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Dilated cardiomyopathy is the most common 
myocardial disease in dogs and is characterized 

by reduced contractility (systolic dysfunction) and 
eccentric hypertrophy (dilation) of the left or both 
ventricles. It is responsible for a considerable degree 
of morbidity and death in this species, with the pri-
mary consequences being CHF or arrhythmic sudden 
death.1 Most cases are idiopathic, and an underlying 
cause remains to be identified. Comparatively few 
cases are associated with known underlying causes, 
such as nutritional deficiencies (eg, taurine deficien-
cy), drugs or toxins (eg, doxorubicin), or primary ar-
rhythmias (tachycardiomyopathy).1,2 The high preva-
lence of DCM in specific dog breeds strongly suggests 
that genetic factors have a role in the pathogenesis 
of some and probably most forms of DCM in dogs.3 
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Objective—To identify a causative mutation for dilated cardiomyopathy (DCM) in Dober-
man Pinschers by sequencing the coding regions of 10 cardiac genes known to be associ-
ated with familial DCM in humans.
Animals—5 Doberman Pinschers with DCM and congestive heart failure and 5 control 
mixed-breed dogs that were euthanized or died.
Procedures—RNA was extracted from frozen ventricular myocardial samples from each 
dog, and first-strand cDNA was synthesized via reverse transcription, followed by PCR 
amplification with gene-specific primers. Ten cardiac genes were analyzed: cardiac actin, 
α-actinin, α-tropomyosin, β-myosin heavy chain, metavinculin, muscle LIM protein, myosin-
binding protein C, tafazzin, titin-cap (telethonin), and troponin T. Sequences for DCM-affect-
ed and control dogs and the published canine genome were compared.
Results—None of the coding sequences yielded a common causative mutation among 
all Doberman Pinscher samples. However, 3 variants were identified in the α-actinin gene 
in the DCM-affected Doberman Pinschers. One of these variants, identified in 2 of the 5 
Doberman Pinschers, resulted in an amino acid change in the rod-forming triple coiled-coil 
domain.
Conclusions and Clinical Relevance—Mutations in the coding regions of several genes 
associated with DCM in humans did not appear to consistently account for DCM in Dober-
man Pinschers. However, an α-actinin variant was detected in some Doberman Pinschers 
that may contribute to the development of DCM given its potential effect on the structure 
of this protein. Investigation of additional candidate gene coding and noncoding regions and 
further evaluation of the role of α-actinin in development of DCM in Doberman Pinschers 
are warranted. (Am J Vet Res 2011;72:932–939)

The Doberman Pinscher is one such highly affected 
breed, with almost 50% of dogs affected over their 
lifetime in some populations.a Prospective pedigree 
analyses in Doberman Pinschers have revealed that 
DCM is indeed a familial disease inherited as an auto-
somal dominant trait.4 The Doberman Pinscher breed 
in North America is a relatively closed breed; by the 
1950s, approximately half of the registered Doberman 
Pinschers in the United States were descended from a 
single family.5 Thus, it is possible that the genetic basis 
for DCM in that breed stems from the same causative 
mutation or mutations. The fact that familial forms of 
DCM are known to exist in humans further suggests 
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AbbreviAtions
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MYBP-C  Myosin-binding protein C
MYHC  β-Myosin heavy chain
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SNP  Single nucleotide polymorphism
Tcap  Titin-cap (telethonin)
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a genetic cause, and several genetic mutations respon-
sible for these forms of DCM have been described.6–8

Dilated cardiomyopathy in humans is character-
ized by the same structural and functional changes in 
affected Doberman Pinschers, and at least 30% to 50% 
of cases are familial (genetic).7 Mutations that affect 
genes encoding proteins of the contractile apparatus 
may cause defective force generation, and genetic mu-
tations that affect actin, myosin, MYBP-C, and tropo-
nin T have been described.6–8 Similarly, mutations that 
affect genes encoding cardiac structural proteins may 
cause defective force transmission and mutations af-
fecting titin, desmin, dystrophin, dystroglycans, and 
sarcoglycans have been described.6–8 Other genetic 
mutations may affect proteins involved in calcium han-
dling, thereby altering availability of or sensitivity to 
calcium (eg, phospholamban and SERCA2), or proteins 
involved in regulating energy use, thereby causing en-
ergy deficits. Evaluation of genetic mutations known to 
be associated with human familial DCM may provide 
a framework within which to begin investigating the 
causes of DCM in dogs.

Comparatively little information exists with respect 
to the genetics of DCM in dogs; however, mutations of 
genes encoding for contractile, regulatory, and structur-
al cardiac proteins are all potential candidates. With re-
spect to isolated DCM (in the absence of skeletal mus-
cle involvement), studies investigating genetic causes 
in dogs have revealed neither mutations in specific seg-
ments of the cardiac actin, desmin, sarcoglycan delta, 
phospholamban, troponin C, lamin A/C, cysteine- and 
glycine-rich protein 3, cTnT, or MYHC7 genes in Do-
berman Pinschers9–13 nor abnormalities in myocardial 
dystrophin, α-sarcoglycan, or β-dystroglycan in various 
breeds, including Doberman Pinschers.14 No changes 
were found in the sequences of Tcap, α-tropomyosin, 
vinculin, or taffazin in Newfoundlands or Irish Wolf-
hounds with DCM.15–17 Results of other research have 
suggested that DCM in a European line of Doberman 
Pinschers may be associated with a mutation of the ti-
tin gene.b To our knowledge, this was the first evidence 
supporting a potential specific genetic cause for DCM 
in Doberman Pinschers.

The purpose of the study reported here was to 
identify a causative mutation for DCM in Doberman 
Pinschers by sequencing the coding regions of 10 car-
diac genes associated with familial DCM in humans. 
The 10 genes were selected on the basis of known mu-
tations associated with DCM in humans who had the 
characteristics of the disease that develops in Dober-
man Pinschers, combined with information from the 
scarce literature regarding genetic linkage to DCM in 
dogs and from the recently available dog genome.18–20

Materials and Methods
The coding sequences of 10 genes from 5 control 

dogs without overt signs of cardiac disease and 5 Dober-
man Pinscher dogs with DCM were determined by use 
of reverse transcriptase PCR analysis of mRNA and se-
quencing of the resulting cDNA. The resulting sequences 
were compared with the sequences in the dog genome 
obtained from the Boxer breed.21 The sequences in the 
dog genome database were accepted as wild type.20

Dogs—The experimental group included 4 male 
Doberman Pinschers (2 sexually intact and 2 neutered) 
and 1 spayed female Doberman Pinscher. The dogs’ 
ages ranged from 7.1 to 10.9 years (mean age, 8.7 years) 
and weights ranged from 27.6 to 42.0 kg (mean weight, 
36.2 kg). From the last available echocardiographic ex-
aminations for each dog, the mean left ventricular in-
ternal dimension in diastole was 55.7 mm (range, 48.23 
to 65.10 mm), mean left ventricular internal dimension 
in systole was 48.57 mm (range, 40.57 to 55.32 mm), 
and mean fractional shortening was 12.7% (range, 7.9% 
to 15.8%). The Doberman Pinschers had been treated 
for CHF for 1 to 273 days.

The control group included 4 male dogs (3 sexu-
ally intact and 1 neutered) and 1 sexually intact fe-
male dog. All of these pound-source dogs were adults, 
although their exact ages were unknown. The dogs’ 
weights ranged from 21.5 to 36 kg (mean weight, 27.4 
kg). Breeds included German Shepherd Dog (n = 1), 
Border Collie (1), and mixed (3). The history and clini-
cal data for these dogs were unknown, except that the 
hearts were grossly normal with no evidence of DCM or 
CHF on postmortem examination. Dogs of breeds other 
than Doberman Pinscher were used as controls instead 
of Doberman Pinschers with no signs of DCM to avoid 
the possibility of misclassification of dogs with subclin-
ical disease, given the adult-onset nature of the disease.

Selection of target genes—Ten candidate genes 
were selected for cDNA sequencing to determine 
whether changes in the coding sequence of the gene 
might be linked to the development of DCM in Dober-
man Pinschers. Candidate genes known to be associ-
ated with familial forms of isolated DCM (DCM unas-
sociated with skeletal myopathy or conduction system 
disease) in humans were selected. The genes investi-
gated included those encoding sarcomeric proteins in-
volved in contraction (cardiac actin, α-tropomyosin, 
MYHC7, cTnT, and MYBP-C), sarcomere-associated 
proteins of the stretch sensor machinery (Tcap and 
muscle LIM protein), and cytoskeletal proteins in-
volved in force transmission (α-actinin and metavin-
culin). These genes are all associated with autosomal 
dominant familial DCM in humans, which is also the 
mode of inheritance of DCM in Doberman Pinschers.4 
The exception is taffazin, which comes from a unique 
group of proteins whose function is largely unknown 
and is associated with X-linked recessive forms of DCM 
in infants, although a late-onset form has also been de-
scribed in 1 family.8,22 Although a potential association 
between DCM in Doberman Pinschers and the protein 
titin has been reported,b the size of the coding sequence 
(encompassing 363 exons) excluded this candidate 
gene from the present study.

 Myocardial samples—Myocardial samples were 
obtained from 5 client-owned Doberman Pinschers 
with DCM and CHF (experimental group) and 5 dogs of 
breeds other than Doberman Pinscher (control group). 
Four of the 5 Doberman Pinschers in the experimental 
group were euthanized by IV injection of pentobarbital 
sodium (102 mg/kg) at the University of Guelph Vet-
erinary Teaching Hospital at the request of their own-
ers after being treated for CHF secondary to DCM for 
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a period of 1 to 194 days. The remaining Doberman 
Pinscher had been treated for CHF due to DCM for 273 
days and was brought to the hospital immediately fol-
lowing death at home. Written consent for postmortem 
examination was obtained from all owners. For each 
dog, a diagnosis of DCM and CHF had been determined 
on the basis of a history of respiratory signs, previous 
thoracic radiographic or postmortem evidence of pul-
monary edema, and previous echocardiographic exami-
nation findings supportive of DCM. For the latter, the 
criteria included left ventricular internal dimension in 
diastole > 0.1749 X body weight (kg) + 40.255 mm or 
left ventricular internal dimension in systole > 0.1402 
X body weight (kg) + 34.99 mm (both derived on the 
basis of unpublished observations of the relation be-
tween left ventricular dimension and body weight in 
51 clinically normal Doberman Pinschers) and no other 
concurrent cardiac disease.

For the control group, myocardial samples were 
collected from pound-source dogs arriving at the Ani-
mal Health Laboratory immediately following euthana-
sia at the end of veterinary surgical laboratories at the 
teaching hospital. Dogs were euthanized via IV injec-
tion of pentobarbital sodium (102 mg/kg). There was 
no evidence of cardiac disease on gross postmortem ex-
amination in all dogs.

For each of the study dogs, full-thickness myo-
cardial tissue samples from the left ventricular free 
wall were obtained within 30 minutes after death, snap 
frozen in liquid nitrogen, and stored at –70°C until  
processing.

RNA extraction—The frozen myocardial tissue 
samples were transferred to a reagent solutionc and 
stored in a –20°C freezer overnight prior to RNA ex-
traction. Total RNA was extracted from 150 mg of tis-
sue by use of 1 of 2 RNA isolation kitsd,e following the 
manufacturers’ protocols for RNA extraction from tis-
sue samples.

cDNA synthesis and amplification—Gene-specif-
ic primers (Appendix 1) were designed by use of the 
NCBI database, a search of the canine genome,20 and 
software.f The primers were synthesized at University of 
Guelph Laboratory Services by use of a high-through-
put column.g When possible, primers were synthesized 
corresponding to mRNA sequences outside of the cod-
ing region of each cDNA of interest to ensure complete 
coverage of all exons.

Difficulties with amplification led to redesign 
of primers for the metavinculin cDNA. The new for-
ward primer corresponded to nucleotides 27,633,897 
to 27,633,915 on chromosome 4 of the dog genomes, 
39 nucleotides upstream of the start codon in the ac-
cession file (Appendix), whereas the reverse primer 
encompassed the predicted stop codon. Despite the re-
design, only the reverse primer provided good-quality 
sequence, with incomplete coverage of all exons.

Two micrograms of total RNA was used to syn-
thesize cDNA via reverse transcription with random 
hexamers.h Two microliters of the first-strand cDNA 
was then amplified via the gene-specific primers by use 
of PCR procedures.i Reactions (25 µL) contained 1X 
PCR buffer I, 400nM each of the primers, and 1.0 U 

of Taq. Next, PCR thermal cycling was conducted by 
use of a sequence detector systemj under the following 
conditions: initial incubation at 95°C for 15 minutes; 
35 cycles of 94°C for 20 seconds; 52° to 60°C for 30 
seconds, depending on the melting temperature of the 
primers; and 72°C for 2 to 5 minutes, depending on the 
length of the amplicon, followed by a final extension at 
72°C for 7 minutes. The PCR fragments were confirmed 
by use of ethidium bromide–stained agarose gels.k

DNA sequencing—The PCR fragments were pu-
rified by use of a PCR clean-up plate.l The purified 
fragments were sequenced from 5′ and 3′ ends until 2 
strands reached 100% overlap. Approximately 5 to 30 ng 
of each purified PCR fragment was sequenced by use 
of the dye deoxy terminator methodm and a sequence 
detector systemj or thermal cycler.n Cycle sequencing 
reaction conditions were performed as described by the 
manufacturer.m Dye terminators and primers were re-
moved from the cycle sequencing reactions by use of 
filtration plateso loaded with gel filtration medium.p 
The purified reaction products underwent electropho-
resis by use of an automated sequencer.q The chro-
matograms were analyzed by use of softwarer to gener-
ate high-quality target sequences within the software’s 
clear confidence range. The edited sequences were as-
sembled with softwareg by use of the default settings 
to produce a consensus sequence. Gaps in the DNA 
sequences were closed by use of primer walking tech-
niques, where each sequencing primer was designed on 
the basis of the end of the results obtained with the pre-
vious sequencing primer until the entire gene sequence 
was determined. The amplification primers were also 
used for producing sequences. For the forward and re-
verse sequencing primers, the overall mean coverage of 
each primer was 673 bp (Appendix 2).

Results

Analysis of cDNA sequences—The coding regions 
of the 10 genes of interest were sequenced, including 
some untranslated regions of the cDNAs (Appendix 
1). The sequence of the tafazzin coding region from 1 
control dog was removed because of priming problems 
where little sequence was available. The remaining 9 
tafazzin sequences covered the entire coding sequence 
with substantial coverage of the 3′ and 5′ untranslated 
region. The myosin sequences were found to be the 
result of PCR-mediated recombination. As in all other 
mammals, the cardiac myosin gene in dogs consists 
of a tandem gene cluster; on dog chromosome 8, the 
first cardiac myosin gene is the α isoform (designated 
MYHC6) and the second is the β isoform (designated 
MYHC7). Analysis of the myosin gene sequencing re-
sults revealed a chimeric sequence containing the first 
33 exons from the β-cardiac myosin gene and the last 
5 exons from the α-cardiac myosin gene. In the mid-
dle of the β-cardiac myosin sequence, a short stretch 
of α-cardiac myosin sequence (corresponding to exons 
18 to 21) was uncovered in several samples, including 
samples of 4 of the 5 Doberman Pinschers. An error 
in the design was identified: the 3′ primer used an-
nealed to the α-cardiac myosin cDNA. This error in de-
sign occurred because of an inconsistency in the NCBI 
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dog genome database at the time of the primer design 
process, where the β- (MYHC7) and α-cardiac myosin 
(MYHC6) genes were both designated as MYHC6.

The coding regions of the actin, tafazzin, and Tcap 
genes were 100% identical in tissue samples from all 
the dogs. Moreover, the sequences from all of the dogs 
examined were 100% identical within the β-cardiac my-
osin gene exons (consisting of over 4,500 nucleotides, 
covering > 75% of the β-cardiac myosin sequence). For 
cTnT, reported degenerate primers23 failed to produce 
product and new primers were designed to encompass 
the start and stop codons of the gene. A single SNP in 
the cTnT sequence resulted in a silent (ie, not caus-
ing a change in the amino acid) mutation in the coding 
region of 1 control dog. For muscle LIM protein and 
tropomyosin, the coding sequences of the respective 
gene were 100% identical among the samples; how-
ever, 1 SNP was detected in the 5′ untranslated region 
of the LIM coding sequence for 1 dog. One SNP was 
detected in the 5′ untranslated region of the tropomyo-
sin coding sequence for 2 dogs (Table 1): one of these 
dogs had a homozygous change from C to A in the 5 
untranslated region, and the other had a combination 
of 2 nucleotides (C and A) at this position. We inter-
preted sequenced combinations of 2 nucleotides at the 
same position as allelic heterozygosity (Figure 1). Such 
heterozygosity was observed in the sequences of other 

genes. The coding regions of 3 genes revealed multi-
ple DNA sequence differences. These genes included 
MYBP-C, metavinculin, and α-actinin.

MYBP-C—Several SNPs within the MYBP-C cod-
ing region were identified from the sequencing analy-
sis (Table 2). All the changes led to silent mutations, 
except a heterozygous difference in 1 control dog, 
where 1 allele coded for a protein amino acid substitu-
tion (aspartic acid at residue 913 replaced by glycine 
[p.Asp913Gly]).

Metavinculin—The initial primer pair used to 
produce the metavinculin cDNA failed to amplify any 
product. When new primers were designed, several 
rounds of PCR procedures were required to produce 
product and then only the reverse primer covering the 
end of the coding sequence for the predicted metavin-

 DNA
Gene sequence change Dogs (allelic status)

cTnT c.18A.G Control dog 1 (G/G)
Muscle LIM protein –63C.T Control dog 1 (T/T)
Tropomyosin –8C.A Control dog 2 (A/A); 
    control dog 1 (C/A)

Tissue samples were collected for analysis from 5 control dogs 
and 5 Doberman Pinschers with DCM and CHF; dogs in each group 
were designated 1 through 5. The DNA sequence change is pre-
sented as the substitution at the specified nucleotide (eg, 18A.G 
is an A to G substitution at nucleotide 18 of the coding sequence).

Prefix c. = Coding.

Table 1—Genes with few SNPs identified in ventricular myocar-
dial samples obtained from dogs of breeds other than Doberman 
Pinscher without overt signs of cardiac disease (control dogs) 
and Doberman Pinschers with DCM and CHF in a study to iden-
tify a causative mutation for DCM in Doberman Pinschers by se-
quencing the coding regions of 10 cardiac genes associated with 
familial DCM in humans.

Figure 1—Representative peak trace chromatograms obtained 
via automated DNA sequencing illustrating allelic heterozygosity 
and SNP in cDNA obtained from ventricular myocardial samples 
from non–Doberman Pinscher dogs without overt signs of car-
diac disease (control dogs) and Doberman Pinscher dogs with 
DCM and CHF. A—Evidence of heterozygosity on the noncod-
ing strand complementary to c.789T>C (T to C substitution at 
nucleotide 789 in the coding sequence) in the MYBP-C gene 
from a control dog. B—The c.1085C>T mutated allele coding for 
a p.Ser362Leu substitution (serine at residue 362 replaced by 
leucine) in the α-actinin protein from a Doberman Pinscher with 
DCM, compared with the wild-type sequence.

DNA sequence change Amino acid change Dogs (allelic status)

c.789T.C  — Control dog 4 and DP 4 (C/C); control dog 2 and DPs 
  2 and 3 (T/C)
c.1671G.A — Control dogs 1 and 2 (A/A); control dog 4 (G/A)
c.2741A.G p.Asp913Gly Control dog 1 (A/G)
c.3165A.G — Control dog 3 (G/G); control dog 4 and DP 1 (A/G)
c.3507C.T — Control dog 3 (T/T)
c.3540G.A — DP 5 (G/A)
c.3585A.T — Control dogs 1 and 3 (T/T)
c.3855C.G — Control dog 4 and DP 4 (G/G)

— = No amino acid change. Asp = Aspartic acid. DP = Doberman Pinscher. Gly = Glycine. Prefix p. = 
Protein amino acid numbers.

See Table 1 for remainder of key.

Table 2—Single nucleotide polymorphisms identified in the MYBP-C gene in ventricular myocardial 
samples obtained from dogs of breeds other than Doberman Pinscher without overt signs of cardiac 
disease (control dogs) and Doberman Pinschers with DCM and CHF in a study to identify a causative 
mutation for DCM in Doberman Pinschers by sequencing the coding regions of 10 cardiac genes as-
sociated with familial DCM in humans.
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culin protein provided good sequence information. As 
a result, the coding region data started at protein amino 
acid residue 75 (serine) of the full coding sequence. All 
of the changes observed were silent differences, except 
for a p.Asn147Thr substitution (asparagine at residue 
147 replaced by threonine) found on 1 chromosome of 
a control dog (Table 3).

Although the reverse primer was designed to se-
quence the end of the coding sequence reported in ac-
cession file XM_536395 in the NCBI database, the se-
quences from all samples revealed 1 long exon at the 
3′ end of the gene encompassing exons 15 to 17 of the 
prediction from the dog genome database. The long se-
quence codes for a stop codon immediately after the 
end of exon 15, resulting in a coding sequence that is 
85 amino acids shorter than predicted (GenBank acces-
sion No. HM163574).

α-Actinin—Various transcript variants were iden-
tified in the sequencing of the α-actinin gene. The se-
quence portion (2,331 to 2,411 bp) of one of the control 
dogs and one of the Doberman Pinschers with DCM 
matched the transcript variant 11 XM_861890, rather 
than XM_848010 in the other subjects. In the control 
dog sequence, a p.Val123Ile substitution (valine at resi-
due 123 replaced by isoleucine) was noted.

Within the remaining dogs, 3 homozygous variants 
in the α-actinin gene were uncovered that segregated 
with the Doberman Pinschers (Table 4); however, none 
of these changes were present in all of the Doberman 
Pinschers studied. Of these variants, 2 represented si-
lent mutations and 1 coded for a p.Ser362Leu substitu-

tion (serine at residue 362 replaced by leucine; Figure 
1). The Ser362Leu substitution was in the rod domain 
in a turn region between major α-helical regions of the 
first spectrin repeat.

Discussion

A genetic test for DCM in Doberman Pinschers and 
other canine breeds would be invaluable to clinicians 
and breeders for the purposes of identifying carriers to 
potentially exclude from breeding, to aid in the diagno-
sis of equivocal cases, and for early detection of disease 
allowing intervention that may impact disease progres-
sion. Development of such a genetic test first requires 
identification of the genetic mutations underlying the 
disease in families or breeds. In the present study of 
DCM in Doberman Pinschers, no consistent mutation 
was observed in the coding sequences of the 10 cardiac 
genes investigated.

To our knowledge, Tcap, α-tropomyosin, metavin-
culin, MYBP-C, tafazzin, or α-actinin have not previ-
ously been investigated for association with DCM in 
Doberman Pinschers. As in Newfoundlands and Irish 
Wolfhounds,15–17 causative mutations were not found in 
the Tcap, α-tropomyosin, or taffazin coding regions in 
Doberman Pinschers with DCM. Mutations in MYBP-C 
are typically associated with hypertrophic cardiomyop-
athy, as is the case in Maine Coon and Ragdoll cats.24,25 
One mutation has been associated with a sporadic case 
of human DCM26; however, no notable changes in the 
MYBP-C coding region in Doberman Pinschers with 
DCM were found in the present study.

The sequence of the metavinculin coding region 
obtained with the reverse primer revealed 1 large exon 
at the end of the gene, contrary to the predicted exon 
structure from the gene predictions (chr4, 27,614,605 
to 27,729,357) provided by a bioinformatics search 
toolt when the sequence from the accession XP_536395 
is used. The coding sequence obtained in the present 
study starts in the middle of the predicted exon 3 and 
ends at a TGA stop codon immediately following exon 
15, as opposed to the 1,127 amino acid predicted pro-
tein sequence, which also possessed 7 exons beyond 
the end of the predicted exon structure that correspond 
to expressed sequence tags. As a result, the predicted 
sequence of the protein possesses a different N-termi-
nus and different exons at the C-terminus. The amplifi-
cation primers used for metavinculin were based on the 

DNA sequence change Amino acid change Dogs (allelic status)

c.440C.A p.Asn147Thr Control dog 4 (A/A)
c.501A.G — Control dogs 1, 2, 3, and 4 and DP 5 (G/G); DP 1 (A/G)
c.666C.T — Control dogs 3 and 4 and DP 5 (C/T)
c.1887G.A — DP 2 (G/A)
c.1970C.T — Control dog 4 and DP 1 (C/T)
+38G.T — Control dog 4 and DP 1 (G/T)

Asn = Asparagine. Thr = Threonine.
See Tables 1 and 2 for remainder of key.

Table 3—Single nucleotide polymorphisms identified in the metavinculin gene in ventricular myocardial 
samples obtained from dogs of breeds other than Doberman Pinscher without overt signs of cardiac 
disease (control dogs) and Doberman Pinschers with DCM and CHF in a study to identify a causative 
mutation for DCM in Doberman Pinschers by sequencing the coding regions of 10 cardiac genes as-
sociated with familial DCM in humans.

DNA sequence Amino
change acid change Dogs (allelic status)

c.367G.A p.Val123Ile Control dog 2 (A/A)
c.594T.C — DPs 2, 4, and 5 (C/C)
c.966T.C — DPs 1, 2, and 5 (C/C)
c.1068A.G — Control dogs 1, 2, 3, and 5 (G/G)
c.1085C.T p.Ser362Leu DPs 2 and 5 (T/T)

Ile = Isoleucine. Leu = Leucine. Ser = Serine. Val = Valine.
See Tables 1 and 2 for remainder of key.

Table 4—Single nucleotide polymorphisms identified in the 
α-actinin gene in ventricular myocardial samples obtained from 
dogs of breeds other than Doberman Pinscher without overt 
signs of cardiac disease (control dogs) and Doberman Pinschers 
with DCM and CHF in a study to identify a causative mutation for 
DCM in Doberman Pinschers by sequencing the coding regions 
of 10 cardiac genes associated with familial DCM in humans.
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shorter sequence in the accession file; they would not 
amplify sequences that correspond to the longer pre-
dicted sequence.

There were discrepancies between what was se-
quenced and what has been predicted and observed 
with expressed sequence tags. Complicating matters 
is the fact that the metavinculin coding sequence is a 
splicing variant of the vinculin gene. It is possible that 
the predicted metavinculin sequence in the accession 
file is not accurate and that the N-terminus sequence 
provided by the bioinformatics search toolt is correct. 
The existence of this different N-terminus sequence 
would help explain why multiple rounds of PCR proce-
dures were required to produce product and no reliable 
sequence data were obtained by use of the forward se-
quencing primer. Together with the different C-termi-
nus obtained in the sequencing, it is possible that part 
of a splice variant of the gene that has not been reported 
previously was amplified and sequenced.

The present study revealed a point mutation in the 
α-actinin rod sequence in 2 of the 5 dogs with DCM 
(a spayed female and a sexually intact male). Muta-
tions in the coding region for the α-actinin gene are 
linked to heart failure.27 In particular, the rod region of 
α-actinin is crucial for dimerization of the protein28,29 
and has been linked to cardiomyopathy because signal-
ing molecules known to be involved in heart failure di-
rectly interact with α-actinin through this segment.30,31 
The failure to find the same mutation in α-actinin in 
all affected dogs indicated that this mutation is not the 
sole causative change for DCM in Doberman Pinschers; 
however, an effect of this change in the 2 affected dogs 
cannot be ruled out.

The study of this report had several limitations. 
First, only the exonic regions of the genes of interest 
were sequenced; therefore, changes cannot be excluded 
in the intronic regions and regions outside of the se-
quenced 5′ and 3′ regions that could affect the regula-
tion and expression of the genes and ultimately impact 
protein expression, structure, or function. Second, the 
number of dogs studied was small, such that it is pos-
sible that amino acid changes in the population were 
not detected. The North American Doberman Pinscher 
breed has a fairly tight and closed gene pool, so it seems 
probable that there is a common mutation in the breed 
that is unlikely to be missed, even in a small group. 
However, even within the closed gene pool of the Do-
berman Pinscher breed, there may be variations and 
subgroups that could complicate the search for muta-
tions that cause DCM.

The candidate gene approach is most useful when 
there are few genes of interest of large effect. There are 
> 20 DCM-causing genes identified to date in humans, 
making those genes rational targets to investigate in 
dogs with DCM, but most are not considered to have 
a large effect. The genetic mutations identified to date 
only account for a very small percentage of familial 
DCM cases in humans, suggesting there are many other 
mutations associated with the disease yet to be discov-
ered.6 Linkage analysis may be useful to help identify 
loci of interest by determining whether coinherited re-
gions of the genome exist in affected individuals; how-
ever, this technique requires adequate multigeneration 

information and, ideally, large numbers of families with 
many affected individuals for it to be most useful. To il-
lustrate this challenge, Meurs et al4 were unable to find 
a major region of interest in their prospective genetic 
evaluation of a Doberman Pinscher family despite ex-
amination of 41 dogs in 4 generations in which there 
were 25 DCM-affected dogs. Linkage analysis may also 
be difficult in dog breeds because of limited family in-
formation and the difficulty of accurately identifying af-
fected individuals with adult-onset disease.

Results of the present study did not indicate 
that there was a common and completely segregat-
ing amino acid change in the coding sequences of 
the 10 genes linked with DCM in the Doberman Pin-
schers. The study findings add to the growing body of 
knowledge suggesting that the development of DCM 
in this breed of dog is linked to more than a single 
gene mutation. In support of this added complexity, 
there is a gradation of DCM disease phenotypes, de-
pending on the combination of multiple gene muta-
tions, in humans. Alternatively, there may be a single 
gene mutation responsible for DCM in affected Do-
berman Pinschers, but that gene has not been among 
the genes studied to date.
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     Untranslated 
    region covered (bp)†

Gene Accession No. Primer 5′-3′* Amplicon size (kbp) 5′ 3′

β-Cardiac myosin  XM_854082 Forward: TGTCTTTCCTTGCTGCTCTC 5.8 65 11
  Reverse: GTTGGCAAGAGTGGGGTTC‡   
α-Cardiac actin XM_535424 Forward: CGCAGCTGAGCCGGGATGTG 1.1 (6) 9
  Reverse: CCTGAATGTAAAGTAGACT   
Cardiac troponin T NM_001003012 Forward: GGAGGATGTCTGACGTGGAAGA 0.8 (18) (21)
  Reverse: TTCTATTTCCAGCGCCCGGTGAC   
α-Tropomyosin XM_859943 Forward: GCTCGCCTCGCCGCTCCC 0.9 33 334
  Reverse: CGGTCGGCATCTTCAGCAAT    
Metavinculin XM_536395 Forward: GGAAAAGATAACCCTGGTAGTGG§ 2.5 (42) 512║
  Reverse: TCACCACAGGTTCAGCCGGG    
Tafazzin XM_848512 Forward: ATGCCCCTCCACGTGAAGT 1.1 (20) 203
  Reverse: CGAGGACACGCTACCCATCAA   
Myosin binding protein-C NM_001048106 Forward: CTCTTTGGGCGGCCTGTGACTG 4.0 28 85
  Reverse: GCACACACAACAGCAGGAAGG   
α-Actinin XM_848010 Forward: GGGCAGGCGATCCGAGAG 3.0 187 12
  Reverse: CGGGCAATGAGGGCGCTG   
Tcap XM_846319 Forward: TCCAGTGAGCACCGATCATG  0.6 (4) 103
  Reverse: TGGCTCCCTCCTCCCCTAG    
Muscle LIM protein XM_859394 Forward: AGCGGTCTCTGCCCTCTCC 2.0 42 42
  Reverse: GGGCGTGAGGCAGAAAGGAG   

The sizes of each amplicon and the length of the 5′ and 3′ untranslated region covered by each primer pair are shown.
*Start and stop codons are in bold. †When the primer includes coding sequence, the last base pair in the coding sequence covered by the 

primer is listed in parentheses. ‡Primer was designed against the α-cardiac myosin gene. §Primer failed to provide good sequence. ║Coding 
sequence was truncated at exon 15, compared with predicted sequence in database.

Appendix 1
Primers used for amplification of the coding regions of 10 cardiac genes (associated with familial DCM in humans) in ventricular myo-
cardial samples obtained from dogs of breeds other than Doberman Pinscher without overt signs of cardiac disease (control dogs) and 
Doberman Pinschers with DCM and CHF in a study to identify a causative mutation for DCM in Doberman Pinschers.

            Forward primers           Reverse primers 

Gene Amplicon size (kbp) No.of primers  Mean coverage (bp) No.of primers  Mean coverage (bp)

β-Cardiac myosin  5.8 9 652 7 743
α-Cardiac actin 1.1 1 NA* 2 590
Metavinculin 2.5 4 615 3 449*
Tafazzin 1.1 1 NA* 2 359
Myosin binding protein-C 4.0 5 805 3 767*
α-Actinin 3.0 4 750 2 NA*
Muscle LIM protein 2.0 3 630 2 NA*

The primers used for amplification were also used for sequencing and are included. Sequences , 1 kbp are not listed because only the prim-
ers used for amplification were used for sequencing and provided complete coverage.

*Some primers produced sequences that did not overlap on that strand but provided complement sequences that were obtained by use of 
primers for the opposite strand.

NA = Not applicable.

Appendix 2
Coverage of primers used for sequencing each reading frame of 10 cardiac genes (associated with familial DCM in humans) in ventricu-
lar myocardial samples obtained from dogs of breeds other than Doberman Pinscher without overt signs of cardiac disease (control 
dogs) and Doberman Pinschers with DCM and CHF in a study to identify a causative mutation for DCM in Doberman Pinschers.
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