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Abstract

Dilated cardiomyopathy (DCM), a genetically heterogeneous cardiac disease
characterized by left ventricular dilatation and systolic dysfunction, is caused majorly
by truncations of titin (TTN), especially in A-band region. Clinical interpretation of
TTN truncating variants (TTNtv) has been challenged by the existing inaccurate
variant assessment strategies and uncertainty in the true frequency of TTNtv across
the general population. We aggregated TTNtv identified in 1788 DCM patients and
compared the variants with those reported in the over 60,000 Exome Aggregation
Consortium (ExAC) reference population. We implemented our current variant
assessment strategy that prioritizes TTNtv affecting all transcripts of the gene, and
observed a decline in the prevalence of TTNtv in DCM. Despite this decline, TTNtv
are more prevalent in DCM patients compared to reference population (P =4.1 x 10
%) Moreover, our extended analyses confirmed the enrichment of TTNtv not only in
the A-band but also in the I/A-band junction of TTN. We estimated the probability of
pathogenicity of TTNtv affecting all transcripts of TTN, identified in unselected DCM
patients to be 97.8% [LR = 42.2]. We emphasize that identifying a TTNtv, especially
in the A-band region, have a higher risk of being disease-causing than previously
anticipated, and recommend prioritizing TTNtv affecting at least five transcripts of

the gene.
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Introduction

Dilated cardiomyopathy (DCM) is the leading cause for heart transplantation,
and a relatively frequent cause for heart failure and sudden cardiac death (1, 2). The
estimated prevalence of DCM is at least 1:2500 and up to 30 — 50% of DCM cases are
familial (3). DCM is a genetically heterogeneous disorder caused by mutations in
genes encoding the components of the sarcomere, desmosome, cytoskeleton, nuclear
lamina, mitochondria, and calcium-handling proteins (4, 5). Though most DCM
causing mutations are unique to families, recent studies have identified same disease-
causing variants in multiple DCM families (6-8). DCM causing mutations are
predominantly inherited in an autosomal dominant fashion although some can be
autosomal recessive, X-linked or mitochondrial.

Truncating titin (TTN) mutations, especially in A-band region, represent the
most common cause of DCM. Recently, our research group among the others have
found TTN truncating variants (TTNtv) - nonsense, frameshift and essential splice
site, to be responsible for approximately 25% of familial cases of idiopathic DCM and
18% of sporadic cases in large patient cohorts (8-11). Collectively, TTNtv account for
14 — 20% of DCM cases. These findings have reshaped our understanding of DCM
pathogenesis and improved the utility of genetic testing among these patients.
Interestingly, TTNtv causing DCM in majority of the studies were not randomly
distributed along the TTN gene, as majority of the mutations were located in the A-
band region and affecting all transcripts of TTN (8, 10).

Furthermore, Roberts et al. (10) estimated a truncating variant in the A-band region to
have 93% risk of being disease-causing. They also determined that C-terminal
truncations affecting all transcripts were more pathogenic and mediated their effects

through dominant negative mechanisms rather than haploinsufficiency. In spite of
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these findings, clinical interpretation of these variants can be challenging, as the true
frequency of these variants in the general population is obscure.

Until now, it has been shown that TTNtv are prevalent in general population
complicating the interpretation and classification of TTNtv in clinical diagnostics. In
2012, using the version 2 of the phase 1 integrated variant call set from the 1000
Genomes Project Cohort, Golbus et al. (12) reported a high prevalence, 3.2%; of TTN
frameshift mutations (excluding nonsense mutation) in the general population. In the
study by Roberts et al. (10), the prevalence of TTNtv was estimated 2% using a
combination of 1000 Genomes call set (phase 1 version 3) and Exome Sequencing
Project (ESP) call set (13, 14). Most recently, by evaluating publicly available
reference populations, including, for the first time, data from Exome Aggregation
Consortium (ExAC) reference population of over 60,000 individuals (15), we showed
that TTNtv affecting all transcripts of the gene occur in only about 0.36% of the
general population, and when evaluating the mutation types separately, the prevalence
of each mutation type in A-band was lower than 0.1% (16). Moreover, we showed
how quality of data analysis and larger number of reference individuals in 1000
Genomes Project has markedly reduced the prevalence of TTNtv in this database.
Furthermore, we provided insights on the position, type and frequency of nucleotide
change(s) leading to nonsense mutations in TTN, and showed that non-essential
splice-site variants in TTN have a tendency of being frequent in the general
population.

In this study, using TTNtv reported in over 1700 DCM patients from four
major studies and the largest available ExXAC reference population, we compared the
spectrum, type and location of TTNtv identified in DCM patients and the general

population, in a bid to re-evaluate the relevance of TTNtv in DCM in the light of the
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current knowledge on low prevalence of potentially disease causing TTNtv in general

population.

Materials And Methods

Analysisof TTN truncationsin DCM cohorts

We collected TTNtv identified in DCM patients from four major studies:
Herman et al. (9); Haas et al. (11); Roberts et al. (10); and Akinrinade et al. (8),
herewith referred to as studies/cohorts: A, B, C, and D respectively. The variants were
merged by genomic position and variant type. TTNtv reported by more than one study
were flagged and the frequency noted. All the variants from the four DCM cohorts
were reported in hgl9 coordinates. Only variants that passed all quality filters as

presented by the individual studies were included.

Analysisof TTN Truncationsin the Population

TTNtv reported in the largest available reference population, Exome
Aggregation Consortium (EXAC, accessed 15 January, 2015) cohort, with over 60
000 individuals were analysed as described earlier (16). Only calls that passed all

quality filters were used for downstream analysis.

Mapping of TTNtv amino acid positionsto the Meta transcript

Using the genomic location of the variants, we converted the amino acid
position of each variant in different transcripts as reported by the various studies to
the respective positions in the inferred Meta transcript (ENST00000589042 /
NM 001267550) to allow the inclusion of exons and variants not present in the

canonical transcripts (ENST00000591111 / NM_001256850), otherwise referred to as
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the principal cardiac long isoform (N2BA), with the Uniprot ID Q8WZ42-1. The
protein sequence of the inferred Meta transcript was downloaded from Ensembl
Genome Browser (www.ensembl.org), and aligned with the Uniprot titin sequence
Q8WZ42-1 using Uniprot’s online sequence alignment tool (http://www.uniprot.org).
Thus, protein domain annotation for the Uniprot concensus sequence Q8WZ42-1 was
transferred to the inferred Meta transcript. TTNtv identified in DCM patients were

compared with those detected in more than 60,000 individuals in the ExXAC database.

Statistical Analyses

All statistical analyses were done using R statistical software. Comparisons
between groups were performed with either Fisher’s exact or Wilcoxon-Mann-
Whitney tests, as appropriate. Bonferroni correction was performed on all analyses to
allow for multiple testing. Odds ratios for DCM patients versus reference population
cohort were calculated, and confidence intervals were determined using the

conditional maximum likelihood / Fishers’ method.
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Results
DCM Cohorts

DCM cohort in this study represents an aggregation of 1788 DCM patients
from four major studies that have utilized either next generation sequencing (NGS)
technnology and/or dideoxy sequencing to study the contribution of TTNtv to DCM

(8-11). Details on the study cohort are presented in Table 1.

TTNtvin DCM Cohort

Total number, type and prevalence of TTNtv identified in each of the four
DCM cohorts before and after variant assessment are summarized in Table 1. After
merging all TTNtv identified in the different cohorts and excluding four missense
variants classified as “other splice site” in cohorts A and C, we identified a total of
243 unique TTNtv affecting TTN isoforms that span the sarcomere: 104 frameshifts,
104 nonsense and 35 splice variants. Twenty-three variants: seven frameshift; nine
nonsense; and 3 splice variants, were identified in at least two cohorts, with the
highest overlap occuring between cohorts A and C sharing nineteen TTNtv, as some
individuals in cohort A were parts of cohort C. Cohorts A and B have only one TTNtv
in common while cohorts B and C shared three TTNtv. Of note, cohort D representing
the Finnish DCM patients shared no variant with the other cohorts. Interestingly, 83%

(202/243) of the TTNtv identified in DCM cohort were private.
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TTNtv in EXAC Reference Cohort

We identified a total of 470 TTNtv in the EXAC reference population. After
excluding novex-3 isoform exon specific variants, and filtering for the number of
transcripts affected, we obtained a total of 228 TTNtv. As no validation data was
available, the variants were further filtered for coverage as described previously (16).
Consequently, only 173 TTNtv were included in the downstream analyses. Of note, a
vast majority of all TTNtv (87%) identified in the EXAC reference population cohort

are private.

Variant assessment and filtering

To ensure uniformity in variant classification and interpretation, aggregated
variants identified in DCM cohorts and those identified in EXAC reference population
cohort were evaluated based on our current classification scheme used in Akinrinade
et al. (8, 16) and assessed on the number of TTN transcripts affected. Briefly, TTNtv
were filtered and assessed based on the following criteria: quality score, sequencing
coverage / depth, frequency in publicly available reference population databases
(including 1000 Genomes Project database, Exome Sequencing Project database), and
number of transcripts the variant impacts, and all variants were classified as
previously described (8). Furthermore, TTNtv identified in DCM cohorts were
compared with the TTNtv in EXAC database and overlapping variants were either
flagged or filtered based on ExAC frequency. We identified seven non-essential
splice-site variants classified as “other splice site” by Herman et al. (9) and Roberts et
al. (10) with elevated allele copies in the population for which the author did not

confirm their splicing effect (Supplementary Table S1). Applying number of
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transcript-affected filter, a total of fourteen TTNtv were further filtered as they only
affected <3 transcripts of the gene. Of note, such exons present in less than five
transcripts have low expression in the left ventricle, a term coined by Roberts et al.
(10) as Proportion Spliced In (PSI) value. Interestingly, our approach using the
number of transcript affected correlates with the PSI value (rho = 0.946). In total,
only 91% (222/243) of TTNtv identified in DCM cohorts passed our assessment
criteria.

When comparing TTNtv in DCM patients with those identified in ExAC reference
population, we identified twenty-two variants common to both groups. Interestingly,
64% of such variants in the EXAC cohorts were private. Moreover, 51% (242/470) of
the TTNtv identified in the reference population affected less than three transcripts of
the gene and were located in exons with low expression in the human left ventricle,

with 19% (88/470) being unique to novex-3 isoform specific exon.

Distribution of TTNtv in DCM patientsand in the general population

In this multi-cohorts study, 222 TTNtv were identified in DCM patients and
173 TTNtv in general population (EXAC cohort) that affect all transcripts of TTN.
These variants were found in 278 DCM patients and 219 individuals in the cohorts.
To validate and expand on the previous report of A-band clustering of TTNtv in DCM
patients, we compared the prevalence, spectrum and distribution of TTNtv in DCM
patients with those observed in ExAC reference cohort.
We observed that TTNtv affecting all transcripts of the gene were more prevalent in
patients with DCM (278 of 1788 [15.6%]) compared with reference population
cohort (219 of 60706 [0.4%], P = 4.1 x 10?%*; OR = 50.8; 99% confidence interval:

39.72-65.05). When assessing the variant type, nonsense variant occurred in 7.5% of
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DCM patients compared with 0.11% of the reference population (P = 3.8 x 10%% OR
=73.3; 99% confidence interval: 49.34 — 110.81) (Table 1).

We observed a non-random distribution of TTNtv within and between study groups
(Figure 1). TTN A-band was enriched for TTNtv in DCM patients compared with
controls (P = 1.3 x 10%"; OR = 70.4; 99% confidence interval: 52.08-96.35).
Furthermore, our data showed also a significant distal I-band (I/A-band junction)
enrichment of TTNtv in DCM patients as compared with reference population cohort

(P=1.9x 10*; OR = 39.1; 99% confidence interval: 21.77 — 70.79).
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Discussion

In this study, we assessed the relevance of TTN truncating mutations in DCM
in the light of our recent report of low frequency of TTNtv affecting all transcript of
the gene in the population. Our DCM cohort represents an aggregation of 1788 DCM
patients from four major studies that have utilized either next generation sequencing
(NGS) technology and/or dideoxy sequencing to study the contribution of TTNtv to
DCM. We emphasize the need for rigorous clinically oriented variant classification
and interpretation strategy in diagnostic interpretation of TTNtv. By evaluating
TTNtv identified in the EXAC reference population of over 60,000 individuals and the
largest available aggregated DCM cohort (1788), we showed that TTNtv affecting all
transcripts are more prevalent in DCM patients and that such variants have at least
97% risk of being diseasing-causing when identified in unselected DCM patient.
Moreover, our extended analyses also confirmed the enrichment of TTNtv not only in
the A-band but also in the distal I-band region (I/A-band junction), affecting all
transcripts of the gene. This is to our knowledge the first study to report the
enrichment of I/A-band junction TTNtv in DCM patient.

The genetic spectrum of DCM is heterogeneous and multiple genes are
involved. Truncations of TTN, especially in A-band region, represent a significant
cause of DCM. Several studies have reported TTNtv to be responsible for varying
proportion of DCM. Gerull et al. (17) reported the first observation of TTNtv in large
DCM family in 2002 but due to remarkable challenge to sequence gigantic TTN gene
thoroughly in large patient cohorts, it took until 2012 when Herman et al. (9) reported
TTNtv to account for 21.8% of DCM. Since then, other studies have been reporting
lower proportion between 14.1 — 17.9% (8, 10, 11). This variation has largely been

due not only to population variations and proportion of familial cases in the individual
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cohorts, but also varying variant assessment strategies, and the uncertainties regarding
the prevalence of TTNtv in the population that has compounded interpretation of
TTNtv identified in health and disease. Herman et al. (9) and Roberts et al. (10)
included non-essential splice-site variants in their estimation of TTNtv in DCM.
Moreover, the studies included missense variants located in the splice region in the
estimate. Of note, majority of the missense variants are benign polymorphisms based
on their frequency in the EXAC cohort (Table S1). In our recent study (16), we
described how increased quality of data analysis and larger number of reference
individuals in 1000 Genomes Project has markedly reduced the prevalence of TTNtv
in this database, and showed that non-essential splice-site variants in TTN have a
tendency of being frequent in general population. This delineates the fact that the
existing inaccurate variant-disease associations pose a major challenge to clinical
variant interpretation and classification, and accentuate the need for a rigorous
clinically oriented variant classification and interpretation strategy. By evaluating the
ExAC reference population of over 60,000 individuals, we showed that TTNtv
affecting all transcripts occur in 0.36% (0.32% - 0.41%, 95% CI) of the general
population. In this regards, we aggregated TTNtv identified in 1788 DCM patients
and obtained a total prevalence of 17.3% (15.6% - 19.1%, 95% CI) before applying
our variant assessment strategy.

Using a combination of exome sequencing and genome-wide linkage analysis,
Norton et al. (18) identified six TTNtv in regions with high logarithm of odds [LOD]
score in 7 out of 17 families with DCM, two novel nonsegregating TTNtv, and
illustrated the challenge in determining variant pathogenicity. However, accumulated
evidence from clinical practice have shown that co-segregation of TTNtv affecting all

or multiple transcripts of the gene is higher compared with those affecting few or only
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the short isoform of TTN. Moreover, 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 (19). Consequently, our current variant assessment strategy
prioritizes TTNtv affecting at least five out of seven transcripts of the gene as
described in the National Center for Biotechnology Information (NCBI) database.
Implementing our variant assessment strategy, only 91% (222/243) of all TTNtv
identified in DCM patient fulfilled this criterion. Of note, after implementing our
current variant assessment and interpretation strategy, the proportion of TTNtv
positive DCM patient in cohort A reduced to 18.9%; 13.8% in cohort B; 15.0% in
cohort C; and remained unchanged in cohort D (17.2%). Put together, 15.6% (13.9% -
17.3%, 95% CI) of unselected DCM patients carried a clinically significant TTNtv,
though this could be higher when considering only those with family history of the
disease. This however suggests that the contribution of TTNtv to DCM could have
been over-estimated by Herman et al. (9)

Recently, Roberts et al. (10) estimated that observing a TTNtv produced by
nonsense, frameshift, or canonical splice site mutations that affect highly expressed
exons in the left ventricle (with PSI > 0.9) had a 93% probability of pathogenicity
when identified in an unselected DCM patient; anticipated a higher probability of
pathogenicity when such variants are identified in end-stage disease, and expected the
probability to be even higher when segregation data are available. Of note, we
observed that the PSI value of >0.9 correlates to exons present in at least five
transcripts of the gene. Interestingly, 51% (242/470) of the TTNtv identified in the
reference population affected less than three transcripts confirming/suggesting that a
vast majority of TTNtv identified in the reference population have low probability of

pathogenicity. In estimating this probability of pathogenicity, Roberts et al. (10) used
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TTNtv frequency of 0.79% in controls and 12% in unselected DCM patients
respectively. Plunging our current statistics of TTNtv: 15.55% in DCM vs. 0.36% in
reference population cohort; in Roberts et al. (10) formula, we estimated the
probability of pathogenicity of TTNtv affecting all transcripts of TTN and identified
in unselected DCM patient to be 97.8% [LR = 42.2].

Despite the observed decline in the proportion of DCM patients with a
clinically meaningful TTNtv as shown in this study, current data supports and
confirms the previous report that TTNtv are more prevalent in DCM patients
compared to EXAC reference population cohort (P =4.1 x 10%°; OR = 50.8; 99% CI:
39.72 — 65.05). We report here that 12.3% of DCM patients carried TTNtv in the A-
band region of TTN as against 0.19% of the EXAC reference population cohort (P =
1.3 x 10™'; OR = 70.4; 99% confidence interval: 52.08-96.35). Contrary to the
previous report on the paucity of I-band region TTNtv in DCM patients compared
with controls (9), our data suggests an enrichment of I/A-band junction (distal I-band)
TTNtv in DCM patients compared to reference population cohort (P = 1.9 x 10™*%; OR
=39.1;99% CI: 21.77 — 70.79).

Assessing the distribution of TTNtv among A-band exons (exons 252 - 357),
we observed an enrichment of TTNtv in exon 326 located in the C-zone of the A-band
region, which apparently is the largest exon in TTN. It is however not clear whether
this enrichment is due to the large size of the exon or that TTNtv located in this exon
are highly detrimental to sarcomere function and be incompatible with life, and
therefore are not seen or rare in reference population. Interestingly, using stringent
bioinformatics filtering criteria, recent effort assessing the contribution of TTN
missense mutations to DCM reported an over-represention of “likely” or “possibly”

pathogenic TTN “severe” missense variants in the C-zone of the A-band region of the
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sarcomere (20). Furthermore, Gerull et al. (17) found a segregating 2bp insertion
mutation (c.43628insAT), which causes a frame shift, thereby truncating A-band titin.
Upon cloning the 2bp insertion mutation in human exon 326 and introducing it into
the mouse genome, Gramlich et al. (21) reported that homozygous mice die in utero
before ED9.0 and heterozygous mice recapitulate the human DCM phenotype. These
probably suggest that TTNtv in exon 326 could be highly detrimental to sarcomere
function and as such the exon represents a mutation hotspot in the gene.

Given that 87% of TTNtv, affecting all transcripts, identified in the population
are private, and that A-band TTNtv identified in the reference population mirrors
those identified in DCM patients (Figure 1), we suggest genotype positive individuals
in the reference population with A-band TTNtv might represent ‘genotype positive
yet phenotype negative/asymptomatic patients’ and are likely to develop DCM in the
future. It is supported by the fact that cardiomyopathies are known to have age-
dependent disease penetrance and especially high penetrance (95% by age of 40 in
cohort A and 100% by age of 70 in cohort D) of DCM in families with TTNtv. If this
assumption is right, TTNtv pose even higher risk to be disease causing than we
observed in this study. On the other hand, it could be that such mutations need a
second mutation to manifest, thus, suggesting recessive TTNtv. This highlights the
need for further studies to fully understand the relevance of TTNtv and the phenotypic
spectrum of cardiac disease associated with titin dysfunction.

In conclusion, our results confirm that TTNtv, especially in A-band region,
represents a significant cause of DCM and that identifying a truncating variant
affecting all transcripts of the gene has at least 97% risk of being disease-causing.
Considering the existence of inaccurate variant assessment strategy that has

compounded diagnostic interpretation of TTNtv, we recommend prioritizing TTNtv
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affecting at least five transcripts of the gene as disease-causing variants. Unless
supported by RNA level evidence of splicing defect, we recommend classifying rare

non-essential splice-site variants as variants of uncertain significance (VUS).
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Figurelegends

Figure 1. Spatial distribution of titin frameshift, nonsense and splice-site
mutations identified in health and disease. Titin is linearly depicted with its 152 Ig-
like domains in green and 132 fibronectin type III domains in purple. TTNtv are
shown as coloured bars. Depicted are nonsense (red), frameshift (turquoise) and
splice-site (olivedrab) mutations identified in EXAC control cohort (bar plot above)
and in DCM cohort (bar plot below). Bisque bar represents the number of transcripts
of the gene affected. Variants are shown relative to the Meta transcript position. The
dark grey bars indicate exons unique to the Meta transcript. The dashed lines below
the number of transcripts schematic indicate the location of variants within the

sarcomere.
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Table

Table 1. Number, type and distribution of TTNtvin DCM cohorts and refer ence population cohort.

Cohort A Cohort B Cohort C Cohort D | All DCM ExAC P-value DCM
(n=312) (n=639) (n=692) (n=145) cohorts cohort Versus
(n=1788) (n=60706) Controls

Before variant assessment

TTNtv, n 62 76 113 21 243 470

TTNtv +ve, n (%) 68 (21.8)  90(14.1)  124(17.9) 25(17.2) |309(17.28) 813 (1.34) 63x10°"

Variant type
Frameshift variants 20 40 54 10 124 (6.94) 258 (0.42) 9.1x10™*
Nonsense variants 28 46 46 16 136 (7.60) 258 (0.42) 5.8x 10"
Essential splice site 16 4 21 1 42 (2.35) 297 (0.49) 23 x107"
Other splice region* 4 - 3 - 7 (0.39) -

After variant assessment (Including only variants affecting >5 transcripts), n (%)

TTNtv, n 54 74 9 19 222 173

TTNtv +ve, n (%) 59(18.9)  88(13.8)  106(15.0) 25(17.2) |278(15.55) 219(0.36) 4.1x107*

Variant type, n (%)
Frameshift variants 19 39 52 8 118 (6.60) 95(0.16) 2.6x10'%
Nonsense variants 28 45 45 16 134 (7.49) 67 (0.11)  3.8x107"¢
Essential splice site 12 4 9 1 26 (1.45) 58 (0.09) 44x107%

Distribution by sarcomere domain, n (%)
Z-band - 2 - 1 3(0.17) 19(0.03) 2.4x10™
I-band 5 19 17 4 45 (2.52) 40(0.07) 1.9x 107
A-band 54 61 84 20 219 (12.25)  120(0.19) 13x 107!
M-band - 6 5 - 11 (0.62) 33(0.05) 32x10™

ted Article

Numbers (proportions) of subjects with a TTNtv are shown for each cohort before and after critical variant
assessment to include only variants affecting >5 transcripts of TTN. Comparison between DCM cohorts
and the ExAC cohort were assessed by Fisher’s exact test. * Other splice region variants were excluded, as
eir effects on splicing were not confirmed by the authors.

Accep

This article is protected by copyright. All rights reserved.



Population cohort

Allele copies
- N W B,

: |||||||| b ” ||w H ||||Lr|| I |‘ ik ln IR
e | R SN oo MR ETrHROAARRMAR T

Mumber of
transcripts

3599133

AN

IIIIII“IIIH I\‘H II‘III H‘I ‘I I

IM | ly ’IHIII\{I I“ ‘I‘I | ‘I H I“I\ |

Allele copies

w S w na -y
L 1 L

MNilatad
widLcu

“lg-like domain 1 Z-repeat domain W PEVK domain " Protein kinase domain B Fibronectin type Il domain

—— frameshift variant —— nonsense variant —— splice variant

Figurel.

Accepted Article

This article is protected by copyright. All rights reserved.



