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developmental origins of hypertrophic
cardiomyopathy phenotypes: a unifying
hypothesis
Iacopo Olivotto, Franco Cecchi, Corrado Poggesi and Magdi H. Yacoub
abstract | the majority of genetic mutations associated with hypertrophic cardiomyopathy
(HcM) occur in genes encoding sarcomeric proteins, which are expressed only in
cardiomyocytes. However, some manifestations of the HcM phenotype, such as
myocardial disarray, interstitial fibrosis, mitral valve abnormalities, and microvascular
remodeling, indicate the involvement of other cell lineages. the link between sarcomeric
gene defects and these ‘extended’ HcM phenotypes remains elusive. Based on novel
insights provided by cardiac developmental biology, we propose that a common lineage
ancestry of the diverse HcM phenotypes not involving the cardiomyocyte can be
traced to the pluripotent epicardium-derived cells (epDcs). During cardiac colonization,
epDcs differentiate into interstitial fibroblasts, coronary smooth-muscle cells, and
atrioventricular endocardial cushions as mesenchymal cells. We propose that the crosstalk between healthy epDcs and abnormally contracting cardiomyocytes might account
for the diverse manifestations of HcM, by a putative mechanism of mechanotransduction
leading to abnormal gene expression and differentiation.

of patients, the ventricular septum is hypertrophied (Figure 1a), with regional increases
in maximum wall thickness ranging from
mild (13–15 mm) to extreme (≥30 mm).1,11
the reasons for this preferential localization
of hypertrophy are unknown. lv hypertrophy in HCm is a regional phenomenon,
so it is not necessarily associated with an
increase in whole lv mass. indeed, a study
based on cardiac magnetic resonance (Cmr)
showed lv mass values within the normal
range (61 ± 10 g/m2 in males and 47 ± 7 g/m2
in females) in 21% of a consecutive series of
patients with HCm.11
although classically considered to be the
defining characteristic for the diagnosis of
HCm, lv hypertrophy is not always present
among family members who share the same
disease-causing gene mutation.3,4,6 some of
these individuals, who are generally defined
as ‘genotype positive–phenotype negative’,
will eventually develop lv hypertrophy and
the full HCm phenotype, while others seem
to remain indefinitely in a ‘prehypertrophic’
phase.4,6
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Introduction

the pathogenesis of hypertrophic cardiomyopathy (HCm) has long been a subject
of fascination, defying attempts at establishing a rational and comprehensive explanation.1–3 although the vast majority of genetic
mutations associated with HCm occur in
genes that encode sarcomeric proteins4–6
expressed in myocardial cells, HCm involves
other types of cells and tissues in the heart,
including coronary arterioles,1,7 interstitial
fibrous tissue,1 and the mitral valve and
subvalvar apparatus.8,9 the link between the
genetic defect in the sarcomeric proteins and
these ‘extended’ HCm phenotypes remains
elusive. indeed, although well-characterized
and almost universally present in patients
with HCm, these extramyocardial cell
manifestations have often been dismissed
as being secondary to the disease processes
occurring at the myocyte level, or neglected
altogether. Conversely, a full appreciation of
the mechanisms behind these abnormalities
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could prove critical to our understanding of
the pathogenesis of HCm.3 Developmental
biology is emerging as a powerful tool for
understanding the molecular mechanisms
of disease in adult cardiac conditions, as
well as in congenital anomalies.10 on the
basis of new insights provided by cardiac
developmental biology, we present a novel,
unifying hypothesis that tentatively links
the different manifestations of HCm.

The HCM phenotypes
Myocardial hypertrophy
the hallmark of HCm—left ventri cular
(lv) hypertrophy—is rarely present at birth
and usually develops in puberty or early
adulthood, but onset in the sixth or seventh
decade of life has also been described.1,4,6
the distribution of lv hypertrophy in
HCm is typically regional and asymmetric
(Figure 1a), developing in patterns that are
extremely variable even within the same
family. 1 the hypertrophic process can
involve any segment of the left ventricle, and
occasionally extends to the right ventricle
and papillary muscles.8 in the vast majority
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Matrix abnormalities and disarray
although not unique to HCm, myocardial
disarray is a quintessential feature of the
disease.1,7 Disarray can be defined as a profound derangement of myocyte alignment
(Figure 1b), and is almost always found
at autopsy, or in myectomy specimens, of
individuals with HCm.7 Disarray is variable in extension, patchy in distribution,
and largely independent of the degree
of regional lv hypertrophy. 1,12 Disarray
is found in patients of all ages, including newborn babies,12 which indicates an
anomaly in the development of the threedimensional matrix meshwork that directs
myocyte orientation.
a coexistent, although independent,
feature that involves the myocardial matrix
is the variable and sometimes striking
pattern of intramyocardial fibrosis, which
is most evident at the basal septum and at
the junction between the right ventricular
fibers and the left ventricle.1 interstitial
fibrosis is thought to originate from exaggerated activation of the extracellular collagen production processes by cardiac
fibroblasts (Figure 1c), in addition to
the replacement fibrosis, which follows
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is apparently normal with no evidence of
myxoid degeneration.1,9 anomalous chordae,
papillary muscle insertions, or both are often
present (Figure 1e), and the site, number
and structure of papillary muscles can also
be altered.8 these mitral valve abnormalities
are observed in patients of all ages, including
young children, and are thought to be one
of the main determinants of anterior systolic motion and dynamic outflow obstruction.9 Furthermore, surgery for obstructive
HCm often reveals considerable amounts
of abnormal fibrous tissue covering the
fibrous trigones, limiting the excursion
of the subaortic curtain and contributing
to the genesis of systolic gradients.15
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Figure 1 | the HcM phenotypes. a | Asymmetric Lv hypertrophy. cMr 4-chamber view showing
regional hypertrophy localized at the ventricular septum (asterisk). b | Myocardial disarray. surgical
myectomy sample showing anomalous cardiomyocyte orientation with loss of physiological
alignment (ematoxilin-eosin x10). c | interstitial fibrosis. Marked over-representation of interstitial
collagen fibers, appearing in blue (trichromic stain, x10). d | Microvascular remodeling.
intramyocardial coronary arteriole with thickening of the vessel wall caused by medial hypertrophy
and intimal hyperplasia, associated with decreased luminal size (picrosirius red, x10). e | Mitral
valve abnormalities. echocardiographic parasternal long-axis view, showing elongated mitral
leaflets with direct insertion of a hypertrophied papillary muscle onto the anterior leaflet (arrow).
f | Left ventricular noncompaction. cMr short axis view at the apical level showing coexistence of
asymmetric Lv hypertrophy involving the ventricular septum (asterisk) and areas on noncompaction
in the anterolateral free wall (arrows). Abbreviations: cMr, cardiac magnetic resonance; Lv, left
ventricular. Histological images courtesy of Dr Francesca Garbini.

microvascular ischemia-mediated damage
(that is, an intramyocardial scar).7 modern
Cmr techniques allow in vivo visualization of myocardial fibrosis in the form of
late gadolinium enhancement, and ongoing
studies are assessing the clinical and prognostic relevance of these findings in cohorts
of patients with HCm.11,13

muscle hyperplasia causing severe reduction
in luminal area (Figure 1d).1,7 studies using
Pet have shown that microvascular abnormalities are associated with severe blunting
in coronary vascular reserve,14 which is the
most important cause of recurrent ischemia
in patients with HCm, and an important
prognostic indicator.1,7,14

Microvascular remodelling
Patients with HCm exhibit marked thickening of the intramural coronary arteriolar
wall, which is largely the result of smooth

Mitral valve abnormalities
in the majority of patients with HCm, the
mitral leaflets are enlarged, often markedly so, although the histological structure

318 | APRIL 2009 | voLume 6

other features of HcM
additional features that can be part of
the HCm phenotype include areas of lv
noncompaction characterized by a thin
compact and a thick trabecular myocardial
layer (Figure 1f),16 left atrial dilatation and
dysfunction, and increased susceptibility to
atrial and ventricular arrhythmias.17 in addition, dysfunction of the autonomic nervous
system has been described in patients with
HCm, characterized by abnormalities of
the cardiac sympathethic nerves, including decreased norepinephrine uptake and
increased norepinephrine release, as well as
downregulation of β-adrenoceptors.18

Is HCM a cell lineage disease?

as discussed, lv hypertrophy generally
becomes evident during puberty or early
adult life in patients with HCm. little is
known about the time of onset of the other
features of HCm, although all have been
described in very young children, and even
in newborn babies.1,7,12 we have repeatedly
observed mitral abnormalities in genotype-positive children without lv hypertrophy (olivotto i et al., unpublished data).
specific features include direct papillary
insertion into the mitral leaflet, which suggests a developmental defect.9 similarly, the
diffuse disarray and remodeling of the coronary microcirculation observed in small
children7 indicates that part of the HCm
phenotype could already be present at birth
as a consequence of abnormal embryonic
development. if so, these combined abnormalities, which involve multiple cell types
(fibroblasts and smooth muscle cells, as well
as cardiomyocytes) point to involvement of
specific cell lineage development from a
single, multipotent precursor.19 However,
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can a single embryologic mechanism
account for all the heterogeneous disease
features of HCm?
we propose that a common lineage
ancestry for the cell types that contribute
to the diverse HCm phenotypes can be
traced to the proepicardial organ, which
originates from the posterior component of
the secondary heart field (Figure 2).19 the
epicardium originates from the migration
of proepicardial cells over the naked heart
tube early during development.19,20 after
epithelial–mesenchymal transformation,
apparently pluripotent epicardium-derived
cells (ePDCs) migrate diffusely into the
myocardium and differentiate into diverse
cell types. these cells give rise to cardiac
scaffolding as interstitial fibroblasts, to the
coronary vasculature as smooth muscle
cells and adventitial fibroblasts, to the atrioventricular cushion tissue as mesenchymal
cells, and to Purkinje fibers (Figure 2).19,20
notably, ePDCs colonize both the primary
heart tube—from which most of the left
ventricle and the atria originates21—and
the myocardium derived from the anterior
component of the secondary heart field
(Figure 2), which gives rise to the lv outflow
tract, the ventricular septum, the right
ventricle and the remainder of the atria.19–21
it is, therefore, tempting to speculate that
interference with the ePDCs during migration and differentiation could account for
the unexplained manifestations of HCm.
these manifestations could include myocardial disarray, interstitial fibrosis, mitral
valve abnormalities, and micro vascular
remodeling (Figure 3). 1,19,22–24 abnormal
development of Purkinje fibers could contribute to the well-known susceptibility of
patients with HCm to ventricular arrhythmias, 19,25 but this hypothesis is yet to be
investigated. intriguingly, the specific distribution of lv colonization by ePDCs could
explain the focal nature of several of these
abnormalities within the myocardium.1,7

putative mechanisms
although the molecular mechanisms that
link sarcomeric gene mutations to developmental abnormalities in patients with
HCm remain unknown, hypotheses can
be proposed to stimulate research in this
area. For example, the mechanical environment directs stem cell differentiation26,27
and could, therefore, be crucial for cardiac
development. thus, the altered mechanical
properties of cardiomyocytes that harbor

Anterior heart field

Neural crest cell

Proepicardial organ

Posterior heart field

Figure 2 | continuum of the primary (brown and blue) and secondary (yellow) heart-forming
fields. the secondary field can be divided into the anterior heart field, at the outflow region of
the heart, and the posterior heart field, at the inlet region of the heart. the proepicardial organ,
a protrusion of the sinus venosus into the pericardial cavity, develops as a part of the posterior
heart field. permission obtained from ScientificWorldJournal. Lie-venema, H. et al. (2007) Origin,
fate, and function of epicardium-derived cells (epDcs) in normal and abnormal cardiac
development. TheScientificWorldJOURNAL: tsW Development & embryology 7, 1777–1798.

sarcomeric mutations could influence gene
expression in ePDCs during cardiac colonization, by stimulating mechanoreceptors
on the cellular or nuclear membrane. 27
the term ‘mechanotransduction’ defines the
concept that extracellular forces can be
transmitted across the cytoskeleton to the
nucleus, resulting in intranuclear deformations.27 such forces can induce conformation
changes in the Dna, leading to alterations
in transcriptional activity.26,27
at the time of ePDC migration from the
epicardium to the myocardium, the heart
has already begun to contract,19 and most
known HCm-causing mutations—such as
those involving the β-myosin heavy chain
and myosin-binding protein C genes—
are already expressed in the embryonic
heart.19,20 although the effect of each mutation might be different, there is often a
gain of function in sarcomere performance
associ ated with increased sensitivity to
intracellular calcium and inefficient atP
use.28 the resulting, abnormal contractile
status could influence gene expression in
the migrating ePDCs, ultimately leading
to the wide range of structural abnormalities that characterize HCm.1,19 importantly,
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this hypothesis does not require mutations
in cell types other than cardiomyocytes to
explain the diverse HCm phenotypes.20,22–24
rather, the postulated integrity of the ePDC
lineage before cardiac colonization serves
to explain the relatively preserved gross
anatomy and function of the heart in patients
with HCm when compared with those
who have congenital diseases that result
from more direct, and earlier, disruption
of the ePDC differentiation process.19
we should emphasize that existing theories for the development of hypertrophy
in patients with HCm are not challenged
by our developmental hypothesis, which
should be seen as complementary and compatible with prior work in the field. evidence
suggests that myocardial hypertrophy is
likely to be a compensatory mechanism
triggered by abnormal contractile function, directly related to sarcomeric gene
mutations.3 nevertheless, novel approaches
and models are required to address those
aspects of HCm that remain unexplained
after cardiomyocyte hypertrophy has been
accounted for. our developmental hypothesis of HCm could help overcome the
limitations of the ‘cardiomyocentric’ vision
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Figure 3 | Hypertrophic cardiomyopathy as a cell-lineage disease. Our proposed unifying
hypothesis is illustrated, which suggests that a common lineage ancestry of the cell types that
contribute to the diverse extramyocardial hypertrophic cardiomyopathy phenotypes can be traced
to epicardium-derived cells. Abbreviation: HcM, hypertrophic cardiomyopathy.
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Figure 4 | Localization of epicardial progenitor-derived myocytes to the ventricular septum.
a,b | Whole-mount X-gal staining of tbx18:cre/r26rlacZ adult mouse heart (6 weeks). coronary
vasculature (green arrows) is derived from Tbx18 lineages. Dense staining in the septum is
visible (black arrow). c | X-gal staining of tissues from tbx18:cre/r26rlacZ adult mouse heart
(6 weeks). Tbx18 can give rise to cardiomyocytes within atria (arrows in c and inset 1), the
ventricular septum (black arrow in inset 2) and the ventricular wall (black arrow in inset 3),
coronary vascular support cells (green arrows in insets 2 and 3), and atrioventricular valves
(inset 4, high magnification for bicuspid valve). Abbreviations: LA, left atrium; Lv, left ventricle;
rA, right atrium; rv, right ventricle; vs, ventricular septum. permission obtained from cai, c. L.
et al. A myocardial lineage derives from Tbx18 epicardial cells. Nature 454, 104–108 (2008).

that has dominated HCm research in the
last two decades.10

Epicardium-derived cardiomyocytes
a model proposed by Douglas et al. indicates that cells from the posterior component of the secondary heart field (Figure 2)
differentiate into two separate lineages:
a myocardial population—which contributes to the pulmonary veins, dorsal atrial
wall, and atrial septum 29—and an epicardial population, which ultimately gives
rise to ePDCs. 19,30 However, studies on
experimental mouse models have shown

that epicardial precursor cells can still differentiate into cardiac myocyte lineages,
which are distinct and independent from
other myocytes derived from the secondary heart field.31,32 in a study by Cai et al.,
a Tbx18-expressing cardiomyocyte lineage
was specifically shown to originate from
the proepicardial organ and to colonize the
myocardium, localizing preferentially to
the ventricular septum (Figure 4).31
notably, studies of avian embryos have
failed to demonstrate that proepicardial
lineages give rise to cardiomyocytes 19
within the heart; whether this discrepancy
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reflects distinct experimental approaches
or species-specific differences is unclear.31
nevertheless, the observation by Cai et al.31
raises the possibility that a primary defect
in specific cardiomyocyte lineages could
contribute to the genesis of cardiac abnormalities in HCm. the preferential septal
localization of cardiomyocytes in the study
by Cai et al.31 could explain the asymmetric
nature of lv hypertrophy, and the ubiquitous
involvement of the ventricular septum.1,11

Future directions

although the circumstantial evidence supporting our unifying pathogenetic hypothesis for HCm is considerable, no direct
association has, as yet, been demonstrated
between deficient epicardial differentiation
and HCm. interestingly, however, altered
ePDC development has been implicated
in the genesis of isolated left ventricular
noncompaction.19 sarcomeric gene mutations have been shown to be associated with
cardiac diseases other than HCm, including dilated cardiomyopathy and ventricular
noncompaction.33 these observations collectively suggest that abnormal developmental processes involving the epicardium
could be active across a spectrum of cardiomyopathies. it is, therefore, essential to validate the link between our hypothesis and
each of the HCm phenotypes described
above using modern developmental biology
techniques, such as conditional expression
studies.10,34
on a clinical level, studies are required
to evaluate the prevalence of the diverse
manifestations of HCm in sarcomeric gene
mutation carriers without lv hypertrophy,
and to define the ‘prehypertrophic’ phenotype of these patients.4,6 Currently, individuals with HCm who do not display lv
hypertrophy are often referred to as being
genotype positive– phenotype negative.
a developmental origin for HCm would,
however, imply the presence of structural
and functional abnormalities, such as disarray, valve abnormalities and microvascular
dysfunction, in these patients before the
development of hypertrophy.19,20,22–23 if this
hypothesis is correct, future studies could
provide useful indications for HCm family
screening programs. ultimately, we hope
our hypothesis will serve as a stimulus for
new research into the molecular origins
of HCm2,3 and prove relevant for the prevention and treatment of this complex and
heterogeneous disease.
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