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CRISPR gene therapy is one promising approach for treatment
of Duchenne muscular dystrophy (DMD), which is caused by a
large spectrum of mutations in the dystrophin gene. To
broaden CRISPR gene editing strategies for DMD treatment,
we report the efficient restoration of dystrophin expression in
induced myotubes by SpCas9 and dual guide RNAs (gRNAs).
We first sequenced 32 deletion junctions generated by this ed-
iting method and revealed that non-homologous blunt-end
joining represents the major indel type. Based on this predic-
tive repair outcome, efficient in-frame deletion of a part of
DMD exon 51 was achieved in HEK293T cells with plasmids ex-
pressing SpCas9 and dual gRNAs. More importantly, we
further corrected a frameshift mutation in human DMD
(exon45del) fibroblasts with SpCas9-dual gRNA ribonucleo-
proteins. The edited DMD fibroblasts were transdifferentiated
into myotubes by lentiviral-mediated overexpression of a hu-
man MYOD transcription factor. Restoration of DMD expres-
sion at both the mRNA and protein levels was confirmed in the
induced myotubes. With further development, the combina-
tion of SpCas9-dual gRNA-corrected DMD patient fibroblasts
and transdifferentiation may provide a valuable therapeutic
strategy for DMD.

INTRODUCTION
The simplicity and high efficiency of the clustered regularly inter-
spaced short palindromic repeats (CRISPR)-Cas9 gene editing system
make the technology an attractive tool for gene therapy.1 The Cas9
endonuclease is guided to the genomic target site by a small guide
RNA (gRNA) and introduces a DNA double strand break (DSB) at
the target site. The Cas9 from Streptococcus pyogenes (SpCas9) pre-
dominately cleaves 3 bp upstream of the protospacer adjacent motif
(PAM) NGG sequences.2 In mammalian cells, repair of a DSB is
accomplished by the endogenous DNA repair machineries, which
predominantly introduce small insertions or deletions, known as
indels.3 It was generally thought that indels resulting from CRISPR
Molecular T
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editing are random. However, recent studies discovered that the indel
profile for a given target site is predictable. Max W. Shen et al.
analyzed the mutation profile of 2,000 gRNAs and developed a
CRISPR-Cas9 indel predictor, inDelphi, by deep machine learning.4

Consistent with that, Allen et al.5 analyzed >40,000 gRNAs and
created another, similar, algorithm. These predictors are valuable,
but the indel profiles are still affected by CRISPR delivery methods
and vary between different target sites.6

CRISPR gene editing with pairs of gRNAs (or dual gRNAs) has been
used for gene knockout and deletion.7–10 Compared with single
gRNA, the dual gRNAs approach has several advantages. First, it is
an efficient way to achieve small/large deletions11–13 and even mimic
chromosomal aberrations.14 Second, the generation of CRISPR-edi-
ted cells/organisms is convenient since genotyping is based on PCR
and gel electrophoresis. Third, the homology-directed repair (HDR)
efficacy can be increased by dual-gRNA cleavages in either donor vec-
tors15 or genome target loci.9 Most importantly, it has been found that
the major indel type of the deletion junction is blunt end joining, by
which the two DSBs are ligated together without introducing addi-
tional indels. We call this form of indel type “non-homologous blunt
end joining” (NHBEJ). This predictive editing feature has been har-
nessed for precise and predictable deletions and insertions.16,17 Apart
herapy: Nucleic Acids Vol. 24 June 2021 ª 2021 The Author(s). 403
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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from deletions, we previously found that extrachromosomal circle
DNA (eccDNA) ranging from several hundred base pairs to mega
base scale can be generated in human cells by CRISPR editing with
pairs of gRNAs.18 In analyses of the DSB repair at the junction of
eccDNA and the deletion allele, we also observed that the majority
of the repair events are NHBEJ.18,19. This suggests that NHBEJ is a
common repair outcome for CRISPR editing with SpCas9 and dual
gRNAs, representing an alternative, attractive, approach for gene
therapy.

Duchenne muscular dystrophy (DMD) is a very severe degenerative
disease of muscle cells caused by mutations in the dystrophin gene,
which exhibits a large spectrum of mutations. The disease shows X-
linked inheritance,20 affecting 1 in 3,600–6,000 live male births.21

The full-length DMD gene spans a genomic range of >2 Mb and con-
sists of 79 exons. Mutations causing DMD comprise�70% frameshift
mutations and 30% rare point mutations.22 It has been found that
dystrophin proteins with small internal deletions retain most of their
function compared with the normal full-length protein. Thus,
controlled deletion is an attractive strategy for DMD gene therapy.23

Exon skipping, in-frame correction, and knockin correction mediated
by CRISPR-Cas9 are thought to be potential strategies to restore the
dystrophin protein.24 Several milestones in restoration of DMD
expression based on in vivo CRISPR-Cas9 delivery have been
achieved in preclinical models such as mouse,25 pig,26 and dog.27 In
addition to the in vivo gene therapy, the ex vivo gene therapy, which
involves CRISPR gene editing of patient cells outside the body and
subsequent transplantation back to patients, is also considered clini-
cally useful for treatment of DMD. For an extensive review of the cur-
rent application of CRISPR-Cas9 treatment of DMD, we refer readers
to recent reviews.28–30

According to the French UMD-DMD database http://www.umd.be/,
the frameshift mutations in the DMD locus account for 2,594/2,898
of the DMD mutations, and 991 of them could be corrected by an
exon skipping strategy. For instance,DMD exon 51 “skipping,”which
is being tested in clinical trials, could in principle benefit �13%
of DMD patients.31 However, alternative CRISPR gene editing
strategies that could precisely introduce in-frame deletions of
missense/nonsense mutations in exon 51, or correction of the
frameshift mutation (e.g., exon 45 deletion), are needed to benefit
the majority of DMD patients. Precision correction of the small
DMD mutations by homology-directed repair and exon reframing
is considered the most promising approach for such mutations.32

However, this approach is hampered by its low efficiency. The devel-
opment of more efficient CRISPR gene editing and cell therapy
methods is still needed to benefit more DMD patients with different
mutations.

To broaden the CRISPR gene therapy toolbox for DMD, we began the
present study by validating that NHBEJ is themajor indel type at dele-
tion junctions introduced by SpCas9 and dual gRNAs based on 32
combinations of dual gRNAs in human cell lines. Using the NHBEJ
strategy, we further demonstrated efficient in-frame deletion of a
404 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
part of DMD exon 51 in human embryonic kidney 239T
(HEK293T) cells and corrected a frameshift mutation in human
DMD (exon45del) fibroblasts. Restoration of dystrophin expression
at both mRNA and protein levels was achieved in the induced myo-
tubes derived from CRISPR-edited DMD (exon45del) fibroblasts by
transdifferentiation. Thus, editing with SpCas9 and dual gRNAs pro-
vides a potential therapeutic approach for DMD.

RESULTS
NHBEJ is the major indel type at deletion junctions introduced

by SpCas9 and dual gRNAs in human cells

To validate the indel profile at deletion junctions generated by SpCas9
and dual gRNAs, we generated eight pairs of gRNAs that targeted four
human genes (TTR, CREB1, STAT2, IRF9; two pairs per gene) (see
Table S1). We transfected HEK293T cells with plasmids expressing
SpCas9 and each pair of gRNAs and amplified the allele with the in-
tended deletion by PCR (Figures 1A and 1B). We sequenced the
deletion allele from both directions in order to quickly evaluate the
repairing events at junctions. Our results showed that the aberrant
sequence signal began exactly from the expected cleavage sites (be-
tween the third and fourth base pair upstream of the PAM site) of
the upstream and downstream gRNAs (Figure 1C; Figure S1). This
suggests that the DSBs are prone to be repaired by blunt end ligation,
by which the two DSBs are ligated together without introducing other
indels. For simplification, we call this type of indel “NHBEJ” (non-ho-
mologous blunt end joining). To investigate whether this NHBEJ phe-
nomenon is cell type dependent, we tested two additional cell lines
(HepG2 and HeLa) and observed that NHBEJ is the major indel
type in these two cell lines as well (Figures 1B and 1C; Figure S1).

Semiquantitative evaluation of NHBEJ frequency by Sanger

sequencing and ICE analysis

We tried to quantify the NHBEJ frequency with conventional
methods (such as tracking of indels by decomposition [TIDE], infer-
ence of CRISPR edits [ICE], and indel detection by amplicon analysis
[IDAA]), which have been developed for indel profiling in gene edit-
ing with a single gRNA.33–35 We selected the ICE method for indel
profiling because of its applicability and high throughput (batch anal-
ysis). To enable the use of ICE for indel profiling of the deletion junc-
tion by dual gRNAs, we first developed a simple method to generate a
pseudo control sample. As shown in Figure 2A, the pseudo control
sample is the deletion junction that simply joins the twoDSBs without
introducing other indels. The approach for quantifying indel profile
at the deletion junction with ICE contains four steps. Step 1: the dele-
tion allele was PCR amplified from cells transfected with SpCas9 and
dual gRNAs. Step 2: the PCR product was cloned into a TA vector or
topo vector, and competent E. coli cells were transformed. Step 3: a
number of clones from step 2 were Sanger sequenced to identity at
least one NHBEJ clone. Step 4: ICE analysis was performed with
the pseudo control. The pseudo gRNA spacer used for ICE analysis
was the 17 bp upstream and 3 bp downstream sequences flanking
the NHBEJ junction. Using this approach, we quantified the NHBEJ
efficiency for all eight pairs (P1–P8) of gRNAs in three cell lines. As
shown in Figures 2B, 2C, and S2, our results showed that the NHBEJ

http://www.umd.be/
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Figure 1. Repair outcomes of SpCas9-dual gRNA-induced deletions at 8 endogenous loci of 3 cell lines

(A) List of wild-type and NHBEJ alleles for 8 targeting loci. (B) PCR results of 8 loci in 3 cell lines edited with SpCas9 and the corresponding dual gRNAs (amplified from pool of

triplicate transfections). (C) Sanger sequencing results of deletion alleles, indicated with white arrows in (B), of 2 representative loci (P1 and P8) from 3 human cell lines. Full

sequencing results are shown in Figure S1.
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was the major indel at deletion junctions introduced by SpCas9 and
dual gRNAs (5 out of 8 pairs, with frequency above 50%). For the
three pairs of gRNAs (P5, P6, P7) where the ICE-based NHBEJ fre-
quency estimation was below 40%, the Sanger sequencing chromato-
gram clearly showed that the NHBEJ signal is above 50% (Figure S1),
suggesting that the conventional ICE approach can only be used for
semiquantitative estimation of NHBEJ frequency. For each pair of
gRNAs, the NHBEJ frequency was consistent among all three cell
lines, further corroborating the common phenomenon of NHBEJ.

Validation of NHBEJ frequency by deep sequencing

Tomore accurately quantify the NHBEJ frequency, we performed deep
sequencing of the same PCR products available from P1–P8 HepG2
cells that had been used for the ICE analysis described above. Using
the DNA nanoball-based and PCR-free next generation sequencing
(NGS) strategy (DNB-seq; see Materials and methods), we generated
DNA nanoballs for P1–P8 and sequenced each sample with a coverage
of 5–40 million reads using the MGISEQ-2000 (Figure 3). Consistent
with ICE-based indel and NHBEJ frequency estimations (Figure 2B;
Figure S2), the top indel event is NHBEJ for all eight pairs of gRNAs
as quantified by deep sequencing, with a frequency ranging from
45% to 70% (Figure 3). However, the accuracy of estimating NHBEJ
frequency by ICE varies from 0.2- to 1.7-fold (Figure 3), suggesting a
need for further improvement of the conventional ICE-based indel
deconvolution program. However, the conventional ICE-based indel
deconvolution and estimation method can still be used for semiquan-
titative estimation (ranking) of indel frequency, and thus it was used
for all following analyses. Taken together, our deep sequencing results
confirmed that NHBEJ is the major repair event at deletion junctions
introduced by SpCas9 and dual gRNAs.
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 405
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Figure 2. Quantification of NHBEJ with ICE

(A) Schematic illustration of NHBEJ. For ICE analysis, a NHBEJ control is generated by Topo cloning of the PCR product from the NHBEJ deletion allele. The pseudo gRNA

spacer is the 20 nt sequence flanking the junction site. (B) Representative ICE analysis results of the P1 and P8 loci. Full ICE results are shown in Figure S2. (C) NHBEJ

efficiency for the 8 endogenous loci in 3 cell lines.
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The effect of PAM direction on NHBEJ efficiency

We wanted to investigate whether the PAM direction of the dual
gRNA influences NHBEJ efficiency. To address this, we selected sym-
metric targeting regions that contain sequences with a 50-CCNNNN|
NNNNGG-30 motif, which allows us to design two SpCas9 gRNAs
that generate DSBs at the same site (Figure 4A). Using the DMD
intron 44 locus as an example (Figure 4A), we selected four symmetric
targeting regions and generated eight SpCas9 gRNAs. We transfected
HEK293T cells with each pair of gRNAs (24 pairs in total) and gen-
otyped the indel profile of the deletion junction by ICE analysis (Fig-
ure 4B; Figure S3; Table S3). Consistent with the observation, the ma-
jor indel event of deletion junctions was NHBEJ (Figure S3). Based on
the PAM direction of the pair gRNAs, the 24 pairs of dual-CRISPR
editing were classified into three type groups (Figure 4C): (1) head
to tail (H2T), in which both gRNAs target the same strand; (2)
head to head (H2H), in which the PAMs are flanked by cleavage sites
(also known as PAM-in); and (3) tail to tail (T2T), in which the cleav-
age sites are flanked by the PAMs (also known as PAM-out). To
further analyze and compare the NHBEJ ratio among different com-
binations, we generated NHBEJ-TA vector clones and performed ICE
analysis. Consistently, our results showed that the NHBEJ repair
outcome comprised an average of �80% for all three groups (Fig-
ure 4D). The overall NHBEJ efficiency was similar between H2T,
H2H, and T2T (Figures 4C and 4D), suggesting that PAM direction
does not affect NHBEJ frequency.
406 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
Efficient in-framedeletion of a part of exon 51 in theDMDgene in

HEK293T cells

The NHBEJ represents an attractive approach for DMD therapy.
Since the NHBEJ represents the major indel form for dual-gRNA
editing, we tested whether the NHBEJ can be used for achieving pre-
cision in-frame deletion of a part of DMD exon 51. Many disease-
causing mutations (both missense and nonsense mutations) have
been reported in this exon (Figure 5A). We designed two pairs of
gRNAs, which will generate in-frame deletion (180 bp and 168 bp,
respectively) in exon 51 if repaired with NHBEJ (Figure 5B). We
co-transfected HEK293T cells with plasmids encoding SpCas9 and
a pair of gRNAs in triplicates and harvested cells for analysis 4 days
after transfection (see Materials and methods) by PCRs. Flanking
PCRs indicated >30% deletion efficiency by the designed gRNA pairs
(Figures 5C and 5D). We gel-purified the deletion bands, Sanger
sequenced, and analyzed the outcome with ICE (Figures 5E and 5F;
Figure S4). Approximately 50% and 30% NHBEJ frequencies were
estimated by ICE for pair gRNAs T1-T2 and T3-T4, respectively (Fig-
ure 5F), showing that efficient in-frame deletion of a part of DMD
exon 51 can be achieved with SpCas9 and dual gRNAs.

Efficient correction of a frameshift mutation in human DMD

fibroblasts

Encouraged by the high NHBEJ efficiency achieved by SpCas9 and
dual gRNA, we investigated the approach for DMD therapy using a



Figure 3. Next generation sequencing-based quantification of indel profiles

MGI-2000 sequencing of the amplicon products of deletion alleles from Figure 1B (HepG2 cells). Figure shows the top three indel types for each locus, with total reads for

each sample and each indel type indicated. An asterisk (*) indicates NHBEJ frequency predicted by ICE from Figure 2C.
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more clinically relevant cell model. Frameshift mutation caused by
single exon 45 deletion is one of the common mutations causing
DMD.36,37 As shown in Figure 6A, exon 45 deletion leads to a frame-
shift change from +2 to +1 in exon 46, introduction of a premature
stop codon, and subsequent degradation of the mutated transcript
by the nonsense-mediated decay pathway.38 In addition to exon 46
skipping, deletion of 3N+1 bp in exon 44 can also correct the frame-
shift mutation caused by exon 45 deletion. However, the 3N+1 bp
deletion will introduce frameshift changes to exon 44. It is thus
important to select dual gRNAs that will not introduce any premature
stop codon in exon 44. Based on such criteria, we were able to design
two pairs of gRNAs, which will delete 52 bp and 88 bp in exon 44 if
repaired by NHBEJ. Using chemically modified gRNAs and ribonu-
cleoprotein (RNP)-based CRISPR delivery into DMD exon45del fi-
broblasts (GM05114, EX45del), efficient targeted deletion efficiency
(�50% based on gel intensity) was achieved (Figure 6B). Semi-quan-
tification of the deletion allele showed that NHBEJ represents >60% of
all indels (Figure 6C; Figure S5). Our results showed that efficient
correction of DMD exon 45 deletion can be achieved by SpCas9
and dual gRNAs in fibroblasts.

Restoration of dystrophin expression in induced myotubes

To investigate whether we have successfully restored dystrophin
expression, we generated a lentiviral vector expressing the human
MYOD transcription factor and transdifferentiated fibroblasts into
myotubes based on methods described previously39,40 and as shown
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 407
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Figure 4. Effect of PAM directions on NHBEJ repair frequency

(A) Schematic outline of the experimental design. The gRNA 1 and 2 were pairs of gRNAs with opposite PAM directions but generating DSBs at the same position. Four

regions in DMD intron 44 were selected. (B) PCR-based genotyping results in HEK293T cells targeted with SpCas9 and 24 pairs of gRNAs. PCR was done on a pool of

transfected cells with triplicate transfections. An asterisk (*) indicates DNA bands that were gel-purified and analyzed by Sanger sequencing and ICE. (C) Schematic pre-

sentation of the three PAM combinations. (D) Quantification and comparison of NHBEJ efficiency with different PAM orientations. There was no statistical difference between

the three groups (ANOVA).
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in Figure 7A. We modified the myotube reprograming vector to
enhance MYOD transgene expression (see Materials and methods
and Figure S6A). Significant changes in cell morphology appear
�4–5 days after transdifferentiation (Figure S6B). Most importantly,
expression ofDMD at the mRNA level was only detected for CRISPR-
edited DMD(EX45del) and healthy control cells (Figure 7B) but not
the DMD(EX45del) cells. Fluorescence immunostaining of the dys-
trophin and myosin heavy chain (MHC, part of the thick filaments
408 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
expressed in differentiated skeletal muscle cells) further confirmed
that multi-nucleated myotubes co-expressing human MYOD,
MHC, and Dystrophin were only detected in the CRISPR-edited
DMD(EX45del) and healthy control cells (Figure 7C; Figure S6C).
Finally, to investigate whether off-target cleavage had been
introduced by these gRNAs, we performed off-target analysis
using CRISPRspec41 and Sanger sequencing analysis of the top four
predicted off-target sites of each gRNA. Our results show that no
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off-target cleavage was introduced in any of the sites analyzed (Fig-
ure S7). Taken together, our results show that the NHBEJ approach
can successfully restore dystrophin expression in myotubes, thus
providing a potential cell therapy strategy for DMD based on SpCas9
and dual gRNA editing.

DISCUSSION
The CRISPR Cas9 technology has been widely used for gene knockout
applications.42 Increasing knowledge tells us that the indel outcomes
introduced by a single gRNA are to some extent predictable. Howev-
er, prediction is hampered by differences between different gRNAs
and targets.4,5,43 In this study, we have shown that the major DNA
repair outcome of deletion by SpCas9 and dual gRNAs is NHBEJ.
This is consistent with previous findings,16,17 thus providing a more
predictive precision editing approach for gene therapy. Compared
with gene editing with single gRNA, gene editing by dual gRNAs is
easier for genotyping and selection of edited clones. In addition, the
method is convenient for distinguishing biallelic and monoallelic edi-
ted clones based on PCR analysis.44,45 We acknowledge that one
disadvantage of using dual gRNAs is that they might increase the
risk of introducing off-target effects,46 as the off-target issue is still
a concern for all CRISPR Cas9 applications.47 However, better
methods to optimize the design of gRNAs and modifications of the
Cas9 protein have significantly minimized the off-target
potential.48,49

Correction of DMD causative mutations by CRISPR-Cas9 has been
regarded as one of the most promising applications of the CRISPR
technology. This is indeed evidenced by a growing number of studies
both in vitro (mostly based on induced pluripotent stem cells
[iPSCs])24,50,51 and in vivo (mouse, dog, and pig).26,27,52,53 For
comprehensive reviews of the current applications of CRISPR correc-
tion of DMD, we refer readers to several recent articles.23,29,30,32 In
this study, we have demonstrated that efficient correction of DMD
frameshift mutation can be achieved by using the NHBEJ approach,
which offers a precise deletion with predicted length. Several research
groups (including us) have observed that the indel profile introduced
by SpCas9 and a single gRNA is not random.4,16,54 More specifically,
1 bp deletion and 1 bp insertion are the two most frequently observed
indels for CRISPR editing with single gRNA.6 Thus, correction of
DMD exon45del frameshift mutation can also be achieved by using
SpCas9 and one single gRNA targeting DMD exon 44. Indeed, in
the evaluation of DMD expression fromMYOD reprogramming cells
from a mixture of CRISPR-edited DMD(EX45del) fibroblasts (Fig-
ure 6B), we observed the expression of a second restored DMD tran-
script not caused by NHBEJ. Taken together, our NHBEJ-based
method combined with direct reprogramming of the SpCas9-dual
Figure 5. Exonic in-frame deletion of a part of DMD exon 51 by NHBEJ editing

(A) Presentation of human DMD exon 51. Nucleotides and amino acids in reading fram

presentation of gRNA (pair 1: T1 + T2, pair 2: T3 + T4) targeting positions, length of d

deletion. (C) PCR-genotyping results of HEK293T cells transfected with SpCas9 and eith

only. (D) Semi-quantification of deletion efficiency in (C) by ImageJ. (E) Representative

sequencing and ICE analysis. (F) Boxplot of NHBEJ efficiency as mean and 1 SD (n =
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gRNA-edited fibroblasts into differentiated muscle cells (myotubes)
gave results that clearly demonstrate an alternative approach for
DMD therapy.

We foresee that many inherited disorders could benefit from our
NHBEJ-based therapy. One example is Leber congenital amaurosis
type 10 (LCA10) caused by disruption of the CEP290 gene, which en-
codes nephrocystin-6 (NPHP6).55 The most frequent mutation found
in patients with LCA10 is an A-to-G transition 5 bp downstream of a
cryptic exon, which could be precisely deleted by Cas9 and dual
gRNAs.56 In other forms of CEP290 loss-of-function mutations,
such as the nonsense mutation (2249T-G) and the 5-bp deletion
(1260delTAAAG),57 the protein function could be partially restored
by in-frame deletion of the nonsense mutations based on NHBEJ
with SpCas9 and dual gRNAs. Exon skipping is a way to restore par-
tial function of the dystrophin protein,31,58 and this strategy has been
approved by the FDA.59 Most exon skipping strategies are based on
altering splicing sites (which gives very limited space for designing
the gRNA) or deletion of a large piece of DNA (which will lead to
lower efficiency). The NHBEJ by SpCas9 and dual gRNAs provides
an alternative strategy. Our combination approach with NHBEJ edit-
ing of fibroblasts and transdifferentiation of the edited cells into my-
otubes should provide an attractive approach for DMD therapy and
broaden the categories of DMD patients who can benefit.

MATERIALS AND METHODS
Small guide RNA design and vector construction

All oligonucleotides used in this study were either synthesized by the
synthetic biology platform of BGI-Qingdao (China) or ordered from
Merck (Darmstadt, Germany). Sequences for all oligonucleotides can
be found in Tables S1 and S2.

The CRISPR-SpCas9 gRNA spacers were designed with the online
CRISPR design tool “CRISPOR” (http://crispor.tefor.net/crispor.
py). To generate the gRNA expression vectors, we used the Golden
Gate Assembly (GGA) protocol previously optimized by us.3 Briefly,
1 mL each of the sense (100 mM) and antisense (100 mM) strand of
each gRNA spacer were mixed with 2 mL of 10� NEB Buffer 2.1
and 16 mL of double-distilled water (ddH2O) to a total volume of
20 mL. Using a thermal cycler, we first denature the oligos at 95�C
for 5 min and decrease to 25�C at a ramping rate of �5�C/min.
Then we prepare the GGA reaction system as follows: For one reac-
tion, add 1 mL of annealed oligo, 1 mL of T4 ligase (NEB), 2 mL of
10� T4 ligase buffer, 1 mL of Esp3I (Thermo Fisher Scientific), and
ddH2O in a total volume of 20 mL. Perform GGA with the thermo-
cycle program: 10 cycles of 37�C for 5 min and 22�C for 10 min; 1 cy-
cle of 37�C for 30 min; 1 cycle of 75�C for 15 min. Save the ligation
e, with five previous reported disease-causing mutations highlighted. (B) Schematic

eletions, and the resulting amino acid sequences after NHBEJ-mediated in-frame

er pair 1 (T1 + T2) or pair 2 (T3 + T4) gRNAs. Controls were transfected with SpCas9

semi-estimation of NHBEJ efficiency based on the deletion products by Sanger

3).
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Figure 6. Correction of DMD exon 45 deletion

mutation by NHBEJ editing

(A) Schematic illustration of the DMD exon 45 deletion lo-

cus, transcription, and CRISPR NHBEJ targeting. NMD,

nonsense-mediated decay. (B) PCR-genotyping results

from a pool ofDMD ex45del fibroblasts edited with SpCas9

protein and either the pair 1 (T1 + T2) or pair 2 (T3 + T4)

gRNAs. Controls were transfected with SpCas9 only (n = 3).

(C) Semi-quantification of NHBEJ frequency based on

Sanger sequencing and ICE analysis.
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product at�20�C or transform competent cells directly. For transfor-
mation, 50 mL of DH5a competent cells were transformed with 1 mL of
the ligation product. We normally analyzed 3 bacterial colonies by
PCR using rTaq (5 mL rTaq, 2 mL lentiCRISPR-U6-F primer [primer
specific for the U6 primer], 2 mL gRNA antisense strand oligonucle-
otide [spacer], 0.5 mL bacterial liquid, 4.1 mL ddH2O) with the PCR
program (32 cycles of 98�C for 10 s, 55�C for 10 s, 72�C for 30 s; 1
cycle of 72�C for 5 min; 1 cycle of 20�C for 2 min). The PCR positive
colonies were further validated by Sanger sequencing.

Cell culture

HEK293T cells, a liver hepatocellular carcinoma cell line (HepG2),
HeLa cells, and human melanoma cells (HME) were used in this
study. All the cells were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) (Lonza) supplemented with 10% fetal bovine serum
(FBS) (Gibco), 1% GlutaMAX (Gibco), and penicillin-streptomycin
(100 units penicillin and 0.1 mg streptomycin/mL). The normal hu-
man dermal fibroblasts (NHDFs) are primary fibroblasts established
from skin biopsies. The cells were a gift from Dr. Kristine Freude of
Copenhagen University. The DMD patient-derived primary fibro-
blasts with the DMD exon 45 deletion (GM05114) were purchased
Molecular
from Coriell Institute. Both NHDFs and
GM05114 cells were cultured in DMEM/Nutrient
Mixture F-12 Ham (DMEM/F-12) supplemented
with 10% FBS (Gibco) and penicillin-strepto-
mycin (100 units penicillin and 0.1 mg strepto-
mycin/mL). All the cells were growing in a
37�C incubator with 5% CO2 atmosphere and
maximum humidity. Cells were passaged every
2–3 days when the confluence reached 80%–90%.

PEI transfection

PEI40,000 (Polysciences) was used for cell
transfection. One day before transfection, a total
number of 0.5 � 106 cells per well were seeded
in a 6-well plate, with 2 mL of DMEM-10% FBS
medium. Before transfection, the cells were given
fresh culture medium. For each transfection, 3 mg
of plasmid DNA (pair-CRISPR gRNA plasmids
were co-transfected within a ratio of 1:1) was
mixed with 9 mg of PEI solution in Opti-MEM
(Gibco) to a final volume of 200 mL. The PEI-
DNA mixtures were stirred gently and incubated at room tempera-
ture for 15 min before being added to the cells in a dropwise manner.
Twenty-four hours after transfection, transfected cells were given pu-
romycin (1 mg/mL)-containing medium and cultured for 3 days (or
until the wild-type [WT] control cells were dead). All surviving cells
were harvested for further assays.

PCR, Sanger sequencing, and ICE analysis

Genomic DNA of cells was extracted with a TIANamp Genomic DNA
Kit (TIANGEN) according to themanufacturer’s instructions. All PCR
reactions were conducted with rTaq polymerase (TaKaRa). All primers
for the PCRs can be found in Table S2. We gel purified the PCR bands
with the proper deletions (smaller band with the correct size), using a
gel extraction kit (Omega). TA cloning of the PCR product of interest
was performed with a T-vector pMD19 kit (TaKaRa). For each ampli-
con, 8 bacterial colonies were picked and screened by PCR. Note that
the purpose of TA cloning is to generate a pure deletion product
(pseudo control) with the junction of the deletion repaired by NHBEJ
so that it can be used as the control sample for ICE-TIDE analyses. The
ICE analysis was then used to evaluate the total indel profiles and
NHBEJ efficiencies (https://ice.synthego.com/).
Therapy: Nucleic Acids Vol. 24 June 2021 411
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Figure 7. Restoration of DMD expression in

transdifferentiated DMD EX45del myotubes

(A) Schematic illustration of CRISPR editing and trans-

differentiation of edited cells into myotubes by over-

expressing human MYOD transcription factor. Since the

cells are primary fibroblasts that can only be passaged a

few times without growth retardation, myotube re-

programming was performed for a pool of CRISPR-edited

cells without pre-selection or enrichment of any indel

types. (B) Examination of DMD mRNA expression by

reverse transcription PCR in the transdifferentiated DMD

Ex45del myotubes (day 12) edited by SpCas9 and dual

gRNAs. Control is DMD Ex45del cells treated with SpCas9

only. Positive control: transdifferentiated normal human

dermal fibroblasts (NHDFs). NTC, negative control for PCR

reaction. (C) Representative immunofluorescence staining

results for MHC (myosin heavy chain) and DMD (dystrophin

protein) expression. MYOD expression was detected with

dsRED signal. Nuclei are stained with DAPI. Magnification,

40�. Extended figures are shown in Figure S6.

Molecular Therapy: Nucleic Acids
CRISPR-Cas9 RNP nucleofection

gRNAs for DMD(EX45del) correction were synthesized by Synthego
(California, USA). For nucleofection, 0.6 mL of gRNA (3.2 mg/mL in
nuclease-free water) with 0.6 mL of spCas9 protein (10 mg/mL, Inte-
grated DNA Technologies, Iowa, USA) were mixed gently in a PCR
tube and kept at room temperature for 10 min to �1 h to form
gRNA-spCas9 complexes. 200,000 fibroblast cells were trypsinized
and spun down, washed with PBS and resuspended in 20 mL of
Opti-MEM (Gibco). Then the cell suspension was mixed with RNP
gently. Nucleofection was performed with a Lonza 4D-nucleofector
(Lonza, Switzerland) with program CM138. After nucleofection, the
cells were transferred to a 12-well plate with prewarmed culture
medium. We harvested the cells �48–72 h after nucleofection,
performed PCR for genotyping, or passaged the cells for transdiffer-
entiation into myotubes. The forward primer for genotyping
was DMD-exon44-F: 50-TGCAGGAAACTATCAGAGTGAT-30,
412 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
and the reverse primer was DMD-exon44-R:
50-ATCACCCTTCAGAACCTGATCT-30.

Human MyoD (hMyoD) lentivirus package

and transdifferentiation of fibroblasts to

myotubes

The pLV hMyoD-IRES-dsRed was a gift from
Charles Gersbach (Addgene plasmid #66631).
To enhance the expression of hMyoD in fibro-
blasts, we replaced the UbC promoter in the
pLV hMyoD-IRES-dsRed plasmid with a cyto-
megalovirus promoter (Addgene plasmid #
132775). For lentivirus packaging, 4 � 106 cells
were seeded into a 10 cm culture dish. Transfec-
tion for viral packaging was performed with
PEI40000 when the cells reached 60% conflu-
ency. Briefly, 13 mg of pLV-cytomegalovirus-
hMyoD-IRES-dsRed, 3 mg of pRSV-REV, 3.75 mg of pMD.2G, and
13 mg of pMDGP-Lg/p-RRE were mixed with 98 mL of PEI40000
(1 mg/mL) in Opti-MEM to a final volume of 1 mL. The mixture
was kept at room temperature for 15 min and was added to the cells
in a dropwise manner. Transfected cells were given fresh medium
24 h later. Then virus was harvested from the medium 48 h after
transfection and filtered with a 0.45 mm filter. We added polybrene
(Sigma-Aldrich, Germany) into the lentivirus crude to a final concen-
tration of 8 mg/mL and stored it at �80�C.

The hMyoD-lentivirus transduction and transdifferentiation of fibro-
blast to myotubes were conducted as described previously.39,40

Briefly, fibroblasts were seeded in a 6-well plate. The growth medium
was changed to 8 mg/mL polybrene-containing medium (2 mL) when
cells reached 80% confluence. 1 mL of hMyoD-lentivirus crude was
added to each well, and the cells were kept in virus-containing
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medium in 5% CO2 at 37�C for 48 h. The medium was changed to
fresh growth medium and incubated at 37�C for another 48 h. The
transduced fibroblasts were then seeded into chamber slide flasks
(Thermo Fisher Scientific, USA). After attaching in the flask, the cells
were given differentiation medium that contained DMEM/F-12, 2%
horse medium (Sigma-Aldrich, Germany), 1% insulin-transferrin se-
lenium supplement (ITS, Thermo Fisher Scientific, USA) and 1%
penicillin-streptomycin (100 units penicillin and 0.1 mg strepto-
mycin/mL). The medium was changed every 3 days (4 mL per flask).
We cultured the hMyoD-transduced fibroblast for 12 days for myo-
tube transdifferentiation.

RNA isolation and reverse transcription PCR (RT-PCR)

Total RNA was isolated from transdifferentiated cells at day 12 after
reprogramming according to the manufacturer’s protocol for TRI Re-
agent (Sigma-Aldrich, Germany). First-strand cDNA was synthesized
from the total RNA in a 20 mL reaction system using the iScript cDNA
Synthesis Kit (Bio-Rad, USA). Detection of DMD expression by PCR
was performed with AccuPrime Pfx DNA polymerase (Invitrogen,
USA) according to the manufacturer’s instructions. Briefly, the
20 mL PCR reaction system consisted of 3 mL of cDNA, 2 mL of 10�
AccuPrime Pfx reaction buffer, 1.2 mL of forward primer (5 mM),
1.2 mL of reverse primer (5 mM), and 0.16 mL of AccuPrime Pfx poly-
merase, supplemented with ddH2O. The thermocycle program was
95�C for 2 min, (95�C for 15 s, 58�C for 30 s, 68�C for 30 s) with 35
cycles, 68�C for 5 min, and 4�C hold. For dystrophin RT-PCR, the for-
ward primer was DMD-EX45del-RT-F: 50-GCAAGAAGACAGCAG
CATTGCA-30 and the reverse primer was DMD-EX45del-RT-R: 50-
CAGGTTCAAGTGGGATACTAGC-30. For glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) RT-PCR, the forward primer was
hGAPDH-RT-F: 50-TGGTATCGTGGAAGGACTCATGAC-30 and
the reverse primer was hGAPDH-RT-R: 50-ATGCCAGTGAGCT
TCCCGTTCAGC-30.

Immunofluorescence staining

The cells in the slide flasks were washed twice with PBS, fixed with 4%
paraformaldehyde (Sigma-Aldrich, Germany) at room temperature for
4 min, and then washed with PBS for 5 min three times. The cells were
incubated with blocking buffer at room temperature for 1.5 h. The
blocking buffer consisted of PBS, 2% bovine serum albumin (BSA,
Sigma-Aldrich, Germany), 5% FBS, 2% donkey serum (Sigma-Aldrich,
Germany), 0.2% Triton X-100 (Sigma-Aldrich, Germany), and 0.1%
sodium azide (Sigma-Aldrich, Germany). After blocking, cells were
washed with PBS twice and incubated with primary antibodies over-
night at 4�C. We diluted 1:500 anti-dystrophin (ab15277, Abcam,
USA) and 1:10 anti-myosin heavy chain (anti-MHC, clone MF-20,
Developmental Studies Hybridoma Bank, Iowa City, IA, USA) in 1%
BSA for use as primary antibodies. After overnight incubation the cells
were washed with PBS for 3 � 5 min and incubated with secondary
antibodies at room temperature for 1.5 h in the dark. Alexa Fluor
488 donkey-anti-mouse IgG (1:1,000, Thermo Fisher Scientific,
USA) and Alexa Fluor 647 donkey-anti-rabbit IgG (1:300, Thermo
Fisher Scientific, USA) in 1% BSA were used as secondary antibodies.
Finally, the cells were washed again with PBS for 3 � 5 min and
mounted in ProLong Diamond Antifade Mountant with DAPI
(P36962, Thermo Fisher Scientific, USA). All the slides were stored
at�20�C. Images of immunocytochemistry were taken by the Inverted
Zeiss LSM710 confocal microscope system, and we conducted image
processing utilizing ZEN 2 (blue edition) software.

Deep sequencing

MGISEQ-2000 (MGI Tech, China) was used to perform amplicon
deep sequencing following the standard operation protocol. Ampli-
con PCR-free library was prepared with the MGIeasy FS PCR-Free
DNA Library Prep Kit (MGI Tech, China), following the manufac-
turer’s instructions. Briefly, each sample was diluted to 10 ng/mL.
Ten microliters of diluted PCR product was mixed with an
A-tailing reaction that contained A-tailing enzyme and buffer,
incubated at 37�C for 30 min and then 65�C for 15 min to inacti-
vate the enzyme. The A-tailed sample was mixed with PCR-Free
index adapters, T4 DNA ligase, and T4 ligase buffer to add index
adapters at both 30 and 50 ends of the PCR products. The reaction
was run at 23�C for 30 min, and then the products were purified
with XP beads. The PCR products were denatured to become sin-
gle-stranded DNA (ssDNA) by incubating at 95�C for 3 min and
were then immediately kept at 4�C for the subsequent steps. The
denatured ssDNA was transformed into circles with cyclase at
37�C for 30 min and digested with Exo enzyme at 37�C for
30 min to remove linear DNA. The products were purified with
XP beads. The concentration of the library was assayed with a
Qubit 4 fluorometer. To avoid sequencing bias induced by base un-
balance of PCR products, 12 ng of whole-genome DNA library
(balance library) was mixed with the 8 PCR samples to a final
concentration of 1.5 ng/mL and sequenced in one lane. All the sam-
ples were subjected to pair-ended 150 bp deep sequencing on the
MGISEQ-2000 platform.

NGS data analysis

Raw data quality was evaluated by FastQC 0.11.3, and low-quality
sequencing reads were filtered out by fastp 0.19.6. Clean amplicon
reads were aligned with the theoretical NHBEJ reference using the
Burrows-Wheeler Aligner-Maximal Exact Match algorithm. Reads
that were identical to the NHBEJ reference were counted, and the per-
centage was determined.

Data statistics

The webtool “CRISPOR” (http://crispor.tefor.net/crispor.py) was
used for design of CRISPR-spCas9 gRNAs. Prism 7 was used for
the analysis with boxplot and point chart. SnapGene Viewer was
used for the analysis of Sanger sequencing results, and the webtool
ICE Analysis (https://ice.synthego.com/#/) was used for genotype
percentage analysis with Sanger data. All experiments were per-
formed in at least triplicates. ANOVA was used for statistic tests,
with a p value <0.05 considered significant.
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