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Myotonic dystrophy type 1 (DMT1) is caused by
expanded Cytosine-Thymine-Guanine (CTG) repeats in
the 3’-untranslated region (3" UTR) of the Dystrophia
myotonica protein kinase (DMPK) gene, for which there
is no effective therapy. The objective of this study is to
develop genome therapy in human DMT1 induced plu-
ripotent stem (iPS) cells to eliminate mutant transcripts
and reverse the phenotypes for developing autologous
stem cell therapy. The general approach involves tar-
geted insertion of polyA signals (PASs) upstream of DMPK
CTG repeats, which will lead to premature termination
of transcription and elimination of toxic mutant tran-
scripts. Insertion of PASs was mediated by homologous
recombination triggered by site-specific transcription
activator-like effector nuclease (TALEN)-induced double-
strand break. We found genome-treated DM1 iPS cells
continue to maintain pluripotency. The insertion of PASs
led to elimination of mutant transcripts and complete
disappearance of nuclear RNA foci and reversal of aber-
rant splicing in linear-differentiated neural stem cells,
cardiomyocytes, and teratoma tissues. In conclusion,
genome therapy by insertion of PASs upstream of the
expanded DMPK CTG repeats prevented the production
of toxic mutant transcripts and reversal of phenotypes
in DMT1 iPS cells and their progeny. These genetically-
treated iPS cells will have broad clinical application in
developing autologous stem cell therapy for DM1.
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INTRODUCTION

Myotonic Dystrophy type 1 (Dystrophia Myotonica, DM1) is
a progressive, debilitating, and multisystemic disorder with an
estimated minimum prevalence of 8-10/100,000 (ref. 1). Its

congenital form has high mortality (25%) before 18 months
of age. Those who do survive through infancy will likely die
from respiratory failure by the age of 40 (ref. 2). Adult classic
DM1 (CTG repeats in the range of 100-1,000) usually pres-
ents with muscle weakness, atrophy, myotonia, frontal balding,
cataracts, behavioral abnormalities, diabetes, cardiac conduct
defects, and individuals who have a shortened lifespan. For the
past two decades, pioneering investigators have unveiled much
about the disease mechanism since the finding of the causative
gene in 1992. DMI results from an unstable CTG nucleotide
repeat expansion within the 3’ untranslated region of the dys-
trophia myotonica protein kinase (DMPK) gene on chromo-
some 19q13.3 (refs. 3-6). Normal individuals have 5-37 CTG
repeats. When the repeats number exceeds 50 CTGs, it usually
leads to onset of DM1, and larger repeat size correlates with
increased severity of symptoms and earlier age of onset. Alleles
containing 38-49 CTGs are considered premutated alleles.
While patients with these alleles are asymptomatic, they have
a high risk of passing a larger, pathological expansion to their
offspring. Often DM1 families are first found in symptomatic
children and when children are born with repeats >1,000, it
generally leads to congenital DM1 (refs. 7-9).

Many therapeutic approaches have been contemplated and
tested, including symptomatic management, supportive care, target-
ing mutant transcripts, and manipulating molecular abnormalities
(see recent reviews).'*!! While these approaches are relatively easy
to deliver, they tend to target only one aspect of the multisystemic
disorder, and none of these are curative. There is no consensus as
to when to intervene, even for a well-documented approach to pre-
vent sudden cardiac death such as the placement of pacemaker.
We anticipate that stem cell therapy will be promising not only in
the treatment of the congenital form but also in the adult form of
DM1. Throughout life, stem cells provide new cells to replace lost
ones. This occurs even in the adult CNS,'>"* a system once thought
to be nonreplaceable. We anticipate that providing a stem cell pool
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that is mutation-free as a source of new healthy cells will not only
reverse the degenerative process but may also delay or prevent the
onset of the disease. These disease free stem cells can be delivered
upon genetic diagnosis of classic or congenital DM1 without consid-
eration of the disease course. Human induced pluripotent stem (iPS)
cells are being studied for regenerative medicine. iPS cells can be gen-
erated from somatic cells of the same patient, termed patient-specific
iPS cells, which essentially overcome the hurdle of immune rejection
of autologous cell transplantation. In order to prevent DM1 stem
cells and their progeny from undergoing the same degenerative pro-
cess after transplantation, modifying the mutant genome to generate
healthy DM1 iPS cells is an important step toward autologous stem
cell therapy. We will use the terms “genome therapy” and “genome-
treated” in this study to refer to the modification of the genome for
therapeutic purpose in lieu of “genome editing” or “genome-edited”,
which was initially utilized in reverse genetics for the study of a
gene or a protein. We have recently developed a strategy of genome
therapy on DM1 neural stem cells (NSCs) by the incorporation of
polyadenylation signals (PASs) upstream of DMPK CTG repeats,
which led to premature termination of transcription, elimination of
toxic mutant transcripts and reversal of disease phenotypes.' In this
study, we performed genome therapy on human DM1 iPS cells since
the pluripotency of iPS cells have a broader potential for the develop-
ment of stem cell therapy for DM1, a multisystemic disease.

RESULTS

Integration of PASs into DMPK intron 9 eliminated
nuclear RNA foci in DM1 iPS cells

Out of the 48 puromycin-resistant clones from one DM1 iPS cell
line (DM-03), 5 had total loss of nuclear RNA foci and were sub-
jected to subcloning. Of which 19 out of 20 subclones continued
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to be homogeneously foci negative. Subclone 13-3 and 33-4 were
expanded and continued to be foci negative, and were used for
subsequent analyses (Figure 1). Genotyping by carefully designed
primer pairs for genomic polymerase chain reaction (PCR) and
reverse-transcriptase PCR (RT-PCR) showed the correct insertion of
the cassette in the designed TALEN cutting site in the mutant allele
with intact transcription of normal allele (Figure 2a, b, c). Southern
blot confirmed that the genome-treated iPS cell lines contain the
PASs cassette upstream of the CTG repeats. An additional restric-
tion enzyme EcoRI site within the PASs cassette altered the banding
pattern between the DM-03 parental iPS cell line and the genome-
treated iPS clones 13-3 and 33-4 (Figure 2d). Southern blot using
restriction enzyme Ncol digest illustrates that the CTG expansion
remains intact throughout this editing and cloning process (Figure
2e). After removal of the selective marker, the genome-treated clone
continues to be foci negative (see Supplementary Figure S1) and
Triplet Repeat Primed PCR (TP-PCR) confirmed that the expanded
CTG repeats were left intact (see Supplementary Figure S2).

A second DM1 patient derived iPS cell line (DM-05) has also
undergone genome therapy. Out of the 7 puromycin-resistant
clones from DM-05 iPS cells, one had complete loss of nuclear
RNA foci and PCR genotyping also showed correct insertion of
the PASs cassette in the TALEN cutting site and presence of the
normal allele. The rest of the foci-positive clones reflect either
an insertion of PASs in the normal allele or a random integra-
tion of the plasmid (see Supplementary Figure S3).

Genome-treated DM1 iPS cells maintain pluripotency
by teratoma-forming assay

Teratomas grew from both parental and genome-treated DM1-
03 and DM-05 iPS cell clones 6-8 weeks after iPS cells were

b  Pparental DM-03 iPSC

Foci-negative clone 33-4

Figure 1 Loss of nuclear RNA foci in genome-treated DM1 induced pluripotent stem (iPS) cell clones. (a) A typical Puromycin and Ganciclovir-
resistant clone (phase contrast image). (b) Parental DM-03 iPS cells with nuclear RNA foci. (¢, d) Nuclear foci were not detectable in the Puromycin

and Ganciclovir-resistant clones of DM-03 iPS cells.
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Figure 2 Exogenous polyA signals (PASs) were integrated in the designed transcription activator-like effector nuclease (TALEN) targeting
site and were transcribed contiguous with Dystrophia myotonica protein kinase (DMPK) transcription. (a) Genomic polymerase chain reaction
(PCR) analysis showing the integration of the insertion cassette into the TALEN targeting site. Primer pair [9SF/TSR amplified the whole insertion
cassette, detectable in Puromycin and Ganciclovir-resistant clones and donor vector but not in parental induced pluripotent stem (iPS) cells. Primer
pair IVF2/IVR amplified a portion of the insertion cassette and a portion of genomic DNA downstream of the end of the 3" homology arm. VF/VR
amplified the TK resistant gene in donor backbone. CTGSF/CTGSR amplified genomic DNA as a template loading control. (b) RT-PCR showing the
effect of the integration on DMPK gene transcription. Products from primer pair E8F3/PGKR1 were detected in the two foci-negative clones but not
in the parental cells. Products from E8F3/E9R1 suggested upstream mRNA was intact in all of the clones. Products from E8F2/E10R2, which spans
exon 8, 9, 10, and long introns, showed normal DMPK transcription in parental cells and clone 13-3 and 334, indicating that the normal allele was
unaffected. GAPDH was amplified as a reverse transcription control. (¢) Schematic overview of primer location. (d). Southern blot digested by EcoRI
demonstrated insertion of the polyA signal (PAS) cassette in the mutant allele by showing the disappearance of the corresponding expanded band.
This is due to the introduction of an extra EcoRlI site within the PAS cassette. The normal allele remains intact. There can be two different normal
allele sizes after EcoRI digestion, one ~8.6 kb and the other ~9.6 kb. Sample Negative PBL has both alleles, and sample Positive PBL has only the 9.6 kb
allele and then the expansion allele. DM1-03 subject has the 9.6 kb allele and the expansion allele. (e) Southern blot digested by Ncol showed the
expanded CTG repeats in DM1 parental and genome treated iPS clones (from 1793 repeats to 2087 repeats). Positive PBL is genomic DNA from
peripheral blood from a DM1 expansion positive patient with ~750 CTG repeats. Negative PBL is a control peripheral blood DNA from a normal
subject with two normal allele sizes.

injected into severe combined immunodeficiency mice. H&E  teratoma tissues derived from parental DM1 iPS cells but not in
staining revealed characteristic tissue structures for all three  those from genome-treated iPS cells (Figure 3, Supplementary
germ layers. IF staining revealed germ layer-specific mark-  Figure S4, Supplementary Figure S5 and Supplementary
ers in teratoma tissues and RNA FISH detected RNA foci in  Figure S6).
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Figure 3 Pluripotency assay by teratoma formation in parental
Myotonic dystrophy type 1 (DM1) induced pluripotent stem (iPS)
cells (DM-03) and genome-treated iPS cells. Both parental DM1 iPS
cells and genome-treated iPS cells formed teratomas (upper panel)
with typical three germ layer tissue structures on hematoxylin and eosin
staining (middle panel). However, nuclear RNA foci were only seen in
tissue derived from parental DM1 iPS cells but not in that from genome-
treated iPS cells (lower panel). DM-03: parental DM 1iPS cells. 13-3:
genome-treated iPS cells.

The integration of the PASs upstream of DMPK CTG
repeats led to elimination of nuclear RNA foci and
reversal of aberrant splicing in linear-differentiated
neural cells

In a previous study, we demonstrated complete elimination of
nuclear RNA foci and reversal of alternative splicing by direct
integration of the PASs upstream of the DMPK CTG repeats in
DM1 NSCs." In this study, we conducted linear differentiation on
the genome-treated DM1 iPS cells to neural cells to see whether
we could recapitulate the same results. We found complete elimi-
nation of nuclear RNA foci in NSCs and neurons differentiated
from genome-treated DM1-03 iPS cells (Figure 4). During this
process, we noticed that early passage of NSCs has the tendency
for spontaneous neuronal differentiation even when culturing the
cells in a neural progenitor proliferation medium. In contrast,
6 passages after neural rosette formation, we seldom experienced
spontaneously differentiated neurons. We think these early NSCs
may represent primitive embryonic NSCs. To examine this fur-
ther, we compared the splicing pattern of several genes in normal
control, parental DM-03, and genome-treated DM-03 cell lines in
both early NSCs (passage 4 after neural rosette formation) and late
NSCs (passage 10 after neural rosette formation). In early NSCs,
the splicing pattern of MAPT was demonstrated expression of
mainly fetal isoforms (exon 2 and exon 3 exclusion). There was no
difference between normal control, parental DM1, and genome-
treated cells (statistical data not shown). However, the splicing
patterns of MBNL I and MBNL 2 already displayed the reversal in
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Normal-

Figure 4. The integration of the polyA signals upstream of DMPK
CTG repeats in DM-03 induced pluripotent stem (iPS) cells led to
elimination of nuclei RNA foci in linear-differentiated neural cells.

(Upper panel): nuclear RNA foci were only detected in neural stem
cells (NSCs) derived from parental DM-03 iPS cells while no foci were
detected in normal NSCs or NSCs derived from genome-treated iPS
cells. Green: nestin. (Lower panel) nuclear RNA foci were only detected
in spontaneous differentiated neurons derived from parental DM-03 iPS
cells while no foci were detected in normal neurons or neurons derived
from genome-treated iPS cells. Green: neurofilament H. Normal: neural
cells from normal iPS cells. DM-03: neural cells from parental DM1 iPS
cells. 13-3 and 33-4: neural cells from genome-treated iPS cells with
polyA signals (PASs) integrated in DMPK intron 9.

genome-treated clones even though they still dominantly express
the fetal isoform (exon 7 inclusion) (Figure 5, upper panel).
In the late NSCs, the reversal became even more prominent in
MBNL I and MBNL 2, and genome-treated these cells dominantly
expressed the adult isoform. MAPT also showed a reversal of the
mutant splicing pattern to the normal pattern in genome-treated
NSCs while the parental DM-03 NSCs continued to be fetal
isoform-dominant (Figure 5, lower panel and Supplementary
Figure S7). Genome treatment did not affect further differentia-
tion into neurons or astrocytes. Neurons and astrocytes expressed
mature markers Neurofiliament H and GFAP, respectively, and
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Figure 5 Genome treatment reversed aberrant splicing of microtubule-associated protein tau (MAPT) and muscleblind-like splicing regulator
(MBNL T), MBNL 2 to normal patterns. (Upper panel) in early stage neural stem cells (NSCs) (passage 4 after passing from rosettes), transcripts of
MAPT are mainly of the fetal isoform (exon 2, 3 exclusion) and there is no difference among NSCs from each of the induced pluripotent stem (iPS)
clones. However, MBNL 1 and MBNL 2 already showed more adult isoform in normal and genome-treated NSCs even though the fetal isoform was
still dominant (exon 7 exclusion ratio below 0.5), compared to parental Myotonic dystrophy type 1 (DM1) NSCs. (Lower panel) in late stage of
NSCs (passage 10 after passing from rosette), most MAPT transcripts have switched to adult isoforms (exon 2 inclusion ratio over 0.5). MBNLT and
MBNL 2 have reverted to adult isoform dominant in normal and genome-treated NSCs (exon 7 exclusion ratio is >0.5) but parental NSCs continued

to express mainly fetal isoform. *P < 0.05 by one-way analysis of variance.

displayed normal cell morphology (Figure 6). Similar reversal
of alternative splicing was also demonstrated in linear-differen-
tiated NSCs derived from genome-treated DM-05 iPS cells (see
Supplementary Figure S8).

The integration of the PASs upstream of DMPK CTG
repeats led to elimination of nuclear RNA foci and
reversal of aberrant splicing in linear-differentiated
cardiomyocytes

In order to further investigate whether this genome treatment
has any effect in cardiomyocytes, we conducted cardiomyocyte
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differentiation in vitro on genome-treated DM1 iPS cells along
with parental and normal iPS cells. We did not see a morphol-
ogy difference during cardiac differentiation among these three
lines. Functionally, they all began spontaneous contraction
~12 days after induction of differentiation and continued to con-
tract for more than 3 weeks before they were harvested for RNA.
Cardiomyocytes from genome-treated DM1 iPS cells lost nuclear
RNA foci and demonstrated a reversal of aberrantly spliced genes
MBNLI1, MBNL2, insulin receptor (INSR) and cardiac troponin
T (cTNT) (Figure 7, upper and lower panel, Supplementary
Figure S9) to a normal splicing pattern.
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Figure 6 Both parental and genome-treated induced pluripotent
stem (iPS) cells underwent normal neuron and astrocyte differentia-
tion. (a, b) Fourteen days after neuronal differentiation showing neural
network. (c) A neuron derived from genome-treated iPS cells, showing
neuronal marker (Neurofilament H) with normal neurite outgrowth. (d)
Astrocytes from genome-treated iPS cells, showing astrocyte marker
(GFAP).

DISCUSSION

Genome editing in which ectopic DNA is inserted or a part of
endogenous DNA is replaced or deleted from a genome in living
cells is progressing from a lab technology to clinical application
owing to the advancement of gene tools, especially engineered
sequence-specific endonuclease (e.g., engineered meganuclease,
zinc finger nucleases, TALENSs, and the CRISPR/Cas9 system).'*"
We have seen the first translation of this approach into a human
clinical trial using genome-treated human cells.’*** In the clinical
trial, autologous CD4 T-cells were engineered to mimic a natu-
rally occurring mutation in the C-C chemokine receptor type 5
(CCRS5) gene that provides resistance to HIV infection using zinc
finger nuclease technology. zinc finger nuclease-modified CD4
T-cells were well tolerated when reinfused and had a selective
advantage over unmodified CD4-T cells after discontinuation of
highly active antiretroviral therapy .** This approach holds great
promise for the cure of HIV/AIDS. It is reasonable to predict that
genome therapy will soon extend to inherited monogenic dis-
orders. In this study, we successfully generated genome-treated
DML1 iPS cells by incorporating PASs upstream of the DMPK CTG
expansion repeats to prevent production of mutant transcripts.
These cells were pluripotent and retained their trilineage potential
in vivo and were able to differentiate into functionally and mor-
phologically normal neurons and cardiomyocytes. In comparison
with genome modification of unipotent stem cells or terminally
differentiated somatic cells, genome-treated iPS cells have broad
potential for future clinical application for the cell-based treat-
ment for DM1, a multisystemic disorder.

We attempted to target the 223-bp 3'UTR between the nor-
mal DMPK stop codon (TGA) and the start of the CTG repeat
because this approach might maintain normal expression of
the wild type DMPK protein even if both alleles were targeted.
However, we found this approach selectively targeted the normal
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allele. None of the 84 single clones analyzed, had the mutant allele
targeted (unpublished data). This has likely resulted from hetero-
chromatin spreading and regional methylation by the expanded
CTG repeats,” > which might have prevented TALEN binding or
donor accessibility. In selecting the insertion site, we have to con-
sider the effect of nonhomologous end joining. Nonhomologous
end joining always competes with homology-directed repair.
Double strand break in cells that are repaired by nonhomolo-
gous end joining will cause mutation by insertion or deletion
(Indel) of nucleotides. We have thus avoided targeting the exons.
Intron 9 was chosen based on the following protein structure
and domain functions of the DMPK gene: (i) Intron 9 is 2.2kb.
We can easily select a specific TALEN pair without affecting
potential functional sequences (e.g., alternative splicing branching
point, etc. (ii) All the kinase domains are encoded before exon 9,
including the downstream VSGGG motif which is important for
DMPK autophosphorylation and phosphorylation of its targets.
The C-terminus after exon 9 is involved in protein trafficking and
localization.* (iii) There is a stop codon right at the beginning of
intron 9 and no new peptide of unknown function will be added.
Since the transcription has been diverted toward the inserted
PASs, there is no exon—-exon junction complex remaining after the
stop codon. The newly-formed transcripts will not be degraded
by nonsense-mediated decay after the first round of translation
and a truncated protein will be produced. There was concern that
the truncated protein may create an unwanted dominant-nega-
tive function, but we have shown the truncated isoform naturally
exists in the cells." Since only minor histopathological abnormali-
ties have occurred in DMPK knockout mice, haploinsufficiency is
not considered as a disease mechanism of DM1 (refs. 25,26), and
imprinting is not involved in expression of the DMPK gene,” we
do not anticipate that a minor disturbance of DMPK expression
in this approach will affect the cellular function. Indeed, our cur-
rent data confirm that it did not affect in vitro neural and cardiac
differentiation or in vivo teratoma formation, a stringent method
to test pluripotency. We anticipate the unknown “side effects” will
be well-tolerated.

Targeting the furthest downstream intron is more ideal
because this would allow the cell to generate its own natural splic-
ing isoforms. However, all downstream introns are <350 bp except
for intron 10 (712bp). It would be difficult to find a pair of specific
TALENS or the splicing branching points will likely to be affected
if nonhomologous end joining happened. If intron 10 is selected, a
34 amino acids peptide will be added to the natural protein before
it reaches the next stop codon and the function of the attached
peptide would be unknown. With the above considerations,
intron 9 was selected for the targeted insertion of the PASs.

Allogenic transplantation of in vitro cultured myoblast from
healthy donors was tested in Duchene Muscular Dystrophy but
the results were not satisfactory.=' One of the major limita-
tions was the reduction of regenerative and self-renewal potential
of satellite cell-derived myoblasts after the long in vitro cultures
required to obtain enough cells for transplantation.”” iPS cells
have a great potential for cell-based therapy for skeletal muscle
cell replacement (see reviews).”** In particular, iPS cells can pro-
vide unlimited early stage muscle precursor cells for transplan-
tation purposes. The genome-treated iPS cells will likely survive
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Figure 7 Elimination of nuclear RNA foci and reversal of aberrant splicing in linear-differentiated cardiomyocytes derived from genome-treated
induced pluripotent stem (iPS) cells. (Upper panel) (a) Cardiomyocyte from normal control iPS cells showing no nuclear RNA foci. (b) Cardiomyocyte
from parental Myotonic dystrophy type 1 (DM1) iPS cells showing nuclear RNA foci. (c) Cardiomyocyte from genome-treated DM1 iPS cells showing disap-
pearance of nuclear RNA foci. (d) Agarose gel images showing the reversal of aberrant splicing pattern in cardiac troponin T (cTNT), insulin receptor (INSR),
muscleblind-like splicing regulator (MBNL)1 and MBNL2. (Lower Panel) Graphs showing the statistical differences of exon exclusion, in which exon 5 or 7
exclusion is adult isoform in cTNT, MBNL1 and MBNL2 while exon 10 exclusion is fetal isoform in INSR. *P < 0.05 by one-way analysis of variance.

and function better than unmodified cells carrying the mutation.
As such, we are differentiating these genome-treated iPS cells into
myogenic precursors for a transplantation study. These precursor
cells may contribute to the satellite cell compartment, which can
supply genome-treated myoblasts to join the host muscle myofi-
bers or form new myotubes. Even though it may not replace all
of the cells, the resultant mosaicism may delay the onset and pro-
gression of the disease.
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There are other hurdles to generate clinically-clean iPS
cells. Grafting efficiency issues, functional engraftment, purity
of the delivered population, mutations acquired in vitro, onco-
genic transformation, etc. Our study was designed as a first
step to generate genomically-healthy iPS cells to solve one of
these hurdles before such cells are applied to clinical usage.
Additional experiments are needed to determine which stage
of differentiation is the most optimal for cell transplantation.
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Data from preclinical studies using mouse models will provide
further evidence regarding whether the genome-treated cells
will function better than parental cells as a cellular source for
transplantation. We think this approach is also applicable to
other haplosufficient, autosomal dominant RNA gain-of-func-
tion, monogenetic disorders that are caused by long nucleotide
repeat expansions.

In our previous study, the MAPT splicing pattern was
reversed in genome-treated NSCs." Those NSCs were “late”
NSCs. The results were reproduced in the “late” NSCs but not
in the “early” NSCs derived from genome-treated DM1 iPS cells
in the current study. We found that the alternative splicing pat-
terns are quite different between “early” NSCs and “late” NSCs.
This differential expression likely reflects the neural system
development in the brain.*® We have been able to generate rea-
sonably homogeneous NSCs of different stages, which will likely
generate consistent, comprehensive data about the differential
expression pattern between the “early” NSCs and “late” NSCs
by RNAseq and bioinformatics analyses. These data might help
explain this apparent dichotomy and its relationship to congen-
ital and adult DM1 phenotypes. It will be interesting to exam-
ine the developmental process versus the degenerative process.
The revelation of this dichotomy may also help with guiding
cell transplantation therapy. Early embryonic primitive NSCs
are different from adult NSCs. It is possible that early primi-
tive NSCs might generate the preponderance of neurons, while
late NSCs contribute mostly glia.***% Adult NSCs may still have
the capacity to generate neurons, but it is regionally and tem-
porally restricted. As yet, however, there is no direct evidence
that adult-derived stem cells can create the types of projec-
tions that are normally generated in the embryo. How to iden-
tify cell sources for therapeutic use will be an important issue.
The “early” NSCs in this study likely consist of embryonic-like
primitive NSCs. These cells can spontaneously differentiate into
neurons even while cultured under proliferative conditions. It
will be important to understand whether the transplantation of
these “early” NSCs can create projections that can connect into
the existing neural network.

Cardiac differentiation appears normal in terms of the mor-
phology and spontaneous contraction capabilities. However,
parental DM1 cardiomyocytes do show molecular abnormalities
by alternative splicing assays. Early knowledge in this area was
acquired by autopsy tissues and had its limitations. We generated
an isogenic cellular model system, which will reduce the intrinsic
variability associated with the genetic background of each indi-
vidual iPS cell line. Inclusion of exon 7 of MBNL dramatically
decreases during heart development.* Inclusion of exon 7 in tibia
anterior muscle increases in human DM1 (ref. 40). Using our
DM1 iPS cellular model, we have been able to show that the car-
diomyocytes derived from genome-treated DM1 iPS cells can be
returned to normal splicing pattern. The comparative analysis of
RNAseq data among normal, parental DM1, and genome-treated
DMI cardiomyocytes at different stages of heart development will
likely generate valuable knowledge into the pathogenesis of the
cardiovascular system in DM1. These viable cardiomyocyte can
also be utilized for electrophysiological studies and potentially
provide insight for therapeutic drug development.
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Conclusion

Genome treatment by incorporating exogenous PASs upstream
of the DMPK CTG repeat expansion prevented the production of
toxic mutant RNAs and reversal of molecular phenotypes in DM1
iPS cells and their progeny. These genetically-treated iPS cells will
have broad clinical applications in developing autologous stem
cell therapies for DM1.

MATERIALS AND METHODS

Approach and construction of donor vectors. Genome modification was
performed in human DM iPS cells as described previously.*! Briefly, SV40
and bovine growth hormone, PASs were inserted upstream of DMPK CTG
repeats to induce premature termination of DMPK gene transcription and
prevent the production of toxic mutant transcripts. In this study, a nega-
tive selectable marker, Herpes Simplex Virus-Thymidine Kinase, was engi-
neered into the donor vector downstream of the 3" homologous arm (see
Supplementary Figure S$10). Clones with random insertion containing
the Herpes Simplex Virus-Thymidine Kinase cassette will be eliminated by
Ganciclovir selection. The expression of mutant CUG repeats was moni-
tored by nuclear RNA foci, the molecular hallmark of DM1, using RNA
fluorescence in situ hybridization (RNA-FISH).

Cell culture, transfection, and clone selection. Normal, DM-03, and DM-05
iPS cell lines were generated previously in our lab* and have been adapted
to TeSR-E8 medium (STEMCELL Technologies, Vancouver, Canada). The
“Normal 2” iPS cell line was generated from foreskin fibroblasts kindly
provided by the laboratory of Naohiro Terada. For transfection, DM iPS
cells were passed in small colonies using Gentle Cell Dissociation Reagent
(STEMCELL Technologies) the day before transfection on a Vitronectin
coated 6-well plate in TeSR-E8 medium (STEMCELL Technologies).
Transfection was conducted with MACSfectin (Miltenyi Biotec, Auburn,
CA). Briefly, 1 pg of each TALEN and 4 g of donor vector pDEST-Puro-TK
were mixed in 100 pl TeSR-E7 medium containing 12 ul MACSfectin. They
were incubated at RT for 20 minutes and then the complex were added drop
wise to 1 well of cultured cells in a 6-well plate (3 ml in each well). Medium
was changed 24 hours later. Puromycin selection was started 48 hours after
transfection at 0.4 ug/ml. Ganciclovir (4 pmol/l) selection was started 5 days
postpuromycin selection. Selection was continued until individual clones
were large enough for isolation. Fortyeight puromycin-resistant clones of
DM-03 iPS cells and 7 puromycin-resistant clones of DM-05 iPS cells were
picked for RNA-FISH phenotyping, subcloning, and genotyping to identify
clones that had loss of nuclear RNA foci and only the mutant allele targeted.

Teratoma generation. Animal studies were approved by the Institutional
Animal Care and Use Committee. Normal, DM1 (DM-03 and DM-05), and
genome-treated DM1 (13-3 and 33-4 from DM-03; and T17 from DM-05)
iPS cell clones were cultured in TeSR-E8 medium on 6-well plates until
90% confluent. Cells were detached with Gentle Cell Dissociation Reagent
(STEMCELL Technologies) and incubated at RT for 10 minutes. Cells were
resuspended in 200 pl cold phosphate-buffered saline (PBS), and mixed
with 200 ul BD Matrigel (BD Bioscience, San Jose, CA, Ca# 354277) before
injection (kept on ice). Injection was conducted using a 28.5 gauge syringe
into the dorsal back of C57BL6 severe combined immunodeficiency mice
(The Jackson Laboratory, Bar Harbor, Maine) subcutaneously. The total cell
number was 2 x 10° cells in the volume of 200 pl. Mice were monitored and
when the tumor reached 1-1.5cm in diameter, mice were sacrificed and the
teratoma were harvested. Tumors were fixed in 4% paraformaldhyde over-
night and then processed for embedding in Tissue-Tek O. C. T compound
for histological, RNA FISH and immunofluorescence (IF) staining.

RNA-FISH and IF. RNA-FISH and IF were performed as described pre-
viously.***> For RNA FISH on teratoma tissue, frozen sections (6 pum)
were dried for 30 minutes at RT. Sections were then washed 3 times
in PBS for 2 minutes and permeabilized in 0.03% TritonX 100 for 5
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minutes. Hybridization with HPLC-purified, Cy3-labeled (CAG),) DNA
probe(1 ng/ul) (Integrated DNA Technologies, Coralville, TA) was per-
formed as described in RNA FISH on fixed cells. Sections were rinsed
in PBS (PH 7.4) and then processed for IE Slides were first blocked with
SuperBlock (PBS) Blocking Buffer (Life Technologies) at RT for 30 min-
utes, then primary antibodies Desmin (1:100), Nestin (1:100), or CDX2
(1:100) were added and incubated overnight at 4°C. The following day,
slides were washed with PBS, incubated with appropriate secondary anti-
bodies conjugated with Alexa Fluor 488 (Invitrogen/Life Technologies)
(1:500) for 30 minutes at RT. After a final wash in PBS, slides were mounted
with Vectashield Mounting Medium with 4',6-diamidino-2-phenylindole
(Vector Laboratories, Burlingame, CA). Images were taken using an
Olympus IX81-DSU Spinning Disk confocal microscope.

Neural differentiation. Neural differentiation was performed as described
previously.”! NSCs derived from iPS cells were passed at 1:3 ratio after
passing from neural rosettes. The “early” NSCs were defined as before pas-
sage 4. Whereas the “late” NSCs were defined as after passage 10. While
“normal 2” and 13-3 NSCs were only passed to passage 4. Normal, paren-
tal, 33-4 and T17 NSCs were passed until passage 10. The genome-treated
NSCs used in the current study are different from the genome-treated
NSCs in our previously published experiment.'* In the previous paper,
the NSCs were generated through direct editing of iPS cell-derived NSCs.
They are “late” NSCs. In the current study, NSCs are generated through dif-
ferentiation of genome-treated iPS cells. We performed alternative splicing
assay in both the “early” NSCs and “late” NSCs.

For neuronal differentiation, 4 x 10° NSCs passage at 5, were plated
in 6-well plates coated with Poly-L-ornithine and Laminin in triplicate
in neuronal differentiation medium: 2% B-27 supplement, 2 mmol/l
GlutaMAX (Life Technologies) in Neurobasal Medium (Invitrogen/
Life Technologies). Medium was changed every 3-4 days. For astrocyte
differentiation, 2.5x10° cells were plated in 6-well plates coated with
Geltrex (Life Technologies) in triplicate in astrocyte differentiation
medium: 1% N-2 supplement, 2 mmol/l GlutaMAX, 1% Fetal Bovine
Serum in DMEM medium. Medium was changed every 3-4 days.
Neuronal and astrocyte differentiation was continued for 14 days and
then transferred to laminin-coated ibidiTreat p-slides (Ibidi GmbH,
Martinsried, Germany) for IF staining of neuron and astrocyte markers.

Cardiomyocyte differentiation. The 95% confluent iPS cells in a 6-well
plate were treated with Gentle Cell Dissociation Reagent for 12 minutes in
RT, scraped off the plate, and transferred to 15ml tube and pipetted twice
using 1 ml tips and plated at a 1:8 dilution on a Geltrex-coated 6-well plate.
Cardiomyocyte differentiation was performed when cell became 70%-80%
confluent using the PSC Cardiomyocyte Differentiation Kit (Thermo Fisher
Scientific, # A29212-01) as described in the manufacturer’s protocol. Cells
became a whole sheet and focal areas started beating around day 12 and
were harvested on day 20 for RNA extraction and alternative splicing assays.
For RNA-FISH and IF staining, cardiomyocytes in a 6-well plate
were washed in PBS without Ca?* or Mg*and then 1 ml of TrypLE (Life
Technologies) was added and incubated at 37°C for 10 minutes. Cells were
detached gently by pipetting to make a single cell suspension. Next, 2ml
of Cardiomyocyte Maintenance Medium (Life Technologies) was added,
and cells were filtered using a 100 pm cell strainer. Cells were centrifuged
at 200xg for 5 minutes. The supernatant was aspirated and the pelleted
cells were resuspended in 1 ml Cardiomyocyte Maintenance Medium.
6x10*cells were plated on Geltrex-coated ibidiTreat p-slides. After
12 hours, cells were fixed in 4% paraformaldhyde and subjected to FISH
and IF staining as described above. The primary antibody, anticardiac
troponin T (Abcam, Cambridge, MA, abc45932), was diluted 1:400.

DNA/RNA isolation, genomic PCR, RT-PCR and TP-PCR. Genomic
DNA of individual colonies was isolated with the DNeasy Blood &
Tissue Kit (Qiagen, Valencia, CA). Total RNA was isolated using Quick-
RNA MiniPrep (Zymo Research, Irvine, CA, Cat # R1055,) according to
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the manufacturer’s protocol. Primers were designed to flank a specific
genomic or cDNA region for genotyping to confirm the correct insertion
of PASs as described earlier.* Primer sequences and PCR conditions can
be found in Supplementary Table S1 and in our previous publication (see
Supplementary Table S1)."

Alternative splicing assays. Cells were collected and RNA was extracted for
cDNA synthesis as described above. RT-PCRs of the microtubule-associ-
ated protein tau (MAPT) gene spanning exon 2, 3, muscleblind-like splicing
regulator (MBNL) 1 and MBNL 2 spanning exon 7, cTNT spanning exon
5, INSR spanning exon 11 were performed as published.***-** The intensity
of each band on electrophoresis gel image was analyzed by Alphaview. The
percentage of exon inclusion/exclusion was calculated from three indepen-
dent PCR experiments. One-way analysis of variance was used for statistical
analyses and P < 0.05 was accepted as statistically significant.

SUPPLEMENTARY MATERIAL

Figure $1. Removal of selective marker with cre-recombinase 334
was infected with AAV (RGD)-Cre-GFP.

Figure $2. Expanded CTG repeats remained in genome-treated
clones detected by TP-PCR.

Figure $3. Representative clones of DM1-05 iPS cells treated with
TALENs and donor after puromycin selection.

Figure $4. Disappearance of intranuclear foci in teratoma tissues
foci were seen in endoderm (gland-like structure) and mesoderm
(cartilage-like) tissues in teratoma derived from parental DM1 iPS cells
(DM-03).

Figure S5. Pluripotency assay by teratoma formation in parental
DMT1 iPS cells (DM-05) and genome-treated iPS cells.

Figure $6. FISH and IF in teratoma tissues from parental DM1 iPS
(DM-05) and genome-treated iPS cells (T17).

Figure $7. Dynamic change of alternative splicing of MAPT from
early to late passage of NSCs.

Figure $8. The integration of the polyA signals upstream of DMPK
CTG repeats in DM-05 iPS cells led to elimination of nuclei RNA foci
and reversal of aberrant splicing of MAPT in linear-differentiated neural
cells.

Figure $9. Elimination of nuclear RNA foci and reversal of aberrant
splicing in linear-differentiated cardiomyocytes derived from genome-
treated iPS cells.

Figure $10. Donor construct information. Map of donor vector with
puromycin resistant cassette (pDEST-puro).

Table S1. Sequences of the primers.
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