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Spinal muscular atrophy (SMA) is a neurodegenerative

disease caused by loss of motor neurons in patients with

null mutations in the SMN1 gene. An almost identical SMN2

gene is unable to compensate for this deficiency because a

single C-to-T transition at position þ 6 in exon-7 causes

skipping of the exon by a mechanism not yet fully eluci-

dated. We observed that the C-to-T transition in SMN2

creates a putative binding site for the RNA-binding protein

Sam68. RNA pull-down assays and UV-crosslink experi-

ments showed that Sam68 binds to this sequence. In vivo

splicing assays showed that Sam68 triggers SMN2 exon-7

skipping. Moreover, mutations in the Sam68-binding site of

SMN2 or in the RNA-binding domain of Sam68 completely

abrogated its effect on exon-7 skipping. Retroviral infection

of dominant-negative mutants of Sam68 that interfere with

its RNA-binding activity, or with its binding to the splicing

repressor hnRNP A1, enhanced exon-7 inclusion in endo-

genous SMN2 and rescued SMN protein expression in fibro-

blasts of SMA patients. Our results thus indicate that Sam68

is a novel crucial regulator of SMN2 splicing.
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Introduction

Spinal muscular atrophy (SMA) is an autosomal recessive

neuromuscular disorder with an incidence of 1 in 6000 in the

human population, representing the primary genetic cause of

infant mortality (Monani, 2005; Burghes and Beattie, 2009).

SMA is generally classified as three types on the basis of

disease severity, with type-I being the most severe and type-

III the mildest form (Pearn, 1980). The disease is character-

ized by degeneration of a-motor neurons in the anterior horn

of the spinal cord and by consequent skeletal muscle atrophy

(Monani, 2005; Burghes and Beattie, 2009). The genetic cause

of SMA is a homozygous loss of SMN1, a gene located in the

telomeric region of chromosome-5 that encodes the ‘survival

motor neuron’ protein SMN, an essential regulator of the

biogenesis of the small nuclear ribonucleoproteins (snRNPs)

(Battle et al, 2006).

Although SMN’s deficiency leads to a wide range of defects

in splicing regulation in many cell types (Zhang et al, 2008),

motor neurons are the most affected in terms of function and

survival (Burghes and Beattie, 2009). Notably, all SMA patients

retain at least one copy of the centromeric and almost identical

SMN2 gene. However, although this gene encodes a virtually

identical protein, the expression levels of SMN2 are not suffi-

cient to restore the activity of SMN (Monani, 2005; Battle et al,

2006; Burghes and Beattie, 2009). The instability of SMN2

protein derives principally from a single substitution, C-to-T

at position þ 6 in exon-7, which is translationally silent but

causes skipping of this exon in most SMN2 transcripts (Lorson

et al, 1999; Monani et al, 1999). The resulting truncated protein

is highly unstable and does not support the survival and

function of spinal a-motor neurons, thereby causing the dis-

ease. Thus, recovery of full-length SMN2 protein is considered

a valuable therapeutic approach for treatment of SMA and

regulation of exon-7 inclusion in the SMN2 mRNA represents a

clinically important model to investigate the impact of splicing

regulation in human pathologies (Cartegni et al, 2002;

Pellizzoni, 2007; Wang and Cooper, 2007).

The C-to-T substitution in SMN2 exon-7 has been sug-

gested to induce exon skipping by two different mechanisms.

The first model suggested that this substitution disrupts an

exonic splicing enhancer (ESE) and impairs the binding of the

splicing factor ASF/SF2, thereby affecting exon recognition

(Cartegni and Krainer, 2002; Cartegni et al, 2006). An alter-

native model subsequently proposed that this single-nucleo-

tide change instead creates an exonic splicing silencer (ESS)

to which the splicing repressor hnRNP A1 binds, thereby

favouring exon-7 exclusion from the SMN2 pre-mRNA

(Kashima and Manley, 2003; Kashima et al, 2007a). SMN2

exon-7 skipping can be counteracted by overexpression of

TRA2b (Hofmann et al, 2000), a positive regulator of exon-7

inclusion, indicating that the relative expression levels of

specific splicing factors can strongly affect SMN2 splicing.

As disease severity is inversely correlated with the levels of

SMN2 protein (Lefebvre et al, 1997; Monani et al, 2000) and

restoration of exon-7 inclusion is required to improve SMN2

protein stability (Monani, 2005; Battle et al, 2006; Burghes

and Beattie, 2009), regulation of SMN2 exon-7 splicing

represents an attractive therapeutic strategy for SMA.

Alternative splicing (AS) is normally orchestrated

by a large number of RNA-binding proteins (RBPs) that are
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transiently recruited nearby splice sites and influence each

other through specific protein–protein and protein–RNA in-

teractions (Black, 2003; Matlin et al, 2005; Singh and

Valcárcel, 2005; Chen and Manley, 2009). Analysis of the

SMN2 exon-7 sequence showed the presence of a potential

binding site for Sam68 just upstream from the consensus

sequence for hnRNP A1. Sam68 (gene name: KHDRBS1) is a

member of the Signal Transduction and Activation of RNA

(STAR) family of RBPs (Lukong and Richard, 2003) and it

regulates AS of CD44, BCL2L1, CCND1 and of genes involved

in neurogenesis (Matter et al, 2002; Paronetto et al, 2007,

2010; Chawla et al, 2009). Furthermore, we previously

showed that Sam68 and hnRNP A1 physically associate and

cooperate in the regulation of BCL2L1 AS (Paronetto et al,

2007). Here, we have investigated whether Sam68 has a role

in the regulation of SMN2 AS. Our results identify a novel ESS

in SMN2 exon-7 that is bound by Sam68. Upregulation of

Sam68 expression strongly triggers SMN2 exon-7 skipping,

whereas dominant-negative versions of this splicing regulator

revert this effect. Remarkably, interference with Sam68 RNA-

binding activity or with its association with hnRNP A1

restores exon-7 inclusion in the endogenous SMN2 mRNA

and promotes accumulation of SMN protein in cells obtained

from SMA patients. Thus, Sam68 is a previously unidentified

regulator of SMN2 splicing that might affect disease severity,

suggesting that interference with its function offers a poten-

tial therapeutic approach for SMA.

Results

Sam68 affects SMN2 exon-7 splicing

Sam68 binds to U-rich and A-rich RNA sequences (Lin et al,

1997). We observed that the C-to-T transition at position þ 6

in exon-7 (underlined below) creates a potential binding site

for Sam68 (UUUUA) (Figure 1A). To determine whether

Sam68 affects SMN2 exon-7 splicing, we performed in vivo

splicing assays using a minigene that spans the whole alter-

natively spliced region from exon-6 to exon-8 of human

SMN2 (Lorson et al, 1999). Co-transfection of Sam68 with

the SMN2 minigene caused exon-7 skipping (Figure 1B). The

effect of Sam68 was similar to that exerted by hnRNP A1 and

opposite to that elicited by TRA2b (Figure 1B). By contrast,

Sam68 was unable to stimulate exon-7 skipping in SMN1

(Figure 1B), in which its potential binding site is disrupted by

the presence of the C at position þ 6. Dose-dependent

experiments showed that even small changes in Sam68 levels

affected SMN2 AS (Figure 1D), within the same range of

concentrations in which hnRNP A1 and TRA2b were active

(Supplementary Figure S1D), whereas upregulation of ASF/

SF2 was ineffective (Supplementary Figure S1D). The effect

of Sam68 was not cell-specific, because its overexpression

also promoted exon-7 skipping in SH-SY5Y neuroblastoma

cells and in SW480 colon cancer cells (Supplementary Figure

S1E). hnRNP A1 was much less effective in these cells,

suggesting that its activity might depend on the cell context.

All reactions were performed within the linear range of PCR

amplification, as shown by analysis of cells transfected with

suboptimal doses of Sam68 (Supplementary Figure S1A and B).

Quantitative real-time PCR analysis indicated that Sam68

caused an B4-fold increase in exon-7 skipping (Figure 1C

and Supplementary Figure S1C).

We next tested whether Sam68 could affect SMN2 AS in a

more physiologically relevant context. Fibroblast cell lines

obtained from SMA patients with milder (03813) or more

dramatic (00232) phenotype were co-transfected with the

SMN2 minigene and GFP-, GFP-Sam68- or GFP-hnRNP A1-

encoding plasmids. Sam68 was in fact stronger than hnRNP

A1 in promoting exon-7 skipping also in SMA fibroblasts

(Figure 1D). To rule out that forced upregulation redirected

Sam68 towards a non-physiological substrate, we depleted

the endogenous Sam68 from HEK293T cells by RNAi and

tested the effect on SMN2 or SMN1 AS. As shown in

Figure 1E, depletion of Sam68 caused an increase in exon-7

inclusion in SMN2, whereas it did not affect SMN1 splicing,

showing that the endogenous protein participates in this AS

event. These results indicate that Sam68 can specifically

affect SMN2 exon-7 splicing.

The RNA-binding activity of Sam68 is required for SMN2

exon-7 skipping

Sam68 is a multifunctional RBP implicated in several cellular

processes. In addition to its RNA-binding-dependent regula-

tion of AS (Matter et al, 2002; Paronetto et al, 2007, 2010;

Chawla et al, 2009) and mRNA translation (Paronetto et al,

2009), Sam68 can regulate transcription (Taylor et al, 2004;

Rajan et al, 2008) and participate in signal transduction

cascades in a RNA-binding-independent manner (Paronetto

et al, 2003; Huot et al, 2009). To test whether the RNA-

binding activity of Sam68 was required for SMN2 exon-7

skipping, we used two site-specific mutants (Figure 2A).

Sam68V229F carries a point mutation in the RNA-binding

domain (GSG) that strongly impairs its affinity for RNA

(Paronetto et al, 2007) but retains transcriptional activity

(Rajan et al, 2008); Sam68NLS�KO contains mutations in the

nuclear localization signal (NLS), which interfere with the

ability of the protein to affect splicing in the nucleus

(Paronetto et al, 2007). In vivo splicing assays showed that

both mutations completely suppressed the ability of Sam68 to

inhibit SMN2 exon-7 inclusion (Figure 2B), whereas they did

not affect SMN1 splicing (Figure 2C). Furthermore, as affinity

of Sam68 for RNA (Wang et al, 1995) and its splicing activity

towards BCL2L1 (Paronetto et al, 2007) are strongly

decreased by tyrosine phosphorylation at the C-terminus

of the protein, we tested whether coexpression of the tyrosine

kinase Fyn affected Sam68-mediated SMN2 AS. In line with

the requirement of RNA binding, we observed that coexpres-

sion of Fyn suppressed the ability of Sam68 to inhibit SMN2

exon-7 inclusion (Figure 2D). These results indicate that the

RNA-binding activity and nuclear localization of Sam68 are

required for SMN2 exon-7 skipping.

Sam68 binds to the UUUUA consensus site in SMN2

exon-7

Next, we sought to determine whether Sam68 binds to SMN2

exon-7 RNA. First, we performed a streptavidin pull-down

assay using either SMN2 or SMN1 exon-7 biotin-labelled

RNAs and nuclear extracts from HEK293T cells. As shown

in Figure 3A, Sam68 associated preferentially with SMN2

exon-7 in vitro. To determine whether this binding was direct,

we performed UV cross-linking experiments. First, splicing-

competent HeLa nuclear extracts were irradiated with UV

light in the presence of radiolabelled SMN2 exon-7, treated
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with RNAse and immunoprecipitated with an anti-Sam68

antibody or control IgGs. Following SDS–PAGE, autoradio-

graphic analysis showed several strong radioactive bands,

including one of B68 kDa that was specifically immunopre-

cipitated with the anti-Sam68 antibody (Figure 3B), suggest-

ing that endogenous Sam68 directly bound to SMN2 exon-7.

To confirm this result, we performed a similar UV cross-

linking experiment using nuclear extracts from HEK293Tcells

transfected with an either empty vector or with myc-Sam68.

Immunoprecipitation of extracts from both the experiments

with an anti-myc antibody revealed a strong radioactive band

of 70 kDa, the expected size of myc-Sam68, only in nuclear

extracts expressing the protein (Figure 3C), confirming that

Sam68 binds to SMN2 exon-7. Furthermore, purified GST-

Sam68 and GST-Sam681�277, containing only the N-terminus

and the GSG RNA-binding domain of the protein, were

efficiently cross-linked to SMN2 exon-7, as was GST-hnRNP

A1, used as positive control (Figure 3D and E).

To test whether Sam68 binds to the UUUUA consensus, we

used biotinylated RNA oligonucleotides containing the first

12 bases of exon-7 (Figure 4A). Sam68 was specifically

associated with the wild-type RNA oligonucleotide in
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Figure 1 Sam68 induces exon-7 skipping in the SMN2 pre-mRNA. (A) The SMN1 and SMN2 exon-7 sequences are schematically represented
and the C-to-T transition is highlighted in grey (italics font). The binding site for Sam68 in SMN2 exon-7 is indicated. (B) RT–PCR of splicing
assays performed using HEK293Tcells co-transfected with the pCI-SMN1 (upper panel) or the pCI-SMN2 (bottom panel) minigenes and GFP, or
GFP-Sam68, or GFP-hnRNP A1 or TRA2b, as indicated above the panels. (C) Quantitative real-time analysis of exon-7 inclusion in the splicing
assays shown in panel B. A scheme of the SMN2 minigene sequence amplified and of the oligonucleotides used is shown. Data were expressed
as the ratio of full-length (pCIfw-Ex7rev)/total (pCIfw-Ex6rev) SMN2 transcripts. The DDCt for each sample was calculated versus the GFP
sample used as standard control and expressed as fold increase with respect to GFP (see Materials and methods). (D) RT–PCR analysis of the
splicing assays performed by co-transfection of the pCI-SMN2 minigene (0.5mg) and increasing amount of GFP-Sam68 (0.1–0.6 mg) in HEK293T
cells. Western blot analysis of GFP-Sam68 expression is shown above the PCR panel. (E) RT–PCR analysis of SMN2 splicing assays performed
by co-transfection of the minigene (0.5 mg) with constructs encoding GFP, GFP-Sam68 or GFP-hnRNP A1 (0.6mg each) in fibroblasts derived
from two SMA patients affected by a milder (03813) or more dramatic (00232) form of the disease. Real-time analysis of SMN2 exon-7 inclusion
was performed as in panel C. (F) RT–PCR analysis of splicing assays performed by transfection of the SMN1 or SMN2 minigenes in HEK293T
cells that had been previously transfected with either scrambled or Sam68 siRNAs as indicated. Real-time analysis of SMN2 exon-7 inclusion
was performed as in panel C. Western blot analysis of Sam68 depletion by RNAi is reported below the graphs. Real-time analyses of all the
splicing assays represent the mean±s.d. of three independent experiments.
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pull-down experiments with streptavidin-conjugated beads

(Figure 4B). By contrast, substitution of the U at positions

þ 4 and þ 5 with G (UU/GG oligo), or of the A at position

þ 7 with C (A/C oligo), to disrupt the Sam68-binding site

(Figure 4A and B), strongly reduced or completely abolished

binding of Sam68 to the SMN2 oligonucleotide, respectively.

Conversely, substitution of the A and C at position þ 9 and

þ 10 with U and G (AC/UG oligo), outside of the Sam68-

binding site, did not exert any effect (Figure 4A and B).

To confirm that the integrity of UUUUA sequence is required

for binding of Sam68 to the SMN2 ESS, we performed gel-shift

assays. Sam68 specifically bound to the SMN2 probe

(Figure 4C and Supplementary Figure S2A), whereas muta-

tion of the consensus to UGGUA completely suppressed the

formation of this complex.

The mutations in exon-7 were next introduced into the

SMN2 minigene and tested in splicing assays in vivo using

HEK293T cells. Mutation of the Sam68-binding site by the

TT/GG substitution strongly impaired exon-7 skipping show-

ing that this sequence has ESS activity (Figure 4D). Recovery

of exon-7 inclusion was not cell-specific, as it was also

observed in SH-SY5Y and SW480 cells (Supplementary

Figure S2B). Furthermore, this mutation also abolished the

effect of Sam68 overexpression on SMN2 AS (Figure 4D).

An even stronger suppression of exon-7 skipping was ob-

tained by mutating the A at position þ 7 (Figure 4C), and

upregulation of Sam68 was unable to affect AS of the exon

also in this case. Conversely, when mutations were intro-

duced outside its consensus site (Figure 4A), Sam68 still

triggered exon-7 skipping (Figure 4D). As both the TT/GG

and the A/C mutations rescued exon-7 inclusion and pre-

vented the effect of overexpressed Sam68, our results suggest

that binding of Sam68 to the UUUUA consensus in the SMN2

exon-7 is required for efficient skipping.
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Figure 2 Binding of Sam68 to the SMN2 mRNA is required for exon-7 skipping. (A) A schematic representation of Sam68 and the mutations
introduced in the RNA-binding domain (V229F) and NLS (R436/442A). (B, C) RT–PCR (upper panel) and anti-GFP and anti-tubulin Western
blot (bottom panels) analyses of splicing assays performed using HEK293T cells co-transfected with the SMN2 (B) or SMN1 (C) minigene and
the indicated constructs. Quantitative real-time analysis of exon-7 inclusion is shown in the bar graph below. (D) Splicing assay of the SMN2
minigene using HEK293T cells co-transfected with either GFP or GFP-Sam68 alone (0.6mg each) or in combination with Fyn (0.25 mg). Cells
extracts were analysed by RT–PCR of SMN2 AS, quantified by real-time PCR (left panels), and by Western blotting for Sam68, tyrosine
phosphorylation of Sam68 with the PY20 antibody and Fyn (right panels). Real-time analysis of SMN2 exon-7 inclusion in all the splicing assays
was performed as described in Figure 1 and represent the mean±s.d. of three independent experiments.
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Sam68 and hnRNP A1 cooperate in SMN2 exon-7

skipping

Sam68 and hnRNP A1 physically interact and cooperate in

promoting BCL2L1 AS (Paronetto et al, 2007). To investigate

whether the concerted action of Sam68 and hnRNP A1

enhances SMN2 exon-7 skipping, we analysed their ability

to counteract TRA2b, a positive regulator of SMN2 exon-7

inclusion (Hofmann et al, 2000). We observed that coexpres-

sion of either Sam68 or hnRNP A1 inhibited TRA2b-induced

exon-7 inclusion (Figure 5A). Furthermore, coexpression of

Sam68 and hnRNP A1 together elicited an almost complete

suppression of exon-7 inclusion even in the presence of

excess TRA2b (Figure 5A), suggesting that the two proteins

cooperate in the regulation of this AS event.

As interaction of Sam68 with hnRNP A1 requires the Sam68

C-terminal region (aa 351–443) (Paronetto et al, 2007), we

produced two internal deletion mutants (Sam68D367�400 and

Sam68D400�420) that maintained the NLS (Ishidate et al, 1997)

and tested their ability to interact with hnRNP A1 in pull-down

assays. Deletion of residues 367–400 reduced hnRNP A1

binding, whereas residues 400–420 were not required for

this interaction (Figure 5B). Significantly, the ability of

Sam68D367�400 to induce SMN2 exon-7 skipping was strongly

impaired, whereas Sam68D400�420 behaved like the wild-type

protein (Figure 5D). The lack of effect of Sam68D367�400 was

not due to production of a non-functional protein, as this

mutant was expressed at high levels (Figure 5C) and was as

effective as Sam68D400�420 in inducing CD44 exon-v5 inclusion

(Supplementary Figure S3), a splicing event in which Sam68

does not require hnRNP A1 binding (Matter et al, 2000, 2002).

These results suggest that the interaction of Sam68 with

hnRNP A1 favours SMN2 exon-7 skipping.
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Mutations that interfere with Sam68 activity restore

exon-7 inclusion in the SMN2 pre-mRNA

Sam68 binds to RNA as a dimer in vivo (Chen et al, 1997) and

it interacts with hnRNP A1 through its C-terminal region

(Paronetto et al, 2007). We reasoned that if an interaction

between Sam68 and hnRNP A1 promotes exon-7 skipping,

interference with either of these functions of Sam68 might

limit or revert its effect on SMN2 AS. In line with our

hypothesis, we observed that Sam68V229F, which is defective

in RNA-binding activity (Paronetto et al, 2007) but homo-

dimerizes with wild-type Sam68 (Figure 6A), strongly

enhanced exon-7 inclusion when overexpressed in

HEK293T cells (Figure 2B), suggesting that it exerted a

dominant-negative effect on Sam68’s function. In line with

this hypothesis, RNA pull-down assays showed that expres-

sion of GFP-Sam68V229F interfered with binding of endogen-

ous Sam68 to SMN2 exon-7 (Figure 6B). A similar recovery

of exon-7 inclusion was obtained by overexpression of

Sam68351�443 (Supplementary Figure S4). This truncated

nuclear form of Sam68 contains the hnRNP A1 binding site

GFP
+ 

Vec
to

r

+ 
V22

9F

+3
51

–44
3

+ 
TRA2?

GFP-Sam68

C

FL
SMN2

Δ7

GFP
+ 

Vec
to

r

+ 
V22

9F

+3
51

-4
43

+ 
TRA2?

GFP-hnRNP A1

D

SMN2
FL

Δ7

0

1

2

3

4

5

+ 
V22

9F

+3
51

-4
43

+ 
TRA2β

GFP-hnRNP A1

GFP

GFP-h
nR

NP A
1

0

5

10

15

20

+ 
V22

9F

+3
51

-4
43

+ 
TRA2β

GFP-Sam68

GFP

GFP-S
am

68

S
M

N
2 
Δ7

/F
L

S
M

N
2 
Δ7

/F
L

A

α-myc IP

Cell extracts

myc-Sam68

GFP-hnRNP A1

myc-Sam68 + +– +

GFP-Sam68 (V229F)
GFP-Sam68 (351–443)

GFP-Sam68

– +– –

GFP-hnRNP A1

– –– +
+ –+ –
+ ++ +

myc-Sam68

GFP-hnRNP A1

GFP-Sam68 (351–443)

GFP-Sam68 (V229F)
GFP-Sam68 

GFP-Sam68 (V229F)
GFP-Sam68 

GFP-S
am

68
 (V

22
9F

)

GFP-S
am

68
 (3

51
–44

3)

GFP-S
am

68

GFP

IgGs

B

SMN2 oligo
pull-down

Streptoavidin
pull-down

GFP-S
am

68
 (V

22
9F

)

GFP-S
am

68
 (3

51
–44

3)

GFP-S
am

68

GFP

Cell extracts

GFP-S
am

68
 (V

22
9F

)

GFP-S
am

68
 (3

51
–44

3)

GFP-S
am

68

GFP

GFP-Sam68 (351–443)

GFP-Sam68 (V229F)
GFP-Sam68 

Sam68

Sam68

FL
SMN1

Δ7
FL

Δ7
SMN1

Figure 6 Dominant-negative mutants of Sam68 rescue exon-7 inclusion in SMN2. (A) Nuclear extracts from HEK293T transfected with the
indicated constructs were immunoprecipitated with an anti-myc antibody. The extracts and immunoprecipitated proteins were analysed by
Western blotting. (B) RNA pull down of endogenous Sam68 present in HEK293T nuclear extracts using biotinylated SMN2 exon-7 RNA or
control empty streptavidin beads. Extracts were prepared from cells transfected with GFP, GFP-Sam68 or the indicated Sam68 mutants. The
upper panel shows the Western blot analysis of endogenous Sam68 pulled down from the corresponding extracts. The lower panel show
Western blot analysis of recombinant GFP-Sam68 and endogenous Sam68 proteins from the extracts used for the pull-down experiment. (C, D)
HEK293T cells were transfected with pCI-SMN1 or pCI-SMN2 and a plasmid encoding GFP-Sam68 (C) or GFP-hnRNP A1 (D) either alone or
together with pGFP-Sam68V229F, or pGFP-Sam68351�443 or pCDNA3.1-TRA2b. After 24 h, cells were analysed by RT–PCR for SMN2 AS as
described in Figure 5. Densitometric analyses of the ratio between SMN2 Dexon-7/full-length is reported in the bar graph below the PCR panel
(mean±s.d. of three experiments).

Sam68 modulates SMN2 alternative splicing
S Pedrotti et al

&2010 European Molecular Biology Organization The EMBO Journal VOL 29 | NO 7 | 2010 1241



but lacks the RNA-binding and the homodimerization domain

(GSG in Figure 2A), and co-immunoprecipitation experiments

showed that it interfered with the association between wild-

type Sam68 and hnRNP A1 (Figure 6A) without affecting

Sam68 binding to SMN2 exon-7 RNA (Figure 6B). To deter-

mine whether these Sam68 mutants could act as dominant-

negative alleles and attenuate or inhibit SMN2 exon-7 skip-

ping in live cells, we coexpressed them in HEK293T cells

together with either GFP-Sam68 or GFP-hnRNP A1. We found

that both Sam68V229F and Sam68351�443 functioned as domi-

nant-negative alleles and suppressed exon-7 skipping in-

duced by overexpression of Sam68 (Figure 6C) and hnRNP

A1 (Figure 6D). Furthermore, the effect of GFP-Sam68V229F

was even stronger than that exerted by TRA2b. The Sam68

dominant-negative derivatives caused an almost complete

reversion of the AS event and accumulation of the full-length

form of SMN2 above basal levels, even in the presence of

excess Sam68 or hnRNP A1. The effect of the Sam68 domi-

nant-negative alleles was specific because it did not affect AS

of SMN1 (Figure 6C and D) or of the Sam68-independent AS

of RON exon-11 (Supplementary Figure S5). These experi-

ments suggest that GFP-Sam68V229F and GFP-Sam68351�443

are efficient competitors of SMN2 exon-7 skipping in vivo.

GFP-Sam68V229F and GFP-Sam68351�443 restore exon-7

inclusion and allow SMN2 protein accumulation in

SMA cells

To determine whether Sam68 dominant-negative alleles

could affect endogenous SMN2 AS in a physiological setting,

we infected SMA fibroblasts with retroviral constructs encod-

ing these GFP-Sam68 mutants or GFP as control. Infected

cells were sorted for GFP fluorescence and RNA and proteins

were extracted. Expression of GFP-Sam68V229F and GFP-

Sam68351�443 enhanced exon-7 inclusion in the endogenous

SMN2 pre-mRNA in patient cells as compared with that in

cells infected with GFP alone (Figure 7A). This effect on AS

resulted in increased SMN protein production (Figure 7B).

Remarkably, the amount of SMN protein produced after

expression of GFP-Sam68V229F and GFP-Sam68351�443 was

comparable to that observed in fibroblasts from a heterozy-

gote donor (03814) not affected by the disease. In normal

cells, SMN protein accumulates in discrete nuclear foci

known as gems (Monani, 2005; Battle et al, 2006; Burghes

and Beattie, 2009). These structures are strongly decreased or

absent in SMA cells. Immunofluorescence analysis showed

that GFP-Sam68V229F and GFP-Sam68351�443 also restored the

typical localization of functional SMN in infected cells, as

shown by the formation of gems in the nucleus as in the

healthy donor fibroblasts (Figure 7C and D). The effect of the

Sam68 dominant-negative alleles was similar in fibroblasts

obtained from SMA patients with milder (03813) or more

dramatic (00232) phenotype (Figure 7C). These experiments

show that interference with the splicing activity of Sam68 in

vivo by expressing dominant-negative Sam68 mutant proteins

restores SMN2 exon-7 splicing and SMN protein levels in

SMA cells.

Discussion

Our work identifies a novel ESS element in SMN2 exon-7,

shows that Sam68 binds this ESS and acts as a crucial

regulator of SMN2 AS, provides tools to interfere with

Sam68 activity in vivo, and highlights a novel approach to

recover SMN protein expression in SMA cells. We provide

evidence that Sam68 promotes exon-7 skipping and that this

effect relies on its ability to bind to RNA and to associate

physically and functionally with hnRNP A1, a known regu-

lator of SMN2 AS (Kashima and Manley, 2003; Kashima et al,

2007a). These findings identify Sam68 as a novel regulator of

SMN2 splicing that offers a new and potentially valuable

therapeutic target for SMA (Figure 8).

SMA is caused by the inability of the SMN2 gene to

compensate for the functional loss of SMN1 in patients.

Since exon-7 skipping is the major cause of the decreased

function of SMN2, characterization of the splicing factors

causing this AS event is of crucial relevance for the design

of therapeutic approaches to the disease (Monani, 2005;

Burghes and Beattie, 2009). An advance in this direction

was provided by the identification of an ESS (UAGACA)

created by the C-to-T transition in SMN2 exon-7 (Kashima

and Manley, 2003). This ESS is a binding site for hnRNP A1,

an abundant RBP that usually acts as a negative regulator of

AS (Matlin et al, 2005). We have now identified an additional

ESS created by the C-to-T transition in exon 7 (UUUUA) and

shown that its mutation rescues exon-7 inclusion. The new

ESS is located just upstream from, and indeed it overlaps with

(see below), the hnRNP A1 site, and we have observed that it

is a binding site for Sam68. Our results, showing that Sam68

directly binds to SMN2 exon-7 and that fluctuations in its

expression levels modulate SMN2 splicing, strongly support a

direct role for Sam68 in exon-7 skipping.

We found that Sam68-mediated exon-7 skipping required

the integrity of its UUUUA-binding site. First, Sam68 was

unable to promote exon skipping in SMN1 in which the C at

position þ 6 (UUUCA) disrupts the Sam68 consensus.

Moreover, loss of the Sam68-elicited effect was also observed

when flanking positions in the SMN2-binding site were

modified (UGGUA and UUUUC). Notably, these mutations

caused an almost complete inclusion of SMN2 exon-7, as in

SMN1, suggesting that destroying the Sam68-binding site

rescues the splicing defect. The UGGUA mutation was pre-

viously shown to affect exon-7 inclusion at most modestly

(Kashima and Manley, 2003). However, we now show a

strong and statistically significant recovery of exon-7 inclu-

sion in three different cell lines tested, suggesting that this

mutation also destroys an ESS in SMN2. The apparent dis-

crepancy might reflect the different experimental conditions

used (e.g., the amount of DNA transfected, 4 versus 0.5 mg

in our experiments, might have produced sufficient SMN2

pre-mRNA to saturate the ability of endogenous Sam68 to

affect SMN2 AS without compromising that of the highly

expressed hnRNP A1). Furthermore, the possibility that

Sam68 acts as a non-specific negative regulator of SMN2

exon-7 splicing is unlikely, because its overexpression does

not affect SMN1 AS or mutated SMN2 minigenes in which its

specific binding site is disrupted. These results indicate that

Sam68 is a specific regulator of SMN2 exon-7 splicing in live

cells.

Interestingly, we found that overexpression of Sam68V229F

exerted the opposite effect of wild-type Sam68, strongly

enhancing exon-7 inclusion. As this mutant protein maintains

the ability to homodimerize, we interpret this result as due to

a dominant-negative effect caused by its interaction with the

endogenous Sam68 and its sequestration in non-functional
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complexes. Indeed, we found that Sam68V229F reduced exon-

7 binding by endogenous Sam68 and competed with the

overexpressed wild-type Sam68 even more than TRA2b.

A similar dominant-negative effect was also observed with

two other RNA-binding-defective alleles of Sam68 (G178E

and I184N) in the regulation of Sgce AS (Chawla et al, 2009).

As all these Sam68 mutants homodimerize with the wild-type

protein, they might either impair recognition of targets by the

dimeric Sam68 complex or compete with the recruitment of

additional factors involved in splicing regulation. In support
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of this hypothesis, we found that Sam68 dominant-negative

alleles could also repress hnRNP A1-induced exon-7 skipping,

whereas a Sam68-deletion mutant lacking the binding site for

hnRNP A1 was strongly defective in SMN2 AS modulation.

The binding sites for Sam68 and hnRNP A1 in SMN2 exon-

7 partially overlap. Thus, we consider concomitant binding to

be unlikely. However, Sam68 binds to hnRNP A1 and this

feature of the protein is important for regulation of SMN2 AS.

Indeed, Sam68351�443, which is unable to bind to RNA but

competes with the interaction between Sam68 and hnRNP

A1, acts as dominant negative towards both Sam68- and

hnRNP A1-mediated SMN2 exon-7 skipping. A possible inter-

pretation is that under some conditions Sam68 recruits

hnRNP A1 to the SMN2 pre-mRNA, and this might facilitate

spreading of hnRNP A1 by low-affinity interactions with RNA

sequences located downstream or upstream from its binding

site (Okunola and Krainer, 2009). Additionally, an SMN2-

specific hnRNP A1 site in exon-7 has been shown to be

important for maximal exon-7 exclusion, perhaps by facil-

itating looping between hnRNP A1 molecules (Kashima et al,

2007b). In any case, depending on the relative expression

levels of endogenous Sam68 and hnRNP A1 in different cell

types, direct binding of one or the other would be favoured,

which could then recruit the other. Thus, our results suggest

that binding of a functional Sam68/hnRNP A1 complex to the

SMN2 pre-mRNA promotes exon-7 skipping.

Various experimental approaches have been proposed to

rescue SMN protein production in SMA cells. Bifunctional

RNAs can efficiently rescue exon-7 inclusion and SMN2

protein expression in cell and animal models. These RNAs

were engineered to contain antisense sequences that target

either exonic (Baughan et al, 2006) or intronic (Baughan et al,

2009) SMN2 regions fused to binding sites for SR proteins to

promote exon recognition. Similar results were obtained with

injection of chemically modified antisense oligonucleotides

(ASOs), targeting either exon-7 or the downstream intron

(Hua et al, 2007, 2008; Singh et al, 2009). In both cases,

recovery of exon-7 inclusion and/or SMN protein expression

and localization in nuclear gems was reported. Here, we have

shown that a similar recovery can be achieved by targeting

Sam68 function through expression of dominant-negative

mutants of the protein. Sam68V229F and Sam68351�443 inhib-

ited SMN2 exon-7 skipping even under conditions in which

Sam68 or hnRNP A1 were upregulated, suggesting that these

mutants might rescue SMN activity in SMA cells. Indeed,

both Sam68 alleles enhanced exon-7 inclusion and promoted

accumulation of endogenous SMN protein in stably infected

SMA fibroblasts. The levels of SMN protein obtained and the

number of SMN nuclear gems, which is indicative of func-

tional assembly of the protein, almost reached those observed

in control fibroblasts from a healthy donor. Although other

splicing factors, such as TRA2b (Hofmann et al, 2000),

hnRNP Q (Chen et al, 2008) and TDP-43 (Bose et al, 2008),

have been shown to enhance SMN2 exon-7 inclusion, in none

of these cases was an effect on SMN recovery in SMA cells

observed. Thus, this is the first report showing that direct

interference with a splicing regulator rescues endogenous

SMN2 expression in patient cells.

Our results show that inhibition of Sam68’s activity,

through competition with dominant-negative mutants, pro-

vides a valuable approach for the rescue of SMN activity. As

these dominant-negative mutants affect two specific func-

tions of Sam68 (i.e., its RNA-binding affinity and its ability to

interact with hnRNP A1), it is conceivably possible to obtain

similar effects through development of small molecules that

interfere either with the Sam68 RNA-binding domain or with

its surface of interaction with hnRNP A1. With this in mind,

our results that limit the binding site for this RBP to only 34

residues might open the way to develop short interfering

peptides that mimic this region, as this approach has been

proven effective in interfering with protein-protein interac-

tions in other systems (Loiarro et al, 2005, 2007; Toshchakov

et al, 2007). Nevertheless, indiscriminate inhibition of Sam68

activity might result in changes in a large spectrum of genes,

thereby eliciting unwanted negative effects, and direct studies

using animal models are required to support this approach. In

this regard, the observations that Sam68-knockout mice

survive to adulthood and show only minor motor coordina-
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tion defects is promising (Lukong and Richard, 2008).

Moreover, inhibition of Sam68 splicing activity and/or inter-

action with hnRNP A1 also affects AS of the BCL2L1 pre-

mRNA, towards the form encoding the pro-survival long

isoform (Paronetto et al, 2007), and upregulation of this

isoform improved viability of SMA mice independently of

SMN protein expression (Tsai et al, 2008). Thus, our results

suggest that interfering with Sam68’s function in the a-motor

neurons of SMA animal models might exert both direct effects

on SMN expression and indirect effects on cell survival

through modulation of two of its splicing targets.

Materials and methods

Plasmid constructs
pCI-SMN2 and pCI-SMN1 minigenes (Lorson et al, 1999), wild-type
and mutant pCDNA3-SMN2 minigenes, pCDNA3-Ron (Ghigna et al,
2005) and pCDNA3-CD44 (Matter et al, 2002) minigenes, pCDNA3-
TRA2b (Kashima and Manley, 2003), wild-type and mutant
pEGFPC1-Sam68, pEGFPC3-hnRNP A1 and p3xFlag–ASF/SF2 (Par-
onetto et al, 2007) have been previously described. pGEX4T1-
Sam68D367�400 was generated using the NdeI restriction site in the
Sam68 sequence at position þ 1095 bp. An NdeI–SalI fragment from
aa 400 to aa 443 of Sam68 was amplified by PCR using Pwo Super
Yield DNA Polymerase (Roche) using the F1 and R1 primers
(Supplementary Table S1) and human Sam68 cDNA as template
(Paronetto et al, 2003). The NdeI–SalI fragment was then cloned
into the NdeI–SalI restriction site of pGEX4T1-Sam68 (Paronetto
et al, 2007). pGEX4T1-Sam68D400�420 was generated by the overlap
extension PCR strategy (Aiyar et al, 1996) using the F2 and R2
primers (Supplementary Table S1) in the first-step PCR and F3
(Supplementary Table S1) and the product of the first-step PCR as
reverse primer in the second step. The EcoRI–SalI fragment was
then cloned into EcoRI–SalI restriction sites of pGEX4-T1. The myc-
tagged derivatives were subcloned from the pGEX4T1 constructs
into the EcoRI–XhoI restriction sites of the pCDNA-myc vector
(Paronetto et al, 2007). The retroviral constructs were generated by
subcloning the full-length Sam68 wild-type, Sam68V229F

Sam68351�443 from pGEX4-T (Paronetto et al, 2007) into the
EcoRI–SalI restriction sites of pCLPCX-GFP. All constructs were
sequenced (BMR Genomics, Italy) before their use.

Cell cultures, transfections and in vivo splicing assays
HEK293T (purchased from ATCC) and human SMA cell lines
GM03814, GM03813 and GM00232 (purchased from Coriell
Repositories) were maintained in Dulbecco’s modified Eagles
medium (DMEM; Gibco BRL) supplemented with 10% foetal
bovine serum (BioWhittaker Cambrex Bioscience), penicillin and
streptomycin. Transfections were performed with 0.1–1mg of
appropriate constructs in the presence or absence of 0.5mg of
pCI–SMN2 minigene using Lipofectamine 2000 (Invitrogen). For
RNAi, HEK293T cells were plated the day before transfection at
2.5�105 per well in six-well plates and transfected with 20mM
scramble or Sam68 siRNA oligonucleotides (Busà et al, 2007) using
Lipofectamine RNAiMAX (Invitrogen). Forty-eight hours after
transfections, cells were collected for RNA or biochemical analyses
were performed according to published procedures (Paronetto et al,
2007). Briefly, total RNA was isolated using cold TRIzol reagent
(Invitrogen) and resuspended in RNAse-free water (Sigma-Aldrich).
For protein extraction, cells were rinsed in phosphate-buffered
saline and resuspended in a lysis buffer (100 mM NaCl, 10 mM
MgCl2, 30 mM Tris–HCl (pH 7.5), 1 mM dithiothreitol (DTT), 10 mM
b-glycerophosphate, 0.5 mM NaVO4 and protease inhibitor cocktail
(Sigma-Aldrich)) supplemented with 0.5% Triton X-100. For
analysis of SMN protein, cell extracts were also sonicated for 30 s
using a small size probe. Extracts were centrifuged for 10 min at
12 000� g at 41C and the supernatant fraction was collected and
used for Western blotting or immunoprecipitation experiments.

RT–PCR analysis
Total RNA (0.2–1mg) from transfected cells was used for RT–PCR
using M–MLV reverse transcriptase (Invitrogen). Five percent of the
RT reaction was used as template together with the following

primers (Supplementary Table S1): pCI fw (for the pCI minigenes),
T7 fw (for the pCDNA3 minigenes), SMN2 Ex6 fw (for endogenous
SMN1 and SMN2) and SMN2 Ex8 rev. For all reactions, 25 cycles of
amplification, within the linear range of PCR amplification
(Supplementary Figure S1A and B), were performed. The reactions
were analysed by ethidium bromide agarose gel and intensity of the
bands was quantified by densitometric analysis using the Image-
Quant 5.0 software. Each experiment was performed in triplicate.
Densitometric data in Figures 4–6 are represented as the mean±s.d.
of the ratio between SMN2 Dexon-7 and full length.

Quantitative real-time PCR reactions were performed with Sybr
Green mix (for Light-Cycler480; Roche) according to the manufac-
turer’s instructions. The DDCt method was used to calculate the fold
change in the exon-7-containing SMN2 mRNA. DCt values were
obtained by subtracting the Ct value of total (exon-6-containing)
SMN2 mRNA (amplified with primer pCIfw-SMN_Ex6-R or
SMN_Ex6-F-SMN_Ex6-R for the endogenous SMN2) from the
Ct value for the exon-7-containing mRNA (amplified with primers
pCIfw and SMN_Ex7-R or SMN_Ex6-F and SMN_Ex7-R for the
endogenous SMN2) for each sample. Each DCt value represents the
mean±s.d. of three independent experiments. DDCt was calculated
as the difference in DCt between different samples (with respect to
GFP sample). The data are represented as fold increase versus GFP
sample calculated by the 2�(DDC)

t formula.

Electrophoretic mobility-shift assay
The radiolabelled wild-type and mutated probes used for the gel-
shift experiment were generated by in vitro annealing of the
oligonucleotides fw T7 SMN2 and rev T7 SMN2; fw T7 SMN2-GG
and rev T7 SMN2-GG and T7 through in vitro transcription using
the MAXIScript RNA synthesis kit (Ambion) in the presence or
absence of a labelled nucleotide (32P a-UTP and 32P a-GTP). The
RNA probes (20 000 c.p.m.) were added to the reaction mixture in
the presence or absence of GST-Sam68 (50 and 100 nM), pre-
equilibrated in binding buffer (10 mM HEPES (pH 7.4); 10 mM KCl;
2 mM MgCl2; 100 mM NaCl; 200 ng/ml yeast tRNA; 1 mM DTT;
protease inhibitor cocktail; RNAse OUT 30 U/ml) for 5 min at 30 1C,
and incubated for 30 min at 30 1C. In some experiments, 5, 25 and
50-fold excess of cold probe was added to the reaction. The samples
were diluted in a loading buffer, loaded onto pre-run native 5%
polyacrylamide gel in 0.5% TBE and resolved at 100 V for 3 h. The
gel was then dried and analysed by autoradiography.

Protein-protein co-immunoprecipitation experiments
HEK293T nuclear extracts were prepared by resuspending cells in
buffer-A (10 mM Tris–HCl (pH 7.4), 10 mM NaCl, 2.5 mM MgCl2,
1 mM DTT, protease inhibitor cocktail, 15 mM b-glycerophosphate,
0.5 mM NaVO4). After incubation on ice for 15 min, the samples
were centrifuged at 700 g for 7 min. The pellet containing the nuclei
was resuspended in buffer-A supplemented with 100 mM NaCl and
0.5% Triton X-100, sonicated and stratified on 30% sucrose. After
centrifugation at 7000 g for 15 min, nuclear extracts were precleared
for 1 h on protein-A–Sepharose beads and for 1 h on protein-A-
Sepharose beads in the presence of 0.01% bovine serum albumin
(BSA) and 2mg of rabbit IgGs. After centrifugation for 1 min at
1000 g, the supernatants were incubated with 2mg of mouse anti-
myc IgGs (Santa Cruz Biotechnology Inc.) or control mouse IgGs for
3 h at 41C under constant rotation. Beads were washed three times
with lysis buffer and were eluted in SDS sample buffer for Western
blot analysis.

Retrovirus generation and infection of SMA cells lines
For retroviral expression, 15mg of the retroviral vectors pCLPCX-
GFP or GFP-Sam68(V229F) or GFP-Sam68(351-443) were co-
transfected with 5mg of an expression plasmid for the vesicular
stomatitis virus-G protein into a cell line HEK293T gp/bsr by using
the calcium phosphate method. Forty-eight hours later, the super-
natant containing the retroviral particles were recovered and
supplemented with polybrene (4mg/ml). The human SMA cell
lines GM03813 and GM00232 (5�104) were infected by incubation
with the retroviruses. Briefly, infection were performed in three
steps: (1) Cells were incubated with the retroviruses for 4 h; (2) the
supernatant was removed and infection was repeated with fresh
viruses for further 4 h; and (3) the supernatant was removed and
fresh viral preparation was added and infection proceeded over-
night. At the end, cells were rinsed and 24–48 h later selected for
GFP expression by cell sorting.
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In vitro synthesis of RNAs
The templates for RNA synthesis were generated using PCR
products amplified with forward oligonucleotides containing at
the 50-end the T7 promoter sequence upstream from sequences in
intron-6 or exon-7 of SMN2. Reverse primers were complementary
to the 30-end of exon-7. Amplified bands were gel-purified and used
as templates (1 mg) for in vitro RNA transcription using the
MAXIScript RNA synthesis kit (Ambion) in the presence or absence
of labelled nucleotides (biotin or 32P CTP) depending on the
experiment. RNA was purified using ProbeQuant G-50 Micro
Columns (GE Healthcare) and diluted in RNAse-free water
(Sigma-Aldrich) for subsequent experiments.

Biotin–RNA pull-down experiments
HEK293T-cell nuclear extracts prepared as described above were
precleared for 60 min on protein-A–Sepharose beads and for 60 min
on streptavidin–Sepharose beads in the presence of 0.25 mg/ml
yeast tRNA to diminish non-specific interactions of proteins with
RNAs. Precleared extracts were then incubated with streptavidin–
Sepharose beads preincubated for 1 h with 0.05% BSA and the
specific biotinylated RNA oligonucleotide to be tested. Incubation
was performed for 60 min at 41C under rotation. Bound complexes
were rinsed three times with buffer-B used for preparation of the
nuclear extracts and eluted in an SDS–PAGE sample buffer. Samples
were analysed by Western blotting according to standard proce-
dures (Paronetto et al, 2003, 2007, 2009).

UV-crosslink immunoprecipitation
In vitro synthesized, labelled exon-7 RNAs (50–60 fmol; 1�105

c.p.m.) were incubated for 30 min at 301C with splicing-competent
HeLa nuclear extracts (Cell Biotech, Belgium) in 50 ml reaction
volume. Samples were irradiated with UV light (254 nm, 0.6 J, 2 cm
from the light source) using a Stratalinker (Stratagene), digested
with 1mg/ml RNAse-A and immunoprecipitated with anti-Sam68 or

control antibodies (1mg) as described above. The experiment was
also performed by incubating the same labelled RNAs with nuclear
extracts from HEK293T transfected with empty vector or myc-
Sam68 plasmid and immunoprecipitated with an anti-myc antibody
(1mg). Alternatively, purified GST, GST-Sam68, GST-Sam68(1–277)
or GST-hnRNP A1 (0.1mg) was incubated and irradiated as detailed
above and directly diluted in SDS sample buffer after RNAse-A
treatment. Samples were then resolved by 10% SDS–PAGE and
analysed by autoradiography.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).

Acknowledgements

We wish to thank Drs Adamo Diamantini and Luca Battistini for cell
sorting, Dr Claudia Ghigna for the pCDNA3-Ron plasmid, Dr
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Musarò for the critical reading of the paper, all members of our
laboratories for discussion and suggestions throughout the study.
This work was supported by Grants from Telethon (GGP09154), The
Associazione Italiana Ricerca sul Cancro (AIRC), the Istituto
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