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Abstract

Background: Spinal muscular atrophy (SMA) is a
common recessive disorder, characterized by de-
generation of motor neurons of the spinal cord.
Deletions, conversions, or mutations of the sur-
vival motor neuron gene (SMN) are responsible
for SMA. A highly homologous centromeric copy
of the SMN gene (SMNc) remains intact in SMA
patients. However, there is an inverse correlation
between the amount of the SMNc gene product
and the clinical severity of the disease. An under-
standing of SMN and SMNc gene regulation
is, therefore, an important step towards therapy
for SMA.

Results: We identified a candidate Interferon-
Stimulated Response Element (ISRE), overlap-
ping with an Interferon Regulatory Factors bind-
ing motif (IRF-E) in the promoter region of SMN

and SMNc genes. Both ISRE and IRF-E motifs
are involved in mediating transcriptional induc-
tion of interferon-stimulated gene expression. We,
therefore, investigated whether SMN and SMNc
genes were regulated by interferons (IFN). Here
we show that both IFN-B8 and IFN-y rapidly in-
duced SMN and SMNc mRNA and protein expres-
sion in various cell lines. The transcription factor
IRF-1 bound to the candidate ISRE/IRF-E se-
quence of SMN and SMNCc genes in vitro and
overexpression of IRF-1 induced expression of
both genes in transfection assays. IRF-1 is, there-
fore, at least in part responsible for the induction
of SMN and SMNc by IFNs. In primary culture of
fibroblasts from SMA patients, IFN-B8 and IFN-y
induced SMNc gene expression and restored pro-
tein defect.

Introduction

The survival motor neuron gene, SMN, has
been implicated as the disease-causing gene in
spinal muscular atrophy (SMA) (1). SMN en-
codes a protein interacting with components of
the spliceosomal complex, suggesting that SMN
has a role in RNA processing (2,3). The SMN
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gene is duplicated with an almost identical cen-
tromeric copy, SMNc. Loss of function of SMN in
SMA patients can occur by deletions, gene con-
version events, or point mutations; whereas,
SMNCc remains intact (1,4-6). However, the rel-
ative amount of SMNCc is markedly reduced in
the most severe form, designated SMA type-1,
compared with the mildest form of SMA, des-
ignated type-IIIL. This suggests a direct correla-
tion between the level of SMNCc protein and the
clinical severity of the disease (7,8). The orga-
nization of the human SMN genes has been de-
scribed (9) and the promoter region of both
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genes identified (10). We determined that the
sequence (AAAGGAAAGGAAAT), located in
the minimal promoter region of both SMN and
SMNCc genes, 65 nt upstream of the transcription
site, matches, although not perfectly, the consen-
sus Interferon-Stimulated Response Element
(ISRE) sequence (-GGAAAN(1-2)GAAACY)
(11) and the consensus Interferon Regulatory
Factors, IRF-1/IRF-2, binding sequence motif,
termed IRF-E (-G(A)AAAS/"/cGAAAS/"/c-)
(12). ISRE and IRF-E elements are present in the
59flanking regions of many interferon (IFN)-
induced genes and regulate transcriptional in-
duction of these genes after IFN treatment
(13-15). We, therefore, investigated the effects of
IFNs on SMN and SMNCc gene expression.

Materials and Methods
Cells, Reagents and Antibodies

The human astrocytoma cell line A172 (CRL-
1620) was obtained from the American Type
Culture Collection (ATCC; Rockville, MD).
The human oligodendroglioma HOG cell line
(16) was a gift from Dr. E Rieger (INSERM,
France). The human primary fibroblasts from
SMA patients were obtained from J.M. The
cells were grown in Dulbecco’s minimal essen-
tial media (DMEM; Life Technologies, Grand
Island, NY) supplemented with 10% heat-
inactivated foetal bovine serum (Life Technolo-
gies, Grand Island, NY). Cells were subcul-
tured the day preceeding IFN-treatments to ini-
tiate treatment of the cells in their exponential
growth phase. Recombinant human interfer-
ons, rHUIFN-y and rHulFN-83 were gifts from
Roussel-Uclaf (Romainville, France) and Ares-
Serono (Geneva, Switzerland), respectively.

Rabbit affinity-purified polyclonal anti-
bodies against human IRF-1 and Signal trans-
ducers and activaters of transcription (Statl) pro-
teins were from Santa Cruz Biotechnology, Inc.
(Tebu, France). To produce polyclonal antibodies
against SMN, a synthetic peptide derived from
the N-terminal end of SMN (residues 21-35) was
used to immunize rabbits (Neosystem, Stras-
bourg, France). The best immune response was
obtained with antiserum 739785.

Western Blots Analysis

Cells were lysed by successive freeze-thaw cy-
cles, in 20 mM Tris-HCI, pH 7.5 buffer, con-
taining 5 mM EDTA and 100 mM KCI. 50 or
100 ug of protein were dissolved in sample

buffer and the samples were loaded onto a
sodium dodecyl sulfate (SDS) 10% polyacry-
lamide gel. Proteins were transferred onto a
0.22 pum nitrocellulose membrane (Schleicher
and Schuel, Dassel, Germany), which was in-
cubated for 2 hr with rabbit polyclonal anti-
serum against SMN (739785) at a dilution
1:2000, followed by horseradish peroxide
(HRP)-labeled conjugate antibody at a dilution
1:2000. Immunodetection was realized by en-
hanced chemiluminescent protein (ECL) rea-
gents and autoradiography (Amersham, Orsay,
France). The blot was rehybridized with an an-
tibody against actin to ensure that equal
amount of proteins were present in each lane.

RNA Extraction and Northern Blots Analysis

Cells were scraped off directly into 4 M guani-
dinium isothiocyanate [containing 25 mM cit-
ratesodium, 0.1M 2-mercaptoethanol, Sarkosyl
0.5%, (pH7.0)], and total RNA was isolated by
centrifugation through a cushion of 5.7 M CsCl
(17). 20 pug of RNAs were loaded on a 1.2%
agarose gel with 6% formaldehyde in (N-
morpholino) propanesulfonic acid. (MOPS)
buffer, and then transferred onto a 0.45 um nylon
Hybond N1 membrane (Amersham). Northern
blots were hybridized overnight at 428C using
radiolabelled probe (2 3 10° cpm/ml). The
cDNA probe for human SMN was a polymerase
chain reaction (PCR) product of 864 bp. The
cDNA probes were labelled using the Redi-
prime random primer labeling kit (Amersham),
using (a->?P)dCTP. After hybridization, blots
were washed to high stringency and analyzed
with a PhosphorImager (Molecular Dynamics,
Sunnyvale, CA). RNA was quantified and nor-
malized by differential densitometric scanning of
the SMN bands versus the 28SrTRNA bands (18).

For determining the half-life of SMN
mRNA, cells were incubated with 25 pug/ml of
the RNA synthesis inhibitor 5,6-dichlorobenz-
imidazole riboside (DRB) (19) for different time
periods of up to 15 hr before lysis in guanid-
ium isothiocyanate as described above.

Reverse Transcription Polymerase Chain
Reaction (RT-PCR)

Single-stranded cDNA was synthesized from
total RNA using Moloney’s murine leukemia
virus reverse transcriptase and random hexam-
ers as primers. Preliminary experiments were
performed to determine the conditions in
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which cDNAs were amplified in the linear re-
gion of the PCR reaction curve. The reaction
mixture was composed of 10 ul of cDNA tem-
plate (diluted 1/50) obtained from 1 ug of ex-
tracted RNA; 50 pmol for SMN/SMNCc primers;
40 pmol for B-actin primers and 25 pmol for
IRF-1 primers; 25 nmol of each ANTP; 1.25 U of
Taq DNA polymerase; 10 ul of 10x PCR buffer
in a final volume of 100 wl. PCR amplification
conditions were as follows: denaturation at
948C for 5 min, amplification during 35 cycles
composed of denaturation at 948C for 50 sec,
annealing at 578C for 50 sec, and extension at
728C for 20 sec, followed by a final extension
at 728C for 10 min. Two different pairs of
SMN/SMNc primers were used. The pri-
mers 53CCTCCCATATGTCCAGATTCT-39and
53CCTTCCTTCTTTTTGATTTTGTtT-39 were
designed in exon 6 and 7, respectively, to gen-
erate a 126-bp fragment. The lower case letter
represents the base included for creating a
unique Dra I restriction site, only present in the
SMNCc, but absent from the SMN cDNA PCR
products (20). The primers 59 CCTCCCATAT-
GTCCAGATTCT-39and 59ACTGCCTCACCA-
CCGTGCTGG-39were designed in exon 6 and 8,
respectively, to generate a 420-bp and a 360-bp
fragment, depending on the alternative splicing of
exon 7. The other nucleotide sequence of primers
used were 53CAACttcATCCCGGGGCTCA-39
and 59%ccctGaGGtAGCATgCGGTA-39for IRF-1
(21); 59ATCATGTTTGAGACCTTCAA-39 and
59TTGCGCTCAGGAGGAGCAAT-39 for B-actin
cDNA sequences. Semiquantification of gene
expression for SMN and SMNc was performed
after coamplification and normalization with
the B-actin internal control. The expression
level for each transcript was evaluated after
ethidium bromide staining by densitometric
scanning using a video camera (Imager; Appli-
gene, Illkirch, France) and analysis using Im-
age 144611 MacIntosh software. Each PCR re-
action was reproduced three times by sample.

Electromobility Shift Assays

All chemicals in this section are from Sigma St.
Quentin, Fallavier, France. To prepare nuclear
extracts, 20 3 10° cells were washed twice with
ice-cold phosphate-buffered saline (PBS) and
then resuspended in 200 ul of buffer A [10 mM
N - 2 - hydroxyethylpiperazine - N - 2 - ethanesul-
fonic acid (HEPES) pH 7.9, 60 mM KCI, 1 mM
EDTA, 10 mM sodium orthovanadate, 0.5 mM
dithiothreitol and 0.1% Nonidet P-40] supple-

mented with the following protease inhibitors:
1 mM phenylmethylsulfonyl fluoride and
5 ng/ml of leupeptin, aprotinin, pepstatin, anti-
trypsin and chymostatin. After swelling for
5 min on ice, nuclei were pelleted by centrifu-
gation at 4000 rpm for 5 min, at 48C. The nu-
clear pellet was then washed in the same buffer
without Nonidet P-40 and resuspended in
buffer B (20 mM Tris-HCI, pH 8, 1.5 mM
MgCl,, 600 mM KCL, 0.2 mM EDTA, 0.5 mM
dithiothreitol, 25% glycerol and the mixture of
protease inhibitors described above). After two
cycles of freezing/defrosting in nitrogen liquid,
nuclear debris were centrifuged at 12000x g for
45 min at 48C and the supernatant was
aliquoted and stored at 2 808C until analysis by
electromobility shift assays (EMSA). Protein
was quantified using Bradford’s assay.

For EMSA, proteins (10 pg) were incu-
bated with radiolabeled probe (30000 cpm) in
binding buffer [(10 mM Tris-HCl, pH 7.4,
50 mM NaCl, 0.5 mM dithiothreitol, 18%
glycerol, 0.2% Nonidet P-40 and 2 ug of
poly(dI-dC)] in a total volume of 20 ul. After
30 min incubation on ice, the nucleoprotein
complexes were loaded onto a 5% non-
denaturing acrylamide gel in TGE buffer
(50 mM Tris-HCI, pH 8.8, 180 mM glycline and
2.5 mM EDTA) and migrated 3 hr at 20 mAmp,
in refrigerated conditions. The gel was dried and
exposed overnight to a Phosphorlmager screen
(Molecular Dynamics, Sunnyvale, CA). For com-
petition experiments, antisera were mixed
directly with nuclear extracts and binding buffer
30 min at 48C before adding radiolabeled probe.
Purified synthetic oligonucleotides were pro-
vided by Genset (Paris, France), and covered
the SMN promoter fragment between 2 224
and 2 202 (59ctagaAAAGGAAAGGAAATATAA-
CACAGt-39 (9). The lowercase letters represent
the bases included for creating restriction sites.
After annealing, the synthetic double-stranded
oligonucleotides were end-labeled using the
Klenow-DNA polymerase and (a-**P)dCTP
(DuPont NEN) and were purified on Elutip™
columns (Schleicher & Schuell).

Transient Transfections

20 3 10° cells (logarithmic growth phase) were
washed two times with serum-free DMEM and
resuspended in 200 ul of the same medium.
Cells were then mixed gently with 16 ug of the
expression plasmid (pCMYV)/IRF-1 (a generous
gift from Dr. J. Hiscott, Lady Davis Institute,
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Montreal, Canada) or of the vector alone pCMV
together with 4 ug of the pEGFP vector encod-
ing the green fluorescence protein (Clontech,
France) as a monitor for transfection efficiency.
After 10 min on ice, cells were electroporated
at 210 V, 960 microfarads, using a Gene Pulser
wired to an electroporation chamber (Bio-Rad,
Ivry, France). Cells were then immediately di-
luted in 10 ml of DMEM supplemented with
10% fetal bovine serum (FBS) and reseeded. 24
hr and 48 hr after transfection, cells were har-
vested for preparing total cell extracts and total
cellular RNA. Concurrently, cells were ob-
served microscopically and transfection effi-
ciency was evaluated.

For the analysis of the promoter of the
SMN gene in response to IFNs and IRF-1, the
plasmids containing the promoter of SMN or
SMNCc genes in front of the chloramphenicol
transferase (CAT) reporter gene, 121PBL and
54PBL, respectively (10), were transfected alone
or with the pCMV/IRF-1 plasmid, in A172
cells as previously described. 24 hr after trans-
fection, cells were treated when indicated with
IFN-8B or IFN-y, and 48 hr after transfection,
CAT activity was measured.

Results
IFNs Induce SMN Gene Expression

We developed a rabbit polyclonal antibody to
SMN (739785), raised against peptide se-
quence (amino acids 21-35) in the N-terminal
domain of SMN. Figure 1A shows a Western
blot of HeLa cells demonstrating that the anti-
body detects a 38 kD protein. Human A172 as-
trocytoma cells were treated with IFN-8 or
IFN-y for 16 hr and SMN protein level was
analyzed by Western blots. The relative inten-
sity of the SMN protein band was increased
3-fold in both IFN-B- or IFN-vy-treated cells,
relative to control, as determined by densito-
metric analysis (Fig. 1B, left panel). This in-
duction was not limited to A172 cells treated
with IFN-B and IFN-v, since similar results
were obtained with human oligodendroglioma
HOG cells (Fig. 1B, right panel), fibroblasts
(see Fig. 7C), lymphoblastoid, and myeloid
cells (data not shown). Induction of SMN
protein by IFN-B was apparent after 16 hr and
was maximal after 24 hr; whereas, induction
of SMN by IFN-y was detected as early as
8 hr after treatment and peaked after 16 hr
(Fig. 1C). Therefore, SMN protein expression

was induced by both type I and type II IFNs
(respectively, IFN-B and IFN-vy) to the same
extent. However, the response to IFN-y was
more rapid than the response to IFN-B, and
transient.

Northern blots analysis of SMN mRNA in
A172 cells also showed an up-regulation of
SMN mRNA after IFN-B or IFN-vy treatment,
with a maximum induction of 4-fold (Fig. 1D).
As observed at the protein level, IFN-y induc-
tion of SMN mRNA was more rapid than IEN-
B induction. Maximal induction of SMN mRNA
occured between 8 and 16 hr following IFN-
treatment; whereas, after treatment with IFN-vy,
the induction of SMN mRNA was transient and
already maximal at 4 hr. Hence, there was a
strong correlation between the induction of
SMN mRNA and SMN protein levels.

IFNs Induce SMN and SMNc Gene Expression
to the Same Extent

Immunoblotting and Northern blots analyses
of SMN did not allow a distinction between
products of the SMN gene and of its homo-
logue SMNc. To compare the induction of the
two genes by IFNs, RT-PCR coamplification of
transcripts from both genes was undertaken,
creating a unique Dra I site that only was pre-
sent in the SMNc but absent from the SMN
cDNA PCR products. Induction of SMN/SMNCc
expression was readily detected in IFN-3- and
in IFN-vy-treated cells (Fig. 2, upper panel). A
faster response was observed with IFN-vy, com-
pared with IFN-B treatment, in agreement with
the results of Northern blots analysis. Enzy-
matic digestion allowed separation of SMN
and SMNc cDNA PCR products. We first ob-
served that expression of the SMN gene in con-
trol A172 cells markedly was stronger than that
of SMNc. Treatment with IFN-8 or IFN-vy re-
sulted in an induction of 4-fold of both SMN
and SMNc genes, with comparable kinetics
(Fig. 2, lower panel). Therefore, IFN-8 and
IFN-y induced SMN and SMNc gene expres-
sion to the same extent.

Stability of SMN and SMNc mRNAs

Next we determined the contribution of SMN
and SMNc mRNAs stability to the quantitative
differences in the levels of RNA products of the
two genes, and to their response to IFNs. A172
cells were treated with IFN-B or IFN-vy for 8 hr.
Control and treated cells were incubated with
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Fig. 1. Induction of survival motor neuron
gene (SMN) expression in interferon (IFN)-
treated cells. (A) HeLa cell proteins (50 ug) were
solubilized and run on a 12% polyacrylamide gel
and blotted. The Western blot was cut into two
strips and each strip was probed with (a) the preim-
mune serum or (b) the immune serum (739785) at a
dilution 1:2000. (B) 24 hr after subculture, exponen-
tially growing A172 and HOG cells were treated
with or control without 1000 U/ml of IFN-8 or 1000
U/ml of IFN-vy. After 16 hr of culture, cells were lysed
and total protein extracts (50 ug) were analyzed by
Western blots analysis, using the polyclonal anti-
body against SMN (739785) (1:2000) followed by
horseradish (HRP)-labeled conjugate antibody at a
dilution 1:2000. Immunodetection was realized by
enhanced chemiluminescent protein (ECL) reagents

25 pug/ml of DRB, a potent inhibitor of RNA
synthesis. In the time course experiment, RT-
PCR analysis showed a progressive decline in
the level of SMN/SMNc transcripts following
treatment with DRB (Fig. 3A). Following di-
gestion of the RT-PCR products with Dra I and
separation of SMN and SMNc transcripts, we
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and autoradiography. The blot was rehybridized
with a monoclonal anti-actin antibody to ensure that
equal amount of proteins were present in each lane.
(C) Total cell extracts from untreated (C) or treated
A172 cells for 8, 16 and 24 hr with IFN-8 (1000
U/ml) or IFN-vy (1000 U/ml) were analyzed by
Western blots analysis, using anti-SMN and anti-
actin antibodies as described in (B). (D) A172 cells
were cultured for the indicated time periods or con-
trol with medium alone (C) in the presence of IFN-3
(1000 U/ml) or IFN-vy (1000 U/ml). Total cellular
RNA (20 pg/lane) was subjected to agarose gel
electrophoresis, transferred to nylon membrane, and
hybridized with a (*?P)-labeled human SMN cDNA
probe. Filters were subsequently hybridized to a 28S
rRNA oligonucleotide probe as a control of RNA
loading.

determined that the difference in expression
levels of SMN and SMNc mRNAs in control
A172 cells was not due to different stabilities,
as both mRNAs had an estimated half-life of
8 hr. Furthermore, IFN-B and IFN-y did not
modulate significantly either SMN, nor SMNCc
mRNA stability, as the decline in both mRNA
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Fig. 2. Induction of SMN and SMNc mRNAs in
interferon (IFN)-treated A172 cells. Total RNA
(1.5 ng) from A172 cells treated for the indicated
time periods with medium alone (C) or in the
presence of IFN-B (1000 U/ml) or IFN-vy (1000
U/ml) was reverse transcribed and polymerase
chain reaction (PCR) coamplification was
performed for SMN/SMNCc and actin genes as
described in “Materials and Methods.” The prod-

levels followed similar kinetics in IFN-treated
cells, compared with control cells (Fig. 3B).

IRF-1 Participates in IFN-induced SMN
and SMNc¢ Expression

To characterize the molecular basis of IFN-
induction of SMN and SMNc genes, nuclear
protein extracts prepared from untreated cells
and from cells stimulated for 2 hr with IFN-8
or IFN-vy were utilized for electromobility shift
assays with radiolabeled, double-stranded,
synthetic oligonucleotides encompassing the
putative ISRE/IRF-E motif found in the pro-
moter region of both SMN and SMNc genes.
The formation of three major protein-DNA
complexes was observed after treatment with
IFN-B (complexes C1, C2, and C3) or IFN-y
(complexes C4, C5, and C6) and the pattern of
protein-DNA complexes was similar after ei-
ther treatments (Fig. 4A). ISRE is an element
known to bind Interferon-stimulated Factor 3
(ISGF3), a heterotrimeric transcription factor
consisting of Statl, Stat2, and p48 (ISGF3Yy)
(22). IRF-E is the consensus binding site for
the IRF-1 transcription factor (23). Antibodies

ucts were analyzed on a 2% agarose gel, visualized
by ethidium bromide staining (upper panel), or
previously subjected to digestion with Dra I and
analyzed by 7% polyacrylamide gel electrophoresis
(lower panel). The size of the PCR product for
SMN, SMNc, and actin are, respectively, 126 bp,
102 bp, and 165 bp. Lane (0) represents the nega-
tive control, which was the product of PCR where
RNA was omitted.

against IRF-1 and Statl were, therefore, used
to probe the protein-DNA complexes for the
presence of corresponding proteins. Addition
of antisera against the IRF-1 protein impaired or
strongly reduced the formation of two protein-
DNA complexes induced by both IFN-B8 and
IFN-v. C2, C3 and C5, C6, respectively; (Fig. 4A;
compare lanes 2 and 3, and lanes 6 and 7). Ad-
dition of antisera against the Statl subunit im-
paired the formation of the upper protein-DNA
complex C1, induced by IFN-B, but did not
modify the upper IFN-vy-induced protein-DNA
complex C4. These results suggested that IRF-
1 was part of the major complexes induced by
both IFN-B and IFN-y. Statl was part of a com-
plex induced only by IFN-B; whereas, another
complex induced by IFN-y implicated a factor
different from IRF-1 and Statl that remains
unidentified.

IRF-1 expression following IFNs treatment
in A172 cells was investigated by RT-PCR am-
plification of IRF-1 transcript (Fig. 4B). Ex-
pression of IRF-1 was induced by both IFN-8
and IFN-vy, with a stronger effect observed fol-
lowing IFN-vy treatment. The induction of IRF-1
was maximal as early as 4 hr after IFN-y
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Fig. 3. Stability of SMN and SMNc mRNAs in (RT-PCR) was performed for SMN, SMNc, and actin

control and interferon (IFN)-treated A172 cells.
A172 cells pretreated with medium alone (Control),
IFN-A (1000 U/ml), or IFN-y (1000 U/ml) for 8 hr
were subsequently treated with 25 ug/ml 5, 6-
dichlorobenzimidazole riboside (DRB) for the
indicated time periods, followed by RNA extraction.
(A) reverse transcription-polymerase chain reaction

treatment; whereas, induction of IRF-1 was
maximal after 8 hr of IFN-8 induction. Therefore,
in IFN-treated A172 cells, there was a strong
correlation among expression of IRF-1, SMN,
and SMNCc genes.

Overexpression of IRF-1 Trans-activates SMN and
SMNc Gene Expression

An IRF-1 expression plasmid was transfected
into A172 cells as a direct approach to deter-
mine the effect of IRF-1 on the expression of
SMN and SMNc in intact cells. The expression
plasmid pCMV/IRF-1 or the vector alone were
transfected together with a construct encoding

genes as described in “Materials and Methods” and
the products were analyzed on a 2% agarose gel, or
(B) previously digested with Dra I, analyzed on a
7% polyacrylamide gel, and the amounts of SMN
and SMNc¢ were quantified and expressed as
percentages of initial values measured in the
appropriate controls.

the green fluorescence protein (GFP) as a mon-
itor for transfection efficiency. The transfection
efficiency was similar (18%) in the control
pCMV- and pCMV/IRF-1 transfected cells.
IRF-1, SMN, and SMNc gene expression was
analyzed 24 hr and 48 hr post-transfection, by
RT-PCR amplification (Fig. 5A). As expected,
IRF-1 expression was not detected in cells
transfected with the vector alone; whereas,
IRF-1 mRNA was detected as early as 24 hr af-
ter transfection and was maximal 48 hr after
transfection with the pCMV/IRF-1 plasmid.
Both SMN and SMNCc gene expression were in-
duced in cells transfected with the IRF-1 plas-
mid, compared with cells transfected with the



964 Molecular Medicine, Volume 6, Number 11, November 2000

A CoIFEN- C M - ¢

&1 —# +—0d

&— G5

4— C8

L2 —a

Cl &

1T 21 & I |

anb4AF-1 . - 4 - R )
anli-S1alt - o - o B i

8 IFH-) IFH-

@ C 4n_Bh_4n_@h

G4dbp = — — — — — fuglin

S m— - IRF1

1 B

290bp —

Fig. 4. Interferon regulatory factor (IRF)-1 partic-
ipates in interferon (IFN)-induced expression of
SMN and SMNc genes. (A) Nuclear extracts pre-
pared as described in “Materials and Methods” from
untreated (lanes 1, 5), IFN-B-treated (lanes 2—4), or
IFN-y-treated (lanes 6-8) were assayed for specific
binding activity to an oligonucleotide probe corre-
sponding to SMN fragment 2 224 to 2 202 (9), after a
30 min preincubation without (lanes 1, 2, 5, 6) or
with rabbit affinity-purified polyclonal antibodies
against human IRF-1 (lanes 3, 7) or signal transduc-
ers and activators of transcription (Statl; lanes 4, 8).
Arrows indicate C1-, C2-, and C3-specific protein-
DNA complexes in IFN-S-treated cells and C4-, C5-,
and Cé6-specific protein-DNA complexes in IFN-
v-treated cells. (B) Total RNA from A172 cells treated
for 4 hr and 8 hr, with medium alone (control; C) or
in the presence of IFN-8 (1000 U/ml) or IFN-y

(1000 U/ml) was reverse-transcribed and polymerase
chain reaction (PCR) coamplification was performed
for IRF-1 and B-actin genes, as described in “Materi-
als and Methods.” The products were analyzed on a
2% agarose gel and visualized by ethidium bromide
staining.

vector alone. The effect also was stronger 48 hr
after transfection, compared with 24 hr. Western
blots analysis showed an increase in SMN pro-
tein level in IRF-1-transfected cells after 48 hr,

compared with control cells (Fig. 5B). Overex-
pression of IRF-1 was, thus, sufficient to trans-
activate SMN and SMNc gene expression in
A172 cells.

This effect was direct, as shown by trans-
fection assays using reporter plasmids contain-
ing the promoter of SMN or SMNc genes in
front of the CAT gene, designated SMN-CAT
and SMNCc-CAT, respectively. Treatment of the
transfected cells with IFN-B8 or IFN-vy, or co-
transfection with the IRF-1 plasmid, resulted in
a significant increase in CAT activity (Fig. 5C).
Similar results were obtained with both re-
porter plasmids, SMN-CAT and SMNc-CAT, as
expected. These results demonstrated an inter-
feron response, as well as an IRF-1 response, in
the promoter activity of both SMN genes.

IFNs Induce SMNc Gene Expression in Fibroblasts
from SMA Patients

The effect of treatment with IFNs on SMNCc ex-
pression was examined using primary cultures
of fibroblasts from skin biopsies of type-I (the
most severe form) and type-II (the intermedi-
ate form) patients. Immunoblotting demon-
strated that the amount of the SMNc protein
was reduced in the two SMA type-I (SMA1l
and SMA2) and the one SMA type-II (SMA3)
fibroblasts analyzed, relative to controls (C1
and C2) (Fig. 6A). Induction of SMN and
SMNc gene expression was detected by RT-
PCR analysis for both IFN-3- and IFN-vy-treated
control fibroblasts, with a faster response to
IFN-y (Fig. 6B). We evaluated SMN/SMNc
mRNA expression by RT-PCR amplification, in
control and SMA fibroblasts, following IFN-3
and IFN-vy treatment (Fig. 7A; upper panel).
Following digestion of the PCR products with
Dra I and separation of SMN and SMNc cDNA
PCR products, we detected expression of both
SMN and SMNCc genes in control cells, and
of only the SMNc gene in SMA fibroblasts
(Fig. 7A; lower panel). SMNc mRNA expres-
sion was induced following treatment with
IFN-8 or IFN-vy, in SMA type-I and type-II pa-
tients. Previous reports show that SMNc gene
produces an alternatively spliced isoform lack-
ing exon 7, in addition to the full-length tran-
script; whereas, SMN gene generates primarily
full-length mRNA (1, 24). The truncated pro-
tein corresponding to transcripts lacking exon
7 shows reduced self-association, a potential
biochemical defect in SMA (25). Since the RT-
PCR assay system we used only detected the
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Fig. 5. Interferon regulatory factor (IRF)-1 the SMN-chloramphenicol transferase (CAT)
transactivates SMN and SMNc gene expression. plasmid, alone or with pCMV/IRF-1 as described in
A172 cells were transfected with 16 ug of the vector “Materials and Methods.” When indicated, cells
alone pCMYV or of the expression plasmid were treated 24 hr after transfection with interferon
PCMV/IRF-1. Total cellular RNA and protein (IFN)-B (1000 U/ml) or IFN-vy (1000 U/ml). CAT
extracts were prepared at 24 hr and 48 hr post-trans- activity was determined after 48 hr. The SMN
fection and analyzed for SMN and SMNc expression. promoter response (fold induction) is the ratio of
(A) by reverse transcription-polymerase chain CAT activity in stimulated or co-transfected cells to
reaction (RT-PCR) analysis and (B) by Western blots that in unstimulated cells, which is defined as 1.0.
analysis. In (A), lane (0) represents the negative Values are means of four independent experiments.
control that was the product of PCR, where RNA Identical results were obtained with the SMNc-CAT
was omitted. (C) A172 cells were transfected with plasmid.
full-length transcripts, we wished to investi- blasts. Expression of full-length and alterna-
gate whether IFN treatment also resulted in tively spliced transcripts differed between
increased levels of the alternatively spliced controls and SMA patients (Fig. 7B) in agree-
SMNCc transcript in SMA patients. RT-PCR am- ment with other studies previously reported
plification, using a pair of SMN/SMNCc primers (1). Expression of both transcripts retaining or
located in exons 6 and 8, was performed with lacking exon 7 was induced following treat-

RNA obtained from control and SMA fibro- ment with IFN-B and IFN-y in controls, as well
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Fig. 6. Induction of SMN and SMNc gene
expression in interferon (IFN)-treated
fibroblasts. (A) Total protein extracts (100 pg/lane)
from fibroblasts of control (C1, C2) and of type-I
(SMA1, SMA2) or type-II (SMA3) Spinal muscular
atrophy (SMA) patients were analyzed by Western
blots analysis, as previously described in Fig.1
using the anti-SMN antiserum (1:1000). (B) Total
RNA from control fibroblasts (C1) untreated or
treated for 4 hr and 8 hr with IFN-B (1000 U/ml) or
IFN-vy (1000 U/ml) was reversed-transcribed and
polymerase chain reaction (PCR) coamplification
was performed for SMN/SMNc and actin genes, as
described previously. The products were analyzed
on a 2% agarose gel (upper panel) or previously
digested with Dra I and analyzed by 7%
polyacrylamide gel electrophoresis (lower panel).
Lane (0) represents the negative control, which was
the product of PCR where RNA was omitted.

as in SMA patients. In SMA3 fibroblasts, the
interferons induced preferentially the tran-
script lacking exon 7. Western blots analysis
showed an increase in SMNc protein level in
SMA fibroblasts following treatment with
IFN-8 or IFN-v (Fig. 7C, and data not shown).
In most cases analyzed, including SMA2 and
SMA3, IFN-B and IFN-y induced SMNc pro-
tein expression to comparable levels as seen in
control fibroblasts. However, in SMA1 fibro-
blasts, in which the level of SMNc was the low-

est, IFEN-treatment restored only partially SMNc
protein level (Fig. 7C). IFN-B and IFN-y treat-
ment was, thus, sufficient to induce SMNCc¢ pro-
tein expression in fibroblasts from SMA, to lev-
els close to those observed in control fibroblasts.

Discussion

In the present study, we provide the first evi-
dence for an induction of SMN and SMNc
genes expression. Expression of SMN and
SMNCc genes are induced by IFN-B and IFN-y
and both genes respond to IFNs to the same ex-
tent. Of particular relevance is that IFN-8 and
IFN-y induce SMNc expression in fibroblasts
from SMA patients. The induction of SMN and
SMNCc gene expression by IFNs is moderate.
However, a 3-fold induction is sufficient to
compensate for the SMNc protein defect in
SMA (8). Characterization of the candidate
ISRE/IRF-E element present in the promoter of
both SMN and SMNc genes, by deletion and
point mutations, is currently under investigation.

SMN protein has been shown to bind di-
rectly to a number of proteins that participate
in early spliceosome assembly, suggesting it
plays a role in RNA processing (2,3,26). SMN
is present in several intranuclear structures
termed “gems”, closely associated with coiled
bodies and nucleoli (27,28). The finding that
SMN and SMNc are IFN-inducible genes sug-
gests that they may participate in function of
interferons (29-32). Our results demonstrate
also that the transcription factor IRF-1 partici-
pates in the induction of SMN and SMNCc gene
expression by IFNs. IRF-1 is a member of a
growing family of IRFs (15). IRF-1 is expressed
at low levels or is undetectable in a variety of
cell types. However, its expression is inducible
by viral infection, by double-stranded RNA, by
treatment with both type-I and type-II IFNSs, as
well as by other cytokines. IRF-1 has been
shown to modulate not only the cellular
response to IFNs and viral infection, but also to
be involved in cell growth, susceptibility to
transformation by oncogenes, and induction
of apoptosis. It is possible that SMN and SMNc¢
may participate in the induction of these
IFN- and IRF-1 mediated cellular responses.
Determination of a role of SMN genes in the
IFN-mediated antiviral response of cells may
be of considerable relevance to the SMA dis-
ease process. Given that SMNc expression level
is directly correlated to the clinical severity of
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Fig. 7. Induction of SMNc gene expression in
interferon (IFN)-treated fibroblasts from
Spinal muscular atrophy (SMA) individuals.
(A) Total RNA from fibroblasts of control (C2) and
SMA patients (SMA1, SMA2, SMA3), either un-
treated (a), treated with IFN-B (1000 U/ml) for

8 hr (b), or treated with IFN-y (1000 U/ml) for

4 hr (c), were analyzed for SMN and SMNc
expression by reverse transcription-polymerase
chain reaction (RT-PCR) experiments as described
above. (B) RT-PCR experiments were performed
using the same RNA samples, but another pair of

the disease, further studies will be performed
to determine the possibility of a therapeutic
role of IFNs in SMA, by restoring expression of
SMNCc.
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