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CTG repeat expansion (CTGexp) is associated with aberrant
alternate splicing that contributes to cardiac dysfunction in
myotonic dystrophy type 1 (DM1). Excision of this CTGexp

repeat using CRISPR-Cas resulted in the disappearance of
punctate ribonuclear foci in cardiomyocyte-like cells derived
from DM1-induced pluripotent stem cells (iPSCs). This was
associated with correction of the underlying spliceopathy as
determined by RNA sequencing and alternate splicing analysis.
Certain genes were of particular interest due to their role in car-
diac development, maturation, and function (TPM4, CYP2J2,
DMD, MBNL3, CACNA1H, ROCK2, ACTB) or their associa-
tion with splicing (SMN2, GCFC2, MBNL3). Moreover, while
comparing isogenic CRISPR-Cas9-corrected versus non-cor-
rected DM1 cardiomyocytes, a prominent difference in the
splicing pattern for a number of candidate genes was apparent
pertaining to genes that are associated with cardiac function
(TNNT, TNNT2, TTN, TPM1, SYNE1, CACNA1A, MTMR1,
NEBL, TPM1), cellular signaling (NCOR2, CLIP1, LRRFIP2,
CLASP1, CAMK2G), and other DM1-related genes (i.e.,
NUMA1, MBNL2, LDB3) in addition to the disease-causing
DMPK gene itself. Subsequent validation using a selected
gene subset, including MBNL1, MBNL2, INSR, ADD3, and
CRTC2, further confirmed correction of the spliceopathy
following CTGexp repeat excision. To our knowledge, the pre-
sent study provides the first comprehensive unbiased transcrip-
tome-wide analysis of the differential splicing landscape in
DM1 patient-derived cardiac cells after excision of the CTGexp

repeat using CRISPR-Cas9, showing reversal of the abnormal
cardiac spliceopathy in DM1.
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INTRODUCTION
Myotonic dystrophy type 1 (DM1) is an autosomal dominant mul-
tisystemic disorder mainly affecting the skeletal muscles and heart.
Apart from muscular atrophy and weakness, a well-established
clinical feature in congenital DM1 patients is heart disease, with
sudden cardiac arrest being the predominant cause of mortality.1,2

Hence, it is important to validate new therapeutic strategies that
Molecu
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can correct the cardiac defects in DM1 patients. DM1 is caused
by a trinucleotide repeat expansion (CTGexp) at the 30 untranslated
region (UTR) of the dystrophia myotonica protein kinase (DMPK)
gene on chromosome 19.3,4 Transcription of the DMPK gene with
a CTGexp repeat leads to expanded DMPK transcripts. These tran-
scripts consequently fold into a supercoiled stem-loop structure
that forms complexes with intracellular RNA-binding proteins, re-
sulting in ribonuclear foci, which accumulate in the cell nuclei.
The toxic RNA gain-of-function hypothesis is the widely accepted
central pathogenesis mechanism for DM1.5–8 These ribonuclear
foci play a central role in the pathogenesis of DM1. In particular,
the RNA-binding proteins muscleblind-like 1 (MBNL1) and CUG-
binding protein 1 (CUGBP1)4,9,10 are thought to play a role in
DM1 pathogenesis. MBNL1 and CUGBP1 are regulators of alter-
native splicing, exhibit antagonistic effects, and are important in
developmental regulation of splicing events.11 During the fetal to
adult transition, nuclear levels of MBNL1 are increased and
CUGBP1 levels are decreased, leading to a switch from fetal to
adult splicing.4,11 Due to the combination of the MBNL1 loss of
function and the CUGBP1 gain of function in DM1 pathology,
alternative splicing of specific genes is reverted back to the embry-
onic splicing pattern with retention of fetal-specific exons in pre-
cursor (pre-)mRNA of DM1 affected cells.4,11 This abnormal
splicing pattern is one of the hallmarks of DM1 and contributes
to its pathogenicity.9,12–15 Consequently, correction of the splice-
opathy is a prime target of current therapeutic interventions in
DM1 and serves as an important biological marker to analyze its
efficacy.
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We and others have recently shown that excision of the CTGexp repeat
using CRISPR-Cas9 corrects the abnormal splicing defect in DM1
patient-derived myoblast or mesoangioblast-derived myotubes.16,17

However, it is not known whether precise excision of the CTGexp

repeat using CRISPR-Cas9 technology is sufficient to completely
reverse the underlying spliceopathy in DM1 cardiomyocytes.
Moreover, comprehensive genome-wide studies assessing the global
impact of the CTGexp repeat on the abnormal cardiac splicing pattern
in DM1 are currently lacking. Unfortunately, primary DM1 cardio-
myocytes cannot readily be retrieved and expanded in culture,
hampering these studies.

In the current study, we therefore aim to overcome this limitation by
relying on cardiomyocyte-like cells derived from DM1 patient-spe-
cific induced pluripotent stem cells (DM1-iPSCs). This represents
an attractive in vitro cellular DM1 disease model to assess the precise
molecular consequences of CRISPR-Cas9-mediated gene-specific
excision of the pathogenic CTGexp repeat in cardiomyocyte-like cells.
To take into account intrinsic interpatient and/or cell line variability
in splicing patterns, we used four isogenic pairs of CRISPR-Cas9-cor-
rected and non-corrected iPSC lines that we previously described.16

To our knowledge, the present study provides the first comprehensive
transcriptome-wide assessment of the global impact of CRISPR-
Cas9-mediated excision of the CTGexp repeat on the splicing land-
scape in DM1 patient-derived cardiomyocyte-like cells. In our current
study, we have broadly looked into two aspects of the transcriptome:
the differential expression pattern of genes (DEGs) and their individ-
ual transcripts (DETs). Second, we have compared the differentially
alternative spliced genes (DASGs) in CRISPR-Cas9 corrected and
non-corrected DM1 cardiomyocyte-like cells. The current study
reveals new potential disease marker genes and demonstrates that
cardiac spliceopathy was effectively reversed using CRISPR-Cas9,
supporting its use as a potentially attractive treatment modality to
correct the cardiac dysfunction in DM1 patients.

RESULTS
Cardiomyogenic differentiation of CRISPR-Cas9-correctedDM1

patient-specific iPSCs

The human iPSC (hiPSC) clones from healthy donors and CRISPR-
Cas9-corrected and non-corrected isogenic iPSC clonal lines from
DM1 patients16 (Figures 1A and 1B; Figures S1A, S2A, and S2D)
were induced to undergo cardiomyogenic differentiation. The
required specific growth and differentiation conditions followed a
three-stage process (Figure 1A) based on (1) mesodermal commit-
ment, (2) cardiac mesodermal induction, and (3) cardiomyocyte
maturation toward contracting cardiomyocyte-like cells. These con-
tracting cardiomyocyte-like cell clusters emerged around day 14 after
initiation of cardiomyogenic differentiation (Figure 1C; Figures S1B
and S2B) and were maintained in cardiomyocyte maturation medium
between day 14 and day 20 (Figure 1A). A total of 10 iPSC lines
sourced from two DM1 patients (i.e., patient FL: FL8 and FL5; patient
L: L81 and L23) and two healthy donors (wild-type [WT]: C1 and C7)
were established (Table S1). The 10 iPSC lines consisted of four
CRISPR-Cas9-corrected DM1-iPSC lines (i.e., FL8-C07, FL5-C12,
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L81-C10, and L23-C03) (Figure 1B; Figures S1A and S2A), four
non-corrected DM1-iPSC lines (i.e., FL8-C35, FL5-C28, L81-C08,
and L23-C06) (Figure 1B; Figures S1A and S2A) and two wild-type
iPSC lines (i.e., WT-C1 and WT-C7) (Figure 1B; Figure S2A). In
order to minimize variation, we obtained isogenic pairs of CRISPR-
Cas9-corrected DM1-iPSC lines and their non-corrected counter-
parts, derived from the same parent DM1-iPSC line (Table S1). For
instance, the CRISPR-Cas9-corrected FL8-C07 iPSCs and non-cor-
rected FL8-C35 iPSCs were obtained from the parental DM1 FL8
iPSC line. Prior to DM1-iPSCs to cardiac differentiation, the iPSC
clonal lines were quality controlled for any potential off-target muta-
tion caused by transient delivery of the Cas9-single guide RNA
(sgRNA) ribonucleoprotein (RNP) complexes.16 Off-target analysis
of eight iPSC clonal lines for the five most probable sites based on
computational prediction algorithms (which included a site at human
splicing factor 3b, subunit 2 [hSF3B2] gene locus with a role in alter-
nate splicing) revealed no off-target activity at those sites (Figures S9A
and S9B). This is in line with our previous report where we had de-
tected background level off-target activity between 0.2% and 0.3%,
upon constitutive expression of CRISPR-Cas9 components.16

Characterization of CRISPR-Cas9-corrected DM1-iPSC-derived

cardiomyocyte-like cells

One of the main cellular pathological characteristics of DM1 is the
accumulation of ribonuclear foci in the nuclei of affected cells. Ribonu-
clear foci formation was therefore assessed in the DM1-iPSC-derived
cardiomyocyte-like cells. Quantification of ribonuclear foci per nucleus
of cardiomyocyte-like cells obtained from the CRISPR-Cas9-corrected
DM1-iPSC-derived cell lines (i.e., FL8-C07, FL5-C12, L81-C10, and
L23-C03) and WT iPSC lines (i.e., WT-C1 and WT-C7) showed an
absence of any ribonuclear foci (Figures 1D and 1E; Figure S1C). In
contrast, the non-corrected DM1-iPSC (i.e., FL8-C35, FL5-C28, L81-
C08, and L23-C06)-derived cardiomyocyte-like cells retained ribonu-
clear foci (Figures 1D and 1E; Figures S1C). This provides direct evi-
dence that CRISPR-Cas9-mediated excision of the CTGexp repeat in
iPSC-derived cardiomyocyte-like cells results in the disappearance of
the pathogenic RNP/DMPK mRNA complexes, which is expected to
correct its downstream pathological consequences. Co-localization of
the MBNL1 protein with the DMPK mutated transcript is one of the
hallmarks of DM1 cells. Therefore, in addition to ribonuclear foci,
we also examined the MBNL1 delocalization in the corrected cardio-
myocyte-like cells. We performed dual immunofluorescence (IF)-fluo-
rescence in situ hybridization (FISH) co-staining to detect MBNL1
protein and DMPK mutated transcripts with CTGexp repeat in
CRISPR-Cas9-corrected versus non-corrected DM1-iPSC-derived car-
diomyocyte-like cells (Figure 1F; Figure S10). Analysis of the micro-
scopic data shows the presence of MBNL1 punctate staining (marked
by white arrowheads) co-localized with ribonuclear foci in the cardiac
cells derived from non-corrected iPSCs (FL8 clone 35, FL5 clone 28,
L81clone 08, L23 clone 06) (Figure 1F; Figure S10). Alternatively, in
the corrected cells (FL8 clone 07, FL5 clone 12, L81 clone 10, L23 clone
03), where there is complete absence of ribonuclear foci, we observed a
concomitant delocalization of the MBNL1 protein in the nucleus (Fig-
ure 1F; Figure S10).We also analyzed the localization of DMPK protein



Figure 1. Cardiomyogenic differentiation of

CRISPR-Cas9 RNP-corrected and non-corrected

DM1 induced pluripotent stem cells (DM1-iPSCs)

(A) Schematic representation of the various stages of the

generation of iPSC-derived cardiomyogenic cells from

human iPSCs. The flowchart also depicts the step of

magnetic activated cell sorting (MACS) of VCAM+ and/or

SIRPA+ cells after differentiation. (B) Representative

phase contrast images of DM1-iPSC clonal lines (DM1

patient FL: FL5 C12 and FL5 C28) obtained after

CRISPR-Cas9 treatment and clonal isolation. A healthy

wild-type (WT) iPSC line (WT-C1) cultured under feeder-

free conditions is also shown (scale bars, 250 mm). (C)

Representative phase contrast images of DM1 and WT

iPSC-derived cardiomyogenic differentiation cells (iPSC-

Cardio) obtained after day 14 of differentiation. The car-

diomyogenic beating cell clusters are dense multi-layered

structures marked with black arrowheads (scale bars,

100 mm). (D) Representative image of DM1 cells and

iPSC-Cardio stained for RNA foci by fluorescence in situ

hybridization (FISH). Cardiomyogenic cells from CRISPR-

Cas9-corrected DM1-iPSC clones (DM1 patient L: L81-

C10 and L23-C03) and non-corrected DM1-iPSC clones

(DM1 patient L: L81-C08 and L23-C06) were analyzed.

Healthy WT iPSC line-derived cardiomyogenic cells (WT-

C1) were taken as the negative control for FISH staining.

An antisense Cy3-labeled probe was used against trinu-

cleotide CUGexp RNA. Selected nuclei from the non-

corrected samples were zoomed into (bottom panel) to

show the ribonuclear foci (red) indicated by arrowheads.

Upper panel represents stained nuclei at lower magnifi-

cation (scale bars, 20 mm), and the bottom-most panel

represents higher magnification of the selected region.

Nuclei were counterstained with DAPI. (E) Graph repre-

senting foci per nucleus for cardiomyocytes derived from

CRISPR-Cas9-corrected and non-corrected DM1-

iPSCs. WT iPSC-derived cardiomyocytes were taken as

negative controls. The foci per nucleus were calculated

and are represented by each data point in the graph. The

data are represented asmean ± SEM. (F) Dual staining for

MBNL1 protein and analysis of localization with a DMPK

mutated transcript with CTGexp repeats in the ribonuclear

foci complex in the corrected FL8-C7 DM1-iPSC- and

non-corrected FL8-C35 DM1-iPSC-derived cardiac

cells. WT cells (WT-C7) were also stained as a healthy

control. Each representative image is a maximum in-

tensity z projection of the z slices. Enlarged views of

selected ribonuclear foci negative (NF�) and positive

(NF+) nuclei are represented under different filters. Nuclei

were counterstained with DAPI.
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in the DM1-iPSC-derived cardiomyocyte-like cells (Figure S13A) and
DM1-iPSCs (Figure S13B) with IF-FISH co-staining (for the DMPK
mutated transcript) and IF, respectively. Analysis of the stained cells
showed no significant difference in DMPK localization in both
DM1-iPSC-derived cardiomyocyte-like cells and DM1-iPSCs after
correction.

We subsequently verified the transcript levels of selected progenitor
and differentiated cardiomyogenic markers in the iPSC-derived
differentiated cell population obtained after the fourth stage of the
iPSC cardiomyogenic differentiation protocol (Figure 1A). Cardio-
myogenic differentiation was consistent with increased expression
of characteristic cardiac progenitor genes, including MEF-2C,
GATA4, and MLC2A in CRISPR-Cas9-corrected and non-corrected
DM1 and WT cardiomyocyte-like cells, relative to the housekeeping
geneGAPDH. In contrast, there was no relative increase in expression
of these cardiac progenitor genes in non-differentiated CRISPR-
Cas9-corrected and non-corrected DM1-iPSCs (Figure 2A). In the
Molecular Therapy Vol. 29 No 11 November 2021 3
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Figure 2. Characterization of DM1-iPSC-derived cardiomyogenic cells (iPSC-Cardio)

(A) Quantitative progenitor cardiac markersMEF-2C,GATA4, andMLC2A gene expression relative to iPSCs in all of the cardiomyogenic cells obtained after differentiation. (B)

Quantitative differentiated cardiac markers MYH7 and VCAM gene expression relative to iPSCs in all of the cardiomyogenic cells obtained after differentiation. (C) Immu-

nostaining for cardiomyogenic markers such as cTNT and NKX2.5 in CRISPR-Cas9-corrected and non-corrected DM1-iPSC- and WT iPSC-derived cardiomyogenic cells.

Scale bars, 100 mm. Nuclei were counterstained with DAPI. (D) Immunostaining for cardiomyogenic marker SCN5A in CRISPR-Cas9-corrected and non-corrected DM1-

iPSC- and WT iPSC-derived cardiomyogenic cells. Nuclei were counterstained with DAPI. Scale bars, 20 mm.
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fourth stage of the iPSC cardiomyogenic differentiation protocol (Fig-
ure 1A), where we obtain cardiomyogenic like cells from cardiac
mesodermal cells, the differentiated cells showed increased expression
of differentiated cardiac marker genes, including MYH7 and VCAM,
relative to GAPDH control, in CRISPR-Cas9-corrected and non-cor-
rected DM1 and WT cardiomyocyte-like cells. In contrast, these
differentiated cardiac markers were not induced relative to GAPDH
in the corresponding undifferentiated iPSCs used as a control (Fig-
ure 2B; Figure S4B). Furthermore, immunofluorescence analysis of
CRISPR-Cas9-corrected and non-corrected DM1 and wild-type car-
diomyocyte-like cells expressed the cardiac markers NKX2.5, cTNT
(Figure 2C; Figures S2C, S3A, and S4A), and SCN5A (sodium channel
protein type 5-subunit a) (Figure 2D; Figure S3B), whereas their un-
differentiated iPSC counterparts failed to express these cardiac
markers. In addition to molecular marker analysis, functional assays
were conducted on the differentiated CRISPR-Cas9-corrected iPSC-
derived contracting cardiomyocytes by assessing calcium cycling
(Figure S5A). Spontaneous dynamic changes in intracellular calcium
concentration were observed. These spontaneous rhythmic fluctua-
tions of the intracellular calcium concentration, highlighted with
the increase (peak level) and decrease (basal level) in fluorescence ac-
tivity, i.e., the calcium transients, was consistent with the functional
excitation-contraction coupling of the DM1 patient-derived cardio-
myocyte-like cells (Figure S5A; Videos S1, S2, S3, S4, S5, and S6).
4 Molecular Therapy Vol. 29 No 11 November 2021
After characterizing the differentiated cells for cardiac marker expres-
sion and calcium transport, we quantified the contractility of cardio-
myocyte-like cells. To do so, we used an automated contractility anal-
ysis tool for the measurement of contracting cardiomyocytes to
determine parameters such as beat rate, contraction/ relaxation
time, and contraction velocity (Figure S12A).18,19 The analysis of
the contraction parameters from differentiated cells derived from
four corrected DM1-iPSC lines (FL8-C07, FL5-C12, L81-C10, and
L23-C03), four non-corrected DM1-iPSC lines (FL8-C35, FL5-C28,
L81-C08, and L23-C06) and two WT iPSC lines (WT-C1 and WT-
C7) showed significant increase in contraction velocity in the cor-
rected group (mean contraction velocity: 27.8 ± 5.56 pixels/s) similar
to that of wild-type controls (mean contraction velocity: 23.12 ± 6.56
pixels/s), when compared to their non-corrected counterparts (mean
contraction velocity: 14.08 ± 2.93 pixels/s) (Figure S12A). This was
consistent with the outcomes in other studies where DM1 was
compared to healthy controls.20,21 However, there was no significant
difference in beat rate from isogenic lines. We observed variable beat
rates, with mean beat rate ranging from 12 ± 2.0 beats/min to 63.2 ±
10.3 beats/min (Figure S12D). Additionally, based on our PULSE
analysis of the contraction and relaxation time of the beating clusters,
the isogenic lines were comparable with mean contraction time
ranging between 0.35 ± 0.04 s and 0.61 ± 0.17 s and mean relaxation
time ranging between 0.65 ± 0.07 s and 0.85 ± 0.12 s (Figures S12B
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and S12C). The PULSE analysis was based on beating clusters rather
than comparing individual beating cells. Therefore, a more detailed
evaluation and analysis of individual beating cells fromWT/corrected
and non-corrected cell lines might provide additional in-depth char-
acteristics of electrophysiological abnormalities due to DM1.

Collectively, the above results demonstrate that CRISPR-Cas9-cor-
rected and non-corrected DM1 and WT iPSCs were able to undergo
relatively robust cardiomyogenic differentiation. This is consistent
with the generation of functional contracting cardiomyocyte-like cells
that expressed cardiac marker genes and were able to exhibit calcium
transients in the contracting cells. Variable expression levels of car-
diac marker genes were apparent between different cell lines derived
from different DM1 patients (i.e., FL8, FL5, L81, and L23) and WT
donor lines. This likely reflects the well-established intrinsic vari-
ability among different iPSC lines, which may in turn have impacted
the kinetics and/or robustness of the cardiomyogenic differentiation.

When comparing isogenic cell lines with the same genetic back-
ground, two CRISPR-Cas9-corrected DM1-iPSC-derived cardiomyo-
cyte-like cells showed a relatively robust increase in relative expres-
sion of cardiac differentiation markers (i.e., GATA4, MLC2A, and
MYH7) compared to their non-corrected counterparts (i.e., FL5:
C28/C12 and L81: C08/C10) (Figures 2A and 2B). This suggests
that the CTGexp repeat may have adversely impacted the differentia-
tion efficiency and/or kinetics in those lines that could potentially be
reverted by CRISPR-Cas9-mediated excision of the CTGexp repeat.
However, the effect was only partial, since for some marker genes,
there appeared to be no substantial difference in expression (e.g.,
MEF2C and VCAM) in corrected versus non-corrected isogenic lines
(Figures 2A and 2B; Figure S4B). Nevertheless, in some isogenic cell
lines there was no difference in cardiac marker gene expressions be-
tween non-corrected and CRISPR-Cas9-corrected DM1-iPSC-
derived cardiomyocyte-like cells (i.e., FL8 [C35/C07] and L23 [C06/
C03]) (Figures 2A and 2B; Figure S4B). The exact reason for this
difference is not fully understood but may be due to intrinsic clonal
variation between different iPSC lines. Therefore, we additionally
assessed the transcriptional status of the exogenous reprogramming
factors (transgene-encoded exogenous hOCT4, hSOX2, hcMYC, and
hKLF4) in the starting DM1-iPSC clones and also analyzed the
hOCT4, hSOX2, hcMYC, and hKLF4 transgene integration sites
(ISs) in these iPSCs. This was essential to better characterize the con-
sequences of the retroviral reprogramming of the DM1- iPSCs on its
subsequent cardiomyogenic differentiation. For analysis of the
expression pattern, the overall expression of reprogramming factors
(denoted as total hOCT4/hSOX2/hcMYC/hKLF4) was compared to
the specific expression of the transgene-encoded reprogramming
factors sensu stricto (denoted as transgene hOCT4/hSOX2/hcMYC/
hKLF4 [Figures S11A–S11D]; using different primers (Table S2).22

Expression of the transgene-encoded reprogramming factors was
repressed in the different iPSC lines, as expected.23,24 Consequently,
hOCT4, hSOX2, hcMYC, and hKLF4 expression in iPSCs was mainly
derived from the endogenous loci (Figures S11A–S11D). Although
hOCT4 and hSOX2 pluripotency genes were expressed at relatively
high levels in the iPSC clones, no expression was detected in the
differentiated cardiomyocyte-like cells (Figures S11E and S11F),
consistent with their more differentiated phenotype. In contrast,
only basal hcMYC and hKLF4 expression was apparent in both differ-
entiated cells and iPSCs (Figures S11G and S11H).25–29

Since expression of the exogenous reprogramming factors by the
retroviral vectors is repressed or absent across all iPSC clones and
their respective differentiated cardiomyocyte-like cells, it is unlikely
that this would have contributed to some of the inter-clonal differ-
ences in the extent of cardiomyogenic differentiation.

The objective of the IS analysis (ISA) was to determine whether there
were any known classical genes related to cardiac differentiation and
functioning that were disrupted following integration of the retroviral
vector encoding the reprogramming factors. Analysis of ISA data
showed that from a total of 4.4 million sequencing reads, a total of 26
different integration loci could be mapped in the four iPSC lines (Table
S3; human chromosome number and sequence orientation are indi-
cated; the hg38 database was used as reference). Further analysis of
the genes and integration loci (Table S3) revealed that none of the
retroviral ISs was present in genes that are directly involved in cardiac
differentiation or in normal cardiac functioning. Moreover, none of
the integrations occurred in exons. Notably, 1 of the 26 different
retroviral ISs (Ch16; �66927012) was located upstream of the RRAD
(Ras-related glycolysis inhibitor and calcium channel regulator) gene
that plays a role in electrical and cytoskeletal function andCa2+handling
in cell cardiomyocytes.30,31 However, it is reassuring that the retroviral
integration was not in the RRAD open reading frame itself and conse-
quently the exonic regions of the RRAD gene remained unaffected.

Based on the analysis of the expression pattern of exogenous reprog-
ramming factors and the absence of any disruptions of genes involved
in cardiac differentiation and function (as revealed by comprehensive
genome-wide ISA), it is unlikely that retroviral-mediated iPSC gener-
ation impacted the cardiac differentiation potential of the iPSCs lines
used in the current study.

Transcriptome-wide assessment of differential expression

pattern in corrected versus non-corrected DM1 cardiomyocyte-

like cells

Subsequently, a comprehensive transcriptome-wide assessment was
conducted on the global impact of CRISPR-Cas9-mediated excision
of the CTGexp repeat on the transcriptome inDM1 patient-derived car-
diomyocyte-like cells. In particular, differentially expressed genes
(DEGs) and differentially expressed transcripts (DETs) were moni-
tored by RNA sequencing (RNA-seq) in differentiated cardiomyo-
cyte-like cells obtained from isogenic CRISPR-Cas9-corrected versus
non-corrected DM1-iPSC lines. DEG analysis allows for assessment
of differential gene expression based on all of the transcripts encoded
by a given gene indiscriminately and irrespective of differential splicing.
In contrast, DET analysis permits identification of each individual
differentially expressed transcript encoded by a given gene. The avail-
ability of isogenic pairs presented an unprecedented opportunity and
Molecular Therapy Vol. 29 No 11 November 2021 5
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Figure 3. Differentially expressed genes (DEGs) and

transcripts in the CRISPR-Cas9-corrected DM1

cardiomyogenic cells

(A) Number of DEGs between CRISPR-Cas9-corrected

and non-corrected DM1 clones for each of the cell lines

(FL5, FL8, L81, and L23). (B) Number of differentially ex-

pressed transcripts (DETs) between the four CRISPR-

Cas9-corrected and non-corrected DM1 clonal lines. (C)

Volcano plots of DETs between the four CRISPR-Cas9-

corrected and non-corrected DM1 clonal lines together.

The x axis depicts log2 fold change, and the y axis depicts

–log10 p value for each of the DETs. (D) Heatmap of DETs

between the four CRISPR-Cas9-corrected and non-cor-

rected DM1 clonal lines plotted separately based on the Z

score.
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advantage to conduct these types of comprehensive comparative DEG
and DET analyses, as opposed to merely relying on non-isogenic
healthy controls as benchmarks.

DEG analysis of corrected versus non-corrected DM1 cardiomyo-
cyte-like cells for each of the four lines (i.e., FL5, FL8, L23, and
L81) revealed that there was a significant difference in expression in
less than 1% of all the genes analyzed. Of these DEGs, 54 genes
(FL5), 16 genes (FL8), 39 genes (L23), and 42 genes (L81) were upre-
gulated with log2 fold change (FC) > 2 (Figure 3A; Tables S5–S8).
Similarly, 45 genes (FL5), 83 genes (FL8), 60 genes (L23), and 57 genes
(L81) were downregulated with log2 fold change < –2 (Figure 3A;
Tables S5–S8). DEG analysis based on the Gene Ontology (GO)
pathways database in cardiomyocyte-like cells derived from
CRISPR-Cas-corrected versus non-corrected DM1-iPSCs revealed
that the genes that are upregulated or downregulated are potentially
linked to biological processes for cardiac and muscle function and
their development (Table S9). In particular, the DEGs were associated
with cytoskeletal structures, sarcomere, z-disc, nucleic acid binding,
calcium ion binding, and transcription factor activity (Table S9).

After analysis of the RNA sequencing data, we obtained a large dataset
corresponding to DETs wherein 733 and 866 specific transcripts were
6 Molecular Therapy Vol. 29 No 11 November 2021
either differentially upregulated or downregu-
lated, respectively, upon CRISPR-Cas9-mediated
excision of CTGexp (Figure 3B). In order to iden-
tify common DETs between CRISPR-Cas9-cor-
rected and non-corrected lines, the four non-cor-
rected cell lines and their four CRISPR-Cas9-
corrected isogenic counterparts were grouped in
two categories (i.e., group 1: non-corrected
DM1 FL5-C28, FL8-C35, L23-C06, and L81-
C08 versus group 2: CRISPR-Cas9-corrected
DM1 FL5-C12, FL8-C07, L23-C03, and L81-
C10). Out of the above-identified set of DETs,
99 most significant upregulated/downregulated
transcripts based on the log2 fold change and p
values were selected for downstream analysis
(Figures 3C and 3D; Tables S10 and S11). From the 99 transcript can-
didates, 44 transcripts were upregulated in the control DM1 lines (i.e.,
log2 fold change > 6.06) relative to the isogenic CRISPR-Cas9-corrected
DM1 lines. Furthermore, 55 transcripts were downregulated in the con-
trol DM1 lines (i.e., log2 fold change < �8.78), relative to the isogenic
CRISPR-Cas9-corrected DM1 line controls (Figures 3C and 3D; Tables
S10 and S11). Unbiased analysis of these selected upregulated and
downregulatedDETsbased on theGOpathways database and literature
data revealed that seven of the DETs (i.e., TPM4, CYP2J2, DMD,
MBNL3, CACNA1H, ROCK2, and ACTB) were associated with cardiac
development, maturation, and function, including expression of gated
ion channels32–37 (Figure 3C; Table S11). In addition, another three
DET transcripts were involved in alternative splicing as splicing regula-
tors or a component of the spliceosomal complex (i.e., SMN2, GCFC2,
MBNL3)35,38 (Figure 3C; Table S11). The other candidate genes whose
transcripts were differentially expressed were associated in neuronal
development and function, glucosemetabolism, regulation of transcrip-
tion, and nucleic acid binding, among others (Table S11).

Hence, these newly identified DETs (Tables S10 and S11; Figures 3C
and 3D) may play a role in DM1 pathology, but their exact contribu-
tion requires further investigation beyond the scope of the current
study. Most importantly, the changes in gene expression patterns in



Figure 4. Alternative splicing comparison analysis of the DM1 versus CRISPR-Cas9-corrected cardiomyogenic cells

(A) Schematic representation of five different categories of alternative splicing patterns. (B) Number of significant differentially alternate spliced genes (DASGs) detected under

each splice category. (C) Venn chart depicting intersection of genes between different splicing categories. Selection threshold for the genes were as follows: SE, p% 0.001,

false discovery rate (FDR)% 0.05; RI, p% 0.05, FDR% 0.69; MXE, p% 0.05, FDR% 0.58; A5SS, p% 0.05, FDR% 0.53; A3SS, p% 0.05, FDR% 0.52. (D) List depicting

functional enriched candidates from human phenotype (HP) database obtained with set of DASGs from the DM1 versus corrected group. (D) Heatmap of selected DASGs

between four DM1 clonal lines and four corrected clonal lines plotted separately based on the Z score calculated from percent splice in (PSI) values.
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isogenic CRISPR-Cas9-corrected versus non-corrected DM1 cardio-
myocyte-like cells and the corresponding outcomes from the GO
enrichment analysis are consistent with the notion that CTGexp re-
peats impact cardiac function and interfere with the splicing
machinery.

Correcting the abnormal splicing landscape in DM1

cardiomyogenic cells using CRISPR-Cas9

A detailed analysis of the alternative splicing landscape in CRISPR-
Cas-corrected versus non-corrected DM1 patient-derived cardio-
myocyte-like cells was subsequently conducted. The RNA sequencing
output data were therefore subjected to a computational analysis us-
ing the rMATS bioinformatics algorithm (replicate multivariate anal-
ysis of alternative splicing, version 4.0).39 Differentially spliced genes
were categorized under five different spliced groups, namely (1) skip-
ped exons (SEs), (2) alternative 50 splice site (A5SS), (3) alternative 30

splice site (A3SS), (4) mutually exclusive exons (MXEs), and (5)
retained introns (RIs) (Figure 4A).

In order to identify DASGs common between all of the cardiomyo-
genic lines, the four non-corrected cell lines and their CRISPR-
Cas9-corrected isogenic counterparts were grouped together in two
Molecular Therapy Vol. 29 No 11 November 2021 7
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Figure 5. Graphs of selected candidate genes with

PSI values

The PSI values (denoted as J on the y axis) for selected

genes reported to be associated with cardiomyogenic

cells were plotted. Each data point represents each of the

lines: CRISPR-Cas9-corrected (DM1 patient 1: FL5-C12

and FL8-C07; DM1 patient 2: L81-C10 and L23-C03) and

non-corrected DM1-iPSC-derived (DM1 patient 1: FL5-

C28 and FL8-C35; DM1 patient 2: L81-C08 and L23-

C06) cardiomyogenic cells.
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categories (i.e., group 1: non-corrected DM1 FL5-C28, FL8-C35, L23-
C06, and L81-C08 versus group 2: CRISPR-Cas9-corrected DM1
FL5-C12, FL8-C07, L23-C03, and L81-C10). The percent spliced in
(or inclusion [PSI], or J) was determined for all genes between the
non-corrected versus CRISPR-Cas-corrected cohorts, on which basis
delta J (DJ = Jgroup1 � Jgroup2) was determined for each gene.39

Genes with a highly significant p value and false discovery rate (FDR)
were selected for downstream analysis. The number of DASGs with a
high threshold were sorted according to the different alternative
splicing categories as shown in Figure 4B. Most of the gene candidates
encoding transcripts that had undergone a splicing event were mutu-
ally exclusive, belonging to one of the five distinct splicing categories,
whereas a relatively smaller number of genes encoding alternatively
spliced transcripts belonged to different splicing categories (Figure 4C;
Table S12).

DASGs (Table S12) with high threshold values were subsequently
analyzed using the human phenotype (HP) database.40 A prominent
pattern consistent with the DM1 disease phenotype was apparent
(Figure 4D; Table S13). In particular, functionally enriched candidate
genes include genes affecting muscle tone and abnormal muscle phys-
iology, movement, andmyotonia, but also certain central nervous sys-
tem abnormalities (Figure 4D; Table S13).41–43 Hence, the rMATS
analysis in conjunction with the HP database revealed that the alter-
natively spliced genes detected in DM1 patient-derived cardiomyo-
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cyte-like cells reflect well-known DM1 patient
characteristics and indicate a shift of DM1 spli-
ceopathy toward a healthy state after CRISPR-
Cas9 correction.

Following the identification of the candidate
genes corresponding to the different splicing
categories (i.e., SE, A5SS, A3SS, MXE, and RI)
with significant DJ, the high confidence target
genes were plotted as heatmaps based on their Z
scores (Figure 4E; Figure S8; Tables S14, S15,
S16, and S17). Heatmaps showed a distinct set
of DASGs, which were either upregulated or
downregulated after CRISPR-Cas9-mediated
excision of the CTGexp in the cardiomyocyte-
like cells. For this list of DASGs, a subset of
genes was selected, which are known to be
abnormally alternatively spliced in DM1.44–49 J analysis in
CRISPR-Cas9-corrected versus non-corrected cardiomyocyte-like
cell lines revealed a difference in the splicing pattern for a number
of candidate genes (Figure 5; Figures S6 and S7; Table S18), in partic-
ular genes that are associated with cardiac function (i.e., TNNT,
TNNT2, TTN, TPM1, SYNE1, CACNA1A, MTMR1, NEBL, and
TPM1), cellular signaling (i.e., NCOR2, CLIP1, LRRFIP2, CLASP1,
and CAMK2G), and DM1 disease markers (i.e., NUMA1, MBNL2,
and LDB3) in addition to the disease-causing DMPK gene itself.

Validation of the CRISPR-Cas9-mediated correction of

spliceopathy correction by reverse transcriptase PCR (RT-PCR)

To further validate the reversal of aberrant splicing by CRISPR-Cas9
in DM1 cardiomyocyte-like cells, RT-PCR analysis was conducted. In
order to eliminate any non-differentiated and partially differentiated
cells from the bulk cardiomyocyte-like cell population, fully differen-
tiated cardiomyocyte-like cells with a single and double VCAM+/
SIRPA+ surface marker were further enriched from the bulk popula-
tion using magnetic-activated cell sorting (MACS) (Figure 1A). These
MACS-enriched differentiated cells showed increased expression of
differentiated cardiac marker genes including MYH7 and VCAM,
compared to GAPDH control, in CRISPR-Cas9-corrected and non-
corrected DM1 and WT cardiomyocyte-like cells (Figure S4B),
consistent with the results obtained in the unsorted population (Fig-
ures 2A and 2B). Having obtained a purified cell population, we then



Figure 6. Analysis of alternate splicing pattern in differentiated cardiomyocytes

(A–F) Reversal of defective alternative splicing pattern in CRISPR-Cas9-corrected (DM1 patient 1: FL5-C12 and FL8-C07; DM1 patient 2: L81-C10 and L23-C03) and non-

corrected DM1-iPSC-derived (DM1 patient 1: FL5-C28 and FL8-C35; DM1 patient 2: L81-C08 and L23-C06) cardiomyogenic cells. Cardiomyogenic cells obtained from

Cas9- and 50 and 30 CTGrepeat-sgRNA-treated DM1-iPSCs were analyzed for alternative splicing with primers specific to candidate splicing genes MBNL1, MBNL2, INSR,

ADD3, and CRTC2. The excluded and included exons for each candidate gene are denoted on the right of the gel image (see Figure 3B). The ratios of the band intensity of

the alternate isoforms are enumerated based on band intensity and depicted in the form of a graph. GAPDH was used as loading control. ***p < 0.001, unpaired two-tailed t

test (±SEM).
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analyzed the impact of the CRISPR-Cas9-mediated excision of the
CTGexp repeat on the spliceopathy in DM1 cardiomyocyte-like cells.
The splicing pattern was analyzed for five selected biomarkers, that is,
MBNL1, MBNL2, insulin receptor (INSR), adducin 3 (ADD3) and
CREB-regulated transcription co-activator 2 (CRTC2), known to be
associated with DM1 pathogenesis in cardiac cells of DM1 affected
patients.1,48,50 For MBNL1 and MBNL2, the isoform that excluded
exon 7 (exon 7�) was increased in the CRISPR-Cas9-corrected
DM1 cardiomyocyte-like cells (i.e., FL8, FL5, L81, and L23) as
compared to the non-corrected DM1 cardiomyocyte-like cells for
each of the respective isogenic cell lines (Figures 6A–6C). Similarly,
in the case of MBNL2, there was a significant increase in the ratio
of exon 7 exclusion in the CRISPR-Cas9-corrected DM1 cardiomyo-
cyte-like cells (i.e., FL8, L81, and L23) as compared to the non-cor-
rected DM1 cardiomyocyte-like cells for each of the respective
isogenic cell lines. In the case of FL5 we did observe a similar trend,
although the difference was not significant. For INSR, semiquantita-
tive analysis of the exon 11 isoforms (Figure 6B) revealed in most
clonal lines (i.e., FL8, FL5, and L23, with the exception of L81) a sig-
nificant decrease in the ratio of exon 11 exclusion in the CRISPR-
Cas9-corrected DM1 cardiomyocyte-like cells, as compared to the
non-corrected DM1 cardiomyocyte-like cells (Figures 6B and 6D).
With respect to the ADD3 alternative splicing pattern, the ratio of
exon 16 inclusion was analyzed. For the CRISPR-Cas9-corrected
FL8, FL5, and L23 cardiomyogenic lines, we observed a significant
decrease in the exon 16 inclusion ratio compared to their
Molecular Therapy Vol. 29 No 11 November 2021 9

http://www.moleculartherapy.org


Molecular Therapy

Please cite this article in press as: Dastidar et al., Comprehensive transcriptome-wide analysis of spliceopathy correction of myotonic dystrophy using
CRISPR-Cas9 in iPSCs-derived cardiomyocytes, Molecular Therapy (2021), https://doi.org/10.1016/j.ymthe.2021.08.004
non-corrected DM1 counterparts (Figures 6B and 6E). Finally, when
analyzing the splicing pattern of CRTC2, we observed a significant in-
crease in the exon 13 inclusion ratio for the CRISPR-Cas9-corrected
FL8 and L81 lines compared to their non-corrected DM1 controls
(Figure 6F). Taken together, these results demonstrate that there is
an overall reversal of the DM1 alternate splicing pattern in the
CRISPR-Cas9-corrected DM1-iPSC-derived differentiated cardio-
myocyte-like cells when compared to their non-corrected isogenic
controls. In particular, the reversal of the abnormal splicing pattern
was observed for MBNL1, MBNL2, INSR, ADD3, and CRTC2 in the
large majority of independent DM1-iPSC-derived cardiomyocyte-
like cell cultures. However, in some of the DM1-iPSC-derived cardi-
omyogenic cell cultures there was a reversal of abnormal splicing for
most but not all of the markers after CRISPR-Cas9-editing (e.g., L81,
INSR and ADD3; FL5 and L23, CRTC2; Figure 6). This may be due to
factors such as variability between patient samples and innate differ-
ences in progression of the cardiac differentiation process.

DISCUSSION
DM1 patients mainly suffer from severe muscle and cardiac dysfunc-
tion. Although cardiomyopathy is less prevalent in these patients
compared to muscle dysfunction,43 it is associated with worse
outcomes and mortality.51,52 DM1 patients with heart ailments pre-
dominantly suffer from conduction defects and atrial or ventricular
tachyarrhythmia. With increased age and disease severity, the cardiac
conditions worsen with second- and third-degree heart block and left
ventricular hypertrophy.1,2,43,53 Histopathological analysis of affected
hearts from DM1 patients have reported fibrosis and multifocal
myofibrillar loss.1,2,53,54 Although DM1 cardiac abnormalities stem
from aberrant alternate cellular splicing due to CTGexp repeat muta-
tion in the 30 UTR region of the DMPK gene, the global impact of the
CTGexp repeat on the cardiac spliceopathy in DM1 is not fully
understood, since comprehensive transcriptome-wide studies are
lacking.3,16

To our knowledge, this is the first comprehensive transcriptome-wide
study assessing the global impact of excising the CTGexp repeat on dif-
ferential expression and splicing in DM1 cardiomyocyte-like cells.
The results demonstrate that excision of the CTGexp repeat using
CRISPR-Cas9 corrects the underlying spliceopathy in DM1-specific
cardiomyocyte-like cells. This is consistent with previous reports
showing that CRISPR-Cas9-mediated excision can restore some of
the splicing abnormalities in DM1 patient-specific iPSC-derived my-
otubes,16 transformed muscle cell lines,17 and iPSC-derived neuronal
and cardiac cells55 and DM1 patient cardiac samples.48 Nevertheless,
these studies were non-comprehensive and based only on a limited set
of genes. Moreover, comparing cardiac cells derived from DM1 pa-
tients versus healthy controls is not ideal given the significant inter-
individual variation. Furthermore, primary cardiomyocytes from
DM1 cannot readily be expanded in culture, making it particularly
challenging to conduct unbiased transcriptome-wide comprehensive
analyses. To overcome these limitations and minimize any potential
confounding effects of this inter-individual variation, the current
study relied on isogenic CRISPR-Cas9-corrected versus non-cor-
10 Molecular Therapy Vol. 29 No 11 November 2021
rected DM1 patient-specific iPSC-derived cardiomyocyte-like cells.
These isogenic pairs of DM1 patient-specific iPSC-derived cardio-
myocyte-like cells were specifically designed to differ with respect
to the presence or absence of CTGexp repeats in the DMPK 30 UTR.
The CTGexp repeats were excised by non-viral transfection using a
CRISPR-Cas9 ribonuclear particle complex, which represents a “hit
and go” strategy that reduces long-term exposure to the CRISPR-
Cas9 components, minimizing the potential risk of off-target genome
editing or untoward immune reactions directed against the edited
cells in vivo, as opposed to other CRISPR-Cas9-based strategies that
rely on plasmid transfection55 or stable lentiviral transduction.16 To
our knowledge, this is the first study addressing the impact of
CRISPR-Cas9-mediated excision of the CTGexp repeats in DM1
patient iPSC-derived cardiac cells by transcriptome-wide analysis.
In contrast, previous studies were based on targeted integration of a
transcriptional termination site (i.e., polyadenylation site) in the
DMPK locus using either TALENs47 or CRISPR-Cas9.55 Although
targeted integration of the polyadenylation site resulted in suppres-
sion of the pathogenic CUGexp RNA expression, the overall efficacy
was relatively modest compared to the present strategy, since it relied
on homology-directed recombination (HDR) and selective clonal
enrichment. In contrast, the current strategy is HDR-independent
and relies on non-homologous end joining (NHEJ), which is far
more efficient, obviating the need for selective enrichment.

The RNA sequencing revealed that less than 1% of all the genes
showed significant differential expression in the DM1 patient-specific
iPSC-derived cardiomyocyte-like cells after CRISPR-Cas9-mediated
CTGexp excision. This is consistent with the notion that DM1 is not
associated with gross developmental cardiac abnormalities and is pri-
marily a spliceopathy that is expected to result in more subtle changes
in expression and/or splicing patterns of transcripts rather than
drastic and widespread differences in gene expression levels.56 The
use of isogenic lines may also have reduced the intrinsic variation
and narrowed down the most significant DEGs. GO pathways anal-
ysis of the DEGs revealed that the fraction of genes that are signifi-
cantly upregulated or downregulated are linked to biological pro-
cesses that are associated with cardiac and muscle function and
development. Additionally, our analysis of DETs revealed a larger
set of individual transcripts that were significantly differentially ex-
pressed between the CRISPR-Cas9-corrected and non-corrected sam-
ples. On further analysis of the DETs, certain transcripts were of
particular interest since the corresponding genes are thought to
play a role in cardiac development, maturation, and function (i.e.,
TPM4, CYP2J2, DMD, MBNL3, CACNA1H, ROCK2, and ACTB).32–37

The DETs were also associated with alternate splicing or as components
of the spliceosomal complex (SMN2, GCFC2, and MBNL3).35,38 In
particular, the SMN complex helps to assemble the cellular machinery
needed to process pre-mRNA. The SMN complex is also important
for the development of dendrites and axons. GCFC2 is involved in
pre-mRNA splicing through regulating spliceosome C complex forma-
tion andmay play a role during late-stage splicing events and turnover of
excised introns. Interestingly, diseases associated with GCFC2 include
dyslexia and reading disorder. MBNL3 mediates pre-mRNA alternative
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splicing regulation such as on TNNT2 and INSR pre-mRNA (see
below). Some of these DETs are potentially new candidate genes that
may contribute to DM1 pathology and represent novel targets for ther-
apeutic intervention. This warrants further validation that is beyond the
scope of the current study. By focusing specifically on the DASGs using
the rMATS algorithm, DASGs affecting muscle tone and abnormal
muscle physiology, movement, and myotonia, but also certain central
nervous system abnormalities were identified. When comparing
CRISPR-Cas-corrected versus non-corrected cardiomyocyte-like cell
lines, a significant difference in the splicing pattern for a number of
candidate genes was apparent pertaining to genes that are associated
with cardiac function (i.e., TNNT, TNNT2, TTN, TPM1, SYNE1, CAC-
NA1A, MTMR1, NEBL, and TPM1), cellular signaling (i.e., NCOR2,
CLIP1, LRRFIP2, CLASP1, and CAMK2G), and DM1 disease markers
(i.e., NUMA1, LDB3, and MBNL2) in addition to the disease-causing
DMPK gene itself. In conclusion, the transcriptome-wide comprehen-
sive analyses based onDET andDASG analysis in conjunction with spe-
cific bioinformatics platforms revealed that CRISPR-Cas9-mediated
excision of the CTGexp repeat in DM1 reverses the abnormal expression
and splicing patterns in cardiomyocyte-like cells. This further corrobo-
rates the relevance of the in vitro DM1 patient-derived cardiomyocytes
as an in vitro disease model for DM1 and its usefulness to test and
validate CRISPR-Cas9-based gene editing modalities.

Our study confirmed the spliceopathy observed in clinical samples
consistent with abnormal alternate splicing of the INSR, MBNL1,
MBNL2, ADD3, and CRTC2 genes in the DM1 patient-specific
iPSC-derived cardiomyocyte-like cells. Moreover, both the DM1-
iPSCs and their cardiomyocyte-like progeny exhibited ribonuclear
foci, one of the characteristic features of DM1. The abnormal splicing
in these specific genes is associated with some of the clinical manifes-
tations of DM1, including insulin resistance in muscle and heart
cells,57–60 abnormal transition from the fetal to adult splicing pattern
in DM1 patients,11 and defective neuronal architecture and cardiac
conduction defects.48,61–65

MBNL1 and MBNL2 play an important role in DM1 disease patho-
genesis by forming a toxic ribonuclear complex with CUGexp RNA,
thus severely disrupting normal cellular splicing of numerous other
genes as well as their own expression. This results in the exclusion
of exon 7 in the MBNL1 and MBNL2 transcripts in DM1 cells, as
was demonstrated in the non-corrected DM1 cardiomyocyte-like
cells. This aberrantMBNL1 andMBNL2 splicing pattern was restored
in most CRISPR-Cas9-corrected DM1 patient-specific iPSC-derived
cardiomyocyte-like cells, consistent with the disappearance of the ri-
bonuclear foci and the restoration of the normal intracellular locali-
zation of MBNL1.16 This is also in line with previous studies in
Mbnl1 knockout (KO) mouse models that result in a characteristic
DM1 cardiac phenotype.1 However, depending on the genetic back-
ground of the mouse strain, different outcomes have been reported
in transgenic mouse studies. In particular, in another Mbnl1�/� KO
mice model based on a different genetic background, no such cardiac
phenotype was apparent,66 suggesting that unknown genetic factors
may account for differences in cardiac phenotypes.1 Hence, the use
of DM1 patient-specific iPSC-derived cellular models is complemen-
tary to in vivo mouse studies. Nevertheless, epigenetic differences
between iPSC-derived cardiomyocyte-like cells as compared to
bona fide cardiomyocytes from DM1 patients can come with their
own set of limitations.

In addition, other genes such as INSR,CRTC2, andADD3 all play vital
roles in the DM1 phenotype. For instance, INSR is an important gene
that is aberrantly spliced in DM1 patients, consistent with abnormal
splicing in the DM300 DM1mouse model.67 The aberrant alternative
splicing of INSR causes a reduced responsiveness of muscle cells to the
metabolic effects of insulin, leading to insulin resistance in some DM1
patients.57–60 Similarly, CRTC2 has a role in mitochondrial biogenesis
and is abnormally spliced in DM1 disease models with cardiac con-
duction defects.61,62 ADD3 is also misspliced in DM1 heart muscle
cells48,63 and plays an important role in actin capping, modulating
actin filament growth, endothelial junctions, and cardiac conduction
defects.48,64,65 Therefore, correction of the abnormal splicing pattern
of MBNL1, MBNL2, INSR, CRTC2, and ADD3 that are associated
with some of the main clinical manifestations of DM1 may have
contributed to reversing DM1 to a more normal phenotype.

Nevertheless, in some of the DM1-iPSC-derived cardiomyogenic cell
cultures there was a reversal of abnormal splicing after CRISPR-Cas9-
mediated excision of the CTGexp repeat for most but not all of the
abnormally spliced genes. The exact reason for this difference is not
fully understood. However, it is well established that there is inter-
clonal variation among individual iPSC clones. Hence, unknown
genetic or epigenetic differences among the different iPSC-derived
clones and/or their cardiomyogenic progeny may have accounted
for the clone-dependent differences in splicing outcomes. Based on
the analysis of the expression pattern of exogenous reprogramming
factors and the absence of any disruption of genes involved in cardiac
differentiation and function (as revealed by comprehensive genome-
wide ISA), it is unlikely that retroviral-mediated iPSC generation
impacted the cardiac differentiation potential of the iPSC lines used
in the current study.

The functionality of our DM1 iPSC-derived cardiomyocyte-like cells
was confirmed by analyzing their contractility parameters and expres-
sion of cardiac differentiation markers Nevertheless, there are certain
aspects of the differentiation process that require further improve-
ment. Cardiomyogenic differentiation cultures produce a mixture
of different cardiac subtypes, e.g., ventricular, atrial, nodal, and Pur-
kinje cardiomyocytes.68–72 This mixture of cardiac subtypes poses a
significant challenge for in vivo applications and in vitro studies
requiring specific cardiac subtype cells. Moreover, the kinetics and
overall efficiency73,74 of cardiomyogenic differentiation may vary de-
pending on the iPSC clone, reflecting epigenetic and/or genetic differ-
ences. Another aspect regarding in vitro differentiation of hiPSCs into
cardiac cells in 2D and 3D cultures is impacted by incomplete
maturation compared to bona fide human adult cardiomyocytes,
despite expression of mature cardiac markers, the manifestation
of synchronous coordinated contractions, and other functional
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characteristics.75,76 The ultimate goal of obtaining fully mature car-
diac tissues derived from iPSCs that mimic all of the features of adult
heart tissue has not yet been realized due to the block in the fetal-to-
adult differentiation. This aspect of incomplete cardiomyocyte matu-
ration is particularly relevant in the case of DM1 where the transition
from fetal to adult splicing patterns is blocked due to MBNL1/2
sequestration.4 Despite these intrinsic limitations of in vitroDM1 dis-
ease modeling, one of the strengths of the current study consists of the
use of isogenic CRISPR-Cas9-corrected versus non-corrected clonal
lines. Consequently, this cellular platform facilitated the comprehen-
sive analysis of DEGs and transcripts, providing further molecular in-
sights into the spliceopathy associated with DM1. In the current study
for some iPSC clones, it would seem that CRISPR-Cas9-mediated
excision of the CTGexp repeat might have enhanced cardiomyogenic
differentiation, in accordance with the increased expression of cardiac
differentiation markers and contraction velocity. This would be
consistent with previous reports suggesting that CTGexp repeat exci-
sion enhances myogenic differentiation by overcoming the fetal
splicing pattern arrest.4,17 However, in some iPSC clones the
CRISPR-Cas9-mediated excision of the CTGexp repeat did not seem
to have any effect, which might be due to the limitations of cardio-
myogenic differentiation as discussed above, which could interfere
with the ability to assess the impact of CRISPR-Cas9 correction on
their cardiomyogenic differentiation potential. Hence, there is a
need to identify newer methods and molecules to reliably guide the
differentiation so as to obtain a highly purified population of cardiac
subtypes.73,74 Further optimizations are warranted such that the
phenotype of the iPSC-derived differentiated cardiomyocyte-like cells
matches the properties of bona fide human cardiomyocytes as much
as possible, with respect to cell size and structure, mechanical proper-
ties, electrophysiology, metabolism, and calcium handling. The use of
3D scaffolds mimicking the native microenvironment might provide
more optimized conditions to further facilitate cardiac differentiation.

Our current study sets the stage for subsequent preclinical studies in
DM1 animal models to further validate the efficacy and safety of both
cardiac andmuscle repair in anticipation of future clinical trials in pa-
tients suffering from DM1. This will require viral vector (i.e., AAV)-
or non-viral vector (i.e., nanoparticle)-mediated delivery of the
CRISPR-Cas components and characterization of the cardiac and
muscle phenotypes based on the current study and our previous
study,16 respectively. The current study also revealed new potential
disease marker genes that are differentially expressed and differen-
tially alternatively spliced after CTGexp repeat excision, paving the
way to new insights in the molecular pathophysiology of DM1.

MATERIALS AND METHODS
Culturing of hiPSCs

hiPSC clones from healthy donors and CRISPR-Cas9-corrected and
non-corrected iPSC clones from DM1 patients were generated as
described.16 Briefly, the iPSCs were obtained following transduction
with retroviral vectors expressing the human reprogramming factors
hOCT4, hSOX2, hKLF4, and hcMYC. The CTGexp repeat was excised
based on a “hit-and-go” correction strategy using non-viral Cas9-
12 Molecular Therapy Vol. 29 No 11 November 2021
sgRNA RNP complexes.16 The selected iPSC clonal lines were
cultured on a feeder-free Geltrex (Thermo Scientific, USA) matrix
with Essential 8 (Thermo Scientific, USA) medium. The iPSC lines
were subcultured using 50 mM EDTA (ethylenediaminetetraacetate;
Thermo Scientific, USA) in Dulbecco’s phosphate-buffered saline
(DPBS; Thermo Scientific, USA) at 70%–80% confluency. The
cultures were supplemented with fresh media daily and passaged at
a split ratio of 1:4 to 1:6.

Cardiomyogenic differentiation of iPSCs

Cardiomyogenic differentiation of iPSC clonal lines was carried
out using the PSC cardiomyocyte differentiation kit (Thermo Sci-
entific, USA, catalog #A29212-01). During initiation of the differ-
entiation protocol, confluent iPSCs with 70%–80% confluency
were treated with TrypLE (Thermo Scientific, USA) and plated
on Geltrex-coated six-well plates with 1.5 � 105 cells/well using
Essential 8 medium supplemented with 10 mM Y-27632 rock in-
hibitor (RI, STEMCELL Technologies, Canada). Fresh Essential 8
medium without RI was replenished the next day, followed by
media change every 24 h with Essential 8 until the cultures at-
tained 60%–70% confluency. After attaining the desired conflu-
ency, the iPSC lines were exposed to PSC cardiomyocyte medium.
The PSC cardiomyocyte medium kit involves a three-step differen-
tiation protocol comprised of three media components for primary
mesodermal commitment followed by a cardiac mesodermal in-
duction and finally a cardiomyocyte maturation step. Focal areas
with beating cells were the indication of cardiomyocyte matura-
tion, which was observed beyond day 14 of the cardiomyocyte dif-
ferentiation protocol. Cells for downstream experiments were har-
vested between day 16 and day 20.

MACS sorting of single and double VCAM+/ SIRPA+

cardiomyocytes

In order to obtain a homogenously differentiated cell population af-
ter cardiomyogenic differentiation, we performed MACS-based
positive selection with phycoerythrin (PE)-conjugated anti-
CD172a (SIRPA, Miltenyi Biotec, Germany, catalog #130099781)
and anti-CD106 (VCAM, Miltenyi Biotec, Germany, catalog
#130104125) antibodies. To prepare the cells for antibody staining,
the formed cardiac aggregates were dissociated with 0.25% trypsin-
EDTA (Thermo Scientific, USA) for 4 min at 37�C. After cellular
dissociation, the required cells were stained with PE-conjugated
anti-CD172a and anti-CD106 antibodies, according to the
manufacturer’s protocol. The labeled cells were then resuspended
in MACS buffer containing anti-PE microbeads (Miltenyi Biotec,
Germany, catalog #130105639) and incubated for 15 min at 4�C.
Microbead-conjugated cells were subsequently washed with
MACS buffer to remove unbound microbeads. Thereafter, the con-
jugated cells were resuspended in MACS buffer and applied onto the
primed MACS-LS columns (Miltenyi Biotec, Germany) for positive
selection with subsequent washes, as per the manufacturer’s proto-
col. After MACS sorting the resultant CD172a+ and CD106+ cells
were collected for further downstream gene expression and alternate
splicing analysis.
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Flow cytometry

For cardiac troponin T (cTNT) staining, cells were harvested as
mentioned above and fixed with 4% paraformaldehyde (PFA). The
fixed cells were washed and then permeabilized with 0.1% Triton
X-100 for 10 min followed by a brief centrifugation at 1,800 rpm
for 5 min. Thereafter, the cells were incubated with fluorescein
isothiocyanate (FITC)-conjugated anti-cTNT (Miltenyi Biotec,
Germany, catalog #130-119-674) in fluorescence-activated cell sort-
ing (FACS) buffer (1% bovine serum albumin [BSA] with 0.1% so-
dium azide in PBS) for 10 min at room temperature (RT). For
CD106 (VCAM) staining, the harvested cells were incubated with
PE-conjugated anti-CD106 (Miltenyi Biotec, Germany # 130-104-
163) in FACS buffer for 20 min at 4�C. Next, the labeled cells were
washed and subjected to flow cytometry analysis. Flow analysis was
performed on at least 10,000 events per sample using a LSRFortessa
III (BD Biosciences, USA) flow cytometer. Data acquisition was per-
formed using FACSDiva (BD Biosciences, USA) and analyzed using
FCSalyzer 9.15.

Immunocytochemistry

The differentiated cells were plated onto chambered glass slides (BD
Falcon, USA) and cultured for 3 days prior to immunostaining. For
iPSCs, staining was performed 2 days after plating of cells. For immu-
nostaining, cells were washed with PBS (Sigma-Aldrich, USA) and
fixed with 4% PFA (Sigma-Aldrich, USA) for 10min at RT. Fixed cells
were permeabilized with 0.2% Triton X-100 (Sigma-Aldrich, USA)
and 1% BSA (Sigma-Aldrich, USA) in PBS for 15 min at RT. After
blocking with donkey (5%) or goat serum (5%) (Sigma-Aldrich,
USA) for 30 min at RT, primary antibodies specific for TNT
(cTNT, Abcam, UK, 1:200 dilution), NK2 homeobox 5 (Nkx2.5,
Abcam, UK, 1:200 dilution), SCN5A (Abcam, UK, 1:200 dilution),
and DMPK (catalog #ab183860, Abcam, UK, 1:100 dilution) were
added to the respective chambers and incubated overnight at 4�C.
Cells were washed and the respective secondary anti-mouse, anti-rab-
bit antibodies conjugated with Alexa Fluor 488 (Life Technologies,
USA) and anti-rabbit, 546-nm fluorochrome (Molecular Probes,
USA) were used at a 1:500 dilution for 1 h at RT followed by 40,6-dia-
midino-2-phenylindole (DAPI) nuclear staining for 5 min (1:1,000
dilution). After three washes with PBS, the stained slides were
mounted using a mounting medium (ProLong diamond antifade
mountant; Molecular Probes) and observed under a fluorescent
microscope (Olympus IX-81) and a confocal microscope (Zeiss,
Germany). All images were analyzed using ImageJ (NIH, https://
imagej.nih.gov/ij/) and Zen image analysis software (Zeiss).

RNA isolation and quantitative real-time PCR

To assess the expression of reprogramming factors and cardiac
markers post-differentiation, total RNA was isolated from iPSCs
and cardiomyocyte-like cells using a QIAGEN RNeasy mini kit
(QIAGEN, Germany) according to the manufacturer’s protocol.
One microgram of the total RNA per sample was used to synthesize
complementary DNA (cDNA) using SuperScript III reverse tran-
scriptase (Thermo Scientific, USA) according to the manufacturer’s
instructions. Real-time quantitative (q)PCR was performed using
SYBR Green (Thermo Scientific, USA) and specific primers. Primer
sequences are included in Table S2. Human GAPDH-specific primer
was used as an internal control for normalization.

DNA isolation and ISA

Genomic DNA from the iPSCs was extracted using a QIAGEN
DNeasy blood and tissue kit (QIAGEN, Germany) according to the
manufacturer’s protocol. The DNA concentrations were determined
and adjusted using Qubit fluorometric quantitation. Thereafter,
500 ng of DNA per reaction was taken for downstream processing.
The genomic DNA was sheared using Covaris M220, followed by pu-
rification and subsequent primer extension using long terminal repeat
(LTR)-specific biotinylated primers as described previously.77 The
extension product obtained was further purified, followed by the
magnetic capture of biotinylated DNA. The captured biotinylated
DNA was then processed to ligate the linker cassettes containing
the unique barcode sequences. These barcoded DNA fragments
were then PCR amplified using biotinylated vector and adaptor-spe-
cific primers.77 The resultant products obtained from the first round
of PCR were further purified and used as a template for the second
round of PCR with primers for downstream deep sequencing analysis
by the MiSeq platform (Illumina, USA). Sample preparation for deep
sequencing was performed as previously described.78,79 After Illu-
mina sequencing, the data were analyzed to estimate the number of
vector-genome junctions (ISs). The relative sequence count of all de-
tected ISs was calculated in relationship to all sequences, which was
mapped to a definite position in the genome. Based on that, we iden-
tified and analyzed the 10 most prominent ISs based on their
sequence counts. ISs were recovered using the S-extension primer
tag selection (EPTS)/ligation-mediated (LM)-PCR protocol77 and
analyzed using the genome IS analysis pipeline (GENE-IS) analysis
platform.80

Off-target analysis

For off-target analysis in iPSCs, candidate genomic loci for the 50

CTGrepeat-gRNA and 30 CTGrepeat-gRNA were predicted using the
validated algorithm from the Zhang lab (https://zlab.bio/guide-
design-resources). From the list of predicted off-target sites identified
by this algorithm, we selected the four most probable off-target sites
for the 50 CTGrepeat-gRNA and 30 CTGrepeat-gRNA that shared signif-
icant homology with the actual on-target sites (Figures S9A and S9B) as
described previously.16 An additional off-target site (with four mis-
matched; one bulge) for 50 CTGrepeat-gRNA located in the hSF3B2
gene on chromosome 11 designated as off-target site 3 was selected
for analysis due to role of the hSF3B2 gene in alternate splicing in cells.
Genomic DNA (gDNA) from the iPSCs was extracted using QIAGEN
DNeasy blood and tissue kit (QIAGEN, Germany) according to the
manufacturer’s protocol. Isolated gDNAwas used to perform target re-
gion PCR amplification of the chosen off-target sites, followed by
Sanger sequencing of the PCR amplicons in TOPO cloning vectors.
Briefly, PCR amplification was performed by an initial denaturation
for 2 min at 98�C, followed by 35 cycles consisting of 10 s at 98�C,
30 s at the 58�C, 30 s at 72�C, and concluded by a final extension of
8 min at 72�C using Phusion Hot Start II high-fidelity DNA
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polymerase (F549S; Life Technologies) and the respective primers (Ta-
ble S4) to generate PCR products of sizes 226–387 bp. After PCR and
agarose gel electrophoresis, the PCR products were purified using a
QIAquick gel extraction kit (QIAGEN). PCR products were cloned
into Zero Blunt TOPO vector (K2875-J10, Life Technologies) and
transformed into bacteria. Plasmids containing PCR amplicon were ex-
tracted using the plasmid mini-prep system (Promega) and sequenced
using a T3 sequencing primer (50-ATTAACCCTCACTAAAGGGA-30)
by Sanger sequencing (GATC, Germany). The sequences were
analyzed using Ape software (https://biologylabs.utah.edu). A total
number of 240 TOPO cloning PCR amplicons were sequenced.

Intracellular calcium imaging and analysis of cardiac

contraction

Intracellular calcium release from the beating cardiac aggregates was
observed after incubating the cells with 10 mmol/L of the calcium in-
dicator dye Fluo-4 acetoxymethyl ester (Fluo-4 AM; Life Technolo-
gies, USA). Briefly, the beating aggregates were incubated with the
fluorescent dye for 15 min at 37�C followed by a 15-min incubation
at RT in the dark. The cells were washed with the cardiomyocyte
maintenance medium followed bymicroscopic observation of the cal-
cium efflux under a fluorescence microscope (Olympus IX-81).
Changes in Fluo-4 AM fluorescence were recorded while the cells
were beating spontaneously, and the images were acquired and
analyzed using the software cellSens (Olympus) and ImageJ,
respectively.

For analysis of cardiac contraction, spontaneously beating cardiac
aggregate recordings (Videos S1, S2, S3, S4, S5, and S6; four to six
videos per iPSC line) from corrected (FL5-C12, FL8-C07, L81-C10,
and L23-C03), non-corrected (FL5-C28, FL8-C35, L81-C08, and
L23-C06), and healthy WT (WT-C1 and WT-C7) groups were re-
corded using an Olympus IX81 microscope with an XM10 camera
(Olympus, Japan) after day 14 of cardiac differentiation. These
contraction recordings were analyzed using automated contractility
software PULSE (Dana Solutions, Palo Alto, CA, USA)18,19 to deter-
mine the contractility parameters (contraction/relaxation time,
contraction velocity, and beat rate).

FISH

FISH staining for ribonuclear foci on corrected and non-corrected
iPSC-derived cardiomyocyte-like cells was performed as previously
described.16 Cells obtained from iPSCs and differentiated cardiac
aggregates were pretreated for 1 h with 10 mM Y-27632 RI (STEM-
CELL Technologies, Canada) prior dissociating them with TrypLE
Express (Thermo Scientific USA). Harvested cells were plated on
Geltrex-coated chamber slides (Labtek, USA) in Essential 8 medium
supplemented with 10 mM Y-27632. The next day, cells were washed
three times with PBS and fixed using 4% PFA (Sigma-Aldrich, USA)
at RT for 15 min. This was followed by two washes with 70%
ethanol for 5 min each and subsequently two rehydration washes
with 0.5 mM MgCl2 in PBS for 10 min. Rehydrated cells were
then hybridized in a hybridization chamber with a custom peptide
nucleic acid (PNA) probe (CY3-50-CAGCAGCAGCAGCAG-30)
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(Eurogentec, Belgium) at a 1:500 dilution in hybridization buffer
(0.1% BSA [Sigma-Aldrich, USA] in water, 50% vol of formamide
[Thermo Scientific, USA], and 25% vol of saline sodium citrate
[SSC] buffer [Life Technologies, USA]) for 90 min at 37�C. There-
after, the cells were washed with 0.1% Tween 20 (Sigma-Aldrich,
USA) in PBS for 5 min at RT followed by an incubation in Tween
20 buffer for 30 min at 45�C. The cells were then washed three
times with PBS and stained for DAPI at a 1:500 dilution for
7 min before mounting.

Combined FISH and immunofluorescence specific for MBNL1 was
subsequently performed as described previously.81 A polyclonal anti-
body specific for MBNL1 (catalog #ab45899, Abcam) and DMPK
(catalog #ab183860, Abcam) was used as primary antibody at a con-
centration of 1 mg/mL and 1:100 dilution, respectively, followed by
Alexa Fluor 488-conjugated donkey anti-rabbit (Life Technologies)
secondary antibody. Before immunofluorescence, FISH staining was
performed as described above. Microscopy images were captured us-
ing an Olympus IX81 microscope, and z stack acquisition was per-
formed with an Olympus IX81 microscope. Analysis of microscopy
images was performed by ImageJ software (NIH, https://imagej.nih.
gov/ij/).
RNA sequencing and bioinformatics analysis

Total RNA for the sequencing was isolated using a QIAGEN
RNeasy mini kit (QIAGEN, Germany) according to the manufac-
turer’s protocol. The integrity of the RNA was then analyzed with
a 2100 Bioanalyzer (Agilent Technologies, USA). Thereafter, RNA
sequencing libraries were prepared with a TruSeq stranded mRNA
kit (Illumina, USA) by using the manufacturer’s sample preparation
protocol. After library preparation, quality control analysis and
quantification were performed using an Agilent Technologies 2100
Bioanalyzer high-sensitivity DNA chip, followed by RNA
sequencing on a NovaSeq 6000 platform (Illumina, USA) by LC Sci-
ences (USA).

For data processing, we used Perl scripts and Cutadapt82 to clean the
raw data followed by analysis of sequence quality using Fast QC. The
clean reads obtained were then mapped to the hG38 genome assem-
bly using HISAT v2.083 and assembled with StringTie v1.3.84

Thereafter, we used Perl scripts and gffcompare to reconstruct a
comprehensive transcriptome, and subsequently used StringTie v1.3
and edgeR85 to estimate the expression levels. To compare different
transcripts expression levels, FPKM (fragments per kilobase of tran-
script per million mapped reads) values were used, with the selection
criteria log2 fold change > 1 or log2 fold change <�1; p < 0.05, by edge
R. rMATS v4.039 in conjunction with AS profile v1.086 was used
for the assessment and analysis of alternative splicing. The enrich-
ment analyses of the genes were performed using online tool g:
Profiler.40 The heatmaps were generated through the online tool
Morpheus (https://software.broadinstitute.org/morpheus) and Venn
diagrams through jvenn viewer (http://jvenn.toulouse.inra.fr/app/
example.html).
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RT-PCR analysis

To investigate the alternative splicing in the sorted and bulk popula-
tion of the iPSC-derived cardiomyocyte-like cells isolated from the
WT, corrected, and non-corrected DM1-iPSC clonal lines, RNA
isolation and cDNA synthesis were performed as described above.
RT-PCRs were performed with cDNA using the Phusion Hot Start
II DNA polymerase kit (Thermo Scientific USA), as published previ-
ously,16 to analyze the splicing patterns of MBNL1 and MBNL2 each
spanning exon 7, INSR spanning exon 11, and ADD3 spanning exon
16. PCR amplifications were performed under the following condi-
tions: an initial denaturation for 2 min at 98�C, followed by 25–35 cy-
cles at 98�C for 10 s, annealing at 60�C for 30 s and at 72�C for 30 s,
followed by a final extension of 2 min at 72�C. All PCR reactions were
performed on a S1000 thermal cycler (Bio-Rad, USA). The products
were analyzed by electrophoresis on 3% agarose gels containing
ethidium bromide and visualized using an AlphaImager HP (Cell
Biosciences, USA). Densitometric measurements were performed
by quantifying band intensities using the ImageJ analysis tool (NIH,
https://imagej.nih.gov/ij/) followed by calculating the percentage of
exon inclusion/exclusion of each gene for all cell lines from three in-
dependent differentiation experiments. Sequences of primers and
PCR conditions used for validation are mentioned in Table S2.
Study design and statistical analysis

The datasets were based on three independent cardiomyogenic differ-
entiation experiments for all 10 iPSC lines. The data are based on a
total of four DM1-iPSC lines from two DM1 patients and their
respective CRISPR-Cas9-corrected isogenic counterpart. Statistical
methods such as an unpaired Student’s t test was performed as indi-
cated with statistical significance level (a) set at 0.05: *p < 0.05, **p <
0.01, ***p < 0.001. Ribonuclear foci were quantified by a z stack acqui-
sition method, as specified accordingly.
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