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Exon skipping uses chemically modified antisense oligonucleotides to modulate RNA splicing.
Therapeutically, exon skipping can bypass mutations and restore reading frame disruption by
generating internally truncated, functional proteins to rescue the loss of native gene expression.
Limb-girdle muscular dystrophy type 2C is caused by autosomal recessive mutations in the SGCG
gene, which encodes the dystrophin-associated protein y-sarcoglycan. The most common SGCG
mutations disrupt the transcript reading frame abrogating y-sarcoglycan protein expression.

In order to treat most SGCG gene mutations, it is necessary to skip 4 exons in order to restore

the SGCG transcript reading frame, creating an internally truncated protein referred to as Mini-
Gamma. Using direct reprogramming of human cells with MyoD, myogenic cells were tested

with 2 antisense oligonucleotide chemistries, 2’-0-methyl phosphorothioate oligonucleotides
and vivo-phosphorodiamidate morpholino oligomers, to induce exon skipping. Treatment with
vivo-phosphorodiamidate morpholino oligomers demonstrated efficient skipping of the targeted
exons and corrected the mutant reading frame, resulting in the expression of a functional Mini-
Gamma protein. Antisense-induced exon skipping of SGCG occurred in normal cells and those with
multiple distinct SGCG mutations, including the most common 521AT mutation. These findings
demonstrate a multiexon-skipping strategy applicable to the majority of limb-girdle muscular
dystrophy 2C patients.

Introduction

Limb-girdle muscular dystrophy type 2C (LGMD 2C) is a debilitating muscle disease characterized by
progressive muscle degeneration, loss of ambulation, and eventual deterioration of respiratory and cardiac
function (1, 2). Autosomal recessive mutations in the y-sarcoglycan gene (SGCG) cause LGMD 2C (3).
The SGCG gene encodes a type II transmembrane protein that is a component of the sarcoglycan com-
plex, which — in skeletal and cardiac muscle — is comprised of a-, -, y-, and d-sarcoglycans (4, 5). The
sarcoglycan complex is part of the larger dystrophin glycoprotein complex (DGC), which localizes to the
muscle plasma membrane, stabilizes the sarcolemma, and connects the extracellular matrix to the intracel-
lular cytoskeleton (6, 7). SGCG mutations commonly disrupt the reading frame and result in the absence
of y-sarcoglycan protein expression (3, 8, 9). There are currently no approved therapies for treating LGMD
2C, and the mainstay of medical treatment relies on supportive care (10).

Exon skipping uses chemically modified antisense oligonucleotides (AONs). The utility of exon skip-
ping to correct reading frame disruption has been demonstrated for the treatment of Duchenne muscular
dystrophy (DMD), which is caused by mutations in the dystrophin gene (11). The concept of exon skipping
derived from observations that deletions in the dystrophin gene, which disrupt the transcript reading frame,
cause the severe DMD, while in-frame deletions cause Becker muscular dystrophy (BMD), a milder form
of disease with improved clinical outcomes (12, 13). Moreover, sporadic dystrophin-positive fibers, known
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as revertant fibers, have been observed in muscle biopsies from DMD patients and in mouse models of
the disease (14, 15). Revertant fibers in dystrophin mutant muscle represent intrinsic bypass of mutations
that correct the reading frame to restore expression of an internally deleted dystrophin protein (16). Exon
skipping uses AONS to hinder sterically the pre-mRNA splicing of a target exon, blocking its incorporation
into the mature mRNA transcript (17). For clinical benefit, the mRNAs produced after exon skipping are
required to encode and produce an internally truncated protein with functional relevance.

AONSs are short RNA or DNA oligomers that are the reverse complementary sequence to a target
mRNA sequence (18). AON chemical modifications are designed to avoid nuclease degradation and
enhance RNA binding (18). Further modifications are required for the purpose of splice modulation to
avoid RNase-H degradation of the oligo-RNA hybrid, as the goal is transcript correction and not destruc-
tion (17). Multiple chemical modifications were developed for this purpose, with 2’-O-methyl phosphoro-
thioate (20MePS) AONs and phosphorodiamidate morpholino oligomers (PMOs) having been tested in
human clinical trials for DMD (19-22). In 2016, the US Food and Drug Administration (FDA) granted
accelerated approval of a PMO to treat DMD caused by specific mutations in the dystrophin gene, whose
reading frame is corrected through the skipping of exon 51 (23). Eteplirsen represented an achievement in
the fields of neuromuscular disease and molecular gene correction, and it was followed by the approval of
nusinersen for treating spinal muscular atrophy (SMA) (23, 24). Progress toward clinical development of
antisense-mediated splice modulating therapy has expanded beyond the treatment of DMD to include oth-
er disorders, such as Pompe disease, cystic fibrosis, cardiomyopathies, and laminopathies (25-29).

Recently, we explored the therapeutic potential of exon skipping to treat LGMD 2C by examining
whether Mini-Gamma protein can successfully assume the functional roles of full-length y-sarcoglycan
(30). The SGCG gene is composed of 8 exons, with exons 2—8 encoding protein. The most common SGCG
mutation is a single thymine deletion from a string of 5 thymines in SGCG exon 6, designated 521AT (3,
8). Reframing the 521AT transcript requires the skipping of exons 4, 5, 6, and 7, creating an internally
truncated product encoded by exons 2, 3, and 8, termed Mini-Gamma. We demonstrated that transgenic
expression of murine Mini-Gamma provided functional and pathological benefit to correct the loss of
y-sarcoglycan in both fly and mouse models of the disease (30). Here, we report the use of AON-mediated
exon skipping to correct the reading frame of multiple SGCG mutations, including the 521AT mutation,
in a human cell model of disease. To this end, multiexon-skipping AON cocktails were employed using
either 20MePS or vivo-PMO chemistries. The vivo-PMOs were more efficient than 20MePS oligomers in
generating the Mini-Gamma transcript. This approach targets any mutation occurring in SGCG exons 47,
making this therapy applicable to the majority of LGMD 2C patients.

Results

An exon-skipping strategy to treat LGMD 2C. The 8 y-sarcoglycan exons produce a type II transmembrane protein
that is an essential component of the muscle plasma membrane. Homozygous SGCG mutations, which disrupt
the reading frame, generate premature stop codons in the mRNA, preventing protein expression and causing
LGMD 2C (Figure 1A). Exon skipping uses AONs to block pre-mRNA splicing sites, bypassing mutations and
modifying the exon content of an mRNA. Maintaining the reading frame requires skipping of exons 4, 5, 6,
and 7 to create an internally truncated transmembrane protein, termed Mini-Gamma, encoded by exons 2, 3,
and 8 (Figure 1B). Mini-Gamma retains the essential intracellular, transmembrane, and extracellular SGCG
domains required for functionality (Figure 1C), and transgenic expression of murine Mini-Gamma has been
shown to rescue multiple features of muscular dystrophy in fly and mouse models of disease (30).

Chemical modifications of AONs are necessary to prevent nuclease attack and degradation of the
transcript, while increasing their stability and interaction with the RNA target (17, 18). We evaluated 2
common AON chemical modifications for exon skipping for LGMD 2C: 20MePS and PMO (Figure 1D).
PMOs were synthesized as vivo-PMOs, which contained a covalently linked C-terminal octa-guanidine
dendrimer delivery moiety that promotes cell membrane permeability (31). Overall, this exon-skipping
strategy was designed to target SGCG missense, nonsense, or frame-shifting mutations in exons 4-7 that
account for the majority of LGMD 2C disease—causing mutations.

A human cell-based model of LGMD 2C. Fibroblasts were obtained from an individual with an autosomal
recessive deletion of a single thymine in SGCG exon 6, a mutation designated 521AT, which disrupts the read-
ing frame and results in the absence of y-sarcoglycan protein (Figure 2A) (3). This is the most common muta-
tion of the SGCG gene and accounts for almost half of all LGMD 2C patients (3, 8). We reprogrammed con-
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Figure 1. An exon-skipping strategy to treat LGMD 2C. (A) The SGCG gene, which encodes y-sarcoglycan, is comprised of 8 exons, and many SGCG muta-
tions disrupt the transcript reading frame, causing Limb-girdle muscular dystrophy (LGMD) 2C. (B) Correction of the reading frame requires the skipping
of SGCC exons 4, 5, 6, and 7 at the pre-mRNA level. Four antisense oligonucleotides (AON) were designed to exclude these exons from the mature mRNA
transcript. The bypass of exons 4-7 generates an internally truncated product termed Mini-Gamma encoded by exons 2, 3, and 8. (C) Mini-Gamma protein
lacks a portion of the extracellular domain encoded by exons 4-7 (red box) and retains the essential cytosolic, transmembrane, and extracellular domains
required for functionality (30). (D) Exon skipping AONs are chemically modified to avoid nuclease degradation and destruction of the mRNA transcript.
Shown are the chemical structures of 2 types of AONs used for exon skipping. 2'-0-methyl phosphorothioates (20MePS) include a methyl group on the
ribose ring and substitution of sulfur for oxygen to create a phosphothioate bond (red). Phosphorodiamidate morpholino oligomers (PMOs) incorporate
morpholino rings rather than ribose rings and substitute nitrogen for oxygen to create a phosphorodiamidate bond (blue) (18). Vivo-PMOs are synthesized
with a covalently linked 3’ octa-guanidine delivery moiety for enhanced cell delivery (31).
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trol and 521AT fibroblasts into the myogenic lineage using a tamoxifen-inducible MyoD (iMyoD) lentiviral
system (32). To assess the possibility of reading frame correction via exon skipping, we first determined if the
reprogrammed 521AT cells produce a stable mutant mRINA transcript. Analysis of PCR-amplified transcripts
detected native and mutant SGCG expression in reprogrammed control and 521AT fibroblasts, respectively
(Figure 2B) (See complete unedited blots in the supplemental material; supplemental material available online
with this article; https://doi.org/10.1172/jci.insight.99357DS1). Sequence analysis confirmed the 521AT
deletion in the mutant transcript (Supplemental Figure 1, A and B). Each cell line was efficiently induced
into the myogenic lineage, as demonstrated by the expression of desmin and the presence of elongated myo-
tube-like structures (Figure 2C). The expression of the y-sarcoglycan protein was observed in reprogrammed
control cells and absent in the 521AT patient cells, commensurate with mutation status (Figure 2D).

20MePS AON exon skipping of the 52IAT transcript. The 20MePS AON chemical modification is
among the most commonly used for exon-skipping splice manipulation and has efficiently corrected
dystrophin frameshift mutations in cell models of DMD (33-35). For this LGMD 2C strategy, 20MePS
AON:ss targeting intraexonic regions in SGCG exons 4, 5, 6, and 7 (Table 1) were designed in accordance
with previously described guidelines (36). Transfection of reprogrammed 521AT cells with individual
20MePS AONs demonstrated skipping of individual exons 5 and 7, partial skipping of exon 4, and inde-
terminate skipping of exon 6 (Supplemental Figure 2, A and B). We also evaluated whether the normal
SGCG sequence was targeted by AON-mediated exon skipping. Transfection of reprogrammed control
cells with single 20MePS elicited a similar skipping profile as 521AT SGCG cells (Supplemental Figure
2C), indicating that mutation in SGCG is not required for exon skipping.

Cells were then treated with a 4-AON exon-skipping cocktail aimed at SGCG exons 4, 5, 6, and 7 (Sup-
plemental Table 1). Analysis of PCR-amplified transcripts after 36 hours of treatment showed the expression
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Figure 2. SGCG mRNA and protein expression in fibroblasts reprogrammed into the myogenic lineage. (A) Schematic of the SGCG pre-mRNA transcript.
The most common LGMD 2C mutation is a single thymine (T) deletion from a string of 5Ts in SGCG exon 6. This mutation, designated 521AT, results in a
transcript frame shift, which generates a premature stop codon (red octagon). Asterisks represent the transcription start sites, and the numbers denote
the mRNA region encoded by each exon. Fibroblasts from a normal control subject (SGCG intact) and a LGMD 2C individual with the 521AT mutation were
directly reprogrammed into the myogenic lineage using a tamoxifen (Tam) inducible MyoD lentiviral construct (iMyoD) (32). (B) RT-PCR analysis demonstrat-
ed expression of the SGCG mMRNA in normal control and 521AT cells after tamoxifen induction and culture in differentiation media (5 uM 40H-tamoxifen, 48
hours, 9 days differentiation). (C) Immunofluorescence microscopy (IFM) demonstrated the efficient transduction and myogenic reprogramming of both the
control and 521AT cell lines (5 uM 40H-tamoxifen, 48 hours, 12 days differentiation). Nuclear expression of MyoD (red) is observed in the iMyoD-transduced
cells. Reprogrammed cells expressed the myogenic marker desmin (green) and formed multinucleated myotubes. Nuclei were labeled with Hoechst 3342
(blue). Scale bar: 50 uM. (D) y-Sarcoglycan protein (green) was readily detected in the reprogrammed control cells, but not in reprogrammed 521AT cells, in
accordance with their mutation status. Expression of a-actinin (red) indicated the myogenic reprogramming of each cell line. Scale bar: 50 puM.
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of multiple intermediate products, which represented the skipping of 1, 2, and 3 exons (Figure 3A). Notably,
there was minimal expression of the 4-exon—skipped Mini-Gamma transcript at the expected size (Figure
3A). Similar treatment of control cells produced intermediate transcripts with no evidence of Mini-Gamma
encoding mRNA expression after 48 hours (Figure 3B). Collectively, these data indicate that reading frame
correction of the 521AT SGCG frameshift mutation with the 20MePS AON multiexon-skipping strategy
was only modestly effective due to inefficient skipping of individual SGCG exons, specifically exon 6.
Vivo-PMO exon skipping of the 52IAT transcript. PMOs are another commonly used AON chemistry
used for exon skipping. These molecules carry no net charge and appear nontoxic with minimal off-target
interactions (37). In order to improve cellular uptake in vitro, PMOs were covalently conjugated to an
octa-guanidine dendrimer used to generate vivo-PMOs. AONs using vivo-PMO chemistry were designed
as described and targeted intraexonic regions in SGCG exons 4, 5, 6, and 7 (Table 1). Transfection of
reprogrammed 521AT cells with single vivo-PMOs demonstrated dose-dependent skipping of individual
SGCG exons 4, 5, 6, and 7 (Supplemental Figure 3A). Transfection of control cells with single vivo-PMOs
demonstrated similar dose-dependent skipping of individual SGCG exons 4, 5, 6, and 7, which indicated
the ability of vivo-PMOs to efficiently skip exons of the native SGCG transcript (Supplemental Figure 3B).
Additionally, there was evidence of double exon skipping after treatment with single vivo-PMOs target-
ing exons 4, 5, and 6 (Supplemental Figure 3, A and B), likely due to the dual skipping of individual exons
4,5, and 6 coupled with the endogenous skipping of exon 7. Notably, single vivo-PMO treatments targeting
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Table 1. SGCG exon targets and AON sequences

SGCG exon target/AON

Exon 4

E4 20MePS
E4 vivo-PMO

Exon 5

ES 20MePS
E5 vivo-PMO
Exon 6
E6 20MePS
E6 vivo-PMO

Exon7

E7 20MePS
E7 vivo-PMO

ASequence 5’ - 3’
attttgcaaattttataaatctctttctagCACTCATCTCTGCTTCTACAATCAACCCAGAATGTG
ACTGTAAATGCGCGCAACTCAGAAGGGCAGGTCACAGGCAGGTTAAAAGTCGgtgagtecagcettc
atcatggtgctttgca
AGUCACAUUCUGGGUUGAUUGUAGA
AGTCACATTCTGGGTTGATTGTAGA
gtttataataaactgttttaattcttcagCTCCCAAAATGGTAGAAGTCCAGAATCAACAGTTTCA
GATCAACTCCAACCACGGCAAGCCACTATTTACTGTAGATGAGAAGGAAGTTGTGGTTGGTACAGA
TAAACTTCGAGTAACTGgtatgtactaactcgagaaaaacacaacat
CUGAAACUGUUGAUUCUGGACUUCU
CTGAAACTGTTGATTCTGGACTTCT
tcctgatacatctttgttttttgtttagGCGCCTGAAGCGGGCTCTTTTTGAACATTCAGTGGAGACA
CCCCTTGTCACAGCCGACCCGTTTCAAGACCTTAGgtaagaatttttgttcaaatattaacaacc
CUCCACUGAAUGUUCAAAAAGAGCC
CTCCACTGAATGTTCAAAAACAGCC
ttttttttgtgcttcttttcctcatctcagATTAGAATCCCCCACTCGGAGTCTAAGCATGGATGL
CCCAAGGGGTGTGCATATTCAAGCTCACGCTGGGAAAATTGAGGCGCTTTCTCAAATGGATATTCT
TTTTCATAGTAGTGATGGAATGgtgagttcattcacagatcagectectact
GGCAUCCAUGCUUAGACUCCGAGUG
GGCATCCATGCTTAGACTCCCAGTG

Alndividual exons are shown as upper case, with 30 bp of flanking intronic sequence shown as lower case. AON target sequences are underlined.

exon 7 did not demonstrate double skipping (Supplemental Figure 3, A and B). Splice-site analysis of SGCG
exon 7 revealed 2 potential regions of splice repression that were conserved between the human and mouse
SGCG sequences (Supplemental Figure 3C).

To correct the SGCG 521AT reading frame disruption and generate a Mini-Gamma transcript, repro-
grammed cells were treated with a 4-AON cocktail of vivo-PMOs targeting SGCG exons 4, 5, 6, and 7 (Sup-
plemental Table 1). Analysis of PCR-amplified transcripts after 36-hour treatment showed predominant
expression of the reading frame—corrected, 4-exon—skipped Mini-Gamma transcript with minimal expres-
sion of intermediate products (Figure 4A). Treatment of control myogenic cells with the same vivo-PMO
cocktail also elicited predominant expression of the Mini-Gamma transcript (Figure 4B). The internally
truncated Mini-Gamma products were confirmed by sequence analysis (Figure 4, C and D). These results
demonstrated efficient reading frame correction of the SGCG 521AT mutation with our multiexon-skipping
strategy and the ability of vivo-PMOs to skip the native SGCG transcript. Furthermore, the data indicated
improved efficiency of exon skipping with vivo-PMOs compared with 20MePS AONSs in the cell model.

Reading frame correction of multiple SGCG frameshift mutations. We next examined the ability of this
exon-skipping strategy to correct unique SGCG frameshift mutations. Fibroblasts were obtained from 4
different LGMD 2C patients harboring 3 SGCG frameshift mutations. The first was from an individual
with a large deletion of SGCG encompassing the entire SGCG gene and a second allele missing only exons
5 and 6 (ex5/6del). Two other cell lines were from 2 siblings with a large deletion of the entire SGCG gene
on one allele and a deletion of only exon 6 (ex6del) on the second allele; the fourth was an individual
with a homozygous deletion of SGCG exon 7 (ex7del) (Figure 5, A—C). Each cell line was reprogrammed
into the myogenic lineage using the iMyoD system. To generate the reading frame—corrected Mini-Gam-
ma transcripts for each mutation, the individual LGMD 2C myogenic cell cultures were treated with a
mutation-specific cocktail of vivo-PMOs (Figure 5, A-C, and Supplemental Table 1). This mutation-spe-
cific approach limited the total AON exposure to that required for reading frame correction. Analysis of
PCR-amplified transcripts after 36-hour treatment showed predominant expression of the internally trun-
cated reading frame—corrected Mini-Gamma transcript in each of the LGMD 2C patient cell lines (Figure
5, A—C). Sequencing analysis confirmed the patient-specific mutations and the generation of Mini-Gam-
ma after vivo-PMO treatment (Figure 5, D-F). These findings demonstrate the ability to correct multiple
SGCG frameshift mutations with this exon-skipping strategy.

Restoration of Mini-Gamma protein expression was demonstrated in the 521AT, ex5/6del, and ex6del
mutations. Immunofluorescence microscopy (IFM) detected y-sarcoglycan protein in reprogrammed
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Figure 3. 20MePS-mediated exon skipping of the SGCG transcript. (A) Correction of the SGCG 521AT frameshift mutation (red triangle) requires a multi-
AON exon-skipping strategy targeting exons 4, 5, 6, and 7 (yellow boxes) to generate the reading frame-corrected Mini-Gamma transcript encoded by
exons 2, 3, and 8. Arrows denote the location of the RT-PCR primers, and the expected amplicon lengths are indicated. Myogenic cells were exposed to a
multiexon-skipping cocktail of 20MePS AONSs targeting exons 4, 5, 6, and 7. RT-PCR analysis demonstrated the expression of the 521AT transcript (black
arrowhead), along with PCR products representing the skipping of 1, 2, and 3 exons (white arrowheads). A PCR product representing the 4-AON-mediat-
ed generation of the Mini-Gamma was observed at the expected size (red arrowhead). (B) Treatment of reprogrammed normal control fibroblasts with
20MePS AONSs targeting exons 4, 5, 6, and 7 also induced exon skipping. RT-PCR analysis demonstrated the expression of the SGCG transcript (black
arrowhead), along with PCR products representing the skipping of 1, 2, and 3 exons (white arrowheads). No PCR product representing the 4-AON-mediated
generation of the Mini-Gamma was observed at the expected size (red arrowhead).
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LGMD 2C patient myotubes 3 days after treatment with reading frame—correcting vivo-PMOs (Figure
6, A, C, and E). Similarly conducted and acquired imaging did not detect y-sarcoglycan protein expres-
sion in reprogrammed patient cells treated with a nontargeting control vivo-PMO. Quantitative image
analysis confirmed the expression of Mini-Gamma in cells transfected with reading frame—correcting
vivo-PMO cocktails as compared with cells treated with nontargeting control vivo-PMOs (Figure 6, B, D,
and F). These findings demonstrate the ability to correct multiple SGCG frameshift mutations with this
exon-skipping strategy, restoring Mini-Gamma expression at the protein level. Detection of Mini-Gamma
protein by immunoblot was limited by the culture system, as reprogrammed control fibroblasts expressed
only modest levels of even normal y-sarcoglycan protein (Supplemental Figure 4A). Mini-Gamma protein
expression was nonuniform across the culture system, with some myotubes expressing more Mini-Gam-
ma protein (Figure 6, A-F). The ex5/6del line had the highest levels of Mini-Gamma expression, as seen
by IFM (Figure 6, C and D). Correspondingly, Mini-Gamma was detected via immunoblot in repro-
grammed ex5/6del cells after reading frame correction with vivo-PMOs (Supplemental Figure 4B).

The sarcoglycan complex includes a-, B-, 8-, and y-sarcoglycans, with -, §-, and y-sarcoglycans form-
ing the core unit (4, 5). The absence of y-sarcoglycan reduces the expression of B- and é-sarcoglycan at
the sarcolemma in intact muscle (21). To determine if Mini-Gamma stabilized the sarcoglycan complex,
- and §-sarcoglycan expression levels were examined after treatment with reading frame—correcting vivo-
PMOs. An increase of B- and d-sarcoglycan protein expression was detected by IFM in those myotubes
that expressed Mini-Gamma protein (Supplemental Figure 5, A—C, and Supplemental Figure 6, A—C).

Functional reading frame correction in SGCG reprogrammed cells. Previously, we showed the ability to
directly reprogram urine-derived cells (UDC) into the myogenic lineage through the overexpression of
MyoD (38). To further analyze this SGCG exon-skipping strategy, we obtained UDCs from an LGMD
2C patient harboring a frameshift mutation caused by the deletion of SGCG exon 6 (ex6del). Normal
control and ex6del UDCs were reprogrammed into the myogenic lineage, seen as a-actinin expression
and the appearance of elongated myotube-like structures (Figure 7A). y-Sarcoglycan protein expression
was detected in the reprogrammed normal control cells but not in LGMD 2C cells, commensurate with
SGCG mutation status (Figure 7A). To generate the reading frame—corrected Mini-Gamma transcript,
ex6del myogenic cells were treated with vivo-PMOs targeting exon 4, 5, and 7 (Supplemental Table 1).
Analysis of PCR-amplified transcripts after 24 and 48 hours showed predominant expression of the
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D) Sequence analysis of PCR products confirmed the generation of the Mini-Gamma transcripts in each of the mutant cell lines, with the splicing of SGCG
exons 3 and 8 demonstrating the removal of exons 4, 5, 6, and 7 from the mature transcripts.
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internally truncated Mini-Gamma transcript (Figure 7B). IFM imaging detected Mini-Gamma pro-
tein expression in reprogrammed LGMD 2C mutant myotubes 3 days after treatment with vivo-PMO
(Figure 7C). Protein expression was observed throughout the myotube, including at the plasma mem-
brane (Supplemental Figure 7, A and B). Image analysis confirmed Mini-Gamma expression relative to
reprogrammed cells transfected with nontargeting control vivo-PMOs (Figure 7D). The reprogrammed
LGMD 2C patient cells were treated for 3 days with either reading frame—correcting vivo-PMOs or
nontargeting control vivo-PMOs, then subjected to a hypo-osmotic shock to induce creatine kinase (CK)
release. Treatment with vivo-PMOs to restore the reading frame resulted in a decrease in CK release in
response to the hypo-osmotic shock, indicative of increased membrane integrity after the restoration of
SGCG expression (Figure 7E). We tested reprogrammed 521AT, ex5/6del, and ex6del fibroblasts, using
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this same CK release assay. Treatment with reading frame—correcting vivo-PMOs resulted in a nonsta-
tistically significant trend toward decreased CK release (Supplemental Figure 8, A—C). The trend toward
increased CK release likely reflects that only a subset of the myotubes in culture expressed Mini-Gamma
protein. However, taken together, these data demonstrate that exon skipping-mediated reading frame
correction of human SGCG is feasible in human cell culture and protective against stress (Figure 7F).

Discussion

Exon skipping for LGMD 2C. Exon splice-modulating therapy has arrived in the clinic with the recent
approval of AONs for the treatment of DMD and SMA (24, 39). The field of RNA-targeting therapeu-
tics continues to expand with new splice-switching oligonucleotide therapies designed to treat multi-
ple disorders (40). In the current study, we evaluated an AON-mediated exon-skipping strategy to treat
LGMD 2C. This approach required the bypass of SGCG exons 4, 5, 6, and 7 to generate an internally

https://doi.org/10.1172/jci.insight.99357 8


https://doi.org/10.1172/jci.insight.99357
https://insight.jci.org/articles/view/99357#sd

>

SGCG 521AT
Non-target Mini-Gamma

y-sarcoglycan

a-actinin Hoechst

SGCG ex5/6 deletion
Non-target Mini-Gamma

(¢}

a-actinin Hoechst y-sarcoglycan

SGCG ex6 deletion
Non-target Mini-Gamma

y-sarcoglycan

a-actinin Hoechst

Fold change fluorescence (AU)

(=]

Fold change fluorescence (AU)

Fold change fluorescence (AU)

o

w
1

N
1

-—
L

RESEARCH ARTICLE

SGCG 521AT
*

—=i—

3]
1

.?

w
1

N
1

-
L

(=}

Non-t.arget Mini-Gamma

SGCG ex5/6 deletion

ES

»

N
L

-
L

Non-iarget Mini-(:‘:amma

SGCG ex6 deletion
*
u
— =
| |
—
——

Non-target Mini-Gamma

Figure 6. Restoration of SGCG expression as Mini-Gamma protein. Reprogrammed fibroblasts were treated for 3 days with either a nontar-
geting control vivo-PMO (nontarget) or a mutation-specific vivo-PMO exon skipping cocktail (Mini-Gamma). (A) Representative IFM images of
reprogrammed 521AT cells that were treated as indicated. Treatment with reading frame-correcting vivo-PMOs resulted in the expression of the
Mini-Gamma protein (green). Myotubes were labeled with a-actinin (red), and nuclei were labeled with Hoechst 3342 (blue). (B) Image analysis
demonstrated a significant increase in Mini-Gamma fluorescence after treatment with vivo-PMOs that corrected the transcript reading frame (n

= 6) as compared with nontargeting controls (n = 5). (C and D) Reprogrammed cells harboring a deletion of SGCG exons 5 and 6 (ex5/6del) were
treated as indicated. IFM image analysis demonstrated a significant increase in Mini-Gamma fluorescence after treatment with vivo-PMOs that
corrected the reading transcript reading frame (n = 4) as compared with nontargeting controls (n = 3). (E and F) Reprogrammed cells harboring a
deletion of SGCG exons 6 (ex6del) were treated as indicated. IFM image analysis demonstrated a significant increase in Mini-Gamma fluorescence
after treatment with vivo-PMOs that corrected the transcript reading frame (n = 5) as compared with nontargeting controls (n = 3). Data represent
the mean y-sarcoglycan fluorescence per a-actinin-positive area normalized to the mean of the untreated group. A minimum of 3 independent
fields were analyzed for each sample. *P < 0.05 as determined by 2-tailed Student’s t test. Data represent the mean + SEM. Scale bars: 50 pM.

insight.jci.org

https://doi.org/10.1172/jci.insight.99357


https://doi.org/10.1172/jci.insight.99357

. RESEARCH ARTICLE

A B
SGCG normal SGCG ex6del Exédel 6 @15 oot
(E4) (E5)
Mini-Gamma [ IEIENIEN 4250

t J
Non- Mini-Gamma V-PMO

target _24h treat 48h treat

—

-
17}
£
o
@
o
I
E
c
=
o
©
%
3

(7]
O

2.0+

Non-target PMO Mini-Gamma PMO

1.5+ R S

o == -

Fold change fluorescence (AU)

B .
o
8 0.5+
I
£
£
% O.C T I
3 —— Non-target  Mini-Gamma
PMO PMO
E F
Creatine Kinase Release SGCG frameshift mutation o
5 1.2 - e S
< g
2 1.0 4 —eo— # = - nT
E * . - < || Release
© 0.8+ 5
> u=——=._"\
g 0.6 = % o o
© = Readframe correction
g’ 0.4 - ¢===============%“
(1]
5 0.2 o 0 l@
K/ 0 Release
2 0
L 0.0 ; . =W
Non-target Mini-Gamma (S g S g .
(=4

PMO PMO

Figure 7. SGCG reading frame correction in urine-derived cells (UDCs). UDCs from a normal control subject and an LGMD 2C patient with a deletion of
exon 6 (ex6del) were reprogrammed into a myogenic lineage. (A) y-Sarcoglycan protein (green) was detected by IFM in the reprogrammed normal control
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transcript expression (red arrowhead). (C) Representative IFM images showed the restoration of y-sarcoglycan protein expression in cells treated with
Mini-Gamma vivo-PMOs. (D) Significant increase in y-sarcoglycan protein fluorescence was observed after treatment with vivo-PMOs (n = 5) as compared
with nontargeting control vivo-PMOs (n = 5). A minimum of 3 independent fields were analyzed for each sample. (E) To assess membrane stability in
response to vivo-PMO treatment, reprogrammed cells were challenged with hypo-osmotic shock and membrane leak was monitored by release of creatine
kinase (CK). Vivo-PMO treatment significantly decreased the relative amount of CK release consistent with increased membrane stability. Data represent
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test. Data represent the mean + SEM. Scale bars: 50 pM.

truncated product. A multiexon-skipping cocktail of vivo-PMO oligomers successfully generated the
reading frame—corrected Mini-Gamma transcript in myogenically reprogrammed cells derived from a
patient with the most common SGCG 521AT mutation. Notably, this strategy is applicable to any muta-
tion occurring in SGCG exons 4, 5, 6, and 7, and this approach was used to correct the reading frame of
multiple distinct SGCG frameshift mutations. Successful correction of the reading frame resulted in the
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restoration of SGCG protein expression as Mini-Gamma. These results demonstrate that exon skipping
is a viable therapeutic approach for the treatment of LGMD 2C caused by mutations occurring in SGCG
exons 4-7, which encompasses the majority of known mutations.

An exon-skipping strategy must generate a functional internally truncated protein. We previously used
transgenic expression of the internally truncated murine Mini-Gamma to demonstrate partial correction of
many aspects of muscular dystrophy in a mouse model of LGMD 2C (30). In these studies, Mini-Gamma
maintained proper interaction with components of the DGC, improved membrane integrity, and rescued
the dystrophic phenotype in both fly and mouse models of the disease (30). Mini-Gamma retains the com-
plete cytosolic and transmembrane domains. Importantly, Mini-Gamma retains the cysteine-rich C-ter-
minal extracellular domain, which is known to play a role in sarcoglycan complex formation and plasma
membrane targeting (9, 41-43). The high homology between the human and mouse SGCG genes supported
that this strategy should work on human SGCG. AON-mediated expression of Mini-Gamma in human
SGCG cells led to a reduction in the amount of CK released in response to hypo-osmotic shock, indicating
a functional rescue of muscle membrane stability.

Vivo-PMOs appeared to have superior skipping compared with 20MePS AONs. Chemically modified AONs are
used to promote compound stability and avoid RNase digestion. In this study, we observed minimal multi-exon
skipping using 20MePS AON:Ss. This result was attributed primarily to the negligible skipping of exon 6 that
was observed in both normal control and SGCG 521AT cells. SGCG exon 6 is only 73 nucleotides in length, and
by m-fold is predicted to adopt a mainly closed secondary structure at the mRINA level (44). The sequence char-
acteristics limited the number of potential AON candidates that could successfully target the exon. Altering the
20MePS AON length or target sequence could result in improved single and multi-exon skipping of exon 6.

Several studies have suggested that PMOs have better exon-skipping efficacy compared with 20MePS
in the targeting of specific dystrophin exons, and the difference is thought to be sequence dependent (45—
47). Unmodified PMOs were not assessed in the current study due to their difficulty of uptake in cultured
cells (48). Instead, only vivo-PMOs were tested to enhance cell delivery. Improved molecular correction
was observed using vivo-PMOs targeting the same exon sequences as the 20MePS AON:S. Single vivo-
PMO treatment showed robust skipping of exon 6 in both the 521AT and normal control cells, and the mul-
tiexon-skipping cocktail targeting exons 4, 5, 6, and 7 generated predominate expression of the Mini-Gam-
ma transcript with minimal expression of intermediate products.

The results also suggest that exon 7 has a high propensity toward skipping, even in the absence of
AON:s. Single vivo-PMO treatments targeting exons 4, 5, and 6 resulted in double—exon-skipping events,
which each included exon 7. Splice-site analysis did not indicate any anomalies in the splice acceptor site
for exon 7; however, there are 2 regions, one intronic and one exonic, that had canonical splice repressor
motifs without an adjacent enhancer motif (49). Thus, there may be competition between the exon 7 and
exon 8 splice acceptor sites. This could reduce the number and/or concentration of AONs needed for ther-
apeutic effect, since only a low concentration of exon 7—directed sequences would be needed.

Challenges for in vivo translation. Although multi-exon skipping was possible in a myogenic cell model,
the delivery of multiple AONSs in vivo is expected to face several hurdles. First, the previously published
Sgcg mouse model is not molecularly suitable for testing exon skipping, as it was engineered to lack exon 2
(50). While studies in a canine and mouse models of DMD demonstrated the ability to skip multiple exons
of the dystrophin gene using multi-AON cocktails (51, 52), sufficient dosing and potential side effects could
limit the human translation of these observations. Advancements in oligonucleotide chemistries and strat-
egies have sought to improve the efficacy and delivery of AON delivery. For example, the tri-cyclo AON
modification demonstrated superior exon skipping efficiency as compared with 20MePS AONs and PMOs
in a mouse model of DMD, including access to the heart and brain (53). AONSs have also been conjugated
to ligands, nanoparticles, cell penetrating peptides, or covalently modified delivery moieties such as the
octa-guanidine dendrimers (54). While toxicity concerns need to be addressed, these modifications repre-
sent continued progress toward the enhanced delivery of AONs at lower concentrations.

Methods

Cell culture. Primary fibroblasts were isolated from skin biopsies taken from 5 LGMD 2C patients. Prima-
ry fibroblasts from a healthy control subject were obtained from the American Type Culture Collection
(ATCC, CCD-1127Sk). Primary UDCs were isolated from the urine of deidentified healthy volunteers
and an LGMD 2C patient harboring a deletion of SGCG exon 6, as previously described (38). Primary
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fibroblasts were cultured in proliferation media consisting of DMEM (Thermo Fisher Scientific, 11955-
065) supplemented with 15% FBS (Thermo Fisher Scientific, 26140-079). Primary UDCs were cultured in
UDC proliferation media as described (38).

Lentiviral constructs and transduction. Primary fibroblasts were cotransduced with an hTert lentivirus con-
taining a puromycin selection cassette (Applied Biological Materials [ABM], G200) and a iMyoD lenti-
virus as previously described (30). The 521AT fibroblast cell line was transduced with the single iMyoD
lentivirus (MOI 200). The iMyoD lentiviral construct was provided by Jeffrey Chamberlain (University of
Washington, Seattle, Washington, USA), and packaged by the Northwestern Skin Disease Research Center
(Chicago, Illinois, USA).

Myogenic reprogramming of human fibroblasts. Myogenic reprogramming of fibroblasts was performed
as previously described with minor modifications (30). Briefly, iMyoD-transduced cells were seeded onto
24-well culture plates (Thermo Fisher Scientific, 353047) or coverslips (Thermo Fisher Scientific, 12-545-
81) at a density of 30,000 cells/cm? in proliferation media. When cells reached confluence, the media
was replaced with proliferation media supplemented with 5 uM 40OH-tamoxifen (MilliporeSigma, H7904).
After 48 hours, the media was replaced with differentiation media consisting of DMEM supplemented
with 2.5% Normal Horse Serum (NHS, Thermo Fisher Scientific, 161050-122), 1% insulin-transferrin-se-
lenium (MilliporeSigma, 41400-045), and 1 pM tamoxifen. After 3 days, the media was replaced with
differentiation media without tamoxifen, and it was exchanged every 3 days.

IFM. Prior to imaging, culture plates or coverslips were washed twice with DPBS (Thermo Fisher
Scientific, 14190-144), fixed in ice cold methanol for 2 minutes, rinsed with DPBS, and blocked for 1 hour
at 4°C in DPBS supplemented with 10% NHS and 0.1% triton (MilliporeSigma, X-100). Primary antibody
incubations were performed in blocking buffer (DPBS supplemented with 5% NHS and 0.1% triton) at
room temperature for 2 hours or overnight at 4°C. Secondary antibody incubations were performed in
blocking buffer at room temperature for 1 hour. Nuclei were counterstained with Hoechast 3342 (Thermo
Fisher Scientific, H3570) diluted 1:10,000 in DPBS. Coverslips were mounted with Vectashield mounting
media (Vector Laboratories, H-1000). Imaging was performed using the Zeiss Axio Observer Z1 micro-
scope using the 20X objective, or the Zeiss Axio Observer Al microscope, using 40X or 63X objectives with
ZEN 2 software (version 2011; Zeiss). Images were processed using FIJI (NIH) and Adobe Photoshop CC.

IFM antibodies. Primary antibodies were as follows: rabbit polyclonal anti-MyoD (1:1,000, Santa Cruz Bio-
technology Inc., sc-304), mouse monoclonal anti-desmin (1:1,000, MilliporeSigma, D1033), mouse monoclonal
anti—o-actinin (1:1,000, MilliporeSigma, A7811), mouse monoclonal anti—B-sarcoglycan (1:250, Leica Biosys-
tems, B-SARC-L-CE,clone BETASARC1/5B1), mouse monoclonal anti—3-sarcoglycan (1:250, Leica Biosyste-
ms, D-SARC-CE, clone DELTASARC/12C1), and rabbit polyclonal anti—y-sarcoglycan (1:1,000) (8). Second-
ary antibodies included Alexa Fluor 488 donkey anti-mouse (A21202), Alexa Fluor 594 donkey anti-mouse
(A21203), Alexa Fluor 488 donkey anti-rabbit (A21206), and Alexa Fluor 594 donkey anti-rabbit (A21207) (all
1:1,000, Thermo Fisher Scientific).

20MePS design and transfection. 20MePS AON were synthesized as 25-mers by Integrated DNA Tech-
nologies (IDT) following sequence guidelines outlined in ref. 36. AON sequences and their exon targets are
listed in Table 1. The 20MePS AONs were transfected into fibroblasts in serum free media using Lipofect-
amine 3000 (Thermo Fisher Scientific) at a ratio of 2 pl:1 pg DNA. After 6 hours, the serum free media was
replaced with differentiation media. For reading frame correction, 20MePS AONS targeting exons 4, 5, 6,
and 7 were cotransfected at the dosages listed in Supplemental Table 1. Single 20MePS AONs or multiex-
on-skipping AON cocktails were transfected into fibroblasts on differentiation day 9. Cells were isolated for
analysis after 3648 hours.

Vivo-PMO design and transfection. PMOs were designed according to described guidelines and synthe-
sized as 25-mer vivo-PMOs by GeneTools. Specific AON sequences and their exon targets are listed in
Table 1. A nontargeting vivo-PMO standard control was purchased from GeneTools (CCTCTTACCT-
CAGTTACAATTTATA). Vivo-PMO were resuspended in ultrapure water to a stock concentration of 0.5
mM. For cell culture application, vivo-PMO were diluted in serum free media and then directly added to
cells cultured in differentiation media. For reading frame correction, vivo-PMOs were cotransfected as indi-
cated in Supplemental Table 1. Single vivo-PMOs or multiexon-skipping AON cocktails were transfected
into fibroblasts on differentiation day 9 or 10. Cells were isolated for analysis as indicated.

RNA analysis. Prior to isolation, cells were washed once with DPBS. Total RNA was isolated in 1 ml of
TRIzol (Thermo Fisher Scientific, 15596018) according to the manufacturer’s instructions and included the
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addition of glycogen (10 pg/ml) to the isopropanol before the RNA precipitation. The RNA was reverse-tran-
scribed using gSCRIPT ¢cDNA Supermix (Quanta Biosciences, 95048-025). To detect SGCG and Mini-Gam-
ma, Tagman based reverse transcription PCR (RT-PCR) was used to amplify 50 ng of complementary
DNA (cDNA) with the following primer set ex1/2Fwd 5-"TCTAAGATGGTGCGTGAGCAG-3' and ex8R
5-GCCACAGACAGGTACAGCTT-3". PCR was performed by 35 cycles of 95°C (40 seconds), 57°C (30
seconds), and 72°C (60 seconds). The PCR products were separated on a 1.5% agarose gel (Denville Scientific
Inc., CA3510-8) supplemented with 0.5 pug/ml ethidium bromide. Gels were imaged with either the UVP
transluminator (BioSpectrum) or the FluorChem E (Protein Simple).

Sequence analysis. RT-PCR was performed using the SGCG primer set as described. The PCR products
were separated on a 1% low-melt agarose gel (Lonza, 50080). Individual PCR bands were excised from the
gel and extracted using the Qiaquick Gel Extraction Kit (Qiagen, 28706). Sanger sequencing of the purified
products was conducted by ACGT Inc. The sequences were analyzed using Lasergen 13 software from
DNASTAR. Some isolated products were reamplified prior to sequencing. For these samples, 5-10 ng of
the purified product was reamplified as described above. For this PCR, the number of cycles was reduced to
25 and the annealing temperature was increased by 3°C.

Splice-site analysis. Human and murine y-sarcoglycan genes were analyzed for exon splicing elements
encoded in exons 7 and 8, along with 100 bp of the intronic region upstream of each exon. Splice-site anal-
ysis was conducted using the Human Splicing Finder software (www.umd.be/HSF3/) and the Ensembl
transcript database (49, 55).

Mini-Gamma Image Analysis. IFM was performed as described above. Imaging was performed using
a Zeiss Axio Observer A1 microscope, using 40X or 63x objectives with ZEN 2 software (version 2011;
Zeiss). Images were processed using FIJT (NIH) and Adobe Photoshop CC. Quantitation of fluorescence
was performed from multiple fields per condition using FIJI (NIH) and is presented as mean y-sarcoglycan
fluorescence per a-actinin—positive area normalized to the mean of the nontargeted group.

Immunoblotting. iMyoD-transduced cells were reprogrammed in 6-well culture plates and treated
with vivo-PMOs as indicated. Total protein was isolated in radioimmunoprecipitation assay (RIPA)
buffer (Thermo Fisher Scientific, 89900) supplemented with a protease inhibitor cocktail (Roche Diag-
nostics, 11836170001). Briefly, culture media was removed, and cells were washed twice with ice-cold
PBS. RIPA buffer was added to the cells, and they were collected using a cell scraper (Thermo Fisher
Scientific, 08-100-241). Cell isolates were then sonicated using the Bioruptor 300 (Diagenode). Three
15-second pulses were performed at the medium setting. Cells were then centrifuged at 4°C for 10
minutes at 15,000 g, and the supernatant was collected. Protein samples were denatured using 4x NuP-
AGE LDS sample buffer supplemented with reducing agent (Thermo Fisher Scientific, NP0007 and
NPO0004). Proteins were resolved on precast 4-12% Bis-Tris gels (Thermo Fisher Scientific, NP0336),
and then transferred to Immu-Blot PVDF membranes (Bio-Rad, 1620177). Membranes were blocked
for 1 hour at room temperature with Starting Block T20 blocking buffer (Thermo Fisher Scientific,
37543), followed by incubation with primary antibody diluted in T20 blocking buffer for either 2 hours
at room temperature or overnight at 4°C. After primary incubation, the membranes were washed 3
times, for 20 minutes each, at room temperature with TBS containing 0.1% Tween-20. The membranes
were then incubated for 1 hour with a goat anti-mouse or goat anti—rabbit HRP secondary antibodies
diluted in T20 blocking buffer, followed by 3 washes. Enhanced chemiluminescence was performed
with the SuperSignal West Pico Plus (Thermo Fisher Scientific, 34580) and imaged using the Flu-
orChem E (Protein Simple) imaging system. Primary antibodies were as follows: rabbit polyclonal
anti—y-sarcoglycan (1:1,000) (8); rabbit polyclonal anti—y-sarcoglycan (1:1,000, Abnova; MaxPab
HO00006445-D01); and mouse monoclonal anti—y-tubulin (1:1,000, MilliporeSigma, T5326/GTU-88).
Secondary antibodies included HRP conjugated goat anti-mouse and goat anti-rabbit (Jackson Immu-
noResearch; 115-035-003 and 111-035-144).

Mini-Gamma overexpression. HEK293T cells were obtained from the ATCC (CCD-1127Sk) and cultured
in DMEM supplemented with 10% FBS and 1Xx Pen/Strep, described above. Human Mini-Gamma was
synthesized and cloned into the pcDNA3.1(+) vector by GenScript. Human Mini-Gamma was transfected
into HEK293T cultured in Opti-MEM (Thermo Fisher Scientific, 31985062) using Lipofectamine 3000
according to the manufacturer’s instructions (Thermo Fisher Scientific, L3000015). Cells were cultured
in the presence of transfection media and reagents for 6 hours; then, the media was replaced with fresh
growth media. Total protein was isolated as described 3 days after transfection.
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Reprogrammed UDCs. Primary UDCs were transduced with the iMyoD lentivirus as previously
described (38). Myogenic reprogramming of iMyoD-transduced urine cells was performed as previ-
ously described with minor modifications. Briefly, culture plates and coverslips were coated with 8 pg/
cm? and 24 pg/cm? collagen I (MilliporeSigma, C3867), respectively. Cells were seeded at a density of
50,000 cells/cm? in proliferation media and cultured until confluent. On the day of induction, cells
were overlaid with Growth Factor Reduced Matrigel (Corning, 354230) and exposed to 2.5 uM tamoxi-
fen in proliferation media. After 48 hours, the media was replaced with Hydrocortisone dexamethasone
(HD) differentiation media supplemented with 1 uM tamoxifen. Half of the media was replenished
every 3 days with HD differentiation media without tamoxifen. After 14 days, media was replaced with
differentiation media (DMEM,; 2.5% NHS; 1% insulin-transferrin-selenium), and half of the media was
replenished every 3 days.

Vivo-PMO treatment of UDCs. Vivo-PMO were diluted in serum free media and then directly added to
urine cells cultured in differentiation media. For reading frame correction, vivo-PMOs were cotransfected
as indicated in Supplemental Table 1. Multiexon-skipping AON cocktails or nontargeting control vivo-
PMO were transfected into UDCs on differentiation day 25. Cells were isolated for analysis as indicated.
RNA analysis, IFM, and image analysis were performed as described above.

Hypo-osmotic shock and CK release. Reprogrammed fibroblasts and UDCs were challenged with hypo-os-
motic shock through the replacement of culture media with deionized water (56, 57). Cells were cultured in
24-well plates and treated with vivo-PMO as indicated. Prior to treatment (3—12 hours), cells were washed
with DPBS and differentiation media was replaced (500 ul). To induce hypo-osmotic shock, 350 pl of
media was removed and replaced with 350 pl of deionized water. Cells were exposed to hypo-osmotic
conditions for 20-30 minutes at 37°C. The supernatant, containing the released CK fraction, was collected
and placed on ice. Following supernatant collection, deionized water was added to the remaining cell frac-
tion and submitted to 3 cycles of freeze-thaw to rupture the cell membranes and release the remaining CK
into solution. Prior to assay, each fraction was subject to centrifugation at 1,000 g for 10 minutes at 4°C.
CK was measured using a kinetic assay, used according to manufacturers’ instructions (BioAssay System,
ECPK-100). The cellular CK fraction and the released CK fraction represent the total CK. Released CK
represented the percent of the CK in the supernatant fraction relative to the total CK.

Statistics. Prism (GraphPad Software) was used for data analysis. A 2-tailed Student’s ¢ test was used to
compare results between 2 groups. P < 0.05 was considered significant.

Study approval. Written informed consent was obtained from all human subjects. All work was approved
by and conducted under the IRBs of the University of Chicago, Northwestern University, and the Biosci-
ences Institute Ethics Committee on Human Subject at Universidade de Sao Paulo, which serve as the
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