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Abstract: Hypoplastic left heart syndrome (HLHS) is a complex congenital heart disease characterized
by hypoplasia of left-sided heart structures. The developmental basis for restriction of defects to
the left side of the heart in HLHS remains unexplained. The observed clinical co-occurrence of
rare organ situs defects such as biliary atresia, gut malrotation, or heterotaxy with HLHS would
suggest possible laterality disturbance. Consistent with this, pathogenic variants in genes regulating
left-right patterning have been observed in HLHS patients. Additionally, Okia HLHS mutant mice
show splenic defects, a phenotype associated with heterotaxy, and HLHS in Ohia mice arises in
part from mutation in Sap130, a component of the Sin3A chromatin complex known to regulate
Lefty1 and Snail, genes essential for left-right patterning. Together, these findings point to laterality
disturbance mediating the left-sided heart defects associated with HLHS. As laterality disturbance
is also observed for other CHD, this suggests that heart development integration with left-right
patterning may help to establish the left-right asymmetry of the cardiovascular system essential for
efficient blood oxygenation.
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1. Introduction

Hypoplastic left heart syndrome (HLHS) is a congenital heart disease (CHD) with
severe hypoplasia of left-sided heart structures, including hypoplasia of the aorta (Ao), aortic
and mitral valves (MV), and the left ventricle (LV). While HLHS infants now survive their
critical CHD [1,2] with a three-stage surgical course that creates a “single ventricle” (SV)
physiology with the right ventricle (RV) serving as the systemic pumping chamber, there
is nevertheless developmental delay, poor growth, high risk of heart failure, and impaired
neurodevelopment [3-10]. The 10-year transplant-free survival is only 39-50% [11-13], with
the greatest risk seen in the first year of life with 30% mortality reported [14-16]. In addition,
a host of clinical complications are observed after the third stage Fontan procedure in adult
HLHS survivors. This can include heart failure with need for heart transplantation, liver
cirrhosis, hepatocellular carcinoma, protein losing enteropathy, renal failure, and other
clinical complications [17]. Hence, substantive improvement in outcome for HLHS patients
will likely require interventions to recover LV growth. With enhanced LV growth, a two-
ventricle surgical path may be possible, which can avoid the adverse clinical sequelae
associated with an SV physiology. This will require in utero intervention, as cardiomyocyte
proliferation largely ceases postnatally, but without mechanistic insights into why the
ventricular hypoplasia is left-sided, no therapy is available to restore LV growth in fetuses
with HLHS.

2. Co-Occurrences of Laterality Defects with HLHS

HLHS has been reported to co-occur with various laterality defects, indicating a possi-
ble role for left-right patterning disturbances in the restriction of defects to the left side of
the heart [18]. Thus, HLHS has been reported in subjects with heterotaxy, situs inversus, gut
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malrotation [19,20], biliary atresia [21], or spleen abnormalities [20]. This has been observed
not only in case reports, but also in studies involving systematic analysis of subjects in
different birth defects registries [18,22,23]. In one such study, data from the National Birth
Defects Prevention Study (NBDPS) was used to examine for CHD in 517 nonsyndromic
laterality defect cases. This showed that 3.2% of the subjects with laterality defects also
had HLHS (Table 1). Conversely, another study conducted on 12,000 infants with CHD
examined for co-occurrence with other birth defects including laterality defects [23]. This
analysis revealed 4.7% of HLHS subjects had situs inversus totalis, 6.5% had gut malrota-
tion, and 7.7% had spleen abnormalities (Table 1). As HLHS is a relatively rare CHD lesion
with incidence of 1-5% among complex CHD, and heterotaxy and laterality phenotypes
have an incidence of 1 in 10,000 [24], their co-occurrence is unlikely to occur by chance.
Similarly, biliary atresia, which is reported at an incidence of 1 in 8000 to 18,000 [25-29], also
can be seen with HLHS. In line with findings from these large birth registry studies, another
recent study of 70 patients with laterality and cardiac defects revealed 40% had single
ventricle heart defects [30]. Overall, these findings support a mechanistic link between
HLHS and the disturbance of laterality.

Table 1. Prevalence of Laterality Defects Among Different Types of Congenital Heart Defects *.

HLHS SV TA PTA PA TGA DORV Agésll)) / TAPVR TOF EB Total

A. CHD Associated with Heterotaxy and Situs Inversus in National Birth Defects Prevention Study by Lin et al. [22]
Situs Inversus 1.4% 5.8% 0.7% 0% 1.4% 2.4% 7.9% 5.0% 2.2% 2.9% 0.7% 43.2%
Heterotaxy 3.2% 14.0% 2.1% 1.1% 9.8% 3.7% 25.7% 48.4% 31.2% 4.2% 0.3% 96.6%
All Laterality 2.7% 11.8% 1.7% 0.8% 4.9% 3.1% 20.9% 36.8% 23.4% 3.9% 0.4% 82.2%

B. Situs Anomalies Associated with CHD in Birth Defects Registry Study on Congenital Malformations by Pradat et al. [23]

Situs Inversus 4.7% 17.6% 0% 1.0% 9.8% 5.7% 13.6% 9.4% 4.8% 3.7% 5.0% 5.6%
Gut Malrotation 6.5% 11.8% 0% 7.1% 4.9% 2.4% 11.9% 10.4% 6.3% 4.9% 0% 6.2%
Spleen Abnormal 7.7% 23.5% 4.1% 6.1% 4.9% 4.9% 8.5% 11.3% 12.7% 5.8% 0% 7.5%

* HLHS, hypoplastic left heart syndrome; SV, single ventricle; TA, tricuspid atresia; PTA, persistent truncus
arteriosus; PA, pulmonary atresia; TGA, transposition of the great arteries; DORV, double outlet right ventricle;
AVSD/ECD, atrioventricular septal defect/endocardial cushion defect; TAPVR, total anomalous pulmonary
venous return; TOF, tetralogy of Fallot; EB, Ebstein’s anomaly.

3. Association of HLHS with Genes Involved in the Specification of
Left-Right Asymmetry

HLHS in conjunction with other closely related left ventricular outflow tract obstruc-
tive (LVOTO) CHD lesions have shown high heritability, providing strong evidence of a
genetic etiology for HLHS [31-35]. In this regard, it is worth noting that several genes
known to cause heterotaxy, such as ZIC3 [36], FGFR4 [37], and FOXF1 associated with
bowel malrotation [19], are associated with HLHS. This would support a shared genetic
etiology for HLHS and heterotaxy. Also notable is the finding of mutations in HAND1
associated with HLHS [38,39]. HAND1 encodes a transcription factor exhibiting restricted
expression in the embryonic left ventricle, indicating an essential role in formation of the
LV. However, mutant mice with a deficiency in these laterality genes have not replicated
the HLHS phenotype, nor have knockin of a A126FS HAND1 somatic mutation recov-
ered from HLHS heart tissue. In the latter mutant mice, heart outflow tract defects and
intraventricular abnormalities were observed, but the LV was of normal size [40].

From a large-scale mouse mutagenesis screen for mutations causing CHD, we recov-
ered eight independent mouse lines with HLHS, including one mutant line named Ohia
in which the HLHS causing mutations were identified. This was shown to be mediated
by two genes—a point mutation in Protocadherin A9 (Pcdha9) and a splicing defect mu-
tation in Sin3A associated protein 130 (Sap130). Mice with CRISPR gene edited alleles of
Pcdha9/Sap130 replicated the HLHS phenotype, confirming their role in the pathogenesis
of HLHS seen in the Ohia mutant line. While the Pcdha9 mutation was shown to cause
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the aorta/aortic valve defects in HLHS, the Sap130 mutation was shown to play a pivotal
role in the LV hypoplasia [41]. The fact that Sap130 also may contribute to the defects
being left-sided is supported by observations related to the function of the Sin3A complex
(see below).

The cardiac phenotype in the Ohia mutant line spanned a spectrum, with 26% exhibit-
ing HLHS among mice that are double homozygous for the Sap130/Pcdha9 mutations [41].
Of the remaining, 7% exhibited LV /mitral valve hypoplasia but with a normal sized aorta,
16% had an isolated hypoplastic aorta, and 34% exhibited other CHD. Among the HLHS
mutants analyzed (n = 28), five (18%) exhibited a double outlet right ventricle (DORV)
variant subtype of HLHS. Such incomplete penetrance and variable expressivity are remi-
niscent of what is often observed in familial studies of CHD. This is thought to reflect the
genetic heterogeneity of the human population, but as our studies are conducted entirely
in inbred mice, with similar results seen in the CRISPR gene edited Ohia mutant line, the
incomplete penetrance and variable expressivity must have an epigenetic etiology that
likely reflects gene—environment interactions.

It is also interesting to note that the Ohia mutant mice can have a hypoplastic spleen
or asplenia (Figure 1gh), defects also seen with heterotaxy, supporting involvement of
laterality disturbance in HLHS. As the spleen is found ventroposterior to the stomach,
which is positioned on the left-side of the body, the spleen is considered a left-sided
structure. Thus, hypoplastic spleen or asplenia in Ohia mutant mice would constitute
a left-sided defect, in line with hypoplasia of left-sided heart structures in HLHS. This
would suggest possible right isomerism. In contrast, we note clinically that HLHS has been
suggested to involve left isomerism, as azygos or hemiazygos venous connection can be
seen in HLHS patients. However, as azygous venous connection can occur in the context
of normal atrial situs, identifying atrial situs via venous connections alone can also lead
to erroneous diagnosis of left isomerism. In addition, as right atrial isomerism is one of
the most severe forms of CHD, and is associated with high morbidity and mortality, right
isomerism may be underrepresented in the viable HLHS patient population, resulting in
ascertainment bias of left-isomerism [42]. We note neither azygous continuation nor atrial
situs anomalies have been observed in the Ohia HLHS mouse model.
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Figure 1. Ohia HLHS mutant mice exhibit left heart and spleen hypoplasia. (a—f) Histopathology
showing the cardiac anatomy of HLHS mutant mouse and littermate control at birth (P0). Note the
muscle-bound LV with no lumen, hypoplastic aorta, aortic valve atresia, and mitral valve (MV) hy-
poplasia/stenosis, and patent foramen ovale (FO) denoted by white arrowhead. The interventricular
septum is intact in the mutant mouse. (g,h) Newborn wildtype (g) and Ohia mutant (h) mice. Spleen
(black arrowheads in (g,h)) hypoplasia is observed in the Ohia mutant as compared to the wildtype
(see black arrowhead) mouse. LA, left atrium; RA, right atrium; LV, left ventricle; RV, right ventricle,
MYV: mitral valve, St; Stomach, Sp; Spleen. Scale bars: 0.5 mm.

4. Hippo Signaling and LV Hypoplasia in HLHS

While severe hypoplasia of the LV is a major hallmark of HLHS, the hypoplasia is
observed not only in the LV, but in all the structures on the left side of the heart, including
the left atrium, aorta, and aortic and mitral valves. This suggests disturbance of heart
organ size regulation, albeit restricted to the left side. Relevant to this, Hippo signaling
has been shown to regulate heart organ size with the modulation of cell proliferation,
apoptosis, and stem cell self-renewal [43]. This involves a kinase cascade that regulates
nuclear trafficking of the YAP transcription factor such that when the Hippo pathway is
on, a protein phosphorylation cascade is activated promoting nuclear exit and cytoplasmic
degradation of the transcriptional coactivators YAP and TAZ. In contrast, when Hippo
pathway is off, YAP/TAZ are dephosphorylated, and translocated into the nucleus where
they form a complex with TEAD co-transcriptional regulators to activate the transcription
of genes regulating cell proliferation and stem cell renewal.

Genetic manipulation of Hippo-Yap signaling in mice has shown an essential role for
the Hippo pathway in heart organ size regulation. This involves the inhibition of cardiomy-
ocyte proliferation via repression of Wnt target genes [44]. Reduction in Hippo signaling
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has also been shown to allow myocardial regeneration by promoting adult cardiomyocytes
to re-enter the cell cycle [45]. Hippo-deficiency in cardiomyocytes in a mouse infarct model
was observed to reduce infarct scar size while increasing survival, suggesting the restora-
tion of cardiomyocyte proliferative potential [45]. Moreover, cardiomyocyte proliferation
was observed in the adult heart with Hippo deficiency in an apical ventricular resection
injury model [45]. Significantly, a role for Hippo signaling in regulating cardiomyocyte
proliferation in HLHS was recently demonstrated with the observation that iPSC-CM from
HLHS patients exhibited loss of YAP nuclear localization [46]. This was accompanied by
reduced cardiomyocyte proliferation and increased apoptosis. However, upon restoration
of YAP nuclear localization, proliferation of the HLHS iPSC-CM was also restored [46].
These findings support the essential role of altered Hippo signaling in the LV hypoplasia in
HLHS, but why the defects are restricted to the left side of the heart remains unexplained
by these observations.

We note a recent study which suggested that Hippo signaling does not play a role in
normal organ growth. However, this study investigated only the mouse liver and used
conditional deletion of Yap/Taz or hyperactivation with YAP overexpression or Lats1/2
conditional deletion [47]. In contrast, we recently showed in analysis of HLHS patient
iPSC-cardiomyocytes, even as YAP transcript and protein expression were unchanged,
that there was a marked YAP protein trafficking defect. This would suggest that the role
of Hippo signaling in organ growth may involve more subtle regulation that cannot be
elucidated with loss or gain of function studies. Additionally, even as Hippo signaling is
said to regulate abnormal ectopic growth, abnormal Hippo signaling could also contribute
to the abnormal LV hypoplasia in HLHS, regardless of its role in normal organ growth.
More studies are needed to examine both the role of Hippo signaling in normal organ size
regulation and the impact of dysregulated YAP protein trafficking in the LV hypoplasia
in HLHS.

5. Sap130/Sin3A in Heart Organ Size Regulation and Left-Right Patterning in HLHS

Sap130 is a component of the Sin3A-HDAC repressor complex, a chromatin modifying
complex with critical roles in a wide spectrum of developmental processes such as the
maintenance of stem cell pools [48], muscle differentiation [49], and the regulation of
neuronal differentiation/neurodevelopment in conjunction with REST/CoREST [50]. Sin3A
deficiency can cause Witteveen—-Kolk syndrome, a neurodevelopmental disorder with
intellectual disability, ADHD, autism, and other defects including microcephaly [51], with
phenotypes overlapping those in HLHS patients. Sap130 chromatin immunoprecipitation
sequencing (ChIPseq) showed chromatin occupancy that indicated a role for Sap130 in the
regulation of genes in the Hippo-YAP pathway, a pathway previously shown to regulate
organ size, including the heart [43]. Thus, Sap130 ChIPseq analysis of the embryonic heart
recovered YAP, the Hippo kinases, and the TEAD family of transcriptional factors.

Consistent with a role in heart organ size regulation, Yapl has been shown to regulate
cardiomyocyte proliferation from the very earliest stages of mouse heart development,
with Yap1 and Tead observed to be strongly expressed and nuclear localized in the E8.5
myocardium [52]. The Nkx2.5-Cre mediated cardiac specific deletion of Yapl resulted
in embryos with smaller hearts, evident by E9.5 [53]. This was associated with a 50%
reduction in the number of cardiomyocytes and a significant reduction in proliferating
cells in the heart [53]. These Nkx2.5-Cre Yap1 deleted embryos died by E10.5 from heart
failure with a thin myocardium. In a separate study, Nkx2.5-Cre deletion of a floxed Sav1
allele, a Hippo kinase in the Mst1/Mst2 complex, resulted in cardiomegaly due to failure
to repress cardiomyocyte proliferation normally regulated by Hippo signaling. As the
heart enlargement affected the RV and LV equally, this indicated that Hippo regulation of
ventricular growth has no intrinsic “sidedness” [44]. This would suggest that Sap130 likely
plays a role in specifying the sidedness of the ventricular hypoplasia in HLHS. This may
involve Sap130/Sin3A-mediated integration of pathways regulating left-right patterning
with Hippo signaling and the regulation of cardiomyocyte proliferation.
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This is supported by the observation that two genes with essential functions in left—
right patterning, Leftyl and Snail, are both found in the Sin3A complex. Sin3A has been
shown to recruit the DNA demethylase Tetl to demethylate the promoter of Leftyl and
thus enhance its transcription [54]. Expression of Lefty1 is required for the breaking of sym-
metry and the specification of left-sidedness. In addition, Snail is also found in the Sin3A
complex mediating the transcriptional repression of cadherins [55] to promote epithelial—-
mesenchymal transition, a developmental process critical for left-right patterning [56].
Thus, Snail knockout mice exhibit heterotaxy with disruption of left-right patterning [57].
ChlIPseq analysis of E12.5/E14.5 embryonic heart tissue showed that Snail and Pitx2c are
likely Sap130 targets (Figure 2); Pitx2c being a transcription factor specifying left-sided
visceral organ identity [58,59]. Both genes are expressed in the mouse heart at these stages,
while Lefty1, which is not expressed at these late stages of heart development, was not ob-
served by Sap130 ChIPseq analysis. These findings suggest that Sap130 specifically recruits
transcriptional regulators to the Sin3A complex to regulate transcriptional programming
related to growth and development of left-sided heart structures.
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Figure 2. Sap130 ChIP-seq of E12.5 mouse heart. Sap130 antibody was used for chromatin im-
munoprecipitation sequencing, identifying Sap130 occupancy over the promoter regions of left-right
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patterning genes Snail and Pitx2. It should be noted fir Pitx2, transcripts for three isoforms are shown,
Pitx2a, b, c, d, e. Pitx2c is the isoform associated with left-right patterning.

6. Left-Right Patterning Integral to Heart Development and the Pathogenesis of CHD

The overall evidence in studies of patients, mice, and other animal models would
suggest the involvement of laterality disturbance in the developmental etiology of HLHS.
As none of the genes or variants recovered from HLHS patients known to regulate left—
right patterning yielded HLHS or a small LV phenotype in KO/KI mouse models, this
would indicate that these genes are likely functioning as genetic modifiers to bias the
phenotype towards left-sided heart structures. This fits well with several studies indicating
an oligogenic etiology for HLHS [33,41]. Such an oligogenic model of disease involving
the disturbance of left-right patterning may also have relevance for other CHD lesions.
Thus, we noted a previous study which showed Smad2/Nodal double heterozygous KO
mice exhibiting laterality defects in conjunction with CHD, comprising transposition of the
great artery [60].

Of further note, studies conducted using birth registries have also shown a wide
spectrum of other CHD associated with laterality defects (Table 1). Thus, situs anomalies
were seen in 5-14% of atrioventricular septal defects (AVSD), total anomalous pulmonary
venous return (TAPVR), and double outlet right ventricle (DORV) (Table 1), with an even
higher incidence seen in SV lesions, with 17.6% for situs inversus, 11.8% for gut malrotation,
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and 23.5% for splenic abnormalities (Table 1). These findings suggest heart development is
tightly integrated with left-right patterning, and thus disturbance of one can often affect
the other. We note anecdotal reports of the association of various birth defects typically
seen with heterotaxy, such as that azygos or hemiazygos venous connection of the inferior
vena cava or biliary atresia have been reported in case studies of patients with HLHS. In
one study of 163 heterotaxy patients with left atrial isomerism, 10% biliary atresia and 8%
hypoplastic LV were reported [61], but the association of biliary atresia with hypoplastic
LV may not to represent classic HLHS [21].

7. Summary and Clinical Implications

Establishing the critical left-right asymmetry in the cardiovascular system is an evo-
lutionary adaption essential for the separation of oxygenated from deoxygenated blood
to allow efficient blood oxygenation in air-breathing animals. This integration of heart
development with left-right patterning may account for the cardiovascular system being
the most left-right asymmetric organ in the mammalian body plan. Thus, understanding
how left-right patterning is integrated with cardiac morphogenesis may provide important
insights not only into CHD such as HLHS, but likely a broad spectrum of other CHD
beyond HLHS. Ultimately, insights into how left-right patterning is integrated with heart
development may help to identify new druggable targets for the development of ther-
apeutics for recovering LV growth in fetuses with evolving HLHS. This may provide a
two-ventricle surgical path that holds promise for better long-term outcomes for patients
otherwise diagnosed with HLHS.
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