification

reactions mediated by a large machine known as the spliceosome. The majority of introns

are processed by the major (U2-dependent) spliceosome comprised of U1, U2, U4/U6, and

U5 snRNPs while a small group of introns are processed by the minor (U12-dependent)

spliceosome comprised of U11, U12, U4atac/U6atac, and U5 snRNPs. With the exception of

U6 and U6atac, each spliceosomal snRNP consists of a U-rich small nuclear RNA (snRNA),

a set of seven Sm proteins (B/B′, D1, D2, D3, E, F, and G) and additional snRNP-specific

proteins [3, 14]. The biogenesis of snRNPs is a complex process that involves both nuclear

and cytoplasmic phases.

Biogenesis begins in the nucleus with transcription by RNA polymerase II (pol II) of

precursor snRNAs (pre-snRNAs) that are co-transcriptionally modified at their 5′-end to

include a 7-methyl guanosine (m7G) cap and cleaved at their 3′-end by the Integrator

complex [14], which yields a pre-snRNA with an extra stem-loop structure at the 3′-end

[15]. Following transcription, a multi-protein export complex assembles onto pre-snRNAs

[3, 14]. First, the heterodimeric cap-binding complex (CBC) comprised of CBP20 and

CBP80 associates with the m7G cap. Second, the phosphorylated adaptor for RNA export

(PHAX) is recruited through interactions with CBC and the snRNA. PHAX is then
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recognized by the export receptor Exportin 1 (Xpo1) bound to RanGTP to form a functional

nuclear export complex. Recent studies expanded the repertoire of cellular proteins involved

in snRNA export complex formation to include ARS2, which stimulates PHAX binding to

CBC and snRNA 3′-end processing [16], and a heterodimer of the RNA-binding proteins

p54nrb/NonO and PSF that promotes loading of snRNA-specific export factors [17].

Upon cytoplasmic entry, PHAX dephosphorylation and GTP hydrolysis trigger dissociation

of Ran and Xpo1 from the pre-snRNA followed by association of the SMN complex with

pre-snRNAs still bound to CBC and dephosphorylated PHAX [18]. The SMN complex then

mediates the ATP-dependent assembly of a heptameric ring of Sm proteins (Sm core)

around a conserved uridine-rich sequence of each snRNA (Sm site) [19, 20]. To do this, the

SMN complex interacts with both Sm proteins and snRNAs through a highly ordered series

of events requiring association with the seven Sm proteins before snRNA binding (Figure 1)

[19–22], which is mediated by Gemin5 [23]. Prior to their binding to the SMN complex, Sm

proteins associate with both the chloride conductance regulatory protein (pICln) and the

protein arginine methyltransferase 5 (PRMT5) complex [24, 25] where a subset of Sm

proteins (B/B′, D1, D3) undergo symmetrical dimethylation of arginine residues that

increases their binding affinity for SMN in vitro [26, 27]. The SMN complex preloaded with

the Sm proteins represents the molecular entity poised to associate with newly exported pre-

snRNAs for Sm core assembly [19, 20]. This key event is required for the subsequent steps

of snRNP biogenesis, including m7G-cap hypermethylation by TGS1 and snRNA 3′-end

trimming. The newly assembled SMN-bound snRNP is then imported back into the nucleus

through the binding of Snurportin-1 to the trimethylated 5′ cap and the association of both

Snurportin-1 and SMN with importin β [18]. Interestingly, recent work has highlighted a

cytoplasmic quality control mechanism for snRNP biogenesis, where SMN-associated

snRNAs that cannot be assembled with an Sm core are diverted to cytoplasmic P bodies for

degradation [28]. Upon entry in the nucleus, the import complex dissociates and the SMN-

bound snRNPs transiently localize to CBs—where snRNAs undergo 2′-O-methylation and

pseudouridylation by CB-specific scaRNPs and associate with individual snRNP-specific

proteins—before mature snRNPs join the spliceosome to function in pre-mRNA splicing.

3.2. The biogenesis pathway of U7 snRNP

In addition to spliceosomal snRNPs the SMN complex is required for the assembly of U7

snRNP, which functions in the 3′-end processing of histone mRNAs. Metazoan replication-

dependent histone genes are intronless and non-polyadenylated. Histone transcripts

terminate in a highly conserved 3′-end stem-loop structure essential for their proper cell

cycle regulation [29]. The unique 3′-end of histone mRNAs is generated by a single

endonucleolytic cleavage that requires base pairing of U7 snRNA with a conserved

sequence located in the 3′ UTR of histone mRNAs downstream of the cleavage site.

Together with the stem-loop binding protein (SLBP) that binds to the upstream 3′ hairpin

structure, U7 snRNP promotes the recruitment and proper positioning of trans-acting factors

for cleavage of histone transcripts [29].

U7 snRNP follows a biogenesis pathway analogous to that of spliceosomal snRNPs, with

several important differences. U7 snRNA contains a slightly degenerate Sm site compared to
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the canonical Sm site of spliceosomal snRNAs [30], and the unique heptameric Sm core

assembled onto this site contains the Sm-like (LSm) proteins LSm10 and LSm11 instead of

SmD1 and SmD2 [31, 32]. The presence of U7-specific LSm proteins is essential for U7

snRNP function as they facilitate important interactions that stabilize U7 onto histone

mRNA targets and recruit factors that catalyze cleavage [30]. Remarkably, despite

functional and compositional differences from spliceosomal snRNPs (Figure 1), the SMN

complex also mediates LSm/Sm core assembly onto U7 snRNA [31, 33]. A distinct SMN

complex specialized in the ATP-dependent assembly of U7 snRNP has been identified

containing both LSm10 and LSm11 in addition to SmB/D3/E/F/G proteins [31]. Akin to

spliceosomal snRNAs [15], the assembly reaction occurs on U7 pre-snRNAs with an

additional 3′-end stem-loop structure [33]. Consistent with a requirement of SMN in U7

snRNP biogenesis, SMN deficiency causes the accumulation of U7 pre-snRNA, reduction in

U7 snRNP levels and disruption of histone mRNA 3′-end processing [33].

While it is established that distinct SMN complexes exist that are associated with Sm or

LSm/Sm proteins for the assembly of spliceosomal snRNPs and U7 snRNP, respectively,

how these separate complexes selectively associate with their corresponding snRNAs is

unclear. Inaccurate association would likely have detrimental functional consequences. In

support of this, and highlighting the critical issue of specificity in snRNP assembly,

changing the unique Sm site of U7 snRNA to the Sm site consensus sequence of

spliceosomal snRNAs results in the formation of U7 snRNPs with the canonical

spliceosomal Sm core, which accumulate abundantly in the nucleus but are non-functional in

histone mRNA processing [30, 31]. Although the SMN complex identifies spliceosomal

snRNAs through Gemin5 [23], it has not been reported to interact directly with U7 snRNA.

Understanding the mechanism that underlies the selectivity of distinct SMN complexes for

their cognate RNAs will provide fundamental insights into the principles guiding the fidelity

of RNP formation.

4. SMN and the specificity of snRNP assembly

The cellular milieu presents a crowded meshwork of proteins, nucleic acids, cytoskeletal

filaments and organelles that decreases the effective volume through which constituents of

an RNP freely diffuse. This crowding effectively increases the concentration of

macromolecules and promotes both specific and non-specific interactions [34]. Therefore,

the complex microenvironment of the cell likely makes the efficient and specific assembly

of the RNA and protein constituents of RNPs especially difficult. Early experiments

showing that complex RNP machines including the ribosome and spliceosomal snRNPs

could be reconstituted in vitro from their purified RNA and protein constituents indicated

that self-assembly was a major path in the formation of these macromolecular complexes.

Studies of SMN complex function in snRNP biogenesis challenged this view and provided

direct evidence that RNP assembly is an assisted process requiring protein chaperones in

vivo.

Purified Sm proteins had been shown to spontaneously associate in vitro with snRNAs to

form snRNPs structurally analogous to their in vivo counterparts [35]. The discovery that the

seemingly spontaneous process of snRNP assembly required the SMN complex was
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therefore a puzzle up until the realization that Sm proteins have an intrinsic lack of

specificity with respect to RNA substrates. The propensity of Sm proteins to form Sm cores

readily on any short, single-stranded and uridine-rich sequence [35], led to the finding that

the SMN complex is required to prevent illicit binding of Sm proteins on other RNAs and to

direct the accurate formation of Sm cores on snRNAs [20]. Thus, the SMN complex

functions as a molecular chaperone of RNPs by imposing efficiency and specificity on the

process of snRNP biogenesis in vivo. This key proofreading activity is evolutionarily

conserved in SMN complexes of simpler composition from divergent organisms [13, 36].

The fundamental conceptual advance emerging from these studies established SMN as a

paradigm molecular chaperone of RNPs.

Molecular and structural studies have provided fundamental insights into the mechanisms of

chaperone-mediated snRNP assembly. On one hand, the SMN complex imposes specificity

on snRNP assembly through Gemin5 binding to specific regions of the snRNAs [15, 20–23].

On the other hand, the SMN complex recruits the seven Sm proteins through critical

interactions with pICln and the PRMT5 complex. To avoid non-specific associations that

might have deleterious consequences on the biology of various RNAs, newly translated Sm

proteins are thought to associate first with pICln and the PRMT5 complex and then be

transferred to the SMN complex so that no free pool of Sm proteins is found outside of these

complexes [24, 25]. A 6S ring-shaped intermediate of snRNP assembly containing pICln

associated with the hetero-oligomers SmD1/D2, and SmE/F/G has been characterized

structurally [37]. Within this 6S complex, pICln acts as a structural mimic of the SmB/D3

oligomer [38]. Importantly, pICln occupies an angular space that spans the width of 1.5 Sm

proteins, resulting in a torus with a significantly narrower and sterically occluded central

pore that prevents Sm proteins from accessing snRNAs [38]. To permit snRNP assembly,

the Sm pentamer is transferred to the SMN complex with concomitant displacement of

pICln [37]. Transient docking of the SMN complex with the outer surface of the 6S pICln-

containing complex promotes the destabilization of pICln’s interactions with the Sm

proteins [38, 39]. At some stage during this transfer, Gemin2 forms extensive interactions

with all five Sm proteins, forming strong attachments from both the exterior and the interior

of the Sm pentamer [39]. Importantly, Gemin2 maintains the narrow angles of the Sm

pentamer and also reaches the RNA-binding domain to prevent spurious association with

RNA [39]. Thus, these molecular and structural studies of snRNP assembly reveal elegant

strategies employed by RNP chaperones to ensure specificity in the assembly of the snRNP

particle. The SmB/D3 heterodimer is likely recruited from the PRMT5 complex

independently of the Sm pentamer [24] and thus joins the SMN complex through a different

path. It remains unclear how Sm core formation occurs after both Sm protein recruitment

and snRNA binding by Gemin5. This likely requires major structural rearrangements,

including the release of Gemin2 constraints on RNA binding of Sm proteins, their

association with the Sm site, and ring closure by addition of SmB/D3.

5. Expanding roles of SMN in RNA regulation

Numerous lines of evidence place SMN centrally in the biogenesis of diverse RNPs and

consequently a wide variety of RNA processing pathways through interactions with various

RBPs (Figure 1).
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The Sm and LSm proteins form an evolutionarily conserved family of ubiquitously

expressed RBPs found in all three branches of life [40], which function in diverse RNA

pathways through their ability to form heteromeric, ring-shaped complexes of varying

composition that associate with distinct RNAs. Through its activity in Sm core assembly on

spliceosomal snRNAs [19, 20], the SMN complex is essential for the synthesis of the key

constituents of both U2 and U12 splicing machineries and therefore the expression of intron-

containing eukaryotic genes (Figure 1). The recent discovery of novel functions of the U1

snRNP in the suppression of cryptic polyadenylation sites and in the regulation of promoter

directionality [41, 42] positions SMN as a potential key regulator of these events as well.

Importantly, studies on variations of SMN’s canonical function in Sm core assembly have

established a more general role for SMN in RNP assembly. For instance, the assembly of

Sm cores on viral noncoding RNAs encoded by Herpesvirus saimiri (HSURs) is SMN

dependent [43]. Additionally, SMN is required for the assembly of the hybrid Sm/LSm core

of U7 snRNP essential for 3′-end processing of metazoan histone mRNAs (Figure 1) [31,

33]. These studies provide compelling support for the concept of the SMN complex as the

general assembly machine for RNPs of the Sm/LSm protein family.

Two functionally and structurally distinct rings containing only LSm proteins have been

identified to date [40]: a nuclear LSm2-8 complex and a cytoplasmic LSm1-7 complex

(Figure 1). The LSm2-8 complex binds the uridine-rich 3′-end of U6 and U6atac snRNPs to

facilitate U4/U6 di-snRNP formation and snRNP recycling. The cytoplasmic LSm1-7

complex functions in the regulation of mRNA turnover through association with the 3′-end

of target transcripts and the recruitment of decapping factors for their 5′ to 3′ degradation.

Several observations support SMN’s involvement in the biology of these LSm complexes:

the similar basic structural organization of Sm and LSm rings, the established role of SMN

in Sm and Sm/LSm core assembly, and SMN binding to both LSm4 and LSm6 [26, 44].

Future studies will determine whether the SMN complex is the ringmaster of all Sm and

LSm-containing complexes.

In further support of an expanded role in RNA regulation, SMN has been shown to interact

with many other RBPs [45]. A large number of these are mRNA-binding proteins implicated

in multiple aspects of post-transcriptional gene regulation [46–50], including mRNA

transport, stability and local translation in neurons. These RBPs bind SMN directly through

their RG-rich domains in a methylation-dependent manner that is often disrupted by SMA-

linked mutations of SMN [46–50]. In cultured neurons, SMN localizes with mRNA-binding

proteins like hnRNP R, HuD, KSRP and IMP1 in axonal and dendritic granules that exhibit

rapid, bidirectional movement [46–48, 50–52]. These granules also contain other integral

components of the SMN complex but not Sm proteins [52], suggesting a function for SMN

unrelated to snRNP assembly. Importantly, SMN deficiency decreases localization of these

RBPs and several associated transcripts in axons and growth cones of developing neurons

[46, 48, 51]. Consistent with the requirement for local translation of mRNAs in neuronal

pathfinding, these SMN-deficient neurons display reduced neurite length and smaller growth

cones [46, 48, 51]. Altogether, these findings suggest that SMN may contribute to neuronal

mRNA trafficking perhaps by facilitating the interaction of RBPs with their mRNA targets

(Figure 1).
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Several SMN-associated RBPs are also involved in other aspects of mRNA regulation and

associate with hundreds of transcripts, many of which contain AU-rich elements (AREs) in

their 3′-UTRs that are key for the regulation of their turnover. One well-described example

is Cdkn1a mRNA, which is subject to antagonistic regulation by both KSRP and HuD and

accumulates upon SMN deficiency due to increased stability [49, 50]—a particularly

prominent event in SMA motor neurons [53]. Thus, SMN may play a role in the cytoplasmic

turnover of transcripts such as ARE-containing mRNAs by modulating their association

with RBPs (Figure 1). However, the molecular function(s) of SMN in the biology of mRNPs

and other RNPs not described here is unknown and awaits the development of specific

assays to provide solid mechanistic insights into the full spectrum of SMN-mediated RNA

regulation.

6. SMN-dependent RNA pathways and motor neuron disease

As SMN functions in many essential RNA pathways, abrogation of any of these would be

expected to have deleterious effects. Accordingly, SMN knockout is invariably lethal in all

cellular and animal models tested to date. Importantly, ubiquitous reduction but not ablation

of SMN function in humans results in SMA—a motor neuron disease caused by

homozygous inactivation of the SMN1 gene with retention of two or more copies of the

hypomorphic SMN2 gene [5]. SMN2 cannot compensate for the loss of SMN1 because it

produces low levels of SMN due to skipping of exon 7—the inclusion of which is critical for

the stability and function of the SMN protein [4]. SMA displays a spectrum of clinical

severity, the most common and severe form characterized by motor neuron degeneration and

progressive skeletal muscle atrophy shortly after birth resulting in paralysis and ultimately

death.

SMA has been modeled in many organisms, which has been instrumental to our

understanding of the key requirement for SMN-dependent RNA regulation in vivo and of the

molecular basis of the disease. To date, mouse models of SMA with two copies of SMN2

best recapitulate the human condition genetically and phenotypically [4]. These mice exhibit

motor neuron death and neuromuscular junction (NMJ) defects, including progressive

skeletal muscle denervation, consistent with features of human pathology. Remarkably,

recent studies have highlighted functional disruption of the sensory-motor circuit as an early

pathological event in animal models of SMA [54, 55], pointing to dysfunction of neuronal

networks as a key element in the disease. Thus, increasing evidence indicates that SMA

pathology is not restricted to motor neurons but rather is the composite of pathology in many

cell types.

A fundamental question in SMA biology is how selective motor system dysfunction results

from reduced levels of the ubiquitously expressed SMN protein. It is generally agreed that

SMA is a loss-of-function disease resulting from dysregulation of RNA metabolism induced

by SMN deficiency in disease-relevant cells. However, there is considerably less consensus

on which RNA pathways are most salient to disease pathogenesis. SMA likely represents the

synergistic convergence of multiple deficits in RNA regulation induced by SMN deficiency.

Here we discuss the necessary requirements to establish the relevance of any SMN-
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dependent RNA pathway to SMA pathogenesis and evidence currently supporting the role

of RNA dysfunction in the disease.

First, a clear mechanistic understanding of SMN’s function in the RNA pathway of interest

and a functional assay to measure this activity should be available. To date, the only

molecularly defined function of SMN is in the assembly of Sm-class spliceosomal snRNPs

[19, 20] and U7 snRNP [31, 33]. Second, evidence for disruption of specific SMN functions

in the disease is required. SMN activity in snRNP assembly is decreased in cells from SMA

patients [56] and tissue from mouse models [57, 58] where the degree of reduction correlates

with disease severity [57]. Importantly, SMN-dependent deficits in RNP assembly result in

reduced levels of spliceosomal snRNPs [57, 58] and U7 snRNP [33] in vivo. Two

unexpected findings emerged from these studies. First, a remarkable difference is observed

between the severe reduction in snRNP assembly activity and the relatively moderate

decrease in the steady-state levels of snRNPs. Second, not all snRNPs are uniformly affected

by SMN deficiency and different tissues exhibit distinct profiles of snRNP reduction. Thus,

the capacity for snRNP assembly largely exceeds the minimum threshold required for

snRNP synthesis in vivo. This threshold is likely different in distinct cell types, providing

one potential explanation of how cell type specificity could result from impairment of SMN

housekeeping function. Further selectivity of the effects of ubiquitous SMN deficiency

relates to the surprising observation that normal motor neurons express markedly lower

levels of full-length SMN mRNA from SMN2 due to particularly inefficient exon 7 splicing

compared to other cells in the spinal cord [53]. In SMA where SMN levels are reduced

ubiquitously by loss of SMN1, motor neurons might therefore be the first to reach a

threshold below which there is disruption of SMN-dependent pathways. This could be

worsened through activation of a negative feedback loop by which reduced snRNP levels

further decrease SMN2 exon 7 inclusion [53, 59]. Accordingly, snRNP reduction and other

RNA defects appear more prominent in SMA motor neurons compared to other spinal cells

in SMA mice [53]. Thus, cell type-specific differences in the efficiency of exon 7 splicing

may contribute to the vulnerability of SMA motor neurons.

A disease relevant SMN-dependent RNA pathway should be required for the normal

development and function of the motor system, and selective restoration of such pathway

should benefit the SMA phenotype in animal models. The unexpected discovery that SMN

activity is regulated in a time- and tissue-dependent manner with the highest levels found

during embryonic and early postnatal development of the mouse central nervous system

pointed to a differential requirement of snRNP assembly in vivo and a particularly high

demand during neuronal development [60]. Remarkably, while ubiquitous SMN reduction in

the first two postnatal weeks rapidly induces an SMA-like phenotype in mice [61], the same

reduction after the spinal cord has matured–and snRNP assembly activity has reached the

low, basal level that is maintained throughout life [60]–is well tolerated [61]. Thus, the

requirement of SMN for the development and function of the motor system coincides

temporally with the highest levels of snRNP assembly activity in the spinal cord.

Furthermore, injection of purified snRNPs restored embryonic motor axon outgrowth

defects in the zebrafish model of SMA [62], and allelic complementation of SMN2 with the

SMA-associated mutant SMN (A111G) improved snRNP assembly activity, restored normal
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snRNP levels and corrected the disease phenotype in SMA mice [63]. Thus, increased SMN

activity in snRNP assembly or restoration of snRNP levels correlate with correction of the

SMA phenotype in animal models.

Defining the downstream events that result directly from disruption of SMN-dependent

RNA pathways and contribute to the disease phenotype is essential for understanding SMA.

Many RNA changes induced by SMN deficiency have been documented in SMA mice [33,

53, 58, 64–67]. Some of these changes can be directly ascribed to loss of SMN function in

specific RNA pathways, while others are mechanistically less well understood. Furthermore,

transcriptome alterations accumulate markedly in tissues of SMA mice as disease progresses

[64], making it difficult to discern SMN-dependent primary events from secondary effects

influenced by pathology. Recent studies focusing on the functional analysis of RNA

processing events downstream of snRNP biogenesis and axonal mRNA trafficking have

begun to yield candidate disease-relevant targets.

Reduced snRNP levels would be expected to cause splicing defects and mRNA expression

changes. To be causally related to the disease process, selective restoration of these RNA

changes should correct specific aspects of the disease phenotype in animal models. A key

advance stemmed from the observation that minor snRNPs were most prominently affected

by SMN deficiency in tissues of SMA mice [57, 58], leading to the hypothesis that U12

intron-containing genes could be among the disease-relevant targets. Consistent with this,

SMN deficiency perturbs U12 splicing of a subset of genes in both mouse fibroblasts [65]

and human SMA lymphoblasts [68]. A recent study combined the screening of all U12

intron-containing genes for regulation by SMN with functional analysis of their roles in the

Drosophila motor circuit [65]. This approach identified the gene Stasimon as a U12 intron-

containing splicing target of SMN that encodes a novel evolutionarily conserved

transmembrane protein required for normal synaptic transmission of motor neurons.

Remarkably, loss of Stasimon induces neuronal phenotypes mirroring aspects of SMN

deficiency in both Drosophila and zebrafish, and Stasimon deficiency perturbs the

neurotransmitter release properties of Drosophila motor neurons indirectly through

functional disruption of other networked neurons of the motor circuit [65], analogous to

SMN’s requirement in this model system [54]. Furthermore, Stasimon restoration corrects

defects in NMJ transmission and muscle growth in Drosophila SMN mutants as well as

aberrant motor neuron development in SMN-deficient zebrafish [65]. However, Stasimon

restoration alone did not correct all the defects induced by SMN deficiency both within and

outside the Drosophila motor circuit [54, 65], demonstrating—perhaps not surprisingly—

that disruption of this single gene does not elicit the entire SMA phenotype, which could

involve defective splicing of other genes or disruption of unknown SMN-dependent events

unrelated to splicing [69]. Nevertheless, the identification of Stasimon provided the first

proof-of-concept directly linking defective splicing of a gene with essential functions in

motor circuits to the phenotypic consequences of SMN deficiency in animal models. This

mechanistic framework likely extends to U2 splicing as indicated by the snRNP-dependent

feedback mechanisms affecting the splicing of SMN2 exon 7 in SMA motor neurons [53]

and alternative splicing changes in the neurexin2 and UBA1 mRNAs, which have recently

been implicated in the motor axon phenotype induced by SMN deficiency in zebrafish [66,
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70]. Functional characterization of all disease-relevant splicing targets of SMN will build a

comprehensive view of SMN-dependent splicing regulation of motor circuit function and

disease.

Disruption of other SMN-dependent RNA pathways beyond splicing likely also contributes

to the SMA phenotype. In the context of the proposed function(s) of SMN in axonal mRNA

trafficking, β-actin and cpg15/neuritin mRNAs have been implicated in SMA due to their

reduced axonal localization in SMN-deficient motor neurons and known requirement for

neuronal pathfinding and synaptogenesis [45]. Overexpression of cpg15/neuritin has been

shown to suppress motor axon outgrowth defects in SMN-deficient zebrafish embryos [46].

However, the fact that SMN deficiency decreases cpg15/neuritin mRNA levels in both the

soma and the axon leaves open the possibility that axonal localization deficits could be

secondary to other defects in mRNA metabolism. Expression of the motor neuron-specific

chondrolectin mRNA is also reduced by SMN deficiency and its restoration improves motor

axon outgrowth in the zebrafish model of SMA [71]. As the list of the genes influenced by

SMN deficiency continues to grow, it will be key to define the mechanisms through which

their RNA regulation is altered and the functional contribution to the SMA phenotype.

While the wide variety of animal models of SMA available have been key in revealing

primary deleterious effects of SMN deficiency on the motor system, a conclusive

demonstration of the disease-relevance of any SMN target requires functional testing in

SMA mice as they provide the most faithful phenotypic recapitulation of the human disease.

To date, none of the RNA changes implicated in SMA pathology has been evaluated

functionally in mouse models. Advances in our understanding of the RNA-dependent

mechanisms of SMA will come from assessment of the phenotypic effects of specific

restoration of individual pathways or targets in SMA mice. This next frontier of SMA

research promises to bring us closer to a complete understanding of SMA pathogenesis and

possibly to the development of novel therapeutic approaches alternative to SMN

upregulation.

7. Concluding remarks

Recent studies of SMN biology have highlighted not only the molecular dynamics and

structural complexity by which SMN functions as an RNP assembly chaperone, but also the

increasingly general role that SMN plays in post-transcriptional gene regulation. Through

the identification of RNA processing defects and candidate genes whose altered expression

contributes to the disease phenotype in animal models, these studies have also strengthened

the molecular link between RNA dysfunction and SMA pathology. However, many aspects

of SMN’s role in RNA regulation have yet to be elucidated, and functional connections

between SMN-dependent pathways and the pathogenesis of SMA is only beginning to

emerge. Through further biochemical and functional dissection of SMN-dependent

pathways and downstream targets, future efforts will focus on gaining a comprehensive

knowledge of the many RBPs and cellular RNAs regulated by SMN. Identification of the

cellular activities disrupted by SMN deficiency within individual components of the motor

system will provide new therapeutic strategies for this currently untreatable disorder.
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Finally, multiple intriguing observations have emerged from recent studies linking

disruption of SMN biology to the pathogenesis of the adult-onset motor neuron disease

amyotrophic lateral sclerosis (ALS) [72]. Further work is required to provide a solid

molecular foundation to these early findings and to establish whether SMA and ALS—the

most common forms of childhood and adult motor neuron disease, respectively—share

underlying molecular defects in SMN-dependent RNA pathways. Clearly, future research on

SMN biology will continue to provide novel, fundamental insights into the molecular

mechanisms of RNA regulation and the basis of neurodegeneration.
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Figure 1. SMN-dependent RNP assembly pathways and their link to SMA
The SMN complex—depicted with known integral subunits according to [3]—and the

protein and RNA components of each of its proposed RNP targets are shown above the

RNA pathway in which they function. Solid arrows indicate connections that are established

both molecularly and functionally.
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