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Abstract: Recent data on Duchenne muscular dystrophy (DMD) show myocyte progenitor’s
involvement in the disease pathology often leading to the DMD patient’s death. The molecular
mechanism underlying stem cell impairment in DMD has not been described. We created
dystrophin-deficient human pluripotent stem cell (hPSC) lines by reprogramming cells from two
DMD patients, and also by introducing dystrophin mutation into human embryonic stem cells via
CRISPR/Cas9. While dystrophin is expressed in healthy hPSC, its deficiency in DMD hPSC lines
induces the release of reactive oxygen species (ROS) through dysregulated activity of all three
isoforms of nitric oxide synthase (further abrev. as, NOS). NOS-induced ROS release leads to DNA
damage and genomic instability in DMD hPSC. We were able to reduce both the ROS release as
well as DNA damage to the level of wild-type hPSC by inhibiting NOS activity.
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1. Introduction

Duchenne muscular dystrophy (DMD) is an X-linked rare genetic disorder which impairs
muscles and results in severe disability and premature death in young men [1]. Initially, DMD starts
to develop in skeletal muscles causing muscle weakness and atrophy due to fibrosis [2], preceded by
the presence of apoptotic myocytes [3,4]. During teenage years, fibrosis affects also the cardiac muscle
[5]. It is further exacerbated by intracardiac conduction disturbances, and it induces atrial and
ventricular arrhythmias [6,7] leading to the development of dilated cardiomyopathy [8], and
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ultimately, to heart failure in DMD patients [5,9]. Disease progression and muscle degeneration
leading to skeletal muscle wasting was recently also linked to satellite cell depletion [10,11].

DMD is caused by mutations in the dystrophin gene, resulting in truncated inactive or missing
forms of dystrophin [12], which is a part of dystrophin glycoprotein complex (DGC) [13]. DGC in
myocytes binds the sarcolemma to the extracellular matrix [14] and stabilizes the plasma membrane
of striated muscle cells [15]. Even though a specific dystrophin isoform (Dp412) [16] and several
others [17] were previously shown to be expressed in stem cells, the role of dystrophin or DGC is still
unknown. DGC consists of multiple proteins, including nitric oxide synthase (NOS) isoforms [18],
[19-21]. NOS produces NO by conversion of L-arginine to L-citruline. In low L-arginine concentration,
NOS produces Oz or H202 e.g., [22,23] that acts as reactive oxygen species (ROS), or can react with
NO and form ONOQO, a reactive nitrogen species (RNS) that quickly decomposes to a strong oxidant
HO: [24]. Due to ONOO: quick conversion to ROS and common strong oxidative properties, the
ROS/RNS are further referenced only as ROS. The deregulation of nNOS was shown to be one of the
intracellular sources of oxidative stress in the DMD animal model (mdx) myocytes [21]. In DMD
myocytes, neuronal NOS (nNOS) loses its localization to DGC, which leads to a decrease in muscle
force that can be restored by downregulation of nNOS [20]. iNOS was shown to be overexpressed in
mdx myocytes, and this increase further regulates the expression of eNOS [25]. Increased oxidative
stress in DMD myocytes was also attributed to mitochondrial complex I insufficiency [26], or changed
expression of NADPH oxidase 2 (NOX2) [27]. Oxidative stress in turn leads to further interleukin-6
mediated ROS release [28,29], that initiates a vicious ROS cycle in DMD myocytes, leading to cell
death and eventual myocyte replacement by scar tissue [3,4]. These pathological features resemble
clinically-observed skeletal muscle and myocardial fibrosis (e.g., [30]), suggesting that myocyte
depletion is associated with DMD.

Different mechanisms are proposed and still discussed to explain the discrepancy between
functional impairment with premature death of DMD cardiomyocytes (CMs) [31] and the later onset
of myocardial fibrosis and heart failure compared to skeletal muscle, usually diagnosed in the second
decade of the patients’ lives [13]. Tissue remodeling was attributed to inflammatory response
induced by the cardiomyocyte death, mediated mostly by T and B lymphocytes [32,33] and increased
oxidative stress [34].

The skeletal muscle pathophysiological changes in DMD mouse models have been recently
connected to satellite cell depletion [35]. The proliferation, resistance to oxidative stress, and
multilineage differentiation capacities decreased rapidly in a period of weeks in mdx mice satellite
cells [35], thus pointing at progenitors’ premature depletion either by cell death, differentiation or
loss of self-renewal [36-39]. Insufficient data are available so far concerning the expression and
function of dystrophin in stem cells [40-43], mostly due to the limited accessibility of tissue specific
stem cells from patients, while animal models only partially resemble the human DMD phenotype
[44]. Thus, we considered that it was of utmost importance to dissect the molecular mechanisms using
a human pluripotent stem cell (hPSC) model of DMD.

2. Materials and Methods

2.1. Control Cell Lines and Cultivation

As control lines for standard model of pluripotent stem cells, we employed hESC CCTL12
(hPSCreg name MUNIe005-A, passages 39-61)) and CCTL14 (hPSCreg name MUNIe007-A, passages
23-63) derived in Masaryk University, Brno, and characterized previously [45]. hiPSC control lines
are used in key experiments as additional control to limit the effect of the genetic variability of the
source material. Used lines are AM13 (previously described in [46], passages 22-78), clone (cl.)1
(passages 40-89) and cl.4 (passages 62-84) obtained from Dr. Majlinda Lako (Newcastle University,
UK) [47] and episomaly reprogrammed hiPSC (CBIA1, passages 44-50)) obtained from Irena Koutna
(Centre for Biomedical Image Analysis, Masaryk University, Brno, Czech Republic) (described in
[48]). All human pluripotent stem cell lines were routinely maintained on feeder layer of mitotically
inactivated mouse embryonic fibroblasts (mEF) as described previously [46,49]. For CM
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differentiation, an embryoid body protocol was used as described in [50] with small modifications.
For comparison of fibroblasts before reprogramming (for DMD passages 8-11), human foreskin
fibroblast lines from newborns, SCRC-1041 and SCRC-1043 (passages 11-15) [obtained from the
American Type Culture Collection (Manassas, VA, USA), described in [51]] were used.

2.2. Tissue Processing, Reprogramming and Identification

The fibroblasts of two DMD patients were derived from skin/muscle biopsies with the patients
informed consent and St. Anne’ University Hospital (Brno, Czech Republic) Ethics Committee
approval, as previously described [52]. Briefly, the biopsy tissue was cut into 0.5-1 mm? pieces and
seeded onto 6 well plates in medium containing KnockOut DMEM (Invitrogen, Carlsbad, CA, USA),
10% heat-inactivated fetal bovine serum, 0.1 mM B-mercaptoethanol, 1% penicillin-streptomycin, 1%
L-glutamine, 1% non-essential amino acids and layered with cover glasses. The dishes were left in the
incubator for 5 days with no movement. The medium was then changed every 2-3 days and passaged
first at day 10 of cultivation using trypsin.

Two DMD patient-specific human induced pluripotent stem cell lines were obtained by the
reprogramming of cultivated human fibroblasts using a CytoTuneTM iPS reprogramming kit
(A13780-01; Life Technologies, Carlsbad, CA, USA), according to manufacturer’s recommendations.
DMD hiPSC lines are referred to as DMDO02 (hPSCreg name MUNIi001-A, passages 24-85) and
DMDO03 (hPSCreg name MUNIi003-A, passages 17-80). DMD hiPSCs were characterized using
immunocytochemical staining of pluripotency markers (Nanog, Oct4, SSEA4, TRA-1-81, for
antibodies details, see Supplementary Table 510) and compared with WT hESC and WT hiPSC line.
Derived mutation-carrying lines of DMD hiPSCs were verified for the mutation presence by clinical
multiplex ligation-dependent probe amplification (MLPA) analysis. Analysis was performed using
SALSA MLPA P034 DMD mix 1 probemix and SALSA MLPA P035 DMD mix 2 probemix (LOT B1-
1014, B1-0216, MRC Holland, Amsterdam, The Netherlands), according to manufacturer’s
instructions. ABI PRISM 3130 Genetic analyzer (Applied Biosystems, Foster City, CA, USA) was used
to perform the experiment and data were analyzed using Coffalyser (MRC Holland, version
v.140721.1958, Amsterdam, The Netherlands) software.

Short Tandem Repetition analysis for cell culture identity was performed using ABI PRISM 3130
Genetic analyzer and PowerPlex® ESI17 Fast System (Promega, Madison, WI, USA) according to
manufacturer’s recommendations. Karyotypes were analyzed after colchicine (2 pg/mL) incubation
for 4 h, hypotonic solution treatment consisting of cultivation medium and water in ratio 1:3, bands
were labeled using Giemsa staining. FISH analysis was performed using Cambio WCP 8 (50O); WCP
12 (5G) DNA Probe (Kreatech, Leica, Wetzlar, Germany). For off-target analysis, WGS libraries were
prepared using NEBNext® Ultra™ II FS DNA Library Prep kit for Illumina (New Eengland Biolabs,
Ipswich, MA, USA). Samples were sequenced at low coverage using Illumina NextSeq 500 (pair-end
2x 250 bp, with median coverage 2x). Sequences were aligned to reference genome using bwa [53]
and CNVs were analyzed with Control-FREEC [54].

2.3. CRISPR/Cas9 DMD hESC Clone Generation

Dystrophin-deficient hESC lines were produced by CRISPR/Cas9 technology from WT hESC
line CCTL14. Guiding RNA was designed to hit exon 51 of dystrophin gene. Set of complementary
single-stranded DNA oligonucleotides —gRNA (DMD1_R1: 5'-
CACCGCTTGGACAGAACTTACCGAC-3', DMD1_R2: 5-AAACGTCGGTAAGTTCTGTCCAAGC-
3") were cloned into pSpCas9(BB)-2A-GFP (PX458) (pSpCas9(BB)-2A-GFP (PX458), a gift from Feng
Zhang (Addgene, Cambridge, MA, USA, plasmid # 48138) [55] and transfected into hESC line
CCTL14 using FuGENE HD transfection reagent (Promega Corporation, Madison, WI, USA)
according to manufacturer’s instructions. The next day, green fluorescent protein (GFP)-positive cells
were FACS-sorted (MoFlo Astrios, Beckman Coulter, Brea, CA, USA) as single cells into 96-well plate
and clonally propagated. 54 clones were recovered and screened for the mutation in dystrophin gene
by reverse transcription PCR on mRNA level. Appropriately selected clones without signal for
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dystrophin were screened using MLPA analysis, which resulted in obtaining CRISPR DMD (cDMD)
hESC line (for analysis used in passages 114-159).

2.4. Fluorescent Labeling

For detection of reactive oxygen and reactive nitrogen species (ROS/RNS), the DMD hPSC and
WT hPSC cells were incubated with CellROX Green reagent (Life Technologies) for 1 h. Cells were
then fixed with 4% paraformaldehyde (PFA) for 15 min at room temperature. Microscopic data were
analyzed as signal intensity per area using FIJI/Image] [56]. All other fluorescent labeling was
conducted with cells fixed by 4% PFA for 15 min in room temperature, then permeabilized with 0.5%
Triton X-100 and blocked with 1% bovine serum albumin. Immunocytological analyses for
pluripotent markers (Nanog, Oct4, SSEA4, TRA1-81) and cardiac markers (NOS, dystrophin, PCNA
and laminB) were performed (for a complete list of antibodies and dilutions, see Supplementary
Table S10). For dystrophin detection, the cells were fixed with 2% PFA and ice-cold methanol, and
then incubated with preextraction buffer (25 mM HEPES, 50 mM NaCl, 1 mM EDTA, 3 mM MgCl,
200 mM sucrose, 0.5% Triton X-100) prior to standard protocol for immunodetection by fluorescent
labels. For nuclear counterstain, 4',6-diamidine-2-phenylindole dihydrochloride (DAPI, Sigma
Aldrich, St. Louis, MO, USA) was used. The DNA damage was analyzed using YH2AX detection
with incubation in pre-extraction buffer (25 mM HEPES, 50 mM NaCl, 1 mM EDTA, 3 mM MgCl,
200 mM sucrose, 0.5% Triton X-100) for 10 min on ice prior to permeabilization. For analysis of DSB,
the total number of foci per image was divided by the nuclei count per image. For double labeling of
YH2AX and nNOS/iNOS/eNOS, the cells were fixed with 2% PFA and ice-cold methanol and then
incubated with pre-extraction buffer. All fluorescent and confocal microscopy was performed using
LSM700 confocal microscope (Carl Zeiss, Oberkochen, Germany).

2.5. Inhibition Conditions

To assess the influence of ROS on the formation of YH2AX foci, cells were treated for 24 h+2 h
with the ROS scavenger N-Acetyl-L-cysteine (NAC) at 5 mM concentration, the “+” indicating a
medium change containing fresh NAC. To assess the effect of NOS on ROS release, cells were treated
for 3 days with the NOS inhibitor Nw-nitro-L-arginine methyl ester hydrochloride (L-NAME) at a 0.1
pUM concentration (N5751, Sigma Aldrich), prior to ROS/yH2AX foci analysis. For specific inhibition,
L-canavanine (CAN, 100 uM, Sigma Aldrich, for iNOS), N(5)-(1-Iminoethyl)-L-ornithine HCI (L-NIO,
100 uM,, Santa Cruz, for eNOS), spermine and spermidine (SM and SMD, 0,5 uM, both Sigma Aldrich,
for nNOS) were used 3 days prior to YH2AX foci analysis. Silencing of each NOS isoform was
performed using X-tremeGENE™ siRNA Transfection Reagent (Sigma Aldrich) and siRNA against
NOSI (nNOS, sc-29416, Santa Cruz), NOS2 (iNOS, sc-29417, Santa Cruz) or NOS3 (eNOS, sc-36093,
Santa Cruz) in 250 nM concentration 48 h prior to YH2AX foci analysis. DNA damage analysis
evaluation using YH2AX foci was then performed only on such colonies that showed an expression
decrease compared to the non-silenced control.

2.6. Mutation Frequency

Mutation frequency (MF) experiments were performed on feeder-free cultures described in
[46,57]. Hypoxanthine phosphoribosyltransferase (HPRT) based assays were performed to evaluate
MF as described in [46] with minor modifications. Cells were seeded into media containing 2.5 pig/mL
6-thioguanine (TG; Sigma-Aldrich). The concentration of TG was increased to 8ug/mL 8 days after
seeding. Mutants were selected after 34 weeks. MF was calculated as ratio of the number of selected
mutant colonies to plating efficiency of cells in nonselective media. For induced MF, cells were
irradiated by ionizing radiation (IR: 0.5 Gy/min; 137Cs; total of 3 Gy) 24 h after the initial plating. The
medium was replaced every 1-2 days during a selection period of 3—4 weeks until clearly bordered
colonies were manually counted. The final MFs were calculated as the ratio of the number of mutant
colonies to the plating efficiency of cells in the nonselective medium at the beginning of the
experiment. For MF analysis in human fibroblasts, the cells were seeded in a medium consisting of
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KockOut DMEM with 10% FBS, 1% L-glutamine, 1% Penicilin/streptomycin and 7 ug/mL TG and
replaced every 3-4 days. Mutants were selected after 5-7 weeks.

2.7. Western Blot

For dystrophin immunoblots, denaturated protein samples from cell lysates were run in 4-10%
gradient polyacrylamide gel for 70 min/170 V/400 mA, blotted at 100 V/300 mA for 2 h and labeled
with antibody against N terminal (NCL-DYSB, Leica) and C terminal (ab15277, abcam) of dystrophin
protein. As a loading control, tubulin or laminB were used. Human heart atrial tissue was obtained
as procedural surplus material, available during bicaval orthotopic heart transplantation from donor
organs. For western blot analysis, the sample was homogenized and dissolved in RIPA buffer (10
mM Tris-Cl (pH 8.0), 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1%
SDS, 140 mM NaCl, 1 mM phenylmethanesulfonyl fluoride) and the supernatant was used.

For DNA repair protein expression, 10% polyacrylamide gel was run for 60 min/170 V/400 mA
and blotted for 1 h. Proteins were labeled with antibodies against ligasel, ligase 3, ligase 4, NBS1,
Rad51 and APEL in dilution as stated in Supplementary material (Table S10).

2.8. Reverse Transcription PCR

Total mRNA from cell samples, human heart samples, hPSC derived hepatocytes (obtained from
Tereza Vanova Ph.D) and RPMI myeloma cells (obtained from Sabina Sevéikova) was isolated using
RNA Blue reagent (Top-Bio, Prague, Czech republic) according to the manufacturer’s instructions,
and the total mRNA was isolated using the RNeasy Micro Kit (Qiagen, Hilden, Germany). mRNA
concentration and purity was determined using NanoDrop (NanoDrop technologies, Wilmington,
Germany). For reverse transcription PCR (rtPCR), cDNA was synthesized by Moloney Mouse
Leukemia Virus (M-MLV) reverse transcriptase (Invitrogen, Carlsbad, CA, USA) at 37 °C for 1 h
followed by 5 min at 85 °C. The consequent PCR using Taq polymerase (Top-Bio, T032) included
denaturation at 94 °C for 10 min followed by cycles of 94 °C for 30 s, annealing step and extension at
72 °C for 1 min; the final extension step proceeded at 72 °C for 10 min. The PCR primers (Generi-
Biotech, Hradec Kralove, Czech Republic) and annealing conditions are shown in Supplementary
Table S11. The PCR product was then run in 1% agarose gel for 45 min/130 V/500 mA and photos
were obtained using UV lamp DNR MiniBis Pro (Bio-Imaging Systems, Neve Yamin, Israel).

2.9. Statistical Analysis

Statistical evaluation was carried out in GraphPad Prism 6 software (GraphPad Software, Inc.,
La Jolla, CA, USA). At least 3 biological repetitions were used in each experiment, exact value for
each is represented by e in each graph. Then n value, mean and standard deviation are stated in
Supplementary Tables. Kolmogorov-Smirnov normality test was performed for obtained data.
Student’s t test, one-way ANOVA with appropriate multiple comparison post hoc test or two-way
ANOVA with a Tukey’s post hoc test was applied as appropriate. p < 0.05 was considered statistically
significant. Individual test use is specified in figure legends. All measured data underwent post-hoc
statistical power analysis [58] with appropriate o value (according to p-value determination in each
experiment set) with all the power values result above 74%.

3. Results

3.1. Model DMD hPSC Cell Lines Harboring Dystrophin Mutation Are Pluripotent

Two independent DMD human induced pluripotent stem cell (hiPSC) lines DMD02 and DMDO03
were derived from two patients harboring a mutation in the dystrophin gene, and individual clones
were chosen empirically based on morphology (for patient data, see Supplementary Material). Both
clones tested positively for pluripotent markers Nanog, Oct3/4, TRA1-81 and SSEA4 (Figure 1a) and
the expression pattern was comparable to wild type (WT) hiPSC and WT human embryonic stem cell
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(hESC). For a complete cell line description and identification (karyotype Figure S1, STR matching
Tables 51 and S2), see Cell line description and identification (Supplementary material).
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Figure 1. DMD hPSC lines are pluripotent. (a) Two patients derived (DMD02 and DMD03) and hESC
derived (cDMD) DMD stem cell lines were analyzed for presence of pluripotency markers (Nanog
(red on the left), TRA1-81 (green on the left) with their corresponding DAPI staining, and Oct4 (green
on the right), SSEA4 (red on the right) with their corresponding DAPI staining). All DMD hiPSC and
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cDMD lines present comparable expression to WT (WT hESC and WT hiPSC). Nuclei are
counterstained with DAPI (blue). Ruler represents 50 um. (b) Structure of the DMD gene and
positions of mutations in each DMD hPSC line. Locations of binding sites for actin, NOS,
dystroglycans and syntrophins are shown. The diagram shows how the 79 exons fit together in terms
of the normal open reading frame. Exons are colored according to the domain they encode: N-
terminus (dark blue), rod domain (light blue dark green with hinge regions in grey), cysteine-rich
domain (purple) and C-terminus (brown). NOS binding site is visualized in green. DMDO02 line carries
deletion of exons 45-50 (red line), DMDO03 deletion of exons 48-50 (orange line) and cDMD lacks a
whole allele and all exons are deleted from the chromosome (grey line).

The ability of DMD hiPSC to spontaneously differentiate in vitro into embryoid bodies (EBs)
containing all three germ layers 15 days post aggregation was shown using reverse transcription PCR
(Figure S3) and compared to WT hESC, serving as a standard of pluripotency. A similar pattern of
expression change of early differentiation markers ectoderm (NEUROD1, PAX6), and mesoderm
(GATAS6, VIM) were found in EBs from both DMD hiPSC and WT hESC lines. Endodermal markers
(AFP and GATAA4) were also present in both DMD hiPSC and WT hESC lines, but AFP expression
level was higher in DMD hiPSC.

The hESC line with a complete loss of one allele of DMD gene (cDMD) was obtained by
CRISPR/Cas9 technology (MLPA analysis, Figures 54 and S5). The ¢cDMD line was tested for
pluripotency marker expression with positive labeling for Nanog, Oct3/4, Tral-81 and SSEA4 (Figure
la). For further description of the line (karyotype Figure S1, sequencing Figure S2, STR matching,
and MLPA Figures 54 and S5), see Supplementary material (Cell line description and identification,
Figures S1 and S2).

A complete characterization of mutation localization in each DMD hPSC line is illustrated in
Figure 1b.

3.2. WT hPSC, But Not DMD hPSC, Express High Molecular Weight Isoform of Dystrophin

mRNA analysis of exons 52-54 (downstream of the patient’s mutation) revealed that all tested
WT hiPSC and WT hESC expressed dystrophin mRNA (Figure 2a,b), although the expression was
weaker compared to adult healthy human heart biopsy (for human heart biopsy details, see
Materials) or beating cardiac EBs differentiated from hPSC.

All tested WT hPSC also expressed the high molecular weight dystrophin protein, as shown by
western blot protein analysis (427 kDa; Figure 2c and Supplementary Figure 56). The DMD hiPSC
derived from both patients and cDMD presented a complete loss of dystrophin expression on mRNA
levels (Figure 2b) and protein levels (Figure 2c) compared to the corresponding control hPSC.
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Figure 2. WT hPSC, but not DMD hPSC, express dystrophin. (a) Dystrophin mRNA exons 52-54 were
detected by rtPCR in both WT hiPSC and hESC lines and in CM containing beating embryonic bodies
(bEB). No signal was detected in DMD hiPSC lines. GAPDH was used as a loading control. Human
foreskin fibroblasts (HFF) were used as negative control. (b) demonstrates the absence of expression
of dystrophin mRNA exons 52-54 in cDMD line. For positive control, bEB and human heart (HH)
sample were used. DMDO02 and DMDO03 hiPSC lines were used for lack of expression comparison. (c)
High molecular weight dystrophin (dystr) protein (Dp427 isoform; antibody against N-terminal part)
is expressed in pluripotent stem cells as shown by immunoblot of dystrophin expression in WT hiPSC
and two WT hESC lines, while all DMD hPSC lines show complete lack 427 kDa form of dystrophin.
As a positive control, human heart (HH) biopsy of non-dystrophic patient was used together with
WT hESC derived bEB. HFF were used as a negative control. Tubulin (Tu) was used as a loading
control. Loading of bEB and HH was adjusted not to overload dystrophin due to its high expression.
DMD hPSC lines are pluripotent.

3.3. Dystrophin Defect Leads to Elevated Oxidative Stress in DMD hPSC

Based on the observation of dystrophin expression in pluripotent stem cells and its loss due to
the mutation, we asked whether dysfunctions associated with DMD muscle cells such as ROS
elevation [28,34] were also present at the pluripotent state. We analyzed production of ROS in the
DMD hPSC lines (DMD02, DMDO03 and ¢cDMD) using CellROX dye (Figure 3a), (detects both, ROS
and RNS). All DMD hPSC lines presented significantly increased ROS production (normalized values
evaluated by one sample ¢ test to relative value of WT controls) (Figure 3b, Table S1). Even though a
significant change in ROS presence was identified, the mRNA expression of antioxidant enzymes is
not changed with the exclusion of GPX3, whose expression was elevated in all DMD lines compared
to WT hPSC (Supplementary material Figure S7). Treatment with ROS scavenger N-acetyl-L-cysteine
(NACQC) led to a significant reduction in ROS level in DMD hiPSC lines (Figure 3c, Table S1)
comparable to WT hPSC (Figure S8) while no change after NAC treatment was detected in WT hESC
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(Figure 3c). In order to eliminate the genetic variability of the individual cell lines from specific effect
of NAC, all WT and all DMD hPSC lines were pooled together, showing that significantly elevated
ROS level in DMD hPSC (p < 0.0001) can be reduced to the level of WT hPSC by the application of
NAC (p = 0.6270 as evaluated by Wilcoxon test comparing control values from WT iPSC and WT
hESC to corresponding NAC treated DMD lines, Figure S8, Supplementary Table 52).

In order to exclude genetic bias, DMD patient specific primary fibroblast cultures, which were
used to reprogram the DMD hiPSC lines, were also tested for ROS level together with two different
WT primary cell lines of human foreskin fibroblasts as controls. No differences in the ROS levels
between DMD and WT fibroblasts were observed (p = 0.2) which corresponds to the absence of high
molecular weight dystrophin expression in fibroblasts. Similarly, the NAC treatment did not have
effect on ROS accumulation in WT or DMD fibroblasts (p = 0.7) (Figure 3d, Supplementary Table S3).

a Representative CellROX fluorescence b Spontanecus ROS level in hPSC lines
*kxk
ns
Fekkk
WT DMD N
2.0 "
5 -
8 154 T T T
c * LT
(13
: ) T
2 1.0 . Atr
o . . 0
3
2 0.5
=
2
0.0

T T T T T

WThESC WTIPSC DMDO2 DMD03 cDMD

C ROS level change after NAC and L-NAME d ROS level in fibroblasts
wor
*
-
Liad Y 34
=2
s
- et
Q -
ok ok * o
25 o S = § 24
2 . 73
< .
s 20 § 5 j
=] - -
P 2 14
215 . ® ‘-
= 1]
E; 1.0 ; g E
@ 0
g . T T T T T T
= 05 3 > < > (<]
" O 0" o
s & F & ¥ & ¥
- 0.0 < < <
T A > © & > N
O
SEF Fry Fy Ly e wT DMDO2 DMDO3
o b & h o h e b < b
v v N ~ v
WT hESC WT hiPSC DMDO2 DMD03 c<DMD

Figure 3. Elevated spontaneous NOS induced ROS release in DMD hPSC. (a) Representative example
of ROS level in hiPSC line DMDO03 compared to WT hESC. Fluorescence intensity per area (Image J)
was normalized to WT hESC. (b) Spontaneous level of ROS measured by CellROX Green dye
fluorescent signal in DMD hPSC lines is elevated compared to the WT hESC. Statistical significance
was evaluated by One sample t-test comparing the values to normalized relative control in WT hESC
and WT hiPSC (* p < 0.05, ** p < 0.01, ** p < 0.001). Error bars show standard deviation. (c¢) ROS
production with ROS scavenger N-acetyl-L-cysteine (NAC) treatment was significantly decreased in
all tested DMD hPSC lines but not WT hPSC lines compared to the cells with no treatment. ROS
production with NOS inhibitor L-NAME decreased significantly in all DMD hPSC lines. Graph shows
change in fluorescent intensity per area expressed as percentual value of untreated controls of
corresponding hPSC line. Statistical difference was evaluated by two-way ANOVA comparing the
NAC/L-NAME treated cells to non-treated control cells as well as WT cells compared to DMD cells.
(d) ROS levels in DMD fibroblasts from both DMD patients used for reprogramming do not differ
from three independent WT foreskin fibroblasts from newborn boys at similar passage number.
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Statistical difference was evaluated by one-way ANOVA. At least 3 biological repetitions were used
in each experiment, exact value for each is represented by  in each graph

3.4. Inhibition of NOS Activity Led to Decrease in ROS Production in DMD hPSC But Not in WT hPSC

In order to evaluate the contribution of DGC-associated NOS on the oxidative stress in hPSC,
we analyzed the ROS release in DMD hPSC lines and WT hPSC in presence and absence of Nw-nitro-
L-arginine methyl ester hydrochloride (L-NAME), a non-specific NOS inhibitor (Figure 3¢, Table S1).
The inhibition of NOS led to significant decrease of ROS release in DMD hPSC. The resulting level of
ROS in DMD hPSC with L-NAME inhibited NOS matched the level found in WT hPSC (p = 0.1207 as
evaluated by Wilcoxon test comparing control values from WT iPSC and WT hESC to corresponding
L-NAME treated DMD lines, Figure S8, Table S2). In contrast, the WT hESC showed no difference
under L-NAME treatment (p = 0.1926), WT hiPSC showed a decrease by 10% of ROS level (Figures 3¢
and S8).

3.5. NOS Activity Is Elevated in DMD hPSC Lines

To examine if the increased ROS are caused by increased expression, or increased activity of
NOS, the RNA expression and NOS activity were analyzed. The NOS activity assay showed
significant increase in NOS activity in all DMD hPSC lines compared to WT hPSC lines (Figure 4a).
(p = 0.0023). At the same time, all NOS isoforms’” (nNOS, iNOS and eNOS) mRNAs were expressed
in WT and DMD hPSC (Figure 4b) without any quantitative change in expression levels
(Supplementary Table S4). It ought to be said that a known ROS producer in DMD CMs, NADPH
oxidase (NOX2), is not expressed in pluripotent state at all as determined by rtPCR (Figure 4c).

a NOS activity b

204

15

10

pmol/min/ug (or mU/mg)
o

WT hPSC DMD hPSC

Figure 4. Enzymatic NOS activity is increased in DMD hPSC lines. (a) NOS activity assay showed
increased production of NO (in pmol/min/pg) in DMD hPSC lines when compared to WT hPSC. 6
independent repetitions (for each WT and DMD hPSC) were used for the analysis. Student ¢-test was
used for statistical evaluation of significance (** p < 0.01). Errorbars show standard deviation. (b) All
three NOS isoforms (nNOS, iNOS and eNOS) are expressed in WT as well as in DMD hPSC. For a
positive control (+ctrl), HH (for NOX and nNOS), hepatocytes (for iNOS) or RPMI myeloma cells (for
eNOS) were used. Water instead of cDNA was used for negative control (-ctrl). GAPDH was used as
loading control. (c) mRNA analysis revealed that NOX2, is not expressed in pluripotent state. Human
heart tissue (HH) was used as positive control, GAPDH was used as loading control. At least 3
biological repetitions were used in each experiment, exact value for each is represented by ¢ in each
graph

3.6. Elevated ROS Leads to Elevated DNA Damage in DMD hPSC

Our next step was to investigate the DNA damage in response to elevated ROS in DMD hPSC.
We analyzed the presence of foci of histone H2A phosphorylated on serine 139 (YH2AX) associated
with DNA double stranded breaks (DSB) in cell nuclei in hPSC lines (Figure 5a,b). We found a
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significantly elevated number of YH2AX foci per nuclei in both DMD hiPSC lines and cDMD
compared to WT hPSC (for exact values, see Supplementary Table S3). Similar to ROS levels, no
elevation in YH2AX foci formation was observed in the source DMD fibroblasts from the patients
compared to WT fibroblasts (Figure 5c) showing that elevated YH2AX foci formation is associated
with DMD hPSC cellular physiology. We also show that expression of none of the DNA repair
proteins representing the major DNA repair pathways decreases specifically in DMD clones
compared to WT (Supplementary Material Figure S9), suggesting that DNA repair failure does not
participate on the elevated DNA damage in DMD hPSC. In order to determine the actual contribution
of oxidative stress to oxidative DNA damage and the DSB formation, we analyzed the YH2AX foci in
presence of ROS scavenger NAC (Figure 5a). The NAC treatment resulted in significant decrease of
the YH2AX foci in DMD hPSC, while no change of YH2AX foci number was detected in WT hPSC
line (Figure 5a).

a yH2AX foci number in hPSC after NAC and L-NAME
ek
4_ *% = * *
0 * * ok
3 .
s 3
3 .
[= o
S 2 .
3 . |
8 !
S 1
: .
0 T T T
°¢°\ @““ JER & e\* ¥ SoF
0 \; O [¢)
WT hESC WT hiPSC DMD02 DMDO03 cDMD

Cc

Representative yH2AX foci number

Figure 5. Elevated ROS level in DMD hPSC leads to DNA damage. (a) Numbers of YH2AX foci
representing the spontaneous DNA damage in DMD02, DMD03 and cDMD hPSC lines were
significantly elevated compared to WT hESC and WT hiPSC. Spontaneous formation of YH2AX foci
in all DMD hPSC lines significantly decreased after the NAC treatment to the level of WT hPSC. No
effect of NAC on the WT hPSC lines was observed. All DMD lines show significant decrease in
YH2AX foci formation after treatment with L-NAME corresponding to the decrease detected after
NAC treatment. WT hiPSC show increase after L-NAME treatment. Statistical difference was
evaluated by one-way ANOVA and Sidak’s multiple comparison test (* p < 0.05, ** p < 0.01, ** p <
0.001) for YH2AX foci number in between different lines, and unpaired Student’s ¢-test comparing the

vH2AX foci number in fibroblasts

H

-
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T T T
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NAC/L/NAME treated cells to corresponding untreated control cells. Error bars represent standard
deviation. (b) Representative image of YH2AX foci staining in CCTL14 (WT) and DMDO02 (DMD)
hiPSC showing higher number of YH2AX foci number in DMD nuclei compared to WT nuclei. yH2AX
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foci are stained in green, nuclei in blue with DAPI. Line represents 20 um. (¢) DNA damage is not
increased in DMD fibroblasts before reprogramming. YH2AX foci number per nucleus in DMD
fibroblasts from both DMD patients used for reprogramming does not differ from WT foreskin
fibroblasts. Statistical difference was evaluated by one-way ANOVA. The errorbars show standard
deviation. At least 3 biological repetitions were used in each experiment, exact value for each is
represented by ¢ in each graph

3.7. NOS Activity Causes ROS Release Which Leads to DNA Damage in DMD hPSC

In order to establish the upstream role of NOS activity in the induction of the DNA damage in
DMD hPSC, YH2AX foci formation was analyzed after L-NAME treatment (Figure 5a, exact values in
Supplementary Table S3). Inhibition of NOS resulted in significant decrease in the YH2AX foci level
in all tested DMD hPSC lines. Similar to NAC treatment, the WT cells did not respond to the L-NAME
treatment by decrease in the YH2AX foci formation; instead, the WT hiPSC, but not WT hESC,
accumulated a significantly increased number of YH2AX foci. In summary, these data show that
dystrophin deficiency in hPSC leads to the production of ROS associated with NOS activity, and that
this mechanism significantly contributes to the DNA DSB formation in hPSC.

3.8. DNA Damage Increase in DMD hPSC Is Caused by nNOS, iNOS and eNOS Isoforms of NOS

In order to determine which NOS isoform is responsible for ROS-induced DNA damage, all cell
lines underwent treatment with siRNA against nNOS, iNOS or eNOS (Figure 510). While silencing
of any of the NOS isoform in WT hPSC did not result in detectable response in YH2AX foci number,
all DMD hPSC lines showed significant decrease in YH2AX foci formation after individual silencing
of separate NOS isoforms (Figures 6a and S11, Supplementary Tables S8-510). All WT and DMD
hPSC lines were then treated with a set of selective inhibitors prior to YH2AX foci analysis. iNOS
inhibitor L-canavanine (CAN), eNOS inhibitor N(5)-(1-Iminoethyl)-L-ornithine HCI (L-NIO) and two
selective inhibitors of nNOS spermine (SM) and spermidine (SMD) were used. In DMD hPSC, all
inhibitors showed a decreasing trend in YH2AX foci formation with L-NIO and SM presenting a
significant decrease in DMDO02 and cDMD, respectively (Figure S12, Supplementary Table S7), but
only CAN presented a significant change in all DMD hPSC lines (Figures 6b and S12, for exact values
see Supplementary Tables S9 and S10). In WT hPSC, only SM showed an increase in YH2AX foci
formation in separate lines (Figure S12, Supplementary Table S7), but with no significant change
overall when data from WT hPSC were pooled (Figure 6b, Supplementary Table S6).
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b yH2AX foci number in hPSC after NOS inhibition
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Figure 6. All isoforms of NOS are responsible for increased DNA damage in DMD hPSC. (a) DNA
damage analysis after downregulation of each individual NOS isoform’s expression show significant
decrease in YH2AX foci formation in DMD hPSC while no significant effect was observed in WT
hPSC. Graph shows YH2AX foci per nucleus for each individual hPSC line in untreated samples
(control), after application of transfection reagent (X-treme) and with application of individual siRNA
(nNOS, iNOS and eNOS). Statistical difference was evaluated by two-way ANOVA and Tukey’s
multiple comparison test using the mutation and treatment presence as evaluation criteria (* p <0.05,
** p<0.01, ** p<0.001, **** p <0.0001). The error bars represent standard deviation. (b) DNA damage
analysis after application of specific inhibitors to individual NOS isoforms (CAN = L-canavanine, L-
NIO = (N(5)-(1-Iminoethyl)-L-ornithine HCI), SM = spermine, SMD = spermidine) show decreasing
trend in YH2AX foci presence in DMD hPSC. CAN suppressed significantly DNA damage formation
in DMD hPSC cell lines while no significant effect was observed in WT hPSC. Graph shows pooled
data from WT hESC and hiPSC (WT) and all 3 DMD hPSC lines (DMD). Statistical difference was
evaluated by one-way ANOVA and Sidak’s multiple comparisons test; ** p < 0.01, the error bars
represent standard deviation. At least 3 biological repetitions were used in each experiment, exact
value for each is represented by e in each graph

3.9. Dystrophin Defect Leads to Compromised Genomic Stability of hPSC

We analyzed the mutation frequency (MF) of all DMD hPSC lines and compared it to that of WT
hPSC using our HPRT based assay, developed previously [46]. We found that the MF in DMD hPSC
was significantly elevated, differing approximately one order of magnitude from both WT hPSC
(Figure 7). Induction of DNA damage with ionizing radiation (3 Gy) increased MF in all tested cell
lines, preserving the difference between the DMD hPSC and WT hPSC, suggesting a cumulative effect
of ROS and IR induced DNA damage on the MF (Figure 513, Supplementary Table S8). No elevation
in MF was observed in the source DMD fibroblasts from the patients compared to WT fibroblasts (p
= 0.49) (Figure 7b), showing that elevated mutagenesis is specifically associated with stem cells,
presumably because fibroblasts do not express high molecular mass isoforms of dystrophin as visible
in immunoblots. In summary, we show that NOS activity in dystrophin deficient DMD hPSC leads
to elevated ROS and DNA damage, which eventually leads to the deterioration of genomic stability
in DMD hPSC.
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Figure 7. DMD hPSC lines present increased mutation frequency (MF). (a) MF of both patient specific
hiPSC lines (DMD02 and DMDO03), cDMD line and WT hESC and hiPSC line were measured using
HPRT reporter assay. The graph shows significantly elevated spontaneous MF in all DMD hPSC lines
compared to both WT hPSC lines. (b) The parental patient specific fibroblasts (DMD02 and DMD03)
were compared to WT human foreskin fibroblasts of similar passage to exclude artificial effect of
present MF before the reprogramming. No statistical difference was found in between all analyzed
fibroblast lines. Statistical difference was evaluated by one-way ANOVA and Sidak’s multiple
comparison test (* p < 0.05, ** p <0.01, *** p < 0.001, **** p <0.0001). The error bars represent standard
deviation. At least 3 biological repetitions were used in each experiment, exact value for each is
represented by e in each graph

4. Discussion

A few cellular models of human DMD hiPSC have been introduced recently [59,60] and
reviewed in [61], and their features with regard to dystrophin deficiency have not been properly
explored so far. We have obtained two independent DMD iPSC lines derived from two DMD patients
which were compared to unrelated WT hiPSC and WT hESC line. We further generated cDMD hESC
line by introducing DMD gene deletion in healthy hESC line using CRISPR/Cas9 strategy in order to
provide a pair of isogenic cell lines, where one of them lacks dystrophin expression to eliminate the
bias of varying genetic background. Our findings demonstrate for the first time aberrant phenotype
of the DMD hiPSC lines and cDMD compared to WT cell lines associating the described phenotype
to dystrophin expression, rather than to varying genetic background [62] or heterogeneity of different
hiPSC lines [63].

Even though the molecular mechanisms causing the DMD CM death are somewhat described,
no sufficient explanation on delayed myopathy development leading to muscle wasting has been
offered. Recently, the skeletal muscle progenitor satellite cells [36] were also shown to express
dystrophin. The absence of dystrophin expression in mice led to defects in asymmetric division [36],
and skeletal muscle degeneration was shown to be a consequence of satellite cell depletion [35].
Impaired self-renewal, earlier senescence, differentiation and homing defects were also reported for
cardiac progenitors in GRMD dog model [64].

For the first time, we show that hPSC expresses various forms of dystrophin, including the high
molecular weight isoform, which was previously associated with myocytes [36]. These data suggest
that dystrophin might play a crucial role in the stem or progenitor cell pool, long before definite
differentiation into skeletal myotubes or CMs. Data on the dystrophic progenitor phenotype together
with expression of dystrophin in hPSC suggest that the general stem cell population might be
vulnerable to DMD-related damage, and that hPSC lacking dystrophin might serve as valid model
for molecular mechanisms leading to DMD related stem cell phenotype. The depletion of mdx mouse
satellite cells has been connected to up-regulation of Notch and pro-inflammatory signaling
molecules in skeletal muscle [65]. The effect of Notch signaling on the progenitor fate decision was



Cells 2019, 8, 53 15 of 22

shown to be associated with elevated level of ROS, such as that in lamellocytes [66]. ROS were shown
to induce loss of stemness [67] and cell fate change [68] via increased DNA damage and the activation
of checkpoint mechanisms [67]. ROS were also shown to contribute to the pathophysiology of
muscular dystrophies [3], as well as to DMD [69,70]. We extend this knowledge by showing that not
only CMs [28,71-73], but already DMD hPSC suffer from elevated ROS levels due to increased NOS
activity. ROS readily induces DNA mutations [74] via oxidative DNA damage [75,76]. The ROS-
induced DNA base damage is readily converted by base excision repair to DSB in hPSC [77],
triggering histone H2A phosphorylation (YH2AX) and compromising the genomic stability of hPSC
[46]. Our data show elevated DNA DSB (detected by yH2AX) in DMD hPSC. The ability of
antioxidant NAC to downregulate the DNA DSB in DMD hPSC indicates that DSBs originate from
ROS-induced DNA damage. We further show that ROS-induced DNA damage is reflected by
elevated MF in DMD hPSC, which is in agreement with the concept of oxidative DNA damage
mutagenicity [78]. The NOS-induced, ROS-mediated stem cell genome destabilization might also
help to explain increased susceptibility of DMD patients to malignant sarcoma [79], which was
previously also associated with elevated DNA damage [80]. DNA damage was shown in
hematopoietic stem cells to drive their differentiation into terminally-differentiated cells [38]. We
suggest that the DNA damage and mutagenesis shown in DMD hPSC might lead to diminished stem
cell potential and stem cells” ageing (reviewed e.g., [81]), and subsequent stem cell depletion.

Mitochondrial damage [82] due to ROS production in the mdx murine myocytes was in the past
attributed to mitochondrial ROS release [26]. In this context, all three isoforms of NOS seem to have
a physiological role in myocytes, including CMs [73]. All three isoforms seem to be capable of
interaction with DGC via 16-17 spectrin-like repeat of dystrophin (coded by exons 42-45,) but also
via PDZ domain on al-syntrophin [83] or through caveolin interaction [84]. The loss of dystrophin
results in the increase of NOS activity, as shown by comparing the NOS activity in WT and DMD
hPSC. Further inhibition of NOS was shown to block the synergistic effect of mechanical and
oxidative stress on sarcolemmal damage in mdx mice [85], implicating NOS in oxidative stress
regulation. Active endothelial NOS (eNOS) has been previously shown to be associated with
attenuated superoxide production [86]. nNOS or inducible NOS (iNOS) deregulation were also
shown to be associated with elevated ROS levels in myocytes [21,73,87]. iNOS has been previously
shown to be overexpressed in myocytes in response to DMD pathophysiology [88]. We showed that
inhibiting the general NOS activity in DMD hPSC leads to decreased ROS level, and consequently,
to decreased DNA damage level. The effect was dystrophin specific and not caused by genetic
variability or reprogramming, as it was neither detected in the WT hPSC nor in the donor fibroblasts.
Only in WT hiPSC, the L-NAME treatment lowered ROS level and significantly increased the detected
DNA damage. This might have only limited biological relevance, because the change is small (up to
30%) compared to DMD cell lines, and WT hESC did not respond to the treatment at all. Individual
silencing of all NOS isoforms using specific siRNA led in all three cases to a significant decrease in
YH2AX foci formation in DMD hPSC, proving that each of the NOS isoform plays a role in regulation
of ROS production and consequent DNA damage.

Inhibition of individual NOS isoforms by specific inhibitors also resulted in a decrease in ROS
production, as well as YH2AX foci formation specific to DMD cell lines; however, except for CAN on
YH2AX foci formation, these results did not reach significance. This can be explained by the
incomplete inhibition or incomplete penetration of the inhibitors to the cells, but also by their off-
target effect, such as, for example, the capacity of L-NIO/SM and SMD to regulate processes such as
cell proliferation and differentiation [89,90] or DNA binding [91]. It has been shown that nNOS is
bound to dystrophin through its PDZ domain [83,92], and eNOS is binding to DGC through caveolin
[93]. Also, higher activity of eNOS has been shown when dissociated from caveolin [94,95], and
changed nNOS activity in mdx CMs has been reported [19]. Our work shows that a lack of dystrophin
leads to the loss of dystrophin-associated regulatory function on nNOS, eNOS and iNOS activity
triggering ROS release and consecutive DNA damage. ROS and DNA damage increase in DMD
hPSC. But the expression of antioxidant enzymes with an exception in GPX3, that is increased in
DMD hPSC, did not decrease. Also the expression of the major DNA repair proteins was unaltered



Cells 2019, 8, 53 16 of 22

in DMD hPSC. It is thus unlikely that these processes participate in the oxidative DNA damage
observed in DMD hPSC. This suggests that the failure of dystrophin to organize the dystrophin-
associated proteins binding NOS deregulates ROS producing activities in hPSC similarly to
dystrophic CMs [21,73]. These results also explain the failure of an attempt to compensate the nNOS
by nitrate supplementation, which had detrimental effect on mdx mice muscle, presumably by even
further elevating oxidative stress [96]. It must be noted that the NOS-mediated ROS production may
be just part of total ROS release, which was previously associated also with mitochondrial complex-
I insufficiency [26], but it might also lead to a ROS vicious cycle mediated by NF-kB induction [28],
shown in mdx mice skeletal muscle. Since we showed that hPSCs do not express any NOX2, a main
ROS producer in myocytes and CMs in DMD [27,28], it is unlikely that NOX2 would be responsible
for the ROS production in pluripotent state.

In summary, our results suggest, for the first time, that dystrophin deficiency in DMD affects
the genomic stability of human DMD hPSC. We propose that the absence of dystrophin in stem cells
leads to the deregulation of NOS, which leads to ROS upregulation, DNA damage and mutagenesis.
That, in turn, can be reflected by genomic instability-driven differentiation of the progenitors similar
to human mammary epithelial cells [97], mice hematopoietic stem cells [38,98] or hair follicle [37]
stem cells. However, while it is not clear whether the DMD-associated hPSC phenotype will be
mimicked by tissue stem cells/progenitor impairment, we hypothesize, that progressive DNA
damage/mutagenesis-driven depletion of stem cell population would explain the development of
delayed muscle impairment associated with Duchenne muscular dystrophy.
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and identification; Figure S1: Karyotypes of used DMD lines and their parental source cells. Figure S2: Analysis
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S10: Expression downregulation efficiency of iNOS, nNOS and eNOS using siRNA; Figure S11: Individual
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nNOS, iNOS and eNOS specific inhibitors decreases DNA damage in DMD hPSC only partially. Figure S13:
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with specific NOS inhibitors; Table S9: Mean values of mutation frequencies in separate lines; Table S10:
Antibodies; Table S11: PCR primers and cycling conditions

Author Contributions: S.J. was responsible for writing of the manuscript, cell cultivation and differentiation,
ROS and YH2AX analysis, pluripotency markers analysis (ICC and RT-PCR, including in vitro differentiation
assay), detection of dystrophin by rtPCR and ICC. P.F. contributed by immunoblot analysis of dystrophin
presence, ROS and YH2AX analysis, A.K. to cell cultivation, HPRT mutation assay and A.V. to cell cultivation.
L.M. derived patient specific iPSC lines and cultivated the obtained cells, provided of pluripotency labeling and
cryopreservation. M.P. was in charge of patient coordination and manuscript revision. T.J. contributed with cell
cultivation and YH2AX analysis, M.K. helped with cell cultivation and HPRT mutation assay. ].V. together with
LF. generated the CRISPR/Cas9 cDMD line, L.F. also helped with cell cultivation, yH2AX and ROS analysis. R.G.
and L.V. provided of MLPA analysis. G.F., A.L,, P.D. revised the manuscript. A.C.M. and V.R. were in charge of
manuscript revision, experiment supervision and are the responsible authors.

Funding: This work was supported by the Grant Agency of the Czech Republic (grant no.: P302/12/G157) and
by the Ministry of Education, Youth, and Sports of the Czech Republic (7AMB13FR011), supported by the project
no. LQ1605 from the National Program of Sustainability II (Ministry of Education, Youth, and Sports of the
Czech Republic) and by the project FNUSA-ICRC no. CZ.1.05/1.1.00/02.0123 (OP VaVpl). Petr Fojtik (grant PHD



Cells 2019, 8, 53 17 of 22

talent 2015) and Tereza Jurakova were supported by The South Moravian Center for International Mobility and
Sarka Jelinkova was supported by Campus France/PHC Barrande (grant nr. 843886B, Duchenstem 28379TE and
35662WG). This work also obtained financial contribution from the European Community within the Seventh
Framework Program (FP/2007-2013) under Grant Agreement No. 229603. Albano C. Meli was supported by The
French Muscular Dystrophy Association (AFM; project 16073, MNM2 2012 and 20225), the “Fondation de la
Recherche Médicale” (FRM; SPF20130526710), the “Institut National pour la Santé et la Recherche Médicale”
(INSERM) and SoMoPro—Marie Curie Actions—South Moravian Region and by the European Society of
Cardiology (ESC) (R12042FF).

Acknowledgments: We thank Petr Vondracek (Department of Neurology, University hospital Brno, Brno, Czech
Republic), Lenka Mrazova (Department of Neurology, University hospital Brno, Brno, Czech Republic) for the
access to the patient databases, patients’ and their relatives’ biopsies. We also thank Irena Koutna and Pavel
Simara (both Faculty of Informatics, Masaryk University, Brno, Czech Republic) for providing us with the
control WT hiPSC line epi, Majlinda Lako (Institute of Genetic Medicine, Newcastle University) for providing
us with cl1 hiPSC line. We thank Sabina Sev¢ikova and Tereza Vétiova (both Faculty of Medicine, Masaryk
University, Brno) for the samples of RPMI myeloma cells and hPSC derived hepatocytes. We thank Peter
Andrews (Department of Biomedical Science, Centre for Stem Cell Biology, University of Sheffield, Sheffield,
UK) for antibody against SSEA4. We also thank Pavel Zak for help with graphics and design of the figures. We
acknowledge the CF Genomics CEITEC MU supported by the NCMG research infrastructure (LM2015091
funded by MEYS CR) for their support with obtaining scientific data presented in this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Mah,].K;Korngut, L.; Dykeman, J.; Day, L.; Pringsheim, T; Jette, N. A systematic review and meta-analysis
on the epidemiology of Duchenne and Becker muscular dystrophy. Neuromuscul. Disord. 2014, 24, 482—491.

2. Emery, A.E.H. The muscular dystrophies. Lancet 2002, 359, 687-695.

3. Tidball, ].G.,; Albrecht, D.E.; Lokensgard, B.E.; Spencer, M.]. Apoptosis precedes necrosis of dystrophin-
deficient muscle. J. Cell Sci. 1995, 108 (Pt 6), 2197-2204.

4.  Mikhailov, V.M.; Komarov, S.A. Nilova, V.K.,, Shtein, G.I;, Baranov, V.S. Ultrastructural and
morphometrical analysis of apoptosis stages in cardiomyocytes of MDX mice. Tsitologiia 2001, 43, 729-737.

5. Finsterer, J.; Stollberger, C. The heart in human dystrophinopathies. Cardiology 2003, 99, 1-19.

6. Chenard, A.A.; Becane, HM.; Tertrain, F.; de Kermadec, ].M.; Weiss, Y.A. Ventricular arrhythmia in
Duchenne muscular dystrophy: Prevalence, significance and prognosis. Neuromuscul. Disord. 1993, 3, 201-
206.

7.  Himmrich, E.; Popov, S.; Liebrich, A.; Rosocha, S.; Zellerhoff, C.; Nowak, B.; Przibille, O. Hidden
intracardiac conduction disturbances and their spontaneous course in patients with progressive muscular
dystrophy. Z. Kardiol. 2000, 89, 592-598.

8.  Manzur, A.Y,; Kinali, M.; Muntoni, F. Update on the management of Duchenne muscular dystrophy. Arch.
Dis. Child. 2008, 93, 986-990.

9. Fayssoil, A,; Nardi, O.; Orlikowski, D.; Annane, D. Cardiomyopathy in Duchenne muscular dystrophy:
Pathogenesis and therapeutics. Heart Fail. Rev. 2010, 15, 103-107.

10. Heslop, L.; Morgan, J.E.; Partridge, T.A. Evidence for a myogenic stem cell that is exhausted in dystrophic
muscle. . Cell Sci. 2000, 113 (Pt 12), 2299-2308.

11. Webster, C.; Blau, H.M. Accelerated age-related decline in replicative life-span of Duchenne muscular
dystrophy myoblasts: Implications for cell and gene therapy. Somat. Cell Mol. Genet. 1990, 16, 557-565.

12. Blake, D.J.; Weir, A.; Newey, S.E.; Davies, K.E. Function and genetics of dystrophin and dystrophin-related
proteins in muscle. Physiol. Rev. 2002, 82, 291-329.

13. Clarag, F.; Massion, J.; Smith, A.M. Duchenne, Charcot and Babinski, three neurologists of La Salpetriere
Hospital, and their contribution to concepts of the central organization of motor synergy. J. Physiol. Paris
2009, 103, 361-376.

14. Danialou, G.; Comtois, A.S.; Dudley, R.; Karpati, G.; Vincent, G.; Des Rosiers, C.; Petrof, B.]. Dystrophin-
deficient cardiomyocytes are abnormally vulnerable to mechanical stress-induced contractile failure and
injury. FASEB J. 2001, 15, 1655-1657.

15. Gao, Q.; McNally, E.M. The Dystrophin Complex: Structure, function and implications for therapy. Compr.
Physiol. 2015, 5, 1223-1239.



Cells 2019, 8, 53 18 of 22

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Massourides, E.; Polentes, J.; Mangeot, P.-E.; Mournetas, V.; Nectoux, J.; Deburgrave, N.; Nusbaum, P.;
Leturcq, F.; Popplewell, L.; Dickson, G.; et al. Dp412e: A novel human embryonic dystrophin isoform
induced by BMP4 in early differentiated cells. Skelet Muscle 2015, 5, 40, d0i:10.1186/s13395-015-0062-6.
Dick, E.; Kalra, S.; Anderson, D.; George, V.; Ritso, M.; Laval, S.H.; Barresi, R.; Aartsma-Rus, A.; Lochmidiller,
H.; Denning, C. Exon skipping and gene transfer restore dystrophin expression in human induced
pluripotent stem cells-cardiomyocytes harboring DMD mutations. Stem Cells Dev. 2013, 22, 2714-2724.
Janke, A.; Upadhaya, R.; Snow, W.M.; Anderson, J.E. A new look at cytoskeletal NOS-1 and (3-dystroglycan
changes in developing muscle and brain in control and mdx dystrophic mice. Dev. Dyn. 2013, 242, 1369—
1381.

Ramachandran, J.; Schneider, J.S.; Crassous, P.-A.; Zheng, R.; Gonzalez, J.P.; Xie, L.-H.; Beuve, A.;
Fraidenraich, D.; Peluffo, R.D. Nitric Oxide Signaling Pathway in Duchenne Muscular Dystrophy Mice:
Upregulation of L-arginine Transporters. Biochem. ]. 2013, 449, 133-142.

Li, D.; Yue, Y.; Lai, Y.; Hakim, C.H.; Duan, D. Nitrosative stress elicited by nNOSu delocalization inhibits
muscle force in dystrophin-null mice. J. Pathol. 2011, 223, 88-98.

Chang, W ].; Iannaccone, S.T.; Lau, K.S.; Masters, B.S.; McCabe, T.J.; McMillan, K.; Padre, R.C.; Spencer,
M.].; Tidball, ].G.; Stull, J.T. Neuronal nitric oxide synthase and dystrophin-deficient muscular dystrophy.
Proc. Natl. Acad. Sci. USA 1996, 93, 9142-9147.

Heinzel, B.; John, M.; Klatt, P.; Bohme, E.; Mayer, B. Ca?/calmodulin-dependent formation of hydrogen
peroxide by brain nitric oxide synthase. Biochem. ]. 1992, 281, 627-630.

Xia, Y., Zweier, J.L. Superoxide and peroxynitrite generation from inducible nitric oxide
synthase in macrophages. Proc. Natl. Acad. Sci. USA 1997, 94, 6954—6958.

Beckman, ].S.; Beckman, T.W.; Chen, J.; Marshall, P.A.; Freeman, B.A. Apparent hydroxyl radical
production by peroxynitrite: Implications for endothelial injury from nitric oxide and superoxide. Proc.
Natl. Acad. Sci. USA 1990, 87, 1620-1624.

Mosqueira, M.; Zeiger, U.; Forderer, M.; Brinkmeier, H.; Fink, R H.A. Cardiac and respiratory dysfunction
in Duchenne muscular dystrophy and the role of second messengers. Med. Res. Rev. 2013, 33, 1174-1213.
Rybalka, E.; Timpani, C.A.; Cooke, M.B.; Williams, A.D.; Hayes, A. Defects in mitochondrial ATP synthesis
in dystrophin-deficient mdx skeletal muscles may be caused by complex I insufficiency. PLoS ONE 2014, 9,
el15763.

Kyrychenko, S.; Kyrychenko, V.; Badr, M.A.; Ikeda, Y.; Sadoshima, J.; Shirokova, N. Pivotal role of miR-448
in the development of ROS-induced cardiomyopathy. Cardiovasc. Res. 2015, 108, 324-334.
Henriquez-Olguin, C.; Altamirano, F.; Valladares, D.; Lopez, J.R.; Allen, P.D.; Jaimovich, E. Altered ROS
production, NF-kB activation and interleukin-6 gene expression induced by electrical stimulation in
dystrophic mdx skeletal muscle cells. Biochim. Biophys. Acta 2015, 1852, 1410-1419.

Kozakowska, M.; Pietraszek-Gremplewicz, K.; Jozkowicz, A.; Dulak, ]J. The role of oxidative stress in
skeletal muscle injury and regeneration: Focus on antioxidant enzymes. J. Muscle Res. Cell. Motil. 2015, 36,
377-393.

Sciorati, C.; Staszewsky, L.; Zambelli, V.; Russo, L.; Salio, M.; Novelli, D.; Di Grigoli, G.; Moresco, R.M.;
Clementi, E.; Latini, R. Ibuprofen plus isosorbide dinitrate treatment in the mdx mice ameliorates
dystrophic heart structure. Pharmacol. Res. 2013, 73, 35-43.

Straub, V.; Rafael, J.A.; Chamberlain, J.S.; Campbell, K.P. Animal models for muscular dystrophy show
different patterns of sarcolemmal disruption. J. Cell Biol. 1997, 139, 375-385.

Farini, A.; Meregalli, M.; Belicchi, M.; Battistelli, M.; Parolini, D.; D’ Antona, G.; Gavina, M.; Ottoboni, L.;
Constantin, G.; Bottinelli, R.; et al. T and B lymphocyte depletion has a marked effect on the fibrosis of
dystrophic skeletal muscles in the scid/mdx mouse. J. Pathol. 2007, 213, 229-238.

Morrison, J.; Lu, Q.L.; Pastoret, C.; Partridge, T.; Bou-Gharios, G. T-cell-dependent fibrosis in the mdx
dystrophic mouse. Lab. Investig. 2000, 80, 881-891.

Messina, S.; Vita, G.L.; Aguennouz, M.; Sframeli, M.; Romeo, S.; Rodolico, C.; Vita, G. Activation of NF-kB
pathway in Duchenne muscular dystrophy: Relation to age. Acta Myol. 2011, 30, 16-23.

Lu, A,; Poddar, M.; Tang, Y.; Proto, ].D.; Sohn, J.; Mu, X,; Oyster, N.; Wang, B.; Huard, J. Rapid depletion
of muscle progenitor cells in dystrophic mdx/utrophin-/- mice. Hum. Mol. Genet. 2014, 23, 4786-4800.
Dumont, N.A,; Wang, Y.X,; von Maltzahn, J.; Pasut, A.; Bentzinger, C.F.; Brun, C.E.; Rudnicki, M.A.
Dystrophin expression in muscle stem cells regulates their polarity and asymmetric division. Nat. Med.
2015, 21, 1455-1463.



Cells 2019, 8, 53 19 of 22

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Inomata, K.; Aoto, T.; Binh, N.T.; Okamoto, N.; Tanimura, S.; Wakayama, T.; Iseki, S.; Hara, E.; Masunaga,
T.; Shimizu, H.; et al. Genotoxic stress abrogates renewal of melanocyte stem cells by triggering their
differentiation. Cell 2009, 137, 1088-1099.

Rossi, D.J.; Bryder, D.; Seita, J.; Nussenzweig, A.; Hoeijmakers, J.; Weissman, I.L. Deficiencies in DNA
damage repair limit the function of haematopoietic stem cells with age. Nature 2007, 447, 725-729.

Riibe, C.E; Fricke, A.; Widmann, T.A.; Fiirst, T.; Madry, H.; Pfreundschuh, M.; Riibe, C. Accumulation of
DNA damage in hematopoietic stem and progenitor cells during human aging. PLoS ONE 2011, 6, e17487.
Miyagoe-Suzuki, Y.; Nishiyama, T.; Nakamura, M.; Narita, A.; Takemura, F.; Masuda, S.; Minami, N.;
Murayama, K.; Komaki, H.; Goto, Y.-L; et al. Induction of Pluripotent Stem Cells from a Manifesting Carrier
of Duchenne Muscular Dystrophy and Characterization of Their X-Inactivation Status. Stem Cells Int. 2017,
2017, 7906843, d0i:10.1155/2017/7906843.

Choi, L.Y,; Lim, H.; Estrellas, K.; Mula, J.; Cohen, T.V.; Zhang, Y.; Donnelly, CJ.; Richard, J.-P.; Kim, Y.J.;
Kim, H.; et al. Concordant but Varied Phenotypes among Duchenne Muscular Dystrophy Patient-Specific
Myoblasts Derived using a Human iPSC-Based Model. Cell Rep. 2016, 15, 2301-2312.

Hashimoto, A.; Naito, A.T.; Lee, J.-K,; Kitazume-Taneike, R.; Ito, M.; Yamaguchi, T.; Nakata, R.; Sumida,
T.; Okada, K.; Nakagawa, A.; et al. Generation of Induced Pluripotent Stem Cells From Patients With
Duchenne Muscular Dystrophy and Their Induction to Cardiomyocytes. Int. Heart |. 2016, 57, 112-117.
Spaltro, G.; Vigorelli, V.; Casalnuovo, F.; Spinelli, P.; Castiglioni, E.; Rovina, D.; Paganini, S.; Di Segni, M.;
Nigro, P.; Gervasini, C.; et al. Derivation of the Duchenne muscular dystrophy patient-derived induced
pluripotent stem cell line lacking DMD exons 49 and 50 (CCMi001DMD-A-3, A49, A50). Stem Cell Res. 2017,
25,128-131.

McGreevy, ].W.; Hakim, C.H.; McIntosh, M.A.; Duan, D. Animal models of Duchenne muscular dystrophy:
From basic mechanisms to gene therapy. Dis. Model Mech. 2015, 8, 195-213.

International Stem Cell Initiative; Adewumi, O.; Aflatoonian, B.; Ahrlund-Richter, L.; Amit, M.; Andrews,
P.W_; Beighton, G.; Bello, P.A.; Benvenisty, N.; Berry, L.S.; et al. Characterization of human embryonic stem
cell lines by the International Stem Cell Initiative. Nat. Biotechnol. 2007, 25, 803-816.

Krutd, M.; Seneklovd, M.; Raska, J.; Salykin, A.; Zerzankova, L.; Pesl, M.; Bartova, E.; Franek, M,;
Baumeisterova, A.; Koskova, S.; et al. Mutation frequency dynamics in HPRT locus in culture-adapted
human embryonic stem cells and induced pluripotent stem cells correspond to their differentiated
counterparts. Stem Cells Dev. 2014, 23, 2443-2454.

Armstrong, L.; Tilgner, K.; Saretzki, G.; Atkinson, S.P.; Stojkovic, M.; Moreno, R.; Przyborski, S.; Lako, M.
Human induced pluripotent stem cell lines show stress defense mechanisms and mitochondrial regulation
similar to those of human embryonic stem cells. Stem Cells 2010, 28, 661-673.

Simara, P.; Tesatova, L.; Padourova, S.; Koutna, 1. Generation of human induced pluripotent stem cells
using genome integrating or non-integrating methods. Folia Biol. (Praha) 2014, 60 (Suppl. 1), 85-89.
Dvorak, P.; Dvorakova, D.; Koskova, S.; Vodinska, M.; Najvirtova, M.; Krekac, D.; Hampl, A. Expression
and potential role of fibroblast growth factor 2 and its receptors in human embryonic stem cells. Stem Cells
2005, 23, 1200-1211.

Pesl, M.; Acimovic, I; Pribyl], ].; Hezova, R.; Vilotic, A.; Fauconnier, J.; Vrbsky, J.; Kruzliak, P.; Skladal, P.;
Kara, T.; et al. Forced aggregation and defined factors allow highly uniform-sized embryoid bodies and
functional cardiomyocytes from human embryonic and induced pluripotent stem cells. Heart Vessels 2014,
29, 834-846.

Eiselleova, L.; Peterkova, I.; Neradil, J.; Slaninova, I.; Hampl, A.; Dvorak, P. Comparative study of mouse
and human feeder cells for human embryonic stem cells. Int. J. Dev. Biol. 2008, 52, 353-363.

Park, I.-H.; Lerou, P.H.; Zhao, R.; Huo, H.; Daley, G.Q. Generation of human-induced pluripotent stem
cells. Nat. Protoc. 2008, 3, 1180-1186.

Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics
2009, 25, 1754-1760.

Boeva, V.; Popova, T.; Bleakley, K.; Chiche, P.; Cappo, J.; Schleiermacher, G.; Janoueix-Lerosey, I.; Delattre,
O.; Barillot, E. Control-FREEC: A tool for assessing copy number and allelic content using next-generation
sequencing data. Bioinformatics 2012, 28, 423-425.

Ran, F.A;Hsu, P.D.; Wright, J.; Agarwala, V.; Scott, D.A.; Zhang, F. Genome engineering using the CRISPR-
Cas9 system. Nat. Protoc. 2013, 8, 2281-2308.



Cells 2019, 8, 53 20 of 22

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Schneider, C.A.; Rasband, W.S.; Eliceiri, K W. NIH Image to Image]: 25 Years of Image Analysis. Available
online: https://www.nature.com/articles/nmeth.2089 (accessed on 27 June 2018).

Kunova, M.; Matulka, K.; Eiselleova, L.; Salykin, A.; Kubikova, I.; Kyrylenko, S.; Hampl, A.; Dvorak, P.
Adaptation to robust monolayer expansion produces human pluripotent stem cells with improved
viability. Stem Cells Transl. Med. 2013, 2, 246-254.

Post-hoc Power Calculator. Available online: http://clincalc.com/Stats/Power.aspx (accessed on 22 August
2018).

Lin, B.; Li, Y,; Han, L,; Kaplan, A.D.; Ao, Y.; Kalra, S.; Bett, G.C.L.; Rasmusson, R.L.; Denning, C.; Yang, L.
Modeling and study of the mechanism of dilated cardiomyopathy using induced pluripotent stem cells
derived from individuals with Duchenne muscular dystrophy. Dis. Model Mech. 2015, 8, 457-466.

Guan, X.; Mack, D.L.; Moreno, C.M.; Strande, J.L.; Mathieu, J.; Shi, Y.; Markert, C.D.; Wang, Z; Liu, G.;
Lawlor, M.W.; et al. Dystrophin-deficient cardiomyocytes derived from human urine: New biologic
reagents for drug discovery. Stem Cell Res. 2014, 12, 467-480.

Acimovic, L; Vilotic, A.; Pesl, M.; Lacampagne, A.; Dvorak, P.; Rotrekl, V.; Meli, A.C. Human Pluripotent
Stem Cell-Derived Cardiomyocytes as Research and Therapeutic Tools. Available online:
https://www hindawi.com/journals/bmri/2014/512831/ (accessed on 18 June 2018).

Hockemeyer, D.; Jaenisch, R. Induced pluripotent stem cells meet genome editing. Cell Stem Cell 2016, 18,
573-586.

Narsinh, K.H.; Sun, N.; Sanchez-Freire, V.; Lee, A.S.; Almeida, P.; Hu, S.; Jan, T.; Wilson, K.D.; Leong, D.;
Rosenberg, J.; et al. Single cell transcriptional profiling reveals heterogeneity of human induced pluripotent
stem cells. J. Clin. Investig. 2011, 121, 1217-1221.

Cassano, M.; Berardi, E.; Crippa, S.; Toelen, J.; Barthelemy, I.; Micheletti, R.; Chuah, M.; Vandendriessche,
T.; Debyser, Z.; Blot, S.; et al. Alteration of cardiac progenitor cell potency in GRMD dogs. Cell Transplant.
2012, 21, 1945-1967.

Mu, X.; Tang, Y.; Lu, A.; Takayama, K.; Usas, A.; Wang, B.; Weiss, K.; Huard, J. The role of Notch signaling
in muscle progenitor cell depletion and the rapid onset of histopathology in muscular dystrophy. Hum.
Mol. Genet. 2015, 24, 2923-2937.

Small, C.; Ramroop, J.; Otazo, M.; Huang, L.H.; Saleque, S.; Govind, S. An Unexpected Link Between Notch
Signaling and ROS in Restricting the Differentiation of Hematopoietic Progenitors in Drosophila. Genetics
2014, 197, 471-483.

Wang, J.; Sun, Q.; Morita, Y.; Jiang, H.; Gross, A.; Lechel, A.; Hildner, K.; Guachalla, L.M.; Gompf, A,;
Hartmann, D.; et al. A differentiation checkpoint limits hematopoietic stem cell self-renewal in response to
DNA damage. Cell 2012, 148, 1001-1014.

Mandal, P.K.; Rossi, D.J. DNA-damage-induced differentiation in hematopoietic stem cells. Cell 2012, 148,
847-848.

Williams, I.A.; Allen, D.G. Intracellular calcium handling in ventricular myocytes from mdx mice. Am. J.
Physiol. Heart Circ. Physiol. 2007, 292, H846-H855.

Whitehead, N.P.; Pham, C.; Gervasio, O.L.; Allen, D.G. N-Acetylcysteine ameliorates skeletal muscle
pathophysiology in mdx mice. J. Physiol. (Lond.) 2008, 586, 2003—2014.

Fauconnier, J.; Thireau, J.; Reiken, S.; Cassan, C.; Richard, S.; Matecki, S.; Marks, A.R.; Lacampagne, A.
Leaky RyR2 trigger ventricular arrhythmias in Duchenne muscular dystrophy. Proc. Natl. Acad. Sci. USA
2010, 107, 1559-1564.

Messina, S.; Altavilla, D.; Aguennouz, M.; Seminara, P.; Minutoli, L.; Monici, M.C.; Bitto, A.; Mazzeo, A.;
Marini, H.; Squadrito, F.; et al. Lipid peroxidation inhibition blunts nuclear factor-kappaB activation,
reduces skeletal muscle degeneration, and enhances muscle function in mdx mice. Am. J. Pathol. 2006, 168,
918-926.

Davidson, S.M.; Duchen, M.R. Effects of NO on mitochondrial function in cardiomyocytes:
Pathophysiological relevance. Cardiovasc. Res. 2006, 71, 10-21.

Hsie, AW.; Recio, L.; Katz, D.S.; Lee, C.Q.; Wagner, M.; Schenley, R.L. Evidence for reactive oxygen species
inducing mutations in mammalian cells. Proc. Natl. Acad. Sci. USA 1986, 83, 9616-9620.

Sohal, R.S.; Mockett, R.J.; Orr, W.C. Mechanisms of aging: An appraisal of the oxidative stress hypothesis.
Free Radic. Biol. Med. 2002, 33, 575-586.



Cells 2019, 8, 53 21 of 22

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Douki, T.; Riviere, J.; Cadet, ]. DNA tandem lesions containing 8-oxo-7,8-dihydroguanine and formamido
residues arise from intramolecular addition of thymine peroxyl radical to guanine. Chem. Res. Toxicol. 2002,
15, 445-454.

Kruta, M.; Balek, L.; Hejnova, R.; Dobsakova, Z.; Eiselleova, L.; Matulka, K.; Barta, T.; Fojtik, P.; Fajkus, J.;
Hampl, A.; et al. Decrease in abundance of apurinic/apyrimidinic endonuclease causes failure of base
excision repair in culture-adapted human embryonic stem cells. Stem Cells 2013, 31, 693-702.

Wang, D.; Kreutzer, D.A.; Essigmann, ].M. Mutagenicity and repair of oxidative DNA damage: Insights
from studies using defined lesions. Mutat. Res. Fundam. Mol. Mech. Mutagen. 1998, 400, 99-115.

Wang, Y.; Marino-Enriquez, A.; Bennett, RR.; Zhu, M.; Shen, Y.; Eilers, G.; Lee, ].-C.; Henze, J.; Fletcher,
B.S.; Gu, Z,; et al. Dystrophin Is a Tumor Suppressor in Human Cancers with Myogenic Programs. Nat.
Genet. 2014, 46, 601-606.

Schmidt, W.M.; Uddin, M.H.; Dysek, S.; Moser-Thier, K.; Pirker, C.; Hoger, H.; Ambros, LM.; Ambros, P.F.;
Berger, W.; Bittner, R.E. DNA Damage, Somatic Aneuploidy, and Malignant Sarcoma Susceptibility in
Muscular Dystrophies. PLoS Genet 2011, 7, e1002042.

Burkhalter, M.D.; Rudolph, K.L.; Sperka, T. Genome instability of ageing stem cells—Induction and defence
mechanisms. Ageing Res. Rev. 2015, 23, 29-36.

Kyrychenko, V.; Polakova, E.; Janicek, R.; Shirokova, N. Mitochondrial dysfunctions during progression of
dystrophic cardiomyopathy. Cell Calcium 2015, 58, 186-195.

Brenman, J.E.; Chao, D.S.; Gee, S.H.; McGee, A.W.; Craven, S.E.; Santillano, D.R.; Wu, Z.; Huang, F.; Xia,
H.; Peters, M.F; et al. Interaction of nitric oxide synthase with the postsynaptic density protein PSD-95 and
alphal-syntrophin mediated by PDZ domains. Cell 1996, 84, 757-767.

Feron, O.; Belhassen, L.; Kobzik, L.; Smith, T.W.; Kelly, R.A.; Michel, T. Endothelial nitric oxide synthase
targeting to caveolae. Specific interactions with caveolin isoforms in cardiac myocytes and endothelial cells.
J. Biol. Chem. 1996, 271, 22810-22814.

Dudley, RW.R,; Danialou, G.; Govindaraju, K.; Lands, L.; Eidelman, D.E.; Petrof, B.]. Sarcolemmal damage
in dystrophin deficiency is modulated by synergistic interactions between mechanical and
oxidative/nitrosative stresses. Am. J. Pathol. 2006, 168, 1276-1287.

Kinugawa, S.; Huang, H.; Wang, Z.; Kaminski, P.M.; Wolin, M.S.; Hintze, T.H. A defect of neuronal nitric
oxide synthase increases xanthine oxidase-derived superoxide anion and attenuates the control of
myocardial oxygen consumption by nitric oxide derived from endothelial nitric oxide synthase. Circ. Res.
2005, 96, 355-362.

Kyrychenko, S.; Polakova, E.; Kang, C.; Pocsai, K.; Ullrich, N.D.; Niggli, E.; Shirokova, N. Hierarchical
accumulation of RyR post-translational modifications drives disease progression in dystrophic
cardiomyopathy. Cardiovasc. Res. 2013, 97, 666—675.

Villalta, S.A.; Nguyen, H.X.; Deng, B.; Gotoh, T.; Tidball, ]J.G. Shifts in macrophage phenotypes and
macrophage competition for arginine metabolism affect the severity of muscle pathology in muscular
dystrophy. Hum. Mol. Genet. 2009, 18, 482—496.

Altun, A.; Temiz, T.K,; Balcy, E.; Polat, Z.A.; Turan, M. Effects of tyrosine kinase inhibitor E7080 and eNOS
inhibitor L-NIO on colorectal cancer alone and in combination. Chin. J. Cancer Res. 2013, 25, 572-584.
Diaz-Troya, S.; Najib, S.; Sdnchez-Margalet, V. eNOS, nNOS, cGMP and protein kinase G mediate the
inhibitory effect of pancreastatin, a chromogranin A-derived peptide, on growth and proliferation of
hepatoma cells. Regul. Pept. 2005, 125, 41-46.

Ouameur, A.A.; Tajmir-Riahi, H.-A. Structural Analysis of DNA Interactions with Biogenic Polyamines
and Cobalt(Ill)hexamine Studied by Fourier Transform Infrared and Capillary Electrophoresis. J. Biol.
Chem. 2004, 279, 42041-42054.

Lai, Y.; Thomas, G.D.; Yue, Y.; Yang, H.T.; Li, D.; Long, C.; Judge, L.; Bostick, B.; Chamberlain, ].S.; Terjung,
R.L.; et al. Dystrophins carrying spectrin-like repeats 16 and 17 anchor nNOS to the sarcolemma and
enhance exercise performance in a mouse model of muscular dystrophy. J. Clin. Investig. 2009, 119, 624—
635.

Gratton, J.-P.; Bernatchez, P.; Sessa, W.C. Caveolae and caveolins in the cardiovascular system. Circ. Res.
2004, 94, 1408-1417.

Michel, J.B.; Feron, O.; Sacks, D.; Michel, T. Reciprocal regulation of endothelial nitric-oxide synthase by
Ca?*-calmodulin and caveolin. J. Biol. Chem. 1997, 272, 15583-15586.



Cells 2019, 8, 53 22 of 22

95.

96.

97.

98.

Schilling, K.; Opitz, N.; Wiesenthal, A.; Oess, S.; Tikkanen, R.; Miiller-Ester]l, W.; Icking, A. Translocation
of endothelial nitric-oxide synthase involves a ternary complex with caveolin-1 and NOSTRIN. Mol. Biol.
Cell 2006, 17, 3870-3880.

Timpani, C.A.; Trewin, A J.; Stojanovska, V.; Robinson, A.; Goodman, C.A.; Nurgali, K.; Betik, A.C.; Stepto,
N.; Hayes, A.; McConell, GK,; et al. Attempting to Compensate for Reduced Neuronal Nitric Oxide
Synthase Protein with Nitrate Supplementation Cannot Overcome Metabolic Dysfunction but Rather Has
Detrimental Effects in Dystrophin-Deficient mdx Muscle. Neurotherapeutics 2017, 14, 429-446.

Wang, H.; Bierie, B.; Li, A.G,; Pathania, S.; Toomire, K.; Dimitrov, S.D.; Liu, B.; Gelman, R.; Giobbie-Hurder,
A.; Feunteun, J.; et al. BRCA1/FANCD2/BRGI1-Driven DNA Repair Stabilizes the Differentiation State of
Human Mammary Epithelial Cells. Mol. Cell 2016, 63, 277-292.

Pilzecker, B.; Buoninfante, O.A.; van den Berk, P.; Lancini, C.; Song, J.-Y.; Citterio, E.; Jacobs, H. DNA
damage tolerance in hematopoietic stem and progenitor cells in mice. Proc. Natl. Acad. Sci. USA 2017, 114,
E6875-E6883.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
‘ @ @ ‘ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



