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Chaperoning ribonucleoprotein biogenesis in health

and disease
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The survival motor neuron (SMN) protein is part of a macro-
molecular complex that functions in the biogenesis of small
nuclear ribonucleoproteins (snRNPs)—the essential components
of the pre-messenger RNA splicing machinery—as well as prob-
ably other RNPs. Reduced levels of SMN expression cause the
inherited motor neuron disease spinal muscular atrophy (SMA).
Knowledge of the composition, interactions and functions of the
SMN complex has advanced greatly in recent years. The emerg-
ing picture is that the SMN complex acts as a macromolecular
chaperone of RNPs to increase the efficiency and fidelity of RNA-
protein interactions in vivo, and to provide an opportunity for
these interactions to be regulated. In addition, it seems that RNA
metabolism deficiencies underlie SMA. Here, a dual dysfunction
hypothesis is presented in which two mechanistically and tempo-
rally distinct defects—that are dependent on the extent of SMN
reduction in SMA—affect the homeostasis of specific messenger
RNAs encoding proteins essential for motor neuron development
and function.
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Introduction

The pathway of messenger RNA (MRNA) biogenesis is essential for
the temporal and spatial regulation of eukaryotic gene expression.
Most post-transcriptional events of mRNA metabolism require
ribonucleoprotein (RNP) complexes and occur within dynamic
macromolecular assemblies. However, the elaborate networks of
RNA-protein and protein—protein interactions that control mRNA
metabolism at many levels are prone to errors. It is becoming
clear that cells rely on the activity of protein chaperones to pro-
vide efficiency and fidelity to these macromolecular transactions
in vivo. The survival motor neuron (SMN) protein has emerged
as a model molecular chaperone of RNPs, and reduced levels of
SMN expression cause the inherited motor neuron disease spinal
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muscular atrophy (SMA). This review focuses on the role of SMN
in RNP biogenesis and the implications of its deficiency for SMA
pathophysiology.

The SMN complex

SMN is a ubiquitously expressed protein that localizes to both
the cytoplasm and the nucleus, where it accumulates in distinct
nuclear bodies termed Gems and Cajal bodies. Gems were first
identified in a strain of Hela cells and are nuclear structures that
contain high local concentrations of SMN (Liu & Dreyfuss, 1996).
Gems are often associated with Cajal bodies, which are impli-
cated in the assembly and maturation of RNPs. Later studies have
shown that Gems coincide with Cajal bodies in the nuclei of most
cell lines and adult tissues, but are separate from Cajal bodies in
fetal tissues (Carvalho et al, 1999; Young et al, 2001). Importantly,
methylation of the Cajal body-marker protein coilin regulates its
interaction with SMN and the association of Gems with Cajal bod-
ies (Hebert et al, 2002). The presence of SMN in Cajal bodies is
consistent with a role for SMN in RNA metabolism.

SMN is tightly associated with several proteins that are con-
sidered to be integral components of a macromolecular complex
referred to as the SMN complex (Fig 1). These proteins are called
Gemins because they display a subcellular distribution similar to
that of SMN, including localization in Gems (see Carissimi et al,
2006a and references therein). SMN interacts with Gemin2,
Gemin3, Gemin5 and Gemin7, whereas Gemin4 and Gemin6
are brought to the SMN complex through their interactions with
Gemin3 and Gemin?, respectively. Gemin8 binds the Gemin6—
Gemin7 heterodimer as well as SMN, and mediates the association
of Gemin6, Gemin7 and another component known as unrip with
the SMN complex (Carissimi et al, 2006a,b). Unrip is an atypical
component of the SMN complex that binds Gemin6 and Gemin7
but does not localize in Gems or Cajal bodies (Carissimi et al,
2005; Grimmler et al, 2005). Additional contacts among Gemins
might further contribute to the structural organization of the SMN
complex (Otter et al, 2007).

Human SMN is a 294 amino-acid protein and it is unlikely that
all the interactions with Gemins occur on the same SMN molecule.
Instead, SMN oligomerization, which allows the formation of
higher-order complexes ranging from 20S to 80S and is impaired in
SMN mutants of SMA patients (Lorson et al, 1998; Pellizzoni et al,
1999; Paushkin et al, 2002; Carissimi et al, 2005, 2006a), probably
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has a central role in the architecture of the SMN complex through
bringing together the different components within the same macro-
molecular entity. Interestingly, several SMN complex components
are also found outside the SMN complex (Mourelatos et al, 2002;
Carissimi et al, 2005, 2006b; Grimmler et al, 2005), suggesting that
they might perform additional cellular functions and be recruited
by SMN to carry out specific tasks within the complex.

The SMN complex chaperones snRNP biogenesis

The best-characterized targets of SMN complex function are the
spliceosomal small nuclear RNPs (snRNPs; reviewed by Meister
et al, 2002; Paushkin et al, 2002). Each snRNP contains one snRNA
molecule, seven common Sm proteins and a set of specific pro-
teins (Will & Luhrmann, 2001). Although snRNPs carry out pre-
mRNA splicing in the nucleus, snRNP biogenesis occurs in both
the nucleus and the cytoplasm of higher eukaryotes (Fig 2). The
SMN complex mediates the assembly of the Sm core, which is a
heptameric ring of Sm proteins around a conserved sequence of
snRNAs called the Sm site. Sm core formation occurs in the cyto-
plasm through a stepwise pathway, including the association of Sm
proteins with both the chloride-conductance regulatory protein
(pICln) and the protein arginine methyltransferase 5 (PRMT5) com-
plex prior to their association with the SMN complex. Symmetrical
dimethylation of a subset of Sm proteins by the PRMT5 complex
enhances their affinity for SMN and is thought to be important
for snRNP assembly (Meister et al, 2002; Paushkin et al, 2002).
Surprisingly, however, knockout of dart5 and valois—two fly
orthologues of PRMT5 complex components—abolishes sym-
metrical dimethylation of Sm proteins but has no effect on snRNP
biogenesis (Gonsalvez et al, 2006). The SMN complex bound to
the seven Sm proteins interacts with newly exported spliceosomal
snRNAs and mediates the ATP-dependent assembly of the Sm
core (Meister et al, 2001; Meister & Fischer, 2002; Pellizzoni et al,
2002). Interestingly, distinct SMN complexes form Sm cores on
U7 snRNA and small viral RNAs (Pillai et al, 2003; Golembe et al,
2005a). Hence, the SMN complex is the macromolecular machine
used by cells for snRNP assembly.

Recent studies are beginning to shed light on the contribution
of Gemins to SMN complex activity (Feng et al, 2005; Shpargel
& Matera, 2005; Battle et al, 2006; Carissimi et al, 2006a,b;
Otter et al, 2007). To carry out snRNP assembly, the SMN com-
plex must bring together Sm proteins and snRNAs. SMN and sev-
eral Gemins bind to specific domains and distinct subsets of Sm
proteins (Meister et al, 2002; Paushkin et al, 2002). Interestingly,
Gemin6 and Gemin7 have an Sm protein-like structure that might
facilitate Sm protein recruitment to the SMN complex (Ma et al,
2005). Consistently, loss of Gemin6, Gemin7 and unrip interaction
with SMN after Gemin8-knockdown impairs Sm protein associa-
tion with the SMN complex and snRNP assembly (Carissimi et al,
2006b). The SMN complex also interacts with snRNAs. Specific
structural features of snRNAs and their correct spatial arrangement
are crucial for SMN complex binding and snRNP assembly (Yong
et al, 2002, 2004; Golembe et al, 2005b). A recent study showed
that Gemin5 is the snRNA-binding protein of the SMN complex
(Battle et al, 2006).

The SMN complex has additional functions in snRNP biogen-
esis beyond Sm core formation. SMN interacts with the trimethyl-
guanosine synthase TGS1, and might contribute to cap
hypermethylation of snRNAs after Sm core assembly (Mouaikel
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Fig1 | Schematic illustration of the survival motor neuron (SMN) complex.
The survival motor neuron (SMN) protein binds Gemin2, Gemin3, Gemin5,
Gemin7 and Gemin8, whereas Gemin4 and Gemin6 associate with SMN
through interactions with Gemin3 and Gemin?7, respectively. Gemin8 also
binds the Gemin6—Gemin7 heterodimer, and mediates the association of
Gemin6, Gemin7 and unrip with SMN. The SMN protein oligomerizes

and, for simplicity, is depicted as a trimer although it can form much larger
oligomeric structures (Pellizzoni et al, 1999). The representation of the

SMN complex is an arbitrary simplification because the stoichiometry of its
components is unknown.

et al, 2003). The SMN complex, together with snurportin, binds
importin-p and is required for nuclear import of snRNPs (Narayanan
et al, 2004). Further characterization of the SMN complex-dependent
intermediates of snRNP biogenesis will probably highlight other
new aspects of the mechanisms by which this multifaceted
macromolecular machine builds cellular RNPs.

Biological significance of an RNP chaperone

Early studies have shown that purified Sm proteins could form ther-
modynamically stable Sm cores on snRNAs without the assistance
of additional proteins (Raker et al/, 1999). The discovery that Sm
core formation requires the SMN complex raised the question of
the biological significance of having such a large macromolecular
machine to carry out an apparently spontaneous process. An expla-
nation for this paradox came from the realization that the Sm site—a
short single-stranded and uridine-rich sequence—does not contain
sufficient information to be effectively distinguished from other
RNAs by the Sm proteins (Pellizzoni et al, 2002). Through direct
binding to Sm proteins and snRNAs, the SMN complex ensures that
Sm cores are assembled only on the correct RNA targets (Pellizzoni
et al, 2002; Yong et al, 2002, 2004; Golembe et al, 2005a,b). The
SMN complex therefore functions as a chaperone of RNPs by
increasing the efficiency and specificity of snRNP assembly, and by
preventing the promiscuous association of Sm proteins with other
RNAs. Furthermore, the SMN complex provides an opportunity for
snRNP biogenesis to be regulated.

Although these findings have allowed a conceptual advance in
understanding the physiological role of the SMN complex, several
questions remain. It is unclear whether low levels of SMN cause
an illicit association of Sm proteins with other cellular RNAs
in vivo, and, if so, whether this potentially deleterious situation
contributes to SMA pathophysiology. It is possible that pICIn and
the PRMT5 complex exert additional protective roles in cells by
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Fig2 | The small nuclear ribonucleoprotein biogenesis pathway. RNA polymerase II transcribes snRNAs as precursors containing an m7G cap and short 3'-end

extensions in the nucleus. The cap-binding complex (CBC) binds nascent snRNAs and mediates the recruitment of the phosphorylated adaptor for RNA export

(PHAX), exportin 1 (Xpol) and ras-related nuclear protein GTP (RanGTP) for nuclear export. In the cytoplasm, the seven Sm proteins bind first to the chloride

conductance regulatory protein (pICln) and the protein arginine methyltransferase 5 (PRMT5) complex—which symmetrically dimethylates SmB, SmD1 and

SmD3—and then to the survival motor neuron (SMN) complex. The SMN complex bound to the Sm proteins interacts with snRNAs and mediates Sm core

assembly. Hypermethylation of the 5' cap of snRNAs by trimethylguanosine synthase 1 (TGS1) occurs after Sm core formation; both the SMN complex and

snurportin, which associates with the 5' cap of snRNAs, then bind to importin-f and mediate snRNP nuclear import. The SMN complex and snRNPs transiently

localize to Cajal bodies, in which snRNPs undergo further maturation steps including methylation and pseudo-uridylation by small Cajal body-specific

ribonucleoproteins (scaRNPs), before functioning in pre-messenger RNA splicing. Depending on the cell type and developmental stage, the SMN complex also

localizes to Gems. snRNP, small nuclear ribonucleoprotein.

restraining the RNA-binding propensity of Sm proteins when SMN
levels are reduced. According to this scenario, non-specific RNA
association of Sm proteins should be observed only when both
chaperone systems are impaired. Furthermore, if the SMN com-
plex imparts quality control to RNP assembly, what are the check-
points? Is there a discard pathway for by-products of unproductive
RNP assembly?

Links and gaps between snRNP dysfunction and SMA

The loss of SMN is incompatible with life, and reduced levels cause
the inherited motor neuron disease SMA (reviewed by Monani,
2005), which is the leading genetic cause of infant mortality. It is
unclear why deficiencies in snRNP biogenesis should selectively
cause motor neuron degeneration whereas other cells are unaf-
fected. This is mostly due to the common belief that snRNP syn-
thesis is uniformly required in all cells because pre-mRNA splicing
is essential. The observation that SMN activity in snRNP assembly
does not necessarily correlate with its expression levels, but rather
varies markedly among tissues and during development, challenged
this assumption (Gabanella et al, 2005). In the spinal cord, SMN
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activity is high during embryonic and early postnatal development,
and decreases sharply at the onset of myelination when it reaches a
low steady level that is maintained throughout life (Gabanella et al,
2005). These findings, which are schematically presented in Fig 3,
suggest a prominent requirement for snRNP synthesis during neu-
ral development. Remarkably, in zebrafish embryos, motor axon
degeneration caused by knockdown of SMN, Gemin2 or pICln
is rescued by injection of snRNPs (Winkler et al, 2005). Together
with evidence of defective Sm protein binding and snRNP assem-
bly activity of SMN mutants of SMA patients (Buhler et al, 1999;
Pellizzoni et al, 1999; Shpargel & Matera, 2005; Wan et al, 2005),
these results support the view that developmental deficiencies in
snRNP biogenesis trigger motor neuron degeneration in SMA.
Nevertheless, several gaps need to be filled. Although snRNP
assembly is reduced in extracts of SMA fibroblasts (Wan et al,
2005), these data are a measure of the capacity for snRNP assem-
bly—that is, the amount of SMN complexes competent for Sm core
formation—rather than ongoing snRNP synthesis. If these SMN
complexes are present in excess, cells might still meet the in vivo
demand for snRNP synthesis. Notably, there has been no evidence
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of reduced snRNP levels in SMA cells. Reduced SMN expression
and impaired snRNP synthesis do not affect snRNP levels in DT40
cells (Wan et al, 2005). In addition, it is unclear whether SMN-
knockdown decreases the amount of snRNPs in zebrafish (Winkler
et al, 2005). To support the conclusion that defective snRNP bio-
genesis underlies motor neuron degeneration in SMA, it is crucial
to show that snRNP levels are affected in SMA cells. Assuming that
levels of snRNPs are reduced in SMA, the expected consequence
would be a weakening of the splicing machinery, rather than a com-
plete inactivation. As introns are spliced with different efficiencies
in vivo, processing of some mRNAs might be greatly affected even if
global splicing activity is not. So far, however, there is no evidence
of splicing defects in SMA, and the identification of mRNAs for
which processing might be altered in motor neurons will represent
a fundamental step forward for the SMA field.

A chaperone of RNPs for motor neuron survival

Why do low levels of SMN affect motor neurons but not other simi-
larly large and metabolically active neurons? Are motor neurons
more sensitive to deficiencies in snRNP biogenesis? Does SMN have
a motor neuron-specific function? These are some of the most press-
ing yet unresolved questions in SMA biology. SMN is widely but
unevenly expressed in the central nervous system (CNS), and high
levels of SMN are present in motor neurons throughout life (see
Giavazzi et al, 2006 and references therein). Hence, motor neurons
probably have a strong requirement for SMN at all ages. Motor
neuron dysfunction occurs early during spinal cord development
and death follows shortly after birth in severe SMA mouse models
(Monani, 2005). SMN activity in snRNP assembly is prominent
during this phase (Gabanella et al, 2005) and developmental defi-
ciencies in snRNP biogenesis correlate well with the accumulation
of motor neuron defects in severe SMA; however, this is less true in
mild forms of SMA, in which disease onset occurs a long time after
the maturation of the neuromuscular system when SMN activity in
snRNP assembly is down-regulated. It is tantalizing to speculate that
down-regulation of snRNP assembly activity might reflect a switch
to a different SMN function. Consistently, SMN changes subcellular
localization and progressively accumulates in the axons of motor
neurons during human CNS maturation (Giavazzi et al, 2006).
Furthermore, a remarkable study in zebrafish indicated that SMN
has a crucial function in motor axons that is independent of snRNP
biogenesis and is relevant to SMA (Carrel et al, 2006). In neural
tissues, SMN associates with Gemins and is a component of
large macromolecular complexes throughout CNS ontogenesis
(Gabanella et al, 2005). Importantly, SMN and Gemins co-localize
in granules that are actively transported into axons and growth
cones of cultured motor neurons (Zhang et al, 2006). These SMN
granules do not contain Sm proteins and it is unlikely that snRNP
assembly occurs in neuronal processes (Sharma et al, 2005; Zhang
et al, 2006). Therefore, neurons probably contain SMN complexes
of different molecular compositions that perform specialized func-
tions in distinct cellular compartments. So, what is the function of
SMN in axons? There is evidence that SMN associates with the
heterogeneous nuclear RNP (hnRNP) R protein and p-actin mRNA
in neuronal processes (Rossoll et al, 2003). Importantly, cultured
motor neurons from SMA mice have reduced levels of B-actin
mRNA in distal axons and growth cones, indicating that SMN is
involved in the axonal transport of localized mRNAs in neurons
(Rossoll et al, 2003). Consistent with a role for the SMN complex as a
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Fig 3 | Developmental regulation of the survival motor neuron complex
activity in the spinal cord. The graph shows the relative levels of small nuclear
ribonucleoprotein (snRNP) assembly activity during spinal cord development.
Spinal cords were isolated from embryos at embryonic day 18 (E18) as well as
from mice at the indicated postnatal ages, SMN activity was then analysed in
snRNP assembly experiments with in vitro-transcribed radioactive Ul snRNA
and tissue extracts normalized for equal SMN content (Gabanella et al, 2005).
The levels of U1 snRNP assembled in these reactions were quantified and
expressed as a percentage of that of embryos at E18 arbitrarily set as 100%.

d, day; SMN, survival motor neuron; w, week.

chaperone of RNPs and with the findings of fluorescence-microscopy
studies, SMN might assist the assembly of specific mRNAs into
mRNP particles as well as their targeting to the axonal transport sys-
tem and their localized translational regulation in motor neurons.
To address these possibilities, future studies focusing on the thor-
ough molecular characterization of axonal SMN complexes are
required. As localized synthesis of B-actin is important for growth
cone motility and axon guidance, its impairment correlates with
reduced axon outgrowth in cultured SMA motor neurons (Rossoll
et al, 2003). A defect in p-actin mRNA localization, rather than in
snRNP biogenesis, could therefore account for motor neuron degen-
eration in SMA; at present, however, both functions have similar
limitations in explaining the preferential sensitivity of motor neurons
to reduced SMN levels, as neither is restricted to these cells.

Here | propose a dual dysfunction hypothesis, which suggests
that two mechanistically and temporally distinct defects—both
dependent on the extent of SMN reduction—are responsible for
motor neuron degeneration in SMA. According to this view, marked
reduction of SMN expression preferentially affects snRNP biogen-
esis, resulting in early developmental defects and severe SMA. By
contrast, more modest yet pathological decreases substantially
impair axonal mRNP metabolism but not snRNP assembly, giving
rise to comparatively milder forms of SMA. An overlap between
these situations might explain the wide spectrum of clinical severity
of SMA patients, as well as the range of phenotypes observed owing
to decreased SMN expression in both vertebrate and invertebrate
animal models (Monani, 2005); these include global developmen-
tal arrest, motor neuron-pathfinding defects, synapse dysfunction
and dying-back axonal degeneration. The unifying theme of both
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mechanisms is that the pathological consequence of low SMN lev-
els in SMA is a qualitative and quantitative imbalance of the home-
ostasis of mMRNAs that are uniquely expressed or required in motor
neurons. Defects in RNA processing, localization or translation of
specific mMRNAs would temporally and spatially alter the expression
of one or more proteins required for the development and function
of the neuromuscular system.

Conclusions

Studies of SMN biology have revealed an unexpected link
between deficiencies in RNP metabolism and SMA pathology.
However, there is a need for a more detailed understanding of
the neuronal functions of SMN, the molecular consequences
of impaired snRNP biogenesis and why alterations in these proc-
esses have particularly profound effects on motor neuron physi-
ology. Furthermore, it is still unclear whether motor neuron
dysfunction is a cell-autonomous process, and whether it can be
rescued by increasing SMN levels after onset of the disease. The
availability of motor neurons differentiated from embryonic stem
cells will allow several long-standing questions in the SMA field to
be addressed with biochemical and cell-biological tools. Beyond
providing fundamental insights into motor neuron biology, future
efforts will help to unravel the molecular defects of SMA and will
help the design of appropriate therapeutic strategies.
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