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Abstract:

Background - High throughput next generation sequencing techniques have made whole genome
sequencing accessible in clinical practice, however, the abundance of variation in the human
genomes makes the identification of a disease-causing mutation on a background of benign rare
variants challenging.

Methods and Results - Here we combine whole genome sequencing with linkage analysis in a
three-generation family affected by cardiomyopathy with features of autosomal dominant left-
ventricular non-compaction cardiomyopathy. A missense mutation in the giant protein titin is the
only plausible disease-causing variant that segregates with disease amongst the eight surviving
affected individuals, with interrogation of the entire genome excluding other potential causes.
This A178D missense mutation, affecting a conserved residue in the second immunoglobulin-
like domain of titin, was introduced in a bacterially expressed recombinant protein fragment and
biophysically characterised in comparison to its wild-type counterpart. Multiple experiments,
including size exclusion chromatography, small angle X-ray scattering and circular dichroism
spectroscopy suggest partial unfolding and domain destabilisation in the presence of the
mutation. Moreover, binding experiments in mammalian cells show that the mutation markedly
impairs binding to the titin ligand telethonin.

Conclusions - Here we present genetic and functional evidence implicating the novel A178D
missense mutation in titin as the cause of a highly penetrant familial cardiomyopathy with
features of left-ventricular non-compaction. This expands the spectrum of titin’s roles in
cardiomyopathies. It furthermore highlights that rare titin missense variants, currently often
ignored or left un-interpreted, should be considered to be relevant for cardiomyopathies and can
be identified by the approach presented here.

Key words: left ventricular noncompaction; cardiomyopathy; whole genome sequencing; titin;
telethonin; missense mutation
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Introduction

Cardiomyopathies (CM) are a diverse group of diseases affecting the heart muscle *; many of
them are inherited and transmitted in autosomal dominant patterns. The first cardiomyopathy
genes were identified by genome-wide linkage analysis in large families 2. In practice, however,
the small size of most families, or even the availability of members of larger families, often
limits the power of linkage analysis. Recently, high throughput next generation sequencing
(NGS) techniques have become widely accessible, making whole genome sequencing (WGS)
cost- and time-effective. However, the abundance of variation in the human genome * makes it
difficult to distinguish rare benign variants from rare disease-causing mutations in an isolated
individual, even with growing knowledge of variants in population cohorts (e.g. >60,000
sequenced exomes in the ExXAC database, http://exac.broadinstitute.org/). NGS poses, therefore,
a significant clinical challenge: the capability to assess variants as pathogenic lags significantly
behind variant identification, especially for non-synonymous point mutations % °. Algorithmic
predictors are currently unable to accurately assess their exact impact on protein-protein
interactions or even on protein folding. Experimental validation of genetic variants is therefore
an increasingly indispensable component of NGS discoveries.

In the current study, we combine WGS with linkage analysis in a medium-sized family
affected by cardiomyopathy with features of left-ventricular non-compaction cardiomyopathy
(LVNC). By performing WGS in two family members, filtering against variants seen in normal
population cohorts and using linkage information derived from single nucleotide polymorphism
(SNP) arrays of 13 family members, we could identify a missense variant in the titin gene (TTN)
as the most plausible cause of disease in the family. Functional data, generated from biophysical

and protein binding experiments on this titin missense variant provide further support of a
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causative role in cardiomyopathy through domain misfolding and destabilisation, resulting in

impaired binding to the ligand telethonin (also known as t-cap).

Methods

Clinical Evaluation

The study was approved by the Oxfordshire Research Ethics Committee B (REC Ref
09/H0605/3) and all subjects gave informed consent. A three-generational family with history of
cardiomyopathy was recruited. Clinical assessment and genetic studies were performed in
available family members, who had clinical examination, ECG, echocardiography (with contrast
agent where appropriate) and cardiac MRI if possible. Diagnosis of cardiomyopathy was based
on established criteria. The diagnosis of LVNC was based on published criteria from
echocardiographic and/or cardiac MR imaging ® ’: the compaction ratio (CR), i.e. the ratio of the
thickness of non-compacted to compacted myocardium >2.3 measured on MRI in diastole, or
>2.0 on echocardiography in systole was used to diagnose LVNC.

Genetic Studies

SNP array genotyping was performed using the Illumina HumanCytoSNP-12v1 BeadChip
(Ilumina, San Diego, CA), containing nearly 300,000 genetic markers, according to the
manufacturer’s protocols. A refined subset of roughly 24,000 SNPs in approximate linkage
equilibrium was generated using the software PLINK v1.07 8 and the HapMap genotype file
available from the PLINK website (http://pngu.mgh.harvard.edu/purcell/plink/). Linkage
analysis of the SNP subset was performed using MERLIN v1.1.2 °, specifying an autosomal
dominant disease model. Genomic intervals with LOD scores > 0, compatible with segregation

of variants in these regions, were selected for downstream analyses.
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WGS was performed on genomic DNA extracted from peripheral blood as part of the
WGS500 project as described previously °.

Sequence reads from the affected individuals were mapped to the human reference
genome (hs37d5 version of build 37) using STAMPY 1%, Duplicate reads were removed with
PICARD (http://broadinstitute.github.io/picard/). The software Platypus (version 0.8.1, default
parameters) 12 was used jointly on the two .bam files in order to call SNPs and short (< 50 bp)
indels across both samples.

All the 5,946,161 identified variants were annotated with an in-house pipeline based on
the Variant Effect Predictor (VEP) Ensembl framework (version 77) 3. A number of additional
databases were used to integrate the information provided by VEP (Table S1). Known
associations with diseases were screened using HGMD (http://www.hgmd.cf.ac.uk/ac/index.php)
and ClinVar 14,

Variants were filtered by in-house Python scripts based on criteria outlined in Table S1
(steps 1-10), followed by manual inspection (steps 11-13). The variants remaining after step 10
are documented in Results and in Tables S2, S3. Confirmatory Sanger sequencing was
performed with the primers listed in Table S4.

Both SNP and WGS data were interrogated also for clinically relevant copy number
variants (CNVs) using Nexus Copy Number 7.5.2 Discovery Edition (BioDiscovery, Hawthorne,
CA; see Supplementary methods).

Functional characterisation of the titin missense variant
The mutation was introduced into human titin Z1Z2 constructs (amino acids 1-196, accession no.
ACN81321.1) for bacterial and mammalian expression using Quikchange 11 XL (Agilent) with

primers given in Table S4. Bacterial expression and purification was performed as previously
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described *°. Size exclusion chromatography - Tridetector analysis (light scattering, refractive
index, and UV absorbance), small angle X-ray scattering (SAXS) experiments, circular
dichroism spectroscopy, and thermolysin digests were essentially performed as described 1°-8
and experimental details are given in Suppl. Material.

NRC cultures were established and transfected ° using hemagglutinin(HA)-tagged
expression constructs and counter-stained for titin T12 epitope ° or telethonin (mouse
monoclonal antibody, Santa Cruz) 48 hrs post transfection and analysed by confocal microscopy.

GST pulldown assays were performed as described 2° using mammalian expression
constructs for telethonin amino acids 1-90 and 1-167 fused to GST, and titin Z1Z2 fused to GFP
(PEGFP-N1, Clontech) in transfected COS-1 cells. Forster Resonance Energy Transfer (FRET)
experiments from transfected COS-1 cells and the assessment of reduced protein stability in

NRC and COS-1 cells are described in the Suppl. Material.

Results

The proband was a 20yr old male (11-3 in Figure 1A) who died suddenly in hospital in 1970
having presented with rapidly decompensating congestive heart failure; at post mortem his heart
(680 g) had evidence of dilatation and both macroscopic and microscopic hypertrophy but no
myocyte disarray. His brother (11-4) was later found to have an enlarged heart with wall
thickness at the upper limit of normal and marked hypertrabeculation. The proband’s sister (I1-2)
presented with a non ST-elevation myocardial infarct due to coronary embolus at the age of 61.
LVNC with mild LV dilatation and apical hypertrophy was diagnosed at this time (Figure 1B,
C). Cascade screening identified the same condition in further family members with consistent
clinical features of adult onset cardiomyopathy with features of LVNC. Five affected family

members had sufficient non-compaction to meet the diagnostic criteria for LVNC while three
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others with early or mild disease had lesser extent of hypertrabeculation but clear evidence of
cardiomyopathy with LV dilatation and/or systolic dysfunction (Figures 1A, S1, Table 1). Aside
from the proband who had advanced congestive failure, there were no arrhythmic features in any
affected family member, nor were there any extra-cardiac (e.g. neuromuscular) manifestations.
Identification of TTN mutation A178D segregating with disease

Affected first cousins I11-1 and 111-4 were selected for WGS. Sequencing was performed by
Illumina Cambridge as 100bp paired-end reads to a mean coverage of 56.9x and 52.0x
respectively, such that 99 % of the genome was covered at 20x or more in both samples,
identifying 5,946,161 variants shared by the two individuals. In addition, SNP arrays were
performed on all individuals of the family (except 11-3 and I11-2, Figure 1A). Neither the SNP
array nor WGS data revealed likely causative CNVs.

Genomic regions identical by descent were identified through linkage analysis (see
Methods, Figure S2) and out of the 100,789 candidate variants within the three linkage regions
(on chromosomes 2, 9 and 16), potentially pathogenic ones were selected based on an autosomal
dominant model, caused by a rare heterozygous mutation. Variants were filtered accordingly by
in-house Python scripts and the remaining six variants were manually inspected (Table S2). Four
of them were excluded: one is assumed to be an artefact due to an incorrect transcript being
present in Ensembl and another variant did not segregate with disease in the family; two splice
variants were predicted to be silent (at positions -5 and -3 of a 3' splice junction, respectively, for
details see Table S3). Only two final candidate variants were considered conceivably linked to
the phenotype: missense changes in PDP2 and TTN, respectively (Table S2). PDP2 codes for
pyruvate dehyrogenase phosphatase catalytic subunit 2 and has low expression levels in the

heart. Although the change E316K is predicted to be damaging by Polyphen and SIFT
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algorithms (Table S2), a heterozygous loss-of-function in this enzyme would not be expected to
produce a phenotype, and indeed heterozygous loss-of-function mutations in PDP1 are clinically
silent 2%, The variant is not plausible as a cause of a penetrant dominant disorder because it is
found six times in 121,412 alleles in the EXAC database. Six instances would equal at least 10 %
of all expected LVNC cases in EXAC, assuming a maximal prevalence of 1:1,000 for the disease
22 This appears an implausibly high percentage for a novel, unpublished disease-causing variant.
In support, in the two largest clinical cardiomyopathy cohorts published to date, the most
common reported pathogenic variant (MYBPC3, p.Arg502Trp) detected in 104 out of 6179 HCM
cases (1.7%, 95CI 1.4-2.0%), was only observed 3 times in EXAC (3/120,674) with all other
pathogenic variants for HCM or DCM being present 0 or 1 times only %,

The second variant is found in TTN, the gene which codes for titin, an abundant skeletal
muscle and heart specific protein with crucial functions 2*% (and reviewed in 2°). Mutations in
titin have been associated with CM and skeletal myopathy (reviewed in 27). The identified
missense variant ¢.533C>A in TTN, which codes for a p.A178D change at the amino-acid level,
is absent in EXAC. Sanger sequencing confirmed the co-segregation of the heterozygous
mutation with disease in all affected individuals of the family (Figures 1, S3A, LOD score 2.1).
Thus comprehensive whole genome analysis reveals this as the most plausible causative
mutation in the family.

Functional studies

Prediction of deleterious effects of the mutation

Each single molecule of the giant protein titin spans half a sarcomere from the Z-disk to the M-
band 8. The first two Immunoglobulin-like (Ig) domains (Z1Z2) of titin are located in the Z-disk

and form a super-stable complex with telethonin ?°. The A178 position is evolutionarily very
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well conserved back to zebrafish and lamprey. Additionally, A178 is located in a highly
conserved structural section (Figure S3B), the B-strand F of the second 1g-domain of Z1Z2,
neighbouring the B-strand G of titin Z2 which forms a strong and extended interaction with the
B-strands of telethonin (3, Figure 2A). The A178D mutation is predicted to directly affect the B-
strands B and C as well as the loop connecting the B-strands B and C due to steric hindrance of
D178 with V127 and P133 respectively (Figure 2B). Thus, the insertion of a charged residue in
this position is likely to have significant impact on the secondary structure of this domain and
could potentially cause misfolding of the protein.
Altered protein characteristics of purified titin Z1Z2 A178D recombinant fragment
To assess how the A178D mutation affects the folding and stability of the protein, recombinant
titin Z1Z2 WT and A178D were expressed in E. coli and purified under native conditions. Of
note, the yield of the soluble protein fraction was consistently lower for A178D compared to WT
preparations, despite equal total expression levels (data not shown). Circular dichroism (CD)
spectroscopy demonstrated a typical B-sheet signature for WT Z1Z2 (Figure 3A). In contrast, the
spectrum for Z172 A178D differs significantly: Although the characteristic negative band at 216
nm is still present, but slightly shifted, there was no significant positive band at around 200 nm.
The absence of this band, associated with $-sheet conformation, and the presence of a negative
peak at around 198 nm, characteristic of random coil structures, indicate that the Z1Z22 A178D
mutant is partially unfolded.

In support, thermal denaturation experiments for 2122 A178D showed high fluorescence
signal already at low temperatures, suggesting solvent exposed hydrophobic residues due to
partial unfolding. No melting temperature can be deducted for titin Z1Z2 A178D, in contrast to

the WT protein, which has a melting temperature of 62 °C, typical for Ig domains (Figure S4).
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SAXS experiments confirmed the presence of unfolded parts/flexible domains in Z1Z2 A178D,
as shown by the Kratky plot (Figure S5A), whereas Z1Z2 WT displays a typical profile for
folded structures.

The domain destabilisation as a consequence of partial unfolding is evidenced by the
formation of higher oligomers (approx. 20-mers) for the Z1Z2 A178D mutant in vitro: Size
exclusion chromatography and Tridetector analysis revealed that in contrast to the monomeric
Z1Z2 WT, the A178D mutant eluted in two peaks, corresponding predominantly to higher
molecular aggregates and to a lesser extent to dimeric protein (Figure 3B, Table 2). SAXS
measurements also confirmed that Z1Z2 WT is monomeric, whereas 2172 A178D is found in a
higher oligomeric state (Figure S5B, Table 2).

In conclusion, the mutation A178D leads to partial misfolding of bacterially expressed Z1Z2
protein fragment.

Reduced stability of titin Z1Z2 A178D as a consequence of the partial misfolding

When performing denaturing gel electrophoresis, a degradation product was observed
exclusively for Z1Z2 A178D preparations (arrowhead in Figure 4A) and upon thermolysin
treatment, only Z172 A178D showed rapid degradation, while Z1Z2 WT was resistant to the
protease treatment (Figure 4B). In addition, Z1Z2 A178D showed reduced stability when
expressed in neonatal rat cardiomyocytes and COS-1 cells (Figures 4C, S6), suggesting that the
mutation destabilises Z1Z2 also in a physiological, cellular environment. However, formation of
large aggregates was not observed in transfected cells expressing Z1Z2 A178D (Figures 4D, S7).
Impaired binding to telethonin

Localisation of transfected Z1Z2 was not altered in the presence of the A178D mutation (Figure

4D). To assess the consequences of the mutation on binding telethonin, semi-quantitative GST-
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pulldown assays were performed with titin Z1Z2 and telethonin co-expressed in mammalian
cells. Z1Z2 A178D showed impaired binding to two telethonin constructs (Figure 5A, B). The
interaction between titin and telethonin was further quantified in FRET experiments, where close
proximity of proteins in a complex allows energy transfer from Cyan Florescent Protein (CFP) to
Yellow Fluorescent Protein (YFP) between two fusion protein constructs L. By introducing the
A178D mutation into a Z1Zr3-CFP construct, FRET efficiency to telethonin-YFP was almost
abolished (Figure 5C, D), validating and quantifying the observation that A178D impairs binding
to telethonin in the cellular context.

Taken together, our functional data suggest that the A178D mutant may affect protein

folding, stability and impairs binding to telethonin, thus supporting its pathogenic potential.

Discussion
In this study, we present a three-generation family with multiple individuals affected by
cardiomyopathy with features of LVNC, systolic impairment and an autosomal dominant
inheritance pattern. Of note, the affected family members show a consistent phenotype with
prominent hypertrabeculation as the main abnormality in the majority; this is relatively unusual
as it is more typical to see LVNC in individual members of families with other forms of
cardiomyopathy.

We employed a combination of WGS in two affected individuals and linkage analysis in
13 family members; this approach identified only two rare candidate variants across the whole
genome that segregated with the autosomal dominant cardiomyopathy. Since one of the
identified genes (PDP2) is barely expressed in the heart, and the variant appears in implausible
high numbers in the EXAC database, it is extremely unlikely to be disease-causative. In contrast,

titin, the gene affected by the other missense variant (TTN p.A178D), has crucial functions in the
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heart and is a known disease gene for cardiomyopathies (see below). Despite the fact that the
family is too small for traditional genome-wide linkage analysis to identify the genetic cause of
the disease (the LOD score of 2.1, i.e. odds ratio 1:125, is well below the threshold of 3.0, i.e.
odds ratio 1:1000), interrogation of the entire genome adds substantial weight to a likely
causative role of the titin missense mutation for disease: no other plausible mutations, including
larger genomic re-organisations (CNVs), were detected in any other genes in the linkage regions
and the remainder of the genome is excluded by negative LOD scores.

Titin has been implicated in cardiac and skeletal muscle disease, occasionally involving a
combination of both. Mutations in this gene have been described in various forms of CM, such as
Dilated CM, Arrhythmogenic Right Ventricular CM, Hypertrophic CM and Restrictive CM
(reviewed in 7). Truncating variants in titin (TTNtv) are the most frequent genetic finding in
idiopathic Dilated CM, being present in 15-25 % of the cases *? and are also frequent in
Peripartum CM (15 %) . However, penetrance appears to be low, as TTNtv are also found in
approx. 1 % of normal populations and hence the large majority of carriers do not manifest with
disease **. More recent work * showed that Dilated CM causing TTNtv are enriched in the
sarcomeric A-band region, whereas TTNtv found in control cohorts tend to spare the A-band
region and are in exons with low usage in cardiac transcripts. An internal promotor in titin
rescuing TTNtv N-terminally of the A-band region may explain this phenomenon 3.

Titin missense mutations have been identified in Dilated and Hypertrophic CM cohorts *
37,38 A causative role for TTN p. W976R in Dilated CM is well supported by co-segregation
within a large family and functional data 3% “°. However, generally, titin missense mutations are
challenging to interpret, as rare benign variants are common in normal population cohorts. In the

ExAC database, more than a third of the individuals carry a rare missense variant in titin (21,939
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missense variants with <0.01 % allelic frequency in 58,687 exomes), and although a proportion
of these may represent recessive pathogenic alleles 27, only a very small fraction will be disease-
causing with dominant inheritance. Hence, clinical practitioners require co-segregation
information to assign causality as bioinformatic prediction tools can only give probabilistic data
437 As we document here, interrogation of the entire genome combined with linkage analysis
can help to narrow down lists of potential causative variants, even in small families.

Our finding of TTN p.A178D in a family with features of LVNC expands the spectrum of
titinopathies: to our knowledge, this is the first report of a titin missense mutation implicated in
cardiomyopathy with predominant features of LVNC and one of the first titin missense
mutations supported by robust genome-wide genetics and detailed functional data. The latter
suggests a likely pathogenic role of titin A178D by a) evidence of protein degradation, partial
unfolding and domain destabilisation in vitro, b) protein destabilisation in two cellular systems
and c) altered binding properties to the ligand telethonin. Although extrapolations from such in
vitro experiments on isolated domains to the full length giant protein are not without uncertainty,
such parameters will be useful complements in the future studies of other TTN missense variants.
It is currently unclear how this particular mutation leads to this distinct phenotype, and more
insight into the biology of Z-disk titin is needed to understand the underlying disease pathways.
This will be addressed with the help of model organisms 34! or patient-derived induced
pluripotent stem cell derived cardiomyocytes “°, focussing on the titin-telethonin complex 2 and

its downstream signalling targets *2 in future work.
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Table 1: Summary of clinical findings.

- . Trabeculation
Symbol | Sex | Age* gtg?lﬁi‘l i’fgtﬁc compaction I\ISS ng LVDE R LVDES EF ECG Comments
ratio (CR) £
left axis Marked ASH with low EF,
TTN deviation, CVA, hypertension; meets
-1 M 87 affected Al178D 2.5 (echo) 24 13 40 % 42 anteroseptal diagnostic criteria for
Q wave LVNC (echo).
LVNC excluded (echo),
2 | F | 72 | unaffected | WT 18(cho) | 12 |11 | 48 | 30 | 76 | AF paceg | Stucturally normal heartat
age 70, moderate concentric
LVH by age 85
Mildly thickened apical
TTN left axis segments, cardiac embolus
II-2 F 61 acted Al178D 2.0 (echo) 2 12 o3 36 (7 deviation at 61y; meets diagnostic
criteria for LVNC (echo).
Rapidly progressive HF
assumed with sudden death at 20y
II-3 M 20 affected oA (1970); hypertrophy and
dilatation at post mortem.
TTN Dilated LV, late Gd on
-4 M 37 affected A178D <2 (MRI) 12 12 64 44 57 | normal MRI, hypertension,
11-6 M 42 unaffected WT 11 9 50 30 78 | normal
Mild regional systolic
TTN QRS 120 dysfunction; meets
-1 M 27 affected A178D 2.5 (echo) 12 11 64 42 63 msec diagnostic criteria for
LVNC (echo).
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-2 M 21 unclassified | no DNA 0.8 (echo) 13 13 54 37 68 | normal Mild concentric LVH
TN Hypertension; meets
-3 M 32 affected A178D 2.8 (MRI) 11 13 52 35 68 | normal diagnostic criteria for
LVNC (MRI)
TTN Meets diagnostic criteria for
-4 F 23 affected A178D 2.6 (MRI) 8 9 46 32 58 | normal LVNC (MRI)
S Hypokinesia apical LV incl.
inferior T- ?
TTN septum; borderline for
I1-5 M 25 affected A178D 2.0-2.5 (MRI) 10 10 46 27 51 ?X?/\é(rasion diagnostic criteria for
LVNC (MRI)
Qwave & T- | Mild DCM, faint late Gd,
TTN wave borderline dilated LV with
-6 M 23 o cted Al178D Ve g 1 % P4 (+° inversion in mildly impaired function,
lead 111 inferior hypokinesia
- Documented myocarditis at
-7 M 21 unclassified WT 1.6 (MRI) 9 7 55 38 59 | normal 21y (MRI)

Cardiac dimensions (IVSD - Interventricular Septal Thickness at Diastole, PWD —Posterior Wall Thickness at Diastole, LVEDD - Left Ventricular End
Diastolic Diameter, LVESD — Left Ventricular End Systolic Diameter) are given in mm Abbreviations: EF — Ejection Fraction (in %). ASH — Asymmetric Septal
Hypertrophy, CVA — Cerebrovascular Accident, LVH — Left Ventricular Hypertrophy, Gd — Gadolinium, HF — Heart Failure, AF — Atrial Fibrillation, DCM -
Dilated CM. Blank cells indicate no data available.
* Age of diagnosis or first clinical assessment, however parameters of most recent cardiac assessment are given (with exception of I-2 where data at first

assessment aged 70 are given and I1-7, where the last assessment before myocarditis is shown).

T Clinical status ‘affected” means affected by cardiomyopathy. Whether individuals meet diagnostic criteria for LVNC is shown in the Comments column (in
brackets shown whether MRI or echo criteria have been used).
1 For the definition of trabeculation compaction ratio (CR) see Methods section, in brackets the mode of imaging is indicated. Representative MRI images are
shown in Figure S1.
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Table 2: Biophysical characterisation of recombinant Z1Z22 WT and A178D protein fragments

Titin Z1Z2 WT Titin Z1Z2 A178D
Calculated molecular weight (kDa) 22.7 22.8
Size exclusion chromatography
Retention time (mL) 15.7 13’3 ((%Zs:dpp?:;&)
Static Light Scattering
Molecular weight (kDa) 21+ 2 42; i f ?2%5;5:3)‘( )
Small Angle X-ray Scattering
Vp excluded volume of the hydrated particle (nmq) 40+5 305+ 20
Rg radius of gyration (nm) 3.10+0.05 6.8+0.1
Dmax maximum particle size (nm) 105+ 0.5 25.0+1.0
Normalized Kratky plot folded partly unfolded/ flexible domains
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Figure Legends:

Figure 1: A — Pedigree of the family, males depicted as squares, females as circles, slanted
symbols deceased individuals. Clinically affected individuals are marked in grey, unaffected are
shown in white, “?” means unclassified clinical status. The presence of the TTN p.A178D
mutation is indicated (“+”present, “-“absent, ND not determined.) Individuals selected for WGS
are marked with thicker symbols (I11-1 and 111-4). B — Echocardiogram images showing the
characteristic 'spongy' appearance of non-compaction in individual I1-2 with and without
contrast. C — Echocardiogram image from individual 11-4 showing significant dilatation, but

maintaining a thickened myocardium and preserved ejection fraction.

Figure 2: A — Position of the TTN p. A178D on a structural model (pdb: 1YADS) of the titin Z122
domains (purple) in complex with telethonin (pink). B — Close-up of the site of mutation. The red
discs show van der Waals overlaps or steric clashing that A178D is predicted to cause with
valinel27 and proline133. The figures of the crystal structure were generated by pymol

(http://www.pymol.orq).

Figure 3: A — CD spectroscopy of purified titin Z1Z2 fragments (WT solid line and A178D
dashed line). B — Size exclusion chromatography for titin Z1Z2 fragments (WT solid line and
A178D dashed line). Z1Z2 WT elutes as monomeric protein ($), whereas peaks corresponding to

dimer (*) and higher molecular aggregates (#) are observed for Z1Z2 A178D.
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Figure 4: Destabilisation of the titin Z1Z2 fragment in the presence of the A178D mutation: A —
Denaturing gel-electrophoresis of purified titin Z1Z2 fragments (WT and A178D) expressed in
E. coli. The WT fragment is detected as a single band of 23 kD (arrow). Only for Z1Z2 A178D a
degradation product (arrowhead) is observed. The position of marker proteins and their size (in
kD) is indicated. B — Titin Z1Z2 protein fragments (WT — left, A178D - right) were incubated
with protease thermolysin for the length indicated. Control: titin Z1Z2 protein sample without
thermolysin. A stable degradation fragment of approx. 15 kD is observed for the mutant titin
Z172. The position of marker proteins and their size (in kD) is indicated. C — Decreased stability
of titin Z172 A178D in NRC: NRC were infected in duplicates with adenoviral particles for HA-
tagged titin Z1Z2 (WT or A178D, MOI 5). Infection with parental empty vector (GFP) and non-
infected cells (NI) served as controls. Steady-state titin fragment protein amount was assayed by
Western blotting for the HA-tag. Probing for hrGFP served as infection control and probing for
endogenous GAPDH served as loading control. Despite equal infection rates (for confirmatory
control experiments see Figure S6A), less titin A178D protein fragment was detected, indicating
reduced stability in NRC. D — Localisation of titin Z1Z2 in NRC: Cells were transfected with
constructs coding for HA-tagged titin Z1Z22 WT (top, first row) or titin Z1Z2 A178D (bottom,
first row) mutant protein fragment and counterstained for endogenous titin with T12 antibody
(middle row, Z-disk proximal epitope, but not recognising the transfected titin Z1Z2 protein
fragment). Merged images are shown in the third row, HA shown in red, endogenous titin in

green. Scale bar represents 10 microns.

Figure 5: Functional implications of the titin Z1Z2 A178D mutation. A — Semi-quantitative

GST-pulldown assays using telethonin fragments fused to GST (left aa 1-90, right full length)

22
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and titin Z1Z2 fragments (WT and A178D as indicated) as GFP fusions expressed in COS-1
cells. Bound titin-GFP fragments are detected by Western blotting (top row), input lysate
controls are shown in the second row. Pulled down GST-telethonin fragments are shown in row
three, as well as lysate controls (bottom row). B — Quantification of GST-pulldown experiments
from panel A visualises reduced binding of titin Z1Z2 to telethonin in the presence of the A178D
mutation, values are expressed as bound protein relative to lysate, with the first WT experiment
set to 100 % (n = 2 per group, values expressed as mean with standard deviation for error bars;
one representative experiment of three independent ones is shown). Due to the semi-quantitative
nature of the experiments, no statistical test was performed. C — FRET experiments using COS-1
cells co-transfected with telethonin (aa 1-90) fused to YFP (first row) and titin Z1Zr3 fused to
CFP (second row). Images pre- and post-bleach are shown, FRET ratios are shown in the third
row. Inserts show magnification of indicated area. Scale bar represents 10 microns. D —
Quantification of FRET efficiency for titin Z1Zr3 WT/A178D and telethonin pairs. The A178D
mutation reduces the FRET efficiency from approx. 0.15 to 0.01 indicating a dramatic loss of

binding ability (WT n=20 and A178D n=26 cells; * p <0.0001 unpaired Student’s t-test).
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Supplemental Material

Expanded Methods

Copy Number Analyses

Copy number analyses were carried out for all family members (see Figure 1A)
except II-4 and 111-2 (for whom DNA was unavailable). For each individual, ~200ng
DNA was tested against a sub-array of an Illumina HumanCytoSNP-12v1 BeadChip
(Illumina Inc, San Diego, CA) according to manufacturer’s guidelines. Data analyses
were performed with GenomeStudio v2009.2 (lllumina Inc., San Diego, CA) and
finalreport.txt files uploaded into Nexus Copy Number v7.5.3 Discovery Edition
(BioDiscovery, Hawthorne, CA) for visualisation and evaluation of copy number (CN)
events, looking for events that that might segregate with and contribute to affected
cardiomyopathy status as given in the pedigree (Figure 1A). In addition, WGS data
(.bam files) from the two first cousins (lll-1 and IlI-4) were processed using ngbin
(https://github.com/) set with a window size of 1000 and read count filter of 10. The
ngbin output was uploaded into Nexus Copy Number v7.5.3 Discovery Edition for
visualisation and CN events evaluated and noted. In the WGS data, centromeric and
telomeric peaks and peaks mapping to SD sequences were excluded. CN events
were not considered relevant with respect to the cardiomyopathy phenotype if they
had been noted previously at >1% frequency in unrelated datasets (Database of
Genomic Variants http://dgv.tcag.ca/dgv/app/home or ‘in house’) or did not co-

segregate in family members with a confirmed cardiomyopathy (see Figure 1).

LOD score calculation



A standard disease model for rare dominant conditions was used to calculate the
LOD score: allele frequency = 0.0001 (0.01%) and probability of being affected for
individuals with 0, 1 and 2 copies of the disease allele (penetrance) was 0.0001, 1.0
and 1.0 respectively (i.e. complete penetrance for heterozygotes) on Merlin (version

1.1.2) software.

Expression profiles of genes
Evidence of expression of the genes in the heart both at RNA and protein level was
interrogated in following databases:

GeneCards http://www.genecards.org/

Expression Atlas (EMBL-EBI) https://www.ebi.ac.uk/gxa/home

The Human Protein Atlas http://www.proteinatlas.org/
ProteomicsDB https://www.proteomicsdb.org/
PaxDB http://pax-db.org/#'home

GTex Portal http://www.gtexportal.org/home/
GeneHub http://share.gene.com/Research/

genentech/genehub-gepis/index.html

Biophysical characterisation of titin Z1Z2 protein fragments

Size Exclusion Chromatography-Tridetector Analysis: The two proteins, WT
Z172 and the A178D mutant were analysed with a Viscotek 305 tridetector (Malvern
Instruments, Malvern, UK), equipped with light scattering, refractive index, and UV
absorbance detectors. Malvern was connected to an analytical size exclusion
column (Superdex 200 10/300 GL; GE Healthcare), at a flow rate of 0.3 mL/min,

using 25 mm Tris (pH 8.0), 200 mm NaCl as running buffer. The protein



concentration was 3.6 and 3.8 mg/mL for the WT and A178D respectively and the
sample volume was 100 pl. The refractive index combined with light-scattering data
were used for the estimation of the molecular masses. BSA, re-suspended in the

same buffer, was used as internal control.

Circular Dichroism (CD) spectropolarimetry measurements: Prior to each
measurement, the two samples were dialyzed against 10 mM potassium phosphate,
pH 7.5, 100 mM NaF and diluted to 10 uM. The spectra were recorded on a
Chirascan CD Spectrometer (Applied Photophysics), between 190 and 260 nm, at
10°C, using a 0.5 mm cuvette. The background was subtracted and each spectrum
was converted to mean residue ellipticity. Each curve represents the average of

three measurements.

Thermal stability assay: The thermal stability of the two variants was assessed by
differential scanning fluorimetry (Thermofluor™), using a iCycleMylQ RT-PCR
Detection System (Bio-Rad), equipped with a CCD detector for imaging of the
fluorescence. SYPRO Orange was added as a fluorophore. The protein was
concentrated at 50 and 100 pM, in a buffer containing 25 mm Tris (pH 8.0) and 200
mm NaCl. The plate was heated from 5 to 95 °C with initial stepwise increments of 1

°C per minute. Each curve represents the average of five separate measurements.

SAXS measurements and data processing: Synchrotron radiation X-ray scattering
data were collected on the EMBL P12 beamline at the PETRA Ill storage ring
(DESY, Hamburg). Solutions of 2122 WT and A178D mutant were measured at 10
°C at solute concentrations of 2.7, 5,6 and 10.3 mg/ml. PILATUS 2M detector
(Dectris, Switzerland) was used at the sample-detector distance 3.0 m and

wavelength A=0.1 nm, covering the momentum transfer range 0.05 <'s < 4.5 nm™ (s



= 41 sinB/A, where 26 is the scattering angle). The samples had no measurable
radiation damage detected by comparison of twenty successive time frames with 50
ms exposures. The data were averaged after normalization to the intensity of the
transmitted beam and the scattering of the buffer was subtracted. The difference
data were extrapolated to zero solute concentration following standard procedures.
All data manipulations were performed using the program package PRIMUS *.

The radius of gyration Ry of solutes and the forward scattering 1(0) were
evaluated using the Guinier approximation at small angles (s < 1.3/Ry) 2 (assuming
that the intensity is represented as I(s) = I1(0) exp(—(ng)2/3) and also from the entire
scattering pattern by the program GNOM 2. In the latter case the distance distribution
functions p(r) and the maximum particle dimensions Dmax Were also computed. The
molecular masses (MM) of the solutes were evaluated by comparison of the
calculated 1(0) value with that of the standard solution of bovine serum albumin (MM
66 kDa).

The excluded volumes of hydrated protein molecules (V,) were calculated

using the Porod approximation:

(s)ds (1)

exp

vp=27z2|(0)/jsz|
0

in which the intensity I(s) was modified by subtraction of an appropriate constant
from each data point to force the s decay of the intensity at higher angles following
the Porod’s law # for homogeneous patrticles.

Low resolution ab initio model of Z1Z2 WT and A178D mutant were generated
by the program DAMMIF °, which represents the protein by an assembly of densely

packed beads. Simulated annealing (SA) was employed to build a compact



interconnected configuration of beads that fits the experimental data lex(S) to

minimize the discrepancy:

2 _ 1 I(Sj)_C|calc(Sj) i
7= N_lZ{ } 2)

j O_(Sj)

where N is the number of experimental points, c is a scaling factor, lcac(s;)) and o(s;))
are the calculated intensity and the experimental error at the momentum transfer s;,
respectively. The common structural features of the model were determined by
superimposing and averaging of the configurations from ten separate runs using the
programs SUPCOMB ° and DAMAVER .

The scattering pattern of the crystallographic coordinates of wild-type 2172
(PDB code: 2A38) was calculated using CRYSOL 2. Given the atomic coordinates,
the program fits the experimental intensity by adjusting the excluded volume of the
particle and the contrast of the hydration layer to minimize the discrepancy, defined

by * (equation 2).

Foerster Resonance Energy Transfer Experiments

WT human titin Z1Zr3 was cloned in the expression vector pECFP-C1 between the
Xhol and BamHI restriction sites, with an N-terminal CFP-tag. The same plasmid
was used for site-directed mutagenesis of the titin Z1Zr3 A178D construct. Wild-type
human telethoninAC (residues 1-90) was cloned in the expression vector pEYFP-C1
between the Xhol and BamHI restriction sites, with N-terminal YFP-tag. Sequences
were validated by DNA sequencing.

COS-1 cells were cultured in Dulbecco’'s modified Eagle medium
supplemented with 10% fetal bovine serum and 100 U/mL penicillin/streptomycin

(Invitrogen Life Technologies). For expression and microscopic analysis of



fluorescent fusion proteins, cells were grown on plastic slides and transfected with
appropriate plasmid DNA using Escort IV transfection reagent (Sigma-Aldrich, USA)
according to the manufacturer’s instructions. Cells were fixed for 10 min with 4%
paraformaldehyde 24-36 h post-transfection and specimens were mounted in anti-
fade medium.

To detect FRET by the acceptor photobleaching method, cells transfected
with appropriate combinations of donor and acceptor expression constructs were
imaged on a Zeiss LSM 510 confocal microscope using a 63X 1.4NA Plan NeoFluar
oil immersion objective. CFP was excited with the 458 nm line of an Argon-Krypton
ion laser and YFP was excited using the 514 nm argon line, respectively. A 545 nm
dichroic mirror was used to split the two emission channels, followed by a band-pass
475-525 nm filter for the CFP channel and a long pass 530 nm filter for the YFP
channel. The coverslip was first scanned at 10x magnification, marking cells showing
strong comparable signals for both CFP and YFP channels. During preliminary
scans with the 63X Objective, a rectangular acquisition Region of Interest (ROI) was
chosen where homogeneous signals for each channel were detected. The gain for
the CFP and YFP channels were set to the nearest grey-value to maximum without
saturating any pixels, at approximately 75% of the dynamic range (12-bit, 4096 grey
levels), with offsets set such that backgrounds were zero. Any saturated pixels were
automatically excluded from FRET calculations in order to not affect FRET results.
Time-lapse mode was used to collect one pre-bleach image for each channel before
bleaching. YFP was photobleached using the 514 nm line at maximum power for 150
iterations. A second post-bleach image was then collected for each channel. Pre and
post-bleach CFP and YFP images were processed using the software Image-J (NIH)

and user-written Macros. Images were background-subtracted using rolling ball



radius (sliding paraboloid, 3.0-5.0 pixels radius), and pre- and post-bleach images
fade-corrected. FRET efficiency (E;) was calculated according to equation (3):

Er= (CFPpostbieach - CFPprebieach)! CFPpostbleach (3)
By using the equation (4):

Eext = E+/ Bleacheficiency 4)
FRET efficiency can be extrapolated to theoretical bleach efficiency 100% (Eex)
according to the linear correlation previously described °. Mean values from three
independent cell transfections were plotted for comparison. Error bars represent
standard deviations. Unpaired student's test was performed and p <0.05 was

considered significant.

Assessment of protein stability

Human Titin Z1Z2 WT and A178D were cloned into the pShuttle-hrGFP-2 vector
(Agilent). Adenoviral particles were generated, scaled up and purified using the
AdEasy system (Agilent) according to the manufacturer’s instructions. NRC were
infected at MOI = 5 and harvested after 48 hrs. Total protein extracts were generated
and assayed by Western blotting as described *° using anti-HA monoclonal rat
antibody (Roche), anti-hrGFP polyclonal rabbit antibody (Agilent) and anti-GAPDH
polyclonal rabbit antibody (Millipore). Western blots were quantified using ImageLab
software (Biorad), intensity normalised to loading control and expressed relative to
Z172 WT (set to 100 %). RNA was isolated from identically infected NRC using the
RNeasy Mini kit (Qiagen) and transcribed with High Capacity cDNA Reverse
transcription Kit (Applied Biosystems) prior to amplification reactions performed
using Fast Universal Master Mix on a StepOnePlus system (Applied Biosystems).

Samples were run in duplicate in a total reaction volume of 10 pL. Following TagMan



assays were used: human recombinant titin (not detecting rat Ttn): Hs01562028 m1,
rat Gapdh: Rn99999916 s1 (both inventoried), hrGFP — assay ID AIYQYGZ (custom
designed). Relative expression was quantified using the comparative CT method.
COS-1 cells were cultured and transfected as for the FRET experiments using
HA-tagged constructs coding for human titin Z122 WT or A178D (1 mug DNA for WT
and 2.5 mug for A178D, respectively). Cells were treated with translational inhibitor
cycloheximide at 20 mug/ml for 8 and 24 hrs, vehicle control (DMSO) was applied for
24 hrs. Total protein extracts were prepared and blotted for HA-tag as above and
beta-actin as loading control (polyclonal rabbit antibody, Sigma). Western blots were
guantified using ImageLab software (Biorad), intensity normalised to loading control

and expressed relative to vehicle control values (set to 100 %).



Additional Figures

Figure S1: Cardiac MRI images demonstrating prominent features of LVNC in
affected individuals 111-3, 111-4 and 111-5, but not 11I-6. 1I-4 has a dilated LV. End-
diastolic four chamber views are shown, numbering of individuals as in Figure 1A

and Table 1.

Figure S2: Linkage plots for each chromosome from SNP array data analysed in
MERLIN software. Red lines indicate a LOD score of 0 and the approximate

positions of TTN and PDP2 are indicated by arrows.

Figure S3: A — Comparison of DNA sequence between a synthetically derived
reference sequence (top panel) and individual 11-4 (middle panel). The heterozygous
missense variant is indicated by the black arrow. The bottom panel illustrates the
signal-to-noise ratio between the reference sequence and the patient sequence. The
presence of the heterozygous single nucleotide variant TTN ¢.533C>A (TTN p.
A178D) is clearly distinguishable (raised peak) from the background noise (using
Mutation Surveyor software, Softgenetics).

B — Structural alignment using deposited structures of titin Ig-domains. The position
of beta-strands A to G is marked and the position of A178 indicated with an asterisk.
Apart from Alanine, position 178 is exclusively occupied by hydrophobic side chains
(Val, Leu, lle) or cysteine. Structural alignment was performed by PDBeFold (SSM)
1 using secondary structure matching. Sequence conservation analysis was done by

the ConSruf server *2.



Figure S4 — Thermal denaturation experiments: Titin Z1Z2 WT (solid line) unfolds
with a melting temperature of approximately 62 degrees. Titin Z1Z22 A178D (broken
line) displays high fluorescence signal already at low temperatures, and no melting

temperature can be deducted for Titin Z1Z2 A178D.

Figure S5 SAXS measurements: A — Normalized Kratky plot displays a bell-shaped
profile for Z1Z2 WT (1, black symbols) typical for folded structures, whereas for the
A178D mutant (2, white symbols) it appears to be intermediate between folded and
completely unfolded structures ** suggesting the presence of unfolded parts/flexible
domains in the A178D mutant. B — Scattering patterns from 2122 WT (1) and Z1Z2
A178D (2) and their models: experimental data (WT in black and A178D in white
dots) are shown with error bars representing one standard deviation; scattering
computed from ab initio models are plotted with solid lines, scattering from the
monomeric Z1Z2 WT model (PDB code: 2A38) with dashed lines. Insert: Distance
distribution functions p(r) for 2122 WT (black symbols) and for 21722 A178D (white
symbols). The asymmetric tails of the distance distribution functions for both 2122

WT and Z1Z2 A178D are consistent with an elongated shape of the proteins.

Figure S6 A — Control experiments to demonstrate equal MOIs for WT and A178D in
experiments shown in Figure 4B. Quantification of Western blots from Figure 4C is
shown in grey bars. For mRNA measurements (black bars), NRCs were transfected
as in Figure 4C and analysed RNA gquantified by TagMan assays for human titin
Z17Z2 and the hrGFP reporter. B, C — Pulse chase experiments confirming reduced
stability of titin Z1Z2 A178D protein fragment in COS-1 cells. B — Cells were

transfected with constructs coding for HA-tagged titin Z1Z22 WT (left) or titin Z1Z2
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A178D (right) mutant protein fragment and treated with cycloheximide (CHX) to stop
protein translation for 8 and 24 hours. Vehicle treated cells (24 hrs) served as
control. Expression of HA-tagged titin Z1Z2 was assayed from total protein lysates
by Western blotting for HA-tag, probing for endogenous beta-actin served as loading
control. C — Quantification of HA-tagged titin Z1Z2 normalised to beta-actin: Amounts
are shown relative to vehicle control (set to 100 %). Titin Z1Z2 WT fragment (grey

bars) is more stable than titin Z1Z2 A178D mutant protein fragment (black bars).

Figure S7. NRC were transfected with titin Z1Z2 WT or A178D as in Figure 4D, but
counterstained for endogenous telethonin. Merged images are shown in the third
row, HA shown in red, endogenous telethonin in green. No changes in localisation
are observed for telethonin in the presence of titin Z122 A178D. Scale bar

represents 10 microns.

Additional Tables

Table S1: Filtering criteria applied to all variants identified.

Table S2: Variants remaining after automated filtering.

Table S3: Analysis and exclusion of an intronic/ splice region variant in titin.

Table S4: Primer sequences.
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Table S1: Filtering criteria applied to all variants identified.

1. Within linkage region (LOD > 0), whereby both affected and unaffected
individuals were considered in the linkage analysis

2. Exonic or splicing variant,
i.e. with one of the following consequence terms: 'transcript_ablation’,
'splice_donor_variant', 'splice_acceptor_variant', 'stop_gained’,
‘frameshift_variant', 'stop_lost', 'initiator_codon_variant',
‘transcript_amplification’, 'inframe_insertion’, 'inframe_deletion’,
'missense_variant', 'splice_region_variant'

3. Heterozygous and shared by both affected individuals (11l-1 and 111-4)
4. Called confidently by Platypus (flagged as 'PASS’)

5. Overlapping neither segmental duplications nor repeats

6. Allele frequency in 1000 Genomes < 1 % or not reported *

7. Observed no more than 7 times in WGS500 ?

8. Observed no more than 50 times in ESP
(Exome Variant Server, http://evs.gs.washington.edu/EVS/)

9. Observed no more than 50 times in UK10K
(UK10K Project, http://www.uk10k.org)

10.Observed no more than 500 times in EXAC Browser
(Exome Aggregation Consortium, http://exac.broadinstitute.org/ )

Steps 1 to 10 are implemented in an automated script, further filtering steps are
based on manual inspection:

11. Supporting evidence for the existence of affected transcript(s)

12.Evidence of expression of the gene in the heart both at RNA and protein level
using multiple databases (see Expanded Materials)

13. Splice/intronic variants: considered if at crucial position (-2 to +2) or violating
consensus rules at position -6 to -3 (for 5’ sites) or at position -3 for 3’ sites *

Predicted to be tolerated using MaxEntScan
(http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoresed.html and

http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq_acc.html)
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Table S2: Variants remaining after Platypus filtering (steps 1-10 of Table S1)

Allele frequency

CHROMOSOME POSITION | REFERENCE ALTERATION QUALITY | FILTER GENE CONSEQUENCE AA_CHANGE SIFT POLYPHEN 1000G | UK10K(AC/AN) [ ESP6500(AC/AN) EXAC Reason for exclusion
16 66919133 G A 1484 PASS PDP2 missense_variant E316K deleterious(0) probably_damaging(1) 0 1.3E-04 0 4.9E-05 n/a
2 179665172 G T 1658 PASS TTN missense_variant A178D deleterious(0) | possibly damaging (0.734) 0 0 0 0 n/a
splice region variant & expressed exclusively in kidney and testis;
16 31495991 Cc T 1852 PASS SLC5A2 P vt 9 - 0 0 0 8.2E-06 |position -3 of a 3' splice junction, predicted to
intron_variant be tolerated
an artefact due to an incorrect, poorly
16 67208979 G T 1242 PASS NOL3 missense_variant G4sv unknown(0) 0 0 0 2.5E-05 ;t‘gs”:r:els ‘E'f"s];:'é’lt (s'i:jlfﬂgg:?z“f;:)
change in all other transcripts
2 176995495 C T 1044 PASS HOXD8 missense_variant A134V tolerated(0.08) benign(0.31) 0 0 0 0 not present in affected individual 111-6
splice region variant & position -5 of a 3' splice junction,
2 179414205 A G 1005 PASS TTN P ir;tro% variant 0 0 0 0 predicted to be tolerated
= (for detailed analysis see Table S3)
RNA and protein expression in the heart
RNA Protein
GENE i Comment
GeneCards Expn(eé;grl\_;k L Protein Atlas GeneHub GTex | Protein Atlas ~ Human Protein Map Proteomics DB PaxDB GeneCards
PDP2 v v v X v (low) v X X X X low expression in the heart




Table S3: Analysis and exclusion of an intronic/splice region variant in titin.

Position 2:179,414,205 Reference Variant

base A G

Position - 5 position of 3' splice intron /exon 339 boundary (ENST00000589042)
Affected exon [1] Fibronectin domain in A-band titin

Percentage spliced in (PSI) of exon 339: 100 (DCM), 98 (controls)

Percentage Spliced In (PSI) Prediction Reference
SPANR difference in PSI score between refence and variant: 0.8 % http://tools.genes.toronto.edu/
Conservation PhyloP poor
Scale 28 pases| | h2i9
chra;: I 179,414,1986] 179,414, 268| 179,414, 218] 179,414, 220|
s AT B CCRAGEGEGERATEAGEBAACBGEEC TS T ARRACAAAARACAARMRARATECEG
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Splice Prediction
Tool Reference  Variant Difference Percent Consequence Reference
http://genes.mit.edu/burgelab/maxent/Xma

MaxEntScan 11.08 9.94 1.14 10% tolerated (< 15 %, [2])
xentscan_scoreseq_acc.html

VEP-MaxEntScan 11.08 10.90 0.15 1.4% tolerated (< 15 %, [2])
BDGP 0.99 0.98 0.01 1.0% tolerated (cut off 0.40) www.fruitfly.org/seq_tools/splice.html

Summary Alamut Visual v2.6 Predicted change at acceptor site 5 bps downstream: -7.8% "not predictable"

SpliceSiteFinder 93.8 92.4 1.4 1.5% Alamut Visual (Interactive Biosoftware)
NNSPLICE 1.0 0.9 0.1 10.0% Alamut Visual (Interactive Biosoftware)
GeneSplicer 7.5 4.7 2.8 37.0% Alamut Visual (Interactive Biosoftware)
Human Splicing Finder 90.5 86.9 3.6 4.0% Alamut Visual (Interactive Biosoftware)

NI 001267560, 1T THIC 0Z153-6T>G - [C.02145 (Exon 330] - C.0Z248 (Exon 34011 ek vt v cwre
SpliceSiteFinder-like | [ ] - .
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Table S4: Primer sequences

Sanger sequencing
TTN A178D
Forward 5 —-TCACCTGGTTTTGGAATTGG - 3

Reverse 5" -GGCCCCATTTAGACACAAAC -3

PDP2 E316K
Forward 5" —CTGGAAGATGAGGTGACAAGG -3’

Reverse 5" —ATCTGAGGCCAGCACAAGG -3’

Cloning primer (restriction sites in capital letters)
Telethonin amino acids 1-90 pEBG
Forward 5’ — ttGGATCCatggctacctcagagctgagc -3’

Reverse 5 — ttGCGGCCGCttacggcagtacccgcetggtag — 3’

Telethonin amino acids 1-167 pEBG
Forward 5 — tttGGATCCatggctacctcagagctgagc -3’

Reverse 5 — ttGCGGCCGCtcagcctctctgtgctteetg -3’

Titin Z1Z2 pShuttle IRES hrGFP-2
Forward 5- tttGCGGCCGCcccaccatgacaactcaagcaccgacg - 3’

Reverse 5- tttCGATCGGaccttgaaccagtaattcagcag -3’

Titin Z1Z2 into pEGFP-N1
Forward 5- tttCTCGAGatgacaactcaagcaccgacg — 3’

Reverse 5’- tttGGATCCcgaccttgaaccagtaattcagcag — 3’



Titin Z1Zr3 into pECFP-C1 (FRET)
Forward 5’ —tttctcgagccATGACAACTCAAGCACCGAC 3

Reverse 5’ —ttggatcctcaGTAACTCAAGAAGCAATAAGA -3’

TelethoninAC (amino acids 1-90) into pEYFP-C1 (FRET)
Forward 5’ —tttctcgagccATGGCTACCTCAGAGCTGAGC -3’

Reverse 5’ —ttggatcctcaCGGCAGTACCCGCTGGTAG - 3

Mutagenesis TTN A178D
Forward 5 — ACTCAGGGACCTATTCAGTAAATGaCACCAATAGCG -3’

Reverse 5" — CGCTATTGGTGtCATTTACTGAATAGGTCCCTGAGT -3’
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