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Abstract

The dog provides a large animal model of familial dilated cardiomyopathy for the study of important aspects of this common
familial cardiovascular disease. We have previously demonstrated a form of canine dilated cardiomyopathy in the Doberman
pinscher breed that is inherited as an autosomal dominant trait and is associated with a splice site variant in the pyruvate
dehydrogenase kinase 4 (PDK4) gene, however, genetic heterogeneity exists in this species as well and not all affected dogs
have the PDK4 variant. Whole genome sequencing of a family of Doberman pinchers with dilated cardiomyopathy and sud-
den cardiac death without the PDK4 variant was performed. A pathologic missense variant in the titin gene located in an
immunoglobulin-like domain in the I-band spanning region of the molecule was identified and was highly associated with the
disease (p <0.0001). We demonstrate here the identification of a variant in the titin gene highly associated with the disease
in this spontaneous canine model of dilated cardiomyopathy. This large animal model of familial dilated cardiomyopathy
shares many similarities with the human disease including mode of inheritance, clinical presentation, genetic heterogene-
ity and a pathologic variant in the titin gene. The dog is an excellent model to improve our understanding of the genotypic

phenotypic relationships, penetrance, expression and the pathophysiology of variants in the titin gene.

Introduction

Dilated cardiomyopathy (DCM) is a primary heart muscle
disease characterized by left ventricular dilation and systolic
dysfunction. It is one of the most common forms of familial
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cardiomyopathy in human beings, characterized by both
genetic and allelic heterogeneity (Morales and Hershberger
2015). Variants have been identified in over 60 genes, par-
ticularly those that encode for sarcomeric and cytoskeletal
proteins. Variants in the titin gene (77N) are reported most
commonly (de Gonzalo-Calvo et al. 2017; Franaszczyk et al.
2017; Herman et al. 2012; Hershberger et al. 2013; Towbin
2014). Although causative variants are now well-known for
this common cardiovascular disease, there remain many
poorly understood aspects of this familial disease includ-
ing the great degree of genetic heterogeneity, variable pen-
etrance and expression, and possible indication for treatment
for genotype positive, preclinical disease individuals.

The dog is a natural animal model of familial DCM that
has been used to study many different aspects of the disease
from its pathophysiology to stem cell therapy (Cheng et al.
2016; Hensley et al. 2017). The Doberman pinscher is one
of the breeds of dogs most commonly affected by familial
DCM (Martin et al. 2010). Dilated cardiomyopathy in the
Doberman pinscher is characterized by left ventricular dila-
tion and systolic dysfunction, with subsequent development
of both atrial and ventricular tachyarrhythmias (Calvert et al.
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1997). Familial aspects of this disease are well-described
(Mausberg et al. 2011; Meurs et al. 2007). We have pre-
viously determined that DCM in Doberman pinschers is
inherited as an autosomal dominant trait, at least in some
families of dogs (Meurs et al. 2007). A splice site variant
has been identified in the PDK4 gene, encoding a mitochon-
drial protein that is strongly associated with the development
of DCM in some families (Meurs et al. 2012). However,
the PDK4 variant does not explain all cases of this famil-
ial canine disease even within this one breed, suggesting
that even within a single breed of dog genetic heterogeneity
is likely (Owczarek-Lipska et al. 2013). In this study, we
evaluate a family of Doberman pinschers with DCM but
without the PDK4 variant. A deleterious variant in the titin
(TTN) gene was identified in this family as well as other
affected dogs and was strongly associated (p <0.0001) with
the development of DCM. Sudden death was commonly
observed. The variant is predicted to change the structure
of the protein and was demonstrated to decrease active ten-
sion in myofibers from affected dogs.

Methods

This study was conducted in accordance with the guidelines
of the North Carolina State University Institutional Animal
Care and Use Committee.

Two sibling (male, female) Doberman pinchers were pre-
sented for evaluation of clinical signs consistent with con-
gestive heart failure with DCM at the North Carolina State
University College of Veterinary Medicine at 4 years of
age. Their mother had died unexpectedly of sudden cardiac
death at 6 years of age. The cardiac status of the father was
unknown and he was not available for evaluation. Physical
examination, echocardiographic and electrocardiographic
examination were performed by a board-certified veteri-
nary cardiologist. The echocardiogram was performed using
standard two-dimensional and M-mode echocardiographic
methods (Thomas et al. 1993). Dogs were considered to be
affected if they had a left ventricular end diastolic dimen-
sion of at least 4.8 cm and a fractional shortening less than
20%, without evidence of ongoing systemic disease or other
congenital or acquired heart disease (Meurs et al. 2008).

Both sibling dogs were determined to be affected by
4 years of age and died of sudden cardiac death by 5 years of
age. The female had been bred once and had seven existing
offspring. Six offspring were examined by a board-certified
veterinary cardiologist, and all six were diagnosed with
DCM between the ages of 3 and 6 and were managed with
medical therapy (Fig. 1). Four died of sudden cardiac death
by 6 years of age.

DNA samples were obtained from the two proband sib-
lings and the six available offspring of the female proband.
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All affected dogs in this family lacked the previously
reported PDK4 variant. Samples from the female proband,
one of her male affected offspring, and three additional (two
male, one female) unrelated affected Doberman pinschers
lacking the PDK4 variant were selected for whole genome
sequencing.

Approximately, 3 ug of DNA from each dog was submit-
ted for library preparation and whole genome sequencing
(WGS) at the University of North Carolina Chapel Hill High-
Throughout Sequencing Facility (https://www.med.unc.edu/
genomics). All sequencing experiments were designed as
125 bp paired-end reads and samples were run on either
1 or 2 lanes of an Illumina HiSeq 2500 high-throughput
sequencing system.

Variant calling from WGS data was performed using
a standardized bioinformatics pipeline for all samples as
described previously (Friedenberg and Meurs 2016). Briefly,
sequence reads were trimmed using Trimmomatic 0.32 to a
minimum phred-scaled base quality score of 30 at the start
and end of each read with a minimum read length of 70 bp,
and aligned to the canFam3 reference sequence using BWA
0.7.13 (Bolger et al. 2014; Li and Durbin 2009; Lindblad-
Toh et al. 2005). Aligned reads were prepared for analysis
using Picard Tools 2.5 (http://broadinstitute.github.io/picar
d) and GATK 3.7 following best practices for base quality
score recalibration and indel realignment (Broad Institute,
Cambridge, MA) (DePristo et al. 2011; McKenna et al.
2010; Van der Auwera et al. 2013). Variant calls were made
using GATK’s HaplotyeCaller walker, and variant quality
score recalibration (VQSR) was performed using sites from
dbSNP 146 and the [llumina 174K CanineHD BeadChip as
training resources. We applied a VQSR tranche sensitiv-
ity cutoff of 99.9% to SNPs and 99% to indels for use in
downstream analyses; genotype calls with a phred-scaled
quality score <20 were flagged but not removed from the
variant callset.

Variants present in at least 4 of 5 affected dogs (to allow
for possible areas of poor coverage) were selected and fil-
tered against a database of variants from 250 non-Doberman
pinscher dogs from 44 different dog breeds. Variants that
were present in at least four of five affected dogs and in
none of the non-Doberman pinschers were selected for fur-
ther evaluation and were then categorized by Variant Effect
Predictor 87 and prioritized by their functional impact (e.g.,
stop codon, change in amino acid, etc.) as well as poten-
tial cardiac involvement (evidence of cardiac expression,
previous association with some form of cardiomyopathy)
(McLaren et al. 2016). Variants of highest interest were eval-
uated for functional significance with Polyphen (http://genet
ics.bwh.harvard.edu/pph2/), SIFT (http://sift.jcvi.org/) and
Provean (http://provean.jcvi.org/index.php) and were evalu-
ated for previous identification in the canine population in
the DogSD (http://bigd.big.ac.cn/dogsdv2/) SNP database.
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Fig. 1 M-mode echocardio-
gram of the left ventricle of an
unaffected (control) Doberman
pinscher (a) and an affected
Doberman pinscher (b). Note
the reduced interventricular sep-
tum (IVS) and left ventricular
free wall (LVFW) motion and
increased left ventricular lumen
(LFFW) size in the affected dog

Variants shown to have an important functional impact
by altering a stop or start codon, creating a frameshift or
altering or creating a splice site, or altering a conserved
amino acid in a way in which was predicted to be deleteri-
ous by at least two of the three in silico programs (SIFT,
Provean, Polyphen) and were believed to have cardiac
importance through expression or function within the heart
were selected for additional evaluation. Variants were
then evaluated by Sanger Sequencing of 135 affected and
122 unaffected Doberman pinchers from a DNA database
maintained at the NCSU College of Veterinary Medicine.
Affected phenotype was defined as described above and the
unaffected phenotype was based on the presence of echocar-
diographically determined normal left ventricular dimen-
sions, a fractional shortening of at least 25% and an age of at
least 10 years. The variants were tested for allelic association
with DCM using a Fisher’s exact test. A p value of <0.05
was considered significant. Variants significantly associ-
ated with disease were next genotyped in an additional 258
non-Doberman pinscher dogs for a total of 508 (including
the 250 from the pipeline indicated above) non-Doberman
pinschers genotyped from 87 different breeds (Supplemental
Table 2). Penetrance was determined for the most promising
variants that were evaluated in affected Doberman Pinschers
lacking the PDK4 variant by Sanger sequencing.

Titin isoform (N2BA and N2B) expression analysis of
LV tissues was performed as previously described (Lahmers
et al. 2004; Warren et al. 2003) using samples from four
control dogs with the wildtype genotype and seven affected
dogs (four heterozygous and three homozygous for the vari-
ant). The solubilized samples were electrophoresed on 1%
Seakem Gold Agarose gels (Lonza, Allendale, NJ) using a
Vertical Agarose Gel System as previously described (War-
ren et al. 2003). Gels were run for 3 h 20 min (@ 15 mA per
gel), stained overnight using Coomassie brilliant blue (Acros
Organics, Pittsburgh, PA), scanned using a commercial scan-
ner (Epson Corporation, Long Beach CA) and analyzed
using One-D scan (Scanalytics Inc, Rockville MD). Each
sample was loaded in a range of six volumes (microliters)
and the integrated optical density (OD) of titin and myosin
heavy chain (MHC) was determined as a function of volume.
Further, the slope of the linear relationship was obtained for
each protein to quantify expression ratios. For titin Western
blots, solubilized samples were run on a 0.8% Seakem Gold
Agarose gel as described. On day 1, gels were run for 2 h
40 min, transferred onto a PVDF membrane (Immobilon-
FL®, Millipore, Burlington, MA) using a semi-dry transfer
unit (Trans-Blot Cell, Bio-Rad, Hercules CA) for 2 h 30 min,
stained using Ponceau-S (Sigma, Burlington, MA) to visual-
ize the total protein transferred and let dry overnight. On day
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2, membranes were scanned and probed overnight with anti-
titin N-terminus (Z1Z2, Abnova, Cat.No. H00007273-M06)
and anti-titin C-terminus (M8MO9, http://www.myomedix.
com) antibodies. On day 3, membranes were labeled with
secondary antibodies conjugated to fluorescent dyes with
infrared (IR) excitation spectra (CF680, Goat anti-Rabbit,
20067-1 and CF790, Goat anti-Mouse 20342, Biotium Hay-
ward, CA). Blots were then scanned using Odyssey Infrared
Imaging System (LI-COR Biosciences, Lincoln, NE) and the
images analyzed using LI-COR software (Image Studio Lite
5.2). Expression data was analyzed between the two groups
with a Student’s ¢ test.

Finally, ultrastructural and mechanical analysis on LV tis-
sue of two control (CC) and two homozygous (TT) animals
was performed. Frozen LV cardiac tissues from two affected
Doberman pinchers homozygous positive for the variant and
PDK4 variant negative and from two unaffected dogs with
the wildtype genotype (controls), were warmed up from — 80
to —20 °C in a 50% glycerol/relaxing solution [(in mM): 40
BES, 10 EGTA, 6.56 MgCl,, 5.88 Na-ATP, 1 dithiothrei-
tol (DTT), 46.35 K-propionate, 15 creatine phosphate, pH
7.0] containing protease inhibitors [(in mM): 0.1 E64, 0.47
leupeptin and 0.25 phenylmethylsulfonyl fluoride (PMSF)]
for 24 h. The samples were placed on ice and fiber bundles
were dissected and skinned in relaxing solution containing
1% Triton X-100 and protease inhibitors for 3 h at4 °Cin a
rotator. Skinned fiber bundles were washed thoroughly with
relaxing solution, stretched from the slack length at ~15%
in a sylgard coated petri dish and processed by conventional
TEM. Briefly, fiber bundles were fixed in a mix solution
of 3.7% paraformaldehyde, 3% glutaraldehyde and 0.2%
tannic acid in PBS (10 mM, pH 7.2), and post-fixed in 1%
OsO04 in PBS for 30 min at 4 °C. Subsequently, samples
were dehydrated in an ethanol graded series, infiltrated with
propylene oxide, and transferred to a mix of 1:1 propylene
oxide:Araldite 502/Embed 812 (Epon-812, EMS), then to a
pure Araldite 502/Embed 812 resin and polymerized for 48 h
at 60 °C. Longitudinal sections of 100 nm were obtained
with a Reichert-Jung ultramicrotome and contrasted with
1% potassium permanganate and lead citrate. Samples were
observed in a TECNALI Spirit G2 transmission electron
microscope (FEI) operated at 100 kV, and images acquired
with a side-mounted AMT Image Capture Engine V6.02
(4Mpix) digital camera.

Mechanical studies were carried out on LV wall muscle
strips isolated from four control (CC) and two homozygous
(TT) animals. Mid-myocardial fibers from tissue stored at
—20 °C in 50% glycerol/relaxing solution were identified
and dissected out in 100-200 um diameter strips, approxi-
mately 1500 um long (Ottenheijm et al. 2010). The strips
were briefly washed with relaxing solution then skinned for
1 h at 4 °C on a 2D rocker. The strips were washed with
a relaxing solution, then aluminum T-clips were attached
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to the ends for mounting. One end was attached to a force
transducer (AE801; SensorOne) and the other to a servo-
motor (308B; Aurora) in a bath of relaxing solution (Gran-
zier and Labeit 2006). Sarcomere length (SL) was measured
using a laser diffraction system. Active force was measured
by stretching the preparation to SL 2.0 pum and activating
it using a pCa 4.0 solution (in mM: 40 BES, 10 CaCO3
EGTA, 6.29 MgCl,, 6.12 Na-ATP, 1 DTT, 45.3 potassium
propionate, 15 creatine phosphate) with protease inhibi-
tors. Tissue producing zero active force was immediately
discarded. Slack length and cross-sectional area (CSA) of
the preparation was measured to calibrate percent stretch
and normalize measured forces (tension=mg/mm2). To
measure total passive tension, a stretch—hold-release pro-
tocol was used in which the tissue was stretched to a given
SL within the physiological range (2.0-2.3 pm) at 10%/s,
held for 90 s, and released back to slack length. When SL
could not be reliably measured, it was assumed to track with
muscle length as it does in other samples. In cases like this,
the stretch calibration from an average control sample was
applied. The preparation was then extracted using sequential
treatments (40 min) with 0.6 M KCl in relaxing solution
followed by 1.0 M KI in relaxing solution to depolymerize
the thick filaments and remove the anchoring points of titin,
keeping ECM intact. The stretch—hold-release protocol was
then repeated to measure the ECM-based passive tension.
Titin-based passive tension was calculated by subtracting the
ECM-based passive tension from the total passive tension.
Data was analyzed with a non-parametric Mann—Whitney
test.

A protein sequence analysis was used to access infor-
mation on the predicted consequences of the amino acid
change (McLaren et al. 2016; Laddach et al. 2017; Pires
et al. 2014a, b). The structural model was produced using
the JSmol applet (http://www.jmol.org) embedded in the
TITINdb webserver (http://fraternalilab.kcl.ac.uk/TITIN
db/). The protein sequence alignment is a subset of the titin
orthologue multiple sequence alignment downloaded from
Ensembl (Vilella et al. 2009).

Results

After filtering, 31,808 variants were identified in at least 4
of 5 affected Doberman pinscher dogs (cases) and absent
in the 250 non-Doberman pinscher dogs from 44 different
dog breeds (controls). Fourteen variants were predicted
to create a gain of stop, 4 caused a loss of stop, 90 cre-
ated a frameshift, 16 created an inframe deletion, 20 an
inframe insertion, 60 altered a splice site and 1563 altered
a missense mutation. The remaining variants were synony-
mous, located in a 3’ or 5" untranslated region, upstream
or downstream or intronic. One hundred and forty-three
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of the variants believed to be of the greatest importance as
defined above were evaluated for Sanger sequencing (Sup-
plemental Table 1). Five variants had a p <0.1 (Table 1).
However, only one, a missense C/T variant in the titin
gene (ENSCAFT00000022319) at canine chromosome
36:22,321,955, was significantly associated (p <0.0001)
with DCM in the initial Sanger sequencing and identified in
all of the affected dogs in the family of Doberman pinschers
with DCM (Figs. 2, 3). The variant was not observed in
any of the 508 unaffected non-Doberman pinscher dogs of
87 breeds from the canine whole genome database and was
not identified in DogSD (http://bigd.big.ac.cn/dogsdv2/) as
a known canine SNP (Supplemental Table 2). Within the
family of affected Dobermans pinschers, the two probands
dogs were heterozygous, four of six affected offspring were
homozygous and two were heterozygous for the variant,
consistent with an autosomal dominant mode of inheritance
(Fig. 3). There was no apparent difference in clinical severity
with all dogs developing the disease by 6 years of age, and
six (three heterozygous and three homozygous) of the eight
dogs dying of sudden death by 6 years of age.

The variant had an association of p<0.0001 to disease
in a population of 125 unrelated affected Doberman pin-
schers. The CT and TT genotypes were both significantly
associated with the DCM population in comparison to the
control population by p <0.003 and p <0.0001, respectively.
The variant had a calculated disease penetrance of 47% in
DCM PDK4 negative dogs. Both variants (PDK4 and titin)
were genotyped in 96 affected dogs and 124 unaffected dogs
(Table 2). One, or both variants were identified in 99% of the
affected dogs and in 73% of unaffected dogs, consistent with
the incomplete penetrance of both variants for this disease.

The TTN variant is predicted to change the amino acid
from glycine to arginine; glycine at this location is highly
conserved in a wide range of species and corresponds in
humans to residue p.8898G >R (ENST00000589042.5) in
the immunoglobulin-like domain 171 (Fig. 4). I71 is located
in the middle Tandem Ig segment of titin’s molecular spring
region of the cardiac N2BA isoform. The variant was pre-
dicted to be a deleterious change by variant prediction algo-
rithms. Polyphen (http://genetics.bwh.harvard.edu/pph2/),

Table 1 Variants associated with canine DCM with a p<0.1

Chromosomal Gene Refer-  Variant allele p value
location ence

allele
1:95279812 ROR2 G A 0.07
2:73235007 NROB2 G A 0.08
17:52330510 DENND2C C T 0.08
29:27413758 MRPS28 C A 0.09
36:22321955 TTN C T <0.0001

CACTGGGTGCCACGTY
100

)

TTTTGCACCTCGAAACTGT
60 70

ATACCCT
80

ACTGTCACTGGGTGCCACGT
90

| | ﬁ

L -

Fig.2 Chromatogram of DNA sequence from unaffected (control)
dog (a) and affected dog (b). Arrows indicate location of DNA vari-
ant (C in unaffected dog, T in affected dog)

! : y n(

A.JJ

predicted the variant to be likely damaging (0.999; scores
of 0.85—1.0 are predicted to be deleterious); SIFT (http://
sift.jevi.org/) predicted it to be a deleterious change (0.03;
scores of 0-0.05 are predicted to be deleterious) and Provean
(http://provean.jcvi.org/index.php) predicted it to be a

snenen

T 717 T CT T CT

—%

Fig.3 Pedigree from a family of Doberman pinschers with dilated
cardiomyopathy. Circles indicate females, squares indicate males.
Black symbols indicate affected dogs; patterned symbols indicate
unknown phenotype. Symbols with a line indicate deceased animals.
The dog’s genotype is indicated next to each symbol. 77 homozygous
variant, CT heterozygous variant, CC wildtype homozygous
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Table 2 Titin and PDK4 genotypes for 96 affected dogs and 124 unaffected dogs

Number of unaffected dogs

PDK4 WT/WT PDK4 WT/variant PDK4
variant/
variant

Unaffected dog group (124 dogs)
Titin WT/WT 33 10 3
Titin WT/variant 25 15
Titin variant/variant 13 17 2

Number of affected dogs

PDK4 WT/WT PDK4 WT/variant PDK4
variant/
variant

Affected dog group (96 dogs)

Titin WT/WT 2 3 4

Titin WT/variant 18 30 4

Titin variant/variant 14 14 7
Number of dogs in each group is displayed
WT wildtype
Fig.4 a The DNA variant is
predicted to change an amino (B)
acid in an immunoglobulin- Dog TTN variant NVAPSDSRVYSFEVQNPVGKDS
like domain from glycine to
arginine (location indicated by Dog NVAPSDSGVYSFEVQNPVGKDS
circle), which would correspond Horse NVAPGDSGVYSFEVQNPVGKDS
in human to p.8898G>R in Cow NVAPSDSGVYSFEVQNPVGKDS
Ig domain 171. b Glycine is a chi mp NVAPSDSGVYSFEVQNPVGKDS
highly conserved amino acid Human NVAPSDSGVYSFEVQNPVGKDS
at this location. ¢ Schematic of MegaBat NVAPSDSGVYSFEVQNPVGKDS
sarcomere with the indicated MicroBat NVAPRDSGVYSFEVQNPVGKDS
location of titin and (at bottom) Mouse NVVPGDSGVYSFEVQNPVGKDS

xR K KRNERRRRRRLRERRRRERLRR%

the domain composition of
titin’s molecular spring region
(N2BA isoform). 171 is found
in titin’s middle tandem Ig
segment

N2B

proximal

middle

N2A PEVK

distal

|
Tandem Ig segments

deleterious change (—5.113; scored of —2.5 or less are pre-
dicted to be deleterious).

A titin protein expression analysis was performed using
left ventricular (LV) wall tissue that had been flash frozen.
No major differences were found in titin expression when
comparing control animals with animals that were either
heterozygous for the variant (CT) or homozygous (TT)
(Fig. 5a). The total titin—myosin heavy chain ratio was
unaltered [0.20 +0.04 (CC), 0.17 +0.03 (CT), 0.29 +0.06

@ Springer

(TT)]. A Western blot analysis using the Z1Z2 antibody
that detects titin’s N-terminus and the M8M9 antibody that
detect titin’s C-terminus revealed that both N2BA and N2B
titin in mutant animals were full-length titin (Fig. 5b).
There was no apparent difference in the expression ratio
of N2BA:N2B titin (Fig. 5a, top). The ratio of T2 (large
degradation product), to T1 (full-length titin) revealed a
trend towards being higher in animals carrying the variant
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(A) (B)
rizea e

T2 N2B =

N2BA/N2B
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CC CT TT

Fig.5 a Protein gel revealing titin in unaffected (control) Doberman
pinscher dog (CC), a heterozygous dog (CT) and a homozygous dog
(TT). Titin appears normal in all genotypes. b Western blot analysis
using the Z1Z2 antibody raised to titin’s N-terminus (top) and M8M9
raised to titin’s C-terminus (bottom) show that the bands identified as
N2BA and N2B titin on protein gels are full-length molecules in all
genotypes. ¢ Top: quantitative analysis of expression ratio of N2BA
titin (top band on gel) vs. N2B titin (bottom band) reveals no dif-
ference. Bottom: the ratio between T2 (large degradation product of
titin) and T1 (full-length titin) shows a trend towards an increase in
heterozygous and homozygous dogs. Mean and standard error of the
mean are shown

(Fig. 5c, bottom), suggesting that there might be more
protein degradation in animals carrying the variant.

Mechanical studies performed on LV wall muscle strips
isolated from two control (CC) and two homozygous (TT)
animals indicate a marginal (p =0.057) reduction in maxi-
mal active tension in the homozygous animals (Fig. 6a) but
no difference in passive tension (Fig. 6b).

Electron microscopy revealed focal and myopathic abnor-
malities in homozygous animals that include myofibrillar
disarray and less dense packing of myofibrils, with sar-
comeres that vary greatly in sarcomere length. In addition,
Z-disk streaming was regularly observed and the Z-disks

Fig.6 Active tension (a) and
passive tension (b) in cardiac
tissue from unaffected (control)
Doberman pincher (CC) and
DCM dogs (TT). a Maximal
active tension, at pCa 4.0 and
measured at SL 2.0 mm, was
higher in the unaffected dogs
(p=0.057). b No significant dif-
ferences in titin-based passive
tension were observed
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[$)]
o
)

N
e

N
o
A

varied in thickness (Fig. 7). Similar changes including
Z-disk streaming and myofibrillar disarray were observed
in sections of the biceps femoris muscle of a homozygous
dog (TT), results not shown.

Discussion

The canine variant reported here is in titin, the gene most
commonly associated with DCM in human beings (de Gon-
zalo-Calvo et al. 2017; Franaszczyk et al. 2017; Herman
et al. 2012; Kimura 2016; LeWinter and Granzier 2014).
Titin is the largest known protein and is expressed in both
cardiac and skeletal muscle where it acts as a molecular
spring contributing to both passive stiffness of muscle and
active contraction, as well as biomechanical sensing and
signaling (de Gonzalo-Calvo et al. 2017; Herman et al.
2012; Kimura 2016; Linke 2018; Granzier et al. 2009). In
the myocyte, titin filaments span one-half of each sarcomere
by anchoring the amino-terminus to the Z-disk and the
carboxy-terminus to the M-line (Linke 2018; Neiva-Sousa
et al. 2015; Gigli et al. 2016). Titin’s functional regions are
named by their locations within the sarcomere including
the Z-disk, I-band, A-band, and M-band regions (Granzier
and Labeit 2002; Gerull et al. 2006). Titin gene variants
that cause DCM in people have been located throughout
the molecule, consistent with the allelic heterogeneity of
this disease, although most have been found in the A band
region (Herman et al. 2012; LeWinter and Granzier 2014;
Neiva-Sousa et al. 2015; Gigli et al. 2016; Gerull et al. 2002,
2006; Itoh-Satoh et al. 2002; Schafer et al. 2017).

The missense variant reported here was identified within
an immunoglobulin-like domain, in humans referred to as
I71 (Bang et al. 2001). I71 is part of the middle tandem Ig
segment that compromises one of the three spring elements
within cardiac titin. I71 is included in both skeletal muscle
titin and in the N2BA isoform of cardiac titin but not in
the N2B cardiac isoform (Herman et al. 2012; Schafer et al.
2017; Bang et al. 2001; Labeit et al. 2006). Thus, the effect
of the variant is likely to be isoform specific. Although a
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Fig.7 Representative electron micrographs of cardiac tissue from
two unaffected (control) Doberman pinchers dogs (CC) and two
DCM dogs homozygous for the 77N mutation (TT). In sections from
unaffected dogs (left two panels obtained from two different animals),
the sarcomeres show a regular structure, while in the sections from

human variant causing DCM has not been identified in this
exact location, a missense variant has been observed within
the orthologous exon in humans with an arrhythmogenic
right ventricular cardiomyopathy phenotype (Taylor et al.
2011).

It is unclear exactly how the variant identified here leads
to the development of DCM. In silico programs predicted
that the protein is not truncated but that rather its structure
is altered. Thus, it is possible that I71 is either permanently
unfolded or easily unfolds when force is exerted on the
domain during diastole when sarcomeres are stretched. An
unfolded domain is likely to have a heightened sensitivity
to degradation, a notion that is supported by the increased
T2 (degradation product) to T1 (full-length molecule) ratio
(Fig. 5c, bottom) (Anderson et al. 2013). Such proteolysis
would be expected to reduce passive tension, but the effect
is likely to be modest because there is less N2BA titin (I71
is included) than N2B titin (I71 is absent). Indeed, there was
no difference in the measured titin-based passive tension
(Fig. 6b). This is in contrast to a recent study by Vikhorev
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the affected dogs (middle two panels and right two panels obtained
from two different animals) sarcomere misalignment is observed, as
well as disarrangement of myofilaments, wide spaces between myofi-
brils, Z-disk streaming with increased Z-disk thickness, and variation
in I-band width. (Scale bar 1 pm.)

et al. on human cardiac myofibrils from patients with DCM
due to truncation variants in TTN (TTNtv); the authors
speculated that the reduced passive tension is important in
the pathology of TTNtv DCM (Vikhorev et al. 2017). Our
study reveals that DCM can develop when passive tension
is normal.

The active tension that we obtained also contrasts with
the study of Vikhorev et al. in that we found that maximal
active tension is reduced (p=0.057), whereas Vikhorev
et al. found no difference (Vikhorev et al. 2017). The
reduced active tension of our study is consistent with that
of myofibers engineered from human iPSC-CMs heterozy-
gous for TTNtv, which also showed a deficit in active ten-
sion generation (Hinson et al. 2015). It is not clear how a
missense variant in I71 directly leads to a reduced level
of maximal active tension and it seems likely therefore
that the active tension reduction is a secondary effect that
arises from the myofibrillar disarray and less dense pack-
ing of myofibrils observed in our electron microscopy
study. Less dense packing of myofibrils and sarcomere
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disorganization is also observed in engineered heart tis-
sues consisting of iPSC-derived cardiac myocytes obtained
from patients with TTNtv (Vikhorev et al. 2017). We spec-
ulate therefore that the missense variant in 171 leads to less
dense packing of myofibrils and that the ensuing overall
tension reduction at the level of the myocyte results in
pathological remodeling and DCM. Clearly, more work
is required to determine the mechanism by which a mis-
sense variant in I71 leads to DCM. Additionally, the num-
ber of animals in which good quality tissue was available
post mortem was small and we were only able to evalu-
ate samples from two homozygous variant dogs and two
homozygous wild type dogs. A larger number of samples,
including some from heterozygous dogs would improve
the strength of these findings.

Dilated cardiomyopathy is a heterogeneous condi-
tion. The penetrance varies depending on the causative
mutation and other factors (environment, lifestyle, etc)
that may impact development of disease (Hershberger
et al. 2013). This is a phenomenon common to familial
cardiomyopathies, and in some forms of cardiomyopathy,
the penetrance may be as low as 20-30%, meaning that
only 20-30% of those with the disease-causing mutation
will demonstrate the disease (Sen-Chowdhry et al. 2005).
The factors associated with whether a mutation is fully
penetrant or has incomplete penetrance are poorly under-
stood but can include age, sex, environment, lifestyle, and
modifying genetic factors (Hershberger et al. 2013). In
the family described here, all sibling dogs with the variant
eventually developed the disease. However, in the overall
population of Doberman pinschers evaluated, many dogs
had the variant but have not developed the disease. This
could indicate that the dogs in the family share genetic or
environmental factors which influence onset of the disease,
that age of onset is critical to developing the condition or
simply an ascertainment bias.

The identification of a variant in the titin gene in this
spontaneous canine model of DCM completes the character-
ization of a large animal model of familial DCM associated
with titin. As such, it is an excellent model to improve our
understanding of genotypic phenotypic relationships and the
value of early medical and/or behavioral intervention in gene
positive individuals. A key role for this model may be the
elucidation of factors that influence penetrance and expres-
sion of disease, since the Doberman pinscher is a purebred
dog from a closed gene pool with a restricted amount of
genetic variation. Additionally, monitoring diet, exercise
and hormonal balance are all easily achievable in this large
animal model and tend to relate closely to that of human
beings, yet the affected dog’s life time is short enough that
it is reasonable to follow the development of the phenotype
over a 4-6 year period.
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