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Spinal muscular atrophy (SMA) is a common autosomal recessive neurodegenerative disease caused by
reduced survival motor neuron (SMN) levels. The assembly machinery containing SMN is implicated in the
biogenesis of the spliceosomal small nuclear ribonucleoproteins (snRNPs). SMN is present in both the cyto-
plasm and nucleus, where it transiently accumulates in subnuclear domains named Cajal bodies (CBs) and
functions in the maturation of snRNPs and small nucleolar (sno)RNPs. The impact of lowering SMN levels on
the composition of CBs in SMA cells is still not completely understood. Here, we analyse the CB composition
in immortalized and primary fibroblasts from SMA patients. We show that the U snRNA export factors PHAX
and chromosome region maintenance 1 and the box C/D snoRNP core protein fibrillarin concentrate in CBs
from SMA cells, whereas the box H/ACA core proteins GAR1 and NAP57/dyskerin show reduced CB localiz-
ation. Remarkably, the functional deficiency in SMA cells is associated with decreased localization of the
snoRNP chaperone Nopp140 in CBs that correlates with disease severity. Indeed, RNA interference knock-
down experiments in control fibroblasts demonstrate that SMN is required for accumulation of Nopp140 in
CBs. Conversely, overexpression of SMN in SMA cells restores the CB localization of Nopp140, whereas
SMN mutants found in SMA patients are defective in promoting the association of Nopp140 with CBs.
Taken together, we demonstrate that only a subset of CB functions (as indicated by the association of repre-
sentative factors) are impaired in SMA cells and, importantly, we identify the decrease of Nopp140 localiz-
ation in CBs as a phenotypic marker for SMA.

INTRODUCTION

Proximal spinal muscular atrophy (SMA) is a progressive
degenerative disorder of lower (a) motor neurons (1). It is
one of the most common genetic causes of mortality in child-
hood with an incidence of one in 6000–10 000 newborns.
Based on the age of onset and severity, SMA has been classi-
fied into three main types that compose a continuum of severe
(Type I), intermediate (Type II) and moderate (Type III) forms
of disease. SMA is caused by mutations in the survival motor
neuron 1 gene (SMN1) which result in reduced levels of the
SMN protein (2–4). SMN1 possesses a near identical

copy, SMN2. The copy number of SMN2 parallels the clinical
severity (5). The functional difference between the two genes
lies on a translational silent single nucleotide in exon 7 that
generates the SMN2-specific alternative splicing of exon 7
(2,6–9). The removal of exon 7 from SMN2 transcript
results in the replacement of the C-terminal 16 amino acid
residues of SMN by 4-amino acid sequence (SMNDex7) that
might affect the stability of the truncated protein (6,10).
SMN1 produces much more of the transcript encoding the full-
length SMN than SMN2 gene, whereas the main transcript of
SMN2 encodes SMNDex7. Together these data identify SMN2
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as a major modifier gene. Genetically engineered animal
models of SMA confirm that SMN is a vital protein (11,12),
and SMN2 gene products can partially compensate for the
inactivation of SMN1 (13).

The mechanism by which the lower levels of SMN result in
the selective degeneration of the a-motor neurons in SMA
remains to be determined (14,15). The ubiquitously expressed
SMN is a component of a large multiprotein complex involved
in a number of cellular processes, including transcription, spli-
cing, ribonucleoprotein (RNP) biogenesis, neurite and axon
outgrowth, and the function of the neuromuscular junction
(16–18). SMN interacts directly with various proteins, includ-
ing the spliceosomal Sm core proteins (19–21). The SMN
complex assists the cytoplasmic assembly of the Sm proteins
onto the U snRNA (22,23) and together are imported to the
nucleus (24). The newly imported small nuclear ribonucleo-
proteins (snRNPs) transiently accumulate in SMN-containing
Cajal bodies (CBs) for their maturation into the fully
assembled splicing snRNPs (25,26).

CBs are defined as subnuclear bodies that concentrate the
CB marker protein coilin (27). They contain several function-
ally distinct categories of components that are involved in
RNA metabolism, such as factors implicated in the maturation
of the telomerase RNP and in pre-ribosomal RNA processing,
as well as snRNPs and small nucleolar (sno)RNPs. CBs are
also involved in the complex intranuclear trafficking of
those RNPs (28,29). Interestingly, SMN interacts directly
with the core snoRNP components fibrillarin and GAR1,
raising the possibility that SMN might also be involved in
the late snoRNP assembly step in CBs (30,31). Similar to
snRNPs, box C/D snoRNPs transiently localize in CBs
before ending up in the nucleolus (32,33). It has been proposed
that PHAX (phosphorylated adaptor for RNA export) recruits
the snoRNP precursors to CBs, and chromosome region main-
tenance 1 (CRM1) targets the mature snoRNPs to the nucleo-
lus (34). The presence of CRM1 in CBs might also be related
to the retention of newly imported snRNPs into CBs (35). We
have previously reported that snRNPs are not detected in CBs
of fibroblast cells from all three types of SMA (36), suggesting
that other CB constituents could also be absent.

In this study, we analysed the subnuclear localization of
other CB components to address the consequences of
reduced SMN levels in fibroblast cells derived from SMA
patients. Interestingly, the presence of the snoRNP chaperone
Nopp140 in CBs from fibroblast cells was correlated with the
SMA disease severity. The relationship between SMN and
Nopp140 was further assayed using RNAi to deplete immorta-
lized control fibroblast cells of SMN or Nopp140. The immu-
nofluorescence (IF) analyses showed that no localization of
Nopp140 is observed in residual CBs of SMN-depleted fibro-
blast cells. The depletion of Nopp140 slightly reduced the
localization of SMN in CBs. In SMA Type I-derived fibroblast
cells, overexpression of SMN restored the CB localization of
Nopp140. Moreover, SMN overexpression in COS cells
enhanced the localization of Nopp140 in SMN-containing
CBs. In contrast, cells transfected with SMA mutant SMN
failed to enhance the CB localization of Nopp140. Altogether,
our results show that SMN levels can modulate the compo-
sition of CBs and, therefore, influence the intranuclear organ-
ization and regulation of gene expression. Furthermore, our

data reveal that Nopp140 localization in CBs is correlated
with the phenotypic expression of SMA.

RESULTS

Nopp140 is barely detectable in CBs of SMA-derived
fibroblast cells

To assess the composition of CBs in SMA cells, immortalized
Type I SMA-derived fibroblasts (from here on simply referred
to as SMA cells) were further subjected to IF analyses with
antibodies against proteins that transiently accumulate in
CBs, subnuclear structures involved in non-coding RNA matu-
ration. Antibodies specific for the CB marker coilin were used
to visualize CBs. We first examined the distribution of CRM1
and PHAX that are part of the U snRNA export complex (29)
and that are also intranuclear transport factors for snoRNAs
(34,37). CRM1 and PHAX were shown here to distribute in
the nucleoplasm and colocalized with the CB marker coilin
in CBs in both SMA and control cells (Fig. 1). The statistical
analyses of the double immunolabelling studies revealed that
CBs accumulated CRM1 in 23 and 11% of SMA and
control cells, respectively (Fig. 1A and Table 1). PHAX foci
showed complete localization in CBs in 14% of SMA and in
21% of control cells (Fig. 1B and Table 1). We previously
showed that SMN accumulates in CBs in �6% of SMA com-
pared with 64% of control cells (36). Together these results
indicated that the retention of CRM1 and PHAX in CBs
appears independent of the presence of SMN.

We also examined the distribution of fibrillarin, GAR1,
NAP57/dyskerin and Nopp140, and nuclear proteins associ-
ated with snoRNPs that are shared between the nucleoli and
CBs. Fibrillarin is a core protein associated with the C/D
box snoRNPs, such as U3 snoRNPs (29). GAR1 and
NAP57/dyskerin are H/ACA box snoRNP core proteins (38).
Moreover, SMN has been shown to interact directly with
fibrillarin and GAR1 (30,31), but was not found associated
with the mature snoRNPs (37). Nopp140 is a snoRNP
chaperone that transiently associates with the mature nucleolar
H/ACA and C/D box snoRNPs (38). In addition, Nopp140 has
been shown to bind directly to the CB marker coilin (39).
First, the nucleolar distribution of those proteins appeared
similar in SMA and control cells (Fig. 1C–F). Double immu-
nolabelling experiments showed that in 17% of SMA cells
fibrillarin accumulated with coilin in CBs when compared
with 37% of control cells (Fig. 1C and Table 1). In the remain-
der of cells, the CBs did not contain fibrillarin. GAR1 loca-
lized with coilin in CBs from 6% of SMA and from 23% of
control cells, and NAP57/dyskerin in CBs from 5% of SMA
and from 36% of control cells (Fig. 1D and E, Table 1). Unex-
pectedly there were only 10% of SMA cells with Nopp140
foci compared with 44% of control cells (Fig. 2 and
Table 1). Double immunolabelling analyses with SMN or
coilin (two CB markers) revealed that 94% of those
Nopp140 foci contain coilin and 79% of them contain SMN.
However, only 12 and 14% of those SMA cells with
Nopp140 foci showed the protein in CBs (�1% of the cell
culture, Fig. 2B). The remainder of SMA cells with
Nopp140 foci showed structures that lack the two CB
marker coilin and SMN, indicating that Nopp140 and CBs
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form two distinct nuclear structures in those cells. The Nopp140
foci without coilin are reminiscent of residual nuclear bodies
enriched in nucleolar proteins that have been reported in fibro-
blast cells derived from coilin knockout mice (40).

In summary, our results revealed that PHAX, CRM1 and
fibrillarin are associated with CBs in similar proportion
(14–23%) of SMA cells (Table 1). The H/ACA core
snoRNP proteins GAR1 and NAP57/dyskerin showed a

Figure 1. Subnuclear localization of CRM1, PHAX, C/D box snoRNP component fibrillarin, H/ACA box snoRNP proteins GAR1 and NAP57/dyskerin, snoRNP
chaperone Nopp140 and coilin in SMA-derived fibroblast cells. Immortalized control and Type I SMA patient fibroblasts were costained for CRM1 (A), PHAX
(B), fibrillarin (C), GAR 1 (D), NAP57/dyskerin (E) or Nopp140 (F) in green and the CB marker coilin in red. CRM1 and PHAX nuclear foci in both control and
SMA cells were localized in CBs, as shown in yellow (merge). The arrow points to one of the CBs. It should be noted for both control and SMA cells that most of
the immunolabelling for fibrillarin, GAR1, NAP57/dyskerin or Nopp140 concentrates in nucleoli (arrowhead) as expected. Fibrillarin nuclear foci (arrow) in both
control and SMA cells were localized with coilin in CBs, as shown in yellow. GAR1, NAP57/dyskerin and Nopp140 nuclear foci (arrow) were found colocalized
with coilin in control cells. In contrast, only a few Nopp140 foci (arrow) were detected in SMA cells and were not colocalized with coilin. The arrowhead and
arrow point to one of the nucleoli and one of the CBs, respectively. Scale bars, 3 mm.

Table 1. Analyses of nuclear foci in immortalized Type I SMA-derived fibroblast cells

Immortalized
fibroblasts

Proportion of cells witha

SMN foci
(%)

CBs with
SMN (%)

CRM1
foci (%)

CBs with
CRM1
(%)

PHAX
foci (%)

CBs with
PHAX
(%)

Fib foci
(%)

CBs with
Fib (%)

CBs with
GAR1
(%)

CBs with
NAP57
(%)

Nopp140
foci (%)

CBs with
Nopp140
(%)

Control 59
(n ¼ 600)

64
(n ¼ 200)

11
(n ¼ 200)

11
(n ¼ 200)

21
(n ¼ 200)

21
(n ¼ 200)

43
(n ¼ 300)

37
(n ¼ 60b)

23
(n ¼ 505)

36
(n ¼ 438)

44
(n ¼ 200)

41
(n ¼ 200)

SMAI 6
(n ¼ 870)

6
(n ¼ 870)

23
(n ¼ 100)

23
(n ¼ 100)

14
(n ¼ 200)

14
(n ¼ 200)

16
(n ¼ 386)

16
(n ¼ 386)

6
(n ¼ 425)

5
(n ¼ 559)

10
(n ¼ 400)

1
(n ¼ 100)

n corresponds to the number of cells that were counted.
afoci were identified with antibodies to one protein only. CBs were identified with antibodies to coilin.
bOnly the cells with fibrillarin (Fib) foci were considered for the statistical analyses.
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marked reduction of CB localization in SMA compared with
control cells. In addition, Nopp140 was only occasionally
associated with CBs and rather accumulated in residual
nuclear bodies.

CBs actively recruit Nopp140 in cells overexpressing SMN

Because SMN levels are markedly reduced in SMA cells (41),
we tested whether SMN levels might play a role in the local-
ization of Nopp140 to CBs. Therefore, the SMA fibroblast
cells were transiently transfected with the expression vector
encoding eGFP-SMN and were analysed with antibodies
against Nopp140 (Fig. 3). We previously showed that
eGFP-SMN concentrates in CBs of transfected cells (36).
Cells overexpressing the transgene showed Nopp140 and
eGFP-SMN colocalize in CBs from 34% of transfected cells,
which is similar to the proportion of control fibroblasts
(35%, Table 1). These data confirmed that increased SMN
levels contribute to the localization of Nopp140 in CBs.

RNAi knockdown experiments confirm a functional link
between Nopp140 and SMN

To further investigate the relationship between Nopp140 and
SMN, we used RNAi-mediated depletion of SMN or of
Nopp140 in control fibroblasts (Fig. 4A–C). Double labelling
for coilin and SMN revealed CB localization of SMN in 80%
of cells transfected for 48 h with control scrambled or GL2
(firefly luciferase) siRNA. Similar results were obtained when
costaining of coilin with Nopp140 was used (75% of cells;

Fig. 4B). However, very different observations were made
with cells transfected with either SMN or Nopp140 siRNA.
Although numerous small coilin foci were detectable in the
nucleoplasm of transfected cells, they were never found coinci-
dent with SMN or Nopp140 in SMN-depleted cells. Treatment
of cells with Nopp140 siRNA slightly reduced the number of
cells with SMN or Nopp140 localized in CBs (48 or 15%,
respectively). Immunoblotting analyses were used to assay the
amount of the two proteins in total extracts from cells transfected
with control, SMN or Nopp140 siRNA (Fig. 4C). We observed
that the siRNAs reduced the expression levels by 80 and 60%
of the target proteins SMN and Nopp140, respectively. The
expression levels of Nopp140 or SMN remained constant
when not targeted by the siRNA, indicating the specificity of
the RNAi-mediated depletion. Taken together our findings
further argued that SMN is required for proper Nopp140
accumulation in CBs.

SMA mutant proteins fail to enhance the CB localization
of Nopp140

Because our results favoured the view that SMN levels are
important for Nopp140 localization to CBs, we tested the
effects of eGFP-SMN overexpression in COS cells, which
already expressed high amount of endogenous SMN
(Fig. 5A–C). We showed that transient overexpression of
SMN in COS cells still enhances the localization of
Nopp140 to CBs of 96% of transfected compared with 52%
of untransfected COS cells. This observation prompted us to

Figure 3. Subnuclear localization of SMN and Nopp140 observed upon tran-
sient transfection of immortalized Type I SMA-derived fibroblast cells. The
SMA cells were transiently transfected with eGFP-SMN (A). The arrowhead
and arrow point to one of the nucleoli and one of the CBs, respectively.
The distribution of SMN and Nopp140 foci were compared with untransfected
cells (B). Scale bars, 3 mm.

Figure 2. Analyses of the subnuclear localization of the snoRNP chaperone
Nopp140 in CBs from control and SMA cells. The results in the histogram
(A) and table (B) demonstrated the marked difference between control and
Type I SMA-derived cells. Note the right-hand part of the table in (B)
refers to the Nopp140-positive foci (44% in control and 10% in SMAI) as
100%.
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test the effects on Nopp140 localization in CBs of COS cells
transiently transfected with SMA mutants SMNE134K,
SMNDex7 and SMN472D5, respectively (Fig. 5A). Although
coilin showed CB colocalization with SMA mutants in trans-
fected cells (36), Nopp140 showed colocalization with the
GFP-tagged mutant SMN foci in 30, 35 and 43% of cells
expressing SMNE134K, SMNDex7 and SMN472D5, respect-
ively (Fig. 5). This contrasted with the complete colocalization
of Nopp140 and wild-type eGFP-SMN in all foci. These data
indicated that all three SMA mutants are defective in promot-
ing the recruitment of Nopp140 in CBs.

The disease severity correlates with the CB localization
of Nopp140

Previous IF studies showed that SMA disease severity correlates
with the number of fibroblasts with SMN foci (4,36). A similar
correlation was established with the localization of SMN in
CBs from motor neurons of spinal cord sections from SMA
fetuses (3). These observation along with the reduced
accumulation of Nopp140 in CBs from SMA fibroblasts
prompted us to examine the potential relationship between
Nopp140 and SMA severity. Therefore, we analysed primary
cultures of skin fibroblasts from all three types of SMA patients
(Fig. 6 and Table 2). Double labelling for Nopp140 and the CB
marker coilin revealed that Nopp140 localized in CBs of 63%

CB-containing cells from a control infant (Fig. 6C and
Table 2). Nopp140 accumulated in CBs of �20, 40 and 65%
of CB-containing cells obtained from Type I, II or III SMA
patients, respectively (Fig. 6C and Table 2). These results
revealed a correlation between disease severity and altered com-
position of CBs in fibroblasts from SMA patients.

DISCUSSION

We have analysed here the localization of a number of protein
constituents of CBs in fibroblast cells derived from infants
affected with SMA. We show that the disease severity
inversely correlates with the number of cells containing the
snoRNP chaperone Nopp140-positive CBs. Moreover, the
functional deficiency of the SMA mutant proteins in transi-
ently transfected COS cells is reflected by their failure to
stimulate the accumulation of Nopp140 in CBs.

The low levels of SMN in SMA-derived fibroblasts that
prevent the accumulation of snRNPs in CBs (36) do not
impair the CB localization of two factors that are implicated

Figure 4. SMN and Nopp140 RNA interference. The double immunolabelling
experiments for SMN and Nopp140 were performed in immortalized control
human fibroblasts 48 h after transfected with SMN or Nopp140 siRNA (A).
The arrowhead and arrow point to one of the nucleoli and one of the CBs,
respectively. The asterisk points to an unsilenced cell. The statistical analyses
are presented in table (B). Western blot analyses of protein extracts from cells
treated with siRNA to scrambled, SMN or Nopp140 revealed the specificity of
knockdown (C). The a-tubulin incubation served as loading control. Scale
bars, 3 mm.

Figure 5. Comparison of the localization of Nopp140 in CBs of cells trans-
fected with wild-type SMN and SMA mutants. The SMN protein is depicted
with the Lys-rich, Tudor, Pro-rich, oligomerization YG-box and ex7
encoded domains. SMN and SMA mutants were fused to the N-terminal end
of eGFP (A, 36). The constructs indicated were transiently transfected into
COS cells (B). Overexpression of eGFP-SMN (green) enhances the localiz-
ation of Nopp140 to CBs (red), as observed in yellow (merge). The arrow
points to one of the CBs. While the SMA mutants SMNE134K, Dex7 and
472D5 do not. The data are quantified in table (C). Scale bars, 3 mm.
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in the spliceosomal U snRNA export from the nucleus (42),
PHAX and CRM1 (Table 1). We observe here an increased
localization of CRM1 in CBs of SMA cells. This might
reflect a change in its intranuclear trafficking and/or in its
nucleocytoplasmic transport. Indeed, the newly synthesized
U1, U2, U4 and U5 snRNAs are initially exported to the cyto-
plasm where they are assembled into pre-mature snRNPs by
the SMN complex (26,29). The U snRNA nuclear export
requires a monomethyl cap structure on the RNA for associ-
ation with the nuclear cap-binding complex (CBC). The
adaptor PHAX binds both CBC and U snRNA forming the
pre-complex that interacts with the nuclear export signal
receptor CRM1 for translocation into the cytoplasm. Our
results are consistent with the observation that the levels of
the most abundant snRNPs are unchanged in SMA fibroblasts
(43). However, the depletion of SMN in SMA mouse models
affects the nuclear accumulation of snRNPs in motor neurons

(44) and the repertoire of snRNAs (43,45) and the quality of
splicing in a tissues-specific manner (45).

Interestingly, PHAX was shown to be involved in the
complex intranuclear trafficking of snoRNAs that guide post-
transcriptional modifications of ribosomal rRNAs and spliceoso-
mal snRNAs (46). Indeed, the accumulation of the precursor U3
box C/D snoRNA in CBs requires the interaction with PHAX. In
CBs, the precursor snoRNA assembles with box C/D core pro-
teins Nop56, Nop58 and fibrillarin, and the 30 end is subjected
to modifications prior that the mature snoRNP is targeted to the
nucleolus by CRM1 (34). SMN has been shown to interact
with fibrillarin (30,31), but was not found associated with func-
tional snoRNPs, suggesting that SMN might be involved in a
late assembly step (37). Nevertheless, the accumulation of the
U3 snoRNA depends on SMN levels (37). Consistent with the
idea that the remaining function of CBs involving PHAX and
CRM1 might not be affected in SMA cells, we detected fibril-
larin, a protein marker of the fully assembled box C/D
snoRNPs, in both nucleoli and CBs of fibroblasts obtained
from a patient affected with the most severe form of the
disease. Our results indicate that the reduced SMN levels
suffice for the assembly and localization of the mature
snoRNPs to the nucleolus. This is also in agreement with the
observation that SMN is not essential for the assembly of
snoRNPs in yeast Schizosaccharomyces cerevisiae, which lack
an SMN ortholog (12).

In yeast, Srp40p and Nsr1p regulate the accumulation of
box C/D snoRNA in the nucleolar body, which is the func-
tional counterpart of CBs in higher eukaryotic cells (47).
Nopp140, the mammalian ortholog of Srp40p, is an abundant
phosphoprotein detected predominantly in nucleoli and is
among the first proteins that have been identified in CBs
(48,49). Nopp140 associates with the functional H/ACA
snoRNP particles that are formed of a H/ACA RNA and
four core proteins, NAP57/dyskerin, GAR1, NHP2 and
NOP10 (50). It has been shown that SMN binds directly to
GAR1 (30), which is not essential for the structural intergrity
of H/ACA RNPs (38). Among the different types of H/ACA
RNAs, there are the small CB-specific RNAs (scaRNA),
which form the scaRNPs that guide snRNA modifications in

Figure 6. Subnuclear localization of Nopp140 in primary fibroblasts derived
from control and Type I, II and III SMA patients. Primary fibroblasts were
immunostained for two CB markers SMN (A) or coilin (B) in green and
Nopp140 in red. Colocalization in CBs (arrow) is shown in yellow (merge).
The arrowhead and arrow point to one of the nucleoli and one of the CBs,
respectively. The statistical analyses show a correlation between Nopp140-
positive CBs and SMA disease severity and are presented in a histogram
(C) and in Table 2. Scale bars, 3 mm.

Table 2. Analyses of Nopp140 localization in CBs from SMA patient skin
fibroblasts

Individual Phenotype Total number
of cellsa

Proportion of cells with
Nopp-CBsb (%+SEM)

ctrl Control 642 63+5
bro Type I 850 16+3
cou Type I 829 24+6
sav Type I 853 22+3
gz Type II 635 40+6
mi Type II 1112 43+6
sa Type III 935 63+8
ga Type III 1049 67+8

The values of Types I and II primary skin fibroblasts were statistically
different from control cells (Px2

� 0.001).
aAbout a hundred cells per experiment were counted single-blinded by two
people (S.C. and S.L.).
bCBs were visualized using anti-coilin antibodies.
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CBs (33). In this regard, it will be interesting to analyse in a
future study the RNA composition of CBs in SMA cells.

Nopp140 is not an integral part of snoRNPs and the associ-
ation occurs through simultaneous interactions of Nopp140
with several components of the assembled snoRNPs (38).
Nopp140 also associates with precursor and mature box C/D
snoRNPs in the nucleoplasm and not with the functional
snoRNPs in the nucleolus, indicating that Nopp140 acts
during the final maturation steps before the localization of
box C/D snoRNPs in nucleoli (37). Therefore, Nopp140
appears as chaperone of both box H/ACA and box C/D
RNPs (38). Our analyses here reveal that Nopp140 localization
in nucleoli is unaffected in fibroblasts from all three forms of
SMA patients. However, the localization of Nopp140 in CBs
is altered in primary SMA cells and shows a correlation
with disease severity. This is even more surprising given
that Nopp140 has been shown to interact directly with coilin
(39) and that the Nopp140-binding domain of coilin plays a
role in the dynamic retention of coilin in CBs (51). We were
able to restore the accumulation of Nopp140 in CBs of
SMA cells by transient expression of SMN, suggesting that
the interaction between Nopp140 and coilin can occur in
SMA cells. This indicates that Nopp140 localization in CBs
is associated with SMN levels and, probably, a CB activity.
In agreement with our results, other studies using RNA inter-
ference to deplete SMN from HeLa cells reported that SMN
plays a role in the formation and composition of CBs (52–
55). The role of SMN in CB formation was also demonstrated
in motor neurons from a conditional SMN knockout mouse
model (56). Indeed, the different behaviour of Nopp140 in
SMA cells expressing constitutively low levels of SMN
might reflect a change in the stability of the association with
CBs when UsnRNP biogenesis is inhibited (36).

An additional functional link between Nopp140 and SMN
comes from our findings in COS cells transfected with three
SMA mutants SMNE134K, SMNDex7 and SMN472D5. The
mutant SMNE134K harbours a glutamic acid (E) to lysine
(K) substitution at position 134 in the Tudor domain. The
mutants SMNDex7 and SMN472D5 lack the last 16
C-terminal amino acid residues and the C-terminal half of
the protein, respectively. We previously showed that all
three mutant proteins concentrate in CBs (36). In addition,
overexpression of SMA deletion mutants resulted in depletion
of snRNPs from CBs, whereas SMNE134K was colocalized
with snRNPs in CBs. Here, we show that overexpression of
wild-type SMN protein promotes the accumulation of
Nopp140 in CBs, while all three SMA mutants are defective
in stimulating the CB accumulation of Nopp140. Because
CBs are depleted of snRNPs in cells transfected with
SMNDex7 and SMN472D5, our results suggest that the CB
localization of Nopp140 is not determined by the presence
of snRNPs in CBs. Nevertheless, transient overexpression of
SMN increases the rate of UsnRNP biogenesis and maturation
in CBs (36) and, therefore, the requirement of box H/ACA and
C/D scaRNPs for modifications of the spliceosomal snRNAs
in CBs. Although, the function of Nopp140 and SMN in
CBs is still unknown, our observations suggest that SMN
might be important for some aspects of snoRNP biogenesis in
CBs that involve Nopp140. The specific reduction of H/ACA
versus C/D RNPs in CBs of SMA cells mirrors that of

Nopp140 (Table 1). This finding may indicate a tighter associ-
ation of Nopp140 with H/ACA RNPs whose major core
protein NAP57/dyskerin was originally identified as being
Nopp140-associated (48). It is also possible that the presence
of Nopp140 in CBs is associated with a novel function of CBs
that remains to be identified.

The localization of maturation factors in CBs is important
for RNP biogenesis (28). Recent reports show that during
their biogenesis, RNPs undergo remodelling that requires a
complex interplay of transient interactions with processing
machinery (57). The role of the Hsp90 chaperone in the bio-
genesis of U3 box C/D snoRNP, U4 snRNA and the telomer-
ase box H/ACA scaRNP exemplifies this (58). It remains to be
established whether this remodelling machinery requires SMN
and Nopp140 to function.

Collectively, our analyses of the composition of CBs in SMA-
derived cells identify subnuclear localization as an important
biomarker that, at the cellular level, will allow screening of
pharmacological agents for therapeutic approaches in SMA.

MATERIALS AND METHODS

Cell culture and transfections

Human fibroblasts and COS cells were grown in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum, penicillin (100 U/ml) and streptomycin (100 mg/ml).
Cells were plated in either 60 mm or eight-chamber culture-slides
(Becton Dickson Laboratory) and transiently transfected with
purified DNA plasmids using either FuGENE (Roche diagnos-
tics) or electroporation (Amaxa) for 48 h and with siRNAs
(25 nM) using HiPerFect transfection reagent (Qiagen) for 48 h
according to the manufacturer’s instructions. The siRNA
duplexes have been predesigned from Qiagen. The accession
number is indicated. The sequences were as follows: SMN1
(NM_000344), 50-CTG GCATAGAGCAGCACTAAA-30

(SI00727181) and Nopp140 (NM_004741), 50-CAGGTCAATT
CTATTAAGTTT-30 (SI00660226). The construction of
eGFP-SMN and eGFP-SMN mutants has been previously
described (36).

Cell fixation and IF microscopy

Cells were fixed for 20 min in freshly made PBS/4% parafor-
maldehyde and permeabilized for 10 min with 1% Triton
X-100 in PBS at room temperature. After three washes, the
samples were blocked with 10% horse serum (HS) in PBS
for 1 h and then incubated with primary antibodies diluted in
1% HS as described in Table 3. The fluorescently labelled sec-
ondary anti-rabbit and anti-mouse Cy3 (Jackson Laboratories)
and Alexa Fluor 488 (Molecular Probes) antibodies were used
at 1:200 dilution. The samples were counterstained with
4,6-diamidino-2-phenylindole (0.1 mg/ml) and mounted in
either AF1 (Cityfluor) or Mowiol (Hoechst) and observed by
non-confocal (Leica DMR, objective 63�/1.32) microscopy.
The images were acquired with a cooled CCD camera (Micro-
max, Princetown Instruments, Inc.) using MetaView Imaging
System and prepared with Adobe Photoshop.
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Cell lysate preparation and immunoblotting

The cells were detached from culture flasks in ice-cold PBS
using cell scraper, washed once in the same buffer and centri-
fuged at 500g for 5 min in a refrigerated bench centrifuge
(Eppendorf 5417R) as previously described (34). The cellular
pellets were either kept frozen at 2808C or immediately pro-
ceeded for immunoblotting analyses. The pellets were resus-
pended in ice-cold Tris–HCl buffer (25 mM, pH 7.4) in the
presence of EDTA-free protein inhibitors (Roche). Following
a Bradford assay (Bio-Rad Laboratories) using BSA as stan-
dard, the protein extracts were diluted in Laemmli sample
buffer, separated by SDS–PAGE using Prosieve polyacryl-
amide (FMC BioProducts) and electrotransferred onto
Immobilon-P membranes (PVDF, Millipore). The membranes
were incubated with primary antibodies diluted in 5% non-fat
milk in PBS for overnight at 48C and proceed with horseradish
peroxidase-conjugated secondary antibody (1:10 000) and
detected using chemiluminescent reagents (General Electric).
The dilution of the antibodies used was as follows:
anti-SMN (1:1000 from Transduction Laboratories), anti-
Nopp140 (RS8, 1:5000, 59) and anti-a-tubulin (1:10 000
from Sigma-Aldrich). The X-ray films were scanned as a
grayscale image at medium resolution (300–400 dpi) and
the relative quantitation of knockdown proteins was deter-
mined using the gel analysis method from ImageJ.
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