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Abstract

Cardiac development is a dynamic process regulated by spatial and temporal cues that
are integrated to effect molecular, cellular, and tissue-level events that form the adult
heart. Disruption of these highly orchestrated events can be devastating for cardiac
form and function. Aberrations in heart development result in congenital heart defects
(CHDs), which affect 1 in 100 infants in the United States each year. Zebrafish have

' These authors contributed equally.

Current Topics in Developmental Biology, Volume 124 © 2017 Elsevier Inc. 1
ISSN 0070-2153 All rights reserved.
http://dx.doi.org/10.1016/bs.ctdb.2016.11.010


http://dx.doi.org/10.1016/bs.ctdb.2016.11.010

2 Meagan G. Grant et al.

proven informative as a model organism to understand both heart development and
the mechanisms associated with CHDs due to the similarities in heart morphogenesis
among vertebrates, as well as their genetic tractability and amenability to live imaging.
In this review, we discuss the mechanisms of zebrafish heart development and the utility
of zebrafish for understanding syndromic CHDs, those cardiac abnormalities that occur in
the context of multisystem disorders. We conclude with avenues of zebrafish research that
will potentially inform future therapeutic approaches for the treatment of CHDs.

1. INTRODUCTION
1.1 Overview of Congenital Heart Defects

During human embryogenesis, the fetal heart undergoes a series of dynamic
morphogenetic events. Cardiac progenitor cells (CPCs) are specified and dif-
ferentiated based on location in order to migrate and form a primitive heart
tube. Multiple signaling and patterning events occurring throughout this pro-
cess ensure the heart is positioned appropriately and that the embryonic heart
tube transforms into a contractile, multichambered organ capable of pumping
blood throughout the body. The processes driving human heart development
are myriad and complex. Disruption of these processes results in congenital
heart defects (CHDs), the leading cause of infant mortality arising from struc-
tural birth defects in the United States. CHDs differ in prevalence, severity,
and the heart tissues affected, existing in isolation or in the context of syn-
dromic disorders affecting multiple organ systems, and can arise as a result
of multigenic causes or mutations in single genes (Mozaffarian et al., 2016).
Animal models are critical to studying these pathologies, with zebrafish
emerging as a premier tool for understanding CHDs.

1.2 Zebrafish as a Model of Vertebrate Cardiogenesis and CHDs

The zebrafish is an excellent system for studying heart development and the
aberrations in morphogenesis that result in cardiac defects. The human heart
is comprised of two upper chambers (the left and right atria) and two lower
chambers (the left and right ventricles). A septum separates the left atrium
from the right atrium and the left ventricle from the right ventricle. Despite
the fact that the zebrafish heart consists of a single atrium and ventricle that
are not septated, the morphogenetic behaviors required for heart develop-
ment in humans and zebrafish are strikingly similar. Moreover, many of the
genes involved in heart development (Table 1) are conserved (for example,
see Bruneau, 2008; Richards & Garg, 2010; Szeto et al., 2002), and are
useful in visualizing specific cell types in the heart (Table 2). Other facets
making zebrafish ideal for cardiovascular studies include their fecundity,
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Table 1 Human and Zebrafish Cardiac Phenotypes Caused by Mutations in Single
Genes Associated With Nonsyndromic Heart Defects

Gene Patient CHD

Zebrafish Heart Defects

References

GATA4 ASD, VSD

Cardiomyopathy,
defective cardiac looping,
chamber expansion,
blood circulation, and
heart tube displacement

Bruneau (2008),
Holtzinger and Evans
(2005), and Richards and
Garg (2010)

GATA6 AVSD, PTA,
TOF

Cardia bifida, impaired
cardiac looping, and
heart tube fusion defects

Holtzman, Schoenebeck,
Tsai, and Yelon (2007)
and Kodo and Yamagishi
(2010)

MYH6 ASD, HCM

Dilated atrium,
weakened atrial
contractility, defective
myofibrillar
organization, thickening
of ventricular wall, and
narrowing of ventricular
lumen

Auman et al. (2007),
Berdougo, Coleman,
Lee, Stainier and Yelon
(2003), Bruneau (2008),
and Richards and Garg
(2010)

NKX2.5 ASD, VSD,
conduction
defects, TOF,
TGA, valve
defects

Defective proliferation of’
SHF progenitors,
misshapen atria, smaller
ventricle, loss of
SHF-derived ventricular
myocardium and OFT
smooth muscle

Bruneau (2008),
Guner-Ataman et al.
(2013), Richards and
Garg (2010), and Targoft,
Schell, and Yelon (2008)

TBX20 ASD, VSD

Abnormal contractility,
no blood circulation,
edema, abnormal cardiac
looping and chamber
morphology

Bruneau (2008) and
Szeto, Griffin, and
Kimelman (2002)

HAND2 TOF, PS, AVSD,

VSD-DORV

Reduced myocardium,
endocardium fails to
form cone

Palencia-Desai et al.
(2015), Shen et al.
(2010), and Yelon et al.
(2000)

ASD, atrial septal defect; AVSD, atrioventricular septal defect; DCM, dilated cardiomyopathy; DORYV/,
double outlet right ventricle; HCM, hypertrophic cardiomyopathy; PS, pulmonary stenosis; PTA, per-
sistent truncus arteriosus; TGA, transposition of the great arteries; TOF, tetralogy of fallot; 1VSD, ven-

tricular septal defect.



Table 2 Markers for Cell Types in the Zebrafish Heart

Antibody or
Fluorescent
Cell Type Transgenic Marker Gene Marker Indicator Functional Assay References
Myocardial ~ Tg(myl7:GFP), myl7", vmhe, MF20, S46  Cardiac conduction: Miura and Yelon (2011)
Tg(cmlc2:dsred 2-nuc) amhe To(cmlc2:gCaMP)®7®
Timing of differentiation:
Tg(cmlc2:Kaede)
Endocardial Tg(flk1:EGFP), flk1 Kdrl Angioblast migration and Miura and Yelon (2011)
and Tg(fli1:EGFP) (kdrl /vegfr2), vascular tube formation: and Poon, Liebling,
endothelial it Tg(flk1:EGFP) Kondrychyn, Garcia-
Lecea, and Korzh (2010)
Epicardial Tg(tef21:DsRed2), tef21 Raldh2 Cellular contributions of the  Kikuchi etal. (2011) and
Tg(wt1b:e GFP) (also 1n epicardium: tcf21:CreER; Perner, Englert, and
endocardium) gata5:RnG Bollig (2007)
Second Tg(lthp3: TagRFP2Acre); Itbp3 Eln2 and Contributions to SHF-derived de Pater et al. (2009),
heart field  Tg(cmlc2:CSY), Tg(nkx2.5:: DAF-2DA  structures: photoconversion of Grimes, Stadt, Shepherd,
ZsYellow); Tg(cmlc2::CSY) (BA), Islt Tg(nkx2.5:Kaede) transgenics  and Kirby (2000),

BA smooth muscle cells:
Tg(eln2:CSY)

Cellular contributions to OFT
SMCs: Tg(eln2:CSY) reporter
strain crossed with a driver
strain [ Tg(lthp3:: TagRFP2Acre),

Tg(gata4:ERCreER), or
Tg(nkx2.5:ERCreER), for
example]

Guner-Ataman et al.
(2013), and Zhou et al.
(2011)




Erythrocyte Tg(Gatal:DsRed),
Tg¢(Gata1l:EGFP)

gatal

Blood flow through vessels:
Tg(Gatal:Dsred); Tg(Flil:
EGFEP)

Hemoglobin production:
o-dianisidine staining

Tissue iron delivery: Prussian
blue staining

De Domenico et al.
(2007), Miura and Yelon
(2011), and Poon et al.
(2010)

*myl7 was formerly referred to as cmlc2.
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external fertilization, rapid development, and transparency. These qualities
allow in vivo time-lapse imaging, and examination of multiple stages and
aspects of heart development. Additionally, the small size of zebrafish
embryos allows for passive diffusion of oxygen, permitting survival of the
organism for several days despite cardiovascular defects (Stainier, 2001).
Thus, mutants with abrogated cardiovascular function can be studied for lon-
ger than is possible in mammalian organisms where cardiac defects cause early
lethality. Indeed, many zebrafish cardiovascular mutants, some discovered
decades ago (Haftter et al., 1996; Stainier et al., 1996; Stainier, Weinstein,
Detrich, Zon, & Fishman, 1995), have provided important insights into
the molecular and cellular processes underlying vertebrate heart formation.
Finally, methodologies for manipulating the genome in order to generate
tools and disease models are rapidly advancing in zebrafish. These aspects make
zebrafish a versatile model for furthering our understanding of human CHDs.
Here we discuss how this system has been successfully used to understand the
genetic basis of heart development and to identify the mechanisms of syn-
dromic heart defects in humans (Table 3).

Table 3 Syndromic Heart Defects: Causative Genes, Human Heart Defects,
and Zebrafish Phenotypes

Example
Genes
Syndrome Involved Patient CHDs Include Zebrafish Phenotypes
Ciliopathies and PKD2, Dextrocardia Aberrant heart looping
Heterotaxy PKD1L1 laterality
R ASopathies PTPN11, HCM, CoA, ASD, Impaired cardiac jogging
RIT1, NF1, VSD, PVS, PS and looping, reduced
RAF1, cardiac function, edema,
KRAS, defects in heart size,
HRAS hypoplastic chambers,
valve defects, thickening
of heart walls, delays in
heart morphogenesis
Cohesinopathies NIPBL, VSD, ASD, PS, Reduced heart size,
RAD21 TOF, HLHS impaired cardiac
looping, valve defects
CHARGE CHD7, TOF,PDA, DORYV, Dysmorphic chambers,

SEMA3A, VSD, ASD, AVSD, edema, reduced blood

SEMA3E LVOTO, RVOTO flow, weak heartbeat,
abnormal narrowing of’
dorsal aorta
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Table 3 Syndromic Heart Defects: Causative Genes, Human Heart Defects,
and Zebrafish Phenotypes—cont'd

Example
Genes
Syndrome Involved Patient CHDs Include Zebrafish Phenotypes
DiGeorge TBX1 TOF, PA-VSD, Impaired cardiac jogging
truncus arteriosus, and looping, aortic arch
IAA, aortic arch defects, reduced
anomalies, VSD proliferation in FHF,
reduced incorporation of
SHEF cells at arterial pole,
impaired OFT
development
Williams-Beuren ELN SVAS, pulmonary ~ Hypoplasia and reduced
arterial stenosis, contraction of the BA,
STA, PPS, OFT aberrant cardiac/smooth
obstruction muscle differentiation
Holt—Oram TBX5 ASD, VSD, TOF, Impaired cardiac
arrhythmias, HLHS, looping, arrested
PDA differentiation, reduced

contractility, stretching
(and ripping) of atrium,
smaller ventricle

ASD: atrial septal defect; AVSD: atrioventricular septal defect; BA: bulbus arteriosus; CoA: coarctation of
the aorta; DORYV”: double outlet right ventricle; HCM: hypertrophic cardiomyopathy; HLHS: hypoplas-
tic left heart syndrome; IAA: interrupted aortic arch; LVOTO: left ventricular outflow tract obstruction;
OFT: outflow tract; PA-1V/SD: pulmonary atresia with VSD; PDA: persistent ductus arteriosus; PPS:
peripheral pulmonary stenosis; PS: pulmonary stenosis; PI’S: pulmonary valve stenosis; RIVOTO: right
ventricular outflow tract obstruction; STA: stenosis of the thoracic aorta; SVAS: supravalvular aortic ste-
nosis; TOF: tetralogy of fallot; VSD: ventricular septal defect.

2. ZEBRAFISH HEART DEVELOPMENT

Although occurring on a much faster scale, the processes driving
zebrafish heart formation are very similar to those described for other ver-
tebrates. In brief, in vertebrates the heart is formed from mesodermal cells
that are specified during gastrulation on both the left and right sides of
the embryo. These cells undergo similar processes including differentiation,
medial migration to the midline, and fusion of both left and right
populations at the midline to form a contractile heart tube. Additional cells
are subsequently recruited from a secondary heart field to the poles of the
heart tube, where they contribute to structures including the myocardium
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and the outflow tract (OFT). The heart tube bends rightward in a process
known as cardiac looping, which, in humans, is necessary for alignment
and septation of the cardiac chambers (Harvey & Rosenthal, 1999). The
bending of the linear tube during cardiac looping in zebrafish is preceded
by an asymmetric process termed “jogging,” whereby the atrial cells are
placed to the anterior and left of ventricular cells during generation of the
linear tube. Despite differences, the genes and mechanisms involved in
cardiac development are conserved between zebrafish and humans, and
are presented in more detail below.

2.1 Specification and Differentiation of Cardiac Progenitor
Cells
The first step in cardiac development is the specification of cells as CPCs.
Labeling of individual blastomeres using laser-mediated activation of caged
fluorescein revealed that by 5h postfertilization (hpt), myocardial
populations are specified as either ventricular or atrial precursors (Fig. 1A;
Keegan, Meyer, & Yelon, 2004). Both populations reside in the lateral mar-
ginal zone (LMZ), an area of developing mesendodermal cells at the border
between the cells and the yolk, with ventricular precursors located more
dorsally and marginally. Endocardial precursors reside in the LMZ alongside
myocardial cells (Fig. 2A), but are not spatially segregated into ventricular
and atrial populations at this stage (Keegan et al., 2004). After their involu-
tion during gastrulation, precursor cells migrate to the anterior lateral plate
mesoderm (ALPM), where they form distinct bilateral sheets on either side
of the midline by 15 hpt, with ventricular precursors located more medially
than atrial progenitors (Fig. 1B-D; Yelon, Horne, & Stainier, 1999).
Multiple signaling pathways converge to regulate CPC specification.
Hedgehog (Hh) signaling acts cell autonomously to promote both ventric-
ular and atrial CPC specification, while retinoic acid (RA) acts to restrict
the number of cardiac progenitors. Wnt signaling acts biphasically, with
induction or repression of specification dependent on whether signaling is
active before, or during, gastrulation, respectively. Subpopulation-specific
effects are also evident; ventricular CPCs are more sensitive to regulation
by Nodal and fibroblast growth factor (FGF) signaling than atrial CPCs,
while atrial precursors are more affected by changes in bone morphogenetic
protein (BMP) signaling than ventricular precursors (for a more in depth
review of signaling in CPC development, see Staudt & Stainier, 2012).
Cardiomyocyte differentiation is driven by a variety of transcription fac-
tors. Both pools of myocardial CPCs express nkx2.5 (Yelon etal., 1999), and
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loss of nkx2.5 and nkx2.7 disrupts heart tube assembly, resulting in excess
atrial cells at 26 hpf and reduced ventricular cardiomyocytes by 52 hpf
(Targoft et al., 2008). Loss of both Gata5 and Gata6 results in reduced CPCs
(Holtzinger & Evans, 2007) and minimal differentiated myocardial tissue
develops in mutants for hand2, the basic helix-loop-helix transcription factor
(Yelon et al., 2000). All CPCs express myosin light chain 7 (myl7), but sub-
populations can be distinguished since ventricular cardiomyocytes express
ventricular myosin heavy chain (vimhc) while atrial cardiomyoctyes express atrial
myosin heavy chain (amhc) (Yelon et al., 1999).

2.2 Heart Tube Formation and Extension

Heart tube development requires the medial migration of bilateral
populations of endocardial and myocardial CPCs. The endocardial cells
initiate migration at 16 hpf (14 somites, Fig. 2B) and move posteriorly
(Bussmann, Bakkers, & Schulte-Merker, 2007). Fusion of the populations
is initiated at 16.5 hpf (15 somites) and completed by 18 hpf (18 somites),
when the endocardium forms a disk at the embryonic midline (Fig. 2C).
Endocardium development is incompletely understood, but the transcrip-
tion factor Tall is involved. Tall gain-of-function leads to expansion of
the endothelial population, while loss-of-function causes aggregation of
endocardial cells at the arterial pole of the heart, inducing ventricular stenosis
(Bussmann et al., 2007; Gering, Yamada, Rabbitts, & Patient, 2003). cloche, a
bHLH-PAS transcription factor, acts upstream of Tall as a master regulator
of endothelial specification and its mutation leads to loss of endocardium
(Reischauer et al., 2016). Medial migration is also influenced by vascular
endothelial growth factor. Increasing the response to this important factor
by modulating Slit/R obo signaling leads to multiple heart lumens as a result
of faster movement of individual cells at the expense of collective migration.
Decreasing the response to this factor causes unfused heart fields as a conse-
quence of inhibited migration (Fish et al., 2011).

Endocardial CPC migration is essential in forming the endocardium, but
also facilitates morphogenesis of the myocardium. Endocardial loss causes
myocardial dysmorphia, as in the cdoche mutant where angular car-
diomyocyte migration is incorrectly executed (Holtzman et al., 2007;
Stainier et al., 1995). This crosstalk is reciprocal, as when myocardial cells
are reduced in number by deletion of hand2, endocardial cells migrate prop-
erly but fail to form the cardiac cone, seemingly as a consequence of
disrupting BMP signaling (Garavito-Aguilar, Riley, & Yelon, 2010;
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Palencia-Desai et al., 2015). Similarly, myocardial Tmem?2 promotes migra-
tion of both myocardial and endocardial CPCs, with loss delaying medial
migration of both populations and endocardial populations ultimately failing
to fuse (Totong et al., 2011).

Myocardial CPCs begin medial migration to the midline later than endo-
cardial cells, at 17.5 hpf (17 somites), as revealed through a combination of in
situ hybridization, fate mapping, and live cell imaging experiments using
fluorescently tagged cell type markers (Holtzman et al., 2007; Stainier
et al., 1996; Yelon et al., 1999). Fusion initiates at the posterior end of
the myocardium at 18 hpf (18 somites), with ventricular CPCs making con-
tact prior to atrial CPCs (Fig. 3B). Myocardial fusion occurs immediately
anterior to the most posterior endocardial cells (Fig. 2C). A second phase
of angular migration allows the cardiomyocytes to surround the central
endocardial cells (Fig. 2D) (Holtzman et al., 2007). Anterior myocardial
CPC:s then fuse to form a shallow cone (Fig. 3C) where ventricular precur-
sors form the apex and atrial precursors localize beneath them at the wider
base by 20 hpt (22 somites). The central lumen is lined with those endocar-
dial cells that will connect to the aortic arches, although most of the endo-
cardium remains ventral to the myocardial cardiac cone (Holtzman et al.,
2007; Stainier, Lee, & Fishman, 1993).

The myocardial cells are organized into a single-layered epithelium,
where ventricular CPCs adopt a cuboidal morphology and atrial CPCs
are more squamous (Rohr, Bit-Avragim, & Abdelilah-Seyfried, 2006;
Rohr, Otten, & Abdelilah-Seyfried, 2008). Proper cone formation requires
cells to maintain their epithelial integrity. Mutations disrupting the adherens
or tight junctions, such as prkci in heart-and-soul (has) or mpp5a in nagie oko
(nok), impact cone formation (Horne-Badovinac et al., 2001; Peterson,
Mably, Chen, & Fishman, 2001; Rohr et al., 2006, 2008). In has mutants,
myocardial CPCs exhibit delayed posterior fusion until after the anterior
regions have coalesced, and this delay causes a failure of tube morphogenesis
with ventricular tissue developing within the atrium. CPCs do fuse at the
midline in nok mutants, but the myocardial layer loses epithelial coherence,
forming partial multilayers, and failing to undergo cone rotation. Epithelial
integrity is also important during subsequent stages of cardiac morphogen-
esis. Disruption of cell junctions results in nondirectional migration of single
cells that have lost contact with the surrounding cells (Rohr et al., 2008).
Thus, epithelial coherence ensures cells migrate collectively, move uni-
formly in the correct direction, and maintain contact with neighboring cells
to prevent population mixing.
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Successful migration of CPCs additionally depends on input from the
endoderm and extracellular matrix (ECM). The endoderm contributes a
surface along which CPCs can migrate and actively signals to the myocar-
dium, for example through sphingolipids (Fukushima, Ishii, Contos,
Weiner, & Chun, 2001; Maceyka, Payne, Milstien, & Spiegel, 2002). Muta-
tions in the transcription factors gata5 and sox32, or the Nodal cofactor
oep, result in loss of endoderm tissue and a failure of CPCs to migrate to
the midline. Mutation of the sphingosine-1 phosphate receptor (s1pr2) or the
sphingosine-1 phosphate transporter spinster 2 (spns2) disrupts sphingolipid
signaling and causes similar CPC migration phenotypes. The result is cardia
bifida, in which two separate hearts develop on either side of the midline
(Hisano, Ota, Takada, & Kawahara, 2013; Kawahara et al., 2009;
Kupperman, An, Osborne, Waldron, & Stainier, 2000; Osborne et al.,
2008; Stainier et al., 1996). The finding that cardia bifida also occurs in
mutants where fibronectin deposition is altered, blocking migration of
the CPCs toward the midline, demonstrates the importance of the ECM
in directing the location and formation of the heart (Arrington & Yost,
2009; Sakaguchi, Kikuchi, Kuroiwa, Takeda, & Stainier, 2006; Trinh &
Stainier, 2004; Yelon et al., 2000).

Once the cardiac cone forms it continues to migrate as a collective pop-
ulation culminating in the conversion of the cone into a linear heart tube.
This process, called “jogging” in zebrafish, is influenced by left-right pat-
terning cues generating the first morphological visceral asymmetry in the
embryo. Jogging occurs over the span of 4 h and culminates in asymmetric
positioning of the atrium to the left and anterior of the ventricle (Figs. 2E and
F and 3D and E). The entire process can be visualized by live imaging of

Fig. 3 Formation and positioning of the linear heart tube. (A) Cardiac precursors are
localized to the anterior lateral plate mesoderm (ALPM), with ventricular precursors sit-
uated more medially than atrial precursors. (B) Populations migrate toward the midline,
initiating contact at the posterior. (C) Anterior fusion forms a shallow cone, with ventric-
ular precursors forming the tip and atrial precursors forming the base. (D) The cone
rotates, tilting such that atrial cells are to the left of ventricular cells. (E) Cone extension
positions atrial cells to the left and anterior of ventricular populations. (F) Nodal signal-
ing from the left LPM increases the migratory velocity of cells on the left of the cardiac
cone, resulting in clockwise rotation. (G) Left cells migrate left anteriorly along the lateral
edges of the cone while slower cells on the right migrate anteriorly around the lumen of
the cone. (H) During later stages of rotation the cone tilts in addition to rotating. (I) Cells
originating on the left are displaced to form the dorsal region of the extending heart
tube. (J) An additional leftward rotation occurs to reposition cells originating from
the left and right cells back to their respective sides of the extending tube.
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fluorescently tagged cardiomyocytes and in situ hybridization (for example,
see Baker, Holtzman, & Burdine, 2008; de Campos-Baptista, Holtzman,
Yelon, & Schier, 2008; Rohr et al., 2008; Smith et al., 2008) providing
detailed characterization of cell behavior. The jogging direction of the heart
is regulated by asymmetric Nodal signaling (Fig. 3F). The zebrafish Nodal
gene southpaw (spaw) is expressed in the left lateral plate mesoderm (LPM)
but is absent from the right LPM (Baker et al., 2008; Long, Ahmad, &
Rebagliati, 2003; Schier & Shen, 2000). Live imaging revealed that exposure
to Nodal signaling increases the velocity of CPC migration in the left side of
the cardiac cone, compared to the right (Baker et al., 2008; de
Campos-Baptista et al., 2008; Lenhart, Holtzman, Williams, & Burdine,
2013; Smith et al., 2008). This left—right (L—R) asymmetry in CPC migra-
tion velocity causes the cardiac cone to rotate clockwise as the entire cone
migrates anteriorly (Fig. 3G). This rotation is accompanied by involution of
cells on the posterior right of the midline (Fig. 3H), leading to tilting of the
cone along the anterior posterior axis (Rohr et al., 2008). Together, asym-
metric cell migrations and involution cause the tube to extend toward the
left into the typical leftward jog (Fig. 3I). In the absence of spaw,
CPC migration velocities are significantly slowed and become more
L-R symmetrical. In addition, the point of involution within the cone
becomes randomized. Together this leads to loss of left jogging, and heart
tube positioning along the L-R axis becomes random in direction (Lenhart
et al., 2013; Rohr et al., 2008; Smith et al., 2008).

While it is clear Nodal signaling is the dominant laterality cue in the
heart, BMP signaling also plays a role in jogging laterality though the exact
role remains to be determined (Lenhart et al., 2013; Smith et al., 2008;
Veerkamp et al., 2013). Migration of CPCs toward exogenous BMP protein
suggests this molecule can function as a promigratory cue (Smith et al.,
2008). However, Bmp activity is reported to be higher on the right in slower
migrating cells (Veerkamp et al., 2013). Additionally, mutations in bmp4
suggest a role for limiting cell velocity of CPCs (Lenhart et al., 2013). Given
that heterozygous mutants for bmp4 could modify the phenotypes observed
in spaw morphants, the levels of BMP signaling may be critical for proper
CPC migration (Lenhart et al., 2013). Interestingly, the response to BMP
signaling, as visualized by phospho-SMAD 1/5/8 immunoreactivity,
appears to be within the endocardium. The BMP response in this tissue is
abolished with the Nodal transcription factor FoxH1 is mutated, further
suggesting Nodal signaling lies upstream of the BMP response (Lenhart
et al., 2013).
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As a result of rotation and involution, cells from the left half of the cone
that received Nodal signals from the LPM localize to the dorsal side of the
heart tube (Baker et al., 2008; Rohr etal., 2008). A second, leftward rotation
occurs to reposition the dorsally displaced cells back to the left of the heart
tube by 48 hpf, prior to cardiac looping (Fig. 3J; Baker et al., 2008), but the
mechanisms involved remain to be clarified.

Overall, the role of Nodal in directing asymmetric cardiac morphogen-
esis is conserved among vertebrates, although the exact event influenced
by this pathway is organism specific. In mouse for example, Nodal is
asymmetrically expressed just prior to cardiac looping and influences the
directionality of this process. In zebrafish, Nodal is expressed lateral to
the cardiac cone and influences cone rotation and jogging as described ear-
lier. Additionally, cardiac cone rotation in zebrafish seems analogous to the
slight rotation observed in the linear heart tube during looping in mouse
and chick (Baker et al., 2008; Rohr et al., 2008; Smith et al., 2008).

Following its formation, the heart tube undergoes extension. Elongation
is not a result of increased proliferation, as the cardiomyocyte proliferation
rate is very low (de Pater et al., 2009; Rohr et al., 2006). At 20 hpf (22
somites) the cardiac cone comprises approximately 85 cells (R. Burdine,
unpublished). By 24 hpf, the heart tube is approximately 150 cells, growing
to 270 cells by 36 hpf and 310 cells by 48 hpf (de Pater et al., 2009; Rohr
et al., 2006). Such low proliferation rates are insufficient to account for the
increases in tube length. Instead, the cone is lengthened by remodeling myo-
cardial cell morphology, such that cells—especially atrial precursors—adopt
an extended squamous morphology, and by addition of cells from secondary
sources (de Pater et al., 2009; Hami, Grimes, Tsai, & Kirby, 2011; Rohr
et al., 2006).

2.3 The Second Heart Field

Two fields of CPCs form the vertebrate heart. The first heart field (FHF)
gives rise to the linear heart tube (Fig. 3). The evolutionarily conserved sec-
ond heart field (SHF) contributes CPCs that are progressively added to the
poles of the heart tube. SHF progenitors remain undifferentiated in pharyn-
geal mesoderm until incorporated into heart tube myocardium between
24 and 48 hpf, where they are added to either the arterial (outflow) pole
at the ventricular end of the heart tube (Fig. 4A and B) or to the venous pole
(inflow tract) at the atrial end (de Pater et al., 2009; Hami et al., 2011). SHF
cells contribute to smooth muscle in the OFT, also referred to as the bulbus
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Fig. 4 Secondary cardiac precursor populations contribute cells to different regions of
the developing heart. (A) The second heart field (SHF) overlies the proliferating myocar-
dium, localizing to the pharyngeal arches. (B) SHF cells contribute to the arterial pole.
(C) Later in development, SHF cells localize to distal ventricular myocardium and the
outflow tract. (D) Cardiac neural crest cell (CNC) arise from between rhombomeres 1
and 6 (not shown). Early streaming CNC migrate through pharyngeal arches 1 and 2.
Later streaming CNC migrates through aortic arch 6. (E) Early migrating CNC contribute
cardiomyocytes throughout the linear heart tube. (F) Later migrating CNC populate the
inflow and outflow tracts.

arteriosus (BA) in zebrafish, as well as the distal ventricular myocardium
(Fig. 4C) (Grimes et al., 2006; Hami et al., 2011; Zhou et al., 2011).
Multiple transcription factors have been identified as SHF regulators in
zebrafish. For example, knockdown of tbx1, mef2c, or nkx2.5 impairs
SHF cell proliferation and differentiation, and underdevelopment of
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SHF-derived structures, including the OFT and distal ventricular myocar-
dium (Guner-Ataman et al., 2013; Hinits et al., 2012; Lazic & Scott, 2011).
SHF accretion to the arterial pole requires FGF and TGFf signaling;
pharmacological inhibition of FGF signaling or knockdown of latent
TGFp-binding protein 3 (Ltbp3) results in decreased accretion at the arterial
pole and truncation of the OFT (Marques, Lee, Poss, & Yelon, 2008; Zhou
et al., 2011). These defects are consistent with human conotruncal heart
defects, which can arise from defective SHF development and comprise
nearly 30% of all CHDs (Rochais, Mesbah, & Kelly, 2009). There are some
interesting differences, however. For example, in mouse, the transcription
factor Isl1 is required for the recruitment of cells to both the venous and
arterial pole of the heart tube (Cai et al., 2003). In zebrafish, it is required
for cardiomyocyte diftferentiation at the venous pole but not at the arterial
pole (de Pater et al., 2009). Thus, since the SHF in zebrafish is akin in origin
and function to that of mammals, studying SHF formation in zebrafish
embryos can inform how SHF-related CHDs arise in humans.

2.4 Cardiac Neural Crest

Neural crest cells (NCCs) give rise to a large number of differentiated cell
types and can be divided into five subtypes—cranial, vagal, sacral, trunk,
and cardiac. In zebrafish, cardiac neural crest cells (CNCCs) invade the
myocardium of many cardiac structures, including the OFT, atrium, ven-
tricle, and atrioventricular canal (AVC) (Li et al., 2003; Sato & Yost, 2003).
CNCC:s originate in a broad region between rhombomeres 1 and 6, but
their addition to the developing heart occurs in two waves as visualized
by lineage tracing and fate mapping (Cavanaugh, Huang, & Chen, 2015;
Sato & Yost, 2003). In the first stream, CNCCs migrate via pharyngeal
arches 1 and 2 and are added throughout the heart tube between 24 and
30 hpf (Fig. 4D and E), where they differentiate into cardiomyocytes. In
the second stream, CNCCs migrate via aortic arch 6 and are added to
the ventral aorta and OFT around 80 hpf (Fig. 4D and F) (Cavanaugh
et al., 2015). A variety of factors are involved in regulating CNCC contri-
butions to the heart, including Wnt, FGF, and Semaphorin pathways
(Cavanaugh et al., 2015; Sato, Tsai, & Yost, 2006; Sun, Zhang, Lin, &
Xu, 2008).

Given the cellular contributions of CNCCs to difterent cardiac struc-
tures, it is unsurprising that defective CNCC development has been impli-
cated in CHDs, including OFT malformations, ventricular septal defects
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(VSD:s), aortic arch anomalies, pulmonary stenosis (PS), and coarctation of
the aorta (CoA) (Keyte & Hutson, 2012). Disrupting CNCCs in zebrafish
also causes cardiac defects including compromised cardiac looping,
depressed heart rate, smaller ventricles, and loss of SHF cell recruitment
(Cavanaugh et al., 2015; Li et al., 2003), making fish a useful model for pur-
suing the role of CNCCs in cardiac disease.

2.5 Cardiac Looping, Ballooning, and Chamber Formation

The heart tube bends rightward in a process known as cardiac looping,
which, in humans, is necessary for alignment and septation of the cardiac
chambers (Harvey & Rosenthal, 1999). Though the zebrafish heart cham-
bers are not septated, cardiac looping is still occurs. Looping begins at 30 hpf,
forming a slight kink in the middle of the linear tube (Fig. 5A). Bending
becomes more pronounced, with the tube becoming increasingly “S”
shaped as development proceeds (Fig. 5B). Looping occurs in a defined
L—-R asymmetric fashion, resulting in a dextral loop that positions the ven-
tricle to the right and anterior of the atrium. The events underlying looping
morphogenesis remain poorly understood, although cellular migration and
tissue-level forces exerted through the cytoskeleton are likely to be involved.
Treatment of explanted linear heart tubes with cytochalasin B or blebbistatin,
inhibitors of actin polymerization and myosin II, respectively, impairs cardiac
looping and constriction at the AVC (Noel et al., 2013).

Following looping, heart chambers expand via cardiac ballooning
(Fig. 5C). During this process, the chamber curvatures can be distinguished
by the expression of naturietic peptide precursor a (nppa), which is regionally
restricted to the myocardium of the convex outer curvature (OC) of both
chambers, but absent from the concave inner curvature (IC) and AVC
(Auman et al., 2007). OC cells appear elongated and flattened, while cells
of the IC remain cuboidal, suggesting that regionalized differences in cell
morphology bring about curvature formation and chamber expansion
(Fig. 5C and D). The enlargement and elongation of OC cells are stimulated
by blood flow but restricted by contractility (Auman et al., 2007). For example,
weak atrium (wea) mutants exhibit decreased blood flow through the ventricle,
resulting in OC cells that are smaller and less elongated than normal (Auman
et al., 2007). Pharmacological reduction of blood flow has a similar effect on
cardiomyocyte morphology. Conversely, ventricular cardiomyocytes in half-
hearted (haf) mutants, in which ventricular contractility is defective, are overly
enlarged and elongated.
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2.6 Valvulogenesis

The linear heart tube drives circulation by acting as a suction pump. Con-
tractions of the linear heart tube result in systemic distribution of blood
with little regurgitation, even though there are no valves. However,
the looped heart is an ineffective suction pump with substantial backflow
(Forouhar et al., 2006; Liebling et al., 2006). Thus, dextral looping and
growth of the heart necessitate the development of valves in the AVC that
reestablish unidirectional flow (Liebling et al., 2006; Scherz, Huisken,
Sahai-Hernandez, & Stainier, 2008). The AVC arises as a constriction
at the boundary between the chambers during cardiac looping
(Fig. 5E). Cells within the AVC begin differentiating at 36 hpf, a time
when most endocardial cells are squamous in shape, but a few at the
boundary between the chambers appear cuboidal (Fig. 5F) and express
different markers, such as DM-GRASP (Beis et al., 2005). By 55 hpf,
endocardial cells lining the AVC form a pronounced layer of cuboidal
cells (Fig. 5G) and then leaflets form through invagination of AVC endo-
cardium (Fig. 5H). These leaflets ultimately function to prevent backflow
(Scherz et al., 2008). At the same time, because of apical membrane
constriction, AVC myocardial cells become trapezoidal in morphology
(Chi et al., 2008).

Cardiac function is critical for proper valvulogenesis. In the silent heart
(sth) mutant, where mutation of cardiac troponin T (tnnt2) causes lack of heart-
beat and circulation, endocardial cells lack expression of DM-GRASP,
remain squamous in morphology, and do not constrict at the AVC
(Bartman et al., 2004; Beis et al., 2005). Analysis of sih and pharmacological
reduction of myocardial force suggests that AVC development is more sen-
sitive to defects in contraction and blood flow directionality, than to shear
stress (Bartman et al., 2004; Vermot et al., 2009).

In humans, defective valve formation manifests as aortic valve stenosis,
mitral valve prolapse (MVP), calcific aortic valve disease, pulmonary valve
stenosis (PVS), Ebstein’s anomaly, or bicuspid aortic valve (BAV). Studies in
zebrafish have already proven useful in dissecting the genetics underlying
these defects. Deregulated Notch or BMP signaling, or activation of
R AS/mitogen-activated protein kinase (MAPK) signaling, contribute to
valve defects in both human patients and zebrafish, demonstrating the prom-
ise of zebrafish models in understanding human valve disease (LaHaye,
Lincoln, & Garg, 2014; Padmanabhan et al., 2009; Peal, Lynch, & Milan,
2011; Rose, Force, & Wang, 2010).
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3. ZEBRAFISH MODELS OF SYNDROMIC CHD

Considering the complexity of heart development, it is unsurprising
that CHDs are so common in humans; failure in any of the precise progres-
sive steps can derail development, resulting in malformation and/or dysfunc-
tion. Mutations can impinge on heart development alone or generate a
spectrum of defects that comprise developmental syndromes, arising from
a monogenic change (Table 1 and discussed throughout the text) or a
multigenic mechanism. We discuss a subset of developmental syndromes
that include CHDs as a major or defining feature, and arise from a range
of primary causes. Modeling these syndromes often recapitulates the pleio-
tropic symptoms observed in patients, but here we focus on the cardiac
aspects of these syndromes.

3.1 Left-Right Asymmetry and CHDs

The vertebrate heart exhibits L-R asymmetry in both the placement of the
heart and the pattern of chambers and vessels. L-R asymmetry originates at
midline structures called L-R coordinators (LR Cs); Kupfter’s vesicle (KV)
in zebrafish (Amack, 2014; Blum, Weber, Beyer, & Vick, 2009). Cells
within LR Cs bear motile cilia, small microtubule-based organelles protrud-
ing from the apical surface, which beat or rotate to drive asymmetric fluid
flow and elicit asymmetries in gene expression (Yoshiba & Hamada, 2014).

In mouse, flow is detected by sensory cilia around the LRC in a mech-
anism that involves Polycystin proteins (Norris & Grimes, 2012). The poly-
cystins Pkd111 and Pkd2 also play a role in L-R patterning in fish, although it
is yet unknown whether cilia are required for flow sensation in KV
(Bisgrove, Snarr, Emrazian, & Yost, 2005; Kamura et al., 2011;
Schottenfeld, Sullivan-Brown, & Burdine, 2007). Flow sensation culmi-
nates in nodal (spaw) expression in the left LPM only, and Nodal signaling
activates the homeodomain transcription factor Pitx2 in the left LPM
(Hamada & Tam, 2014). While Pitx2 is a primary target of Nodal signaling
on the left, the role of Pitx2 in early asymmetric cardiac morphogenesis
appears minimal, although it may play later roles in asymmetries in the
OFT in mice (Ai et al., 2006; Yashiro, Shiratori, & Hamada, 2007).
Although in Xenopus and chick misexpression of pitx2 in the right LPM
reverses heart looping, in zebrafish pitx2 mutants heart jogging and looping
occurs normally (Ji, Buel, & Amack, 2016; Levin et al., 1997; Ryan et al.,
1998; Sampath, Cheng, Frisch, & Wright, 1997). Looping also occurs
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normally in mouse mutants, suggesting Pitx2 is dispensable for this event
(Gage, Suh, & Camper, 1999; Lin et al,, 1999; Lu, Pressman, Dyer,
Johnson, & Martin, 1999).

Disruption of L-R asymmetry causes CHDs, including transposition of
the great arteries (TGA), double outlet right ventricle (DORYV) and persis-
tent truncus arteriosus (Ramsdell, 2005). Given their importance in gener-
ating heart asymmetry, it is unsurprising that mutations disrupting ciliary
structure or function, resulting in ciliopathies, commonly involve CHDs
(Ramsdell, 2005). CHDs are particularly prevalent in primary ciliary dyski-
nesia (PCD), a subset of ciliopathies caused by cilia motility defects (Li et al.,
2015; Zariwala, Omran, & Ferkol, 2011), and in heterotaxy, a rare condition
characterized by discordant placement of organs resulting from L-R defects
(Icardo & Sanchez de Vega, 1991; Nakhleh etal., 2012; Sutherland & Ware,
2009). Many potentially causative heterotaxy genes have been identified by
sequencing patient cohorts and model organism genetic screens (Fakhro
etal., 2011; Guimier et al., 2015; Li et al., 2015). Investigation of the specific
role played by these genes in model organisms like zebrafish, where the
stages of L-R_ patterning are particularly well understood, will be critical
for understanding how human sequence variants cause disease (Fakhro
et al., 2011). Interestingly, mutations in PKDI1L1 and PKD2, required
for L-R patterning in zebrafish, cause heterotaxy with CHD in humans
(Bataille et al., 2011; Bisgrove et al., 2005; Schottenfeld et al., 2007;
Vetrini et al., 2016). Conversely, it is important to assess whether L-R pat-
terning genes identified in zebrafish contribute to heterotaxy and/or CHD
in humans.

3.2 CHARGE Syndrome

CHARGE syndrome (Coloboma, Heart defects, Atresia choanae, Retarded
growth/development, Genital abnormalities, and Ear anomalies/deafness)
affects 1 in 10,000 individuals (Blake & Prasad, 2006). CHDs are found
in 75-85% of CHARGE patients and are a major cause of mortality
(Zentner, Layman, Martin, & Scacheri, 2010).

Several genes associated with CHAR GE syndrome have been discov-
ered to be important for zebrafish heart development. For instance, Chro-
modomain helicase DNA-binding protein-7 (CHD?7) haploinsufficiency causes
CHARGE syndrome (Vissers et al., 2004; Zentner et al., 2010), and knock-
down of chd7 in zebrafish results in defects reminiscent of those of
CHARGE patients. chd7 morphants display heart defects including



24 Meagan G. Grant et al.

dysmorphic cardiac chambers and pericardial edema (Balow et al., 2013;
Patten et al., 2012). Blood flow and heartbeat are also reduced, resembling
the cardiac thythm abnormalities of CHARGE patients (Blake & Prasad,
2006; Roger et al., 1999). CHD7 localizes and remodels chromatin in human
cell lines, associating with activating methylation marks, implicating epige-
netic misregulation in the development of CHDs (Schnetz et al., 2009).

Roughly two-thirds of CHAR GE syndrome patients have a mutation in
CHD?7. Although the genetic cause remains to be discovered for some
patients, others have mutations in genes known to be important for heart
development. For example, mutations in SEMA3E and SEMA3A were
found in a subset of CHARGE patients, but the role of these Semaphorins
in disease development is unclear (Lalani et al., 2004; Schulz et al., 2014).
However, zebrafish studies suggest that Semaphorins govern vascular
angioblast migration and dorsal aorta formation (Shoji, Isogai, Sato-Maeda,
Obinata, & Kuwada, 2003). Overexpression or knockdown of sema3a causes
heart swelling, loss of circulation, and narrowing of the dorsal aorta in
zebrafish, reminiscent of CoA in CHARGE patients (Shoji et al., 2003;
Wyse, al-Mahdawi, Burn, & Blake, 1993). Thus, studies in zebrafish substan-
tiate the argument that mutations in Semaphorins may cause CHAR GE syn-
drome. Studies such as these demonstrate how zebrafish can be useful for
assessing variants of unknown function associated with CHD.

3.3 Holt-Oram Syndrome

Patients with Holt—Oram syndrome (HOS) exhibit a combination of CHDs
and upper limb defects (Holt & Oram, 1960). Affecting 1 in 100,000 indi-
viduals, 85% of HOS patients present with CHDs, most commonly atrial
septal defects (ASDs), VSD, and conduction defects, and prognosis depends
on the severity of the associated CHDs (Basson et al., 1994; Chryssostomidis
et al., 2014).

HOS is caused by haploinsuftficiency of TBXJ5, a T-box family transcrip-
tion factor expressed throughout cardiac development (Hatcher, Goldstein,
Mah, Delia, & Basson, 2000; McDermott et al., 2005). In the zebrafish thx5
mutant heartstrings (hst), differentiation arrests after 33 hpf and cardiac
looping is impaired (Garrity, Childs, & Fishman, 2002). Contractility pro-
gressively decreases with a smaller ventricle and the atrium stretching and
tearing (Garrity et al., 2002). hst mutants also exhibit decreased camk2b2
expression in the heart and lower activity of CaMK-II (a target of calcium
signaling), phenocopying patients with dilated cardiomyopathy and
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conduction defects (Rothschild et al., 2009; Swaminathan, Purohit,
Hund, & Anderson, 2012).

Although TBX5 is the most frequently mutated gene in HOS, 25% of
patients lack mutations in this gene. Mutations in genes regulated by
TBX5 may cause HOS symptoms. For example, in some HOS patients,
TBX5 mutations reduce expression of MYH6, a transcriptional target of
TBX5 (Ching et al., 2005; Granados-Riveron et al., 2010). Moreover,
mutations in MYHG6 itself cause several human heart defects, including
ASD, although a direct link to HOS has not been established. Furthermore,
zebrafish studies have demonstrated that Tbx5 synergizes with Mef2C,
another transcription factor, to activate myhé transcription (Ghosh et al.,
2009). Together with the fact that mef2cis essential for zebrafish heart devel-
opment, these data suggest MEF2C function may also be critical in HOS
pathology. In this way, probing molecular mechanisms in zebrafish may help
inform the etiology of HOS by identifying new candidate genes for variant
analyses in patient cohorts.

3.4 Cohesinopathies

Cohesin is a large multicomponent ring-shaped complex required for sister
chromatid cohesion, whose function is governed by its ability to generate
topological links between distant chromatin segments (Losada, 2014;
Michaelis, Ciosk, & Nasmyth, 1997). Mutations in either core cohesin sub-
units or its regulators cause “cohesinopathies” (Watrin, Kaiser, & Wendt,
2016). Cohesinopathies encompass a broad spectrum of developmental
abnormalities including CHDs such as VSD, ASD, PS, and tetralogy of
fallot (TOF). Cornelia de Lange syndrome (CdLS), the best studied
cohesinopathy, is frequently caused by heterozygous mutations in NIPBL,
a protein critical for the loading of cohesin onto DNA, which cause
misregulation of gene expression (Horsfield, Print, & Monnich, 2012;
Krantz et al., 2004; Tonkin et al., 2004). nipbl depletion in zebrafish induces
heart and gut defects, reminiscent of those observed in patients (Muto,
Calof, Lander, & Schilling, 2011). The expression of genes controlling
endodermal differentiation and L—R patterning is altered upon nipbl knock-
down, and embryonic defects are caused by additive, synergistic interactions
between misregulated genes (Muto et al., 2011).

The neural crest has also been implicated in heart defects in
cohesinopathies. Depletion of the disease-associated cohesin subunit
Rad21 led to smaller hearts, impaired looping, and valve defects in zebrafish
(Deardorff et al., 2012; Schuster et al., 2015). Rather than contributing to
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the heart, NCCs exhibited a “wandering” behavior linked to dysregulation
of Wnt, chemokine, and cadherin genes (Schuster et al., 2015). These stud-
ies in zebrafish support the hypothesis that cohesinopathies result from the
collective effect of multiple quantitative changes in the expression of devel-
opmental genes, rather than defects in chromosome segregation, and further
suggest that mild mutations in cohesin subunits or regulators might underlie
a higher-than-previously appreciated fraction of human CHDs.

3.5 RASopathies

Components of the RAS signaling pathway, a kinase cascade that activates
MAPK, are mutated in the developmental syndromes termed R ASopathies
(Jindal, Goyal, Burdine, Rauen, & Shvartsman, 2015; Tidyman & Rauen,
2009). Mutations are generally thought to activate the pathway, and indeed,
some mutations found in RASopathy patients can also be found in cancer
lesions. Collectively occurring in 1 in 1000 births, individual R ASopathy
incidences range from 1 in 1500 for Noonan syndrome (NS), to 1 in
810,000 and 1 in 1,290,000 for the rare cardio-facio-cutaneous (CFC) syn-
drome and Costello syndrome (CS), respectively (Abe et al., 2012; Rauen,
2013).

CHDs are prevalent among R ASopathies, with NS-associated mutations
considered the most frequent cause of CHDs arising from a monogenic
mutation (Roberts et al., 2007). NS-associated cardiac defects include
hypertrophic cardiomyopathy (HCM), PS, and ASD, although CoA,
AVC, and mitral valve abnormalities, and VSD can occur. Noonan syn-
drome with multiple lentigines (NSML) patients present with HCM or
PVS, ventricular OFT obstructions, valve abnormalities, ASD, and VSD.
CFC patients commonly display PVS, HCM, and ASD, with some instances
of CoA, subaortic stenosis and, rarely, arrhythmias. Arrythmias are more
common in CS, alongside PS, HCM and, more infrequently, ASD, VSD,
and aortic dilation. HCM is also prevalent in patients with neurofibromatosis
type 1 syndrome, alongside CoA or PVS.

Zebrafish have been predominantly used to study NS and NSML,
although more RASopathy models are being developed (Jindal et al.,
2015). NS and NSML models, generated by variant RNNA overexpression,
recapitulate many features of the human syndrome, but heart defects man-
ifest differently according to the specific mutation. Looping defects are
observed upon mutation of kras and ras-like without CAAX 1 (rit1), members
of the RAS-family of GTPases. The heart tube is enlarged and fails to loop
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when kras function is lost, while expression of disease-associated mRINA
causes a smaller heart with reduced ventricle thickness (Razzaque et al.,
2012). rit1 variants also compromise looping in zebrafish, resulting in hypo-
plastic chambers, and impaired cardiac function (Aoki, Niihori, Narumi,
Kure, & Matsubara, 2008; Koenighofer et al., 2016).

Modeling R ASopathy-associated mutations in zebrafish provides insight
into mutation-phenotype correlations, especially for different mutations
within a single gene. Studies with profein tyrosine phosphatase, nonreceptor type
11 (PTPN11), a gene identified as mutated in patients with either NS or
NSML, illustrate this elegantly. Injecting zebrafish embryos with pfpn11 that
contains certain patient-derived mutations induce heart defects, including
randomized jogging laterality caused by defects in motile cilia in KV,
looping failure, and reduced cardiac function (Bonetti et al., 2014;
Jopling, van Geemen, & den Hertog, 2007). However, alternative muta-
tions result in edematous embryos and reduced heart size in adult fish
(Miura et al., 2013). This use of zebrafish to discover the phenotypic effects
caused by disease-associated alleles clearly indicates that distinct mutations in
ptpn11 have different effects and can cause different diseases.

Studies in zebrafish are useful in informing therapeutic strategies; drugs
that have been developed to inhibit Ras signaling in cancer have been effec-
tively used in zebrafish models of CFC and NS (Anastasaki, Estep, Marais,
Rauen, & Patton, 2009; Anastasaki, Rauen, & Patton, 2012; Chen et al.,
2010; Lee et al., 2014; Wang et al., 2012). Indeed, assaying the strength
of the causative mutation can be used to predict the required treatment dose
(Jindal et al., 2017). Thus, using zebrafish has advanced both the functional
relevance of disease causing mutations and provides a platform for testing
therapeutic strategies for treating R ASopathy-associated heart disease.

3.6 Williams-Beuren Syndrome

Williams—Beuren syndrome (WBS), also called Williams’ syndrome, is a
chromosomal microdeletion disorder occurring in 1 in 10,000 individuals
(Pober, 2010). WBS is caused by deletion of a critical region (WBSCR),
comprising 1.5—1.8 Mb of DNA on chromosome 7 (7q11.23) and con-
taining 26—28 genes (Pober, 2010). Nonallelic homologous recombination
between highly homologous blocks of low-copy repeat regions flanking the
WBSCR mediates the deletion underlying WBS, resulting in hemizygosity
for multiple genes. CHDs are the primary cause of death in WBS patients
and 80% of patients have a cardiac abnormality, including VSD, MVP,
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and OFT obstruction, but arterial stenosis is most common, including sup-
ravalvar aortic stenosis (SVAS), pulmonary arterial stenosis, stenosis of the
thoracic aorta, and peripheral pulmonary stenosis (PPS) (Collins, 2013).

Although many genes localize to the WBSCR, Elastin (ELN)
hemizygosity has been demonstrated to contribute to the arteriopathy asso-
ciated with WBS (Ewart et al., 1993). Elastin is an ECM component that
allows the characteristic stretching and recoiling of arteries, and arterial
stiffness may be increased in WBS patients as a result of reduced elastin in
the ECM (Collins, 2013; Kozel et al., 2014). Indeed, cultured cells isolated
from WBS patients show reduced deposition of elastin in the ECM (Urban
et al., 2002). Poor elastin deposition also contributes to increased prolifer-
ation of fetal smooth muscle cells, likely causing arterial stenosis in WBS, and
may result from altered ECM signaling to cells (Kim, Turnbull, & Guimond,
2011; Moriyama et al., 2016). Collectively, these data suggest that cell fate
may be altered by hemizygosity of ELN in WBS.

Elastin is critical for the form and function of the BA, the zebrafish OFT,
where it is expressed as early as 72 hpf (Miao, Bruce, Bhanji, Davis, &
Keeley, 2007). Knockdown of both elna and elnb reduces BA contraction,
although the eftect of elnb knockdown is more pronounced than that of elna,
exhibiting additional hypoplasia of the BA (Moriyama et al., 2016). Ectopic
cardiomyocytes are observed in the BA of elna and elnb mutants, but CPC
migration patterns are not altered. Rather, elnb governs the differentiation of
CPCs into smooth muscle cells and its absence allows differentiation into
cardiomyocytes instead. Such studies improve our understanding of how
individual gene deletions contribute to the overall disease etiology.

3.7 Microdeletion Syndrome 22q11.2

22q11.2 deletion syndrome (22q11.2DS) is the most common microdeletion
syndrome in humans. Also known as DiGeorge syndrome or CATCH-22
syndrome (Cardiac abnormality, Abnormal facies, T-cell deficient due to thy-
mic hypoplasia, Cleft palate, Hypercalcemia due to hypoparathyroidism
resulting from 22ql1 deletion), the prevalence is 1 in 4000 births
(Devriendt, Fryns, Mortier, van Thienen, & Keymolen, 1998). Nonallelic
homologous recombination occurs between repeat elements, resulting in a
highly reproducible series of deletions. Consequently, 90% of patients have
a 3 Mb deletion which encompasses 90 genes, many of which remain poorly
characterized (Emanuel, 2008). Approximately 80% of patients present with
CHDs, primarily conotruncal defects, aortic arch abnormalities, and septal
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defects. Considering the phenotypes of 22q11.2DS are believed to arise as a
result of gene dosage effects, a major advantage of using zebrafish is the
ability to manipulate expression levels using morpholinos and mRNA
overexpression.

Of the genes deleted in 22q11.2DS, TBX1 appears to be most important.
Deletion or knockdown of tbx 1 in zebrafish causes cardiac defects: the heart
fails to jog or loop, with reduced proliferation in the FHF and decreased cell
contribution from the SHF (Piotrowski et al., 2003; Zhang, Gui, Wang,
Jiang, & Song, 2010). The reduced incorporation of SHF cells at the arterial
pole results in impaired development of the OFT (Hami et al., 2011). TBX1
has a central role in regulating the expression of many genes and altering
their expression may contribute to 22q11.2DS. For example, WNT11R
has been demonstrated to be downstream of TBX1 in a linear pathway reg-
ulating heart development (Choe & Crump, 2014; Choudhry & Trede,
2013), while WINT5A is essential for SHF development (Sinha et al., 2015).

The spectrum of phenotypes observed in patients cannot be fully
explained by TBX1 haploinsufficiency, however. Many proteins deleted
in 22q11.2DS are involved in mitochondrial function, potentially implicat-
ing mitochondrial dysfunction in disease development. Mitochondrial
dysfunction can cause neurodevelopmental and neurodegenerative disease,
reminiscent of the neurological symptoms of 22q11.2DS patients. Among
the mitochondrial genes deleted, the SLC25A41 ortholog slc25ala was
studied in zebrafish (Catalina-Rodriguez et al., 2012). A dose-dependent
relationship was established, where decreasing levels of protein associated
with increasing mitochondrial depletion and worsening developmental
defects, which included reduced heart size and pericardial edema. Further-
more, the phenotypes induced by knockdown of slc25ala could be
suppressed by blocking autophagy, identifying a potential new clinical target
(Catalina-Rodriguez et al., 2012). This study underscores the utility of
zebrafish in studying the mechanism of disease development and identifying
targets that might inform new therapeutic approaches.

4. CONCLUSION

Faithful cardiac development is crucial to the health and survival of
vertebrate embryos. While cardiac development is well characterized in
zebrafish, several important areas remain poorly understood. The details
of tube extension and cardiac looping remain unclear, and the minutiae
of ballooning are only recently beginning to emerge. Further quantitative
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research into the velocity and routes of migrating cells from the FHF, SHF,
and CNC are critical to fully understand zebrafish heart development, as is
understanding how their integration into the heart affects morphogenetic
events. Only with a comprehensive model we will be able to fully appreciate
the perturbations to the system that lead to defects.

‘While zebrafish hearts are simpler than their human counterparts, signifi-
cant conservation exists between teleosts and humans, both in the basic
cellular changes that effect heart development and in the gene mutations that
disrupt this process. Each of the complex developmental syndromes discussed
herein can be at least partially recapitulated by mutation, deletion, or knock-
down of the same genes in zebrafish. While the links between specific human
symptoms and corresponding zebrafish heart phenotypes remain complex, this
may be a result of inconsistent scoring of cardiac defects within the zebrafish
community. In the future, a standardized description of phenotypes in the
zebrafish may prove more informative and allow a better correspondence
between zebrafish and mammalian CHD phenotypes. Nevertheless, mutations
that generate CHDs in humans consistently disrupt cardiac development in
fish, and future work should focus on using gene editing technology to create
zebrafish with mutations that are presumed to cause disease in humans.

Perhaps the most exciting aspect of modeling CHD with zebrafish is the
potential for personalized medicine. Human mutations are fantastically varied
and causative mutations within the same gene can have wildly differing effects.
The combination of precise genetic manipulation with the ability to perform
effective drug screens makes zebrafish ideal for the identification and develop-
ment of new therapeutic approaches to treat CHDs. Indeed, such work has
already proven informative for RASopathies and 22q11.2DS, and similar
screens with new mutations will only improve our knowledge. In the future,
it should be possible to identify a human CHD-associated mutation, repro-
duce the mutation in zebrafish to understand the molecular and cellular causes
underlying the accompanying heart defect, and then screen for the most
appropriate treatment regimen. Thus, zebrafish will remain at the forefront
of cardiac development and CHD research.
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