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Abstract

The recent discovery of heterozygous human mutations that truncate full-length titin (TTN, an
abundant structural, sensory, and signaling filament in muscle) as a common cause of end-stage
dilated cardiomyopathy (DCM) provides new prospects for improving heart failure management.
However, realization of this opportunity has been hindered by the burden of TTN truncating
variants (TTNtv) in the general population and uncertainty about their consequences in health or
disease. To elucidate the effects of TTNtv, we coupled TTN gene sequencing with cardiac
phenotyping in 5,267 individuals across the spectrum of cardiac physiology, and integrated these
data with RNA and protein analyses of human heart tissues. We report diversity of TTN isoform
expression in the heart, define the relative inclusion of TTN exons in different isoforms, and
demonstrate that these data, coupled with TTNtv position, provide a robust strategy to
discriminate pathogenic from benign TTNtv. We show that TTNtv is the most common genetic
cause for DCM in ambulant patients in the community, identify clinically important
manifestations of TTNtv-positive DCM, and define the penetrance and outcomes of TTNtv in the
general population. By integrating genetic, transcriptome, and protein analyses we provide
evidence for a length-dependent, dominant negative mechanism of disease. These data inform
diagnostic criteria and management strategies for TTNtv-positive DCM patients and for TTNtv
that are identified as incidental findings.
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Introduction

Non-ischemic dilated cardiomyopathy (DCM) has an estimated prevalence of 1:250, results
in progressive cardiac failure, arrhythmia, and sudden death, and is the most frequent
indication for cardiac transplantation (1, 2). Despite a strong genetic basis for DCM (2) and
the recent advent of affordable and comprehensive exome and genome sequencing
techniques that permit screening of all DCM genes (3-5), the application of clinical
molecular diagnostics in DCM management remains limited (6), due to historically low
mutational yield and a background of protein-altering variation of uncertain significance in
the general population that make variant interpretation challenging (7-9).

TTN mutations can cause DCM (10, 11) and heterozygous mutations that truncate full-length
titin (TTNtv, titin truncating variants) are the most common genetic cause for severe and
familial DCM, accounting for approximately 25% of cases (12). TTNtv also occur in
approximately 2% of individuals without overt cardiomyopathy (12-14), which exceeds the
prevalence of non—-ischemic DCM five-fold, and poses significant challenges for the
interpretation of these variants in the era of accessible genome sequencing. Critical
parameters that distinguish pathogenic TTNtv and their mechanisms of disease remain
unknown.

Titin is a highly modular protein with ~90% of its mass composed of repeating
immunoglobulin (Ig) and fibronectin-111 (FN-I11) modules that are interspersed with non-
repetitive sequences with phosphorylation sites, PEVK motifs, and a terminal kinase (15).
Two titin filaments with opposite polarity span each sarcomere, the contractile unit in
striated muscle cells. The amino terminus of titin is embedded in the sarcomere Z-disk and
participates in myofibril assembly, stabilization and maintenance (16). The elastic 1-band
behaves as a bidirectional spring, restoring sarcomeres to their resting length after systole
and limiting their stretch in early diastole (17). The inextensible A-band binds myosin and
myosin-binding protein and is thought to be critical for biomechanical sensing and signaling.
The M-band contains a kinase (18) that may participate in strain-sensitive signaling and
affect gene expression and cardiac remodeling in DCM (19, 20).

The TTN gene encodes 364 exons that undergo extensive alternative splicing to produce
many isoforms ranging in size from 5,604 to 34,350 amino acids. In the adult myocardium
two major full-length titin isoforms, N2BA and N2B, are robustly expressed in addition to
low abundance short novex isoforms (Fig. 1). N2BA and N2B isoforms span the sarcomere
Z-disk to M-band but differ primarily in the I-band. The longer N2BA isoform contains both
the N2A and N2B segments while the N2B isoform lacks the unique N2A segment and
contains fewer Ig domains and a smaller PEVK segment. The force required to stretch a titin
molecule relates to its fractional extension (21), a parameter that shows non-linear
dependence on the I-band composition. For a given sarcomere length the N2B isoform will
have greater fractional extension and thus is stiffer than the longer N2BA isoform (20).

To explore further the spectrum of TTN genetic variation and transcript usage across the
range of cardiac physiology, we studied five discovery cohorts, comprising healthy
volunteers with full cardiovascular evaluations (n=308), community-based cohorts with
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longitudinal clinical data (3,603 participants in the Framingham (22) and Jackson (23))
Heart Studies (FHS and JHS, respectively), prospectively-enrolled unselected ambulatory
DCM patients (n=374) (Fig. S1), and end-stage DCM patients with left ventricular (LV)
assist devices and/or considered for transplantation (n=155). Integrated analyses of
sequencing and transcriptional data yielded strategies for considerably narrowing the subset
of TTNtv that are likely pathogenic. We replicated these observations in two independent
cohorts: patients with familial DCM (n=163), and ethnicity-matched population controls
from the Women’s Health Initiative (24) (WHI, n=667).

Burden of TTNtv in health and DCM

In the discovery cohorts, we identified 56 TTNtv affecting TTN isoforms that span the
sarcomere in 3,911 controls: 9 in healthy volunteers (2.9%), 16 in FHS (1.0%), and 31 in
JHS participants (1.6%). Eighty-three DCM patients carried TTNtv (versus controls, OR =
13 (9-18) P = 2.8x10743; Table 1): 49 unselected DCM patients (13%) and 34 end-stage
DCM patients (22%). Comparing variants found in healthy individuals and DCM patients
we found that nonsense, frameshift, and canonical splice site TTNtv were substantially
enriched in DCM patients (OR = 17 (11-25); P = 1.9x1074%). Additional variants predicted
to alter non-canonical splice signals were also enriched in DCM (OR =4.2 (1.8-9.7); P=
0.0017), but not as strongly (comparison: P = 0.0068), and they often occurred in
combination with another TTNtv (Tables S1-5).

Distribution of TTNtv in health and DCM

Our previous study of severe and familial DCM identified TTNtv that were located
predominantly in the A-band (12). It is not known whether the A-band is more susceptible to
truncating variation, whether TTNtv outside the A-band are excluded by alternate splicing,
or whether the pathogenesis of TTN DCM is determined either by critical functional
elements located in the A-band, or by the length of a truncated TTN protein product. To
explore these concepts, we examined the distribution of TTNtv across the spectrum of health
and disease.

We observed that TTNtv were non-uniformly distributed within and between study groups
(Fig. 1). TTNtv were more commonly located in the A-band in DCM than controls (61/87
case variants located in A-band, versus 21/56 in controls, OR=3.9 (1.8-8.3), p=1.4x107%),
due both to an enrichment of A-band variants in DCM patients (compared with a uniform
distribution; OR = 2.3 (1.4-3.6), P = 3.4x107%), and an opposing trend, towards A-band
sparing, in controls (35/56 variants outside A-band, OR = 0.58(0.34-1.0), p= 0.06). A-band
enrichment was most pronounced in end-stage DCM patients (OR = 3.5(1.6-8.5), P =
7.8x10~4) with a concordant trend in less severe, unselected DCM (OR = 1.7 (0.97-3.1), P =
0.07) (Fig. 1 and Table 1). These distributions were not explained by DNA sequence
susceptibility to truncating variation in the TTN gene or by differences in variant detection
between cohorts (Figs. S2-S3).
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The effect of TTNtv on different TTN isoforms

Distal exons, including those that encode the A-band of TTN, are constitutively expressed,
whereas many proximal exons, particularly I-band exons, are variably spliced in different
isoforms (Tables S6-S7). As recent studies suggest that variants affecting only a subset of
gene transcripts are less likely to cause loss-of-function than variants impacting all isoforms
(25), we compared TTNtv among different isoforms. TTNtv that altered both N2BA and
N2B were strongly enriched in DCM patients versus controls (OR = 19(12-29), P =
5.5x10746) and associated more strongly with DCM than TTNtv that affected only the
N2BA isoform (OR=3.8(1.4-9.2), P = 0.008, Table 1).

By contrast, TTNtv found in controls were enriched in exons not incorporated into N2BA
and N2B transcripts (such as novex exons and fetal isoforms; 13 variants in 7406 bp N2BA/
N2B-excluded exons versus 49 variants in 103052 bp N2BA/N2B-included exons,
OR=3.7(2.0-6.7), P = 2.0x10™). Truncations in exons that are unique to the novex-3
isoform were not significantly different between cohorts (0.37% DCM versus 0.15%
controls, OR=2.5(0.36-13), P =0.24) and the nominal two-fold excess in DCM was not
robust to analyses that included only European subjects (0.26%, OR=1.4). In addition, the
novex-3 isoform only spans the sarcomere Z-disk and proximal I-band (26) and LV
expression levels in 105 samples from Genotype-Tissue Expression project (GTEXx (27)) and
in DCM patients (see below) were approximately 7.3% and 9.4% of N2BA and N2B
isoform levels. Given these observations and the lack of evidence for pathogenicity of
novex-3 truncations, mutations specific to this isoform were excluded from subsequent
analyses.

Alternative splicing of TTN in the human heart

We generated RNA sequencing data from human LV samples (end-stage DCM hearts,
n=84) and determined the mean usage of each TTN exon (Table S7), denoted as the
proportion of transcripts that incorporate each exon (proportion spliced in, PSI; see
Materials and Methaods). Identical exons were alternatively spliced in LV tissues from DCM
patients and GTEXx donors (global PSI: R=0.98; Table S7 & Fig. S4). There were important
differences between observed exon usage and conventional transcript definitions (see Table
S7): 39/122 exons annotated as incorporated into the N2BA isoform were expressed in a
small minority of transcripts (PSI < 0.15). Three exons annotated as constitutively expressed
appeared to have variable usage (PSI 0.15-0.9), as did two exons absent from the
conventional N2BA/N2B descriptions.

The TTN gene structure is organized to accommodate extensive splicing events. 85% of all
TTN exons are symmetric, and consequently their exclusion would not alter the translation
frame, whilst exome-wide only 68% of exons are symmetric (P=1.2x10711). Exon
symmetry was correlated with PSI. Only three exons (103, 104 and 106) among 175 exons
with PSI < 0.99 are asymmetric, while 49 of 185 (27%) exons with PSI >0.99 are
asymmetric (Table S7; p=7x10~13). Within the I-band, the domain with the overall lowest
PSI, 93% of alternately spliced exons are symmetric. Moreover the cassette of I-band exons
103-106 is symmetric because these exons are always spliced together. As such, most I-
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band exons can be excluded without resulting in a frameshift, including exons that might
include TTNtv.

We used the mean PSI scores from the end-stage DCM patients to annotate each TTN exon’s
usage. The usage of the exons containing TTNtv differed between cohorts. Treating all
cohorts as an ordered variable with four levels (healthy volunteers, general population,
ambulatory unselected DCM, and end-stage DCM), we noted a strong relationship between
cohort and mutant exon usage (Kruskal-Wallis chi-square, P = 4.9x1073), with TTNtv-
containing exons in controls having lower usage than TTNtv-containing exons in DCM
patients (P = 2.5x1074) (Fig. 2a). Based on this observation, we suggest that many TTNtv in
controls may be tolerated because they fall in exons that are spliced out of the majority of
expressed transcripts.

Protein coordinates of truncating variants

TTNtv in DCM cases could also be described as occurring more distally in the titin gene
than TTNtv in controls. Treating all cohorts as an ordered variable (as above), we also
observed a significant relationship between cohort phenotypes and TTNtv position (Kruskal-
Wallis chi-square, P =3.1x1073).

Diagnostic interpretation of TTNtv

As diagnostic sequencing of TTN will be most useful if causality can be confidently ascribed
to individual variants, we estimated the probability of pathogenicity of TTNtv based on their
relative frequency between cohorts. Applying this framework to our discovery cohort, we
predicted that TTNtv produced by nonsense, frameshift, or canonical splice site mutations
that affect highly expressed exons (PSI>0.9) had at least a 93% probability of pathogenicity
(likelihood ratio (LR) = 14) when identified in an unselected patient with DCM, and an even
higher probability of pathogenicity in end-stage disease (=96%, LR= 24). When segregation
data are available, we expect that probabilities will be even higher. These are conservative
estimates, as we assumed an all or nothing model in which all TTNtv in controls were
benign, giving an upper limit of the background noise.

Approximately 50% of the TTNtv identified in healthy volunteers and community-based
cohorts occurred in low PSI exons, including novex-specific exons. Analyses of publicly
available genomic datasets showed similar results. TTNtv occur in 1.1% alleles in the 1000
Genomes project (28, 29) and in 2.6% of alleles in the NHLBI GO Exome Sequencing
Project (ESP, http://evs.gs.washington.edu/EVS/). Seven of 12 (58%) TTNtv in 1000
Genomes and 83 of 168 (49%) TTNtv in ESP are in novex or other low PSI exons (Tables
S8 & S9).

To further explore the health effects associated with TTNtv in community-based cohorts we
examined longitudinal follow up data. The majority of FHS and all JHS participants with
TTNtv had normal cardiac parameters. However, among the small numbers of TTNtv-
positive FHS subjects we observed a higher lifetime incidence of DCM morphology (dilated
LV with impaired ejection fraction) in the absence of coronary artery disease (TTNtv-
positive, 2 of 16 subjects; TTNtv-negative, 12 of 1,574 subjects; RR=16, P = 0.008; Tables
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S10 & S11). While the two TTNtv (c.9727C>T, ¢.1245+3A>G) associated with DCM

morphology are outside the A-band, both are in highly expressed exons (PSI = 1). The

association between DCM morphology and TTNtv in highly expressed exons was even
more marked (TTNtv-positive, 2 of 12 subjects; RR 22, P = 0.005).

TTNtv-positive FHS subjects had neither evidence of early heart failure nor early
cardiovascular death (Table S12 and Fig. S5). While some of these TTNtv are unlikely to be
pathogenic (e.g. TTNtv found in rare novex exons), others may cause DCM with reduced
penetrance due to characteristics of the variant itself and/or the effects of additional
protective and exacerbating genetic or environmental modifiers that are recognized in DCM
(30, 31), factors that may also account for the mismatch between population prevalence of
mutations in hypertrophic cardiomyopathy genes and overt disease (8).

Validation studies

The genetic and transcriptional analyses of the five discovery cohorts predicted that the
pathogenicity of TTNtv was informed by isoform, exon usage, and variant position. To
validate this hypothesis we identified TTNtv in an independent cohort of familial DCM
patients (n=163) and 667 healthy participants in the WHI (24), a clinical trial that excluded
individuals with chronic disease. In comparison to controls, TTNtv affecting both the N2BA
and N2B isoforms were enriched in the DCM replication cohort (OR=78) 20-460), P =
3.8x10721), and TTNtv in this cohort were located in more highly expressed exons (P =
7.5x1074; Table 1, Figs. 1 & 2, Table S13). The predicted probability of pathogenicity of
nonsense, frameshift, or canonical splice TTNtv in highly expressed exons in the DCM
replication cohort was =98% (LR=41).

Clinical stratification of DCM by TTN genotype

To better ascertain clinical phenotypes associated with TTNtv-positive DCM, we capitalized
on quantitative cardiac MRI (CMR) (32, 33) in DCM patients. Among TTNtv-positive
DCM patients we observed more severely impaired LV function, lower stroke volumes and
thinner LV walls (Table 2) than in TTNtv-negative DCM patients. Multivariate regression
confirmed that TTN genotype predicted phenotype severity after adjusting for important
covariates (Tables S14 & S15). Mid-wall fibrosis, an important prognostic factor in DCM
(34, 35), was similar in patients with and without TTNtv, but sustained ventricular
tachycardia was more common in TTNtv-positive patients (OR = 6.7; P = 0.001) and robust
to adjustment for LV ejection fraction. Consistent with these adverse intermediate
phenotype associations, we observed a difference in the composite endpoint of LV assist
device implantation, listing for cardiac transplantation, and all cause mortality. TTNtv-
positive DCM patients reached this endpoint at earlier ages (P = 0.015, Fig. 3) and sooner
after prospective enrolment (P= 0.05, Fig. 3).

Length-dependent association between TTNtv position and DCM

Motivated by the association between TTNtv location and disease status (Fig. 1), that may
persist after controlling for PSI (Fig. 2b), we considered TTNtv in DCM patients as an
allelic series to dissect positional effects and disease mechanism.
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The distance from the N-terminus of the TTN protein to the TTNtv correlated with CMR
indices (Figs. 4 & S6). Multivariate linear regression models showed that TTNtv location
was significantly correlated with principle indices of heart function: ejection fraction and
stroke volume (P < 0.006; Tables S14-15). Importantly, this positional effect on cardiac
parameters was large, such that a C-terminal TTNtv would be associated with substantially
reduced ejection fraction as compared with an N-terminal TTNtv (absolute reductions LV:
-18+7%, P = 0.006; RV: —21+9%, P = 7.3x1076) and indexed stroke volumes (absolute
reductions: LV —22+8ml/m2, P = 0.0017; RV -23+8ml/m?, P = 0.0013). Among subjects
with TTNtv, the variant position explained 19-23% of the observed variation (R?) in
phenotypic indices. Regression modelling of CMR data in FHS participants also suggested
that the distance of the TTNtv from the N-terminus correlated with cardiac morphology;
there was a consistent direction of effect across a range of phenotypic indices (Figs. S7 & S8
& Table S16-17).

We suggest that the phenotypic associations with exon usage and protein coordinate are
potentially of substantial clinical importance for diagnostic variant interpretation. In
addition, we deduced that a linear positional effect of TTNtv implied that mutant proteins
produced dominant negative effects.

Molecular studies and mechanistic implications

Based on the observation that TTNtv exhibited length-dependent effects, we studied allele-
specific TTN transcript expression and protein levels in human LV tissue to further explore
whether TTNtv caused DCM through dominant negative effects or through
haploinsufficiency. RNA sequencing showed comparable total TTN transcript levels in
patients with or without TTNtv (Fig. 5a). Moreover, the relative expression of TTNtv and of
other SNPs distributed throughout TTN transcripts showed robust expression of both alleles
(Fig. 5b, and Table S18 and Fig. S9). We also observed no discernable difference in the
abundance of N2BA and N2B protein isoforms in DCM patients either with or without
TTNtv (Fig. 5¢). Combined with the genetic data presented above, our analyses of TTN
RNA and protein expression in LV tissues strongly suggest that TTNtv cause DCM by a
dominant negative effect.

Discussion

The integrated analyses of TTN sequence, protein and transcriptional data, and quantitative
phenotypic assessment in over 5200 healthy and DCM subjects define the spectrum of
cardiac physiology associated with TTNtv. We demonstrate TTNtv occur in ~2% of the
general population, in 13% of ambulatory unselected DCM patients and in 20% of end-stage
DCM patients. We suggest that the clinical significance of TTNtv is largely predicated by
exon usage and variant location (the distance of the TTNtv from the protein N-terminus).
Incorporation of these data improved discrimination between pathogenic and benign variants
in two independent study cohorts. That TTNtv exhibited length-dependent consequences and
were highly expressed in human LV tissue indicate that these mutations cause DCM through
a dominant negative mechanism.
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Cardiomyopathy genes feature prominently in the American College of Medical Genetics
and Genomics’ list of genes in which mutations should be reported regardless of the primary
indication for sequencing (36). Accurate interpretation of clinically actionable incidental
findings in cardiomyopathy genes is both difficult and medically important because of the
considerable population prevalence of protein-altering variants in cardiomyopathy genes (8,
36), a combined population prevalence of cardiomyopathies of approximately 0.7%, and the
associated important medical consequences including heart failure and sudden death (37—
39).

The true frequency of TTNtv across the general population has been unclear and the lack of
penetrance of these variants is an issue of debate (13, 20, 40, 41). From analyses of over
4500 control subjects we identified TTNtv in 1.6% in individuals of African descent and
1.5% in individuals of European descent. Using transcript and mean TTN exon expression in
human heart tissue, we provide novel insights into why some of these TTNtv are
phenotypically silent. Truncations in the control subjects were more likely to affect minor
TTN isoforms as compared with DCM cases, including novex-3, a low abundance isoform
that does not span the cardiac sarcomere. Truncations that occurred specifically in novex-3
were not enriched in DCM patients. We also observed that while canonical splice variants
were enriched in DCM cases, other variants predicted in silico to alter splicing showed more
modest enrichment (0.4% vs. 1.7%, P=0.0015; Table 1). While this observation may reflect
limitations in current prediction algorithms, interpretation of non-canonical splice variants
should be cautious unless informed by RNA evidence or robust segregation data. In
addition, the impact of TTNtv in exons with intermediate expression levels (PS1 0.15-0.9),
such as in the I-band, may be ameliorated because symmetrical exons may be excluded
without deleterious consequences, or by an isoform switch from N2BA to N2B, or because
short mutant proteins are less deleterious. Overall, TTNtv in low to intermediate expression
exons (PSI<0.9), novex TTN isoforms, and at non-canonical splice sites accounted for 50%
of all TTNtv identified in controls cohorts. These variants were associated with normal
cardiac morphology and function and were not associated with DCM. We suggest that when
TTNtv with these characteristics are incidentally identified in low risk individuals that
clinical interpretation should not convey a high risk for DCM.

A small number of FHS participants (n=16) had TTNtv in highly expressed exons including
2 individuals with DCM morphology on cardiac imaging (RR=16). There was no increased
risk for DCM in TTNtv-positive JHS participants, possibly due to phenotype ascertainment
or ethnicity-specific genetics. Whether the differential risk associated with TTNtv in DCM
and population cohorts reflects differences in phenotypic assessment, the very small
numbers of cases, an aggregation of additional genetic factors in phenotypically ascertained
DCM families, or other factors is unknown.

Patient stratification is a cornerstone of precision medicine (42). We propose that DCM due
to TTNtv represents a specific patient subgroup who may benefit from more tailored clinical
management. In DCM, sustained ventricular tachycardia, LV wall thickness (43) and LV
ejection fraction predict outcome (44). TTNtv-positive patients reported here had poorer
cardiac indices and earlier onset of heart failure or death. Despite small differences in the
functional indices between groups, we showed that, as compared to TTNtv-negative
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patients, TTNtv-positive DCM had substantially increased risk of sustained ventricular
tachycardia (OR=6.8, P=0.001), perhaps related to increased wall stress (45). If these
findings are replicated in prospective cohorts, TTNtv-positive DCM patients may benefit
from a lower threshold for device therapy, as is practiced with LMNA DCM (46).
Preliminary observations in five of six TTNtv-positive DCM patients who received
mechanical unloading therapy support during this study had sustained recovery of cardiac
function, raising the possibility that TTN DCM may prove amenable to targeted device
therapy.

Mutations that lead to premature termination of the encoded protein often cause
haploinsufficiency. By contrast, our analyses of allele-specific transcript expression and
protein in human LV tissue indicate that TTN is highly and biallelically expressed: TTNtv
were not subjected to substantial nonsense-mediated decay and levels of the major titin
isoforms were not diminished. Recent studies of 2031-q32 deletions encompassing the entire
TTN locus that did not cause overt cardiac muscle disease (47), and immunohistochemical
detection of truncated TTN in the sarcomeres of skeletal muscles from patients with
recessive TTN mutations (48) supports this postulate. Rather, the correlations between
TTNtv position and cardiac function reported here strongly suggest a dominant negative
effect, as occurs with MYBPC3 truncations that cause hypertrophic cardiomyopathy (49,
50), with increasing DCM severity associated with longer mutant proteins. Further studies
are needed to determine if this length relationship results from an increased energetic cost
associated with generation and turnover of longer mutant proteins, deleterious sequestration
of non-sarcomeric intracellular factors that is proportional to protein length, or increased
propensity for disruptive sarcomere protein interactions with longer mutant proteins.

We recognize several potential limitations despite these extensive analyses. There are many
exons in which TTNtv were not observed, and we can only extrapolate our findings to these
regions. Approximately 5% of the gene comprises repetitive exons with poor alignment:
though coverage did not differ between cohorts, additional TTNtv in these regions may have
been missed. Newer sequencing assays with longer read lengths are addressing this. The low
burden of TTNtv in population cohorts yielded a small allelic series that combined with
sensitivity of screening-quality phenotype ascertainment limited the power of genotype-
phenotype analyses in these cohorts. Only a subset of the unselected DCM cohort had
arrhythmia data, and on-going follow-up with replication is needed to further these
assessments. Finally, molecular studies were limited by the scarcity of human cardiac tissue
for study.

In conclusion, our data illuminate important characteristics that determine TTNtv
pathogenicity and begin to dissect the molecular mechanisms by which these cause DCM.
Nonsense, frameshift, and canonical splice site TTNtv, particularly those that truncate both
principal isoforms of TTN and/or reside towards the carboxy-terminus, cause DCM with
severely impaired LV function and life-threatening ventricular arrhythmias. In contrast,
truncations that occur in novex-specific exons or other infrequently used TTN exons are less
likely to be deleterious. An immediate clinical utility of our findings is improved variant
interpretation that enables cascade screening of relatives, and gene and genotype-guided
stratified management of DCM. Further elucidation of the myocyte processes altered by
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large dominant negative mutant TTN proteins will be important to direct the development of
therapies that prevent or attenuate the progression of TTNtv related DCM

Materials and Methods
STUDY DESIGN

We set out to compare the burden of rare TTN variants across five cohorts (detailed below)
and to explore genotype-phenotype relationships within cohorts using standard cardiac
investigations and techniques. There were no interventions. No genotype information was
available at recruitment, so patient inclusion was blinded to genotype. Phenotype assessment
was blinded to genotype but not to disease status. Study design and analyses underwent
rigorous statistical review. All studies were carried using protocols that were reviewed and
approved by institutional ethics committees and with informed consent from all participants.
Tissue studies complied with U.K. Human Tissue Act guidelines.

COHORT DESCRIPTIONS AND SUBJECT SELECTION

DCM cohorts—374 unselected prospective patients of European ancestry who were
referred to the cardiovascular magnetic resonance (CMR) unit of the Royal Brompton and
Harefield Hospitals NHS Foundation Trust (RBHT) from July 2001 to August 2012 and
diagnosed with idiopathic dilated cardiomyopathy (DCM) were studied. DCM was
diagnosed by CMR findings of ejection fraction >2sd below and end diastolic volume >2sd
above the mean normalized for age and sex (33, 51) by two independent Level 3 accredited
CMR cardiologists (See Fig. S1). Patients with clinical symptoms or signs of active
myocarditis or CMR evidence of infiltrative disease were excluded. CAD was assessed
either by coronary angiography (249 patients), or non-invasive testing and clinical profiles
(e.g. young relatives of an individual with idiopathic DCM, 101 patients). 24 patients had
bystander CAD considered insufficient to produce CMR features of DCM (<2 myocardial
segments with <25% late gadolinium enhancement).

155 randomly selected end-stage non-ischemic DCM patients who were listed for cardiac
transplantation and/or left ventricular device implantation between 1993 and 2011 at RBHT
and prospectively enrolled in a tissue bank were studied. Seventy-one of these patients were
previously reported (12) Frozen LV samples from 84 patients were used for tissue studies.

163 DCM patients of European ancestry who were referred to the genetics research program
at St Vincent’s Hospital and Victor Chang Cardiovascular Institute were studied as a
replication cohort. Patients had a positive family history (DCM or sudden explained cardiac
death in =2 family members) and three had subclinical skeletal myopathy (elevated creatine
kinase blood levels). DCM was diagnosed at a mean age of 42 years based on presenting
clinical symptoms (exertional dyspnea, palpitations), and echocardiographic findings of LV
dilation (LVVDD>56 mm) with reduced systolic performance (EF<50%). DCM severity
ranged from mild to severe: 32 patients (20%) required cardiac transplantation and 2 patients
died from advanced heart failure prior to transplantation.

Healthy Volunteers and Population Cohorts—308 self-reported and clinically
screened adult volunteers (age range 18-72 years, mean 40.3 years) of European ancestry
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were prospectively recruited via advertisement at the MRC Clinical Sciences Centre,
Imperial College London. Participants with previously documented cardiovascular disease,
hypertension, diabetes or hypercholesterolemia were excluded.

Community-based cohorts—1,623 unrelated participants in the Framingham Heart
Study (FHS) Offspring Cohort and 1,980 unrelated randomly selected participants in the
Jackson Heart Study (JHS) were studied. The FHS is a multi-generation, prospective,
population-based study aimed at identifying the causes of cardiovascular disease (22). In
1948, residents of Framingham, Massachusetts, of European Ancestry were enrolled.
Between 1971 and 1975, the study enrolled a second generation, the Offspring Cohort,
comprising 5,124 children of the original cohort and their spouses. The Offspring cohort has
since been examined every three to eight years, with the last exam reported here, exam 8,
occurring between 2005 and 2008. All FHS phenotypic data was retrieved from NCBI
dbGaP (Accession: phs000007.v18.p7). TTN sequence data for FHS participants are
available from NCBI dbGaP (Accession: phs000307.v3.p7). The JHS is an African
American population-based, prospective study of cardiovascular disease (23). Between 2000
and 2003, the study enrolled 5,301 African-Americans aged 35 to 84 living in the Jackson,
Mississippi metropolitan area. All JHS phenotypic data was retrieved from NCBI dbGaP
(Accession: phs000286.v3.p1). TTN sequence data for JHS participants are available from
NCBI dbGaP (Accession: phs000498.v1.pl).

Population control replication cohort—667 women of European ancestry from The
Women’s Health Initiative (WHI) participants with exome data (dbGaP Study Accession
phs000200.v1.p1) were studied. These individuals are a subset of 161,808 postmenopausal
WHI participants (aged 50 to 79 years) who were recruited and followed from 40 clinical
centers across the United States between 1993-1998 (24). The WHI eligibility criteria
included the ability to complete study visits with expected survival and local residency for at
least 3 years. Subjects with medical conditions that would limit full participation in the study
including individuals with advanced heart failure were excluded from enrolling.

Phenotype ascertainment details for all study cohorts are provided in Supplementary
Materials.

TTN SEQUENCE DATA

DCM subjects and healthy volunteers—Targeted re-sequencing: TTN was sequenced
in prospective DCM cases, healthy volunteers, and 103 end-stage DCM cases using a
targeted approach. Custom hybridization capture probes were designed to target genes
implicated in cardiovascular disease, including TTN. RNA baits were designed using
Agilent’s eArray platform. Baits targeted all exons of all Ensembl TTN transcripts
(Ensemble version 54), including UTR, with a 100-bp extension into adjacent introns, and
1.25 kb of upstream sequence (Fig. S2, and Table S7). A total of 6340 unique 120-mer RNA
baits were generated with increased bait tiling across the target (five-fold), covering a target
region of 168369 bp, including 112916 protein-coding bases. DNA library preparation and
target capture were performed according to the manufacturers’ protocols before paired-end
sequencing on the SOLiD 5500xI (Life Technologies). Reads were de-multiplexed and
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aligned to human reference genome (hg19) in colour space using LifeScope v2.5.1
“targeted.reseq.pe” pipeline. SOLID Accuracy Enhancement Tool (SAET) was used to
improve colour call accuracy prior to mapping. All other LifeScope parameters were used as
default. Duplicate reads and those mapping with a quality score <8 were removed. Variant
calling was performed using diBayes (SNPs) and small.indel modules, as well as GATK
v1.5-2.7 (55) and Samtools v0.1.18. Variants called by any of these methods were taken
forward for Sanger validation. Alignment and coverage metrics were calculated using Picard
v1.40, BedTools v2.12 and in-house Perl scripts. GATK CallableLoci Walker was used to
identify target genomic regions covered sufficiently for variant calling (minimum depth >4
with base quality >20 and mapping quality >10).

In a subset of end stage patients (n=54) TTN was studied by whole genome sequencing
(Complete Genomics, CA 94043, USA) and variants were called using Complete Genomic
Analysis Tools (http://www.completegenomics.com/analysis-tools/cgatools/ version:
2.2.0.26). Variants were filtered out if they met any of the following conditions; i) low
confidence or incomplete calls flagged by the caller, ii) read-depth less than 10, iii) allele
frequency less than 0.15 for heterozygous calls. All remaining putative TTNtv were taken
forward for Sanger validation.

No genotype information was available at recruitment, so patient inclusion was blinded to
genotype. In addition to sequencing Titin we sequenced known DCM genes used in clinical
practice and observed no difference in the prevalence of rare protein-altering variants in
LMNA, MYH6, MYH7, TNNT2, SCN5A, nor in TTN missense variants between TTNtv
+ve and TTNtv—ve cases in the prospectively recruited unselected DCM cohort.

Community-based cohorts—A custom set of hybridization capture probes were
designed that targeted cardiovascular disease genes including TTN. Genomic DNA libraries
were constructed for each sample and libraries were paired-end sequenced with an Illumina
HiSeq2000 as previously described (8). Sequence reads were mapped to the hg19 human
reference sequence with BWA (56). GATK v1.3 was used to recalibrate base quality scores,
locally re-align reads, call single-nucleotide variants and small indels, and filter variant calls.
Splice variants outside of the absolutely conserved intron bases were identified as described
above for the DCM subjects. All TTN nonsense, frameshift, and splicing variants reported in
FHS or JHS subjects were visually inspected using the Integrated Genomics Viewer, leading
to the exclusion of 30 (FHS) and 4 (JHS) variants. FHS and JHS variants were not validated
by an additional genotyping method.

Replication cohorts—The DCM replication cohort was studied by targeted sequencing
approach using an Agilent custom capture that included TTN, followed by sequencing on the
Illumina HiSeq 2000 platform. WHI exomes were captured and sequenced on the lllumina
GenomeAnalyzerll and HiSeq platforms as previously described (57). Sequence reads for
the replication cohorts were processed using an identical pipeline. Raw sequence reads for
both WHI exomes and DCM replication cohorts were aligned to the human reference
genome hg19 using Novoalign (http://novocraft.com). Duplicates were marked with Picard
(http://picard.sourceforge.net). Indel realignment and Base Quality Score Recalibration was
done with GATK v2.7. SNP and short insertions/deletions (indels) were called using a
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pipeline derived from GATK v2.7 best practices. Variants were simultaneously called on all
replication DCM cases and WHI controls using the UnifiedGenotyper joint variant calling
module.

LV TISSUE STUDIES

Tissue studies were performed on LV tissue samples from the end-stage DCM cohort, snap
frozen in liquid nitrogen at the time of acquisition. RNA sequencing was performed on all
84 samples, and protein studies in a subset of these. Control LV tissue used for protein
studies was from unused donor hearts with no known cardiac disease, from the RBHT
transplant program, stored and prepared as for the DCM samples.

Transcript studies—Total RNA was extracted from frozen LV samples from 84 end-
stage DCM cases using Trizol (Life Technologies) following the manufacturer’s protocol,
and quantified by UV spectrophotometry. RNA quality was measured on the Agilent 2100
Bioanalyzer using Agilent’s RNA 6000 reagents. RINs ranged between 6.3 and 8.7 with a
mean of 7.6. 4ug of total RNA was used for library preparation with the TruSeq RNA
Sample Preparation Kit (Illumina). Barcoded cDNA fragments of poly (A)+ RNA were then
sequenced on a HiSeq 2000 (Illumina) using 2 x 100 bp PE chemistry. Pools of 6 samples
were loaded on 3 lanes to avoid batch effects and obtain sufficient coverage for splicing
analyses.

Reads were initially deconvoluted and aligned to the genome to detect and exclude multi-
mapping sequences. The remaining sequences were then mapped against the GRCh37
reference genome and transcriptome using TopHat 1.4.1 (58) supplied with Ensembl (59)
gene annotations. Splice junction detection was performed to allow split alignment across
both known and novel splice sites.

RNAseq data was used to compare levels of N2BA, N2B, and novex-3 in DCM samples,
and in 105 GTEx samples obtained from dbGaP (27), and processed using the same
bioinformatic pipeline.

Reads from DCM samples were filtered stringently before calling point mutations in the
RNAseq data. Only reads mapping to one unique position in either the genome or
transcriptome with at most 2 mismatches in 100 basepairs were considered for further
analyses. The SAMtools suite (60) was used to call TTNtv at all positions covered by a
minimum of 10 reads, and putative variants present in at least 30% of reads covering the
position were taken forward for Sanger validation.

Sequencing was also performed on paired DNA samples for all 84 individuals, as described
above. Nineteen TTNtv were identified and confirmed in genomic DNA from 18 individuals
(Supplementary Information). The allele balance of 12 TTNtv could be interrogated in both
DNA & RNA (Table S18 and Fig. S9).

To assess allelic expression across the gene (Fig. 5b), base calls at SNP positions throughout
TTN were quantified without applying any cut-off regarding the variant fraction. The read
population supporting the SNP was then compared to the total number of reads to calculate
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the allele balance. SNPs found in RNAseq were compared against SNPs found in the same
sample by targeted NGS or whole genome sequencing and those SNPs found in both DNA
and RNA were considered validated. There were no discordant zygosity calls.

To estimate TTN expression levels, all uniquely mapping reads that could be assigned to
TTN unambiguously and did not intersect with any other known annotated transcripts were
counted for each individual. These read numbers were then quantile-normalized to be
compared across all samples.

To estimate exon usage, reads covering TTN exons (inclusion reads) and reads completely
aligning before and after the exon but not within the exon borders (exclusion reads) were
counted and normalized for exon length. The proportion of reads indicating incorporation of
the exon compared to the number of reads deriving from isoforms excluding the particular
exon indicates the proportion of transcripts that use the respective exon (proportion spliced
in (PSI) score (61)). For each exon, the median value of PSI across 84 samples was taken as
our estimate of exon usage.

Novex-3 expression was estimated by comparing the number of reads mapping to the last
kilobase of the Novex-3 terminal exon (exon 48) and the last kilobase of the full-length
terminal exon (364). The ratio was calculated for each sample from GTEx and DCM, and
the mean taken as an estimate of Novex-3 abundance relative to other isoforms.

Estimated exon usage was derived from the RNA sequencing of 84 LV tissue samples; these
values were then applied across all cohorts to give the estimated usage level of each exon
containing a TTNtv (Fig. 2).

Protein studies—Analysis of titin isoform expression was by vertical 1% SDS agarose
gel electrophoresis (VAGE). Protein samples from left ventricles were homogenized in
sample buffer (8 M urea/2 M thiurea/0.05 M Tris pH 6.8/75 mM DTT/, 3% SDS/0.05%
bromophenol blue) and titin isoforms were separated using an SDS/agarose gel
electrophoresis system (62). Gels were Coomassie-stained to visualize the titin isoforms
N2BA (several sizes, including both the N2A and N2B regions), N2B, and the proteolytic
fragment T2.

VARIANT ANNOTATION

To facilitate standardized variant annotation in accordance with international guidelines we
developed a Locus Reference Genomic sequence (LRG) (63) for TTN (http://www.lrg-
sequence.org, LRG_391). Variants are described relative to an inferred complete meta-
transcript (LRG_391 t1) manually curated by the HAVANA group that incorporates all
TTN exons, with the exception of a single alternative terminal exon unique to the shorter
novex-3 isoform (Figure 1 and Fig. S2 and Tables S6 & S7). Variants in the novex-3
terminal exon are reported relative to LRG_391_t2.

Variants were reported using Human Genome Variation Society nomenclature. The
functional consequences of variants were predicted using the Ensembl perl API (64) Variant
Effect Predictor (65). Variants were classified as truncating if their consequence included
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one of following sequence ontology terms: “transcript_ablation”, “splice_donor_variant”,
“splice_acceptor_variant”, “stop_gained”, “stop_lost” or “frameshift_variant”. To identify
splice variants outside of the absolutely conserved 2 intron bases, Alamut (66) was used to
calculate Maximum Entropy (67), Neural Network (NNSplice), Splice Site Finder (SSF),
Human Splice Finder (HSF), and Gene Splicer (GS) scores for reference and alternate
alleles. We used the FHS cohort variant frequencies to establish a threshold value for calling
splice variant predictions: for each variant in the splicing region (donor: —3 to +6, acceptor:
-20 to +3), the pairs of splicing scores were subtracted from one another and converted to
percentiles. Variants scored >= 90t percentile by at least 3 algorithms and >= 70t
percentile by all applied algorithms were considered conservative splicing variant
predictions and the minimum absolute score change for each prediction algorithm was
applied as threshold across all cohorts. These thresholds were selected to be more
conservative than the previously applied Maximum Entropy Score difference <= -2
threshold (12) and to exclude variants found more frequently than in 1 in 1,000 individuals.

STATISTICAL ANALYSES

Statistical analyses were performed using R (http://www.R-project.org). Comparisons
between groups were performed using Mann-Whitney or Fisher’s exact tests, as appropriate,
except where indicated. Odds ratios are reported with 95% confidence intervals.
Significance tests are two-tailed with alpha = 0.05 unless otherwise indicated. Standard
linear regressions were used to evaluate the relationship between TTN genotype and
cardiovascular phenotypes. Multivariate models were generated using known clinical
covariates and optimised to minimise Bayesian information criterion. The relationships
between morphologic parameters and TTN genotype were assessed by ANOVA between
nested linear models.

Determining the likelihood that a TTNtv found in an individual with DCM is
pathogenic—Excluding novex, low expression & predicted splice site variants:

Total TTNtv frequency in controls=31/3911=0.79%
Total TTNtv frequency in unselected DCM=45/374=12%

In order to estimate the proportion of variants in cases that are truly pathogenic, we take the
frequency of TTNtv in controls without overt disease as an estimate of the burden of benign
variation in both cohorts (0.79%). The burden of pathogenic TTNtv in unselected DCM is
therefore conservatively estimated at 11.21%.

In an individual with DCM, the likelihood that a TTNtv is pathogenic = 11.21/0.79 = 14.2,
and the probability of pathogenicity = 11.21/12 = 93.4%. The calculation for end-stage
DCM is equivalent.

Stratification of DCM and linear modelling—For prospectively recruited DCM
subjects, linear modelling was used to more fully assess the relationship between TTN
genotype and cardiac phenotype. For each phenotype a model adjusting for age and sex was
optimised using Bayesian information criteria, then compared with a similarly optimised
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model that also included TTN genotype (defined by presence/absence of TTNtv and the
distance of the TTNtv from the N-terminus) using ANOVA. TTN genotype was a significant
predictor of five phenotypic indices (LV EF, RV EF, LV SVi, RV SVi and lateral WTi).

Stratification of community-based cohorts and linear modelling—FHS Offspring
subjects were studied by echocardiography as part of exams 2 (N_total=3,787;
N_sequenced=1,360), 4 (N_total=3,798; N_sequenced=1,517), 5 (N_total=3608;
N_sequenced=1,514), 6 (N_total=3,335; N_sequenced=1,522), and 8 (N_total=2,898;
N_sequenced=1,289). LV ejection fraction (LV_EF) was estimated as (LVEDD? —
LVESD?) / LVEDD?.

To adjust each measure, linear regression models were built including as potential covariates
age, sex, In(weight), BSA, height, systolic blood pressure (SBP), diastolic blood pressure
(DBP), hypertension status (HTN), diabetes status (DM), and HTN treatment status
(HTN_tx), as well as interactions between age or sex and each other considered covariate.
Diabetes status and hypertension treatment status were excluded from FHS exam 8 because
these clinically assessed summary data were not available. Each model was built with all
covariates and then step-wise optimised to minimise Bayesian information criterion. Final
models are denoted as the first model listed for each cohort, exam, CMR/echocardiography
combination in Supplementary Information.

Atop these baseline models, we added TTNtv status or TTNtv status plus TTNtv exon usage
(PSI). The latter model is detailed in the Supplementary Information; in the tables, models
including TTNtv status plus exon expression immediately follow each paired base model.
While adding only TTNtv status to baseline models did not improve overall model
prediction, adding TTNtv status plus TTNtv exon expression did appear to improve model
performance for CMR data (Tables S16-17).

DCM outcome analysis—Kaplan-Meier and Fleming-Harrinton estimates were used to
compare time to events between unselected DCM cohort subgroups (TTNtv+ve and TTNtv
-ve). Models were right-censored at age 70, last contact time if aged <70, or the earliest
adverse event time recorded for that patient. (Fig. S5)

FHS outcome analyses—Cox proportional hazard models were used to compare time to
events between FHS cohort subgroups. Models were left-censored at exam 5 and right-
censored at ‘cardiovascular disease time’ if there were no events recorded; ‘last contact
time’, if available; or the latest event time recorded across all FHS Offspring subjects in the
survival table. Multivariate models were generated and optimised, as described in
stratification of community-based cohorts and linear modelling (above), initially considering
potential covariates of age, sex, HDL cholesterol, total cholesterol, In(triglycerides), BMI,
systolic blood pressure, diastolic blood pressure, anti-hyperlipidemia treatment status, anti-
hypertension treatment status, and all pairwise interactions between age or sex and the other
considered covariates (Table S13 and Fig. S4).
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Distribution of TTNtv in healthy individuals and DCM patients, and TTN exon usagein
the heart

A schematic of the TTN meta-transcript is shown, with sarcomere regions demarcated. The
meta-transcript (LRG_391 t1/ENST00000589042) is a manually curated inferred complete
transcript, incorporating all exons of all known TTN isoforms (including fetal and non-
cardiac isoforms) with the exception of the large alternative terminal exon 48 (dark green)
that is unique to the novex-3 transcript (LRG_391 t2 / ENST00000360870). Exon usage for
the two principal adult cardiac isoforms, N2BA and N2B (ENST00000591111,
ENST00000460472) is shown, though exon usage in vivo is variable (see below). Novex-1
and novex-2 are rare cardiac isoforms that differ from N2B by the inclusion of a single
unique exon each (red and blue respectively within the N2B track). Exon usage in human
LV is depicted as the “proportion spliced-in” (PSI, range 0-1; grey bars): the proportion of
transcripts that include a given exon. TTNtv are located more distally in cases compared
with controls, with A-band and distal I-band enrichment in end-stage (n=155) and
unselected DCM patients (n=374) and corresponding depletion in the population (n=3603)
and healthy volunteer (n=308) cohorts.
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Fig. 2. Factorsthat discriminate TTNtv in health and disease
A: Usage of TTN exons containing TTNtv across all cohorts. Exon usage is represented as

proportion spliced-in (PSI), which is an estimate of the proportion of transcripts that
incorporate each exon. Each plotted data point represents the estimated PSI of an exon
identified to have a TTNtv, separated by cohort. There was a strong relationship between the
PSI of exons containing TTNtv and disease status (P=4.9x1073, Kruskal-Wallis), with
TTNtv in DCM cases found in more highly used exons (P = 4.7x1074, Mann-Whitney). A
similar difference was observed between the replication cohorts (P = 7.5x1074). B:
Relationships between TTNtv location, PSI and disease status. The positions of TTNtv are
shown for constitutively expressed exons only (PSI=1).
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Outcomes in unselected DCM patients with (red) and without (blue) TTNtv. The left panel
shows age censored at adverse event (death, cardiac transplant or left-ventricular assist

device (LVAD) or at age 70 years. The right panel shows adverse events after enrollment, to

control for ascertainment (interval censored from time of enrollment to age 70 years or
adverse event). Event free survival is reduced in TTNtv-positive DCM (P = 0.015) due to
altered disease progression both before and after presentation. A trend to younger
presentation (Table 2), and worse outcomes after enrollment (P = 0.05) combine to give

reduced survival overall.
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Fig. 4. Allelic dissection of the impact of TTNtv position on cardiac mor phology and function
The relationships between TTNtv location and cardiac morphology and function assessed by

CMR imaging in an allelic series of DCM cases. Genotype-phenotype relationships are
shown for 43 TTNtv in unselected DCM patients. The TTNtv location (X axis) is plotted
from the amino- (N) to carboxyl- (C) end of the protein. Distal (C-terminal) TTNtv were

associated with worse cardiac contractile performance and associated with diminished

indexed stroke volume (SVi) and ejection fraction (EF) of both left and right ventricles as
compared to proximal truncations. A regression line is shown for each variable (Tables S14—
S15). LV, left ventricle; RV, right ventricle; EDVi, indexed end diastolic stroke volume (ml/
m2); ESVi, indexed end systolic volume (ml/m2), SVi, indexed stroke volume (ml/m2), EF
ejection fraction (%).
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Fig. 5. TTN mRNA and protein expression in LV tissuesfrom DCM patients with and without
TTNtv

A. Levels of TTN mRNA in TTNtv-positive (n=18) and negative (n=66) patients
(normalised read counts). B. Allelic balance of TTNtv compared to non-truncating TTN
single nucleotide polymorphisms (SNPs), a surrogate for the proportion of transcripts with
variant alleles (TTNtv or SNPs) among DCM patients with and without TTNtvs. The
comparable allelic expression of TTNtv and SNPs does not support substantial nonsense-
mediated decay (see also Fig. S9). Bars indicate median and quartiles. C. Protein
electrophoresis from a healthy LV (C, lane 1) and LV from DCM patients (lanes 2-12: +,
TTNtv-positive; —, TTNtv-negative). Sample IDs are shown for subjects with TTNtv:
variant details are shown in Table S4. Truncated protein was not seen in TTNtv-positive
samples. The arrows indicate approximate expected sizes of the truncated N2B and N2BA
isoforms and T2 denotes TTN degradation product. Semi-quantitative analysis of TTN
protein relative to myosin (MHC, myosin heavy chain) showed no reduction of TTN in
TTNtv-positive samples.

Control
20JB 01501
20JH01781
20MCO01968
20FG01148
20EG01127
20RD01346
DCM 3
20JR01203
20DS01225

Sci Transl Med. Author manuscript; available in PMC 2015 September 04.



Page 29

Roberts et al.

Author Manuscript

"Uuoxa BuIPooUs-IUBLIEA B} JO [9A3] UoIssaldxa pue ‘1diiosuel) pajoagse sy ‘adA1 Aq paisisse)d are AN L ‘dnolB yoes 1oy UMoys st AINLL © Yl $108[gns Jo sisquinN

159 10BX® S, Jaysi4 Aq passasse alam sdnoib ussmiaq suostiedwo)

g1-0Tx9'T 1€ S ep-0Tx8'C Gz-0Tx¥'T t\m hmv 1€ 9T 6 S[el L
T 0 T ST00°0 6800 S 14 1T € 4 aSuonoIpad Juetien so1jds
T 0 T 10-0TxEC 60-0Tx6'C S 6 L € Z pSHs 391|ds |edjuoue)
01-0Tx8'C 91 14 61-0TXE€'C | 60-0TxE'L 45 ST 9 L € paureb dois
01-0Tx6'T ST T cz-0Tx0'V 91-0Tx6'V ST [44 L € 4 JueLiBA Ylysawel
adAy el e\
T€ S e 167 1€ 9T 6 S[eloL
12-0TX8€ T€ 4 oy-0TXG’'G cz-0TxL'T ve [44 0¢ T 14 (6°0<1Sd) UbIH
T 0 14 Zr00 2100 0 S L T 14 (6'0-GT°0 1Sd) @reIpawau]
T 0 T 8€0 S¢0 0 4 14 14 T (ST0> 1Sd) Mo
uolreoun 3 Bulureluod uoxe Jo ;ebesn
T€ S J e ) 6V 1€ 9T 6 sfeloL
9 4 8 81T 61 6 L (ee9G//T) pueg-y UoN
ST00 10000 1700
4 T 62 € T L [ (eegeegT) pued-v
urewop a8 BWod Jes
1€ 6 ge 0S 4% 12 6 S[eoL
1 o s L0 T (090 ((9h ®v (98 (R (gf1uo uoxa [euluLIz) £-XaAON) GZN 10 VEZN JaUHeN
T 0 4 €800°0 ¥7100°0 0 L 8 4 14 Ajuo vgzN
12-0Tx8€ T€ 4 or-0TxG'S 6z-0TxL'T e 474 0¢ T 14 d¢N ® VacN
uoleaun .l Aq paoeyfe 1diosue. |
S|0J1U0D €9T=U GST=U elle=u g0g=U
SA NOAd Ale]e] /99=U Ale]e} NOd NOd 086T=U | €29T=U | S.ealuNn|oA
anfeAd feljiwe IHM NOQ IV | pewepsun | ebes-pug | pelepsun SHC SH4 AyiesH
S|0JjUcd SA NDQ
S1J04oD uolreoljdey (Alenoasia) anfen d s1i0yoD Aenossiq

Author Manuscript

T alqel

Author Manuscript

s]01u09 pue swaned D@ Ul SluelieA Buieount) N1 1 Jo usping

Author Manuscript

Sci Transl Med. Author manuscript; available in PMC 2015 September 04.



Page 30

Roberts et al.

%9 INOQ 3bBeIS-pud ‘% INOQ Pa33I3SUN ‘%00T SH ‘%0 SHA ‘%2 1a3)unjoA AUlesH :UedLIBLY UBdLY %668 INDQ dBkls-pua ‘9688 INDQ PajIaIasun ‘%0 SHC ‘%00T SHA %S/ 1aa)unjon AyifeaH :uelseaned :A)aiuyie 1oyod

Author Manuscript

'S3SBD |[B Ul uonolpald JueLieA 011ds € SI Ydiym AINLL puodss e A1ied (afeis-pua € ‘paros|asun T) INDA YUM S[eNPIAIPUL  AINLL YIM SJenpIAIpUI JO J3QINU [B10}

Author Manuscript

)
Buoijds Jsyfe 01 00111 Ul paroIpald ate Yey sals ad1|ds [ea1UOUED 0) 8S0[D sueLien

suonoun( 3211ds ,€ pue ,§ 8y} 1e sired aseq d1UoJIUI Z 3Y) 01 Jayal salis ao1|ds _S_cocmou

1Sd uo paseq Ajeatiobisled pake|dsip aue sjans| abesn coxmo
"919UMas|d PapN|IXa aJe §-XaA0U JO UOX3 [eUIWIa} aAITeuIa}fe ay) 1oedwi Ajuo Jeys ﬂcc_a>n
'5309[gns Jayj0 0} SSaUpale|al 0} anNp Ady} S SasAjeue asay) WO PAPNJIXa a1am s30algns VLELE,

Author Manuscript Author Manuscript

Sci Transl Med. Author manuscript; available in PMC 2015 September 04.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Roberts et al.

Clinical characteristics of DCM patients with and without TTNtv

Table 2

CMR and Clinical Data | TTNtv-negative (n=277) | TTNtv-positive (n=42) | P value
EDVi 136 + 38 137+34.1 0.677
ESVi 87.5+39.1 93.7+36.4 0.205
d SVi 482+129 434+14.1 0.041
EF 37.5+12.2 33.3+133 0.047
EDVi 89.4+24.7 89.6 £26.1 0.972
ESVi 452 +22.3 50.4 +25.9 0.234
RV SVi 444 +12.6 39.2+15.8 0.031
EF 51.6+14.1 452+ 16 0.036
LVMi 95.4 +£27.6 87.1+18.3 0.106
Lateral WTi 3.13+0.73 2.77+0.713 0.003
Mid-wall fibrosis 94/ 270 (35%) 13 /41 (32%) 0.869
Age at Diagnosis (years) 53.4+13.4 49.3+13.7 0.115
NYHA status 1/2/3/4 116/104/36/1 19/16/4/1 0.692
Sustained VT 20/97 (21%) 9/ 14 (64%) 0.001
Conduction Disease 82 /227 (36%) 8 /36 (22%) 0.130
Family history of DCM 241218 (11%) 9 /37 (24%) 0.034
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Unselected DCM cohort. Values are means + SD. Volume measurements are indexed to body surface area. LV, left ventricle; RV right ventricle;

EDVI/ESVi end diastolic/systolic volume; SVi stoke volume; EF ejection fraction; LVMi LV mass; WTi wall thickness; VT ventricular
tachycardia; NYHA New York Heart association functional class. P values, not corrected for multiple testing as not independent.

Sci Transl Med. Author manuscript; available in PMC 2015 September 04.



