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Myotonic dystrophy type 1 (DM1) is caused by a CTG nucleo-
tide repeat expansion within the 30 UTR of the Dystrophia
Myotonica protein kinase gene. In this study, we explored
therapeutic genome editing using CRISPR/Cas9 via targeted
deletion of expanded CTG repeats and targeted insertion of
polyadenylation signals in the 30 UTR upstream of the CTG re-
peats to eliminate toxic RNA CUG repeats. We found paired
SpCas9 or SaCas9 guide RNA induced deletion of expanded
CTG repeats. However, this approach incurred frequent inver-
sion in both the mutant and normal alleles. In contrast, the
insertion of polyadenylation signals in the 30 UTR upstream
of the CTG repeats eliminated toxic RNA CUG repeats, which
led to phenotype reversal in differentiated neural stem cells,
forebrain neurons, cardiomyocytes, and skeletal muscle myo-
fibers. We concluded that targeted insertion of polyadenylation
signals in the 30 UTR is a viable approach to develop therapeu-
tic genome editing for DM1.
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INTRODUCTION
Microsatellite nucleotide repeat expansion causes many neurode-
generative disorders, including those in coding and non-coding re-
gions (see recent reviews1,2). With the advancement of therapeutic
genome editing (see reviews3–8), there is increasing enthusiasm for
use of these technologies to develop therapeutics for these disorders.
For nucleotide repeats in non-coding regions, there are more
options for editing because there is diminished concern for the
incorporation of missense or nonsense mutations during genome
manipulation. Targeted contraction of the expanded CAG repeats
has been performed using zinc-finger nucleases,9 but the relatively
high degree of off-target effects limits their therapeutic potential.
Deletion of the nucleotide repeats using pairs of endonucleases
flanking the expanded region is a promising strategy. This has
been tested in a recent study on myotonic dystrophy (Dystrophia
Myotonica [DM]) type 1 (DM1),10,11 which is caused by a CTG
nucleotide repeat expansion within the 30 UTR) of the Dystrophia
Myotonica protein kinase (DMPK) gene.12 The expanded CTG
Molecular
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repeats encode expanded RNA CUG repeats, which causes disease
largely through RNA gain of function.13–17

However, targeted deletion is not without problems. It has been re-
ported that two double-strand breaks that flank a genomic loci
created by CRSPR/Cas9 result in an inversion rate between 2.2%
and 6.7%. The rate was sufficient to correct a chromosomal inversion
in hemophilia A.18 Nevertheless, the study did not report the rate of
targeted deletion. The ratio of targeted deletion and inversion is thus
unknown. Even in the recently published paper on DM1, the authors
noticed inversion of the normal allele containing 13 CTG repeats.
However, inversion of the expanded allele was not studied,10 which
is more important in terms of its possible deleterious biological ef-
fects. In the current study, we tested the relative efficiency of deletion
and inversion of the expanded CTG repeats by pairs of CRISPR/Cas9
guide RNAs (gRNAs) to explore whether targeted deletion could be a
therapeutic option for DM1.

We have recently developed a strategy that eliminated expanded RNA
CUG repeats via precise insertion of polyadenylation (PolyA) signals
upstream of DMPK CTG repeats. The PolyA signals prematurely
terminated transcription upstream of the CTG repeats. Importantly,
genome-modified human DM1 induced pluripotent stem cells
(iPSCs) maintain their pluripotency. DM1 iPSCs, as well as their neu-
ral and cardiomyocyte derivatives, lost intranuclear RNA CUG repeat
foci and demonstrated reversal of aberrant splicing.19,20 However, our
earlier studies adopted Transcription Activator-like Effector Nuclease
(TALEN) technology, which cannot target the 30 UTR because of
nucleotide hypermethylation. Therefore, we had to target intron 9
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Figure 1. Targeted Deletion of the CTG Repeats by Paired SpCas9 gRNAs Flanking the CTG Repeats

(A) Targeted deletion of the CTG repeats in HEK293 FT cells. Genomic PCR using primer pair (CTGSF/DM1-P6R) that flanks the cut sites was performed using template DNA

extracted from sorted HEK293 FT cells after transfection with paired SpCas9 gRNA-containing plasmids. The lower PCR products (arrows) were sequenced and confirmed

to have the deletion of the flanked segment (see also Figure S1E). The middle PCR products (arrowheads) were confirmed to result from non-homologous end joining with

deletion of short nucleotides after double-strand break caused by single SpCas9 gRNAs (sequencing data not shown). Primer location was indicated below the gel image.

(B–D) Targeted deletion of expanded CTG repeats evaluated by the loss of intranuclear RNA CUG repeat foci in DM1 NSCs. DM1 NSCs derived from DM-03 iPSCs were

transfected with paired SpCas9 gRNA plasmids and sorted 48 hr later. Cells were then plated into chamber slide and switched to DMEM supplemented with 2% horse serum

for 72 hr prior to FISH. 100 cells of each of the three fields were observed, and the percentage of foci-negative cells (arrows), which reflects the deletion of the expanded

repeats, were calculated and averaged. Data are represented as mean ± SEM.
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for the insertion of PolyA signals to prove the feasibility of this
approach. In this study, we have modified our methods by adopting
CRISPR/Cas9 to insert PolyA signals in the 30 UTR upstream of the
expanded CTG repeats, which will generate an engineered DMPK
without CUG repeats and without causing truncated DMPK protein.
We found that this approach eliminated toxic RNA CUG repeats and
phenotype reversal of DM1 iPSCs and their derivatives, including
skeletal muscle myofibers. We conclude that this approach is a viable
option for therapeutic genome editing in DM1.

RESULTS
Targeted Deletion of the CTG Repeats by Paired SpCas9 gRNAs

or SaCas9 gRNAs Flanking the Expanded CTG Repeats

To delete expanded CTG repeats, we screened Streptococcus pyogenes
Cas9 (SpCas9) gRNAs and Staphylococcus aureus Cas9 (SaCas9)
gRNAs within 220 bp up- and downstream of the CTG repeats. We
2618 Molecular Therapy Vol. 26 No 11 November 2018
found two SpCas9 gRNAs (Sp870 and Sp872) and three SaCas9
gRNAs (Sa870U, Sa870D, and Sa872) target loci upstream of the
CTG repeats, as well as two SpCas9 gRNAs (SpP1 and SpP5) and
two SaCas9 gRNAs (SaP2 and SaP3) target loci downstream of the
CTG repeats, creating efficient double-strand breaks when intro-
duced individually (Figures S1A–S1D).

We then conducted an initial test in HEK293 FT cells to determine
which SpCas9 gRNA pairs could efficiently induce efficient CTG
repeat deletion. We found that all selected gRNA pairs flanking the
CTG repeats caused deletion of the CTG repeats (Figure 1A). Sanger
sequencing revealed the ends were seamlessly annealed (Figure S1E).

However, current PCR strategies using primers flanking the CTG re-
peats are insufficient to determine whether the deletion of CTG re-
peats occurs in the normal allele or mutant allele. Alternative PCR
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strategies with the use of primers within the excised area are possible
to demonstrate gene-editing effects on one or both DMPK alleles.
However, to observe the consequence of the deletion of the expanded
allele, we tested deletion efficiency by a fluorescence in situ hybridiza-
tion (FISH) strategy in DM1 neural stem cells (NSCs) derived from a
DM1 iPSC line (DM-03).20,21 Southern blot showed that the CTG re-
peats further expanded in these NSCs compared to those in their
parental iPSCs (Figure S2). The deletion efficiency was evaluated by
measuring the percentage of cells that had lost intranuclear RNA
CUG repeat foci from the population of cells that were sorted for
the presence of orange fluorescent protein (OFP). OFP+ cells were
cultured for 72 hr in DMEM supplemented with 2% horse serum
prior to RNA FISH. This treatment ensured that 100% of untreated
DM1 NSCs contained intranuclear RNA CUG repeat foci, as we re-
ported previously.22 We found the deletion efficiency was generally
less than 10% (Figures 1B–1D).

Since the deletion efficiency using paired SpCas9 gRNAs was rela-
tively low, we tested whether paired SaCas9 gRNAs could induce
higher deletion efficiency. One other advantage of SaCas9 is that it
is shorter than SpCas9 and can be packaged into adeno-associated vi-
rus (AAV) for future in vivo applications. Pairwise deletion was first
tested in HEK293 FT cells. We found that each pair induced targeted
deletion and the ends were seamlessly annealed (Figure 2A). The dele-
tion efficiency of the expanded CTG repeats was again tested in DM1
NSCs. NSCs were sorted for GFP-positive cells, and the deletion effi-
ciency was evaluated by measuring the percentage of cells that lost in-
tranuclear RNA CUG repeat foci. We found the efficiency reached as
high as 52.7% using the Sa872/SaP3 pair, and some foci-negative cells
were observed in clusters adjacent to foci-positive cells (Figures 2D
and 2F). There is a concern that spontaneous contraction of CTG re-
peats in these NSCs produced the reduction of CUG repeat RNA foci.
We ran FISH on the DM1 NSCs that were not subjected to SpCas9 or
SaCas9 gRNAs, and we found that 100% of the NSCs were positive for
RNA foci (Figure 2B) (see also Figures S3C and S5D).

Frequent Inversion of Expanded CTG Repeats by Paired gRNA-

CRISPR/SaCas9

To test whether this strategy led to inversion of the sequence flanked
by the gRNA pairs, we repeated the above experiment with paired
SaCas9 gRNAs in DM1NSCs, but cells were sorted to select for higher
GFP expression. Again, we found an appropriate efficiency of targeted
deletion (Figure 3A). However, a pair of primers that were both in the
same direction (CTGSR/DM-P6R, positions are shown in Figure 2C)
in the DMPK gene unexpectedly generated PCR products in the NSCs
that were transfected with SaCas9 gRNA pairs (Figure 3B). We
sequenced the new PCR products and confirmed the inversions at
the junctional sites (Figure 3C).

To test whether this strategy led to the inversion of expanded CTG
repeats, we focused the study on the Sa872/SaP3 gRNA pair in
DM1NSCs. Again, this pair produced targeted deletion and inversion
by genomic PCR analysis (Figure S3A). FISH revealed the deletion of
expanded CTG repeats (the percentage of foci-negative cells), the ef-
ficiency of which was positively correlated with the higher expression
levels of SaCas9-GFP (Figure S3B). We then performed double FISH
analysis with sense and antisense oligo probes in DM1 NSCs trans-
fected with Sa872/SaP3. We could see that there were mixed cells,
some with red foci detected by the sense oligo probes labeled with
Cy3, some cells with no intranuclear RNA CUG repeat foci, and
some cells with green RNA CAG repeat foci detected by the Alexa
488 antisense oligo probes. Foci labeled with the sense or antisense
probes were not observed within the same cell (Figure 3D; Figures
S3D–S3F). Furthermore, no antisense intranuclear RNA CAG foci
were detected in untreated DM1 NSCs (Figure S3C). These findings
suggested that the expanded CTG repeats were inverted in a subset
of cells and became expanded CAG repeats that encoded expanded
CAG RNAs, which were stable and aggregated to form antisense
foci. Quantification analysis revealed the percentage of antisense
foci-positive cells was as high as 23.4% ± 4.2% among sense foci-nega-
tive cells, reflecting the inversion rate of paired SaCas9 gRNAs. These
events are schematically illustrated in Figure 3E.

Targeted Insertion of PolyA Signals in 30 UTR Upstream of

Expanded CTG Repeats Led to the Elimination of Intranuclear

RNA CUG Repeat Foci and the Reversal of Aberrant Alternative

Splicing

We have thus developed an approach that allows the insertion of
PolyA signals upstream of expanded CTG repeats, which should pre-
maturely terminate transcription and eliminate expanded RNA CUG
repeats. The ideal PolyA signal insertion site is in the 30 UTR up-
stream of the CTG repeats, which generates an engineered DMPK
mRNA without CUG repeats (Figures 4A and 4B). To increase the
specificity of targeted insertion of PolyA signals, we adopted the
SpCas 9 nickase system.23–25 SpCas9 D10A nickase is created by an
aspartate-to-alanine substitution (D10A) in the RuvC I domain of
SpCas923,25,26 that can produce a nick guided to a specific genome
site using a sequence-specific gRNA. The single nick in the genome
is typically repaired either seamlessly via the single-strand break
repair pathway or through high-fidelity homology-directed repair
(HDR) when an ectopic donor exists.27 However, when there is an
adjacent nick on the opposite strand from the second gRNA-SpCas9
nickase, it can cause double-strand breaks. These double-strand
breaks are repaired preferentially by HDR when a donor exists, which
allows the insertion of ectopic DNAs. The double-strand break is rela-
tively more specific due to the requirement of more than double the
length of DNA recognition sequence compared to the single wild-type
SpCas9. We found that one pair of SpCas9g gRNAs (Sp870/Sp870U)
facilitated the insertion of PolyA signals in the 30 UTR upstream of the
CTG repeats. The targeting efficiency increased by increasing the total
length of homologous arms, but a minimum of 281 bp (50 arm 97 bp,
30 arm 184 bp) was sufficient to induce HDR (Figure S4). The intro-
duction of PolyA signals in the 30 UTR upstream of expanded CTG
repeats led to the elimination of nuclear RNA CUG repeat foci in a
subset of DM1 NSCs (Figure S5).

To establish a foundation for future personalized cell-based therapies,
we used the same strategy to generate genome-edited iPSC clones.We
Molecular Therapy Vol. 26 No 11 November 2018 2619
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Figure 2. Targeted Deletion of the CTG Repeats by Paired SaCas9 gRNAs Flanking the CTG Repeats

(A) Targeted deletion of the CTG repeats in HEK293 FT cells. Upper panel: transfection of HEK293 FT cells (80% confluent) in 24-well plates with a combination of Sa870D,

Sa870U, Sa872, SaP2, SaP3, or single gRNAs with SaCas9-EGFP is shown. Cells were sorted and collected 48 hr after transfection for subsequent PCR analysis using

primer CTGSF/DM-P6R. Lane 1 demonstrates high cutting efficiency, which led to a shortened PCR product (arrow). Middle panel: Sanger sequencing showed seamless

rejoining. The middle, top PCR products (arrowheads) and PCR products from single gRNA-CRISPR/SaCas9 (arrowheads in lanes 2 and 3) were all sequenced and

demonstrated cuts at only one end, and they annealed with random insertion or deletion of nucleotides. Lower panel: schematic illustration shows the 30 UTR of DMPK gene

and the location of cut sites for individual SaCas9 gRNAs in 293 genome. (B–G) Targeted deletion of expanded CTG repeats evaluated by loss of intranuclear RNA CUG

repeat foci in DM1 NSCs. After transfection of paired SaCas9 gRNAs, DM1 NSCs were sorted for GFP-positive cells, and they were cultured for 72 hr in chamber slides in

DMEM supplemented with 2% horse serum prior to RNA FISH. In parental DM1 NSCs derived from DM-03 iPSCs, all the cells contained intranuclear RNA CUG repeat foci

(B). Paired Cas9 gRNAs led to the deletion of expandedCTG repeats represented by a subset of cells that lost intranuclear RNACUG repeat foci (C and E, arrows). Clusters of

foci-negative cells were observed in cultures that received paired Cas9 gRNAs (D and F, double arrows). The pictures were taken adjacent to foci-positive cells to show that

the foci negativity was not due to a technical issue with the FISH assay. The cutting efficiency calculated by the percentage of cells that lost intranuclear RNA CUG repeat foci

was the highest in the Sa872/SaP3 pair (G). Data are represented as mean ± SEM.
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screened and isolated a clone that totally lost intranuclear RNA CUG
repeat foci compared to parental iPSCs (Figures 4C and 4D) and
maintained expression of pluripotent stem cell markers (Figures 4E
and 4F). PCR-based genotyping revealed the correct insertion of
PolyA signal cassette in the 30 UTR upstream of the CTG repeats (Fig-
ure 5A, upper panel). Triplet repeat primed (TP)-PCR confirmed that
the CTG repeat expansion remained (Figure 5A, middle panels). We
also performed Southern blot, and it showed the disappearance of the
corresponding expanded band due to the introduction of an extra
EcoRI site, indirectly confirming the insertion of the PolyA signal
cassette (Figure S2). The insertion of the PolyA signals in the 30
2620 Molecular Therapy Vol. 26 No 11 November 2018
UTR was predicted to generate a new DMPK transcript, with an en-
gineered 30 UTR containing simian virus 40 (SV40) polyA and bovine
growth hormone (BGH) polyA signals. To test the stability and the
post-transcriptional processing of these DMPK transcripts, we per-
formed RT-PCR for DMPK isoforms. We found DMPK transcripts
with engineered 30 UTRs were stably expressed and processed nor-
mally, as reported in wild-type DMPK transcripts with inclusion or
exclusion of exon 13 and/or 1428 (Figure 5B; Figures S6A and S6B).
To test whether these DMPK transcripts could be exported to the
cytoplasm and increase the total DMPK RNAs, we performed qRT-
PCR of DMPK RNA in the cytoplasm in NSCs derived from control,



Figure 3. Frequent Inversion of Flanked CTG Repeat Sequence by Paired SaCas9 gRNAs in DM1 NSCs

(A) DM1 NSCs were transfected with each SaCas9 gRNA pair and sorted. Genomic PCR using primer pair CTGSF/DM-P6R generated two PCR products. The lower bands

were shortened PCR products from the deletion of flanked sequence using each CRISPR/SaCas9 gRNA pair. (B) Two primers in the same direction (CTGSR/DM-P6) in the

DMPK gene generated new PCR products in the DM1 NSCs transfected with SaCas9 gRNA pairs, suggesting inversion of flanked CTG repeats by paired CRISPR/SaCas9

gRNAs. (C) Sanger sequencing of one representative band (boxed) demonstrated the seamless rejoining of the inverted flanking segment (only the end at SaP3 cutting site is

shown here). (D) Double FISH using probes specific for CUG repeats (Cy3 labeled) and probes specific for CAG repeats (Alexa 488 labeled) showed mixed cells with nuclei

containing sense intranuclear RNA CUG repeat foci (red), antisense RNA CAG repeat foci (green, arrows), or loss of foci (arrowheads). Sense or antisense foci never co-exist

in individual cells, and we have never observed antisense foci in untreated DM1 NSCs. (E) Schematic view of consequences of targeted deletion of expanded CTG repeats.
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DM1, and genome-edited DM1 iPSCs. We found cytoplasmic DMPK
RNA in DM1 NSCs was lower than that of the normal control. The
cytoplasmic DMPK RNA significantly increased in the NSCs derived
from the genome-edited J-6 iPSCs (Figure 5C).

The incorporation of the PolyA signal cassette did not affect plurip-
otency, as the genome-edited human DM1 iPSC clone expressed
pluripotent stem cell markers (Figures 4E and 4F) and could be differ-
entiated into cardiomyocytes and NCSs, which all showed loss of in-
tranuclear RNA CUG repeat foci and reversal of alternative splicing
(Figure 6). Cardiomyocytes derived from genome-edited DM1 iPSCs
demonstrated spontaneous contractions similar to wild-type cardio-
myocytes (Video S1). NSCs were further differentiated into forebrain
neurons, and again they showed the loss of intranuclear RNA CUG
repeat foci and reversal of known aberrant alternative splicing of
MAPT, MBNL1, MBNL2, SERCA1, and INSR (Figure S7).

Skeletal muscle is the most affected tissue in DM1 mainly due to the
high expression of mutant DMPK transcripts.29,30 We next investi-
gated whether the insertion of PolyA signals in the 30 UTR upstream
of the CTG repeats could eliminate intranuclear RNA CUG repeat
foci in DM1 iPSC-derived skeletal muscle myofibers.We first adopted
a forced-induction protocol with transfection of key factors using a
commercial kit (QuickMuscle Skeletal SeV kit, Elixirgen, Baltimore,
Molecular Therapy Vol. 26 No 11 November 2018 2621
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Figure 4. Targeted Insertion of PolyA Signals in the 30 UTR Upstream of Expanded CTG Repeats for the Elimination of Toxic Expanded RNA CUG Repeats

(A) Schematic overview of targeted insertion of PolyA signals (SV40polyA-BGHpolyA, 350 bp) upstream of the CTG repeats in the 30 UTR ofDMPK. Insertion is predicted to be

mediated by paired gRNAs and SpCas9 nickase. (B) Schematic view of the genome-editing process and the expected results. (C) Genome-edited DM1 iPSC clone (J-6)

showed a complete loss of intranuclear RNACUG repeat foci in each cell within a colony that may be derived from a single clone. (D) Unmodified parental DM1 iPSCs (DM-03)

showed intranuclear RNACUG repeat foci. (E and F) Immunofluorescent staining showed the expression of pluripotent stem cell markers (E, SSEA4 and F, OCT4) in genome-

edited J-6 clone.
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MD, USA). The resultant terminally differentiated myofibers from
genome-edited J-6 iPSCs showed a complete loss of intranuclear
RNA CUG repeat foci (Figures S8A–S8D). However, this protocol
was designed for terminal differentiation and the medium formula-
tion is proprietary. To move this therapeutic editing into clinical
application for personalized cell-based cell therapy, we tested a chem-
ically defined protocol31 to obtain skeletal muscle progenitor cells.We
were able to obtain PAX3+ and PAX 7+ skeletal muscle progenitor
cells with the loss of intranuclear RNA CUG repeat foci (Figures
S8E–S8H). Under this chemically induced condition, the genome-
edited iPCSs were able to be differentiated into skeletal muscle myo-
fibers in vitro, which also showed the loss of intranuclear RNA CUG
repeat foci (Figure 7).

DISCUSSION
DM1 is caused by expanded CTG repeats in the 30 UTR. It is conceiv-
able that simply deleting the expanded CTG repeats may cure the
disease. With the advancement of therapeutic genome-editing tech-
nologies, this is becoming more realistic. In this study, we found
that paired SpCas9 gRNAs flanking the CTG repeats led to targeted
deletion of the repeats. However, the efficiency was insufficient for
direct clinical applications. In addition, SpCas9 is too large to be pack-
aged into AAV for clinical use. We then examined the smaller SaCas9
that can be packaged to an AAV vector along with a gRNA sequence.
In our results, the cutting efficiency varied among each pair of gRNA-
2622 Molecular Therapy Vol. 26 No 11 November 2018
Cas9. Multiple factors could have affected the cutting efficiency,
including gRNA specificity, gRNA location relative to the CTG re-
peats, and the level of Cas9 expression. As it was not the purpose of
this study to find an algorithm to optimize these parameters, we
screened gRNA pairs to find an SaCas9 gRNA pair with relatively
higher efficiency for targeted deletion of the CTG repeats. Unexpect-
edly, we found that the SaCas9 gRNA pairs caused frequent inversion
of expanded CTG repeats in DM1 NSCs. The inversion caused the
transcription of DMPK gene with expanded RNA CAG repeats.
Inversion of a segment of mammalian genome by CRISPR with two
gRNAs was a frequent event, as reported before.32

The deleterious effects of the inversion of CTG repeats in the DMPK
gene and the resulting expanded RNA CAG repeats remain undeter-
mined, but repeat-associated non-AUG translation33–36 is a signifi-
cant concern. Repetitive RNA motifs can initiate translation in the
absence of anAUGstart codon. The translation can initiate inmultiple
reading frames, generating homopolymeric proteins with glutamine,
serine, or alanine for CAG repeats. These homopolymeric proteins
are generally considered toxic and account for neurodegenera-
tion.37–44 Clearly, the issue of haploinsufficiency of DMPK in
DM145–49 is not resolved when the inversion happens and the
expanded RNA CAG repeats are sequestrated in the nuclei and
form intranuclear RNA foci. Other genome anomalies have been re-
ported using single or double CRISPR/Cas9 cleavage adjacent to the



Figure 5. Correct Insertion of PolyA Signals in the 30

UTR Upstream of Expanded CTG Repeats and

Normal Processing of DMPK Transcripts

(A) Genotyping by junctional PCR and TP-PCR showed

the correct insertion of the PolyA cassettes in the 30 UTR.
Junctional PCR product was confirmed by Sanger

sequencing (data not shown). TP-PCR from IVF1-FAM/

P3/P4 (CAG)5 further confirmed the insertion of the

cassette in the 30 UTR upstream of the CTG repeats and

the presence of the expanded CTG repeats. TP-PCR

from DMP5-FAM/P3/P4 (CTG)5 further confirmed the

presence of expanded CTG repeats and the identity of

clone J-6 from parental DM-03 iPSC. (B) RT-PCR

showed the expression of normal DMPK transcripts in

clone J-6, suggesting that the normal allele was not

affected. PCR products from E12F2/SV40PolyA showed

the edited DMPKmRNA with SV40PolyA in the J-6 clone

had the same splicing pattern as wild-type DMPKmRNA.

Both the top and bottom bands of the wild-type DMPK

and DMPK with SV40PolyA were verified by Sanger

sequencing, and both showed the inclusion or exclusion

of exons 13 and 14 (see also Figures S6A and S6B). (C)

qRT-PCR of cytoplasmic DMPK RNA showing signifi-

cantly increased cytoplasmic DMPK RNA in NSCs

derived from genome-edited J-6 iPSCs compared to

parental DM-03-derived NSCs. *p < 0.01 by Student’s

t test. (D) Schematic view of primer positions.
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CTG repeats.10 van Agtmaal et al.10 found that single double-strand
breaks (DSBs) near a long CTG induced random loss of the CTG re-
peats, including the loss of the CTG repeats in entirety, which could be
potentially used to generate isogenic cell lines. However, its use in
therapeutic development could be difficult due to the random and
uncontrollable nature of the CTG repeat loss. Using dual CRISPR/
Cas9-directed cleavage, the authors reported equal excision efficiency
between wild-type and long-expanded DMPK alleles. Frequent inver-
sion of the wild-type allele was reported, but the inversion of the
expanded allele was not examined. Our current study provided evi-
dence that frequent inversion also occurs in the expanded allele.

For cell-based therapy using a single or dual CRISPR/Cas9 cleavage
approach, clonal selection followed by propagation of correctly edited
iPSCs is necessary. The cloning process could be difficult due to the
lack of selective markers. The use of two CRISPR/Cas9 guides also
increased the possibility of off-target effects. Additionally, the repair
of DSBs induced by CRISPR/Cas9 often leads to deletions extending
many kilobases upstream or downstream of the DSBs,50 which could
potentially affect the expression of the DMPK gene. We caution the
use of this approach for in vivo therapeutic genome editing. This
may also apply to other microsatellite repeat expansion-mediated
neurodegenerative disorders.

Given these findings, we pursued an alternative approach to thera-
peutic genome editing by inserting PolyA signals in the 30 UTR
upstream of the CTG repeats via HDR. Using this method, RNA
polymerase II is expected to prematurely terminate transcription
following the engineered PolyA site, which will generate DMPK
pre-mRNA with all exons and lack the expanded CUG repeats that
define mutant DMPK. We have found the post-transcription proces-
sion of these mRNA precursors is very similar to the wild-type
DMPK. This is particularly important for in vivo therapeutic develop-
ment, as the DMPK function would not be affected even if both the
mutant and the normal allele were targeted. We have found the elim-
ination of toxic RNA CUG repeat foci and reversal of alternative
splicing in differentiated neural stem cells, cardiomyocytes, and skel-
etal muscle myofibers. This approach not only eliminated the toxic
CUG repeats but also released newly engineered DMPK transcripts
into the cytoplasm, which could potentially offset abnormalities
that are caused by haploinsufficiency.45–49

We have shown that the expanded CTG repeats remained in the
genome-edited clone and its progenies. However, we have not tested
whether the current approach could induce the same spontaneous
contraction of expanded CTG repeats as reported in the recent pub-
lication after single cleavage by CRISPR/Cas9.10 How the existence of
a donor with homologous arms and the adoption of the CRISPR/Cas9
nickase system affect this process remain undetermined.

The direct clinical application for this type of therapeutic genome edit-
ingwill be the development of personalized cell-based therapy.The idea
is to generate patient-specific iPSCs from DM1 patient fibroblasts, edit
the genome in these iPSCs to stop the production of the toxic RNA
Molecular Therapy Vol. 26 No 11 November 2018 2623
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Figure 6. The Insertion of the PolyA Signals in 30 UTRUpstream of the Expanded CTGRepeats in DM1 iPSCs Led to the Elimination of Intranuclear RNACUG

Repeat Foci and the Reversal of Abnormal Splicing in Linear-Differentiated Cardiomyocytes and NSCs

(A) Intranuclear RNA CUG repeat foci were only detected in cardiomyocytes derived from parental DM-03 iPSCs. (B) No foci were detected in cardiomyocytes derived from

genome-edited J-6 iPSCs. (C) Agarose gel images and quantitative analyses showed the reversal of the aberrant splicing pattern in CTNT, INSR, and MBNL2 in car-

diomyocytes. (D) Intranuclear RNA CUG repeat foci were only detected in NSCs derived from parental DM1 iPSCs (DM-03). (E) No foci were detected in the NSCs derived

from genome-edited J-6 iPSCs. (F) Agarose gel images and quantitative analyses showed the reversal of the aberrant splicing pattern in MAPT and MBNL1, 2 in NSCs.

CTNT, cardiac troponin T; INSR, insulin receptor; MBNL1, 2, muscleblind-like 1, 2; MAPT, Microtubule-associated protein tau. Data are represented as mean ± SEM.
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CUG repeats, differentiate these genome-edited iPSCs into skeletal
muscle progenitor cells, and then transplant skeletal muscle progenitor
cells back to the same patient. Cell transplantation as a treatment for
muscular dystrophy was previously tested onDuchennemuscular dys-
trophy patients. The results were disappointing. Themain issuewas the
source of the transplanted cells. Earlier studies used allogenicmyoblasts
derived frommuscle biopsy tissues. The initial immune reaction elim-
inated 75%–80% of the transplanted cells.51–57 Additionally, myoblasts
have their own intrinsic defects for application in cell-based therapies.
Myoblasts were acquired from in vitro cultures of isolated satellite cells
frommuscle tissues. These myoblasts can only proliferate for a limited
number of passages, and further ex vivo expansion degrades their
myogenic capacity.58 Upon transplantation, surviving myoblasts
migrated poorly and failed to replenish the satellite compartment; their
effect could not be sustained.58,59

We have shown here that DM1 iPSCs and genome-edited iPSCs were
able to differentiate into skeletal muscle progenitor cells. The advan-
tage of iPSCs is the prospect of generating unlimited quantities of spe-
cific cell populations for regenerative purposes. iPSCs are derived
2624 Molecular Therapy Vol. 26 No 11 November 2018
from somatic cells and do not involve the use of embryos, which re-
duces ethical concerns. iPSCs generated from the same patient,
termed patient-specific iPSCs, can theoretically avoid immune
rejection.60–62 We anticipate that genome-edited skeletal muscle pro-
genitor cells can function as postnatal/immature satellite cells that
self-renew to replenish the satellite compartment upon transplanta-
tion and give rise to myofibers. This approach may also be applied
to in vivo therapeutic genome editing.

There are some limitations to this approach, however. First, this
approach will not solve the antisense transcription and repeat-associ-
ated non-AUG translation from the antisense transcripts of the
expanded repeat.33 However, in the current study, we did not observe
the antisense transcription in the double FISH studies in the parental
DM1 cells as what we found when there was an inversion of the
expanded repeats, suggesting the transcription of the DM1-antisense
gene is relatively low or absent. This was also confirmed by a recent
publication in which DM1 antisense transcript abundance remained
very low in all tissues analyzed.63 Second, the expanded CTG repeats
in the DMPK gene were not removed, which have been shown to



Figure 7. The Insertion of the PolyA Signals in the 30

UTR Upstream of the Expanded CTG Repeats in

DM1 iPSCs (DM-03) Led to the Elimination of

Intranuclear RNA CUG Repeat Foci in Linear-

Differentiated Skeletal Muscle Myofibers (30 Days

after Differentiation)

(A–A’’) Skeletal muscle differentiation from parental DM1

iPSCs. Myofibers expressing MHC (A and A’, green)

demonstrated the presence of RNA CUG repeat foci

accumulated in the nuclei (A’ and A’’). (B–B’’) Skeletal

muscle differentiation from genome-edited J-6 iPSCs.

Myofibers expressing MHC (B and B’, green) showed an

absence of RNA CUG repeat foci were eliminated in the

nuclei (B’ and B’’). The differentiation was not homoge-

neous and there were undifferentiated cells or non-

myogenic cells present in the culture (*in A and B).
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affect transcription of adjacent genomic regions (DMAHP/SIX5
gene).64–67 Heterozygous and homozygous mice for Six5 deletion
developed premature cataracts.68,69 However, the homozygous
mutant mice for Six5 had no apparent abnormalities of skeletal mus-
cle function.68We have created isogenic human DM1 cellular models,
which may be a better proxy for understanding the molecular mech-
anisms of DM1 in the human cells. Regardless, the complete reversal
of alternative splicing after genome editing in NSCs, neurons, and
cardiomyocytes using this approach suggests the correction is suffi-
cient to correct the aberrant events caused by the expanded CTG re-
peats. Furthermore, the findings in this study support the primary
role of the expanded CUG RNA repeats on disease pathogenesis.70,71

In summary, paired gRNA-CRISPR/Cas9 caused frequent inversion
of expanded CTG repeats at the DMPK locus, and this approach
was not suitable for in vivo therapeutic genome editing. Targeted
insertion of PolyA signals into the 30 UTR, upstream of expanded
CTG repeats, is a viable approach for the development of therapeutic
genome editing for DM1.

MATERIALS AND METHODS
Construction of gRNA-CRISPR/Cas9 Plasmids

All the sequences for the paired single-stranded DNA oligonucleo-
tides are listed in Table 1. Single-stranded DNA oligonucleotides
for gRNAs of SpCas9 were designed following guidelines in GeneArt
CRISPR Nuclease Vector Kit (1750624, Invitrogen, Carlsbad, CA,
USA) and synthesized by Integrated DNA Technologies (IDT, Coral-
ville, IA, USA). Potential off-targets were predicted by recently
published software.72 Only gRNAs that had the fewest targets in the
coding region were selected for screening of targeted deletion.
gRNA for SpCas9 was inserted into a CRISPR nuclease vector con-
taining OFP according to the manufacturer’s protocol. Plasmid
DNA was sequenced using U6 forward primers. Single-stranded
Molecular
DNA oligonucleotides of gRNAs for SaCas9
with a BsaI overhang were synthesized by IDT.
To increase the cutting efficiency, guanosine
nucleotide was added to the 50 end. The an-
nealed double-stranded oligonucleotides were cloned into the BsaI
site of the PX601 plasmid (61591, Addgene). The SpCas9 nickase vec-
tor was obtained from Sigma (CAS9D10AP-1EA).

Verification of gRNA by SURVEYOR Cleavage Detection Assay

HEK293 FT cells were transfected with single gRNA and SpCas9 en-
gineered in one plasmid with an OFP reporter (GeneArt, Life Tech-
nologies), or single gRNA and SaCas9 were transfected along with a
GFP-reporting plasmid in a 24-well plate. 48 hr after transfection,
genomic DNA was extracted after sorting OFP- or GFP-positive cells
and subjected to PCR with primers flanking the gRNA-binding sites
for SURVEYOR assay, using the GeneArt Genomic Cleavage Detec-
tion Kit (1742677, Invitrogen, Carlsbad, CA, USA). Briefly, 1 � 106

cells were obtained for DNA extraction using cell lysis buffer and pro-
tein degrader, followed by incubation (68�C 15min, 95�C 10min, and
4�C hold) in a thermal cycler. The PCR reaction was run with the
following conditions: enzyme activation at 95�C for 10 min, and
then 40 cycles of denaturation at 95�C for 30 s, annealing at 58�C
for 30 s, extension at 72�C for 30 s, followed by final extension at
72�C for 7 min. Primers were CTGSF/CTGSR for upstream gRNA-
CRISPR/Cas9, and DM-P2/DMP-6R for downstream gRNA-
CRISPR/Cas9. 3 mL PCR product was used to set up a denaturing
and re-annealing reaction using the following program: 95�C
5 min, 95�C –85�C (�2�C/s), 85�C–25�C (�0.1�C/s), and 4�C.
Finally, 1 mL detection solution containing Surveyor nuclease was
added to the reaction and incubated at 37�C for 1 hr. The reaction
product was then separated on 1.6% agarose gel to detect cleavage.

Construction of Homologous Recombination Donor Vector

Containing PolyA Signal Cassette

The vector map is shown in Figure S9. AAV2-MCS2 vector (6954,
Addgene) was used as a backbone vector. The insertion cassette,
which contained the PolyA signals and selectable GFP marker
Therapy Vol. 26 No 11 November 2018 2625
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Table 1. gRNA Sequences and Location within the 3 UTR

gRNA Target Sequence in the DMPK Gene (50/30)a Cutting Sites

Sp870 GTTGGAAGACTGAGTGCCCG GGG 175 bp upstream of the beginning of the CTG repeats

Sp870U CGGAGTCGAAGACAGTTCTA GGG 216 bp upstream of the beginning of the CTG repeats

Sp872 TTCACAACCGCTCCGAGCGT GGG 119 bp upstream of the beginning of the CTG repeats

Sp872U GCGGCTTCTGTGCCGTGCCCC GGG 169 bp upstream of the beginning of the CTG repeats

Sp872V CGGGCACTCAGTCTTCCAAC GGG 189 bp upstream of the beginning of the CTG repeats

SpP1 ACCATTTCTTTCTTTCGGCC AGG 29 bp downstream of the end of the CTG repeats

SpP5 GCAGTTTGCCCATCCACGTC AGG 48 bp downstream of the end of the CTG repeats

Sa872 CAGTTCACAACCGCTCCGAGC GTGGGT 121 bp upstream of the beginning of the CTG repeats

Sa870U CTCAGTCTTCCAACGGGGCCC CGGAGT 196 bp upstream of the beginning of the CTG repeats

Sa870D CTCCGGGGCCCCGTTGGAAGA CTGAGT 186 bp upstream of the beginning of the CTG repeats

SaP2 AACGATAGGTGGGGGTGCGTG GAGGAT 112 bp downstream of the end of the CTG repeats

SaP3 GGTTTGGCAAAAGCAAATTTC CCGAGT 214 bp downstream of the end of the CTG repeats

aThe NGG sequence for SpCas9 and the NNGRRT sequence for SaCas9 are also listed.
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followed by a 2A self-cleaving peptide and puromycin resistance gene,
was assembled using standard cloning techniques. Site-specific inser-
tion was mediated by incorporating homologous arms flanking the
insertion cassette. 50-homologous arms (500 bp) were PCR amplified
using high-fidelity DNA polymerase (Platinum Pfx DNAPolymerase,
Invitrogen, Carlsbad, CA, USA), and a 30-homologous arm (183 bp)
was synthesized by GenScript (Piscataway, NJ, USA). Two single
gRNA transcription units were also synthesized and cloned upstream
of the 50-homologous arm. The whole cassette was cloned between
NheI and MluI sites of the AAV2-MCS2 vector. This donor was
used in this study for the generation of iPSC clones. The puromycin
coding sequencing can be removed by BsiWI without affecting the
GFP expression to generate a donor so that the remaining cassette
(3.71 kb) flanked by inverted terminal repeats (ITRs) can be packaged
to AAV for in vivo application and the expression of GFP can be
tracked for transduction efficiency. An EcoRI cut site was included
in the cassette, which changed the pattern of the expanded allele in
Southern blot.
Cell Lines and Maintenance

The HEK293 FT cell line was from the laboratory of N.T. The normal
control iPSC and the DM1 iPSC (DM-03) lines in this study were es-
tablished in our lab.21 DM1 NSCs were differentiated from the DM-
03 iPSC cell line and have been adapted to 20% fetal bovine serum
(FBS) in DMEM, as previously reported.22 When cultured in 2%
horse serum for 72 hr, all the cells contained intranuclear RNA
CUG repeat foci. Thus, the percentage of NSCs that have lost intra-
nuclear RNA CUG repeat foci after genome manipulation can be
viewed as the targeting efficiency.
Transfection of HEK293 FT Cells

HEK293 FT cells were transfected with CRISPR/Cas9 using Lipofect-
amine LTX Reagent with PLUS Reagent (15338100, Thermo Fisher
Scientific, Grand Island, NY, USA). Briefly, HEK293 FT cells were
2626 Molecular Therapy Vol. 26 No 11 November 2018
plated into a 24-well plate. 750 ng plasmid was added to 50 mL
Opti-MEM reduced serummedium (Thermo Fisher Scientific, Grand
Island, NY, USA). Then 0.75 mL PLUS reagent was added, mixed, and
incubated at room temperature for 5 min. 3 mL Lipofectamine in
50 mLOpti-MEMwas then added and incubated at room temperature
for 5 min. 100 mL DNA-lipid was added to one well. Transfection so-
lution was distributed gently by moving the plate back and forth. Cells
were harvested and sorted 48 hr later.
Transfection of DM1 NSCs

DM1 NSCs were transfected at 80% confluence in a 6-well plate with
gRNA-CRISPR/Cas9 using Lipofectamine LTX Reagent with PLUS
Reagent. Briefly, 3 mg gRNA plasmid was added to 150 mL Opti-
MEM reduced serum medium. Then 3 mL PLUS reagent was added,
mixed, and incubated at room temperature for 5 min. 12 mL Lipofect-
amine in 150 mL Opti-MEM was then added and incubated at room
temperature for 5 min. 300 mL DNA-lipid was added to one well.
Transfection solution was distributed gently by moving the plate
back and forth. Cells were harvested and sorted 72 hr later. OFP-
or GFP-positive cells were seeded onto ibidiTreat m-slides (Ibidi, Mar-
tinsried, Germany) and cultured in DMEM 20% FBS medium
overnight and then switched to DMEM supplemented with 2% horse
serum for 72 hr prior to FISH. The remaining OFP- or GFP-positive
cells were seeded back onto a 12-well plate and expanded to a 6-well
plate for DNA and RNA extraction.
DM1 iPSC Transfection and Clone Selection

For transfection, DM1 iPSCs (DM-03) were passed as small colonies
using Gentle Cell Dissociation Reagent (STEMCELL Technologies)
the day before transfection on a Vitronectin-coated 6-well plate in
mTeSR-E8 medium (STEMCELL Technologies). Transfection was
conducted with Lipofectamine LTX Reagent with PLUS Reagent as
described above. Briefly, 1 mg of each donor vector and SpCas9 D10
A plasmid was mixed with 3 mL plus reagent and then with 12 mL
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Lipofectamine. They were incubated at room temperature for 5 min
and then the complex was added dropwise to 1 well of cultured cells
in a 6-well plate (2 mL in each well). Medium was changed 24 hr later.
Puromycin selection was started 48 hr after transfection at 0.4 mg/mL.
Selection was continued until individual clones were large enough for
isolation. The GFP-positive and puromycin-resistant clones were
selected and subjected to FISH. Intranuclear RNA CUG foci-negative
clones were identified for further characterization.

Neural Differentiation, Cardiomyocyte Differentiation, and

Skeletal Muscle Differentiation

Neural differentiation and cardiomyocyte differentiation were per-
formed as described previously.19,21 For forebrain neuron differenti-
ation, cryopreserved NSCs were thawed and cultured in STEMdiff
Neural Progenitor Medium (08560, STEMCELL Technologies). On
day 0, NSCs were resuspended in 5 mL complete Neural Progenitor
Medium and seeded onto a pre-warmed 6-well plate coated with
Poly-L-Ornithine and laminin at a density of 5 � 104 cells/cm2 in
complete Neural Progenitor Medium. On day 1, medium was re-
placed with 2 mL complete STEMdiff Neuron Differentiation Me-
dium (8500, STEMCELL Technologies). For the next 7 days, medium
was changed every other day with warm (37�C) complete STEMdiff
Neuron Differentiation Medium. On day 7, cells reached 90%–95%
confluence and became neuronal precursors. Neuronal precursors
were detached with Accutase (STEMCELL Technologies) and seeded
onto pre-warmed (37�C) 6-well plates and ibidiTreat m-slides (Ibidi,
Martinsried, Germany) coated with Poly-L-Ornithine and laminin at
a density of 2 � 104 cells/cm2 in complete STEMdiff Neuron Matu-
ration Medium (8510, STEMCELL Technologies). Neurons were
allowed to mature for 2 weeks and then subjected to FISH, immuno-
fluorescence (IF), and RNA extraction for RT-PCR.

Skeletal muscle differentiation was first performed by a quick induc-
tion method (7 days) according to the manufacturer’s protocol
(QMS-SeV, Elixirgen Scientific, Baltimore, MD, USA), which is based
on a published technology of ectopic expression of a demethylase
(JMJD3) and a linear-defining transcription factor (MYOD1).73

This protocol generated a high percentage of myosin-positive myo-
cytes in 7 days. To isolate skeletal muscle progenitor cells, we adopted
a chemically defined induction protocol according to a recent publi-
cation,31 with some modification. Briefly, iPSCs were harvested by
TrypLE treatment at 37� for 7 min and resuspended as single cells
in mTeSR E8 medium supplemented with 10 mM Rock inhibitor
(Y-27362). 2.8 � 105 iPSCs were plated into 6-well plates and
8-well chamber slides coated with Matrigel (Corning Life Sciences).
We initiated differentiation when the wells reached 20% confluency
using sequential induction with WNT activator (4423, CHIR99021,
3 mM, Tocris Bioscience), BMP inhibitor (04-0074, LDN193189,
0.5 mM, Stemgent), fibroblast growth factor 2 (FGF2, 450-33,
20 ng/mL, PeproTech), hepatocyte growth factor (HGF, 315-23,
10 ng/mL, PeproTech), and insulin-like growth factor 1 (IGF-1,
250-19, 2 ng/mL, PeproTech). On day 20, skeletal muscle progenitor
cells in 6-well plates were isolated by TrypLE and 0.05% trypsin and
EDTA treatment of the wells and cultured in Matrigel-coated 8-well
plates in Skeletal Muscle Cell Growth Media (SKGM-2, CC-3245,
Lonza). The expression of skeletal muscle progenitor cell markers
(PAX 3 and PAX7) was monitored by IF staining. On day 30, differ-
entiation in 8-well chamber slides was subjected to FISH and IF for
myosin heavy chain (MHC).

DNA or RNA Isolation, Genomic PCR, RT-PCR, TP-PCR, and

Alternative Splicing Assays

Genomic DNA was isolated with the DNeasy Blood & Tissue Kit
(QIAGEN, Valencia, CA, USA). Total RNA was isolated using
Quick-RNAMiniPrep (R1055, Zymo Research, Irvine, CA, USA), ac-
cording to the manufacturer’s protocol. Reverse transcription, PCRs,
and alternative splicing assays were performed as described previ-
ously.19,20 Primer sequences and PCR conditions can be found in
our earlier publications.19,20 Primers for sarcoplasmic and endo-
plasmic reticulum Ca2+ ATPase 1(SERCA1) are SERCA1-F, 50-CTCA
TGGTCCTCAAGATCTCAC-30 and SERCA1-R, 50-AGCTCTGCC
TGAAGATGTGTCAC-30. The intensity of each band on electropho-
resis gel image was analyzed by Alphaview software (ProteinSimple,
San Jose, CA, USA). The percentage of exon inclusion or exclusion
was calculated from three independent PCR experiments.

Cytoplasmic RNA Isolation and qRT-PCR

Quantitation of cytoplasmic DMPK RNA was performed by qRT-
PCR in early passages of NSCs derived from parental DM1 and
genome-edited J-6 iPSC clones. The RNA isolation and the subse-
quent qRT-PCR reactions were performed according to the Mini-
mum Information for Publication of Quantitative Real-Time PCR
Experiments (MIQE) guidelines. Cytoplasmic RNA extraction was
performed using the Cytoplasmic & Nuclear RNA Purification Kit
(Norgen Biotek, Thorold, Canada). Single-stranded cDNA was syn-
thesized from 100 ng total RNA using SuperScript III First-Strand
Synthesis System (Thermo Fisher Scientific), following the manufac-
turer’s instructions. PCR amplifications were carried out in a total
volume of 25 mL, containing 12.5 mL 2� Applied Biosystem SYBR
Green PCR Master Mix (Thermo Fisher Scientific), 2.5 mL cDNA
(10 ng), 2.25 mL primer (10 mM), and 5.5 mL water on a Bio-Rad
CFX96 Deep Well Real-Time System (Bio-Rad, USA). Amplification
efficiency of environmental DNA can be assessed by determining the
threshold cycle (Ct) for different amounts of the DNA sample. Rela-
tive quantification allows calculation of the ratio between the amount
of target template and a reference template in a sample. The cyto-
plasmic DMPK RNA was normalized to ACTIN RNA within the
same sample to determine DCt. The cytoplasmic DMPK RNA in un-
modified DM1 NSCs or J-6 NSCs was presented as the fold changes
relative to normal control NSCs. Statistical analysis was performed by
Student’s t test using the SPSS version 11.0 statistical software
package.

Southern Blot

Southern blot was performed as described before.19,74 Briefly, 8 mg to-
tal genome DNA was digested with EcoRI and subjected to 0.8%
agarose gel electrophoresis and blotting to Nylon membrane. After
UV crosslink, the member was subjected to hybridization and
Molecular Therapy Vol. 26 No 11 November 2018 2627
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detection using probes labeled with a-32P-dCTPs. The primers used
to generate the template for probe labeling were DMPK1A,
50-GCAAAGTGCAAAGCTTTCTTGTGCATGAC-30 and DMPK1B,
50-GGTCCTAGGTGGGGACAGACAATAAATACC-30, which makes
a 307-bp probe targeting DMPK gene downstream of the CTG re-
peats. Radioactive signal was visualized on X-ray film after 2 days
of exposure at �80�C.

IF Staining, FISH, and Double FISH

IF staining and RNA-FISH were performed as described previ-
ously.20,21 Antibodies (Pax 3-c, Pax7-c, Myosin heavy chain
[MF20-C], Titin, and Myogenin [F5-c]) for skeletal muscle differenti-
ation were all from the Developmental Studies Hybridoma Bank (Iowa
City, IA, USA). Each antibody was used at a dilution of 1:200. Double
FISH was performed sequentially. Briefly, after the first round of RNA
FISH using a Cy3-labeled (CAG)10 DNA probe, cells were subjected to
prehybridization buffer (40% formamide, 2� SCC buffer, 200 mg/mL
BSA, 100 mg/mL dextran sulfate, 2 mM vanadyl sulfate, and 1 mg/mL
yeast tRNA [Invitrogen]) for 15 min at 37�C. The Alexa 488-labeled
antisense oligo probe (CTG)10 DNA was denatured for 10 min at
100�C, chilled on ice for 10 min, and then added to pre-chilled hybrid-
ization buffer to a final probe concentration of 500 pg/mL. The hybrid-
ization was performed in a humidified chamber for 2 hr at 37�C. After
hybridization, cells were washed three times in pre-warmed 40% form-
amide and 2� SCC buffer for 30 min at 37�C and once in sterile PBS
(pH 7.4), followed by counterstaining with Vectashield containing
DAPI (Vector Laboratories). Cells were observed under an Olympus
IX81-DSU Spinning Disk confocal microscope. The chamber was
divided into 3 regions and 100 cells in each region were observed.
The percentage of foci-negative cells among all the cells and antisense
RNA CAG repeat foci among foci-negative cells were calculated and
averaged.

Statistical Analysis

One-way ANOVA was used for statistical analyses and p < 0.05 was
accepted as statistically significant.
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Supplemental Figure 1

Supplemental Figure 1: Verification of gRNA activities. A. SURVEYOR assay for verification of upstream SpCas9 gRNAs. All selected SpCas9 gRNAs had cut 

efficiencies not inferior to the positive control supplied by the manufacture. Two fragments (168bp and 169bp) overlap in Sp870 and showed only one band. The same 

with Sp872U. B. SURVEYOR assay for verification of downstream SpCas9 gRNAs. There were more than two cutting products. The extra enzyme recognizing sites 

resulted from the mismatch of the CTG repeats number between two alleles in HEK293FT cells. C. SURVEYOR assay for verification of SaCas9 gRNAs tested in 

HEK293FT cells. Transfection was done in 24 well plates with SaP2, SaP3, Sa872, Sa870D or Sa870U plasmid. Cells were collected without sorting (two well per 

sample) 48 hours after transfection, which was sufficient to reveal effective cutting. D. Schematic overview of the DMPK 3’-UTR and SpCas9/SaCas9 gRNAs target sites. 

PCR was performed using primer pair CTGSF/CTGSR for Sp870, Sp872, Sa872, Sa870D and Sa870U and DM1-P2/P6R for SpP1, SpP5, SaP2, and SaP3. Enzyme -: PCR 

products without Surveyor nuclease treatment. Enzyme +: The same amount of PCR products with Surveyor nuclease treatment after denaturing and reannealing. E.

Sanger sequencing of the shortened PCR products in Figure 1A. The sequences around the junction sites were listed, which revealed SpCas9 gRNAs pairs led to excision 

of flanked sequence and the ends were seamlessly annealed. The cutting sites of each CRISPR/Cas9 gRNA was marked in the sequence region and the schematic view of 

the DMPK 3’-UTR.
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Supplemental Figure 2

Supplemental Figure 2: Southern blot of normal iPSC, unmodified parental DM-03 iPSC, genome edited J-6 iPSC, DM-03 NSCs, 

HEK293FT, and control DNAs. Genomic DNAs were digested by EcoRI, which will generate two different normal allele size, one 

around 8.7kb and one around 9.6kb( Alu- or Alu+  in intron 8 polymorphisms). Normal iPSC in this study contains both alleles. 

HEK293FT contains only 9.6kb allele. DM-03 iPSC has the 9.6kb allele and the expansion allele around 2000 repeats (6kb) as we 

reported before19. The insertion of the PolyA signal cassette brought in an EcoRI site, which led to the disappearance of the 

corresponding expanded band in J-6 iPSC. The resultant products (around 9.5kb) from the expanded allele ((including 6kb of CTG 

repeats, 2.4kb ectopic DNA (GFP and puromycin selection marker) and 1.1kb of the non-CTG sequence upstream of the EcoRI cut 

site in the DMPK gene)) overlapped with the normal allele. DM-03 NSCs derived from DM-03 iPSCs showed further expansion of 

the CTG repeats. Negative and positive peripheral blood (PBL) DNAs from normal and DM1 subjects are included as controls. 
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Supplemental Figure 3

Supplemental Figure 3: Inversion of expanded CTG repeats in DM1 NSCs transfected with paired SaCas9 gRNAs (Sa872/SaP3). A. PCR amplicons were 
observed that corresponded to   the unedited allele in parental cells (738bp, 20 CTG repeats) as well as an extra shorter band (395bp) indicating deletion of 
CTG repeats in cells that received Sa872/SaP3 gRNAs. B. Intranuclear RNA CUG repeat foci negative cells were quantified with different GFP expression 
levels. Cells with increase GFP expression (used as a proxy for higher SaCas9 expression) were associated with increased loss of intranuclear RNA CUG repeat 
foci, suggesting more efficient deletion of expanded CTG repeats. C-F: Representative images of cells subjected to double FISH showing targeted deletion 
and inversion of expanded CTG repeats in DM1 NSCs derived from DM-03 iPSCs. C. All parental cells contained intranuclear RNA CUG repeat foci and no 
antisense intranuclear RNA CAG foci were detected. D. A subset of cells (circled) lost sense intranuclear RNA CUG repeat foci and contained no antisense 
foci, suggesting deletion of expanded CTG repeats. E. A different subset of cells (circled) presented antisense intranuclear RNA CAG repeat foci (green) but 
lost sense intranuclear RNA CUG repeat foci, suggesting inversion of expanded CTG repeats. A subset of cells (arrows in D, E) still contained sense 
intranuclear RNA CUG repeat foci (red), suggesting neither deletion nor inversion occurred in these cells. F. Prolonged culture revealed clonal expansion of 
both CTG repeat-deleted or CTG-inverted cells. Two adjacent sense and antisense foci-positive DM1 NSCs are shown (X20 objective).
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Supplemental Figure 4: CRISPR/SpCas9 nickase gRNAs facilitated insertion of PolyA signal cassette in the 3’-UTR. DM1 NSCs derived from human DM-03 
iPSCs were transfected with U6-gRNAs, with CRISPR/SpCas9 nickase (C+) or without CRISPR/SpCas 9 nickase (C-) along with a donor cassette containing 
PolyA signals, as well as a 184bp 3’HR arm and 5’HR arm of various lengths (from 97 to 776bp). Cells were repopulated 10 days after puromycin selection 
and were harvested for DNA extraction and genotyping. A. Genomic PCR by primer pair (I10F/PGKR1) suggested insertion of the PolyA signal cassette in 
the designed Cas9 cutting site but it did not distinguish whether the mutant or normal allele was targeted. TP-PCR (from primer mix of IVF1-FAM, P4 
(CAG)5 and P3R) revealed a smear in DM1 NSCs transfected with the donor cassette and gRNAs-CRISPR/Cas9 nickase similar to the control plasmid which 
contains a PolyA signal cassette and 3’HR with 150 CTG repeats. These data suggest the insertion of PolyA signal cassette in the 3’-UTR upstream of the 
CTG repeats in the mutant allele. A minimum length of 97/184bp homologous arms could induce HDR. The efficiency increased with the length of the 
homologous arm. The integrity of the expanded CTG after genome manipulation was confirmed by TP-PCR (primer mix: DM P5-FAM/P4 (CTG)5/P3R). 
I9SF/I9SR served as cell genomic template DNA control. B. Capillary electrophoresis of IVF1-P4 (CAG)5-P3R TP-PCR amplicons further confirmed the results 
by showing 3bp ladders in DM1 NSCs transfected with U6-gRNAs, CRISPR/SpCas9 nickase and donor. C. Schematic view of primer positions.
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Supplemental Figure 5: Loss of intranuclear RNA CUG repeat foci in DM1 NSCs transfected with U-6gRNAs, 
CRSIPR/SpCas9 nickase and donor containing PolyA signals and puromycin selection marker. Cells were subjected to 
puromycin selection for 10 days and puromycin-resistant cells were subjected to FISH. A, B: Foci-negative cells were 
observed in clusters (dashed circles). The surrounding foci positive cells likely indicate the insertion of the cassette in 
the normal allele or random insertion of puromycin selection marker in the genome. C, D: Untransfected parental 
DM-03 or cells that received only the donor vectors all contained intranuclear RNA CUG repeat foci
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Supplemental Figure 6: Sanger sequencing for isoforms of DMPK mRNA 
with engineered PolyA signals. A. Sequencing data from the upper band 
showed the inclusion of exon 13 and 14. B. Sequence data from the 
lower band showed exclusion of exon 13 and 14.
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Supplemental Figure 7: The insertion of the PolyA signals in the 3’-UTR upstream of the expanded CTG repeats in DM1 iPSCs led to elimination of intranuclear
RNA CUG repeat foci and reversal of abnormal splicing in linear-differentiated forebrain neurons. A, C. phase-contrast images showed the normal dendritic 
arborization and axon extension of neurons. B. Intranuclear RNA CUG repeat foci were only detected in forebrain neurons derived from NSCs generated from 
parental DM-03 iPSCs. D. No foci were detected in the forebrain neurons derived from NSCs generated from genome-edited J-6 iPSC clone. E. Representative 
agarose gel images showed the pattern reversal of alternative splicing. F. Quantitative analyses showed the reversal of known aberrant splicing in DM1. 
MAPT: Microtubule-associated protein tau. SERCA1: Sarcoplasmic/endoplasmic reticulum Ca2+ ATPase 1. Data are represented as mean ± SEM.
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Supplemental Figure 8: A-D. The insertion of the PolyA signals in the 3’-UTR upstream of the CTG repeats in DM1 iPSCs (DM-03) led to elimination of intranuclear
RNA CUG repeat foci in linear-differentiated skeletal muscle cells. Both DM-03 and J-6 myofibers expressed terminal differentiation marker (MHC and Titin). This 
was a quick muscle differentiation protocol (7 days of differentiation). Most of the myofibers were mono-nucleated but clearly show the loss of intranuclear RNA 
CUG repeat foci in genome-edited myocytes (J-6). E-F Chemically defined induction generated PAX3+ skeletal muscle progenitor cells after 24 days of 
differentiation. G, H. PAX 7+ skeletal muscle progenitor cells were identified after 28 days of differentiation. Some PAX3 or PAX 7 negative cells were included as 
internal negative control.
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Supplemental Figure 9: Schematic view of the AAV-based 
donor vector with AAV2 ITR regions flanking the 
transgene. The two U6gRNA sequences, homologous 
arms and PolyA signals, and selective markers (GFP and 
Puromycin) were engineered between the two ITRs. This 
donor was used in this study for single iPS clone selection. 
The puromycin coding sequencing can be removed by 
restriction enzyme BsiWI without affecting the GFP 
expression to generate a donor so that the remaining 
cassette (3.71kb) flanked by ITRs can be packaged to AAV 
for in vivo application and the expression of GFP can be 
tracked for transduction efficiency
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