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Integrated allelic, transcriptional, and phenomic
dissection of the cardiac effects of titin truncations
in health and disease

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) promises
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
5267 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 (using the TTN transcript annotations available at http://cardiodb.org/titin), and demonstrate that these data, coupled with the position of the TTNtv, provide a robust strategy to discriminate pathogenic
from benign TTNtv. We show that TTNtv is the most common genetic cause of 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 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
Nonischemic 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). Wider application is hindered by historically low
mutational yield and a background prevalence 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 of severe and familial DCM,
accounting for about 25% of cases (12). TTNtv also occur in about
2% of individuals without overt cardiomyopathy (12–14), a value that
exceeds the prevalence of nonischemic DCM by fivefold and poses significant challenges for the interpretation of TTNtv 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 III (FN-III) modules
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that are interspersed with nonrepetitive 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-disc and participates in myofibril assembly, stabilization, and
maintenance (16). The elastic I-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 5604 to 34,350
amino acids. In the adult myocardium, two major full-length titin isoforms, N2BA and N2B, are robustly expressed along with low abundance, short novex isoforms (Fig. 1). N2BA and N2B isoforms span
the sarcomere Z-disc to M-band but differ primarily in the I-band.
The longer N2BA isoform contains both the N2A and N2B segments,
whereas 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 nonlinear dependence on the I-band composition. For a given
sarcomere length, the N2B isoform has a 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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Burden of TTNtv in health and DCM
In the discovery cohorts, we identified 56 TTNtv affecting TTN isoforms
that span the sarcomere in the 3911 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, odds ratio (OR) = 13 (9 to
18), P = 2.8 × 10−43; 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 to 25), P = 1.9 × 10−45]. Additional variants predicted to
alter noncanonical splice signals were also enriched in DCM [OR = 4.2
(1.8 to 9.7), P = 0.0017] but not as strongly (comparison: P = 0.0068), and
these often occurred in combination with another TTNtv (tables S1
to S5).
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Fig. 1. Distribution of TTNtv in healthy individuals and DCM patients,
and TTN exon usage in the heart. A schematic of the TTN meta-transcript,
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 noncardiac 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 and ENST00000460472), is shown, al-
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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
to 1; gray 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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Healthy volunteers

longitudinal clinical data [3603 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 subsets of TTNtv that are likely to
be 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).
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Distribution of TTNtv in health and DCM
In our previous study of severe and familial DCM, we 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 in controls [61 of 87 case variants
located in A-band, versus 21 of 56 in controls, OR = 3.9 (1.8 to 8.3),
P = 1.4 × 10−4], as a result of both an enrichment of A-band variants
in DCM patients [compared with a uniform distribution; OR = 2.3 (1.4

Table 1. Number of TTNtv in DCM patients and controls. Numbers of
subjects with a TTNtv are shown for each group. TTNtv are classified by
type, the affected transcript, and expression level of the variant-encoding
exon. Comparisons between groups were assessed by Fisher’s exact

test. Cohort ethnicity: Caucasian: healthy volunteer, 75%; FHS, 100%;
JHS, 0%; unselected DCM, 88%; end-stage, DCM 85%; African American:
healthy volunteer, 2%; FHS, 0%; JHS, 100%; unselected DCM, 4%; endstage DCM, 6%.

Discovery cohorts

Replication cohorts

WHI
(n = 667)

Familial DCM
(n = 163)

P value DCM
versus
controls

2

31

3.8 × 10−21

Transcript affected by truncation
1.7 × 10−25 5.5 × 10−46

N2BA and N2B

4

11

20

42

34

N2BA only

4

2

8

7

0

0.0014

0.0083

2

0

1

1 (0)

8 (5)

4 (1)

1 (1)

1 (1)

1

0.7

5 (4)

0 (0)

1

9

21

32

50

35

9

31

A-band (18,235
amino acids)

2

7

12

32

29

1

25

Non–A-band
(17,756
amino acids)

7

9

19

18

8

4

6

9

16

31

49‡

34‡

5

31

Neither N2BA or
N2B (novex-3
terminal exon
only†)
Totals

Sarcomere domain

Totals

0.011

0.00014

0.015

§

Usage of exon containing truncation
Low (PSI <0.15)

1

4

4

2

0

0.25

0.38

1

0

1

Intermediate
(PSI 0.15 to 0.9)

4

1

7

5

0

0.012

0.042

2

0

1

High (PSI >0.9)

4

11

20

42

34

2

31

3.8 × 10−21

‡

‡

5

31

Totals

1.7 × 10−25 5.5 × 10−46

9

16

31

49

34

Frameshift
variant

2

3

7

22

15

4.9 × 10−16 4.0 × 10−25

1

15

1.9 × 10−10

Stop gained

3

7

6

15

12

7.3 × 10−09 2.3 × 10−15

2

16

2.8 × 10−10

Canonical splice
sites¶

2

3

7

9

5

2.9 × 10−05 2.3 × 10−07

1

0

1

Splice
variant
predictions||

2

3

11

4

5

1

0

1

9

16

31

49‡

34‡

5

31

1.6 × 10−18

Variant type

Totals

0.089

0.0015

1.4 × 10−25 2.8 × 10−43

*Three of 374 subjects were excluded from these analyses due to relatedness to other subjects.
†Variants that only affect the alternative terminal exon of novex-3 are excluded elsewhere.
‡Total number of individuals with TTNtv; four individuals with DCM (one unselected, three end-stage) carry a second TTNtv, which is a splice variant prediction in three cases.
§Exon usage
levels are displayed categorically on the basis of PSI. ¶Canonical splice sites refer to the two intronic base pairs at the 5′ and 3′ splice junctions. ||Variants close to canonical splice sites that
are predicted in silico to alter splicing.

www.ScienceTranslationalMedicine.org

14 January 2015

Vol 7 Issue 270 270ra6

3

Downloaded from http://stm.sciencemag.org/ by guest on October 17, 2019

P value DCM
Healthy
Unselected End-stage
versus controls
FHS
JHS
volunteers
DCM
DCM
(n = 1623) (n = 1980)
(n = 371)* (n = 155) Unselected
(n = 308)
All DCM
DCM
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to 3.6), P = 3.4 × 10−4] and an opposing trend, towards A-band sparing,
in controls [35 of 56 variants outside A-band, OR = 0.58 (0.34 to 1.0),
P = 0.06]. A-band enrichment was most pronounced in end-stage
DCM patients [OR = 3.5 (1.6 to 8.5), P = 7.8 × 10−4] with a concordant
trend in less severe, unselected DCM [OR = 1.7 (0.97 to 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 and S3).
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 and S7). Because
recent studies suggest that variants affecting only a subset of gene transcripts are less likely to cause loss of function than variants affecting all isoforms (25), we compared TTNtv among different isoforms. TTNtv that
altered both N2BA and N2B were strongly enriched in DCM patients
when compared to controls [OR = 19 (12 to 29), P = 5.5 × 10−46]
and associated more strongly with DCM than TTNtv that affected
only the N2BA isoform [OR = 3.8 (1.4 to 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 exons in novex
and fetal isoforms). Thirteen variants were found in N2BA/N2Bexcluded exons [7406 base pairs (bp)], and 49 variants were found
in N2BA/N2B-included exons [103,052 bp] [OR = 3.7 (2.0 to 6.7), P =
2.0 × 10−4]. The prevalence of truncations in the terminal exon unique
to the novex-3 isoform was not significantly different between cohorts
[0.37% DCM versus 0.15% controls, OR = 2.5 (0.36 to 13), P = 0.24],
and the nominal about twofold 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-disc and
proximal I-band (26), and LV expression levels of novex-3 in 105 samples from the Genotype-Tissue Expression (GTEx) project (27) and in DCM
A
1.0
patients (see below) were about 7.3 and
9.4% of N2BA and N2B isoform levels, re0.8
spectively. Given these observations and
the lack of evidence for pathogenicity of
0.6
novex-3 truncations, mutations specific
to this isoform were excluded from subse0.4
quent analyses.

Protein coordinates of truncating variants
TTNtv in DCM cases could also be described as occurring more distally
in the TTN gene than TTNtv in controls. Treating all cohorts as an
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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 median usage of each TTN exon (table S7),
denoted as the proportion of transcripts
that incorporate each exon or PSI (see
Materials and Methods). Identical exons
were alternatively spliced in LV tissues
from DCM patients and GTEx donors
(global PSI: R = 0.98) (table S7 and fig.
S4). There were important differences between observed exon usage and conventional
transcript definitions (see table S7): 39 of 122
exons annotated as incorporated into the
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Fig. 2. Factors that discriminate TTNtv in health and disease. (A) Usage of TTN exons containing TTNtv
in all cohorts. Exon usage is represented as 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, grouped by cohort. There was a strong relationship between the PSI of exons containing TTNtv and
disease status (P = 4.9 × 10−3, Kruskal-Wallis), with TTNtv in DCM cases found in more highly used exons (P =
4.7 × 10−4, Mann-Whitney). A similar difference was observed between the replication cohorts (P = 7.5 ×
10−4). (B) Relationships between TTNtv location, PSI, and disease status. The positions of TTNtv (amino
acid coordinates, reference transcript LRG_391_t1) are shown for constitutively expressed exons only
(PSI = 1).
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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 to 0.9), as did two exons absent from the
conventional N2BA/N2B descriptions. A summary of these transcript annotations, including PSI values, is available at http://cardiodb.org/titin.
The TTN gene structure is organized to accommodate extensive
splicing events. Eighty-five percent of all TTN exons are symmetric,
and consequently, their exclusion would not alter the translation frame,
whereas exome-wide, only 68% of exons are symmetric (P = 1.2 × 10−11).
Exon symmetry was correlated with PSI. Only three exons (103, 104, and
106) among 175 exons with PSI <0.99 are asymmetric, whereas 49 of 185
(27%) exons with PSI >0.99 are asymmetric (table S7; P = 7 × 10−13).
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 to 106 is symmetric because these exons are always spliced
together. Hence, most I-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
c2, P = 4.9 × 10−3), with the TTNtv-containing exons in controls having
lower usage than the TTNtv-containing exons in DCM patients (P =
2.5 × 10−4) (Fig. 2A). On the basis of 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.

RESEARCH ARTICLE
ordered variable (as above), we also observed a significant relationship
between cohort phenotypes and TTNtv position (Kruskal-Wallis c2,
P = 3.1 × 10−3).

Table 2. Clinical characteristics of DCM patients with and without
TTNtv. Unselected DCM cohort. Values are means ± SD. Measurements
are indexed to body surface area where indicated. LV, left ventricle;
RV, right ventricle; EDVi/ESVi, indexed end-diastolic/systolic volume;
SVi, indexed stroke volume; EF, ejection fraction; LVMi, indexed LV
CMR and clinical data
LV

RV

EDVi

Validation studies
The genetic and transcriptional analyses of the five discovery cohorts
predicted that the pathogenicity of TTNtv was influenced 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 cohort that excluded individuals with chronic disease. In comparison to controls,
TTNtv affecting both the N2BA and N2B isoforms were enriched in
mass; WTi, indexed wall thickness; VT, ventricular tachycardia; NYHA,
New York Heart Association functional class. Groups were compared
using Wilcoxon-Mann-Whitney test for continuous variables, and Fisher’s
exact test for categorical. P values not corrected for multiple testing, as
variables were not independent.

TTNtv-negative (n = 277)

TTNtv-positive (n = 42)

P

136 ± 38

137 ± 34.1

0.677

ESVi

87.5 ± 39.1

93.7 ± 36.4

0.205

SVi

48.2 ± 12.9

43.4 ± 14.1

0.041

EF

37.5 ± 12.2

33.3 ± 13.3

0.047

EDVi

89.4 ± 24.7

89.6 ± 26.1

0.972

ESVi

45.2 ± 22.3

50.4 ± 25.9

0.234

SVi

44.4 ± 12.6

39.2 ± 15.8

0.031

EF

51.6 ± 14.1

45.2 ± 16

0.036

95.4 ± 27.6

87.1 ± 18.3

0.106

LVMi
Lateral WTi
Midwall fibrosis
Age at diagnosis (years)

3.13 ± 0.73

2.77 ± 0.713

0.003

94/270 (35%)

13/41 (32%)

0.869

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

24/218 (11%)

9/37 (24%)

0.034

www.ScienceTranslationalMedicine.org

14 January 2015

Vol 7 Issue 270 270ra6

5

Downloaded from http://stm.sciencemag.org/ by guest on October 17, 2019

Diagnostic interpretation of TTNtv
Because 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 on the basis of their relative frequency between cohorts. Applying this framework to our discovery cohort, we estimated that TTNtv produced by nonsense, frameshift, or
canonical splice site mutations that affect highly expressed exons
(PSI, >0.9) had 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, because we assumed an all or nothing model in which all TTNtv in
controls were benign, giving an upper limit of the background noise.
About 50% of the TTNtv identified in healthy volunteers and communitybased cohorts occurred in low PSI exons, including novex-specific exons.
Analyses of publicly available genomic data sets showed similar results.
TTNtv occur in 1.1% of alleles in the 1000 Genomes Project (28, 29) and in
2.6% of alleles in the National Heart, Lung, and Blood Institute (NHLBI)
GO Exome Sequencing Project (ESP; http://evs.gs.washington.edu/EVS/).
Seven of 12 (58%) TTNtv in the 1000 Genomes Project and 83 of 168
(49%) TTNtv in ESP are in novex or other low PSI exons (tables S8
and S9).
To further explore the health effects of TTNtv in communitybased cohorts, we examined longitudinal follow-up data. Most 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 (EF)] in the absence of coronary artery
disease (CAD) [TTNtv-positive, 2 of 16 subjects; TTNtv-negative, 12 of
1574 subjects; relative risk (RR) = 16, P = 0.008; tables S10 and S11].
Although the two TTNtv (c.9727C>T and c.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 (TTNtvpositive, 2 of 12 subjects; RR = 22, P = 0.005).
TTNtv-positive FHS subjects had no evidence of either early heart
failure or early cardiovascular death (table S12 and fig. S5). Although
some of these TTNtv are unlikely to be pathogenic (for example, TTNtv
found in rare novex exons), others may cause DCM with reduced penetrance as a result of characteristics of the variant itself and/or the effects
of additional protective and exacerbating genetic or environmental
modifiers for DCM (30, 31), factors that may also account for the mismatch between population prevalence of mutations in hypertrophic
cardiomyopathy genes and overt disease (8).
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Age at death, cardiac transplant,
or LVAD by TTN genotype

Time from enrolment to death, cardiac transplant,
or LVAD by TTN genotype

0.8

0.6
0.4
0.2

0.0

Freedom from adverse event
(proportion of subjects)

0.8
0.6
0.4
0.2
0.0

Freedom from adverse event
(proportion of subjects)

1.0

1.0

(P < 0.006; tables S14 and S15). This positional effect on cardiac parameters was
large, such that a C-terminal TTNtv would
be associated with substantially reduced
EF as compared with an N-terminal TTNtv
[absolute reductions: LV −18 ± 7%, P =
0.006; right ventricle (RV) −21 ± 9%, P =
7.3 × 10−6] and SVi (absolute reductions:
LV −22 ± 8 ml/m2, P = 0.0017; RV −23 ±
8 ml/m2, P = 0.0013). Among subjects with
TTNtv, the variant position explained 19
to 23% of the observed variation (R2) in
TTNtv−positive
TTNtv−positive
phenotypic indices. Regression modeling
TTNtv−negative
P = 0.05
TTNtv−negative
P = 0.015
of CMR data in FHS participants also sug0
20
40
60
80
0
2
4
6
8
10
12
14
gested that the distance of the TTNtv from
Age at adverse event (years)
Time from enrolment to event (years)
the N terminus correlated with cardiac morFig. 3. TTNtv and survival in DCM. Outcomes in unselected DCM patients with (red) and without (blue) phology; there was a consistent direction of
TTNtv. (Left) Age censored at adverse event [death, cardiac transplant, or left-ventricular assist device effect across a range of phenotypic indices
(LVAD)] or at age 70 years. (Right) Adverse events after enrollment, to control for ascertainment (interval (figs. S7 and S8 and tables S16 and S17).
censored from time of enrollment to age 70 years or adverse event). Event-free survival is reduced in TTNtvWe suggest that the phenotypic assopositive DCM (P = 0.015) as a result of faster disease progression. A trend to younger presentation (Table 2)
ciations
with exon usage and location of
and worse outcomes after enrollment (P = 0.05) combine to give reduced survival overall.
the truncation within the protein are potentially of clinical importance for diagthe DCM replication cohort [OR = 78 (20 to 460), P = 3.8 × 10−21], and nostic variant interpretation. In addition, we deduced that a linear
TTNtv in this cohort were located in more highly expressed exons (P = positional effect of TTNtv implied that mutant proteins produced dom7.5 × 10−4; Table 1, Figs. 1 and 2, and table S13). The predicted prob- inant negative effects.
ability of pathogenicity of nonsense, frameshift, or canonical splice
TTNtv in highly expressed exons in the DCM replication cohort was Molecular studies and mechanistic implications
≥98% (LR = 41).
On the basis of the observation that TTNtv exhibited length-dependent
effects, we studied allele-specific TTN transcript expression and protein
Clinical stratification of DCM by TTN genotype
levels in human LV tissue to further explore whether TTNtv caused
To better ascertain clinical phenotypes associated with TTNtv-positive DCM through dominant negative effects or through haploinsufficiency.
DCM, we capitalized on quantitative cardiac magnetic resonance (CMR) RNA sequencing showed comparable total TTN transcript levels in paimaging (32, 33) in DCM patients. Among TTNtv-positive DCM pa- tients with or without TTNtv (Fig. 5A). Moreover, the relative exprestients, we observed more severely impaired LV function, lower stroke sion of TTNtv and of other single-nucleotide polymorphisms (SNPs)
volumes, and thinner LV walls (Table 2) than in TTNtv-negative DCM distributed throughout TTN transcripts showed robust expression of
patients. Multivariate regression confirmed that TTN genotype predicted both alleles (Fig. 5B, table S18, and fig. S9). We also observed no disphenotype severity after adjusting for important covariates (tables S14 cernible difference in the abundance of N2BA and N2B protein isoand S15). Midwall fibrosis, an important prognostic factor in DCM forms in DCM patients with or without TTNtv (Fig. 5C). Combined
(34, 35), was similar in patients with and without TTNtv, but sustained with the genetic data presented above, our analyses of TTN RNA and
ventricular tachycardia was more common in TTNtv-positive patients protein expression in LV tissues suggest that TTNtv may cause DCM
(OR = 6.7, P = 0.001) and robust to adjustment for LV EF. Consistent by a dominant negative effect.
with these adverse intermediate phenotype associations, we observed
a difference in the composite endpoint of LV assist device implanta- DISCUSSION
tion, listing for cardiac transplantation, and all-cause mortality. TTNtvpositive DCM patients reached this endpoint at earlier ages (P = 0.015; The integrated analyses of TTN sequence, protein and transcriptional data, and quantitative phenotypic assessment of more than
Fig. 3) and sooner after prospective enrolment (P = 0.05; Fig. 3).
5200 healthy and DCM subjects define the spectrum of cardiac
physiology associated with TTNtv. We demonstrate that TTNtv
Length-dependent association between TTNtv position
occur in ∼2% of the general population, in 13% of ambulatory unand DCM
Motivated by the association between TTNtv location and disease status selected DCM patients, and in 20% of end-stage DCM patients. We sug(Fig. 1), which persists after controlling for PSI (Fig. 2B), we considered gest that the clinical significance of TTNtv is largely determined by exon
TTNtv in DCM patients as an allelic series to dissect positional effects usage and variant location (the distance of the TTNtv from the protein
N terminus). Incorporation of these data improved discrimination beand disease mechanism.
The distance from the N terminus of the TTN protein to the TTNtv tween pathogenic and benign variants in two independent study cocorrelated with CMR indices (Fig. 4 and fig. S6). Multivariate linear re- horts. That TTNtv exhibited length-dependent consequences and
gression models showed that TTNtv location was significantly cor- were highly expressed in human LV tissue suggest that these mutations
related with principle indices of heart function: EF and stroke volume may cause DCM through a dominant negative mechanism.
14 January 2015

Vol 7 Issue 270 270ra6

6

Downloaded from http://stm.sciencemag.org/ by guest on October 17, 2019

www.ScienceTranslationalMedicine.org

RESEARCH ARTICLE
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LV SVi (ml m2)

LV EF (%)

without deleterious consequences, (ii) an
isoform switch from N2BA to N2B can oc180
220
70
cur, or (iii) shorter mutant proteins may be
160
50
200
60
less deleterious. Overall, TTNtv in low- to
140
180
40
120
50
intermediate-expression exons (PSI, <0.9),
160
100
novex TTN isoforms, and at noncanonical
30
40
140
80
splice
sites accounted for 50% of all TTNtv
30
120
20
60
identified in controls cohorts. These vari100
20
40
ant types were associated with normal carN
C
N
C
N
C
N
C
diac morphology and function and were
2
2
2
RV EDVi (ml m )
RV ESVi (ml m )
RV SVi (ml m )
RV EF (%)
not associated with DCM. We suggest that
b = −1.74 , P = 0.91
b = 21.5 , P = 0.12
b = −22.9 , P = 0.0049
b = −21 , P = 0.017
160
140
when TTNtv with these characteristics are
70
70
140
120
identified in low-risk individuals, the clin60
60
120
100
50
ical interpretation should not convey to
50
80
100
40
the patient that he or she is at high risk
40
60
30
80
for DCM.
30
40
20
60
A small number of FHS participants
20
10
20
40
(n = 12) had TTNtv in highly expressed
10
N
C
N
C
N
C
N
C
exons including two individuals with DCM
Variant position (amino acid)
morphology on cardiac imaging (RR = 22).
Fig. 4. Allelic dissection of the impact of TTNtv position on cardiac morphology and function. The There was no increased risk for DCM in
relationships between TTNtv location and cardiac morphology and function assessed by CMR imaging in an TTNtv-positive JHS participants, possibly
allelic series of DCM cases. Genotype-phenotype relationships are shown for 43 TTNtv in unselected DCM because of differences in phenotype aspatients. The TTNtv location (x axis) is plotted from the amino (N) to the carboxyl (C) end of the protein. Distal certainment or ethnicity-specific genetics.
(C-terminal) TTNtv were associated with worse cardiac contractile performance, specifically diminished inWhether the differential risk associated
dexed stroke volume (SVi) and EF of both LV and RV as compared to proximal truncations. A regression line
2
is shown for each variable (tables S14 and S15). EDVi, indexed end-diastolic stroke volume (ml/m ); ESVi, with TTNtv between the DCM and population cohorts reflects differences in pheindexed end-systolic volume (ml/m2); SVi, indexed stroke volume (ml/m2); EF, ejection fraction (%).
notypic assessment, the very small numbers
of cases, an aggregation of additional geCardiomyopathy genes feature prominently in the American Col- netic factors in phenotypically ascertained DCM families, or other
lege of Medical Genetics and Genomics’ list of genes in which mutations factors is unknown.
should be reported to the patient regardless of the primary indication
Patient stratification is a cornerstone of precision medicine (42). We
for sequencing that patient’s genome (36). Accurate interpretation of propose that DCM due to TTNtv represents a specific patient subgroup
such clinically actionable incidental findings in cardiomyopathy genes that may benefit from more tailored clinical management. In DCM, susis both difficult and medically important because of the considerable tained ventricular tachycardia, LV wall thickness (43), and LV EF prepopulation prevalence of protein-altering variants in cardiomyopathy dict outcome (44). TTNtv-positive patients reported here had poorer
genes (8, 36), a combined population prevalence of cardiomyopathies cardiac indices and earlier onset of heart failure or death. Despite small
of about 0.7%, and the associated important medical consequences in- differences in the functional indices between groups, we showed that, as
cluding heart failure and sudden death (37–39).
compared to TTNtv-negative patients, TTNtv-positive DCM patients had
The true frequency of TTNtv across the general population has been substantially increased risk of sustained ventricular tachycardia (OR = 6.8,
unclear, and the lack of penetrance of these variants is an issue of debate P = 0.001), perhaps related to increased wall stress (45). If these findings
(13, 20, 40, 41). From analyses of more than 4500 control subjects, we are replicated in prospective cohorts, TTNtv-positive DCM patients may
identified TTNtv in 1.6% individuals of African descent and 1.5% indi- benefit from a lower threshold for device therapy, as is practiced with LMNA
viduals of European descent. Using transcript and mean TTN exon ex- DCM (46). Preliminary observations showed that five of six TTNtv-positive
pression in human heart tissue, we provide insight into why some of DCM patients who received mechanical unloading therapy support during
these TTNtv are phenotypically silent. Truncations in the control this study had sustained recovery of cardiac function, raising the possibility
subjects were more likely to affect minor TTN isoforms as compared that TTN DCM may prove amenable to targeted device therapy.
with DCM cases, including novex-3, a low-abundance isoform that does
Mutations that lead to premature termination of encoded proteins
not span the cardiac sarcomere. Truncations that occurred specifically often cause haploinsufficiency. By contrast, our analyses of allele-specific
in novex-3 were not enriched in DCM patients. We also observed that, transcript expression and protein in human LV tissue indicate that
although canonical splice variants were enriched in TTN from DCM TTN is highly and biallelically expressed: TTNtv containing transcripts
patients, other variants predicted in silico to alter splicing showed more were not subjected to substantial nonsense-mediated decay, and levels
modest enrichment (0.4% versus 1.7%, P = 0.0015; Table 1). This ob- of the major titin protein isoforms were not diminished. Deletions withservation may reflect limitations in current prediction algorithms; inter- in 2q31-q32 encompassing the entire TTN locus do not cause overt carpretation of noncanonical splice variants should be cautious unless diac muscle disease (47), and patients with recessive TTN mutations
informed by RNA evidence or robust segregation data. In addition, the exhibit truncated TTN in the sarcomeres of skeletal muscles by immuimpact of TTNtv in exons with intermediate expression levels (PSI, 0.15 nohistochemistry (48), supporting this postulate. Rather, the correlato 0.9) may be ameliorated because (i) symmetrical exons can be excluded tions between TTNtv position and cardiac function reported here suggest
b = 12 , P = 0.59

b = 34.8 , P = 0.13

b = −22.3 , P = 0.0045
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b = −18.4 , P = 0.013
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MATERIALS AND METHODS
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Fig. 5. TTN mRNA and protein expression in LV tissues from DCM patients with and without TTNtv. (A) TTN mRNA in TTNtv-positive (n = 18)
and TTNtv-negative (n = 66) patients (quantile-normalized read counts).
(B) Allelic balance of TTNtv compared to nontruncating TTN 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 (lane 1) and LV from DCM patients (lanes 2 to 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. Arrowheads, approximate expected sizes of the
truncated N2B and N2BA isoforms; T2, a TTN degradation product; MDa,
megadaltons. Semiquantitative analysis of TTN protein relative to myosin (MHC,
myosin heavy chain) showed no reduction of TTN in TTNtv-positive samples.

a dominant negative effect, as occurs with some MYBPC3 truncations
that cause hypertrophic cardiomyopathy (49, 50), in which increasing
DCM severity is associated with longer mutant proteins. Further studies
are needed to determine whether this length relationship is valid and if it
results from an increased energetic cost associated with generation and
turnover of longer mutant proteins, deleterious sequestration of nonsarcomeric 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. About 5% of the gene
comprises repetitive exons with poor alignment: although coverage did

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 internal statistical review. All studies
were carried out with protocols that were reviewed and approved by institutional ethics committees and with informed consent from all participants. Tissue studies complied with UK Human Tissue Act guidelines.
Cohort descriptions and subject selection
DCM cohorts. Three hundred seventy-four unselected prospective patients of predominantly European ancestry who were referred to the
CMR unit of the Royal Brompton & Harefield Hospitals NHS Foundation Trust (RBHT) from July 2001 to August 2012 and diagnosed with
idiopathic DCM were studied. DCM was diagnosed by CMR findings
of EF >2 SD below and end-diastolic volume >2 SD 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 by non-invasive testing and clinical profiles (for example, young relatives of an individual with idiopathic DCM; 101 patients). Twenty-four
patients had bystander CAD considered insufficient to produce CMR
features of DCM (<2 myocardial segments with <25% late gadolinium
enhancement).
One hundred fifty-five randomly selected end-stage nonischemic
DCM patients who were listed for cardiac transplantation and/or LV
device implantation between 1993 and 2011 at RBHT and prospectively
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not differ much among cohorts, additional TTNtv in these regions may
have been missed. Newer sequencing assays with longer read lengths
can address this. The lower burden of TTNtv in our population cohorts
yielded a small allelic series that, combined with the limitations of screeningquality phenotype ascertainment, limited the power of genotype-phenotype
analyses in these cohorts. We had arrhythmia data for only a subset of
the unselected DCM cohort, and ongoing 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 features 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 C 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 use 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 potentially altered by 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.
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TTN sequence data
DCM subjects and healthy volunteers. TTN was sequenced in
prospective DCM cases, healthy volunteers, and 103 end-stage DCM

cases by 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 (Ensembl
version 54), including untranslated regions, 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 (fivefold), covering a target region of 168,369 bp,
including 112,916 protein-coding bases. DNA library preparation and
target capture were performed according to the manufacturers’ protocols
before paired-end sequencing on the SOLiD 5500xl (Life Technologies).
Reads were demultiplexed and aligned to the human reference genome
(hg19) in color space using LifeScope v2.5.1 “targeted.reseq.pe” pipeline.
SOLiD Accuracy Enhancement Tool (SAET) was used to improve color
call accuracy before 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 with diBayes (SNPs)
and small indels modules, as well as GATK v1.5-2.7 (52) 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 wholegenome sequencing (Complete Genomics), and variants were called
using Complete Genomic Analysis Tools (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, and
(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 TTN,
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, and in TTN missense variants
between TTNtv-positive and TTNtv-negative 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 described (8). Sequence reads were mapped to the hg19 human
reference sequence with BWA (53). GATK v1.3 was used to recalibrate
base quality scores, locally realign reads, call single-nucleotide variants
and small indels, and filter variant calls. 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 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 Illumina Genome
Analyzer II and HiSeq platforms as described (54). Sequence reads
for the replication cohorts were processed using an identical pipeline.
Raw sequence reads for both WHI exomes and DCM replication
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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.
One hundred sixty-three 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 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 [LV enddiastolic dimension (LVEDD), >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 before transplantation.
Healthy volunteers and population cohorts. Three hundred
eight clinically screened adult volunteers (age range, 18 to 72 years;
mean, 40.3 years) of predominantly European ancestry were prospectively recruited via advertisement at the MRC Clinical Sciences Centre,
Imperial College London. Participants with previously documented cardiovascular disease, hypertension (HTN), diabetes, or hypercholesterolemia
were excluded.
Community-based cohorts. Unrelated participants in the FHS
offspring cohort (1623) and 1980 unrelated randomly selected participants in the JHS were studied. The FHS is a multigeneration, prospective,
population-based study aimed at identifying the causes of cardiovascular disease (22). In 1948, residents of Framingham, Massachusetts,
of predominantly European Ancestry were enrolled. Between 1971 and
1975, the study enrolled a second generation, the offspring cohort, comprising 5124 children of the original cohort and their spouses. The offspring cohort has since been examined every 3 to 8 years, with the last
exam reported here, exam 8, occurring between 2005 and 2008. All FHS
phenotypic data were retrieved from National Center for Biotechnology
Information (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 populationbased, prospective study of cardiovascular disease (23). Between 2000 and
2003, the study enrolled 5301 African Americans aged 35 to 84 years and
living in the Jackson, Mississippi, metropolitan area. All JHS phenotypic
data were retrieved from NCBI dbGaP (accession: phs000286.v3.p1).
TTN sequence data for JHS participants are available from NCBI dbGaP
(accession: phs000498.v1.p1).
Population control replication cohort. Six hundred sixty-seven
women of European ancestry from the 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 and 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.
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cohorts were aligned to the human reference genome hg19 using Novoalign
(Novocraft). Duplicates were marked with Picard (Broad Institute). Indel
realignment and base quality score recalibration were done with GATK
v2.7. SNP and short insertions/deletions (indels) were called using a 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.

Variant annotation
To facilitate standardized variant annotation in accordance with international guidelines, we developed a Locus Reference Genomic
(LRG) sequence (60) for TTN (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 (Fig. 1, fig. S2, and tables S6
and S7). Variants in the novex-3 terminal exon are reported relative
to LRG_391_t2.
Variants were reported using the Human Genome Variation Society
nomenclature. The functional consequences of variants were predicted
using the Ensembl Perl API (61) Variant Effect Predictor (62). Variants
were classified as truncating if their consequence included 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 two intron bases, Alamut (63) was used to calculate maximum
entropy (64), and Neural Network (NNSplice), Splice Site Finder (SSF),
Human Splicing 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 ≥90th percentile by at least three algorithms and ≥70th percentile by all applied algorithms were considered
conservative splicing variant predictions, and the minimum absolute
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LV tissue studies
Tissue studies were performed on LV tissue samples from the end-stage
DCM cohort, which were 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 ultraviolet
spectrophotometry. RNA quality was measured on the Agilent 2100
Bioanalyzer using Agilent’s RNA 6000 reagents. RNA integrity numbers
ranged between 6.3 and 8.7 with a mean of 7.6. Total RNA (4 mg) was
used for library preparation with the TruSeq RNA Sample Preparation
Kit (Illumina). Barcoded cDNA (complementary DNA) fragments of
poly(A)+ RNA were then sequenced on a HiSeq 2000 (Illumina) using
2 × 100–bp paired-end chemistry. Pools of six samples were loaded on
three 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 multimapping sequences. The remaining sequences
were then mapped against the GRCh37 reference genome and transcriptome using TopHat 1.4.1 (55) supplied with Ensembl (56) gene annotations. Splice junction detection was performed to allow split
alignment across both known and novel splice sites.
RNAseq data were 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 the transcriptome with at most two mismatches in 100 bp were considered for further analyses. The SAMtools
suite (57) was used to call TTNtv at all positions covered by a minimum
of 10 reads.
Sequencing was also performed on paired DNA samples for all 84
individuals, as described above and all putative variants taken forward
for Sanger validation. Nineteen TTNtv were identified and confirmed in
genomic DNA from 18 individuals. The allele balance of 12 TTNtv could
be interrogated in both DNA and 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
cutoff regarding the variant fraction. The read population supporting
the SNP was then compared to the total number of reads to calculate
the allele balance. SNPs found in RNAseq were compared against SNPs
found in the same sample by targeted next-generation sequencing 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 [PSI score (58)]. For each exon, the median value of
PSI across 84 samples was taken as our estimate of exon usage. This
value was then applied across all cohorts to give the estimated usage
level of each exon containing a TTNtv (Fig. 2).
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 was taken as an estimate of novex-3 abundance relative to
other isoforms.
Protein studies. Analysis of titin isoform expression was by vertical 1% SDS agarose gel electrophoresis (VAGE). Protein samples from
LVs were homogenized in sample buffer [8 M urea/2 M thiourea/0.05 M
tris (pH 6.8)/75 mM DTT (dithiothreitol)/ 3% SDS/0.05% bromophenol
blue], and titin isoforms were separated using an SDS/agarose gel electrophoresis system (59). Each sample was run on four independent gels, which
were Coomassie-stained to visualize the titin isoforms N2BA (several sizes,
including both the N2A and N2B regions), N2B, and the proteolytic fragment T2. In addition, each sample was validated in four Western blots
probed with two independent titin-specific antibodies, so that each sample
was interrogated eight times.
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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 1000 individuals.

Determining the likelihood that a TTNtv found in an
individual with DCM is pathogenic
Excluding novex, low-expression, and predicted splice site variants:
Total TTNtv frequency in controls = 31/3911 = 0.79%
Total TTNtv frequency in unselected DCM = 45/374 = 12%.
To estimate the proportion of variants in cases that are truly pathogenic, we take the frequency of TTNtv in controls 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 modeling
For prospectively recruited DCM subjects, linear modeling 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
optimized using Bayesian information criteria, and then compared with
a similarly optimized 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 (indexed wall thickness)].
Stratification of community-based cohorts and
linear modeling
FHS offspring subjects were studied by echocardiography as part of
exams 2, 4, 5, 6, and 8. LV EF was estimated as (LVEDD2 – LVESD2)/
LVEDD2, where EDD and ESD are end-diastolic and end-systolic
dimensions, respectively.
To adjust each measure, linear regression models were built including as potential covariates age, sex, weight, body surface area (BSA),
height, systolic blood pressure (SBP), diastolic blood pressure (DBP),
HTN status, diabetes status, and HTN treatment status (HTN_tx), as
well as interactions between age or sex and each other covariate. Diabetes
status and HTN 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 stepwise-optimized to minimize

DCM outcome analysis
Kaplan-Meier and Fleming-Harrinton estimates were used to compare
time to events between unselected DCM cohort subgroups (TTNtvpositive and TTNtv-negative). 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 optimized, as described in stratification of community-based cohorts and linear modeling (above), initially
considering potential covariates of age, sex, high-density lipoprotein
cholesterol, total cholesterol, triglycerides, body mass index, SBP, DBP,
antihyperlipidemia treatment status, anti-HTN treatment status, and
all pairwise interactions between age or sex and the other considered
covariates (table S13 and fig. S4).
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Phenotype ascertainment methods for study cohorts
Fig. S1. Schematic representation of the unselected DCM cohort recruitment pathway and
analyses.
Fig. S2. TTN sequencing coverage for each cohort.
Fig. S3. Sites susceptible to truncating events are non-uniformly distributed within the TTN
gene but do not influence clustering effects in the A-band.
Fig. S4. Alternative splicing of TTN in the human heart.
Fig. S5. Time to events in FHS individuals grouped by TTNtv presence.
Fig. S6. Truncated transcript length is correlated with indices of cardiac impairment severity in
DCM.
Fig. S7. FHS exam 7 CMR.
Fig. S8. FHS and JHS additional CMR and echocardiography exams.
Fig. S9. mRNA transcripts encoding truncated TTN proteins are expressed in human LV.
Table S1. TTNtv identified in UK prospective DCM cohort.
Table S2. TTNtv identified in the FHS offspring cohort.
Table S3. TTNtv identified in the JHS cohort.
Table S4. TTNtv identified in end-stage DCM.
Table S5. TTNtv identified in healthy volunteers.
Table S6. Titin reference transcript and protein identifiers.
Table S7. Overview of TTN transcripts and exon usage.
Table S8. TTNtv in publicly available control populations.
Table S9. Burden, type, and distribution of TTNtv in publicly available control populations.
Table S10. FHS exam 7 CMR phenotype grouped by TTNtv presence.
Table S11. Prevalence of DCM in FHS and JHS participants, grouped by TTNtv presence.
Table S12. Time to event empirical Cox proportional hazard models for the FHS cohort.
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Statistical analyses
Statistical analyses were performed with R. Comparisons between
groups were performed with Wilcoxon-Mann-Whitney or Fisher’s exact tests, as appropriate, except where indicated. ORs are reported with
95% confidence intervals. Significance tests are two-tailed with a = 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 optimized to minimize Bayesian information criterion.
The relationships between morphologic parameters and TTN genotype were assessed by analysis of variance (ANOVA) between nested
linear models.

Bayesian information criterion. Final models are denoted as the first
model listed for each cohort, exam, and CMR/echocardiography combination (tables S16 and S17).
Atop these baseline models, we added TTNtv status or TTNtv
status plus TTNtv exon usage (PSI). The latter model is detailed in
the Supplementary Materials; in the tables, models including TTNtv
status plus exon expression immediately follow each paired base
model.
Although 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 and S17).
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Table S13. TTNtv identified in replication cohorts.
Table S14. Linear modeling of the relationship between TTN genotype and phenotype for 14
continuous variables in the unselected DCM cohort.
Table S15. Full linear model describes impact of multivariate TTN genotype on phenotype for
14 continuous variables in the unselected DCM cohort.
Table S16. Linear models for FHS exam 7 CMR.
Table S17. Linear models for additional FHS and JHS exams.
Table S18. Allele-specific expression of exons containing TTNtv using RNA sequencing data.
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Integrated allelic, transcriptional, and phenomic dissection of the cardiac effects of titin
truncations in health and disease
Angharad M. Roberts, James S. Ware, Daniel S. Herman, Sebastian Schafer, John Baksi, Alexander G. Bick, Rachel J.
Buchan, Roddy Walsh, Shibu John, Samuel Wilkinson, Francesco Mazzarotto, Leanne E. Felkin, Sungsam Gong,
Jacqueline A. L. MacArthur, Fiona Cunningham, Jason Flannick, Stacey B. Gabriel, David M. Altshuler, Peter S.
Macdonald, Matthias Heinig, Anne M. Keogh, Christopher S. Hayward, Nicholas R. Banner, Dudley J. Pennell, Declan
P. O'Regan, Tan Ru San, Antonio de Marvao, Timothy J. W. Dawes, Ankur Gulati, Emma J. Birks, Magdi H. Yacoub,
Michael Radke, Michael Gotthardt, James G. Wilson, Christopher J. O'Donnell, Sanjay K. Prasad, Paul J. R. Barton,
Diane Fatkin, Norbert Hubner, Jonathan G. Seidman, Christine E. Seidman and Stuart A. Cook

What Happens When Titins Are Trimmed?
The most common form of inherited heart failure, dilated cardiomyopathy, can be caused by mutations in a
mammoth heart protein, appropriately called titin. Now, Roberts et al. sort out which titin mutations cause disease
and why some people can carry certain titin mutations but remain perfectly healthy. In an exhaustive survey of
more than 5200 people, with and without cardiomyopathy, the authors sequenced the titin gene and measured its
corresponding RNA and protein levels. The alterations in titin were truncating mutations, which cause short
nonfunctional versions of the RNA or protein. These defects produced cardiomyopathy when they occurred closer
to the protein's carboxyl terminus and in exons that were abundantly transcribed. The titin-truncating mutations
that occur in the general population tended not to have these characteristics and were usually benign. This new
detailed understanding of the molecular basis of dilated cardiomyopathy penetrance will promote better disease
management and accelerate rational patient stratification.
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