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Editing Restores Dystrophin Expression in Cells
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Genome editing with engineered nucleases has recently
emerged as an approach to correct genetic muta-
tions by enhancing homologous recombination with
a DNA repair template. However, many genetic dis-
eases, such as Duchenne muscular dystrophy (DMD),
can be treated simply by correcting a disrupted read-
ing frame. We show that genome editing with transcrip-
tion activator-like effector nucleases (TALENSs), without
a repair template, can efficiently correct the reading
frame and restore the expression of a functional dys-
trophin protein that is mutated in DMD. TALENs were
engineered to mediate highly efficient gene editing at
exon 51 of the dystrophin gene. This led to restoration
of dystrophin protein expression in cells from Duchenne
patients, including skeletal myoblasts and dermal fibro-
blasts that were reprogrammed to the myogenic lin-
eage by MyoD. Finally, exome sequencing of cells with
targeted modifications of the dystrophin locus showed
no TALEN-mediated off-target changes to the protein-
coding regions of the genome, as predicted by in silico
target site analysis. This strategy integrates the rapid and
robust assembly of active TALENs with an efficient gene-
editing method for the correction of genetic diseases
caused by mutations in non-essential coding regions
that cause frameshifts or premature stop codons.
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INTRODUCTION

Genome editing with engineered site-specific endonucleases has
emerged as a new technology to selectively replace or correct dis-
rupted genes, in contrast to conventional gene therapy methods
of gene addition."” The recent development of transcription acti-
vator-like effector nucleases (TALENSs) has dramatically advanced
genome editing due to their high rate of successful and efficient
genetic modification.>'* TALENS are engineered fusion proteins

of the catalytic domain of the endonuclease FokI and a designed
TALE DNA-binding domain that can be targeted to a custom
DNA sequence.>® The TALE domain consists of an array of repeat
variable diresidue modules, each of which specifically recognizes a
single base pair of DNA.>* Repeat variable diresidue modules can
be arranged in any order to assemble an array that recognizes a
defined sequence.** Site-specific double-strand breaks are created
when two independent TALENs bind to adjacent DNA sequences,
thereby permitting dimerization of FokI and cleavage of the target
DNA .2 This targeted double-strand break stimulates cellular DNA
repair through either homology-directed repair (HDR) or the
non-homologous end joining (NHE]) pathway. HDR uses a donor
DNA template to guide repair and can be used to create specific
sequence changes to the genome, including the targeted addition
of whole genes. In contrast, the template-independent re-ligation
of DNA ends by NHE] is a stochastic, error-prone repair pro-
cess that introduces random microinsertions and microdeletions
(indels) at the DNA breakpoint.

Strategies for the correction of human genes have been based
primarily on HDR, the efficiency of which is dependent on cell-
cycle state and delivery of an exogenous DNA template.'*'s In
many cases, antibiotic selection is used in tandem with genome
editing for gene correction in cell types with low levels of HDR
repair.'”"7 Although HDR is extremely valuable for restoring the
complete coding sequence of the mutant gene, evidence from
studies investigating oligonucleotide-mediated exon skipping
and pharmacologic read-through of premature stop codons dem-
onstrate that restoring expression of fully or partially functional
truncated proteins can provide therapeutic benefit for many dis-
eases.””? Therefore indels resulting from NHE]J-mediated gene
repair could restore a disrupted reading frame or remove a pre-
mature stop codon and ameliorate the symptoms of these genetic
diseases. This approach would result in permanent gene correc-
tion, in contrast to pharmacologic approaches that act transiently
at the level of mRNA splicing or translation.

Thus far, NHE] has been used in human cells to disrupt genes? or
to delete chromosomal segments,”* although it has been proposed
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that genetic mutations created by endonucleases could be used
to restore an aberrant reading frame.?** In this study, we provide
the first example of the restoration of protein expression from an
endogenous mutated gene through template-free NHEJ-mediated
DNA repair. Duchenne muscular dystrophy (DMD), the most com-
mon monogenic hereditary disease, is caused by defects in the gene
encoding dystrophin. The majority of dystrophin mutations that
cause DMD are deletions of exons that disrupt the reading frame.”
However, deletion of internal dystrophin exons that retain the
proper reading frame causes the less severe Becker muscular dystro-
phy. This has led to efforts to restore the disrupted dystrophin read-
ing frame in DMD patients by skipping non-essential exons during
mRNA splicing, thereby producing internally deleted, but still par-
tially or fully functional, dystrophin proteins.””**” In contrast to a
transient method targeting the dystrophin mRNA, the correction of
the dystrophin reading frame in the genome by transiently expressed
TALENs would lead to permanently restored dystrophin expression
by each modified cell and all of its progeny. Notably, exon 51 is fre-
quently adjacent to frame-disrupting deletions in DMD patients and
has been targeted in clinical trials for oligonucleotide-based exon
skipping with promising early therapeutic results.'****” An ongoing
clinical trial for the exon 51 skipping compound eteplirsen recently
reported a significant functional benefit across 48 weeks, with an
average of 47% dystrophin-positive fibers compared with baseline.
Therefore, this class of DMD mutations is ideally suited for perma-
nent correction by NHE]-based genome editing.

This study investigates template-free gene correction by using
TALENS to restore aberrant reading frames through the introduc-
tion of indels into exon 51 of the dystrophin gene. Accordingly,
we designed and validated an optimized TALEN that targets exon
51. The optimized TALEN was transfected into human DMD cells
and shown to mediate efficient gene modification and conversion
to the correct reading frame. Furthermore, protein restoration
was concomitant with frame restoration and could be detected

a

Intron 50 Exon 51

Genetic Correction of Duchenne Muscular Dystrophy

in a bulk population of TALEN-treated cells. The high specific-
ity of the optimized TALEN was demonstrated by in silico analy-

sis, cytotoxicity assays, and exome sequencing of clonally derived
modified cells.

RESULTS

Design and validation of TALENs targeted to the
dystrophin gene

To evaluate TALEN-mediated genetic correction by NHE], sev-
eral TALENs were designed to target exon 51 in the dystrophin
gene. TALEN target sites were chosen immediately upstream
of the two possible out-of-frame stop codons (Figure 1a), such
that insertions or deletions could restore the dystrophin read-
ing frame in either disrupted frame. Variable lengths of spacers
between TALEN monomers and TALEN repeat variable diresidue
array lengths were tested to optimize nuclease activity (Figure 1b,
Supplementary Figure S1), as done previously.® Western blots
confirmed full-length and robust expression of the TALENS fol-
lowing transfection of TALEN-encoding plasmids into HEK293T
cells (Figure 2a). All combinations of left and right TALENs
were transfected into HEK293T cells and the genomic DNA was
assessed for modification by the Surveyor assay, which can detect
the frequency of allelic modifications with a dynamic range of
~1-50%. Several TALENs with spacers of 14-19bp were highly
active with gene-editing efliciencies exceeding modification
of 10% of total alleles (Figure 2b-d), consistent with previous
observations.®”!” The gene-editing frequencies were stable from
day 3 to day 10 (Figure 2b,e), confirming that these TALEN are
well tolerated in human cells.*”!® Furthermore, the engineered
TALENs showed minimal cytotoxicity in human cells similar to
the well-characterized non-cytotoxic homing endonuclease I-Scel
(Figure 2f, Supplementary Figure S2).7%* TN3/8 was the most
highly active and well-tolerated TALEN pair and therefore was
used for subsequent experiments (Supplementary Figure S3).

Reading frame

TATTTTAGCTCCTACTCAGACTGTTACTCTGGTGACACAACCTGTGGTTACTAAG
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TATTTTAGCTCCTACTCAGACTGTTA (NN) CTCTGGTGACACAACCTGTGGTTACTAAG
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TN1 ST —ATTTTAGCTCCTACT
TN2 5 ~TTTAGCTCCTACTCAGA
TN3 5’ -AGCTCCTACTCAGACT
TN4 5/ ~CCTACTCAGACTGTT

5" -ARRATATTTTAGCTCCTACTCAGACTGTTACTCTGGTGACACAACCTGTGGTTACTAAGGA
TTTTATRARAATCGAGGATGAGTCTGACAATGAGACCACTGTGTTGGACACCAATGATTCCT-5"
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ACTGTGTTGGACACCAA-5"
TGTTGGACACCAATGA-5"
TGGACRCCAATGATTCC-5"

Figure 1 Design of TALENs targeted to exon 51 of the human dystrophin gene. (a) The possible reading frames of human dystrophin exon 51
and expected amino acid sequences after genome editing. (b) Combinations of TALEN pairs were designed to target immediately upstream of either
out-of-frame stop codon (underlined) in exon 51 (bold) of the human dystrophin gene. TALEN, transcription activator-like effector nuclease.
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Figure 2 Validation and characterization of TALENs. (a) Each TALEN construct was transfected independently into HEK293T cells to confirm full-
length expression. All TALENs were the expected size of ~95-110kDa. (b) Combinations of TALENs were cotransfected into HEK293T cells to screen for
highly active TALEN pairs. Gene modification frequency was monitored at day 3 and 10 to assess stable gene modification. Arrows denote expected
cleavage band sizes indicative of NHE| activity. (c¢) Summary of TALEN spacer lengths. (d) Measured gene modification rates detected by the Surveyor
assay from day 3, data in b. (e) Measured indel signal changes between day 3 and 10 from the data in b. (f) Cytotoxicity assay in HEK293T cells for all
TALEN combinations. I-Scel is a non-toxic meganuclease and GZF3 is a zinc finger nuclease known to be cytotoxic to human cells. GAPDH, glyceralde-
hyde 3-phosphate dehydrogenase; n.d., not detected; NHE], non-homologous end joining; TALEN, transcription activator-like effector nuclease.

TN3/8 mediates high efficiency conversion to all
three reading frames

NHE]-based gene modification is expected to create indels of ran-
dom length and therefore should cause conversion to any of the
three reading frames in an exonic sequence. To validate the overall
gene modification rate and possible reading frames generated fol-
lowing TALEN-induced NHE], clonal cell populations were derived
from human skeletal myoblasts that had been electroporated with
TN3/8-encoding plasmids. These clones were assayed for NHE]
events occurring at the dystrophin exon 51 locus using the Surveyor
assay to detect sequence differences relative to untreated cells (Figure
3a). Eleven of 28 (39%) clonal cell populations were modified and
subsequent sequencing of the alleles from these clones confirmed
indels characteristic of NHE]J (Figure 3b). Similar to other studies
with TALENS, deletions were heavily favored.”” The random length
of these indels verifies that conversion to any of the three reading
frames is possible. The conversion rate to any one of the three read-
ing frames was observed to be roughly proportional to the expected
one-third of the total NHE] events (Figure 3b). Interestingly, several
small deletions were observed that did not alter the original read-
ing frame, demonstrating that this approach could be used to delete
aberrant stop codons (Figure 3b).

Reading frame correction leads to restored protein
expression

We next assessed whether correction of the dystrophin reading
frame by TALEN-mediated NHE] results in restored dystrophin
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protein expression. Immortalized human myoblasts derived
from DMD patients with a frame-disrupted dystrophin gene
caused by deletion of exons 48-50(A48-50) were electroporated
with plasmids encoding TN3/8. Clonal cell populations were iso-
lated and screened by PCR amplification of genomic DNA and
Sanger sequencing to identify indels characteristic of NHE]. In
this experiment, ~5% of clones contained modifications in exon
51, including one clone with an NHE] event expected to correct
the dystrophin reading frame (Figure 3¢, Supplementary Figure
$4). Following myogenic differentiation, restored dystrophin pro-
tein expression was detected by western blot at its predicted size
(~412kDa) only in the corrected clone, and not in clones with
non-corrective NHE] events (Figure 3d). These data demonstrate
that NHE] events that restore the dystrophin reading frame also
rescue dystrophin protein expression.

TALEN-mediated genetic correction in bulk-treated
DMD myoblasts

Efficient in situ frame correction in the absence of selection is a
powerful use of NHE]J-based gene correction. Accordingly, we
investigated the restoration of dystrophin expression in TALEN-
treated bulk populations of DMD myoblast lines derived from
two different patients containing different deletions of exons
48-50 in the dystrophin gene. As expected, the frequency of gene
modification increased with the dose of electroporated TN3/8-
encoding plasmids, with indels detected in up to 12.7 and 6.8%
of alleles in the two patient lines as measured by the Surveyor
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Clone Exon 51 sequence Frameshift

Deletions:

WT AGACTGTTACTCTGGTGACACARCCTGTGGTTAC

3 AGACTGTTACT---GIGACACARCCTGTGGTTAC -3

4 AGACTGT GGTTAC -21

11 AGARCTGTTACTCT--TGACACARCCTGTGGTTAC -2

12 AGACTGTTAC-—=====—=. ACAACCTGTGGTTAC -9

14 AGACTGTTACT--GGTGACACARCCTGTGGTTAC -2

15 AGRCNTTACTC:GGEACACAACCTGT GGTTAC +183

16 AGACTGTTACT--GGTGACACRARCCTGTGGTTAC -2

18 AGACTGTTACTCTG————== CAACCTGTGGTTAC -6

26 AGACTGTTAC———GGEQCACAACCFGTGGTTAC -3

Insertions:

WT AGACTGTTAC'ICT—GGECACAACCTGTGTTAC

17 AGACTGTTAC'ICTTGGECACAACCTGTGTTAC +1
Frame +1: 2/11
Frame +2: 4/11
Frame +3: 511

d 127 141 32 40 106 Clone
N N N N N Frame restored
W= | Dystrophin
GAPDH

Figure 3 Genetic correction of aberrant dystrophin reading frames by TALEN-mediated genome editing. (a) Isogenic clones were derived from
human skeletal myoblasts treated with 10 ug of each plasmid encoding TN3/8 and screened using the Surveyor assay to detect mutant alleles in refer-
ence to the parent (untreated) genomic DNA. Arrows denote expected cleavage band sizes indicative of NHE] activity. (b) Sanger sequencing of the
TALEN target site in exon 51 in mutant clones identified in a. (c) DMD human myoblast cell line 1 was treated with 10 pg of each plasmid encoding
the TN3/8 TALEN pair and isogenic clones were subsequently derived. Sanger sequencing was used to identify clones with small insertion or deletion
mutations at the exon 51 genomic locus characteristic of NHE). Clone 106 had a 5-bp deletion expected to restore the reading frame (boxed). All other
clones had deletions that were not expected to result in corrective frameshift events. (d) Clonal cell populations with NHE| events detected at exon 51
were cultured in differentiation conditions for 7 days and analyzed by western blot for dystrophin expression at the expected molecular weight (412kDa).
DMD, Duchenne muscular dystrophy; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; NHE|, non-homologous end joining; TALEN, transcription

activator-like effector nuclease; WT, wild-type.

assay (Figure 4a,b). Following 7 days of myogenic differentia-
tion induced by serum removal, restored dystrophin expression
was detected in the bulk cell populations at the predicted size
(~412kDa) relative to expression from wild-type cells (427 kDa)
(Figure 4c,d). The increase in dystrophin protein expression
with TALEN dose was concomitant with the level of NHE]
events detected by the Surveyor assay.

Gene restoration in primary DMD dermal fibroblasts
The simplicity of this NHE]-based approach can enable efficient
correction in proliferation-limited primary cell lines that may
not be amenable to homologous recombination or selection-
based gene correction. For example, DMD patient-derived pri-
mary dermal fibroblasts carrying a frame-disrupting deletion
of exons 46-50 (A46-50) were electroporated with plasmids
encoding TN3/8, resulting in high frequency gene modifica-
tion in a dose-dependent manner (Figure 5a). These treated
fibroblasts were then transduced with a lentivirus expressing
MyoD under an inducible promoter to stimulate transdifferen-
tiation into the myogenic lineage and dystrophin expression.**!
Expression of myogenin (Figure 5b) and myosin heavy chain
(Figure 5c¢) confirmed efficient transdifferentiation of wild-
type and DMD patient fibroblasts. Rescued dystrophin expres-
sion was detected in TALEN-treated MyoD-induced fibroblasts
in a dose-dependent manner at the predicted size of ~400kDa
(Figure 5b), similar to the results obtained in skeletal myoblasts
(Figure 4c,d).

Molecular Therapy vol. 21 no. 9 sep. 2013

Analysis of off-target effects induced by TN3/8

An important concern for all genome-editing strategies is the
potential for off-target gene modification events. TN3/8 does
not show significant cytotoxicity and is well tolerated by human
cells (Figure 2b,e,f), suggesting specific gene targeting. Potential
off-target sites were assessed in silico using the TALE-NT 2.0
Paired Target Finder Prediction webserver* to scan the human
genome for sequences containing up to four mismatches per
TALEN half-site (up to eight total mismatches per target site)
separated by spacers of any length between 12 and 23 bases.
Importantly, this analysis did not produce any potential off-
target sites that met these criteria. To further examine unpre-
dicted off-target DNA modifications, we sequenced the whole
exomes of clonally derived DMD myoblasts that we had previ-
ously confirmed to contain NHE] events at the on-target exon
51 locus (Figure 3c,d). Notably, the only insertion or deletion
events characteristic of NHE] were detected at the on-target
exon 51 locus of the dystrophin gene in all four clonal lines
analyzed, confirming the specificity of these TALENs (Table
1, Supplementary Table S1). Consistent with known genomic
mutation rates that normally occur during clonal expansion,
the exome sequencing revealed several single-nucleotide vari-
ants (SNVs) in each clone relative to the parental cell line. Using
the TALE-NT 2.0 Paired Target Site Prediction webserver,*
the immediate region around each mutation was scanned for
any sequence similarity to the TN3/8 target site to determine
whether the TALENs could be responsible for the observed
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Figure 4 Efficient genetic modification and protein restoration in a
bulk population of cells treated with TN3/8. (a,b) Dose-dependent
response of NHE] activity with increasing amounts of TALEN pair TN3/8
measured by the Surveyor assay after transfection of the indicated amount
of each TALEN plasmid into two different DMD myoblast lines, each car-
rying a novel deletion of exons 48-50 (A48-50). Arrows denote expected
cleavage band sizes indicative of NHE] activity. (¢) DMD myoblast line
1 was treated with 5 pg of each TALEN plasmid and dystrophin expres-
sion was assessed after 7 days of differentiation by western blot using the
NCL-Dys2 antibody. (d) DMD myoblast 2 was treated with the indicated
amount of each TALEN plasmid and dystrophin expression was assessed
after 7 days of differentiation by western blot using the MANDYS8 anti-
body. Protein from wild-type (WT) human myoblasts differentiated in
parallel was diluted 1:100 and loaded as a positive control for full-length
dystrophin expression (427 kDa) relative to the truncated A48-50 product
(412kDa). DMD, Duchenne muscular dystrophy; GAPDH, glyceraldehyde
3-phosphate dehydrogenase; n.d. not detected; NHE], non-homologous
end joining; TALEN, transcription activator-like effector nuclease.

SNVs. No target sites with similarity to our TALEN target site
with spacers of 1-30 bases were found in the flanking 100 bp of
any SNV. Because NHE]-mediated mutagenesis rarely results in
substitutions relative to indels, the detected SNVs are likely to
have arisen during clonal expansion as observed in other stud-
ies.”*!” In summary, there was no apparent off-target activity
related to TALEN-mediated, NHE]J-based genetic correction in
these clonally derived cells.

DISCUSSION

NHE]J-exclusive gene correction offers several potential advan-
tages over the HDR pathway. For example, NHE] does not require
a donor template, which may cause nonspecific insertional muta-
genesis. In contrast to HDR, NHE] operates efficiently in all stages
of the cell cycle and therefore can be effectively exploited in both
cycling and postmitotic cells, such as muscle fibers. This provides a
robust, permanent gene restoration alternative to oligonucleotide-
based exon skipping" or pharmacologic-forced read-through of
stop codons® and could theoretically require as few as one drug
treatment. NHE]-based gene correction using TALENS, as well as
other engineered nucleases including meganucleases* and zinc
finger nucleases,™ is also readily combined with other existing ex
vivo and in vivo platforms for cell- and gene-based therapies, in
addition to the plasmid electroporation approach described here.
For example, delivery of TALENs by mRNA-based gene transfer
or as purified cell-permeable proteins® could enable a DNA-free
genome-editing approach that would circumvent any possibility
of insertional mutagenesis.
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Figure 5 Dystrophin reading frame restoration in primary dermal
fibroblasts. (a) Primary DMD fibroblasts carrying a deletion of exons
46-50 (A46-50) were electroporated with increasing doses of the indi-
cated amount of each TALEN plasmid and gene modification rates were
quantified with the Surveyor assay. Arrows denote expected cleavage
band sizes indicative of NHEJ activity. (b) Analysis of myogenin and dys-
trophin expression (MANDYS8) in wild-type (WT) and DMD fibroblasts
after treatment with TN3/8 and 15 days of forced MyoD expression.
Protein from WT dermal fibroblasts is included as a positive control for
full-length dystrophin expression (427kDa) relative to the truncated
A46-50 product (400kDa). (c) Immunofluorescence staining to detect
myosin heavy chain (MHC) after MyoD expression by lentiviral gene
transfer. DAPI, 4’,6-diamidino-2-phenylindole; DMD, Duchenne mus-
cular dystrophy; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
n.d. not detected; NHE], non-homologous end joining; TALEN, tran-
scription activator-like effector nuclease.

Any of these delivery methods could be utilized with a myriad
of cell types currently under investigation for cell-based thera-
pies,*® including induced pluripotent stem cells,”** bone mar-
row-derived progenitors,” skeletal muscle progenitors,*® CD133*
cells,” mesoangioblasts,” and MyoD-transduced dermal fibro-
blasts.’** In addition, advances in immortalization of human
myogenic cells may greatly simplify clonal derivation of geneti-
cally corrected myogenic cells.* Significantly, we modified cells ex
vivo and isolated and expanded clonal populations of immortal-
ized DMD myoblasts that contained a genetically corrected dys-
trophin gene and were free of nuclease-introduced mutations in
protein-coding regions of the genome. Alternatively, transient in
vivo delivery of nucleases by nonviral or nonintegrating viral gene
transfer'®2** or by direct delivery of purified proteins* containing
cell-penetrating motifs may enable highly specific correction in
situ with minimal or no risk of exogenous DNA integration.

Future studies are warranted to investigate the therapeutic
efficacy of this approach and similar permanent gene-editing
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Table 1 Summary of clonal sequence variants detected by exome sequencing

Clone  Mutation type Category AA from AAto Gene Chr Location Ref. base Mutant base

32 Transition Synonymous SNV S S ANKS1B 12 99201691 C T
Transversion Nonsynonymous SNV F L ZNF836 19 52659835 G C
Transition Synonymous SNV P P SASH1 6 148664242 T C
Transversion Synonymous SNV L L DAXX 6 33287597 T G
Transversion Synonymous SNV L L CDH7 18 63525175 T A
Deletion Frameshift — — DMD X 31792285 ACCAG

106 Transition Nonsynonymous SNV E G ENG 9 130582267 T C
Transition Nonsynonymous SNV N D CCDC36 3 49294344 A G
Transition Synonymous SNV v v TARBP1 1 234556520 C T
Transition Nonsynonymous SNV Q R UGT3A1 5 35988575 T C
Transversion Nonsynonymous SNV L I SOWAHB 4 77817679 G T
Transversion Nonsynonymous SNV Q P MEF2A 15 100252738 A C
Transversion Nonsynonymous SNV R L RFC1 4 39306505 C A
Transition Stopgain SNV Q X ELN 7 73474508 C T
Deletion Frameshift — — DMD X 31792285 ACCAG —

127 Transition Nonsynonymous SNV A v PLEKHH1 14 68041071 C T
Transition Synonymous SNV P P RASAL2 1 178269222 C T
Transversion Nonsynonymous SNV S C IGDCC4 15 65676357 G C
Transition Synonymous SNV A A LMTK3 19 49001482 G A
Transition Stopgain SNV w X PLEKHS1 10 115526378 G A
Transition Nonsynonymous SNV v I FAM110C 2 45848 C T
Transition Nonsynonymous SNV G E TRAK1 3 42251610 G A
Transversion Synonymous SNV S S C150rf39 15 75499997 A T
Transition Synonymous SNV L L GPBARI1 2 219127549 C T
Deletion Non-frameshift — — DMD X 31792284 CAC —

141 Transition Synonymous SNV L L MUC16 19 8999474 T C
Transversion Nonsynonymous SNV F C RP1 8 55538286 T G
Transversion Nonsynonymous SNV E A PPPIR10 6 30569808 C G
Transition Synonymous SNV T T CAMKV 3 49896829 T C
Transition Synonymous SNV F F AK2 1 33478842 G A
Deletion Non-frameshift — — DMD X 31792287 CAG —

Abbreviations: DMD, Duchenne muscular dystrophy; SNV, single-nucleotide variant.

strategies to correct endogenous genes. For example, rescuing
dystrophin expression to produce these “Becker-like” proteins
theoretically introduces novel epitopes in the restored C-terminus.
Therefore, it will be important to consider potential immune
responses following permanent genetic correction of the reading
frame,” though current exon-skipping clinical studies suggest a
minimal immune response to the restored native gene product.”®
Any reduced function of restored, but truncated, protein products
is another potential hurdle to this strategy. In the case of DMD,
naturally occurring mutations and their consequences are rela-
tively well understood. It is known that in-frame deletions that
occur in the exon 45-55 region contained within the rod domain
can produce highly functional dystrophin proteins, and many car-
riers are asymptomatic or display mild symptoms.'® Furthermore,
>60% of patients can theoretically be treated by targeting exons in
this region of the dystrophin gene.* Collectively, these previous
studies indicate that the restored dystrophin proteins created by
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our approach will be highly functional and alleviate disease symp-
toms when expressed in skeletal muscle tissue.

Genome editing is a powerful approach for creating custom
alterations to the genome, as evidenced by the recent entrance
of zinc finger nucleases into clinical trials for disruption of the
HIV-1 co-receptor CCR5*! and disruption of the glucocorticoid
receptor in T cells for glioblastoma treatment. This study uti-
lizes NHE]-based genome editing to restore the reading frame
of the dystrophin gene in patient cells, in contrast to the con-
ventional use of NHE] for gene knockout. Given the numerous
high-throughput methods to engineer new TALENSs,’!! as well as
their apparent lack of cytotoxicity,”'® it should be possible to rap-
idly extrapolate this NHE] correction method to other regions of
the dystrophin gene as well as other diseases that are caused by a
loss of protein function introduced by intragenic insertions, dele-
tions, or aberrant stop codons in non-essential regions, including
collagen type VII-associated dystrophic epidermolysis bullosa,
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Fukuyama congenital muscular dystrophy, and limb-girdle mus-
cular dystrophy type 2B. However, the resulting functionality of
these proteins following partial gene correction remains to be
determined, particularly for gene deletions and associated phe-
notypes that are not as well-defined as the region targeted in this
study. Therefore HDR-based genome editing for complete resto-
ration of gene deletions is also a valuable approach to pursue in
parallel. Nevertheless, NHE]-based gene correction may provide a
versatile therapy for DMD when frame restoration is predicted to
permanently correct the native gene and restore protein function.

MATERIALS AND METHODS

Cell culture and transfection. HEK293T cells were obtained from the
American Tissue Collection Center (ATCC, Manassas, VA) through the
Duke Cell Culture Facility and were maintained in Dulbeccos modified
Eagle’s medium (DMEM) supplemented with 10% bovine calf serum and
1% penicillin/streptomycin. Immortalized myoblasts*” (one from a wild-
type donor, and two A48-50 DMD patient-derived lines) were maintained
in skeletal muscle media (PromoCell, Heidelberg, Germany) supple-
mented with 20% bovine calf serum (Sigma, St Louis, MO), 50 pg/ml
fetuin, 10 ng/ml human epidermal growth factor (Sigma), 1 ng/ml human
basic fibroblast growth factor (Sigma), 10 pg/ml human insulin (Sigma),
1% GlutaMAX (Invitrogen, Carlsbad, CA), and 1% penicillin/streptomy-
cin (Invitrogen). Primary DMD dermal fibroblasts were obtained from
the Coriell Cell repository (Camden, NJ) (GM05162A, A46-50) and
maintained in DMEM supplemented with 10% fetal bovine serum, 1ng/
ml human basic fibroblast growth factor, and 1% penicillin/streptomycin.
All cell lines were maintained at 37 °C and 5% CO,. HEK293T cells were
transfected with Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s protocol in 24-well plates. Immortalized myoblasts and primary
fibroblasts were transfected by electroporation using the Gene PulserXCell
(Bio-Rad, Hercules, CA) with phosphate-buffered saline as an electro-
poration buffer using optimized conditions for each line (Supplementary
Figure S5). Transfection efficiencies were measured by delivering an
enhanced green fluorescent protein (GFP) expression plasmid and using
flow cytometry. These efficiencies were routinely >95% for HEK293T and
>70% for the primary fibroblasts and immortalized myoblasts. For all
experiments, the indicated mass of electroporated plasmid corresponds to
the amount used for each TALEN monomer.

TALE nuclease assembly and off-target site prediction. TALENS targeted
to exon 51 of the human dystrophin gene were designed in silico using
the TALE-NT webserver.” TALEN target sites were chosen to include half-
site targets ~15-19bp in length, preceded by a 5’-T.° Plasmids encoding
these TALENs were assembled using the Golden Gate assembly method’
and standard cloning techniques into a modified pcDNA3.1 (Invitrogen)
destination vector containing the A152/+63 TALEN architecture® derived
from the pTAL3 expression vector provided in the Golden Gate kit from
Addgene (Cambridge, MA). The FokI endonuclease domains were codon
optimized and contained the ELD/KKR obligate heterodimer* and
Sharkey mutations® as described previously.” Complete TN3/8 sequences
are provided in Supplementary Figure S3. Potential off-target sites for
TALEN pair TN3/8 in the human genome were predicted in silico using the
Paired Target Finder tool on the TALE-NT 2.0 webserver.> All predicted
off-target sites were scanned using the following parameters: recom-
mended score cut-off (3.0), spacers of range 12-23bp, and upstream base
set to “T only”. Valid likely potential off-target sites were only considered as
those with up to four mismatches per TALEN half-site-binding sequence
(maximum of eight mismatches per TALEN pair target site).

Cel-1 quantification of endogenous gene modification. TALEN-
induced lesions at the endogenous target site were quantified using the
Surveyor nuclease assay, which can detect mutations characteristic of
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nuclease-mediated NHE]. After electroporation, cells were incubated for 3
or 10 days at 37 °C and genomic DNA was extracted using the DNeasy Blood
and Tissue kit (QIAGEN, Valencia, CA). The target locus was amplified by
30 cycles of PCR with the AccuPrime High Fidelity PCR kit (Invitrogen)
using primers 5-GAGTTTGGCTCAAATTGTTACTCTT-3’ and 5’-GGG
AAATGGTCTAGGAGAGTAAAGT-3". The resulting PCR products were
randomly melted and reannealed in a PCR machine with the program:
95 °C for 240 seconds, followed by 85 °C for 60 seconds, 75 °C for 60 sec-
onds, 65 °C for 60 seconds, 55 °C for 60 seconds, 45 °C for 60 seconds, 35
°C for 60 seconds, and 25 °C for 60 seconds with a —0.3 °C/second rate
between steps. Following reannealing, 8 pl of PCR product was mixed with
1 pl of Surveyor Nuclease S and 1 ul of Enhancer S (Transgenomic, Omaha,
NE) and incubated at 42 °C for 1 hour. After incubation, 6 pl of digestion
product was loaded onto a 10% TBE polyacrylamide gel and run at 200V
for 30 minutes. The gels were stained with ethidium bromide and quanti-
fied using ImageLab (Bio-Rad) by densitometry as previously described.®

Cytotoxicity assay. To quantitatively assess potential TALEN cytotoxicity,
HEK293T cells were transfected with 10ng of a GFP reporter and 100ng
of each nuclease using Lipofectamine 2000 according to the manufac-
turer’s instructions (Invitrogen). The percentage of GFP-positive cells was
assessed at 2 and 5 days by flow cytometry. The survival rate was calculated
as the decrease in GFP-positive cells from days 2-5 and normalized to cells
transfected with an empty nuclease expression vector as described.”

Clone isolation procedure. Immortalized DMD myoblasts were electro-
porated with 10 ug of each TALEN plasmid (20 pg total). After 7 days, iso-
genic clones were isolated by clonal dilution in hypoxic conditions (5% O,)
to accelerate myoblast growth. Genomic DNA was extracted from clones
using the QuickExtract Kit (Epicentre, Madison, WI) and the target locus
amplified by PCR using the Cel-I primers and conditions above. The result-
ing PCR products were either mixed with equal amounts of PCR product
from untreated cells and analyzed by the Surveyor assay described above
(Figure 3a,b) or directly submitted for conventional Sanger sequencing
(Figure 3c) to identify modified clones.

Viral transduction and forced MyoD overexpression in primary fibro-
blasts. A total of 300,000 fibroblasts were plated and transduced in 10cm
plates with a lentiviral vector encoding a full-length human MyoD cDNA
under the control of a dox-inducible promoter and a constitutive puromycin
resistance cassette. Two days post-transduction, fibroblasts were selected
for 6 days in 1 ug/ml puromycin (Sigma) to enrich for transduced cells.
Fibroblasts were then plated at a density of 200,000 cells in 10cm dishes
and MyoD expression was induced by adding 3 pg/ml doxycycline (Fisher
Scientific, Waltham, MA) to the media, which was exchanged every 2 days.

Western blot analysis. To assess dystrophin expression, immortalized
myoblasts were differentiated into myofibers by replacing the growth
medium with DMEM supplemented with 1% insulin-transferrin-sele-
nium (Invitrogen) and 1% antibiotic/antimycotic (Invitrogen) for 4-7
days. Fibroblasts were transdifferentiated into myoblasts by inducing
MyoD overexpression and incubating the cells in DMEM supplemented
with 1% insulin-transferrin-selenium (Invitrogen), 1% antibiotic/anti-
mycotic (Invitrogen), and 3 pg/ml doxycycline for 15 days. TALEN
expression was assessed at 3 days after transfecting HEK293T cells. Cells
were collected and lysed in RIPA buffer (Sigma) supplemented with a
protease inhibitor cocktail (Sigma) and the total protein amount was
quantified using the bicinchoninic acid assay according to the manu-
facturer’s instructions (Pierce, Rockford, IL). Samples were then mixed
with NuPAGE loading buffer (Invitrogen) and 5% (-mercaptoethanol
and heated to 85 °C for 10 minutes. Twenty-five microgram of protein
were separated on 4-12% NuPAGEBis-Tris gels (Invitrogen) with MES
buffer (Invitrogen). Proteins were transferred to nitrocellulose mem-
branes for 1-2 hours in transfer buffer containing 10-20% methanol
and 0.01% sodium dodecyl sulfate. The blot was then blocked for 1 hour
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with 5% milk-Tris-buffered saline and Tween 20 at room temperature.
Blots were probed with the following primary antibodies: NCL-Dys2
(1:25; Leica, Buffalo Grove, IL), MANDYS8 (1:100; Sigma), GAPDH
(1:5,000; Cell Signaling, Danvers, MA), anti-FLAG-HRP (1:2,000; Cell
Signaling), or anti-myogenin F5D (1:200; Santa Cruz Biotechnology,
Santa Cruz, CA). Dystrophin expression was detected using MANDYSS8
in DMD myoblast line 2 and the DMD fibroblast line or NCL-Dys2
in DMD myoblast line 1. TALEN expression was detected using anti-
FLAG. Blots were then incubated with mouse or rabbit horseradish per-
oxidase-conjugated secondary antibodies (Santa Cruz Biotechnology)
and visualized using the ChemiDoc chemilumescent system (Bio-Rad)
and Western-C ECL substrate (Bio-Rad).

Immunofiuorescence. Fibroblasts were plated on cover slips in 24-well
plates at a density of 30,000 cells/well and MyoD expression was induced
for 15 days as described above. Cells were then fixed in 4% paraformalde-
hyde and blocked for 1 hour at room temperature with phosphate-buffered
saline containing 5% bovine serum albumin, 2% goat serum, and 0.2%
Triton X-100. Cells were then stained overnight at 4 °C with MF20 (1:200;
Developmental Studies Hybridoma Bank, Iowa City, IA) primary antibody
and then for 1 hour at room temperature with anti-mouse AlexaFluor 488
(Molecular Probes, Eugene, OR) secondary antibody. Cover slips were
mounted with ProLong Gold antifade (Molecular Probes).

Exome sequencing and analysis. We analyzed the exomes of four clon-
ally derived DMD myoblast lines carrying known TALEN-mediated dele-
tions in exon 51 of the dystrophin gene, as well as the parent line for these
cells. Genomic DNA was isolated using the DNeasy Blood and Tissue
Kit (QIAGEN) and 3 pg of DNA were submitted to the Duke Institute
for Genome Sciences and Policy’s Genome Sequencing & Analysis Core.
Ilumina-compatible libraries were made and enriched for exonic regions
using the SureSelect Human All Exon V4 Kit (Agilent, Santa Clara, CA).
Five total libraries were prepared from the four treatment samples and one
parental line reference sample. The libraries were indexed and sequenced
on one lane of Illumina HiSeq2000 (100-bp paired-end sequencing).
Bioinformatics analyses were performed by Duke Genome Sequencing &
Analysis Core. The analysis pipeline includes the initial QC to remove
sequencing adaptors and low quality bases to facilitate mapping. Sequence
depth of targeted regions was calculated as >97% at 10x coverage, >91%
at 20x coverage, and >82% for 30x coverage (Supplementary Table S1).
Each sequencing reaction generated >64 million reads with >93% of
reads above a quality score of 30 and an overall mean quality score of
>36.4. High quality reads were mapped to the human reference genome
(hg19) using bwa 0.5.9. An exome capture pipeline developed at the Duke
Sequencing Core was used to assess the exome capture efficiency. Picard
v1.74 is used for removing PCR duplicates. The GATK (v1.6-13) toolkit
(Broad Institute, Cambridge, MA) is used for variant calling, read realign-
ment around INDELS, quality score recalibration, and QC filtering. The
filtering step discards the variants with (i) low coverage (<30x), (ii) strand-
bias, (iii) low SNP quality score (<50), and (iv) low allelic frequency
(<0.5). Each candidate point mutation or INDEL were reviewed manually
by Integrated Genomics Viewer to identify false negative artifacts due to
insufficient coverage of the parental line. Identical point mutations and
INDELs that occurred in more than two of the four clones were verified
as artifacts due to coverage of the reference parent cell line and were dis-
carded. Common point mutations and INDELs were removed by com-
paring to human dbSNP135. The remaining point mutations and INDELs
were annotated using Annovar (25 May, 2012 version) and classified using
a perl script written by the Duke Sequencing Core. The non-exonic point
mutations were not considered. All point mutations and INDELs were
individually visualized and validated on IGV. The flanking 100 bp of each
validated mutation was screened for any potential sequence similarity to
the TN3/8 target site using the Paired Target Finder tool on the TALE-NT
2.0 webserver®? using the parameters: recommended score cut-off (3.0),
spacers of range 1-30 bp, and upstream base set to “T only”.
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SUPPLEMENTARY MATERIAL

Figure S1. Target sequences and RVDs for TALENSs in this study.
Figure $2. Optimization of cytotoxicity assay using Lipofectamine
2000 in 293T cells.

Figure $3. Complete amino acid sequences of TALENs TN3 and TN8
used in this study.

Figure S4. Chromatograms of clones from Figure 3.

Figure $5. Optimization of electroporation conditions for myoblasts.
Table $1. Exome capture statistics.
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