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Abstract
Purpose of Review  Titin-related cardiomyopathy (TTN CMP) is the most prevalent genetic cause of dilated cardiomyopathy 
(DCM), yet its clinical variability and incomplete penetrance challenge risk stratification and therapeutic management. This 
review aims to summarize recent insights into the genetic, molecular, and clinical aspects of TTN-CMP, emphasizing its 
heterogeneity and the implications for diagnosis, prognosis, and treatment.
Recent Findings  TTN truncating variants (TTNtv) are associated with DCM but are also present in asymptomatic individu-
als, complicating their interpretation. Emerging evidence suggests that both haploinsufficiency and toxic gain-of-function 
mechanisms may underlie disease expression, influenced by variant location and expression. Patient-derived iPSC models 
and advanced imaging studies have elucidated pathophysiological mechanisms and highlighted promising therapeutic tar-
gets. Clinically, TTN-CMP shows relatively high rates of left ventricular reverse remodeling and variable arrhythmic burden, 
with male sex and environmental stressors influencing outcomes.
Summary  TTN-CMP spans a broad phenotypic spectrum, ranging from asymptomatic carriers to end-stage heart failure. 
While standard heart failure therapies are often effective, precision management remains limited. Improved clinical, genet-
ics and molecular understanding, together with novel experimental models, provide promising new tools for precise disease 
assessment and targeted therapeutic interventions.

Keywords  TTN-cardiomyopathy · Titin bands · Truncating variants · Haploinsufficiency/dominant negative effect · 
Reverse remodeling · Red flags · Risk stratification
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PSI	 �percentage spliced-in
SMVT	 �sustained monomorphic ventricular 

tachycardia
TTN	 �Titin (gene)
TTN-CMP	 �Titin induced cardiomyopathy
TTNtv	 �Titin truncating variant
TTNntv	 �Titin non truncating variant
UPS	 �ubiquitin-proteasome system

Introduction

Cardiomyopathies  have emerged as prevalent conditions 
over recent decades, with a significant impact on both mor-
bidity and mortality of the general population [1].

Increasing evidence supporting a genetic aetiology of 
these diseases has gradually shifted the focus from conven-
tional phenotypic classifications to a gene-based approach, 
which has proven more effective in predicting disease devel-
opment and outcomes [1, 2]. Among the genes implicated in 
non-hypertrophic cardiomyopathies, Titin has consistently 
been identified as the most common one [1, 3]. 

Titin, the largest protein encoded by the human genome, 
is fundamental to sarcomere organization providing struc-
tural stability and elasticity. It also plays a key role in 
mechanosensing and signaling pathways that regulate heart 
muscle function and response to stress [4]. Truncating vari-
ants of the Titin gene (TTNtv) are strongly associated with 
dilated cardiomyopathy. Instead, due to the large size of the 
gene, Titin non truncating variants (TTNntv) are frequently 
found in the population and are not usually linked to the 
development of cardiac disease [5]. 

 TTNtv primarily affect the structural role of the protein, 
via haploinsufficiency and dominant negative effects [6]; 
these mechanisms impair sarcomere integrity and compro-
mise the contractile capacity of the cardiomyocyte. How-
ever, recent advancements in basic science have unveiled 
additional molecular roles of Titin beyond sarcomere sta-
bility and contraction, particularly highlighting its involve-
ment in cellular signalling [7].

Despite the presence of a similar genetic background, the 
clinical presentation, arrhythmic burden, and therapeutic 
response in Titin cardiomyopathies remain highly heteroge-
neous [8]. Risk stratification remains challenging, especially 
in the early stages of the disease, while early intervention 
and identification has currently provided limited benefits.

But what do we know and what are we still missing on 
Titin cardiomyopathy?

This review will provide a comprehensive overview of the 
genetic and molecular basis of TTN-induced cardiomyopathy 
(TTN-CMP), highlighting recent discoveries and their trans-
lational implications. Additionally, we will offer an in-depth 

clinical summary focused on the prognosis and management 
of TTN-CMP based on current knowledge (Fig. 1).

Genetics

The human TTN gene, located on the long arm of chromo-
some 2 at locus 2q31, encompasses 364 exons. This vast 
gene architecture provides extensive potential for alterna-
tive splicing, allowing for the creation of different protein 
isoforms. Isoforms vary throughout development and across 
different tissues. In the heart, the most prevalent isoforms 
are N2BA (NM_001256850.1) and N2B (NM_003319.4), 
which mostly differ in terms of stiffness properties and whose 
relative proportion changes in physiological and pathologi-
cal conditions. The shorter and stiffer N2B isoform plays the 
major role in normal adult left ventricle. The N2A isoform 
(NM_133378.4), instead, is expressed in skeletal muscles 
and is associated with some rare forms of dystrophy [9]. In 
addition to full-length titin molecules, smaller isoforms such 
as Cronos and Novex 1–3 have recently been identified: to 
date, their role is still under investigation, both in develop-
mental processes and in pathogenesis of cardiac disease [10]. 

Each titin protein spans one-half of the sarcomere 
extending from the Z-disk to the M-band and therefore it 
can be divided into four protein domains, moving from the 
C-terminal to the N-terminal: Z-disk, I-band, A-band and 
M-band [11–13]. 

A measure of whether an exon is incorporated into the 
cardiac mRNA transcript of TTN is provided by the PSI (Per-
centage Spliced-In), which estimates the percentage of TTN 
transcripts that incorporate that given exon derived from 
RNA sequencing studies in left ventricular tissue. When 
PSI is higher than 90% for the adult N2B isoform, variants 
affecting those exons are considered fully penetrant [14]. 

(Notably, TTN alternative splicing is regulated also by 
splicing factor RBM20. The interaction between deregu-
lated RBM20 and TTN represents a potential mechanism of 
cardiac disease [15, 16]).

Variants in the TTN gene can be grouped in TTNtv and 
TTNntv. This classification is crucial for understanding their 
potential impact on protein function and disease develop-
ment. TTNtv include all those variants that produce a trun-
cated titin protein when they are transcribed into mRNA 
and translated into protein (nonsense, frameshift inser-
tions/deletions, splice-site variants that disrupt a canonical 
splice-site). TTNntvs instead are missense variants (single 
nucleotide changes that possibly result in an aminoacidic 
substitution) or short in-frame insertions/deletions, which 
conversely do not affect full length protein,

Heterozygous TTNtv have been discovered in early 2000 s 
to be a leading cause of dilated cardiomyopathy (DCM) [3]. 
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Numerous subsequent studies have rigorously confirmed 
the pathogenicity of TTNtv and their strong association with 
DCM [8]. When looking at clinically relevant regions across 
the gene, a recent study on more than 74,000 individuals 
that underwent genetic testing because of cardiomyopathy 
or arrhythmias, showed that TTNtv in all titin bands were 
significantly enriched in cases compared with controls [17]. 

However, the interpretation of TTNtv is complicated by 
a significant observation: these variants are also found in a 
notable proportion of seemingly healthy individuals, rang-
ing from approximately 0.5% to 3% in community cohorts or 
biobanks [14, 18, 19]. This presence of TTNtv in asymptom-
atic individuals presents substantial challenges for genetic 
counseling and clinical decision-making. Furthermore, 

Fig. 1  Genetics, molecular, and 
clinical aspects of TTN-CMP. 
Figure created in BioRender. 
Guarnaccia, A. ​(​2​0​2​5​)​​​​h​t​t​p​s​:​/​/​B​i​o​
R​e​n​d​e​r​.​c​o​m​/​c​8​f​0​0​k​b​​​​​​​​
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individuals within families and facilitate early intervention 
or monitoring. Conversely, TTNntv, particularly missense 
variants, should generally not be considered disease-caus-
ing in a Mendelian fashion.

Molecular Mechanisms Underlying TTN-CMP

Titin forms a fundamental scaffold within the sarcomere, 
spanning half the length of the sarcomere, linking the Z-disc 
to the M-line. The protein functions as a molecular spring 
critical for maintaining passive tension, elasticity, and bio-
mechanical signaling in cardiomyocytes. Despite their prev-
alence, however, the mechanisms by which TTNtv provoke 
cardiac dysfunction are still debated. The central question 
revolves around whether the disease arises predominantly 
through haploinsufficiency—the reduction of the amount 
of functional full-length titin protein—or through the pres-
ence of truncated titin peptides acting as “poison peptides”. 
Recent human tissue analyses, patient-derived cardiomyo-
cytes, and animal models have begun to disentangle these 
complex mechanisms.

Haploinsufficiency: Deficiency of Full-Length Titin 
Drives Sarcomere Dysfunction

Multiple studies analyzing human myocardium from TTN-
CMP patients have consistently observed a 20–25% reduc-
tion in wild-type titin protein levels [14, 25, 26] compared 
to non-failing hearts, despite attempts by the remaining 
allele to compensate by upregulating titin mRNA expres-
sion [25, 27]. This persistent titin deficit seems associated 
to sarcomere insufficiency, characterized by decrease func-
tional sarcomeres, impaired contractile force generation, 
and reduced myocardial stiffness. Importantly, experiments 
using human induced pluripotent stem cell–derived car-
diomyocytes (hiPSC-CMs) harbouring patient-specific or 
engineered TTNtvs confirm that restoring wild-type titin 
levels—either via gene editing (e.g., CRISPR-Cas9) or pro-
teasome inhibition—partially rescues contractile dysfunc-
tion, as further discussed in the “Models” Sects [25, 28]. 
This evidence firmly suggested haploinsufficiency as the 
core defect in TTNtv-mediated cardiomyopathy.

Truncated Titin Proteins: Integration, Aggregation, 
and Toxicity

While early studies hypothesized that truncated titin pro-
teins were rapidly degraded and thus unlikely to contribute 
significantly to pathology, more recent investigations have 
questioned this view. Using patient-specific antibodies tar-
geting unique truncated titin epitopes, researchers have 

it complicates the determination of variant penetrance, 
which refers to the proportion of individuals with a par-
ticular genotype who express the associated phenotype. A 
potential way of discriminating is that TTNtv appear to be 
randomly distributed across the entire titin molecule in the 
general population, unlike in affected patients where they 
are enriched in specific regions, across all bands of the pro-
tein [20]. Moreover, while most individuals with TTNtv will 
not develop overt DCM, these variants are not necessarily 
phenotypically silent and may lead to slight increases in 
heart size, reduced contractility, and mild eccentric remod-
eling as shown by Ware et al. [21] These findings highlight 
a spectrum of clinical manifestations associated with TTNtv, 
ranging from asymptomatic carrier status to severe DCM, 
making careful follow-up and monitoring of individuals 
with these variants essential.

If TTNtv variant interpretation is challenging, data on 
missense variants shows that their prevalence in patient 
cohorts is almost undistinguishable from that in the general 
population. For example, a large study that analyzed over 
60,000 ExAC individuals (Exome Aggregation Consor-
tium) and 123,136 gnomAD database individuals found that 
rare heterozygous TTN missense variants predicted to be 
deleterious were observed in 5.7% of the gnomAD cohort 
[22]. Crucially, there was no significant enrichment of these 
variants in DCM patients compared to the general popula-
tion. This lack of enrichment makes it exceedingly difficult 
to establish a direct causal link between most TTN missense 
variants and DCM.

While some researchers have proposed a potential modi-
fier effect of TTN missense variants when co-inherited with 
other DCM-causing gene variants, such as those in the 
LMNA gene, this hypothesis is currently based on a very 
limited number of reported cases [23]. Therefore, while a 
modifier effect cannot be excluded, the evidence supporting 
it is still limited. Despite a few isolated reports of TTN mis-
sense variants being associated with disease [24], the vast 
majority of TTN missense variants encountered in clinical 
practice remain uninterpretable regarding their pathogenic-
ity. Consequently, in the absence of compelling evidence to 
the contrary, these variants should generally be classified as 
“likely benign” in a clinical diagnostic workflow. This cau-
tious approach prevents misdiagnosis and avoids unneces-
sary anxiety or interventions for individuals carrying these 
common genetic variations.

In conclusion, the current evidence strongly supports that 
TTNtv located in constitutively expressed exons (those with 
a PSI greater than 90%) can be considered disease associ-
ated. For these specific variants, genetic screening of fam-
ily members is warranted, as recommended by professional 
guidelines such as those from the European Society of Car-
diology [1]. This targeted screening can help identify at-risk 
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MOLECULAR FOCUSES: In vitro and animal non-
human models of TTN CMP.

Cardiac contractility is a key component of heart func-
tion and is closely associated with the progression of dilated 
cardiomyopathy [33]. Recent advances in various 3D mod-
els of induced pluripotent stem cell-derived cardiomyocytes 
(iPSC-CMs) [36, 37] have enabled more accurate modeling 
of sarcomere organization, allowing for quantitative assess-
ment of force production and relaxation dynamics. Table 1 
summarizes key studies employing 3D iPSC-CM models 
harboring titin truncating variants, highlighting common 
DCM-related phenotypes such as pathogenic proteinopa-
thy, sarcomeric insufficiency, and structural abnormalities. 
TTNtv iPSC-CMs were either patient-derived [28, 31, 32] or 
generated via CRISPR-Cas9 gene editing [10, 33]. Across 
engineered heart tissue (EHT), cardiac microtissue (CMT), 
and other 3D platforms, reduced peak contractile force and 
abbreviated contraction–relaxation cycles have been consis-
tently observed [31–33]. 

As show in Table 2, so far all the available mouse model 
were based on KO the gene or in introduction of muta-
tions. The recently developed TEV mouse model, featur-
ing a HaloTag-TEV cassette inserted into titin, introduces a 
groundbreaking genetic tool for precise, site-specific cleav-
age of titin in living muscle tissue [46]. This model enables 
targeted disruption of titin’s mechanical continuity with-
out removing protein fragments or killing cardiomyocytes, 
offering a live, controlled system to study sarcomere disas-
sembly and titin’s functional roles in vivo. In several recent 
studies it emerges that titin cleavage triggers sarcomere dis-
assembly and acute remodeling (e.g., fibroblast activation, 
interstitial fibrosis) without immediate cell death. 48 This 
surprising information is currently helping in dissecting the 
titin important dual role as a structural and mechano-signal-
ing molecule.

The TEV model decouples sarcomere integrity from 
cell survival, showing that mechanical disruption of titin is 
a potent driver of cardiac remodeling but not sufficient to 
reinitiate the cardiomyocyte cell cycle [48]. The TEV sys-
tem thus offers a powerful platform to explore combinato-
rial strategies for cardiac regeneration by pairing sarcomere 
disassembly with mitogenic or signaling cues (Fig. 2).

Clinics

Genotype-Phenotype Association  Titin cardiomyopathy 
encompasses a broad clinical spectrum of diseases, in terms 
of presentation, morbidity and course, with a common 
genetic background tied to TTNtv [3]. 

 TTN-CMP most commonly presents as DCM, a con-
dition defined by varying degrees of left or biventricular 

demonstrated that truncated titin proteins can persist in car-
diac tissue [27, 29] and, in some cases, also integrate physi-
cally into the sarcomere [26, 29]. These truncated forms span 
from the Z-disc region and extend toward the A-band, mim-
icking the spatial localization of full-length titin. Functional 
assays reveal that, under physiological stretch, truncated titin 
fragments elongate similarly to normal titin and contribute to 
passive tension, but they show weaker interactions with the 
thick filament. These observations support the “poison pep-
tide” model whereby truncated titin fragments do not rep-
resent a loss of function but also exert a dominant-negative 
effect by destabilizing sarcomeric structure and force trans-
mission. Furthermore, in several TTNtv hearts, truncated titin 
proteins were found to accumulate predominantly as intra-
cellular aggregates rather than integrating into sarcomeres. 
This aggregation correlates with impaired protein quality 
control (PQC) networks, including ubiquitin-proteasome 
system (UPS) dysfunction and overwhelmed autophagy 
pathways, which together exacerbate proteotoxic stress and 
cellular damage [25]. The accumulation of truncated pro-
teins and PQC failure may contribute to disease progression 
during aging. Pharmacological modulation of PQC path-
ways, including proteasome inhibition, shows potential to 
elevate wild-type titin levels and improve sarcomere func-
tion, although toxicity limits clinical translation [25]. 

Exon-Specific Effects and mRNA Surveillance 
Mechanisms

The fate of TTNtv transcripts is strongly exon-dependent. 
Indeed, the position of TTN truncations strongly influences 
the efficiency of nonsense-mediated mRNA decay (NMD), 
a surveillance pathway that degrades premature termination 
codon-containing transcripts [14]. Notably, a single study 
showed that truncations in exon 327, the largest exon of 
TTN, frequently escape NMD, resulting in elevated levels of 
mutant transcripts and enhanced truncated protein produc-
tion [30]. This differential decay may concur in explaining 
the particular enrichment of exon 327 TTNtv in the cohorts 
of patients with DCM, since truncated titin proteins derived 
from these transcripts may be particularly toxic.

Ribosome profiling and transcriptomic analyses in patient 
hearts confirm active translation of these mutant transcripts, 
supporting a mechanistic link between NMD evasion and 
production of harmful truncated proteins. In contrast, trun-
cations in other TTN regions tend to be efficiently degraded, 
leading primarily to haploinsufficiency with minimal trun-
cated protein accumulation [27]. 

Thus, we can speculate that haploinsufficiency and “poi-
son peptide” mechanisms might co-exist in TTN-CMP with 
variable contribution to the disease based on the site of the 
mutation.
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uncertain due to insufficient evidence for definitive patho-
genicity. Notably, missense TTN variants have been more 
consistently linked to skeletal muscle myopathies without 
necessary cardiac involvement [56]. 

Clinical Presentation

The clinical presentation of TTN-CMP has evolved in recent 
years, largely due to advances in early diagnosis and family-
based genetic screening.

The first cohort of TTN-CMP described in 2012 by Her-
man et al. [3] featured 67 TTNtv patients, mainly male indi-
viduals (71%) of Caucasian origin (90%), 31% with family 
history of heart failure without prior genetic investigation, 
and clinical presentation at a men age of 49 years old. Mean 
LVEF at baseline was 30–35%.

Eight years after, a large cohort study of TTN-CMP 
patients was published by Akhtar et al. [8], comprehensive 
of 537 individuals, among which 317 probands, 61% male, 
with a mean age at presentation of 45 years old for males 
and 49 years old for females. 69% had any degree LV dys-
function at baseline and among the whole population 28% 
presented with heart failure and NYHA 3 or 4. [8]

dilation and systolic dysfunction in the absence of identifi-
able causes of volume or pressure overload [1]. In particu-
lar, among patients with DCM, TTN-CMP represents the 
most common genetic aetiology, responsible for approxi-
mately 18% of all DCM cases and up to 25% of genetically 
determined forms [3]. 

Recent studies have identified TTNtv in patients with 
Non-Dilated Left Ventricular Cardiomyopathy (NDLVC) 
[49]. These cases might also represent early-stage DCM 
detected through earlier diagnosis or family screening. The 
rate of progression among relatives of TTN-CMP patients 
is still under investigation, since penetrance studies are 
strongly influenced by population biases and time of follow 
up: a recent report by Del Mestre et al., found a global dis-
ease penetrance among adult carriers, identified by family 
screening, of 62% in about 10 years, [51]. Wheather timely 
medical intervention in relatives can slow this process 
remains still unknown. Further large ongoing studies will 
provide more definite data.

Isolated case reports and small series have suggested a 
possible association between TTN missense variants and 
arrhythmogenic right ventricular cardiomyopathy (ARVC) 
[51, 52], hypertrophic cardiomyopathy (HCM) [53, 54] and 
restrictive cardiomyopathy [55]. These associations remain 

Gene Model Type Observations
TTN(2 A-bandTTNtv, 1 
missense mutation) [31]

Patient-derived hiPSC-
CMs from 3 different 
patients, EHTs/CMTs

Sarcomere insufficiency, impaired contractil-
ity, blunted β-adrenergic & mechanical stress 
response, altered signaling.

TTN (TTNtv) [32] Patient-derived hiPSC-
CMs; 2D monolayers & 
3D microtissues

Poor sarcomere organization, reduced inotropic/
lusitropic response to isoproterenol, prolonged caf-
feine recovery, calcium-handling abnormalities.

TTN(A-
bandTTNtv) [33]

Genome-edited hiPSC-
CMs; 3D microtissues

Sarcomeric proteinopathy, Na⁺ channel dysfunc-
tion, contractile defects; preserved core contrac-
tile machinery. Sarcomere modulators improved 
function.

TTN(Z- & A-band 
truncations) [10]

CRISPR-edited 
hiPSC-EHTs (Z − and 
A − models)

Cronos titin partially rescues sarcomere formation 
in Z-band truncation; A-band truncation abolishes 
contraction.

TTN(A-bandTTNtv) 
[28]

Patient-derived hiPSC 
CMs (heterozygous 
TTNtv), genome-edited 
CRISPRa dCas9-VPR 
model; 3D microtissues

CRISPRa restored TTN protein levels and contrac-
tility despite increased truncated TTN. Rescued 
sarcomere content and normalized transcriptome. 
Demonstrated haploinsufficiency as major mecha-
nism. Enabled cardiomyocyte-specific activation 
via enhancer targeting.

RBM20(ASO-mediated 
knockdown) [14]

Human EHTs from 
control hiPSC-
CMs + RBM20 ASOs

RBM20 knockdown slowed relaxation, improved 
diastolic function in vitro. TTN isoform expression 
shifted toward more compliant forms, suggesting 
therapeutic benefit.

RBM20(p.Ser635Ala) 
[34]

Patient-derived hiPSC-
CMs (2 clones each), 
EHM

Severe DCM phenotype; sarcomere disarray, 
prolonged action potentials, abnormal calcium 
transients. TTN mis-splicing confirmed as a major 
consequence.

RBM20(missense/mul-
tiple variants) [35]

Genetically edited 
hiPSC-CMs (e.g., R636S, 
P633L); 2D models

RBM20 mutations cause defective splicing, 
impaired calcium handling and contractility; ATRA 
treatment restores RBM20 and function. TTN mis-
splicing is a central driver of disease phenotype.

Table 1  In vitro study models of 
TTN-related disease
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older patients whose more subtle phenotypes may have pre-
viously gone unrecognized.

Recent studies have shown that the frequency of TTNtv 
in DCM with an onset during adolescence [58] is compa-
rable to that observed in the adult population with DCM, 
weather is relatively higher in late onset DCM patients 
(after the age of 60 years) [59]. In contrast, TTNtv are rarely 
found in patients diagnosed with DCM in neonatal- and 
childhood [58]. 

The observation that the frequency of TTNtv is relatively 
increasing across patients with child-, adult-, and late-
onset dilated DCM despite the considerable heterogeneity 
in disease presentation and progression, likely reflects the 

Currently, In Probands, Heart Failure Represents the 
More Common Setting of First Presentation

In some cases, the presence of EKG alterations may prompt 
an elective cardiologic visit which will uncover the condi-
tion. Features such as abnormal T-wave inversion in pre-
cordial leads and low voltage QRS in peripheral leads have 
been respectively described in 40% and 12% of the patients 
with overt disease, while the presence of LBBB is uncom-
mon in TTN cardiomyopathy [8, 57]. 

Subsequent diagnostic expansion has broadened recogni-
tion of TTN-CMP to include younger, often asymptomatic 
individuals identified through family screening, as well as 

Mouse Model Genetic 
Modification

Phenotype & Key Features Comments

mdm [38] Spontaneous 
mutation causing 
titin dysfunction in 
skeletal muscle

Most studied titin model in skeletal muscle; 
severe myositis and dystrophy; used to char-
acterize titin physiology outside the heart

Classic skeletal 
muscle model

N2B-KO [39] Deletion of N2B-
specific exon 
(human exon 49)

Smaller hearts but normal ejection volume; 
increased diastolic wall stress and dysfunc-
tion; cardiomyocytes have shortened sarco-
mere length and higher passive tension

Model of dia-
stolic dysfunction 
without overt 
systolic failure

IG-KO [40] Deletion of 9 
Ig-like domains in 
proximal I-band 
(783 aa deleted)

Increased diastolic stiffness and cardiac 
hypertrophy resembling HFpEF; kyphosis; 
smaller soleus and diaphragm muscles; 
altered PEVK splicing in soleus muscle lead-
ing to smaller, stiffer isoforms

Demonstrates 
titin role in stiff-
ness and muscle 
plasticity

TtnΔ112–
158 [41]

Deletion of 47 
PEVK exons 
(PEVK segment 
reduction)

Initially increased passive stiffness in soleus 
muscle; compensatory longitudinal hypertro-
phy with ~ 30% more sarcomeres; reduced 
body weight due to high energy cost of 
compensation

Highlights adap-
tive hypertrophy 
to maintain 
contractility

TtnΔ219–225 
(PEVK-KO) [42]

Deletion of 7 
constitutive PEVK 
exons in cardiac 
N2B isoform

Increased passive tension and diastolic dys-
function; cardiac hypertrophy with increased 
sarcomeres in series and parallel; upregulated 
FHL proteins; unexpected skeletal muscle 
stiffness increase

Links PEVK 
elasticity to 
active/passive 
mechanics and 
muscle plasticity

TtnΔIAjxn [43] Deletion of 14 Ig-
like and fibronectin 
III domains at 
I-band/A-band 
junction (exons 
251–269)

Left ventricular hypertrophy and exercise 
intolerance; titin attachment shifted ~ 65 nm 
from Z-disc; resembles HFpEF phenotype

Shows impor-
tance of titin 
domain position 
in sarcomere 
mechanics

FINmaj [44] 11-bp insertion/
deletion in last 
exon, altering M10 
Ig domain

Heterozygotes develop mild late-onset 
myopathy (~ 9 months); homozygotes show 
early severe dystrophy, dilated cardiomyopa-
thy, heart fibrosis, LV dysfunction

Finnish founder 
mutation model-
ing tibial muscu-
lar dystrophy

ΔMex5 [45] Homozygous dele-
tion of exon 363 
encoding insertion 
sequence 7 (is7)

Causes dystrophic changes in aerobic skeletal 
muscles and dilated cardiomyopathy; disrupts 
titin scaffolding function, affects protein 
interactions

Highlights exon-
specific role 
in cardiac and 
skeletal muscle 
function

TEV mouse 
model [46]

HaloTag-TEV 
cassette inserted in 
titin, allowing TEV 
protease cleavage

Controlled titin cleavage causes sarcomere 
disassembly without killing cells; no induced 
cardiomyocyte proliferation; acute car-
diomyocyte detachment and fibrosis upon 
cleavage

Novel tool to dis-
sect titin mechan-
ics and signaling 
in vivo.

Table 2  Titin mouse models 
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as a bystander within a complex multifactorial etiological 
context; at the other, purely mendelian, familial forms in 
which TTNtv represent the primary cause of cardiac dis-
ease, allowing for meaningful genotype – phenotype prog-
nostic, and therapeutic, correlations.

Natural History

Following first diagnosis, the clinical course of TTN-CMP is 
notably heterogeneous. Compared to other forms of DCM, 
especially genetically determined subtypes, TTN-CMP 
is associated with higher rates of left ventricular reverse 
remodeling (LVRR) and lower incidence of adverse events 
during follow-up.

In the cohort reported by Akhtar et al. [8], LVRR occurred 
in 69% of patients with baseline LV dysfunction, with 54% 
achieving complete recovery of LVEF. Similarly, Escobar-
López et al. [61] analyzed outcomes in DCM patients strati-
fied by genetic findings and found that among those with 
pathogenic variants in established DCM-related genes, 
TTNtv were associated with the highest LVRR rate (56%) 
and a lower incidence of HF and arrhythmic events. After a 
median follow-up of 4.04 years, the cumulative incidence of 

significant role of environmental modifying factors and the 
different individual genetic background (beyond TTNtv) in 
shaping clinical phenotype.

Indeed, the manifestation and progression of TTN-CMP 
is significantly influenced by comorbidities, environmental 
exposures, and behavioral factors. In line with the “second-
hit” hypothesis [60], triggers such as alcohol consumption, 
chemotherapy, pregnancy, and the development of arrhyth-
mias, particularly atrial fibrillation and other supraventricu-
lar arrhythmias, can precipitate adverse cardiac remodeling 
when not appropriately managed.

In many cases, these stressors precipitate the first clini-
cal manifestation of HF in individuals carrying TTNtv, ulti-
mately leading to diagnosis. Notably, in some single-centre 
series, up to 70% of TTN-CMP patients are reported to have 
at least one secondary risk factor contributing to the devel-
opment of overt cardiomyopathy [60]. 

This accumulating evidence supports the recommen-
dation to extend genetic testing to patients who develop 
DCM in the context of known cardiotoxic exposures, even 
in the absence of a family history [1]. In summary, clini-
cians should be aware that patients with DCM and carrier of 
TTNtv needs to be localized along a spectrum between two 
extremes: at one end, cases where TTNtv behaves largely 

Fig. 2  Titin mouse models according to the site of TTNtv.Figure created using ChatGPT image generation (OpenAI), August 2025. User retains 
full rights under OpenAI Terms of Use
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in a small series that TTN-CMP patients presenting with 
sustained monomorphic ventricular tachycardia (SMVT) 
exhibited rapid progression to HF and death over a 5-year 
follow-up, with outcomes comparable to those seen in 
LMNA-related cardiomyopathy. In contrast, NSVT and 
PVCs were not associated with disease progression or 
worse outcomes [67]. 

Increasing use of CMR in clinical practice has proven 
to be a valuable tool for in vivo characterization of myo-
cardial disease. In DCM patients, the presence of areas of 
interstitial or replacement fibrosis, identified as late gado-
linium enhancement (LGE) or T1 mapping increase, have 
been consistently associated with worse outcomes due to 
arrhythmic burden and poor response to therapy, indepen-
dently of TTN status [62]. In the CMR-subjected DCM 
population of Tayal et al., TTN-CMP showed 31% preva-
lence of LGE, similar to other DCMs for quantity and dis-
tribution, but it also showed thinner LV walls and lower 
LV mass.

Genetic data have so far proven difficult to integrate 
into outcome prediction for TTN-CMP. Previously, posi-
tion of the truncating mutation was thought to be asso-
ciated with different degrees of severity, and specifically 
TTNtv located more distally (near the A-band end) were 
proposed to lead to a more-severe phenotype [14]. How-
ever, the largest available study to date did not identify 
significant differences in prognosis based on the location 
of truncating variants across different TTN domains [8]. 
It should be considered, however, that nowadays several 
biases are still potentially limiting our knowledge on 
TTN-CMP genetics. In the past, this gene was not sys-
tematically screened in non-dilated CMP forms, neither 
in suspected channelopathies [68]. Furthermore, variants 
outside A-band have not been consistently considered 
pathogenic. New, unbiased studies are needed to defi-
nitely assess if the site in which the “tv” occurs may influ-
ence phenotype and prognosis.

Male sex is associated with higher penetrance and earlier 
clinical presentation in the broad class of DCM [69]. This 
was also confirmed in the context of TTN-CMP in a recent 
study involving a large cohort of individuals with TTN trun-
cating variants which further identified male sex as an inde-
pendent prognostic factor [8]. 

Finally, exercise have proven to be deleterious in favour-
ing the progression of the disease in ARVC, deeming 
intense physical activity as unsuggested. In the case of TTN-
CMP high level activity has not shown the same behaviour; 
indeed, a recent study showed that intense physical activity 
among TTN-CMP patients did not increase the rate of LV 
dysfunction and it did not increase the rate of adverse car-
diovascular events [70].

major adverse cardiac events (MACE) in the TTNtv group 
was 22%, significantly lower than the overall cohort aver-
age of 32%. In line with these findings, the Akhtar cohort 
reported a 14.2% event rate over a mean follow-up of 49 
months. Of these, 68% were due to end-stage HF and 32% 
to malignant ventricular arrhythmias (MVAs) [8].

 TTNtv is independently associated with higher risk of 
developing ventricular and supraventricular arrhythmias 
[62]. Atrial fibrillation can be found in up to 30% of patients 
with TTN-CMP [8] and it is worth noting that 30% of those 
patients will later also develop LV dysfunction [63]. 

Premature ventricular complexes (PVCs) and non-sus-
tained ventricular tachycardia (NSVT) are observed in up 
to 49% of patients, while sustained ventricular arrhythmias 
occur in 2–9%, with higher prevalence among those with 
advanced LV dysfunction [8]. 

Compared to cardiomyopathies caused by variants in 
DSP, PKP2, FLNC, and LMNA genes, TTN-CMP and sar-
comeric gene-related cardiomyopathies tend to exhibit a 
similar burden of HF events but a generally lower arrhyth-
mogenic profile [64]. Yet, the risk of MVAs during fol-
low-up is still significant, particularly in the presence of 
environmental triggers [65]. 

The higher rates of LVRR and relatively lower rates of 
arrhythmias, combined with the relatively high prevalence 
of TTNtv in the general population, have led some in the 
cardiology community to refer to TTN-CMP as a “benign 
cardiomyopathy” [66]. Nonetheless, referring to TTN-CMP 
as a ‘benign cardiomyopathy’ may risk overlooking its 
potential for serious outcomes in selected patients.

Risk Stratification

Cardiologists face many challenges in managing TTN-CMP, 
the most relevant being accurate risk stratification for major 
ventricular arrhythmias and heart failure events as well as 
predicting treatment response.

Indeed, current stratification tools are limited in their reli-
ability and predictive value. The most predictive parameter 
currently available for clinical stratification is represented 
by LV dysfunction, since major cardiovascular events 
strictly correlate with lower LVEF [8]. In the Akhtar pop-
ulation above illustrated, all end point events occurred in 
patients with LVD at baseline or developed over follow-up.

Right ventricle might be involved in more aggressive 
forms of the condition, but a clear prognostic role of this 
finding has still to be investigated.

Arrhythmic burden itself is another feature investi-
gated in recent studies for its prognostic relevance in 
TTN-CMP. Notably, Ebert and colleagues demonstrated 
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cross-bridges in the sarcomere. In a mouse model of sar-
comeric dilated cardiomyopathy (DCM) carrying a TPM1 
variant, omecamtiv mecarbil was shown to increase calcium 
sensitivity and improve isolated myofilament contractility 
[78]. However, in the broader population of heart failure 
patients with left ventricular dysfunction (LVD), omecam-
tiv mecarbil failed to demonstrate significant improvements 
in either mortality or functional outcomes. An ongoing trial 
testing Danicamtiv in a TTN-CMP population as well as 
further studies focusing on DCM patients, will help clarify 
the potential therapeutic role of myosin activators in these 
subgroups.

Emerging evidence suggests that altered sarcomere strain 
in titin-related cardiomyopathy (TTN-CMP) may drive a 
pathological shift in myosin head conformation from the 
super-relaxed (SRX) state to the disordered relaxed (DRX) 
state [7]. Based on this hypothesis, there is a rationale for 
exploring the use of myosin inhibitors (mavacamten, afi-
camten) beyond their current indications in hypertrophic 
cardiomyopathy (HCM) as potential modulators of sarco-
meric kinetics and energetics in TTN-CMP.

In the context of tailored therapy, gene therapy strategies 
have been evaluated for the treatment of TTN-CMP in pre-
clinical studies. Due to the large size of the TTN gene and 
increasing evidence supporting a dominant-negative effect 
of truncated TTN proteins, replacement therapy alone would 
not be sufficient.

More targeted approaches, including allele-specific 
silencing, could selectively reduce truncated titin produc-
tion while preserving wild-type expression. A single study 
in patients’ derived iPSC and ki murine models, showed 
positive results of antisense oligonucleotides (AON) medi-
ated exon skipping in preventing the development of DCM. 
80 Additionally, therapeutics aimed at modulating titin elas-
ticity or preventing proteotoxic aggregate formation repre-
sent exciting frontiers.

Conclusions

Titin cardiomyopathy remains a frequent cause of morbidity 
and mortality, particularly among relatively young individu-
als. While genetic studies have elucidated many key aspects 
of the disease, the variable penetrance and wide spectrum of 
clinical severity highlight our still incomplete understand-
ing of this condition. Current clinical characterization does 
not allow for efficient patient stratification, and manage-
ment strategies are largely based on general heart failure 
guidelines, therefore identifying patients only in advanced 
stages of the disease. Advances in cellular and animal mod-
els have deepened our understanding of titin’s structural 
and signaling roles, as well as the effects of its mutations on 

Management

Clinical management of TTN-CMP targets the interplay 
between the genetic background, the environment, and the 
phenotype of each patient. Interventions rely mainly on the 
treatment of heart failure and prevention of LV function 
deterioration.

According to cardiomyopathy and heart failure guide-
lines, in the presence of overt LV dysfunction, drug ther-
apy consisting of beta-blockers, ACE inhibitors, MRA 
and SGLT2i should be administered and titrated [1, 71]. 
Achievement rates of optimal medical therapy (OMT) are 
generally high in both DCM and TTN-CMP cohorts [8, 72]. 

In patients who experience LVRR, continuation of ther-
apy is recommended unless adverse effects or intolerance 
develop [1]. The role of therapy de-escalation following 
normalization of cardiac function remains unclear and is an 
area of ongoing investigation.

In TTN-CMP arrhythmias impose a substantial burden, 
contributing to low quality of life, influencing disease onset 
and progression, and serving as a significant cause of mor-
bidity and mortality. AF generally presents at a younger 
age and has a higher tendency to progress to persistent or 
permanent AF. However, in a small cohort of TTN-CMP 
patients, ablation success rates resulted to be comparable 
with the ones of the general population [73].

In the context of ventricular arrhythmias, the arrhythmo-
genic substrate typically involves the basal septum and peri-
valvular regions. While catheter ablation may be considered 
for ventricular tachycardia (VT), long-term outcomes are 
often limited due to high recurrence rates, likely attributable 
to the intramural location of VT circuits [74]. 

ICD implantation is indicated in patients with persistent 
severe LV dysfunction despite OMT, as well as for second-
ary prevention in those who have survived a sudden cardiac 
death (SCD) event.

In the absence of clinical heart failure, TTNtv carriers 
do not have a current indication for pharmacologic therapy. 
Although earlier trials attempted pre-emptive treatment 
with canonical heart failure drugs in genotype-positive phe-
notype-negative relatives of DCM patients [75, 76], such 
strategies obtained heterogeneous results. However, no 
study has ever been tested specifically in TTNtv patients. 
Currently, in the presence of a known TTNtv background, 
clinical management aims at DCM prevention by control-
ling exposure to known triggers [60, 77].

Ongoing research is currently testing both old and newly 
discovered drugs based on the proposed physiology behind 
DCM, specifically TTN-CMP.

Omecamtiv mecarbil and Danicamtiv are myosin acti-
vators that produce a positive inotropic effect by enhanc-
ing ATP release from myosin filaments, thereby stabilizing 
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the sarcomere, cardiomyocytes, and overall heart function. 
Building on these insights, future research should investi-
gate how specific mutations differentially affect sarcomere 
biomechanics, protein interactions, and signaling pathways. 
Such efforts will be crucial for refining personalized treat-
ment strategies for TTN-related cardiomyopathy.
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