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Abstract

Purpose of review: The giant protein titin forms the “elastic” filament of the sarcomere,
essential for the mechanical compliance of the heart muscle. Titin serves a biological spring, and
therefore structural modifications of titin affect function of the myocardium and are associated
with heart failure and cardiomyopathy.

Recent findings: In this review, we discuss the current understanding of titin’s biophysical
properties and how modifications contribute to cardiac function and heart failure. In addition, we
review the most recent data on the clinical impact and phenotype heterogeneity of TTN truncating
variants, including diseases involving striated muscles, and prospects for future therapies.

Summary: Because of the giant structure of the titin protein and the complexity of its function,

titin’s role in health and disease is not yet completely understood. Future research efforts need to
focus on novel therapeutic approaches able to modulate titin transcriptional and post-translational
modification.
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Introduction

The heart’s primary functions are to both collect blood from the body as well as generate
contractile force and deliver blood to the lungs and systemic organ tissues. The relaxation
phase is termed diastole while the contractile phase is terms systole. Both of these functions
must be perfectly coordinated such that the input of blood to the heart equals the output

of blood the rest of the body. Dysfunction of either systole or diastole will cause an
upstream accumulation of fluid in either systemic tissue or the lungs leading to congestive
heart failure (CHF). CHF is a complex syndrome that affects 6.2 million people in the
United States and 23 million people worldwide.l: 2 While the clinical presentation of CHF

is homogenous with development of pulmonary edema, systemic edema, and progressive
dyspnea; the underlying causes and findings of CHF are heterogenous. CHF can be
classified by physiologic presentation with abnormalities either in contractile function of the
heart termed systolic dysfunction, or abnormalities in relaxation of the heart termed diastolic
dysfunction. Systolic dysfunction can be further classified based on the anatomic appearance
of the dysfunctional ventricle which can show cavitary enlargement of the ventricle with a
thin wall, or a reduction in the size of the ventricular cavity and a thick wall, termed dilated
cardiomyopathy (DCM) or hypertrophic cardiomyopathy (HCM) respectively.

CHF can also be defined by the cause or etiology that leads to cardiac dysfunction. The
most common cause of heart failure in the world is ischemic, where obstruction or occlusion
of the coronary arteries leads to decreased myocardial perfusion causing ischemia and
eventually infarction of cardiac tissue. Nonischemic cardiomyopathy (NICM) is defined as a
loss of function of one or both ventricles in absence of significant coronary artery disease.?
NICM can be secondary to a number of conditions that compromise the structure and
contractile function of the heart tissue including infiltrative conditions, metabolic diseases,
myocarditis, medications, and toxins. However, in up to 50% of NICM patients, the etiology
is idiopathic and can often be ascribed to genetic causes.

In nearly all causes of heart failure, there are changes and dysfunction of the cardiac
sarcomere, which is the fundamental intracellular structure that generates contractile

force. An essential component of the sarcomere, is the protein titin which is the largest
macromolecule in the human body and is composed of 27,000-33,000 amino acids.*

Titin is heavily expressed in striated muscle tissue including cardiac myocytes. This
filamentous protein is greater than 1 micrometer in length and spans half the length on

an entire sarcomere connecting the Z-disk (via N-terminal domain) to the M-line (via
C-terminal domain)® (Figure 1). Titin is encoded by the gene 77\, which contain 363
exons®. Modifications of 77N at the genetic, transcriptional, and post-translational levels are
associated with the development of all forms of heart failure. The importance of 77N is
further highlighted by the observation that gene mutations that result in early termination or
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truncations (TTNtv) are the most common cause of genetic forms of DCM and account for
20-25% of cases’.

In this review, we will highlight the structural components of titin and how they contribute to
the essential biophysical properties of cardiac function, we will review how transcriptional
and post-translational modifications of titin are associated with heart failure, we will

discuss mechanisms by which TTNtv lead to DCM, and we will conclude with therapeutic
modalities for treatment of CHF by modification of titin.

Biophysical properties of titin spring elements

The “spring proteir” titin can be considered as a series of elastic elements with a

modular structure: these modules are connected in series. TTN is organized into four major
domains. The N-terminal domain anchors titin to the Z-disk of the sarcomere, while the C-
terminal domain anchors titin to the M-band. The remaining two domains impart important
biophysical characteristics to titin. The I-band is responsible for the elastic behavior of titin
and accountable for the passive elasticity of cardiac muscle. The A-band, an inextensible
domain responsible for the organization of the sarcomere. The A-band is rigidly attached to
the myosin filament with no or minimal possibility for elongation8-11.

The elastic, I-band does not represent a uniform molecular spring, but instead consists

of four structurally distinct segments: two tandem immunoglobulin-like (Ig) domains and
two additional spring elements. The two (Ig) domain regions have different mechanical
properties: the distal region consisting of (Ig) domains arranged in tandem, and a proximal
region consisting of differentially spliced (Ig) domains (Figure 1). In addition to the (Ig)
domains, spring-like properties of titin are imparted by the N2A element consisting of
several (Ig) domains interspersed with unique sequences, and the PEVK element, considered
to be a naturally disordered protein region, consisting for around 70% of proline (P),
glutamate (E), valine (V), and lysine (K) residues.

These four spring elements react in different ways under a stretching force, suggesting that
these regions have different mechanical properties.1? 13 The N2A and PEVK segments

are flexible random-coil like sequences, with dissimilar persistence length (a measure

of molecule flexibility).1415 16 On the contrary, both proximal and distal (Ig) domains,

have a p-sheet (BS) structure with the same persistence length. BS structures show high
strength, offering resistance when loaded, approximately ten times higher than the maximum
force in an alpha helix. From a biomechanical point of view, single molecule atomic

force microscopy (AFM) studies show that B-sheets resemble a “worm like chain” where
increased force leads to discreet unfolding of components of the BS (Figure 2). Interestingly,
even though the two (Ig) domains have the same persistence length, they show different
unfolding as well as extensibility behavior, making the proximal less stable than the distal
one. When force is applied, the distal (1g) domains stretch through an unfolding intermediate
state. This unfolding intermediate state provides increased mechanical resistance.14 17 The
mechanical unfolding of the proximal domain does not involve an unfolding intermediate
state and therefore is an all-or-none event. Unfolding forces for these (1g) domains are
different: 127 (+ 18) pN: for the proximal, and 210 (+ 32) pN for the distal domain. In
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addition to the different mechanical stability, the two (Ig) domains also show a difference

in contour length increment during domain unfolding (contour length is the molecule length
at maximum physically possible extension). The measured contour length increment for the
distal one is AL = (27,9+0.79) nm while for the proximal is AL = (30£0.62) nm.

In the absence of external force, the (1g) domains are in their natural, folded state and the
linker regions between the domains adopt a bent configuration. When the sarcomeres are
“passively” stretched, e.g., by the antagonist muscle or diastolic pressure, the (Ig) domains
and the PEVK region extend serially. When low forces are applied to stretch the sarcomere,
the linker regions connecting the (Ig) domains are unbent even though the (Ig) domains
remain partially folded:18: 19 These mechanisms allows initial extensibility at low force.18 20
When the stretch force increases, the PEVK and (lg) domains begin to extend and provide
ample extensibility.13: 19-21 Upon release, the unfolded (Ig) domains perform a folding
contraction under force, which generates work (Figure 2).

The biophysical characteristics of the 1-band contribute to the physiology of global
cardiac function. The elastic nature of the I-band and the wide range of extensibility
depending on force applied contributes to length dependent activation described in the
Frank-Starling curve. The Frank-Starling curve depicts an increase in the contractile force
of cardiac myocytes with increased ventricular filling during diastole. When there is more
cardiac filling and increased left ventricular end diastolic pressure, unfolding of the titin
spring domains provides increased restorative force that contributes to increased force of
contraction.22 23

Transcriptional modifications of TTN modify extensibility and biophysical
properties

The elastic components of titin impart important functional properties to the sarcomere and
mechanics of cardiomyocyte function. One way that the spring function of titin can be
modified or tuned is through transcriptional modifications that increase or decrease passive
tension and elasticity. 77/ contains 363 exons and demonstrates extensive transcriptional
modification via alternative splicing of these exons. There are different splicing events that
transcribe multiple isoforms of 77N, particularly in the I-band containing multiple (1g)
domains.24 These isoforms vary significantly in length and compliance. The 3 most well
described 77N isoforms are FCT, N2B, and N2BA. FCT is the longest of the 3 isoforms
and is primary expressed in fetal tissue with a shift towards predominately transcribing N2B
and N2BA in the post-natal period. N2B is a shorter, stiffer isoform containing a tandem
N2B and short PEVK segment, while N2BA is a longer more compliant molecule that has a
longer PEVK segment and increased number of (Ig) domains.24 25 Although both the N2B
and N2BA isoforms are co-expressed in adult cardiomyocytes, the ratio of the two isoforms
determines the relative stiffness of global cardiac tissue. Transcriptional upregulation of

the more compliant isoform, N2BA, has been described in various cardiovascular disease
states associated with decreased systolic function and ventricular dilation.26 Furthermore,
echocardiographic correlation has demonstrated that patients with higher expression of
N2BA have increased end diastolic volume: pressure ratio which correlates with decreased
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ventricular stiffness.2” The mechanisms and regulation by which different 77\ isoforms

are selected and expressed is incompletely understood, however one important factor is
RNA binding motif protein 20 (RBM20). RBM20 is a protein that is incorporated into the
spliceosome, which splices out introns and selects exons for incorporation into mature RNA.
Humans and model animals with RBM20 mutations have very high relative expression of
the N2BA isoform. Furthermore, RBM20 mutants develop severe DCM, which demonstrates
that when there is high cardiac expression of a longer titin isoform that contains more
springy (1g) elements, there is decreased ventricular passive tension and development of
ventricular dilation.28: 29

Post-translational modifications further alter titin’s mechanical properties

In addition to the molecular secondary and tertiary structure of the spring elements that

are modified by isoform selection, post-translational modifications also contribute to the
mechanical properties of titin. Phosphorylation of the N2B element show an increase in the
persistence length of the titin as measured by AFM single-molecule force spectroscopy. This
indicates that the bending rigidity of the titin is increased by phosphorylation of the N2B
region.30 In addition, phosphorylation of the PEVK element by several kinases including by
protein kinase C alpha (PKCa) has been shown to increase titin stiffness and change cardiac
tension.23: 31-33 Fyurthermore, Lanzicher et al. have recently shown that the compliance of
the N2A element depends on the local effects on binding of signaling molecules (CARP)
and that this contributes to strain- and phosphorylation- dependent mechano-signaling.3
Signaling mechanisms that lead to phosphorylation and de-phosphorylation of titin are
complex, however identification and modification of these pathways may be important in
understanding heart failure and identifying potential therapies. As one possible example,
patients with diastolic dysfunction attributed to diabetes have increased activation of PKCa
and phosphorylation of the PEVK making titin stiffer and likely contributing the decreased
relaxation of global ventricular tissue.3

Truncation effects on CA2+ sensitivity, length dependent activation, and

phosphorylation

TTNtv mutations may also affect the sensitivity of myofilaments to sarcomeric
Ca?*changes. It is well known that phosphorylation of titin at different sites leads to
alterations in passive stiffness. Phosphorylation of the N2B domain by protein kinase

A (PKA) or cGMP dependent protein Kinase (PKG) decrease titin stiffness. This differs
from phosphorylation of PEVK region, which increases titin stiffness32. Vikhorev et al
investigated the effects of TTNtv on the Ca2* sensitivity, length dependent activation, and
the modulation of these effects by in-vitro changes of phosphorylation. In this study, left
ventricular tissue was isolated from explanted hearts of patients diagnosed with DCM
carrying TTNtv and compared with healthy donor controls36. Results demonstrate that Ca2*
sensitivities of samples from TTNtv group are significantly higher compared with controls.
Interestingly, donor controls that were found to have low phosphorylation of troponin |
(Tnl) also demonstrated increased Ca?* sensitivity similar to tissue taken from TTNtv
hearts. This suggests that increased calcium sensitivity in TTNtv may be related to Tnl
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phosphorylation. In addition, in-vitro phosphorylation of Tnl with PKA decreased Ca2*
sensitivity in all tissues, while de-phosphorylation of Tnl with A phosphatase significant
increased Ca2* sensitivity. Furthermore, the phosphorylation state of Tnl was associated
with length dependent activation, where stretched myofibrils from TTNtv tissue with low
Tnl phosphorylation, or de-phosporylation via A phosphatase reduced length dependent
activation. In addition, phosphorylation of Tnl with PKA improved but did not restore length
dependent activation.

TTNtv mutations cause late onset dilated cardiomyopathy

An estimated 50% of DCM are due to genetic causes that can either present as familial
DCM or sporadic.37: 38 Truncation variants of the TTN gene (TTNtv) are the most frequent
genetic cause of DCM accounting for up to 25% of DCM cases.37: 39. 40 These mutations
are caused by single nucleotide polymorphisms leading to premature stop codons, splice site
variants, and frameshift mutations. Unlike the biophysical changes to titin by transcriptional
changes or post-translational changed described above, it has not been clearly elucidated
how TTNtv lead to a DCM phenotype. There is however, mounting evidence that the
functional consequences of these variants are attributed to haploinsufficiency and increased
metabolic stress caused by abnormal 77N RNA transcripts that increase non-sense mRNA
decay pathways and activation the mammalian target of rapamycin (mTOR) pathway3: 23,
Activation of the mTOR pathway is observed in many causes of heart failure and my
represent a final common pathway associated with heart failure.23 Interestingly, missense
mutations of 77N/ do no demonstrate the same DCM phenotypic presentation at TTNtv.
With improved sequencing capabilities, greater than 60,000 missense variants of the 77N
have been identified, however the clinical significance of missense variations in 77N
remains unknown.37

TTNtv demonstrate heterogenous penetrance

Despite the clear impact that TTNtv have on cardiac function, there is a wide spectrum of
presentations and severity of DCM for patients with TTNtv.41 It is estimated that 2—3% of
the general population live asymptomatically with TTNtvs, which may be attributed to age-
related penetrance with an incidence of DCM in >95% in patients older than 40 years old.3°
Furthermore, TTNtv appear to have a modifier gene effect where patients with TTNtv have
increased risk of developing DCM when exposed to conditions of cardiac stress. This has
been demonstrated in peripartum cardiomyopathy, and toxic cardiomyopathy, where patients
with TTNtv have increased risk of developing DCM with similar exposures compared to
patients without TTNtv.49: 42.43 |n a recent multicenter study of 537 TTNtv carriers, Akhtar
at al. found that malignant ventricular arrhythmias are most commonly associated with
severe LV systolic dysfunction, and that male sex and LV dysfunction were independent
predictors of worse arrhythmic and heart failure outcomes.*4

The location of the truncation mutation may correlate to disease pathogenicity. In prior
studies, it is shown that the A-band of 77N/ was the most common location for pathogenic
TTNtv in patients with DCM.39 This is likely because exons that transcribe sequences in the
A-band are constituently expressed. Proximal exons, such as those in the I-band demonstrate
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more variability in their expression and incorporation into mature transcripts.*> Therefore if
a truncation mutation is present in an exon that is not highly expressed, the clinical impact
will be diminished.

Roberts et al. developed a score to predict pathogenicity of TTNtv called proportion spliced
in (PSI). This is derived from RNA sequencing data in human LV tissue with end stage
DCM (n=84).%> The PSI ranges from 0 to 1 and represents the ratio of 77\ transcripts

in which a given exon is spliced into expressed transcripts. An exon can be minimally
expressed (PSI <0.15), variably expressed (PSI 0.15-0.9), or constitutively expressed (PSI
>0.9). TTNtv expressed in non-constitutive exons had a lower risk of phenotypically
apparent DCM. The investigators found that TTNtv located in constitutively expressed exons
with PSI >0.9 were associated with a 93% probability of pathogenicity in patients with
known DCM, providing a useful tool in clinical genetics of DCM.4°

When comparing TTNtv of healthy individuals with patients with DCM, there is also

a length dependent association with DCM that is apparent after controlling for PSI.4°

The distance of TTNtv from the N terminus of the TTN protein has a significant linear
correlation with specific indices of function on cardiac magnetic resonance imaging (MRI),
including left ventricular ejection fraction (LVEF, P-0.0013), indexed LV stroke volume
(LVSVi, P-0.0045), right ventricular ejection fraction (RVEF, P-0.017), and indexed RV
stroke volume (RVSVi, P-0.049). This correlation was not seen with LV or RV end systolic
or diastolic volumes.4®

associated with severe muscular phenotypes

TTNtv have also been associated with various striated muscular disorders ranging from mild
myopathy to debilitating muscular dystrophy with varying levels of cardiac involvement.
Late onset tibial muscular dystrophy (TMD) affects the anterior compartment of the lower
leg muscles and typically presents in the 41 decade of life.46 The FINmaj, named for its
high prevalence in causing TMD in Finland, is caused by an insertion-deletion mutation in
exon 364 of the 77N gene. Early adult onset TMD is characterized by the typical late onset
mutation in combination with a frameshift mutation. These patients have evidence of fatty
degeneration in their anterior muscle compartment on MRI imaging prior to age 20.46

Limb-girdle muscular dystrophy type 2J (LGMDT2J) is a more severe muscular dystrophy
that has been associated with mutations in the 77N gene. It mainly affects proximal
musculature such as the shoulders and hips and presents earlier in life in childhood. This
disorder was first described in Finnish patients homozygous for the Finnish founder 11bp
insertion-deletion mutation in 77N, called FINmaj.4

Early onset myopathy with fetal cardiomyopathy is associated with frameshift mutations in
the titin exons mex1 and mex3 in families of Arab descent.*8 It is characterized by early
onset and progressive muscle weakness by the first year of life followed later by severe
DCM and sudden cardiac death before adulthood. This is a rare disorder inherited in an
autosomal recessive pattern and heterozygous carriers are usually asymptomatic.
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Current guidelines for genetic testing

TTNtv-DCM is inherited in an autosomal dominant pattern although has variable penetrance
with expression typically in the 51 to 6t decade of life.3 International societies provide
guidance for genetic testing and call for an extensive family history with at least three
generations, focusing on any incidence of cardiomyopathy or sudden cardiac death (SCD) at
young age (<35 years).*%-51 In patients with DCM, familial screening is indicated with
physical exam, electrocardiogram, and echocardiogram for all first-degree relatives. In
particular in patients with suspected familial DCM, genetic testing and counseling should be
offered with the potential for genetic testing of relatives when a mutation is found.>1 While
there are no therapies currently available to reverse TTNtv-DCM, early diagnosis of DCM
in patients with TTNtv may provide for earlier treatment of cardiomyopathy using standard
evidence based medical therapies.

Targeted therapy for titin associated DCM

Identification of TTNtv DCM will increase as genetic testing becomes more integrated

in clinical practice. This will not only affect prognosis of patients but also may pave the

way to targeted therapies for patients as more is known about the transcriptional and post-
translational regulation of titin as it relates to heart failure. There have been several proposed
mechanisms for titin modifying therapy to treat CHF.23 For instance, there is increased
activation of the mammalian target of rifampin (mTOR) associated with TTNtv. Rifampin,
which inhibits mTOR, has been proposed as a potential targeted therapy for TTNtv DCM,
however this has not been tested clinically.

Antisense oligonucleotide (AON) mediated exon skipping is a more direct gene therapy
strategy for TTNtv that has been successfully applied to conditions such Duchenne’s
muscular dystrophy, familial hypercholesterolemia, and spinal muscular atrophy.52-54 AON
mediated exon skipping utilizes small single stranded oligonucleotides ranging from 18-
30 base pairs to modify expression of mMRNA, either by alternative splicing or recruiting
RNAase.5® The overall goal is to “skip” the exon that contains the frameshift mutation and
prevent early termination of the titin protein.

Other therapies such as T3 and insulin aim to upregulate either the shorter, stiffer N2B
TTN isoform to increase passive tension and treat DCM.5® In contrast, medications

such as digoxin upregulates the longer, more compliant N2BA isoform to decrease
passive relaxation and potentially treat diastolic dysfunction.>” Similarly, metformin and
Neuregulin-1 increase ERK2 mediated phosphorylation of the N2Bus element, decreasing
passive tension and to treat diastolic dysfunction.23 3 In addition to pharmacotherapies to
modify titin in heart failure, dietary changes may also modify the biophysical properties of
titin to improve cardiac function. This was suggested in mice who were fed a high amount
of the polyamine, spermidine, and were shown to have longer lifespan, improved cardiac
diastolic function, which was in part attributed to increased phosphorylation of the N2B
segment of titin.>8
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Finally, among future perspectives in the therapy of titin cardiomyopathy, we should
mention the use of human induced pluripotent stem cells-derived cardiomyocytes (iPSC-
CMs) and the possibility to correct the mutant genomic sequence with “genome editing” by
CRISPR/Cas 9 technology. These approaches are been actively investigated and, for selected
diseases (in particular hematopoietic disorders) have entered in phase | clinical trials.>®
However, in inherited heart muscle diseases, the genome editing of iPSC-CMs represent
significant challenges, including editing efficiency in the heart, editing specificity (possible
off target effects), and lack of ideal delivery systems (current based on AAV). Progress in
genome editors and iPSC technology may overcome these challenges in the future.

Conclusion

Heart failure caused by both systolic and diastolic dysfunction remains a common

disease process associated with high morbidity and mortality worldwide, therefore further
understanding of the pathways and processes the contribute to its development are
necessary to develop novel therapies or prevention strategies. A key molecule in the
development of heart failure is the sarcomeric spring protein, titin, that imparts important
biophysical properties to the sarcomere and global cardiac function. Modification of

titin and its spring components via transcriptional and post translational changes are
associated with the development of heart failure, and represent a potential therapeutic
target. In addition, truncation mutations of 77N are an important cause of DCM, and
likely are mediated by increased metabolic stress from non-sense mMRNA decay leading to
activation of the mTOR signaling pathway. Early identification of TTNtv in patients with
DCM may prompt necessary treatment including maximum tolerated guideline directed
medical therapy, primary or secondary implantable cardioverter defibrillator placement,
cardiac resynchronization therapy, and even early consideration for heart transplantation. In
addition, increased recognition will improve appropriate clinical and genetic screening of
family members and potentially increase early identification of TTNtv carriers.
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Figure 1. The sarcomere structure and titin.
The basic elements of the sarcomere include myosin, which forms the thick filament, actin

forming the thin filament, and a third elastic filament constituted by titin. Titin is a giant
protein of 27,000 to 33,000 amino acids with a molecular weight of 3M Dalton, which spans
from the M-band to the Z-disk. The I-band region of the molecule, including a series of
immunoglobulin-like (Ig) domains, functions as a molecular spring. In adult cardiac muscle,
this includes N2BA isoform with expanded N2A element shown in green. (1g) domains
make up a proximal (red) and distal (orange) tandem (1g) segments. In blue, the PEVK

sequence.
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Figure 2. Structural components of titin unfold at different extension forces, imparting a wide
range of extensibility.

(A) Example of a single-molecule force spectroscopy using the atomic force microscope
(AFM) to study the contribution of the individual building blocks of titin under stretching.
Left: The TTN segment to be tested is deposited on a substrate, and then attached at

one end at the tip of an elastic AFM cantilever. Middle: The peptide is pulled up by a
piezoelectric controller. When the proteins start to unfold, the AFM cantilever is deflected
and its deflection is measured by a laser beam. This deflection is transformed in a force
curve. Right: The TTN peptide detaches when it reaches the maximum stretch. (B) Titin
proteins have an intrinsic elasticity that causes them to remain rigid at small length scales
yet display significant flexibility over longer lengths. One of the theories that describes this
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behavior and the progressive unfolding of the different segments of TTN is the “worm-like
chain” model of semiflexible polymers, as shown in panel B.
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