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Abstract Mutations in genes that encode for muscle sarcomeric proteins have
been identified in humans and two breeds of domestic cats with hypertrophic car-
diomyopathy (HCM). This article reviews the history, genetics, and pathogenesis of
HCM in the two species in order to give veterinarians a perspective on the genetics
of HCM.
Hypertrophic cardiomyopathy in people is a genetic disease that has been called

a disease of the sarcomere because the preponderance of mutations identified that
cause HCM are in genes that encode for sarcomeric proteins (Maron and Maron,
2013). Sarcomeres are the basic contractile units of muscle and thus sarcomeric
proteins are responsible for the strength, speed, and extent of muscle contraction.
In people with HCM, the two most common genes affected by HCM mutations are
the myosin heavy chain gene (MYH7), the gene that encodes for the motor protein
b-myosin heavy chain (the sarcomeric protein that splits ATP to generate force),
and the cardiac myosin binding protein-C gene (MYBPC3), a gene that encodes
for the closely related structural and regulatory protein, cardiac myosin binding
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Abbreviations

cMyBP-C cardiac myosin bi
HCM hypertrophic card
LV left ventricle
MYBPC3 cardiac myosin b

gene
MYH7 b-myosin heavy c
RFLP restriction fra

polymorphism
SAM systolic anterior

mitral valve
TDI tissue Doppler im
UPS ubiquitineproteas
protein-C (cMyBP-C). To date, the two mutations linked to HCM in domestic cats
(one each in Maine Coon and Ragdoll breeds) also occur in MYBPC3 (Meurs et al.,
2005, 2007). This is a review of the genetics of HCM in both humans and domestic
cats that focuses on the aspects of human genetics that are germane to veterinar-
ians and on all aspects of feline HCM genetics.
ª 2015 Elsevier B.V. All rights reserved.
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Human hypertrophic cardiomyopathy

Definition and etiology

The definition of hypertrophic cardiomyopathy
(HCM) has evolved as the clinical understanding
and the genetic underpinnings of the disease have
unfolded. In general terms, HCM is a primary
myocardial disease that most commonly causes
thickening of the left ventricular (LV) myocardium
(either regional asymmetric thickening or con-
centric thickening/hypertrophy) in the absence of
other cardiovascular or systemic causes.4 Wall
thickening is thus not secondary to pressure over-
load (e.g., hypertension, aortic stenosis) or hor-
monal stimuli (e.g., thyroid disease), but is a
primary abnormality of the heart muscle itself.
Hypertrophic cardiomyopathy is also distinct from
other genetic diseases that can cause LV hyper-
trophy in humans, especially in childhood, such as
Noonan syndrome or Danon’s disease.5e7

Hypertrophic cardiomyopathy in humans is most
commonly caused by mutations in genes that
encode for the proteins that make up the cardiac
muscle sarcomere or in proteins closely associated
with sarcomere function (Fig. 1). Mutations in 11
sarcomeric genes have thus far been linked to HCM
and account for about 70% of the cases seen in
human patients.8 That leaves a cause to be iden-
tified in approximately 30% of human patients with
unexplained LV wall thickening (i.e. HCM not
attributable to other systemic causes).4 In these
cases the disease may be attributable to novel
mutations in either non-coding gene sequences or
in other proteins closely associated with sarco-
mere function such as calcium handling proteins.9

Most mutations are “private” meaning that they
are unique to a single family or individual and
>1400 distinct gene variants have been identified
in patients with HCM.1 Most of the mutations are
missense mutations in which one highly conserved
DNA nucleotide is replaced by a different nucleo-
tide resulting in a different codon. A different
codon (See supplemental Table A for definition)
may or may not produce a different amino acid but
if it does, inclusion of that altered amino acid can
disrupt function of that protein which may lead to
a disease such as HCM. When a mutation causes a
disease (e.g., HCM) it does produce a different
amino acid, which forms an abnormal protein.8

Humans with sarcomeric gene mutations
express a wide range of phenotypes from no
apparent disease to massive wall thickening and a
wide range of clinical outcomes from no disease
sequelae to sudden death and heart failure. The
vast intergeneic and intragenic heterogeneity seen
in humans with HCM likely accounts for much of
the breadth of these clinical outcomes and prob-
ably also accounts for at least some of the varia-
bility in the amount of hypertrophy from patient to
patient. However, left ventricular hypertrophy is
not the only important manifestation of the dis-
ease. It is now clear that some sarcomeric muta-
tions cause little or no LV hypertrophy per se, but
nonetheless lead to other common sequelae of the
disease including diastolic dysfunction, arrhyth-
mia, and sudden cardiac death.10 For instance,
mutations in the cardiac troponin T gene com-
monly predispose patients to sudden death, even if
only mild hypertrophy is present.11

In addition to the sarcomeric gene mutations,
mutations in other genes occasionally have been
suggested as causative for HCM in humans. They
include mutations in genes that encode for



Figure 1 Locations of genes within the cardiac sarcomere known to cause hypertrophic cardiomyopathy in humans.
Prevalence of every gene (derived from data of unrelated hypertrophic cardiomyopathy probands with positive
genotyping) is shown in parentheses. (From Maron et al. Lancet 2013;381: 242e255 with permission).
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proteins in the Z-disc (e.g., muscle LIM protein,
telethonin, vinculin, LIM domain binding 3, a-
actinin 2, myozenin 2, cardiac ankyrin repeat
protein, nexilin), and calcium handling protein
genes (e.g., phospholamban, calsequestrin 2, cal-
reticulin 3, junctophilin 2).8,12 Many of these have
been identified in only one or a few families and
thus a solid causal relationship has not been
established in all.

Despite the diversity of underlying genetic
causes and outcomes, patients with HCM have
several clinical features in common. Besides wall
thickening, another hallmark of the disease is
impaired diastolic function due to the hypertrophy
itself, myocardial fibrosis and altered calcium
kinetics in the cell.13 HCM in humans (and germane
to this discussion, also in Maine Coon cats) is also
usually associated with histological changes such
as myocyte disarray, a diagnostic feature of the
disease, where individual myocytes adopt bizarre
shapes and relationships to one another.14 Small
coronary vessel disease and myocardial fibrosis are
also usually present.15 These histological changes
may contribute to the increased susceptibility to
arrhythmias and sudden cardiac events in patients
with HCM.16 Dynamic left ventricular outflow tract
obstruction due to systolic anterior motion of the
mitral valve (SAM) is a common but not consistent
feature of HCM in people. It is also labile from time
to time. Estimates of prevalence of SAM in people
range from 25% to 70% with the presence of SAM
being a negative prognostic indicator and asso-
ciated with increased incidence of sudden
death.17,18

Nomenclature

HCM has been known by numerous different names
(over 80 different designations) over the years
such as idiopathic hypertrophic subaortic stenosis
(IHSS), asymmetric septal hypertrophy (ASH), idi-
opathic cardiomyopathy (ICM), familial hyper-
trophic cardiomyopathy (FHC), and hypertrophic
obstructive cardiomyopathy (HOCM).5 The diver-
sity of names reflects various attempts to describe
the range of clinical presentations and their cau-
ses. However, the current consensus in human
medicine is that these syndromes are collectively
referred to as hypertrophic cardiomyopathy
(HCM). This is designed to exclude any designation
of whether outflow tract obstruction is present or
not because obstruction of the LV outflow tract is
labile and so can be present on one examination
and not on another. It is also meant to include the
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numerous variations in LV wall thickening that
exist (e.g., not just a thick interventricular
septum).5,19

History of HCM in humans

The history of HCM in humans is long and dates
back to the late Renaissance period of the 16th
and 17th centuries when postmortem anatomic
dissection came into being.20 Donald Teare, a
pathologist, is generally credited with naming HCM
as a distinct disease entity in a paper in 1958
where he described severe LV hypertrophy in a
group of young adults that had died suddenly.21

Interestingly, he initially described the disease as
asymmetrical hypertrophy of the septum due to a
benign tumor of the heart (muscular hamartoma).

In 1960, Hollman, along with Teare, described a
family with HCM that included one of the patients
from Teare’s original paper along with her sister
and brother.22 The pedigree was compatible with
an autosomal dominant disease. In 1961, Paré
described a family of 77 persons in French Canada
of whom 30 had a history of heart disease.23 Many
had died suddenly. The family lived in Coaticook,
Quebec and because so many family members died
of sudden cardiac events, the affliction became
known as the Coaticook curse. Much of the family
history was related by a 95-year-old family mem-
ber that described an uncle who died suddenly in
1860 and who was thought to be the first affected
family member. The family tree was consistent
with an autosomal dominant trait where first-
degree relatives of affected individuals were at
highest risk of developing HCM. Paré continued to
follow this family over the next 30 years.

Despite the appearance that HCM was inherited,
numerous theories regarding the etiology of HCM
were put forth over the ensuing years, including
excessive catecholamines, cardiac neural crest
cell abnormalities, and, in an infamous (fab-
ricated) paper by Darsee (later retracted), abnor-
malities in human leukocyte antigens.24,25

The genetics of human HCM

In the 1980s, echocardiography became affordable
enough to become a common noninvasive tool for
reliably diagnosing HCM and so became a tool to
establish the phenotype in families where a pro-
band was identified.26 In the same decade, the
ability to locate disease-causing mutations in the
human genome started to come of age. It was
discovered that there were characteristic DNA
sequences throughout the genome where specific
restriction enzymes cleaved DNA. Slight sequence
variations in these sites among individuals resulted
in so-called restriction fragment length poly-
morphisms (RFLPs). By painstakingly comparing
RFLP maps in affected and non-affected members
of a family it was possible to link a disease to a
specific chromosome or region on a chromosome.27

In 1983 this linkage analysis technique was first
used successfully to map Huntington’s disease to
chromosome 4 in humans.27

It followed shortly thereafter that HCM was the
first myocardial disease for which a genetic cause
was identified using the same linkage approach. In
1987 Christine Seidman and Bill McKenna teamed
up to study the French Canadian family that Paré
had discovered almost 3 decades earlier.28 The
investigators contacted family members and set up
clinics where they performed physical examina-
tions, electrocardiograms, and echocardiograms,
and collected blood samples for DNA from over 100
family members over 16 years of age. In the end,
78 family members were included in the study. Of
these, 64 were closely related to an affected
person and 14 were offspring of unaffected
parents. A total of 20 living and 24 deceased family
members were diagnosed with HCM.

Initial assessments from clinical data confirmed
that the disease was inherited in an autosomal
dominant fashion and that penetrance was age-
related, meaning that the disease was more
prevalent in middle-aged and older family mem-
bers than it was in younger family members. At the
time the study was performed only several hun-
dred RFLP markers were known as opposed to the
thousands that are known today. Thus there was
no guarantee that a disease locus could be suc-
cessfully mapped or even that the disease could be
attributed to a change (mutation) in a single gene.
Nonetheless, 78 RFLPs were followed in a laborious
process involving hundreds of person hours to
complete the Southern (DNA sequence) blot anal-
yses necessary to identify the RFLPs. In 1989 the
investigators identified a single linkage to a region
on chromosome 14q1.29 The LOD (logarithm of the
odds) score for the locus, which compares the
probability that two loci are linked to the proba-
bility that they are not, indicated that there was a
billion to one chance that the mutation did not
reside in this region. Fortuitously, in 1987 the b-
myosin heavy chain gene (MYH7) had also been
localized to chromosome 14q1 and in 1989 the
gene was further sublocalized to chromosome
14q11.2-13.30,31 Consequently, when the list of
genes that resided within this region was exam-
ined, MYH7 became a gene of interest along with
the nearby a-myosin heavy chain gene (MYH6). In
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1990, again fortuitously, the complete sequence of
MYH7 was published.32,33 Instead of sequencing
the entire gene from each family member the
investigators fine-mapped the locus they identified
with restriction enzymes and sequenced the
smaller region of interest they found.

In 1990 the team of researchers first reported a
single missense mutation in MYH7 in the large
French Canadian family first studied by Paré
(family A).34 The mutation occurred in exon 13 and
affected codon 403 of MYH7 changing a highly
conserved arginine to glutamine (Arg403Glu or
R403Q). Importantly, the same mutation was
present in all affected family members. That same
year the same investigators also identified what
was initially thought to be a mutation that resulted
in a hybrid a/b myosin heavy chain gene in a dif-
ferent family (family B).35 However, it was sub-
sequently learned that the mutation was actually
another point mutation in MYH7 (Arg453Cys or
R453C).36 Over the next several years, other fam-
ilies with HCM were identified that had different
mutations in MYH7. However, exceptions to the
rule soon became evident in that other families
with HCM did not have mutations in MYH7.37,38

These studies thus established that while muta-
tions in MYH7 were a prevalent genetic cause of
HCM, other genes must also contribute to the
development of HCM. This was subsequently pro-
ven. For example, an HCM locus was identified on
chromosome 15q2 that was later shown to contain
mutations in the a-tropomyosin gene.39 Other
mutations were subsequently identified in genes
encoding troponin T, MyBP-C, myosin essential and
regulatory light chains, troponin I and C, and
actin.40e45 More recently mutations in genes that
code for actinin and myozenin 2, two Z-disc (the
ends of a sarcomere) proteins, have been linked to
HCM in humans.46,47 In addition to genes that
encode for sarcomeric proteins, mutations in
genes encoding the calcium handling proteins,
calsequestrin and junctophilin-2, have been iden-
tified in humans with HCM.9,48,49

Since the first report of a genetic cause of HCM
in 1990, the identification of new sequence var-
iants in known or novel genes in HCM patients has
been exponential. Estimates indicate that over
1400 different gene variants have been identified
thus far with the majority of these being in the
MYH7 and MYBPC3 genes.8 However, with whole
exome data from the NHLBI GO Exome Sequencing
Project (ESP) revealing an astonishing amount of
genetic variation in the general population (Exome
Variant Server. Available at http://evs.gs.
washington.edu/EVS/), it remains to be shown
that a given variant is actually a causative
mutation responsible for HCM rather than a benign
polymorphism.50,51 Causal relationships can be
demonstrated either through painstaking linkage
analyses in large families, as described above, or
by other direct demonstrations that a sequence
variant causes aberrant protein function or
hypertrophy (e.g., in a genetically engineered
mouse model).

As suggested by the sheer number of HCM var-
iants detected, it is common for individual families
to have a unique or “private” causative mutation
that arises independently and spontaneously.
However, founder mutations also exist where the
same mutation is found in multiple families usually
within a similar geographic region.52e54 Most
founder mutations occur in the MYBPC3 gene,
consistent with the general observations that
mutations in MYBPC3 cause either more benign
disease or disease that occurs later in life. Because
these mutations do not confer a selective dis-
advantage during reproductive years they can be
passed on and retained in the population. One
prevalent founder mutation is a 25 bp deletion in
MYBPC3 that is carried by w4% of individuals in
Southeast India that is thought to have originated
in an individual approximately 33,000 years ago.55

Today this mutation affects 20e40 million people
and confers a 7-fold increased risk of heart failure,
usually after the third decade of life.
Variability in disease penetrance and
expression

In classic terms, HCM due to sarcomeric mutations
is inherited as an autosomal dominant (Mendelian)
trait. This means that children of a parent with a
causal mutation and a parent without the mutation
will have a 50/50 chance of inheriting the muta-
tion (will be heterozygous) and thus will be at risk
of developing HCM. However, it should be
emphasized that not all individuals that inherit a
causative mutation will go on to develop HCM (i.e.,
the mutation is not 100% penetrant). In fact, so-
called genotype positive, phenotype negative
individuals (i.e., Gþ/LVH�), typically identified by
DNA sequencing the relatives of an affected pro-
band, are increasingly common and pose special
challenges for clinical disease management.56 This
is because while many Gþ/LVH� individuals will
remain disease free for their entire lives, others
will go on to develop HCM with age and may have
symptoms ranging in severity from mild to severe,
including heart failure severe enough to require
transplant. The clinical challenge is in differ-
entiating between these disparate outcomes.

http://evs.gs.washington.edu/EVS/
http://evs.gs.washington.edu/EVS/
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Thus, identification of “preclinical” signs such as
the emergence of diastolic dysfunction that can
herald disease progression prior to the emergence
of other clinical symptoms (e.g., dyspnea, heart
failure) has become a focus of disease surveillance
strategies in people.57e59

As mentioned, the heterogeneity in HCM disease
outcomes is due in part to the vast diversity in the
underlying causative gene mutations. But this is
combined with differences in gene dosage and
other environmental and genetic modifiers that
affect disease expression in a given individual. For
instance, individuals that are homozygous for a
mutation typically develop more severe disease or
develop disease sooner than individuals that are
heterozygous for a mutation.60 In addition, a small
percentage (5e7%) of genotyped individuals carry
2 or more mutations in the same or different sar-
comeric genes. In these so-called compound het-
erozygous cases, disease is also often evident at an
earlier age and is more severe.61 In other cases,
polymorphisms in other genes such as those asso-
ciated with the renineangiotensinealdosterone
system, angiotensin II receptor, and non-coding
RNAs have all been proposed to act as modifiers
that influence disease expression and severity. An
example is the gene that encodes for angiotensin
converting enzyme (ACE) where people with the
DD genotype have more hypertrophy than those
with the ID and II genotypes.62,63

In most cases HCM is not evident at birth but
becomes apparent at some point later in life, often
during adolescence or later in middle age (age-
related penetrance).64 However, infants can be
affected depending on the specific mutation, gene
dosage (i.e., homozygous or compound hetero-
zygous state) and the gene modifiers involved.65,66

For instance, in one case a novel mutation in
myosin light chain 3 (MYL3) caused severe HCM in a
3-month-old infant. In an Amish population, indi-
viduals homozygous for mutations in MYBPC3 also
develop severe infantile HCM.67,68

As discussed above, the correlation between
genotype and phenotype is not well understood.
However, as a general rule mutations in the MYH7
(especially R403Q, R453C, and R719W) tend to
produce more severe disease than mutations in the
MYBPC3 gene.17 Importantly, with regard to a
comparison with feline HCM, MYBPC3 gene muta-
tions also more commonly produce HCM later in
life. However, there are also individuals with
MYBPC3 gene mutations that develop severe HCM
early in life. To illustrate the heterogeneity of HCM
in family members with the same mutation, one
study examined a founder mutation in MYBPC3
(R502W) in 9 families.54 Of the 25 individuals that
carried this mutation, 15 had HCM at the time of
the study (overall disease penetrance of 60%).
However, in one family, all 3 individuals with the
mutation had HCM (100% penetrance). Age at the
time of diagnosis in these families ranged from 5
years of age in a child with heart failure to an 80-
year-old woman with only an abnormal ECG. With
regard to LVH phenotype, 10 had no hypertrophy,
10 had septal hypertrophy, 3 had concentric
hypertrophy, 1 had apical hypertrophy, and 1 had
eccentric hypertrophy.
Gene sequence variants can cause poison
polypeptides, haploinsufficiency, or disrupt
cell homeostasis

Most mutations identified in genes linked to HCM in
humans are missense mutations caused by sub-
stitution of a single DNA nucleotide with an
incorrect nucleotide. Because a sequence of three
nucleotides is read as a single codon that directs
insertion of a specific amino acid into a nascent
polypeptide chain, an incorrect nucleotide can
cause incorporation of an incorrect amino acid
that directly disrupts the function of the protein
formed by the mutant gene. Abnormal proteins
produced by mutant genes may be incorporated
into sarcomeres and so can produce altered sar-
comere function. These so-called “poison poly-
peptides” can thereby affect heart muscle
function and trigger the development of hyper-
trophy. Alternatively, incorporation of an incorrect
amino acid into a protein can also disrupt the
overall synthesis, folding, or trafficking of that
protein to its correct destination in the cell,
thereby causing either less of the protein to be
made or less of the protein to be directed to its
correct location within the cell. Thus,
haploinsufficiency (i.e. a reduced total amount of
the affected protein) can be deleterious if either
not enough protein is made or the protein is not
available in the right place to perform its function.

Frameshift mutations result from insertion or
deletion of a number of DNA nucleotides not
divisible by three. These mutations shift the DNA
reading frame at the point of the insertion/dele-
tion and thus encode proteins that start with a
correct sequence of amino acids but then end with
a completely new sequence of amino acids starting
from the point of the insertion/deletion mutation.
Because novel stop codons (TGA, TAA, TAG) are
also often introduced by chance, new sequences
often lead to prematurely shortened proteins. If
synthesized, the activity of these abnormal pro-
teins can range from deleterious (poison
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polypeptide) effects on the function of the sarco-
mere to non-functional proteins that cause hap-
loinsufficiency. However, most commonly these
proteins are not produced at all because cell
quality control mechanisms efficiently recognize
and degrade mutant mRNAs with premature stop
codons (e.g., through non-sense mediated mRNA
decay) or degrade aberrant or misfolded proteins
(e.g., through the ubiquitineproteasome system
[UPS]). Such quality control mechanisms are
believed to account for the lack of truncated
cardiac myosin binding C protein (cMyBP-C) in
myocardium from patients with HCM affected with
frameshift mutations in MYBPC3. Instead, reduced
amounts of total cMyBP-C protein have been
reported in myocardium from patients affected
with MYBPC3 truncation mutations as well as in
some with missense mutations.69,70 However, it is
still not resolved whether modest decreases in the
total amount of cMyBP-C protein (hap-
loinsufficiency) per se can lead to functional
impairments that cause disease or whether an
increased burden on cellular quality control
mechanisms disrupt normal cell homeostasis. For
instance, truncated cMyBP-C proteins have been
shown to be preferred substrates for the UPS that
ultimately displace normal substrates for cell
protein degradation and thereby disrupt cell
homeostasis.71,72

Mutations that affect exon/intron splice sites
also occur when either single nucleotide sub-
stitutions or insertions/deletions alter the con-
sensus sequences necessary for the proper editing
of an mRNA. In these cases, inappropriate exon
splicing can lead to a protein with an altered
function (by inclusion/exclusion of exons/introns)
or to prevention of appropriate regulation of
alternatively spliced proteins.

Pathogenesis

Abnormal genes, and so abnormal gene processing
or gene products (e.g., proteins) result in clinical
disease. As discussed above, two straightforward
mechanisms by which an abnormal protein can
cause disease are 1) dominant negative effects
(the abnormal protein has a negative effect on the
function of a structure and its effect dominates)
caused by impaired function of the abnormal pro-
teins (e.g., poison polypeptide effects) or 2) by a
reduction in the amount of protein (hap-
loinsufficiency). Either scenario would be expec-
ted to disrupt the ability of sarcomeres to function
properly and thereby directly alter the strength,
extent, and speed of contraction.
While it is intuitive that mutations that disrupt
sarcomere function could cause impaired con-
tractile function (e.g., a decrease in contractile
force), many mutations that cause HCM surpris-
ingly cause an increase in contractile activity. For
instance, the original R408Q mutation in the b-
myosin heavy chain has been found consistently to
enhance force generation in numerous studies
ranging from single molecule studies to force
measurements in human myocardial fibers.73e75

These and other studies have led to the general
idea that myocardial hypercontractility may be
one trigger for hypertrophy. Consistent with this,
systolic contractile function is often preserved in
patients with HCM and the ability of the sarco-
meres to generate force in response to a given
level of Ca2þ (i.e., the Ca2þ sensitivity of tension)
is often increased.76 An increase in the Ca2þ sen-
sitivity of tension per se has been proposed to be a
common denominator leading to hypertrophy.77 In
support of this idea, normalization of Ca2þ sensi-
tivity of tension in a mouse model of HCM pre-
vented the development of HCM in one study.78

The authors concluded that myofilament desensi-
tization to Ca2þ could be a therapeutic target for
treatment of HCM. While this approach could be
widely applicable in principle, it is still likely to be
a vast oversimplification considering the hetero-
geneity that underlies HCM. For instance, there
are mouse models of severe hypertrophy where
the Ca2þ sensitivity of tension is either unchanged
or reduced and others where there is a persistent
increase in the Ca2þ sensitivity of tension without
the development of hypertrophy.79,80 Energetic
imbalances caused by inefficient energy con-
sumption during hypercontractility may be one
stimulus for the development of hypertrophy.76

Germane to the focus of this review, in one study
of HCM in cats, myocardial strain (i.e., shortening
of myocardial segments using tissue Doppler
imaging echocardiography [TDI]) was decreased
despite the usual increase in LV shortening frac-
tion.81 This suggests that the increase in global LV
function in cats is due to the decrease in afterload
produced by the hypertrophy and that myocardial
function is actually decreased.
Mouse models of HCM

The cellular effects of the vast majority of indi-
vidual sequence variants associated with HCM in
humans have not been studied. Of the few that
have been investigated, most have been examined
primarily using in vitro systems where the
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biochemistry of the affected protein can be
directly investigated. However, even when an
abnormal protein is associated with an aberrant
function, proof that a given variant causes disease
requires either detailed analyses of large family
pedigrees (the ‘gold standard’) or recapitulation of
the disease phenotype in an animal model. Usually
this means expression of the variant gene in
transgenic mice to assess the impact of the
mutation on cardiac structure and function. While
there are inherent limitations to using mice as
models of cardiac structure and function in
humans, mouse models of human HCM mutations
have nonetheless proven tremendously useful in
identifying the most proximal causes of the dis-
ease, especially in cases where an abnormal pro-
tein directly causes altered muscle function (i.e. a
so-called “poison polypeptide”) such as the case
with the original R403Q mutation first identified in
MYH7.82

Mouse models of human HCM have been created
for nearly every gene (but not every mutation)
thus far associated with HCM, but this section of
the review will focus only on MYBPC3 since, at the
time of this writing, only mutations in MYBPC3
have been linked to HCM in domestic cats.

The first transgenic mouse model of a mutation
in MYBPC3 (known as “t/t” mice) used homologous
recombination (genetic recombination in which
nucleotide sequences are exchanged between two
similar or identical molecules of DNA) to target the
precise chromosomal gene locus of MYBC3 and
replace one of the two normal (wild-type) alleles
with either of two different mutant alleles
encoding truncated proteins that lack the C-ter-
minal exons 30 and 31 of the gene.83 This strategy
was chosen to mimic human HCM mutations pre-
dicted to cause premature truncations of the
cMyBP-C protein leading to the production of
otherwise normal proteins that lacked amino acids
near the C-terminus of the protein. Because these
C-terminal amino acids encode the binding sites
responsible for anchoring cMyBP-C to myosin and
titin, the proteins produced by mutant genes were
assumed to be otherwise normal but lacking in
these capabilities. Instead, the surprising finding
was that these proteins were not made at all, with
at most 10% of expected protein detected in
homozygous mutant mice. Cell surveillance
mechanisms described above that detect and
destroy mutant mRNAs and proteins likely account
for the observed lack of expression of the mutant
truncated proteins.

The findings in the t/t mice thus agree with
results from several studies looking at human
biopsies showing that truncated proteins were not
found in patients.84,85 However, an apparent par-
adox was that heterozygous mice carrying the t/t
mutation, in contrast to human patients that also
typically carry only one mutant allele, generally
displayed only very mild phenotypes.86,87 Similar
results were also reported for two other MYBPC3
knockout models in which the entire gene product
was targeted for ablation.88,89 In these models,
only very mild deficits in cardiac function were
noted in heterozygous mice.89,90 Interestingly,
protein expression in the heterozygous mice was
normal or near normal, although a study by Stelzer
et al. found reduced expression of cMyBP-C in
heterozygous knockout mice.90 However, the con-
sistent findings that protein levels are w80e100%
of normal (rather than 50%) in the heterozygous
mice indicate that gene expression from the
remaining unaffected wild-type allele can com-
pensate for the loss of a knockout allele.88e90

These results thus argue against hap-
loinsufficiency alone as being a primary cause of
HCM, at least in mice. Consistent with this,
transgenic expression of as little as 40% of the
normal amount of cMyBP-C rescued the disease
phenotype in t/t mice.91 Therefore, it remains to
be shown that the modest reductions of cMyBP-C
observed in some patients with HCM are suffi-
cient to cause disease via haploinsufficiency in
people.

Other transgenic MYBPC3 mouse models have
been created that do not use homologous recom-
bination to directly target MYBPC3 but instead use
pro-nuclear injection techniques to add an exoge-
nous mutant cDNA randomly into the genome of a
fertilized zygote. The advantage of this method is
that it is less expensive and time consuming
because transgenic animals can be made relatively
quickly using only coding cDNA sequences without
the need for extensive knowledge of gene intron or
flanking sequences necessary for homologous
recombination in embryonic stem cells. Results
from a number of transgenic mouse models
expressing cMyBP-C mutant proteins have shown
various outcomes ranging from mild to severe HCM
with differing effects on myocyte force-producing
abilities and on myofilament Ca2þ sensitivity of
tension.92e95 Transgenic models have thus been
essential in providing “in principal” proof that
cMyBP-C proteins created from a mutated MYBPC
gene can act as poison polypeptides to disrupt
cardiac function in studies designed to test mech-
anistic hypotheses of cMyBP-C function. However, a
disadvantage of these models is that because they
lack the normal gene sequences and normal chro-
mosomal localization of the mutation, transgenic
cDNAs can bypass normal gene, mRNA, and protein
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processing which may be essential for ultimately
understanding and treating disease pathology.

Aside from gene targeted MYBPC3 knockout
mice and the t/t mice, few mouse models exist
where single point mutations are targeted directly
in MYBPC3 at the level of genomic DNA and are
therefore subject to normal cell surveillance
mRNA and protein processing mechanisms. An
exception is a mouse model in which a single point
mutation in MYBPC3 is targeted at an intron/exon
splice site junction to mimic a human HCM muta-
tion.96 In this model, the gene-targeted mutation
resulted in complex expression of gene products
ranging from very low expression of the full-length
protein with the single amino acid substitution to
altered splice variants. While this mouse model
reveals the complex ways in which a single point
mutation can affect protein expression via distinct
pathways, the broader lack of targeted missense
models of HCM mutations in MYBPC3 has left
unresolved basic questions of whether MYBPC3
mutations disrupt cardiac function through poison
polypeptide effects, haploinsufficiency, or other
cellular effects. Given the sheer number of var-
iants reported in MYBPC3, it is likely that all of
these scenarios will contribute to disease etiology
depending on the specific mutation. Additional
natural or targeted animal models are thus nec-
essary to understand basic mechanisms by which
mutations in MYBPC3 lead to disease.
Feline hypertrophic cardiomyopathy

Additional insights into the mechanism(s) by which
missense mutations in MYBPC3 cause disease that
are relevant to both human and veterinary medi-
cine may be found in understanding the genetic
causes of feline HCM. By analogy with human HCM,
the first genetic causes of feline HCM were iden-
tified using sequence analysis of genes encoding
sarcomeric proteins. Thus far, two separate single
nucleotide substitutions have been identified in
MYBPC3, the A31P and R820W mutations, found in
the Maine Coon and Ragdoll breeds, respec-
tively.2,3 While these mutations account for a sig-
nificant proportion of HCM in each of these breeds,
as for human HCM, there are likely to be other
variants not yet identified because HCM still occurs
in cats in these breeds that do not carry either the
A31P or R820W mutations.97,98 Nonetheless,
because cats with A31P and R820W mutations are
the first non-rodent animals that develop HCM as a
result of a defined, natural genetic cause, under-
standing HCM in cats offers an extraordinary
opportunity for better understanding the natural
history of the disease and for distinguishing the
triggers and modifiers that result in progression of
occult preclinical disease to heart failure. Con-
versely the continuing advancement in knowledge
regarding HCM in humans is beneficial to veteri-
nary medicine, especially now that at least one
cause has been identified in domestic cats.

History of feline HCM

In August of 1990, Marcia Munro, a cat fancier, found
out that her two-year-old female Maine Coon cat
had a heart murmur when examined by a veterinary
cardiologist (Dr. Joel Edwards) at a cat show. A
subsequent echocardiogram revealed a large papil-
lary muscle and SAM. While echocardiographic
findings were equivocal for HCM at that time, HCM
was definitely present on a subsequent echo-
cardiographic exam in December of 1990, and had
progressed to more severe HCM in February of 1991.
Ms. Munro lived close to the Yale School of Medicine
library and utilized it to investigate causes of HCM.
By happenstance, the same day she went to the
library was the same day that Seidman’s landmark
article in Cell was published (Sept 7, 1990).34 Based
in part on that article and on other information she
found in researching the causes of HCM, she tele-
phoned the breeder who had sold her the cat and
asked if she knew whether or not any related cats
hadHCM.Thebreeder denied any knowledgeof this.
Ms. Munro subsequently went to several cat shows,
talked to other Maine Coon cat breeders on this
subject, and was able to identify 6 related cats that
had been diagnosed with or had died of HCM. Armed
with this knowledge she telephoned the first author
with the information. Based on this information the
original breeder was contacted by the first author
and agreed to have echocardiograms performed on
the cats in her colony. The first author and Dr. Paul
Pion flew to the destination with a portable ultra-
sound machine and performed echocardiograms on
all of the cats in the cattery as well as a number of
cats co-owned by other individuals in the area (July
of 1991). Seven cats were found to have HCM. The
breeder agreed to breed someof these affected cats
and to sell the kittens to the first author. Approx-
imately 4 months later, 7 kittens were flown to the
University of California, Davis (UCD) to start a
research colony dedicated to understanding the
cause of and developing treatments for feline HCM.

Maine Coon cat research colony

Over the ensuing years, selective breedings of the
cats in this colony were performed to identify the



Figure 3 Heart from a Maine Coon cat with HCM. The
heart has been sectioned longitudinally. Note the thick
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pattern of inheritance and provide a detailed
family pedigree necessary for establishing the
genetic cause of the disease. Echocardiography
was performed on cats starting at 3e6 months of
age and then every 6 months. Cats identified with
HCM (affected) were bred to cats without HCM
(unaffected) and to other cats with HCM. This was
started by breeding one affected male to 2 affec-
ted sisters and one unaffected cousin. Cardiac
ultrasound examinations were performed on all
offspring to document whether or not they had
HCM and when they developed HCM. Cats that died
spontaneously were necropsied and their heart
morphology noted and heart weight measured
(Figs. 2 and 3).

The resultant four-generation pedigree was
consistent with the disease being inherited as an
autosomal dominant trait.14 Characteristics were
that every generation had affected cats, every
affected cat produced at least one affected cat,
both males and females were affected, and there
was male-to-male transmission. The disease
appeared to be 100% penetrant. When affected
cats were bred to unaffected cats approximately
50% (12 of 22) of the cats developed HCM and the
other half were normal. In affected cats, HCM was
not present before 1 year of age (developed at
Figure 2 Heart from a Maine Coon cat with HCM and
severe left auricular enlargement.

interventricular septum (IVS), left ventricular free wall
(LVFW), and papillary muscle (P). The arrow points to
the narrowed left ventricular outflow tract. Ao ¼ aorta,
LA ¼ left atrium.
13e48 months). Males developed more severe
disease than females and often developed it ear-
lier (average of 19 months for males vs. 29 months
for females). After the disease appeared, it either
stabilized or progressed to more severe disease.
For example, there were cats with moderate HCM
at the onset that had moderate HCM all of their
life, and there were cats that progressed from no
disease to moderate disease to severe disease,
while others had no disease for years and then
severe disease at the onset. Based on the lack of
disease prior to one year of age and the appear-
ance of the disease at a later age, the disease
showed clear age-related penetrance.

There were only 2 litters (6 live kittens that
survived to adulthood) that were produced from
breeding affected cats to affected cats. Four of
these 6 cats (both males and 2 of 4 females)
developed severe HCM. In these cats the disease
was severe by 7e12 months of age in both males
and females. Three of these 4 cats died of heart
failure or died suddenly between 18 and 25 months
of age. Again approximately 50% of the cats in
these 2 litters had HCM if one included stillborn



Genetics of hypertrophic cardiomyopathy S63
kittens in the total count. About 25% were normal
and about 25% were stillborn. This was interpreted
as possibly meaning that one quarter of the cats
were homozygous and homozygosity was lethal.
This subsequently proved to be incorrect. Instead,
based on current findings, it’s almost certain that
these severely affected cats were homozygous for
the subsequently identified mutation and the
stillborn kittens died for another reason.105
Genetics of feline HCM

In 2005 the first genetic cause of HCM was identi-
fied in the UCD Maine Coon cat research colony by
Meurs and colleagues.2 The first clue regarding the
identity of the mutation came when myocardial
tissue from affected cats in the UCD colony was
homogenized and electrophoretically run on SDS-
PAGE gels. Analysis of the protein gels identified
an apparent decrease in cMyBP-C and myomesin
proteins along with anomalous migration of the b-
myosin heavy chain protein. Because numerous
mutations had already been identified in MYBPC3
in humans it was decided to sequence this gene in
these cats. An alteration in the DNA nucleotide
sequence was identified in nucleotide 91 in codon
31 where a highly conserved guanine (G) was
replaced with cytosine (C). The sequence variant
resulted in the codon being changed from GCC
(coding for alanine) to CCC (coding for proline).
There are two separate ways to denote this
mutation. One way is to denote the codon number
surrounded by the amino acids altered (A31P or
p.A31P). The other is to use the number of the DNA
nucleotide that is affected and surround it by the
nucleotides that are changed (G91C or c.91G>C).
All 4 designations appear in the literature. The
mutation was not found in 100 control (non Maine
Coon) cats.

Two years later a second mutation in MYBPC3
was identified in Ragdoll cats at a completely
separate location (codon 820) where a cytosine (C)
was changed to thymine (T) resulting in the codon
specifying insertion of a tryptophan (W) instead of
arginine (R) into the protein.3 Interestingly, the
R820W mutation along with an R820Q variant have
also been identified in human patients with
HCM.99,100 Once again the nucleotide sequence in
this region of MYBPC3 was highly conserved across
mammalian species (human, mouse, rat, dog,
cow). Of the 20 cats studied, 9 were homozygous
for this mutation.

Once these mutations were identified, genetic
tests became available to screen for the mutations
in different cat populations. It was subsequently
learned that the A31P mutation was very prevalent
in Maine Coon cats. In one study, 34% of Maine
Coon cats had the mutation.101 Of these, approx-
imately 10% were homozygous for the mutation
(w3% of the population). This study also noted
that only Maine Coon cats had the A31P mutation
although in another study one British shorthair also
had the A31P mutation.102 A very similar percent-
age of Maine Coon cats (32%) were found to carry
the mutation in a subsequent study whereas the
percentage was higher in another study
(41%).102,103 The high percentage of affected cats
was surprising and suggested that the mutation is
either more benign than first thought or that it is
not 100% penetrant in the general Maine Coon cat
population. Otherwise, it would be hard to imagine
how the breed could survive.

The low penetrance of the disease in cats car-
rying the A31P mutation was subsequently con-
firmed by several studies where testing for the
A31P mutation was done during screening clinics
for HCM. In a study published in 2010, 83 Maine
Coon cats were examined at screening clinics.97 Of
these, 18 cats (22%) were positive for the A31P
mutation. However, the investigators found that
many Maine Coon cats with the A31P mutation did
not have echocardiographic evidence of HCM and a
few cats without the A31P mutation had HCM. The
results suggested that disease penetrance was low
in cats with the A31P mutation and confirmed that
there is at least one more cause of HCM in Maine
Coon cats (this was also noted in the UCD research
colony where not all cats with HCM carried the
A31P mutation in later years). While many of the
cats with the A31P mutation in this study may have
been too young (examined prior to the onset of
HCM), subsequent studies confirmed that the
penetrance of the A31P mutation is low in cats that
are heterozygous for the mutation.103e105

A similar study looked at the echocardiographic
appearance of hearts from Maine Coon cats with
the A31P mutation.104 In this study, echocardiog-
raphy was performed on 96 Maine Coon cats pre-
sented for screening for HCM. Both two-
dimensional and TDI echocardiography were per-
formed. Of the 96 cats, 44 had the A31P mutation
(38 were heterozygous and 6 were homozygous).
Because 45 of the 96 cats were less than 2 years of
age many were probably too young to have evi-
dence of HCM if they were heterozygous. Of the 38
heterozygous cats, four had clear evidence of at
least moderate HCM. However, only 10 of the 34
heterozygous cats that did not have HCM were over
4 years of age. Of the 44 cats that had the muta-
tion, 13 were male and 31 were female. This
potentially introduced an additional bias into the
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study since female Maine Coon cats appear to get
HCM at a later age and get less severe disease.14

Still, this study again clearly showed that the
A31P mutation is not nearly 100% penetrant in
Maine Coon cats when a young cat is heterozygous
for the mutation (11% in this study).

Homozygous cats appear to be a different story.
Of the 6 cats that were homozygous for the A31P
mutation in the aforementioned study, 4 had clear
echocardiographic evidence of HCM and the other
two had abnormal diastolic function as assessed by
TDI, an abnormality often present in cats that go
on to develop HCM. Consequently, it appears that
all 6 of these cats either had HCM or a preclinical
stage of HCM, which is reasonable evidence that
the mutation is causal. Two cats in this study
without the known mutation also had HCM. This
once again documented that there is at least one
more cause of HCM in Maine Coon cats.

Another recent study into the penetrance of the
A31P mutation looked at 332 cats.103 This study
also showed that penetrance for Maine Coon cats
heterozygous for the mutation is low (6%), that
most but not all cats homozygous for the mutation
get HCM (penetrance is high), and that most of the
Maine Coon cats that get severe HCM prior to 6
years of age do so because they are homozygous
for the mutation. The prevalence of HCM in the
study population was 6%. Eighteen cats were
homozygous and 89 cats were heterozygous for the
mutation. The odds ratio for having HCM for
homozygous cats was very high at 21.6 (95% con-
fidence interval 7e66). Overall, 50% of the cats
that were homozygous for the mutation had HCM.
Only two cats over four years of age were homo-
zygous and both had HCM.

In another recent study, penetrance was esti-
mated to be 0.08 (8 Maine Coon cats in 100 with
the A31P mutation will develop HCM) for cats
heterozygous for the A31P mutation.105 However,
this study again showed that the penetrance is
much higher in cats that are homozygous for the
A31P mutation (0.58 in this study), which again
demonstrates that the mutation is causal rather
than simply a benign polymorphism. Consequently,
it appears that the majority of the clinically
apparent disease seen in young to middle-aged
Maine Coon cats is in cats that are homozygous
for the mutation.

Although Maine Coon cats that are heterozygous
for the A31P mutation often do not show clear
evidence of LV wall thickening, cardiac function
may still be compromised. In one study, hetero-
zygous cats were examined echocardiographically
using both two-dimensional and TDI to look for LV
wall thickening and to assess diastolic function.104
Only 4 of the 38 cats heterozygous for the A31P
mutation had LV hypertrophy. However, as a
group, the remaining cats had reduced early dia-
stolic LV wall velocity suggesting impaired diastolic
function, a hallmark of HCM that, as mentioned
previously, is often considered one of the pre-
clinical manifestations of the disease. In other
words, the A31P mutation can cause subclinical
diastolic dysfunction that may or may not progress
to wall thickening. Similar to human HCM, identi-
fying the early sequelae of the disease and iden-
tifying additional environmental and genetic
factors that provoke disease progression will be
essential to understanding the pathophysiology of
HCM and so its prevention or treatment in cats.

Findings appear to be similar in Ragdoll cats. In
one study the effect of the R820W mutation was
examined in 236 Ragdoll cats that had been
screened for the mutation.98 Of these cats, 156 did
not have, 68 were heterozygous for, and 12 were
homozygous for the mutation. Only 15 cats had
died of HCM at the time a questionnaire was sent
to each owner. Cardiac death was unusual in the
cats that did not have the mutation and in cats
that were heterozygous for the mutation whereas
cardiac death was common (7 of the 12 died of
HCM) in cats that were homozygous for the muta-
tion. The average age of death for the cats that
were homozygous for the mutation was 5.65 years
but death due to HCM occurred as early as 5
months of age and as late as 10.9 years of age.
Consequently, both Maine Coon cats and Ragdoll
cats that are homozygous for a mutation in
MYBPC3 are at high risk of developing severe HCM
and may do so at an early age. Cats that are het-
erozygous for either mutation, however, are at low
risk of developing HCM, at least prior to 4e5 years
of age.

HCM is prevalent in many breeds of cats but
studies to prove that it is hereditary and to
examine its mode of inheritance are few.106,107

After the first two mutations in MYBPC3 were
identified, other feline breeds were screened for
mutations in sarcomeric genes. In one study, 14
cats with HCM representing 5 different breeds
(Sphynx, Norwegian forest cat, Siberian, British
shorthair, and Maine Coon [without the A31P
mutation]) were examined for mutations in genes
encoding cardiac troponin I, troponin T, MYBPC3,
essential and regulatory light chains, alpha-
tropomyosin, actin, and MYH7. The coding
sequences of these genes were sequenced and
examined for sequence variants linked to dis-
ease.108 However, none were identified. Instead,
33 single nucleotide polymorphisms (SNPs) were
found that either did not segregate with disease or
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did not change an amino acid. Although the num-
ber of cats sequenced was small, the flood of
causal mutations seen in human patients with HCM
has thus far not been borne out in cats with HCM.
However, with reduced costs and the widespread
availability of next generation and whole genome
sequencing methods, it is hoped that additional
variants will be identified. Such novel gene
approaches have recently been used successfully
to identify genetic causes of dilated cardiomyop-
athy in Doberman pinschers and arrhythmogenic
right ventricular cardiomyopathy in boxer
dogs.109,110

Now that one cause of HCM is known in two
breeds, cat breeders have the opportunity to
reduce the prevalence of HCM in Maine Coon and
Ragdoll cats. Ideally, all breeding cats would be
screened for the mutation and cats with a known
mutation would not be bred. However, because of
the high incidence of these mutations in the
breeding populations there is a risk of creating
unintended consequences if this were to be done
by reducing the size of the gene pool and so
increasing the incidence of other genetic diseases
in each breed. This risk may not be as high as it
appears to be since breeders are already highly
selective in their breeding practices. Regardless,
the ideal of removing the two mutations from all
cat populations probably cannot be achieved
because it would require the cooperation of, if not
all, at least the majority of breeders, both pro-
fessional and non-professional. The likelihood of
that occurring is negligible. One practical recom-
mendation is for breeders to screen breeding cats
and then to try to primarily breed cats that either
do not have the mutation or selectively breed cats
that are heterozygous for the mutation based on
breed standards. We also recommend that two
cats that are heterozygous not be bred to each
other and try to mate any cat with an identified
mutation only once. Homozygous cats should not
be bred, primarily because of the risk of producing
additional homozygous cats (if bred to a homo-
zygous or heterozygous cat) but also because cats
without a mutation are never produced. Kittens
produced from normal to heterozygous matings
should be tested. There is no reason to test kittens
that are the products of mating two cats that don’t
carry the MYBPC3 mutation.
Pathogenesis

The two genetic causes of HCM identified thus far
in domestic cats occur in the same gene, MYBPC3,
which encodes the protein cMyBP-C. It is a muscle
regulatory protein that influences the force and
speed of cardiac contraction and contributes to
both diastolic and systolic function as well as the
heart’s ability to increase contractility in response
to inotropic stimuli.111,112 The feline HCM muta-
tions each cause single amino acid substitutions in
different domains of the affected proteins, but
similar to human MYBPC3 mutations it is currently
unknown whether the mutations cause disease by
disrupting the normal function of cMyBP-C, by
affecting protein stability leading to hap-
loinsufficiency, or by impairment of other cell
processes. Additional studies utilizing both pur-
pose bred cats and client-owned cats carrying the
mutations should be helpful in distinguishing
between these possibilities with the goal of
designing effective therapeutic strategies.

MYBPC3 is over 21 kb and is made up of 35 exons
(4.5 kb) of which 34 code for amino acids. The
protein is made up of 1173 amino acids. As shown
in Figure 4, cMyBP-C is a member of the immuno-
globulin (Ig) superfamily of proteins being com-
posed of 11 modular domains folded into compact
b-sheets with homology to either Ig-like or fibro-
nectin (Fn)-like domains. The domains are num-
bered sequentially C0eC10 beginning at the N-
terminus of the protein. The A31P mutation iden-
tified in Maine Coon cats places the altered amino
acid near the N-terminus of cMyBP-C within C0, the
first Ig-like domain of cMyBP-C, whereas the
R820W mutation found in Ragdoll cats occurs
closer to the center of the molecule in domain C6.
Between C0 and C1 there is an unstructured linker
that is rich in proline and alanine residues and
between C1 and C2 there is a partially structured
linker of w100 residues that is referred to as the
M-domain. The M-domain is a key regulatory sub-
unit of cMyBP-C that is phosphorylated by a num-
ber of protein kinases (e.g., protein kinase A)
following b-adrenergic stimulation.113,114

The different domains and linkers of cMyBP-C
are thought to mediate different functional
effects of cMyBP-C by interacting with various
other sarcomeric proteins. For instance, domains
C8eC10 anchor cMyBP-C to myosin and titin in the
thick filament and these interactions account for
the characteristic localization of cMyBP-C under
electron microscopy to a series of 7e9 discrete
bands (corresponding roughly to 1 cMyBP-C mole-
cule for every 9 myosin molecules) within each
half sarcomere.115 Domains C1eMeC2 also bind to
myosin but at another segment of the b-myosin
heavy chain (i.e., the myosin S2 subfragment) that
is closer to the catalytic force generating myosin
heads (myosin S1).116,117 These N-terminal
domains of cMyBP-C are thus thought to influence



Figure 4 Myosin binding proteins of the thick filament are shown. This simplified diagram depicts major proteins of
the thick and thin filaments. Myosin ELC and RLC are shown binding to myosin S1 near the junction with myosin S2.
cMyBP-C is shown in a hypothetical arrangement extending from the thick filament to the thin filament, but the
precise position of cMyBP-C relative to myosin is not known. Individual cMyBP-C domains are numbered C0eC10,
starting at the N terminus of cMyBP-C. Site of the amino acid sequence abnormalities produced by the Maine Coon and
Ragdoll mutations are marked by a red and a green asterisk respectively. LMM indicates light meromyosin; m, the
position of the cMyBP-C regulatory motif between domains C1 and C2 that contains PKA phosphorylation sites; PA, a
proline/alanine-rich linker sequence between C0 and C1; Tm, tropomyosin; TnC, troponin C; TnI, troponin I; TnT,
troponin T. (From Harris et al. Circ Res 2011;108 (6): 751e764 with permission).
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the ability of myosin to interact with actin and
thereby to inhibit or enhance contraction. In
addition, the same N-terminal domains along with
C0 (a domain unique to cardiac isoforms of MyBP-
C) also interact directly with actin and can pro-
mote activation of contraction through a novel
mechanism that shifts tropomyosin on the thin
filament.118 Activating effects of the N terminal
domains of cMyBP-C could thus account for the
ability of cMyBP-C to maintain force during systole
and prolong the ejection phase of systole.119

Because the A31P substitution occurs in the C0
domain, it is possible that the mutation disrupts
the ability of C0 to interact with actin and/or with
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the thin filament and thereby functions as a poison
polypeptide to affect systolic or diastolic function.
Consistent with this idea, 3 mutations in humans
that cause HCM that occur in the M-domain of
cMyBP-C (which also binds to actin) reduce the
binding affinity of cMyBP-C for actin, whereas
another mutation that causes HCM increases actin
binding affinity.120 Alternatively, because C0 also
interacts with the regulatory light chain (RLC) of
myosin, the A31P mutation could disrupt inter-
actions with RLC and thereby alter myosin force
generating capabilities.121 Interestingly, very little
is known regarding the “middle” domains of
cMyBP-C (C3 through C7).122 Thus, the functional
significance of C6 which harbors the abnormal
amino acid created by the R820W mutation in
Ragdoll cats and humans is currently unknown.

The idea that the A31P gene mutation could
create a protein that functions as a poison poly-
peptide is further supported by the observation
that the mutant A31P cMyBP-C is properly incor-
porated in muscle sarcomeres. As shown in
Figure 5, an antibody specific for the A31P muta-
tion recognized the abnormal A31P protein in
myofibrils from heterozygous and homozygous
Figure 5 Incorporation of the A31P cMyBP-C missense m
immunofluorescent localization of cMyBP-C (green) was perf
antibody recognized cMyBP-C in myofibrils from unaffected
cats (C). Counterstaining with an antibody to myomesin (re
fluorescent localization of A31P mutant cMyBP-C (green) was
the A31P mutation. The antibody did not cross-react with wi
cats (D) but recognized A31P cMyBP-C in myofibrils from he
staining with an antibody to myomesin (red) indicates M-line
shown in F showing counterstaining with an antibody to myom
Circ Res 2011;108 (6): 751e764 with permission).
affected cats.123 Furthermore, this A31P protein
showed proper localization, appearing as two flu-
orescent (green) bands in each sarcomere where
each band represents the merged fluorescence
from the 7e9 cMyBP-C stripes in each half sarco-
mere. However, in the original study describing the
A31P mutation, Meurs et al. found that the total
amount of cMyBP-C in heterozygous and homo-
zygous affected cats was reduced, suggesting that
haploinsufficiency or other cellular effects could
play a role.2 Consistent with this idea in silico
algorithms predicted that the A31P mutation could
disrupt folding of the C0 Ig domain and Ratti et al.
reported that, unlike wild-type recombinant C0,
C0 could not be expressed as a soluble protein
when the A31P mutation was included in the
sequence.121 Other mutations in the Ig domains of
cMyBP-C and titin also appear to reduce domain
stability, potentially leading to increased sus-
ceptibility to proteolysis or degradation by the
UPS.122,124

Additional studies are thus needed in cats with
the A31P mutation to resolve the molecular basis
of disease and to hopefully formulate effective
therapies where none currently exist.125,126 For
utation in sarcomeres of A31P-affected cats. Top row,
ormed using a polyclonal antibody against cMyBP-C. The
wild-type (A), heterozygous (B), and homozygous A31P
d) in A indicates M-line position. Bottom row, immuno-
performed using an affinity-purified antibody specific for
ld-type cMyBP-C in myofibrils from unaffected wild-type
terozygous (E) and homozygous (F) A31P cats. Counter-
position in D. G, Merged image of the same myofibril as
esin (red) to indicate M-line position. (From Harris et al.
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instance, by analogy with treatment of other
human diseases, strategies can be used that seek
to stabilize misfolded but otherwise functional
proteins such as the case for mutations in the
cystic fibrosis chloride channel gene or that target
the UPS using drugs under development for cancer
and neurodegenerative disorders.127,128 While it is
true that genetic screening can remove the A31P
and R820W alleles from cat populations by selec-
tive breeding, HCM remains the most common
cause of heart failure in cats. By analogy with
human HCM, feline HCM is likely to have multiple
causes due to mutations in multiple genes. By
understanding the molecular basis for HCM in cats
carrying A31P and R820W mutations new ther-
apeutic options with potentially broader applic-
ability may emerge for use in both veterinary and
human medicine.
Conclusion

HCM in cats and humans is a complex, multi-
factorial disease often resulting in heart failure,
thromboembolism, arrhythmia, and sudden car-
diac death. Following the discovery of the R403Q
mutation in the b-myosin heavy chain as the first
genetic cause of HCM in humans, enormous pro-
gress has been made in uncovering other genetic
mutations linked to the disease and in under-
standing the molecular basis for the disease.34

Progress in understanding the genetic basis of the
disease in humans led directly to the identification
of two causative mutations (A31P and R820W)
identified so far in domestic cats.2,3 By analogy
with the human disease, it is hoped that additional
genes and mutations in those genes will be iden-
tified as causative in cats using next generation
sequencing methods. However, for both cats and
humans, identification of the genetic causes of
HCM is still only a first step toward the goals of
preventing and treating HCM. The vast hetero-
geneity of underlying causes combined with other
genetic and environmental modifiers that lead to
diverse disease outcomes presents a formidable
challenge to the idea that HCM can be treated as a
single disease or with a single therapy. Instead, it
is more likely that multiple final common pathways
will emerge that can be identified and selectively
targeted with therapeutics. Critical to discovery of
these pathways will be a better understanding of
the molecular and cellular consequences of dif-
ferent mutations and a better understanding of the
natural history of the disease, including its earliest
preclinical stages. Insights into these processes
gained from understanding HCM in people, rodent
models, and cats should therefore advance both
human and veterinary medicine.
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