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COMPOSITIONS AND METHODS FOR
CORRECTING LIMB GIRDLE MUSCULAR
DYSTROPHY TYPE 2C USING EXON
SKIPPING

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the priority benefit under
35 U.S.C. § 119(e) of U.S. Provisional Patent Application

No. 62/144,712, filed Apr. 8, 2015, which 1s incorporated
herein by reference in 1ts entirety.

STATEMENT OF GOVERNMENT INTEREST

[0002] This invention was made with government support
under Grant Number HILLO61322 awarded by the National
Institutes of Health. The government has certain rights 1n the
invention.

FIELD OF THE INVENTION

[0003] The present disclosure relates to antisense poly-
nucleotides and their use 1n pharmaceutical compositions to

induce exon skipping in targeted exons of the gamma

sarcoglycan gene (y-sarcoglycan; SGCG), useful 1n treating
various forms of Muscular Dystrophy.

INCORPORAITION BY REFERENCE

[0004] Incorporated by reference 1n its entirety 1s a com-
puter-readable nucleotide/amino acid sequence listing sub-

mitted concurrently herewith and identified as follows:
ASCII text file named “49246A_SegListing.txt,”; 8,129

bytes; created Apr. 6, 2016.

BACKGROUND OF THE INVENTION

[0005] Mutations that disrupt the dystrophin glycoprotein
complex (DGC) cause muscular dystrophy [Durbeey et al.,
Curr Opin Genet Dev 12: 349-361 (2002); Ervasti, Biochim
Biophys Acta 1772: 108-117 (2007); Rahimov et al., J Cell
Biol 201: 499-510 (2013)]. Dystrophin and its associated
proteins localize to the muscle plasma membrane, acting as
a linker between the intracellular cytoskeleton to the extra-
cellular matrix [Ervasti et al., J Cell Biol 122: 809-823
(1993); Cohn et al., Muscle Nerve 23: 1456-1471 (2000)].
Large deletions in the dystrophin gene account for Duch-
enne muscular dystrophy (DMD), and those mutations that
maintain the reading frame of dystrophin cause the milder
Becker muscular dystrophy (BMD). This observation has
been the basis for developing antisense sequences that waill
induce additional exon skipping events and restore reading
frame. Exon skipping, by design, generates an internally
truncated and partially functional protein. Clinical trials that
test exon skipping in DMD are advancing [Kinali et al.,
Lancet Neurol 8: 918-928 (2009); Cirak et al., Lancet 378:
595-605 (2011); van Deutekom et al., The New England
Journal of Medicine 357: 2677-2686 (2007); Goemans et al.,
The New England Journal of Medicine 364: 1513-1522
(2011); Lu et al., Mol Ther Nucleic Acids 3: €152 (2014)].

[0006] In heart and muscle, the sarcoglycan subcomplex
within the DGC 1s composed of four single pass transmem-

brane subunits: @, 3, v, and o-sarcoglycan [ Ervasti et al., Cell

66: 1121-1131 (1991); Ozawa et al., Muscle Nerve 32:
563-576 (2005)]. Loss-of-function mutations 1n genes
encoding o, {3, v, and d-sarcoglycan cause the Limb Girdle
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Muscular Dystrophies type 2E, 2F, 2C, 2D, respectively
[Roberds et al., Cell 78: 625-633 (1994); Bonnemann et al.,

Nat Genet 11: 266-273 (1995); Noguchi et al., Science 270:
819-822 (1995); Nigro et al., Nat Genet 14: 195-198
(1996)].

SUMMARY OF THE INVENTION

[0007] The disclosure 1s directed to one or more antisense
polynucleotides and their use 1n pharmaceutical composi-
tions 1n a strategy to mduce exon skipping in the v-sarco-
glycan gene 1n patients sullering from Limb-Girdle Muscu-
lar Dystrophy-2C (1.e., LGMD2C) or in patients at risk of
such a disease. The disclosure also provides methods of
preventing or treating muscular dystrophy, e.g., LGMD2C,
by exon skipping in the gamma sarcoglycan gene using
antisense polynucleotides.

[0008] Accordingly, 1n some aspects the disclosure pro-
vides an 1solated antisense oligonucleotide (AON) wherein
the oligonucleotide specifically hybridizes to an exon target
region of a y-sarcoglycan RNA, wherein the AON 1s selected
from the group consisting of oligonucleotides listed in Table
2. In some aspects, the disclosure provides an 1solated
antisense oligonucleotide (AON) selected from the group
consisting ol oligonucleotides listed 1n Table 2. In further
aspects, the disclosure provides a composition comprising
one or more distinct antisense oligonucleotides (AONs)
listed 1n Table 2. In still further aspects, the disclosure
provides an 1solated antisense oligonucleotide (AON) com-
prising a sequence as set out in Table 2. In some embodi-
ments, the oligonucleotide cannot form an RNase H sub-
strate.

[0009] In further embodiments, the antisense oligonucle-
otide comprises a modified oligonucleotide backbone, while
in still further embodiments the modified oligonucleotide
backbone comprises a modified moiety substituted for the
sugar of at least one of the oligonucleotides. In some
embodiments, the modified moiety 1s a Morpholino.
[0010] The disclosure also provides embodiments 1n
which the modified oligonucleotide backbone of at least one
of the oligonucleotides comprises at least one modified
internucleotide linkage. In some embodiments, the modified
internucleotide linkage 1s a tricyclo-DNA (tc-DNA) modi-
fication. In further embodiments, the modified internucle-
otide linkage comprises a modified phosphate. In still further
embodiments, the modified phosphate 1s selected from the
group consisting ol a methyl phosphonate, a methyl phos-
phorothioate, a phosphoromorpholidate, a phosphoropiper-
azidate and a phosphoroamidate.

[0011] In some embodiments, the oligonucleotide 1s a
2'-O-methyl-oligoribonucleotide. In further embodiments,
the oligonucleotide comprises a peptide nucleic acid.
[0012] Also provided by the disclosure are embodiments
wherein the oligonucleotide 1s chemically linked to one or
more conjugates that enhance the activity, cellular distribu-
tion, or cellular uptake of the antisense oligonucleotide. In
some embodiments, the oligonucleotide 1s chemically linked
to a polyethylene glycol molecule. In further embodiments,
the conjugate 1s a peptide that enhances cellular uptake.
Regarding the peptide, the disclosure provides embodiments
wherein the peptide 1s selected from the group consisting of
a nuclear localization signal (NLS), HIV-1 TAT protein, a
peptide comprising an mtegrin binding domain, oligolysine,
adenovirus fiber protein and a peptide comprising a recep-
tor-mediated endocytosis (RME) domain.
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[0013] In further aspects of the disclosure, a pharmaceu-
tical composition 1s provided comprising an antisense oli-
gonucleotide of the disclosure and a physiologically com-
patible builer.

[0014] In another aspect, the disclosure provides a method
of inducing exon-skipping of a gamma sarcoglycan RINA,
comprising delivering to a cell an antisense oligonucleotide
or a composition of the disclosure, thereby inducing exon-
skipping of the gamma sarcoglycan RNA. In some embodi-
ments, the cell 1s a human muscle cell (1.e., a skeletal muscle
fiber). In further embodiments, the human muscle cell 1s 1n
a patient, and 1n still further embodiments the patient has
muscular dystrophy. In some embodiments, the muscular
dystrophy 1s Limb Girdle Muscular Dystrophy type 2C
(LGMD2C).

[0015] In some aspects, the disclosure provides a method
of ameliorating Limb Girdle Muscular Dystrophy type 2C
(LGMD2C) 1n a patient in need thereof comprising the step
of administering to the patient a therapeutically etlective

amount of a composition of the disclosure, thereby amelio-
rating LGMD2C.

[0016] In another aspect, a method of 1inhibiting the pro-
gression ol dystrophic pathology associated with LGMD2C
in a patient i need thereof 1s provided, comprising the step
of administering to the patient a therapeutically effective
amount of a composition of the disclosure, thereby 1nhibait-
ing the progression of dystrophic pathology.

[0017] In some aspects, the disclosure provides a method

of improving muscle function 1n a patient suflering from
Limb Girdle Muscular Dystrophy type 2C (LGMD2C) com-

prising the step ol administering to the patient a therapeu-
tically eflective amount of a composition of the disclosure,

thereby improving muscle function. In some embodiments,
the muscle 1s a cardiac muscle.

[0018] In further embodiments, the 1mprovement 1n
muscle function 1s an improvement in muscle strength. In
some embodiments, the improvement 1n muscle strength 1s
an 1improvement 1n respiratory muscle strength.

[0019] The disclosure further provides embodiments, 1n
which the improvement 1n muscle function 1s an 1mprove-
ment 1 motor stability, improved upper limb strength, or
improved cardiac function. In some embodiments, the
improvement in motor stability results in an improved
six-minute walk test by the patient relative to a previously
measured six-minute walk test by that patient. In further
embodiments, the improvement in motor stability results 1n
improved exercise endurance.

[0020] In further aspects, the disclosure provides a kit
comprising an antisense oligonucleotide of the disclosure,
optionally 1n a container, and a package insert, package
label, mstructions or other labeling. In some embodiments,
the kit further comprises an additional oligonucleotide,
wherein the additional oligonucleotide specifically hybrid-
1zes to an exon 1n a gamma sarcoglycan RNA.

[0021] Another aspect of the disclosure 1s drawn to a kat
comprising the antisense polynucleotides as described
herein, optionally in a container, and a package insert,
package label, instructions or other labeling. In some
embodiments, the kit further comprises an additional poly-
nucleotide, wherein the additional polynucleotide specifi-
cally hybridizes to an exon 1n a gamma sarcoglycan RNA.

[0022] Additional aspects and embodiments of the disclo-
sure are described 1n the following enumerated paragraphs.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0023] FIG. 1 shows that Mimi-Gamma rescued Droso-
phila muscular dystrophy. A. 7-sarcoglycan (GSG) 1s a type
2 transmembrane protein with a cytoplasmic amino-termi-
nus and extracellular carboxy-terminus. The SGCG gene
encoding v-sarcoglycan 1s composed of 8 exons, and the
most common mutation falls within exon 6 and disrupts the
reading frame [Noguchi et al., Science 270: 819-822
(1993)]. To restore the reading frame, skipping exons 4, 3,
6, and 7 1s required. This approach removes a portion of the
extracellular domain, producing an internally truncated pro-
tein, referred to as Mini-Gamma. B. The UAS-Gal4 system
was used to express full length murine y-sarcoglycan,
referred to as mGSG or Minmi-Gamma as transgene 1n
Sgcd840 fhes, a sarcoglycan deficient model of muscular
dystrophy. mGSG protein localized to the plasma membrane
in Sgcd840 fly skeletal muscle (Met-Gal4, UAS-Mini-
Gamma), similar to full-length murine y-sarcoglycan (Mhc-
Gal4, UAS-mGSG). In fly heart tube, Mimi-Gamma also
showed plasma membrane staining (TinC-Gal4, UAS-Mini-
Gamma). Scale bar=20 um. C. Optical coherence tomogra-
phy (OCT) was used to measure fly heart function [Wolf et
al., Drug Discov Today Dis Models 5: 117-123 (2008)].
SgcdB840 fhes had dilated heart tubes with increased end
systolic dimension (ESD) compared to wildtype ({lies.
Expression of Mini-Gamma 1n the Sgcd840 heart tube
restored ESD to wild type level (Mef-Gal4, UAS-Mini-
Gamma) (n=10~12 flies per genotype.) D. MB5 monitor was
used to record fly spontaneous activity and nocturnal activity
1s shown (12 AM to 8 AM). Expression of Mini-Gamma
improved nocturnal activity of Sgcd840. The degree of
rescue was similar to between mGSG and Mini-Gamma
(n=20~335 flies per genotype.)

[0024] FIG. 2 shows that Mini-Gamma 1interacts with 3
and o-sarcoglycan. Plasmids encoding mammalian sarco-
glycans were expressed in HEK cells. A. When expressed
alone, both Mini-Gamma and {full-length vy-sarcoglycan
(GSG) were not found at the plasma membrane and 1nstead
were retained 1n the cytoplasm and perinuclear regions,
consistent with previous reports that association with the /0
core 1s required for membrane targeting [Shi et al., Muscle
Nerve 29: 409-419 (2004)] (arrows 1n leit panels show little
to no plasma membrane traflicking.) Co-expression of {3-, 0-
and y-sarcoglycans together resulted 1 plasma membrane
enrichment of vy-sarcoglycan (GSG) (arrow 1n top right
panel.) Similarly, expression of Mini-Gamma with [3- and
0-sarcoglycan resulted 1n plasma membrane translocation of
Mimi-Gamma. Scale bar=5 um. B. Co-immunoprecipitation
was performed to examine sarcoglycan complex formation
from HEK heterologous cell expression experiments. Immu-
noprecipitation with an anti-3-sarcoglycan antibody, a com-
plex containing {3-, 6- and y-sarcoglycan was detected in
3/0/v co-expressing cells (upper panels). Likewise, immu-
noprecipitation with the same anti-f3-sarcoglycan antibody
demonstrated an interaction among [3-, 6- and Mini-Gamma
(lower panels). Immunoprecipitation for Mini-Gamma
(MG) using an antibody against the Xpress tag also detected
3- and o-sarcoglycan.

[0025] FIG. 3 shows that Mini-Gamma was incorporated
into the sarcoglycan complex 1n vivo. A. Transgenic mice
expressing murine Mini-Gamma under the control of the
human desmin (DES) promoter were generated. B. Two
independent lines of Mini-Gamma were characterized; Tg50
had high expression while Tg84 had lower level expression.
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C. To assess sarcoglycan complex formation, microsomal
preparations were generated from transgenic mouse muscle.
Membrane-associated microsomes were 1solated. The sar-
coglycan complex 1s known to enrich i the heavy
microsomal fraction (H), which contains the secretory sys-
tem and plasma membrane [Ohlendieck et al., J Cell Biol
115: 1685-1694 (1991)]. Similar to endogenous y-sarcogly-
can, Mimi-Gamma was highly enriched i1n heavy
microsomes 1solated from both transgenic lines. D. Mini-
Gamma was found at the plasma membrane of skeletal
muscle, as seen 1n cross sections from Tg50+ mouse muscle.
Endogenous v-sarcoglycan was slightly diminished 1n
Tg50+ animals compared to 1dentically and simultaneously
processed muscle sections from wildtype (WT), suggesting,
competition for plasma membrane localization between
Mim-Gamma and endogenous v-sarcoglycan. Scale bar=50
L.

[0026] FIG. 4 shows that Mini-Gamma 1mproved sarco-
glycan traflicking and Sgcg mice skeletal muscle pathology.
A. In the absence of y-sarcoglycan, [3- and o-sarcoglycan
content 1n the heavy microsomal fraction 1s reduced due to
impaired sarcolemma targeting, consistent with previous
reports [Hack et al., J Cell Sc1 113 (Pt 14): 2535-2544
(2000)]. In Tg50/Sgcg mice, - and o-sarcoglycan protein
levels were increased in the heavy microsomal fraction
compared to those from Sgcg muscle without the Mini-
Gamma transgene. B. Co-immunoprecipitation from the
heavy microsomal fraction was performed to test the inter-
action between Mini-Gamma and other sarcoglycans in
vivo. Mini-Gamma was precipitated using an antibody
against [3-sarcoglycan (0.-BSG). The Xpress tag antibody to
Mim-Gamma (o.-MG) also resulted 1n precipitation of p-sar-
coglycan. C. Mini-Gamma mmproved diaphragm muscle
pathology 1n Sgcg mice. The diaphragm muscle 1s severely
allected by the dystrophic process 1n Sgcg mice, as 1t 1s other
mouse models of muscular dystrophy, and this 1s seen as
marked thickeming, referred to as pseudohypertrophy [Hack
et al., J Cell Biol 142: 1279-1287 (1998)]. In Sgcg/Tg50
mice, the thickness of the diaphragm muscle was reduced.
Central nucleation, another feature of dystrophic muscle, 1s
increased 1 Sgcg mice, retlecting increased regeneration.
The percentage of centrally nucleated fibers was reduced 1n
diaphragm muscle from Sgcg/Tg50 mice compared to Sgcg
mice, consistent with reduced degeneration and therefore a
decreased need for regeneration. Scale bar=100 um.

[0027] FIG. 5 shows that Mini-Gamma reduced fibrosis
and 1mproved function of Sgcg hearts. A. Mini-Gamma
protein was detected at the sarcolemma of cardiomyocytes
from Tg50/Sgcg mice, similar to that of the endogenous
v-sarcoglycan i wildtype animals. Scale bar=20 um. B.
Sgcg mice develop fibrosis and impaired cardiac function
[Hack et al., J Cell Biol 142: 1279-1287 (1998)]. Cardiac
fibrosis was momtored by hydroxyproline content. In
Tg/Sgcg mice, heart fibrosis was reduced compared to Sgcg
mice. Cardiac function was evaluated by echocardiography.
Compared to Sgcg mice, Tg/Sgcg mice had improved frac-
tional shorteming. Fibrosis and fractional shortening mea-
surements shown here are of males only.

[0028] FIG. 6 depicts Antisense oligonucleotide (AON)-
mediated read frame correction in human SGCG mutant

cells. A. An individual with Limb Girdle Muscular Dystro-
phy 2C was 1dentified as having two different deletions
aflecting the SGCG locus. One allele (top) harbored a 1.4

MB deletion encompassing multiple genes (shaded area).
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The second allele contained a smaller deletion encompass-
ing SGCG exon 6 1n 1ts entirety (shaded area, middle
schematic). Numbers refer to genome position 1n Genome
Retference Consortium Human Build 37 (GRCh37) also
known as hgl9. The exon organization for exon 6 deletion
(ex6del) mutant SGCG transcripts 1s shown 1n the lower
schematic and this represents the SGCG transcript produced
from the allele shown in the middle schematic. Numbers
indicate the nucleotide number starting at exon 1. The
asterisk indicates the transcription start site at position 156.
The triangle indicated the premature stop codon. B. Skin
fibroblasts from control and the ex6del individuals were
obtained and reprogrammed to the myogenic lineage using
a tamoxifen-inducible MyoD [Kimura et al., Hum Mol
Genet 17: 2507-2517 (2008); Kendall et al., Science Trans-
lational Medicine 4: 164ral60 (2012)]. Desmin expression
(white) and multinucleated myotube formation were readily
seen 1n MyoD-transduced fibroblasts after 40H-tamoxifen
exposure (5 uM, 48 hours). Nuclei are labeled with Hoechst
3342. Scale bar=10 uM. Diflerentiation of ex6del fibroblasts
was comparable to control. C. RT-PCR demonstrated SGCG
transcripts from control and SGCG ex6del cells from repro-
grammed (right) fibroblasts after differentiation (5 uM 40H-
tamoxifen, 48 hours; 12d differentiation) but not 1n undii-
ferentiated reprogrammed  {ibroblasts. D. MyoD-
reprogrammed fibroblasts were treated with AONSs targeting
exons 4 (SEQ ID NO: 4), 5 (SEQ ID NO: 11), and 7 (SEQ
ID NO: 31) (100 nM/AON, 300 nM total). RT-PCR dem-
onstrated the expected skipped products, including the
smallest product representing exons 2, 3 and 8 and deleted
for exons 4, 5, and 7 (lower arrow). Results from 3 1nde-
pendent replicates are shown for AON treatment. NTC=no-
template control for RTPCR. Upper arrow indicates the
endogenous single exon skipping of exon 7 1n the exo6del
SGCG transcript.

[0029] FIG. 7 depicts results using reprogrammed fibro-
blasts from SGCG ex6 del patient cells when skipping
individual exons with AONs. A. Schematic representing the

s1ze of each exon and the position of AONs directed at exon
4 (E4), exon 5 (E3) or exon 7 (E7). This LGMD 2C patient

1s deleted for exon 6. B. Gel electrophoresis of RT-PCR
amplified SGCG mRNA before or after exon skipping using
single 20MePS AON targeting exons 4 (SEQ ID NO: 4), 5
(SEQ ID NO: 11), or 7 (SEQ ID NOs: 31 and 33) (100-500
nM AON, 48 hours). The first three lanes represent the
SGCG mRNA present ex6del cells without any AON pres-
ent. Lanes 4-6 represent AON directed at exon 5 in three
different concentrations, resulting in the skipping of only
exon 3. Lanes 7-9 represent AON directed at exon 7 result-
ing in the skipping of only exon 7. Lanes 10-12 represent
AON directed at exon 7 using an alternative sequence
resulting 1n the skipping of only exon 7. The two arrows
represent a small degree of exon 7 skipping SGCG mRNA
that occurs 1n the absence of AON-1nduced skipping. Note,
single skipped exons including skipping only 4, 5, 6 or 7 will
not restore reading frame. 20MePS ftransfection demon-
strated dose-dependent cytotoxicity at higher AON concen-
trations by the 48h time point. Filty nanograms (ng) of
cDNA template was used for control samples and 100 ng
was used for ex6del samples.

[0030] FIG. 8 depicts results of exon skipping using PMO

chemistry. Results are shown using reprogrammed fibro-
blasts from SGCG normal, SGCG ex6 del, and an LGMD
2C patient who has homozygous deletion for exon 7
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(ex7del). A. The exon organization for SGCG normal con-
trol and SGCG ex7del LGMD 2C patient who lacks exon 7

on both alleles as the cause of LGMD 2C. Numbers indicate

the nucleotide number starting at exon 1. The asterisk
indicates the start site for protein translation and the triangle

indicates the premature stop codon 1n ex/7del SGCG mRNA.
B. Gel electrophoresis of RT-PCR amplified SGCG normal
(top) and ex7del (bottom) SGCG transcripts, alter treatment
with single PMO AONs targeting exons 4, 5, 6, or 7 (0.5-2.5
uM/AON, 48 hours). Black arrow on ex/del gel indicates

the expected band generated from successiul skipping of

exon 6 (using SEQ ID NOs: 5, 12, 19, and 32). C. Gel
clectrophoresis of RT-PCR amplified control SGCG tran-
scripts treated with high dose PMOs (SEQ 1D NOs: 19, 17,
and 23, respectively) (4 uM, 48 hours (h)) against 3 different
exon 6 targets, demonstrating the ability for single exon
skipping of exon 6 1n control cells. Far right: exon 7 skipping
retference with low dose E7PMO (SEQ ID NO: 32) (0.5 uM,
48 hours). Multiple replicates for each treatment are shown.
D. Multi-exon skipping of the SGCG transcript mediated by
combinatorial AON treatment (48 hours). Cocktail 1
includes SEQ ID NOs: 35, 12, 19 and 32; Cocktail 2 includes
SEQ ID NOs: 5,12, 23, and 32; the 3 AON Cocktail includes
SEQ ID NOs: 5, 12, and 32. Cocktails contaiming PMOs
directed against exons 4, 5, and 7 used 1 uM, 1 uM, 0.5 uM,
respectively. The read frame corrected internally truncated
Mim-Gamma skipped product was generated in control cells
treated with cocktail 2 (black arrow). The far right lanes
show the generation of the Mimi-Gamma SGCG transcript in
LGMD 2C patient cells with an exon 6 deletion (ex6del).

[0031] FIG. 9 depicts multi-exon skipping in Limb Girdle
Muscular Dystrophy type 2C. A. MyoD-reprogrammed
fibroblasts were induced into muscle cell differentiation and
then treated with 2'0O methyl (20Me) antisense oligonucle-
otides (AONs). AONs targeting exons 4, 5, and 7 (100
nM/AON, 300 nM total). RI-PCR demonstrated the
expected skipped products, including the smallest product
representing exons 2, 3 and 8 and deleted for exons 4, 3, and
7 (arrow). Results from 4 independent replicates are shown
for AON treatment. B. The upper panel shows a chromato-
gram of the sequencing results documenting the expected
splice product created by AON-induced exon skipping. A
read-frame corrected mini-gamma transcript 1s shown that
includes exons 2, 3 and 8. The bottom panel shows the
control chromatogram depicting the normal splice junction
of exons 3 linked to exon 4. The black box 1n the upper panel
indicates a synonymous variant observed in exon 8 of this
LGMD 2C patient. SEQ ID NOs: 4, 11, and 31 were used 1n

these experiments.

[0032] FIG. 10. Vivo-morpholino PMO AONs mediate
cilicient read frame correction in normal control human and
SGCG mutant cells. Multi-exon PMO induced exon skip-
ping generated the mini-gamma transcript in both control
(A) and mutant cell lines (B). Gel electrophoresis of RT-PCR
products demonstrated a band approximately 423nt, repre-
sentative of exons 2, 3 and 8 inclusion and exons 4, 5, 6, and
7 deletion (black arrow). Intermediate products were also
observed 1n the LGMD 2C patient shown 1n B. This indi-
vidual lacks exon 7 of SGCG as the cause of LGMD 2C. For
PMO 4, 5, 6, 7 cocktail in A and B, Low dose equaled 1, 1,
1, 0.5 uM for PMO 4, 5, 6, and 7 respectively; High dose
was 1, 1, 2, 0.5 uM of each PMO. SEQ ID NOs: 3, 12, 23,

and 32 were used 1n these experiments.
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[0033] FIG. 11. Vivo-morpholino PMO AONs mediate
eflicient read frame correction in cells from two additional
SGCG mutant LGMD 2C patients. The black arrowhead
indicates endogenous exon 7 skipping i1s present i two

different lines from individuals containing the same exon 6
deletion of SGCG. For PMO 4, 5, 7 cocktail in C, Low dose

was 1, 1, 0.5 uM of each PMO; Medium was 1, 1, 1 uM; and
High was 2, 2, 1 uM for PMO 4, 6, and 7, respectively. SEQ
ID NOs: 3, 12, 23, and 32 were used 1n these experiments.

DETAILED DESCRIPTION OF TH.
INVENTION

L1l

[0034] The present disclosure demonstrates the applica-
tion of an exon skipping strategy to treat LGMD 2C patients
with mutations in SGCG, the gene encoding y-sarcoglycan.
The most common mutation mn LGMD2C patients 1s a
deletion of a thymine from a string of 5 thymines at 521-525
base pair (bp) 1n exon 6 of the y-sarcoglycan gene, referred
to as S21AT. This mutation shifts the reading frame and
results 1n the absence of y-sarcoglycan protein and second-
ary reduction of y- and o-sarcoglycan [Noguchi et al.,
Science 270: 819-822 (1995)]. To skip this mutation and
restore reading frame requires skipping of exons 4, 5, 6 and
7 together. This internally truncated protein, which we refer
to as “Mini-Gamma,” retains the intracellular, transmem-
brane and extreme carboxy-terminus. See FIG. 1.

[0035] In some aspects, the disclosure provides one or
more 1solated antisense oligonucleotide(s) wherein the one
or more oligonucleotide(s) specifically hybridizes to an exon
target region of a y-sarcoglycan RNA. In various embodi-
ments, the AON 1s selected from the group consisting of
oligonucleotides listed in Table 2. In any of the aspects or
embodiments of the disclosure, 1t 1s specifically contem-
plated that the complement of any of the antisense oligo-
nucleotide sequences disclosed herein 1s utilized 1n a method
or composition of the disclosure.

[0036] In any of the aspects or embodiments disclosed
herein, the disclosure also contemplates use of an antisense
oligonucleotide that 1s at least about 70% i1dentical to an
antisense oligonucleotide disclosed heremn. In further
embodiments, an antisense oligonucleotide that 1s at least
about 75%, or at least about 80%, or at least about 85%, or
at least about 90%, or at least about 95%, or 1s 99% 1dentical
to an antisense oligonucleotide disclosed herein 1s contem-
plated for use.

[0037] As used herein, “hybridization” means an interac-
tion between two or three strands of nucleic acids by
hydrogen bonds in accordance with the rules of Watson-
Crick DNA complementarity, Hoogstein binding, or other
sequence-specific binding known in the art. Hybridization
can be performed under different stringency conditions
known 1n the art. “Specifically hybridize,” as used herein, 1s
hybridization that allows for a stabilized duplex between
polynucleotide strands that are complementary or substan-
tially complementary. For example, a polynucleotide strand
having 21 nucleotide units can base pair with another
polynucleotide of 21 nucleotide units, yet only 19 bases on
cach strand are complementary or substantially complemen-
tary, such that the “duplex”™ has 19 base pairs. The remaining
bases may, for example, exist as 5' and/or 3' overhangs.
Further, within the duplex, 100% complementarity 1s not
required; substantial complementarity 1s allowable within a
duplex. Substantial complementarity refers, in various

embodiments, to 75%, 80%, 85%, 90%, 95%, 99% or 100%
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complementarity. For example, a mismatch in a duplex
consisting of 19 base pairs results 1n 94.7% complementar-
ity, rendering the duplex substantially complementary. In
general, an antisense oligonucleotide (AON) “having sub-
stantial complementarity” to an exon 1s one that 1s sufli-
ciently complementary to an exon against which 1t 1s
directed to bind to and effect skipping of the exon.

[0038] It 1s noted here that, as used in this specification
and the appended claims, the singular forms *“a,” “an,” and
“the” include plural reference unless the context clearly
dictates otherwise.

[0039] It 1s also noted that the term “about™ as used herein
1s understood to mean approximately.

[0040] The terms “polynucleotide” and “oligonucleotide™
are used interchangeably herein.

[0041] As used herein, the term “ameliorating” takes on 1ts
standard meaning in the art, where 1t 1s understood to mean
“to make better or more tolerable.” Thus, “ameliorating
Limb Girdle Muscular Dystrophy” would include but not be
limited to improving or making more tolerable the disease,
as would be understood 1n the art, or to improving or making
more tolerable one or more symptoms of Limb Girdle
Muscular Dystrophy, such as by reducing the severity of any
deleterious symptom including weakness that aflects the
skeletal muscles including the upper and lower limbs as to
allect walking and/or activities of daily living, exercise
endurance, cardiac muscle dysfunction, respiratory muscle
weakness, and serum and urine biomarkers of cardiac and
skeletal muscle breakdown.

Antisense Polynucleotides/Polynucleotide Design

[0042] According to a first aspect of the invention, there 1s
provided an antisense polynucleotide capable of binding to
a selected target to mduce exon skipping. To imnduce exon
skipping in exons of the y-sarcoglycan gene (SGCG) tran-
script, the antisense polynucleotide 1s selected based on the
exon sequences shown in Tables 1 and 2. The disclosure also
provides a combination or “cocktail” of two or more anti-
sense polynucleotides capable of binding to a selected target
or targets to induce exon skipping. The exon skipping
contemplated herein induces exclusion of exons 4, 5, 6,
and/or 7 so as to generate an in-frame, internally truncated
7-sarcoglycan protein. Excluding exons 4, 5, 6 and 7 results
in the generation of an internally truncated protein lacking
135 amino acids, while deleting exon 5 results 1n an inter-
nally deleted, in-frame protein lacking 40 amino acids. The
internally truncated proteins, termed mini-Gamma, retains
the capacity to interact with dystrophin and its associated
proteins and stabilize cardiac and skeletal muscle cells.
[0043] Within the context of the disclosure, preferred
target site(s) are those mvolved n mRNA splicing (.e.,
splice donor sites, splice acceptor sites or exonic splicing
enhancer elements). Splicing branch points and exon rec-
ognition sequences or splice enhancers are also potential
target sites for modulation of mRINA splicing.

[0044] Thus, 1n various embodiments, one, two three, four,
five, six, seven, eight, nine, ten, eleven, twelve, thirteen,
fourteen, fifteen or more antisense polynucleotides are used
to 1mnduce exon skipping of a gamma sarcoglycan nucleic
acid. The choice of the number of antisense polynucleotides
can be determined empirically by one of ordinary skill 1n the
art. The person of ordinary skill can mdividually test the
relative ability of compositions comprising one, two three,
four or more antisense polynucleotides to produce a protein
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product of interest i vitro. Briefly, and 1n one specific
embodiment, a composition comprising a single antisense
polynucleotide that 1s designed to specifically hybridize (1.e.,
block) a splice acceptor site in exon 4 of a gamma sarco-
glycan nucleic acid 1s added to a culture of fibroblasts
obtained from a patient harboring a mutation in SGCG.
Next, the fibroblasts are induced to adopt a myogenic
lincage via forced MyoD expression (see Example 2 for
details), and the resulting myotubes are tested for surface
expression of a Mim-Sgcg protein via, for example and
without limitation, an immunofluorescence experiment. Fur-
ther immunofluorescence microscopy analysis of the myo-
tubes can be conducted to identify whether additional sar-
coglycans (1.e., a.-, - and o-sarcoglycan) are co-localized
with Mini-Gamma in myotubes. Such co-localization of the
members of the sarcoglycan complex associated with
muscle membranes indicates that the Mini-Gamma that 1s
produced following administration of the composition com-
prising a single antisense polynucleotide 1s able to eflec-
tively induce exon skipping of the SGCG-encoded nucleic
acid to result 1n a truncated protein that retained its ability to
associate with the other members of the sarcoglycan com-
plex, as well as embed 1n a muscle membrane. Similar
experiments may be conducted with compositions that 1ndi-
vidually comprise two, three, four, five or more antisense
polynucleotides, each designed to specifically hybridize to
an exon of a SGCG-encoded nucleic acid.

[0045] To identily and select antisense polynucleotides
suitable for use 1 the modulation of exon skipping, a nucleic
acid sequence whose function 1s to be modulated must first
be 1dentified. This may be, for example, a gene (or mRNA
transcribed form the gene) whose expression 1s associated
with a particular disorder or disease state, or a nucleic acid
molecule from an infectious agent. Within the context of the
disclosure, suitable target site(s) are those involved 1n
mRNA splicing (e.g., splice donor sites, splice acceptor
sites, or exonic splicing enhancer elements). Splicing branch
points and exon recogmition sequences or splice enhancers
are also potential target sites for modulation of mRNA
splicing contemplated by the disclosure.

TABLE 1

Table of exon coordinates based on
the UCSC Human Genome Build 19.

eXOn exon

exon start exon end start + 30 end + 30
exon 4 23824768 23824856 23824738 23824886
exon 5 23853497 23853617 23853467 23853647
exon 6 23869553 23869626 23869523 23869656
exon 7 23894775 23894899 23R894725% 23894929

Sgcg exons per UCSC hgl9, transcript NM__000231

*-350 from exon start because of T rich region

[0046] Those of skill in the art can readily design antisense
polynucleotides according to the present disclosure. For

example, general teachings in the art include, but are not
limited to, Aartsma-Rus et al., Methods Mol Biol. 867:

117-29 (2012); Aartsma-Rus et al., Methods Mol Biol. 867:
97-116 (2012); van Roon-Mom et al., Methods Mol Biol.
867: 79-96 (2012), each of which is incorporated herein by
reference. General guidelines also include attempting to
avoild 3 consecutive G or C nucleotides, choosing lengths
and sequences that favor self structure (hairpinning will be
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avoilded), and avoiding those sequences likely to form
primer dimers. In some embodiments, an antisense poly-
nucleotide of the disclosure i1s one that 1s designed to
specifically hybridize to an exon or an intron-exon boundary,
such that the antisense polynucleotide specifically hybrid-
1zes to a sequence that 1s completely within an exon of a
gamma sarcoglycan nucleic acid, or about one nucleotide of
the antisense polynucleotide spans said intron-exon bound-
ary when the antisense polynucleotide 1s specifically hybrid-
1zed to the SGCG-encoded nucleic acid. In some embodi-
ments wherein the antisense polynucleotide specifically
hybridizes to a sequence that 1s completely within an exon,
it 1s contemplated that a terminus of the antisense polynucle-
otide 1s about 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 or more nucleotides
from a terminus of the exon. The intron-exon boundary for
each of exons 4, 35, 6, and 7 1s shown 1n Table 1. In further
embodiments, an antisense polynucleotide of the disclosure
1s one that 1s designed to specifically hybridize to an
intron-exon boundary of a SGCG-encoded nucleic acid,
such that about 2, 3, 4, 5, 6, 7, 8, 9, 10 or more nucleotides
of the antisense polynucleotide span said intron-exon bound-
ary. It 1s understood that a nucleotide can “span the intron-
exon boundary” on either the exon side or intron side. Thus,
an antisense polynucleotide that specifically and predomi-
nantly hybridizes to intronic sequence and only hybridizes to
one nucleotide of an adjoining exon would “span the 1ntron-
exon boundary” by one nucleotide. Similarly, an antisense
polynucleotide that specifically hybnidizes to exonic
sequence and only hybridizes to one nucleotide of an
adjoining intron would “span the intron-exon boundary™ by
one nucleotide. In any of the atorementioned embodiments,
the antisense polynucleotide 1s at least about 10 nucleotides
and up to about 15, 20, 25, 30, 35, 40, 45, 350 or more
nucleotides in length. Lengths of antisense polynucleotides
contemplated by the disclosure are discussed in more detail
below.

[0047] Specific antisense oligonucleotides (AONSs) con-
templated by the disclosure include, but are not limited to,
the oligonucleotides listed 1n Table 2, below.

[0048] In some aspects, the disclosure provides pharma-
ceutical compositions comprising an antisense polynucle-
otide to induce exon skipping of a SGCG-encoded nucleic
acid, such that a “Mini-Gamma” protein 1s produced that has
the ability to (a) eflectively associate with other members of
the sarcoglycan complex (i.e., .-, p- and o-sarcoglycan) and
(b) correctly embed 1n a muscle membrane. In some embodi-
ments, methods described herein result in the restoration of
a sarcoglycan at a muscle membrane surface, such that about
1% of the gamma sarcoglycan protein is restored relative to
the amount of y-sarcoglycan protein at a muscle membrane
in the absence of administration ol the pharmaceutical
composition. In further embodiments, methods described
herein result 1n the restoration of a sarcoglycan protein at the
muscle membrane surface, such that about 2%, about 3%,
about 4%, about 5%, about 6%, about 7%, about 8%, about
9%, about 10%, about 11%, about 12%, about 13%, about
14%, about 15%, about 16%, about 17%, about 18%, about
19%, about 20%, about 21%, about 22%, about 23%, about
24%, about 25%, about 26%, about 27%, about 28%, about
29%. about 30%, about 31%, about 32%, about 33%, about
34%., about 35%, about 36%, about 37%, about 38%, about
39%., about 40%, about 41%, about 42%, about 43%, about
44%., about 45%, about 46%, about 47%, about 48%, about
49%., about 50%, about 51%, about 52%, about 53%, about
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54%, about 55%, about 56%, about 57%, about 38%, about
59%, about 60%, about 61%, about 62%, about 63%, about
64%, about 65%, about 66%, about 67%, about 68%, about
69%, about 70%, about 71%, about 72%, about 73%, about
74%, about 75%, about 76%, about 77%, about 78%, about
79%, about 80%, about 81%, about 82%, about 83%, about
84%, about 85%, about 86%, about 87%, about 838%, about
89%, about 90%, about 91%, about 92%, about 93%, about
94%, about 95%, about 96%, about 97%, about 98%, about
99%, about 2-fold, about 3-fold, about 4-fold, about 5-fold,
about 6-fold, about 7-fold, about 8-fold, about 9-fold, about
10-fold or more of the gamma sarcoglycan protein 1is
restored relative to the amount of y-sarcoglycan protein at
the muscle membrane 1n the absence of administration of the
pharmaceutical composition. Such restoration of y-sarcogly-
can protein at the muscle membrane can be determined by
one of ordinary skill in the art by, for example and without
limitation, obtaining a muscle biopsy from the patient and
performing immunotluorescence with an antibody that has
specific binding athnity for Mini-Gamma protein.

[0049] In any of the aspects or embodiments of the dis-
closure, 1t 1s contemplated that the individual genotype of
the patient will determine the antisense oligonucleotide(s) to
be administered. Thus, 1 various embodiments a patient
harbors a deletion of one or more exons of the SGCG gene.
In other embodiments, a patient harbors one or more muta-
tions within an exon of the SGCG gene.

[0050] Accordingly, in some embodiments the genotype
of the patient 1s evaluated to determine whether the patient
harbors a deletion of one or more exons of the SGCG gene.
If a deletion of one or more exons of the SGCG gene 1s
detected 1n the patient, then one or more AON(s) are
administered to the patient to target the exons that are
retained 1n the patient. Thus, 1n some embodiments the goal
1s to skip one of exons 4, 35, 6, or 7, and only one AON 1s
administered to a patient to effect single exon skipping. In
turther embodiments, 1t 1s contemplated that more than one
exon 1s skipped, and 1n such embodiments 2, 3, 4, 5, 6, 7, 8,
9, 10, or more AONs are administered to a patient to eflect
multiple exon skipping. Thus, the disclosure contemplates
compositions comprising at least two oligonucleotides listed
in Table 2. In various embodiments, the one or more AONs
administered to a patient are selected from the group con-
sisting of oligonucleotides listed 1n Table 2.

[0051] In some embodiments, the patient harbors a muta-
tion 1 exon 6, and the patient 1s administered an AON
selected from the group of oligonucleotides listed 1n Table 2
to target exons 4, 5 and 7.

[0052] Infurther embodiments, the patient harbors a muta-
tion mm exon 7 and the patient 1s administered an AON
selected from the group of oligonucleotides listed 1n Table 2
to target exons 4, 5 and 6.

[0053] As described above, and 1n further embodiments,
the patient harbors one or more mutations within exons of
SGCG 1ncluding small deletions/insertions, transitions, or
tranversions that create an altered reading frame or dysfunc-
tional v-sarcoglycan protein by substituting amino acids
other than the conventional v-sarcoglycan protein. In an
embodiment, a patient harbors a mutation 1 exon 4, and
AONs are administered to target exons 5, 6, and 7, and
another AON having substantial complementarity to the
precise mutation in exon 4 1s administered. In an embodi-
ment, the patient harbors a mutation 1n exon 5 and AONs are
administered to target exons 4, 6, and 7 and another AON
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having substantial complementarity to the precise mutation
in exon 5 1s admimstered. In some embodiments, the patient
harbors a mutation 1n exon 6 and AONs are administered to
target exons 4, 5, and 7 and another AON having substantial
complementarity to the precise mutation within exon 6 1s
administered. In further embodiments, the patient harbors a
mutation 1n exon 7 and the patient 1s administered a single
AON to skip exons 4, 5, 6 and another AON having
substantial complementarity to the precise mutation 1n exon
7 1s administered.

[0054] In some embodiments, the patient harbors the
521AT mutation 1 exon 6 and AONs are administered to
target exons 4, 5, and 7 and an AON having substantial
complementarity to the 521AT mutation within exon 6 1s
administered. In some embodiments, the patient harboring
the 5S21AT mutation in exon 6 1s administered AONs having,
sequences as set out in SEQ ID NOs: 20, 21, 24 and 25.

Polynucleotides

[0055] Products, uses and methods of the disclosure com-
prise one or more polynucleotides. As used herein, a “poly-
nucleotide” 1s an oligomer comprised of nucleotides. A
polynucleotide may be comprised of DNA, RNA modified
forms thereof, or a combination thereof.

[0056] The term “nucleotide” or its plural as used herein
1s mterchangeable with modified forms as discussed herein
and otherwise known 1n the art. In certain instances, the art
uses the term “nucleobase” which embraces naturally occur-
ring nucleotides as well as modifications of nucleotides that
can be polymerized. Thus, nucleotide or nucleobase means
the naturally occurring nucleobases adenine (A), guanine
(G), cytosine (C), thymine (1) and uracil (U) as well as
non-naturally occurring nucleobases such as xanthine,
diaminopurine, 8-oxo-N6-methyladenine, 7-deazaxanthine,
7-deazaguanine, N4,N4-ethanocytosin, N',N'-ethano-2,6-di-
aminopurine, S-methylcytosine (mC), 5-(C,-Cj)-alkynyl-
cytosine, S-fluorouracil, S-bromouracil, pseudoisocytosine,
2-hydroxy-5-methyl-4-tr-1azolopyridin, 1socytosine, 1sogua-
nine, 1nosine and the “non-naturally occurring” nucleobases
described 1n Benner et al., U.S. Pat. No. 5,432,272 and
Susan M. Freler and Karl-Heinz Altmann, 1997, Nucleic
Acids Research, vol. 25: pp 4429-4443. The term “nucle-
obase” also 1ncludes not only the known purine and pyrimi-
dine heterocycles, but also heterocyclic analogues and tau-
tomers thereol. Further naturally and non-naturally
occurring nucleobases include those disclosed 1n U.S. Pat.
No. 3,687,808 (Merigan, et al.), in Chapter 15 by Sanghwi,
in Antisense Research and Application, Ed. S. 'T. Crooke and
B. Lebleu, CRC Press, 1993, in Englisch et al., 1991,
Angewandte Chemie, International Edition, 30: 613-722
(see especially pages 622 and 623, and in the Concise
Encyclopedia of Polymer Science and Engineering, J. I.

Kroschwitz Ed., John Wiley & Sons, 1990, pages 858-8359,
Cook, Anti-Cancer Drug Design 1991, 6, 585-607, each of
which 1s hereby mcorporated by reference 1n its entirety). In
various aspects, polynucleotides also include one or more
“nucleosidic bases™ or “base units” which include com-
pounds such as heterocyclic compounds that can serve like
nucleobases, including certain “universal bases™ that are not
nucleosidic bases in the most classical sense but serve as
nucleosidic bases. Universal bases include 3-nitropyrrole,
optionally substituted indoles (e.g., 5-nitroindole), and
optionally substituted hypoxanthine. Other desirable univer-
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sal bases include pyrrole, and diazole or triazole derivatives,
including those universal bases known in the art.

[0057] Polynucleotides may also include modified nucle-
obases. A “modified base™ 1s understood 1n the art to be one
that can pair with a natural base (e.g., adenine, guanine,
cytosine, uracil, and/or thymine) and/or can pair with a
non-naturally occurring base. Exemplary modified bases are
described 1in EP 1 072 679 and WO 97/12896, the disclo-
sures of which are incorporated herein by reference. Modi-
fied nucleobases include, without limitation, 5-methylcyto-
sine  (5-me-C), 5-hydroxymethyl cytosine, xanthine,
hypoxanthine, 2-aminoadenine, 6-methyl and other alkyl
derivatives of adenine and guamine, 2-propyl and other alkyl
derivatives of adenine and guanine, 2-thiouracil, 2-thiothy-
mine and 2-thiocytosine, S-halouracil and cytosine, 3-pro-
pynyl uracil and cytosine and other alkynyl derivatives of
pyrimidine bases, 6-azo uracil, cytosine and thymine, 5-ura-
cil (pseudouracil), 4-thiouracil, 8-halo, 8-amino, 8-thiol,
8-thioalkyl, 8-hydroxyl and other 8-substituted adenines and
guanines, S-halo particularly 5-bromo, 5-trifluoromethyl and
other 5-substituted uracils and cytosines, 7-methylguanine
and 7-methyladenine, 2-F-adenine, 2-amino-adenine, 8-az-
aguanine and  8-azaadenine, /-deazaguanine and
7-deazaadenine and 3-deazaguanine and 3-deazaadenine.
Further modified bases include tricyclic pyrimidines such as
phenoxazine cytidine(1H-pyrimido[3,4-b][1,4]benzoxazin-
2(3H)-one), phenothiazine cytidine (1H-pyrimido[3,4-b][1,
4benzothiazin-2(3H)-one), G-clamps such as a substituted
phenoxazine cytidine (e.g. 9-(2-aminoethoxy)-H-pyrimido
[5,4-b][1,4]benzoxazin-2(3H)-one), carbazole cytidine (2H-
pyrimido[4,5-b]indol-2-one), pyridoindole cytidine
(H-pyrido[3',2":4,3]pyrrolo[ 2,3-d]pyrimidin-2-one). Modi-
fied bases may also include those in which the purine or
pyrimidine base 1s replaced with other heterocycles, for
example 7-deaza-adenine, 7-deazaguanosine, 2-aminopyri-
dine and 2-pyridone. Additional nucleobases include those
disclosed 1n U.S. Pat. No. 3,687,808, those disclosed 1n The
Concise Encyclopedia Of Polymer Science And Engineer-
ing, pages 858-859, Kroschwitz, J. 1., ed. John Wiley &
Sons, 1990, those disclosed by Englisch et al., 1991, Ang-
ewandte Chemie, International Edition, 30: 613, and those
disclosed by Sanghvi, Y. S., Chapter 135, Antisense Research
and Applications, pages 289-302, Crooke, S. T. and Lebleu,
B., ed., CRC Press, 1993. Certain of these bases are usetul
for increasing the binding atlimity of the polynucleotide and
include 5-substituted pyrimidines, 6-azapyrimidines and
N-2, N-6 and O-6 substituted purines, including 2-amino-
propyladenine, 5-propynyluracil and 3-propynylcytosine.
S-methylcytosine substitutions have been shown to increase
nucleic acid duplex stability by 0.6-1.2° C. and are, in

certain aspects, combined with 2'-O-methoxyethyl sugar
modifications. See, U.S. Pat. Nos. 3,687,808, 4,845,205;

5,130,302; 5,134,066, 5,175,273; 5,367,066; 5,432,272
5,457,187; 5,459,255, 5,484,908; 5,502,177; 5,525,711;
5,552,540, 5,587,469; 5,594,121, 5,596,091; 5,614,617;
5,645,985; 5,830,653; 5,763,588; 6,005,096; 5,750,692 and
5,681,941, the disclosures of which are imncorporated herein
by reference.

[0058] Modified polynucleotides are contemplated for use
wherein both one or more sugar and/or one or more inter-
nucleotide linkage of the nucleotide units 1n the polynucle-
otide 1s replaced with “non-naturally occurring” sugars (i.¢.,
sugars other than ribose or deoxyribose) or iternucleotide
linkages, respectively. In one aspect, this embodiment con-
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templates a peptide nucleic acid (PNA). In PNA compounds,
the sugar-backbone of a polynucleotide 1s replaced with an
amide-containing (e.g., peptide bonds between N-(2-amino-
cthyl)-glycine units) backbone. See, for example U.S. Pat.
Nos. 5,539,082; 5,714,331; and 5,719,262, and Nielsen et
al., Science, 1991, 254, 1497-1500, the disclosures of which

are herein icorporated by reference.

[0059] Modified polynucleotides may also contain one or
more substituted sugar groups. In one aspect, a modification
of the sugar includes Locked Nucleic Acids (LNAs) 1n
which the 2'-hydroxyl group 1s linked to the 3' or 4' carbon
atom of the sugar ring, thereby forming a bicyclic sugar
group. The linkage 1s in certain aspects a methylene
(—CH,—), group bridging the 2' oxygen atom and the 4'
carbon atom wherein n 1s 1 or 2. LNAs and preparation
thereot are described 1n WO 98/39352 and WO 99/14226,
the disclosures of which are incorporated herein by refer-
ence.

[0060] To avoid degradation of pre-mRNA during duplex
formation with the antisense polynucleotides, the antisense
polynucleotides used i1n the method may be adapted to
mimmize or prevent cleavage by endogenous RNase H. This
property 1s advantageous because the treatment of the RNA
with the unmethylated polynucleotides either intracellularly
or in crude extracts that contain RNase H leads to degrada-
tion ol the pre-mRNA:antisense polynucleotide duplexes.
Any form of modified antisense polynucleotide that 1s
resistant to such degradation, or does not induce such
degradation, 1s contemplated by the disclosure. Non-limiting
examples of antisense molecules which, when duplexed
with RNA, are not cleaved by cellular RNase H are poly-
nucleotides comprising 2'-O-methyl derivatives of nucleo-
tides. 2'-O-methyl-oligoribonucleotides are very stable 1n a
cellular environment and 1n animal tissues, and their
duplexes with RNA have higher T, values than their ribo- or
deoxyribo-counterparts.

[0061] Antisense polynucleotides that do not activate
RNase H can be made 1n accordance with known techniques
(see, for example and without limitation, U.S. Pat. No.
5,149,797). Such antisense polynucleotides, which may be
deoxyribonucleotide or ribonucleotide sequences, simply
contain any structural modification which sterically hinders
or prevents binding of RNase H to a duplex molecule
containing the polynucleotide as one member thereot, which
structural modification does not substantially hinder or dis-
rupt duplex formation. Because the portions of the poly-
nucleotide mvolved in duplex formation are substantially
different from those portions mvolved in RNase H binding
thereto, numerous antisense molecules that do not activate
RNase H are available. (Activation 1s used 1n this sense to
refer to RNase H degradation, whether as a result of a
substrate not being susceptible to such degradation or such
substrate failing to induce degradation.) For example, such
antisense molecules may be polynucleotides wherein at least
one, or all, of the inter-nucleotide bridging phosphate resi-
dues are modified phosphates, such as methyl phosphonates,
methyl phosphorothioates, phosphoromorpholidates, phos-
phoropiperazidates and/or phosphoramidates. For example,
every other one of the internucleotide bridging phosphate
residues may be modified as described. In another non-
limiting example, such antisense polynucleotides are poly-
nucleotides wherein at least one, or all, of the nucleotides
contain a 2' carbon bound to a lower alkyl moiety (e.g.,
C,-C,, linear or branched, saturated or unsaturated alkyl,
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such as methyl, ethyl, ethenyl, propyl, 1-propenyl, 2-prope-
nyl, and 1sopropyl). For example, every other one of the
nucleotides may be modified as described.

[0062] In some embodiments, the modified ternucle-
otide linkage 1s a tricyclo-DNA (tc-DNA) modification.
Tc-DNA 1s described, e.g., in U.S. Patent Publication Num-
ber 2012/0149756, Ittig et al. [Nucleic Acids Research
39(1): 373-380 (2011)], and Goyenvalle et al. [Nature Medi-
cine 21(3): 270-275 (2013], which are incorporated by

reference herein in their entireties.

[0063] Methods of making polynucleotides of a predeter-
mined sequence are well-known. See, e.g., Sambrook et al.,
Molecular Cloning: A Laboratory Manual (2nd ed. 1989)
and F. Ecksteimn (ed.) Oligonucleotides and Analogues, 1st
Ed. (Oxiord University Press, New York, 1991). Solid-phase
synthesis methods are preferred for both polyribonucle-
otides and polydeoxyribonucleotides (the well-known meth-
ods of synthesizing DNA are also useful for synthesizing
RNA). Polyribonucleotides can also be prepared enzymati-
cally. Non-naturally occurring nucleobases can be incorpo-
rated 1nto the polynucleotide, as well. See, e.g., U.S. Pat. No.

7,223,833; Katz, J. Am. Chem. Soc., 74:2238 (1951);
Yamane, et al., J. Am. Chem. Soc., 83:2599 (1961); Kos-
turko, et al., Biochemistry, 13:3949 (1974); Thomas, J. Am.
Chem. Soc., 76:6032 (1934); Zhang, et al., J. Am. Chem.
Soc., 127:74-75 (2005); and Zimmermann, et al., J. Am.
Chem. Soc., 124:13684-13685 (2002).

[0064] Polynucleotides contemplated herein range from
about 5 nucleotides to about 350 nucleotides 1n length. In
some embodiments, the polynucleotide 1s between at least 5
nucleotides and at least 20 nucleotides, between at least 5
nucleotides and at least 30 nucleotides or between at least 5
nucleotides and at least 50 nucleotides.

[0065] In further embodiments, a polynucleotide contem-
plated by the disclosure 1s about 5 to about 60, 70, 80, 90,
100 or more nucleotides 1n length, about 5 to about 90
nucleotides 1n length, about 5 to about 80 nucleotides in
length, about 5 to about 70 nucleotides 1n length, about 5 to
about 60 nucleotides 1n length, about 5 to about 350 nucleo-
tides 1n length about 5 to about 45 nucleotides 1n length,
about 5 to about 40 nucleotides 1n length, about 5 to about
35 nucleotides 1n length, about 5 to about 30 nucleotides 1n
length, about 5 to about 25 nucleotides 1n length, about 5 to
about 20 nucleotides 1n length, about 5 to about 15 nucleo-
tides 1n length, about 5 to about 10 nucleotides 1n length, and
all polynucleotides intermediate 1n length of the sizes spe-
cifically disclosed to the extent that the polynucleotide is
able to achieve the desired result. Accordingly, polynucle-
otides of 5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19,
20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35,
36, 37, 38,39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 31,
52, 53, 54, 55, 56, 37, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67,
68, 69,70,71,72,73,74,75,76, 77,778,779, 80, 81, 82, 83,
84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99,
100 or more nucleotides in length are contemplated.

[0066] The polynucleotides of the disclosure are approxi-
mately 40% GC to about 60% GC, with a T of about 48°
C. or higher.

[0067] Another modification of the polynucleotides of the
invention mvolves chemically linking the polynucleotide to
one or more moieties or conjugates that enhance the activity,
cellular distribution or cellular uptake of the polynucleotide.
Such moieties include, but are not limited to, lipid moieties

such as a cholesterol moiety, cholic acid, a thioether, e.g.,




US 2023/0167452 Al

hexyl-S-tritylthiol, a thiocholesterol, an aliphatic chain, e.g.,
dodecandiol or undecyl residues, a phospholipid, e.g., di-
hexadecyl-rac-glycerol or triethylammonium 1,2-di-O-
hexadecyl-rac-glycero-3-H-phosphonate, a polyamine or a
polyethylene glycol chain, or adamantane acetic acid, a
palmityl moiety, or an octadecylamine or hexylamino-car-
bonyl-oxycholesterol moiety.

Therapeutic Agents

[0068] The compounds of the disclosure also can be used
as a prophylactic or therapeutic, which may be utilized for
the purpose of treatment of a genetic disease.

[0069] In one embodiment the disclosure provides anti-
sense polynucleotides that bind to a selected target in the
SGCG-encoded pre-mRNA to induce eflicient and consis-
tent exon skipping described herein in a therapeutically or
prophylactically eflective amount admixed with a pharma-
ceutically acceptable carrier, diluent, or excipient.

[0070] A pharmaceutically acceptable carrier refers, gen-
erally, to materials that are suitable for administration to a
subject wherein the carrier 1s not biologically harmiul, or
otherwise, causes undesirable eflects. Such carriers are
typically 1nert ingredients of a medicament. Typically a
carrier 1s administered to a subject along with an active
ingredient without causing any undesirable biological
ellects or interacting in a deleterious manner with any of the
other components of a pharmaceutical composition 1n which
it 1s contaimned. Suitable pharmaceutical carniers are
described 1n Martin, Remington’s Pharmaceutical Sciences,
18th Ed., Mack Publishing Co., Easton, Pa., (1990), incor-
porated by reference herein 1n 1ts entirety.

[0071] In a more specific form of the disclosure there are
provided pharmaceutical compositions comprising thera-
peutically eflective amounts of an antisense polynucleotide
together with pharmaceutically acceptable diluents, preser-
vatives, solubilizers, emulsifiers, adjuvants and/or carriers.
Such compositions include diluents of various builer content
(e.g., phosphate, Tris-HCI, acetate), pH and 1onic strength
and additives such as detergents and solubilizing agents
(e.g., Tween 80, Polysorbate 80), anti-oxidants (e.g., ascor-
bic acid, sodium metabisulfite), preservatives (e.g., Thim-
ersol, benzyl alcohol) and bulking substances (e.g., lactose,
mannitol). The material may be incorporated into particulate
preparations of polymeric compounds such as, for example
and without limitation, polylactic acid or polyglycolic acid,
or mto liposomes. Hylauronic acid may also be used. Such
compositions may influence the physical state, stability, rate
of 1n vivo release, and rate of in vivo clearance of the
disclosed compositions. The compositions may be prepared
in liquid form, or may be in drnied powder, such as lyo-
philized form.

[0072] It will be appreciated that pharmaceutical compo-
sitions provided according to the disclosure may be admin-
istered by any means known in the art. Preferably, the
pharmaceutical compositions for administration are admin-
istered by injection, orally, or by the pulmonary, or nasal
route. The antisense polynucleotides are, in various embodi-
ments, delivered by intravenous, intra-arterial, intraperito-
neal, intramuscular, or subcutaneous routes of administra-
tion.

[0073] The antisense molecules of the mvention encom-
pass any pharmaceutically acceptable salts, esters, or salts of
such esters, or any other compound which, upon adminis-
tration to an ammal including a human, 1s capable of
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providing (directly or indirectly) the biologically active
metabolite or residue thereof. Accordingly, for example, the
disclosure 1s also drawn to prodrugs and pharmaceutically
acceptable salts of the compounds of the invention, phar-
maceutically acceptable salts of such pro-drugs, and other
bioequivalents.

[0074] The term ‘“‘pharmaceutically acceptable salts™
refers to physiologically and pharmaceutically acceptable
salts of the compounds of the invention: 1.e., salts that retain
the desired biological activity of the parent compound and
do not impart undesired toxicological eflects thereto.
[0075] For polynucleotides, preferred examples of phar-
maceutically acceptable salts include, but are not limited to,
(a) salts formed with cations such as sodium, potassium,
ammonium, magnesium, calcium, polyamines such as sper-
mine and spermidine; (b) acid addition salts formed with
inorganic acids, for example hydrochloric acid, hydrobro-
mic acid, sulturic acid, phosphoric acid, mitric acid; (c) salts
tformed with organic acids such as, for example, acetic acid,
oxalic acid, tartaric acid, succinic acid, maleic acid, fumaric
acid, gluconic acid, citric acid, malic acid, ascorbic acid,
benzoic acid, tannic acid, palmitic acid, alginic acid, poly-
glutamic acid, naphthalenesulfonic acid, methanesulfonic
acid, p-toluenesulfonic acid, naphthalenedisulionic acid,
polygalacturonic acid; and (d) salts formed from elemental
anions such as chlorine, bromine, and 10dine. The pharma-
ceutical compositions of the disclosure may be administered
in a number of ways depending upon whether local or
systemic treatment 1s desired and upon the area to be treated.
Administration may be topical (including ophthalmic and to
mucous membranes including rectal delivery), pulmonary,
¢.g., by 1nhalation of powders or aerosols, (including by
nebulizer, intratracheal, intranasal, epidermal and transder-
mal), oral or parenteral. Parenteral administration icludes
intravenous, intra-arterial, subcutaneous, intraperitoneal or
intramuscular injection or infusion; or inftracramial, e.g.,
intrathecal or intraventricular, admimistration. Polynucle-
otides with at least one 2'-O-methoxyethyl modification are
believed to be particularly useful for oral administration.
[0076] The pharmaceutical formulations of the disclosure,
which may conveniently be presented 1n unit dosage form,
may be prepared according to conventional techniques well
known 1n the pharmaceutical industry. Such techniques
include the step of bringing into association the active
ingredients with the pharmaceutical carrier(s) or excipient
(s). In general the formulations are prepared by uniformly
bringing into association the active mgredients with liquid
carriers or finely divided solid carriers or both, and then, 1f
necessary, shaping the product.

[0077] Combination therapy with an additional therapeu-
tic agent 1s also contemplated by the disclosure. Examples of
therapeutic agents that may be delivered concomitantly with
a composition of the disclosure include, without limitation,
a glucocorticoid steroid (for example and without limitation,
prednisone and deflazacort), an angiotensin converting
enzyme 1nhibitor, a beta adrenergic receptor blocker, an
anti-fibrotic agent and a combination thereof.

Gene Therapy

[0078] In some aspects, the disclosure provides methods
of expressing a Mini-Gamma sarcoglycan 1n a cell. In any of
the aspects or embodiments of the disclosure, the cell 1s a
mammalian cell. In any of the aspects or embodiments of the
disclosure, the cell 1s in a human and the human 1s in need
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of the Mini-Gamma sarcoglycan. Accordingly, in some
aspects the disclosure provides gene therapy methods for
expressing a Mini-Gamma sarcoglycan in a cell.

[0079] In some embodiments, a vector (e.g., an expression
vector) comprising a polynucleotide of the invention to
direct expression of the polynucleotide 1n a suitable host
cell. Such vectors are useful, e.g., for amplifying the poly-
nucleotides 1n host cells to create usetul quantities thereof,
and for expressing proteins using recombinant techniques.
In some embodiments, the vector 1s an expression vector
wherein a polynucleotide of the invention 1s operatively
linked to a polynucleotide comprising an expression control
sequence. Autonomously replicating recombinant expres-
sion constructs such as plasmid and viral DNA vectors
incorporating polynucleotides of the disclosure are specifi-
cally contemplated. Expression control DNA sequences
include promoters, enhancers, and operators, and are gen-
crally selected based on the expression systems 1n which the
expression construct is to be utilized. In some embodiments,
promoter and enhancer sequences are selected for the ability
to 1ncrease gene expression, while operator sequences may
be selected for the ability to regulate gene expression.
Expression constructs of the invention may also include
sequences encoding one or more selectable markers that
permit identification of host cells bearing the construct.
Expression constructs may also include sequences that
tacilitate, and preferably promote, homologous recombina-
tion 1n a host cell. Expression constructs of the disclosure
also include, 1n various embodiments, sequences necessary
for replication 1n a host cell.

[0080] Exemplary expression control sequences include
promoter/enhancer sequences, €.g., cytomegalovirus pro-
moter/enhancer [Lehner et al., J. Clin. Microbiol., 29: 2494-
2502, 1991; Boshart et al., Cell, 41: 521-530, (1985)]; Rous
sarcoma virus promoter [Davis et al., Hum. Gene Ther., 4:
151, (1993)]; and simian virus 40 promoter, for expression
in a target mammalian cell, the promoter being operatively
linked upstream (i.e., 5") of the polypeptide coding sequence
(the disclosures of the cited references are incorporated
herein by reference 1n their entirety and particularly with
respect to the discussion of expression control sequences).
In another variation, the promoter 1s a muscle-specific
promoter. The polynucleotides of the invention may also
optionally include a suitable polyadenylation sequence (e.g.,
the SV40 or human growth hormone gene polyadenylation
sequence) operably linked downstream (1.e., 3") of the poly-
peptide coding sequence.

[0081] If desired, a polynucleotide of the disclosure also
optionally comprises a nucleotide sequence encoding a
secretory signal peptide fused 1n frame with the polypeptide
sequence. The secretory signal peptide directs secretion of
the polypeptide of the invention by the cells that express the
polynucleotide, and 1s cleaved by the cell from the secreted
polypeptide. The polynucleotide may further optionally
comprise sequences whose only mtended function 1s to
tacilitate large scale production of the vector, e.g., 1n bac-
teria, such as a bactenal origin of replication and a sequence
encoding a selectable marker. However, if the vector is
administered to an animal, such extrancous sequences are
preferably at least partially cleaved. One can manufacture
and administer polynucleotides for gene therapy using pro-
cedures that have been described 1n the literature for other
transgenes. See, e.g., Isner et al., Circulation, 91: 2687-

2692, 1993; Isner et al., Human Gene Therapy, 7: 989-1011,
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1996; Wang et al., Mol Ther. 20(8):1501-7 (2012); and
Zhang et al., Hum Mol Genet. 22(18): 3720-9 (2013); each

of which 1s incorporated herein by reference 1n 1ts entirety.

[0082] In some embodiments, a “naked” transgene encod-
ing Mini-Gamma as described heremn (1.e., a transgene
without a wviral, liposomal, or other vector to {facilitate
transiection) 1s employed.

[0083] Vectors also are useful for “gene therapy” treat-
ment regimens, wherein, for example, a polynucleotide
encoding a Mimi-Gamma 1s introduced into a subject sul-
fering from or at risk of suflering from a muscular dystrophy
in a form that causes cells in the subject to express the
Mim-Gamma 1n vivo. Any suitable vector may be used to
introduce a polynucleotide that encodes a Mini-Gamma into
the host. Exemplary vectors that have been described 1n the
literature 1include replication deficient retroviral vectors,
including but not limited to lentivirus vectors [Kim et al., J.
Virol., 72(1): 811-816, (1998); Kingsman & Johnson, Scrip
Magazine, October, 1998, pp. 43-46]; parvoviral vectors,
such as adeno-associated viral (AAV) vectors [U.S. Pat.
Nos. 5,474,9351; 5,139,941, 5,622,856; 5,658,776; 35,773,
289; 5,789,390; 5,834,441, 5,863,541; 5,851,521; 5,252,
4'79; Gnatenko et al., J. Invest. Med., 45: 87-98, (1997)];
adenoviral (AV) vectors [U.S. Pat. Nos. 5,792,433; 5,824,
544; 5,707,618; 5,693,509; 5,670,488; 5,585,362; Quantin
et al., Proc. Natl. Acad. Sc1. USA, 89: 2581-2584, (1992);
Stratford Perricaudet et al., J. Clin. Invest., 90: 626-630,
(1992); and Rosenteld et al., Cell, 68: 143-133, (1992)]; an
adenoviral adeno-associated viral chimeric [U.S. Pat. No.
5,856,152] or a vaccima viral or a herpesviral vector [U.S.
Pat. Nos. 5,879,934; 5,849,571, 35,830,727; 5,661,033;
5,328,688]; Lipoiectin mediated gene transfer (BRL); lipo-
somal vectors [U.S. Pat. No. 5,631,237]; and combinations
thereof. Additionally contemplated by the disclosure for
introducing a polynucleotide encoding a Mini-Gamma 1nto
a subject 1s a plasmid vector [see, €.g., Dean, Am J Physiol
Cell Physiol. 289(2): C233-45 (20035); Kauiman et al., Gene
Ther. 17(9): 1098-104 (2010); Magnusson et al., J Gene
Med. 13(7-8): 382-91 (2011)]. For example and without
limitation, any pBR- or pUC-derived plasmid vector is
contemplated. All of the foregoing documents are incorpo-
rated herein by reference in their entirety and particularly
with respect to their discussion of expression vectors. Any of
these expression vectors can be prepared using standard
recombinant DNA techniques described 1n, e.g., Sambrook
et al., Molecular Cloning, a Laboratory Manual, 2d edition,
Cold Spring Harbor Press, Cold Spring Harbor, N.Y. (1989),
and Ausubel et al., Current Protocols 1n Molecular Biology,
Greene Publishing Associates and John Wiley & Sons, New
York, N.Y. (1994). Optionally, the viral vector 1s rendered
replication-deficient by, e.g., deleting or disrupting select
genes required for viral replication.

[0084] Other non-viral delivery mechanisms contem-
plated include calcium phosphate precipitation [Graham and
Van Der Eb, Virology, 52: 456-467, 1973; Chen and
Okayama, Mol. Cell Biol., 7: 2745-2732, (1987); Rippe et
al., Mol. Cell Biol., 10: 689-695, (1990)], DEAE-dextran
[Gopal, Mol. Cell Biol., 5: 1188-1190, (1985)], electropo-
ration [Tur-Kaspa et al., Mol. Cell Biol., 6: 716-718, (1986);
Potter et al., Proc. Nat. Acad. Sci. USA, 81: 7161-7163,
(1984)], direct microinjection [Harland and Weintraub, 1.
Cell Biol., 101: 1094-1099, (1985)], DNA-loaded liposomes
[Nicolau and Sene, Biochim. Biophys. Acta, 721: 185-190,
(1982); Fraley et al., Proc. Natl. Acad. Sci. USA, 76:
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3348-3352, (1979); Felgner, Sc1 Am., 276(6): 102-6, (1997);
Felgner, Hum Gene Ther.,, 7(135): 1791-3, (1996)], cell
sonication [Fechheimer et al., Proc. Natl. Acad. Sci. USA,
84: 8463-8467, (1987)], gene bombardment using high
velocity microprojectiles [ Yang et al., Proc. Natl. Acad. Sci
USA, 87: 9568-9572, (1990)], and receptor-mediated trans-
fection [Wu and Wu, J. Biol. Chem., 262: 4429-4432,
(1987); Wu and Wu, Biochemuistry, 27: 887-892, (1988); Wu
and Wu, Adv. Drug Delivery Rev., 12: 159-1677, (1993)].
[0085] The expression vector (or the Mini-Gamma sarco-
glycan discussed herein) may be entrapped 1n a liposome.
[0086] In some embodiments, transferring a naked DNA
expression construct into cells 1s accomplished using par-
ticle bombardment, which depends on the ability to accel-
erate DNA coated microprojectiles to a high velocity allow-
ing them to pierce cell membranes and enter cells without
killing them [Klein et al., Nature, 327: 70-73, (1987)].
Several devices for accelerating small particles have been
developed. One such device relies on a high voltage dis-
charge to generate an electrical current, which 1 turn
provides the motive force [ Yang et al., Proc. Natl. Acad. Sci
USA, 87: 9568-9572, (1990)]. The microprojectiles used
have consisted of biologically inert substances such as
tungsten or gold beads.

[0087] In embodiments employing a viral vector, pre-
terred polynucleotides still include a suitable promoter and
polyadenylation sequence as described above. Moreover, it
will be readily apparent that, in these embodiments, the
polynucleotide further includes wvector polynucleotide
sequences (e.g., adenoviral polynucleotide sequences) oper-
ably connected to the sequence encoding a polypeptide of
the disclosure.

[0088] The disclosure further provides a cell that com-
prises the polynucleotide or the vector, e.g., the cell 1s
transformed or transiected with a polynucleotide encoding a
Mim-Gamma sarcoglycan of the disclosure or the cell is
transformed or transiected with a vector comprising a poly-
nucleotide encoding the Mini-Gamma sarcoglycan.

[0089] Polynucleotides of the disclosure may be intro-
duced into the host cell as part of a circular plasmid, or as
linear DNA comprising an isolated protein coding region or
a viral vector. Methods for introducing DNA into the host
cell, which are well known and routinely practiced 1n the art,
include transformation, transfection, electroporation,
nuclear injection, or fusion with carriers such as liposomes,
micelles, ghost cells, and protoplasts. As stated above, such
host cells are useful for amplifying the polynucleotides and
also for expressing the polypeptides of the invention
encoded by the polynucleotide. The host cell may be 1solated
and/or purified. The host cell also may be a cell transformed
in vivo to cause transient or permanent expression of the
polypeptide 1n vivo. The host cell may also be an isolated
cell transformed ex vivo and introduced post-transiorma-
tion, e.g., to produce the polypeptide in vivo for therapeutic
pUrposes.

Therapeutic Endpoints

[0090] The disclosure provides aspects in which a patient
experiences an mhibition in the progression of a dystrophic
pathology. The inhibition 1n the progression of the dystro-
phic pathology 1s understood to be relative to a patient that
was not exposed to a composition and/or method of the
disclosure. In some embodiments, such an inhibition in the
progression of the pathology manifests as an improvement
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in muscle function, an 1improvement 1 muscle strength,
improvement 1 motor stability, or improvement 1n cardiac
and/or respiratory function.

[0091] Improvements in muscle function and in muscle
strength are routinely measured by clinicians 1n the art. Such
tests include, but are not limited to, physical examinations
by medical professionals to assess general muscle tone,
function and stability, serum creatine kinase content or other
muscle protein fragments including titin, myosin light chain,
carbonic anhydrase to measure leakage of the enzyme from
damaged muscle, muscle biopsies, Computed Tomography
scans (CT scans), Magnetic Resonance Imaging scans
(MRIs), as well as determination of cardiac function through
cardiac MRI measurements ol strain, dimension, and
delayed enhancement, and breathing measured by pulmo-
nary function testing, oximetry and CO, content.

[0092] Improvements in motor stability are also routinely
measured by clinicians in the art. Such improvements are
measured by, inter alia, an improved six-minute walk test by
the patient relative to a previously measured six-minute
walk test. The test was first reported by Balke, Rep. Civ.
Aeromed. Res. Inst. US. 53:1-8 1963, and its use has been
developed to assess the physical condition of muscular

dystrophy patients [Henricson et al., PLoS Currents 8(5):
1-20(2013)].

Kits

[0093] The disclosure also provides kits for treatment of a
patient with a genetic disease such as LGMD2C. In one
aspect, the kit comprises an antisense polynucleotide as
disclosed herein, optionally 1n a container, and a package
isert, package label, instructions or other labeling.

[0094] In a further embodiment, a kit 1s provided that
comprises an additional polynucleotide, wherein the addi-
tional polynucleotide specifically hybridizes to an exon in a
gamma sarcoglycan RNA.

[0095] Those of ordinary skill 1n the art will appreciate
that applications of the above method has wide application
for 1dentifying antisense molecules suitable for use 1n the
treatment of many other diseases.

EXAMPLES

[0096] To assess Mini-Gamma’s capacity to substitute for
tull-length y-sarcoglycan, both transgenic flies and mice
expressing Mini-Gamma were studied, finding functional
and molecular evidence for rescue. Also provided is prooi-

of-principle evidence that exon skipping can be mduced 1n
SGCG mutant human cells.

[0097] The Examples below utilize the following meth-
ods.

Methods
[0098] Plasmids. Murine Sgcg and Mini-Gamma were

ligated into pUAST vector 17, and an Xpress epitope tag was
added. The pUAST-Mini-Gamma was digested and inserted
into pcDNA3.0 vector at EcoR1 and Xhol sites to generate
plasmids for expression i HEK cells. Mouse Sgcb
(MR204617) and mouse Sgcd (MR221060) cDNA ORF
clones were purchased from OriGene (Rockville, Md.). Both
vectors contain CMYV promoters and Myc-DDK tags at the
C-terminus of the respective sarcoglycan protein.

[0099] The coding region of murine Sgcg was amplified
from mouse ¢cDNA and cloned into pUAST vector at the
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Xhol and Xbal sites [Brand et al., Development 118:
401-415 (1993)]. To generate the Mini-Gamma construct,
Sgcg exons 2 and exon 3 were amplified separately from
exon 8. Both PCR products were digested with BsiHKAI
and then ligated. The ligation product was ntroduced nto
pCR2.1-TOPO via TA cloning. The product was sequenced.
Sequencing revealed a G to A transition at the 4th nucleotide
in exon 8, resulting in a valine to 1soleucine alteration.
However this variant was present in all clones and repre-
sented a polymorphism 1n mice. The start codon and Xpress
tag were filled in by Klenow DNA polymerase and mserted
into pUAST vector at the EcoR1 and Notl sites. Xpress
protein tag consists of eight amino acids: DLYDDDDK. The
Mim-Gamma sequence was then ligated into pUAST-
Xpress. The pUAST-Mini-Gamma was digested and
inserted mto pcDNA3.0 vector at EcoR1 and Xhol sites to
generate PCMV-Mini-Gamma for expression in cells.

[0100] Drosophila strains. pUAST-Sgcg and pUAST-
Mim-Gamma plasmids were integrated using P-clement
insertion (Rainbow Transgenics, Camarillo, Calif.). Founder
males were mated to y[1]w[1118] (yw) females, and their

progeny were screened for the presence of w[+mC]. The
TinCA4-Gal4 strain was a gift from Manired Frasch [Lo et

al., Mech Dev 104: 49-60 (2001)]. Metf2-Gal4 and MHC-
Gal4 were gifts from Ron Dubreuil [Ranganayakulu et al.,
Dev Biol 176: 143-148 (1996); Schuster et al., Neuron 17:
641-654 (1996)]. The Sgcd840 strain was previously
described [Allikian et al., Hum Mol Genet 16: 2933-2943
(2007)]. The Drosophila strain y[1]w[1118] (yw) was used
as the wild type control 1n all studies (Bloomington Stock
Center, Bloomington, Ind.). Sgcd840 strain and all trans-
genic {ly strains were backcrossed with the yw strain for 6
generations to allow homogenization across the whole
genome.

[0101] Drosophila breeding and husbandry. Flies were
raised on standard medium at 25° C. with 12 hours light/dark
cycling. To express murine Sgcg i Sgcd840 mutants,
SgcdB840 allele (on X chromosome) and Mef2-Gald trans-
gene (on chromosome 3) were first recombined into one fly
strain Sgcd840; Mel2-Gald. Sgcd840; Meil2-Gald virgin
temales were collected and mated with either UAS-Sgcg or
UAS-Mini-Gamma males. Since Sgcd840 allele 1s on the X
chromosome, all male progeny from this cross was null for
fly Sgcd and expressed either murine full-length vy-sarcogly-
can or Mimi-Gamma i1n muscle. Five to 15 males were
collected upon eclosion every day over the course of 3 to 7
days. Flies were flipped into fresh vials every three days
during the aging process. yw and Sgcd840 males were
collected at the same time and aged 1n the same manner.

[0102] Drosophila activity assay. The MB5 MultiBeam
Activity Monitor (TriKinetics, Waltham, Mass.) was used to
quantify fly basal activity, and all activity assays were
performed on flies that had been aged to 20 days after
eclosion. After anesthetization by CO,, individual flies were
loaded 1nto single glass tubes. One end of the glass tube was
dipped 1n standard fly food and further sealed with a rubber
cap. The other end of the glass tube was loosely sealed to
allow ready air transier. Sixteen flies were evaluated for
activity in mdependent tubes simultaneously by monitoring
inirared beam breaks. The DAMSystemMB 106X software
was used to record activity at 1-minute intervals over 24-48
hours, and the DAMFileScan 108X was used to verily and

process raw data (Trikinetics). Prism (Graphpad, San Diego,
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Calif.) was used for data analysis. Student’s t-test was used
to compare results between two groups.

[0103] Optical coherence tomography (OCT). OCT was
performed as previously described [ Woll et al., Drug Discov
Today Dis Models 5: 117-123 (2008)]. Ten to twelve male
tlies from each group were assessed at 7 days after eclosion.
The end-systolic and end-diastolic diameters for individual
fly were entered into Prism (Graphpad, San Diego, Calif.).
One-way analysis of variance with a post hoc Tukey test was
used to compare among multiple groups.

[0104] Generation of Mini-Gamma transgenic mice and
mouse breeding. The desmin (Des) promoter was amplified
from human genomic DNA to obtain the short promoter
previously characterized by [Pacak et al., Genet Vaccines
Ther 6: 13 (2008)]. The Des promoter sequence was then
inserted into the CMV-Mini-Gamma vector at Spel and
EcoR1 sites, replacing the CMV promoter while keeping the
start codon, the Xpress tag and Minmi-Gamma coding
sequence 1ntact. The Des-Mini-Gamma sequence was
amplified and introduced into pCR2.1-TOPO via TA clon-
ing, then digested at the BamHI and Notl sites. The
sequence was veriflied by Sanger sequencing. The digestion
product was purified and imjected into C57BL/6J embryos at
the University of Chicago Transgenic Core. Founders were
screened by PCR on genomic DNA i1solated from tail
clippings. Two transgenic lines were established and main-
tamned as heterozygotes. The primers used for genotyping
were mini-Forward: S-CGAATTCACCATG-
GATCTGTACGACGA-3' (SEQ ID NO: 1) and mini-Re-
verse: S'-CTAGATGCATGCTCGAGTCAAAGACAG-3
(SEQ ID NO: 2). Transgenic positive animals show a single
band at 530 bp. The targeted deletion to generate a null
mutation of Sgcg was previously described [Hack et al., J
Cell Biol 142: 1279-1287 (1998)], and this allele was
previously bred through more than ten generations into
C57BL/6] 48. The Des-Mini-Gamma transgene mice were
bred to Sgcg null mice 1 the C57BL/6J background. Trans-
genic positive Sgeg null mice and transgenic negative Sgeg
null littermates were compared. Animal work was conducted

under the approval of the Unmiversity of Chicago and North-
western JACUCs.

[0105] Immunofluorescence microscopy for Drosophila,
HEK cells, and mice. Fifteen to 25 whole flies were anes-
thetized and covered i1n tissue freezing medium (TFM,
Tnangle Bioscience, Durham N.C.), chilled 1in isopentane
for 5 minutes, followed by liquid nitrogen for another 5
minutes. Mouse muscles were harvested and snap-frozen in
liquid nitrogen. The samples were kept frozen in -80° C.
freezer until sectioning. Ten um sections were cut from
frozen tissues and immediately fixed 1n ice-cold methanol
for 2 minutes and briefly rinsed 1n cold phosphate builered
saline (PBS) immediately afterwards. The sections were
blocked 1n PBS containing 5% fetal bovine serum and 0.1%
Triton-X for 2 hours at 4° C. The samples were then
incubated with primary antibodies diluted 1n blocking solu-
tion at 4° C. overnight, followed by three 10-minute washes
with PBS containing 0.1% Triton-X at 4° C. The sections
were incubated with secondary antibody for 2 hours at 4° C.

Samples were washed and then mounted with
VECTASHIELD Mounting Medium with DAPI H-1200

(Vector Labs, Youngstown, OhJO) For HEK 293T cells, a

sterilized cover slip was place 1 each well of 6-well cell
culture plates before cells were plated. Transfection was
performed on the next day and cells were harvested 40 hours
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alter transtection. Cell culture media was aspirated and cells
were rinsed once with cold PBS. Fixation and staiming
methods were the same as above. Images were collected
using an Axiophot microscope with 1Vision soitware and
edited using Adobe Photoshop CS4 and Image J in concert
with NIH policy on appropriate image manipulation.

[0106] Antibodies. Murine y-sarcoglycan (SGCG) protein
was detected with a rabbit polyclonal anti-antibody
[McNally et al., Am J Hum Genet 59: 1040-1047 (1996)]. To
detect Mini-Gamma protein, a rabbit polyclonal antibody
was raised to the Xpress epitope (Pocono Rabbit Farms,
Canadensis, PA) and aflinity-purified. The rabbit polyclonal
ant1-SGCG antibody NBP1-90298 was used (Novus Bio-
logicals, Littleton, Colo.). 3-Sarcoglycan was detected with
NCL-b-SARC (Leica Biosystems, Nussloch, Germany) and
0-sarcoglycan was detected with a polyclonal antibody
[Hack et al., J Cell Sc1 113 (Pt 14): 23535-2544 (2000)].
Secondary antibodies were Alexa Fluor® 488 (Goat Anti-
Rabbit and Alexa Fluor® 594 Goat Anti-Rabbit 594 (Invit-
rogen, Carlsbad, Calif.).

[0107] For microscopy, primary antibodies were used at
1:500 dilutions, and the secondary antibodies were used at
1:8000 with blocking bufler. For immunoblotting, antibod-
1ies were used at 1:1000 dilutions. For immune-precipitation
(IP), 25 plL NCL-b-SARC or 10 uL rabbit anti-Xpress
antibody was used from muscle lysates. Fifteen ul NCL-b-
SARC or 5 ut rabbit anti-Xpress was used for IP from HEK
cell lysates. Secondary antibodies were anti-mouse or anti-
rabbit Horseradish Peroxidase conjugated antibodies (Jack-
son ImmunoResearch Laboratories, West Grove, Pa.) and
used at 1:8000 dilution. Membranes were developed using
Clarity Western ECL Substrate (Bio-Rad, Hercules, Calif.)

and visualized by BioSpectrum Imaging System (UVP,
Upland, Calit.).

[0108] Microsome preparation. Membrane-bound pro-
teins were 1solated following the protocol of Ohlendieck et
al. [J Cell Biol 115: 1685-1694 (1991)] with modifications.
Seven distinct muscle groups were dissected, including
triceps, diaphragm, abdominal muscle, quadriceps, gluteus,
hamstring and gastrocnemius muscles and combined.
Muscles from one animal were homogenized in 12 mlL
pre-chilled Bufler A (20 mM sodium pyrophosphate, 20 mM
sodium phosphate monohydrate, 1 mM MgCl,, 0.303M
sucrose, 0.5 mM EDTA, 1 mM PMSF, Roche COMPLETE
protease mhibitor tablet) using a Tissue Tearor Homogenizer
(Model 985-370 Type 2 with 7 mm probe, Biospec products,
Bartlesville, Okla.). Homogenized tissues were then trans-
terred to a 15 mL Dounce tissue grinder (Sigma-Aldrich)
and were dounced 40 times using a tightness “B” pestle on
ice. One hundred microliters of lysate was removed as “total
protein” (1). Lysates were centrifuged at 9000 rpm for 18
minutes at 4° C. using SW41T1 rotor (13,900 g). The pellet
was discarded and 100 ul. supernatant was removed as
“cytoplasmic protein” (C). The remainder of the supernatant
was transierred to a new tube and centrifuged again at
13.200 rpm for 30 minutes at 4° C. (30,000 g). One hundred
uL supernatant was removed as “light microsomes™ (L). The
pellet was resuspended in 12 mL pre-chilled KCL wash
butler (0.6M KC1, 0.303M sucrose, S0 mM Tris-HCl pH 7.4,
1 mM PMSF, Roche COMPLETE protease inhibitor tablet),
incubated for 30 minutes on 1ce to remove actomyosin

contamination. The suspension was then centrifuged again
at 28,800 rpm for 30 minutes at 4° C. (142,000 g). The pellet

was resuspended m 300 to 3500 ul. co-IP bufler (50 mM
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Tris-HCI, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.1%
Triton x-100, 0.1% SDS, 1 mM PMSF, Roche COMPLETE
protease 1nhibitor tablet) and saved as “heavy microsomes™
(H). For co-IP experiments, fresh heavy microsomes were
used without freeze-thaw cycles. Protein concentration was
determined using the BioRad assay.

[0109] Transfection of HEK cells. Human Embryonic
Kidney (HEK 2937T) cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM), to which 10% {fetal
bovine serum and 1% penicillin-streptomycin was added.
FuGene® HD transfection reagent (Promega, Fitchburg,
Wis.) was used to transfect HEK cells with sarcoglycan
plasmids using the manufacturer’s protocol. Cells were
harvest 40-48 hours post transfection, briefly washed with
ice-cold PBS once before 300 uL. pre-chilled co-IP bufler per
10 cm plate was applied. Cells were collected and trans-
terred to 1.5 mL centrifuge tubes on ice, titurated three times
with 1sulin syringes. The lysates were then centrifuged at
14K rpm for 10 minutes at 4° C. and the supernatant was
used for co-IP experiments.

[0110] Co-immunoprecipitation from HEK cells and
muscle. Co-immunoprecipitation (co-IP) was performed
according to published protocols [Hack et al., J Cell Sc1 113
(Pt 14): 2535-2544 (2000)] with modifications. Five hun-
dred micrograms of mouse skeletal muscle heavy
microsomes or 650 ug HEK 29371 cell lysates were pre-
cleared with 45 ul. Protein G Plus/Protein A Agarose Sus-
pension (EMD Millipore Chemicals, Billerica, Mass.) for 1
hour at 4° C. The protein G/A beads were washed 3 times
with co-IP bufler and then pre-cleared with a brief centrifu-
gation. Pre-cleared samples were then incubated with anti-
bodies at 4° C. for 3 hours or overnight. After primary
incubation, the samples were imncubated with protein G/A
beads for 2 hours at 4° C. (100 uLL bead suspension for heavy
microsomes, 60 ul for HEK cell lysates). The samples were
then centrifuged at 4000 rpm for 10 minutes at 4° C., and the
supernatant was discarded. The beads were then Washed for
7 times using pre-chilled wash butfler (co-IP bufler minus
SDS). Equal amounts of 2x Laemmli SDS builer was added
to the beads and boiled at 95° C. for 5 minutes. The beads
were then centrifuged at 14000 rpm for 2 minutes at room

temperature and discarded, and the supernatant was used for
IP.

[0111] Immunoblotting. Protein samples were denatured,
resolved on pre-cast 14% tris-glycine protein gels (Novex,
San Diego, Calif.) and transferred to Immobilon-P mem-
branes (Millipore, Bediord, Calif.). Reversible protein stain
(Thermo Scientific, Waltham, Mass.) was performed on the
membranes to evaluate transfer efliciency and equal protein
loading. Membranes were blocked for 1 hour at room
temperature with Starting Block T20 blocking bufler
(Thermo Scientific, Waltham, Mass.), followed by incuba-
tion with primary antlbody diluted 1n T20 blocking builer for
either 1h at room temperature or overmght at 4° C. After
primary incubation, the membranes were washed 3 times, 10
minutes each at room temperature with TBS contaiming
0.1% Tween-20. The membranes were then incubated with
secondary antibody diluted 1n T20 blocking bufler for 1 hour
at room temperature, followed by 3 washes.

[0112] Histology. A cross-sectional strip of diaphragm
muscle was obtained from midline of the muscle 1n a
longitudinal axis. The strip was then fixed in formalin,
dehydrated and embedded 1n paraflin. Seven um sections
were obtamned and stamned with hematoxylin and eosin
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(H&E). For central nucleated fiber analysis, three random
ficlds each were obtained at 20x magnification from six
amimals of each genotype. For diaphragm thickness calcu-
lations, 3 evenly spaced fields along the length of the strip
cach were taken at 10x magnification from six animals of
cach genotype. The ruler tool 1n Photoshop (Adobe, San
Jose, Calitf.) was used to calculate the thickness of each field.
Diaphragm thickness of each animal was the average of the
three different fields.

[0113] Lentiviral constructs and transduction. A packaged
hTert lentivirus, which included a puromyocin selection
cassette, was purchased from Applied Biological Matenals
(ABM, Richmond, BC). A tamoxifen-inducible MyoD len-
tiviral construct (1IMyoD), previously described, was kindly
provided by Dr. Jefirey Chamberlain (University of Wash-
ington) and packaged by the Northwestern Skin Disease
Research Core [Kimura et al., Hum Mol Genet 17: 2507-
2517 (2008)]. Human cells with a deletion of SGCG exon 6
(ex6del) and control cells were co-transduced with lentiviral
hTert (MOI 5) and 1iMyoD (MOI 30), then subjected to
puromycin selection (10 days (d), 1 ug/mL; InvivoGen, San
Diego, Calif.). Lentiviral transductions were performed 1n
growth media without Pen/Strep in the presence of poly-
brene (8 ug/mL) (Millipore, Billerica, Mass.).

[0114] Hydroxyproline (HOP) assay and Echocardiogra-
phy. Hydroxyproline content was determined as previously
described [Heydemann et al., Neuromuscul Disord 135 601 -
609 (2005)]. Echocardiography was performed as previ-
ously described [Goldstein et al., Hum Mol Genet 23:
6722-6731 (2014)].

[0115] In vitro human cell culture and AON transfection.
Primary {ibroblasts were derived from a skin biopsy

husSGCG Exon

(chemistry/
SEQ ID NO)

Exon 4%
(SEQ ID NO: 3)

sequence

Jun. 1, 2023

obtained from LGMD2C patients. Primary fibroblasts from
a healthy control subject (CRL-2565) were obtained from
the American Type Culture Collection (ATCC, Manassas,
Va.). Written and informed consent was obtained in accor-
dance with the University of Chicago’s Institutional Review
Board. All work was conducted under the University of
Chicago and Northwestern’s Institutional Review Boards.
LGMD 2C (ex6del), LGMD 2C (ex7del) and control cells
were transduced with an inducible MyoD lentiviral construct

(1IMyoD), previously described [Kimura et al., Hum Mol
Genet 17, 2507-2517 (2008); Kendall et al., Science Trans-

lational Medicine 4: 164ral 60 (2012)]. After 40H-tamoxifen
induction and culture in differentiation media (504/48h;
10-12d difl), fibroblasts were reprogrammed to express
myogenic markers, including the SGCG transcript, and
formed multinucleated myotubes. Exon skipping with AONs
utilized 2'-O-methyl phosphorothioate (20MePS) AONs
designed in accordance with previously described guide-
lines, and synthesized by Integrated DNA Technologies
(IDT, Coralville, lowa) [Aartsma-Rus, Methods 1n molecu-
lar biology 867: 117-129 (2012)]. PMOs were synthesized
by GeneTools (Philomath, Oreg.). Sequences are defined in
Table 2, below. 20mePS were transfected into cells on
differentiation day9 (6h, 100 nM per AON) 1n serum {iree
media at a ratio of 2 ul:1 ug DNA. PMOs were covalently
linked to an octa-guamidine dendrimer vivo-moiety for cell
delivery [Morcos et al, Biotechniques 45: 613-4 (2008)].
Cells were 1solated for transcript analysis 48-72 hours after
AON treatment. On dayl2, total RNA was 1solated from
cells, reverse transcribed, and evaluated for full-length and
internally truncated SGCG expression via PCR and gel
clectrophoresis.

(5'-3")

attttgcaaattttataaatctetttctagGACTCATCTCTGCTTICTACAATCAL
CCCAGAATGTG2ET: GTAAATGCGCGCAACTCAGAACGEGAGGTCACAGG CAGGT

TAAAAGTCthqaqtccaqcttcatcatqqtﬁ?tttgca

+15+39 E420Me** AGUCACAUUCUGGCUUGAUUGUAGA 25 nt target =
(SEQ ID NO: 4)
+154+29 E4PMO AGTCACATTCTGGGTTGATTGTAGA 25 nt target = !
(SEQ ID NO: 5)
+50+74 E420Me CCUGUGACCUCCCCUUCUGAGUUGC 25 nt target = “?
(SEQ ID NO: 6)
+50+74 E4PMO CCTGTGACCTCCCCTTCTGAGTTGC 25 nt target = “?
(SEQ ID NO: 7)
+88+112 E420Me GCACCAUGAUGAAGCUGGACUCACC 25 nt target = °
(SEQ ID NO: 8)
+88+112 E4PMO GCACCATGATCGAAGCTGGACTCACC 25 nt target = °

(SEQ ID NO: 9)

Exon b5
(SEQ ID NO: 10)

gtttataataaactgttttaattcttcagGTCCCAAANATGGTAGAAGTCCAGAAT
CAACAGTTTQ% ATCAACTCCAACGACGGCAAGCCACTATTTACTGTAGATGAG

AAGGAAGTTGTGGTTGGTACAGATAAACTTCGAGTAACTGgt atgtactaactcyg
agaaaaacacaacat

+14+38 E520Me
(SEQ ID NO: 11)

CUGAAACUGUUGAUUCUGGACUUCU

25 nt target =
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huSGCG Exon
(chemistry/
SEQ ID NO)

+14+38 ESPMO
(SEQ ID NO: 12)

Exon 6
(SEQ ID NO: 13)

-15+14 Eé620Me
(SEQ ID NO: 14)

-15+14 E6PMO
(SEQ ID NO: 15)

-10+14 E620Me
(SEQ ID NO: 16)

-10+14 E6PMO
(SEQ ID NO: 17)

+2+26 Eo620Me
(SEQ ID NO: 18)

+2+26 E6PMO
(SEQ ID NO: 19)

+1+27 Eé620Me 4T
(SEQ ID NO: 20)

+1+27 E6PMO dT
(SEQ ID NO: 21)

+11435 E620Me
(SEQ ID NO: 22)

+11+35 E&PMO
(SEQ ID NO: 23)

+10+36 E620Me dT

(SEQ ID NO: 24)

+10+36 E6PMO dT
(SEQ ID NO: 25)

+17+40 Eo620Me
(SEQ ID NO: 26)

+17+40 E6PMO
(SEQ ID NO: 27)

+43+68 E620Me
(SEQ ID NO: 28)

+43468 E6PMO
(SEQ ID NO: 29)

Exon 7
(SEQ ID NO: 30)

+13+37 RE720Me
(SEQ ID NO: 231)

+13+37 E7PMO
(SEQ ID NO: 232)

-continued

Sequence (5'-3")

CTGAAACTGTTGATTCTGGACTTCT

tcctgatacatecttttgbtttLttatttagGGCCTGAAGGG

15

25

nt

target

GIEE CTTTTTGAACA

gaatttttgttcaaatattaacaacc

AGCCCCUUCAGGCCCUAAACAARADACARL

AGCCCCTTCAGGCCCTAAACAAAADACARL

AGCCCCUUCAGGCCCUAAACADAADD

AGCCCCTTCAGGCCCTAAACARAADDL

AUGUUCAAAAAGAGCCCCUUCAGGC

ATGTTCAAAAAGAGCCCCTTCAGGC

AAUGUUCAAAAGAGCCCCUUCAGGCC

AATGTTCAAAAGAGCCCCTTCAGGCC

CUCCACUGAAUGUUCAAAANGAGCC

CTCCACTGAATGTTCAAAAAGAGCC

UCUCCACUGAAUGUUCAAAAGAGCCC

TCTCCACTGAATGTTCAAAAGAGCCC

GGGUGUCUCCACUGAAUGUUCAAA

GGGTGTCTCCACTGAATGTTCAAA

GUCUUGAAACGGGUCGGCUCUGACA

GTCTTGAAACGGGTCGGCTCTGACA

ttttttttgtgecttcecttttectecatctcagATTAGAATCCCCCACTCGGAGTCTA

29

29

25

25

25

25

26

26

25

25

26

26

24

24

25

25

nt

nt

nt

nt

nt

nt

nt

nt

nt

nt

nt

nt

nt

nt

nt

nt

target

target

target

target

target

target

dT target

dT target

target

target

dT target

dT target

target

target

target

target

T? TCAGTGGE:“E ACACCC’CTTGTCAGAGCCGACCCATTTCAAGACYCT TAGgtaa

AGCATGGATQ?ECCAAGGGGTGTGCATATTCAAGCTCACGCTGGGAAAATTGAG
GCGCTTTCTCAAATGGATATTCTTTTTCATAGTAGTGATGGAATGgtgy® ttca

Ctcacagatcagcctcecctact

GGCAUCCAUGCUUAGACUCCGAGUG

GGCATCCATGCTTAGACTCCGAGTG

25

25

nt

nt

target

target

1
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-continued

husGCG Exon
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(chemistry/

SEQ ID NO) Sequence (5'-3")

+105+4+129 E720Me CUCACCAUUCCAUCACUACUAUGAA 25 nt target = 2
(SEQ ID NO: 33)

+105+129 E7PMO CTCACCATTCCATCACTACTATGAA 25 nt target = 2
(SEQ ID NO: 34)

*human SGCG coding reglong (upper case), wlith flanking i1ntronic regions (lower case; .
**Nomenclature indicates AON target site. The number of nt (-/+) from start of the indicated
SGCG exon = +1. This 1g followed by the AON chemistry used 2'-0O-methy phosphorothiocate (20Me)
or Phosgsphorodiamidate morpholino (PMO) . For exon 6, the 521AT mutation 1s 1dentical to that

depicted except for the loss of a single "T" two bases to the right of the superscript "2" shown
above 1n SEQ ID NO: 13, and AONs to this region are depilicted with "dT" nomenclature.

Table 2. Antisense Oligonucleotide (AON) Sequences con-
templated for exon skipping.

[0116] Myogenic reprogramming of fibroblasts. To mnduce
myogenic reprogramming, fibroblasts were seeded on cul-
ture plates (ThermoFisher, Waltham, Mass.) or glass cover-
slips (#1.5, Electron Microscopy Sciences, Hatfield, Pa.) 1n
growth media (30,000 cell/cm2). When cells reached con-
fluence, 5 uM 40H-tamoxiten (Sigma, St. Louis, Mo.) was
added to growth media without Pen/Strep. After 48 hours,
differentiation media (1:1 DMEM:Ham’s F10; 5% FBS; 2%
Normal Horse Serum (NHS); 1% insulin-transierrin-sele-
nium (Sigma)) was added to cells with 1 uM tamoxifen.
After 4 days, diflerentiation media was replaced, without
40H-tamoxifen. Cells were assessed for markers of myo-
genic differentiation from after 10-12 days in differentiation
media.

[0117] Antisense oligonucleotide design and transiection.
2'-O-methyl phosphorothioate (20mePS) anti-sense oligo-
nucleotides (AON) were designed 1n accordance with pre-

viously described guidelines [Aartsma-Rus et al., Methods
in molecular biology 867: 117-129 (2012)]. AON were

synthesized by Integrated DNA Technologies, IDT (Table
2). Dose response was evaluated for single 20MePS AON
targeting SGCG exons 4, 5, or 7 at concentrations from
100-500 nM. On differentiation day 9, AONs were trans-
fected mto ex6del cells 1n serum free media using Lipo-
tectamine 3000 (Life Technologies, Grand Island, N.Y.) at a
ratio of 2 ul:1 png DNA. After 6 hours, media was replaced
with differentiation media without 40H-tamoxifen, and cells
were 1solated for analysis 48 hours later. For read frame
correction of the SGCG mutation, AONs targeting exons 4,
5, and 7 were co-transfected on differentiation day 9 as
described (100 nM of each AON, 300 nM total). After 6
hours, media was replaced with diflerentiation media with-

out 40H-tamoxifen. Cells were 1solated for analysis 3 days
alter AON ftransiection.

[0118] RNA i1solation, RT-PCR, and gPCR. Total RNA
was 1solated with TRIzol (Life Technologies, Grand Island,
N.Y.) and reverse-transcribed using gScript cDNA Supermix
(Quanta Biosciences, Gaithersburg, Md.). For detection of
human SGCG transcripts, Tagman based PCR was used to

amplity 50-100 ng cDNA with the following primer set
ex1/2Fwd 5-TCTAAGATGGTGCGTGAGCAG-3' (SEQ

ID NO: 35) and ex8R 5'-GCCACAGACAGGTACAGCTT-
3' (SEQ ID NO: 36). PCR products were separated on a
1.5% 1xTBE low-melt agarose gel (NuSeive, Lonza, Walk-
ersville, Md.) supplemented with 10 pg/mL ethidium bro-
mide (Sigma, St. Louis, Mo.), and analyzed with the UVP
Transluminator (BioSpectrum, Upland, Calif.).

[0119] Immunofluorescence Microscopy for LGMD2C
cells. For detection of MyoD and desmin, cells plated on
glass coverslips were washed 3 times with PBS, fixed with

4% paraformaldehyde (15 minutes (min), RT), rinsed with
PBS, permeabilized 1n 0.25% Triton-X 1n PBS (20 min, RT),

and blocked with 10% NHS 1n PBS (1h, 4° C.). Coverslips
were 1mcubated overnight at 4° C. with primary antibodies
diluted with blocking bufler (PBS supplemented with 0.1%
Triton-X and 2% NHS). Cells were washed 3 times in PBS,
incubated with secondary antibodies diluted in blocking
bufler (1 hour, RT), rinsed with PBS, incubated with
Hoechst 3342 diluted 1:10000 1n PBS (15 min, RT), washed
3 times with PBS, and mounted with VECTASHIELD
Mounting Medium H-1000 (Vector Labs, Youngstown,
Ohio). To evaluate MyoD expression, cells were cultured on
coverslips for 48 hours and treated with 40H-tamoxifen (5
uM, 24 hours). Desmin expression was evaluated in repro-
grammed cells cultured on coverslips (+/—40H-tamoxifen,
10-12d diff). The anti-MyoD rabbit polyclonal C-20
(1:2000; Santa Cruz Biotechnology, Dallas, Tex.) and mouse
monoclonal anti-desmin D1033 (1:1000, Sigma) were used

to detect MyoD and desmin respectively, with secondary
antibodies Alexa Fluor® 594 donkey anti-rabbit and Alexa

Fluor® 594 donkey anti-mouse (Life Technologies, Grand
Island, N.Y.).

Example 1

Expression of Murine Mini-Gamma Rescues a
Drosophila Model of Muscular Dystrophy

[0120] v-sarcoglycan 1s type II transmembrane protein
with a short intracellular domain, a single transmembrane
pass and a larger carboxy-terminal extracellular domain. An
internally truncated y-sarcoglycan was generated, and this
truncation, referred to as Mini-Gamma, reflects the deletion
ol the protein regions encoded by exons 4, 5, 6 and 7 (FIG.
1A). To test the tunctionality of Mini-Gamma, the GAL4/
UAS system was used to express murine Mini-Gamma 1n a

previously established Drosophila model of muscular dys-
trophy [Brand et al., Development 118: 401-415 (1993);

Allikian et al., Hum Mol Genet 16: 2933-2943 (2007)].
Drosophila has a single ortholog that 1s equally related to
mammalian y- and d-sarcoglycan (35% identical, 56% simi-
lar to each). Sgcd840 tlies are deleted for the Drosophila
Sgcd gene and develop impaired motility and dilated heart
tubes 1n adult flies [Allikian et al., Hum Mol Genet 16:
2933-2943 (2007)]. The sarcoglycan complex 1s localized at

the muscle membrane, and loss of function mutations in
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mice and humans result 1n absence of plasma membrane-
associated stamning [Vainzol et al., Hum Mol Genet 3:
1963-1969 (1996); Mizuno et al., Biochem Biophys Res
Commun 203: 979-983 (1994); Hack et al., J Cell Sc1 113 (Pt
14): 2535-2544 (2000); Durbeej et al., Mol Cell 3: 141-151
(2000); Duclos et al., J Cell Biol 142: 1461-1471 (1998)].
Full-length murine y-sarcoglycan (mGSG) localized to the
sarcolemma when expressed 1 Sgcd840 muscle (FIG. 1B,
upper left), indicating that the murine y-sarcoglycan nor-
mally translocates in Drosophila muscle. Expression of
murine Mini-Gamma showed the same distinct plasma
membrane localization when expressed in Sgcd840 flies
(FIG. 1B, upper night). Expression of Mini-Gamma 1n
Sgcd840 hearts also showed plasma membrane-associated
staining 1n the thin-walled heart tube structure (FIG. 1B,
lower panel). Expression of Mim-Gamma in wildtype flies
showed less distinct membrane localization and this decre-
ment 1n Mimi-Gamma membrane staining 1s consistent with
competition between Mini-Gamma and the endogenous fly
Sgcd-encoded protein.

[0121] To measure Drosophila heart function, optical
coherence tomography (OCT) was used to measure heart
tube dimension during both contraction and relaxation [Wolf
et al., Drug Discov Today Dis Models 3: 117-123 (2008)].
Sgcd840 flies had dilated heart tubes with significantly
increased end systolic dimension (ESD) compared to wild
type (FIG. 1C). Expression of Minmi-Gamma in the heart tube
was sullicient to restore ESD to wild type dimensions (FIG.
1C). A representative OCT tracing demonstrates the dilated
nature 1 Sgcd840 flies and rescue of this phenotype by
Mim-Gamma (MG) (FIG. 1C). Sgcd840 flies display loco-
motive defects as a result of skeletal muscle degeneration
[ Allikian et al., Hum Mol Genet 16: 2933-2943 (2007)]. A
Drosophila activity momtor was used to record fly sponta-
neous activity over 24-48 hours (FIG. 8). Nocturnal activity
was compared since 1nsect behavior 1s consistent during this
interval with less diurnal variation. Compared to wild type
thies, Sgcd840 flies have reduced nocturnal activity (FIG.
1D). Expression of Mini-Gamma 1 Sgcd840 flies signifi-
cantly improved the activity of Sgcd840 flies (FIG. 1D).
Expression of Mini-Gamma did not fully restore activity of
Sgcd840 tlies. However, 1t 1s noted that expression of mGSG
(murine full-length y-sarcoglycan) resulted in similar level
of rescue of activity as Mini-Gamma (FIG. 1D, lower right)
suggesting that at least part of the failure to fully restore
activity derives from the differences between Drosophila
and mammalian sarcoglycans.

Example 2

Mini-Gamma Interacts with Other Sarcoglycans

[0122] Murine sarcoglycan proteins were transiently
expressed in the human embryonic kidney (HEK 2937T) cells
to examine their intracellular localization. It was previously
shown that - and o-sarcoglycan form a core subunit,
followed by the addition of y-sarcoglycan to the complex
[Hack et al., J Cell Sc1 113 (Pt 14): 2535-2544 (2000);
Noguchi et al., Eur J Biochem 267: 640-648 (2000); Shi1 et
al., Muscle Nerve 29: 409-419 (2004)]. Expression of the
individual sarcoglycan subunits, p-, y- or d-sarcoglycan or
Mim-Gamma (MG), produced accumulation of immunore-
activity 1n a perinuclear pattern and not the expected plasma
membrane position (FIG. 2A), consistent with prior reports
ol interdependency for normal intracellular traflicking [Shi
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et al., Muscle Nerve 29: 409-419 (2004)]. Co-expression of
3-, v- and o-sarcoglycan together resulted 1n plasma mem-
brane enrichment of y-sarcoglycan. Similarly, expression of
B3- and oO-sarcoglycan and Mini-Gamma also resulted in
plasma membrane associated Mini-Gamma staining (FIG.
2A, lower panel right). Immunoprecipitation of expressed
sarcoglycan subunits using an anti-3-sarcoglycan antibody
confirmed that complexes containing -, y- and o-sarcogly-
can could be detected (FIG. 2B, top panels) Likewise,
immunoprecipitation with anti-f3-sarcoglycan demonstrated
an interaction among f3- and o6-sarcoglycan and MG (FIG.
2B, bottom panels). Immunoprecipitation for Mini-Gamma
also detected 3- and o-sarcoglycan (FIG. 2B, bottom pan-
¢ls). These data demonstrate that Mini-Gamma formed a
complex with p- and o-sarcoglycan like full-length v-sarco-
glycan.

Example 3

Mini-Gamma 1s Incorporated into the Sarcoglycan
Complex In Vivo

[0123] 'To test the function of Mini-Gamma 1n vivo, trans-
genic mice expressing Mini-Gamma under the control of the
desmin promoter were generated. The desmin promoter 1s
known to express in both heart and skeletal muscle [Pacak
et al., Genet Vaccines Ther 6: 13 (2008)]. Two lines were
characterized; Tg50 demonstrated high level expression
while Tg84 had lower level expression, as detected by the
epitope tag (FI1G. 3A). Muscle microsomal fractionation was
used to monitor the expression of Mini-Gamma in muscle by
separating fractions of crude total muscle lysates (1) into
cytoplasmic fraction (C), light microsomes (L) and heavy
microsomes (H). Sarcolemmal, ER and Golgi-associated
membrane proteins are enriched in the heavy microsomal
fraction. In wild type animals, sarcoglycan proteins and
other membrane-bound DGC components are mainly found
in the muscle heavy microsome fraction [Ohlendieck et al.,
] Cell Biol 115: 1685-1694 (1991)]. Similar to the endog-
enous v-sarcoglycan, Mini-Gamma protein was highly
enriched 1 heavy microsomes from both transgenic lines
(FIG. 3B). Indeed, Mimi-Gamma protein demonstrated sar-
colemmal-associated staining in cross sectional analysis of
skeletal muscle (FI1G. 3C, left panels). Interestingly, endog-
enous Yy-sarcoglycan was slightly diminished 1 Mini-
Gamma transgenic animals compared to identically and
simultaneously processed muscle sections from wild type
amimals, suggesting competition for plasma membrane
localization between Mini-Gamma and the endogenous
v-sarcoglycan (FIG. 3C, compare bottom two panels).

Example 4

Mini-Gamma Ameliorates Skeletal Muscle Detects
in y-Sarcoglycan Null Mice

[0124] Proper assembly of sarcoglycan complex 1s essen-
tial for its translocation to the plasma membrane 1n the
muscle cells. In the absence of y-sarcoglycan, sarcolemma
targeting of [3- and d-sarcoglycan 1s impaired, reducing [3-
and o-sarcoglycan content 1n the heavy microsomal fraction
[Hack et al., J Cell Sc1 113 (Pt 14): 2535-2544 (2000)].
Tg50+ mice were crossed with Sgcg null animals to assess
the capacity of Mini-Gamma to rescue the absence of Sgcg.
In Sgcg/Tg50 animals, 3- and d-sarcoglycan protein levels
were mcreased 1n the heavy microsomal fraction compared
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to those from Sgcg animals (FIG. 4A). To test the interaction
between Mini-Gamma and the other sarcoglycans 1 vivo,
co-immunoprecipitation was performed from the heavy
microsomal fraction. Mini-Gamma was precipitated using,
an antibody specific for 3-sarcoglycan BSG (FIG. 4B). The
epitope tag antibody to Mini-Gamma also resulted 1n pre-
cipitation of p-sarcoglycan (FIG. 4B).

[0125] In many models of muscular dystrophy, the dia-
phragm muscle 1s one of the most severely involved
muscles, and the diaphragm muscle 1s adversely impacted
by the dystrophic process 1n Sgcg null mice with marked
thickening [Hack et al., J Cell Biol 142: 1279-1287 (1998)].
In Sgcg/Tg50 mice, the thickness of the diaphragm muscle
was reduced (FIG. 4C). Central nucleation 1s also a feature
of dystrophic muscle, and the percentage of centrally nucle-
ated fibers was reduced in diaphragm muscle from Sgcg/
Tg50 mice compared to Sgcg mice (FIG. 4C) consistent with
an 1improved phenotype from the presence of Mini-Gamma.

Mini-Gamma Reduces Fibrosis and Improves
Function of Sgcg Hearts

[0126] Because Mini-Gamma transgenic mice also
expressed protein in cardiac muscle, 1ts expression and
function 1n hearts were examined. Protein expressed from
the Mini-Gamma transgene was detected at the sarcolemma
of cardiomyocytes from Sgcg/Tg50 mice (FIG. 5A, right
panels). Sgcg null mice develop cardiac dystunction and
fibrosis as they age [Hack et al., J Cell Biol 142: 1279-1287
(1998)]. Fibrosis, as monitored by hydroxyproline content,
was reduced 1n the hearts of Sgcg/Tg mice compared to Sgcg
null mice (FIG. 5B). Compared to Sgcg animals, Sgcg/Tg
amimals had improved fractional shortening (FIG. 5B).
These data are consistent with Mini-Gamma assuming the
tfunction of full-length y-sarcoglycan.

Example 5

Exon Skipping in LGMD 2C Myogenic Cells

[0127] Fibroblasts were obtained from an individual with
LGMD 2C. This imndividual carrnied a large deletion of 1.4
MB spanning 7 genes, including SGCG encoding y-sarco-
glycan on one allele. The other allele was deleted for 14,000
bp that encompassed only exon 6 of SGCG (FIG. 6A),
leading to a premature stop codon and disrupting the reading
frame (triangle). The individual has clinically diagnosed
LGMD 2C with progressive muscle weakness and elevated
creatine kinase (CK), which began in early childhood. A
muscle biopsy confirmed reduced y-sarcoglycan and reduc-
tion of the other sarcoglycans. Fibroblasts were obtained and
induced mto a myogenic lineage by expression using a
tamoxifen (Tam) inducible MyoD, following similar meth-

ods used to examine DMD cells [Kimura et al., Hum Mol
Genet 17: 2507-2517 (2008); Kendall et al., Science Trans-

lational Medicine 4: 164ral60 (2012)]. After induction,
MyoD reprogrammed fibroblasts entered into the myogenic
lineage as documented by expression of desmin and MyoD,
as well as the appearance of elongated myotube-like struc-
tures (FIG. 6B). LGMD 2C fibroblasts entered into the
myogenic lineage similar to control cells. SGCG RNA
expression was detected in MyoD reprogrammed fibroblasts

(FIG. 6C) from both control and the LGMD 2C patient
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(ex6del). The degree of SGCG RNA expression was quali-
tatively less in ex6del, consistent with only a single SGCG
allele.

[0128] AONs using 2'-O-methyl phosphorothioate
(20MePS) chemistry were targeted to intra-exonic regions
in SGCG exons 4, 5, and 7, in accordance with established
guidelines [Aartsma-Rus, Methods in molecular biology
867: 117-129 (2012)]. Transtection of reprogrammed ex6del
cells with single 20MePS AONs (SEQ ID NOs: 4, 11, and
29) demonstrated dose-dependency except at the highest
levels where there was evidence for cellular toxicity (FIG.
7). Note that SEQ ID NO: 31 was used 1n the lanes marked
AON ex7A, while SEQ ID NO: 33 was used in the lanes
marked AON ex7B. Interestingly, there was evidence for
endogenous skipping of exon 7 1n the absence of AONs to
exon 7 (FIG. 6C last two lanes band at 600 bp, 6D upper
arrow, and FIG. 7B indicated by arrows). To generate the
multi-exon skipping read frame corrected ex6del transcript,
reprogrammed cells were treated with a cocktail of AONs

targeting exons 4, 5, and 7 (1.e., Cocktail 1 (which consisted
of SEQ ID NOs: 35, 12, 19, and 32) and Cocktail 2 (which

consisted of SEQ ID NOs: 5, 12, 23, and 32) (100 nM/AON,
300 nM total; see Table 2). Analysis of PCR-amplified
transcripts 3 days after treatment demonstrated the genera-
tion of an internally truncated transcript with the desired
read frame correction of ex6del SGCG (FIG. 8D, marked
Mim-Gamma transcript) in addition to the intermediate
skipped products. Collectively, these data demonstrated the
potential of correcting SGCG frameshift mutations with a
multi-exon skipping AON strategy.

[0129] Exon skipping of SGCG was also tested on fibro-
blasts derived from a patient with an SGCG exon 7 deletion
(ex7del). The ex7del mutant SGCG transcript includes the
exon 6 coding region. Reprogrammed control or ex’/del cells
were transiected with single 2'-O-methyl phosphorothioate
(20MePS) AON or phosphorodiamidate morpholino oligo-
nucleotides (PMO). Single AON mediated exon 6 skipping
was demonstrated in the mutant ex’/del cells (FIG. 8).
Individual exon 6 skipping was dose-dependent 1n control
cells, as multiple PMOs targeting exon 6 induced skipping
at higher concentrations (FIG. 8). In order to generate
internally truncated Mini-Gamma transcript by skipping
exons 4, 5, 6, and 7, control SGCG normal cells were treated
with multi-exon skipping 4-AON cocktails (Cocktail 1
(which consisted of SEQ ID NOs: 5, 12, 19, and 32) and
Cocktail 2 (which consisted of SEQ ID NOs: 3, 12, 23, and
32)). FIG. 8 shows skipping using cocktails containing
PMOs to skip exons 4, 5, 6 and 7 to generate the desired
internally truncated Mini-Gamma transcript. These results
underline the need to utilize cocktails of antisense
sequences, as modest single exon skipping can be aug-
mented when generating the read frame corrected product.
Compare results with FIGS. 7 and 8.

[0130] Specific antisense oligonucleotides (AONs) con-
templated by the disclosure include, but are not limited to,
the oligonucleotides listed 1n Table 2.

DISCUSSION

[0131] The disclosure demonstrates that Mini-Gamma
protein 1s highly capable of replacing the full-length vy-sar-
coglycan 1n flies, mice and a heterologous cell expression
system. Although this strategy removes half of y-sarcogly-
can, 1t retains the most functional portions of y-sarcoglycan.
v-sarcoglycan 1s a type Il transmembrane protein with a 37
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amino acid intracellular amino-terminus, a 21 amino acid
transmembrane domain and a 233 amino acid extracellular
domain. The initiator methionine, entire intracellular and
transmembrane domains are encoded by exon 2 and there-
fore remain intact in Mini-Gamma. The intracellular amino-
terminus of y-sarcoglycan contains tyrosine phosphorylation
consensus sequences, and tyrosine phosphorylation 1s seen
with cell attachment and contraction and 1s required for
proper mechano-signalling [ Yoshida et al., J Biol Chem 273
1583-1590 (1998); Barton, Am J Physiol Cell Physiol 290:
C411-419 (2006); Barton, J Biol Chem 285: 17263-17270
(2010); Spinazzola et al., gamma-sarcoglycan 1s required for
the response of archwvillin to mechanical stimulation in
skeletal muscle. Hum Mol Genet (2015); Moorwood et al.,
Skeletal muscle 4: 13 (2014)]. The mtracellular domain has
also been shown to interact directly with intermediate fila-
ment protein filamin-C and actin-associated protein archvil-
lin [Spinazzola et al., gamma-sarcoglycan 1s required for the
response of archvillin to mechanical stimulation in skeletal
muscle. Hum Mol Genet (2015); Thompson et al., J Cell
Biol 148: 115-126 (2000)]. The amino-terminal half extra-
cellular domain 1s important for interacting with other
sarcoglycans during complex assembly [Chen et al., Exp
Cell Res 312: 1610-1625 (2006)]. Because Mini-Gamma
interacted with other sarcoglycans and translocated to the
plasma membrane, suggesting that the residual extracellular
portion was suilicient for membrane targeting. The car-
boxyl-terminal extracellular region contains an “EGF-like

SEQUENCE LISTING

Sequence total quantity: 36

SEQ ID NO: 1 moltype = DNA length = 27
FEATURE Location/Qualifiers

misc feature 1..27
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cysteine rich domain™ that 1s conserved among [3-, 0- and
v-sarcoglycan and remained intact In the Mini-Gamma pro-
tein [Bonnemann et al., Nat Genet 11: 266-273 (1995);
Nigro et al., Nat Genet 14: 195-198 (1996); McNally et al.,
Am J Hum Genet 59: 1040-1047 (1996)]. This cysteine-rich
motif has been shown to form intra-molecular disulfide
bridges and 1s required for plasma membrane targeting [Shi
¢t al., Muscle Nerve 29: 409-419 (2004); Chen et al., Exp
Cell Res 312: 1610-1625 (2006); Chan et al., J Cell Biol
143: 2033-2044 (1998)]. Missense mutations of these cys-
teines and small deletions 1n this region cause severe forms

of muscular dystrophy 1n patients [Piccolo et al., Hum Mol
Genet 5: 2019-2022 (1996); McNally et al., Hum Mol Genet

5: 1841-1847 (1996)].

[0132] The most common mutation 1n the SGCG gene 1s
a Trameshifting mutation 1n exon s6, 321 AT [Noguchi et al.,
Science 270: 819-822 (1993); McNally et al., Am J Hum
Genet 59: 1040-10477 (1996)]. An exon skipping strategy
that includes exon 6 will benefit not only patients carrying
the 521 AT mutation, which alone accounts for about half of
all LGMD2C patients, but also patients carrying missense,
nonsense or frame shifting mutations spanning from exon 4
to exon 7. One concern for exon skipping strategy has been
that nonsense-mediated mRINA decay (NMD) mechanism
may leave little or no mRINA transcripts to work with [ Baker
¢t al., Curr Opin Cell Biol 16: 293-299 (2004)]. However,
suflicient RNA for skipping was 1dentified herein even from
a single allele, suggesting that this will not be a hurdle.

note = Synthetic Polynucleotide

source 1..27
mol type = other DNA
organism = synthetic construct

SEQUENCE: 1
cgaattcacc atggatctgt acgacga

SEQ ID NO: 2
FEATURE
misc feature

moltype = DNA length = 27
Location/Qualifiers
1..27

277

note = Synthetic polynucleotide

source 1..27
mol type = other DNA
organism = synthetic construct

SEQUENCE: 2
ctagatgcat gctcgagtca aagacag

SEQ ID NO: 2
FEATURE
misc_feature

moltype = DNA
Location/Qualifiers
1..148

length = 148

277

note = Synthetic Polynucleotide

gource 1..148
mol type = other DNA
organism = synthetic construct

SEQUENCE: 3

attttgcaaa ttttataaat ctctttctag gactcatctce tgcttctaca atcaacccag 60
aatgtgactg taaatgcgcg caactcagaa ggggaggtca caggcaggtt aaaagtcggt 120

gagtccagct tcatcatggt gctttgca

SEQ ID NO: 4
FEATURE
misc_feature

moltype = DNA length = 25
Location/Qualifiers
1..25

148

note = Synthetic Polynucleotide

1..25
mol type

source
other DNA
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-continued

organism

synthetic construct
SEQUENCE: 4
agtcacattc tgggttgatt gtaga

SEQ ID NO: b5 moltype = DNA length = 25
FEATURE Location/Qualifiers
misc feature 1..25

note = Synthetic Polynhucleotide
source 1..25

mol type = other DNA

organism = synthetic construct

SEQUENCE: b
agtcacattc tgggttgatt gtaga

SEQ ID NO: 6 moltype = DNA length = 25
FEATURE Location/Qualifiers
migc feature 1..25

note = Synthetic Polynucleotide
source 1. .25

mol type = other DNA

organism = synthetic construct

SEQUENCE: 6
cctgtgacct ccccttectga gttge

SEQ ID NO: 7 moltype = DNA length = 25
FEATURE Location/Qualifiers
misc feature 1..25

note = Synthetic Polynucleotide
source 1..25

mol type = other DNA

organism = synthetic construct

SEQUENCE : 7
cctgtgacct ccccttetga gttge

SEQ ID NO: 8 moltype = DNA length = 25
FEATURE Location/Qualifiers
misc feature 1..25

note = Synthetic Polynucleotide
source 1. .25

mol type = other DNA

organism = synthetic construct

SEQUENCE: 8
gcaccatgat gaagctggac tcacc

SEQ ID NO: 9 moltype = DNA length = 25
FEATURE Location/Qualifiers
migc feature 1..25

note = Synthetic Polynucleotide
source 1..25

mol type = other DNA

organism = synthetic construct

SEQUENCE: ©
gcaccatgat gaagctggac tcacc

SEQ ID NO: 10 moltype = DNA length = 179
FEATURE Location/Qualifiers
misc feature 1..179

note = Synthetic Polynhucleotide
source 1..179

mol type = other DNA

organism = synthetic construct

SEQUENCE: 10

gtttataata aactgtttta attcttcagg tcccaaaatg gtagaagtcec agaatcaaca
gtttcagatc aactccaacg acggcaagcc actatttact gtagatgaga aggaagttgt
ggttggtaca gataaacttc gagtaactgg tatgtactaa ctcgagaaaa acacaacat

SEQ ID NO: 11 moltype = DNA length = 25
FEATURE Location/Qualifiers
misc feature 1..25

note = Synthetic Polynucleotide
source 1..25

mol type = other DNA

organism = synthetic construct

SEQUENCE: 11
ctgaaactgt tgattctgga cttct

25

25

25

25

25

25

60
120
1795

25
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-continued

SEQ ID NO: 12 moltype = DNA length = 25
FEATURE Location/Qualifiers
misc feature 1..25

note = Synthetic Polynucleotide
source 1..25

mol type = other DNA

organism = synthetic construct
SEQUENCE: 12
ctgaaactgt tgattctgga cttcet
SEQ ID NO: 13 moltype = DNA length = 131
FEATURE Location/Qualifiers
migc feature 1..131

note = Synthetic Polynucleotide
source 1..131

mol type = other DNA

organism = synthetic construct

SEQUENCE: 13

tcctgataca tetttgtttt ttgtttaggg cctgaagggg ctcetttttga acattcagtyg
gagacacccce ttgtcagagce cgacccgttt caagacctta ggtaagaatt tttgttcaaa

tattaacaac ¢

SEQ ID NO: 14 moltype = DNA length = 29
FEATURE Location/Qualifiers
migc feature 1..29

note = Synthetic Polynucleotide
source 1..29

mol type = other DNA

organism = synthetic construct

SEQUENCE: 14
agccceccttca ggccecctaaac aaaaaacaa

SEQ ID NO: 15 moltype = DNA length = 29
FEATURE Location/Qualifiers
misc feature 1..29

note = Synthetic Polynucleotide
source 1..29

mol type = other DNA

organism = synthetic construct

SEQUENCE: 15
agcccecttca ggccectaaac aaaaaacaa

SEQ ID NO: 16 moltype = DNA length = 25
FEATURE Location/Qualifiers
migc feature 1..25

note = Synthetic Polynucleotide
source 1..25

mol type = other DNA

organism = synthetic construct

SEQUENCE: 16
agccceccttca ggccecctaaac aaaaa

SEQ ID NO: 17 moltype = DNA length = 25
FEATURE Location/Qualifiers
misc feature 1..25

note = Synthetic Polynhucleotide
source 1..25

mol type = other DNA

organism = synthetic construct

SEQUENCE: 17
agcccecttca ggccecctaaac aaaaa

SEQ ID NO: 18 moltype = DNA length = 25
FEATURE Location/Qualifiers
migc feature 1..25

note = Synthetic Polynucleotide
source 1. .25

mol type = other DNA

organism = synthetic construct

SEQUENCE: 18
atgttcaaaa agagcccectt caggce

SEQ ID NO: 19 moltype = DNA length = 25
FEATURE Location/Qualifiers
migc feature 1..25

note = Synthetic Polynucleotide

25

60
120
131

29

29

25

25

25
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-continued

source 1. .25

mol type = other DNA

organism = synthetic construct
SEQUENCE: 19
atgttcaaaa agagcccctt caggc
SEQ ID NO: 20 moltype = DNA length = 26
FEATURE Location/Qualifiers
misc feature 1..26

note = Synthetic Polynhucleotide
source 1..26

mol type = other DNA

organism = synthetic construct
SEQUENCE: 20
aatgttcaaa agagcccctt caggcc
SEQ ID NO: 21 moltype = DNA length = 26
FEATURE Location/Qualifiers
migc feature 1..26

note = Synthetic Polynucleotide
source 1l..206

mol type = other DNA

organism = sgynthetic construct
SEQUENCE: 21
aatgttcaaa agagcccctt caggcec
SEQ ID NO: 22 moltype = DNA length = 25
FEATURE Location/Qualifiers
misc feature 1..25

note = Synthetic Polynucleotide
source 1. .25

mol type = other DNA

organism = synthetic construct
SEQUENCE: 22
ctccactgaa tgttcaaaaa gagcc
SEQ ID NO: 23 moltype = DNA length = 25
FEATURE Location/Qualifiers
misc feature 1..25

note = Synthetic Polynucleotide
source 1. .25

mol type = other DNA

organism = synthetic construct
SEQUENCE: 23
ctccactgaa tgttcaaaaa gagcc
SEQ ID NO: 24 moltype = DNA length = 26
FEATURE Location/Qualifiers
migc feature 1..26

note = Synthetic Polynucleotide
source 1..26

mol type = other DNA

organism = synthetic construct
SEQUENCE: 24
tctccactga atgttcaaaa gagccc
SEQ ID NO: 25 moltype = DNA length = 26
FEATURE Location/Qualifiers
misc feature 1..26

note = Synthetic Polynucleotide
source 1..26

mol type = other DNA

organism = synthetic construct
SEQUENCE : 25
tctccactga atgttcaaaa gagccc
SEQ ID NO: 26 moltype = DNA length = 24
FEATURE Location/Qualifiers
misc feature 1..24

note = Synthetic Polynucleotide
source 1..24

mol type = other DNA

organism = synthetic construct

SEQUENCE: 26
gggtgtctce actgaatgtt caaa

25

26

26

25

25

26

26

24
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-continued

SEQ ID NO: 27 moltype = DNA length = 24
FEATURE Location/Qualifiers
misc feature 1..24

note = Synthetic Polynucleotide
source 1..24

mol type = other DNA

organism = synthetic construct
SEQUENCE: 27
gggtgtctcce actgaatgtt caaa 24
SEQ ID NO: 28 moltype = DNA length = 25
FEATURE Location/Qualifiers
migc feature 1..25

note = Synthetic Polynucleotide
source 1..25

mol type = other DNA

organism = synthetic construct
SEQUENCE: 28
gtcttgaaac gggtcecggcectce tgaca 25
SEQ ID NO: 29 moltype = DNA length = 25
FEATURE Location/Qualifiers
migc feature 1..25

note = Synthetic Polynucleotide
source 1..25

mol type = other DNA

organism = synthetic construct
SEQUENCE: 29
gtcttgaaac gggtcggcectc tgaca 25
SEQ ID NO: 30 moltype = DNA length = 184
FEATURE Location/Qualifiers
misc feature 1..184

note = Synthetic Polynhucleotide
source 1..184

mol type = other DNA

organism = synthetic construct

SEQUENCE: 30
ttttttttgt gcttetttte ctcatctcag attagaatcce cccactcecgga gtctaagcat 60

ggatgcccca aggggtgtgce atattcaagce tcacgctggg aaaattgagg cgctttctca 120
aatggatatt ctttttcata gtagtgatgg aatggtgagt tcattcacag atcagcctcce 180

tact 184
SEQ ID NO: 31 moltype = DNA length = 26
FEATURE Location/Qualifiers
misc feature 1..25
note = Synthetic Polynhucleotide
source 1..26
mol type = other DNA
organism = synthetic construct
SEQUENCE: 31
ggcatccatg ctttagactc cgadgtg 26
SEQ ID NO: 32 moltype = DNA length = 25
FEATURE Location/Qualifiers
migc feature 1..25
note = Synthetic Polynucleotide
source 1..25
mol type = other DNA
organism = synthetic construct
SEQUENCE: 32
ggcatccatg cttagactcc gagtg 25
SEQ ID NO: 33 moltype = DNA length = 25
FEATURE Location/Qualifiers
migc feature 1..25
note = Synthetic Polynucleotide
source 1..25
mol type = other DNA
organism = synthetic construct
SEQUENCE: 33
ctcaccattc catcactact atgaa 25
SEQ ID NO: 34 moltype = DNA length = 25
FEATURE Location/Qualifiers

misc_feature 1..25
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-continued

note = Synthetic Polynucleotide

gource 1..25
mol type = other DNA
organism = synthetic construct

SEQUENCE: 2324
ctcaccattc catcactact atgaa

SEQ ID NO: 35
FEATURE
migc feature

moltype = DNA length = 21

Location/Qualifiers
1..21

note = Synthetic Polynucleotide

source 1..21
mol type = other DNA
organism = synthetic construct

SEQUENCE: 35
tctaagatgg tgcgtgagca g

SEQ ID NO: 326
FEATURE
misc feature

moltype = DNA length = 20
Location/Qualifiers
1. .20

note = Synthetic Polynucleotide

source 1..20
mol type = other DNA
organism = synthetic construct

SEQUENCE: 36
gccacagaca ggtacagctt

What 1s claimed 1s:

1. An 1solated antisense oligonucleotide (AON) selected

from the group consisting of oligonucleotides listed 1n Table
2.

2. The antisense oligonucleotide of claim 1, wherein the
oligonucleotide cannot form an RNase H substrate.

3. The antisense oligonucleotide of claim 1 or claim 2,
comprising a modified oligonucleotide backbone.

4. The antisense oligonucleotide of claim 3, wherein the
modified oligonucleotide backbone comprises a modified
moiety substituted for the sugar of at least one of the
oligonucleotides.

5. The antisense oligonucleotide of claim 4, wherein the
modified moiety 1s a Morpholino.

6. The antisense oligonucleotide of any one of claims 3-5,
wherein the modified oligonucleotide backbone of at least
one of the oligonucleotides comprises at least one modified
internucleotide linkage.

7. The antisense oligonucleotide of claim 6, wherein the
modified internucleotide linkage 1s a tricyclo-DNA (tc-
DNA) modification.

8. The antisense oligonucleotide of claim 6, wherein the
modified mnternucleotide linkage comprises a modified phos-
phate.

9. The antisense oligonucleotide of claim 8, wherein the
modified phosphate 1s selected from the group consisting of
a methyl phosphonate, a methyl phosphorothioate, a phos-
phoromorpholidate, a phosphoropiperazidate and a phos-
phoroamidate.

10. The antisense oligonucleotide of any one of claims
3-9, wherein the oligonucleotide 1s a 2'-O-methyl-oligori-
bonucleotide.

11. The antisense oligonucleotide of any one of claims
1-10, wherein the oligonucleotide comprises a peptide
nucleic acid.

12. The antisense oligonucleotide of any one of claims
1-11, wherein the oligonucleotide 1s chemically linked to
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one or more conjugates that enhance the activity, cellular
distribution, or cellular uptake of the antisense oligonucle-
otide.

13. The antisense oligonucleotide of claim 12, wherein
the oligonucleotide 1s chemically linked to a polyethylene
glycol molecule.

14. The antisense oligonucleotide of claim 12 or claim 13
wherein the conjugate 1s a peptide that enhances cellular

uptake.
15. The antisense oligonucleotide of claim 14 wherein the

peptide 1s selected from the group consisting of a nuclear
localization signal (NLS), HIV-1 TAT protein, a peptide
comprising an integrin binding domain, oligolysine, adeno-
virus fiber protein and a peptide comprising a receptor-
mediated endocytosis (RME) domain.

16. A pharmaceutical composition, comprising the anti-
sense oligonucleotide of any one of claims 1-15 and a
physiologically compatible builer.

17. A method of mnducing exon-skipping of a gamma
sarcoglycan RNA, comprising delivering to a cell the anti-
sense oligonucleotide of any one of claims 1-14 or the
composition of claim 15, thereby inducing exon-skipping of
the gamma sarcoglycan RNA.

18. The method of claim 17, wherein the cell 1s a human
muscle cell.

19. The method of claim 18, wherein the human muscle
cell 1s 1n a patient.

20. The method of claim 19, wherein the patient has
muscular dystrophy.

21. The method of claim 20, wherein the muscular dys-
trophy 1s Limb Girdle Muscular Dystrophy type 2C
(LGMD2C).

22. A method of ameliorating Limb Girdle Muscular
Dystrophy type 2C (LGMD2C) 1n a patient 1n need thereof
comprising the step of adminmistering to the patient a thera-
peutically eflective amount of the composition of claim 16,
thereby ameliorating LGMD2C.

23. A method of inhibiting the progression of dystrophic
pathology associated with LGMD2C 1n a patient in need
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thereol comprising the step of administering to the patient a
therapeutically eflective amount of the composition of claim
16, thereby 1nhibiting the progression of dystrophic pathol-

0gy.

24. A method of improving muscle function in a patient
suflering from Limb Girdle Muscular Dystrophy type 2C
(LGMD2C) comprising the step of administering to the
patient a therapeutically eflfective amount of the composition
of claim 16, thereby improving muscle function.

25. The method of claiam 24 wherein the muscle 1s a
cardiac muscle.

26. The method of claim 24 or claim 25 wherein the
improvement in muscle function 1s an improvement 1in
muscle strength.

27. The method of claim 26 wherein the improvement in
muscle strength 1s an 1mprovement 1n respiratory muscle
strength.
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28. The method of claim 24 or claim 25 wherein the
improvement in muscle function 1s an improvement 1n motor

stability, improved upper limb strength, or improved cardiac
function.

29. The method of claim 28 wherein the improvement 1n
motor stability results in an improved six-minute walk test
by the patient relative to a previously measured six-minute
walk test by that patient.

30. A kit comprising the antisense oligonucleotide of any
one of claims 1-15, optionally 1n a container, and a package
insert, package label, instructions or other labeling.

31. The kit of claim 30, turther comprising an additional
oligonucleotide, wherein the additional oligonucleotide spe-

cifically hybridizes to an exon in a gamma sarcoglycan
RNA.
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