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Spinal muscular atrophy (SMA) is a motor neuron disease caused by the loss of survival motor neuron-1
(SMN1). A nearly identical copy gene, SMN2, is present in all SMA patients, which produces low levels of
functional protein. Although the SMN2 coding sequence has the potential to produce normal, full-length
SMN, �90% of SMN2-derived transcripts are alternatively spliced and encode a truncated protein lacking
the final coding exon (exon 7). SMN2, however, is an excellent therapeutic target. Previously, we developed
bifunctional RNAs that bound SMN exon 7 and modulated SMN2 splicing. To optimize the efficiency of the
bifunctional RNAs, a different antisense target was required. To this end, we genetically verified the identity
of a putative intronic repressor and developed bifunctional RNAs that target this sequence. Consequently,
there is a 2-fold mechanism of SMN induction: inhibition of the intronic repressor and recruitment of SR pro-
teins via the SR recruitment sequence of the bifunctional RNA. The bifunctional RNAs effectively increased
SMN in human primary SMA fibroblasts. Lead candidates were synthesized as 20-O-methyl RNAs and were
directly injected in the central nervous system of SMA mice. Single-RNA injections were able to illicit a
robust induction of SMN protein in the brain and throughout the spinal column of neonatal SMA mice. In a
severe model of SMA, mean life span was extended following the delivery of bifunctional RNAs. This technol-
ogy has direct implications for the development of an SMA therapy, but also lends itself to a multitude of dis-
eases caused by aberrant pre-mRNA splicing.

INTRODUCTION

Spinal muscular atrophy (SMA) is the second most common
autosomal recessive disorder with an incidence of 1 in 6000
(1) and a carrier frequency of one in 35 (2). SMA is caused
by the loss of motor neurons and the subsequent atrophy of
voluntary muscle groups. Mutations in the gene SMN1 have
been linked to SMA development. SMN is ubiquitously
expressed in all tissues and is a critical factor in a variety of
RNA pathways. The best characterized role for SMN involves
its role in the UsnRNP maturation pathway (3).

In humans, there is a copy gene called SMN2 that primarily
produces an alternatively spliced isoform and low levels of
full-length protein. The alternative splicing event is due to a
silent C to T nucleotide transition 6 nucleotides within exon
7 (4), altering an important SF2/ASF enhancer sequence

within this region (5). Though SMN1 and SMN2 encode iden-
tical proteins, the silent nucleotide transition initiates an
alternative splicing event, which is the default splice variant
for SMN2, resulting in a dysfunctional and unstable protein
(6). Therefore in the case of SMA, patients have a loss of
the SMN1 gene with an increased reliance on the lower
levels of full length from SMN2.

SF2/ASF, a serine–arginine (SR)-rich protein, has been
shown to interact with an enhancer that overlaps the critical
C/T transition in SMN exon 7 and the protein is unable to
bind the region in the SMN2 context (5). The C/T transition
not only disrupts the SF2/ASF enhancer, but also it creates a
novel hnRNPA1-dependent splicing silencer (7). Other SR
or SR-like proteins such as hTra2b1, SRp30c, RBMY and
hnRNP-G have all been shown to associate either directly or
indirectly with SMN exon 7 (8–10). There are also several

�To whom correspondence should be addressed at: Department of Veterinary Pathobiology, Bond Life Sciences Center, Room 471G, 1201 Rollins
Road, University of Missouri, Columbia, MO 65211-7310, USA. Tel: þ1 5738842219; Fax: þ1 5738849395; Email: lorsonc@missouri.edu

# The Author 2009. Published by Oxford University Press. All rights reserved.
For Permissions, please email: journals.permissions@oxfordjournals.org

Human Molecular Genetics, 2009, Vol. 18, No. 9 1600–1611
doi:10.1093/hmg/ddp076
Advance Access published on February 19, 2009



cis-acting negative regulatory regions that have been identified
that surround SMN exon 7, including a putative negative
element upstream of exon 7 called Element 1 (E1), and
several additional negative elements including the Extended
Inhibitory Context (11–15).

Since all SMA patients retain SMN2, and this gene has the
capacity to encode a full-length protein compared with SMN1,
the SMN2 gene is an attractive target for potential therapies. A
variety of compounds have been used to increase SMN protein
levels by modulating SMN2 gene transcription, splicing or
protein stability (16–21). In addition, there have been many
antisense technologies used to specifically increase SMN
protein expression from the SMN2 transcript (11,22–28).
These strategies maintain endogenous SMN regulation since
the various molecular agents target the native SMN2 tran-
scripts. Recent antisense targets have been identified flanking
SMN2 exon 7 (11,26), which add to the number of regulating
signals that work in unison, resulting in the overall splice
decision. One negative regulator was identified 10 nucleotides
downstream of exon 7, called ISSN1 (26), whereas another
was found to be upstream of exon 7 between nucleotides
267- and 2112 designated E1 (11).

Several nucleic acid-based SMA therapeutics have been
developed in recent years, which are designed to promote
exon 7 inclusion, and thus increase SMN protein (22,23). Oli-
gonucleotide strategies have been described that functionally
inhibit the exon 8 splice acceptor site, thereby increasing util-
ization of the upstream exon 7 splice acceptor site (25,29).
Novel peptide-nucleic acids that comprise an exon 7 antisense
domain and a synthetic splicing-activation domain peptide
were shown to increase SMN2 exon 7 inclusion (24).
Similar methods utilizing bifunctional RNAs have also been
shown to increase full-length SMN transcripts as well as
SMN protein levels and to derive their name from the pre-
sence of two domains: an antisense RNA sequence specific
to the target RNA and an untethered RNA segment that
serves as a binding platform for splicing factors (30–32).
Negatively acting bifunctional RNAs that recruit negatively
acting proteins to an intron/exon boundary successfully redir-
ected pre-mRNA splice site decisions (33,34). In this report,
we identify a class of bifunctional RNAs that were designed
to elevate SMN levels through two modes of action: recruit-
ment of splicing factors; and inhibition of negatively regulat-
ing sequences through the antisense component of the
bifunctional RNAs. To this end, we genetically verified the
identity of a putative intronic repressor and developed bifunc-
tional RNAs that target an inhibitory sequence upstream of
exon 7, called E1. Two RNA-binding factors were identified
that formed a complex on the E1 region, PTB and FUSEBP.
These factors have been shown to be negative regulators in
other genetic systems (35–39), further linking the E1 region
as a negative regulator of SMN2 exon 7. Bifunctional RNAs
were initially characterized in cell culture, and lead candidates
were identified that were administered into animal models of
SMA. Single-RNA injections were able to illicit a robust
induction of SMN protein in the brain and throughout the
spinal column of neonatal SMA mice. In a severe model of
SMA, mean lifespan was extended following the delivery of
bifunctional RNAs. This technology has direct implications
for the development of an SMA therapy, but also lends

itself to a multitude of diseases caused by aberrant pre-
mRNA splicing.

RESULTS

Deletion of E1 increases full-length expression from SMN2

The previously described bifunctional RNAs contained an
antisense sequence that would anneal to a critical regulatory
region within exon 7 (31). As a means to enhance the effec-
tiveness of a new class of bifunctional RNAs, we hypothesized
that targeting an intronic regulatory element that inhibited the
inclusion of SMN2 exon 7 with the antisense component of a
bifunctional RNA would result in enhanced full-length
expression. The two mechanisms of action that could lead
to enhanced full-length expression are the inhibition of the
repressor via the antisense component, and increasing
the local concentration of positively acting SR protein via
the SR-binding motifs. A previous report identified a potential
negative regulatory element 67 nucleotides 50 of SMN exon 7,
referred to as E1 (11). E1 was characterized only in a heter-
ologous exon-trapping vector system; therefore, we first
sought to confirm the activity of this region in a more native
genetic context. A small deletion comprised of the E1 region
was engineered into an otherwise wildtype genomic SMN2
minigene, and RNA expression patterns were analyzed by
RT–PCR. Deletion of the E1 regulatory region dramatically
altered SMN2 splicing such that the majority of
SMN2-derived transcripts were full length compared with
the normally low levels of full-length transcript (Fig. 1A).
Quantitation of RT–PCR confirmed an �2-fold increase
of exon 7 inclusion when E1 was deleted (Fig. 1B, t-test
P . 0.009).

PTB and FUSE-BP interact with E1

To extend the genetic analysis and identify potential regulat-
ory proteins that mediate the repressive activity of E1, RNA
affinity chromatography was performed with a biotinylated
synthetic RNA consisting of the entire E1 region. E1 RNA
or a similarly sized control RNA was incubated in vitro with
splicing-competent HeLa nuclear extract, bound fractions
were washed extensively and RNA-associated factors were
resolved on a denaturing gel (Fig. 2A). Two bands were
specifically enriched in the E1 reactions compared with
control reactions that used a similarly sized control RNA
(Fig. 2A). The two specific bands were excised and analyzed
by MALDI-TOF. Two previously described RNA-binding
proteins were identified: PTB and FUSEBP (Fig. 2A). As a
confirmatory measure for this complex, an additional RNA
affinity chromatography was performed and the gel was
probed with an anti-PTB antibody, confirming the MALDI-
TOF results (Fig. 2B). These results are consistent with E1
functioning as a negative regulator, as PTB has been shown
to function as a potent repressor of splicing in a variety of cel-
lular contexts (35,40). Additionally, FUSE-BP has been impli-
cated in the regulation of mRNA expression including
GAP-43 (38), c-myc and TF-IIH (41–43). Collectively,
these results provide genetic and biochemical evidence that
E1 is a bona fide negative regulator of SMN2 exon 7 inclusion.
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This evidence validates the strategy of targeting E1 with
bifunctional RNAs as a means to further enhance SMN2
exon 7 inclusion.

Development of E1-targeted bifunctional RNAs

To identify an optimal antisense region that would effectively
block E1 activity, a series of overlapping antisense RNAs
ranging from 19–24 nucleotides in length were generated that
sequentially progressed through the entire E1 sequence.
However, none of the sequential antisense RNAs effectively
inhibited E1 activity extensively (data not shown). An
additional antisense RNA was designed that consisted of two
non-sequential target sequences that effectively flank the
entirety of the E1 region (Fig. 3). This strategy is similar to
RNAs that were developed to functionally inhibit splice site rec-
ognition and to promote exon skipping in the dystrophin gene
(44). Unlike the initial E1 antisense RNAs, the non-sequential
antisense RNA effectively stimulated SMN protein levels
(data not shown). On the basis of this antisense sequence, two

bifunctional RNAs were generated that contained binding plat-
forms for SF2/ASF or hTra2b. These are well-described spli-
cing factors that promote SMN2 exon 7 inclusion (5,8) and
functioned efficiently in the first generation of bifunctional
RNAs. Additionally, a U7 stem-loop was included within the
bifunctional RNA sequences since it has been shown that anti-
sense effects can be increased by including a U7 snRNA-
derived stem loop (25,44–46). The bifunctional RNA
sequences were cloned into the pMU2 vector under the
expression control of a U6 or CMV promoter (31). A separate
CMV-driven green fluorescent protein (GFP) is present on the
vector and allows the detection of transfected cells.

Plasmid-derived E1 bifunctional RNAs increase SMN
levels in patient fibroblasts

In a first step towards the development of E1-targeted bifunc-
tional RNAs, we transfected primary SMA type 1 patient
fibroblasts, 3813 cells, with our pMU2-based plasmids expres-
sing the various E1 RNAs. These cells are a valuable model
for assessing bifunctional RNA activity since they lack
SMN1 and consequently express very low levels of SMN
and contain very few nuclear gems (47). Plasmids were trans-
fected into the 3813 patient fibroblasts and cells visualized
48 h later by indirect immunofluorescence. Plasmid entry
was identified by CMV-driven GFP expression and represen-
tative pictures are shown (Fig. 4A). Bifunctional RNAs were
expressed under the control of the U6 promoter or the CMV
promoter (as indicated). In addition to the bifunctional
RNAs, control RNAs were also generated, including a simi-
larly sized irrelevant RNA expressed from CMV-pMU2-U7
and an antisense RNA that targeted a region approximately
600 nucleotides upstream relative to exon 7. As expected,
neither of these control RNAs increased SMN levels.

Expression of the E1-bifunctional RNAs or the E1 antisense
RNA consistently increased SMN staining in the cytoplasm
and in nuclear gems (Fig. 4A). Consistent with these obser-
vations, analysis of 100 transfected cells, as determined by
GFP expression, demonstrated that gem numbers were signifi-
cantly increased in cells treated with the bifunctional RNA
vectors (Fig. 4B). Control RNAs did not increase the
SMN-positive gem numbers above the background of non-
transfected cells. However, the antisense-alone RNA did
increase the gem number to about 70 nuclear gems in 100
cells (Fig. 4B [all E1-specific RNAs were statistically higher
than controls; one-way ANOVA P , 0.0001)]. The E1 bifunc-
tional RNAs increased gem numbers higher than the gem
numbers produced from the E1 antisense alone (Fig. 4B);
the average of all bifunctional RNAs are �30% higher than
antisense alone (one-way ANOVA of U6-driven bifunctional
RNAs and antisense RNA P ¼ 0.0005, Fig. 4B). This suggests
a potential dual mode of action from the E1 bifunctional
RNAs: blocking a negative regulatory element in cis (E1)
and recruiting positive regulatory factors, SR proteins. Inter-
estingly, the RNAs expressed by a U6 promoter were �15–
30% higher than the CMV-driven counterparts (Fig. 4B).
These results were also tabulated as ‘gems per nucleus’ to
demonstrate that a small population of cells did not have an
aberrantly high number of gems, thus skewing the results.
From these results, the majority of transfected cells expressing

Figure 1. E1 is a negative regulator of SMN 2 exon 7 inclusion. (A) RT–PCR
of SMN minigenes (1 mg) transfected into HeLa cells, and total RNA was iso-
lated after 24 h of transfection. Bands of exon 7 and D7 are shown by the use
of previously published SMN minigene-specific primers. (B) Quantification of
RT–PCR performed in triplicate on transfected cells utilizing a Cy3 fluor-
escent primer pair specific to SMN minigene; independent experiments
repeated three times. This quantification shows an �2-fold increase of splicing
to exon 7 when E1 is deleted. P-value � 0.009.
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the E1 RNAs contained one or two gems per nucleus, consist-
ent with the numbers observed with carrier fibroblasts, 3814
cells (Fig. 4C).

20-O-methyl-modified bifunctional RNAs increase SMN
protein levels in primary patient fibroblasts

As it is not currently practical to deliver plasmid-derived
bifunctional RNAs as an SMA therapeutic, the previous
qualitative analysis of bifunctional RNAs served as a
proof-of-concept screen to determine whether E1 bifunctional
RNAs could increase SMN levels. 20-O-methyl RNAs are a
more tractable therapeutic candidate and were therefore
selected as the chemistry to analyze in the subsequent gener-
ation of bifunctional RNAs. The addition of the 20-O-methyl
chemistry stabilizes the RNA and allows for sustained activity
in vivo. Manufactured RNA/DNA homologues have been used
extensively in other disease models with encouraging results
(22,23,48–50). To initially verify that the 20-O-methyl
RNAs exhibited similar activities compared with the plasmid-
derived RNAs, 20-O-methyl bifunctional RNAs were trans-
fected into 3813 cells, and SMN protein was visualized by
indirect immunofluorescence after 48 h. Following transfec-
tion of the bifunctional RNAs or E1 antisense RNA, SMN
protein levels increased in the cytoplasm, and gems were
more readily detectable (Fig. 5A). Gem counts were per-
formed on cell populations transfected with the various
RNAs; however, in these experiments, it was not possible to
identify the transfected cells since the RNA molecules were
not tagged with a fluorescent moiety. Therefore, a larger
number of cells were examined in each transfected population.
Five hundred cells were counted in at least three separate
experiments and the tabulated results demonstrate that E1
and the E1 bifunctional RNAs significantly increased
SMN-containing gems (Fig. 5B, one-way ANOVA P ,
0.0001) and that the majority of gem-positive cells contained
one to two gems (Fig. 5C). In addition, the bifunctional
RNAs increased gems numbers above E1 antisense alone
(Fig. 5B, one-way ANOVA P ¼ 0.015). The negative
control RNA, D2-Selx, did not induce SMN protein
(Fig. 5A). Consistent with these results, the analysis of
steady-state levels of SMN protein by western blot in extracts
from transfected 3813 cells demonstrates that the 20-O-methyl
bifunctional RNAs elevate total SMN protein levels above
untransfected and control-transfected levels (Fig. 6). These
data identify RNAs that are capable of elevating SMN levels
in a variety of cell-based assays and suggest that these mol-
ecules may be capable of increasing SMN levels in the more
complex environment of the SMA mouse model.

CNS delivery of 20-O-methyl RNA into SMA mice
increases SMN protein levels

The subsequent experiments utilize a well-described animal
model of SMA (51). These animals lack endogenous murine
Smn, but express transgenes for human SMN2 and an
SMND7 cDNA (Smn2/2; SMN2þ/þ; SMND7þ/þ). To
deliver the RNAs to the central nervous system (CNS), we
performed intra-cerebral ventricular (ICV) injections on

Figure 2. Identification of PTB and FUSE-BP proteins bound to E1. (A) RNA
affinity chromatography with subsequent Coommassie blue stain identified at
least two specific proteins interacting with E1 but not with control RNA. The
indicated bands were excised from the gel, and MALDI-TOF identified PTB
and FUSE-BP as the two unique bands. (B) Confirmation of PTB interaction
with E1. RNA-protein affinity chromatography was performed, and the
western blot was developed using an anti-PTB-specific antibody. PTB specifi-
cally interacts with E1 RNA and not with the negative control RNA.
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2-day-old SMA mice with the 20-O-methyl RNAs (30,52).
Twenty-four hours after ICV delivery of the RNAs, tissues
were collected and SMN protein levels were analyzed
(Fig. 7A). The delivery of either modified bifunctional RNA
increased SMN protein levels in the brain (Fig. 7A). Addition-
ally, this delivery procedure also likely allowed for the trans-
portation of the RNAs throughout the spinal column as
evidenced by the increase in total SMN levels in extracts gen-
erated from the cervical, thoracic and lumbar segments of
treated mice (Fig. 7A). The analysis of 33 injected animals
demonstrated that tissue extracts from 8 out of 13 (Tra2-E1)
or 5 out of 10 (SF2-E1) treated animals exhibited a 2-fold or
greater increase in SMN protein levels (throughout the CNS,
data not shown). Localized delivery and the delivery pro-
cedure did not contribute to the SMN induction as evidenced
by the low levels of SMN in control RNA-treated animals
(Fig. 7B).

To examine the sustainability of the SMN increase from a
single injection, similar single-ICV injections were per-
formed on PND 2 SMA mice; however, tissues were col-
lected 5 days post-injection. The subsequent SMN protein
levels were detected by western blot (Fig. 7C). Although
not as reproducible, in all animals, we observed an SMN
increase in tissue from one out of three animals injected
with the Tra2-E1 RNA such that levels were comparable to
the unaffected heterozygote animal (Fig. 7C). A lower
percentage of animals examined at the 5 day time point
exhibited a 2-fold or greater increase in SMN levels;
however, two out of nine animals did exhibit a 2-fold
increase (data not shown). Similar to the previous injections,
bifunctional activity is detected distal from the injection site
as evidenced by the increase in SMN levels in various spinal
cord sections, including the lumbar section (Fig. 7C). These
results suggest that modified RNAs can have a sustained
effect on the SMN protein levels. Furthermore, we have
shown an increase in the SMN protein in the tissue that is
affected by SMA and this increase can be sustained for a
period of time.

CNS delivery of 20-O-methyl bifunctional RNA increases
weight gain in a more severe model of SMA mice

To examine the potential for physiological changes in the
SMA mice, we used a more severe mouse model for two
reasons: (i) the severe mouse model experimental duration is
much shorter than the D7 mice and the ability to deliver via
repeated ICV injection is limited; (ii) the severity of the
model could potentially be a benefit because a small change
would be measurable rather than in a less severe model. The
severe mouse model SMN2þ/þSmn2/2 (53) has an average
lifespan of ,5 days with a very severe form of SMA that phe-
notypically coincides with the human form. These mice
usually do not gain weight significantly after birth and pro-
gressively lose weight until death. To examine a potential
change in phenotype of these mice, two ICV injections were
administered on PND 2 and 4 with 6 mg of RNA of either
Tra2-E1 or the negative control ‘Selex’. After the first injec-
tion, mice were weighed daily and data compiled (Fig. 8A).
Although randomly assigned to each test group, Tra2-E1
mice were lighter at birth than the negative control group,
however reached a higher average peak weight on PND 5
than animals in the negative control injection or non-injected
groups (Fig. 8A). A Kaplan–Meier curve shows an increased
lifespan for the mice ICV-injected with Tra2-E1 (Fig. 8B,
Mantel–Cox P ¼ 0.03). Increased weight gain becomes
clear when graphing the percent weight gain from PND 2
until peak weight. Mice injected with Tra2-E1 show a
significant increase in weight gained from PND 2 to peak
weight than either non-injected or ‘Selex’ RNA-injected
mice (Fig. 8C, one-way ANOVA P ¼ 0.0006, and t-test
Tra2-E1: Selex act P � 0.0001). These data are in agreement
with western blot data in the D7 mouse model, where the
‘Selex’ RNA treatment did not increase SMN protein levels.
This suggests that the action of both Tra2-E1 and the negative
control is similar in both mouse models and that bifunctional
RNAs can not only elevate SMN levels in the CNS, but can
also lessen the severity of the SMA phenotype in SMA mice.

Figure 3. Schematic of E1-specific bifunctional RNAs. The organization of the bifunctional RNA is illustrated with the split antisense domain targeting the
sequences flanking E1, with the non-specific linker sequence and three tandem repeats of high-affinity exonic splice enhancer sequences for either hTra2b1
or SF2/ASF. In addition, the schematic indicates the orientation of the U7-sm-opt sequence found on the plasmid-derived bifunctional RNAs.
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DISCUSSION

In this study, we verified the negative activity of E1 in a more
natural context than previously published. In addition, we
identified two new proteins as the possible candidates to
explain why E1 has a negative effect on SMN2 exon 7 spli-
cing, PTB and FUSE-BP. We used these data as a rational
for a new antisense technology directed to disrupt E1. We
showed that these RNAs can increase gems, a nuclear hall-
mark of natural SMN protein distribution, both by plasmid
and 20-O-methyl RNA transfections. Furthermore, upon ICV
injection of the 20-O-methyl bifunctional RNAs into SMA
mice, we observed an increase of the SMN protein to levels
similar to the heterozygous mice throughout the entire
length of the spinal cord, and have the possibility to sustain
this effect as long as 5 days after injection with the
Tra2-E1 RNA.

The proteins FUSEBP and PTB identified to bind to E1
RNA have been implicated in de-regulating other transcripts.
PTB has been identified as a repressor of splicing for
a-tropomyosin (54), c-src (37) and FGFr-2 (36), among
others. Additionally, FUSEBP has been identified to inhibit
TF-IIH (42), and plays a role in c-myc expression (41,55).
This supports the data shown here that both FUSEBP and
PTB police RNA expression with implication for both being
negative regulators.

The use of antisense RNAs in potential therapies is expand-
ing to include many different diseases including Duchenne
muscular dystrophy (22,23,25,56–60), and amyotrophic
lateral sclerosis and many others (50). These types of
translational approaches are moving towards clinical trials
and are examples of future directions for other genetic diseases
such as SMA (61). In the SMA field, antisense RNAs
(22,23,25) and negative bifunctional RNAs (30) can increase

Figure 4. Increase in SMN protein in the presence of plasmid expressed bifunctional RNAs. (A) SMA type 1 fibroblasts (3813 cells) were transiently transfected
with 1 mg of plasmid DNA producing the indicated RNAs. Cells were incubated for 48 h and an immunoflourescence was performed. Unless indicated as the
CMV promoter, the U6 promoter is driving RNA expression. Transfected cells are identified by GFP expression. Pictures are of representative cells found for
each sample. (B) 3813 cells transfected with plasmids were randomly selected and gem numbers compiled. A total of 100 GFP-positive cells were observed and
SMN-positive foci in the nucleus were counted (n ¼ 3 and error bars are +STD). (C) Gem data compiled and now expressed as the number of SMN-positive
gems per nucleus (n ¼ 3).
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SMN protein levels. The later increased SMN protein levels in
the brain of SMA mice via ICV injection. In regard to the loop
out mechanism we are purposing, we use that statement to
describe a general imposition of structural constraints found
around the region the antisense is targeting.

ICV delivery has previously been described in a variety of
genetic contexts, and this strategy has been used successfully
to deliver several viral-based gene vectors (62–64). Addition-
ally, negatively acting bifunctional RNAs have been used in
the SMA mouse model and were shown to increase SMN
24 h post-injection in brain extracts (30). This delivery para-
digm represents an intriguing possibility for direct delivery
to the CNS for therapeutic oligonucleotides, small molecules
and viral vectors. As a means to determine the functionality
of SMN-inducing compounds in a relevant in vivo context,
ICV delivery provides an excellent platform. The severe
mouse model data suggest that ICV delivery of bifunctional
RNAs can increase the weight gained from birth to peak in
a severe model of SMA and suggest a trend towards increasing
the lifespan of these mice. The mouse data are in accord with
the D7 western blot data, where the Selex act RNA did not
have an effect on the SMN protein levels in the brain; in the
severe mouse model, it did not increase weight gain or life-
span. However, it is clear that additional experimentation
will be needed to determine whether the physiology of neo-
natal SMA animals is a tractable model that can be used to
predict the potential benefit of various therapeutic strategies.

One outstanding question in the SMA field relates to the
temporal requirement of SMN, and when a therapeutic
should be administered for maximal effect. Another challenge
facing SMA therapy is the necessity for the therapy to cross
the blood–brain barrier. Other studies have utilized antisense
RNA therapies directly delivered to ventricles in order to over-
come this challenge (65). It is also possible to express these
small RNAs utilizing recombinant adeno-associated virus
(rAAV). This virus is an ideal candidate for gene therapy, as
it is replication-deficient and certain AAV serotypes have
been shown to have high tropism for both muscles and
neurons and can utilize retrograde transport to travel from
muscle to neurons in vivo. Previous studies have successfully
utilized the retrograde transport ability of a pseudotyped
lentivirus to deliver SMN cDNA (66). Although these data
have direct implications for SMA, this type of technology
has the potential to impact a variety of genetic conditions
that are due to aberrant pre-mRNA splicing.

Figure 5. Increase in SMN expression after the transfection of
20-O-methyl-modified bifunctional RNAs. (A) SMA type 1 fibroblasts (3813
cells) were transiently transfected with 100 ng of 20-O-methyl bifunctional
RNAs for 48 h. Immunoflourescence staining was performed and images are
of representative cells. (B) Five hundred 3813 cells were randomly counted
(n ¼ 4) and the total gem number shown (error bars are +STD). (C) Gem
data compiled and expressed as the number of gems per nucleus (n ¼ 4).

Figure 6. 20-O-methyl bifunctional RNAs increased total SMN protein levels
in SMA fibroblasts. Subconfluent 3813 cells were transfected with 100 ng of
the indicated RNAs and subsequently incubated for 48 h. Relative SMN
protein levels were determined by western blot. HeLa cellular extracts were
included as a size control.
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MATERIAL AND METHODS

Cloning

The E1 deletion construct was derived from the SMN2 minigene
plasmid, and the following primers (IDT, Coralville, IA, USA)
were used to delete E1 by overlapping PCR. The orientation of
the E1 region deletion is indicated by a D symbol. SMN E1 del-
etion: 50-CTT AAT TTC TGA TCA TAT TTT GTT GAA TAA
AAT AAG TDCT ATC TAT ATA TAG CTA TCT ATG TCT
ATA TAG C-30 and 50-GCT ATA TAG ACA TAG ATA GCT
ATA TAT AGA TAG DACT TAT TTT ATT CAA CAA TAA
ATG ATC AGA AAT TAA G-30. The U7-Opt-sm sequence
was cloned into the pMU2 vector by overlapping PCR with
DNA primers (IDT): Frw, 50-CCG CGG TCC TAG GAG
CAT GCT AAA AAA AGG GGT TTT CCG ACC GAA
GTC AGA AAA CCT GCT CCA AAA ATT ACT AGT
TAA GCT GAT ATC TGA GC-30; Rev, 50-GC TCA GAT
ATC AGC TTA ACT AGT AAT TTT TGG AGC AGG TTT
TCT GAC TTC GGT CGG AAA ACC CCT TTT TTT AGC
ATG CTC CTA GGA CCG CGG-30 paired with plasmid-
specific primers previously published (27). pMU2-U7 plasmid
was subsequently used in the cloning of the U6 promoter-driven
bifunctional clones. To make the CMV-driven bifunctional
RNAs, the U6 promoter from the pMU2-U7 plasmid was
digested with Pme1 and Sal1; then using CMV-specific
primers from the parent EGFP promoter, CMV was sub-
sequently cloned into the sites to make a CMV-pMU2-U7
parent plasmid. The bifunctional clones were generated with
annealed complementary pairs of DNA oligonucleotides
(IDT) that were cloned into the pMU2-U7 vector between the
BamHI and Spe1 sites. Sequences for the E1-targeting clones
are as follows: E1, top, 50-GAT CCC TAT ATA TAG ATA
GTT ATT CAA CAA AA-30, bottom, 50-CTA GTT TTG
TTG AAT AAC TAT CTA TAT ATA GG-30; Tra2-E1, top,
50-GAT CCG AAG GAG GGA AGG AGG GAA GGA GGA
GAT CTC TAT ATA TAG ATA GTT ATT CAA CAA-30,
bottom, 50-CTA GTT TTG TTG AAT AAC TAT CTA TAT
ATA GAG ATC TCC TCC TTC CCT CCT TCC CTC CTT
CG-30; SF2-E1, top, 50-GAT CCC ACA CGA CAC ACG
ACA CACG AAG ATC TCT ATA TAT AGA TAG TTA

Figure 7. ICV injection of 20-O-methyl bifunctional RNAs increases SMN
protein levels throughout the CNS. (A) Post-natal day (PND) 2 SMA mice
were ICV-injected with 4 mg of the modified bifunctional RNAs, SF2-E1
and Tra2-E1 or PBS. Indicated tissues were isolated 24 h after injections.
Western blots were done in quadruplicate, and a representative blot is
shown. Multiple mice were injected and tested [Tra2-E1 (n ¼ 13); SF2-E1
(n ¼ 10), data not shown]. (B) Control RNAs do not elevate SMN protein
levels. Four micrograms of modified control RNAs were delivered via ICV
injection into PND 2 SMA mice and brain tissue was isolated 24 h post-
injection. SMN protein levels were observed by western blot, which were
done in triplicate, and a representative blot is shown. D2-2 and Selex-act
are the two previously described RNAs, corresponding to an SMN intron 7
antisense (D2-2) or three tandem repeats of an in vitro affinity-determined
binding motif for hnRNP-A1 (Selex-act). (C) ICV injection of
Tra2-E1-modified bifunctional RNA increases SMN protein levels 5 days
after a single injection. 2 PND SMA mice were ICV-injected with 4 mg of
Tra2-E1 RNA. Five days following injection, the indicated tissues were har-
vested and SMN western blot performed. Western blots were done in
quadruplicate and representative blot is shown.
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TTC AAC AAA A-30, bottom, 50-CTA GTT TTG TTG AAT
AAC TAT CTA TAT ATA GAG ATC TTC GTG TGT CGT
GTG TCG TGT GG-30.

20-O-methyl bifunctional RNA

The following modified oligos were modified at every base
with 20-O-methyl groups (IDT): Tra2-E1, 50-GAA GGA
GGG AAG GAG GGA AGG AGG CUA UAU AUA GAU
AGU UAU UCA ACA AA-30; SF2-E1, 50-CAC ACG ACA
CAC GAC ACA CGA CUA UAU AUA GAU AGU UAU
UCA ACA AA-30. Negative control RNAs: D2Selx, 50-AAG
AUU AAA GAG UAA ACG UCC GGU ACC UAG GGA
UAG GGA UAG GGA-30; Selex-act, 50-UAG GGA UAG
GGA UAG GGA-30. The modified oligos differ from the
plasmid-expressed bifunctional RNAs by the lack of a non-
specific 6 nucleotide spacer sequence between the antisense
domain and the SR recruitment domain, and furthermore do
not have the U7-opt-sm sequence.

E1D RT–PCR

In vivo splicing assays were performed essentially as described
previously. In brief, subconfluent HeLa cells were plated on a
60 mm dish and transfected with 1.0 mg of minigene plasmid
using Lipofectamine 2000 per the manufacturer’s directions
(Invitrogen). Total RNA was isolated 24 h post-transfection
using TRIzol reagent (Invitrogen), and first-strand cDNA syn-
thesis was performed using Super Script II (Invitrogen). To
ensure only transfected minigene template was amplified,
PCR primers that specifically anneal to the plasmid backbone
common to all SMN minigene plasmids were used in the sub-
sequent PCR amplification.

RNA affinity chromatography

The following 50-biotinylated RNA corresponding to E1 and a
negative control RNA, respectively, were ordered (IDT):
50-GUA AAA UGU CUU GUG AAA CAA AAU ACU UUU
UAA CAU CCA UAU AAA-30, 50-AGU CCU CAA CUU
AGC CUC UAA CUU-30. Control RNA was obtained (IDT)
with 50 biotinylation. This control was utilized as a negative
control for interaction with PTB and was composed of entirely
purines: 50-GAA GAA AGA GAA GAA AGA GAA GAA
AGA-30. RNA affinity chromatography was done as shown pre-
viously (23), but briefly, the biotinylated RNAs were incubated
with splicing-competent HeLa cell nuclear extract and
avidin-agarose beads under splicing conditions, in the presence
of heparin as a non-specific competitor. The RNA and any
interacting proteins were immunoprecipitated and washed.
The proteins were then resolved on a 10% SDS–PAGE gel.

Protein identification

The E1 interacting proteins were visualized utilizing Coom-
massie blue stain. Two specific bands were excised from the
gel and sequenced using MALDI-TOF (University of Missouri
Charles W. Gehrke Proteomics Center).

Figure 8. ICV injection of 20-O-methyl bifunctional RNA increases weight in a
severe mouse model of SMA. (A) 2 PND severe mice were ICV-injected on
PND 2, 4 with 6 mg of either Tra2-E1 or Selex activation RNA. Mice were
weighed everyday post-first injection and graphed. (B) Kaplan–Meier survival
curve depicts a trend towards increased life expectancy for Tra2-E1-injected
mice (Mantel–Cox P ¼ 0.03). (C) Percent weight gained post-first injection
until maximal weight was graphed. Tra2-E1-injected mice showed a significant
weight gain from birth to peak over non-injected and a negative control (Selex
act) injected (one-way ANOVA P ¼ 0.0006). There is a significant difference
between Tra2-E1- and Selex act-injected mice (t-test P ¼ , 0.0001).
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Immunofluorescence imaging

For all immunofluorescence staining, subconfluent type 1
patient fibroblast cells (3813 cells, Coriell Cell Repositories)
were transfected in eight-chambered slides (BD Biosciences,
Bedford, MA, USA) with first plasmid clones using Lipofecta-
mine 2000 reagent (Invitrogen) or 20-O-methyl RNA oligos
using the same reagent, incubated for 48 h in DMEM
supplemented with 10% fetal bovine serum and antibiotics.
Transfected cells were fixed with a solution of acetone/metha-
nol (1/1 by volume) and then washed with phosphate-buffered
saline (PBS) (Gibco). Fixed and washed cells were then
blocked in PBS þ 5% BSA and then washed again in PBS.
A pooled group of three previously described anti-SMN
monoclonal antibodies was added, diluted 1:10 in PBS þ
1.5% BSA (17). Cells were washed again in PBS and a sec-
ondary monoclonal antibody, an anti-mouse conjugated to
Texas red (Jackson), or conjugated to FITC (Sigma) for
either the plasmid or 20-O-methyl-transfected cell, respect-
ively, diluted 1:200 in PBS þ 1.5% BSA. After washing in
PBS, DAPI was added to each chamber for 5 min, and
samples were washed again. Chambers were then fitted with
cover slips using mounting media [DABCO, 2.3% (w/v),
10% PBS, 87.7% glycerol] and sealed with nail polish. Micro-
scope images were captured using a Nikon Eclipse E1000
using Meta-Morph software. Cells for gem counting were
chosen at random. Each randomly chosen nucleus was exam-
ined for nuclear gem accumulation and gems were counted.

Western blots

For the PTB western blot, proteins were transferred to PVDF
membranes (Millipore), blocked overnight in 3% NFDM in
TBST and probed with a-hnRNPI (PTB) antibody (Santa
Cruz Biotechnology). For the 20-O-methyl RNA western
blot, subconfluent patient fibroblast cells (3813) plated on
60 mm dishes were transfected with 100 ng of each indicated
RNA using Lipofectamine 2000 reagent (Invitrogen). After
48 h of transfection, the cells were collected and proteins
were resolved on a 12% SDS–PAGE. The gel was transferred
to PVDF membrane (Millipore) and SMN immunoblot was
performed using an SMN monoclonal antibody. A goat anti-
mouse secondary antibody conjugated to horseradish peroxi-
dase was used to detect the presence of the target protein by
chemiluminescence (Pierce). Western blot was performed in
triplicate and representative results are shown. For the SMA
mouse western blots, injected mice were handled by Animal
Care and Use Committee (ACUC) regulations, and tissues
indicated were collected at selected time points and immedi-
ately placed in liquid nitrogen. Tissue was placed at 2808C
until ready for analysis. Roughly 100 mg of tissue was isolated
and homogenized in JLB buffer [50 mM Tris–HCl, pH 7.5,
150 mM NaCl, 20 mM NaH2(PO4), 25 mM NaF, 2 mM EDTA,
10% glycerol, 1% Triton x-100 and 1� PIC (Roche, Indiana-
polis, IN, USA)] and equal amounts of subsequent protein
were loaded onto 12% SDS–PAGE. The SMN immunoblot
was performed using a mouse SMN-specific monoclonal anti-
body (BD Biosciences, San Jose, CA, USA) diluted 1:3000 in
TBST in 1.5% dry milk. Then blots were visualized by
chemiluminescence on a Fujifilm imager, LAS-3000, and the

corresponding LAS-3000 Image Reader software. To verify
loading, the westerns were then stripped using H2O2 for
30 min at room temperature and re-probed with anti-b-actin
rabbit and anti-rabbit HRP. Western blots were done in quad-
ruplicate or more and representative blots are shown.

Animal injections

All animal experiments were carried out in accordance with
protocols approved by the Animal Care and Use Committee
of the University of Missouri. SMN2þ/þ, SMND7þ/þ,
Smn2/2 mice (51) or SMN2þ/þ Smn2/2 mice (53) were
genotyped at day of birth, designated as day 1, and injected
on day 2. Single-intracerebralventricular (ICV) injections
were performed on PND 2 neonates as described previously
(30,52,67) for the D7 mice (Fig. 7). For the severe mouse
model, mice were ICV-injected on PND 2 and 4 (Fig. 8).
Briefly, mice were immobilized via cryo-anesthesia and
injected using microliter-calibrated sterilized glass micropip-
ettes. The injection site was approximately 0.25 mm lateral
to the sagittal suture and 0.50–0.75 mm rostral to the neonatal
coronary suture. The needles were inserted perpendicular to
the skull surface using a fiber-optic light (Boyce Scientific
Inc.) to aid in illuminating pertinent anatomical structures.
Needles were removed after 15 s of discontinuation of
plunger movement to prevent backflow. Mice recovered in
5–10 min in a warmed container until movement was
restored. Single injections of 4 mg of each 20-O-methyl oligo-
nucleotides were delivered via ICV described earlier for D7
mice, and severe mice were injected on PND 2 and 4 with
6 mg of RNA (Fig. 8).
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