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C A R D I O M Y O P A T H Y

Truncated titin proteins and titin haploinsufficiency are 
targets for functional recovery in human 
cardiomyopathy due to TTN mutations
Andrey Fomin1,2†, Anna Gärtner3†, Lukas Cyganek1,2,4,5, Malte Tiburcy2,5, Izabela Tuleta6, 
Luisa Wellers7, Lina Folsche7, Anastasia J. Hobbach6, Marion von Frieling-Salewsky7, 
Andreas Unger7, Anna Hucke7, Franziska Koser7, Astrid Kassner3, Katharina Sielemann3, 
Katrin Streckfuß-Bömeke1,2, Gerd Hasenfuss1,2, Alexander Goedel8,9,10, Karl-Ludwig Laugwitz8,9,11, 
Alessandra Moretti8,9,11, Jan F. Gummert3,12, Cristobal G. dos Remedios13, Holger Reinecke6, 
Ralph Knöll14,15, Sebastiaan van Heesch16,17,18, Norbert Hubner16,17,19,20, 
Wolfram H. Zimmermann2,5,21, Hendrik Milting3, Wolfgang A. Linke1,2,7*

Heterozygous truncating variants in TTN (TTNtv), the gene coding for titin, cause dilated cardiomyopathy (DCM), 
but the underlying pathomechanisms are unclear and disease management remains uncertain. Truncated titin 
proteins have not yet been considered as a contributor to disease development. Here, we studied myocardial 
tissues from nonfailing donor hearts and 113 patients with end-stage DCM for titin expression and identified a 
TTNtv in 22 patients with DCM (19.5%). We directly demonstrate titin haploinsufficiency in TTNtv-DCM hearts 
and the absence of compensatory changes in the alternative titin isoform Cronos. Twenty-one TTNtv-DCM hearts 
in our cohort showed stable expression of truncated titin proteins. Expression was variable, up to half of the total 
titin protein pool, and negatively correlated with patient age at heart transplantation. Truncated titin proteins were 
not detected in sarcomeres but were present in intracellular aggregates, with deregulated ubiquitin-dependent 
protein quality control. We produced human induced pluripotent stem cell–derived cardiomyocytes (hiPSC-CMs), 
comparing wild-type controls to cells with a patient- derived, prototypical A-band-TTNtv or a CRISPR-Cas9– 
generated M-band-TTNtv. TTNtv-hiPSC-CMs showed reduced wild-type titin expression and contained truncated 
titin proteins whose proportion increased upon inhibition of proteasomal activity. In engineered heart muscle 
generated from hiPSC-CMs, depressed contractility caused by TTNtv could be reversed by correction of the 
mutation using CRISPR-Cas9, eliminating truncated titin proteins and raising wild-type titin content. Functional 
improvement also occurred when wild-type titin protein content was increased by proteasome inhibition. Our 
findings reveal the major pathomechanisms of TTNtv-DCM and can be exploited for new therapies to treat 
TTNtv-related cardiomyopathies.

INTRODUCTION
Titin is a giant protein of heart and skeletal muscles that performs 
important roles in sarcomere structure and function (1, 2). The titin 
gene, TTN, is established as a major human disease gene. In 15 to 
25% of patients with dilated cardiomyopathy (DCM; prevalence up 
to 1:250) (3), heterozygous (HET) TTN-truncating variants (TTNtv) 
underlie the disease (4–6). These TTNtv can also cause other types 
of human cardiomyopathy, predispose to cardiac arrhythmia, or be 
disease modifiers (7–10). However, the distribution of pathogenic 
variants within TTN and the pathomechanism(s) of TTNtv cardio-
myopathy are not well understood, hampering decisions about clin-
ical actionability and obfuscating treatment.

The pathogenicity of TTNtv is highest for truncations in titin’s 
constitutively expressed A-band region, which stabilizes sarcomeric 
myosin filaments (4, 5, 11). TTNtv in DCM are also highly preva-
lent in constitutive exons [percentage spliced-in (PSI), >99%] en-
coding part of elastic I-band titin, but not in differentially spliced 
I-band exons (4, 5, 10). Moreover, TTNtv (including many in non-
constitutive I-band exons) are present in 0.5 to 3% of individuals in 
the general population (4, 11), where they constitute a risk factor for 
cardiac remodeling and arrhythmia (11, 12). An alternative but 
controversial proposition for the lower prevalence of I-band versus 
A-band-TTNtv in disease is the up-regulation of a C-terminal titin 
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isoform called Cronos, which is driven by an internal promoter and 
spans across half A-bands (13–15). Rescue of the disease phenotype 
might occur if the TTNtv is upstream of the Cronos promoter (13). 
Cronos supports sarcomere formation in human induced pluripo-
tent stem cell–derived cardiomyocytes (hiPSC-CMs) (15) but has 
not been measured in adult diseased hearts.

We recently proposed sarcomere insufficiency as a contributor 
to the pathomechanism of TTNtv, based on work with hiPSC-CMs 
(16). However, it is unknown whether sarcomere insufficiency char-
acterizes adult TTNtv-DCM hearts. Titin haploinsufficiency and 
moderate nonsense-mediated decay (NMD) of truncated mRNA were 
observed by ribosomal sequencing (Ribo-seq) and RNA sequencing 
(RNA-seq), respectively, in rat models of TTNtv (11), whereas they 
were not obvious in TTNtv patient hearts (5, 17). Ribo-seq revealed 
that TTNtv mRNA is still actively translated and that considerable 
translational read-through occurs in some TTNtv-DCM hearts (17). 
Although we have detected truncated (tr-) titin protein in TTNtv 
patient–derived hiPSC-CMs (16, 18), it has not been found in adult 
TTNtv heart tissues of patients or rodent models (5, 11). Therefore, 
the “poison” peptide/dominant-negative concept has so far been 
rejected as a TTNtv pathomechanism (7, 10, 19).

Here, we performed comprehensive analyses of titin (including 
Cronos) expression in tissues from over 100 human hearts that 
were sequenced for cardiomyopathy gene variants, and we also gen-
erated hiPSC-CMs for disease modeling, aiming to unravel the ma-
jor pathomechanistic factors of TTNtv-DCM. To evaluate potential 
treatments, we explored how modulation of titin expression affects 
the mechanical function of engineered heart muscle (EHM) gener-
ated from TTNtv-hiPSC-CMs. We found titin haploinsufficiency in 
failing TTNtv versus non–TTNtv-DCM hearts and abundant expres-
sion of tr-titin proteins of disease relevance. The accumulation of 
tr-titin proteins in TTNtv hearts impaired protein quality control 
(PQC) pathways and affected intracellular aggregate formation. We 
then showed that wild-type (wt)– and tr-titin protein content can 
be modulated in hiPSC-CMs/EHM by inhibition of the ubiquitin- 
proteasome system (UPS) or by correcting the TTNtv using 
CRISPR-Cas9. Raising titin protein content in TTNtv-hiPSC-EHM 
improves contractility. Collectively, our work establishes the key 
pathomechanisms of TTNtv-DCM and suggests new possibilities 
for targeted treatment.

RESULTS
Prevalence and distribution of TTN truncations 
in DCM hearts
Using DNA sequencing, we screened a cohort of 113 patients with end-
stage failing DCM (table S1) for variants in 174 genes associated with 
inherited cardiomyopathies. Diagnosis of familial DCM was based on 
established criteria. In 22 patients (19.5%), we detected a HET TTNtv 
classified as likely pathogenic according to the American College of 
Medical Genetics guidelines (table S2); patients without TTNtv were 
grouped as idiopathic DCM (IDCM) (n = 91). TTNtv showed the ex-
pected uneven distribution (skewed to A-band titin). Truncations were 
located in constitutive exons outside the major splicing region, which 
comprises much of I-band titin (Fig. 1A). In TTNtv heart #1, a truncat-
ing variant was identified in constitutive exon 50 and, in addition, in 
rarely used exon 46 (PSI, <4%) present only in the Novex-2 isoform. 
Two TTNtv hearts (#8 and #15) had an additional relevant mutation in 
the (titin) splicing factor, RNA-binding motif 20 (RBM20; table S3).

Expression of Cronos titin isoform in human hearts
Cronos could play a role in the pathomechanism of TTNtv-DCM 
(13); however, it has not been studied in human failing hearts. 
Therefore, we first quantified Cronos expression in left ventricular 
(LV) tissues of IDCM and TTNtv hearts at the transcriptional, 
translational, and protein levels. Nonfailing donor heart samples 
were added for comparison (table S1). By real-time quantitative 
polymerase chain reaction (qRT-PCR), average Cronos transcript 
expression was similar in the donor and patient groups (donor: 
1.132 ± 0.822 RQ (relative quantification), n = 10; IDCM: 1.417 ± 1.260 
RQ, n = 10; TTNtv: 1.212 ± 0.639 RQ, n = 22; mean ± SD). The ratio of 
Cronos to full-length (FL-) titin mRNA reached 7 to 8% on average 
and was also indistinguishable between donor (7.200  ±  4.067, 
n = 10), IDCM (7.406 ± 5.847, n = 10), and TTNtv (7.154 ± 4.620, 
n = 22) (Fig. 1B). In TTNtv hearts, neither parameter was different 
for truncations located before (“pre-Cronos,” n = 7) versus after 
(“post-Cronos,” n  =  15) the Cronos promoter (Fig.  1B). We also 
reanalyzed our recent dataset on the translational activity of human 
cardiac proteins (17), which includes Ribo-seq data from 80 human 
heart tissues (65 DCM and 15 non-DCM controls), for Cronos activity. 
Cronos displayed an approximate translation rate of 10 to 15% 
compared to adjacent, constitutively expressed TTN exons (Fig. 1C).

Cronos protein was characterized by loose gel electrophoresis 
and Western blot (WB) of LV tissue from all 113 patients with 
DCM and 14 nonfailing donors (table S1). Coomassie-stained gels 
revealed four large titin species (Fig. 1D): the N2BA (3.3 MDa) and 
N2B (3.0 MDa) FL isoforms, T2 proteolytic fragment (2.4 MDa), 
and Cronos (2.3 MDa). The identity of Cronos was demonstrated 
by WB using a previously verified antibody against the Cronos NH2 
terminus (15), which recognizes only this isoform (Fig. 1D, right). 
On immunofluorescence (IF) images, the antibody stained human 
cardiac tissue sections in a regular doublet pattern, flanking the 
Z-disc marker of -actinin (ACTN2) (Fig. 1E). On immunoelectron 
micrographs, anti-Cronos labeled the edges of the sarcomeric 
A-band (Fig. 1E). On Coomassie-stained gels of LV tissues (exam-
ple in Fig. 1F), Cronos protein, on average, amounted to ~12% of 
the combined titin species (N2BA + N2B + T2 + Cronos) in both 
patients (22 TTNtv; 91 IDCM) and donor hearts (Fig. 1G). FL-titin 
isoforms showed the well-known shift toward N2BA in end-stage 
DCM versus donor samples (20), but no differences between the 
patient groups. Furthermore, the titin protein composition, includ-
ing the Cronos proportion, was identical in pre-Cronos and post-
Cronos TTNtv cases (Fig. 1H). Results were similar when we 
excluded the two TTNtv hearts with the additional RBM20 muta-
tion (Fig. 1, G and H, far-right columns). In summary, wt-Cronos 
is expressed at considerable and relatively constant amounts in 
healthy and failing adult human hearts, including those with a 
TTNtv. Changes in wt-Cronos content are unlikely to be part of the 
pathomechanisms of TTNtv-DCM.

Titin haploinsufficiency and sarcomere loss in TTNtv hearts
Preparation of two-phase gels, in which a 1.8% polyacrylamide gel 
is stacked onto a 6% gel, allowed quantification of the expression of 
titin protein relative to the pool of other cardiac proteins in the 
range of 10 to 250 kDa (Fig. 2A, left). Both IDCM and TTNtv hearts 
showed less normalized titin (N2BA + N2B + T2 + Cronos) content 
than donor hearts (donor: 0.264 ± 0.043%, n = 14; IDCM: 0.183 ± 
0.070%, n = 91; TTNtv: 0.135 ± 0.057%, n = 22; mean ± SD), consist-
ent with a loss of cardiomyocytes in chronic heart failure (Fig. 2A, 
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Fig. 1. Expression of Cronos relative to other titin isoforms in human hearts. (A) Isoforms and architecture of titin and truncation site in TTNtv-DCM hearts #1 to #22. 
Underlined numbers indicate additional RBM20 mutation. (B) qRT-PCR analysis of TTN-mRNA showing relative amounts of Cronos transcript (left) and Cronos/full-length 
(FL-) expression ratios (right) for 10 donors, 10 IDCM, and all 22 TTNtv hearts, distinguishing between truncations before (pre-Cr; n = 7) and after (post-Cr; n = 15) the 
Cronos promoter. (C) Ribosomal translation of Cronos relative to flanking constitutive TTN exons (“Ribo-seq coverage”), determined by pooling the Ribo-seq reads 
of 80 adult human hearts (17). (D) Identification of Cronos (~2.3 MDa) in human heart groups by Western blot (WB). PVDF (polyvinylidene difluoride), stained blotting 
membrane. Inset: Detail on high-resolving WB. (E) Sarcomeric localization of Cronos by IF and immunoelectron microscopy (IEM) in human cardiomyocytes; ACTN2, 
-actinin (Z-disc marker). Arrows indicate I/A-band junction. (F) Large titin species observed in human heart groups on Coomassie-stained gel. (G) Composition of wild-
type (wt) titin protein species in donor, IDCM, and TTNtv hearts with or without additional RBM20 mutation. The number of hearts per group is indicated. (H) Titin 
composition in hearts with “pre-Cronos” or “post-Cronos” TTNtv. All average data are means ± SD. Statistical testing by one-way ANOVA or #unpaired, two-tailed t test 
(comparing N2BA% in donor versus IDCM).
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right). TTNtv hearts contained about 23% less all-titin protein than 
IDCM hearts, indicating haploinsufficiency. Exclusion of the two 
TTNtv hearts with RBM20 mutation had little effect on these results 
(Fig. 2A, far right). Correlation analyses with available patient data 
(table S1) revealed a trend of decreasing LV ejection fraction (LVEF) 
with decreasing titin protein content (P = 0.065; R2 = 0.177; n = 20 
“TTNtv-only” hearts; and P = 0.049; R2 = 0.180; n = 22 TTNtv + 
RBM20 hearts) (Fig. 2B).

Analysis of the two-phase gels also revealed that the average ra-
tio of all-titin to myosin heavy chain (MyHC) protein remained 
unaltered in IDCM and TTNtv compared to donor hearts (Fig. 2C). 
In conjunction with the titin reduction, this result suggested myo-
sin deficiency and an overproportionate loss of sarcomeres in 
TTNtv-DCM. Therefore, we counted the sarcomeres per unit area 
on IF images of patient tissues stained with TTN-Z antibody 
(Fig. 2D, left), taking care to determine the number at (or normal-
ized to) a sarcomere length (SL) of 1.8 m. We found a significant 

(P = 0.003) reduction in TTNtv (10.1 ± 
3.0 sarcomeres/100 m2; n = 10 hearts) 
versus IDCM (14.6  ±  1.7 sarcomeres/ 
100 m2; n = 7), on average by 30.8% 
(Fig.  2D, right). Likewise, an average 
reduction of sarcomeres per normalized 
unit area, by approximately one-third, 
was apparent in IDCM versus TTNtv 
when we counted the Z-discs on elec-
tron micrographs (fig. S1).

Stable expression of tr-titin 
proteins in TTNtv hearts
Next, we systematically searched for 
the presence of tr-titin proteins in the 
22 TTNtv heart tissues, aiming to quan-
tify their expression relative to that of 
the wt-titin isoforms estimated above 
(Fig.  1G and fig. S2A). For simplicity, 
the proteolytic fragment T2 was excluded 
here (Fig. 3A). We reasoned that trun-
cated FL-titin proteins (tr-N2BA and 
tr-N2B), if present, should be detectable 
by WB against the N terminus of titin 
using TTN-Z antibody and tr-Cronos pro-
tein by WB against N-terminal Cronos 
(Fig. 3A, bottom, and fig. S2B). Using 
TTN-Z antibodies, we found tr-titin pro-
tein expressed at the size expected from 
the TTNtv location, as demonstrated by 
a staircase-like pattern that appeared 
with sequential sample loading accord-
ing to mutation location (Fig. 3B). The 
tr-titin content was very different among 
TTNtv hearts. Three of the five TTNtv 
hearts with the truncation located be-
fore the major splicing region (“pre-
splicing” cases) showed high tr-(N2BA + 
N2B) expression matching the amount 
of wt-(N2BA + N2B) protein (Fig. 3B). 
Less tr-protein was detected in samples 
with a “postsplicing” truncation, and this 

was always tr-N2B, as judged by molecular weight (Fig. 3B). How-
ever, the two M-band-TTNtv hearts again showed high tr-N2B pro-
tein content, even on Coomassie-stained gels (fig. S2A). In hearts 
with a postsplicing TTNtv, tr-N2BA appeared on WBs (at best) as a 
smear above the tr-N2B band. These tr-N2BA species might be 
prone to more rapid degradation (21), as they are longer than the 
tr-N2B protein generated by the same postsplicing truncation. 
Truncated Cronos protein was detected in 14 of the 15 hearts with a 
post-Cronos TTNtv (Fig. 3C and fig. S2C). Expression ranged from 
zero (TTNtv heart #8; the only child among patients with TTNtv-
DCM) to amounts equaling those of wt-Cronos (TTNtv in the most 
frequently mutated TTN exon 327). Truncated Cronos and tr-FL-
titin species were also identified in A-band-TTNtv hearts using 
antibodies against titin sites near the A-band edge (fig. S2, D and E).

Figure 3D summarizes the relative tr-Cronos and tr-(N2BA + 
N2B) protein expression of TTNtv hearts. The average tr/all Cronos 
content was 22.3 ± 16.6% (mean ± SD) for the 15 post-Cronos 

Fig. 2. Titin haploinsufficiency and sarcomere loss in TTNtv hearts. (A) Representative Coomassie-stained two-
phase gel, loaded with myocardial samples of the three human heart groups (left), and results of densitometric anal-
yses comparing expression of titin species versus “other protein” in the range of 10 to 250 kDa (right). The number of 
hearts per group is indicated. Statistical testing by one-way ANOVA and Tukey’s post hoc test (comparing “other 
protein”). (B) Correlation analysis comparing the titin:other protein ratio of 20 TTNtv hearts to LVEF at the time of 
transplantation (red dots). The line is a linear regression. Blue dots indicate TTNtv hearts with additional RBM20 mu-
tation. (C) Summary of densitometric analyses quantifying expression of MyHC versus titin protein species on 
Coomassie-stained two-phase gels (representative gel lane on the left). Significance tested by one-way ANOVA (on 
MyHC%). MyHC%, percentage of myosin heavy chain. (D) Number of sarcomeres (at ~1.8-m length) within a 100-m2 
area on IF images of IDCM (n = 7) and TTNtv (n = 10) heart tissues, stained with TTN-Z antibodies (secondary antibody: 
Alexa 488–conjugated immunoglobulin G). Left images show typical unit areas, within which sarcomeres were 
counted, and the right graph a summary. Scale bars, 20 m. #Statistical testing by unpaired, two-tailed t test. All average 
data are means ± SD.
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Fig. 3. Truncated titin proteins in failing TTNtv-DCM hearts. (A) Composition of wt-titin isoforms in the 22 TTNtv hearts (underlined numbers indicate additional 
RBM20 mutation) measured on Coomassie-stained gels (top), and map of TTN exon usage [percentage spliced-in (PSI)] in adult human hearts [bottom; modified from 11)]. 
Titin isoforms and titin-antibody epitopes are denoted by color. (B) TTN-Z-WB example (inset: enlarged detail from another WB) and (C) Cronos-WB example, both demon-
strating tr-titin species in TTNtv hearts (asterisks). Samples were loaded sequentially according to TTNtv location, from more NH2 terminal (left) to more C-terminal (right) 
truncation site. (D) Summary of tr-titin protein content in all TTNtv hearts: tr-Cronos proportion obtained from Cronos-WBs (top) and tr-(N2BA + N2B) proportion from 
TTN-Z-WBs (middle); total tr-(N2BA + N2B-Cronos) proportion/TTNtv heart displayed on bottom. Ø, mean ± SD. (E) Relationship between tr-(N2BA + N2B-Cronos)-titin 
proportion and patient age at heart transplantation. Red dots and line, linear regression to n = 20 TTNtv hearts; blue dots, hearts with TTNtv + RBM20 mutation. (F) Trun-
cated (N2BA + N2B-Cronos)-titin proportion versus frequency of TTNtv mutant-allele expression, measured by RNA-seq (n = 11 TTNtv hearts, ID# next to symbols). Black 
line, linear regression.
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TTNtv hearts, or 22.9 ± 16.1%, if the two hearts with the additional 
RBM20 mutation were excluded. Hearts with a presplicing TTNtv 
contained, on average, 36.7 ± 28.5% (n = 5) tr-(N2BA + N2B) pro-
tein. For postsplicing TTNtv hearts, the tr-N2BA proportion was 
projected (Fig. 3D) by multiplying the measured tr-N2B proportion 
with a factor based on the percentage of wt-N2BA expression 
known for each heart. The average tr-(N2B + N2BA + Cronos) pro-
portion was 13.6 ± 17.4% (mean ± SD) for all 22 TTNtv hearts or 
14.6 ± 17.9% excluding the two hearts with the RBM20 mutation 
(Fig. 3D, bottom).

Correlation of truncated titin protein content 
with heart health
Subsequently, we performed correlation analyses using the tr-protein 
values and the available patient data (table S1). Heart geometry (LV 
end-diastolic diameter) and pump function (LVEF) showed only a 
mild trend to worsening with increasing tr-titin/Cronos content 
(fig. S2, F and G). However, a significant (P = 0.010), inverse rela-
tionship was found for tr-(N2BA + N2B + Cronos) protein expres-
sion and patient age at heart transplantation (Fig. 3E). The two 
TTNtv patients with the additional RBM20 mutation were not in-
cluded in this analysis. We conclude that the younger the (adult) 
patients at the time of transplantation, the higher the myocardial 
tr-protein content.

Variability in tr-titin protein expression and NMD 
of TTNtv mRNA
We aimed to compare tr-protein content to TTNtv-allele frequency 
and therefore performed RNA-seq for a representative subset (n = 11) 
of our TTNtv hearts. Truncated allele frequency was 40 to 50% in 
nearly half of the samples (Fig. 3F), demonstrating essentially no 
NMD (within experimental error), whereas it was somewhat reduced 
in the other hearts. However, no heart showed less than 20% tr-allele 
frequency, consistent with the considerable translation of TTNtv 
mRNA reported (11, 17). NMD was absent in hearts with a trunca-
tion in TTN exon 327, which also showed the highest expression of 
tr-Cronos protein (compare with Fig. 3D). Overall, there was no 
significant (P = 0.609) correlation between tr-titin content and 
tr-allele frequency (Fig. 3F), clearly suggesting that NMD is not the 
reason behind the large variability in tr-protein expression.

No evidence for tr-titin incorporation into sarcomeres
It is unknown whether tr-titin proteins are incorporated into cardiac 
sarcomeres. Therefore, we immunostained tissue sections of IDCM 
(n = 7) and TTNtv (n = 12) hearts and quantified the IF intensity of 
TTN-M (M-band) antibodies and (for comparison) TTN-Z anti-
bodies, each indexed to the ACTN2-IF intensity of the same sarco-
meres (Fig. 4A). TTN-M antibodies do not label truncated titin. 
Experiments were performed under standardized conditions, such 
as identical antibody concentrations and incubation times, laser 
power (fig. S3A), and exposure times in the confocal microscope. 
Only data recorded at 1.6-m SL or higher were included in the 
analyses, because the IF intensity dropped below this SL (fig. S3B). 
To further improve intersample comparisons, we calculated a “dou-
ble quotient” of TTN-M/ACTN2 IF ratio (qTTN-M) divided by 
TTN-Z/ACTN2 ratio (qTTN-Z). We assumed that, if tr-titin pro-
tein were built into sarcomeres, this quotient would be lower in 
TTNtv compared to IDCM. However, the average quotient was in-
distinguishable between IDCM and TTNtv (sub-) groups (Fig. 4B), 

suggesting that tr-titin is not built into sarcomeres of TTNtv hearts 
in meaningful amounts.

Accumulation of tr-titin proteins in aggregates
Transmission electron microscopy (EM) of tissue sections prepared 
from representative donor (n = 3) and DCM hearts (IDCM, n = 7; 
TTNtv, n = 11) depicted electron-dense areas suggestive of intracel-
lular aggregates (fig. S3C). We quantified these areas on 128 micro-
graphs per heart and found only mildly elevated aggregate formation 
in post-Cronos TTNtv hearts compared to donors (fig. S3C, right). 
Because this analysis measured all aggregates, we used immuno-EM 
to identify only the titin-positive aggregates, using TTN-Z and 
TTN-M antibodies (Fig. 4C). TTN-Z– and TTN-M–positive aggre-
gates were scarce in IDCM tissues, whereas 30.8 ± 6.7% (mean ± SD) 
of the 616 aggregates counted in TTNtv samples (n = 5 hearts) were 
TTN-Z positive (Fig. 4D). On IF images, aggregates in TTNtv hearts 
were also positive for Cronos (Fig. 4D, inset). In contrast, TTN-M 
antibodies rarely marked aggregates in TTNtv tissues, suggesting 
that the titin species collected in aggregates are truncated, rather 
than wt proteins. We conclude that tr-titin proteins are sequestered 
in intracellular aggregates.

Aberrant intracellular PQC in TTNtv-DCM hearts
The high tr-titin protein load could negatively affect PQC in TTNtv 
cardiomyocytes, including ubiquitin-dependent degradation path-
ways. Because the extent of titin ubiquitination in healthy or failing 
human hearts is unknown, we measured it in donor, IDCM, and 
TTNtv tissues by pan-ubiquitin WB. The average content of pan- 
ubiquitinated wt-titin tended to increase in IDCM (mean ± SD, 
177  ±  55%; n  =  7) and was significantly elevated (P  =  0.032) in 
TTNtv (215 ± 109%, n = 13), relative to donor hearts (100 ± 39%, 
n = 6) (Fig. 4E). In TTNtv hearts, wt-N2BA, wt-N2B, and (to a less-
er extent) T2/wt-Cronos were clearly ubiquitinated (Fig. 4F, left). 
Truncated titin proteins generally displayed low pan-ubiquitination, 
despite their abundance, especially in presplicing TTNtv samples, 
as confirmed on corresponding TTN-Z WBs (Fig.  4F, middle). 
Comparison of the pan-ubiquitinated (mean ± SD, 2.7 ± 0.9%) 
versus total (30.2 ± 25.7%) tr-FL-titin proteins in seven TTNtv 
hearts highlighted this observation (Fig. 4F, right). Thus, ubiquitin- 
dependent degradation of tr-titin proteins appeared to be impaired 
in TTNtv-DCM.

We then quantified the expression of various other markers of the 
PQC machinery in donor, IDCM, and TTNtv hearts. The E3-ubiquitin 
ligase, muscle RING-finger protein-1 (MURF1), binds to C-terminal 
titin and mediates proteasomal degradation of various sarcomere 
proteins (22). MURF1 protein expression [normalized to glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH)] showed a trend to 
reduction in IDCM versus donor hearts but was reduced in TTNtv 
hearts (with or without accompanying RBM20 mutation) compared 
to IDCM or donor (Fig. 4G). A marker of the autophagy-lysosomal 
pathway, sequestosome-1 (SQSTM1/p62), which complexes with 
M-band titin (23), was down-regulated to a similar degree in IDCM 
and TTNtv versus donor hearts (Fig. 4H). The LC3B-II/LC3B-I 
ratio and the LC3B-II proportion (denoting autophagy activation) 
were increased in the two DCM groups (Fig. 4I), as was the stress- 
responsive, titin-binding (24), chaperone B-crystallin (CRYAB; 
Fig. 4J). Together, unique alterations in TTNtv hearts included reduced 
MURF1 protein expression and aberrant ubiquitin-dependent 
PQC functions.
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Fig. 4. Detection of titin proteins and markers of the protein quality control machinery in cardiomyocytes of patients with DCM. (A) Double IF staining of IDCM 
and TTNtv heart tissue sections with antibodies to TTN-Z or TTN-M (denoted on top) and ACTN2, to assess sarcomeric integration of tr-titin. On corresponding IF images, 
intensity profiles were taken along the same myofibril (white lines). Scale bars, 10 m. (B) Quotient of TTN-M/ACTN2 (qTTN-M) over TTN-Z/ACTN2 (qTTN-Z) IF intensity 
ratios for individual IDCM and TTNtv hearts (left) or both groups (right). Minimum SL for analyses of IF intensities was 1.6 m. (C) Representative immunoelectron micro-
graphs of IDCM and TTNtv heart tissues stained with TTN-Z (top) and TTN-M (bottom) antibodies. Regular sarcomeric titin (arrowheads) and truncated titin sequestered 
in aggregates (arrow in top, right inset) are indicated. Scale bars, 1 m. (D) Overview of titin-positive aggregates in IDCM (n = 3) and TTNtv (n = 5) hearts for tissue sections 
labeled with TTN-Z or TTN-M antibodies (one column per heart). Numbers indicate titin-positive per total number of aggregates. Inset: Typical IF image of TTNtv sample 
depicting Cronos (and ACTN2)–positive aggregates (arrows). Scale bar, 5 m. (E) Pan-ubiquitin WB example (top, PVDF indicates loading) and average amount of 
pan-ubiquitinated wt-(N2BA + N2B) titin in donor (Do; n = 6), IDCM (n = 7), and TTNtv (n = 13) hearts, indexed to donor. (F) Pan-ubiquitin WB example of TTNtv hearts (left), 
corresponding to TTN-Z-WB (middle), and average truncated/FL titin (N2BA + N2B) ratio, comparing pan-ubiquitinated and total protein (right); n = 7 hearts per group. 
Asterisks indicate tr-protein. (G to J) WB examples and summary of densitometric quantitation of PQC marker expression: (G) MURF1, (H) SQSTM1/p62, (I) LC3B-II/LC3B-I 
ratio or LC3B-II proportion, and (J) CRYAB, in donor (n = 9), IDCM (n = 85 to 89), and all TTNtv hearts (n = 22) or TTNtv hearts without additional RBM20 mutation (n = 20). 
Loading controls: GAPDH in (G) to (I); total protein in (J). Data are means ± SD. Statistical testing by one-way ANOVA followed by multiple comparisons test or #unpaired, 
two-tailed t test (see data file S1). a.u., arbitrary units.
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Expression and pharmacologic modulation of titin proteins 
in patient-derived hiPSC-CMs
To gain additional mechanistic insight into the key pathomechanisms 
of TTNtv-DCM, we generated hiPSC-CMs from a patient with a 
prototypical A-band-TTNtv in exon 327 (HET c.70692_70693insAT; 
p.T23565SfsX5; Fig. 5A) (18). Many TTNtv-DCM cases reported to 
date (2) have the truncation in this very large TTN exon, as was true for 
our cohort. Several WT (Wild-Type)–hiPSC-CM lines served as controls 
(see Materials and Methods). Both A-band-TTNtv-CMs and WT-
hiPSC-CMs showed well-developed sarcomeres on IF images 
costained with TTN-Z or TTN-M and ACTN2 antibodies (fig. S4A), 
and their spontaneous beating rate (~0.5 Hz) was similar. Average 
SL was not changed in a consistent manner in TTNtv versus WT 
cell lines cultured for 1 to 2 months; however, SL heterogeneity was 
increased in TTNtv cells of either age, suggesting impaired or de-
layed sarcomerogenesis (fig. S4B). On WBs of WT and TTNtv hiPSC- 
CM lysates, expression of tr-titin and tr-Cronos was apparent in 
the mutant line, typically reaching ~5 to 15% of wt-titin/Cronos 
(Fig. 5B). Most tr-titin was tr-N2BA because fetal wt-N2BA (3.7 MDa) 
is the dominant FL isoform in embryonic-stage cardiomyocytes (21), 
such as hiPSC-CMs; tr-N2B was occasionally detected (Fig. 5B). 
Similar to adult TTNtv hearts, we found no evidence for tr-titin 
incorporation into sarcomeres (fig. S4C).

To study the role of the protein degradation machinery in 
regulating titin protein content, A-band-TTNtv hiPSC-CMs 

were differentiated for up to 90 days and treated for 3 to 5 days—
longer than the titin half-life in cell culture (25)—with autophagy 
inhibitors (1 M LY294002, 100 nM wortmannin, or 50 nM 
bafilomycin-A1), proteasome inhibitors (0.5 to 1 M MG132 or 
25 to 100 nM bortezomib,), or vehicle only [dimethyl sulfoxide 
(DMSO)]. An activator of autophagy (100 nM rapamycin) was 
also used. LY294002 and wortmannin revealed no consistent ef-
fects on titin expression and were not further pursued, whereas 
bafilomycin was used in all subsequent drug testing (fig. S5A). 
Autophagy inhibition by bafilomycin was confirmed by accumula-
tion of SQSTM1 in large perinuclear aggregates (fig. S5B). More-
over, in cells overexpressing fluorescent, pH-sensitive, red fluorescent 
protein– enhanced green fluorescent protein–LC3B fusion protein, 
bafilomycin alone or in combination with MG132 (but not MG132 
alone) caused accumulation of enlarged LC3B-containing puncta in 
perinuclear areas, additionally demonstrating blockade of autophagy 
(fig. S5C). Effects of proteasome activity blockers were evidenced by 
increased pan-ubiquitination of wt-titin species and many smaller 
cardiac proteins (fig. S5, D and E). TTNtv cells additionally dis-
played increased ubiquitination of tr-N2BA (fig. S5D, bottom). 
Furthermore, proteasome inhibition resulted in accumulation of 
titin proteins in the cytoplasm of TTNtv-hiPSC-CMs, as demon-
strated by anti-Cronos immuno-EM (fig. S5F). Thus, autophagy- 
lysosomal and UPS activities were successfully inhibited by the 
respective compounds.

Fig. 5. Titin protein expression in patient-derived A-band–TTNtv hiPSC-CMs and the modulatory role of the protein degradation machinery. (A) A-band-TTNtv 
site and titin-antibody epitopes. 2D, two-dimensional. NT, NH2-terminus; CT, COOH-terminus. (B) Coomassie-stained titin gel and WBs using TTN-Z, Cronos, or TTN-M 
antibodies, detecting wt and truncated (tr) titin species in TTNtv-hiPSC-CMs (MRIi010-A) and wt-titin/Cronos in WT-hiPSC-CMs (UMGi001-A); normal culture conditions. HH, 
adult human donor heart. (C) wt-FL-titin to “other protein” (OP) ratios on two-phase gels of TTNtv-hiPSC-CMs (top). Cells (MRIi010-A) were differentiated for 2 months and 
treated for 5 days with DMSO (control), autophagy-activator rapamycin (RAPA; 100 nM), autophagy-inhibitor bafilomycin-A (BAF; 10 nM), UPS inhibitors MG132 (MG; 500 nM), 
or bortezomib (BORT; 100 nM); or BAF + MG combined. A data summary is shown at the bottom (n = 7 cell lysates per condition, except BORT: n = 6). (D) Effects of drug 
treatment as in (C) on tr-FL-titin and tr-Cronos proportions, measured (top) and quantified on TTN-Z (bottom left) or Cronos (bottom right) WBs (n = 12 cell lysates per 
condition). PVDF, loading control. Data are means ± SEM. Statistical testing by one-way ANOVA and multiple comparisons test or #unpaired, two-tailed, t test (see data file S1).
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The expression of wt-(N2BA  +  N2B) proteins was then mea-
sured in treated A-band-TTNtv hiPSC-CMs in relation to the pool 
of other cardiac proteins (range, ~10 to 250 kDa; Fig. 5C, top). None 
of the drug interventions altered this normalized wt-FL-titin content, 
presumably due to similar effects on titin and the other proteins 
(Fig. 5C, bottom). However, proteasome inhibition alone or in com-
bination with autophagy inhibition increased the tr-(N2BA + N2B) 
proportion, quantified on TTN-Z WBs, from 11.0 ± 1.3% (mean ± 
SEM; n = 13) in DMSO controls to 28.5 ± 2.5% (n = 12) under 
bafilomycin + MG132 and 32.5 ± 5.3% (n = 13) under bortezomib 
treatment (Fig. 5D). The relative tr-Cronos content measured on 
Cronos WBs (10.6 ± 1.7% in DMSO; n = 12) was less susceptible 
to treatment, although bortezomib still induced a clear rise 
(18.5 ± 3.6%; n = 12) (Fig. 5D). Autophagy activation or inhibition 
alone had no effect on the tr-titin/Cronos proportion. Therefore, 
the tr-titin/Cronos protein content was responsive, in particular, 
to UPS inhibition.

Expression and modulation of titin in CRISPR-Cas9–edited 
M-band-TTNtv hiPSC-CMs
To improve the comparability between TTNtv and control lines, we 
used CRISPR-Cas9 gene editing to generate WT, HET, and homo-
zygous (HOM) TTNtv-hiPSC lines on an isogenic background. We 
mimicked variant c.103103T>G/p.L34368X in exon 359 (M-band 
titin), present in our TTNtv heart #21 (Fig. 6A and fig. S6). Both 
HET- and isoWT-hiPSC-CMs showed normal sarcomere structure 
on IF images (fig. S7A) and electron micrographs (fig. S7B). Even 
HOM cells developed sarcomeres (fig. S7, A and B) and contracted 
spontaneously, although the sarcomere number and the regularity 
of the sarcomeric substructure had decreased and beating was less 
regular. Average SL was identical between genotypes in cells differ-
entiated for 2 months (fig. S7C), whereas SL heterogeneity was 
increased in HOM (fig. S7C), suggesting that the C terminus of titin 
(which is missing in HOM sarcomeres; fig. S7A) is not essential for 
sarcomerogenesis yet is important for a regular sarcomere struc-
ture. Furthermore, we analyzed HET cells for the possible incorpo-
ration of tr-titin into sarcomeres by calculating the TTN-M/ACTN2 
IF intensity ratios on confocal images (fig. S7D). The average ratio 
was modestly reduced compared to isoWT cells, suggesting that 
some tr-titin were present in these developing HET sarcomeres, unlike 
in adult TTNtv heart #21.

Measurements of titin protein expression by WB detected tr-FL-
titin and tr-Cronos in both mutant lines (Fig. 6B). In HET, tr-N2BA/
N2B bands were very close to wt-N2BA/N2B bands, whereas tr-
Cronos was well separated from wt-Cronos. Densitometric quanti-
tation of titin proteins on WBs (Fig. 6C) or Coomassie-stained 
gels (fig. S8, A to C) demonstrated reduced expression in HET and 
HOM versus isoWT, confirming the presence of tr-titin in HOM 
and titin haploinsufficiency in HET.

Next, we studied effects on titin protein content of treatment 
with autophagy modulators or proteasome inhibitors, as before 
(Fig. 6, D to F; compare with Fig. 5C). Two-phase gels of hiPSC- 
CMs demonstrated an increase in the normalized (to proteins in 
the range of 10 to 250 kDa) titin content under proteasome blockade, 
notably with bortezomib, but the increase was restricted to HOM 
cells expressing tr-titins only (Fig. 6, D to F, and fig. S8, D to F). In 
all genotypes, autophagy modulation did not alter the normalized 
titin content. These results underscored that tr-titin proteins were 
highly susceptible to UPS inhibition more so than wt-titin proteins. 

Further supporting this fact, anti-Cronos WBs of HET hiPSC-CMs 
demonstrated increased tr-Cronos proportions in the presence of 
proteasome inhibitor (Fig. 6G). In conclusion, disease modeling in 
isogenic hiPSC-CMs verified that the pathomechanisms of TTNtv 
cardiomyopathy included titin haploinsufficiency and accumula-
tion of tr-titin proteins augmented by UPS dysfunction.

Improved contractility of TTNtv hiPSC-derived EHM by UPS 
blockade or genetic correction
Cardiac contractility was measured in WT- and patient-derived 
hiPSC-CMs using the EHM platform (Fig. 7A) (26). Ring-shaped 
EHM was constructed from 1-month-old hiPSC-CMs and matured 
for another month, at which time TTNtv-EHM tended to express 
less wt-titin protein (mainly N2BA) than WT-EHM (Fig. 7, B and C). 
UPS inhibition by MG132 treatment (500 nM) for 6 days increased 
the wt-titin content of both WT- and TTNtv-EHM, as well as the 
tr-titin proteins in TTNtv-EHM (Fig. 7, B and C). TTNtv-EHM 
generated only about one-half of the specific force of contraction of 
WT-EHM, measured at various extracellular Ca2+ concentrations 
(Fig. 7D). Under MG132 treatment, the differences in contractility 
between genotypes disappeared, due mainly to increased force gen-
eration of TTNtv-EHM (Fig. 7D).

We then evaluated whether gene correction of the A-band-
TTNtv by CRISPR-Cas9 could rescue titin expression and contrac-
tility. High efficiency of correction was achieved by gene editing, 
and three edited hiPSC lines were selected for further analysis 
(fig. S9, A to F). EHM differentiated from these corrected lines 
(Corr-EHM) appeared morphologically normal and displayed 
unaltered spontaneous beating rates of ~0.5 Hz. WBs against titin 
demonstrated the absence of tr-protein in Corr-EHM and higher 
wt-titin expression compared to TTNtv-EHM (Fig. 8, A and B). 
We blocked UPS activity with MG132 (500 nM; 6-day treatment) and 
observed the expected rise in wt- and tr-titin proteins in TTNtv-EHM, 
but no change in Corr-EHM (Fig. 8, A and B, and fig. S9, G and H). 
To activate the proteasome, we used oleuropein (OLP; 100 nM; 
for 6 days), a substance recently suggested to boost UPS function 
in hiPSC-CMs (27). However, the drug had no effects on titin/
Cronos expression in TTNtv-EHM or Corr-EHM (Fig. 8, A and B, 
and fig. S9, G and H).

The specific force of contraction of Corr-EHM (measured at in-
creasing extracellular Ca2+ concentrations) nearly tripled relative to 
TTNtv-EHM, suggesting full functional recovery (Fig. 8C). Other 
mechanical parameters were also improved (Fig. 8, D to G), notably 
time-to-90% contraction and time-to-50% relaxation, whereas 
resting forces remained unaltered. Thus, mutation correction 
successfully restored EHM contractility. Under MG132 treatment, 
contractile forces doubled in TTNtv-EHM but did not reach the 
high values of (vehicle-treated) Corr-EHM (Fig. 8C). The presence 
of MG132 dampened the contractile forces of Corr-EHM, which 
then matched those of MG132-treated TTNtv-EHM. Considerable 
improvements with MG132 in TTNtv-EHM were also observed for 
the contractile–to–resting force ratio (Fig. 8E) and time-to-90% 
contraction (Fig. 8F), but not resting forces (Fig. 8D) or relaxation 
speed (Fig. 8G). Contractile function generally remained unaltered 
with OLP treatment. In summary, TTNtv-EHM mechanical perform-
ance was improved by UPS inhibition despite elevated tr-protein 
content, likely because of a beneficial rise in wt-titin and other 
cardiac proteins. Positive effects on TTNtv-EHM contractility were 
largest with CRISPR-Cas9–mediated gene correction.
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DISCUSSION
The discovery of TTNtv as the most common cause of familial DCM 
was a milestone in our understanding of the genetic epidemiology 
of human cardiomyopathies (4), although the implications for af-
fected patients are still under debate (2, 7, 10, 19). Our work sug-
gests that several key pathomechanisms come together in patients 
with TTNtv-DCM: (i) enrichment of stably expressed truncated 
titin proteins with aggregate formation, (ii) titin haploinsufficiency 
as a cause of sarcomere deficiency, and (iii) aberrant PQC involving 
deregulated UPS function. This provides a rationale for phenotypic 
diversity and a basis for refined disease management.

In support of titin haploinsufficiency as a pathomechanism, 
reduced wt-titin protein expression was evident in gene-edited 

M-band-TTNtv hiPSC-CMs, when comparing HET to isoWT 
genotypes. In TTNtv-DCM versus IDCM patient hearts, reduction of 
wt-titin protein expression by 23% became obvious after normaliza-
tion to the pool of other cardiac proteins, suggesting up-regulation 
of protein production from the remaining wt-TTN allele by ~55%. 
Our observation of titin haploinsufficiency is consistent with Ribo- 
seq data from rat TTNtv hearts (11). Because we confirmed unaltered 
titin:MyHC expression ratios in TTNtv hearts, previously reported 
for humans (5) and rat models (11), our data indirectly suggested a 
concordant reduction of titin and MyHC—a scenario recently de-
scribed for skeletal muscle (28). The ensuing loss of sarcomeres 
in patients with TTNtv-DCM (demonstrated by us) can explain, 
at least in part, the low contractility of TTNtv patient hearts. In 

Fig. 6. Titin protein expression in CRISPR/Cas9-generated M-band-TTNtv hiPSC-CMs and the modulatory role of the protein degradation machinery. (A) M-band-
TTNtv generated by CRISPR-Cas9–editing and titin-antibody epitopes. (B) WBs using TTN-Z, Cronos, or TTN-M antibodies that detect wt and truncated (tr) N2BA, N2B, or 
Cronos (Cr) proteins in 2-month differentiated hiPSC-CMs that are homozygous (HOM) or heterozygous (HET) for the truncation (TTN-L34368X.14; TTN-L34368X.20), and 
wt-titin/Cronos in control hiPSC-CMs on isogenic background (isoWT; RUCDRi002-A). (C) Results of densitometric quantitation of wt/tr-(N2BA + N2B) titin (left, on TTN-Z-
WBs), wt/tr-Cronos (middle, on Cronos-WBs), and wt-(N2BA + N2B) titin protein (right, on TTN-M-WBs) in the three genotypes, indexed to isoWT. n = 6 cell lysates per group. 
HOM (D), isoWT (E), and HET (F) cells (TTN-L34368X.14; RUCDRi002-A; TTN-L34368X.20) were treated for 5 days with DMSO (control), autophagy-activator rapamycin (RAPA; 
100 nM), autophagy inhibitor bafilomycin-A (BAF; 10 nM), UPS inhibitors MG132 (MG; 500 nM), or bortezomib (BORT; 100 nM); or BAF + MG combined. On two-phase gels 
(top), the (N2BA + N2B) titin to “other protein” (OP) ratio was determined by densitometry; data summaries are shown at the bottom (n = 7 to 8 cell lysates per condition, 
except DMSO: n = 13 to 14). (G) Effects of drug treatment as in (D) to (F) on wt- and tr-titin/Cronos proteins of HET M-band-TTNtv hiPSC-CMs, measured on TTN-Z, Cronos, or 
TTN-M WBs (left). Densitometric quantitation was done on Cronos-WBs (right; n = 6 cell lysates per condition, except DMSO: n = 12). Protein load: Stained blotting membrane 
(nontitin proteins). Data are means ± SEM. Statistical testing by one-way ANOVA and multiple comparisons test or #unpaired, two-tailed, t test (see data file S1).
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agreement, TTNtv-EHM showed reduced wt-titin content and con-
tractile deficiency compared to WT-EHM. TTNtv-gene correction 
recovered the wt-titin protein content and rescued contractility, as 
did (to a lesser degree) proteasome inhibition. Together, titin hap-
loinsufficiency as a cause of sarcomere insufficiency appears to be a 
lifelong condition in TTNtv-DCM hearts, which becomes critical as 
the patient ages. Raising wt-titin expression should thus be a promising 
treatment strategy for patients with TTNtv-DCM. Such a strategy may 
include proteasome inhibition, as discussed for other inherited 
cardiomyopathies (29); however, the cardiotoxicity of proteasome 
inhibitors must be considered (30). Worth exploring are personal-
ized treatment approaches using antisense oligonucleotide-mediated 
exon skipping (18) or gene editing, for which our results provide 
a rationale.

We expected tr-titin proteins to be present in human TTNtv 
hearts, because tr-TTN mRNA and translation of truncated alleles 
could be readily identified (11, 17). Our observation of a modest 
NMD of tr-titin mRNA accords with RNA-seq data obtained from 
rat models of TTNtv (11). All tr-titin proteins detected by us corre-
spond to the longest possible species predicted from the respective 

position of the TTN truncation. Because 
our analysis missed tr-species (possibly) 
degraded further, it could underestimate 
the true tr-protein content. In any case, 
the variability in tr-protein content was 
large among TTNtv hearts, probably 
reflecting differences in translational read- 
through of tr-titin mRNA (17), NMD, 
and the activity of protein degradation 
pathways. Whether the tr-titin protein 
content may be a measure of heart health 
in patients with failing TTNtv-DCM, as 
suggested by the inverse relationship 
with age at transplantation, needs fur-
ther study.

Various lines of evidence suggested 
that UPS function, more than macro-
autophagy, determined titin degradation 
and that components of these PQC sys-
tems were deregulated in TTNtv hearts. 
First, the E3-ubiquitin ligase MURF1 was 
reduced in TTNtv versus IDCM (and 
versus donor) hearts but was compara-
ble in IDCM and donor hearts—the latter 
confirming a recent report (31). Markers 
of autophagy suggested similar activation 
in both TTNtv and IDCM versus donor.

Second, tr-titin proteins in TTNtv 
hearts showed very low ubiquitination, 
suggesting failure of targeted degradation 
via ubiquitin-dependent PQC pathways 
as a cause of their stable expression. De-
spite the down-regulation of MURF1, 
wt-titin was hyperubiquitinated, as shown 
for other cardiac proteins in DCM (32). 
We speculate that tr-titin proteins in 
TTNtv hearts may be sequestered in in-
tracellular aggregates before they be-
come ubiquitinated. Our findings are in 

line with previous observations (33) of UPS dysfunction in DCM.
Third, inhibition of UPS activity in TTNtv-hiPSC-CMs caused 

an overproportionate accumulation of tr-titin species but not wt-titin 
protein. Although manipulation of autophagy-lysosomal pathways 
barely altered titin protein content, autophagy inhibition could 
modulate the effects of UPS blockade on tr-protein expression. 
Thus, the UPS primarily mediates degradation of tr-titin. Autophagy 
may be beneficial in TTNtv-DCM hearts by limiting aggregate for-
mation (34). Furthermore, autophagy is activated by inadequate 
UPS function (35), which is a likely scenario in TTNtv-DCM hearts. 
Continuous degradation of tr-titin proteins by the UPS will saturate 
this system, as seen for other cardiac protein mutations in inherited 
cardiomyopathies (36). The subsequent increase in aggregate for-
mation, although further activating autophagy (34), will impair 
UPS function, forming a vicious cycle (37). Together, aberrant PQC 
mechanisms characterize failing human TTNtv hearts.

The general presence and tunability of disease-relevant tr-titin 
proteins in TTNtv hearts give rise to possible routes of therapeutic 
intervention to be explored. Our attempts to reduce tr-protein 
content and improve contractility in hiPSC-EHM by using OLP—a 

Fig. 7. Titin protein content and contractility of WT- and TTNtv-EHM upon UPS inhibition. (A) TTNtv location in 
hiPSC-EHM and titin-antibody epitopes. (B) WBs using TTN-Z, Cronos, or Titin-I/A (MIR) antibodies detect wt and truncated 
(tr) proteins in TTNtv- and WT-EHM (MRIi010-A; RUCDRi002-A). MIR, main immunogenic region of titin. Loading was 
controlled on stained blotting membrane (“protein load,” nontitin proteins) and by GAPDH-WB. Bottom: 
Coomassie-stained gel. EHM treated for 6 days with DMSO or MG132 (MG; 500 nM); M, size marker. (C) Results of 
densitometric quantitation of wt-titin/Cronos (left; n = 6 cell lysates per condition) and tr-titin/Cronos (right; n = 8 cell 
lysates per condition) content, indexed to DMSO-treated TTNtv-EHM. (D) Specific force of contraction at increasing Ca2+ 
concentrations of TTNtv-EHM and WT-EHM after 6-day exposure to DMSO (n = 7 to 8) or MG132 (500 nM; n = 4 to 5). Data 
are means ± SEM. Statistical testing by one-way ANOVA and multiple comparisons test or #unpaired, two-tailed, t test 
(see data file S1).
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substance with pleiotropic actions including UPS activation (27)—
revealed no effects, possibly due to the low efficacy and specificity 
that characterize all currently available proteasome activators (38). 
If better activators became available, they should be tested for ben-
eficial effects on TTNtv hearts. Such testing should also include ag-
gregate dissolution by chaperone inducers (39) and pharmacological 
boosting of the translational read-through of tr-titin mRNA (17).

Limitations of our study include the inherent variability of pro-
tein quantitation by gel electrophoresis and WB, amplified by the 
genetic and phenotypic variability between human hearts, as well as 
the heterogeneity of hiPSC-CMs, which hamper the exact determi-
nation of protein expression, including tr-titin protein content or 
PQC marker expression. Moreover, our conclusion that the tr-titin 

proteins are not incorporated into the 
sarcomeres needs additional confir-
mation. Other points of uncertainty re-
main, such as the degree of deregulation 
of PQC pathways in TTNtv-DCM hearts 
and the relationship between ubiquiti-
nylation of truncated or wt-titin and 
titin degradation. Long-term effects of 
UPS inhibition on titin protein content 
and contractility of hiPSC-CMs were 
not assessed.

Last, we speculate that the DCM pheno-
type of TTNtv carriers is normally late 
onset, because tr-proteins may be more 
rapidly removed at younger age by highly 
active PQC systems. During aging, PQC 
functions decline (40) and tr-proteins may 
accumulate, with detrimental functional 
effects. The youngest patient in our TTNtv 
cohort required heart transplantation 
at age 8 years, and this was the only 
heart in which no tr-titin protein was 
detectable. Had this patient not been 
affected by the additional RBM20 muta-
tion, the TTNtv alone might have caused 
a much later disease onset. In line with 
this reasoning, rat models of TTNtv-
DCM do not seem to live long enough 
to show tr-proteins, and they have a 
mild phenotype (11). Further research 
on human TTNtv heart tissue is essen-
tial and should involve earlier stages 
of the disease to affirm that increasing 
tr-protein content worsens the disease 
and that tr-titin–positive aggregates play 
a pathomechanistic role. In support of 
the key findings of our study, a com-
panion paper (41) also reports the pres-
ence of tr-titin proteins in patients with 
TTNtv-DCM and titin haploinsufficiency 
as combined pathomechanisms.

MATERIALS AND METHODS
Study design
Our main goal was to search for the key 

pathomechanisms of DCM due to a HET TTNtv and perform disease 
modeling in hiPSC-CMs for extended mechanistic studies and as-
sessment of potential treatments. We hypothesized that titin haplo-
insufficiency and truncated titin protein expression represent 
major pathomechanisms of TTNtv-DCM and that deregulated 
PQC contributes to the pathophenotype. To this end, LV tissue was 
collected from 113 patients with DCM according to accepted crite-
ria (42) and referred for heart transplantation, available from the Bio-
bank of the Clinic for Thoracic and Cardiovascular Surgery, Heart 
and Diabetes Center North Rhine Westphalia (NRW) in Bad Oeyn-
hausen, University Hospital of Ruhr– University Bochum (table S1). 
Patients underwent clinical examination, 12-lead electrocardiogram, 
two-dimensional echocardiography, and coronary angiography. 

Fig. 8. Rescue of titin protein expression and contractile dysfunction in patient-derived hiPSC-EHM with A-band-
TTNtv by mutation correction or proteasome modulation. (A) WBs using TTN-Z or titin-I/A (MIR) antibodies detect wt 
and truncated (tr) titin/Cronos proteins in hiPSC-EHM, before (TTNtv-EHM; MRIi010-A) or after (Corr-EHM; MRIi010-A-1, 
clone 2) CRISPR-Cas9 correction of the exon 327 TTNtv. EHM rings were differentiated for 1 month from 4-week-old 
hiPSC-CMs and then exposed to DMSO, MG132 (MG; 500 nM), or oleuropein (OLP; 100 nM) for 6 days. Loading was 
controlled on Coomassie-stained blotting membrane (“PVDF,” nontitin proteins) or titin protein gel. (B) Results of 
densitometric quantitation of wt-N2BA (left; n = 8 cell lysates per condition) and tr-N2BA (right; n = 6 cell lysates per 
condition) protein expression, indexed to DMSO-treated TTNtv-EHM. Mechanical measurements on EHM rings were 
performed (MRIi010-A; MRIi010-A-1; and clones 2, 46, and 49) to determine (C) specific force of contraction at increasing 
Ca2+ concentrations (n = 6), (D) specific resting force (n = 6), (E) ratio of force of contraction (FOC) over resting force (RestF), 
(F) time-to-90% contraction (T1-90); and (G) time-to-50% relaxation (T2-50). In (E) to (G), n = 4 to 11 per group; measure-
ments usually performed in duplicate. Mean beating frequency was similar in all groups (~0.5 Hz). Data are means ± SEM.  
Statistical testing by one-way ANOVA and multiple comparisons test or #unpaired, two-tailed, t test (see data file S1).
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The study protocol was approved by the local ethics committee 
(reg. nos. 58/2014 and 2018-330); informed consent was obtained 
from all patients. As a control group, LV tissues of nonfailing 
donor hearts (no known cardiac pathology; death by noncardio-
vascular cause) were obtained from the Sydney Heart Bank (43), 
Massachusetts General Hospital (20), or Heart and Diabetes 
Center NRW, after informed consent from the next of kin and 
with approval from the authorities (Sydney Heart Bank, Human 
Research Ethics Committee approval: 2012/2814). The study con-
forms to the principles outlined in the Declaration of Helsinki. Tis-
sues were taken in the surgery theater, snap frozen (N2), and stored at 
−80°C until use. Molecular genetics screening of patients with DCM 
was performed using the MiSeq next-generation sequencing system 
and TruSight cardiogene panel (Illumina), which included 174 vari-
ants associated with inherited cardiac conditions.

A HET TTNtv classified as “likely pathogenic” according to es-
tablished criteria/American College of Medical Genetics guidelines 
(44–46) was present in 22 patients; the remainder were grouped as 
IDCM (n = 91). Protein gel electrophoresis and quantitative WBs 
were performed on all 113 DCM and 14 donor heart samples, and 
microscopy and immuno staining were performed on selected 
IDCM and TTNtv tissues, focusing on titin expression. For disease 
modeling, hiPSC-CM lines with or without TTNtv were generated 
following recommended guidelines, after obtaining approval from 
the Ethics Committee of the University Medical Center Goettingen 
(#10/9/15) and written informed consent from participants. Sample 
size was estimated on the basis of sample availability, previous ex-
perimental studies performed in our laboratories, and the literature, 
but was not calculated a priori. Experiments were not randomized 
or blinded.

qRT-PCR on human tissues
Total RNA was isolated from LV myocardium (about 30 mg tissue 
per heart) using a commercial kit (RNeasy, Qiagen), as described 
(47), and assessed for purity and integrity. Reverse transcription of 
RNA was performed on a StepOnePlus RT-PCR system (Thermo 
Fisher Scientific) using Superscript II (Invitrogen), and relative 
mRNA expression of Cronos and FL-titin isoforms (primer se-
quences in table S4) was evaluated using the comparative CT 
method (CT) (48).

Ribo-seq and RNA-seq analyses of human hearts
Human Ribo-seq data of 80 human hearts, including 65 DCM and 
15 donor hearts (17), were reanalyzed for Cronos translational ac-
tivity (see the Supplementary Materials). Further, RNA samples 
from a representative selection of 11 TTNtv-DCM hearts were pro-
cessed using the TruSeq Stranded Total RNA Library Prep Kit (Illu-
mina), the final indexed libraries were enriched by PCR, assessed 
for quality and quantity, and sequenced on Illumina HiSeq 3000 
according to the manufacturer’s protocols. Further information is 
in the Supplementary Materials.

Culture and treatment of patient-derived and  
CRISPR-Cas9–edited hiPSC-CMs
Several hiPSC lines were generated according to our published proto-
cols (26, 49), including cells derived from a patient with DCM and a 
HET truncating mutation (c.70692_70693insAT; p.T23565SfsX5) (18) 
in A-band TTN exon 327 (isTitin-MUC.10, MRIi010-A) and healthy 
donor hiPSC lines (UMGi005-A, UMGi001-A, UMGi014-B, UMGi014-C, 

and RUCDRi002-A) (49, 50) that were used as WT controls. Genetic 
correction of the A-band-TTNtv variant was performed using ribo-
nucleoprotein (RNP)–based CRISPR-Cas9 by targeting exon 327 of 
the TTN gene, and three corrected lines (Corr-TTNtv.1, Corr-
TTNtv.2, and Corr-TTNtv.3) were further studied. Moreover, we 
inserted the nonsense M-band (exon 359) TTN variant c.103103T>G 
(p.L34368X) into the control hiPSC line RUCDRi002-A, using 
RNP-based CRISPR-Cas9, generating lines with a HOM or HET 
TTNtv for comparison with the WT line on isogenic background. 
Details of the culture protocols and procedures to verify correct ge-
netic editing, including tests for pluripotency and normal karyotype 
(figs. S6 and S9), are described in the Supplementary Materials. WT 
and mutated or corrected lines were differentiated into cardiomyo-
cytes for 1 to 3 months, exposed to drug-based modulation of PQC 
pathways by treatment with UPS or autophagy modulators for 3 to 
5 days (effects verified in selected lines), and studied by microscopy and 
biochemical analyses (see below and the Supplementary Materials).

EHM generation and functional analyses
WT, A-band-TTNtv, and corrected A-band-TTNtv hiPSC-CMs 
were also cultured as three-dimensional EHM tissue (26). One-
month-old hiPSC-CMs were cast in ring-shaped molds and grown 
on flexible holders for auxotonic loading. EHM was matured for 
4 weeks and treated with proteasome modulators or vehicle control 
for 6 days. Mechanical measurements were performed under iso-
metric conditions in organ baths at 37°C in gassed Tyrode’s solu-
tion, as described further in the Supplementary Materials.

Protein gel electrophoresis and WB analysis
Snap-frozen human heart tissues, hiPSC-CMs, and hiPSC-EHM 
were studied by SDS–polyacrylamide gel electrophoresis and WB 
for titin and other cardiac proteins (51), including markers of the 
PQC machinery. More information is provided in the Supplemen-
tary Materials, including details on the densitometric quantitation 
of protein bands. Antibodies used for WB are listed in table S5.

Immunofluorescence and immunoelectron 
microscopic analyses
Immunostaining of human heart tissues and hiPSC-CMs was done 
as described (52). Specific procedures and subsequent analyses of 
images are detailed in the Supplementary Materials, including mea-
surements of SL distribution, integration of tr-titin protein into sar-
comeres, and loss of sarcomeres in TTNtv versus IDCM hearts.

Statistical analyses
Data organization, scientific graphing, and statistical analyses were 
performed using Microsoft Excel 2013, SigmaPlot v12.5 (Systat 
Software), OriginPro 2018 (OriginLab), or GraphPad Prism (v9). 
Correlation analyses with patient data were performed using IBM 
SPSS Statistics v25. Results are presented as means ± SD or means ± 
SEM; individual data points are displayed. Normality was assessed 
using, at a minimum, the Shapiro-Wilk test. Statistical analysis was 
done by unpaired, two-tailed, t test or Mann-Whitney test (com-
paring two groups). For comparisons of three or more groups, we 
used one-way analysis of variance (ANOVA) and recommended 
post hoc test, depending on normality distribution of the data, fol-
lowed by pairwise comparisons. P < 0.05 was considered significant. 
All raw data and statistical results are additionally displayed in data 
files S1 and S2.
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Truncated titin proteins and titin haploinsufficiency are targets for functional
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Tracking titin in dilated cardiomyopathy
Truncating variants in TTN, the gene encoding the titin protein, underlie 15 to 25% of cases of nonischemic dilated
cardiomyopathy (DCM), but whether the disease is caused by haploinsufficiency or the presence of truncated titin
proteins is not yet clear. Here, using tissues from the hearts of patients with DCM and TTN truncating variants as well
as human induced pluripotent stem cells differentiated into cardiomyocytes, Fomin et al. and McAfee et al. identified
both the presence of truncated titin proteins and less-abundant full-length titin proteins. These findings suggest that the
presence of truncated titin proteins as “poison peptides” and titin haploinsufficiency both contribute to the pathogenesis
of disease and should support the investigation of targeted therapies to treat DCM caused by TTN truncating variants.
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