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Abstract

Drosophila melanogaster (D. melanogaster) has been widely used in biology, including classical
genetics, for almost a century. With the entire D. melanogaster genome sequenced and the
existence of transgenic and mutant individuals, the species offers opportunities for targeted
gene expression and manipulation. Genes involved in the regulation of the animal’s cardiac
development include genes associated with the ancient regulatory networks that direct the
formation of the cardiac form. However, additional loci can also affect cardiac development,
including genes associated with cellular metabolism and protein homeostasis; signaling
pathways necessary for the establishment of body segmentation and polarity; homeotic
genes involved in the establishment of the animal body plan; and finally, genes encoding
chromatin modification enzymes. Conservation in the genetic networks governing cardiac
development between D. melanogaster and mammalian vertebrates, coupled with the
absence of genetic redundancy in D. melanogaster, allows for the study and evaluation of
mutations that could potentially disrupt cardiac development in the former. In this manner,
phenotypes in D. melanogaster can be compared with phenotypes present in vertebrate
animal models and human patients; this, in turn, allows for comparisons of gene function
to be made across different species and for identification of candidate genes with a potential
effect on cardiac development. These genes can then be further tested in vertebrate models
with possible clinical implications. It is thus the purpose of this comprehensive literature
review to summarize and categorize studies evaluating the results of genetic mutations
on D. melanogaster cardiac development, as well as uncover any associations between
D. melanogaster and similar phenotypes in vertebrates and humans due to effects on the
corresponding gene orthologs.
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1. Introduction

Congenital heart disease comprises defects in cardiac morphogenesis; it is the most
common type of birth defect [1], with its incidence globally calculated at 8-9.5 per
1000 live births, though regional variability can exist [2]. Defects are often classified based
on the presence/absence of cyanosis due to right-to-left shunting. Cyanotic defects include
Tetralogy of Fallot, transposition of the great arteries, and total anomalous pulmonary
venous return [3—6]. Non-cyanotic defects, on the other hand, can include both obstructive
disease, including aortic stenosis and coarctation of the aorta [7,8], as well as left-to-right
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shunts. The latter comprises defects such as atrial and ventricular septal defects, patent
ductus arteriosus, and atrioventricular canal defect [9-12].

Many defects are often diagnosed before or right after birth. Some, including Tetralogy
of Fallot [13], may require surgical correction to maintain proper communication between
right and left circulations [14]. Regarding causality, different factors can be identified,
including inherited or de novo genetic mutations [15-18] and larger chromosomal aber-
rations such as aneuploidy and polyploidy syndromes [19-21]. For example, aneuploidy
syndromes such as Turner syndrome or various Trisomy Syndromes can be associated
with cardiac septum and outflow tract defects [22,23]. Aneuploidy syndromes can also
often present with mosaicism; in this case, a set of cells exhibits chromosomal aneuploidy,
while the remaining cells possess a normal karyotype [24]. Mosaic aneuploidy syndromes
often result in longer survival with less severe characteristics [24—26] compared to their
non-mosaic counterparts, as with, for example, mosaic Trisomy 13 [24]. They may also
present with a normal phenotype altogether, as is the case with mosaic Trisomy 22 [27].
Subchromosomal aberrations, including 22q11.2DS deletion syndrome, also known as
DiGeorge syndrome, can present with cardiac defects as well [20,28].

Since genetic causes are identifiable in about 35% of patients with the disease [29],
the employment of models used to discover associations between individual candidate
genes and their phenotype in simple organisms is indispensable [30]. Compared to other
in vivo models, particularly mammalian models, which can often be more expensive and
difficult to deploy for large-scale candidate gene screening due to ethical reasons [30],
simple invertebrate models offer a better and often cheaper alternative. Specific genes
for which a cardiovascular association has been found can then be evaluated further in
more complex models [30,31]. The evolutionary conservation in the genetic networks that
direct cardiac development allows for the use of distantly related animal species to study
cardiac development [32]; however, the greater the evolutionary gap between organisms,
the greater the difference in form and function, as opposed to species that relatively recently
diverged [33]. Thus, while distantly related species can be used to evaluate the function of
orthologous genes, more closely related species are chosen when recapitulation of relevant
aspects related to form and function is required as well [1]. On the other hand, regarding D.
melanogaster and other similar invertebrate organisms, they are often characterized not only
by relative simplicity in form, at least compared to mammalian vertebrates/mammals, but
can also exhibit simpler genetic networks. Around 13.601 D. melanogaster genes have been
identified [34], with ~70 genes associated with congenital heart disease [35]. The simplicity
in the cardiac gene networks governing D. melanogaster heart formation better facilitates
the identification of single gene effects during the progression of cardiac morphogenesis; in
addition, they can be used to discern whether a particular gene or locus may have any effect
on heart development at all, if disrupted, in the case of candidate gene evaluations [36].

The purpose of this comprehensive review is to group and summarize studies that
evaluate the effects of gene mutations on D. melanogaster cardiac development. A review
of relevant literature ranging from 1990 to 2025 (present) has been carried out. Studies
employing D. melanogaster as a screening tool, when these include genes affecting cardiac
development, are also included. Overall, target genes have been grouped into categories
based on their function; this includes genes comprising the cardiac regulatory networks
that orchestrate heart development; genes involved in cellular metabolism and protein
synthesis/trafficking; genes and factors involved in the migration and alignment of cardiac
progenitors during assembly of the cardiac tube/dorsal vessel; genes involved in the
establishment of segmentation, polarity, and other relevant signaling pathways; homeotic
genes involved in the establishment of the animal body plan; and finally, genes encoding
for histone modifiers and other chromatin-regulating enzymes with an effect on heart
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development. Orthologs of these genes in vertebrates/mammals, along with their effects
on cardiac development. Finally, any associations between gene orthologs and human
congenital heart defects have been incorporated as well.

In general, this text thus aims to compare the ancient cardiac gene network, along with
any additional genes involved in heart development in D. melanogaster, to the more develop-
mentally complex vertebrate cardiac gene networks. Similarly, phenotypes resulting from
perturbations in these genes in D. melanogaster will be compared to the corresponding per-
turbations seen when orthologs of these same genes are disrupted in vertebrates/humans.

2. Drosophila melanogaster
2.1. Arthropod Cardiovascular Systems

Arthropod body plans exhibit a segmented architecture, which consists of a variable
number of similar units, known as segments, along the anteroposterior axis [37]. Regarding
the cardiovascular system, all arthropods generally possess an open circulatory system
composed of a dorsally located contractile heart, arteries, and a hemocoel. Hemocoels are
body spaces through which hemolymph circulates freely [38,39]. The contractile heart, in
particular, is a solenoid structure composed of a posterior cardiac chamber and an anteriorly
placed aorta from which it is separated by an aortic valve; this structure is known as the
dorsal vessel. In the dorsal vessel, the aorta is situated in the thoracic segments, while
the cardiac chamber is found within the abdominal segments. As with all arthropods, the
circulatory system is open; hemolymph enters the heart via specialized ostia functioning
as inflow tracts, flows through the dorsal vessel in a retrograde /anterograde manner de-
pending on the conditions [40], and is finally pumped toward the body cavity. In this space,
the hemocoel, the hemolymph flows and intermixes with both interstitial and extracellular
fluids [30,41]. As with most arthropods [32], these systems are low-hydrostatic-pressure
systems since the circulating hemolymph is not separated from interstitial fluids and thus
not responsible for tissue oxygenation [42]. This contrasts with circulatory systems in
mammalian vertebrates/humans, where interstitial fluids and blood are clearly separated,
flowing through high-pressure circuits [43,44].

2.2. Anatomy and Histology of the Dorsal Vessel

In D. melanogaster, molecular distinction between the anterior dorsal vessel (aorta) and
the posterior dorsal vessel (aorta, heart chamber), as well as variation in genetic expression
along the anteroposterior axis, can be attributed to differential Hox gene expression [45]. In
the embryonic/larval heart, the anterior dorsal vessel spans both thoracic and abdominal
segments (T3-A4), while the posterior dorsal vessel is found in abdominal segments
(A4-A7) [46]. In the adult fly, on the other hand, the anterior dorsal vessel is limited
within thoracic segments (T1-13), while the posterior dorsal vessel spans both thoracic
and abdominal segments (T3-A5) [47]. Histolysis of abdominal segments A6 and A7 has
already occurred during metamorphosis, altering the overall length of the dorsal vessel
in the adult [46,47]. Regarding cellular composition, it is composed of a single cardiac cell
layer derived from cardioblasts, surrounded by non-contractile pericardial cells [48]. Some
of these pericardial cell populations, including odd-skipped (Odd)+ pericardial cells (OPCs),
will eventually fulfill nephrocytic functions in the adult fly, participating in hemolymph
filtration [49,50]. Since these cell types are closely related to hemopoietic lymph gland
cells, they also participate in immune cell responses [51]. During embryonic life, there
are three paired openings or ostia along the dorsal vessel, located at the boundaries of
segments A5/A6, A6/A7, and A7/A8. They are abutted by specialized ostial cardiac cells
and form passive inflow tracts [40,52,53]. No such openings can be found in the anterior
dorsal vessel [47]. Intracardiac valves can also be identified, facilitating the unidirectional



Biomedicines 2025, 13, 2569

4 of 85

flow of hemolymph with each heartbeat. Intracardiac valves are composed of valve cells,
specialized cardiac cells originating from tinman (tin)+ cardiac cells, which are characterized
by their large intracellular volume and unique sarcomere arrangement [54,55].

In the anterior-most dorsal vessel, an outflow tract can be observed, formed by spe-
cialized Even-skipped (Eve)+ tinman+ (tin)+ pericardial cell (EPC) populations; these cells
assemble into an outflow hanging structure, which attaches the anterior-most dorsal vessel
cardioblasts to the cuticle [56] via further association with ladybird (Ib)+ heart-anchoring
cells derived from the dorsal epidermis, generating a funnel-shaped tip [56]. Additional
structures observed in this area include a pair of cardiac outflow muscles on either side,
derived from the pharyngeal mesoderm [57]. EPC populations in the thoracic segments,
under the influence of Hox genes such as Antennapedia (Antp), differentiate into wing heart
pericardial cells (WHPCs), while EPC groups not subjected to Hox gene expression com-
prise an outflow hanging structure previously described in [56]. Additional pericardial cell
groups include end-of-the-line pericardial cells (ELPCs) [51,58], found only in abdominal
segment A7 [51] (Supplementary Table S1).

2.3. Growth of the Dorsal Vessel During Development

The dorsal vessel enlarges mainly via cellular growth, alongside the enlarging animal
body, during larval stages L1, L2, and L3; loss of some mononucleated pericardial cells
occurs during this period [59,60]. Transition from pupa to adult form, also known as
metamorphosis, is associated with a reduction in overall cardiac cell numbers (~104 to
84) and an increase in ostia pairs from three to five. There may also be evidence for the
existence of a posteriorly located terminal opening in the adult, allowing for the retrograde
flow of hemolymph during episodes of heartbeat reversal [40,52,61]. During the transition
from larva to adult, the number of intracardiac valves also increases from one to three.
Eventually, the adult structure is a four-chambered heart with an anteriorly located aorta
and heart chambers arranged in series [62] (Figure 1).

A ventral longitudinal muscle layer inferior to the cardiac tube, derived from larval
alary muscles, also emerges during metamorphosis. This layer morphologically separates
the pericardial and abdominal cavities [63]. Alary muscles attach to the dorsal vessel
indirectly via extracellular matrix proteins such as pericardin [64] and Viking, both of
which are collagen IV-like proteins [65]. This allows the dorsal vessel to anchor to the
outer epidermis and, as such, stabilize it within the body cavity of the fly [66]. Cardiac
chamber remodeling also occurs during metamorphosis; posterior-most segments undergo
histolysis, as has already been stated [46], and new neural connections are formed [41].
Accessory pulsatile organs facilitating hemolymph flow toward the limbs, wings, and
antennae also emerge during this transitional period [52,67].
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Figure 1. Comparison of D. melanogaster and H. sapiens embryonic heart structures, with cells carrying
out similar functions highlighted. General cell group/tissue types found in each organism are also
noted. Structures compared represent late-stage embryonic forms, and as such, the D. melanogaster
dorsal vessel shown possesses only one aortic valve and three ostia on either side of the heart
chamber. The single heart tube stage of cardiac development found in H. sapiens is shown to facilitate
comparison, as later human embryonic stages diverge into more species-specific structures. For a
complete list of all gene abbreviations, see Supplementary Table S9. CM, cardiomyocyte; CTPC,
cut+/tinman+ pericardial cell; DV, dorsal vessel; ELPC, end-of-the-line pericardial cell; EPC, even-
skipped+/tinman+ pericardial cell; OPC, odd-skipped+ pericardial cell; PC, pericardial cell; WHPC,
wing heart pericardial cell; gCB, generic cardioblast; oCB, ostial cardioblast. [32,56,62,68-70]. Created
in BioRender. Stougiannou, T. (2025) https:/ /BioRender.com/wpq4alf.

3. Cardiac Gene Regulatory Networks During Development

D. melanogaster embryos possess centrolecithal eggs that undergo superficial cleavage
due to the presence of a centrally located mass of yolk [71,72]. Eventually, the blasto-
derm emerges during early development, comprising peripherally localized cells arranged
around a central yolk; this structure is considered homologous to the blastula observed dur-
ing embryonic development in other species [73]. Invagination of cells from this peripheral
layer toward the center commences during gastrulation, during which stage, development
of the cardiovascular system also commences [51,74]. This is facilitated by a complex
interplay of transcription factors that comprise the core cardiac gene regulatory network,
which directs specification of the cardiac mesoderm, leading to the eventual derivation of
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the various cardiac cell groups, as illustrated in Figure 2a, b, and described in detail in the
associated figure captions (Figure 2). Additional details regarding the function of each gene
described in this section, as well as all other sections of this text, along with information
about their mammalian/human orthologs, can be found in Supplementary Table S8. As
cardioblasts and pericardial cells diversify, they also undergo defined movements in space;
though cardiac cell group aggregations can initially be seen bilaterally, these will eventually
converge toward the center and align with those of the contralateral side. This migra-
tional movement, observed as cardiac leading-edge activity, parallels the movement of the
overlying ectodermal epithelium converging toward the midline as well. This movement
is regulated by distinct signaling pathways, including FGF and Slit/Robo signaling [75],
explored in more detail in Section 4. Eventually, a solenoid structure positioned in the

dorsal midline of the animal body will form [32].
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Figure 2. (a) Cardiac transcription factor gene networks: Early stages of cardiac development and
cardioblast proliferation. A closer look at the cell specification timeline, from migrating mesoderm
to cardiac mesoderm. Initially, FGF/FGEFR signaling via the FGF8-like molecules Pyramus and Thisbe
(originating in the ectoderm), and the FGF receptor Heartless (found in the mesoderm) allows for
the migration of the mesoderm alongside the externally lying ectoderm. Additional signaling via
Dpp (BMP signaling) induces specification of dorsal mesoderm and expression of tin, which will
eventually aid in the specification of the cardiac mesoderm. Expression of tin is gradually restricted
from the mesoderm to the dorsal mesoderm and, eventually, the cardiac mesoderm, along with doc.
Specification of cardiac mesoderm occurs at the intersection of Dpp/Wg (ectoderm) signaling within
cells expressing tin. Another early cardiac gene is tup, identified in the ectoderm, the Amnioserosa,
and the mesoderm; in the ectoderm, tup, along with pnr, facilitates expression of Dpp, while in the
mesoderm, tup can facilitate early expression of tin. As the cardiac mesoderm has been specified,
tin and doc cooperate, collectively inducing the expression of pnr (mesoderm). Tin regulates the
expression of both itself and doc. Later in development, cardioblast diversification occurs. Tin+
cardioblasts (gCB) will generate working contractile cardiac cells; they usually divide symmetrically
to generate two tin+ cardioblast daughters. Svp+ cardioblasts (0CBs) divide asymmetrically; lineage
diversion between cardioblast and pericardial cell fates depends on inhibition and activation of
Notch signaling, respectively. Active Notch signaling induces the pericardial cell fate, while Notch
suppression via the transmembrane protein Numb allows for diversion toward the oCB fate. This
division is potentiated by spdo, which encodes for a transmembrane protein as well; when Numb is
present, it inhibits spdo localization to the cell surface, inhibiting Notch signaling. In cell daughters
with no Numb protein, spdo reinforces Notch signaling. Notch is activated by the transmembrane
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ligand Delta, present in the neighboring cardiac cells, thus inducing Notch signaling. Downstream
of Notch/NICD (NICD forms part of the Notch receptor), pericardial cell fate is triggered by the
activation of genes associated with the zfil and Him enhancers. Via Him enhancers, this occurs
with the removal of repressive transcriptional complexes, including the Su(H)/Co-repressor and
other transcription factors (Notch-permissive), while with zfh1 enhancers, removal of repressive
complexes is not enough, as an additional transcriptional activation complex, such as NICD/Su(H),
and other transcription factors are required (Notch-instructive). While some pericardial cells specify
via Notch signaling (tin+ pericardial cells, odd+ pericardial cells), others (eve+ pericardial cells) specify
in a Notch-independent manner, as gene transcription can occur in both the presence/absence of
NICD, via Eve-specific transcription factors. Created in BioRender. Stougiannou, T. (2025) https:
/ /BioRender.com/t94v106. (b) Cardiac transcription factor gene networks: Transcription factor
gene networks during early cardiac development and cardioblast diversification. A closer look at
the transcription factor gene networks that direct cardioblast diversification. During early cardiac
development, tin and doc are among the earliest transcription factor genes activated, with tup
inducing expression of fin (cardiac mesoderm), doc, and pnr (ectoderm). Tin and doc can also
induce the expression of pnr, while tup, in turn, regulates the expression of all three (tin, doc, pnr).
Thus, during these early stages, tin and doc act cooperatively. As development progresses and
progenitor populations diversify, tin and doc now antagonize each other, with tin repressing doc and
doc also capable of repressing tin (mutual repression). During gCB lineage specification, pnr induces
expression of tin via mid/H15; both tin and pnr can then induce the expression of genes relevant to
the proliferation, survival, and differentiation of cardiac cells (Hand, Mef2). While tup can regulate
the expression of tin, doc, and pnr, it can also induce the expression of Odd via interactions with the
adaptor proteins Chip/Ldbl. In addition, both tup and pnr are required for the expression of Eve.
Expression of tup can be identified in tin+ CB (gCB), tin+, and odd+ PC. Tin, in concert with Wg
signaling and other neurogenic genes, can also activate the expression of Ib. In the gCB lineages, mid
(which usually activates tin), is upregulated by PntP2, a transcription factor encoded by pnt. Mid will
eventually suppress svp, preventing the sup-mediated inhibition of tin and thus ensuring direction
toward the gCB lineage. On the other hand, inhibition of PntP2 by edl removes the mid-mediated
repression on svp; svp is then free to suppress tin and allow for the activation of doc, ensuring direction
toward the oCB lineage. As tin inhibition is removed, Wg expression can also be identified, a process
that further depends on abd-A and svp. Hand and Mef2 expression in oCB is triggered by fup and
sup, respectively. PntP2 expression is generally induced by EGF/EGER signaling, while PntP1 is
constitutively active; both can activate mid in the gCB lineage diversification pathway, leading to
inhibition of svp and thus allowing for the tin-mediated suppression of doc. As, Amnioserosa; BMP,
bone morphogenetic protein; CB, cardioblast; CC, cardiac cell; CTPC, cut+ tinman+ pericardial cell;
Chip, LIM domain-binding protein 1 (Drosophila ortholog); Dpp, Decapentaplegic; EGFE, epidermal
growth factor; EGFR, epidermal growth factor receptor; ELPC, end-of-the-line pericardial cell; EPC,
even-skipped+ tinman+ pericardial cells; FGE, fibroblast growth factor; FGFR, fibroblast growth factor
receptor; Him, holes in muscle; Ldb1, LIM do-main-binding protein 1; NICD, Notch intracellular
domain; OPC, odd-skipped (Odd) pericardial cell; PC, pericardial cell; PntP1, Pointed P1; PntP2,
Pointed P2; Su(H), Suppressor of Hairless; TF, transcription factor; WHPC, wing heart pericardial cell;
Wg, Wingless; abd-A, abdominal-A; edl, ETS domain lacking; gCB, generic cardioblast; Ib, ladybird;
mid, midline; oCB, ostial cardioblast; zfh1, zinc finger homeobox 1. For a complete list of all gene
abbreviations, see Supplementary Table S9 [50,51,56,58,76-90]. Created in BioRender. Stougiannou, T.
(2025) https:/ /BioRender.com/r76k422.

4. Drosophila melanogaster and Congenital Heart Disease
4.1. Evolution of the Heart

Primitive organs resembling a heart first appear in the tree of life about 500 million
years ago; earlier hearts are generally simpler in structure, with more complex cardiac
systems eventually appearing, reflecting specific adaptations depending on species and
environment [36]. The appearance of bilaterians is associated with the emergence of the
mesoderm [91], and with it, the cardiac mesoderm and the heart [92]. Development of
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the heart in these organisms is dependent upon a genetic regulatory network, although
genes associated with this network, such as Mef-2, have been found in species without
bilateral symmetry as well. This only highlights the primordial origins of this regulatory
network [93]. Simple tubular heart structures are usually found in animals that have
evolved earlier in the phylogenetic tree, including invertebrates and arthropods. Tubular
hearts are also observed during the early stages of vertebrate embryonic development [92].
The occurrence of morphologically similar structures in developmental stages across differ-
ent species represents an example of convergent evolution, often reflected in the model of
the “developmental hourglass”. While initial developmental stages differ, many animals
eventually reach a period that is morphologically conserved among different phyla, also
known as the phylotypic period. Once this period is complete, development once again
becomes less conserved among different species, leading to the emergence of different
animal forms. The presence of a phylotypic period represents the need to generate a vi-
able animal body plan, a process directed by gene regulatory networks conserved among
different species [94]. Accumulation of genetic changes, such as gene duplications, has
contributed to genomic evolution and the emergence of more complex genetic networks, in
turn orchestrating the development of more complex vertebrate cardiac systems [33,36].

4.2. Homology Between Drosophila melanogaster and Homo sapiens

Relationships between organisms can be defined based on the presence of the most
recent common ancestor; this allows for the correct identification of genealogical relation-
ships. These relationships in the evolutionary history (phylogeny) of an organism [95]
can be summarized with phylogenetic trees; in this manner, a graphical depiction of the
evolutionary history of a particular species in relation to other closely related species can be
carried out [96]. The phylogeny of a species [96] can differ from the genealogies of specific
genes (gene trees) within the species [95]. Often, gene tree topologies, even when part
of the same species, may differ, exhibiting a topology different from that of the organism
where they are found [97]. This may reflect alterations in gene sequences due to various
events, including horizontal gene transfer, which allows genetic material to flow between
organisms in a manner other than vertical transfer; the latter usually occurs in the context
of traditional relationships of descent [98]. In eukaryotic organisms characterized by a
membrane-enveloped nucleus and germ-line segregation of genetic material, however, the
rate of non-vertical gene transfer is greatly diminished compared to Bacteria or Archaea [99],
though this topic is still under debate [98].

Homology, a term used for over 150 years, often with variations in definition, has
come to describe the degree of similarity derived from an evolutionary relationship, owing
to the presence of a common ancestor [100,101]. It is important to note that similarities
alone are not enough to characterize homology [102], as similarities between organisms
can be attributed to events such as convergent or parallel evolution [103], allowing similar
features or characteristics to develop in non-closely related animals [104]. The concept of
homology can be applied to genes as well; though a particular gene possesses a specific
function in the ancestral species, over time, with the accumulation of genetic changes
and eventual evolutionary divergence, homologous genes emerge across different species,
exhibiting additional functions or new functions compared to the ancestral gene [100].
While homologous genes can be characterized by percent sequence similarity, sequence
similarity itself is not a defining characteristic of homology, as once again, an evolutionary
relationship must be present [105].

Homology can have many different forms, including partial homology [100], paral-
ogy [106], xenology [107], and orthology [106,108]. Terms such as xenology and partial
homology describe homologous characters due to horizontal gene transfer (xenology) [107],
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as well as differing homology relationships occurring between different areas within the
same gene, a phenomenon often due to genetic recombination or other events affecting
gene subregions (partial homology) [100]. Paralogous genes result from gene duplication
and can often be found in the same species, as is the case with hemoglobin and myoglobin
in H. sapiens [109] or the neuromancer 1 (nmr1) (H15)/neuromancer 2 (nmr2) (mid) and
dorsocross 1/2/3 (docl, doc2, doc3) genes in D. melanogaster [86,108]. Gene duplication has
contributed to the emergence of more complex traits along the evolutionary timeline; for
example, duplications in ancient Homeobox (Hox) gene clusters have been associated with
the emergence of complex cardiac forms and cardiac chambers [110,111].

Orthologous genes are homologous genes that have emerged due to speciation events
that led to the splitting of the evolutionary lineage [100]; they often retain similar or equiva-
lent functions among different organisms [108]. They can be classified based on the number
of orthologs that exist within each compared species, a phenomenon described as cardinal-
ity; 1-to-1 (1:1) pairwise orthology refers to the presence of one orthologous gene in each
species; 1-to-N (1:N) refers to the presence of more than one ortholog in the other species,
possibly due to duplication events in a previous ancestor and finally; and many-to-many
(N:N) orthology refers to many orthologs found in both species under comparison [112].
To predict orthology between genes across different species, specialized tools can be used,
including the Drosophila RNAi Screening Center Integrative Ortholog Prediction Tool
(DIOPT) (https:/ /www.flyrnai.org/cgi-bin/DRSC_orthologs.pl, accessed on 15 July 2025),
which has also been used to describe orthologous relationships in this review as well.
Through this tool, orthology predictions from other similar tools (Homologene, OMA,
Isobase, Phylome, RoundUp, InParanoid, orthoMCL, TreeFam, and Ensembl Compara) can
be integrated into one score, reflecting the number of tools that support an orthologous
relationship [113].

Examples of 1:N orthology include the tin:NKX2 pairing; the NKX2 gene family
comprises the genes NKX2.1, NKX2.2, NKX2.3, NKX2.4, NKX2.5, and NKX2.6 [114], all con-
sidered paralogous genes originating from an ancient duplication event in vertebrates [115].
However, NKX2 family genes are orthologous not only with tin, but also with genes such
as scarecrow (scro) and ventral nervous system defective (vnd), which are involved in D.
melanogaster neurogenesis [116,117], as well as bagpipe (bap), which is involved in develop-
ment of D. melanogaster midgut musculature [118]; this further highlights the complexity
of orthologous gene relationships [108]. Though tin possesses an orthologous relation-
ship with all NK2 genes, the orthologous relationship between tin:NKX2.5, in particular,
generates the highest DIOPT score [113]. Furthermore, while tin and the NKX2 genes are
all orthologous, their functional contribution to the developing cardiac system is differ-
ent. Thus, though the fly tin is important for the emergence and specification of cardiac
mesoderm, in vertebrates, the ortholog NKX2.5 is not required for the very early stages of
cardiac mesoderm specification, though it is, nevertheless, indispensable for physiological
heart development [119,120]. In addition, there is functional redundancy between different
NKX2 paralogues, for example, with NKX2.3 and NKX2.5, during cardiac development
in vertebrates [121]. Despite these orthologous relationships, NKX2 genes cannot gener-
ally substitute for tin with regard to its cardiogenic function in D. melanogaster, with the
exception of zebrafish NKX2.3; in return, neither can tin substitute for NKX2.5 in associated
assays [122]. This showcases the functional divergence between these two gene groups
in different species; alternatively, these observations may also reflect the loss of some
cardiogenic functions that could have been present in the ancestral gene [122].

Doc, another gene involved in early cardiac development, comprises three paralogues,
docl, doc2, and doc3 [123]; these are all orthologous to the vertebrate T-box transcription
factor genes TBX2, TBX3, and TBX6, an example of N:N orthology [123]. TBX6 is involved
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in mesoderm and paraxial mesoderm induction, as well as indirect induction of cardio-
vascular cell lineages in pluripotent stem cell lines in vitro [124]. TBX2, TBX3, TBX4, and
TBX5 in vertebrates are all orthologous to the D. melanogaster gene bifid (optomotor blind
[omb]); in associated studies, removal or deficiency of bifid results in lethality and various
defects in eye [125] and wing development [126]. Interestingly, however, the function of
bifid in the fly cannot be rescued with TBX2, another example of the functional divergence
observed between gene orthologs across different species. However, in the same experi-
ment, D. melanogaster bifid protein administration also does not restore function, which
may point to sensitivity in protein dosage as the explanation for the lack of phenotype
rescue [127]. Additional genes identified in both D. melanogaster and H. sapiens include
Mef2, with MEF2 in vertebrates comprising the paralogues MEF2A through MEF2D [90].
Another example of gene paralogues in D. melanogaster includes the bric-a-brac (bab) locus
with paralogues babl and bab2 [128]; bab2, in particular, is implicated in the diversifica-
tion of cardioblasts/pericardial cell groups [129,130], while both bab1 and bab2 function
synergistically in imaginal disk development [128].

Homology can be evident with morphological stages during development as well. An
example of this is the gastrula, an embryonic stage identifiable across many different species,
including D. melanogaster and H. sapiens, even though the developmental processes that lead
to its emergence are different. In flies, for example, cells from the single-layered blastoderm
surrounding the central yolk cell invaginate, a process described as epithelial folding.
Eventually, they undergo changes that result in the generation of a three-dimensional
embryonic gastrula [131]. In mammals and humans, on the other hand, the amount of
yolk present during embryonic development is considerably less, and cells undergo more
complex movements. These include ingression or cell detachment from an epithelial layer
leading to individual movement [132]; involution or cell rolling against a surface [133];
and finally, convergent extension or convergence and extension, a method of cellular
rearrangement aimed at deriving a specific shape via narrowing along one dimension and
extending along another [134]. Thus, it is evident that while different mechanisms are active
in each species, the form produced can be identified as a gastrula. The gastrula is found
across many different species, from invertebrates such as D. melanogaster, anamniotes, and
amphibians to amniotes such as reptiles, birds, and all the mammalian groups [133].

Developmental homology is also evident between the two species due to conservation
in the genetic programs that culminate in the establishment of the body axes, particularly
the anteroposterior and dorsoventral axes. This could be attributed to the presence of
a common ancestor in both D. melanogaster and H. sapiens predating deuterostome and
polyphyletic protostome divergence. Deuterostomes include the Chordata, which comprise
mammalian species such as H. sapiens, as well as simpler organisms such as echinoderms
and Hemichordata [135]; polyphyletic protostomes, on the other hand, include phyla such
as arthropods, including D. melanogaster [136]. Though a dorsoventral axis exists in both
species (D. melanogaster and H. sapiens), it is inverted between the two [137], with the
nerve chord located ventrally in invertebrates [138] and dorsally in vertebrates [139]. This
difference has been attributed to axis inversion or, alternatively, the presence of a common
ancestor with diffuse dorsoventral axis organization [140,141]. As a result of this difference
in orientation, cardiac structures in D. melanogaster are located dorsally, as opposed to their
ventral localization in many mammalian vertebrates, including humans [142].

Regarding anatomical characteristics, there is no homology between D. melanogaster
and H. sapiens; in the former, cardiac structure is tubular, with chambers arranged in
series in the dorsal section of the animal body. In the latter, cardiac structure is consid-
erably more complex due to additional events of rightward looping driven by left-right
asymmetry [36,143], chamber/endocardial cushion development [144,145], and septae and
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valve formation [146,147], which occur after the single heart tube stage during embryonic
development. Regarding physiological characteristics, however, the two hearts are con-
sidered homologous by some [148,149]; cardiac flow in D. melanogaster is pulsatile with
cycle-dependent hemolymph transport, while characteristics such as flow velocities within
the heart chambers and across the aorta, cardiac output, and mechanics relating to the
function of the heart as a pump are comparable as well [148,149].

4.3. Drosophila melanogaster and Models of Congenital Heart Disease

The homology in physiological function, coupled with the conservation of gene regu-
latory networks that govern cardiac development in both D. melanogaster and mammalian
vertebrates [150], allows for the use of the former in genetic cardiac disease modeling [84].
In these models, mutations in genes that drive developmental networks or generally affect
the process of cardiac development can result in congenital heart disease [151]. In addition,
the cardiac gene regulatory network is simpler in D. melanogaster due to fewer genetic
redundancies [36,152]. In short, a subset of cardiac transcription factor genes becomes
initially active, eventually activating other similar genes, as well as genes implicated in
cardiac structure/function and associated signaling pathways. Transcription factors carry
out this function by binding to cis-regulatory elements such as promoters, enhancers [153],
and downstream promoter elements [154]. Mutations in these early factors can be easily
tracked and assessed in D. melanogaster, as the animal does not depend on a cardiovascular
system for oxygen transport; this facilitates the evaluation of phenotypes and the contribu-
tion of candidate genes in these phenotypes that would otherwise result in early embryonic
lethality in vertebrate models [32,142].

4.3.1. Methods for the Evaluation of Gene Function in D. melanogaster

Varying approaches can be used to investigate gene function in the D. melanogaster
system, including loss-of-function studies [142], gene knockout, and gene knockdown.
While knockdown comprises transcriptional/translational suppression in gene expression,
causing reduced protein production without genome modification, knockout involves
ablation of genes or larger genomic loci altogether [155]. Knockdown can include tools
such as ribonucleic acid interference (RNAi) [156] and morpholino antisense nucleotide
knockdown [157]. These, however, can also be associated with off-target effects [158] or
phenotypes originating due to the toxicity of the products themselves; furthermore, they
usually only lead to a partial loss-of-function phenotype [155]. Knockout, on the other
hand, can include targeted nuclease-based approaches, such as ZFN [159], TALEN [160],
and CRISPR/Cas9 [161]. While these systems can also be associated with off-target effects,
these can be tackled with further refinements, including the use of more than one nuclease
to achieve cleavage (Cas9 nickase [Cas9n]), as well as the refinement of short guiding RNA
sequences [162,163]. Additional methods involving alteration in gene structure include
in vitro mutagenesis; the gene products generated in these cases exhibit a change in func-
tion or reduced function [164]. In vitro mutagenesis can involve site-directed mutagenesis,
usually employed in cases where the wild-type target sequence is known and involves the
synthesis of an oligonucleotide primer. Changes induced in this manner involve substi-
tutions or deletions [165]. Others, such as gene disruption mutagenesis or knockout, can
involve DNA insertion and recombination techniques to abolish gene function, including
the highly specific recombination knockout techniques mentioned previously, as well as
techniques involving DN A-alkylating agents or DNA insertion using transposons, both
of which lack target specificity [166]. Mutations that result in the complete absence of a
gene product and its associated function are often called null or amorphic mutations [155].
Often, a continuous region within a chromosome can be absent or deleted, affecting several
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genomic loci, described as a deficiency. Deficiencies can be used to evaluate phenotype
severity associated with a particular allele, constituting definitive null alleles [167].

Methods to increase expression levels in a gene of interest can also be applied, as this
too can induce perturbation in cellular and molecular processes. While the term “overex-
pression” is often used interchangeably with terms such as “misexpression” or “ectopic
expression”, the latter two are often used in studies involving metazoan models to describe
the expression of a particular gene within a cell group, tissue, or developmental time frame
that it is not normally found in [168]. However, many studies with metazoans, including D.
melanogaster, use the term “overexpression” for this purpose as well [63,169-171]. Mech-
anisms used to induce gene overexpression can include mutations in the enhancer area
of a gene, leading to increased gene expression [168]. Additionally, GAL4 systems can be
employed, comprising a transcriptional activator isolated from yeast and modified to drive
expression in a tissue-specific manner, along with the gene of interest or a transgene whose
expression is controlled by an upstream activation sequence (UASg), bound by GALA4.
These systems have been very commonly employed in D. melanogaster studies to evaluate
gene function and associated phenotypes [172,173]. Tools culminating in overexpression
can also be employed to increase the expression of mutated genes that, when produced,
still retain the ability to interfere with the function of other proteins, including the function
of a wild-type protein. The phenotype produced with such mutations is usually dominant,
hence the term “Dominant Negative” mutation [168], considered a non-loss-of-function
effect [174].

Additional strategies for inducing gene overexpression include the use of heat-shock
systems, comprising transgenes that include the gene of interest, along with a promoter
derived from a heat-shock protein. Expression in these cases is dependent on applied
temperatures [175,176]. Temperature-sensitive mutations involving genes that encode for a
functional product at the permissive (low) temperatures and a non-functional gene product
at non-permissive (high) temperatures can also be applied. Temperature instability in these
cases is most commonly due to a thermolabile protein product, which can become unstable
or exhibit defects in folding under non-permissive temperatures. Temperature-sensitive
mutations are useful for inducing changes in gene expression, including loss-of-function, at
desired timepoints during an experiment [177]. These are usually classified as conditional
mutations [178].

4.3.2. Genes Involved in the Cardiac Gene Regulatory Networks: Mutations
and Phenotypes

Many mutations contributing to congenital heart defects, both as de novo mutations
and inherited or syndromic mutations, can be attributed to disruptions in cardiac tran-
scription factor genes. As mentioned earlier and throughout this text, these genes encode
for transcription factors that will, in turn, regulate the expression of similar or other gene
types, all collectively involved in cardiac morphogenesis. Early factors activated during
morphogenesis include msh-2, tin, and tailup (tup). The gene msh-2 encodes a homeobox
transcription factor implicated in early mesoderm development; as a result, msh-2 loss-
of-function studies exhibit a complete absence of the dorsal vessel and visceral muscle
in D. melanogaster. In other cases, although somatic muscles can be identified, they are
often abnormal [179]. In murine models, mutations in the msh-2 ortholog MSX-2 affect
cardiac mesoderm precursors that will eventually assemble into the outflow tract, leading
to defects in morphogenetic rotational movements in the truncus arteriosus [180].

Among the earliest cardiac transcription factors identified in D. melanogaster experi-
ments, tin is involved in dorsal mesoderm and cardiac mesoderm specification, as well as
cardiac development and cardioblast diversification [181-183]. Null mutations involving
tin usually result in the complete absence of cardiac/dorsal somatic muscle, with disruption
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in somatic muscle arrangement in each segment [181]. Mutations also affect the expression
of another early transcription factor gene, doc, from Stage 12 of embryonic development
and onward [182]. The tin gene also possesses a downstream core promoter element, which,
when affected by site-directed mutagenesis, exhibits reduced expression; additional targets
also affected include doc, svp, Mef2, and Odd. This eventually leads to specification of
fewer cardioblasts with functional defects in the dorsal vessel [161]. In line with similar
experiments [181-183], somatic and visceral muscles are not as affected [161].

NKX2.5 is also indispensable for cardiac development in vertebrate models. However,
NKX2.5 is not necessary for the initial stages of cardiac mesoderm specification [161,184],
even though ablation of NKX2.5 in early developmental stages still leads to embryonic
lethality and cardiac defects in murine models [185]. NKX2.5 ablation in later stages affects
the development of the ventricles [186], ventricular septum, and cardiac conduction system
and can lead to arrhythmias [185]. Various NKX2.5 variants have also been associated with
atrial septal defects and hypoplastic left heart syndrome in humans [187]. Furthermore,
though downstream promoter region motifs have been identified in NKX2.5, their effect on
NKX2.5 levels is yet to be determined [161]. The effects of NKX2.5 variants, including the
variant K158N (D. melanogaster ortholog R321N), have been examined as well. In individual
flies, it is associated with defects in differentiation, although initial cardiac specification
occurs normally [183]. Through the D. melanogaster model, this variant has been associated
with a pathophysiologic mechanism involving disruption between DNA and cofactor
binding [183]. Thus, although the variant is still of unknown clinical significance, the
phenotypes demonstrated both in vitro and in vivo may point to some effects that may also
be present in vertebrate/human populations as well, requiring further study [183].

Additional transcription factor genes whose perturbation leads to visible cardiac
defects in the D. melanogaster model include svp [188]; the paralogues H15 (nmrl) and mid
(nmr2) [113]; the paralogues docl, doc2, and doc3 [78]; Eve [189]; tup [80]; Hand [190,191];
and D-mef2 [113]. Loss-of-function mutations in tup result in a hypoplastic dorsal vessel
with severe morphological defects, including gaps and distortion in the structure, along
with a reduction in cardioblast populations [80,81]. This gene is also expressed in valve
cells, alary muscles, and thoracic-alary-related muscles; mutations in these cases usually
affect the myofibrillar organization of valve tissue [62,192]. The vertebrate orthologs ISL1
and ISL2? are also similarly required during early development as part of the early cardiac
transcription factor network. They are involved in the regulation of second heart field
progenitor groups as these emerge and expand, contributing to the development of the
outflow tract [193]. ISL1 further contributes to the development of the atrial septum, the
sinoatrial and atrioventricular nodes [194], and the endothelial and vascular smooth muscle
cell groups [195]. In vertebrate models, ISL1 knockout in mice has been associated with the
complete absence of the atria, the right ventricle, and the outflow tract [193], while defects
in cardiac looping and development of the arterial pole have been described with ISL2
mutations in zebrafish [196]. In human genetic studies, ISL1 variants and mutations have
been described in cases of ventricular septal defects and double outlet right ventricles [197].

The TBX20 transcription factors H15 and mid also participate in early cardiac devel-
opment, with mutations in D. melanogaster affecting the expression of other transcription
factors. More specifically, H15/mid mutations are associated with a reduction in tin; up-
regulation in Eve and Odd expression; and finally, effects on cardioblast/pericardial cell
diversification divisions, cardioblast alignment, and the general spatial arrangement of the
cells in the midline [113,198,199]. If mutations are reproduced in adult animals, these usu-
ally bring about functional disruption in cardiac structure/myofibrillar arrangement [200].
In D. melanoguaster studies, this is often measured as the effect on cardiac function (heart
failure) induced by a stressor, in this case, in the form of electrical pacing [201]. Similar
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to the interaction between H15/mid and tin, TBX20 interacts with NKX2.5, revealing a
genetic association that has persisted throughout multiple lineage diversifications and
across different species [202]. TBX20 similarly interacts with GATA4/5 and TBX5 [203].
In vertebrates, TBX20 contributes to the development of the atrioventricular canal and
ventricular cells, while TBX20 knockdown in murine models is associated with hypoplasia
of the right ventricle and outflow tract, valvular defects, and outflow tract septation anoma-
lies [204]. TBX20 mutations and variants have also been associated with heart defects in
humans, including septal defects, double outlet right ventricle [205], congenital mitral
valve prolapse/regurgitation, congenital defects in the conduction system [203], bicuspid
aortic valves, and hypoplastic left heart syndrome [205].

As previously mentioned, doc comprises three paralogues, docl, doc2, and doc3; the
absence of these genes in D. melanogaster is associated with embryonic death [78]. Doc
genes exhibit orthologous relationships with TBX6, TBX2, and TBX3; in vertebrates, TBX6
is involved in left-right patterning during early mouse development [206], the regulation
of skeletal musculature development [207] via effects on axial and paraxial mesoderm
development, and regulation of cardiac progenitor differentiation in vitro [124]. TBX2 is
involved in the development of the outflow tract and atrioventricular canal, while TBX3 is
associated with the development of both atrial and ventricular cardiomyocytes, as well as
the cardiac conduction system [78,208]. TBX6 disruption has been associated with skeletal
defects [209], while a deletion in the genomic locus that also contains TBX6 has been associ-
ated with pulmonary atresia with ventricular septal defect, a severe form of Tetralogy of
Fallot in humans, along with other candidate genes [210]. TBX2 mutations are associated
with defects in outflow tract septation and atrioventricular canal development in animal
models [208] and contribute to the development of Tetralogy of Fallot, single ventricle, and
single atrium defects in humans. Both TBX2 and TBX3 have been associated with cranio-
facial defects in animal models [211]. TBX3 has also been implicated in congenital heart
defects in H. sapiens, including Tetralogy of Fallot, here as well, along with transposition of
the great arteries [212].

Eve is mostly associated with the diversification of cardioblast/pericardial cell pop-
ulations in D. melanogaster models, and related defects include disruption in pericardial
cell populations [189]. In vertebrates, the corresponding orthologs, EVX1 and EVX2, are
involved in the development of limbs and genitalia [213], but no cardiac defects have yet
been associated with either, as most cases described in the literature describe defects in
limb development [213,214]. The transcription factor gene svp is another factor that con-
tributes to the diversification of cardioblast/pericardial cell groups, with loss of expression
usually associated with a corresponding loss of cardioblasts that express svp [113,188].
These cardioblasts normally go on to form specialized cardiac cells that line the ostia in
the dorsal vessel, functioning as inflow tracts for the circulating hemolymph [113,188]. In
vertebrates, one of the svp orthologs corresponds to NR2F2, a gene that regulates epithelial-
to-mesenchymal transition, and contributes to and later maintains atrial cardiomyocyte
identity [215]. NR2F2 is expressed in the developing atria, aorta, and coronary vessels [216]
and also contributes to the development of the atrioventricular canal [215] and coronary
vessels [217]. Since ostia can be thought of /function as inflow tracts [113,188], similar to
atrial chambers in the vertebrate heart, this could point to a conserved function across
different cardiac systems. NR2F2 mutations in humans have been associated with various
septal defects, including atrioventricular canal defects [216], double outlet right ventricle,
and Tetralogy of Fallot. NR2F2 variants/mutations that affect the cooperation of NR2F2
with GATA4 have also been associated with congenital bicuspid aortic valve [218].

Finally, Hand is a bHLH transcription factor, and D-mef2 encodes transcription fac-
tors that are mainly associated with activation of structural and functional genes in car-
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dioblasts/pericardial cells and hematopoietic progenitors [78]. Mutations in these genes
are associated with dorsal vessel hypoplasia (Hand) [191] and cardiac tissue differentia-
tion defects (D-mef2) [190]. In vertebrates, HAND2 interacts with Notch signaling and is
involved in the development of the endocardium, ventricular trabeculation and septation,
and coronary vessel maturation [219]. MEF2C and MEF2A, vertebrate orthologs of D-mef2,
are involved in the development of the right ventricle, cardiomyocyte development and
differentiation, and cardiac looping [220]. The contributions of these factors to cardiac
development is further evident by the effects of their mutations, as in animal models,
HAND?2 mutations are associated with defects in ventricular myocardial tissue, along with
reduced trabeculation and defects in septation [219]; the MEF2C and MEF2A mutations
are also associated with the failure of right ventricular development and cardiac looping
defects [220,221] (Table 1 and Supplementary Table S2).

Table 1. D. melanogaster genes comprising the core cardiac regulatory network and corresponding
orthologs with the highest DIOPT score, along with any associations with congenital heart defects in
humans. ASD, atrial septal defect; BAV, bicuspid aortic valve; DORV, double outlet right ventricle;
HLHS, hypoplastic left heart syndrome; MR, mitral regurgitation; MVP, mitral valve prolapse;
PDA, patent ductus arteriosus; PFO, patent foramen ovale; PTA, persistent truncus arteriosus; TOF,
Tetralogy of Fallot; VSD, ventricular septal defect. For a complete list of all gene abbreviations, see

Supplementary Table S9.
Gene Ortholog DIOPT Score Congenital Heart Defect Reference
MSX1 VSD [222]
Dextrocardia, dextroversion, and PFO; radial
msh-2 MSX2 16 agenesis with Hunter McAlpine syndrome (mental [223]
retardation, craniofacial and skeletal abnormalities,
characteristic facial attributes)
tin NKX2.5 5 VSD, ASD, HLHS [10,187]
tup ISL1, ISL2 16 DORYV in combination Wlth VSD (heterozygous [197]
mutations)
H15 1 DORYV, VSD, ASD, TOF, PTA, PFO, BAV, MVP/MR,
: TBX20 total anomalous pulmonary venous connection, [203,205]
mid 13 congenital atrioventricular block, HLHS
doc TBX6 Pulmonary atresia with VSD (severe form of TOF) [210]
ocl,
doc2, TBX2 10 TOF, single ventricle, single atrium [212]
doc3
o TBX3 TOF, transposition of the great arteries [212]
sop NR2F2 13 DORY, VSD, ASD, TOF, PDA, BAV [217]
EVX1 Defects in limb development
Eve 10 EVX1 and EVX2 have not yet been associated with [213,214]
EVX2 . : .
congenital heart defects in H. sapiens
Hand HAND? 15 DORY, VSD, pulmonary st.en051s, outflow [214,224]
tract malformations
D-mef2 MEF24, 13 DORY, VSD, PDA, pulmonary atresia with VSD [225-228]

MEF2C
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4.3.3. Genes Involved in Cellular Metabolism and Protein Synthesis/Trafficking: Mutations
and Phenotypes

Additional genes involved in lipid [229-231] and glucose metabolism [232], as well as
genes implicated in proteostasis [151,233], can also contribute to heart development and
thus be implicated in the pathological heart phenotypes observed in the D. melanogaster
model. HMG-CoA reductase (HMGCR), along with other enzymes in the mevalonate
pathway and the G protein Gy1, are all implicated in cardioblast—pericardial cell associ-
ations; in particular, modification of Gyl by geranylgeranylation allows for its appropri-
ate intracellular localization, facilitating adhesion between cardioblasts and pericardial
cells. Mutations in these enzymes result in the “broken-hearted” phenotype in flies, with
cardioblast—pericardial cell dissociation and embryonic lethality [229]. HMGCR inhibition
in humans has been reportedly associated with both cardiac (atrial and ventricular septal
defects, hypoplastic aorta) and central nervous system malformations [234,235]. Glucose
metabolism can also lead to derangements in cardiac development via an effect on en-
dothelial nitric oxide synthase transcription. More specifically, hyperglycemia can reduce
transcription at the Nos3 locus encoding for endothelial nitric oxide synthase, leading to
increased expression of Jarid, a regulator of histone methyltransferase. As a result, there
is reduced nitric oxide production. Eventually, Notch expression is inhibited, and with
it, the progression of cardiac development [232]. Hyperglycemia, in concert with genetic
mutations, can affect cardiac development in the D. melanogaster system, with effects on
myofibril arrangement and fibrosis, further shedding light on the mechanisms implicated
in the cardiac malformations in infants of hyperglycemic mothers [232]. Evaluation of
genes involved in proteostasis with unknown function in the context of congenital heart
disease has shown variable defects in cardiac development in the fly, ranging from complete
absence of the dorsal vessel to minimal effects on myofibril and actin organization [233],
as well as partial to complete dorsal vessel atrophy [151]. Evaluation of the genes found
to be implicated in hypoplastic left heart syndrome in humans has also been carried out,
with relevant fly phenotypes ranging from cardiac dilation and disruption in adenosine
triphosphate synthesis to mitochondrial defects [230,231,236,237]. Genes associated with
Tetralogy of Fallot and hypertrophic cardiomyopathy in mammalian vertebrates/humans
have also been evaluated in D. melanogaster, with results ranging from cardiac constriction
to cardiac dilation and effects on embryonic survival [152].

While D. melanogaster exhibits distinct progenitor populations after cardioblast di-
versification events, no grouping analogous to the first heart field and second heart field
present in mammalian vertebrates can be identified. Instead, genes with homology to
these populations are distributed across all cardiac progenitors in the fruit fly [51]. Recent
evidence, however, suggests that the ventral longitudinal muscle may be an appropriate
model for the study of genetic interactions implicated in second heart field [90] develop-
ment, as derivation of the ventral longitudinal muscle is facilitated by the Org-I-mediated
suppression of tup [63,238], a genetic interaction mirrored in second heart field develop-
ment with the Org-1 ortholog TBX1, the tup ortholog ISL1, and FGF/FGFR signaling [63,90].
Despite similarities in the genetic network, however, this interaction leads to modified
skeletal muscle formation in D. melanogaster and cardiac muscle formation in mammalian
vertebrates [90] (Supplementary Table S3 and Figure 3).
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Figure 3. Effects of mutations affecting genes involved in cardiac gene regulatory networks, cellular
metabolism, and protein synthesis/trafficking. AM, alary muscle; ATP, adenosine triphosphate; DNA,
deoxyribonucleic acid; TARM, thoracic alary-related muscle; VLM, ventral longitudinal muscle; apoLpp,
a homolog of apolipoprotein B; coQ10, Coenzyme Q10. For a complete list of all gene abbreviations,
see Supplementary Table S9 [62,63,80,113,127,151,152,179,181,182,188,190-192,198-200,229,230,232,233,
236-244] Created in BioRender. Stougiannou, T. (2025) https://BioRender.com/yiig8v2.

4.3.4. Genes Involved in Cardiac Progenitor Migration, Alignment, and Dorsal Vessel
Assembly During Drosophila melanogaster Embryonic Development: Mutations
and Phenotypes

As cardiac mesoderm becomes specified and differentiates to eventually generate
progenitors such as cardioblasts and pericardial cells, it also undergoes defined movements
in space. Cardiac mesoderm can be initially seen bilaterally, appearing as segmented
sections, owing to the combined action of Dpp and segmented Wg expression [182]. Though
it has been previously thought that the cardiac mesoderm moves passively as a result of
its attachment to the overlying ectoderm, it is now known that cardiac progenitors move
autonomously as a result of cellular and intercellular events [84]. Migrating cellular
groups move dorsally, eventually making contact with contralateral populations, an event
associated with dorsal closure of the embryo [84]. Migration, alignment, and positioning of
cells across one another are mediated via conserved pathways employing Slit/ Roundabout
(Robo) and Roundabout2 (Robo2) signaling [77,85]. Both Slit and Robo are expressed
in the same cell, acting in an autocrine manner [245]; the proteins accumulate between
rows of migrating cells, facilitating their alignment [77]. Furthermore, Slit/Robo facilitates
apicolateral cell polarization in relation to the presumptive lumen by cooperating with
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disks-large (dlg), dystroglycan (dg), and shotgun (shg) [246]. Slit/Robo is further regulated
by nmr [77,199].

Slit/Robo signaling also involves integrins and their transmembrane receptors; in
general, integrins in D. melanogaster comprise three alpha () subunits («PS1, aPS2, and
aPS3) encoding for the proteins known as multiple edematous wings (Mew), Inflated (If),
scab (scb), and 2 beta (3) subunits (3PS, fv). BPS encodes for myospheroid (mys) [247].
Integrins localize on the presumptive luminal aspect of migrating cardioblasts, guiding
their alignment and polarization [83]; they also facilitate intercellular connections between
alary muscle and pericardial cells [247,248]. Integrins accumulate apically in the cell due to
the effects of Robo, and in return, apical localization of Slit/Robo is facilitated /stabilized
by integrins [83]. Usually, sites between contralateral cardioblasts that will eventually form
the lumen are repulsed due to Slit/Robo interactions, while areas in the dorsal and ventral
areas attach via DE-Cadherin interactions, facilitated by Shg [249]. Slit/Robo also facilitate
the formation of the outflow tract [57], while integrins further regulate the localization of
pericardin, which, under physiological conditions, is found in the basal cardioblast domain
between adjacent cardioblasts and pericardial cells [83,250]. Once cells reach the midline,
dorsal interconnections between cells are generated, and afterward, ventral interconnec-
tions. The latter are usually mediated by cell division control protein 42 (Cdc42), a small
GTPase protein that is part of the actomyosin network, along with other proteins that
regulate actin polymerization [251]. Migrating cardioblasts exhibit cellular protrusions rich
in actin, which are regulated by actin regulator proteins such as Enabled (Ena) [84,252].
Migration is facilitated by matrix metalloproteinases, mutations in which usually lead to
variable defects in lumen formation and disruption in the collective cardioblast migra-
tion, resulting in “cardia-bifida” [253,254]; similarly, matrix metalloproteinase mutations
contribute to “cardia-bifida” in vertebrates as well [255].

To achieve this regulation, Cdc42 interacts with tin, Zipper (non-muscle myosin) [256],
and dishevelled-associated activator of morphogenesis (AIDAAM) [257], a member of the
diaphanous-related formin (DRF) family [258,259]. Cdc42 also facilitates heart function
in adult flies via its effect on the K+ channels, and the interaction between cdc42/tin is
conserved in mammalian vertebrates, with disruptions usually leading to increased QRS
intervals and other arrhythmias [260] (Supplementary Table S4).

4.3.5. Genes Involved in the Establishment of Segmentation and Polarity During Drosophila
melanogaster Embryonic Development: Mutations and Phenotypes

Mesoderm migration in D. melanogaster occurs in response to FGF signaling mediated
via the FGF8-like ligands Pyramus, Thisbe, and the FGFR receptor Heartless; Pyramus
and Thisbe originate in the ectoderm, and Heartless is found in the mesoderm [261]. In
vertebrates, FGF signaling is similarly involved in the coordination of cellular movements
during gastrulation, specification of axial/paraxial mesoderm, and dorsoventral patterning
with specification of dorsal and posterior cellular fates, always in coordination with other
similar morphogens [262]. Mutations in the FGF signaling pathway thus affect early
mesoderm migration and disrupt cardioblast and pericardial cell diversification in later
stages [261]. In vertebrates, FGF10 has been implicated in cardiomyocyte proliferation
during the elongation phase of the linear heart tube via recruitment of second heart field
cardiac progenitors. While FGF10 mutations are associated with defects in pulmonary
arteries/veins and ventricular apex localization, Fgfr2b mutations affecting FGFR function
are implicated in ventricular septal defects, poor ventricular trabeculation, and defects in
the alignment of the outflow tract [263]. In addition, FGF8, along with BMP2/4, also has a
place in vertebrate cardiac development, participating in second heart field proliferation,
migration, and formation of the arterial pole in the developing linear heart tube [264].
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Eventually, the cardiac mesoderm emerges, a process that involves signaling via Dpp
for specification of the dorsal mesoderm and later via combined Wg/Dpp signals for
eventual cardiac mesoderm derivation. Wg is a segment polarity gene, expressed in the
overlying ectoderm in a segmental pattern; it is implicated in the development of the
nervous system, body segmentation, and heart morphogenesis [265]. Dpp encodes for a
BMP-like protein and participates in the dorsoventral patterning of the D. melanogaster
embryo; Dpp when combined with Wg signaling, culminates in the eventual specification
of cardiac mesoderm [176,266,267]. Disruption of Wg/Dpp signaling affects mesoderm
and cardiac mesoderm specification and can cause ectopic heart tissue formation in cases
of overexpression [266,268]. Disruption of Wg/Dpp signals in later developmental stages
leads to disruption of cardioblast and pericardial cell diversification [267].

The need for Wg signaling is mirrored in mammalian vertebrates, albeit in a more
complex manner; in these animals, canonical Wnt signaling can both induce and sup-
press mesoderm specification. While mesoderm induction requires Wnt signaling, the
cardiac mesoderm specification that follows does not; on the contrary, it is suppressed
by Wnt signaling. This helps to more clearly demarcate areas where cardiogenic tissue
will eventually appear in the embryo [269]. In zebrafish, expression of Wnt8 right before
gastrulation increases the number of cardiac progenitors that will eventually be generated
afterward, while expression of Wnt8 after gastrulation onset, during which time cardiac
development also transpires, prevents the further generation of cardiac progenitors [270].
Regarding other Wnt ligands, Wnt8a is expressed throughout the developing vertebrate
heart; Wnt2a/Wnt2b are associated with the atria and inflow tracts; and finally, Wnt5a
and Wntl11 are expressed mainly in the outflow tract [271]. Furthermore, while canonical
Wnt signaling is associated with the development of cardiac valve cells in mammalian
vertebrates, in D. melanogaster, pygopus has been associated with this event instead [55].
Although pygopus is a component of the canonical Wnt signaling pathway, with its product
functioning alongside Wg, Armadillo, and T cell factor/lymphoid-enhancer factor (TCF), no
interactions have been observed between it and other components of the pathway during D.
melanogaster heart development. This may suggest that pygopus functions independently
of Wnt signaling, via a mechanism that affects actin organization and arrangement [55]; in
mammalian vertebrates, similar mechanisms are mediated via non-canonical Wnt/planar
cell polarity (PCP) signaling [272]. Evidence of non-canonical signaling in D. melanogaster
may also be found during sup+ cardioblast during specification [170,171]. BMP signaling is
also implicated in heart development in vertebrates, including the maintenance of NKX2.5
expression [273], while in zebrafish, BMP signaling can also facilitate cardiac tissue regener-
ation [274]. Most Wg/Wnt mutations in D. melanogaster disrupt early stages of dorsal vessel
development, with severe cases leading to absence of heart formation; the early pattern of
activation of Wg signaling in the migration of the mesoderm also translates into widespread
defects resulting in embryonic lethality, affecting both somatic and visceral muscles, as
well as variable defects in ectoderm and endoderm development [176,275,276]. In later
stages, disruptions in the diversification of cardioblast and pericardial cell populations also
occur [265], particularly affecting the expression of svp, Eve, and Odd [170,171], along with
defects in cardiac valve cell formation [55,277,278]. In vertebrates, loss of Wnt5a has been
associated with outflow tract defects such as persistent truncus arteriosus [279], loss of
Wntll with ventricular septal defects and double outlet right ventricles in mice [280], and
ventricular septal defect and Tetralogy of Fallot in humans [281]. Both ligands (Wnt5a and
Wntll) normally signal through the non-canonical Wnt pathway [282].

Hedgehog (Hh) signaling in D. melanogaster maintains segmental Wgq expression [283]
and regulates the development of various heart progenitor groups. This is carried out
via RAS/MAPK signaling owing to effects on the EGFR-associated protease rhomdoid,
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involved in the specification of eve+ populations. FGF signaling via Heartless also con-
verges on the activation of RAS. Alternatively, Hh inhibits Cubitus interruptus (Ci), which
normally inhibits this pathway, thus removing the inhibition and allowing for upregu-
lation of eve+ populations and the suppression of [b+ populations instead. As a result,
Hh mutations can lead to variable effects on heart development, depending on timing,
ranging from decreases in heart progenitor populations to disruption in the diversification
of cardioblast and pericardial cell groups [176,284]. In vertebrates, Shh signaling regu-
lates the timing of cardiomyocyte differentiation during development via activation of
appropriate gene regulatory networks [285], as well as endocardium and second heart
field development [286]. Disruptions in this pathway have been associated with defects in
cardiac looping and left-to-right animal body patterning defects, including situs inversus,
dextrocardia, atrioventricular septal defects, transposition of the great arteries, and double
outlet right ventricle [287].

EGEF/EFGR signaling is also conserved in D. melanogaster development, facilitating, in
concert with other signaling pathways, the generation of diverse cardiac cell fates [86]. In
vertebrates, EGFR signaling via the Erb-B2 Receptor Tyrosine Kinase (RTK) 2 (ERBB) group
mediates diverse functions during cardiac development, including proliferation/growth
of cardiac progenitors, valvulogenesis, and regulation of intercellular interactions [288].
As with D. melanogaster, in vertebrates, Notch signaling restricts cardiac cell fate [289]
via upregulation of su (H) homologs [290]. Notch signaling pathways in vertebrates
allow non-myogenic cell fates [291], including cells of the conduction system, to be gen-
erated [292], while experimental upregulation of Notch signaling inhibits cardiomyocyte
proliferation [293]. Signaling pathways regulating the derivation of ventral longitudinal
muscle from alary muscle, including Heartless and Notch signaling, have been shown to
act in a similar manner in mammalian vertebrates, allowing for the derivation of second
heart field cardiac progenitors [294,295]. Notch signaling disruptions, at least through
mutations in sanpodo and Numb, affect the diversification of cardioblast and pericardial
cells [296] (Supplementary Table S5).

4.3.6. Genes Involved in the Formation of the Animal Body Plan During Drosophila
melanogaster Embryonic Development: Mutations and Phenotypes

Homeodomain or Hox genes encode for factors [297] necessary for the proper de-
velopment and patterning of organisms; they exhibit evolutionary conservation between
animal groups, from D. melanogaster and D. rerio (zebrafish) to mammalian vertebrates and
humans. They are generally characterized by the presence of a conserved DNA sequence
termed the homeobox sequence, which encodes for a DNA-binding domain in the final
protein [298]. Based on phylogenetic classification, there are 11 groups of homeodomain-
containing genes in animals [299], namely, ANTP, PRD, LIM, POU, HNF, SINE, TALE,
CUT, PROS, ZF, and CERS; the Hox gene group is classified within the ANTP group [300].
While Hox genes appear in animal groups after the evolutionary divergence of Cnidaria
and Bilaterians, they are arranged in chromosome clusters only in Bilaterians. Hox gene
expression is spatially and temporally regulated and confers different cellular identities
depending on their relevant position with regard to the anteroposterior body axis [301,302].
The correlation between placement within the chromosome and position in the animal
body where activity from a particular Hox gene dominates is conserved as well [303]. Hox
genes located posteriorly on each chromosome additionally exhibit spatial regulation along
the proximodistal axis in vertebrates [301] via histone-modifying protein complexes such
as the Trithorax group (TrxG) [304] and Polycomb group (PcG).

In D. melanogaster, as in most insects, there are eight Hox genes clustered together,
albeit split across two different chromosomes [300], comprising the Homeotic Complex
(HOM-C) [305,306]. The ANTP Complex (ANT-C) and the Bithorax Complex (BX-C) of
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Hox genes can be recognized; ANT-C contains Antp and is involved in the specification
of T2 (mesothorax) [307] and A1l [308,309], while BX-C comprises Ultrabithorax (Ubx),
Abdominal-A (Abd-A), and Abdominal-B (Abd-B) and is involved in the specification [303]
of T3 and A2-A8 [310]. Abd-A is also implicated in the specification of cardiac identity [309].

Abd-A exhibits the highest expression levels in tin+ cardioblasts of A6—-A7, the posterior
tin+ cardioblasts of segment A5, and the sup+ cardioblasts in the segment borders of A5/A6,
A6/A7,and A7/A8. Lower expression levels are observed in some A5 tin+ cardioblasts,
as well as in tin+ and svp+ cardioblasts in A8; a general range of A5-A8 associated with
the posterior dorsal vessel (heart chamber) is thus observed [45,47]. Abd-A also contributes
to alary muscle formation in the posterior dorsal vessel [311]. Abd-B, on the other hand,
exhibits a general range of A6—A7, with its expression suppressing cardiac morphogenesis
and contributing to the formation of a heart terminus (A8) during embryonic develop-
ment [45,47]. During metamorphosis, Abd-B expression is regulated by Nacx, a NAC
chaperone subunit. This allows for dorsal vessel remodeling during the larval and pupa
stages [312], culminating in the eventual histolysis of segments A6—A7 in response to
ecdysone secretion [46]. Ubx exhibits its highest expression in tin+ cardioblasts of A3, with
lower expression in sup+ cardioblasts of the A3/A4 border and tin+ cardioblasts of A2
and A5, with even lower expression in segments T3-A1; a general range of T3 to A1-A5
is thus observed [45,47,307,309]. It is also expressed in the alary muscles of the anterior
dorsal vessel [307,309]. Finally, Antp, along with other homeotic genes of the ANT-C,
contributes to the specification of mesothorax (T2) structures, including lymph glands and
the Ring gland (T3, A1). It exhibits its highest expression in tin+ cardioblasts of A2 and
sup+ cardioblasts of the A1/A2 border, with lower expression in tin+ cardioblasts of T3
and A2 and in tin- cardioblasts of A2. Antp expression in the posterior dorsal vessel is
repressed by Ubx [45,307,308].

Null mutations and ectopic expression of homeotic genes of the BX-C and ANT-C
groups lead to variable disruptions in the specification of anterior (aorta) and posterior
dorsal vessel (heart) identity and heart tube morphogenesis [45-47,308,309,311-313]. Evo-
lution associated with multiple rounds of duplication and divergence in the ancestral Hox
gene cluster eventually resulted in the generation of 39 genes in vertebrates. These are
arranged into four gene clusters, HoxA, HoxB, HoxC, and HoxD, and comprise seven gene
families: the anterior Hox1 and Hox2 groups; the Hox3 group; the central Hox4, Hox5, and
Hox6-8 groups; and finally, the posterior Hox9-13 groups [299,314]. Furthermore, as a
result of these duplication events, paralogous Hox genes can be found at the same relevant
locations within each cluster and exhibit some functional equivalence [110]. Hox genes
may also be implicated in vertebrate cardiac development, including migration of cardiac
progenitors via binding of the transcription factor Mesoderm Posterior BHLH Transcription
Factor 1 (Mesp1) to Hoxb1 regulatory sequences [315] and the development of the outflow
tract [316]. Congenital heart disease has also been associated with Hoxal gene mutations
in both humans [317] and mice [316]. In general, of the ANTP homeotic gene group in
vertebrates, anterior Hox families such as Hox1 have been mostly associated with heart
defects [318-323], with Hox3 groups mostly associated with carotid artery malformations in
mammalian vertebrates [324,325]. Experimental deletion of the Hoxa/Hoxb clusters in mice
results in an atavistic heart phenotype with absence of rightward looping [315]. On the
other hand, in D. melanogaster, more posteriorly located groups (BX-C) are the ones mainly
associated with cardiac development and thus, upon their perturbation, cardiac defects
result instead [45-47,308,309,311-313]. This association is reflected in the localization of
the heart chamber in mammalian vertebrates/humans compared to D. melanogaster in the
animal body plan [303] (Supplementary Table S6).
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4.3.7. Genes Involved in Histone Modification During Drosophila melanogaster Embryonic
Development: Mutations and Phenotypes

As with the transcriptional regulation imposed on Hox gene expression, gene tran-
scription differences across different tissues and timepoints, in general, can be established
via the action of chromatin-binding and chromatin-modifying factors. Differential histone
modifications can often distinguish differentially functioning areas of the genome, with
high levels of monomethylation at Lysine 4 of Histone 3 (H3K4me) generally associated
with enhancer sequences and high levels of trimethylation at H3K4 associated with ac-
tive promoter sequences. Apart from H3K4me marks, acetylation at Lysine 27 of Histone
3 (H3K27ac) is also associated with activated enhancer sequences [326]. H3K36 histone
marks are also associated with active chromatin [327]. Methylation of H3K4, H3K36, and
H3K?27 can be carried out by histone-modifying enzymes, including protein complexes
associated with SET-containing domain 1 (Setl) (COMPASS) [327-329]. The COMPASS
series of complexes comprises the core subunits Setl, Trithorax (Trx), and Trithorax-related
(Trr). Each of these proteins is the core subunit of a specific COMPASS complex, though
all three also share common subunits, including absent, small, or homeotic disks 2 (Ash2);
Dpy-30-like 1 (Dpy-30L1); retinoblastoma-binding protein 5 (Rbbp5); and will die slowly
(Wds). Other subunits are unique to one specific COMPASS complex, including WD repeat
domain 82 (Wdr82) [Set1-COMPASS], Menin 1 (Mnn1) [Trx-COMPASS], and PAX Tran-
scription activation domain-interacting protein (Ptip) [Trr-COMPASS]. Finally, others, such
as Host cell factor (Hcf) [Setl, Trx-COMPASS], are found only in specific COMPASS com-
plexes [328]. Experimental knockdown of these subunits in the D. melanogaster system leads
to variable effects on cardiac structure and function during larval and adult stages, as well
as lethality on emergence from the pupal stage, also known as eclosion [35,327,328,330,331].

The proposed mechanism of action for the Setl-, Trx-, and Trr-COMPASS series of com-
plexes during D. melanogaster development includes activation of Setl- and Trr-COMPASS
during Stages 13 and 14. During this time, cardiac progenitors begin their migration
toward the midline. While Set1-COMPASS exhibits steady activity throughout develop-
ment, Trr-COMPASS is mainly active only during these earlier stages. More specifically,
Trr exhibits a drop in expression of ~40% during Stage 16 [331]. In later developmental
stages [Stages 16-17], cardiac progenitor migration results in a closed heart tube, and the
Trx-COMPASS complex, along with Setl-COMPASS, further contributes to completion of
heart development [328]. Histone methylation is important for physiologic adult heart
function as well, as evident from the dysregulation in structure and function in relevant
experiments [35,327,328,330,331]. Many of the above genes have been associated with heart
defects in vertebrate models as well, including Lysine methyltransferase 2C (KMT2C) and
Lysine methyltransferase 2D (KMT2D) (encoding for core subunits of the COMPASS complex
series in vertebrates as well) [328], and are associated with defects such as ventricular
septal defects, Tetralogy of Fallot [332], and Kabuki syndrome [333]. Kabuki syndrome
comprises multiple congenital defects, including distinct facial features, skeletal abnormali-
ties, intellectual disability, and congenital heart defects [334]. DNA methylation may also
represent a cause of adult heart dysfunction in vertebrates as well, as upregulation of DNA
methyltransferases 1 (DNMT1) and 3 (DNMT3) can upregulate (Wntl/(3-catenin signaling)
or downregulate (pERK1/2 signaling) cellular pathways that promote cardiac fibrosis and
heart failure with preserved ejection fraction [335] (Table 2 and Supplementary Table S7).
Additional details for each of the genes described in Section 4 and their mammalian/human
orthologs can be found in Supplementary Table S8.
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Table 2. Summary of D. melanogaster genes presented in this review; associated defects observed in
the D. melanogaster model; corresponding ortholog with the highest DIOPT score, including weighted
scores in parentheses; and associations with any congenital heart defects in animal models/humans.
In cases where an ortholog cannot be found based on the DIOPT tool, other sources are employed,
including the relevant literature. APOB, apolipoprotein B; ASD, atrial septal defect; BAV, bicuspid
aortic valve; DORYV, double outlet right; Dpp, Decapentaplegic; Dpy-30L1, Dpy-30 like 1; EGFR,
epidermal growth factor receptor; EcR, ecdysone receptor; FGFS, fibroblast growth factor 8; FGFR3, fi-
broblast growth factor receptor 3; MMP2-14, matrix metalloproteinase 2-14; MR, mitral regurgitation;
MVP, mitral valve prolapse; PFO, patent foramen ovale; PTA, persistent truncus arteriosus; TIMP3,
tissue inhibitor of metalloproteinase 3; TOF, Tetralogy of Fallot; Trr, Trithorax-related; Trx, Trithorax;
VSD, ventricular septal defect; VEGEF, vascular endothelial growth factor; N/A, not applicable. For a

complete list of all gene abbreviations, see Supplementary Table S9.

D. melanogaster Vertebrate Model Defect/ Study
Gene Model Defect Ortholog  DIOPT Score Congenital Heart Defect (Reference)
Abd-A deficiency associated Combined deletions in HOXA,
with loss of heart chamber and HOXB clusters generally
cardiac cardioblast identity, associated with defects in cardiac Lo et al., 2002
reduction in posterior dorsal looping and appearance of [45], Lovato
vessel (heart chamber) diameter primitive/atavistic heart et al., 2002 [47],
now similar to the anterior morphologies [110] (mouse) Ponzielli et al.,
2002 [309],
dorsal Ve§5e1 (aorta)’ absence of HOXB6 variants associated with . [309]
cellular dimorphism between HOXBo6, thoracic aortic dissection; Perrin et al,
Abd-A anterior (aorta) and posterior HOXCs, 5(4.87) 4 2004 [308],
HOXA5, HOXB6, HOXC6 may
dorsal vessel (heart chamber) HOXA6 late with 1 h Ryan et al.,
with smaller volume cells corre-ate with vaseuiar sSmoot 2005 [313],
muscle cell de-differentiation in .
present throughout th ases [336] (human) Monier et al.,
ese cases [3C u 2005 [46],
Abd-A overexpression/ectopic HOXAG6 has not yet been LaBeau etal.,
expression induces a cardiac specifically associated with 2009 [311]
identity in the anterior cardiac development or
dorsal vessel congenital heart defects [337]
Combined deletions in HOXA,
HOXB clusters generally
associated with defects in cardiac
Abd-B deficiency associated looping and appearance of
with increase in posterior dorsal primitive/atavistic heart
vessel (heart chamber) diameter; morphologies [110] (Mouse)
in.cr}alezs.e in car.diol.Jlas.t nt;lmber HOXA10
with disorganization in their misexpression/overexpression
. o Lo et al., 2002
arrangement; and dilation of early during embryoid body [45], Lovat
heart terminus (A6-A8); Abd-B : , Lovato
defici 1 he N, development restricts etal., 2002 [47]
eficiency also rescues the Naca e P > ’
Abd-B KD—indu(}:,ed “No-heart” HOXA10 6 (6.01) specification to a cardiac lineage Perrin et al.,

phenotype

Abd-B overexpression/ectopic
expression associated with
suppression of cardiac
morphogenesis and myogenesis
and defects in somatic

muscle formation

and impairs differentiation of
NKX2.5 expressing progenitor
cells into differentiated
cardiomyocytes [338]

(in vitro models)

HOXA10 has not yet been
specifically associated with
congenital heart defects [337]

2004 [308],
Schroeder et al.,
2022 [312]
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Table 2. Cont.

Gene

D. melanogaster
Model Defect

Ortholog

DIOPT Score

Vertebrate Model Defect/
Congenital Heart Defect

Study
(Reference)

Antp

Antp deficiency associated with
mild defects in cardioblast
differentiation in segment Al

HOXA7,
HOXALI,
HOXA3

9 (8.94)

Combined deletions in HOXA,
HOXB clusters generally
associated with defects in cardiac
looping and appearance of
primitive/atavistic heart
morphologies [110] (mouse)

HOXA1 mutations associated
with defects in brainstem,
ventilation, inner ear, and
craniofacial morphology, along
with cardiac malformations,
including TOF, interrupted aortic
arch, and aberrant subclavian
artery [316] (mouse)

HOXB1 mutations associated
with VSD, shorter outflow tract,
upregulation of FGF/ERK,
BMP/SMAD in the pharyngeal
region, premature myocardial
differentiation [318] (mouse)

HOXA3 mutations associated
with defects in the 3rd
pharyngeal artery (carotid artery
system), thyroid and parathyroid
glands, and carotid body
morphology [339] (mouse)

HOXA1 (homozygous
mutations) associated with
Athabascan Brainstem
Dysgenesis,
Bosley-Salih—Alorainy
Syndrome (defects in brainstem,
inner ear, cognitive function, and
cardiac malformations) [316,317]
(human)

HOXA3 loss due to 5.6 Mb
deletion at chromosome
7p15.1-p15.3 associated with
defects in facial, hand—foot
morphology, supernumerary
nipples, hypospadias, and
hearing defects; hand—foot and
genital defects associated with
HOXA13 deletion in the same
locus [340] (human)

HOXA?7 has not yet been
specifically associated with
cardiac development or
congenital heart defects [337]

Lo et al., 2002
[45],
Perrin et al.,
2004 [308]
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APOB mutations reduce
cardiomyocyte proliferation due
to an upregulation of cell cycle
inhibitors and pro-apoptotic
factors and downregulation of
cell cycle genes (in vitro models)
APOB mutation associated with
a case presenting with cleft lip
and palate, DORYV, dextrocardia,
_— Lwith transposition of the great arteries - |
apoLpp absence associated wit APOB, and hypoplastic right ventricle, eis et al.,
WOLPP cardiac arrhythmia L0C400499 ° (255,282 along}x]Eitl'F: multisygstem defects 2020 [230]
in the thyroid, nervous system,
and eyes though direct
association with a causative
pathway has been made [341];
maternal dysregulation in lipid
profiles; APOB expression
associated with higher rates of
congenital heart defects in
offspring (VSD, TOF, pulmonary
valve stenosis) [342] (human)
Apt mutations associated with Su et al.. 1999
late embryonic/early larval 3 45]
Apt stage lethality, abnormal dorsal N/A N/A N/A Liu et al ’201 4
vessel morphology with absent [3 44’]
cardioblast/pericardial cells
Ash1 mutations associated with AHIL knockdown associated
disruption in physiologic heart with reduced expression of genes
function, with disruption in SPCh_ as HOXA6, HOXA10 [345]
actin filament arrangement; (in vitro models) J. Zhu et al
Ashl reduction in cardiac myofibril ASHIL 14 (13.69) ASHI1L variants associated with '2023 [327]"
density,' increase in pericardin defects in Coronary vascular
(cardiac ﬁbI‘OSiS)} increase in branching and Sing]e left
systolic diameter and heart coronary arteries
period; adult lethality (Adult) [346-348] (human)
) ) ) Absence of ASH2L leads to early
A§h2 m}ltat_“ms as§0c1at'ed with embryonic lethality; interaction
dlSI'uPthl’l in ph.ysmlo.glc heart with TBX1 may act as a
fu?dlf(.)ln' Wlt? disruption 1:1 modulating factor for
gy Teducton ncardiac myofioril O e, Zhw el 2024
h density, cardioblast numbers, . immune dysfunction and cardiac [328]

and increase in pericardin
(cardiac fibrosis); increase in
systolic diameter and heart
period; adult lethality (adult)

defects) [349] (mouse)

ASH?2L has not yet been directly
associated with congenital heart
defects in H. sapiens (human)
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Bab2 mutations associated with BTBD.18 I(;as Tlﬁt yet begn 1h ]gnl(;n 1e t ? L,
bab2 disruption in the localization of =~ BTBD18 4(3.91) gssoaat.e with congenital heart 007 [130],
. . efects in H. sapiens [214] Couderc et al.,
eve+ pericardial cell groups (human) 2002 [128]
bic knockdown throughout
development associated with
reduction in systolic and
diastolic diameter (Embryo),
ectopic Abd-B expression during
metamorphosis leading to BTF3, BTF3L4 have not yet been
aberrant histolysis, leading to BTF3 associated with cardiac Schroeder et al
bic ‘No-heart’ phenotype with ’ 15 (14.87, 14.80) . v
: . . BTF3L4 development or congenital heart 2022 [312]
absent pericardin, cardiac cell def
. efects
dispersal, and fat cell
accumulation (Pupa, Adult);
bicaudal phenotype with
embryo developing with a
mirror image duplication of the
posterior axis (embryo)
Mutations associated with
postnatal lethality with
craniofacial defects (double
heterozygous loss for TBX2,
TBX3); lack of constriction
between left atrium and left
bifid mutations associated with ventricle (atrioventricular canal)
bifid (also embryonic lethality; human [211]; atrioventricular canal
known as TBX2, TBX2-R20Q, TBX2, 12 (11.89, 11.85) defects; pericardial edema, Liu et al., 2018
TBX2-R305H variants cannot TBX3 T defects in palate and limb [127]
omb) e .
rescue bifid mutation development (mouse)
phenotypes in D. melanogaster TBX2 variants associated with
TOE, single ventricle, single
atrium (human)
TBX3 variants associated with
TOF and transposition of the
great arteries [212] (human)
RNF20, RNF40 knockdown
results in defects in ciliogenesis
at the left-right organizer and as
a result in left-right patterning;
Brel mutations associated with %(;fg]c E;: ;archac looping
reduction in cardiac myofibril & Zhu et al., 2017
Brel  4ensity and adult RNF40 16(1574)  RNP20, RNF40 deletion (mosaic [35]
lethality (adult) deletion) results in defects in

cardiomyocyte maturation
[351] (mouse)

RNF40 variants associated with
HLHS [352] (human)
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Cdc42

Cdc42 mutations associated
with disruption in myofibril
arrangement; disruption in

physiologic heart function with

increase in diastolic interval;
cardiac arrhythmia (adult)

CDC42

12 (12)

CDC42 mutations/loss
associated with embryonic
lethality, reduced cardiac growth
with small ventricles (including
right ventricle hypoplasia [353]),
and enlarged right atrium; deep
apical cleft between adjacent
ventricular walls; thin
ventricular walls with VSD;
reduction in the thickness of
compact myocardium; reduced
cardiomyocyte proliferation
throughout; defects in
cardiomyocyte cell-to-cell
adhesion; disruption in
N-cadherin and (-catenin
localization within
cardiomyocytes [354]; defects in
outflow tract septation and aortic
arch patterning; craniofacial
defects and thymus aplasia;
impairment of normal cardiac
neural crest cell migration
(regulated by BMP2)

[355] (mouse)

CDC(C42 variants/mutations
associated with multisystem
congenital defects, including
cardiac defects such as VSD,
ASD, PDA, and PFO; total
anomalous pulmonary venous
return; coarctation of the aorta;
and pulmonary stenosis

[356] (human)

Qian et al.,
2011 [260],
Voglet et al.,
2014 [251]

CG10585

CG10585 mutations associated
with disruption in physiologic
heart function with increase in
systolic and diastolic diameter

PDSS2

16 (15.8)

PDSS2 mutations associated
with coQ10 deficiency and
defects in the mitochondrial
respiratory chains; increase in
reactive oxygen species;
oxidative stress in some tissues,
such as the kidneys, leading to
renal failure [357] (mouse)

PDSS?2 variants associated with
nephrotic syndrome and
hypertrophic cardiomyopathy in
infants [358]; may contribute to
more severe phenotypes in
congenital heart defects (human)

Schroeder et al.,
2019 [233]
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CG10984

CG10984 mutations associated
with disruption in
myofibril arrangement

ANKRD12

9 (8.85)

ANKRD12 overexpression
associated with defects in the
sinus venosus; defects in cardiac
rotation; anomalous
communications between
venous and arterial circulations;
defects in the fossa ovalis

[359] (mouse)

Schroeder et al.,
2019 [233]

CG2658

CG2658 mutations associated
with disruption in actin filament
and myofibril arrangement

SPG7

12 (12.06)

Constitutive activation of SPG7
associated with constitutive
activation of a mitochondrial
mAAA protease; upregulating
ATP and reactive oxygen species
production and eventually
upregulating cell proliferation
[360] (in vitro models)

SPG7 variants associated with
atrioventricular canal
defects (human)

Schroeder et al.,
2019 [233]

D-mef2

D-mef? loss causes absence of
cardiac, somatic, and visceral
muscle differentiation

MEF2C,
MEF2A

13 (12.96, 12.86)

MEF2C, MEF2A mutations
(homozygous loss) associated
with failure of cardiac looping,
failure of right ventricle
development (mouse)

DORYV [225], VSD [226], PDA
[227], pulmonary atresia with
VSD [228] (human)

Lilly et al., 1995
[239],
Huetal,, 2011
[113],

Lin et al., 1997
[361]

Dap160

Dap160 mutations associated
with minimal effects on actin
filament arrangement

ITSN1

16 (15.8)

ITSN1 mutations associated with
ASD, 21q deletion syndrome
(craniofacial dysmorphias,
developmental delay, behavior
abnormalities, and various
systemic manifestations) [362];
congenital heart defects
associated with Down syndrome
(partial Trisomy 21 phenotype)
[363] (Human)

Schroeder et al.,
2019 [233]

dChchd3/6

dChchd3/6 mutations associated
with disruption in physiologic
heart function with increase in
systolic diameter and systolic
dysfunction; cardiac
arrhythmia; disruption in cell
energy production

CHCHD3,
CHCHD6

11 (6)

CHCHD3, CHCHD6 mutations
reduce cardiomyocyte
proliferation; rate of oxygen
consumption after
oligomycin-induced inhibition of
ATP synthase; levels of
sarcomeric F-actin

(in vitro models)

CHCHD, CHCHD®6 variants
enriched in HLHS (human)

Birker et al.,
2023 [237]
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dMnM mutations associated
with variable effects on heart
structure with cardiac dilation
(mild knockdown) and cardiac
constriction (strong MYOM2, TTN variants Au)f/erre—
dMnM knockdown) if knockdown TTN 4(3.81) associated with TOF (human) Plantié et al.,
. or .. 2020 [152]
cardiac-specific; reduction in
survival of adult animals with
defects in locomotion if
knockdown muscle-specific
TBX6 associated with defects in
mesoderm development,
including defects in somite
development and skeletal
muscle formation [364]; TBX6 is
involved in the pathological
cardiac hypertrophy response in
adult individuals [365] (mouse)
Deletion in the genomic locus
containing TBX6 associated with
pulmonary atresia with
ventricular septal defect, a severe
form of TOF [210]
Mutations associated with
postnatal lethality with
. . TBX6 craniofacial defects (double
doc1 doc? do'c mutations/loss flssoaate‘zd TBXZ/ 10 (9.88) heterozygous loss for TBX2 and Han and Olson,
doc3 with early embryonic lethality TBX3, TBX3); TBX2 mutations 2005 [78]

associated with lack of
constriction between left atrium
and left ventricle
(atrioventricular canal) [211];
atrioventricular canal defects
and defects in outflow tract
septation [208]; pericardial
edema; defects in palate and
limb development (mouse)

TBX2 variants associated with
TOF, single ventricle, single
atrium [212] (human)

TBX3 variants associated with
TOF and transposition of the
great arteries [212] (human)
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Loss of BMP2 leads to reduced
cardiac jelly tissue, defects in
Dpp mutations/overexpression atrloventrlculz?r canal
associated with expansion of mo.rphoge.nesm, and loss of Lockwood and
pericardial cells into the ventral atrloventrilcular Cfanal B? N dwoo 23812
D region of the dorsal mesoderm 19 (11.84 endocar.dla'l cushion © r[rzl(gg]

PP with disruption of normal gene BMP2 (11.84) Cel.l ulaljlzatlon (absent h ,t 1
marker expression in eplth.el.1al—to—mesenchymal ]02515;?266 7]a ”
cardioblast/pericardial tragsmon)' [366]; DORV; VSD;
cell groups atrioventricular canal defects

[367] (mouse)
VSD, ASD, TOF [367] (human)
Dpy-30L1 mutations associated
with disruption in physiologic
heart function, with disruption
in actin filament arrangement; .
Dpy- reduction in cardiac m?oﬁbrﬂ DPY30 10 (9.9 DPY3.0 hzs nf)’;yet been. dir}elctly Zhu et al., 2024
30L1 density, cardioblast numbers, 0(9-95) Zssomate with congenital heart [328]
. . . . efects
and increase in pericardin
(cardiac fibrosis); increase in
systolic diameter and heart
period; adult lethality (adult)
DSCAM
mutations/overexpression due
to increased gene dose associated
with septal defects in both the
perimembranous regions and the
muscular regions; defects in the
outflow tracts, including failure
of outflow tract septation into
pulmonary arterial and aortic
trunks, DORYV, and defects in
Dscam associated with variable atrioventricular canal
defects in leading-edge, ranging morphogenesis and
from reduction in migration atrioventricular canal defects; Grossman
velocity and reduction in atrial and atrioventricular canal etal. 2011
filopodia per segment to defects may be due to defects in [3.(/)9]
Dscam reduction in leading-edge DSCAM  12(12.01,11.84) he myocardial tissue that Raza arll d
lamellipodial activity (Embryo); contributes to their development, Jacobs, 2016
overexpression associated with along with loss of WNT [37’01

an increase in heart failure rate
after electrical-pacing-induced
stress (Adult)

signaling that downregulates
cardiac mesoderm progenitor
proliferation in the inflow tract
[368] (mouse)

DSCAM
variants/overexpression due to
increased gene dose associated
with the emergence of congenital
heart defects associated with
Down syndrome (VSD, ASD,
atrioventricular canal defects,
TOF, PDA) [371] (human)
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EcR mutations associated with
inhibition of cardiac remodeling
in the posterior dorsal vessel NR1H2, NRIH3 have not yet
(heart chamber); Dorsal vessel . . ) .
o NRI1H?2, been associated with cardiac Monier et al.,
EcR maintains larval morphology NRIH3 12 (11.88, 11.7) develo t ital 2005
. . . pment or congenita [46]
with absence of histolysis in heart defects
segments A6-A7; and absence
of remodeling in Abd-A+
cardioblasts
ERBB4 mutations associated
with embryonic lethality; cardiac
defects including reduced
trabeculation
(hypotrabeculation) with thin
myocardial walls and defects in
endocardial cushion formation
Egfr mutations associated with [372]; dysregulation of valve
disfj‘}PgilontSf rel.ati\;e. Leell mesenchyme proliferation
cardioblast/pericardial ce
Egfr subpopulations with reduction ERBB4 13 (12.87) Sl (Mou.se) - - Schwarz et al.,
in generic cardioblast ERBBA4 variants associated with 2018 [86]
populations and increase in defects in the development of the
ostial cardioblast populations left ventricular outflow tract,
including aortic stenosis, HLHS
[374], and HRHS [375];
coarctation of the aorta [374];
increased rate of bioprosthetic
aortic valve stenosis associated
with local foreign tissue reaction
[376] (human)
EVX2 mutations associated with
Eve mutations associated with defects in limb development, Fuiioka et al
Eve reduction in pericardial EVX2 10 (10.04) although they have not yet been 2]005 [189] v
cell populations associated with congenital heart
defects [213,214] (human)
FZD mutations associated with
multiple effects during
development, including neural
tube defects [377] (frog)
fz mutations associated with FZD1, FZD2 mutations Bhanot et al
defects in endoderm (midgut), associated with defects in palate 1999 [275] M
mesoderm, and ectoderm F7ZD1 closure, ventricular septum, g
fz . . .. . ¢ 15 (14.87) o Chen and
(cuticle, wings, wing imaginal EZD2 correct position of the outflow
disks); absence of cardiac tract, neural tube defects, and Struhl, 1999
[276]

development if both fz and Dfz2

inner ear defects [378] (mouse)

FZD1, FZD? have not yet been
directly associated with
congenital heart defects in H.
sapiens (human)
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GART mutations associated with
ASD, 21q deletion syndrome
Gart mutations associated with (craniofacial dysmorphias,
minimal effects on actin developmental delay, behavior Schroed 1
Gart filament arrangement, with GART 17 (16.75) abnormalities, and various ¢ zr(;)f9 eretal,
. . o . : . [233]
disruption in myofibril systemic manifestations) [362];
arrangement congenital heart defects
associated with Down syndrome
[379] (human)
GGPS1 mutations may be a
cause of reduction in GGPP, in
turn leading to reduced binding
affinity of Rho GTPases for GTP,
GGPPS mutations and relevant disrupt their localization below
pathway protein mutations the plasma membl"a.ne, '1eading
associated with to vascular destabilization and }

GGPPS  “Broken-hearted” phenotype GGPS1 16 (15.72) the progressive dilatation and Yi et ;;é 2006
with dissociation of rupture of cerebral vessels [229]
cardioblast/pericardial cell [380] (zebrafish)
adhesion; embryonic lethality Infantile hemangioma [381];

cerebral cavernous
malformations [382] due to
disruption in the mevalonate
pathway (human)
ADGRG6 mutations secondary
to placental defects; global
inactivation of ADGRG6
ADGRF3, associated with embryonic
ADGRF4, lethality and ventricular
ADGRD1, myocardium thinning, with no
ADGRE2, effect on heart patterning or
Gia mutations associated with ADGRGS3, myocardium maturation
“Broken-hearted” phenotype ADGRGS, [383] (mouse)
with.dissociatiog beWeen ADGRLI, ADGRG6 mutations secondary
cardioblast/pericardial cells, ADGRG?7, . L
di tion in cell-to-cell ADCRE5 to placental defects; mutations in Patel et al
Gia 1srup ton in C? (,) ce. . ’ 2(1.81) ADGRG6 have no effect on ateletal,
adhesion protein distribution, ADGRD2, diac development 2016 [384]
and disruption in cardioblast ADGRG?2, ar P
. [383] (zebrafish)
alignment; late ADGRE],
embryonic/early larval ADGRES, Combined ADGRF5, ADGRL4
stage lethality ADGRG4, mutations associated with
ADGRLA, DORYV; outflow tract
ADGRL2, malformations; and aortic arch
ADGRES3, artery defects, including double
ADGRL3 aortic arch, embryonic lethality,

postnatal renal thrombotic
microangiopathy, hemolysis, and
splenomegaly [385] (mouse)
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ADGRL2 mutations/loss
associated with defects in
vascular remodeling [386]
(zebrafish) (mouse)
ADGREFS3,
ADGRF4, ADGRF3, ADGRF4, ADGRD1,
ADGRDI, ADGRE2, ADGRG3, ADGRLI,
ADGRE2, ADGRG7, ADGRD2, ADGRG?2,
Gia mutations associated with ADGRG3, ADGRE1, ADGRE5, ADGRGY,
“Broken-hearted” phenotype ADGRG, ADGRL4, ADGRES3, and
with dissociation between ADGRLI, ADGRL3 have not yet been
cardioblast/pericardial cells, ADGRG?7, associated with cardiac
Ci disruption in cell-to-cell ADGRF5, 2 (181) develoPment or congenital heart Patel et al.,
a adhesion protein distribution, ~ ADGRD?2, : defects; ADGRF4 associated with 2016 [384]
and disruption in cardioblast ADGRG?2, enamel mineralization [387];
alignment; late ADGREI, ADGRLI implicated in
embryonic/early larval ADGRES5, neurodevelopm.entaI. dlsorc!ers
stage lethality ADGRG4, [388J ;.ADGRG7 1rr}ph.cated in
ADGRILA, familial endometriosis [389];
ADGRL2, ADGRG?2 implicated in
ADGRES3, congenital bilateral absence of
ADGRL3 the vas deferens [390]; ADGRL4
involved in vascular remodeling
during development [385];
ADGRL3 involved in
neurogenesis [391]
TBX20 mutations associated with
hypoplasia in the outflow tract
and right ventricle (complete
knockdown), lack of septation in
the outflow tract with PTA, right
H15 mutations associated with ventricle hypoplasia, valve Reim et al.
disruption in defects [204] (mouse ’
HI5 cardioblast/pericardial cell TBX20 11 (10.73) 204 ( ) - 2005 [198],
(nmr1) diversification divisions; mild TBX20 mutations associated Huetal, 2011
’ with DORY, VSD, ASD, TOF, [113]

cardiac defects

PTA, PFO, BAV [205], MVP /MR,
total anomalous pulmonary
venous connection, and
congenital atrioventricular block
[203]; HLHS [205] (human)
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Hand

Hand mutations/knockout
associated with hypoplastic
dorsal vessel with reduction in
wall thickness; late
embryonic/early larval lethality

HAND?2

15 (14.74)

HAND?2 mutations/absence
associated with early embryonic
lethality; valve defects, such as
tricuspid atresia; double inlet left
ventricle; hypoplastic myocardial
tissue; rightward shift of the
interventricular septum with
larger left and smaller right
ventricle; hypotrabeculated
myocardial tissue with multiple
interventricular septa;
hypervascularization with
multiple coronary arteries

[219] (mouse)

HAND? variants associated with
DORY, VSD, and outflow tract
malformations [214]; pulmonary
stenosis [224] (human)

Han et al., 2006
[191],
Lo et al., 2007
[190]

Hcf

Hcf mutations associated with
disruption in physiologic heart
function, with disruption in
actin filament arrangement;
reduction in diastolic diameter
and heart rate; adult

lethality (adult)

HCEFCl1,
HCFC2

8 (8.14,7.98)

HCFC1 mutations lead to defects
in craniofacial development; no

evidence of a pathologic cardiac
phenotype [392] (zebrafish)

HCFC1 mutations associated
with X-linked form of combined
methylmalonic acidemia and
hyperhomocysteinemia [393];
HCEFC1 has not yet been
associated with congenital
heart defects

HCFC2 has not yet been
associated with cardiac
development or congenital
heart defects

Huang et al.,
2022 [330]

Hd

Hd mutations associated with

disruption in actin filamentand DONSON

myofibril arrangement

15 (14.77)

DONSON mutations associated
with ASD, 21q deletion
syndrome (craniofacial
dysmorphias, developmental
delay, behavior abnormalities,
and various systemic
manifestations) [233,362];
microcephaly; and short stature
[394] (human)

Schroeder et al.,
2019 [233]
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SHH protein
mutations/SHH-related
signaling pathway mutations
associated with heart defects
Hh mutations associated with relate.d to the establishment of
variable effects on cardiac gefts_fgﬁgtigiyor?ziegi};jue to
development ranging from Y . L Park et al., 1996
L. ¢ structures [286], including situs [176],
Hh reduction in cardiac cell SHH 15 (14.79) inversus, dextrocardia, defects in ;
numbers and no dorsal vessel ! L Liu et al., 2006
formation to no effect on dorsal phgryngea}l arch patterning, [284]
vessel formation, depending on atrioventrl cular septal defectsf
L ¢ ! tati transposition of the great arteries,
timing of gene mutation and DORYV [287] (mouse)
Possible association with TOF
and 22q11.2DS deletion
syndromes [395] (human)
Inhibition of the HMGCR
pathway leads to vascular
destabilization and the
HMGCR mutations associated progressive dilatation and
o it rupture of cerebral vessels
with “Broken-hearted” [380] (zebrafish) Yi et al., 2006
HMGCR phenotype with dissociation of HMGCR 15 (14.77)
cardioblast/ pericardial cell HMGCR mutations associated [229]
adhesion; embryonic lethality with infantile hemangioma [381]
and cerebral cavernous
malformations [382] due to
disruption in the mevalonate
pathway (human)
FGFR3 deficiency affects bone
development during postnatal
growth [396]; disrupts
FGF8-mediated migration of
cardiac Neural crest
cells (mouse)
FGFR3 mutations associated
with achondroplasia with
associated cardiovascular defects
in 20% of patients from a patient
Htl mutations associated with cohort of 37, including VSD, Kadam et al.,
defects in mesoderm migration ASD, pulmonary stenosis, and 2009 [261],
Htl alongside ectoderm with FGFR3 15 (14.72) coarctation of the aorta Dorey and
absence of visceral [397] (human) Amaya, 2010
mesoderm (embryo) FGFR2B mutations associated [262]

with ventricular septal defects,
disruption in outflow tract
alignment, poor ventricular
trabeculation [398], and fewer
epicardial-derived cells in the
compact myocardium due to
impaired movement of cardiac
fibroblasts within the
myocardium during
development [399] (mouse)
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FGFR2B mutations/variants
have not yet been directly
associated with congenital heart
defects in H. sapiens (human)
JARID?2 deficiency associated
with increased ventricular
trabeculation and
non-compaction of the
Jarid2 mutations associated with ventricular wall [400] (mouse)
. increased levels of pericardin - Basu et al.,
Jarid2 (cardiac fibrosis); JARID2 14 (13.79) ]ARIDZ. mutations have not yet 2017 [232]
embryonic lethality been d1.rectly associated with
congenital heart defects; JARID?2
variants associated with a
distinct neurodevelopmental
syndrome [401] (human)
Kifl1A deficiency shows no effect
on dorsal vessel structure
or function KIF1A variants identified in Akasaka et al
KiflA Kifl1A overexpression associated KIF1A 15 (14.79) left-sided heart defects, 26552% az§ 6a v
with disruption in myofibrillar HLHS (human) [236]
arrangement, fewer valves, and
increased collagen deposition
(cardiac fibrosis)
CHD7 mutations associated with
defects in truncus arteriosus and
outflow tract positioning due to
defects in cardiac neural crest
cell function [402] (frog)
Kismet mutations associated CHD7 muta.tions associated with
with disruption in physiologic CHARGE-like SYndmme
heart function with reduction in phenotype (vestibular
cardiac myofibril density and ﬁysfunlctlc?n, }}11eart defelcts) }alnd
, increase in Prc (cardiac fibrosis ypoplastic pharyngeal arc Zhu et al., 2017
Kismet ( ) CHD7 12 (11.85) arteries [403] (heterozygous loss

(larva); reduction in cardiac
myofibril, cardioblast numbers,
and increase in pericardin
(cardiac fibrosis); adult
lethality (adult)

of CHD?Y) (mouse)

CHD?7 variants associated with
ASD [214] and CHARGE
syndrome (otolith defects,
coloboma; craniofacial
malformations; and heart defects,
such as VSD, ASD, conotruncal
defects, and defects in
endocardial cushion
development) [403] (human)

[35]
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ADAM10 disruption in
endothelial cells associated with
early embryonic death, impaired
SNAIL, BMP2 expression in
cardiac tissues, and
NOTCH]1-like phenotype,
including impaired vascular
morphogenesis with reduction in
aortic and cardinal vein size,
Kuz mutations associated with 1m.pa1r?cl
variable defects, ranging from eplth.el.1al—to-mesenchymal
rudimentary/missing heart, tr an51.t10n, and defects' m
disruption in cardioblast Ventrlcqlar fcrabecu.lat.lon [404];
alignment, and disorganized defects in differentiation .Of
iz heart with disruption in ADAMI0, 14 (13.89) coronary artery endothelial cells  Alprecht et al.,
cardioblast alignment to ADAM17 . Wlth enlarg?d heart an(?l defects 2006 [406]
hyperplastic heart with increase m myocar.chal compaction,
in all cardioblast populations gpregulatlon of venous, and
and reduction in some immature endothelial markers
pericardial cell groups and [405] (mouse)
lymph gland cells ADAM17 variants associated
with the right ventricular
hypertrophy in TOF due to
possible effects on HB-EGF/ErbB
signaling [407] (human)
ADAM]10 has not yet been
associated with congenital heart
defects, possibly due to the
embryonic lethality of ADAM10
mutations [407]
lanA mutations associated with LAMAS has r.10t yet bee?‘ directly
complete associated with Congemtal heart Stark et al.,
cardioblast/ pericardial cell defec'ts; LAM.A5 vanants 19.97.[409]’
lanA dissociation with random LAMAS 14 (13.87) associated with a systemic Nishiyama
migration patterns in animals developrr}ental syndrome et al., 2005
with scb, lanA mutations characterized by [410]
’ glomerulopathy [408]
Inhibition of KDM5A shifts
cardiac progenitors toward the
mature stage via upregulation of
genes associated with oxidative
. . . . hosphorylation, fatty acid
Lid Lid mutations associated with KDMGSA 17 16.75) Io) i dziion,yan d sarcorr}:ere Zhu et al., 2017

adult lethality (Adult)

organization [411]
(in vitro models)

KDMBb5A variants associated with
VSD, TOF, and patent foramen
ovale [412] (human)

[35]
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KMT2D mutations associated
with mild aortic narrowing
(heterozygous loss), embryonic
lethality, absence of somites,
headfolds (homozygous loss),
embryonic lethality,
Lpt mutations associated with disorganized interventricular
“Broken-hearted” phenotype septum, anle ab.sence of outflow
(embryo); disruption in tract septiitlon mnto
physiologic heart function, with aortz;(pu mlocr11alry. artery di
disruption in actin filament (.Con itional deletion In cardiac
) .. tissues only) [333] (mouse)
arrangement; reduction in KMT2D Huane et al
Lpt cardiac myofibril density, KMT? C’ 8(7.89) KMT2D variants associated with 20223;[330] i
cardioblast numbers, and VSD, ASD, obstructive lesions
increase in pericardin (cardiac [214], Kabuki Syndrome [413],
fibrosis); reduction in diastolic and HLHS [414] (human)
diameter and.heart rate (adult); KMT2C has not yet been
late embryqnlc/ early larva} associated with cardiac
stage lethality; adult lethality development or congenital heart
defects; KMT2C
variants/deletion associated
with Kleefstra 2 syndrome [415]
and a neurodevelopmental
syndrome distinct from Kleefstra
and Kabuki syndrome [416]
LRP2 mutations reduce
cardiomyocyte proliferation due
to an upregulation of cell cycle
inhibitors, pro-apoptotic factors,
and downregulation of cell cycle
genes (in vitro models)
LRP2 mutations associated with
mgl mutations associated with hypoplastic heart phenotype Theis et al.,
cardiac dilation with increased with reduction in ventricular 2020 [230],
mgl end diastolic diameter and LRP2 14 (14.01) cardiomyocyte numbers and Riedel[ et a]l.,

cardiac arrhythmia

reduced ventricular dimensions,
with an associated reduction in
contractility and

bradycardia (zebrafish)

LRP2 variants enriched 3-fold in
patients with HLHS compared to
healthy controls (10% compared
to 3.4%) (human)

2011 [231]
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TBX20 mutations associated
with hypoplasia in the outflow
tract, right ventricle (complete
knockdown), lack of septation in
the outflow tract (PTA), right
ventricle hypoplasia, and valve Reim et al.,
mid mid mutations associated with defects [204] (mouse) 2005 [198]
disruption in physiological TBX20 13 (12.78) H 1 2011
(nmr2) : : TBX20 variants associated with uetal,
cardiac function 113
DORYV, VSD, ASD, TOF, PTA, [113]
PFO, BAV [205], MVP/MR, total
anomalous pulmonary venous
connection, congenital
atrioventricular block [203], and
HLHS [205] (human)
MMP2 mutations between the
1 mutati ited primitive streak stage and the 14
minpl mutations associate somite stages associated with
with disruption in car dioblast failure of heart tube formation,
arrang?mentl, cardiac lumen variations of the “cardia—bifida”
i
’ : direction within cells
lurr:ie.zn bflorrtna}:lon; absence of proliferating in the dorsal
cardioblast shape mesocardium and anterior heart
(Cithlngtesj/ filof:;)dla Eg‘d Varla.ble field, and failure of heart tube
elects mn leading-edge ranging bending in later stages
from reduction in migration [417] ( Cii cken) 8 Raza etal.,
mmp1 velocity and number of MMP14, 12 (11.9) . . 2017 [253],
filopodia per segment to MMP2 ’ MMP14 mutations associated Hughes et al.,
leading-edge lamellipodial with death in the early postnatal 2020 [254]

activity (embryo)

mmp1 overexpression associated
with “cardia-bifida” phenotype
with disruption in adhesion
junction and myofibril
arrangement; incomplete dorsal
vessel; luminal and abluminal
Viking plaques (Embryo)

period and defects in skeleton,
skeletal muscle, and lung
development [418] (mouse)

MMP2, MMP9, MMP14
associated with unicommissural
aortic valves characterized by
congenital fusion of adjacent
cusps of two commissures

[419] (human)
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mmp2 mutations associated Snaill mutations
with disruption in cardioblast reduce/downregulate .level.s of
arrangement, cardiac lumen MMP15; reduce' cell mlgratlon;
formation with absence of and, due to Snaill deficiency,
cardiac lumen formation, cellularity in atrioventricular
absence of cardioblast shape endocardial cushions [420]
changes/filopodia, and variable (mouse)
defects in leading-edge ranging
from reduction in migration MMP15 variants associated with
velocity, and number of congenital heart defects,
filopodia per segment and cholestasis, and dysmorphism
leading-edge lamellipodial [421] (human)
activity (embryo)
Elevated MMP9 expression Razaetal,
mmp2 MMP15, 10 (10) contributes to extracellular 2017 [253],
MMP9 matrix degradation, activates a Hughes et al,,
proteinase-activated receptor-1 2020 [254]
signaling cascade, and
mmp2 overexpression associated fion;rlbut.es to csr}fl 10m¥0§yte .
with “Cardia-Bifida” phenotype ys unctlon. and heart failure in
with midline tearing single ventricle cases [422];
. ’ MMP2, MMP9, MMP14 variants
incomplete dorsal vessel, and . . . .
luminal and abluminal Viking assogated with unlcommlssural
) Embryo) aortic valves characterized by
plaques (Embry congenital fusion of adjacent
cusps of two commissures [419];
MMP9 variants associated with
ascending aortic aneurysm,
thoracic aortic dissection [423]
and aortic stenosis [424] (human)
Mnnl mutations associated MENT1 mutations associated with
with disruption in physiologic reduced growth during
heart function, with disruption embryonic development with
in actin filament arrangement; body hemorrhages; defects in
reduction in cardiac myofibril neural tube development
Mnn1 density and Cardioblas?c/ MENT1 14 (13.86) [425] (mouse) P Zhu e[ggé], 2024

numbers and increase in
pericardin (cardiac fibrosis);
increase in systolic diameter
and reduction in diastolic
diameter; adult lethality (adult)

MENT has not yet been directly
associated with congenital heart
defects in H. sapiens (human)
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Congenital Heart Defect
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msh-2

msh-2 knockout associated with
absence of visceral muscle and
absence of dorsal vessel

MSX2,
MSX1

16 (15.8)

MSX2 mutations/knockout
associated with reduced
accumulation of second heart
field (SHF) precursors to the
developing outflow tract;
increased accumulation of
mesenchymal precursors in the
conotruncal endocardial
cushions disrupts rotation of the
truncus arteriosus and leads to
alignment defects in the outflow
tract [180]; MSX2/MSX1
mutations associated with
defects in cardiac neural crest
cell development and associated
structures [426] (mouse)

MSX1 variants associated with
VSD [222] (human)

MSX?2 mutations associated with
craniosynostosis [427], complex
heart defect (dextrocardia,
dextroversion, PFO) cases with
radial agenesis, along with other
characteristics of
Hunter-McAlpine syndrome
(intellectual disability,
craniofacial and skeletal
abnormalities, and characteristic
facial attributes) [223] (human)

Bodmer et al.,
2011 [179],
Hu et al.,2011
[113]

Nacw

Naca knockdown throughout
development associated with
reduction in systolic and
diastolic diameter (embryo),
ectopic Abd-B expression during
metamorphosis leading to
aberrant histolysis, leading to
“No-heart” phenotype with
absent pericardin, cardiac cell
dispersal, and fat cell
accumulation (pupa, adult);
bicaudal phenotype with
embryo developing with a
mirror image duplication of the
posterior axis (embryo)

NACA

Loss of NACA disrupts skeletal
muscle development, including
myofibrillar organization,
paralysis with little muscle
contraction, disorganization in
thick, and thin myosin filaments
[428]; disruption in
hematopoietic niche function
with defects in hematopoiesis
[429] (zebrafish)

NACA variants associated with
TOF [430] (human)

Schroeder et al.,
2022 [312]
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Netrin
(netA/netB)

Netrin mutations associated
with variable defects in
leading-edge, ranging from
reduction in migration velocity
and reduction in filopodia per
segment to reduction in
leading-edge

lamellipodial activity

NTN1

14 (13.77)

NTN1 mutations/loss associated
with defects in aortic arch artery
formation and defects in
guidance in developing
vasculature abnormal thyroid
morphogenesis due to defects in
vascular development

[431] (zebrafish)

NTN1 mutations associated with
embryonic lethality (global loss)
and increase in interventricular
septum thickness with no overt
cardiac phenotype
(cardiomyocyte-specific loss)
[432] (mouse)

NTNI1 variants associated with a
case presenting with VSD, ASD,
and PDA and congenital
hypothyroidism due to thyroid
dysgenesis [431] (human)

Raza and
Jacobs, 2016
[370]

Notch

Notch mutations associated with
increased levels of pericardin
(cardiac fibrosis), reduced levels
of cell actin, and

embryonic lethality

NOTCH1,
NOTCH?2,

NOTCH3

12 (11.91, 11.77,
11.67)

NOTCH]1 variants (heterozygous
mutations) associated with
progressive aortic valve
calcification due to release of
inhibition in osteogenic and
pro-inflammatory pathways due
to differential histone acetylation
at H3K27 NOTCH1 enhancers
[433] (in vitro models)

NOTCH3 mutations lead to mild
defects only, while combined
NOTCH2/NOTCH3 mutations
lead to severe vascular defects
and embryonic lethality

[434] (mouse)

NOTCHI1 mutations associated
with VSD [214], TOF, BAV,
HLHS, various septal defects,
and functional single ventricles
[214]; Adams—Oliver syndrome
(scalp defects and vascular
abnormalities) [435]; obstructive
lesions [214] (human)

Basu et al.,
2017 [232]
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NOTCH2 mutations associated
with ASD, malformation of the
outflow tracts, obstructive
. . . lesions [214], and Alagille
N ofch mutations assoc1§ted Wlth syndrome (multisystem disorder
increased levels of pericardin — NOTCHL, 1) (1191 1177, with heart defects) (human) Basu et al.,
Notch (cardiac fibrosis), reduced levels NOTCH?,
of cell actin, and NOTCH3 11.67) NOTCH3 mutations associated 2017 [232]
embryonic lethality with cerebral arteriopathy with
subcortical infarcts and
leukoencephalopathy
[436] (human)
NUMB mutations associated
with defects in differentiation of
second heart field (SHF)
progenitors, upregulation of
Notch signaling, defects in
cardiomyocyte proliferation,
Numb mutations associated outflow tract and
with disruption in myofibril atrioventricular canal septation, B
. . asu et al.,
arrangement; reduced levels of and embryonic lethality (loss of 2017 [232]
Numb cell actin; disruption in NUMB 12 (11.93) both NUMB and NUMBL) . L
diversification of cardioblast [437] (mouse) Gajewski et al.,
. . 2000 [296]
ce.l I groups and tin+ C ardlob!ast NUMB variants associated with
alignment; embryonic lethality cases of heterotaxy/dextrocardia
and additional congenital heart
defects, including DORYV, VSD,
pulmonary stenosis,
superior-inferior ventricle, left
superior vena cava
[438] (human)
TBX1 mutations associated with
PTA and reduced ability to form
brachiomeric muscles
(homozygous loss) [439] (mouse)
. TBX1 mutations associated with
Org—l.mutatlgns /knockouts phenocopy of the 22q11.2DS Schaub et al.
associated with severe deleti d ith cardi 2012 [241 ’
defects/absence of Alary € eHon syndrome Wit carciac ! ]f
Org-1 X TBX1 12 (11.8) outflow tract defects (DiGeorge Boukhatmi
muscles, thoracic alary-related d ) (craniofacial defects tal 2014
muscles, and ventral .syn rome . ’ etal,
immune dysfunction, and [238]

longitudinal muscle

cardiac defects) with cardiac
outflow tract defects, reduced
proliferation of second heart
field progenitors (SHF), and
aortic arch patterning defects
[439] (human)
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GATA4 mutations associated
with early embryonic lethality
due to defects in the
extraembryonic endoderm,
cardiac bifida, and absence of
fusion in the midline; absence of
proepicardium; hypoplastic
pnr mutations associated with ventricular tissue [440]; valve Han and Olson
pnr disruption in specification of GATA4 12 (11.8) defects (mouse) 2005 [78] ’
cardioblast cell groups GATA4 variants associated with
DORYV, double-inlet left ventricle,
VSD, ASD, atrioventricular
septal defect, TOF, and BAV
[440]; defects in outflow tract
alignment, dextrocardia, and
pulmonary stenosis
[195] (human)
Ptip mutations associated with PAXIP1 mutations associated
disruption in physiologic heart with early embryonic lethality
function, with disruption in (mouse)
actin filament arrangement,
reduction in cardiac myofibril
Ptip density, and cardioblast PAXIP1 11 (10.8) Zhu et al., 2024
numbers and increase in PAXIP1 variants associated with [328]
pericardin (cardiac fibrosis); BAV [441] (human)
increase in systolic diameter
and reduction in diastolic
diameter; adult lethality (adult)
Combined loss of PYGOI,
PYGO?2 leads to defects in
cardiac development after
gastrulation including cardiac
edema, craniofacial defects, and
defects/dysregulation in
swimbladder inflation [442]
(zebrafish)
pygo mutations associated with Combined loss of P YGOI(
absence of cardiac valve cell PYGO?2 leads to embryonic
differentiation with lack of lethality between E13.5 and E4.5,
high-density myofibrils; severe d'efects betwee'n E10.5 and
pygo absence of physiological PYCOD 7 (7.01) E14.5 with hypoplastic Tang et al.,
posterior dorsal vessel (heart ‘ ventricular myocardial tissue, 2014 [55]

chamber) wall thickening in the
valve region; loss of normal
heart chamber constriction at
valve site (valve site dilation)

atrial dilation, smaller and
thinner atrioventricular valves,
defects in chamber septation,
and defects in outflow tract
development, including
transposition of the great arteries,
hypoplastic aorta, hypoplastic
pulmonary artery [442] (mouse)

PYGO1, PYGO?2 have not yet
been specifically associated with
congenital heart defects in H.
Sapiens [442] (Human)
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FGF8 mutations associated with
absence of endoderm and
embryonic mesoderm,
embryonic lethality during
r mutations/absence gastrulation; defects in cardiac
ﬁzsociated with defects in looping, development of the
mesoderm migration alongside outflow tract, anterior heart field Kadam et al
ectoderm, mesoderm aberrant and survival of cardiac neural 2009 [261] !
pyr with mult’ilayer formation FCES _ crest cells as they migrate toward Dorey an d,
severe defects in dorsal ’ the outflow tract leading to Amaya, 2010
e outflow tract septation defects ya
mesoderm specification, [443] (mouse) [262]
reduction/absence of eve+
groups (embryo) FGF8 mutations associated with
22q11.2DS deletion syndrome
(craniofacial defects, immune
dysfunction, and cardiac defects)
phenotypes [444] (human)
Rbbp4 mutations associated Increased RBBP4 expr(?ssion due
with disruption in physiologic ;[1'01 lfsas of (I:—_IJ?; lﬁrz?g?tigg at
heart fu?ition, with disruption caideiosgeesnic geneseup};‘eglflates
in actin filament arrangement; . ’ -
reduction in cardiac m%rofibril C.ardl.omyocyte generation [445]

Rbbp5 density and cardioblast RBBPS 16 (15.8) (in vitro models) Zhu et al., 2024
numbers and increase in RBBP4 variants in the 1p35 locus [328]
pericardin (cardiac fibrosis); associated with ASD,
increase in systolic diameter characterized as a risk modifier
and heart period, adult for Down syndrome
lethality (adult) [446] (human)

ROBO1/ROBO2 mutations/loss Qian et al
associated with defects in the 2005b [77]"
membranous ventricular septum, MacMullin a,n d
thickened and immature Jacobs, 2006
. . . semilunar and atrioventricular .
Roboimutatlons assolc1ated with valves, bicuspid aortic cushions [.449.]' |
varying effect§ ranging fronf1 no  ROBO3, 10(9.68,9.67,  with BAY, downregulation of Medioni et al.,
effect on cardioblast migration ROBO1, 9 62’) " NOTCH and HEY /HES 2008 [246],
with defects.rapging ar}d mild ROBO2 . downstream effectors leading to Sa,n tiago-
Robo effects on midline cardioblast Martinez et al.,

alignment to severe effects
(gaps, intercalation, and double
rows) with Robo/Robo2
mutations

downregulation in NOTCH
signaling [447], partial absence
of the pericardium with severe
reduction in sinus horn
myocardium, hypoplastic caval
veins, persistent left inferior
caval vein [448], and complete
absence of SLIT2 and SLIT3
binding (mouse)

2008 [249],
Zmojdzian
etal., 2008 [57],
Zmojdzian
etal., 2018 [56],
Raza and
Jacobs, 2016
[370]
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ROBO1 mutations/loss
associated with defects in the
membranous ventricular septum,
downregulation of NOTCH and
HEY /HES downstream effectors
leading to downregulation in
NOTCH signaling [447], partial
absence of the pericardium [448],
and absence of SLIT3 binding Qian et al.,
[448] (mouse) 2005b [77],
ROBO2 mutations alone arenot ~ MacMullin and
associated with defects in a Jacobs, 2006
Robo mutations associated with murine cardiac development [449],
varying effects ranging from no model of SLIT/ROBO signaling Medioni et al.,
effect on cardioblast migration [448] (mouse) 28008{[246]’
: : : - - - antiago-
o ST ROR0Y 10096, ROLOTwartas st it el
lignment to severe effects ROBO2 9:62) VSD (both in the membranous 2008 [249],
allgnm ’ and muscular septum), ASD Zmojdzian
(gaps, intercalation, and double [450], malformation of the
rows) with Robo/Robo2 ’ etal., 2008 [57],
. outflow tracts [214], TOF [451], e
mutations BAV [452], overridin Zmojdzian
=l ing aorta, etal, 2018 [56],
defects in canal veins [450], Raza and
ascending aortic aneurysm Jacobs, 2016
[453] (human) [370]
ROBO?2 variants associated with
cardiac malformations in a case
presenting with
neurodevelopmental delay and
multisystem defects due to
del(3)(p12.3p14.1) (3p interstitial
deletion) encompassing 31 open
reading frames [454], BAV
[453] (human)
Robo2 mutations associated
with variable defects in dorsal
?éii:;i;?i;;ﬁg;vzii ROBOI ROBO3 variants associated with
Robo2 blisters, twists, and midline ROBO3 9 (8.77, 8.68) TOF, BAV, and coarctation of the

crossing of cardiac progenitors);
highest phenotype severity with
sli/scb, Robo2 mutations

aorta [453] (human)
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RPL13 mutations associated with
downregulation of genes related
to cell cycle progression
(particularly during the S and G2

RpL13 mutations associated phases) and cardiac progenitor,

with “No-heart” phenotype cardiomyocyte proliferation; Schroeder et al
RpL13 with complete absence of dorsal RPL13 16 (15.8) disproportionate increase in 2019 [233] v
vessel and constrictions in fibroblasts compared to
posterior dorsal vessel remnants cardiomyocytes (in vitro models)
RPL13 variants associated with
complete atrioventricular canal
defect [455] (human)
RPL14 mutations associated with
RpL14 mutations associated “Mmt{te'(’;l(like plhenotype fortili
with “Minute” syndrome with (1rr(;pa1r<cei. efve opment, bert;.ltﬁl'
RpL14 impaired development, fertility, RPLI14 16 (15.8) and cardiac function) (zebrafish)  Njjm et al., 2021
and cardiac function; partial RPL14 has not yet been [151]
dorsal vessel atrophy with associated with congenital heart
reduced levels of pericardin defects in H. sapiens
[151] (human)
PSMD12 variants associated

Rpn8 mutations associated with with Stankiewicz-Isidor Nim et al., 2021

Rpns partial dorsal vessel atrophy PSMD7 16 (15.79) syndrome (neurodevelopmental [151]

defects, cardiac defects) (human)

RpS24 mutations associated RPS24 mutations associated with

with “Minute” Syndrome with the congenital heart defects

impaired development, fertility presenting with Diamond

and cardiac function; complete Blackfan Anemia (“Minute”-like  Nim et al., 2021

Rp524 dorsal vessel atrophy with Rps24 16(158) phenotype with impaired [151]

increased levels of pericardin growth, bone marrow function,
(cardiac fibrosis), and visible and congenital heart defects)
breaks in dorsal vessel structure [151] (human)
. . . USP36 variants associated with
Scny mutations associated with coronary artery structural
Scny redu.Chon in cardiac myofibril USP36 11 (10.89) variants and an increased risk of Zhu etal., 2017
density and adult . [35]
. coronary artery disease [456]
lethality (adult)
(human)
Set1 mutations associated with
disruption in physiologic heart
function, with disruption in
actin filament arrangement;
reduction in cardiac myofibril SETD1A associated with a case
density and cardioblast of airway defects, characteristic
Set] numbers and increase in SETDIA 12 (11.85) facies and body features, along J.Zhuetal,,

pericardin (cardiac fibrosis);
increase in heart period;
increased lethality; metabolic
dysregulation (upregulation of
carbohydrate metabolism genes,
downregulation of lipid
metabolism genes) (adult)

with congenital heart defects,
including ASD and pulmonary
hypertension [457] (human)

2023 [327]
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SETD2 mutations associated
with defects in coronary vascular
Set]1 mutations associated with development with greater effects
disruption in physiologic heart on left Ventricular.coronary
function, with disruption in vasculature, Yentrlcular )
actin filament arrangement; non—c.ompe'lctlon, ar}d embryonic Zh |
Set2 reduction in cardiac myofibril SETD2 13 (12.64) lethality mldfgeStatIOn; no effects J. Zhu 2’52 ; "
density; increase in pericardin on other peripheral vasculature 2023 [327]
(cardiac fibrosis); increase in [458] (mouse)
heart period; adult SETD2 has not yet been
lethality (adult) associated with congenital heart
defects in H. sapiens
[413] (human)
CELSR1 mutations associated
with anteroposterior axis
shortening due to defects in
convergence and extension
during zebrafish embryonic Santi
. . development, neural tube a/ntlago-
Shg mutations/loss a}ssoaated defects, enlarged pericardium Martinez et al,
with absence of cardiac lumen CELSR1, 2 (2.01,2.01 [459] (zebrafish) 2008 [249],
Shg formation with extracellular CELSR3, 2 0'1) ’ Zmojdzian
space accumulating between CELSR?2 ' CELSR1, CELSR2, CELSR3 et al., 2008 [57],
contralateral cardioblasts variants associated with neural Zmojdzian
tube defects and congenital heart et al., 2018 [56]
defects, including DORYV, VSD,
ASD, PDA, and pulmonary
stenosis, and aortic stenosis
[459] (human)
SLIT1 mutations associated with
dysregulation in axonal
guidance during development of
the optic chiasm [460] (mouse) Qian et al.,
SLIT2 mutations/loss associated 2005b [_77]’
with thickened and immature MacMullin and
semilunar valves [447] (mouse) J accﬁib ?006
Sli 1jnutat10ns ass.oc1ated with SLIT3 mutations/loss associated ~ Medioni ét al.,
variable defects in dorsal with defects in the membranous 2008 [246],
closure and. dors.al vessel SLIT1, ventricular septum, thickened Santiago-
Sli (d'elayed m}gratlon, &aps, SLIT?, 15(14.87, 1487, 44 immature atrioventricular Martinez et al.,
blisters, twists, and midline SLIT3 14.82) valves [447], severe reduction in 2008 [249],

crossing of cardiac progenitors),
with highest phenotype severity
with sli/scb, robo2 mutations

sinus horn myocardium,
hypoplastic caval veins,
persistent left inferior caval vein
[448], and enlarged right
ventricle [461] (mouse)

SLIT1, ROBO4 variants
associated with a case presenting
with BAV, ascending aorta
aneurysm, and BAV

[453] (human)

Zmojdzian
etal., 2008 [57],
Zmojdzian
etal., 2018 [56],
Raza and
Jacobs, 2016
[370]
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SLIT?2 variants associated with
BAV [453] (human)
SLIT3 variants associated with
congenital heart defects in a case
presenting with cardiac and
renal malformation [462] and
BAV with mitral regurgitation
[453] (human)
SMAD3 has not yet been
Smox mutations associated with specifically associated with Zhu et al., 2017
Smox adult lethality (adult) SMADS3 14 (1387) cardiac development or [35]
congenital heart defects
SON mutations associated with
downregulation of genes related
to cell cycle progression
(particularly during the S, G2
phases) and cardiac progenitor,
cardiomyocyte proliferation,
disproportionate increase in
fibroblasts compared to
cardiomyocytes, and loss of
Son mutations associated with embryonic stem cell Schroeder et al
Son disruption in actin filament and SON 9 (8.77) pluripotency (in vitro models) ¢ ;5)16 9 [ezrgegla v
myofibril arrangement SON variants associated with
VSD and ASD, along with
intellectual disability and
developmental delay, 21q
deletion syndrome (craniofacial
dysmorphias, developmental
delay, behavior abnormalities,
and various systemic
manifestations) [362] (Human)
Src42 A mutations associated
with “Open heart” phenotype
with absence of cardioblast FRK has not yet been specifically
Sred2A migration in the posterior FRK 13 (12.95) associated with cardiac \?r?;;;fézzg
dorsal vessel; absence of cardiac ' development or congenital 2017 [2 48]/
leading-edge activity; heart defects
persistence of the Amnioserosa
near the midline
NR2F2 mutations associated
with early embryonic lethality
sup mutations/knockout glomozyggus loasl) or lethality Lo and Frasch,
associated with disruption in uring puberty (heterozygous 2001 [188],
P cardioblast phenotype and loss NR2F2 13 (12.76) loss) [463] (mouse) Hu et al., 2011
of svp+ cardioblast groups NR2F2 variants associated with [113]

DORY, VSD, ASD, TOF, PDA,
BAV [217] (human)
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D. melanogaster Vertebrate Model Defect/ Stud
Gene Model Difect Ortholog  DIOPT Score Congenital Heart Defect (Referel)llce)
FGF8 mutations/knockout
associated with absence of
endoderm and embryonic
mesoderm, embryonic lethality
during gastrulation; defects
involving cardiac looping,
ths mutations associated with development of the outflow tract, K
defects in mesoderm migration, anterior heart field, and survival adam etal,
. & ' ertor heart Hield, and s 2009 [261]
alongside ectoderm, mesoderm of cardiac neural crest cells as /
ths . . FGF8 1(0.9) . Dorey and
aberrant with multilayer they migrate toward the outflow A
formation, and subtle effects on tract, leading to outflow tract maya, 2010
’ ,-eading [262]
eve+ groups (embryo) septation defects [443] (mouse)
FGF8 mutations contribute to
22q11.2DS deletion syndrome
(craniofacial defects, immune
dysfunction, and cardiac defects)
[444] (human)
TIMP3, TIMP4 expression
increased in embryonic cardiac
tissues during episodes of
timp mutations associated with maternal hypoxia, leading to
“Ectopic ECM” phenotype with inhibition of cardiomyocyte
longitudinal alary muscle proliferation and maternal
arrangement along the dorsal hypoxia associated with Hughes et al
timp vessel; disruption in pericardin TIMP3 15 (14.8) reduction in ventricular wall ;()gz()e[sze54€];1 !
arrangement with ectopic thickness [464] (rat)
perica?din; and disruption in TIMP1 haploinsufficiency
sqmatu: muscle combined with TIMP3 variants
alignment (embryo) associated with BAV,
aortopathy/aortic aneurysm in
Turner syndrome
[465,466] (human)
NKX2-5 mutations knockout
associated with embryonic
lethality, defects in cardiac
morphology, and conduction Bodmer et al.,
tin knockout associated with with thin ventricular walls and 1992 [181],
tin “No-heart” phenotype with NKX2-5 5(4.87) se.ptum. def.e cts (VSD), Huetal, 2011
absence of cardiac and dorsal dlsruptlon' mn . . [113],
somatic muscle acetylcholine-based ventricular ~ Yin and Frasch,
conduction, and cardiac 1998 [266]
arrhythmia (mouse) [185]
VSD, ASD, HLHS [10] (human)
Tlfv overex.pression.associated BMPIRB has not yet been .
Tko with ectopic heart tissue BMPR1B 14 (13.74) associated with congenital heart Yin and Frasch,

formation in the ventral
visceral mesoderm

defects in H. sapiens (human)

1998 [266]
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D. melanogaster Vertebrate Model Defect/ Study
Gene Model Defect Ortholog  DIOPT Score Congenital Heart Defect (Reference)
Trr mutations associated with
“Broken-hearted” phenotype
(Embryo), disruption in
physiologic heart function, with
:;i;ip:;r;;il ?:Zgicfﬂ(a)ﬁlier?t KMT2C mutations increase risk
car diagc nvo f,ibril density and for the emergence of conotruncal
NP A defects in 22q11.2DS deletion
increase in pericar dill’l (cardiac syndrome (craniofacial defects, J. Zhu et al,,
Trr fibrosis); reduction in KMT2C 12 (11.73) immune dysfunction, and 2023 [327],
diastolic/systolic diameter and cardiac defects) [467]; Kleefstra Huang et al.,
heart rate (z dult); late Syndrome (intellectual disability, 2022 [330]
embryonic/early larval stage autism spectrum disorder, and
lethality; adult lethality; craniofacial defects) [416]
metabolic dysregulation (human)
(downregulation of muscle
development genes;
downregulation of ion transport
genes) (Adult)
. . . KMT?2A mutations associated
Trx c in physiologic heart
func tiorf) in thd 1% ruption in with defects in the axial skeleton,
actin filament arrangement, hematopoiesis (Heterogygous
reduction in cardiac myofibril loss), Embryonllc lethality
density and cardioblast (Homozygous loss)
numbers and increase in [468] (mouse) J. Zhu et al
Trx pericardin (cardiac fibrosis); KMT2A 13 (12.84) éoz3 [327]./
increase in heart period; KMT2A variants associated with
metabolic dysregulation Wiedeman-Steiner Syndrome
(downregulation of muscle (excessive hair growth, short
development genes; stature, distinct facial features,
upregulation of ion transport and heart defects) [469] (human)
genes) (adult)
Deficiency of ISL1 leads to
complete absence of most of the
atrial tissue, the right ventricle,
and the outflow tract
[193] (mouse)
tup mutations/loss associated Deficiency of ISL2a leads to
with hypoplastic dorsal vessel defects in cardiac looping, and
with reduction in all cardioblast deficiency of ISL2b is associated Tao et al. 2007
tup  populations, disruption in ISL1,ISL2  16(15.8,15.75) with defects in developmentof 40 2

pericardial cell alignment, and
disruption in valve
myofibril arrangement

the arterial pole [196] (zebrafish)

ISL1 variant associated with
DORYV in combination with VSD
(heterozygous mutations)

[197] (human)

ISL2 has not yet been associated
with congenital heart defects in
H. sapiens (human)

[80]
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Table 2. Cont.
D. melanogaster Vertebrate Model Defect/ Study
Gene Model Defect Ortholog  DIOPT Score Congenital Heart Defect (Reference)
Absence of monoubiquitylation
UbcD6 mutations associated at FI2Bubl (RNF20 mutations),
carried out by a complex
with disruption in physiologic involving RI\%Ion RIEF 40
heart function, with reduction UBE2B associate::l with ’
%n cardiaf: myqﬁbrill .de?sitc)lf.and Ventric{ﬂar septum and
increase in pericardin (cardiac tricular compact Zhu et al., 2017
UbcDo fibrosis) (larva); reduction in UBE2B 15(14.8) ven P
; o . myocardium thinning and [35]
Carj%alcﬂm};oﬁbrlll)denmtg and abnormal sarcomere structure
cardioblast numbers an
350] (mouse
increase in Prc (cardiac fibrosis); L3501 ¢ )
adult lethality (adult) UBE2B variants associated with
TOF and right aortic arch
[352] (human)
Ubx deficiency associated with
disruption in anterior dorsal . . .
vessel structure; pericardial cell Combined deletions in HOXA,
. HOXB clusters generally
arrangement and cardioblast iated with def : di
differentiation in segments assoc.1ate with defects n cardiac
T3-A1 and A2; absence of alary 1(1?11;131% ar/ldta‘}:ip fiarﬁnc;:tof
muscle formation in the anterior Elor holeo a}eas [15 1 OC] (rer?ouse)
dorsal vessel with loss of the p &
anterior 3 alary muscle pairs
HOXB7, HOXDS8 cardiac
expression altered in embryos
after maternal alcohol
consumption, via
RNA-sequencing data [470]; Lo et al., 2002
HOXB7 gain-of-function [45],
HOXBe, mutation associated with VSD, Lovato et al.,
HOXCé, along with other congenital 2002 [47],
HOXG5, defects (cleft palate, renal Ponzielli et al.,
HOXA7, 4(3.91,391, anomalies, skeletal abnormalities 2002 [309],
Ub gg;{(gg’ 391,391,391, [craniocervical, costosternal Perrin et al.,
X HOXAS, 3.91,391,3.81, regions]) [471] (mouse) 2004 [308],
. . 4 3.81,3.81, 3.81) . iated Monier et al.,
Ubx overexpression/ectopic HOXD4, HOXB5 mutations associate 2005 [46]
expression represses Antp HOXA4, with PDA [472] (animal models) Rvan et all
expression and induces A5 HOXB4, HOXA1, HOXA2, HOXAS3, 2(})'05 [%]3].,
segment identity in A1-A4 tint ~ HOXC4 C

cardioblasts

HOXA4, HOXA13 mutations
associated with 7p15 deletion
syndrome (defects in facial,
hand-foot morphology,
supernumerary nipples,
hypospadias, and hearing
defects) [473] (human)

HOXB6 variants associated with
thoracic aortic dissection; HOX
genes (HOXA5, HOXB6, HOXC6)
may correlate with vascular
smooth muscle cell
de-differentiation in these cases
[336] (human)

LaBeau et al.,
2009 [311]
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D. melanogaster Vertebrate Model Defect/ Stud
Gene Model Difect Ortholog  DIOPT Score Congenital Heart Defect (Referelyllce)
HOXC4, HOXC5, HOXCé6
variants associated with
increased risk for simple
congenital heart disease
(human) [474]
HOXA7, HOXB4, HOXD4 have
not yet been specifically
associated with cardiac
development or congenital heart
defects [337]
Loss of PDGFA leads to atrial
Vegf mutations associated with and ventricular myocardial
disruption in physiologic heart hypertrophy, defects in
function with reduction in epicardial and endocardial cell Wu and Sat
Vegf systolic motion (embryo) and PDGFA 9 (8.83) groups, and aortic dilatation o P
: [475] (mouse) 2008 [149]
cardiac output (larva), as well
as disruption in ostial and aortic Increased maternal levels of
valve function PDGFAA associated with HLHS
in the fetus [476] (human)
Wdr82 mutations associated
with disruption in physiologic
heart function with, disruption
in actin filament arrangement;
reduction in cardiac myofibril WDRS2 has not yet been directly Zhu et al.. 2024
Wdr82  density and cardioblast WDRS2 16 (15.8) associated with congenital heart [3281
numbers and increase in defects in H. sapiens (human)
pericardin (cardiac fibrosis);
increase in systolic diameter
and reduction in diastolic
diameter; adult lethality (adult)
Wids mutations associated with WDRb5 mutations associated with
disruption in phvsiologic heart defects in cilia formation and
functfon, redupcti}(,)n in (%ardiac left-right patterning [477] (frog) ~ Zhu et3a51., 2017
Ws myofibril density and increase WDR5 16 (15.75) ) ) ) Zha[o e]’é al
in pericardin (larva); reduction WDR5 variants assoc1e.1ted.w1th -
conotruncal defects with right 2023 [478]

in cardiac myofibril density,
pericardin, and cardioblast
numbers; adult lethality (adult)

aortic arch and mild heterotaxy
phenotype [477] (human)
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Gene Model Difect Ortholog  DIOPT Score Congenital Heart Defect (Referel)llce)
There are 19 Wnt proteins in
mammalian vertebrates, many of
which are implicated in cardiac
development and associated
with cardiac defects, including
outflow tract defects and
vascular smooth muscle defects
[271]; WNT1 implicated in neural
crest development [479]
WNTT1 possibly implicated in
HLHS (human) [479]
WNT5A mutations associated
with disruption of second heart
field (SHF) progenitor migration
Wg 'mutatlons assoc1ate'd with to the( outfioli\)/v t%act, outﬂo%v tract
variable effects on C.ardlac defects, including PTA [279]
development, ranging from no Wu et al., 1995
dorsal vessel formation, severe WNT1, WNTO5A variants associated with [265],
Wg effects with reduction in WNT7A, 15 (14.7) conotruncal defects [480], BAV Lockwood and
cardioblast/pericardial cell WNT5A [481] (human) Bodmer, 2002
numbers to no effects on dorsal WNT7A cardiac expression [268]
Yes§el formation, depending on altered in embryos after
timing of gene mutation maternal alcohol consumption,
based on RNA-sequencing data
[470] (mouse)
Levels of DNA methylation in
various genes, including
WNT7A, may be associated with
TOF [482] (human)
WNT11 mutations associated
with defects in ventricle and
outflow tract formation
[280] (mouse)
WNT11 variants/mutations
associated with VSD, TOF
[281] (human)
DWnt4, Wnt4 mutations, overall,
not as severe as Wg mutations
with disruption of normal gene WNT9IB mutations associated
marker expression in with enlargement of endocardial
pericardial cell groups; cushions, with septal cushion Tauc et al., 2012
disruption in the expression of defects, valve defects and death (1711,
DWnt4,  pericardin and Drmef2; defects in WNT9B 8 (7.76) in utero while Graba et al,,
Wntd cardioblast alignment with endocardial-specific WNT9B 1995 [170],
absence of unique morphology deficiency does not affect valve Chenetal,,
(constricted, elongated) of ostia development or survival [483] 2016 [277]

progenitor cells in the posterior
dorsal vessel; absence of ostia
formation (embryo)

(zebrafish)
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Table 2. Cont.
D. melanogaster Vertebrate Model Defect/ Study
Gene Model Defect Ortholog  DIOPT Score Congenital Heart Defect (Reference)
DWnt4, Wnt4 mutations, overall,
n(?t as severe as Wg mutations WNT9B variants associated with
with disruption of normal gene . .
R Alagille syndrome (multisystem
marker expression in . .
. - disorder with heart defects)
pericardial cell groups; . . Tauc et al., 2012
. .. . [484]; complex risk locus on
disruption in the expression of . . . [171],
. ; . chromosome 17 interacting with 1
DWnt4, pencgrdm anc.:l Dmef2; defects n  WNT9B 8 (7.76) WNT9B, among others, Graba et al.,
Wnit4 cardioblast alignment with . . 1995 [170],
; associated with septal defects
absence of unique morphology . Chen et al.,
) - (VSD, ASD) and left-side
(constricted, elongated) of ostia . 2016 [277]
. . . congenital heart defects [485]
progenitor cells in the posterior (human)
dorsal vessel; absence of ostia
formation (embryo)
Wun2 /wun mutations PLPP3 associajced with
associated with variable defects extraembryonic Va§cular dgfects
in dorsal closure and dorsal and early embryonic lethality
vessel structure ranging from [486] (mouse)
delayed ectoderm leading-edge
wun? migration, gaps, multiple PLPP3 Haack et al.
’ 1 d1 ’ 15 (14.8) ’
wun umens, and loose PLPP1 2014 [84]
cardioblast/ pericardial cell PLPP1 has not yet been
attachment to luminal associated with cardiac
ectoderm/Amnioserosa development or congenital heart
remnants with disruption in defects
midline cardioblast assembly
(embryo)
ITGA4 mutations associated with
defects in vascular development,
absence of epicardium leading to
embryonic lethality due to
cardiac hemorrhage, defects in
pericyte and presumptive
vascular smooth muscle cell
motility [487], and endocardial
trusi 488
aPS3 mutations associated with extrusions [488] (mouse)
Variable defects ranging from ITGA5 mutations associated with Stark ot al
reduction /disruption of defects in endocardial 1997 [ 409]"
pericardial cell arrangement to ITGA4 morphology, endocardial Moreira et a,1
«PS3(sch)  complete ITGAS, 7 (6.76) differentiation with delayed 2013 [489], v

cardioblast/pericardial cell
dissociation with random
migration patterns; absence of
cardiac lumen formation

formation of the endocardial
sheet, pericardial edema, defects
in cardiac looping, and defects in
valve development; combined
ITGA4, ITGA5 mutations lead to
severe defects in endocardial and
myocardial migration,
cardia—bifida possibly due to
defects in anterior endodermal
sheet formation; single ITGA4
mutations show no cardiac
defects in zebrafish

[490] (zebrafish)

Vanderploeg
etal., 2012 [83]
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Gene Model Defect Ortholog  DIOPT Score Congenital Heart Defect (Reference)
ITGA5 mutations associated with
defects in cardiac morphology,
including defects in endocardial
d dial migration,
«PS3 mutations associated with zﬁhﬁgﬁclzzslseégil;;in
Vacrllablie deggcts ra?‘gmgf from fibronectin 1 mutations, resulting Stark et al.,
reduction/disruption o in cardia-bifida [490] (mouse) 1997 [409],
pericardial cell arrangement to ITGA4 . : Moreira et al
aPS3(scb)  complete ITGA 5’ 7 (6.76) ITGA4 mutat.lons possibly . 2013 [489] v
cardioblast/pericardial cell associated with a case presenting Vander loe,
dissociation with random with DOLY, outlet VSD, large et al 2011)2 [8%]
migration patterns; absence Of Coronary arterlo-ventrlcular v
cardiac lumen formation fistula, hypertrabeculation, and
poor compaction of the right
ventricle [488]; ITGA4 variants
also associated with aortic
stenosis [424] (human)
ITGB1 mutation associated with
expansion in endoderm
formation in iPSC cultures [491]
(in vitro models)
FLNC mutations/loss lead to
disruption of the
ITGB1-mediated interaction
between FLNC and other factors,
BPS mutations associated with disrupting the interactions Stark et al.,
ble defects. includi between actin filaments and 1997 [409],
BPS Var:; ;1 icel'c s,lmc v 1rt1g( " 16 (15.82 extracellular matrix in Moreira et al.,
(mys) cardioblas; cispiacement (mos ITGE1 (15.82) cardiomyocytes during cardiac 2013 [489],

severe with mys); reduction in
leading-edge activity

development; this leads to
embryonic lethality and cardiac
defects such as ventricular wall
malformations and reduced
cardiomyocyte proliferation
[492] (mouse)

ITGB1 has not yet been
specifically associated with
congenital heart defects in H.
sapiens (human)

Vanderploeg
etal., 2012 [83]

5. Conclusions

The evolutionary timeline of species emergence is complex, and the timeline of new
gene emergence is equally or even more so; as species diverge, and new phyla emerge, new
complexities arise, driven by the complexities of the genetic networks orchestrating the
development of their body plans. Not only do new genes arise via duplication, but these
genes can then be inherited and, with the passage of time and across different species, they
may lose some of the functions found in the ancestral gene and only carry out some of these
original functions in the new organism, an event termed subfunctionalization. They may
even acquire new functions altogether, a phenomenon known as neofunctionalization [493].

As these different sets of functions arise, all these homologous genes now participate
in updated or completely new regulatory networks; furthermore, interactions between
different genes can also be conserved and carried into the new species. An example of
this is the conserved interactions between Org-1 and its suppression of tup; in the fly,
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this interaction leads to the derivation of ventral longitudinal muscles, a skeletal muscle
that interacts with and attaches to the dorsal vessel. In vertebrates, this interaction has
been conserved between the Org-1 ortholog TBX1 and the tup ortholog ISL1; however, in
this case, the resulting tissue that emerges comprises second heart field progenitors that
contribute to elongation of the linear heart tube [63,90,238]. These conserved relationships
become even more complex, as many of these orthologous relationships between genes
connected by a common ancestor exhibit N:N relationship cardinality [112], which, in turn,
makes genetic modeling in distantly related species complex as well [494].

Another caveat of modeling in distantly related species is the obvious divergence
in animal form and function; though many animals will exhibit a phylotypic stage or
“evolutionary hourglass” during stages of their embryogenesis, the animal body plan
may differ greatly, depending on the species [495]. The fly and the human exhibit no
anatomical homology and only some physiological homology in terms of heart structure
and function; utilizing D. melanogaster and other relatively simple species, however, allows
for the evaluation of genes whose deletion would be embryonically lethal to mammalian
vertebrates and mammals. This is due to differences in cardiovascular and respiratory
function that result in embryonic lethality and the non-viability of development past a
certain stage in the latter [32,142]. The widespread effect of early cardiac transcription
factors in the development of systems may also be the reason why it is more difficult to
identify mutations of these factors in humans; some mutations are embryonically lethal
and thus would not be identified in viable individuals [496].

In the end, the simplicity of the gene networks coupled with the simplicity in the
anatomy/physiology allows for simple model organisms such as D. melanogaster to provide
a useful first step in the identification and evaluation of candidate genes involved in cardiac
development and, to an extent, cardiac defects when disrupted. These genes can then be
further evaluated in other model organisms to fully ascertain their function in development
and their contribution to congenital heart disease.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/biomedicines13102569 /s1, Table S1: Cardioblast (CB) and peri-
cardial cell (PC) populations identified in D. melanogaster during cardiac development, along with
common gene markers for each cell type; Table S2: Genes involved in the cardiac gene regulatory
networks: mutations and phenotypes; Table S3: Genes involved in cellular metabolism and protein
synthesis/trafficking: mutations and phenotypes; Table S4: Genes involved in cardiac progenitor
migration, alignment, and dorsal vessel assembly during Drosophila melanogaster embryonic develop-
ment: mutations and phenotypes; Table S5: Genes involved in the establishment of segmentation
and polarity during Drosophila melanogaster embryonic development: mutations and phenotypes;
Table S6: Genes involved in the development of the animal body plan during Drosophila melanogaster
embryonic development: mutations and phenotypes; Table S7: Genes involved in histone modifi-
cation during Drosophila melanogaster embryonic development: mutations and phenotypes; Table
S8: D. melanogaster and H. sapiens orthologs, summary of function for each gene in the context of
cardiovascular development. In cases where a 1-to-many (1:N) or many-to-many (N:N) ortholog
relationship is present, the ortholog with the highest DIOPT score, including weighted scores in
parentheses, is noted in the corresponding column with additional orthologs, in descending DIOPT
score order, included in a separate column. In cases where the highest predicted score is shared
between more than one H. sapiens ortholog, these are noted in the first ortholog column; Table S9.
Complete list of gene names used throughout the manuscript and supplemental sections. References
for supplementary materials include citations in main text and references [497-563].
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The following abbreviations are used in this manuscript:

Al

A2

A3

A4

A5

A6

A7

A8
Abd-A
Abd-B
ANT-C
Antp
ANTP
Ash?2
Bab1/2
Bag
bHLH
BMP2/4
BX-C

Cas9

Cas9n

Cdc42

CERS

Ci
COMPASS
CRISPR
CuT

D-mef2

D. melanogaster
dDAAM
DE-Cadherin
Dg

DIOPT

Abdominal segment Al

Abdominal segment A2

Abdominal segment A3

Abdominal segment A4

Abdominal segment A5

Abdominal segment A6

Abdominal segment A7

Abdominal segment A8

Abdominal-A

Abdominal-B

Antennapedia (ANTP) complex

Antennapedia

Named after Antennapedia (Antp) gene in D. melanogaster
Absent, small, or homeotic disks 2

Bric-a-brac

Bagpipe

Basic helix-loop-helix transcription factor

Bone morphogenetic protein 2/4

Bithorax Complex

Clustered regularly interspaced short palindromic repeats
(CRISPR)-associated protein 9

Clustered regularly interspaced short palindromic repeats
(CRISPR)-associated protein 9 nickase

Cell division control protein 42

Ceramide synthase

Cubitus interruptus

Complex of proteins associated with SET-containing domain 1 (Set1)
Clustered regularly interspaced short palindromic repeats
Named after the cut gene in D. melanogaster

Drosophila myocyte enhancer factor 2

Drosophila melanogaster

Dishevelled-associated activator of morphogenesis
Drosophila epithelial cadherin

Dystroglycan

Drosophila RNAi Screening Center Integrative ortholog prediction tool
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Dig
DNA
DNMT1
DNMT3
Doc1/2/3
Dpp
Dpy-30L1
DRF
EGFR
ELPC
Ena

EPC
ERBB
Eve
EVX1/2
FGF
FGF8/10
FGFR
FGFR2B
GAL4

Gart

GGPPS/gm
GTPase
Gyl
H3K27ac
H3K36
H3K4
H3K4me
Hand
HAND1/2
HMGCR
HNF
HOM-C
Hox
Hox1-13
HoxA/B/C/D
If

ISL1/2

K+

KMT2C
KMT2D

L1

L2

L3

b

LIM
MAPK
Mef-2
MEF2A-2D

Disks-large

Deoxyribonucleic acid

DNA methyltransferase 1

DNA methyltransferase 3

Dorsocross 1/2/3

Decapentaplegic

Dpy-30-like 1

Diaphanous related formin

Epidermal growth factor receptor
End-of-the-line pericardial cells

Enabled

Even-skipped (Eve)+ tinman+ (tin)+ pericardial cell
Erb-B2 Receptor Tyrosine Kinase 2
Even-skipped

Even-Skipped Homeobox %5

Fibroblast growth factor

Fibroblast growth factor 8/10

Fibroblast growth factor receptor

Fibroblast growth factor receptor 2

Transcription factor GAL4
Phosphoribosylglycinamide formyltransferase, phosphoribosylglycinamide
synthetase, phosphoribosylaminoimidazole synthetase
Geranylgeranyl pyrophosphate synthase
Guanosine triphosphatase

G protein gamma (y) subunit 1

Lysine 27 of Histone 3 acetylation

Lysine 36 of Histone 3

Lysine 4 of Histone 3

Lysine 4 of Histone 3 methylation

Heart and neural crest derivatives

Heart and neural crest derivatives expressed 1/2
Hydroxymethyl-glutaryl (HMG) CoA reductase
Named after Hnfl (mammalian)

Homeotic Complex

Homeobox gene

Homeobox 1-13

Homeobox A/B/C/D

Inflated

ISL LIM Homeobox !/,

Potassium

Lysine methyltransferase 2C

Lysine methyltransferase 2D

Larval stage L1

Larval stage L2

Larval stage L3

ladybird

Named after Lin-11 (nematodes) ISL1 (mammalian) Mec-3 (nematodes)
Mitogen-associated protein kinase

Myocyte enhancer factor-2

Myocyte enhancer factor 2A-2D
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Mesoderm posterior basic helix-loop—-helix transcription factor (BHLH)

Mespl o
transcription factor 1
Mew Multiple edematous wings
Mid Midline
Mnn1 Menin 1
Msh-2 MutS Homolog 2
MSX-2 Msh Homeobox 2
Mys Myospheroid
NK NK Homeobox
NK2 NK2 Homeobox
NKX2.1-2.6 NK2 Homeobox 1-6
Nmrl Neuromancer 1
Nmr2 Neuromancer 2
Nos3 Nitric oxide synthase 3
NR2F2 Even-skipped homeobox 1
Odd Odd-skipped
Omb Optomotor blind
OPC Odd-skipped (Odd) pericardial cells
Org-1 Optomotor blind-related gene 1
PcG Polycomb group
PCP Planar cell polarity
pERK1/2 Protein kinase R-like endoplasmic reticulum kinase
POU Named after POU1F1 (mammalian) OCT1, OCT2 (mammalian)
Unc-86 (nematodes)
PRD Named after Paired (prd) gene in D. melanogaster
PROS Named after the pros gene in D. melanogaster
Ptip PAX transcription activation domain-interacting protein
RAS Rat sarcoma virus
Rbbp5 Retinoblastoma binding protein 5
RNA Ribonucleic acid
RNAIi Ribonucleic acid interference
Robo/2 Roundabout
RTK Receptor Tyrosine Kinase
Scb Scab
Scro Scarecrow
Setl SET-containing domain 1
Shg Shotgun
SINE Named after co: sine oculis gene in D. melanogaster
Sop Sevenup
T1 Thoracic segment T1
T2 Thoracic segment T2
T3 Thoracic segment T3
TALE Three-amino acid loop extension
TALEN Transcription activator-like effector nuclease
TBX2-6, 20 T-Box Transcription Factor 2-6, 20
tin tinman

Trr Trithorax-related
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Trx Trithorax

TrxG Trithorax group

Tup Tailup

UASg Upstream activator sequence
Ubx Ultrabithorax

Vnd Ventral nervous system defective
Wdr82 WD repeat domain 82

Wds Will die slowly

Wg Wingless

WHPCs Wing heart pericardial cells
Wnt2a/2b/5a/8a/11  Wingless (Wg)-related integration site 2a/2b/5a/8a/11
ZF Zinc finger

ZFN Zinc-finger nuclease

aPS1-3 alpha subunit integrin chain 1-3
BPS Beta subunit integrin chain
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