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Abstract Titin (TTN), the largest protein in the human

body, forms powerful elastic filaments along the sarcomere of

cardiomyocytes. This multifunctional protein is involved in

numerous cellular processes, including sarcomeric assembly,

stabilization and mechanosensing. Along physiological sar-

comere lengths, TTN is also the most important determinant

of the passive tension of cardiacmuscle.However, as the giant

Goliath was brought down by David’s slingshot, so single-

base-pair mutations in the gene encoding TTN (TTN) can

ultimately impair to some degree a normal cardiac function.

Since the first report on the involvement of TTNmutations in

the development of hypertrophic cardiomyopathy, in 1999,

dozens of other mutations have been described and associated

with the onset of cardiac disease. In this review, we aim to

explore some of the mechanisms underlying the functions of

TTN, as well as the pathophysiological consequences arising

from the expression of abnormal TTN isoforms resulting from

mutations located along TTN.
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Titin as a sarcomeric multifunctional protein

The sarcomere is classically defined as the basic motor unit

of the cardiomyocyte. Its intrinsic contractile properties

arise from the interdigitation of thin and thick myofilaments

and their ability to slide along each other in response to

changes in intracellular levels of calcium, leading to sar-

comere shortening and/or to the production of contractile

force. Thin filaments are mainly composed of a double-

stranded a-helical polymer of actin (F-actin), as well as

tropomyosin and troponin, while thick filaments consist of a

bipolar assembly of multiple myosin II molecules. Studies

in vitro have shown that, although monomers of both actin

and myosin can spontaneously polymerize into filamentous

structures, the combination of these self-assembled proteins

does not automatically generate organized sarcomere-re-

sembling structures [1]. Therefore, additional proteins in-

cluding nebulin and obscurin are required for sarcomere

assembly, with the leading role being attributed to titin [2].

Titin (TTN), also known as connectin, is the largest

human protein—with isoforms ranging from 2970 to

*3800 kDa, and the only single molecular element span-

ning from the Z-disk to the M-line [3]. TTN amino-ter-

minus is strongly attached to the Z-disk through at least

four binding sites for a-actinin and overlaps with another

TTN amino-terminus from the adjacent sarcomere [4]. The

carboxy-terminus is anchored to the M-line through mul-

tiple interactions with myosin and C-protein, and with two

TTN regions from the adjacent half-sarcomere [5]. Along

its length of over 1 lm, TTN helps to define the axial

position of several sarcomeric elements, including myosin,

actin, a-actinin, T-cap/telethonin, myomesin, myosin

binding protein-C and obscurin [6], a role that has granted

TTN the epithet of molecular ruler and blueprint of the

sarcomere [1].

Additionally, as active force is developed during con-

traction, several sarcomeric structures become susceptible

to mechanical stress. Consequently, the cardiomyocyte

must somehow sense this increasing tension and counteract

it with additional cross-links between actin and myosin
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filaments. The presence of a constitutively expressed Ser/

Thr kinase (TK) domain near TTN carboxy-terminus sug-

gests that this molecule also plays a pivotal role in the

cardiomyocyte mechanical stress sensing mechanism.

Besides its importance in sarcomeric assembly, stabi-

lization and mechanosensing, TTN, along with collagen, is

the major determinant of the myocardial passive tension [3].

In fact, it has been demonstrated that while at high sar-

comere lengths the contribution to myocardial stiffness is

mostly due to collagen, at low lengths most of the passive

tension is determined by TTN [7]. This phenomenon origi-

nates from the ability of TTN to stretch under applied force

and to recoil to the original length upon force removal. Since

the portion of TTN laying in the A-band of the sarcomere,

composed of regular patterns of immunoglobulin (Ig)-like

and fibronectin type 3 repeats, is virtually inextensible, the

elasticity of TTN derives from the I-band segment. This

portion contains tandem Ig-like repeats, a region rich in

proline (P), glutamate (E), valine (V) and lysine (K) ar-

ranged in up to 60 motifs of *28 residue repeats, known as

PEVK, and a region located in the central I-band portion

comprising three Ig domains interspersed with a 572 amino

acid unique sequence, named N2B (Fig. 1). Some long TTN

isoforms additionally present I-band segments found be-

tween N2B and the PEVK, the N2A domain. In resting

sarcomere, TTN is found in a highly folded state; upon

stretching, different portions of the protein sequentially un-

fold. The links between the tandem Ig-like repeats are the

first to extend, followed by the PEVK region and finally by

the N2 domains [8]. The tandem Ig-like repeats seem to

remain collapsed even when the upper end of the physio-

logical sarcomere length range is reached, unfolding only in

non-physiological conditions (Fig. 2).

Three isoform classes of TTN are expressed in car-

diomyocytes, being the different properties of each defined

by their unique I-band segment sequences, as the length and

structure of the portion of TTN laying in the A-band are

extremely conserved among vertebrates [3]. The first TTN

class includes *3000-kDa isoforms containing the N2B

region, therefore becoming collectively known as N2B

TTN. A second TTN class named N2BA includes isoforms

ranging from *3300 to 3500 kDa, and it contains, as its

name implies, both the N2B and N2A domains [9]. Because

N2BA TTN presents a longer extensible I-band region,

isoforms from this class are much more compliant than N2B

TTN. Both N2BA and N2B are expressed in the sarcomere,

being the stiffness of the cardiomyocyte defined by their

ratio. In the human left ventricle, the N2BA/N2B ratio is

*0.55 [10], while right ventricles showed higher ratios

than left ventricles [11], whereas atria seems to preferen-

tially express N2BA isoforms [3]. Finally, a third TTN class

is found only during fetal/neonatal life. These large, highly

compliant N2BA isoforms (*3600 to 3800 kDa) contain

additional spring elements in both tandem Ig and PEVK

regions and are typically associated with low cardiomy-

ocyte passive tension [12]. During perinatal development,

the fetal/neonatal N2BA class is gradually replaced by

smaller N2B isoforms, which, as previously stated, become

the predominant TTN isoforms in the adult left ventricle.

Although the I-band segment sequence of each isoform

primarily defines the stiffness of TTN, passive tension can

also be modulated by posttranslational modifications or by

calcium. The N2B domain has been identified as a substrate

for protein kinase A (PKA), which, upon TTN phosphory-

lation, reduces passive tension [13]. Several protein kinases

can modulate passive stiffness by phosphorylating TTN:

PKG [14, 15], CaMKII [16], ERK2 [17] and PKC [18] are

known to phosphorylate titin. Both titin isoforms N2BA (on

N2A domain) and N2B (on N2B unique sequence) are

phosphorylated by PKG. Although PKG phosphorylates

more than one site in TTN, it reduces titin-based stiffness

via phosphorylation of a serine residue (Ser-469) within the

N2B unique sequence in N2B isoform, thereby acting to

improve diastolic function in human hearts to reduce pas-

sive stiffness [14]. For instance, in heart failure with pre-

served ejection fraction, reduced cardiomyocyte PKG

activity leads to myocardial diastolic dysfunction, causing a

higher cardiomyocyte passive tension. This was reverted by

in vitro administration of PKG [15]. The inhibition of the

breakdown of cyclic guanosine monophosphate by phos-

phodiesterase 5A through sildenafil raises myocardial PKG

activity, which has proven to be effective in decreasing

diastolic tone. Also CaMKIId, the isoform that pre-

dominates in the heart, can phosphorylate specific sites

within N2B unique sequence (Ser-4043) and PEVK (Ser-

12884) in N2B and N2BA isoforms in mouse and human

hearts’ titin, lowering cardiomyocyte passive tension [16].

Raskin et al. [17] showed an additional kinase that targets

TTN and therefore regulates the muscle compliance. TTN

undergoes in situ phosphorylation by the extracellular sig-

nal-regulated kinase 2 (ERK2) in N2B residues Ser-3873,

Ser-3915 and Ser-3965. This process likely involves the

negative regulator four-and-a-half LIM domains protein 1

(FHL1). For instance, in hypertrophic cardiomyopathy, the

FHL1 gene is up-regulated [19], which impairs ERK2-

mediated titin N2B phosphorylation and those mutant pro-

teins lead to systolic and/or diastolic dysfunctions such as

an increase in diastolic tension and ventricular stiffness and

hypertrophy. Also PKC, particularly the a-isoform, phos-

phorylates both titin isoforms in two highly conserved sites

of the PEVK region (Ser-11878 and Ser-12022), but, con-

trary to most kinases, it leads to an increase in titin-based

passive tension [18]. Another difference between PKA and

PKG to PKC is that while the first two phosphorylate the

N2B element and thus are circumscribed to myocardium,

the latter phosphorylates the PEVK region and probably
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also affects skeletal muscle. Hence, PKA, PKG, CaMKIId
and ERK2 protein kinases alter passive tension in the same

direction on phosphorylating the N2B fragment of the N2B

isoform, while PKCa is the only that induces an increase in

titin stiffening. Ca2?, on the other hand, modifies the car-

diomyocyte passive tension by two mechanisms: directly,

since it increases TTN stiffness when bound to E-rich mo-

tifs in the PEVK region [20], or indirectly via S100A1, by

modulating the interaction between PEVK and actin [21].

S100A1, a soluble calcium-binding protein found at high

physiological concentrations in the myocardium, inhibits

PEVK–actin interactions in the sarcomere when activated

by calcium physiological levels; thus, viscosity can be

turned off during systole when high calcium levels are

present in the cytosol and turned on again during diastole

when calcium levels fall [21]. Recent studies have also re-

lated oxidative stress (OS) with changes in the cardiomy-

ocyte passive tension [22]. Apparently, OS induces the

formation of disulfide bridges within the N2B domain,

which reduce the length of N2B and stiffens TTN. Recently,

Alegre-Cebollada et al. [23] showed that, upon unfolding of

Ig domains in the I-band, titin is S-glutathionylated in

cryptic cysteines, leading to a mechanical weakening and

inhibition of folding which ultimately causes a decrease in

stiffness of the cardiomyocyte and consequently increases

its elasticity at physiological sarcomere lengths. Since the

amino acid sequence of the Ig domains in the I-band is

highly abundant in cysteine residues, it would be interesting

to know whether titin is also subjected to other posttrans-

lational modifications like sulfenylation, carbonylation and

nitrosylation. In fact, given the important regulatory role of

the nitric oxide in cardiac function and specifically of the

S-nitrosylation in cell signaling, it is possible to think that

S-nitrosylation can be another route to alter the elasticity of

the titin. Also, although it was proven that the levels of

oxidative and nitrosative species can alter the integrity of

the titin in an infection state [24], it remains unclear whether

titin is subjected to carbonylation.

M LINE

SARCOMERE

Z DISC
ACTIN FILAMENT

MYOSIN FILAMENT

TITIN

Z DISC

Fig. 1 Titin structure and its position within the sarcomere. Titin

spans the sarcomere from the M-line to the Z-disk. The fibronectin/

immunoglobulin repeats are virtually inextensible, whereas PEVK,

N2 and immunoglobulin domains are responsible for the elasticity of

TTN. Figure was produced using Servier Medical Art
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Many TTN isoforms are found throughout the human

heart, but interestingly, all of them are encoded by the same

gene (TTN). Located on a 294-kb region of the long arm of

chromosome 2 (2q31), TTN contains 363 exons, the first 251

encoding for the regions laying in the I-band and the re-

maining 112 encoding for the A-band segment [8, 9].

Although the entire gene could in theory encode for a

4200-kDa protein with 38,138 amino acid residues [9], ex-

tensive alternative splicing over a third of TTN exons is

responsible for the generation of a multitude of isoforms

ranging from 2970 to *3800 kDa [3]. Due to TTN’s mul-

tifunctional role in the cardiomyocyte, mutations in its en-

coding gene can potentially impair a normal cardiac

function. The pathophysiological consequences resulting

frommutations in TTNwill be dealt within the next sections.

Abnormal sarcomerogenesis induced by mutations
in TTN

Due to the relevance of TTN in sarcomeric assembly, it

would be expected for mutations in TTN to cause significant

disturbances to cardiac sarcomerogenesis. Ethical concerns,

however, virtually impair any study of this process in human

beings (one would hardly justify the screening of human

embryos aiming for cardiac anomalies). Therefore, current

knowledge on abnormal sarcomerogenesis has been growing

from experiments with transfected cell lines and transgenic

animals. In 2003, Gotthardt et al. [25] investigated the role of

TTNSer/Thr kinase (TK) domain in sarcomeric assembly, by

deleting the two exons (358/359) encoding TK plus flanking

regions. Deletion of the TK domain from cardiac TTN during

early embryonic development resulted in the death of all

homozygous specimens. Three years later, the same group

also published results with mice heterozygous for the

358/359 TTN mutation [26]. Contrary to homozygous indi-

viduals, the embryonic development at organ, cellular and

ultrastructural levels of heterozygous mice did not differ

from wild-type (WT) animals. In the same year, Musa et al.

[27] assessed the repercussion in sarcomerogenesis of dele-

tions in the TK domain in one or both alleles of mouse em-

bryonic stem cells that would be subsequently differentiated

into beating cardiomyocytes. The authors reported that fol-

lowing 10 days of differentiation, cultures of WT and

heterozygous cells for the mutant TTN allele presented a

strong beating phenotype, relatively similar sarcomeric ap-

pearance, molecular content and length. In contrast, cells

homozygous for the TTN mutant allele failed to beat.

Moreover, although a wide variety of sarcomeric proteins

could be detected in the homozygous mutant cells, myofib-

rillar organization seemed completely absent. With this

study, the authors demonstrated not only that the integrity of

TTN carboxy-terminus is critical for myosin filament

assembly, M-line formation and maturation of the Z-disk,

but also that sarcomeric assembly can still occur in the

presence of a TTN TK domain mutation, as long as a

NH2 COOH

AA
34350

Ig-like

Fibronec�n 
type 3

PEVK 

TK

Z-repeat

10k 20k 30k

DCM HCM ARVC RCM

Pathology

Domain

Fig. 2 Mutations associated with cardiomyopathies distributed along

the canonical TTN sequence (UniProtKB: Q8WZ42-1). The color of

each mutation represents the associated pathology. The type of

domain in TTN is represented by the color of each block in the

sequence. Abbreviations DCM stands for dilated cardiomyopathy,

HCM hypertrophic cardiomyopathy, ARVC arrhythmogenic right

ventricular cardiomyopathy, RCM restrictive cardiomyopathy, Ig

immunoglobulin, PEVK region rich in proline (P), glutamate (E),

valine (V) and lysine (K), TK titin Ser/Thr kinase
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compensatory WT allele is still present. In the past decade,

important contributions came also from studies performed

with an improbable exotic creature, the zebrafish (Danio

rerio). Zebrafish is a small freshwater fish used as an in vivo

vertebrate model in cardiovascular research due to some

peculiar characteristics: The genome is fully sequenced and

easy to manipulate, and embryos are transparent, develop

rapidly ex utero and are able to survive in the absence of

blood flow up to 5 days, since oxygen is delivered to cells via

a simple diffusion mechanism [28]. These features allow the

study of mutant embryos with aberrant sarcomerogenesis,

opposing to mammalian embryos, which require a fully

functional cardiovascular system to survive. One zebrafish

mutant, pickwick, found during a large-scale mutagenesis

screening, presents a recessive lethal mutation in TTN. Xu

et al. [28] identified a transversion of a single base pair

(TTA ? TGA) in the N2B region of pickwick that caused a

change of a leucine to a stop codon. The major physiological

consequence of this mutation was the generation of little

systolic force. The molecular mechanism behind this ob-

servation was attributed to the inability of pickwick to pro-

duce organized sarcomeres. When transplanted to WT

hearts, mutated cardiomyocytes remained poorly contractile

and bulged discoordinately outward at each systolic con-

traction, which could also be explained by the lack of recoil

tension normally offered by WT TTN. Interestingly, the

authors discussed the resemblance between the pickwick

phenotype (dilated heart with thin walls and poor contrac-

tions) and human dilated cardiomyopathy, which could

suggest a similar genetic etiology.

Studies with transfected cell lines and transgenic ani-

mals presenting TTN mutations reinforced the importance

of TTN in sarcomerogenesis. Results showed that TTN

homozygous mutations are, as expected, much more sev-

ere, leading to a complete absence of sarcomeric assembly,

while their heterozygous counterparts can still encode

functional sarcomeres, although with altered organizational

characteristics that may impair a normal cardiac function in

adulthood. These findings go in accordance with Car-

mignac et al. [29], who described several patients with

homozygous TTN mutations who died of heart disease

before reaching 20 years old, and Satoh et al. [30] and

Gerull et al. [31, 32], who described much older patients

with heterozygous TTN defects, but never homozygous.

Cardiomyopathies induced by mutations in TTN

In 2006, the American Heart Association (AHA) defined

cardiomyopathies as ‘‘a heterogeneous group of diseases of

the myocardium associated with mechanical and/or elec-

trical dysfunction that usually (but not invariably) exhibit

inappropriate ventricular hypertrophy or dilatation and are

due to a variety of causes that frequently are genetic.

Cardiomyopathies either are confined to the heart or are

part of generalized systemic disorders, often leading to

cardiovascular death or progressive heart failure-related

disability’’ [33]. In the same document, the AHA also

proposed that primary cardiomyopathies, those pre-

dominantly involving the heart, should be divided into

three categories according to the etiology of the disease: (1)

genetic, which would include hypertrophic cardiomyopa-

thy (HCM) and arrhythmogenic right ventricular car-

diomyopathy (ARVC), (2) mixed, where dilated

cardiomyopathy (DCM) and restrictive cardiomyopathy

(RCM) would fit, and (3) acquired. In 2008, the European

Society of Cardiology also proposed a new classification

model for cardiomyopathies, grouping diseases according

to their morphological and functional phenotypes [34].

Five groups were then created and named: (1) ARVC, (2)

DCM, (3) HCM, (4) RCM and (5) unclassified.

The etiology of cardiomyopathies was practically un-

known until the first genome-wide linkage studies per-

formed during the decade of 1980. We now recognize the

impact of mutations in genes encoding for sarcomere-re-

lated proteins in the onset and establishment of car-

diomyopathy. The gene most times associated with this

group of diseases encodes for the b-myosin heavy chain.

Surprisingly, although TTN is by far the largest human

protein, far fewer mutations in TTN have been related to

cardiomyopathy, with the first description being published

only in 1999 [30]. Recently, Greaser has addressed this

issue and suggested several explanations for the lack of

identified TTN mutations [35]. The first reason would be

the exceptional size of TTN, which impairs full cDNA

sequencing. Secondly, since TTN originates many different

transcripts, it becomes hard to recognize whether a certain

isoform results from a mutation or from physiological al-

ternative splicing. Thirdly, since a large portion of TTN

consists of several tandem Ig-like encoding sequences,

mutations in these regions may have an almost irrelevant

effect in TTN length and function. Last but not the least, as

the physiological mechanism of TTN in several cellular

processes remains poorly understood, so does its relation to

cardiomyopathy. Nevertheless, TTN mutations have been

strongly associated with four cardiomyopathies: DCM,

HCM, ARVC and RCM. The following subsections will

deal with each.

Dilated cardiomyopathy

Dilated cardiomyopathy (DCM) is a heart disease charac-

terized by the enlargement of the cardiac chambers and

systolic dysfunction. Although more than half of reported

cases of DCM result from coronary artery disease or en-

vironmental factors, the familial form of the disease is
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found in *35 % of patients [2]. The inheritance of DCM

suggests genetic abnormalities typically associated with a

dominant autosomal pattern of transmission, although

X-linked, autosomal recessive and mitochondrial DNA

mutations patterns may be observed as well [33]. The eti-

ology of familial DCM is generally grouped into five dis-

tinct classes: (1) mutations affecting cytoskeletal proteins,

(2) mutations in the genes encoding for sarcomeric pro-

teins, (3) mutations in components of the nuclear envelope,

(4) mutations that impair the supply and regulation of en-

ergy metabolism and (5) mutations in ion channels. Among

the distinct classes of mutated genes, the cytoarchitectural

abnormalities are by far the most common trigger in the

development of DCM, as disrupted force transmission at

the Z-disk impairs an efficient cardiomyocyte contractility.

In the past 10 years, several TTN mutations have been

identified in humans resulting in DCM [29, 31, 32, 36–39].

In 2002, two research groups published articles describing

DCM patients carrying TTN mutation. Itoh-Satoh et al. [36]

described four TTN mutations in the heterozygous state in

DCM patients that were not found in healthy controls. Two

of the mutations, Val54Met and Ala743Val, were located

in the Z-disk region of TTN and were associated with fa-

milial DCM. In contrast, the other two mutations were

located in the N2B region and patients did not report any

history of cardiac disease in the family. Using yeast two-

hybrid assays, it was demonstrated that both mutations in

the Z-disk region induced functional alterations in TTN, as

Ala743Val and Val54Met decreased the binding affinity of

TTN to a-actinin and T-cap/telethonin, respectively. The

authors inferred that the decreased binding between TTN

and these proteins probably reduced the cardiomyocyte

resistance to tension, making it easily extendible in the

presence of mechanical stretch. One of the N2B mutations

was found to be a nonsense mutation, leading to a shorter

truncated TTN isoform. In the same year, Gerull et al. [32]

described two families (A1 and MAO) with DCM, pre-

senting a two-base-pair (bp) insertion mutation in TTN

exon 326 and a TTN missense mutation (Trp930Arg) lo-

cated in a highly conserved hydrophobic core sequence

located in the Z-disk–I-band transition zone (Ig-Z4), re-

spectively. The mutation in the A1 family resulted in the

expression of a much smaller TTN isoform since a stop

codon was found just twelve nucleotides ahead of the 2-bp

insertion. Regarding the MAO family mutation, yeast two-

hybrid assays failed to identify any binding protein for the

Ig-Z4 domain. However, the authors suggested that Tr-

p930Arg may have disrupted the b-sandwich structure of

the Ig-Z4 domain, an element thought to play a key role in

the organization and maintenance of the Z-disk. A few

years later, the same research group described a novel TTN

frameshift mutation in a large Australian family with DCM

[31]. The mutation, a heterozygous 1-bp deletion in TTN

exon 335, caused a frameshift, resulting in a premature stop

codon following the addition of ten novel amino acid

residues (Glu28386LysfsX10). In 2005, Matsumoto et al.

described two TTN mutations in Japanese patients with

DCM that could alter the cardiac function through an al-

ternative mechanism. One of the mutations, Gln4053ter,

located in the N2B region of TTN, which had already been

described by this group [36], was now found to decrease

the binding between TTN and four-and-a-half LIM do-

mains protein 2 (FHL2) [39]. Since FHL2 is known to bind

enzymes of the energetic metabolism (adenylate kinase,

phosphofructokinase and creatinine kinase), the decreased

binding between FHL2 and the N2B domain of TTN may

have reduced the recruitment of these enzymes, conse-

quently leading to dysfunction of metabolic pathways. In

2007, Carmignac et al. [29] described for the first time two

homozygous deletions causing a truncation in the M-line

region of TTN. Although compatible with life, homozy-

gous deletions found among elements of the two families

of Moroccan and Sudanese origin resulted in the premature

death of five patients at ages ranging from 8 to 19.5 years.

Moreover, contrary to all other DCM-related TTN muta-

tions described to date, the subjects also presented gener-

alized muscle weakness in the lower limbs (psoas, gluteus

maximus, tibialis anterior and peroneus muscles), proximal

upper limbs, neck and trunk flexors, and facial muscles. In

2012, several more TTN mutations were characterized.

Yoskovitz et al. [37] described a new TTN mutation

(Ser19628IlefsX1) in an Arab family residing in Galilee,

Israel. This family included members previously diagnosed

with symptomatic heart failure and DCM, members who

died from heart failure and elements who had heart trans-

plantation or were referred for this procedure. Sequence

analysis identified a single nucleotide insertion in exon 326

causing protein truncation after 19,628 amino acids, re-

sulting in a smaller TTN isoform. In another study in-

volving DCM patients from the USA, UK and Italy,

Herman et al. [38] found, among nonsense, frameshift and

splicing subtypes, more than 70 new TTN mutations re-

sponsible for TTN truncation. The authors noted that many

of the truncated isoforms lacked the M-line region, which

is thought to be responsible for mechanosensing, and

therefore could impair a normal regulation of sarcomeric

force. More recently, using a whole-exome sequencing

technique, Roncarati et al. [40] described an association

between a newly described mutation in TTN (Leu4855Phe)

and a previously known lamin A/C gene (LMNA) mutation.

Several members of the Italian family where the study was

conducted presented a wide array of cardiological symp-

toms, ranging from mild dyspnea to severe congestive heart

failure requiring heart transplantation. Using the same

technique, Chauveau et al. [41] also described seven novel

homozygous or compound heterozygous TTN mutations,
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mostly located in the M-line region of TTN. Moreover,

studies in vitro conducted by the authors documented the

first-reported absence of a functional TTN TK domain in

humans, resulting in severe antenatal phenotype.

The past few years have been prolific in the description

of new DCM-related TTN mutations; therefore, several

explanations on how abnormal TTN isoforms can ulti-

mately cause DCM are being exploited. Observations

suggest that these mutations may cause (1) short truncated

TTN isoforms unable to span between the M-line and the

Z-disk, frequently lacking the mechanosensing M-line re-

gion, (2) normal-sized TTN isoforms poorly attached to the

Z-disk or (3) abnormal TTN isoforms involved in dys-

functional energetic metabolic pathways. The inclusion of

these aberrant TTN isoforms in the cardiomyocyte results

in ‘‘loose’’ and poorly contractile sarcomeres most likely

involved in the onset of DCM.

Hypertrophic cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is a disorder of the

myocardium characterized by an unexplainable left ven-

tricle hypertrophy, usually associated with a small cardiac

cavity, cardiomyocyte enlargement, myocardial fibrosis

and diastolic dysfunction. In approximately 50–70 % of all

diagnosed cases of HCM, family history of the disease is

concomitantly reported [42]. These familial forms of HCM

typically follow an autosomal dominant pattern of trans-

mission, consistent with the presence of some kind of ge-

netic abnormality. The first mutation ever reported in a

family with HCM history was published by Geisterfer-

Lowrance et al. [43] in the beginning of the decade of

1990. At the time, the authors attributed the disease to a

mutation in the b-myosin heavy chain gene, but since then,

hundreds of other HCM-causing mutations have been

identified [44]. Most forms of genetic-origin HCM have

been grouped within two distinct classes: sarcomere-HCM

or Z-disk-HCM [42]. This division is etiology-based only,

as the clinical and histopathologic features of both classes

are virtually the same. Sarcomere-HCM is caused by mu-

tations in genes encoding for proteins belonging to the

sarcomeric thick (a- and b-myosin heavy chains, essential

and regulatory myosin light chains) and thin filaments

(troponin T, I and C, a-tropomyosin and actin). An initial

hypothesis stated that as abnormal sarcomeres resulted in

weaker cardiomyocyte contractions, cardiac walls would

become progressively thicker in an attempt to maintain a

normal cardiac outflow [45]. This compensatory mechan-

ism, most likely unsustainable, would soon become mal-

adaptive, triggering the development of HCM. Kimura

et al. [46], on the other hand, suggest that sarcomere-HCM

may be more likely related to an increased sarcomeric

sensitivity to Ca2?. The fact that cardiomyocytes fail to

relax even at low cytoplasmic Ca2? levels helps to explain

the onset of diastolic dysfunction, followed by cardiac

hypertrophy [42]. Z-disk-HCM arises from the presence of

abnormal cytoskeletal Z-disk proteins (TTN, T-cap/

telethonin, a-actinin and obscurin).

In 1999, Satoh et al. [30] reported for the first time the

involvement of a TTN mutation in the establishment of

HCM. A single-base-pair transversion (CGC ? CTC),

causing the replacement of an arginine for a leucine

(Arg740Leu), was described, and subsequent yeast two-

hybrid assays showed an increased binding affinity of TTN

to a-actinin by *40 %. Although the molecular mechan-

ism underlying the establishment of HCM remained to be

elucidated, the authors suggested that an impairment in

force transmission during contraction could result in a

compensatory cardiac hypertrophy. In 2005, Matsumoto

et al. [39] investigated cardiac functional alterations due to

mutations in the N2B region of TTN. Their study reported a

HCM-associated Ser3799Tyr mutation that increased the

binding affinity of TTN to FHL2. Although the association

between the increased binding and cardiac hypertrophy

remained to be solved, the energy depletion hypothesis of

Ashrafian et al. [47] helps to explain this phenomenon. It is

suggested that abnormal cardiomyocytes are unable to

sustain the energy levels in subcellular compartments re-

quired for contraction and Ca2? re-uptake into the sar-

coplasmic reticulum. Consequently, the energetic dysfunction

would trigger the development of cardiac hypertrophy.

Arimura et al. [48] screened the presence of mutations in key

sarcomeric proteins of 384 patients with HCM. Two new TTN

mutations were found in the N2A domain, which increased

the binding of TTN to a Z-disk protein, the cardiac ankyrin

repeat protein (CARP). In the study conducted by Herman

et al. [38] published in 2012, already characterized in the

DCM section, a few TTN mutations associated with HCM

were also described. Moreover, this study demonstrates that,

despite its importance in the onset of HCM, the frequency of

TTN mutations is actually much higher among patients with

DCM [54 of 203 (27 %) vs. 3 of 231 (1 %) with HCM].

Arrhythmogenic right ventricular cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is

an inheritable heart disease characterized by a dysfunctional

dilated right ventricle with thin walls, where replacement of

cardiomyocytes by fibrofatty tissue progressively occurs.

Most cases of ARVC are a consequence of mutations in

the genes encoding proteins belonging to the desmosome

complex. The resultant abnormal desmosomes are unable

to maintain the adhesion between cardiomyocytes at the

intercalated disks, triggering cell death and the installation

of regional fibroadiposis. Desmosomal mutations, however,

Heart Fail Rev (2015) 20:579–588 585

123



fail to be found in all familial inherited ARVC cases,

suggesting that other genes must be linked to ARVC. In

2011, Taylor et al. [49] described for the first time that a set

of TTN mutations could be the precursor of ARVC. It may

seem odd for a sarcomeric protein to be involved in ARVC,

but the fact that TTN plays a multitude of cellular roles and

is functionally linked to the desmosome helps to explain

how aberrant isoforms can influence electrical signaling

across cardiomyocytes. One of the described mutations

(Thr2896IIe), located in the tenth Ig-like domain of TTN,

was discovered in individuals of one family with well-

documented history of sudden death, heart transplantation

or death resulting from progressive myocardial dysfunction

and conduction disease. The Ig10 domain, located in the

Ig-like region near the Z-disk, is involved in the develop-

ment of passive tension, lacking any binding sites for

regulatory proteins. Therefore, it would seem highly im-

probable for a single mutation in one of the so many Ig-like

domains to alter the sarcomere ability to generate tension,

to the point of causing disease. Accordingly, the authors

found that it was not the inability to generate tension the

cause for the establishment of ARVC. While passive ten-

sion was reduced by only 3 %, a much more relevant

phenomenon was described; the Ig10 domain became ex-

tremely prone to proteolysis, making this mutated isoform

of TTN much more unstable in physiological conditions.

Despite these evidences, the exact pathophysiological role

of mutated isoforms of TTN in the onset of ARVC remains

to clarify.

Restrictive cardiomyopathy

Restrictive cardiomyopathy (RCM), the rarest of all car-

diomyopathies, is a disease characterized by restrictive

ventricular filling due to an increased myocardial stiffness,

associated with atrial enlargement, but normal ventricular

wall thickness and systolic function. Both sporadic and fa-

milial forms have been described, the latter mostly inherited

by autosomal dominant transmission, but also by autosomal

recessive andX-linked inheritance [50].Mutations in several

sarcomeric proteins including troponin I, b-myosin heavy

chain, troponinT anda-cardiac actin had already been linked
to familial forms of RCM, but only recently, a TTNmutation

was implicated in the onset of RCM. Peled et al. [50] de-

scribed a family comprising six affected members whose

echocardiographic findings were compatible with RCM—

mild-to-severe diastolic dysfunction along with preserved

systolic function and normal left ventricular wall thickness.

The authors characterized the replacement of adenine with

guanine at position 109 of the TTN exon 266 resulting in the

substitution of tyrosine by cysteine at position 7621 of

TTN protein (Tyr7621Cys). The mutation is located at the

A-/I-band junction region—the intersection between the

compliant and the rigid components of TTN. It is suggested

that the absence of the aromatic ring of the tyrosine likely

disrupts the beta-sandwich structure which is integrated,

leading, by unknown mechanisms, to RCM.

Conclusion

During the past decade, much has been learned about TTN

mutations and their role in the establishment of cardiomy-

opathies. State-of-the-art molecular biology techniques have

granted us the ability to find dozens of new TTN mutations

worldwide, while novel transgenic animal models have been

used to mimic human cardiac dysfunctions. Despite all these

advances, many of the molecular and pathophysiological

mechanisms underlying these cardiac disorders remain to be

elucidated. There is also no apparent pattern in the distri-

bution of mutations along the different domains along TTN

sequence and the respective cardiomyopathies arising from

them. There is still much to be unfolded, and therefore, one

should keep in mind the necessity to continue investing ef-

fort, time and resources in this field of research, as a detailed

knowledge on TTN-mutation-based cardiomyopathies may

result inmore accurate diagnosis and innovative therapeutics

aiming to ameliorate or even prevent disease in patients with

TTN mutations.
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