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Abstract

Proximal spinal muscular atrophy (SMA) is aneuromuscular disease caused by low levels of the
survival motor neuron (SMN) protein. The reduced SMN levels are due to loss of the survival
motor neuron-1 (SMN1) gene. Humans carry anearly identical SMA/2genethat generates a
truncated protein, due to a C to T nucleotide alteration in exon 7 that leads to inefficient RNA
splicing of exon 7. This exclusion of SMN exon 7 is central to the onset of the SMA disease,
however, this offers a unique therapeutic intervention in which corrective splicing of the SN2
gene would restore SMN function. Exon 7 splicing is regulated by a number of exonic and intronic
splicing regulatory sequences and trans-factors that bind them. A better understanding of the way
SVN pre-mRNA is spliced has lead to the devel opment of targeted therapies aimed at correcting
SVMINZ2splicing. As therapeutics targeted toward correction of SMN2splicing continue to be
developed available SMA mouse models can be utilized in validating their potential in disease
treatment.
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2. INTRODUCTION

Proximal Spinal Muscular Atrophy (SMA) is a neuro-degenerative disease characterized by
the loss of apha-motor neurons. Thisloss of motor neurons resultsin progressive muscle
atrophy that eventually leads to paralysis and death. This disease occursin about 1 in 6000
to 10000 live births. Disease symptoms can occur at different timesin life and can show
varied intensities (1-6).

Children with type | SMA experience proximal muscle weakness and may never be able to
sit unaided. Death occurs before age two. They may have decreased ability to move their
heads and obtain adequate oxygen levels while sleeping. The onset of this disease occurs
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less than six month after birth. With type Il SMA the proximal muscle weakness begins
between 6 to 18 months. The patients can sit unaided and have limited movement. While
they deep these individuals often have difficulty taking adequately deep breaths. Finally,
type Il SMA patients are able to walk unaided and can have anormal lifespan with the
onset of the disease occurring after 18 months of age. Once they begin walking the children
may fall more frequently, have difficulty in righting themselves, and may be unable to run.
However, even these patients develop progressive muscle weakness (7-9).

The decreased expression of the Survival Motor Neuron genesis central to the devel opment
of SMA. The SMN genes located in the inverted duplication were identified as the telomeric
copy of SMN (SMNJI) and the centromeric SN (SMN2). It was revealed by analysis of
patients with SMA that the SN geneis deleted or interrupted in 98% of the patients
analyzed while the other 2% of patients analyzed had missense, or splice site mutationsin
SVINI. All SMA patientsin this study had the SMN.2gene present (10). More extensive
analysis, based on alarge study of 525 SMA patients, revealed the homozygous absence of
SVIN1in 92% patients, subtle mutation in 3.4% patients, and no mutation in 4.6% patients
(11, 12). The SMNZ2geneis highly homologous to the SMNI gene with a greater than 99%
identity between the two (13). None of the nucleotide differences identified in SN2 alter
the amino acid sequence, but asingle C to T nucleotide change in exon 7 has been shown to
alter the processing of the SWAN/2gene (10, 13, 14). The loss of the SMN/I gene compounded
by the decreased processing of the SN2 gene results in extremely low levels of SMN
protein. It isthislow level of SMN protein that leads to the SMA disease. Research
continues to investigate the functions for the SMN protein, in both shRNP biogenesis and
novel neuronal function, to understand which aspect of the SMN protein function leads to
SMA (15). While a better understanding of the SMN protein function isimportant,
understanding the regulation of the SN genes will also provide insight into the genesis of
the SMA disease. This review focuses on clearly outlining the currently identified SWN
splicing regulators and understanding how RNA splicing is being investigated as a
therapeutic point of intervention in SMA.

3. PRE-mRNA SPLICING AND SMA DISEASE

Pree-mRNA splicing involves the joining of exons, which contain the nucleotide sequence
present in the mature RNA molecule and may provide the protein coding region of a gene,
through the precise removal of the noncoding introns. Human genes typically contain
multiple introns of variable size, however, nearly al introns start with nucleotide GU and
endswith AGinthe5' to 3' direction and contain alarger, less highly conserved consensus
region at each site. These exon intron boundaries are called the 5'splice site (splice donor
site) and 3'splice site (splice acceptor site), respectively. The exact sequence present at the
splice site modifies the capability of the U1 and U2 small nuclear ribonucleoproteins
(snRNP) and other auxiliary factors such as U2AF to recognize this consensus region. Thus
the relative strength of the splice site can directly affect the likelihood of the exon intron
boundary being identified. To better define the exon, multiple interactions exist between
regulatory elementsin the pre-mRNA and trans-factors that recognize these regulatory
elementsin the preemRNA. Splicing elements that enhance exon inclusion are called the
exonic or intronic splicing enhancers (ESE or | SE) depending upon their location within the
gene. Additionally, elements can also interfere with inclusion of the exon and are likewise
called exonic or intronic splicing silencers (ESS and ISS). It isthe cooperative interaction
between the splicing regulatory proteins that bind these regions that help define the exons
(16). The eukaryotic pre-mRNA splicing, therefore, is acomplex process involving severa
RNP complexes and an essential regulatory step in eukaryotic gene expression. When any of
these steps becomes disrupted the results can lead to disruption in pre-mRNA splicing. The
Cto T transition in exon 7 of the SMA/2gene drastically reduces the recognition of exon 7

Front Biosci (L andmark Ed). Author manuscript; availablein PMC 2011 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bebee et al.

Page 3

by the splicing machinery and therefore reduces the efficiency of exon 7 inclusion in the
SMN2transcript (13, 14, 17) resulting in atruncated protein with altered activity (10, 18,
19). The mechanism for the disrutpoin of exon 7 splicng has been extensively studied and is
discussed below.

Additional aternative splice forms of SMN have been identified. It has also been reported
that exon 5 of the SV genes undergoes alternative splicing to produce transcripts lacking
exon 5 (18). Exon 5 skipping can be coupled to exon 7 skipping however the function of the
transcripts lacking exon 5 in not known. More recently axonal-SVMN (aSMN) has been
identified (20). Thisisoform is preferentialy encoded by SVMN/1 and expressed mainly in the
axons of motor neurons (20). Thisisoform consists of all 9 exons of SMN but also retains
intron 3 and the resulting protein has been implicated in motor neuron axonogenesis (20).
Therole of &SMN, SMNdeltab, and SMNdelta5+7 in the SMA disease phenotype or

normal SMN function has not been conclusively determined. While multiple SWN
transcripts have been identified, exon 7 splicing continues to be the primary focus when
studying the RNA splicing of the SMN genes. Because aerted splicing of the SMA2exon 7
is central to decreased SMN levels and the SMA disease, correction of SWN2splicing
provides the possibility of therapeutic benefits for SMA patients. Indeed a SMA patient
mutation has been identified in the SMN2 gene that can ameliorate the disease phenotype. In
thisindividual a G to C change in SM/N.2exon 7 has been shown to partially correct pre-
MRNA splicing to increase full length transcript levels through the creation of anew ESE
(22).

4. SMN SPLICING REGULATORS

4.1. The C to T nucleotide transition in exon 7

After thetrandationally silent Cto T alteration in SM/N2exon 7 was identified asthe
causative change mediating the reduced incorporation of exon 7, the mechanism by which
this alteration disrupted the natural splicing of SMN2transcripts was further examined. Two
competing models were proposed (Figure 1). In thefirst, the C to T alteration disrupts
binding of the exonic splicing enhancer SF2/ASF (ESE model). Disrupting the binding of a
positive regulator of splicing present in SMN.2leads to inefficient definition of exon 7 and
results in predominantly skipped spliced product. In the second proposed model, theCto T
alteration creates an exonic splicing silencer, which binds hnRNP A1 (ESS model). hnRPN
A1 binding specifically to the SWN2pre-mRNA transcript disrupts the binding of other
splicing factors and leads to increased skipping of exon 7.

Three putative exonic splicing enhancer regions were identified in exon 7 and named SE1,
SE2, and SE3 (17). In the ESE model, SF2/ASF had a predicted binding site in SE1 of exon
7 using the predictive ESE motif tool (ESE Finder) (17). Studies that support the ESE model
have utilized SMN minigenes containing the SN sequence, SMN1 sequence containing
the SMN2exon 7 nucleotide alteration, or compensatory mutations that restore the predicted
SF2/ASF ESE motif. The C to T alteration generated in SMNI was shown to mimic SN2
exon 7 skipping. Inclusion of exon 7 is rescued by correcting the predicted SF2/ASF ESE in
both /n vivoand in vitro splicing assays. Most importantly, SF2/ASF was found to bind to
SVINIwith ahigher affinity than SV/N2in which the SF2/ASF binding site was reduced
dueto the Cto T alteration. These data verified the role of SF2/ASF in mediating exon 7
inclusion (17, 22).

In evaluating hnRNP A1, the factor proposed to bind exon 7 of SVN2but not SMN1 as
proposed in the ESS model, it was shown that hnRNP A1 bound with equal intensity to
SVINIand SMNZ(22). Depletion of hnRNP A1 was shown to relieve exon 7 skipping /1
vivowhereas over expression led to an increase of exon 7 skipping /n vitroand in vivofor
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both SMN1and SMN2, suggesting hnRNP A1 may function viaa mechanism that is
independent of the C to T transition (22). Finally, minigenes containing multiple point
mutations designed to either disrupt the proposed SF2/ASF site and/or the hnRNP A1 site
found a strong correlation between SF2/ASF and exon 7 inclusion, whereas no correlation
was found between the hnRNP A1 motif and exon 7 inclusion using a Spearman rank
correlation coefficient (22). In agreement with this model, a bifunctional oligonucleotide
was capable of stimulating exon 7 inclusion of SMA2by providing SF2/ASF binding motifs
through binding to the exonic 3' splice site (23).

In the ESS model, hnRNP A1 was proposed to bind to a UAG moatif in SWN.2, which had
been previously characterized in other hnRNP A1 dependent ESSs. The hnRNP A1 binding
siteis created by the Cto T transition and leads to the exclusion of exon 7 specifically in
SVINZ2(24). However, when the UAG motif was disrupted, asin SN, hnRNP A1 binding
was abolished and the exon skipping was not observed. Point mutationsin the UAG motif,
which is essential for hnRNP A1 binding, promoted exon 7 inclusion in SUN2 SMN1 and
SVINZ2minigenes cotransfected with SSRNA to hnRNP A1 were capable of increasing full
length transcripts from SV/N.2minigenes while depletion of SF2/ASF (the factor proposed
to bind SMN1 but not SWN2exon 7 in the ESE model) resulted in no change in splicing in
both SMN1and SMN2minigenes (25). Additionally, over expression of SF2/ASF showed
no change in SMN1 or SMN2minigene exon 7 splicing (24). Finally, hnRNP A1 was found
to bind to SWN2RNA, and to alesser extent SMNI, while SF2/ASF showed little to no
binding (24, 25).

Clearly, both models have experimental evidence that support and/or refute the SF2/ASF
ESE and the hnRNP A1 ESS modelsin SMN exon 7 splicing. Variations in results from
these two groups are suggested to be due to differences in experimental techniques and/or
reagents used. However, it is possible that these models are not mutually exclusive, where
the loss of SF2/ASF and gain of hnRNP A1 binding contribute to the exclusion of exon 7 in
SMN2transcripts.

The function of splicing regulatory elements are often utilized to mediate recognition of
exon/intron boundaries by the recruitment of the spliceosome to splice sites, however, it is
possible that the C to T alteration also reduces splice site strength. Using two-exon minigene
systemsit was determined that the C to T alteration decreased the strength of the exon 7 3'ss
by 2-fold, whereas the 5'ss was unaffected (26). Further evidence of reduced recognition of
the SMN2exon 7 3'ss was shown to be dependent on the U2 accessory factor (U2AF), a
spliceosomal factor that binds the 3'ss and mediates recruitment of the U2 snRNP, where
U2AF bound differentially to SMN1and SMN2(27). Using RNAs encoding exon 7 and the
surrounding intronic sequences of SMNZ and SMNZ2, U2AF binding was nearly 2-fold
higher on SMN/1, consistent with the Hertel groups data on splice site strength. This
difference in U2AF occupancy of SV/NIand SVN2RNAs aso correlated to differential
levels of U2 assembly. The addition of recombinant SF2/ASF increased U2 assembly
whereas the addition of hnRNP A1 reduced U2 assembly. However, these results held true
for both SMN1and SMAZRNASs and were not dependent on U2AF binding. Thus, therole
of SF2/ASF and hnRNP A1 likely function in other steps of U2 assembly other than U2AF
binding (27).

While the loss of acritical ESE or creation of an ESS may tip the balance toward exon 7
skipping in SWNZ, other necessary factors mediating exon 7 recognition are likely involved
such as: a suboptimal polypyrimidine tract, weak 3' splice site (26), and aweak 5" splice site
(28). It isthe interplay between the recognition of the SMN exon/intron boundaries and the
recruitment of regulatory proteins that determine the amount of full length and skipped
transcripts generated from the SWNI and SN2 genes.
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4.2. Exonic splicing regulation

Once differentia splicing of exon 7 in the SMN genes was identified, researchers began the
methodical task of better characterizing the complex interactions that are involved in the
regulated splicing of SMNZand SMNZ. Attention was placed first on the sequence of exon
7. Therole of many splicing and regulatory factors has been examined in an attempt to
understanding the role these factors may play in atering the splicing of exon 7 (Table 1 and
Figure 2).

hTra2betal, an SR-like protein which functions through ESES containing AG-rich motifs
showed a~2.7 fold increase of full length transcript when overexpressed in cell culture and
was shown to bind the SE2 AG-rich motif of SMN exon 7 (29). In addition to hTra2betal,
over expression of the splicing factor SRp30c is capable of increasing the levels of exon 7
containing transcript and also found to intact at the SE2 element. Using RNA affinity
chromatography and biomolecular interaction analysis (BIA), it was demonstrated that
SRp30c has the ability to stimulate SMN exon 7 inclusion through direct interaction with
hTra2betal (30). In similar studies hnRNP G was also shown to promote exon 7 inclusion
viaadirect interaction with hTra2betal (31). Taken together this suggests an hTra2betal/
hnRNP G/SRp30c complex that binds the SE2 region of the S/ genes and help in exon 7
pre-mRNA recognition by the splicing machinery.

Investigating the splicing of the SMA/ transgene in SMA transgenic mice has also been used
to determine regulators of SWN splicing. Using RNA affinity chromatography from the
testes of mice, where SV exon 7 including transcript levels were increased, severa RNA
associated proteins were pulled down and identified by mass spectrometry. From the list of
proteins identified hnRNP Q1 was shown to bound directly to SWN1 and SMN2exon 7 near
in SE1 regionsin the +6 nucleotide region of the exon using human HEK 293 cell extract.
Additional analysis revealed that over expression of hnRNP Q1 promoted inclusion of exon
7 of the SN2 Interestingly, over expression of the other hnRNP Q isoforms (hnRNP Q2
and hnRNP Q3) resulted in suppression of exon 7 inclusion suggesting a coordinated
function between the opposing isoforms (32). Thisisthe first example of a splicing factor
that affects splicing being identified by looking at tissue specific splicing of the SV genes.

At the 3' end of the SN exon 7 two ¢is-elements were discovered and characterized. The
3’ cluster, an inhibitory element, was discovered using an /11 vivo selection technique to
identify nucleotides important in regulating SVM/N exon 7 (28). The 3' cluster comprisesa 7
nucleotide sequence toward the 3' end of exon 7. Deletion or alteration of any part of the 3’
cluster promoted exon 7 inclusion in an SMA2 minigene system. Additionally this region of
exon 7 was a so shown to contain terminal stem-loop 2 (TSL2) (33). TLS2 acted as an
inhibitor to SMN exon 7 splicing and was predicted to form a stem-loop using the MFOLD
program, a program used to predict RNA secondary structure, and then confirmed in human
SVN minigene constructs using RNA structure probing (Singh et al 2006). This loop, when
stabilized, preventsthe 5’ splice site of intron 7 from being available for use by the U1
snRNP. In SMN1where the ESE is still intact, thisinhibitory complex has little effect on
congtitutive splicing. However, in SWN2where the exon 7 splicing el ements have been
disrupted, this stem loop is sufficient to cause exon 7 skipping. Mutational disruptions of
this loop, along with compensatory mutations, support the role of this structural element in
the splicing of the SV genes (34). The 3’ cluster overlaps the nucleotides making up the
top of the stem and the loop of TSL 2. While this overlap was not explored it could be that
the TSL2 and 3’ cluster interact in the regulation of the already weak 5" splice site. The
TSL2 element highlights the importance of RNA structure on the regulation of pree-mRNA
splicing of the SMA genes.
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4.3. Intronic splicing regulation

Therole of intronic sequencesin preemRNA splicing is less understood than exonic
regulators making it more challenging to identify intronic elements that play arolein SUN
splicing. However, the introns flanking exon 7 of the SMN genes began to be examined for
any potential role in pre-mRNA splicing. The first investigations of the intron were carried
out by the Imaizumi lab using a modified exon trapping vector used to examine both exonic
and intronic splicing regulators. An exon trapping vector typically has two exons that are
normally spliced together to form a mature transcript. However, aDNA fragment can be
inserted between these two exons whereby its incorporation in the final transcript can be
evaluated to identify functional exons. The trapping vector utilized in this study contained
either the wildtype SN or amutated SV//N1 exon 7 containing the C>T alteration and
flanking regions of intron 6 and 7. To examine the effects of intronic regionsin SMN exon 7
splicing, deletions were then made in either intron 6 or intron 7 containing regions. This
technique led to the discovery of two intronic elements that altered SWN splicing, element 1
and element 2.

Element 1, apyrimidine rich sequence, islocated in intron 6 near the branch point and
polyprymidine tract proceeding the 3' splice site of exon 7. Element 1 consists of 45
nuclectides that, when del eted, was capable of increasing inclusion of full length SMN (35,
36). Additionally, when this region was targeted by antisense oligonucleotides, expression
of the SMN exon 7 containing transcript was increased. This led to the conclusion that
element 1 was asilencer element (36). Additionally, using RNA affinity chromatography,
the proteins FUSE-BP (aka FUBPL and FBP1) and PTB were found to bind element 1;
however, their role in modifying SMN splicing has not yet been elucidated (35).

The study performed by the Imaizumi lab also uncovered element 2, an intronic splicing
enhancer. This element was located in intron 7 downstream of exon 7. Using the MFOLD
program element 2 was predicted to form a stem loop secondary structure. Using their SWN
exon trapping vectors, point mutations designed to disrupt the secondary structure of
element 2 were shown to disrupt exon 7 inclusions, while compensatory mutations were
capable of restoring exon 7 ratios. Additionally, tandem repeats of element 2 were capable
of increasing exon 7 levels. A genome wide search using The Basic Local Alignment Search
Tool (BLAST) Internet based search tool found that the general stem loop structure
appeared in a number of other genes, however its general role in splicing was never
addressed. This data would suggest that element 2 is a structural element located in intron 7
that is acting as a splicing enhancer and again underscores the importance of RNA
secondary structure as aregulator of RNA splicing (37).

Further analysis of intron 7 uncovered a unique silencer element termed ISS-N1. ISS-N1,
located immediately downstream of theexon 7 5’ splice site, was found to profoundly
enhance SV exon 7 containing transcripts when deleted or mutated in an SN minigene
system (33). When inserted into a heterologous Casp3 minigene system it was likewise
sufficient in increasing exon skipping. Finally, when antisense oligonucleotides were
developed against the ISS-N1 nucleotide sequence, exon 7 containing transcripts were
increased (33, 38). These experiments lead to the conclusion that ISS-N1 is a strong intronic
splicing silencer. Later experiments also found that I SS-N1 contains two hnRNP A1 binding
sites and that hnRNP A1 binds this region (39).

L ocated between ISS-N1 and element 2 is aregion that was examined by the Chandler |ab.
This sequence, termed ISE 17-1, was observed to increase the skipping of SV exon 7 after
deletion or mutation. When the 3' portion of this element was repeated in tandem in an SWN
minigene system complete restoration of exon 7 containing transcripts was observed. When
ISE 17-1 was placed into a heterlogouse Casp3 minigene system downstream of the
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alternatively spliced exon it was capable of increasing exon inclusion. Furthermore, a
genomic search for sequence matches to this element identified the presence of partial ISE
I7-1 sequence in anumber of other genes both in exons and introns indicating that this
element could play arole in regulating the splicing of other genes as well (40).

Finally, an SMNZ2 specific intronic splicing silencer was investigated by the Manley
laboratory to better characterize the differences between SMNZand SMNZ. This group
found that, like the SWN2exon 7 C>T alteration that forms an hnRNP A1 binding site, there
isaspecific nucleotide ateration located in intron 7 of SM/N2which also creates a high
affinity hnRNP A1 binding site. The SMN.2 specific A>G transition at position 100 results
in increased exclusion of exon 7. Using a SM/A/2minigene containing reduced intronic
seguences they were able to show that altering this SWN.Z2 specific G to an SMNI A resulted
in an increase of exon 7 containing transcripts. Furthermore, this region was found to
contain an hnRNP A1 binding motif. When the SV minigene was UV crosslinked in Hel a
nuclear extract and probed for hnRNP A1 there was preferential binding to intron 7 of the
SVINZminigene over the intron of the SN gene which would contain the hnRNP A1
binding motif (41).

ISS-N1, ISE I7-1 and element 2 and the SMN2 A>G comprises the first 100 nucleotides of
the 444 nucleotide intron 7. Their close proximity and competing functions (ISS-N1 acts as
asilencer while ISE 17-1 and element 2 functions as enhancers and the SN2 A>G site acts
as asilencer) suggest that intron 7 plays acritical rolein regulating SMN exon 7 splicing.
Additionally these elements or the proteins that bind them may be interacting in a
cooperative or antagonistic fashion to ultimately determine the levels of skipping in the
SVINZ2gene. Further analysis of the factors that bind these regions and their interactions
with each other may provide a better understanding of how SV is regulated. Additionally,
thistype of analysis can lead to an understanding of how other alternatively spliced RNAs
are regulated making the SN gene a powerful tool in understanding RNA splicing as well
as the therapeutic treatment of SMA.

5. SMN SPLICING THERAPIES, TOOLS AND TECHNIQUES

Spinal muscular atrophy is a unique genetic disorder in which correcting the inefficient
splicing of the modifier gene SMA.Z, which is present in all SMA patients, can rescue for the
loss of the SMNI gene. Furthermore, as SMNZ2is expressed is similar to that of SMN1 and
as the correction of SMN2 splicing would not alter the expression pattern Correction of
SVMNZ2splicing can be achieved by several strategies to increase the levels of SWN2exon 7
inclusion and thus SMN protein: (1) antisense oligonucleotides, (2) trans-splicing, and (3)
drugs (Figure 3). We will introduce which mouse models are available to address the use of
these approaches and how each of these approaches has been used in SWN2splicing
correction.

5.1. SMA mouse models for therapy testing

Several genetic models of SMA are available that mimic the genetic basis and phenotype of
SMA. In this review we are focusing on mouse models that contain a human SN2
transgene that requires splicing for expression of SMN (Table 2). Initially the mouse Smn
gene was inactivated by insertion of alac Z cassette in the region of exon 2. Thisnull allele
when homozygous led to early embryonic lethality (42). The addition of a bacterial artificial
chromosome (bac) transgene carrying the human SMA/2genein low copy number (1 copy
per allele) rescued the embryonic lethality and generated mice exhibiting a severe SMA
phenotype (average lifespan of 5.3-6 days). However, eight copies of the SWN2bac
transgene were capable of correcting for the loss of S (5). A second null allele was
generated by the replacement of Smnexon 7 by an HPRT cassette, and the addition of an
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SVMNZ2bac transgene produced mice with severe to mild SMA (10 day lifespan to normal
lifespan associated with a short tail or necrotic tail and hind limbs). These variations were
again due to variable copy number of the SMN2transgene with the low copy mouse
carrying 2 copies of the SMN2transgene per allele (43). The addition of atransgene
encoding SMN cDNA lacking exon 7 (SMNde/tar) to the severe SMA mouse (5) produced
aless severe SMA mouse model that extended the average lifespan of these SMA mice from
5.3to 13.3 days (3). Interestingly, the lifespan of the Hsieh-Li mouse and the SMAdelta7
mice are comparable which islikely due to similar genetics. Both of these mice have 2
copies of an SMN2transgene and 2 copies of alleles that produce transcripts lacking exon 7,
either in the Smngene or by the SMNdelta7transgene (44). Additional transgenic mice
harboring 1 and 2 copies of an SMA/2transgene per allele were generated(45) and crossed to
the Smnnull mice (42). When these transgenic lines are crossed together they generate a3
copy SMN2mouse on the Smnnull background and a severe SMA mouse model that has an
average lifespan of 15.2 days. This SMA mouse model lacks the SMA phenotype at early
postnatal days but devel ops a progressive SMA phenotype and lifespan similar to the SMA
delta7 mice (45). The SMN2transgenes used for the generation of these mouse models
contain the promoter for SMA/2and as such are considered under normal transcriptional
control; however, due to random insertion of the transgenes, varied epigenetic control of
SMNZ2expression may not truly mimic endogenous Smnexpression. Nonetheless, all of
these mice validate SWN2as amodifier of the SMA disease /n vivo, and as they carry the
SVINZ2gene they are good genetic models for SN2 splicing correction in SMA therapeutic
intervention.

The available SMA mouse models offer several ways to evaluate the effectiveness of a
given therapeutic for SWN.2splicing correction: by observing /n vivo correction of the
SVMNZ2splicing pattern, an associated increasein SMN protein levels, and correction of the
SMA neurodegenerative phenotype. Several major considerations when selecting an
appropriate SMA mouse model include the complexity of the genetics of the SMA model,
the lifespan of the mouse, and the consideration of the downstream assay to be preformed
(RT-PCR, western blot, Kaplan-Meyer survival, etc.). When first evaluating the potential of
agiven therapeutic to function in SWNZ2splicing correction it is best to use a mouse model
that has a normal lifespan and carries the SMA/2transgene. However, long-lived SMA
models correlate with a higher basal level of SMN protein, thereby making identification of
increased SMN protein levels difficult. Correction of the SMA phenotype would be more
pronounced in more severe SMA models where SMN levels are the lowest, however this
makes administration of the treatment more technically difficult as the animals are much
younger when treatment would be required for rescue. Therefore, the use of several SMA
mouse models may be required to evaluate the viability of a given therapeutic for /n vivo
correction of SMN2splicing and SMA phenotype correction.

5.2. Therapeutic strategies

A greater understanding of how SV exon 7 is regulated has lead to targeted approaches for
the correction of SMN2splicing. Severa approaches have been tested to increase exon 7
inclusion: preventing the function of inhibitory elements, introducing positively acting
elements to exon 7, modulating the availability of competing splice sites, or introduction of
corrected exons by trans-splicing.

5.2.1. Antisense oligonucleotides

Correction of SMNZ2splicing by the use of anti-sense oligonucleotides (ASOs) can be
achieved by either masking the effect of an inhibitory element or introducing an enhancer to
the effected exon. ASOs target sequences in the messenger RNA by Watson-Crick base
pairing to the mRNA (Figure 3A). In an effort to introduce positively acting elementsto
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promote exon 7 inclusion the Krainer group utilized exon-specific splicing enhancement by
small chimeric effectors (ESSENCE) (Figure 3B). This technology combines the use of an
antisense moiety linked to aminimal RS domain targeted to the affected exon. The minimal
RS domain is meant to mimic the function of SR proteins in mediating protein-protein
interactions that increase the association of the spliceosome to an exon. Using an /in vitro
competent splicing SM/N2minigene they showed the addition of the ESSENCE moiety in
splicing reactions was capable of increasing exon 7 inclusion in amanner consistent with SR
protein mediated exon inclusion (46). Though validated /n vitro, neither cell based assays
nor /n vivotests have been performed. It was observed in this study that the ASO alone was
capable of promoting exon 7 inclusion, and therefore ASOs alone may be functional in
SMNZsplicing correction. This was tested utilizing an ASO-tiling method of SVN2exon 7,
from which a central region of splicing enhancement and flanking regions of inhibition were
identified. The use of ASOs targeting the inhibitory regionsin exon 7 were successful in
increasing SMAN/2exon 7 inclusion in /n vitro splicing reactions, transfection experiments,
and endogenous SMN2 splicing. The ASOs were further capable of increasing SMN protein
in SMA fibroblasts (47).

While targeting splicing regulatory elementsin exon 7 can correct SMN2splicing it is also
possible to block intronic inhibitory elements, thereby increasing exon 7 inclusion (Figure
3A). A similar ASO-tiling approach as conducted for exon 7 was used to indentifying cis-
regulatory elementsin intron 6 and 7 proximal to exon 7. This approach identified amild
intron 6 inhibitory region and further validated ISS-N1 in intron 7 as astrong ISS and a
target of hNRNPA /A2 binding (39). A 2-O methyl ASO with a phosphorothioate backbone
targeting this inhibitory element was administered by tail vein injection and found to
significantly increase SWA/2exon 7 inclusion in the liver of mice carrying the human SMAZ2
transgene (39). Thisinhibitory element was further analyzed by the Singh group where it
was determined that an 8 nucleotide ASO was sufficient to promote the correction of SWNZ2
splicing thereby reducing the potential of off target effects (38). Targeting ISS-N1 in the
central nervous system (CNS) by the intracranial ventricular (ICV) injection of ASOs in
neonatal SMA mice led to increased SMN2exon 7 inclusion and SMN protein in the brain
and spinal cord. An improvement in the SMA phenotype was observed although an increase
in lifespan was not shown (48).

In an effort to increase the potential of an ASO to promote exon 7 inclusion bi-functional
ASOs that target regulatory sequences as well as recruit positively acting splicing regulatory
proteins such as SR proteins may offer an alternative treatment for increased exon 7
inclusion (Figure 3B). RNA oligonucletides targeting SMA2exon 7 with additional ESE
sequences were capable of increasing exon 7 inclusion and SMN protein in SMA fibroblasts
(23). The addition of a U7 snRNA sequence can be used to mediate the incorporation of an
ASO into the splicing machinery and therefore increase the likelihood of correcting splicing.
Viraly transducible vectors expressing U7 snRNA linked to bi-functional ASOs with ESE
seguences were targeted to exon 7 in SMA patient fibroblasts and shown to increase exon 7
inclusion and SMN protein levels (49, 50). To develop second generation bi-functional
ASOs the intronic suppressor of exon 7 inclusion, element 1, was targeted using bi-
functional ASOs linked to binding sites for SF2/ASF or hTra2beta. As expected the use of
the ASO alone was capable of correcting SN2 splicing through inhibiting element 1,
however, the use of the bi-functional ASO was more effective. The hTra2beta bi-functional
RNA was administered to SMA mouse models by intracranial ventricular (ICV) injection
and was capable of increasing SMN protein in brain and spinal cord (35). Transgenic mice
carrying the U7 ASO generated by lentiviral transgenesis were crossed to severe SMA mice
and were capable of rescuing the early lethality and SMA phenotype (51).
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An alternative approach to increasing exon 7 inclusion is to prevent the incorporation of
exon 8, and therefore increase the availability of exon 7 for splicing (Figure 3A). The use of
U7 ASOs targeting the exon 8 3'ss were capable of increasing SMA/2exon 7 inclusion and
SMN protein levelsin cell culture (52, 53). Inhibition of exon 8 was aso achieved by the
use of a bi-functional ASO targeting the exon 8 3'sslinked to hnRNP A1 binding sites. This
A SO was capable of correcting SMN2splicing and increasing SMN protein both in SMA
fibroblasts and in an SMA mouse model (54).

5.2.2. Trans-splicing

Trans-splicing is an approach in which two different RNA molecules are used in the splicing
reaction in order to replace a mutant exon with the desired correct RNA sequence (Figure
3C). This approach was used to introduce the SVM/N1 exon 7 sequence into the SWN2
MRNA. A trans-splicing RNA encoding the correct SMN1 exon 7 sequence along with
necessary splicing regulatory sequences was tethered to intron 6 by an ASO upstream of the
SVINZbranch point and 3'ss. This allows the spliceosome to utilize the trans-splicing RNA
instead of the endogenous SMN2exon 7. This approach was validated for correction of
SVMINZ2splicing, increasing SMN protein levels, and correction of SnRNP assembly (55). To
observe SMNZ2 splicing correction /n vivothe authors coupled the trans-splicing approach
with the blocking of the exon 8 3'ss by an ASO. This approach made use of asingle AAV
vector encoding both RNA molecules under independent promoters to increase the
likelihood that both RNASs were present for increased trans-splicing (56). Trans-splicing
provides an alternative approach for correction of SMN2splicing and can be utilized in
combination with ASOs to promote exon 7 inclusion.

5.2.3. Drugs

The use of small molecules or drugs is a common treatment option for avariety of diseases
and as such is an aternative approach by which SN2 splicing correction may be achieved.
Though small molecules can be utilized to increase the level of SMN2transcripts, stabilize
SMN protein, or increase SMN protein activity, in this review we are focusing on drugs
shown to increase the ratio of full length to skipped SMA/2transcripts and as such are
potentially mediating splicing correction (Table 3). However, an increasein full length
transcripts may be produced by multiple mechanisms involved in RNA metabolism
including altered transcriptional activity, 5' capping and nuclear export, or RNA stability. In
order to identify drugs that increase the inclusion of exon 7 often reporter minigenes
encoding SMN2exons 6 to 8 were used in high throughput screens (HTS) or in evaluating
candidate drugs, from which novel drugs and those that are FDA approved have been
identified. However, the mechanism of increased exon 7 inclusion is often not well
understood.

For this review we have provided atable of drugs that have be shown to increase the ratio of
full length to skipped SMAN/2transcripts (Table 3). Many of the drugs identified to increase
exon 7 inclusion are of the class of drugs that alter transcriptional activity by inhibition of
histone deacetylases (HDAC)s. HDAC inhibitors phenylbutyrate (PB) (57), valproic acid
(VPA) (58, 59), trichoistatin A (TSA) (60), suberoylanilide hydroxamic acid (SAHA) (61),
sodium butyrate (60, 62), LBH589 (63), and M 344 (64) were capable of increasing SWN2
transcriptional activity and increase the ratio of SMA/2full length to skipped transcripts.
Other compounds shown to increase this ratio of SMNZ2transcripts include the
ribonucleotide reductase inhibitor hydroxyurea (HU) (65), anthracyclin antibiotic
aclarubicin (66, 67), phosphatase inhibitor sodium vanadate (67, 68), b2-adrenoceptor
agonist salbutamol (69), tetracycline derivative PTKSMA1 (70), polyphenols
Epigallocatechin galate (EGCG), curcumin, and resveratrol (71), and Na*/H* exchange
inhibitor 5-(A-ethyl-N-isopropyl)-amiloride (EIPA) (72). Of the drugs listed above valproic
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acid (73), trichostatin A (74, 75), Sodium butyrate (62), LBH589 (63), hydroxyurea (76),
and PTK-SMAZ1 (70) and have been tested in SMA mouse models. Finally, human drug
trials have been performed for the potential SMA therapeutics phenylbutyrate (77-79),
valproic acid (80-83), hydroxyurea (84), and salbutamol (85).

Recently the drug PTK-SMA1, a compound in the family of tetracyclines, was shown to
increase SMN2exon 7 inclusion by specifically altering splicing. Using the /n vitrocell free
splicing assay they were able to evaluate the effect of SMA drugs on the splicing reaction by
eliminating the role of transcription, MRNA export, and mRNA turnover from the system.
This group evaluated several drugs currently in usein SMA treatment that had previously
shown to increase the levels of exon 7 inclusion or SMN protein. Only PTK-SMA1 was
capable of increasing SMN2exon 7 inclusion, and this effect was mediated by increasing
exon 6 to 7 splicing as well asinhibiting exon 8 incorporation. Furthermore, administration
of this drug to two SMA mouse models showed increased SMN2exon 7 inclusion and SMN
protein levelsin the liver of these mice, as this drug does not pass the blood brain barrier
(BBB) (70). Additionally, a novel HDAC inhibitor, LBH589, was found to markedly
increase SMN levels by multiple mechanisms including transcriptional activation of the
SMNZpromoter, increased protein stability, and increased exon 7 inclusion. LBH589
treatment increased levels of hTra2beta, which in turn increased the levels of exon 7
inclusion and SMN. LBH589 was further shown to pass the BBB in SMA mice where an
increase in SMN2transcripts and SMN protein was observed in the spinal cord and brain
(63).

In the treatment of SMA awide variety of therapeutic options targeting splicing correction
are under development. The limitations common to all of the described therapeutic
approaches are method of delivery, dosage, and specificity. Reaching the affected cell type,
the motor neuronsin the spinal cord, limits the application of therapies due to the BBB.
However, ICV injections of ASOs have been shown to correct SN2 splicing and SMA
phenotype in SMA mouse models. As more becomes known about the regulatory elements
governing SMA2 exon 7 splicing there exists an increasing availability of therapeutic
targets. The use of therapies specifically targeting SMN2such as ASOs and trans-splicing
reduces the likelihood of off target effects often associated with drug treatments while
retaining the transcriptional regulation of the endogenous SN2 gene. However, the best
option may be the application of a combinatorial approach: specific treatment of the CNSin
conjunction with systemic treatment, and this could be achieved through the use of ASOs
and drugs. The correction of SWN2splicing for the rescue of SMN function is underscored
by the benefit of targeting SMN2, agene that is under the same expression control of
SMN1, thereby increasing SMN in the appropriate temporal and spatial context.

6. SUMMARY AND PERSPECTIVES

Though the focus of this review is primarily on splicing in SMA and treatment options that
target splicing correction, approaches to increase the levels or stability of the SMN protein
may serve as aternative options for SMA treatment. As SMN.2does produce some full
length SMN, either stabilization of the transcript and/or protein are options currently under
development through approaches such as drug treatment or by gene replacement therapy. As
more drugs are identified it will be important to understand their effect on RNA splicing in
general. Techniques such as splicing microarrays and deep sequencing will help identify
whether the observed change in SMA2splicing is gene specific or more likely a global
alteration in RNA processing. Understanding the mechanism of action for these drugs will
increase our understanding of how the SV genes are regulated. A further consideration in
the treatment of SMA and alarge focus in the field is the timing of SMN replacement in the
correction of the disease. As most SMA patients are diagnosed following appreciable loss of
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motor function, and thus motor neurons, the treatments may be limited by alow number of
available motor neurons. SMN is developmentally required as well, and though low levels
are sufficient to proceed past embryonic development the requirement of SMN throughout
development is not fully understood. Early detection by newborn screening would allow for
earlier treatment and potentially increased rescue of motor neurons prior to disease
progression. For SMA patients more progressed in the disease, neuron replacement therapies
may be arequirement for correction of the SMA disease phenotype. As we continue to
discover the regulatory paradigms directing SV splicing, there is great hope for
therapeutic benefit for SMA patients by the correction of SWN2splicing.
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Figure 1.

Exon 7 ESE and ESS model of pre-mRNA splicing. Schematic of the SMN genes with each
consisting of aweak 3' and 5’ splice site. The SMN1 gene contains an ESE where SF2/ASF
binding occurs which promotes exonic inclusion. In the SMN2 gene where position 6
containsa T nucleotide the SF2/ASF ESE is disrupted while ahnRNP A1 site is formed
creating anew ESS. This mutated site disrupts exon recognition of exon 7 and promotes
exon skipping.
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Figure2.

SMN exon 7 is Regulated my multiple exonic and intronic regulators. Schematic of the
SMN genes are shown with previoudly identified cis elements and any known proteins that
bind them. Inclusion of exon 7 is regulated by the interaction of multiple factors.
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Figure 3.

Therapeutic strategies targeting splicing correction in SUN2. A. Standard ASOs targeting
intron splicing silencers (ISS) and the exon 8 3'ss to promote exon 7 inclusion. B.
Bifunctional ASOs linked to binding sites for positively acting splicing factors (SR proteins)
to increase exon 7 inclusion. A bifunctional ASO linked to binding sites for inhibitory
splicing factors (hnRNP proteins) to block the exon 8 3'ss and increase exon 7 inclusion by
inhibiting splicing of exon 6 to 8. C. Trans splicing of an RNA molecule that can be used
instead of SMN2exon 7 to produce full length SMN transcripts. D. Drugs that promote the
incorporation of exon 7 (green box) or inhibit the splicing of exon 6 to 8 (red box).
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The effect of 7ranssplicing factor over-expression on SV pre-mRNA splicing

Table 1

Factor | F| /pdta7 Transcript Ratio® Endogenouse and/or Minigene Assay | Reference
9G8 No Change Minigene 24,30
CLK2 None Reported Minigene 29
CLK2-KR None Reported Minigene 29
hnRNP A1 Decrease Endogenous 22
hnRNP G Increase Minigene 31
hnRNP Q1 Increase Minigene and Endogenous 32
hnRNP Q2 Decrease Minigene 32
hnRNP Q3 Decrease Minigene 32
hTra2a pha Increase Minigene 24,29
hTra2betal Increase Minigene 24,29
hTra2beta3 None Reported Minigene 29
HuD No Change Minigene 24
PTB None Reported Minigene 29
SAF-B None Reported Minigene 29
SC35 No Change Minigene 24,30
SF1 None Reported Minigene 29
SF2/ASF No Change Minigene 22,24,29
SLM-2 None Reported Minigene 29
SRp20 No Change Minigene 30
SRp30c Increase Minigene 29,30
SRp40 No Change Minigene 30
SRp55 No Change Minigene 30
U2AF65 None Reported Minigene 29
YT521B None Reported Minigene 29

Page 21

3Expr on constructs encoding RNA binding proteins were evaluated for their effect on SMN splicing in transfection studies. Those evaluated
but where results were not shown or explicitly communicated have been labeled as none reported. The effect of factors that were tested with the
results shown or clearly stated have been listed according to their published findings.
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Available SMA mouse models for SWN2splicing correction

Page 22

have avery short
lifespan and would
require treatment when
animals are neonates.

severity and short lifespan
of SMA type | mice.

Mouse Model SMA | Monani et al. SMA I-IIl Hsieh-Lietal. | SMAdelta7 Leet al. 2005 (3) SMA | Michaud et al. 2010
2000 (5) 2000 (43) (45)
Genetics asmn-/- bgmn-I- asmn-/- asmn-I-
CSMNZbac ++ dSUNZbac ++ CSMNZbac ++ ESUNZ+-; FSMN2+-
SMN delta7 +I+
Disease Onset PND1 PND1 PND1-2 PND5
Survival 5.3-6 days Typel: 10 days 13.3 days 15.2 days
Typell: 2-4 weeks
Type I11: normal/ necrotic
tail and hind limbs

Advantages The carrier Smn+/- The less severe mice are Extension of lifespan over Extension of lifespan over

mice are long-lived and longer lived and have a SMA | pupsfor easein SMA | without the SMNadelta7?

can be used for testing mild phenotype of tail/ treatment of older pups. One transgene. These mice can be

SMNZsplicing hind limb necrosis. These can observe increasesin SMN used to evaluate SN2
correction. Affected mice can be used for protein and rescue of the SMA | splicing and treatment of older
SMA mice are amenable | testing SWN2splicing and phenotype. pups
to rescue of SMN SMA phenotype
protein levelsand SMA correction.
phenotype.

Disadvantages | The SMA affected mice Variability in disease The SVINdeltar transgene There are three loci to follow,

perturbs the observation of
SMNZsplicing by RT-PCR.
There are threeloci to follow.

and the SMN2transgene loci
need to be heterozygous to
obtain the SMA mice.

aSmn -/- alele due to exon 2 disruption by lacZ

bSnn -/- alele due to exon 7 replacement with HPRT

028 kb human bac transgene with the SN2 promoter and SN2 gene (single copy of SMNZ2at the transgene locus)

d115 kb human bac transgene with SWNZ2, SERF1, and part of NA/Pgenes (two copies of SWNZ2at the trangsgene locus)

635.5 kb human pac transgene with 1 copy of SMN2at the transgene locus

f35.5 kb human pac transgene with 2 copies of SMN/2at the transgene locus.
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