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Abstract: We have identified the ETS1 gene as the cause of congenital heart defects, including an
unprecedented high frequency of HLHS, in the chromosomal disorder Jacobsen syndrome. Studies
in Ciona intestinalis demonstrated a critical role for ETS1 in heart cell fate determination and cell
migration, suggesting that the impairment of one or both processes can underlie the pathogenesis of
HLHS. Our studies determined that ETS1 is expressed in the cardiac neural crest and endocardium
in the developing murine heart, implicating one or both lineages in the development of HLHS.
Studies in Drosophila and Xenopus demonstrated a critical role for ETS1 in regulating cardiac cell fate
determination, and results in Xenopus provided further evidence for the role of the endocardium
in the evolution of the “hypoplastic” HLHS LV. Paradoxically, these studies suggest that the loss of
ETS1 may cause a cell fate switch resulting in the loss of endocardial cells and a relative abundance
of cardiac myocytes. These studies implicate an “HLHS transcriptional network” of genes conserved
across species that are essential for early heart development. Finally, the evidence suggests that in
a subset of HLHS patients, the HLHS LV cardiac myocytes are, intrinsically, developmentally and
functionally normal, which has important implications for potential future therapies.

Keywords: hypoplastic left heart syndrome; endocardium; Jacobsen syndrome; cardiac myocyte;
hyperplasia

1. Introduction

Although there is overwhelming evidence for a genetic component underlying HLHS,
surprisingly few individual genes have been identified that, together, only account for
a small subset of patients [1]. This likely reflects the multifactorial etiologies of HLHS.
Nonetheless, the small number of genes identified may lead to insights that are relevant to
the pathogenesis of the disease in a larger subset of patients, and potentially towards the
identification of additional genes involved in common regulatory networks.

“Classic” hypoplastic left heart syndrome is defined as hypoplasia of the LV chamber
in association with stenosis and/or atresia of the mitral and aortic valves, hypoplasia
of the aorta, and an intact interventricular septum [2]. As shown in Figure 1, there is
significant variability among the HLHS anatomic subtypes. For example, in mitral and
aortic atresia the left ventricle is typically “slit-like”, suggestive of decreased growth of
all of the left-sided structures. In contrast, in the subset with aortic valve atresia with
mitral valve stenosis, the left ventricular free wall is thickened, and there is frequently
endocardial fibroelastosis. In an explanted HLHS heart with mitral stenosis and aortic
stenosis and increased thickening of the LV free wall, we have observed an abundance of
cardiac myocytes comprising the LV free wall (Figure 2). It is unknown how these anatomic
subtypes are related mechanistically, specifically with respect to etiology, or at what stage
during cardiac development the causal event(s) occurs.
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Figure 1. The images, all photographed by Diane E. Spicer and reproduced with her permission,
show the phenotypic variants of hypoplastic left heart syndrome as seen in the clinical setting. The
upper left panel (A) shows the variant with mitral stenosis and aortic atresia. The heart in the upper
right-hand panel (B) has mitral and aortic stenosis. In the lower panels, to the left (C) is seen the
variant with mitral atresia, and to the right (D) is the rarest variant with left ventricular hypoplasia
with the small aortic and mitral valves, their size in keeping with that of the left ventricle, although
the aortic valve is not seen in the four-chamber section through the heart [1].

Figure 2. Gross specimen of an explanted heart from a patient with HLHS, with mitral stenosis and
aortic stenosis (A), showing a diminutive LV chamber with endocardial fibroelastosis and a thickened
LV wall, and trichrome staining from the LV free wall (B), and a luminal biopsy demonstrating
severe EFE (C). Images graciously provided by Dr. Denise Malicki, Department of Pathology, Rady
Children’s Hospital of San Diego.
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Through combined human genetics and genetically-engineered animal model systems,
we have identified the ETS1 transcription factor as the likely cause of congenital heart
defects, including HLHS, in the rare chromosomal deletion disorder, Jacobsen syndrome
(OMIM #147791) [3]. Remarkably, 5-10% of all infants born with JS have HLHS, one of the
highest known frequencies of HLHS for any genetic syndrome. Mutations in ETS1 may
account for about 1% of all cases of HLHS.

During murine heart development, ETS1 is only expressed in the cardiac neural crest
and the endocardium /vascular endothelium but, interestingly, not in cardiac myocytes.
Consequently, we have hypothesized that the loss of ETS1 in the neural crest and/or the
endocardium/vascular endothelium can cause HLHS through a non-cell-autonomous
effect on ventricular cardiac myocyte development and function.

2. A Role for ETS1 in Heart Cell Fate Determination and the “Hypoplastic” Paradox:
Reconciling Animal Models with Human HLHS

Previous studies in the ascidian Ciona intestinalis have demonstrated a critical role for
ETS1 in heart cell fate determination and cell migration, suggesting that the impairment
of one or both of these two cellular functions might underlie the pathogenesis of HLHS
(Figure 3) [4].
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Figure 3. Ciona heart specification network. Schematic diagram depicting the transcriptional core
network of genes involved in heart development in Ciona intestinalis. Mutations in at least three of
these genes (ETS1, NKX2-5, and FoxF1) have been identified in patients in association with HLHS.
(Kindly provided by Dr. Brad Davidson.)

Prior to the studies in Ciona, Alvarez et al. demonstrated that loss of function mu-
tations in Pointed (ETS1) in Drosophila cause a loss of pericardial cells and a concomitant
increase in the number of cardioblasts [5]. This process selectively involves the posterior
aspect of the heart tube, which may be analogous to the left ventricle in a mammalian
heart (Figure 4). They concluded that the abundance of cardioblasts was due to a cell fate
switch in which Pointed promotes pericardial cell development and opposes cardioblast
development. More recently, Nie and Bronner [6] demonstrated that knockdown of ETS1
in the cardiac mesoderm in Xenopus caused an HLHS-like ventricle characterized by an
abundance of cardiac myocytes and a loss of endocardial cells, consistent with a role for
ETS1 in regulating cell fate determination between endocardial cells and cardiac myocytes.
Together, these results suggest that in these animal models, the HLHS-like ventricle may be
due to a relative abundance of cardiac myocytes (and loss of endocardial cells) leading to a
decreased ventricular chamber volume. An important issue that remains to be resolved is
whether the total ventricular volume (i.e., including the walls) is decreased, and whether the
absolute number of cardiac myocytes is increased in these animal models, i.e., paralleling
the apparent increase in cardiac myocytes in the LV wall of the aortic atresia/mitral stenosis
HLHS anatomic subtype. Interestingly, Bohlmeyer et al. [7] demonstrated the ectopic ex-
pression of CD31, a marker of endothelial cells, in cardiac myocytes in HLHS left ventricular
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tissue and postulated that this ectopic expression “could be an effect of upstream develop-
mental program error that results in HLHS”, consistent with the observations in Drosophila
and Xenopus for a role for ETS] in regulating cell fate determination. Together, these studies
provide evidence that a cell fate switch between endothelial /endocardium and cardiac
myocytes may be a critical component in the pathogenesis of HLHS in such patients. In ad-
dition, Miao et al., reported in vitro studies demonstrating impaired endocardial function
in cells derived from patients with HLHS, coinciding with decreased ETS1 expression [8].
Contrary to previous studies [2], this implies that for this subset of patients, the molecular
and cellular events underlying HLHS occur very early in cardiac development.
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Figure 4. Pointed embryos exhibit a significant increase in Svp-positive cardioblasts. Dorsal views of
stage 16 wild-type (A,B) and pnt (C,D) embryos labeled for Svp-lacZ (A,C), and Svp-lacZ and Mef-2
(B,D). (A,B) In wild-type embryos, 12 Svp-negative cardioblasts arise anterior to the first Svp-positive
cardioblast (broken white line); seven of these cardioblasts are visible in A and B. Posterior to this
location, there is a reiterative pattern of two Svp-lacZ positive cardioblasts (yellow/orange) and
four Svp-lacZ negative cardioblasts (green) per hemisegment. (C,D) In pnt embryos, cardioblast
development anterior to the first Svp-positive cardioblast (broken white line) appears normal. How-
ever, many ectopic cardioblasts are found posterior to this location and the majority of these cells
express Svp-lacZ at high (arrow) or moderate levels (arrowhead). The broken white line separates
the anterior heart domain from the posterior seven heart segments; anterior is towards the left [5].

Interestingly, in most cases of HLHS in patients with Jacobsen syndrome, the HLHS
anatomic subtype is aortic and mitral valve atresia with a slit-like, diminutive left ventricle
(Grossfeld P, unpublished results). This anatomic subtype is suggestive of a growth arrest,
and previously published studies on cardiac myocytes derived from iPS cells from patients
with HLHS indicate decreased cardiac myocyte proliferation [9-13], as well as in co-culture
studies reported by Maio et al. [8]. Notably, Snider et al. [14] demonstrated that early genetic
ablation of endocardial cells in mice leads to a severely hypoplastic, growth-arrested heart
that arguably resembles the “slit-like” LV in the AA/MA subtype. These studies provide
further support for a critical role for the endocardium in the pathogenesis of HLHS in
at least a subset of patients, and suggest that in patients with JS and HLHS, it is the
early loss of ETS1 and endocardial function that leads to irreversible growth arrest of the
left-sided structures.

The notion of increased cardiac myocyte numbers in the HLHS LV would seem to
contradict those reports of decreased proliferation in cardiac myocytes derived from HLHS
patients. One possible explanation is that an increased cardiac myocyte number could be
due to a loss of ETS1/endocardial function at a later stage of cardiac development, in which
the diminutive chamber volume results directly from the excessive proliferation of cardiac
myocytes, as opposed to an arrest of growth. This would imply the presence of one or more
factors that drive increased cardiac myocyte proliferation in the HLHS left ventricle. In
that case, early growth arrest would result from the absence of such a factor(s), whereas
causal events occurring later in development would not inhibit such a factor(s), thereby
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promoting increased cardiac myocyte proliferation. Interestingly, it has been observed that
in some cases of critical aortic valve stenosis in the fetus, the left ventricle is initially dilated
and poorly functioning, with subsequent evolution toward a thick-walled “hypoplastic”
left ventricle. This would imply a process in which there is an inward growth of cardiac
myocytes, i.e., “concentric hyperplasia” (Figure 5). The molecular and cellular mechanisms
underlying that transition are completely unknown. Lastly, it is unknown whether cardiac
myocytes derived from a patient with the AA/MS anatomic subtype of HLHS may also
exhibit decreased proliferation or in fact could have increased proliferative capacity.

Hypoplastic Left Heart Syndrome

Figure 5. Schematic diagram model for one potential mechanism for the aortic atresia/mitral stenosis
anatomic subtype of HLHS, indicating “concentric hyperplasia”, i.e., inward growth of cardiac
myocytes leading to a thickened ventricular wall and diminutive chamber volume.

3. The Cardiac Myocyte and HLHS: Clinical Implications

As discussed above, our studies demonstrate that ETS] is not expressed in cardiac
myocytes during murine heart development. Although most studies to date have demon-
strated defects in cardiac myocytes derived from HLHS patients, the absence of expression
of ETS1 in cardiac myocytes would suggest that these cardiac myocytes are intrinsically nor-
mal. Consistent with this, previous studies in chick [15,16] and more recently in mice [17]
prove that, at least in these models of HLHS in which inflow across the mitral valve into
the developing left ventricle is restricted, the cardiac myocytes from the “HLHS” LV are
genetically normal. Together these results suggest there is a subset of HLHS patients in
which the LV cardiac myocytes might have normal growth potential and function.

4. Future Directions

Our studies in mice and previous studies in Xenopus and in endothelial cells derived
from iPS cells from HLHS patients all point to a critical role for the endocardium in the
pathogenesis of HLHS. Future studies will focus on identifying the signaling pathways
between endocardium and ventricular myocytes that are perturbed in HLHS. Such studies
may help to identify novel therapeutic targets that could potentially restore endocardial
function and prevent the development of HLHS. In retrospect, while attempts to intervene
by fetal balloon angioplasty to relieve critical aortic stenosis are noble [18], the overall low
success rate of this procedure suggests that for the majority of patients, it is performed
beyond the developmental window of opportunity in which normal LV growth can proceed



J. Cardiovasc. Dev. Dis. 2022, 9,219

60f7

or be restored. This would be consistent with a critical role for the endocardium in the
pathogenesis of HLHS in a large subset of patients. Notwithstanding this, there may be
select patients with intrinsically normal cardiac myocytes that may respond to fetal balloon
angioplasty and potentially future therapies aimed at salvaging the HLHS left ventricle,
thereby allowing for a two-ventricle approach (i.e., in cases where the defect occurs late
in cardiac development). As alluded to above, based on the phenotypic heterogeneity,
there are likely to be multiple mechanisms that underlie the pathogenesis of HLHS. One
important area of future research will be to characterize further cardiac myocytes from
HLHS left ventricles, to determine if these cells represent a unique population of cardiac
myocytes, as suggested from Bohlmeyer’s studies, or in other cases are intrinsically normal.

Early studies in Drosophila have led to a remarkable observation that there is a con-
served network of cardiac transcription factors required for early heart development that
includes Notch, Tinman (NKX2-5), and Pointed (ETS1) [19] (Figure 6). Mutations in all three
of these genes have been identified in HLHS patients, suggesting that this “HLHS core
transcriptional network” has been conserved through evolution, and that these HLHS
disease-causing genes play a fundamental and critical role in heart development across
species. Similarly, NKX2-5 and ETS1 as well as another HLHS-associated gene, FOXF1,
comprise the cardiac transcriptional core network of genes in Ciona heart development.
Interestingly, in Drosophila, while the loss of function mutations in Tinman result in the
complete absence of a developing heart, the loss of function mutations in Notch cause the
same cardiac phenotype observed in Pointed mutant hearts, i.e., a loss of pericardial cells
and an increase in cardiomyocytes leading to an obliterated ventricular lumen [20]. It will
be exciting to learn what additional downstream factors the “HLHS network” involving
these genes regulate, and if they too are involved in the pathogenesis of HLHS.

Activation

Wéven| «—— Notch

Figure 6. Cardiac mesoderm activation pathways in Drosophila heart development (adapted from
Bryantsev and Cripps, 2009, Biochim Biophys Acta. 2009 April; 1789(4): 343-353) [19].
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