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Proximal spinal muscular atrophy (SMA) is a
common motor neuron disorder caused by mutation
of the telomeric survival of motor neuron gene SMNT1.
The centromeric survival of motor neuron SMN2
gene is retained in all SMA patients but does not
produce sufficient SMN protein to prevent the
development of clinical symptoms. The SMN1 and
SMN2 genes differ functionally by a single nucleotide
change. This change affects the efficiency with
which exon 7 is incorporated into the mRNA tran-
script. Thus, SMN2 produces less full-length mRNA
and protein than SMN1. We have screened a library of
compounds in order to identify ones that can alter
the splicing pattern of the SMN2 gene. Here, we
report that the compound aclarubicin increases the
retention of exon 7 into the SMN2 transcript. We
show that aclarubicin effectively induces incorpora-
tion of exon 7 into SMN2 transcripts from the endog-
enous gene in type | SMA fibroblasts as well as into
transcripts from a SMN2 minigene in the motor
neuron cell line NSC34. In type | fibroblasts, treat-
ment resulted in an increase in SMN protein and
gems to normal levels. Our results suggest that alter-
ation of splicing pattern represents a new approach
to modification of gene expression in disease treat-
ment and demonstrate the feasibility of high
throughput screens to detect compounds that affect
the splicing pattern of a gene.

INTRODUCTION

Proximal spinal muscular atrophy (SMA) is a common auto-
somal recessive disorder characterized by loss of o-motor
neurons in the spinal cord (1). SMA is the leading hereditary
cause of infant mortality (2). It has an incidence of one in
10 000 live births and a carrier frequency of one in 50 (3-5).

SMA is caused by mutation of the telomeric survival motor
neuron gene SMNI but not its centromeric copy SMN2 (6-10).
The SMN transcript is encoded by both genes and patients do
produce low levels of SMN protein from the SMN2 gene
(6,11,12). The SMNI and SMN?2 genes differ functionally by
one nucleotide that alters the activity of a splicing enhancer in
exon 7 (13,14). As a result, the majority of the transcript
derived from the SMNI gene contains exon 7 whereas the
majority of the transcript from the SMN2 gene lacks exon 7
(6,15,16). There is a tight correlation between clinical severity
of SMA, SMN2 copy number and the SMN protein level (5,8
and references therein, 10-12,17). SMN is expressed in all
tissues and localizes to both the cell cytoplasm and nucleus
(18,19). In the nucleus it is concentrated in dot-like structures,
called gems, which are often associated with coiled bodies
(18,19). In cells and tissues from SMA patients the number of
gems is reduced with the most severe, type I, patients showing
very few or no gems (11,12,20).

Mice possess only one copy of the SMN gene (Smn) that is
equivalent to human SMNI (21,22). A homozygous knockout
of Smn results in an embryonic lethal phenotype with massive
apoptosis (23). This phenotype indicates that SMN is essential
for cell survival. This is consistent with the functions so far
attributed to SMN in small nuclear ribonuclear protein
(SnRNP) biogenesis (24-26), pre-mRNA splicing (27), inter-
actions with transcription factors (28,29) and other proteins
such as profilins (30). Complete loss of SMN affects all cell
types presumably because it disrupts these functions. Reduc-
tion of SMN, on the other hand, as seen in SMA, causes a
rather selective degeneration of motor neurons. The precise
function affected is not known.

The introduction of the SMN2 gene into Smn™ mice over-
comes the embryonic lethality. Mice with one or two copies of
SMN?2 develop a severe SMA-like phenotype. With increasing
copy number the phenotype gets milder. Smn~-mice with eight
copies of SMN2 have normal SMN protein levels and gem
counts and are phenotypically normal (31-33). In both Smn*-
(34) and Smn";SMN2 (32) mice, loss of motor neurons occurs
after birth suggesting that increase of the SMN protein
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produced by SMN2 could correct the clinical phenotype. SMN
protein levels could be raised in SMA patients by stimulating
expression of the SMN2 gene and/or increasing the incorpora-
tion of exon 7 into the transcripts from the SMN2 gene. Recent
work has shown that overexpression of the Htra2-B1 protein
can correct the splicing pattern of transiently transfected SMN2
minigenes so that they produce more full-length mRNA (35).
In this paper we identify a drug compound, aclarubicin, that
stimulates the incorporation of exon 7 into the processed tran-
scripts from the SMN2 gene. This increases the amount of full-
length transcript produced by the SMN2 gene, which in turn
restores SMN protein levels and nuclear gems to cells derived
from type I SMA patients. Our results demonstrate the feasi-
bility of identifying by high throughput screens other
compounds and/or aclarubicin derivatives that increase full-
length mRNA production and SMN protein from the SMN2
gene. Moreover, our results suggest that compounds that alter
specific splicing patterns of genes may represent a new group
of molecules for the development of drugs in disease therapy.

RESULTS

Identification of a compound that increases full-length
mRNA from the SMN2 gene

For initial screens we developed the cell line 3061 from the
type I SMA fibroblast cell line 3813 using the transforming
activity of the simian virus 40 (SV40) T large antigen (36). The
cell line carries two copies of SMN2 and retains the SMN2 gene
isoform splicing pattern of the parental cell line 3813. Analysis
of SMN isoform expression after 24 h of drug treatments with
compounds from the Microsource + Library was carried out
using a semi-quantitative RT-PCR assay that we have
described previously (12). A representative experiment is
shown in Figure 1A. The only compound that clearly
influenced the incorporation of exon 7 by the SMN2 gene was
aclarubicin (aclacinomycin A) (Fig. 1A, lane 7 and B). The
compounds were dissolved in DMSO but DMSO alone had a
minimal effect on splicing of the SMN2 gene (Fig. 1A, lane 8).
We also studied the effect of aclarubicin treatment on SMN2
gene expression for extended periods of time. Prolonged treat-
ment with 10 nM aclarubicin for up to 5 days increased the
amount of full-length SMN (Fig. 1C). Densitometric analysis
of the results shows that after 48 h treatment aclarubicin
induces an ~45% increase in the amount of full-length SMN
and a 2-fold increase in the ratio of full-length to Aexon 7
isoforms compared to untreated cells. After 96 h of incubation
this ratio increases to >4-fold and the amount of full-length to
~65% more than untreated cells (Fig. 1D). It should also be
noted that the levels of total SMN transcript to hypoxanthine
phosphoribosyl transferase (HPRT) (the internal control) is not
altered in the aclarubicin-treated cells indicating that there is
not a selective effect on the turnover rate of one SMN RNA
species but a true switch in the amounts of full-length to Aexon
7 isoform. The positive compound aclarubicin was re-tested on
the primary SMA fibroblast cell line 3813 with identical
results (data not shown).

Time and dosage dependence of aclarubicin to restore full-
length SMN levels

To evaluate the persistence of the effect of aclarubicin, 3061
cells were treated with 10 nM aclarubicin for 72 h and, after
washing, switched to a drug-free medium. Total RNA was
isolated at the indicated time points after the medium change
and analyzed for SMN isoform expression (Fig. 2A). The
effect of aclarubicin is sustained and prolonged in time
(Fig. 2B). Forty-eight hours after removal of the drug, cells
still show a 60% increase in full-length SMN compared to
untreated cells. The effective concentration of aclarubicin
depends on the cell density and in our culture conditions
(4000 cells/cm? at seeding time) 10 nM represents a critical
concentration (Fig. 2C and D). Lower concentrations
(0.01-1 nM) were not effective and higher concentrations
were not tested as they were cytotoxic. Treatment with 10 nM
aclarubicin resulted in decreased cell numbers after 72 h of
incubation. The remaining cells were viable and morpho-
logically normal. We also investigated whether continuous cell
growth in low aclarubicin concentrations could induce SMN2
to produce higher amounts of full-length SMN. 3061 cells
grown for 2 weeks in medium containing 1 nM aclarubicin
showed no alteration in SMN2 gene splicing (data not shown).
To ensure that the effect of aclarubicin was not due to a stress
response, we treated cells with aklavin hydrochloride, a struc-
tural analog of aclarubicin that shows a similar toxicity profile.
Cells challenged with increasing concentrations of aklavin
hydrochloride for 5 days showed no alteration in the splicing
pattern of the SMN2 indicating that the aclarubicin effect is not
a non-specific cellular stress response (Fig. 3A). Finally, we
wished to determine if aclarubicin globally affects the splicing
process. The Myosin V gene that expresses multiple isoforms
in human fibroblasts was chosen for analysis (37). Cells treated
with 10 nM aclarubicin for 5 days did not show any alteration
in the Mpyosin V splicing pattern (Fig. 3B). Thus, the
aclarubicin effect on SMN2 splicing does not reflect an effect
common to all genes.

Restoration of full-length SMN in the motor neuron-like
cell line NSC34

The NSC34 cell line was created by fusion of neuroblastoma
cells with mouse primary motor neurons (38). This cell line has
a number of motor neuron-like characteristics, including
expression of cholineacetyl-transferase and the neurofilament
triplet proteins (38). A SMN2 minigene construct consisting of
the SMN2 promoter driving SMN2 exon 6-8 genomic
sequence, with a B-lactamase reporter gene fused to exon 8,
was transfected into NSC34 cells. In this construct, exon 7 has
been modified to remove the translational termination signal
(39). When exon 7 is included in the transcript the B-lactamase
sequence is in-frame and translated whereas if exon 7 is
excluded the P-lactamase translational reading frame is
disrupted and the reporter is not expressed. The exon 6
sequence was also modified, as described in Materials and
Methods, to ensure efficient translation.

Twelve stable cell lines were isolated by fluorescent-activated
cell sorting (FACS) and the clone 5.3 was selected for further
experiments due to its low B-lactamase background. Selection
for a low B-lactamase likely results in a clone where the ratio
of Aexon 7 to full-length transcript is not the same as that from
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Figure 1. Effect of drug treatment on SMN2 gene expression in transformed SMA type I fibroblasts 3061. (A) Total RNA was extracted from the cells after 24 h
of treatment, amplified by RT-PCR and run in denaturing conditions on a 6% polyacrylamide gel. Lane 1, SMA carrier fibroblasts 3814; lanes 2-8, SMA cell line
3061: lane 2, untreated; lane 3, meclocycline treated; lane 4, tetracycline treated; lane 5, methacycline treated; lane 6, doxorubicin treated; lane 7, aclarubicin
treated; lane 8, 0.1% DMSO. (B) Molecular structure of aclarubicin. (C and D) Time course of aclarubicin treatment on SMN2 expression. Fibroblasts cells 3061
were grown for up to 5 days in a medium containing 10 nM aclarubicin or 0.1% DMSO, RNA extracted at the indicated time points (24—120 h) and RT-PCR
performed. (C) A representative experiment is shown in the figure. Ctr, untreated SMA carrier fibroblasts 3814; —, untreated SMA I fibroblasts 3061. (D) Semi-
quantitative analysis of full-length and Aexon 7 SMN mRNA content of SMA I fibroblasts 3061 treated with 10 nM aclarubicin or 0.1% DMSO for the indicated
time period. All readings are the result of at least three independent RT—PCR assays. The white background symbols represent the full-length/Aexon 7 SMN ratio,
as indicated on the left y axis. Black background symbols represent SMN full-length amount in aclarubicin-treated cells, as indicated on the right y axis. ACLA,

aclarubicin; f.1., full length; *P < 0.05 versus untreated cells.

the endogenous gene. This clone expresses considerably more
Aexon 7 transcript. In our experience, the RT-PCR assay used
here, with low cycle number and resolution of the PCR
products under denaturing conditions, accurately reflects the
isoform ratio whereas ethidium bromide stained native gels do
not allow a correct evaluation of the relative abundance of the
SMN isoforms, mostly because of heteroduplex formation. To
evaluate the effect of increasing concentrations of the drug, 5.3
cells were treated with 1-10 nM aclarubicin for 5 days.
Inclusion of exon 7 was dosage dependent, with aclarubicin
concentrations higher than 4 nM showing a significant increase
(Fig. 4A—C). Concentrations higher than 10 nM were toxic. As
expected, the increased incorporation of exon 7 into the SMN2
minigene transcripts was paralleled by an increase in B-lactamase
activity (Fig. 4D). The increase in the reporter activity was
also confirmed by comparison of DMSO- (Fig. 4E) and
aclarubicin-treated (Fig. 4F) cells by fluorescent microscopy
analysis.

Restoration of SMN protein levels in cells from type I SMA
patients by aclarubicin treatment

Gem number is severely reduced in cells from type I patients
(fibroblast cell line 3813: 3.3% of nuclei having gems)
compared to cells from a carrier parent (fibroblast cell line
3814: 24.8% of nuclei having gems). SMN protein expression
studies were performed on the type I cell line 3813 and
compared to the cell line 3814. As the amount of full-length
SMN mRNA is increased by aclarubicin treatment, we wished

to determine whether there was a concomitant increase in gem
numbers. A 5 day incubation of the 3813 cell line with 10 nM
aclarubicin increased gem number significantly (Fig. 5A). We
observed 22-25% of nuclei having gems in 3813 cells after
incubation with aclarubicin. This compares with untreated
3813 cells that have 4-5% of nuclei with gems (Fig. 5B). We
have previously shown that primary fibroblasts from type I
patients have severely reduced SMN levels (12). Treatment of
primary SMA type I fibroblasts 3813 with 10 nM aclarubicin
for 5 days increased SMN protein restoring the level to those
seen in the fibroblast cell line from the carrier parent 3814
(Fig. 50).

DISCUSSION

SMA is caused by mutation of the SMNI gene with retention of
the SMN2 gene (6-10). The SMN2 gene is unable to produce
sufficient amounts of SMN protein for survival of motor
neurons. This is because most of the transcripts from the SMN2
gene lack exon 7 resulting in a protein which is defective in self
oligomerization (40), rapidly degraded and therefore unable to
form gems efficiently (41,42). The level of SMN protein
correlates with phenotypic severity, with type I SMA patients
having the lowest SMN levels and the lowest number of gems
(11,12,20). Mice lacking mouse Smn and carrying one to two
copies of the human SMN2 gene develop SMA, lack gems and
have low SMN levels whereas Smn~- mice with eight copies of
SMN?2 have gems, high SMN levels and a normal phenotype



2844 Human Molecular Genetics, 2001, Vol. 10, No. 24

B ACLA 1D M
A I ACLA 1 B J= ™ .« B 0.1 % DMso
) ¢ o o e o W -] =
Ctr - oF o % o 0% 4 %" DMso 3
)
HPRT <N
— . —— — — f.1. SMN w
- Lt
-—r-—---——-'__-- Aex T SMN El'
— Aex5 SMN 3
o
—— Aex 5.7 SMN
ACLA
f N 1 D
c Q\&:‘ &> &
Crr - o5 o> % ¥ pumso .
44
—P- HPRT £
J— — —— f.1. SMN > 3
——— —— = Acx T SMN %1
Aex5 SMN %
=14 7
S TR = 4
Aex 5,7 SMN - é

Cir - ACLA I oM ACLA 10nM  DMSC

Figure 2. Dosage and time dependence of aclarubicin action. (A and B) The SMA I cell line 3061 was treated with 10 nM aclarubicin for 72 h, then washed and
switched to a drug free medium. Total RNA was isolated at the indicated time points (0—48 h) after removal of aclarubicin and amplified by RT-PCR. (A) The
picture represents a typical result of RT-PCR. Ctr, untreated SMA carrier fibroblasts 3814; ACLA, untreated (—) or aclarubicin-treated (048 h) SMA I fibroblasts
3061; DMSO, 0.1% DMSO-treated 3061 cells. (B) The ratio of full-length SMN to Aexon 7 was determined by densitometric analysis. All readings are the result
of at least three independent RT—PCR assays. (C and D) Cells were grown for 5 days in a medium containing various amounts (0.01—10 nM) of aclarubicin or
0.1% DMSO. Total RNA was isolated and amplified by RT-PCR. (C) A typical result is shown in the picture. Ctr, untreated SMA carrier fibroblasts 3814; ACLA,
untreated (—) or aclarubicin-treated SMA I fibroblasts 3061; DMSO, 3061 cells treated with 0.1% DMSO. (D) Quantification of full-length SMN to Aexon 7 ratio
by densitometric scanning. All readings are the result of at least three independent RT—PCR assays. f.1., full length; *P < 0.05 versus untreated cells.

(31,32). Thus, increased SMN protein production from the
SMN?2 gene early in development can modify or prevent the
SMA phenotype. In this paper, we demonstrate that the
splicing pattern of the SMN2 gene can be pharmacologically
modified and that increased incorporation of exon 7 into the
transcripts from this gene restores protein levels and gem
number to normal levels.

Increased SMN production can be obtained by at least three
mechanisms: stimulation of the gene promoter, stimulation of
the incorporation of exon 7 into the SMN transcripts or stabili-
zation of the SMN protein. Previously an interferon-stimulated
response element (ISRE) was identified in the promoters of the
SMNI and SMN2 genes (43). Treatment of fibroblasts from
type I SMA patients with interferon B and y was shown to
partially restore SMN protein levels, presumably by activating
the ISRE (43). SMN promoter activation will increase both
full-length SMN and the transcript lacking exon 7. Although
high levels of Aexon 7 SMN are unlikely to be toxic, as mice
with eight copies of SMN2 are normal, the exact role and effect
of SMN lacking exon 7 is currently unclear. Moreover, it is
uncertain if a molecule that could stimulate the SMN2
promoter sufficiently can be found. The identification of a
compound that increases the incorporation of exon 7 into
SMN?2 transcripts represents an alternative strategy. These two
approaches could also be used together to ensure sufficient
SMN levels are reached.

Overexpression of Htra2-B1, a serine/arginine (SR)-like
splicing factor (44), has also been shown to modify the splicing

pattern of a SMN2 minigene in transient transfections (35).
However, it is difficult to obtain stable transfectants expressing
the SR splicing factors (C.Andreassi and A.H.M.Burghes,
unpublished data) to demonstrate activity on the endogenous
SMN gene.

In the current paper, we demonstrate that aclarubicin acts on
the endogenous SMN gene to alter incorporation of exon 7 into
the SMN2 transcripts. Being a drug compound we feel aclaru-
bicin also has the added advantage of being easily deliverable
compared to a protein such as Htra2-f1. An intriguing question
is the mode of action of aclarubicin. Anthracycline antibiotics
such as aclarubicin and doxorubicin are widely used in
conventional chemotherapy against solid tumors and
leukemias. Anthracyclines have also been shown to be potent
differentiation inducers when used at subtoxic concentrations
(2040 nM) (45). Despite the fact that aclarubicin and
doxorubicin share closely related structures, their differenti-
ating activities involve distinct regulatory pathways as
aclarubicin seems to specifically increase the expression of
transcription factors whereas doxorubicin appears to act at the
post-transcriptional level by increasing the half-lives of
mRNAs (46). It is noteworthy that neither doxorubicin (tested
at 10 and 100 nM concentration) nor any other tetracycline
derivatives tested show any activity on the SMN2 gene
splicing. This could indicate that the mechanism of aclarubicin
action in altering splicing is distinct from other activities of the
drug and raises the hope that compounds with less toxic side
effects can be found. Aclarubicin has also been shown to
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Figure 3. Effect of aklavin hydrochloride on splicing of SMN2 and effect of aclarubicin on splicing of Myosin V gene. (A) The SMA I cell line 3061 was treated
with increasing concentrations (0.1-10 nM) of aklavin hydrochloride for 5 days. The medium was changed daily and fresh compound added. Ctr, untreated SMA
carrier fibroblasts 3814; Aklavin hydrochloride, untreated (-) or aklavin hydrochloride (0.1-10 nM)-treated SMA I fibroblasts 3061; DMSO, 3061 cells treated
with 0.1% DMSO. Notice that despite a similar toxicity profile to aclarubicin there is no effect on SMN2 splicing. (B) The SMA cell line 3061 was treated with
increasing concentrations of aclarubicin and RNA isolated and analyzed by RT—PCR for the Myosin V gene expression pattern. Ctr, untreated SMA carrier
fibroblasts 3814; ACLA, untreated (—) or aclarubicin (0.1-10 nM)-treated SMA I fibroblasts 3061; DMSO, 3061 cells treated with 0.1% DMSO. f.1., full length.

interact with the nuclear enzyme type II DNA topoisomerase
(47). This enzyme, besides its recognized activity in DNA
metabolism, has been shown to play a critical role in motor
neuron development as mice lacking the murine DNA topoi-
somerase type IIB express a defect in motor neuron axon
growth and die shortly after birth (48). Experiments using
drugs known to inhibit topoisomerase II or to mimic other
identified actions of aclarubicin along with in vitro splicing
assays will be required to dissect the mechanism of aclarubicin
activity. Our data indicate that treatment of cells with aclarubicin
does not alter the splicing of all genes as the Myosin V gene
showed no modification in the spliced transcripts produced.
SR-rich proteins play an important role in constitutive and
alternative pre-mRNA splicing. The activity and the cellular
localization of these proteins are regulated by phosphorylation
(49). Immunofluorescence experiments show that aclarubicin
treatment induces a redistribution of SR proteins (C.Andreassi
and A.H.M.Burghes, unpublished data) suggesting a modifica-
tion in the status of these proteins. Analysis of the splicing
pattern of a larger number of genes, in particular those
containing a SR protein recognition sequence similar to that of
SMN2, is required to determine the specificity of aclarubicin
action. This underscores the importance of understanding
which SR proteins bind to the splice enhancer in SMN exon 7.
Aclarubicin is also active in a B-lactamase reporter gene assay
designed to detect increased exon 7 incorporation into the tran-
scripts from a SMN2 minigene construct. The results using the
motor neuron cell line NSC34 indicate that aclarubicin activity
is conserved across species and in different cell types. This cell
line and assay system is amenable to high throughput screens
for the identification of additional compounds able to increase
the production of full-length SMN from SMN?2.

Although aclarubicin does restore SMN levels in cells from
type 1 patients, it is most commonly used as a chemo-
therapeutic agent for treating cancer. Thus, its side effects and
known toxicity make it unsuitable for consideration in the treat-
ment of young SMA patients (50). Very recently, Chang et al.
(51) reported that sodium butyrate treatment of SMA lymphoid

cell lines alters the splicing pattern of the SMN2 gene. Using
the same semi-quantitative assay described here, we observed
that a 24 h treatment of SMA I fibroblast cell line 3061 with
500 ng/ml sodium butyrate induces a 2.3-fold increase in full-
length/Aexon 7 SMN ratio (data not shown) compared to 1.8-
fold with 10 nM aclarubicin. In addition, sodium butyrate
elevated expression levels of both the internal control HPRT
and SMN. This effect is probably due to sodium butyrate’s
known activity as a histone deacetylase inhibitor and thus to
non-specific transcriptional activation. In our hands aclaru-
bicin does not activate SMN or HPRT gene expression. Sodium
butyrate treatment was also tested in a mouse model of SMA
(51) but it remains unclear whether sufficient levels of the drug
were reached in vivo to alter the splicing pattern of the gene in
all tissues. Moreover, treatment of pregnant animals still
resulted in a large number of SMA offspring. Thus, there is the
need for identification of a panel of compounds whose efficacy
in vivo has to be tested in animal models of SMA. The identifi-
cation of highly active compounds can be achieved by the high
throughput screens outlined in this report.

Our data demonstrate that alteration of splicing patterns can
represent a novel target for altering gene expression. As
compounds like aclarubicin that increase exon incorporation
can be identified, it is presumed that compounds that decrease
the incorporation of an exon (exon skipping) into transcripts
can be also found. Alteration of gene expression pattern is a
common phenomenon associated with cancer (52) or the result
of mutations in genetic disease (53). For example, nonsense
mutations in exon 18 of the breast cancer susceptibility gene
BRCAI cause skipping of this exon with subsequent disruption
of the first BRCAI protein domain (54). Some missense and
silent mutations also result in exon skipping, for instance, the
silent mutations in Tau which cause frontotemporal dementia
(55). Therefore, an understanding of how drug compounds can
alter the splicing of SMN2 will not only be useful for the
development of treatments for SMA but may also give insight
into the development of therapies for other disorders. In
muscular dystrophy, for instance, compounds that enhance
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Figure 4. Aclarubicin treatment of NSC34 containing a SMN2 minigene reporter. The cell line 5.3 was derived from the motor neuron cell line NSC34 by trans-
fection with a SMN2 mingene reporter. In these cells, when exon 7 is incorporated into the SMN2 minigene transcript the B-lactamase is produced. (A and B) The
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performed using primers that specifically amplified the minigene products. (A) A representative RT-PCR result is shown. (B) RT-PCR from the same samples was
performed without the control HPRT primers. ACLA, untreated (0 nM) or aclarubicin (1-10 nM)-treated 5.3 cells; DMSO, 5.3 cells treated with DMSO; Ctr,
NSC34 parental cells. (C) The ratio of full-length to Aexon 7 SMN in 5.3-treated cells was determined by densitometric scanning. All readings are the result of at
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emission values at 460 nM (blue) and 530 nM (green), where a higher ratio represents increased B-lactamase activity. (E) Fluorescence microscopy analysis of
DMSO-treated 5.3 cells. (F) Fluroscence microscopy analysis of 5.3 cells treated for 5 days with 10 nM aclarubicin. Note the shift from green cells in (E) to blue

cells in (F) indicating increased amounts of B-lactamase in treated cells.

skipping of exons in the Dystrophin gene could be useful to
restore reading frame to the dystrophin mRNA and allow
production of more dystrophin (56). Conversely, compounds
that induce exon incorporation could, for instance, be used to
stimulate the apoptosis-related Caspase 2 gene to produce full-
length Ich-1L, instead of its inactive splice variant Ich-1S, in
order to sensitize cancer cells to chemotherapeutic agents (57).

MATERIALS AND METHODS

Cell culture and treatment

Human SMA type I fibroblasts 3813 (12), SV-40 transformed
SMA I fibroblasts 3061 and SMA carrier fibroblasts 3814 (12)
were grown in DMEM medium containing 10% (v/v) fetal calf
serum, 2 mM glutamine and antibiotics. The mouse motor
neuron cell line NSC34 (38) was cultured in DMEM
containing 5% (v/v) fetal bovine serum, 2 mM glutamine and
antibiotics. In all instances the cells were plated the day

preceding treatment with drug compound(s) and harvested
prior to reaching confluency. The fibroblast cell line 3061 was
seeded at 4000 cells/cm? and the NSC34 clone 5.3 at 6000
cells/cm?. The compounds were obtained from Microsource
Discovery Systems (www.msdiscovery.com) as part of the
Genesis Plus collection. The drugs were dissolved in DMSO in
microtiter plates and used at a 1/1000 dilution (the complete
list of tested compounds is available upon request). In
prolonged treatment experiments the medium was changed
daily and fresh compound was added. For subsequent tests
aclarubicin was obtained from either Sigma (90% pure) or
Affinity (95% pure).

Constructs and transfections

SV40 viral DNA (Gibco BRL) was digested with BamHI and
subcloned into the pcDNAj; vector (41). The resulting clone
was digested with Xbal and purified DNA was used to
transfect 5 x 10* 3813 cells using the Effectene reagent (Gibco
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Figure 5. SMN protein expression in aclarubicin-treated SMA 1 fibroblasts.
3813 cells were grown for 5 days in the presence (A) or absence (B) of 10 nM
aclarubicin and then stained for SMN. Anti-SMN-specific antibody MANSMA?2
was used to detect SMN protein. The cell nucleus is counterstained by the
nuclear dye DAPIL. Treated cells show 27-34% of gem positive nuclei
compared to 8-10% gem positive nuclei in untreated cells. Magnification
1000x%. (C) 3813 cells were grown for 5 days in the absence or presence of 1 or
10 nM aclarubicin. As controls, carrier fibroblasts 3814- and 0.1% DMSO-treated
cells are included. Total protein was solubilized and run on a 12% polyacrylamide
gel and transferred to a filter. The filter was probed with anti-SMN antibody
MANSMAZ? to reveal a 38 kDa band corresponding to SMN. The same blot
after stripping off the antibody was reprobed with anti-B-tubulin antibody
(50 kDa) to control for protein amounts in individual lanes. As indicated by
the western blot results, total SMN levels increase, thus, cytoplasmic SMN
staining is also enhanced in aclarubicin-treated cells.

BRL). Stable clones were selected using G418 at 500 pg/ml for
8-10 days. Cloned colonies were screened by PCR for the
presence of SV40 and growth of the colonies monitored. For
the work described here clone 3061 was selected.

The minigene containing SMN2 exon 6—8 genomic sequence
has been described previously (14). It was used as a template to
generate a P-lactamase reporter construct using the same
strategy described elsewhere (39). The primers for B-lactamase
amplification were Ex8-lac (GAAATGCTGGCATAGAG-
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CAGCTGGACCCAGAAACGCTGGTGAAAG) and lac-stop
(TAGCGGCCGCTAGATTACCAATGCTTAATC). A7.2kb
fragment containing the minigene B-lactamase fused sequence
was released using Xhol and Norl, the sites end filled, and the
fragment subcloned into a blunt ended Kpnl site of
PSMN2Script (pCMVScript with the CMV promoter replaced
by the 3.4 kb SMN2 promoter) (58). The SMN2 exon 6
sequence was modified to include an in-frame ATG and a
Kozak sequence (CCCATATGT altered to ACCATGTGG).
The minigene plasmid was amplified using the 5 CAC-
ACACACACTGGAGTTC primer and the 3 ATCAAGAGA-
ATCTGGCCACATGGTAGGTGGTGGGGGAAT primer. The
0.5 kb product together with a 3" primer GCCTATCTCAAC-
CACGTGGC was used to amplify the minigene plasmids so as
to obtain a 3.8 kb product containing the modified sequence.
The PCR product was first cloned into a TOPO TA vector
(Invitrogen), the insert released with Apal and BbrP1 and sub-
cloned into pSMN2Script. The modified sequence was verified
by sequencing. 5 x 105 NSC34 cells were transfected with
modified SMN2 minigene plasmid using Lipofectamine rea-
gent (Gibco BRL). Stable clones were selected with 500 pg/ml
G418 for 12 days. To isolate single cell colonies, the SMN2
minigene selected cells were loaded with a fluorescent sub-
strate of P-lactamase, CCF2/AM (Aurora Biosciences) and
FACS sorted as described by Zlokarnik et al. (59). Clonal cell
lines expressing low basal levels of B-lactamase were
expanded for 3 weeks. Clone 5.3 was selected for the experi-
ments described here. B-Lactamase activity was assessed by
the emission shift of CCF2/AM as described previously (59).

Semi-quantitative RT-PCR analysis of SMN transcripts

Total RNA was isolated from untreated or treated fibroblast
cells using the TRizol reagent (Gibco BRL) and first-strand
cDNA synthesis made as described previously (9). To amplify
the endogenous SMN transcripts, a multiplex RT-PCR was
performed using primers and conditions described previously
(9). This reaction yields four possible SMN RT-PCR products
(full-length SMN transcript and isoforms lacking exon 5
and/or 7) and one HPRT RT-PCR product as a loading control
for the amounts of mRNA. To amplify transcripts from the
SMN2 minigene B-lactamase construct, a multiplex RT-PCR
was performed using the following primers SMN6 forward
(CACCTACCATGTGGCCAGATTC) and the SMNSlact
reverse (TTCACCCGAGTTTCTGGGGTCCAGC) using
conditions described previously (9), giving two possible PCR
products (+SMN exon 7 and —SMN exon 7). The transcript
from the mouse HPRT gene was coamplified using the
mHPRT forward (GGTTAAGGTTGCAAGCTTCGTGG) and
the mHPRT reverse (GGCAACATCAAGCTTGCTGG)
primers. This allows control for equal amounts of template.
The resulting PCR products were electrophoresed on a 6%
denaturing polyacrylamide gel and the dried gel either exposed
to Hyperfilm (Amersham) for different times or to a Storm
Imager cassette. Analysis was performed either using the
Storm Imager Software (Amersham) or by densitometry of the
bands on a Shimadzu CS-9000 densitometer. The amounts of
the SMN isoforms and the HPRT transcripts were determined
for all samples (5,9). Statistical analysis of the data was
performed using one-way ANOVA and a P-value of at least
0.05 was considered significant. The human Myosin V gene
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transcripts were analyzed using primers and conditions
described previously (37) except that primers were end labeled
and the PCR products run on a denaturing gel, as described
above.

Immunocytochemistry

Immunofluorescence staining of fibroblast cells was
performed as described previously (12,41). The MANSMA2
anti-SMN monoclonal antibody (19) diluted 1:100 was used to
detect gems as described previously (12,41). Anti-SMN anti-
body binding was visualized using a biotin-conjugated anti-
mouse secondary antibody and subsequently Cy3-conjugated
streptavidin. Cell staining was visualized using a Nikon micro-
scope equipped with a dual band pass DAPI/FITC filter and
images were captured with a Magnafire digital camera
(Optronics).

Western blot analysis

Preparation of the sample, electrophoresis and protein blotting
were performed as described previously (12). The MANSMA?2
anti-SMN monoclonal antibody diluted 1:1000 was used to
detect SMN and the ECL system (Amersham) used for detec-
tion. Filters were stripped and reprobed with an anti-f-tubulin
antibody (Sigma) to control for loading.
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