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SUMMARY

Titin-truncating variants (TTNtv) are the single largest genetic cause of dilated cardiomyopathy (DCM). In this study we modeled disease
phenotypes of A-band TTNtv-induced DCM in human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) using genome
editing and tissue engineering technologies. Transcriptomic, cellular, and micro-tissue studies revealed that A-band TTNtv hiPSC-CMs
exhibit pathogenic proteinopathy, sarcomere defects, aberrant Na* channel activities, and contractile dysfunction. These phenotypes
establish a dual mechanism of poison peptide effect and haploinsufficiency that collectively contribute to DCM pathogenesis. However,
TTNtv cellular defects did not interfere with the function of the core contractile machinery, the actin-myosin-troponin-Ca>* complex,
and preserved the therapeutic mechanism of sarcomere modulators. Treatment of TTNtv cardiac micro-tissues with investigational
sarcomere modulators augmented contractility and resulted in sustained transcriptomic changes that promote reversal of DCM disease
signatures. Together, our findings elucidate the underlying pathogenic mechanisms of A-band TTNtv-induced DCM and demonstrate the

validity of sarcomere modulators as potential therapeutics.

INTRODUCTION

Dilated cardiomyopathy (DCM) is a common type of
myocardial disorder characterized by a dilated left ventricle
and impaired systolic function. It is also associated with
approximately half of the heart-failure cases in the United
States. Among dozens of genes contributing to DCM, titin-
truncating variants (TTNtv) constitute approximately 25%
of familial cases and 18% of sporadic cases (Roberts et al.,
2015; Walsh et al., 2017). The poor clinical outcomes of
DCM highlight a pressing need for improved mechanistic
understanding of DCM pathogenesis, genetic susceptibil-
ity, and possible interactions with medical therapy.

Titin, the largest human protein, is an essential com-
ponent of the cardiac sarcomere. Homozygous TTNtv is
embryonic lethal in genetically engineered rodents, sug-
gesting its necessity in sarcomerogenesis (Gramlich et al.,
2009; Schafer et al., 2017). However, the pathogenicity of
heterozygous TTNtv has been elusive as evidenced by its
prevalence in approximately 1% of the general population
(Fatkin and Huttner, 2017; Roberts et al., 2015). It was
recently discovered that only TTNtv occurring in constitu-
tive exons are consistently associated with DCM, while dis-
ease penetrance and severity are position related, with
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distal variants exhibiting worse cardiac functions (Hinson
et al.,, 2015; Roberts et al.,, 2015; Schafer et al., 2017).
Despite these efforts, the exact molecular mechanisms of
TTNtv-induced DCM remain incompletely understood,
with prevailing theories including haploinsufficiency,
inactive protein (loss of function), or poison peptide effect
(Fomin et al., 2021; McAfee et al.,, 2021; Ware and
Cook, 2018).

Current therapeutics for DCM have been focused on
managing symptoms and reducing adverse events. While
a fraction of DCM patients with TTNtv recover systolic
function by standard medical therapy, many experience
worsening clinical outcomes including arrhythmia and
heart failure. Thus, there remains an unmet clinical need
to explore new therapies aiming to target the molecular
and cellular pathogenesis of TTNtv (Repetti et al., 2019).
Sarcomere modulators are one example of small molecules
that act directly on their target sarcomere proteins and
represent a novel therapeutic approach for improving car-
diac function while potentially avoiding adverse effects
from current indirect inotropic mechanisms (Malik et al.,
2011; Teerlink et al., 2020).

Human induced pluripotent stem cell-derived car-
diomyocytes (hiPSC-CMs), together with CRISPR-Cas9
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genome editing and three-dimensional (3D) tissue engi-
neering, offer new promising approaches for cardiac dis-
ease modeling, mechanistic investigation, and drug
testing. In this study, we employed these techniques to
study molecular mechanisms and cellular outcomes of
TTNtv and explored the validity of treating TTNtv-DCM us-
ing sarcomere modulators. Our data showed that TTNtv
hiPSC-CMs exhibit pathogenic proteinopathy, Na* chan-
nel abnormalities, sarcomere defects, and contractile
dysfunction, revealing a dual mechanism of poison peptide
effect and haploinsufficiency for DCM pathogenesis.
Despite defects in multiple cellular functions, however,
we demonstrated that TTNtv hiPSC-CMs preserve an un-
compromised core contractile machinery, namely the
actin-myosin-troponin-Ca** complex, and retain the ther-
apeutic efficacy of sarcomere modulators.

RESULTS

Generation of hiPSC-CMs carrying titin-truncating
variants

To investigate TTNtv cellular pathology, we performed
CRISPR-Cas9 genome editing in hiPSCs to model a single
nucleotide deletion leading to non-sense mutation in titin
A-band (Figure 1A). Isogenic hiPSCs carrying heterozygous
(TTN tv/+) and homozygous (TTN tv/tv) mutations were
created by homology-directed repair, with minimal off-
target effects as indicated by whole-genome sequencing
(Figures 1B and S1A-S1E). Mutant hiPSC lines exhibited
normal colony morphology, growth, and uniform exp-
ression of pluripotent markers OCT4, NANOG, and TRA-
1-60 (Figure S1F). Cytogenetic analysis indicated no
karyotypical abnormality from genome editing or clonal
expansion (Figure S1G). Cardiomyocyte differentiation
was conducted using a monolayer-based protocol by
modulating Wnt signaling pathways (Figure 1C) (Lian
et al.,, 2013). Wild-type (WT), TIN tv/+, and TIN tv/tv
hiPSC lines all produced high-purity hiPSC-CMs consisting
predominantly of cTnT"MLC2v" ventricular-like cells (Fig-
ures 1D and S1H). Under monolayer culture conditions,
WT and TTIN tv/+ hiPSC-CMs displayed comparable
contraction profiles by imaging-based analysis (Figures 1E
and S1I). Notably, TTN tv/tv hiPSC-CMs showed no visible
contraction despite comparable cardiac troponin T (cTnT)
expression relative to WT cells, indicating a non-functional
sarcomere. This was confirmed by TTNtv localization,
labeled by titin Z-line- but not M-line-specific antibody,
that diffuses throughout the cytoplasm with no recogniz-
able pattern in TTN tv/tv hiPSC-CMs. TTN WT and tv/+
hiPSC-CMs were able to form functional sarcomeres, albeit
with varying degrees of sarcomere organization at the
cellular level (Figure 1F).

Transcriptomic analysis of TTN tv/+ hiPSC-CMs
reveals molecular signatures of DCM pathogenesis

We performed RNA sequencing (RNA-seq) of hiPSC-CMs to
explore the molecular mechanisms underlying TTNtv
functional defects. Cells were sampled at differentiation
days 30, 90, and 150. For both WT and TTN tv/+ cells,
day-30 samples displayed higher variations and were clus-
tered distinctly in principal component analysis (PCA),
which contrasted with day-90 and day-150 samples whose
replicates resided in proximity and separated clearly among
time points and genotypes (Figure 2A). Time-point-paired
analysis indicated a significantly higher proportion of
differentially expressed genes (DEGs) exclusive to day-30
populations (Figures 2B and S2A; Table S1). This likely re-
flects carry-over heterogeneity from cardiac differentiation
and a varied degree of immaturity in day-30 hiPSC-CMs. To
better understand how hiPSC-CM transcriptome evolves
with extended in vitro culture, we cross-compared to
generate shared gene clusters in which expression changed
similarly over time in both WT and mutant cells (temporal
DEGs, Figure S2B and Table S2). Upregulated genes showed
significant enrichment for gene ontology (GO) terms
related to heart contraction and ion transport, indicating
an improvement of cardiac physiology and maturation sta-
tus in long-term culture (Figure 2C).

We next performed hierarchical clustering of DEGs
across all time points to identify molecular signatures of
the TTN tv/+ genotype (false discovery rate [FDR] < 0.001,
Figure 2D and Table S1). GO analysis demonstrated that
multiple pathways involved in cardiac contraction and
mitochondrial function were selectively downregulated
in TTN tv/+ hiPSC-CMs (Figure 2E). This was further vali-
dated by Ingenuity Pathway Analysis (IPA) that revealed
significant perturbations of gene sets in cardiac arrh-
ythmia, dilated cardiomyopathy, and energy metabolism
(Figures 2F and S2C-S2E). Genes related to cardiac fibrosis
and remodeling were upregulated as typically observed in
DCM (Figures 2E and 2F) (Deacon et al., 2019; Verdonschot
et al., 2018). The expression of key cardiomyocyte genes in
TIN tv/+ cells further predicted aberrations in multiple
functional categories (Figure 2G). We observed decreased
expression of sarcomere structural and regulatory genes
(MYL2, MYL3, MYH7, LMOD3, FHL2, and MYLK3), and
increased expression of secretory stress markers. In
addition, STRING network mapping of selected DEGs in
Figure 2G showed that titin predominantly interacts
with sarcomere proteins, especially MYL2 (and MYL3),
which regulates contractility through phosphorylation by
MYLK3 (Figure 2H, blue circle). Immunoblotting confi-
rmed dramatically reduced expression of MYL2, MYL3,
and LMOD3 but not other sarcomeric proteins (Figure 2I),
which agrees with the notion that titin A-band stabilizes
the titin-thick filament interaction (Gigli et al., 2016).
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Figure 1. Generation of hiPSC-CMs carrying titin-truncating variants

(A) Schematic representation of one cardiac sarcomere unit with major components.

(B) Sanger sequencing confirming the generation of titin A-band truncation hiPSCs.

(C) Schematic workflow of hiPSC cardiac differentiation.

(D) CM differentiation in WT and TTNtv mutant hiPSCs: ventricular (MLC2v), atrial (COUP-TFII), pan-CM (cTnT), nuclei (Hoechst). Scale
bars, 100 um.

(E) Contraction profiles of WT and TTNtv mutant hiPSC-CMs by 2D motion tracking analysis. See quantification results in Figure S1I.

(F) Representative titin immunofluorescence images of WT, tv/+, and tv/tv hiPSC-CMs: Z-line specific (red); M-line specific (green);
Hoechst (blue). Scale bars, 20 um. Panels on the right (I, II, and III) show zoom-in views of boxed areas. Scale bars, 5 um.
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(legend on next page)
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Minimal expression of MYL2 was observed in TTN tv/tv
cells, and thus we postulate that the disturbance of the ti-
tin-thick filament interaction triggers downregulation
and/or degradation of MYL2.

TTNtv accumulates in cytoplasm and induces
pathogenic proteinopathy

The transcriptional and translational control of TTNtv re-
mains inconclusive, with contradictory reports (Hinson
et al., 2015; Roberts et al., 2015; Schafer et al., 2017; Ware
and Cook, 2018). We found increasing titin expression as
cardiomyocytes mature in vitro, consistent with observa-
tions on the global transcriptional level, and comparable
levels of total titin transcripts at late time points (Figure 3A).
Allele-specific SNP analysis revealed stable transcription of
both alleles irrespective of SNP locations to the mutation
site (Figures 3B and 3C). There was no evidence for non-
sense-mediated mRNA decay (NMD) of the TTNtv allele
or compensatory upregulation of the WT allele. The iso-
form splicing of titin transcripts was also unaltered. WT
and mutant hiPSC-CMs maintained a comparable N2BA/
N2B ratio, with N2BA predominantly expressed regardless
of culture time, indicating a limited degree of maturation
of hiPSC-CMs in vitro (Figures 3D and S3A).

We next investigated the stability of TTNtv using a com-
bination of titin Z-line- and M-line-specific antibodies (Fig-
ures 3E and S3B). TTNtv band migrated closely with titin
Cronos/T2 but could only be detected by the Z-line-
specific antibody, whereas Cronos/T2 was only labeled by
the M-line-specific antibody. The expression of TTNtv pro-
tein, for both N2B and N2BA, was comparable with that of
full-length titin in tv/+ hiPSC-CMs, ruling out the scenario
of accelerated TTNtv degradation by cellular protein qual-
ity control of truncated proteins. We further tracked TTNtv
by inserting mCherry protein preceding the pre-mature
stop codon in TTN tv/+ hiPSC-CMs (Figures 3F and S3C-
S3F). As expected, we observed varying degrees of TTNtv-

mCherry fusion protein accumulation in hiPSC-CMs
(Figure 3G). TTNtv-mCherry tended to migrate and form
perinuclear aggresome-like structures that colocalize with
lysosomes (LysoTracker or LAMP1) and autophagosomes
(LC3B), suggesting the involvement of the autophagy-lyso-
somal pathway for TTNtv degradation (Figures 3H and
S3G-S3H) (Fomin et al., 2021; McAfee et al., 2021). Surpris-
ingly, we did not observe apparent colocalization between
TTNtv aggregates and the 26S proteasome (PSMD3). In fact,
TTNtv accumulation flux could be partially disrupted by
the treatment of autophagy inhibitor LysO5 but not protea-
some inhibitor bortezomib (Figures 31 and S3I). Together,
these findings suggest dysregulated titin proteasomal
degradation and compensatory elevation of the autophagy
pathway to clear TTNtv aggregates. With ample evidence
demonstrating the involvement of maladaptive autophagy
in cardiomyopathy, cardiac proteinopathy, and heart fail-
ure (Bravo-San Pedro et al., 2017; Lavandero et al., 2015),
we conclude that dysregulated protein degradation repre-
sents a major mechanism underlying TTNtv-DCM patho-
genesis (see discussion).

TTN tv/+ hiPSC-CMs exhibit normal Ca?* cycling but
aberrant Na* channel activities

We examined the electrophysiological properties of TTN
tv/+ hiPSC-CMs, as transcriptomic analysis suggested aber-
rations in cardiomyocyte excitation and conduction as well
as potential risks for cardiac arrthythmia (Figures 2F-2H).
WTand TTN tv/+ hiPSC-CMs showed similar Ca®* handling
and responded to B-adrenergic stimulation normally (Fig-
ures 4A and S4A). Unexpectedly, no aberrant arrhythmia-
like Ca®* handling events were observed in mutant cells
even under isoproterenol challenge, inconsistent with clin-
ical observations of TTNtv-DCM patients (Ahlberg et al.,
2018; Corden et al., 2019; Verdonschot et al., 2018). We
next compared their action potential (AP) and field po-
tential (FP) signals using the microelectrode array (MEA)

Figure 2. Transcriptomic profiling reveals DCM disease signature of TTN tv/+ hiPSC-CMs
(A) PCA analysis of WT and TTN tv/+ hiPSC-CMs with different culture time (days 30, 90, and 150). For each time point, samples from three

independent differentiation batches were sequenced.

(B) Venn diagram showing unique and shared DEGs (FDR < 0.05) in time-point-paired analysis. See also Figure S2A.
(C) GO biological process terms enriched in hierarchically clustered gene subsets that changed consistently in WT and TTN tv/+ hiPSC-CMs

with extended in vitro culture time.

(D) Heatmap showing expression patterns of DEGs (FDR < 0.001) between WT and TTN tv/+ hiPSCs-CMs on three time points combined.

Color scale represents Z score.

(E and F) GO biological process terms (E) and IPA metabolic and tox pathway terms (F) enriched in gene clusters from (D).
(G) Heatmap showing expression patterns of selected genes related to key functional aspects of cardiomyocyte physiology on two later

time points (day 90 and day 150). Color scale represents Z score.

(H) STRING database analysis revealing protein-protein interaction between titin and selected dysregulated genes from (G). Blue circles,
sarcomere components; red circles, proteins responsible for excitation and conduction. Darker connecting lines represent increased

STRING interaction confidence.

(I) Western blot showing protein expression of selected genes from (H).
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Figure 3. TTNtv accumulates in cytoplasm for autophagy-lysosomal degradation

(A) Titin total transcript count in WT and TTN tv/+ hiPSC-CMs. Data are shown as mean + SD.

(B) Allele frequency of titin transcripts determined by all heterozygous SNPs detected in RNA-seq.

(C) SNP coverage by log-transformed reads up- and downstream of TTNtv stop codon.

(D) Titin isoform (N2BA and N2B) transcript count in WT and TTN tv/+ hiPSC-CMs. Isoform-specific exon-exon junction reads were
measured: N2B (exons 50-220), N2BA (exons 50-51).

(E) Protein-stain and titin western blot with Z- and M-specific titin antibodies.

(F) Gene-targeting strategy to generate TTNtv-mCherry/+ reporter hiPSCs. See also Figures S3C-S3F.

(legend continued on next page)
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platform (Figures 4B—4D and S4B-S4D). TTN tv/+ hiPSC-
CMs showed prolonged action potential duration (APDs3,
APDsp, and APDyg), possibly due to persistent Na* channel
activity during the AP plateau that could be arrhythmogenic
(Figures 4B and 4C) (Pei et al., 2016; Wan et al., 2016).
Consistently, FP recordings showed prolonged FP duration
(corrected, FPDc), increased Na* spike amplitude, and
decreased spike slopes in TTN tv/+ hiPSC-CMs (Figures 4D
and S4B-S4C). TTN tv/+ hiPSC-CMs also displayed desen-
sitization to the treatment of the Na* channel blocker
lidocaine (Figure 4E). Treatment with similar compounds,
flecainide and mexiletine, confirmed this effect. In com-
parison, responses to Ca** channel blockers verapamil and
diltiazem were comparable (Figure 4F). Isoproterenol stimu-
lation also had no effect on Na* spike amplitude. Overall,
TTN tv/+ hiPSC-CMs maintained normal Ca®* handling
properties but displayed aberrant Na* channel activities.

TTN tv/+ hiPSC-CMs display increased sarcomere
disorganization and deficiency

Increased sarcomere disorganization is frequently observed
in cardiomyopathies associated with genetic mutations
(Eschenhagen and Carrier, 2019). We adapted an auto-
mated imaging analysis workflow to analyze sarcomere or-
ganization at the single-cell level (Figure S5) (Sutcliffe et al.,
2018). Late-stage cardiomyocytes were sarcomere-stained
and analyzed without manual selection of cells or regions
of interest (Figures 5A and SSA-S5C). Cell classification
was based on combinations of Haralick correlation fea-
tures: sarcomere organization score, length, and alignment
(Figure 5B, additional examples in Figure S5D). Approxi-
mately 3,000 cells were analyzed in each group, and the
heterogeneity of cell area, circularity, and aspect ratio
were equally represented among cell lines (Figures 5C and
SSE). More TTN tv/+ hiPSC-CMs showed disorganized sar-
comeres (59.2 versus 36.6% in WT, bottom right quadrant),
represented by diffusive sarcomere staining with no clear
patterning (Figure 5C): 28.7% of the WT hiPSC-CMs con-
tained a highly organized sarcomere structure (sarcomere
length = 1.5-2.2 pm, organization score >0.1, top left
quadrant), in comparison with 7.7% of TTN tv/+ cells. Ho-
mozygous TTN tv/tv hiPSC-CMs consisted of universally
disorganized cells, as observed in Figure 1F.

Previous studies of hiPSC-CMs suggested that aligned sar-
comeres were associated with enhanced contractility and
maturation metrics (Ribeiro et al., 2015; Yang et al,
2014). In our analysis, WT hiPSC-CMs showed higher
levels of favorable sarcomere alignment (smaller angles
relative to the major axis of the cell) (Figure 5D). We did
not detect a meaningful difference in cell size that has
been consistently observed in hypertrophic cardiomyopa-
thy (HCM) but rarely in DCM (Figure SSE) (Eschenhagen
and Carrier, 2019). Density distributions of functional
sarcomere density and sarcomere coverage showed that
TTN tv/+ hiPSC-CMs exhibited reduced sarcomere content
and integrity at the single-cell level (Figures SE, SF, and
S5F). Lastly, in TTN tv-mCherry/+ hiPSC-CMs we identified
a positive correlation between TTNtv-mCherry aggreg-
ates and disorganized sarcomeres, suggesting that both
TTNtv-induced cellular stress and titin haploinsufficiency
contribute to sarcomere defects (Figure 5G).

TTN tv/+ hiPSC-CMs show contractile defects in 3D
cardiac micro-wires but preserve an intact core
contractile machinery and sensitivity to sarcomere
modulator therapy

Cardiac contractility is one of the most prominent aspects
of heart function and is closely correlated with DCM dis-
ease status. We thus developed a 96-well-based 3D cardiac
micro-wire (CMW) platform for contractile force measure-
ment (Figures 6A, S6A, and S6B and Video S1) (Thavan-
diran et al., 2020). Immunostaining of CMWs indicated
organized integration of hiPSC-CMs (cTnT) and cardiac fi-
broblasts (vimentin) (Figure 6B). CMWs exhibited stable
contractile force and calcium handling activities, and the
dynamic force measurements were validated with known
positive (isoproterenol) and negative (blebbistatin) ino-
tropes (Figures S6C-S6F). TTN tv/+ CMWs displayed mark-
edly reduced force, producing only 2.13 + 1.10 uN (clone 1,
n =148) or 3.20 + 2.06 pN (clone 2, n = 79), in comparison
with 4.84 + 2.56 uN (n = 105) in WT isogenic controls
(Figures 6C and S6G). Kinetic outputs suggested a reduc-
tion of contraction and relaxation velocity in TTN tv/+
CMWs, while contraction and relaxation time showed no
significant difference (except for a slight increase in relaxa-
tion time in tv/+ c2 CMWs) (Figures 6D and 6E). Moreover,

(G) Pie chart showing different sizes of TTNtv-mCherry fusion protein accumulation observed in hiPSC-CM cytoplasm from N = 3 inde-
pendent differentiation experiments. Size cutoff: negative (<10 pixels?), puncta (10-100 pixels?), aggregate (=100 pixels?). 1 pixel? =

0.036 um?.

(H) Co-staining of TTNtv-mCherry spots with lysosome (LysoTracker and LAMP-1), autophagosome (LC3), and 26S proteasome (PSMD3)

markers. Scale bars, 20 pm.

(I) Accumulation of cytoplasmic TTNtv-mCherry spots under autolysosome blocker Lys05 or proteasome inhibitor bortezomib (BOR)
treatment. Data are shown as mean + SD from N = 3 independent experiments. ***p < 0.001; **p < 0.01; *p < 0.05; n.s., not significant;
one-way ANOVA with Bonferroni’s multiple comparison test. Purple-outlined bars indicate cytotoxicity. See Figure S3I for representative

images.
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Figure 4. TTN tv/+ hiPSC-CMs exhibit normal calcium cycling but aberrant sodium channel activities

(A) Representative Ca®* transients in WT and TTN tv/+ hiPSC-CMs. See Figure S4A for quantification of output parameters.

(B) Representative action potential (AP) traces in WT and TTN tv/+ hiPSC-CMs (paced at 1.5 Hz) on the multi-electrode array (MEA)
platform.

(Cand D) Action potential and field potential output parameters. Additional parameters are shown in Figure S4D. Data are shown as mean +
SD. Each data point represents readings from one well of MEA 96-well plates in N = 3 independent experiments. ****p < 0.0001;
***p < 0.001; n.s., not significant; one-way ANOVA with Bonferroni’s multiple comparison test.

(E and F) Pharmacological responses of WT and TTN tv/+ hiPSC-CMs. Changes in Na* depolarization spike amplitude in field potential
recordings are reported. Values are normalized to baseline readings and presented as mean + SEM. Data were collected from N = 3 in-
dependent experiments.
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Figure 5. TTN tv/+ hiPSC-CMs display sarcomere disorganization and deficiency at single-cell level

(A) Schematic workflow of automated sarcomere organization analysis (SOA).

(B) Representative Haralick plots and SOA analysis outputs of hiPSC-CM sarcomeres. Categorization of sarcomere organization is based on
the combinations of sarcomere length, organization score, and sarcomere alignment. Immunofluorescence markers: a-actinin (green),
cTnT (red), and Hoechst (blue).

(C) Scatterplots of single-cell SOA analysis of WT, TTN tv/+ (clone 1 and clone 2 combined) and TTN tv/tv hiPSC-CMs. Cells were gated on
quadrants of organization score and sarcomere length and categorized as exemplified in (B): organized (top left); intermediate (bottom
left); and disorganized (bottom right). Percentage values of cells in each quadrant are shown on the plots. n represents the total number of
cells analyzed in three independent differentiation experiments.

(D) Histogram showing the distribution of sarcomere alignment (0°-90°) in WT and TTN tv/+ hiPSC-CMs.

(E and F) Histogram comparisons of sarcomere density (E) and functional sarcomere coverage (F) between WT and TTN tv/+ hiPSC-CMs.
(G) Positive correlation between TTNtv aggregation and sarcomere disorganization: cells with higher TTNtv-mCherry expression showed an
increased proportion classified as disorganized.

we observed a consistent correlation between contraction balance between contraction and relaxation kinetics in
and relaxation velocity for both WT and TIN tv/+ TIN tv/+ CMWs (Figure 6F). These data demonstrated
CMWs, and the regression slope also suggested a preserved  that TTN tv/+ CMWs produce reduced contractile force,
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likely due to a greater fraction of cells with sarcomere
deficiency and disorganization (Figure 5), but maintain
intrinsic contraction-relaxation coupling kinetics.
Sarcomere modulators represent a novel therapeutic
approach to improve cardiac contraction by directly target-
ing specific sarcomeric proteins (Hwang and Sykes, 2015).
For example, omecamtiv mecarbil is a selective myosin
activator that increases contractility by promoting and sta-
bilizing a strong actin-bound force-generating state (Malik
et al., 2011; Teerlink et al., 2020). We thus hypothesized
that sarcomere modulators are promising therapeutic
agents for treating TTNtv-DCM, as they act on existing sar-
comeres to augment force generation. We studied the effect
of two investigational sarcomere modulators on WT and
TTN tv/+ CMWs: one myosin activator (CK-1317138, or
138) that targets the myosin head S1 domain, and one
troponin modulator (CK-3829729, or 729) that binds at
the interface of troponins C and I (Figure 6G). In dose-esca-
lating CMW studies, we observed a partial rescue of con-
tractile forces with acute treatment of both 138 and 729,
with 729 being more efficacious (40% increase of TTNtv
contractility at 3 pM), and no meaningful difference be-
tween WT and TTN tv/+ CMWs was detected with either
compound (Figures 6H and 6I). Importantly, we found
that sarcomere modulator treatment altered the contractile
kinetics, as opposed to the phenotype of weakened force
but reserved contraction-relaxation kinetic coupling in
TTIN tv/+ CMWs. 138 or 729 treatment led to decreased
contraction time but increased relaxation time (and total
peak duration) of CMWs regardless of genotype (Figures
6H, 6], and S6H). This differs from the effect of B-adrenergic
stimulation, as isoproterenol treatment hastened the entire
cardiac cellular responses including beat rate, contraction,

and relaxation time. Sarcomere modulators also did not
affect Ca** transients or Na* spike (Figure S6I and Malik
et al.,, 2011). We therefore conclude that TTN tv/+ hiPSC-
CMs exhibit intact core contractile machinery and preserve
the therapeutic mechanism of sarcomere modulators for
improving cardiac contractility.

Sustained sarcomere modulator treatment promotes
reversal of TTNtv-DCM disease signatures

It remains unknown as to whether targeting of core con-
tractile machinery by extended exposure to sarcomere
modulators can drive persistent transcriptomic changes
of cardiomyocytes. To examine this, we treated TTN tv/+
CMWs with 138 or 729 for 14 days and conducted single-
cell RNA-seq (scRNA-seq). A total of 29,515 cells were
sequenced and 16 clusters were identified, including two
major cell types (cardiomyocytes with seven clusters and fi-
broblasts with five clusters), as well as other minor popula-
tions (Figures 7A, 7B, and S7A-S7D). Pathway analysis of
DEGs in cardiomyocytes again suggested disease signatures
of DCM, consistent with prior bulk RNA-seq results (Fig-
ure 7C). Among these clusters, CM1-4 represent the major-
ity of the cardiomyocyte population and are non-prolifera-
tive as indicated by cell-cycle analysis (Figures 7A and S7E).
CM2 cluster expressed the highest level of sarcomere-asso-
ciated genes including MYL2, MYH7, ACTA1, PKP2, and
ANKRD1, suggesting increased contractility and/or func-
tional maturity of this cell cluster (Figures 7D and S7G).
Indeed, diffusion map pseudotime analysis revealed a tra-
jectory depicting CM2 as the most functionally mature
population (Figures 7E, 7F and S7F). When comparing
the CM cluster composition changes among different
groups, we found TTNtv CMWSs had the lowest percentage

Figure 6. TTN tv/+ CMWs show contractile defects but preserve an intact core contractile machinery for sarcomere modulator

therapy

(A) Illustration of the 3D cardiac micro-wire (CMW) platform for contractility assay.

(B) Immunofluorescence images of CMW: hiPSC-CMs (a-actinin, red); cardiac fibroblasts (vimentin, green); nuclei (DAPI, blue). Bottom
panel shows zoom-in view. Scale bars, 2 mm (top) and 200 pm (bottom).

(C-E) Contractile measurements of WT and TTN tv/+ CMWs: (C) representative raw traces (left) and contractile force (right), (D) contraction
(left) and relaxation (right) velocity, and (E) contraction (left) and relaxation (right) time. Data are shown as scatterplots with bar graphs
representing mean + SD. Each data point represents measurements of one CMW from N = 3 independent batches. ****p < 0.0001;
**p < 0.01; n.s., not significant; one-way ANOVA with Bonferroni's multiple comparison test.

(F) Comparison of contractile kinetics between WT and TTN tv/+ CMWs using contraction velocity and relaxation velocity. The coefficient of
determination R? and linear regression slope are reported.

(G) The cardiac core contractile machinery and mechanisms of action of sarcomere modulators.

(H) Representative contractile traces of CMWs at baseline and under treatment of sarcomere modulators: CK-1317138 (left), CK-3829729
(right); the highest dose is shown.

(I) Increased contractility in WT and TTN tv/+ CMWs under sarcomere modulator treatment. Tissues were acutely exposed to escalating
doses of sarcomere modulators and the responses were normalized to baseline. n > 10 CMWs were used for each group and each compound
in N = 3 independent experiments. Results are shown as box and whiskers (minimum to maximum) with median (middle lines) and mean
(red dots). ***p < 0.001; **p < 0.01; *p < 0.05; two-way ANOVA with Bonferroni's multiple comparison test.

(J) Changes in CMW relaxation time under sarcomere activators (I) and isoproterenol treatment. Data are shown as mean + SD, N = 5;
**n < 0.01, *p < 0.05.
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of CM2 cells, while 138 or 729 treatment resulted in an
increased proportion of the CM2 cluster population, albeit
still lower than WT CMWs (Figure 7QG).

We further identified a subset of 60 genes that showed
decreased expression in TTNtv cells but were partially
restored by sarcomere modulator treatment (Figure 7H
and Table S3). This includes multiple genes (MYL2, MYL?7,
TPM1, and TPMZ2) involved in actin-myosin filament
sliding, suggesting that sarcomere modulators not only
acutely augment force generation but also exert positive
feedback that increases sarcomere gene expression for
improving long-term CM functionality. Among these
genes, MYL2 was also the most significantly downregulated
TTNtv gene in our bulk RNA-seq and immunoblotting
analysis (Figures 2G and 2I). Moreover, by cross-checking
with prior results on TTNtv-DCM phenotypes (Figures 2E,
2F, and S2D), we confirmed the restoration of many mito-
chondria- and DCM-associated gene signatures in TTNtv
CMWs following sarcomere modulator treatment (Figures
7Iand 7J). We also noticed a reduction of fibrosis-associated
gene signatures, especially in the myofibroblast-like cell
cluster, indicating an active interaction between cardio-
myocytes and fibroblasts in CMWs (Figure S7H).

DISCUSSION

In this study, we utilized genome-edited hiPSC-CMs and
cardiac micro-tissues to investigate the phenotypes and un-
derlying mechanisms of A-band TTNtv-induced DCM (see
graphic abstract). TTN tv/+ hiPSC-CMs exhibited reduced
expression of genes related to contractility, in line with a
previous analysis of samples from patients with DCM-
caused heart failure (Wang et al.,, 2020). Several key
sarcomere proteins including MYL2 were significantly
downregulated at both the RNA (bulk RNA-seq and
scRNA-seq) and protein level, reflecting defective sarcomere
homeostasis. Compared with other abundant sarcomeric

proteins, MYL2 expression level may be highly indicative
of sarcomere (in)sufficiency, as evidenced by its minimal
expression in TTN tv/tv hiPSC-CMs. Interestingly, TTNtv
mutant hiPSC-CMs express MYL2 at a normal level during
the early cardiac differentiation process (Figure 1D). It is
possible that MYL2 is induced to specify ventricular cardiac
fate and then downregulated in TTNtv hiPSC-CMs. The sta-
bility of MYL2 may be dysregulated, as a close physical inter-
action between MYL2 and titin A/M-band has been reported
(Rudolph etal., 2020). TTN tv/+ hiPSC-CMs also showed an
overall lower expression of mitochondrial and metabolic
genes, likely due to TTNtv proteinopathy-induced meta-
bolic stress or lower energy demands from reduced contrac-
tility. Importantly, sarcomere modulator treatment, beyond
its acute positive inotropic effect, was able to restore con-
tractile and mitochondrial gene expression in TTN tv/+
CMWs, indicating a reversal of DCM disease signatures.

Several ion channel and cell junction proteins respon-
sible for cardiomyocyte excitation and conduction showed
differential expression in TTN tv/+ hiPSC-CMs. Unexpect-
edly, we did not detect apparent arrhythmic behaviors in
TTN tv/+ hiPSC-CMs (and CMWs, data not shown), despite
well-established clinical associations (Ahlberg et al., 2018;
Corden et al., 2019; Verdonschot et al., 2018). Several rea-
sons may account for this discrepancy: (1) complex regula-
tion of Nay1.5 function by its expression level, cytoplasmic
trafficking, membrane distribution, and interaction with
other proteins; (2) incomplete recapitulation of the electro-
physiological apparatus due to hiPSC-CM immaturity; (3)
atrial-like hiPSC-CMs may be more suitable for studying
atrial fibrillation frequently observed in arrhythmic
TTNtv-DCM patients; and (4) arrhythmia due to ventricu-
lar remodeling in DCM progression is difficult to model
in vitro. Nevertheless, at the cellular level, TTN tv/+
hiPSC-CMs displayed aberrant Na* channel activities and
desensitization to Na* channel blockers on the MEA plat-
form. These characteristics are potentially arrhythmogenic
under pathophysiological conditions.

Figure 7. Sarcomere modulator-treated TTNtv CMWs indicated reversal of DCM disease signatures

(A) UMAP projection of CMW cell clusters identified by scRNA-seq (n = 29,515) from two independent differentiation batches.

(B) Violin plot showing normalized expression of representative signature genes of cell clusters.

(C) List of representative cardiometabolic disease-associated MeSH terms enriched in TTNtv CMW DEGs (CM clusters). The size of the dot
reflects the GeneRatio and the color of the dot indicates increasing significance of the enriched pathways. Top 20 significantly enriched

terms (p < 0.05) are presented.

(D) Expression patterns of top 50 informative genes in non-dividing cardiomyocyte clusters (CM1-4).
(E) Bar graph of diffusion map pseudotime component 3 distribution across clusters CM1-4.
(F) UMAP projection of clusters CM1-4 identified by scRNA-seq (n = 15,802). Arrow indicates the direction of cardiomyocyte functional

maturity by pseudotime analysis.

(G) Relative cell composition of clusters CM1-4 across genotypes and treatment groups.

(H) Heatmap showing expression of representative genes decreased in TTNtv CMWs but restored under sarcomere modulator treatment.
(I and J) Expression of selected mitochondria-associated genes (I) and DCM-associated genes (J) with decreased expression in TTNtv. The
size of the dot indicates the percentage of cells, and the color of the dot represents the scaled average expression level of expressing cells.
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Our study agrees with two concurrent publications inves-
tigating TTNtv-DCM hearts and hiPSC-CMs: (1) TTNtv
allele is actively transcribed without NMD and dosage
compensation, and is stably expressed in the CMs; (2)
TTNtv haploinsufficiency results in sarcomere deficiency
and reduced contractility; and (3) TTNtv protein accumu-
lates as cytoplasmic aggregates and leads to dysregulated
protein quality control (PQC) system, suggesting the poison
peptide effect as an independent pathogenic mechanism
(Fomin etal., 2021; McAfee et al., 2021). However, we noted
a difference regarding the relative contributions of protea-
some degradation and autophagy pathway in clearing
TTNtv aggregates: Fomin et al. reported that proteasome in-
hibitor treatment led to increased TTNtv content and
improved contractile force in engineered heart tissue, while
in our study the autophagy-lysosomal pathway plays a more
dominant role (Figure 3I) and we did not detect pharmaco-
logical rescue from proteasome inhibitor treatment in
CMWs (Figure S6J). It is possible that different cell lines
have varied baseline activity and/or preference over these
two PQC pathways. The cellular abundance of TTNtv may
also be relevant, as we observed a much higher level of
TTNtv expression (Figure 3E) than reported by Fomin
et al. (only 15% of WT titin expression). In addition, the
lower ubiquitination level of TTNtv suggests it is an ineffi-
cient substrate. We speculate that this is caused by the lack
of the C terminus in TTNtv. It was reported that the titin
M-band is particularly enriched in lysine residues for ubi-
quitination (Ryder et al., 2015), and it contains a kinase
signaling domain with direct interaction with multi-
ple ubiquitin-proteasome system (UPS)-regulating proteins
including TRIM63/MURF1 (an E3 ubiquitin ligase), CAPN3,
and FHL2 (Linke and Kruger, 2010). Our RNA-seq data sug-
gested a reduced expression of these genes in TTN tv/+
hiPSC-CMs (Figure S2F), consistent with the observations
by Fomin et al. (2021) at the protein level. Therefore, the
higherlevel of TTNtv expression and its inefficient ubiquiti-
nation in our cell system will likely saturate the UPS and
trigger adaptive macro-autophagy as the main resource for
aggresome clearance. This may explain why we did not
observe increased contractility in the CMW system under
proteasome inhibitor treatment. As the variability of TTNtv
content is large among TTNtv-DCM patients, we postulate a
combined pharmacological intervention of both PQC
pathways may lead to a more promising outcome. This
therapeutic strategy may also be explored in other cardiac
proteinopathies, including desmin-related cardiomyopa-
thy in which PQC dysregulation leads to pathogenic mito-
chondrial dysfunction and metabolic defects (McLendon
and Robbins, 2011; Shintani-Domoto et al., 2017).

Contractility measurements of two-dimensional (2D)
monolayer hiPSC-CMs typically rely on surrogate parame-
ters, including electric impedance and imaging-based mo-

tion tracking analysis. It is unclear whether these readouts
are equivalent to contractility force, although they corre-
late in some interpretations. The 3D micro-tissue platform
with post-bending design allows direct force measurement
and the detection of TTNtv hiPSC-CM contractile defects
not shown in the 2D monolayer setting. This system also
incorporated human cardiac fibroblasts to better recapitu-
late native tissue architecture with improved sarcomere
structures and maturation status (Giacomelli et al., 2020;
Ronaldson-Bouchard et al., 2018). TTN tv/+ CMWs ex-
hibited a significant reduction of contractile force, in line
with observations from transcriptomic profiling and sarco-
mere organization analysis. Importantly, we noticed a pre-
served balance between contraction and relaxation kinetics
in mutant CMWs. As contraction-relaxation coupling is
determined by intrinsic properties of the sarcomere (Jans-
sen, 2019), we believe the core contractile machinery, the
actin-myosin-troponin-Ca** complex, remains uncompro-
mised in TTN tv/+ cells. This reasoning supports the valid-
ity of using sarcomere modulators for treating TTNtv-DCM.

In the phase 2 COSMIC-HF clinical trial, the cardiac
myosin activator omecamtiv mecarbil improved cardiac
function and decreased ventricular diameters in patients
with heart failure with reduced ejection fraction, and in
the recent phase 3 GALACTIC-HF clinical trial, omecamtiv
mecarbil led to a lower risk of a first heart-failure event but
did not show a survival benefit (Teerlink et al., 2016, 2020).
In patients with lower baseline left ventricular ejection
fraction, treatment with omecamtiv mecarbil resulted in
greater relative and absolute risk reductions of heart-failure
events (Teerlink et al., 2021). In addition to phenotyping
patients who might be more responsive to sarcomere mod-
ulators, genotyping DCM patients for pathogenic variants
could also be important for identifying patients who might
benefit from these therapies, as DCM patients bearing
sarcomere mutations commonly progress to heart failure.
It is thus critically important to investigate whether each
of these sarcomere mutations disrupt the core contractile
machinery in a way that interferes with the therapeutic
mechanism of sarcomere modulators. In this study, we
demonstrated that sarcomeres with TTNtv, the most preva-
lent genetic mutation contributing to DCM and heart fail-
ure, retain sensitivity to sarcomere modulations.

EXPERIMENTAL PROCEDURES

Resource availability

Corresponding authors

Guanyi Huang guanyi.huang@merck.com; Christopher Hale
halec@amgen.com.

Materials availability

The unique materials generated in this study are available upon
reasonable request with a completed material transfer agreement.

Stem Cell Reports | Vol. 18 | 220-236 | January 10,2023 233

)
©


mailto:guanyi.huang@merck.com
mailto:halec@amgen.com

;0‘
(&

Data and code availability

The raw data for the bulk and single-cell RNA-seq data reported in
this study have been deposited in the NCBI's Gene Expression
Omnibus (GEO: GSE183218). Custom codes for sarcomere organi-
zation analysis and CMW contractility analysis will be shared
upon reasonable request.

Maintenance and CRISPR-Cas9 genome editing of
hiPSCs

hiPSCs (Thermo Fisher, A18945) were maintained on Matrigel-
coated (BD Biosciences) tissue culture plates with daily refresh-
ment of mTeSR1 medium (STEMCELL Technologies). Cells were
passaged every 3-5 days using ReLeSR (STEMCELL) and supple-
mented with 10 pM Y-27532 (Tocris) for the first 24 h following
passaging. For CRISPR-Cas9 genome editing, hiPSCs were nucleo-
fected with a mixture of CAS9-RNP and mutation-carrying donor
template and screened for single-cell clones with desired geno-
types. For details of nucleofection and donor template design, refer
to supplemental information.

hiPSC-CM differentiation

WT and mutant hiPSCs were differentiated into ventricular CMs
using modifications to a previously published protocol (Lian
et al., 2013). Refer to supplemental information for details. Differ-
entiated hiPSC-CMs were maintained in RPMI/1640 medium with
B27 supplement at the density of 3.6 x 10° cells/cm? with medium
changes every 3 days until use.

Cardiac micro-wire studies

For CMW seeding, 96-well custom-fabricated CMW plates were
prepared as previously described (Thavandiran et al., 2020). The
ECM Master Mix was prepared fresh as 3 mg/mL Rat Tail Collagen
Type I (Corning), 10% Matrigel GFR (Corning), 0.75% NaHCOs,
0.1 mM NaOH in cold M199 medium. Day-30 hiPSC-CMs and hu-
man cardiac fibroblasts (PromoCell) were dissociated into single-
cell suspension and mixed as a 90:10 ratio (0.75-1 x 10° cells total
per micro-tissue) in 10 uL. of ECM Master Mix per tissue. Auto-
mated CMW seeding using liquid handling (Bravo, Agilent) was
performed. Medium containing DMEM/F12, 2% fetal bovine
serum, 10 pg/mL insulin, and 1x penicillin/streptomycin (all
from Thermo Fisher) was used for maintenance and refreshed
every 3 days. Automated stream acquisition of post deflection dur-
ing CMW contraction was carried out on an Image Xpress Micro 4
using customized scripts. In compound dosing studies, dose-esca-
lation schemes were employed so that each CMW would receive
at most four escalating doses. Compounds were prepared at 10x
final concentration in the medium and added to CMWs using
liquid handling. A post-treatment video was recorded following a
3-min equilibration time after each dosing.

RNA sequencing

For bulk RNA-seq, hiPSC-CM RNA libraries were sequenced to a
minimum depth of 30 million paired-end reads on an Illumina Hi-
Seq4000. For scRNA-seq, 10-15 CMWs of each group (days 75-90)
were harvested and pooled for papain dissociation. A volume tar-
geting a capture rate of 8,000 cells was loaded on 10x Chromium
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and libraries were sequenced on an Illumina NovaSeq6000.
Computational data analysis is further described in supplemental
information.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2022.11.008.
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