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ARTICLE INFO ABSTRACT

Keywords: LMNA mutation related Emery-Dreifuss muscular dystrophy (LMNA-related EDMD), is a rare genetic disorder
iPSC-CMs often involving life-threatening cardiac complications. However, the molecular links between LMNA mutations
EHTs o and their related EDMD cardiac phenotypes have remained unclear. Here, using EDMD patient-specific and
f:rrlf;/ /SyéTB signaling genome-edited induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs), we link the LMNA L204P
EDMD mutation with the pathogenic phenotypes of arrhythmia and contractile dysfunction. Using multi-omics analysis,

ROS we then show that LMNA L204P results in decreased chromatin accessibility, leading to the downregulation of
JAK2 in EDMD iPSC-CMs. Mechanistically, JAK2/STAT3 signaling pathway suppression in EDMD iPSC-CMs is
shown to cause mitochondrial dysfunction and oxidative stress, ultimately resulting in the above phenotypes.
Conversely, pharmacological or genetic activation of JAK2/STAT3 signaling effectively rescues both the
arrhythmic and contractile dysfunction phenotypes in EDMD iPSC-CMs via improvements in mitochondrial
function. In addition, whilst EDMD engineered heart tissues (EHTs) display dysfunctional contractile force
generation, this can also be significantly alleviated by STAT3 activation. Taken together, we present chromatin
compartment change-mediated JAK2/STAT3 suppression as a novel mechanism underlying cardiac pathogenic
phenotypes in LMNA-related EDMD. Our findings indicate that activating the JAK2/STAT3 signaling pathway
may hold the potential to serve as a novel therapeutic strategy for this condition.

1. Introduction prevalence of 1:200,000 [1-3]. EDMD patients are characterized by
early contractures, slowly progressive muscle wasting and weakness,

Emery-Dreifuss muscular dystrophy (EDMD) is a genetically het- and cardiomyopathy with conduction block [1-3]. Further confirmation
erogeneous neuromuscular disorder with an estimated global of diagnosis then requires skeletal muscle biopsy and genetic
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examinations. Groups of genes including EMD, LMNA, SYNE1, SYNE2,
FHL1, TMEM43, SUN1, SUN2 and TTN have been implicated in EDMD,
although their underlying mechanisms are complex and not yet fully
elucidated [2].

Cardiac complications among EDMD patients have been strongly
highlighted, many of which are life-threatening [3,4]. Some patients
experience sudden death without prior cardiac symptoms, especially in
EDMD as caused by LMNA mutations (LMNA-related EDMD) [5]. The
LMNA gene encodes alternative spliced mRNAs that give rise to lamin A
and lamin C. These lamins are then believed to play a pivotal role in the
organization of the nuclear envelope (NE) and in defining higher-order
chromatin domains [6-8]. Lamins, as type V intermediate filament
proteins, possess a conserved tripartite domain structure. This structure
includes a central o-helical coiled-coil rod domain flanked by a
non-helical N-terminal head domain and an unstructured C-terminal tail
domain containing immunoglobulin domains [9]. The central rod
domain is responsible for forming coiled-coil dimers as the building
blocks of the lamin filaments. These dimers interact laterally to form
tetrameric filaments, which then further assemble into a dense mesh-
work [10]. This meshwork, known as the nuclear lamina, lines the inner
nuclear membrane and provides mechanical stability to the nucleus.
Nuclear lamina also serves as a scaffold for the binding of transcription
of factors and plays a crucial role in maintaining nuclear structure and
integrity [7-9,11]. Previous reports show that lamin A/C mutations can
affect post-translational modifications (PTMs) such as phosphorylation
and SUMOylation, crucial for lamin function and nuclear stability. For
example, phosphorylation at specific sites has been shown to be asso-
ciated with laminopathies, where such LMNA mutations are able to
disrupt these PTMs and lead to disease progression. Similarly, SUMOy-
lation of lamins has been reported to play a role in cell cycle progression
and nuclear organization, where laminopathy mutants may show
altered SUMOylation dynamics that also contribute to disease
development.

The LINC (Linker of Nucleoskeleton and Cytoskeleton) complex is a
crucial structure that spans the NE, connecting the nucleoskeleton to the
cytoskeleton and playing a central role in mechanotransduction [12].
Core components of the LINC complex include the SUN domain proteins
(SUN1 and SUN2), and KASH domain proteins (nesprins). These interact
to form a bridge between inner and outer nuclear membranes [13]. This
complex enables the transmission of mechanical forces from the cyto-
plasm to the nucleus, allowing the cell to sense and respond to me-
chanical stimuli from its environment [14]. Such mechanotransduction
involves the conversion of mechanical signals into biochemical re-
sponses where, when cells are subjected to mechanical stresses such as
compression or stretching, the LINC complex transmits these forces to
the nucleoskeleton including the nuclear lamina and chromatin. This
transmission may then lead to changes in the organization of the cyto-
plasm and the nucleoskeleton [15]. For example, mechanical stress can
cause chromatin reorganization, altering its accessibility to transcription
factors and thereby affecting gene expression [16]. Additionally, the
LINC complex can influence the positioning and movement of the nu-
cleus within the cell, essential for processes such as cell migration and
differentiation [12,15]. Signaling pathways can also modulate cyto-
plasmic reorganization which may have subsequent impact on the
nucleoskeleton. For instance, mechanical signals from the extracellular
matrix can activate signaling cascades that affect the cytoskeleton,
leading to changes in the tension and structure of the nuclear envelope
[17]. These changes, in turn, may influence the mechanical properties of
the nucleus and its ability to respond to further mechanical stimuli. The
interplay between the LINC complex, the cytoskeleton, and the nucle-
oskeleton therefore represents a dynamic process that allows cells to
adapt to their mechanical environment and maintain their structural
and functional integrity [12,14,15,18].

Related to this, lamin A/C serves to coordinate genome reprogram-
ming and directly couples mechanotransduction to chromatin through
its direct interaction with DNA. This process occurs at lamina-associated
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domains [19]. In previous studies, LMNA haploinsufficiency has been
observed to affect the chromatin landscape and induce aberrant gene
accessibility in both induced pluripotent stem cell-derived -car-
diomyocytes (iPSC-CMs) [20,21] and mouse embryo fibroblasts [22].
Meanwhile, lamin A/C has also been identified as a key modulator of
mitochondrial function, where disrupted mitochondrial homeostasis,
along with unstable mitochondrial DNA and attenuated bioenergetics,
has been observed in LMNA deficient cells. This may have broad im-
plications for disease progression [23].

The Janus Kinase 2 (JAK2)/Signal Transducer and Activator of
Transcription 3 (STAT3) signaling cascade is crucial for transducing
cellular signals from the plasma membrane to the nucleus [24], thereby
playing a pivotal role in regulating a myriad of biological processes.
Upon activation, JAK2 catalyzes the phosphorylation of STAT3, leading
to the formation of phosphorylated STAT3 (p-STAT3) [25]. This active
form of STAT3 subsequently translocates to the nucleus, where it or-
chestrates the transcriptional regulation of various genes that are critical
for cell survival, differentiation, and proliferation [26]. In the context of
cardiomyocyte mitochondria, STAT3 is implicated in modulating mito-
chondrial respiration, governing mitochondrial apoptosis, and sup-
pressing the opening of mitochondrial permeability transition pores
(mPTP) [27-30]. The activation of the JAK2/STAT3 pathway has been
recognized for its significant anti-oxidative effects and its role as a key
mediator in safeguarding against myocardial ischemia-reperfusion (IR)
injury [31-34]. Overexpression of STAT3 preserved complex 1 respira-
tion in an ischemic model was able to reduce the production of reactive
oxygen species (ROS), highlighting its cardioprotective effect [28,29].

Here we establish induced pluripotent stem cell-derived car-
diomyocyte (iPSC-CM) and engineered heart tissue (EHT) models from a
EDMD patient carrying a heterozygous mutation in the LMNA gene
(c.611T > C, p.L204P). These human-based, patient-specific in vitro
models were used to characterize the cardiac pathogenic phenotypes of
LMNA-related EDMD, elucidate the underlying molecular mechanisms,
and identify novel therapeutic targets.

2. Materials and methods
2.1. Patient recruitment

3-mm skin punch biopsies were taken from the EDMD patient with
informed consent. This study conformed to the principles outlined in the
Declaration of Helsinki and was approved by the Ethics Committee of
the First Affiliated Hospital, Zhejiang University School of Medicine
(IIT20240103B-X2, No. 2024-097).

2.2. Generation of iPSC lines

Somatic reprogramming was used to generate EDMD patient-specific
iPSC lines from skin fibroblasts using the CytoTune-iPS 2.0 Sendai
Reprogramming Kit, following the manufacturer’s instructions (Invi-
trogen, A16517).

2.3. Single guide RNA (sgRNA) and homology-directed repair (HDR)
design for correction of the LMNA L204P mutation

Since the mutation site happens to be located at the first base of the
protospacer adjacent motif (PAM) sequence NGG (CGG > TGG), we
designed a guide RNA (gRNA) targeting this PAM. This guide sequence
was then cloned into PX459 (Addgene: #62988), a spCas9 expression
vector with puromycin resistance gene, following Feng Zhang’s lab
released protocol [35]. The plasmid containing the gRNA cloned into the
PX459 vector was named as PX459-L204P. A 100-nucleotide
single-stranded oligodeoxynucleotide (ssODN) was designed as the
HDR donor template. This ssODN, complementary to the sgRNA strand,
contained homology arms flanking the correction site with symmetric
extensions [36]. Both the sgRNA (GCAGACCATGAAGGAGGAAC) and
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HDR oligos (GCTGCGGCGGGTGGATGCTGAGAACAGGCTGCA-
GACCATGAAGGAGGAACTGGACTTCCAGAAGAACATCTA-
CAGTGAGGAGCTGCGTGAGACCAAGCGCC) were synthesized by
Sangon Biotech (Shanghai, China). For cell nucleofection, one million
EDMD iPSCs were dissociated with EDTA and pelleted by centrifugation
at 200g for 5 min. A total of 5 pg of PX459-L.204P/ssODN mixture (1:1 wt
ratio) was combined with nucleofection buffer (P3 Primary Cell
4D-Nucleofector™ X Kit) and electroporated into the cell pellets using
the CA137 program on the Lonza Nucleofector. 48 h post-nucleofection,
cells were selected using 0.5-1.5 pg/ml puromycin for 5 consecutive
days. Surviving cell clones were then subcloned and genotyped by PCR
and Sanger Sequencing. The forward primer sequences for PCR were
5-GTAGATGTCCTGACCCCTGC-3, and the reverse primer sequences
were 5-CAGAATAAGTCTTCTCCAGCTCCTT-3".

2.4. Cardiac differentiation

The iPSC-CMs were generated using a 2D monolayer differentiation
protocol. Briefly, ~10° undifferentiated iPSCs were dissociated and
replated into Matrigel-coated 6-well plates. These iPSCs were then
cultured and expanded to 85 % confluence before being treated for 2
days with 6 pM CHIR99021 (Axon Medchem, 1386) in RPMI 1640
(Gibco, C11875500BT) with B27 supplement minus insulin (Gibco,
A1895601) (RPMI + B27-Insulin) to activate the Wnt signaling
pathway. On day 2, cells were placed in RPMI + B27-Insulin without
CHIR99021. On days 3-4, cells were treated with 5 pM IWR-1 (Milli-
pore, 681669) to inhibit the Wnt signaling pathway. On days 5-6, cells
were removed from IWR-1 treatment and placed into RPMI + B27-In-
sulin. From day 7 onwards, cells were placed and cultured in RPMI 1640
with B27 supplement containing insulin (Gibco, 17504044) (RPMI +
B27+Insulin) until beating was observed. Cells were glucose-starved for
3 days with RPMI + B27+Insulin for purification. Cardiomyocytes ob-
tained 30-40 days after cardiac differentiation were utilized for down-
stream functional assays.

2.5. Western blot

The iPSC-CMs were detached using TrypLE and then pelleted at
1000 rpm for 5 min at 4 °C. After washing with PBS, the pellets were re-
suspended in 50-100 pl of lysis buffer. The lysates were placed on ice for
30 min, and the supernatants were then collected after centrifugation at
12,000 rpm for 15 min. Histones were extracted using a histone
extraction kit (Proteintech, PK10022) according to the manufacturer’s
instructions. Cytoplasmic and nuclear extracts were separated using NE-
PER™ Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific,
78833). Protein concentrations were measured using a BCA kit (Pierce,
23227). Western blotting was performed using a standard protocol with
the following antibodies: lamin A/C (Abcam, ab108595, 1:1000),
phospho-Histone H2A.X Ser139 (Sigma, 05-636-1, 1:1000), Histone H3
(Proteintech, 17168-1-AP, 1:1000), JAK2 (Abcam, ab108596, 1:1000),
STAT3 (Proteintech, 60199-1-Ig, 1:1000), Phospho-STAT3 Ser727
(Proteintech, 60479-1-Ig, 1:1000), phospho-STAT3 Tyr705 (Pro-
teintech, 39596, 1:1000), and GAPDH (Abmart, M20006 M, 1:5000).
The intensity values for each band were determined as the integrated
density (sum of pixel values) within a fixed area using Quantity One
software (Bio-Rad).

2.6. Immunofluorescent staining

Cells were fixed with 4 % paraformaldehyde (PFA) (Beyotime
Biotechnology, P0099) for 15 min, permeabilized with 0.1 % Triton X-
100 (Sangon Biotech, A110694) for 5 min, and blocked with 3 % bovine
serum albumin (BSA) (Sigma-Aldrich, A1933) for 1 h. Cells were sub-
sequently stained with appropriate primary antibodies and AlexaFluor
conjugated secondary antibodies. Primary antibodies were OCT4 (Cell
Signaling Technology, 2750S, 1:200), NANOG (Santa Cruz
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Biotechnology, sc-33759, 1:200), SSEA-4 (Abcam, ab16287, 1:200),
SOX2 (Abcam, ab171380, 1:200), TNNT2 (Abcam, ab45932, 1:500),
a-actinin (Abcam, ab9465, 1:500), lamin A/C (Abcam, ab108595,
1:400), STAT3 (Proteintech, 60199-1-Ig, 1:500), phospho-Histone H2A.
X Ser139 (Sigma, 05-636-1, 1:1000), MYHC (Proteintech, 22281-1-AP,
1:500) and MyoG (Proteintech, 26762-1-AP, 1:500). Secondary anti-
bodies were AlexaFluor® 594 (Abcam, ab150080, 1:500) and Alexa-
Fluor® 488 (Abcam, ab150113, 1:500). Nuclei were stained with DAPI
(Roche Diagnostics, 1023276001, 1 pg/ml). Pictures were taken with
20 x or 60 x objective on confocal microscope (Nikon, A1) using NIS-
Elements AR software (Nikon).

2.7. Patch clamp recordings from iPSC-CMs

The iPSC-CMs were mechanically and enzymatically dissociated to
obtain single cells. These were seeded on Matrigel-coated glass cover-
slips. Cells with spontaneous beatings were selected and action poten-
tials were recorded using an EPC-10 patch clamp amplifier (HEKA).
Continuous extracellular solution perfusion was achieved using a rapid
solution exchanger (Bio-logic Science Instruments, RSC-200). All signals
were acquired using PatchMaster software (HEKA) having been filtered
at 1 kHz and digitized at 10 kHz. Data analysis was performed using Igor
Pro (Wavemetrics) and GraphPad Prism (GraphPad Software). A TC-
344C dual channel heating system (Warner Instruments) was used to
maintain the temperature at 35.5-37 °C. Tyrode’s solution was used as
the external solution containing 140 mM NaCl, 5.4 mM KCl, 1 mM
MgCly, 10 mM glucose, 1.8 mM CaCly, 1.0 mM Na-Pyruvate and 10 mM
HEPES (pH 7.4 with NaOH). The internal solution contained 140 mM
KCl, 5.0 mM NacCl, 10 mM HEPES, 5 mM Mg-ATP and 5 mM EGTA (pH
7.2 with KOH). Key action potential parameters were quantified
including maximal diastolic potential (MDP), overshoot, action poten-
tial amplitude (APA), action potential duration at 50 % or 90 % repo-
larization (APDs5g and APDy, respectively), maximal upstroke velocity
(Vmax), beating rate, and SD of inter-spike intervals (ISIs). Ventricular-
like iPSC-CMs were distinguished based on action potential
morphology and action potential parameters (which exhibited a clear
plateau phase), larger APA and Vp,x values, negative MDP values,
APD3(.40/APD7¢_go> 1.5, and APDgy/APD5p< 1.3.

2.8. IonOptix

The iPSC-CMs were plated in confocal dishes for 3-5 days before the
experiments. Cardiomyocyte contractions were recorded under constant
superfusion of Tyrode’s solution using the Contractility Complete Sys-
tem (IonOptix, Westwood, MA). For this, the recording temperature was
maintained at 37 °C using a TC-324 temperature controller (Warner
Instruments) and the IonWizard data acquisition and analysis software
was opened, with the iPSC-CM contraction recording mode selected.
Recording was performed using an IonOptix CCD camera. The cells were
stimulated with the Myopacer EP Field stimulator, with parameters of
10 V voltage, 4 ms delay, and 1 Hz stimulation frequency. Cells that beat
regularly at the stimulation frequency were selected for contraction
recording. The IonWizard data acquisition and analysis software was
used for data analysis. After filtering the data, the measurement indices
were selected, and various parameters in the “add transient” section of
the Marks option were adjusted. The contraction curve to be analyzed
was selected, and the Monotonic Transient Analysis and Export buttons
selected to export the data.

2.9. RNA sequencing (RNA-Seq)

For RNA-Seq data, raw FASTQ files were filtrated using fastp and
aligned to the reference genome (GRCh38) using hisat2 which sorted the
alignments and converted them into BAM format. These BAM files were
used for quantifying gene expressions via featureCounts. Raw expected
counts (featureCount output) were used as input for differentially
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expressed gene (DEG) analysis. Count files were normalized and
analyzed using DESseq2 in R. DEGs were defined with the cutoff set as
pvalue < 0.05&|log2foldchange|>1. The obtained upregulated and
downregulated DEGs were subjected to DAVID Gene Ontology (GO)
analysis to identify enriched Biological Process terms. Generation of
heatmaps was facilitated by the R package pheatmap, while volcano and
PCA plots were drawn using ggplot2. Default settings were used for all
above analyses.

2.10. Comet assay

DNA damage was detected using a comet assay kit (Biogradetech, D-
AKE3040). According to the instructions, the cells were mixed with
melted agarose and added onto a slide. The cell membrane was then
disrupted with a lysis solution, and the DNA uncoiled using an alkaline
solution. Finally, the sample was electrophoresed. Under the influence
of the electric field, the macromolecular DNA in normal cells migrated a
shorter distance, with intact DNA remaining within the cell nucleus,
while fragmented DNA migrated out of the nucleus. After staining with
PI, the samples were observed under a Zeiss inverted fluorescence mi-
croscope (AXIO Observer Al). Images were finally analyzed using CASP
Comet Analysis Software.

2.11. Transmission electron microscopy

The iPSC-CMs were dissociated with Tripsin-EDTA (Gibco,
25200072), scraped into a 1.5-ml microcentrifuge tube, centrifuged, and
then fixed with 2.5 % glutaraldehyde (Sigma-Aldrich, G5882) in 0.1 M
phosphate buffer overnight at 4 °C. Specimens were post-fixed with 1 %
0s04 in phosphate buffer, dehydrated by a graded series of ethyl-alcohol
for 15-20 min at each step, and then transferred to absolute acetone for
20 min. Thereafter, specimens were placed in 1:1 mixture of absolute
acetone and final spur resin mixture for 1 h at room temperature,
transferred to 1:3 mixture of absolute acetone, placed in a final spur
resin mixture for 3 h, and transferred to final spur resin mixture over-
night. They were then placed in 1.5-ml tube contained spur resin, heated
at 70 °C for more than 9 h, and sectioned using a LEICA EM UC7
ultratome. Sections were then stained with uranyl acetate and alkaline
lead citrate for 5-10 min. Pictures were observed using a transmission
electron microscopy (Hitachi, Model H-7650).

2.12. Mitochondrial morphological analysis

Cells were stained with 1 pM MitoTracker™ Red FM (Life Technol-
ogies, M36008) in RPMI 1640 medium without phenol red (Gibco,
11835030) for 20 min at 37 °C, followed by three washes. Images were
captured using a 60 x objective on a confocal microscope (Nikon, A1)
with NIS-Elements AR software (Nikon). Resultant images were then
analyzed using the Mitochondrial Analyzer plugin in Fiji.

2.13. Mitochondrial stress analysis

Real-time oxygen consumption rates (OCR) were measured using the
XFe96 extracellular flux analyzer (Seahorse Bioscience). Cells were
seeded at 8 x 10* cells per well in XFe96 cell culture microplates
(Seahorse Bioscience) and incubated for 5-7 days. OCRs were measured
in Seahorse assay medium (10 mM glucose, 10 mM pyruvate, at pH 7.4).
Different mitochondrial respiratory states were assessed through the
sequential addition of compounds that modulate or inhibit mitochon-
drial respiration in distinct ways as follows.

First, the ‘basal OCR’ was measured to assess cellular respiration
under normal physiological conditions. Then, oligomycin (1.5 pM) was
added to determine mitochondrial ‘proton leak’ and ‘ATP-linked OCR’,
followed by the addition of the uncoupling agent carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone (FCCP; 4 pM) to obtain the
maximum respiratory rate. The difference between the maximum
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capacity and basal OCR indicated the ‘reserve capacity’ of the electron
transport chain. Finally, a combination of rotenone (0.5 pM) and anti-
mycin A (0.5 pM) was added to inhibit the activity of complexes I and III,
respectively, in order to measure non-mitochondrial OCR (NM OCR) and
correct for non-mitochondrial sources of OCR.

2.14. Detection of mitochondrial membrane potential

For mitochondrial membrane potential detection, cells were stained
with Image-iT™ TMRM (Life Technologies, 134361, 1:1000) for 20 min
at 37 °C in the dark. After staining, cells were washed three times and
examined using a CytoFLEX LX flow cytometer with the mean fluores-
cence intensity of each sample analyzed using FlowJo.

2.15. Mitochondrial copy number quantification

Mitochondrial and genomic DNAs were extracted using a TIANamp
Genomic DNA Kit (Tiangen) according to the manufacturer’s in-
structions. The copy numbers of mitochondrial DNA (mtDNA) and nu-
clear DNA (nDNA) were quantified using TB Green® Premix Ex Taq™
(Takara) on an ABI Prism 7500 system. Primers specific for ND1, ND5,
SLCO2B1, and SERPINA1 were used to quantify mtDNA and nDNA
(Takara, 7246), respectively. The difference in the 2ACt values for the
ND1/SLCO2B1 and ND5/SERPINA1 pairs was determined in the same
manner, with the average of the two values used as the mtDNA copy
number.

2.16. Detection of mitochondrial ROS

For mitochondrial ROS detection, cells were treated with 5 pM
MitoSOX (Life Technologies, M36008) at 37 °C for 15 min, followed by
three washes. Analysis was conducted using a CytoFLEX LX flow cy-
tometer with the mean fluorescence intensity of each sample analyzed
using FlowJo.

2.17. Cytokine array assay

Cytokine levels were measured using a Proteome Profiler Human
Cytokine Array Kit (Bio-Techne, ARYO05B) according to the manufac-
turer’s instructions. The iPSC-CMs were detached using TrypLE, then
pelleted at 1000 rpm for 5 min at 4 °C. All cells were solubilized in lysis
buffer at a concentration of 1 x 107 cells/mL. Pipettes were moved up
and down to resuspend and agitate the lysates gently at 4 °C for 30 min.
The cells were then microcentrifuged at 14,000xg for 5 min, and the
supernatant was transferred into a clean test tube. Human Cytokine
Array Detection Antibody Cocktail was added to each prepared sample.
The supernatant was mixed and incubated at room temperature for 1 h,
followed by overnight incubated on the membrane. After washing,
Streptavidin-HRP was added with incubation for 30 min at room tem-
perature. Membranes were then exposed to an X-ray film for 1-10 min.

2.18. Real-time quantitative PCR (qPCR)

Total RNA isolation was performed using TRIzol® Reagent (Life
Technologies, 15596018CN). cDNA was obtained using the 4 x EZscript
Reverse Transcription Mix II (EZB, EZB-RT2GQ). qPCR was conducted
using SYBR Green PCR Master Mix (Takara, RR420A). The mRNA
expression values were normalized to GAPDH. The sequences of the
primers are listed in Supplementary Table 1.

2.19. Ca®" imaging

The iPSC-CMs grown on coverslips were loaded with RPMI 1640
medium without phenol red and supplemented with 5 pM Fura-2 AM
(Invitrogen, F14185) for 30 min in the dark at room temperature. After
washing twice with pre-warmed RPMI 1640, the iPSC-CMs were
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Fig. 1. EDMD patient-specific iPSC-CMs carrying the LMNA L204P mutation exhibit arrhythmia and contractile dysfunction. A. Family pedigree (upper),
and hematoxylin and eosin (H&E) staining (200 x ) of skeletal muscle tissues from the heathy control subject and the proband (lower). Females are represented by
circles, and males by squares. Solid symbols indicate the clinical presentation of the EDMD phenotype, and open symbols represent absence of presentation. “+” signs
indicate presence of the LMNA L204P mutation. The Arrow indicates the proband. Deceased individuals are marked with a slash. B. Schematic diagram of the iPSC
lines used in the study. C. Representative graphs of staining of lamin A/C (red) in control (CON) and EDMD iPSC-CMs. DAPI indicates nuclear staining (blue). White
arrows indicate the abnormal NE. White squares indicate the enlarged area. Scale bar, 20 pm. D. Bar graph comparing the percentage of abnormal NE structures
between the two groups in C. n = 3 independent experiments. **p < 0.01. p value was calculated using unpaired two-tailed Student’s t-test. Data were shown as mean
+ sem. E. Representative action potential tracings recorded from CON and EDMD iPSC-CMs by patch clamp. Red arrows indicate arrhythmias. Dash lines indicate 0
mV. F. Bar graphs to compare the percentage of cells with arrhythmia between the two groups in E. n = 25 cells. **p < 0.01. p value was calculated using Fisher’s
exact test. G. Representative contraction tracings recorded from CON and EDMD iPSC-CMs. H. Violin graph to compare the peak height of the contraction between
the two groups in G. n = 28-60 cells. ****p < 0.0001. p value was calculated using unpaired two-tailed Student’s t-test.
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immersed in imaging buffer for 30 min prior to imaging experiments.
For imaging, iPSC-CMs were placed in a chamber equipped with a
temperature controller, under constant perfusion of 37 °C imaging
buffer. Ca* signaling was assessed by recording the fluorescence of cells
using an Ultra High Speed Wavelength Switcher (Lambda DG-4, Sutter
Instruments) with a CCD camera (Zyla, Andor) mounted on an inverted
microscope (Eclipse Ti, Nikon). Fluorescent signals were obtained upon
excitation at 340 nm (F34¢) and 380 nm (F3gp). The amplitude of a Ca%*
transient was defined as the ratio of F340/F3g0.

2.20. Detection of calcium content

The intracellular calcium ion concentration was assessed using a 5
pM Fluo-4 AM Ca?" indicator (Invitrogen, F14201), and mitochondrial
calcium concentration was measured using a 5 pM Rhod-2 AM (Invi-
trogen, R1245MP) Ca®" indicator. Cells were incubated for 15 min at
room temperature in the dark. After washing twice with preheated RPMI
1640 medium without phenol red, iPSC-CMs were incubated in imaging
buffer for 30 min prior to imaging. Images were captured using a 63 x
objective on a Leica TCS SP8 LSCM (Leica Microsystems CMS GmbH,
Mannheim, Germany) and analyzed using Fiji.

2.21. Detection of inflammatory markers in cell culture supernatant

The concentrations of IL-4, IL-6, IL-10, and IFN-y in the cell culture
supernatant samples were quantitatively measured by flow cytometry.
According to the instructions provided by Biotend (XMPlex03240766),
the samples were first mixed with a microsphere suspension coated with
capture antibodies. The analytes in the samples specifically bound to the
capture antibodies on the microspheres. Detection antibodies were then
added, binding specifically to the reaction products from the previous
step. A fluorophore solution was subsequently added, allowing strep-
tavidin on the fluorophore to bind to the biotin on the detection anti-
body. Finally, the complex of ‘microsphere surface capture antibody-
antigen-biotinylated antibody-streptavidin-fluorophore’ was formed.
Detection was then performed using ABplex-100.

2.22. Fabrication and culture of human EHTs

A 1.5 x 8 mm three-dimensional human heart tissue bundle model
was made using polydimethylsiloxane (Dow Corning, SYLGARD 184).
Each tissue bundle contained approximately 7.5 x 10° iPSC-CMs.
Thrombin (Sigma, T7201) was added to the prepared hydrogel solu-
tion, which was mixed with Y-27632, Matrigel, fibrinogen (Sigma,
F3879), 2 x DMEM (Gibco, 12800017) with horse serum (Solarbio,
$9050), Glutamine (Gibco, 25030081), and FBS. The cell/gel mixture
was then poured into molds and incubated at 37 °C for 30 min to allow
polymerization. Cardiac bundles were removed from the molds and
cultured in 12-well plates for 14 days before being used for contractile
force testing. The culture medium was refreshed every 2 days.

2.23. Contractile force assessment of human EHTs

To assess the force-frequency relationship and electrical-contraction
coupling, cardiac bundles were paced with an electrical pulse (10 V, 4
ms) at 1 Hz and 2 Hz using a pair of platinum electrodes in Tyrode’s
solution containing 1.8 mM Ca2*, and sequentially stretched from 0 % to
20 % of their original length. Data were analyzed using MATLAB soft-
ware (version R2020b, 9.9.0.1467703).

2.24. Compounds and solutions

All the chemicals used in the electrophysiological experiments were
purchased from Sigma-Aldrich. Colivelin TFA (CLN) was purchased
from MedMol (S20771), and stock solutions were prepared at 50 pg/ul
in DMSO.
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2.25. Statistics

Statistical significance was determined using unpaired two-tailed
Student’s t-test or Fisher’s exact test to compare two groups and by
One-way or Two-way ANOVA to compare multiple groups. A p value of
<0.05 was considered statistically significant. *p < 0.05, **p < 0.01,
*¥*¥p < 0.001 and ****p < 0.0001. Data were shown as mean =+ sem and
analyzed using GraphPad Prism (GraphPad Software).

2.26. Data availability

The accession numbers for the RNA-Seq and ATAC-Seq data reported
in this study are PRINA1229783 and PRJNA1230100, respectively. The
data that supports our findings in this study remains available from the
corresponding author upon reasonable request.

3. Results

3.1. Generation of a human-based cardiomyocyte model of LMNA-related
EDMD

To investigate the role of the LMNA mutation in EDMD-related car-
diac phenotypes, we took advantage of patient-specific iPSCs bearing a
heterozygous mutation in the LMNA gene (c.611T > C, resulting in p.
Leu204Pro, hereafter referred to as L204P) (Fig. 1A and B). These iPSC
lines were derived from a 28-year-old female EDMD patient
(Supplementary Table 2), who had developed significant cardiac
symptoms including palpitations and chest tightness. Electrocardiogram
assessment revealed a range of arrhythmias such as sinus bradycardia,
sinus arrest, sinoatrial block, and premature ventricular contractions,
occurring without any apparent cardiac structural abnormalities.
Immunohistochemical analysis of a left bicep muscle biopsy from the
proband revealed striking variations in the size and shape of skeletal
muscle fibers, sporadic necrosis, and internalized nuclei (Fig. 1A). These
findings indicated pathological alterations characteristic of muscular
dystrophy. Furthermore, the maternal lineage of this patient was
confirmed to include a history of sudden cardiac death (SCD), with the
mother having succumbed to cardiac arrest, thus underscoring the sig-
nificant risk of SCD associated with this LMNA mutation (Fig. 1A).

Utilizing the non-integrated Sendai viral method, we successfully
generated control (CON) and EDMD patient-specific iPSC lines derived
from skin fibroblasts from a healthy donor, and the EDMD patient with
the LMNA L204P mutation, respectively (Supplementary Table 2). The
derived iPSC lines displayed characteristics akin to human embryonic
stem cells and exhibiting a similar morphology (Supplementary Fig. 1A).
These iPSC lines tested positive for ALP activity (Supplementary
Fig. 1A), expressed markers indicative of pluripotency (Supplementary
Fig. 1B), and also demonstrated normal karyotypes, (Supplementary
Fig. 1C). Sanger sequencing confirmed the presence of the LMNA mu-
tation in the EDMD iPSCs (Supplementary Fig. 1D). By employing a
small molecule-based monolayer differentiation protocol, both the
control and EDMD iPSCs were then directed to differentiate into car-
diomyocytes. This method achieved a high efficiency of differentiation,
yielding over 95 % purity as confirmed by fluorescence-activated cell
sorting (FACS) analysis (Supplementary Figs. 2A-C). The protein levels
of lamin A/C, the products of the LMNA gene, were then assessed using
Western blot, showing significantly diminished in EDMD iPSC-CMs
compared to controls (Supplementary Figs. 2D and E). The
morphology of the sarcomeres and NE was detected via immunofluo-
rescence. Interestingly, EDMD iPSC-CMs presented with a significantly
higher proportion of disorganized NE structures and obvious signs of
nuclear blebbing (CON: 9.27 + 2.29 %; EDMD: 57.03 + 11.44 %)
(Fig. 1C, D and Supplementary Fig. 2F). Collectively, we concluded the
successful establishment of a robust human-based in vitro model to study
cardiac manifestations linked to the LMNA mutation in EDMD.
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Fig. 2. Pathogenic signature of mitochondrial dysfunction and inflammatory activation in EDMD iPSC-CMs. A. GO analysis identified significant changes in
inflammation, mitochondrial function, muscle contraction, and DNA damage. B. Representative graphs of DNA damage in CON and EDMD iPSC-CMs, as measured by
comet assay. Scale bar, 100 pm. C. Box & whiskers graph to compare the tail moment between CON and EDMD iPSC-CMs. n = 60-63 cells. A.U., arbitrary units.
*##%p < 0.0001. p value was calculated using unpaired two-tailed Student’s t-test. Whiskers were shown as min to max. D. Representative graphs of mitochondria in
CON and EDMD iPSC-CMs by transmission electron microscopy and staining of MitoTracker (Red). Hoechst indicates nuclear staining (blue). Scale bar, 10 pm. E. Bar
graphs to compare the mitochondrial-related parameters (number of mitochondrial, mean area, mean branch length, mean branch diameter) between the two groups
in D. n = 32-43 cells. **p < 0.01 and ****p < 0.0001. p values were calculated using unpaired two-tailed Student’s t-test. Data were shown as mean + sem. F.
Analysis of oxygen consumption in CON and EDMD iPSC-CMs. n = 3 independently biological repeats. G. Bar graphs to compare key parameters of OCR between the
two groups in F. n = 3 independently biological repeats. **p < 0.01 and ****p < 0.0001. p values were calculated using unpaired two-tailed Student’s t-test. Data
were shown as mean + sem. H. Bar graph to compare the mitochondrial DNA (mtDNA)/nuclear DNA (nDNA) ratio between CON and EDMD iPSC-CMs. n = 4
independently biological repeats. ****p < 0.0001. p value was calculated using unpaired two-tailed Student’s t-test. Data were shown as mean + sem. I. Mito-
chondrial ROS levels in CON and EDMD iPSC-CMs. n = 3 independently biological repeats. ****p < 0.0001. p value was calculated using unpaired two-tailed
Student’s t-test. Data were shown as mean + sem. J. Representative graphs of dot blot in CON and EDMD iPSC-CMs. The black box marks the increase in EDMD
iPSC-CMs. K. Bar graph to compare the mRNA expression of JAK2 between CON and EDMD iPSC-CMs. n = 12 independently biological repeats. ***p < 0.001. p value
was calculated using unpaired two-tailed Student’s t-test. Data were shown as mean + sem. L, Representative Ca®" transient traces recorded from CON and EDMD
iPSC-CMs. M. Bar graphs to compare the diastolic Ca** and Ca®* transient amplitude between the two groups in L. n = 34-64 cells. *p < 0.05 and ****p < 0.0001. p

values were calculated using unpaired two-tailed Student’s t-test. Data were shown as mean + sem.

3.2. Arrhythmogenic traits and contractile dysfunction in EDMD iPSC-
CMs

Given the pronounced cardiac symptoms and the heightened risk of
SCD linked to this mutation, we initiated our investigation by examining
the electrophysiological characteristics of EDMD iPSC-CMs. This was
accomplished by recording single-cell action potentials from control and
EDMD iPSC-CMs to gain insight into their potential arrhythmogenic
properties. We observed a uniform and rhythmic action potential profile
in control iPSC-CMs (Fig. 1E and F). By contrast, arrhythmic waveforms
were detected in a large proportion of EDMD iPSC-CMs (CON: 8 %;
EDMD: 48 %). As myocardial contractility serves as a pivotal parameter
for assessing cardiac function, we proceeded to evaluate the contractile
force of EDMD iPSC-CMs utilizing the IonOptix system. The peak
amplitude of contraction in EDMD iPSC-CMs was revealed as signifi-
cantly reduced compared to that observed in control iPSC-CMs (CON:
0.26 + 0.11; EDMD: 0.11 + 0.05) (Fig. 1G and H). Taken together, these
results demonstrate arrhythmogenic traits and contractile dysfunction in
EDMD iPSC-CMs.

3.3. EDMD iPSC-CMs exhibit a pathological profile of mitochondrial
dysfunction and inflammatory activation

To elucidate the impact of the LMNA mutation upon EDMD at the
transcriptome level, we conducted RNA-Seq on both control and EDMD
iPSC-CMs. GO enrichment analysis revealed that differentially expressed
genes were primarily linked to inflammation, mitochondrial function,
and DNA damage (Fig. 2A). To evaluate the level of DNA damage, we
performed a comet assay in control and EDMD iPSC-CMs (Fig. 2B and C).
EDMD iPSC-CMs exhibited a significantly higher distribution in the
percentage of DNA found in the comet tail (CON: 0.41 + 1.03; EDMD:
72.85 + 53.58) (Fig. 2C). We next assessed the expression levels of
phosphorylated Histone H2A.X (p-Histone H2A.X) using Western blot
and immunofluorescence. These analyses revealed a markedly elevated
level of p-Histone H2A.X in EDMD iPSC-CMs as compared to control
counterparts (Supplementary Figs. 3A-D). These results indicated the
existence of DNA damage in EDMD iPSC-CMs. We then examined
mitochondrial morphology via transmission electron microscopy. This
revealed mitochondrial fragmentation in EDMD iPSC-CMs (Fig. 2D and
E). To assess mitochondrial respiratory function, we quantified the OCR
of iPSC-CMs using a Seahorse bioscience XF-96 extracellular flux
analyzer. Parameters of proton leak, basal OCR, maximal capacity, and
spare capacity were all significantly diminished in EDMD iPSC-CMs,
compared to controls (Fig. 2F and G). Meanwhile, we assessed the
mitochondrial membrane potential using flow cytometry combined with
a fluorescent TMRM probe. We observed that the mitochondrial mem-
brane potential levels were significantly lower in EDMD iPSC-CMs than
that in controls (Supplementary Fig. 3E). Additionally, the

mitochondrial DNA (mtDNA) copy number was found to be significantly
reduced in EDMD iPSC-CMs (Fig. 2H). Altogether, these results indicate
significantly compromised mitochondrial bioenergetics in EDMD iPSC-
CMs.

Given the correlation between mitochondrial dysfunction and
heightened ROS generation, and recognizing that mitochondria are a
primary source of ROS [37,38], we proceeded to evaluate mitochondrial
ROS production using flow cytometry with the aid of the fluorescent
probe MitoSOX. The level of mitochondrial ROS was significantly higher
in EDMD iPSC-CMs than that in controls (Fig. 2I). Considering the
pronounced enrichment of inflammatory pathways in our RNA-Seq data,
we then examined the level of inflammatory factors in EDMD iPSC-CMs.
This revealed a significantly upregulated level of IL-6 in comparison
with control iPSC-CMs (Fig. 2J). qPCR results also revealed significantly
higher mRNA levels of IL-6 in EDMD iPSC-CMs than that in controls
(Fig. 2K). Previous studies have provided increasing evidence pointing
to a reciprocal interaction between Ca2t and ROS signaling pathways,
indicating crucial roles for this in the regulation of cellular signaling
networks [39,40]. We therefore assessed Ca®" transients from control
and EDMD iPSC-CMs by Fura-2 Ca" imaging (Fig. 2L). The Ca?" tran-
sient amplitude was significantly lower in EDMD iPSC-CMs (CON: 0.19
+ 0.06; EDMD: 0.17 + 0.04) (Fig. 2M) than in controls. Moreover, we
observed significantly increased diastolic intracellular Ca®t ([Ca2+]i) in
EDMD iPSC-CMs (CON: 0.11 + 0.07; EDMD: 0.30 + 0.09) (Fig. 2M). The
Ca?* load of mitochondria, as detected by rhod2 staining, was also
revealed as having a higher Ca?* load in EDMD iPSC-CMs
(Supplementary Fig. 3F). Perturbed Ca?" homeostasis may therefore
underlie the cardiac pathogenic phenotypes observed in EDMD
iPSC-CMs. Taken together, these results demonstrate a pathogenic
signature of mitochondrial dysfunction, inflammatory activation, and
abnormal Ca?* signaling, in EDMD iPSC-CMs.

3.4. The JAK2/STATS3 signaling pathway is suppressed in EDMD iPSC-
CMs

As the LMNA mutations had resulted in reduced nuclear stability and
deformation of the nuclear envelop in skeletal muscle cells [8], we
therefore considered that the LMNA L204P mutation act to alter chro-
matin accessibility and cause changes in the gene transcription level in
EDMD iPSC-CMs. Through the comprehensive analysis of RNA-Seq and
ATAC-Seq for control and EDMD iPSC-CMs, we identified a particular
gene of interest, namely JAK2 (Fig. 2A and Supplementary Fig. 4). In
spite of inflammatory activation, the expression of JAK2 was down-
regulated in RNA-Seq (Supplementary Fig. 4A) in EDMD iPSC-CMs, a
factor also confirmed by qPCR and Western blot (Supplementary Fig. 2D
and E and 4B). GO analysis similarly identified significant mutational
effects upon JAK2-related pathways (Fig. 2A). By conducting a thorough
analysis of ATAC-Seq data, we confirmed a reduction in chromatin
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Fig. 3. Pharmacological activation of JAK2/STAT3 signaling rescues the arrhythmic and contractile dysfunction phenotypes of EDMD iPSC-CMs by
improving mitochondrial function. A. Western blot analysis of the protein expression of cytosol and nuclear STAT3 in CON and EDMD iPSC-CMs with or without
Colivelin (CLN) treatment. B. Bar graph to compare the protein expression in A. 3 independently biological repeats. ***p < 0.001 and ****p < 0.0001. p values were
calculated using One-way ANOVA. Data were shown as mean + sem. C. Representative graphs of co-staining of lamin A/C (red) and STAT3 (green) in CON and
EDMD iPSC-CMs with or without CLN treatment. DAPI indicates nuclear staining (blue). White arrows indicate cells without the nuclear localization of STAT3. Scale
bar, 20 pm. D. Bar graph to compare the mean fluorescence intensity of STAT3 in nucleus among different groups in C. n = 10 independently biological repeats. ***p
< 0.001 and ****p < 0.0001. p values were calculated using One-way ANOVA. Data were shown as mean =+ sem. E. TMRM levels in CON and EDMD iPSC-CMs with
or without CLN treatment. n = 3 independently biological repeats. *p < 0.05 and ****p < 0.0001. p values were calculated using One-way ANOVA. Data were shown
as mean =+ sem. F. Mitochondrial ROS levels in CON and EDMD iPSC-CMs with or without CLN treatment. n = 3 independently biological repeats. ****p < 0.0001. p
values were calculated using One-way ANOVA. Data were shown as mean + sem. G. Analysis of oxygen consumption in CON and EDMD iPSC-CMs with or without
treatment of CLN. n = 3 independently biological repeats. H. Bar graphs to compare key parameters of OCR among different groups in G. n = 3 independently
biological repeats. **p < 0.01, ***p < 0.001 and ****p < 0.0001. p values were calculated using One-way ANOVA. Data were shown as mean + sem. I. Repre-
sentative action potential tracings recorded from CON and EDMD iPSC-CMs with or without CLN by patch clamp. Red arrows indicate arrhythmias. Dash lines
indicate 0 mV. J. Bar graph to compare the percentage of cells with arrhythmia among different groups in H. n = 18-34 cells. *p < 0.05. p values were calculated
using Fisher’s exact test. K. Representative contraction tracings recorded from CON and EDMD iPSC-CMs with or without CLN. Violin graph to compare the peak
height of the contraction among different groups. n = 34-56 cells. **p < 0.01, ***p < 0.001 and ****p < 0.0001. p values were calculated using One-way ANOVA. L.
Representative graphs of staining of lamin A/C (red) in CON and EDMD iPSC-CMs with or without CLN treatment. DAPI indicates nuclear staining (blue). White
arrows indicate abnormal NE. White squares indicate the enlarged area. Scale bar, 20 um. M. Bar graph to compare the percentage of abnormal NE structure among
(lifferent groups in L. n = 3 independent experiments. ****p < 0.0001. p values were calculated using One-way ANOVA. Data were shown as mean + sem.

accessibility at the JAK2 locus, accounting for the anomalous down- Ca?* abnormalities (Supplementary Fig. 6F). However, neither CLN nor
regulation of JAK2 (Supplementary Figs. 4C and D). Mito-TEMPO had no significant rescue effect on the abnormal NE

Our previous investigations had revealed impaired mitochondrial structure phenotype in EDMD iPSC-CMs (Fig. 3L-M and Supplementary
function in EDMD iPSC-CMs, leading to excessive ROS production. Figs. 6G-H), suggesting that the molecular mechanisms underlying
Given the pivotal role of JAK2/STAT3 in mitochondrial function [24,28, functional abnormalities and NE structural abnormality may be inde-

31,32], we next assessed the expression levels of JAK2 and STAT3 in pendent. Altogether, these results suggest that activation of JAK2/
control and EDMD iPSC-CMs. We observed a significant reduction in the STATS3 signaling pathway is able to rescue the arrhythmic and con-
levels of JAK2 and phosphorylated STAT3 (at residues 705 and 727) in tractile dysfunction phenotypes of EDMD iPSC-CMs by improving
EDMD iPSC-CMs, while no significant change of total STAT3 was mitochondrial function.

observed between control and EDMD iPSC-CMs (Supplementary

Figs. 5A-C). Immunofluorescence analysis further revealed a marked 3.6. Genetic inhibition of JAK2 in control iPSC-CMs recapitulates the
reduction in the nuclear distribution of STAT3 in EDMD iPSC-CMs, when arrhythmic and contractile dysfunction phenotypes of EDMD iPSC-CMs
compare to controls (Supplementary Figs. 5D and E). Moreover, the

mRNA levels of downstream genes of STAT3 were significantly down- The suppressed JAK2/STAT3 signaling pathway in EDMD iPSC-CMs
regulated in EDMD iPSC-CMs (Supplementary Fig. 5F). These results appears to result in mitochondrial dysfunction and overproduction of
suggest that the JAK2/STAT3 signaling pathway is suppressed in EDMD ROS. This could be the underlying cause of the observed arrhythmic

iPSC-CMs, a factor which may contribute to the cardiac phenotypes of phenotype and contractile impairment. To establish a direct link be-
EDMD. tween JAK2 and these pathogenic phenotypes, we employed small

interfering RNA (siRNA) to genetically suppress JAK2 expression in
3.5. Pharmacological activation of JAK2/STAT3 signaling rescues the control iPSC-CMs. The efficiency of JAK2 knockdown (KD) was
arrhythmic and contractile dysfunction phenotypes of EDMD iPSC-CMs by confirmed through Western blot analysis, which revealed a significant
improving mitochondrial function reduction in the levels of JAK2, phosphorylated STAT3 at residues 705

and 727, and phosphorylated DRP1 (an essential element in the main-

To link suppressed JAK2/STAT3 and the pathogenic phenotypes tenance of both mitochondrial fission and mitochondrial homeostasis)
observed in EDMD iPSC-CMs, pharmacological activation of JAK2/ (Fig. 4A and B) [41]. Moreover, the JAK2 siRNA-treated control
STAT3 was applied in EDMD iPSC-CMs. Treatment of CLN, a potent iPSC-CMs displayed a marked decline in mitochondrial function
activator of STAT3, significantly increased the distribution of STAT3 in compared to those treated with scrambled siRNA (negative control, NC),

the nuclei of EDMD iPSC-CMs, in clear contrast to cells receiving the with maximal capacity and spare capacity both being significantly
DMSO (vehicle) treatment (Fig. 3A-D). The levels of mitochondrial reduced (Fig. 4C and D). In parallel, control iPSC-CMs with JAK2 KD
membrane potential and mitochondrial ROS were similarly significantly exhibited phenotypic traits indicative of the related pathologies,

improved in CLN group compared to DMSO group (Fig. 3E and F). including arrhythmias (CON-NC: 11.10 %; CON-KD: 26.30 %) and
Mitochondrial function was also rescued in the CLN group, with the contractile dysfunction (CON-NC: 0.26 + 0.13; CON-KD: 0.14 + 0.07)
parameters of basal OCR, maximal capacity, and spare capacity all (Fig. 4E-G). Collectively, these results suggest that the genetic inhibition
significantly elevated (Fig. 3G and H). Notably, the arrhythmic pheno- of JAK2 in control iPSC-CMs can recapitulate the arrhythmic and con-
type (CON + DMSO: 5.60 %; CON + CLN: 9.50 %; EDMD + DMSO: tractile dysfunction phenotypes of EDMD iPSC-CMs.

41.70 %; EDMD + CLN: 20.60 %) and compromised contractile function

(CON + DMSO: 0.27 £ 0.11; CON + CLN: 0.26 + 0.11; EDMD + DMSO: 3.7. Overexpression of JAK2 rescues the arrhythmic and contractile

0.11 + 0.07; EDMD + CLN: 0.18 £ 0.09) in EDMD iPSC-CMs were dysfunction phenotypes of EDMD iPSC-CMs by alleviating mitochondrial
substantially rescued by CLN treatment (Fig. 3I-K), suggesting the dysfunction

pivotal role of the JAK2/STATS3 signaling pathway in the pathogenesis

of EDMD. Furthermore, treatment of Mito-TEMPO, the mitochondrial Having shown that the pharmacological activation of JAK2/STAT3
ROS scavenger, significantly eliminated the mitochondrial ROS pro- can ameliorate the arrhythmic and contractile dysfunction phenotypes
duction (Supplementary Fig. 6A) and ameliorated key pathogenic phe- of EDMD iPSC-CMs, and that genetic inhibition of JAK2 results in
notypes observed in EDMD iPSC-CMs. Specifically, this intervention recapitulation of these EDMD cardiomyocyte phenotypes in control
markedly reduced arrhythmic events (Supplementary Figs. 6B and C), iPSC-CMs, we then constructed a human wild-type (WT) JAK2 plasmid
improved contractile function (Supplementary Fig. 6D), downregulated with GFP tag in order to further confirm the causal relationship between
pro-inflammatory cytokines (Supplementary Fig. 6E), and alleviated JAK2 and these pathogenic phenotypes. In this, GFP only (negative

10
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Fig. 4. Genetic inhibition of JAK2 in control iPSC-CMs recapitulates the arrhythmic and contractile dysfunction phenotypes of EDMD iPSC-CMs. A.
Western blot analysis of JAK2, p-STAT3 (727 and 705), STAT3, p-DRP1, and DPR1 expression in CON iPSC-CMs treated with scrambled siRNA (negative control, NC)
or JAK2 siRNA (knockdown, KD). B. Bar graphs to compare the protein expression between CON-NC and CON-JAK2-KD iPSC-CMs in A. n = 9 independently
biological repeats. ****p < 0.0001. p values were calculated using unpaired two-tailed Student’s t-test. Data were shown as mean + sem. C. Analysis of oxygen
consumption in CON-NC and CON-JAK2-KD iPSC-CMs. n = 3 independently biological repeats. D. Bar graphs to compare key parameters of OCR between different
groups in C. n = 3 independently biological repeats. **p < 0.01 and ***p < 0.001. p values were calculated using unpaired two-tailed Student’s t-test. Data were
shown as mean + sem. E. Representative action potential tracings recorded from CON-NC and CON-JAK2-KD iPSC-CMs by patch clamp. Red arrows indicate ar-
rhythmias. Dash lines indicate 0 mV. F. Bar graph to compare the percentage of cells with arrhythmia between the two groups in E. n = 27-29 cells. *p < 0.05. p value
was calculated using Fisher’s exact test. G. Representative contraction tracings recorded from CON-NC and CON-JAK2-KD iPSC-CMs. Violin graph to compare the
peak height of the contraction between the two groups. n = 63-71 cells. ****p < 0.0001. p value was calculated using unpaired two-tailed Student’s t-test.
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Fig. 5. Overexpression of JAK2 rescues the arrhythmic and contractile dysfunction phenotypes of EDMD iPSC-CMs by alleviating mitochondrial
dysfunction. A. Western blot analysis of JAK2, p-STAT3 (727 and 705), STAT3, p-DRP1, and DPR1 expression in CON, EDMD-NC and EDMD-JAK2-OE iPSC-CMs. B.
Bar graphs to compare the protein expression in A. n = 6 independently biological repeats. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. p values were
calculated by One-way ANOVA. Data were shown as mean + sem. C. Analysis of oxygen consumption in CON, EDMD-NC and EDMD-JAK2-OE iPSC-CMs. n = 3
independently biological repeats. D. Bar graphs to compare key parameters of OCR among different groups in C. n = 3 independently biological repeats. *p < 0.05,
**p < 0.01, ***p < 0.001 and ****p < 0.0001. p values were calculated by One-way ANOVA. Data were shown as mean + sem. E. Representative graphs of staining
of Fluo4 in CON, EDMD-NC and EDMD-JAK2-OE iPSC-CMs during diastole or systole. Each graph below shows the corresponding 3D surface plot. Scale bar, 25 pm. F.
Representative action potential tracings recorded from EDMD-NC and EDMD-JAK2-OE iPSC-CMs by patch clamp. Red arrows indicate arrhythmias. Dash lines
indicate 0 mV. G. Bar graph to compare the percentage of cells with arrhythmia between the two groups in F. n = 22-25 cells. *p < 0.05. p value was calculated using
Fisher’s exact test. H. Representative contraction tracings recorded from EDMD-NC and EDMD-JAK2-OE iPSC-CMs. 1. Violin graph to compare the peak height of the
Eontraction between the two groups. n = 34-58 cells. **p < 0.01. p value was calculated using unpaired two-tailed Student’s t-test.

<

control, NC) or JAK2-GFP was successfully transfected into EDMD iPSC- 3.9. The JAK2/STATS3 signaling pathway is suppressed in EDMD iPSC-
CMs. The overexpression (OE) of JAK2 in EDMD iPSC-CMs led to a derived skeletal muscle cells
pronounced increase in JAK2 protein expression, accompanied by sig-

nificant elevation in the phosphorylation of STAT3 (at residues 705 and To investigate molecular alterations in the JAK2/STAT3 pathway
727) and DRP1 (Fig. 5A and B). In turn, this resulted in the morpho- within skeletal muscle pathology, we established an in vitro model
logical and functional integrity of mitochondria in EDMD iPSC-CMs through the differentiation of iPSCs into skeletal muscle cells (iPSC-
being notably restored by JAK2 OE (Supplementary Figs. 7A and B). SMCs). Immunofluorescence analysis revealed a marked reduction in
JAK2 OE in EDMD iPSC-CMs also led to significantly decreased mito- myotube formation capacity in EDMD iPSC-SMCs compared to controls
chondrial ROS and inflammatory levels, and increased mtDNA copy (Supplementary Figs. 9A and B). Subsequent quantification of myogenic
number (Supplementary Figs. 7C-E). Moreover, the mitochondrial differentiation markers demonstrated significantly decreased mRNA
function was effectively rescued in EDMD iPSC-CMs after JAK2 OE, expression levels of MYOD, MYOG and MYHC in EDMD iPSC-SMCs on
where the parameters of proton leak, basal OCR, maximal capacity, and day 16 post-differentiation (Supplementary Fig. 9C). These results sug-
spare capacity were all significantly elevated (Fig. 5C and D). The gest impaired differentiation progression occurring from myoblasts,
aberrant Ca?" handling characteristic of EDMD iPSC-CMs was also through to myocytes, and on to mature myotubes. According to previous
significantly improved by JAK2 OE, as indicated by enhanced Ca®* findings in the iPSC-CMs, we performed pathway validation in iPSC-
transient amplitude, reduced diastolic Ca%" level, and reduced mito- SMCs. gPCR analysis showed significantly reduced JAK2 mRNA

chondrial Ca®* load (Fig. 5E and Supplementary Fig. 7F). Notably, the expression in EDMD iPSC-SMCs (Supplementary Fig. 9D), while STAT3
arrhythmic phenotype (EDMD-NC: 56.00 %; EDMD-OE: 27.30 %) and levels remained comparable between control and EDMD iPSC-SMCs
compromised contractile function (EDMD-NC: 0.12 + 0.08; EDMD-OE: (Supplementary Fig. 9E). Meanwhile, qPCR analysis identified signifi-
0.18 + 0.09) in EDMD iPSC-CMs were substantially rescued by JAK2 cantly higher level of IL-6 (Supplementary Fig. 9F), and downregulation
OE (Fig. 5F-I). Taken together, the overexpression of JAK2 can rescue of STAT3-downstream target genes (Supplementary Fig. 9G). These
the arrhythmic and contractile dysfunction phenotypes in EDMD iPSC- findings suggest that EDMD iPSC-SMCs exhibit a suppressed JAK2/
CMs by alleviating the associated mitochondrial dysfunction. STATS3 signaling pathway similar to those observed in iPSC-CMs.

3.8. Rescuing the arrhythmic and contractile dysfunction phenotypes of 3.10. Pharmacological activation of JAK2/STAT3 signaling improves the
EDMD iPSC-CM:s by genetic correction of the LMNA P204P mutation function of EDMD patient-specific EHTs

To eliminate the potential confounding effects of genetic back-
ground, we successfully generated a gene-corrected (GC) isogenic iPSC
line by correcting the LMNA L204P mutation in EDMD iPSCs
(Supplementary Figs. 8A-E). Patch clamp recordings revealed a dra-
matic reduction of arrhythmic incidences in GC iPSC-CMs, representing
action potentials restored to levels comparable to those from controls
(CON: 6.3 %; GC: 7.9 %; EDMD: 39.1 %) (Fig. 6A and B). IonOptix assays
also revealed a significantly higher peak amplitudes of contraction in GC
iPSC-CMs than that in EDMD iPSC-CMs (CON: 0.29 + 0.14; GC: 0.28 + compared to control and GC EHTs (Fig. 7B). After treatment with CLN
0.14; EDMD: 0.21 + 0.11) (Fig. 6C and D). Moreover, the level of 5 5 quration of 4 h, the impairment of contraction was notably miti-

mitochondrial ROS was signiﬁéantly reduced in GC iPSC-CMs as gated in EDMD iPSC-CMs as compared to controls (Fig. 7C). These
compared to EDMD iPSC-CMs (Fig. 6E). Western blot and immunoflu-

orescence analyses revealed the significantly increased expression of
lamin A, lamin C, JAK2, and phosphorylated STAT3 and DRP1, along
with significantly increased nuclear localization of STAT3 in GC iPSC-
CMs, when compared to EDMD iPSC-CMs (Fig. 6F-1 and Supplemen-
tary Figs. 8F and G). Mitochondrial fragmentation was also significantly
alleviated in GC iPSC-CMs as compared to EDMD iPSC-CMs (Fig. 6J and
K). The resultant GC iPSC-CMs exhibited a restored profile resembling
that of control iPSC-CMs. Taken together, these results demonstrate that
genetic correction of the LMNA L204P mutation is sufficient to rescue
the arrhythmic and contractile dysfunction phenotypes of EDMD iPSC-
CMs.

To further assess the therapeutic impact of STAT3 activation at the
tissue level, we then developed a human EHT model. At baseline, EDMD
EHTs exhibited a noncompacted morphology, in contrast to the com-
pacted appearance of control and GC EHTs (Fig. 7A). Contraction
waveforms were captured for control, GC, and EDMD EHTs under in-
cremental stretch lengths (stretching ratio: 0-8 %) at a frequency of 2
Hz. The contractile force of EDMD EHTs was markedly reduced at 0 %, 4
% and 8 % stretching ratios, as conducted at a 2 Hz pacing frequency,

findings indicate that EDMD EHTs accurately reflect the same patho-
logical contractile dysfunction phenotype, which can then be substan-
tially ameliorated by STAT3 activation.

4. Discussion

In this study, we employed patient-specific and genome-edited iPSC-
CM and EHT models to investigate the underlying mechanisms of
pathogenic cardiac phenotypes in LMNA-related EDMD. EDMD iPSC-
CMs carrying the LMNA L204P mutation were observed to exhibit the
classic pathogenic phenotypes of arrhythmia and contractile dysfunc-
tion. L204P iPSC-CMs also displayed DNA damage, disruptions in
mitochondrial homeostasis, and inflammatory activation. These
observed abnormalities were attributed to the restricted activity of the
JAK2/STAT3 signaling pathway. Combined RNA-Seq and ATAC-Seq
analysis revealed that LMNA L204P resulted in decreased chromatin
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Fig. 6. Rescuing the arrhythmic and contractile dysfunction phenotypes of EDMD iPSC-CMs by genetic correction of the LMNA P204P mutation. A.
Representative action potential tracings recorded from CON, GC and EDMD iPSC-CMs by patch clamp. Red arrows indicate arrhythmias. Dash lines indicate 0 mV. B.
Bar graph to compare the percentage of cells with arrhythmia among different groups in A. n = 27-32 cells. *p < 0.05 and **p < 0.01. p values were calculated using
Fisher’s exact test. C. Representative contraction tracings recorded from CON, GC and EDMD iPSC-CMs. D. Violin graph to compare the peak height of the
contraction among different groups in C. n = 77-102 cells. ***p < 0.001 and ****p < 0.0001. p values were calculated using One-way ANOVA tests. E. Mitochondrial
ROS levels in CON, GC and EDMD iPSC-CMs. n = 3 independently biological repeats. ***p < 0.001. p values were calculated using One-way ANOVA tests. Data is
shown as mean + sem. F. Western blot analysis of JAK2, p-STAT3 (727 and 705), STAT3, p-DRP1, and DPR1 expression in CON, GC and EDMD iPSC-CMs. G. Bar
graphs to compare the protein expression in F. n = 6 independently biological repeats. **p < 0.001 and ****p < 0.0001. p values were calculated using One-way
ANOVA tests. Data is shown as mean + sem. H. Representative graphs of co-staining of lamin A/C (red) and STAT3 (green) in CON, GC and EDMD iPSC-CMs. DAPI
indicates nuclear staining (blue). White arrows indicate cells without nuclear localization of STAT3. Scale bar, 20 pm. I. Bar graph to compare the mean fluorescence
intensity of STAT3 in the nucleus among different groups in H. n = 15 independently biological repeats. The ****p < 0.0001. p values were calculated using One-way
ANOVA tests. Data is shown as mean + sem. J. Representative graphs of mitochondria in CON, GC and EDMD iPSC-CMs by staining of MitoTracker (Red). Hoechst
indicates nuclear staining (blue). Scale bar, 10 pm. K. Bar graph to compare the mean branch diameter among different groups in J. n = 24 cells. ****p < 0.0001. p
\‘/alues were calculated using One-way ANOVA tests. Data is shown as mean + sem.

accessibility leading to the downregulation of JAK2, thus suppressing In spite of the inflammatory activation, and contrary to expectations,
JAK2/STAT3 signaling in EDMD iPSC-CMs. Excessive oxidative stress, our experiments uncovered that the suppression of the JAK2/STAT3
known as detrimental for both cardiomyocyte structure and function pathway occurred together with a decreased rather than increased
[37], ultimately then led to the predisposition towards arrhythmia and phosphorylation level of STAT3, as had also been previously reported
contractile dysfunction. The pathological contractile dysfunction [46]. In this, we must consider that mutations in the LMNA gene can
phenotype, and the rescue effects of the activation of JAK2/STAT3, were disrupt the integrity of the nuclear envelope, which in turn affects
both successfully verified using an EDMD patient-specific EHT model. chromatin organization and increases chromatin heterogeneity, ulti-
Taken together, our findings indicate that the lamin mately leading to aberrant chromatin condensation. Such architectural
A/C-JAK2/STAT3-ROS axis plays an essential role in regulating the alterations may act to modulate the accessibility of chromatin, thereby
pathophysiology of EDMD cardiac phenotypes (Fig. 7D). influencing the binding affinity of transcriptional regulatory proteins
Lamin A/C are pivotal structural proteins within the nucleus of the and impacting the ensuing regulation of downstream gene expression
cell, forming the backbone of the nuclear lamina, a fibrous network that [42]. In our study, we utilized a comprehensive approach by integrating
lines the interior of the nuclear envelope and which is essential for data from RNA-Seq and ATAC-Seq, which revealed diminished gene
preserving the mechanical integrity of the nucleus [9,42]. These lamins accessibility and a concomitant reduction in JAK2 expression levels.
also play a crucial role in various nuclear functions such as DNA repli- Moreover, pharmacological or genetic activation of JAK2/STAT3
cation, regulation of gene expression, and the cellular response to DNA significantly ameliorated the arrhythmic and contractile dysfunction
damage [6-9,11,42]. Mutations in the genes encoding lamins A/C can phenotypes in L204P iPSC-CMs by improving mitochondrial function,
result in proteins that fail to effectively perform their designated roles, highlighting the potential therapeutic avenue this approach represented
thereby causing disruptions to the nuclear membrane’s stability. As the for mitigating the cardiac effects of LMNA mutations.
nuclear envelope serves as a protective shield against external threats, LMNA-related cardiomyopathies display marked phenotypic vari-
this instability can render DNA more vulnerable to damage [6,8,11]. ability attributable to diverse mutation sites, with their underlying
DNA damage acts as an intracellular stress signal that triggers a cascade pathogenic mechanisms intricately linked to the specific nature of each
of signaling pathways, including inflammatory responses [43]. When mutation. To date, the ClinVar database has documented over 500
DNA damage and inflammation occur, these can impair mitochondrial pathogenic or likely pathogenic mutations within the LMNA gene.
function, potentially leading to metabolic disorders and disruption to Pathogenic mechanisms underlying single-site mutations may therefore
the cell’s normal operations [44]. This dysfunction may also result in an not fully account for the pathogenicity of all LMNA mutations. Given this
increased production of ROS [38], which, as highly reactive molecules, limitation, systematic research on LMNA mutations becomes extremely
can cause damage to proteins, lipids, and DNA [45]. In this study, we important. In subsequent studies, we aim to conduct more in-depth ex-
have identified a pronounced pathogenic signature characterized by plorations of different types of LMNA mutations, more thoroughly
DNA damage and inflammatory activation in L204P iPSC-CMs. analyze their common and unique pathogenic mechanisms, and further
Concurrently, we observed impairments in mitochondrial function verify the feasibility of relevant therapeutic targets.
accompanied by an increase in ROS as the likely primary contributors to One limitation in our study is the absence of the in vivo data. Further
the observed resultant aberrant cardiac function. experiments using genetic animal models will be conducted to confirm
The relevance of the observed suppression of JAK2 signaling in our findings in the future investigations. A second limitation is that our
EDMD iPSC-CMs may also require some clarification. JAK2 is a findings are based only upon one single recruited LMNA-related EDMD
component of the non-receptor tyrosine kinase JAK family. It plays a patient. Once further cases of this rare genotype become apparent, we
pivotal role in cellular proliferation, the progression through the cell hope to facilitate further investigations among a broader patient cohort
cycle, the execution of apoptosis, the orchestration of mitotic recombi- to confirm our findings.
nation, the maintenance of genetic stability, and the modification of In conclusion, our work unveils a novel mechanism involving chro-
histones [24,25,31-34], exerting its influence on mitochondrial function matin compartment change-mediated suppression of the JAK2/STAT3

predominantly through the regulation of STAT3 phosphorylation signaling pathway underlying the cardiac pathogenic phenotypes in
[28-30]. Upon phosphorylation, STAT3 dimerizes and translocates to LMNA-related EDMD. Our findings suggest that activation of JAK2/
the nucleus to modulate the transcription of target genes. Moreover, STAT3 could therefore serve as a potential novel therapeutic strategy for
phosphorylated STAT3 is capable of directly entering mitochondria to cardiac phenotypes associated with LMNA-related EDMD.

modulate their energy metabolism [27]. The JAK2/STAT3 pathway is

frequently triggered in response to inflammatory stimuli. For instance, CRediT authorship contribution statement
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Fig. 7. Pharmacological activation of JAK2/STAT3 signaling improves the function of EDMD patient-specific EHTs. A. Representative longitudinal
morphology of CON, GC and EDMD EHTs (scale bar, 100 pm) with H&E staining (scale bar, 50 pm) and TNNT2/a-Actinin/DAPI staining (scale bar, 50 pm). B.
Representative contraction tracings recorded from CON, GC and EDMD EHTs under 2 Hz pacing and an 8 % stretching ratio. Line graph to compare the force among
different groups in the left panel. n = 3 biological repeats. Data were shown as mean + sem. C. Representative contraction tracings recorded from CON and EDMD
EHTs with or without CLN treatment under 2 Hz pacing and an 8 % stretching ratio. Line graph to compare the force among different groups in the left panel. n = 5
biological repeats. Data were shown as mean + sem. D. Proposed work model. EDMD patient-specific iPSC-CMs carrying the LMNA L204P mutation exhibit increased
burdens of arrhythmia and contractile dysfunction. LMNA L204P decreases the chromatin opening and leads to the downregulation of JAK2 in L204P iPSC-CMs. The
deficiency of JAK2, in turn, results in reduced STAT3 activity. The suppression of the JAK2/STAT3 signaling pathway subsequently leads to impaired mitochondrial
f‘unction and excessive ROS production, ultimately causing the observed arrhythmia and contractile dysfunction in L204P iPSC-CMs.
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