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PREFACE

The complexities of the developing embryo have captured the fascination of
scientists for centuries. Cells must follow cues to achieve the proper position
and function in the embryo and coordinate their activities with neighboring
cells to form organs that function in concert in the newly formed organism.
These processes are hidden from view in the developing mammalian
embryo, but are on display in nonmammalian organisms, where embryos
develop outside of the mother. In particular, fish embryos develop quickly
and thus have been favorites of embryologists for centuries. The authors
who contributed to this volume witness the marvel of vertebrate develop-
ment as routine practice in their laboratories: all are developmental biologists
who study how the small, transparent zebrafish embryo develops in a Petri
dish from fertilized egg to fully formed larvae within a matter of days.

Why zebrafish? The combined attributes of this system make it an
extremely powerful system for developmental genetics. Zebrafish are verte-
brates and share nearly all organ systems with mammals, with the obvious
exception of structures like gills and scales that are relevant to aquatic life.
Most notably, zebrafish, like all animals, are susceptible to disease, and in
the past decade, work of many zebrafish investigators has uncovered the
genes and pathways that give rise to pathology, and found that nearly all
of them are shared with mammals. Many disease pathways are reiterations
of processes that are required for development; this volume describes
how lessons learned from studying development in zebrafish have informed
our understanding of a range of diseases.

During zebrafish development, formation of nearly all organs can be
observed in real time as development is extremely fast: gastrulation is com-
plete within 6 h postfertilization (hpf), nearly all organs are patterned within
the first day and half; and by the end of the third day postfertilization (dpf),
the embryo has transformed to a free swimming larvae. By 5 dpf, the larvae
have nearly completed development. During this rapid development, organs
such as the heart, craniofacial skeleton, muscle, brain, and eyes are large
enough to be easily observed using a low power stereomicroscope, while
others require specific markers for visualization. Illustrations of several of
these structures are provided in figures that accompany most chapters in this
volume. Since the zebrafish embryo is transparent, fluorescent markers—
either as vital dyes or fluorescent proteins expressed under the control of

xi
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cell-type-specific promoters—provide a straightforward means to visualize
specific cell types in developing embryos and larvae. Indeed, using imaging
to study how cells move and organs take shape and to track the dynamic
behavior of intracellular structures within the developing embryo is a major
strength of zebrafish. Studies described here include work to image how the
heart loops (Chapter 1), how innate immune cells interact with pathogens
(Chapter 8) and use of fluorescent reporters to signal the presence of
toxins (Chapter 9) are some examples of how imaging has advanced the
field. Of practical utility is that each chapter includes a table listing of com-
monly used markers for identifying specific cell types in each organ or system
covered here. While the rapid advancement in the field will render these lists
outdated by the time of publication, there is a great value for compiling these
resources in single place.

The wealth of genetic tools that have been applied in forward and reverse
genetic studies and in the generation of tissue-specific transgenics is the
foundation of zebrafish research. Most of the genes governing development
of all shared organ systems are highly conserved across vertebrates. In fact,
several chapters highlight how work in zebrafish has both contributed to
the understanding of human congenital diseases and provided information
that has helped to diagnose some of them. In several chapters, a table sum-
marizing the human diseases in the cardiovascular (Chapter 1), skeletal,
(Chapter 3) immune (Chapter 4) and muscular (Chapter 6) systems which
have been studied using zebrafish is provided as a resource. The early era of
zebrafish developmental genetics was rooted in forward genetic screens in
which the genome was randomly mutagenized either using chemicals
(Chen et al., 1996; Geisler et al., 2007; Malicki et al., 1996; Pack et al.,
1996; Ransom et al., 1996) or by viral insertion. Forward genetics is based
on selecting a specific phenotype for which the investigator wants to identify
the genes that govern it. This approach has been extremely powerful, as
mutants that emerged from the several large-scale screens carried out decades
ago are still being studied intensely. Screens identifying mutants with pheno-
types that resemble human disease of the heart (Chapter 1), kidney
(Chapter 2), skeleton (Chapter 3), blood (Chapter 4), liver (Chapter 5), mus-
cle (Chapter 6), and pancreas (Chapter 7) are discussed in detail in this volume.

The revolution in gene editing technology has transformed the zebrafish
field. With the advent of zinc finger nucleases, TALENs, and now the
CRISPR/Cas9 system, nearly any gene of interest can be mutated. The
wide application of these approaches in zebrafish, most notably,
CRISPR /Cas9, has led to innovative methods to target specific genes in
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specific tissues or at discrete developmental times. Use of mutants, whereby
the genetic change is heritable and stable, is complemented by the use of
morpholinos, whereby a specific RNA can be targeted acutely and tran-
siently in the embryo. The controversy surrounding the use of morpholinos
in zebrafish has been sensationalized by a few outspoken advocates for exclu-
sive use of mutants; however, the power of using a knock-down approach
1s demonstrated throughout the work described in nearly all of the chapters
in this volume. In fact, the combined use of both mutants and morphants
has led to unexpected discoveries on how zebrafish adapt to heritable muta-
tions through compensatory changes in other genes (Rossi et al., 2015).

The overarching theme of this volume is the interplay between devel-
opmental processes and disease. Developmental biologists as well as our
colleagues in obstetrical and pediatric fields can attest that development is
not always perfect. Congenital defects—i.e., the consequences of failed
developmental processes—afflict millions of children each year (http:/
www.marchofdimes.org/mission/march-of-dimes-global-report-on-birth-
defects.aspx) and affect every organ system. The genes that govern
developmental processes are highly conserved and zebrafish with mutations
in homologous genes that cause congenital defects in humans display phe-
notypes analogous to the human diseases; cardiomyopathies (Chapter 1),
cystic kidneys (Chapter 2), anemia, and bone marrow deficiencies
(Chapter 4) are discussed in detail here. Many of these disorders have a
genetic basis, while a host of others are caused by environmental factors
and both of these are covered in this volume.

The impact of studying development processes reaches beyond congen-
ital disorders. Our collective work in zebrafish and other model systems has
also provided instructions for manipulating development to benefit human
disease. In no case is this more evident than in stem cell biology, where the
factors that govern potency and differentiation are manipulated to replace or
repair mature cells and tissues which have been rendered insufficient by
pathology. In fact, the lifelong impact of defects in development is exempli-
fied by blood disorders (Chapter 4), degenerative disease of the muscle
(Chapter 6), skeletal malformation (Chapter 3), the failure of pancreatic beta
cells in diabetes (Chapter 7), and the regeneration of the liver (Chapter 5) or
kidney (Chapter 4) following injury. Many aspects of cancer are attributed
to the cooption of developmental processes, and the relationship between
development and cancer is illustrated in hematopoietic malignancies
described in Chapter 4. Screening for chemical modifiers of disease-relevant
phenotypes has been extremely powerful, and illustrations of how drug
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screens have been applied to identify novel compounds to treat defects in
hematopoiesis, kidney cysts, beta cell division, and myopathies are described
in the relevant chapters.

Several decades before zebrafish was first used to study development, fish
embryos were the model of choice in the field of environmental toxicology.
The impact of toxicants on fish and wildlife is a broad and important topic,
and these have been reviewed elsewhere. Chapter 9 describes the attributes
of zebrafish that make it a powerful tool to broaden our understanding of
environmental toxicology and the acute, long-term, and transgenerational
effects of early toxicant exposures.

This volume provides both a unique perspective and a much needed
resource. Work in zebrafish disease models has expanded beyond genetic
disorders and developmental defects, and there is now an active and growing
community of researchers studying a range of diseases in zebrafish.
The recent establishment of the Zebrafish Disease Models Society
(zdmsociety.org) and the well-attended ZDMS annual meeting attest to
the growing impact of zebrafish in disease modeling.

The authors who contributed to each chapter are scientists working at the
cutting edge of both disease and developmental fields. Combined, these
researchers who have participated in pioneering screens for zebrafish devel-
opmental mutants, those whose research has uncovered the molecular
basis for the disease-relevant developmental defects caused by these
mutations, and carried out drug screens to identify compounds to modify
developmental defects, and clinicians apply their first hand understanding
of the importance of disease research to making discoveries using zebrafish.
I am indebted to these dedicated and talented researchers for bringing their
expertise to these pages and for our collegial work during the editorial process.
The contributions of their trainees and other colleagues who share authorship
are invaluable. The editorial input of members of my research team, Drs.
Bhavani Madakashira and Anjana Ramdas Nair, anonymous reviewers, and
the expert support of the publishing team at Elsevier have promoted
cohesiveness among chapters and has made this an exciting process. This is
not a comprehensive review of development and disease research in zebrafish,
which a decade ago could have been compiled, but now the field is too vast to
cover within a single volume. Indeed, major areas of active research in
zebrafish, including neuroscience, sensory perception, metabolism, and can-
cer, were omitted largely due to space constraints. We collectively apologize
to those researchers whose work was not covered and are grateful for the
strong community of zebrafish researchers who enable collaborative and
exciting research in the field of zebrafish development and disease.
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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.
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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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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
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and 6 (not shown). Early streaming CNC migrate through pharyngeal arches 1 and 2.
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cardiomyocytes throughout the linear heart tube. (F) Later migrating CNC populate the
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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
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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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Abstract

The kidneys are a crucial pair of organs that are responsible for filtering the blood to
remove waste, maintain electrolyte and water homeostasis, and regulate blood pres-
sure. There are a number of factors, both genetic and environmental, that can impair
the function of the kidneys resulting in significant morbidity and mortality for millions
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of people affected by kidney disease worldwide. The zebrafish, Danio rerio, has emerged
as an attractive vertebrate model in the study of kidney development and disease and
has proven to be a powerful tool in the advancement of how kidney development
occurs in vertebrates and how the kidney repairs itself after injury. Zebrafish share sig-
nificant similarities in kidney development and composition of nephrons, the functional
unit of the kidney. This makes the zebrafish a very promising model to study the mech-
anisms by which renal developmental defects occur. Furthermore, zebrafish are ideally
suited for the study of how vertebrate kidneys respond to injury and have provided
researchers with invaluable information on repair processes after kidney injury. Impor-
tantly, zebrafish have profound potential for discovering treatment modalities and, in
fact, studies in zebrafish models have provided leads for therapeutics for human
patients suffering from kidney disease and kidney injury. Here, we discuss the similarities
and differences in zebrafish and mammalian kidney models, and highlight some of the
major contributions the zebrafish has made in the understanding of kidney develop-
ment and disease.

ABBREVIATIONS
ADPKD autosomal dominant polycystic kidney disease

AKI acute kidney injury

CAKUT congenital anomalies of the kidney and urinary tract

CRISPR clustered regularly interspaced short palindromic repeats
dpf day posttertilization

dpi days postinjury

ESRD end-stage renal disease

HDAC histone deacetylase

HDACI histone deacetylase inhibitor

HH Hedgehog

HNEF-1f hepatocyte nuclear factor 1p

hpf hours postfertilization

ICO intraciliary calcium oscillation

IFT intraflagellar transport

KV Kupffer’s vesicle

LR left-right

m4TPB methyl-4-(phenylthio) butanoate
MTZ metronidazole

MUT mutant

noi no isthmus

NTR Escherichia coli nitroreductase
Pc1 Polycystin-1

Pc2 Polycystin-2

PKD polycystic kidney disease
PTBA 4-(phenylthio) butanoic acid
TRP transient receptor potential
VPA valproic acid

VUR vesicoureteral reflux

WT wild type
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1. INTRODUCTION

The kidney is a wvital organ essential for removing waste and
maintaining fluid homeostasis in animals. Through the basic functional unit,
the nephron, it filters blood plasma through the glomerulus and reabsorbs
water, ions, and other useful small molecules such as glucose through tubular
and ductal epithelial cells. Defects in kidney development can lead to con-
genital abnormalities in the kidney structure, which may compromise kid-
ney function. Adult renal diseases can also arise as a result of genetic defects
and environmental insults. Kidney diseases aftect more than 20 million
Americans, and this problem is growing with the aging of the population.
Better understanding of the molecular etiology of renal diseases to aid poten-
tial rational design of treatments is of profound medical importance.

With more than a million nephrons, the human kidney is a complex
internal organ that poses significant challenges to renal studies. The classic
mouse model has been invaluable in advancing our knowledge of kidney
development, function, and disease. Additionally, in the past 20 years, the
zebrafish Danio rerio has emerged as a powerful vertebrate model system that
complements the mouse model. The zebrafish is a tropical freshwater spe-
cies. Itis small in size, with adults measuring about 4 cm in length. Itis there-
fore feasible to maintain a sizable fish colony in a laboratory setting.
Moreover, it has a short generation time and each pair can produce hundreds
of offspring at weekly intervals. The nephron can be distinguished in
embryos as young as 2 days old, and they can develop features of kidney dis-
ease that are remarkably similar to the corresponding diseases in humans
before 2 days postfertilization (dpf). These features make zebrafish suitable
for large-scale screens, including genetic and chemical screens which can
advance kidney disease research.

The zebrafish is a relevant system for modeling mammalian kidney
development and disease. Nephrons in the zebrafish pronephros are struc-
turally similar to that of mammals, contain similar cell types, and perform
similar functions (Diep et al.,, 2015; Drummond, 2000, 2002, 2003).
A number of disease models, including congenital anomalies of the kidney
and urinary tract (CAKUT) (Majumdar, Lun, Brand, & Drummond, 2000;
Sun & Hopkins, 2001), polycystic kidney disease (PKD) (Coxam et al.,
2014; Mangos et al.,, 2010; Obara et al., 2006; Paavola et al., 2013;
Schottenfeld, Sullivan-Brown, & Burdine, 2007; Sun et al., 2004), and acute
kidney injury (AKI) (Hellman et al., 2010; Hentschel et al., 2005; Huang
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et al, 2013; Johnson, Holzemer, & Wingert, 2011; McCampbell,
Springer, & Wingert, 2015; McKee & Wingert, 2015; Palmyre et al.,
2014; Zhou, Boucher, Bollig, Englert, & Hildebrandt, 2010; Zhou &
Hildebrandt, 2012), have been established successfully in zebrafish.
Zebrafish models have also been used to screen drug leads for kidney diseases
(Cao etal., 2009; de Groh et al., 2010). As zebrafish kidney development has
been described elsewhere (Drummond, 2000, 2002, 2003, 2005;
Drummond & Davidson, 2010; Drummond & Wingert, 2016; Gerlach &
Wingert, 2013; Wingert & Davidson, 2008), in this review, we highlight
the similarities and differences of kidney development and disease between
the zebrafish and mammals to illustrate the advantages and potential of this
system and also reveal areas that can be further developed in the future.

2. CONSERVED FEATURES OF VERTEBRATE KIDNEY
DEVELOPMENT: ZEBRAFISH AS A MODEL SYSTEM

Studying kidney development has led to great insight on the patho-
physiology of congenital anomalies of the kidney. To fully realize the poten-
tial of zebrafish as a model of congenital kidney malformation, it is essential
to understand the differences and similarities between zebrafish and mam-
malian kidney development. At a macroscopic level, in higher vertebrates,
such as birds and mammals, three different forms of kidneys develop sequen-
tially: the pronephros, mesonephros, and metanephros. While the proneph-
ros is mostly vestigial, the mesonephros is functional during embryonic
stages. Both the pronephros and the mesonephros are transient in mammals,
and the metanephros is the permanent kidney. By contrast, the zebrafish
develops pronephros and mesonephros, but not metanephros (Diep et al.,
2015). Moreover, the pronephros is functional during embryonic and early
larval stages. Most of the renal studies in zebrafish so far have been focused on
the pronephros, as it is mature and functional by roughly 2.5 dpf, and thus is
experimentally expedient and accessible. The development of the meso-
nephros, although it occurs later during juvenile stages, does show unique
and relevant features and in recent years has attracted more attention.

The zebrafish pronephros forms from intermediate mesoderm during
embryonic development (Fig. 1A). It is structurally simple and is composed
of two nephrons with a pair of glomeruli fused at the midline at the level of
the pectoral fin (Drummond et al., 1998; Fig. 1B and C). At the lateral side,
each glomerulus is connected to a neck region, which drains filtrates through
the pronephric tubule to the pronephric duct (Drummond et al., 1998;
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Fig. 1B and C). The tubular region can be further divided into difterent seg-
ments based on differential gene expression (Wingert & Davidson, 2008).

On the cellular level, major segments and cell types of the nephron are
conserved in zebrafish. Podocytes in the zebrafish glomerulus are very sim-
ilar to those in mammals at the ultrastructural level (Drummond, 2000). Epi-
thelial cells in the proximal convoluted tubule display prominent brush
border, similar to the mammalian proximal tubule (Drummond et al.,
1998). However, as an aquatic species, the zebrafish kidney lacks the intact
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Fig. 1 Patterning of the zebrafish pronephros. (A) A diagram of a zebrafish embryo at an
early-segmentation stage in a side view. A number of transcription factors are expressed
in different regions of the intermediate mesoderm (red line), which give rise to distinct
components of the pronephros. (B) Diagram of the pronephros in a zebrafish embryo at
the pharyngula stage in a dorsal view. (C) A cross section through the level of the dotted
line shown in (B) in a zebrafish embryo at 54 hour postfertilization (hfp). The fused glo-
meruli (red dotted line), and the pair of neck regions (blue line) can be seen. (D) Kidney
cyst (arrow) is visible in a hnf1ba™**¢ mutant (MUT) in comparison to a wild-type (WT)
sibling at 4 day postfertilization (dpf ). (E) hnf1ba expression in the developing zebrafish
pronephros. At the 4-somite stage, it is expressed in the intermediate mesoderm
(arrow). At 38 hpf, it is expressed in the neck, tubule, and duct region of the pronephros
(arrowhead) and the gut (arrow). (F) Abnormal patterning of the nephron in a hnf1ba">*
mutant (MUT) in comparison to a WT sibling at 38 hpf shown by in situ hybridization.
While pax2a expression in the neck region (bracket) is absent, wtla expression in the
glomerular region is expanded. nt, neural tube. (G) A model for the function of Hnf1ba
in the patterning of the zebrafish pronephros. Panels (C—G) adapted from Sun, Z., &
Hopkins, N. (2001). vhnfl, the MODY5 and familial GCKD-associated gene, regulates
regional specification of the zebrafish gut, pronephros, and hindbrain. Genes & Develop-
ment, 15, 3217-3229.
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structure of the loop of Henle, which is a striking adaption by land animals to
preserve water and concentrate urine through a countercurrent multiplier
mechanism.

The development of the zebrafish pronephros shows both conserved and
distinct features in comparison to the mammalian metanephros. Glomeruli,
tubules, and ducts arise from the intermediate mesoderm to form the pro-
nephros of zebrafish (Fig. 1A; Drummond & Davidson, 2010; Serluca &
Fishman, 2001). Proper regional specification has to be achieved for the cells
in the intermediate mesoderm to adopt distinct fates (Fig. 1A). Molecular
mechanism for patterning different components of the kidney seems to
be conserved between zebrafish and mammals. In addition, like in mamma-
lian kidney development, mesenchymal cells in the intermediate mesoderm
transform to highly polarized epithelial cells in the renal tubule and duct
through mesenchymal—epithelial transition.

A significant difference between zebrafish and mammalian kidney devel-
opment is the apparent lack of branching morphogenesis in zebrafish pro-
nephros development, during which the two nephrons form de novo
from the intermediate mesoderm. By contrast, in the development of more
complex kidneys, branching morphogenesis is instrumental in generating
the intricate arborized 3D epithelial structure.

During the transition between larval and juvenile stages, new nephrons
are added around the existing pronephros to form the mesonephros in
zebrafish (Diep et al., 2015). It was shown that the new nephrons arise from
the nephrogenic mesenchyme, and they invade and join the pronephric
tubule (Diep et al., 2015). Interestingly, new nephrons are added through-
out adult stages of zebrafish, a feature which is not observed in mammals. As
discussed later in more detail, the zebrafish mesonephros could be used to
model kidney injury and regeneration.

3. DISEASE AND DEVELOPMENT: CAKUT IN ZEBRAFISH

The conserved features of zebrafish development discussed earlier
make it a relevant model system for CAKUT. CAKUT refers to a wide spec-
trum of structural anomalies of the kidney and the urinary tract, including
ureteropelvic junction obstruction, kidney agenesis, kidney dysplasia, and
vesicoureteral reflux (VUR) (recently reviewed in Nicolaou, Renkema,
Bongers, Giles, & Knoers, 2015). Consequences of these structural defects
range from functionally insignificant to severely compromised kidney func-
tion. CAKUT is the leading cause of end-stage renal disease (ESRD) in
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children. Both environmental and genetic factors can disrupt critical steps of
kidney development, leading to CAKUT.

The advancement of the next-generation sequencing technique led to
the identification of a growing list of candidate genes for CAKUT
(Hwang et al., 2014; Madariaga et al., 2013; Nakanishi & Yoshikawa,
2003; Nakayama et al.,, 2010; Negrisolo et al., 2011; Nicolaou et al.,
2015). Currently mutations in PAX2 and HNF-1f are the most frequent
genetic cause of CAKUT. Further dissection of Pax2 and Hnf-1f function
in kidney development in zebrafish will accelerate the understanding of how
these genes contribute to CAKUT in patients. Consistent with the con-
served patterning of different segments of the nephron in the zebrafish pro-
nephros, zebrafish mutants of pax2 and huflf, two genes encoding
transcription factors critical for regional specification of the nephron, have
provided useful insights. These are discussed later.

However, unlike these well-studied cases, a causal relationship between
many of the identified genes and CAKUT remains to be established. This is
particularly challenging because of the genetic heterogeneity and frequent
incomplete penetrance of the genetic factors of CAKUT. Since zebrafish
are genetically tractable, this is a valuable system to investigate the role of
identified candidate genes in kidney development in a relatively high-
throughput fashion. Understanding the genetic cause of CAKUT will aid
early diagnosis and better management of CAKUT, potentially delaying
the onset of ESRD.

3.1 Pax2 and CAKUT

PAX2 encodes a transcription factor of the paired-box family. Heterozygous
mutation in PAX2 was the first identified genetic cause of CAKUT
(Sanyanusin et al., 1995). CAKUT patients with PAX2 mutations show a
continuum of defects ranging from renal dysplasia to VUR (Harshman &
Brophy, 2012; Hwang et al.,, 2014; Negrisolo et al., 2011; Sanyanusin
et al., 1995). In mouse, Pax2 expression is detected in the pronephric tubule
and extending nephric duct (Dressler, Deutsch, Chowdhury, Nornes, &
Gruss, 1990). In the developing mouse metanephros, Pax2 is expressed in
condensing mesenchymal cells and the collecting duct. Later its expression
declines with the differentiation of epithelial cells (Dressler et al., 1990). Con-
sistent with its wide expression domain in the developing kidney, Pax2
knockout mouse lacks both ureters and metanephric kidneys (Torres,
Gomez-Pardo, Dressler, & Gruss, 1995). Interestingly, heterozygous carriers



48 Stephanie Jerman and Zhaoxia Sun

of the knockout allele or a truncating allele show renal dysplasia and VUR
(Murawski, Myburgh, Favor, & Gupta, 2007; Torres et al., 1995), which bears
striking resemblance to CAKUT patients carrying PAX2 mutations. In the
heterozygous carriers, the position of the ureteric bud is shifted caudally
(Murawski et al., 2007). It is thought that caudal shift of the ureteric bud dis-
rupts branching morphogenesis, causing kidney dysplasia. Moreover, caudal
shift of the ureteric bud could also lead to abnormal insertion of the ureter
into the bladder, resulting in VUR (Caruana & Bertram, 2015).

There are two homologs of Pax2 in zebrafish but only one of them,
pax2a, is expressed in the developing pronephros (Pfefter, Gerster, Lun,
Brand, & Busslinger, 1998). During early somitogenesis, pax2a expression
is detected in the intermediate mesoderm starting at the level of somite 2
and extends to more posterior regions (Fig. 1A; Serluca & Fishman,
2001). Similar to the downregulation of Pax2 expression as the nephron
matures in the mammalian kidney, at 38 hours postfertilization (hpf), pax2a
expression becomes restricted in the neck region and the anterior proneph-
ric tubule in zebrafish (Krauss, Johansen, Korzh & Fjose, 1991; Majumdar
et al., 2000). Complementary to pax2a expression, the Wilms’ tumor gene
wtlais expressed in the future glomerular region in the intermediate meso-
derm between the level of somite 1-2 and persists in mature glomeruli in
zebrafish (Fig. 1A; Majumdar et al., 2000; Serluca & Fishman, 2001). This
regional-specific gene expression pattern, however, is disrupted in no isthmus
(noi), a zebrafish pax2a mutant. In this mutant, the expression of wtla
expands from the glomerular region to the neck region and the Na' /K"
ATPase signal is lost in the neck and anterior tubular regions, suggesting
a patterning defect (Majumdar et al., 2000). It would be interesting to test
whether a similar patterning defect is responsible for the abnormal position
of the ureteric bud in Pax2 mouse mutants and whether similar defects are
seen in CAKUT patients with PAX2 mutations.

3.2 Hnf-1p and CAKUT

Hepatocyte nuclear factor 18 (HNF-1f), also known as vHnf1, Lf-B3, or
Tcf2, is a transcription factor of the homeobox family. HNF-1f is the second
gene associated with CAKUT. A wide spectrum of kidney defects has been
observed in patients with heterozygous HNF-1f mutations, including
hypoplasia, single kidney, and multicystic dysplastic kidney (Bingham
et al., 2002; Heidet et al., 2010; Hwang et al., 2014; Lindner et al., 1999;
Madariaga et al., 2013; Nakayama et al., 2010; Thomas et al., 2011).
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Mutations in HNF-1f are also associated with extrarenal diseases, most nota-
bly mature onset diabetes of the young type 5 (Horikawa et al.,, 1997;
Nishigori et al., 1998).

Hnf-1f is expressed in multiple organs, including the kidney, liver,
gut, and pancreatic primordia. In the developing mouse metanephros, its
expression can be detected from early stages throughout the epithelial
compartment and the ureter (Coffinier, Barra, Babinet, & Yaniv, 1999).
Complete knockout is embryonically lethal by day 7.5 (Barbacci et al.,
1999; Coffhinier et al., 1999), precluding an analysis of kidney development.

There are two Hnf-1f paralogs in the zebrafish genome, huflba and
haf1bb (Naylor & Davidson, 2014). In hnaf1ba"”*® mutants, we found that
kidney cyst is obvious in live mutant embryos under a dissecting scope
(Fig. 1D; Sun & Hopkins, 2001). Specific hnflba expression domains first
emerge at the end of gastrulation in the presumptive hindbrain region
(Sun & Hopkins, 2001). At the 4-somite stage, hnflba expression also
appears in a segment in the intermediate mesoderm (Fig. 1E; Sun &
Hopkins, 2001), which is destined to become the pronephric neck, tubule,
and ducts (Drummond et al., 1998; Serluca & Fishman, 2001). The hnf1ba
expression domain in the intermediate mesoderm coincides with that of
pax2a at this stage but persists in renal epithelial cells through the pharyngula
period (Fig. 1E and F; Sun & Hopkins, 2001). hnf1bb is also expressed in the
developing pronephros, but its expression is restricted to the proximal
tubule, distal early tubule, and distal late tubule (Naylor, Przepiorski,
Ren, Yu, & Davidson, 2013). In hnf1ba"”** mutant embryos, pax2a expres-
sion in the neck region is absent (Fig. 1F; Sun & Hopkins, 2001). Comple-
mentarily, wtla expression in the future glomerulus is expanded
mediolaterally to regions corresponding to the future neck region in wild-
type (WT) embryos (Fig. 1F; Sun & Hopkins, 2001). These data show that
the neck region has adopted molecular attributes of the future glomeruli,
suggesting that hnf1ba plays an important role in the specification of different
fates in pronephros development (Fig. 1G).

Genetic studies of Hnf-1f in mouse also suggest that it is involved in
regional specification. Inactivation of Hnuf-1f in mesenchymal stem cells
responsible for nephron epithelial cells results in ablation of proximal, dis-
tal, and loop of Henle segments (Heliot et al., 2013; Massa et al., 2013).
More detailed analysis revealed that a specific subdomain of the S-shaped
body is missing from the mutant (Heliot et al., 2013; Massa et al., 2013),
suggesting a patterning defect. Interestingly, altering Hnf-1f function
through tissue-specific expression of dominant-negative proteins or
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conditional knockout in already formed kidneys leads to renal cysts (Gresh
et al., 2004; Hiesberger et al., 2004, 2005). Combined, these results suggest
that HNF-1p is involved in multiple steps of kidney development and epi-
thelial differentiation.

Many CAKUT genes remain unidentified; mutations in PAX2 and
HNF-1f combined account for only 5-15% of CAKUT cases (Madariaga
etal., 2013; Thomas et al., 2011; Weber et al., 2006). The genetically acces-
sible zebrafish system could potentially provide candidate genes for the sea-
rch of novel CAKUT genes. Zebrafish could also serve as a high-throughput
platform for validating candidate CAKUT genes.

4. RENAL CILIOPATHY MODELS IN ZEBRAFISH

The cilium is a rod-like cell surface organelle. It contains a microtu-
bule axoneme in the center surrounded by a membrane that is contiguous
with, yet distinct in composition from, the cell membrane. The cilium is
almost ubiquitously present on vertebrate cells. Protruding from the cell sur-
face into the environment, the ubiquitous cilium is ideally situated to func-
tion as an antenna for the cell to sense, interpret, and integrate signals.
Studies in the past decade suggest that the cilium plays a critical role in sig-
naling, particularly Hedgehog (HH) signaling (Haycraft et al., 2005;
Huangfu et al., 2003). In the absence of its ligand, the HH receptor Patched
is localized on the cilium (Rohatgi, Milenkovic, & Scott, 2007). There it
prevents the trafficking of Smoothened into the cilium and keeps the path-
way in an “off” state. Upon HH binding, Patched is removed from the cil-
ium and Smoothened enters, leading to the activation of the pathway and in
turn the expression of target genes (Rohatgi et al., 2007).

Consistent with cilia’s wide distribution and critical role in signaling, cilia
dysfunction and dysgenesis have been linked to a growing list of human dis-
eases including PKD, cancer, mental retardation, and obesity, collectively
referred to as ciliopathies (Hildebrandt & Zhou, 2007). Here, we discuss
the use of zebrafish models to study renal ciliopathies.

4.1 Renal Ciliopathy Studies in Mice and Zebrafish: Similarities,
Differences, and the Complexities of In Vivo Kidney Disease
Models

Zebrafish occupies a unique niche in studying ciliopathies. Much of our

earlier knowledge regarding cilia was originated in studies on the flagellum

in the green algae Chlamydomonas. However, despite the high level of
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conservation in cilia biogenesis and structure, signaling mediated by cilia has
diverged significantly between vertebrate and invertebrate animals. For
example, in contrast to the almost ubiquitous presence of cilia on mamma-
lian cells, most fly cells lack cilia. Despite the limited distribution of cilia on
fly cells, genetic screens in this organism have been instrumental in dissecting
out key steps of the HH pathway; however, the involvement of the cilium in
this pathway was only revealed by genetic studies in mice (Haycraft et al.,
2005; Huangfu et al., 2003). Similarly, in Caenorhabditis elegans, cilia pres-
ence is limited to some neuronal cells (Bae & Barr, 2008; Ingham,
Nakano, & Seger, 2011). Furthermore, this organism seems to lack a func-
tional HH pathway. This functional divergence has limited the use of these
powerful classic genetic model systems to dissect cilia-mediated signaling
relevant to vertebrate biology and human ciliopathies.

In contrast to worm and fly, cilia are widely distributed on zebrafish
cells (Fig. 2). For example, cilia presence can be readily detected in the olfac-
tory placode, otic vesicle, kidney, lateral line organ, and Kupfter’s vesicle
(KV, the zebrafish left-right (LR) organizer) (Fig. 2). Moreover, cilia-
mediated signaling, particularly HH signaling, is conserved in zebrafish. Spe-
cifically, in zebrafish, Smo and Gli are targeted to cilia (Kim, Richardson,
van Eeden, & Ingham, 2010), and in a maternal-zygotic mutant of ift§8,
a gene essential for cilia biogenesis, HH signaling is dampened (Huang &
Schier, 2009). Importantly, a toolbox for studying cilia in zebrafish is already
available, including a sizable collection of ciliary mutants and live reporters
for cilia morphology and function (Table 1). Thus, zebrafish is an excellent
model system for studying vertebrate-specific ciliary signaling and
ciliopathies.

One of the best-studied renal ciliopathies is PKD, which is characterized
by the formation of multiple epithelium-lined fluid-filled cysts in the kid-
ney. Zebrafish is an excellent system to study kidney cyst formation. As
the embryo is transparent and develops ex utero, kidney cyst formation is
visible in live animals under a simple stereoscope (Fig. 1D). Large-scale
genetic screens have been performed in zebrafish, and many cystic kidney
mutants have been identified. The realization that many of the cystic kidney
mutants isolated in fish resulted from defects in ciliary genes provided strong
support for the hypothesis that the cilium is a critical organelle for PKD
pathogenesis (Sun et al., 2004). These ciliary mutants in zebrafish frequently
show a characteristic constellation of phenotypes, including LR asymmetry
defects, ventral body curvature, and kidney cyst, providing a robust pheno-
typic readout of ciliary mutants.
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Fig. 2 Cilia are widely distributed in zebrafish. (A) A whole-mount zebrafish embryo at
2 dpf stained with antiacetylated tubulin (green) and TOTO3 (blue). (B and C) Cross sec-
tion of an embryo at the 20-somite stage stained with the ciliary marker anti-Arl13b in
green, the basal body marker anti-y-tubulin in red, and DAPIl in blue. Cis an enlarged view
of the boxed area in (B). (D) Cilia (green, pointed by arrows, labeled by Arl13b-eGFP
driven by the endothelial-specific kdrl promoter) on endothelial cells (red, labeled by
mRFP driven by the kdrl promoter) in a 24-hpf embryo. (E) Kinocilia stained with ant-
iacetylated tubulin (green) in a lateral line organ in a 3-dpf embryo. F-actin is stained
red with phalloidin. (F) Bundled cilia stained with antiacetylated tubulin (green) in the
pronephric tubule (red, anti-Cdh17) in a 4-dpf embryo. Panel (A) adapted from the cover
of JASN, 21, 1326—1333, 2010, panel (D) adapted from fig. 3B, Kallakuri, S., Yu, J. A,, Li, J., Li,
Y., Weinstein, B. M., Nicoli, S., et al. (2015). Endothelial cilia are essential for developmental
vascular integrity in zebrafish. Journal of the American Society of Nephrology, 28, 864—875,
panel (E) adapted from fig. 6A, Li, J. & Sun, Z. (2011). Qilin is essential for cilia assembly and
normal kidney development in zebrafish. PLos One, 6, e27365 and panel (F) adapted from
fig. S3, Zhao, L., Yuan, S., Cao, Y., Kallakuri, S., Li, Y., Kishimoto, N., et al. (2013). Reptin/
Ruvbl2 is a Lrrc6/Seahorse interactor essential for cilia motility. Proceedings of the National
Academy of Sciences of the United States of America, 110, 12697—12702.

There are notable differences between zebrafish and mammalian PKD
models. While mammalian kidney epithelial cells display solitary primary
cilia that bend passively in response to flow, cilia in the zebrafish pronephric
duct and tubule are motile (Kramer-Zucker et al., 2005). Moreover, many
of the pronephric epithelial cells are multiciliated, containing up to 16 cilia
per cell (Kramer-Zucker et al., 2005). These cilia bundle together and beat
vigorously and coordinate to drive fluid flow (Kramer-Zucker et al., 2005),
befitting the increased need of water excretion in an aquatic species. In
zebrafish, multiple cilia motility mutants develop kidney cyst (Becker-
Heck et al.,, 2011; Panizzi et al.,, 2012; Zhao et al., 2013), presumably
resulting from a lack of robust fluid flow and eventual defective kidney
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Table 1 Markers for Analyzing Kidney Development and Function in Zebrafish
Name Type Utility References

Markers for live imaging of cilia and intraciliary calcium

Arl13b-eGFP Plasmid Live imaging of cilia  Duldulao, Lee, and Sun
template for (2009)
in vitro
transcription
Tg(actin:: Transgenic Live imaging of ciliain Malicki, Avanesov, Li,
arl13b-GFP)  line KV and CNS Yuan, and Sun (2011) and

Borovina, Superina,
Voskas, and Ciruna (2010)

Arl13b- Plasmid Ratiometric imaging  Yuan, Zhao, Brueckner,
GCaMPo6 templates for of intraciliary calcium and Sun (2015)
and Arl13b-  in vitro

mCherry transcription

Arl13b-Pvalb Plasmid For dampening Yuan et al. (2015)
template for  intraciliary calcium
in vitro
transcription

Markers for specific cell types and segments of zebrafish kidney

Hematoxylin Histology Distinguish renal McCampbell et al. (2015)
and eosin stain proximal tubule from and McKee and Wingert
distal tubule (2015)
Lotus Lectin Renal proximal tubule McCampbell and Wingert
tetragonolobus marker (2014) and McCampbell
et al. (2015)
Dolichos Lectin Renal distal tubule McCampbell and Wingert
biflorus marker (2014) and McCampbell
agglutinin et al. (2015)
pax2a Gene Renal segment marker McCampbell et al. (2015)
expressed in
specific

segments of
the nephron

scl20ala Gene Marker of proximal ~ McCampbell et al. (2015)
expressed in  tubules
specific

segments of
the nephron

Continued
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Table 1 Markers for Analyzing Kidney Development and Function in Zebrafish—cont'd

Name Type Utility References
cdh17::GFP  Transgenic Labels tubules and Zhou et al. (2010)
line ducts of pronephric
and mesonephric
kidney
Tg(pod.:: Transgenic Labels podocytes Zhou et al. (2010)
mCherry) line (marker of
glomerulus)
Tg(podocin::  Transgenic Labels podocytes He, Ebarasi, Hultenby,
GFP) line (marker of Tryggvason, and Betsholtz
glomerulus) (2011)
Tg(podocin: Transgenic Induces podocyte- Huang et al. (2013)
NTR-GFP)  line specific ablation
Tg(podocin: Transgenic Induces podocyte- Zhou and Hildebrandt
NTR- line specific ablation (2012)
mCherry)
Tg(pod.:: Transgenic Podocyte-specific Zhou and Hildebrandt
NTR- line ablation and a (2012)
mCherry/ developmental marker
wt1b:: GFP) for mesonephric
nephrons
Tg(wt1b: Transgenic Developmental Zhou et al. (2010)
EGFP) line marker/marker of
renal progenitor cells
Tg(wt1b: Transgenic Developmental Diep et al. (2011)
mCherry) line marker/marker of
renal progenitor cells
Tg(lhx1a: Transgenic Developmental/renal  Diep et al. (2011) and
EGFP) line progenitor marker de Groh et al. (2010)

essential for
establishing kidney
field

morphogenesis. As mammalian renal cilia are immotile primary cilia, cilia

motility defects conceivably are not a risk factor for kidney cyst formation.

Consistently, patients with primary ciliary dyskinesia, a cilia motility disease,

typically show a combination of recurrent respiratory tract infection and

male infertility, but not cystic kidney. Thus, cystic kidney mutants in
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zebrafish represent a broad collection of mutants with ciliary defects, includ-
ing defective cilia biogenesis, cilia motility, and potentially cilia-mediated
signaling. A subset, particularly those with specific cilia motility defects,
may not be directly relevant to human PKD.

4.2 Autosomal Dominant Polycystic Kidney Disease: What We
Have Learned From Zebrafish Studies

Autosomal dominant polycystic kidney disease (ADPKD) is the most com-
mon form of PKD and is one of the most common monogenic diseases
(Gabow & Grantham, 1997). It affects more than 600,000 Americans and
an estimated 12.5 million people worldwide. Currently, there is no directed
therapy against PKD, and half of the ADPKD patients will progress to
ESRD by the age of 60. ADPKD is caused by mutations in two genes,
PKD1 and PKD2, encoding Polycystin-1 (PC1) and -2 (PC2), respectively
(Consortium, 1994; Mochizuki et al., 1996). PC2 is a six-transmembrane
protein that shares homology with the transient receptor potential (TRP)
channels and can complex with PC1, which contains 11-transmembrane
domains, to form a voltage-sensitive, nonselective cation channel
(Hanaoka et al., 2000; Koulen et al., 2002).

Among the first links between PKD and cilia were the realization that
Polycystins are targeted to cilia and mutations in intraflagellar transport
(IFT) genes could lead to PKD (Barr & Sternberg, 1999; Pazour et al.,
2000; Yoder, Hou, & Guay-Woodford, 2002). IFT genes encode compo-
nents of IFT particles. Many studies demonstrated that the formation and
maintenance of the cilium depends on IFT particles (Kozminski,
Johnson, Forscher, & Rosenbaum, 1993; Rosenbaum & Witman, 2002).
These particles move along microtubules in the ciliary axoneme and are
thought to be vehicles for transporting cargos needed for assembly, mainte-
nance, and function of cilia.

The role of cilia in PKD pathogenesis is further highlighted by the fact
that cilia-targeted trafficking of Polycystins highly correlates with their func-
tion in vivo (Cai et al., 2014; Yoshiba et al., 2012). Interestingly, although
both cilia biogenesis and Polycystin mutants develop kidney cysts, complete
removal of cilia ameliorated cyst progression triggered by Polycystin inacti-
vation (Ma, Tian, Igarashi, Pazour, & Somlo, 2013), suggesting that Poly-
cystins inhibit a novel cilia-dependent cyst-promoting pathway. The
molecular basis of this pathway is currently not understood.

The zebrafish genome contains a single homolog of PKD2. The
zebrafish pkd2 is expressed in the KV, floor plate, and pronephric epithelial
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cells (Bisgrove, Snarr, Emrazian, & Yost, 2005; Schottenfeld et al., 2007).
Multiple mutant alleles of pkd2 have been isolated in zebrafish. Mutants
show randomized LR development and a striking dorsal body curvature
(Schottenteld et al., 2007; Sun et al., 2004). Curiously, although Pc2 is pre-
sent on pronephric cilia in zebrafish (Obara et al., 2006), the mutants do not
show kidney cysts (Schottenfeld et al., 2007; Sun et al., 2004). Morpholino
oligo against the translational initiation site of pkd2, which could block the
translation of both maternally deposited and zygotic mRINA, did lead to kid-
ney cyst formation (Schottenfeld et al., 2007; Sun et al., 2004). It is thought
that maternal contribution of pkdZ2 transcript may mask the early require-
ment of Pc2 function and hence the lack of cystic kidney phenotype. It will
be important to clarify this issue by removing both maternal and zygotic
pkd2 gene products through generating maternal—zygotic mutants.

Dorsal curvature is perhaps the most visually apparent phenotype dis-
played by zebrafish pkd2 mutants. Even though the underlying molecular
and cellular mechanisms that generate this distinct phenotype remains
unclear, it proves to be relevant and useful for ADPKD research. Using dor-
sal curvature as an initial readout, we performed a chemical modifier screen
for pdeh"M% mutants (Cao et al., 2009). Through this screen, histone
deacetylase inhibitors (HDACI) were identified as suppressors of pkd2
mutants. Moreover, valproic acid (VPA), a HDAC], ameliorated cyst pro-
gression and improved kidney function in a neonatal mouse ADPKD model
based on conditional inactivation of Pkd1, validating that this result from
zebrafish is applicable to mammalian systems and to kidney cyst caused by
PKD1 inactivation (Cao et al., 2009). This finding initiated in zebrafish
has clinical implications, because VPA is an established medicine for treating
seizure and bipolar disorder (Duenas-Gonzalez et al., 2008). In addition,
multiple HDAC] have either been approved by FDA or are in clinical trials
for cancer treatment, and have known safety profiles (Mehnert & Kelly,
2007; Witt, Deubzer, Milde, & Oehme, 2009), raising the possibility of
repurposing these drugs for PKD treatment.

Basic research on the LR asymmetry defect in zebrafish pkd2 mutants also
led to relevant insight regarding Pc2 function. During vertebrate develop-
ment, directional fluid flow in the LR organizer breaks LR symmetry of the
body plan (Nonaka, Shiratori, Saijoh, & Hamada, 2002; Nonaka et al.,
1998). In both zebrafish and mouse, Pc2 is essential for proper LR
development (Bisgrove et al., 2005; Pennekamp et al., 2002; Schottenfeld
et al., 2007; Sun et al., 2004). By developing novel genetically encoded
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calcium reporters and calcium buffers that are targeted specifically to cilia
and using live imaging in developing zebrafish embryos, we recently discov-
ered novel dynamic intraciliary calcium oscillations (ICOs) at the KV (Yuan
et al., 2015). Interestingly, these ICOs are left-biased and begin with the
onset of cilia motility, preceding all other known molecular LR asymmetries
(Yuan et al., 2015). This study further showed that Pc2 is required for ICOs
and that intraciliary calcium signaling is specifically required for establishing
LR asymmetry (Yuan et al.,, 2015). Together, these results support an
important role of Pc2 in intraciliary calcium signaling in response to
fluid flow.

Similar to epithelial cells lining the KV, renal epithelial cells are exposed
to fluid flow. Moreover, in cultured renal epithelial cells, mechanical stress
on the cilium, either by direct pipette manipulation or by application of lam-
inar fluid flow, results in a rise in Ca®" that depends on cilia and both PC1
and PC2 (Jin et al., 2014; Nauli et al., 2003; Praetorius, Frokiaer, Nielsen, &
Spring, 2003). These results lead to the hypothesis that PC1 and PC2 on cilia
of renal epithelial cells are involved in mechanosensory response to fluid
flow and that defects in this response cause kidney cysts to form. This
hypothesis, however, remains highly controversial as ciliary channel activity
and kidney cyst formation in vivo seem to have distinct functional require-
ments for Polycystins. Data from a patch clamp study showed that there is a
nonselective cation current across the ciliary membrane in multiple cell
lines, including renal epithelial cells (DeCaen, Delling, Vien, & Clapham,
2013), and while PKD1L1 and PKD2L1 were found to be required for this
current, both PC1 and PC2 are dispensable (DeCaen et al., 2013). By con-
trast, while inactivation of Pkd1 and Pkd2 leads to kidney cyst formation (Lu
et al., 2001; Wu et al., 1998), no such defect was reported in Pkd1l/1 and
Pkd2l1 mutants (Delling, DeCaen, Doerner, Febvay, & Clapham, 2013;
Field et al., 2011).

LR development also shows overlapping yet distinct requirements for
Polycystins: while Pkd2 and Pkd1l1 are required (Field et al., 2011;
Kamura et al., 2011; Pennekamp et al., 2002; Vogel et al., 2010), Pkd1 is
not (McCampbell et al., 2015) and Pkd2l1 knockout mice have isolated
intestinal malrotation with no other major organ laterality defect
(DeCaen et al., 2013). As Polycystin family members have unique sequence
features, it is possible that different tissues/cell lines employ different Poly-
cystin complexes to best cope with specific functional requirements.
To complicate the picture even further, a recent study failed to detect
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any cilia-specific calcium influxes in response to flow using transgenic mice
expressing the calcium indicator GECO1.2 (Delling et al., 2016). To clarify
the role of Polycystins, intraciliary calcium signaling, and kidney cyst forma-
tion, it will be critical to use calcium reporters with suitable calcium affinity
and kinetics and cilia-targeted calcium buffers to analyze the function of
intraciliary calcium in both mouse and zebrafish kidneys directly.

In contrast to the single pkd2 gene, there are two zebrafish paralogs of
PKD1, pkdla and pkd1b (Mangos et al., 2010). While the expression of
pkd1b seems to be restricted to the central nervous system and lateral meso-
derm during embryonic stages, the expression of pkd1a is more widespread
(Mangos et al., 2010). lyc1, a zebrafish truncation mutant of pkd1a, was iso-
lated as a lymphangiogenesis mutant (Coxam et al., 2014). The role of Pc1 in
lymphatic development was further supported by mouse mutant analysis
(Coxam et al., 2014; Outeda et al., 2014). Zebrafish lyc1 mutants, however,
do not display any body curvature phenotype as is observed in pkd2 mutants
(Coxam et al., 2014). Interestingly, injection of a morpholino oligo against
pkd1b into lyc1 mutant embryos did lead to dorsal body curvature, suggesting
a potential functional redundancy between the two orthologs (Coxam et al.,
2014). This result is consistent with the previous observation that knock-
down of both pkd1a and pkd1b simultaneously using morpholino oligos cau-
sed dorsal body curvature (Mangos et al., 2010). The specificity of the result
is supported by the lack of any body axis phenotype in WT embryos injected
with the morpholino against pkd1b alone (Coxam et al., 2014; Mangos et al.,
2010). Genetic double mutants will further verify the role of pkdia and
pkd1b in body axis development and clarify whether complete depletion
of Pcl function in zebrafish leads to kidney cyst formation.

5. KIDNEY INJURY AND REGENERATION

The value of zebrafish as a model for kidney damage and repair has
become increasingly evident, especially in the understanding of AKI. AKI
is a devastating condition caused by a rapid decline in renal excretory func-
tion that occurs over a period of hours or days and results in an increase in
circulatory waste products (Bellomo, Kellum, & Ronco, 2012). Incidence
of AKlI is increasing worldwide, with an estimated occurrence of 1 in 5 adults
and 1 in 3 children that are hospitalized with acute illness and resulting in up
to 60% mortality rate for patients who become critically ill (Rewa &
Bagshaw, 2014). Thus, there is a critical need to identify new preventative
and curative treatments for AKI.
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AKIT can result from a number of factors including ischemia/reperfusion,
exposure to toxins, and sepsis (Lameire, Van Biesen, & Vanholder, 2005).
AKI results in damage and cell death and can aftect any part of the nephron
including the tubular epithelia, glomerulus, interstitium, or vasculature
(Basile, Anderson, & Sutton, 2012). However, the proximal tubule is espe-
cially sensitive to AKI, mainly as a consequence of their reabsorption func-
tion, which results in the direct uptake of toxins. Additionally, the proximal
tubule is highly reliant on aerobic respiration; therefore, a reduction in blood
supply caused by ischemic injury is particularly detrimental to this subpop-
ulation of tubule cells. Treatment for AKI mainly consists of supportive care
and patients that are sufficiently supported have the ability to recover suc-
cessfully; however, it has been recognized that patients with AKI have an
increased risk of progressing to chronic kidney disease and ESRD, requiring
dialysis, or kidney transplantation.

Current mammalian models of AKI, including mice and rats, are limited
by the fact that their kidneys are only accessible through surgery and only a
very small population of renal tubules and vessels on the surface of the kidney
can be imaged in vivo. This, for the most part, excludes the possibility of
visual monitoring of the processes of AKI and kidney repair in real time
in a living animal. Zebrafish embryos and adults have a number of attributes
that make it ideally suited for the study of AKI. Over the past decade,
researchers have amassed an expansive toolkit, including the advancement
of genetic tools and kidney imaging methodologies (Table 1), for the study
of zebrafish kidney damage and repair.

5.1 Gentamicin-Induced AKI

The aminoglycoside antibiotic gentamicin is a highly effective treatment for
patients suffering from severe infections. However, the use of gentamicin is
limited due to an increased risk of nephrotoxicity associated with its use
(Selby, Shaw, Woodier, Fluck, & Kolhe, 2009). Understanding the mech-
anism of gentamicin-induced nephrotoxicity is needed in order to develop
strategies to reduce AKI in patients. Zebrafish have emerged as an ideal
model to study this type of AKI since gentamicin induces widespread prox-
imal tubule damage (Fig. 3A) and renal failure that mimics what has been
observed in higher vertebrates (Hentschel et al., 2005).

In a landmark study, Hentschel et al. showed that injection of gentamicin
into zebrafish embryos results in flattening of the proximal tubule brush bor-
der, tubular and glomerular distention, accumulation of debris in the tubule
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Fig. 3 Zebrafish acute kidney injury models. (A) Proximal tubule acute kidney injury
zebrafish models resulting from administration of gentamicin, cisplatin, laser ablation,
and mechanical tubular obstruction, (B) distal tubule acute kidney injury zebrafish
models caused by laser ablation and tubular obstruction, and (C) glomerular zebrafish
acute kidney injury model using transgenic zebrafish expressing the nitroreductase
gene (NTR) downstream of the podocyte-specific podocin gene and treatment with
MTZ to generate a toxic product, causing cell death.

lumen and pericardial edema, characteristics that mimic mammalian AKI
(Hentschel et al., 2005). These instrumental studies revealed that zebrafish
nephrotoxicity parallels that seen in higher vertebrates, including mammals,
and enabled researchers a valuable model organism to study AKI. Gentami-
cin has since become a mainstay in the study of AKI in zebrafish.
Gentamicin-induced AKI can be assessed in the transparent zebrafish
embryo through the use of fluorescently labeled dextran to study kidney
functionality. The 10 kDa dextran is normally endocytosed by proximal
tubule cells, a process that becomes impaired in gentamicin-induced prox-
imal tubule damage. Hentschel et al. were also among the first to recognize
the power of the zebrafish for testing molecules that could be used in the
recovery of AKI and demonstrated that simultaneously treating zebrafish
with taurine during gentamicin-induced AKI resulted in the improved abil-
ity to clear dextran after injury (Hentschel et al., 2005). These studies were
pivotal in revealing the similarities in the cellular changes in zebrafish and
mammalian AKI in response to nephrotoxic agents and the potential of using
zebrafish to develop treatments for AKI. However, the differences, in regard
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to zebrafish and mammalian kidney, are also of key interest for the under-
standing and development of treatments for AKI.

In mammals, the ability to make new nephrons ceases shortly after birth,
whereas adult zebrafish has the ability to generate new nephrons (termed
neonephrogenesis) throughout their lifetime (McCampbell et al., 2015).
This remarkable capacity for life-long nephrogenesis compels researchers
to understand how zebrafish retain this capacity with the aim of initiating
similar processes in humans.

The similarities and differences in the complexity and function between
zebrafish and mammals have made adult zebrafish an attractive model for the
study of more complex AKI pathophysiology. Gentamicin-induced injury
in adult zebrafish has been used extensively to study the potent regenerative
powers of the zebrafish kidney. Multiple approaches and markers have been
developed in zebrafish to sequence the cellular events that occur after
gentamicin-induced kidney injury in zebrafish. In some cases, these
approaches are similar to those used in mammals, such as hematoxylin
and eosin staining to distinguish proximal tubules from distal tubules, as
the proximal tubules exhibit a thick brush border on their luminal surface,
which stain differentially from the distal tubule cells that lack a brush border
(McCampbell et al., 2015; McKee & Wingert, 2015). Additionally, lectins,
which are sugar-binding proteins, can be used to identify various tubule seg-
ments. Lotus tetragonolobus labels proximal tubules, whereas Dolichos biflorus
agglutinin marks distal tubules with a high degree of specificity
(McCampbell et al., 2015). The use of these and other markers (Table 1)
has been instrumental in identifying how the nephron is damaged by gen-
tamicin (McCampbell et al., 2015; McCampbell & Wingert, 2014).

After gentamicin-induced AKI, the adult zebrafish mesonephros
undergoes partially coinciding waves of cell death and cell proliferation to
rapidly regenerate damaged tubules (McCampbell et al., 2015). During this
regeneration event, renal developmental markers such as pax2a are
upregulated, similar to what has been observed during mammalian AKI
repair (McCampbell et al., 2015). In a process distinct from mammals,
gentamicin-induced injury in the adult zebrafish also results in the de novo
formation of nephrons. As early as 1 day postinjury (dpi), nephrons in the
adult zebrafish display extensive damage to proximal tubules as evidenced
by denuded basement membranes, substantial cellular debris accumulation
in the lumen, and a loss of sc/20ala+ expression (a solute transporter which
marks proximal tubules) (McCampbell et al., 2015). Within 3 dpi, small
basophilic scl20ala+ clusters begin to emerge, and by 5 dpi small coiled



62 Stephanie Jerman and Zhaoxia Sun

structures appear in the damaged kidney, which were abundant by 7 dpi.
Between 7 and 10 dpi, the small coiled structures elongate to form segment
structures, indicative of new nephron formation, and by 14 dpi the injured
zebrafish kidney displays similar sc/20ala+ expression as their WT counter-
parts (McCampbell et al., 2015). This careful time-course analysis provided
invaluable insight into kidney regeneration in zebrafish and provides
researchers with clues to understanding the process of kidney repair in
humans.

5.2 Cisplatin-Induced AKI

Cisplatin (dichlorodiamino platinum) is an inorganic platinum-based che-
motherapeutic agent that is used extensively to treat a variety of malignant
tumors such as head and neck, lung, testis, ovarian, and bladder cancers
(Shiraishi et al., 2000). However, the use of cisplatin in these therapies is lim-
ited due to the nephrotoxic effects of the drug (Shiraishi et al., 2000). Cis-
platin accumulates in the kidney and causes necrosis and apoptosis of renal
tubular cells, resulting in dose-dependent nephrotoxicity in up to one-third
of patients (Shiraishi et al., 2000).

To improve survival of cancer patients receiving cisplatin-containing
chemotherapeutic agents, it is important to understand how cisplatin causes
renal injury. Zebrafish have shed light on this important area, as injection of
cisplatin into zebrafish embryos resulted in destruction of proximal tubule
epithelia (Fig. 3A), as evidenced by edema, cellular vacuolization, flattening
and loss of brush border, distension of the tubular lumen, and a marked
decrease in cell height in the proximal tubule renal epithelial cells
(Hentschel et al., 2005). These are similar to the effects of cisplatin-induced
nephrotoxicity in mammals. Using propidium iodine as a marker of apopto-
tic cells, increased cell death was reported in zebrafish nephrons 2 days after
cisplatin injection, and this was proposed to lead to release of the mitochon-
drial protein Omi/HtrA2, a serine protease, into the cytoplasm where Omi/
HtrA2 activates multiple apoptotic pathways (Hegde et al., 2002). Coin-
jecting zebrafish with cisplatin and Ucf-101, an inhibitor of Omi/HtrA2,
resulted in decreased edema and increased survival compared to fish injected
with cisplatin alone (Hentschel et al., 2005). Importantly, in a mouse model
of cisplatin-induced nephrotoxicity, coadministration of Ucf-101 signifi-
cantly improved renal function (Hentschel et al., 2005). These studies high-
light the power of using zebrafish to discover therapeutics that can be
translated in treatments for mammalian AKI.



Using Zebrafish to Study Kidney Development and Disease 63

5.3 Laser Ablation-Induced AKI

A drawback to studying drug-induced AKI in zebrafish is that the damage to
nephrons is so catastrophic that it ultimately results in death of the affected
fish, limiting the scope of the studies. Laser ablation of specific tubule seg-
ments in the embryonic zebrafish kidney has been a powerful alternative
(Fig. 3A and B), as this technique is highly specific and has a low mortality
rate, allowing for a more detailed spatiotemporal analysis of repair processes.
Moreover, since the zebrafish embryonic pronephros is comprised of two
nephrons, laser ablation performed on one side of the kidney leaves the con-
tralateral side intact to serve as a control (Johnson et al., 2011). Additionally,
the transparency of the zebrafish embryo allows for the visualization of fluo-
rescently tagged dextran uptake to assess functionality of the nephron after
AKI. Fluorescently tagged dextran can be intramuscularly microinjected in a
trunk somite of zebrafish embryos 2 dpf, a stage when the pronephros has
developed and functionality has commenced (Drummond et al., 1998;
Johnson et al., 2011). After an overnight incubation, the fluorescent dextran
accumulates in the proximal tubules of the pronephric duct. Following laser-
induced AKI of proximal tubule segments, dextran uptake was assessed and
showed the rapid regeneration of proximal tubular cells in the ablated region
capable of dextran uptake. Using this technique, researchers have shown
robust epithelial regeneration occurs in the zebrafish pronephros (Johnson
et al., 2011).

There is compelling evidence to support the contribution of intact epi-
thelial cells in proximity to the injured site that will migrate to the site of
injury and proliferate to restore diminished epithelial cell populations
(Palmyre et al.,, 2014). One theory suggests that these migrating cells
undergo dedifterentiation to a more mesenchymal phenotype during the
repair process, similar to what is observed in mammalian kidney develop-
ment, which initiates with the formation of “pretubular aggregates” that
undergo a mesenchymal-to-epithelial transition into renal vesicles
(Dressler, 2006). A second hypothesis posits that stem and/or progenitor
cells located within the kidney respond to AKI to regenerate injured tubule
cells; however, this remains an area of intense debate. To address this ques-
tion, laser ablation of specific pronephric proximal and distal tubule seg-
ments in zebrafish-expressing GFP was used to determine the
contribution of cell proliferation and migration in kidney repair after AKI
(Palmyre et al., 2014). Strikingly, after laser ablation of zebrafish nephrons,
it was found that cell migration is the first response to injury, preceding cel-
lular proliferation, and is the driving force in kidney epithelial repair
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after AKI (Palmyre et al., 2014). Importantly, the authors found the
migratory cells that filled in the injured area did not undergo epithelial-
to-mesenchymal dedifferentiation as was observed in an ischemia/
reperfusion-induced injury mouse model of AKI (Bonventre, 2003). The
observed differences may be a result of interspecies variation or may be
due to the differences in the mode of injury, laser ablation vs ischemia/
reperfusion. Although there is uncertainty of the physiological relevance
of laser-induced AKI, it remains that this technique is useful to decipher
kidney repair mechanisms in a highly specific injury context.

5.4 Ischemia/Reperfusion Model of AKI via Mechanical
Obstruction

Mechanical obstruction of kidney tubules using fine tweezers has been used
to study kidney repair in zebrafish (Hellman et al., 2010). Tubule obstruc-
tion in zebrafish embryos (Fig. 3A) at 50 hpf results in epithelial
stretch-based upregulation of foxj1 expression, a ciliary transcription factor
regulating genes responsible for cilia structure and function, that was
restricted to the vicinity of the injury (Hellman et al., 2010). This finding
was confirmed in the adult zebrafish where surgical obstruction of the distal
collecting duct (Fig. 3B) resulted in mesonephric nephron tubule distention
and upregulation of foxj1, suggesting that foxj1 is upregulated as a general
response to kidney injury. In injured tubules, there was an increase in cilia
beat rate, likely as a compensatory response to the obstruction to aid in
removal of cell debris and assist in clearing the obstruction. This study high-
lights the importance of ciliary function not only in maintaining tubular cell
homeostasis but also as a critical component of the repair process in the event
of tubular injury.

5.5 Transgenic Models of Glomerular AKI to Study Zebrafish
Kidney Regeneration

The genetic tractability of zebrafish has made it especially amenable to AKI
research. Transgenic zebrafish harboring transgenes for both cdh17::GFP
(which labels tubules and ducts of the pronephric and mesonephric kidney),
and the podocyte-specific pod::mCherry (a marker of the glomerulus), made
it possible to visualize the mesonephric development in zebrafish (Zhou
et al,, 2010; Table 1). Additionally, researchers using the transgenic
Tg(podocin: GFP) zebrafish line confirmed that zebrafish podocytes have
extended foot processes and interdigitating foot processes similar to mam-
malian podocytes (He et al., 2011). These pivotal studies lead to the finding



Using Zebrafish to Study Kidney Development and Disease 65

that the zebrafish glomerulus and its podocytes are highly conserved with
mammals and could be used to help decipher the glomerular response
after AKI.

Inducible transgenic lines have also been developed which allow
precise control on the timing and cell type where kidney damage occurs.
Zebrafish engineered to express the Escherichia coli nitroreductase (NTR)
gene downstream of the podocyte-specific podocin gene allow such NTR
expression and hence kidney damage, to be restricted to the podocytes of
both pronephric and mesonephric kidneys (Huang et al., 2013; Zhou &
Hildebrandt, 2012). Following exposure to the prodrug metronidazole
(MT2Z), cells expressing the NTR protein process MTZ into a cytotoxic
DNA cross-linking agent, causing cell death. This results in podocyte-
specific ablation in a highly controlled context to study AKI at various devel-
opmental time points (Fig. 3C).

In Tg(podocin: NTR-GFP) embryos, MTZ treatment results in pericardial
edema, podocyte apoptosis, a loss of nephrin and podocin expression, foot
process effacement, and a leaky glomerular filtration barrier (Huang et al.,
2013). Remarkably, within 7 days, after MTZ is removed, kidney repair
is underway. Podocyte foot processes and glomerular barrier functionality
appeared to be completely repaired, and a small group of proliferating
progenitor-like cells were identified in the glomerulus during the recovery
period (Huang et al., 2013). In a complimentary study in zebrafish transgenic
lines expressing Tg(podocin:NTR-mCherry), adult zebrafish treated with
MTZ resulted in podocyte ablation as evidenced by a reduction in fluores-
cent reporter intensity and loss of podocyte foot processes, leakage of large
proteins into the nephron tubule, and severe edema similar to human
nephrotic syndrome phenotype (Zhou & Hildebrandt, 2012). Importantly,
using the transgenic Tg(pod::NTR-mCherry/wt1b::GFP) line, it was
observed that podocyte injury in zebrafish mesonephros induces wt1b
(a marker for the glomerulus) expression within the glomerulus, suggesting
that the regenerative response to podocyte injury in zebrafish involves the
expression of developmental factors (Zhou & Hildebrandt, 2012). This is
in agreement with a previous study using Tg(wt1b:EGFP) zebrafish that
showed 5 days postgentamicin-induced injury, there was an increase in
wt1b: EGFP+ expressing cell clusters (Zhou et al., 2010). The wt1b:EGFP+
cell clusters continue to increase in number until 14 dpi and are indicative
of a distinct progenitor cell population. These studies provide compelling evi-
dence for the importance of developmental programs and progenitor cells in
the regenerative response to AKI in the zebrafish kidney.
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6. STEM/PROGENITOR CELLS IN KIDNEY REPAIR
AND REGENERATION

Stem cells have the unique capability of being able to self-renew while
maintaining an undifferentiated state. By this mechanism, stem cells can pro-
duce progeny capable of differentiating into different cell types. Similar to
stem cells, progenitor cells have the capability of differentiating into one
or more particular cell lineages; however, unlike stem cells, progenitor cells
are more specific for a particular cell lineage and cannot self-renew. As pre-
viously mentioned, zebrafish are capable of producing new nephrons
throughout their lifetime, a process that could be attributed to renal stem
and/or progenitor cells.

Normally, cells in the mammalian kidney have a low basal turnover rate
which led to the long-held belief that the human kidney did not possess
inherent regenerative powers. However, recent evidence lends supports
for an important role of stem cell/progenitor cells in the repair process fol-
lowing mammalian AKI. A small population of resident stem cell/progen-
itor cells has been identified to play an important role in kidney repair after
injury. Increasing these stem cell/progenitor populations in patients with
AKI could be the key for regenerative medicine. Although neo-
nephrogenesis does not occur in the adult mammalian kidney, studying
the potent regenerative capabilities of the zebrafish mesonephros will lead
to new knowledge of in vivo regulation of renal progenitor cells and may
provide insights into stem cell-based therapies for kidney diseases.

Recent studies have shown that genes normally expressed during kid-
ney development are reactivated during the recovery period after AKI. For
example, the Lim1 homeobox protein, Lhx1, is essential during kidney
development for establishing the kidney field and becomes reactivated after
AKI (Cirio et al., 2011). Kidney organogenesis in the zebrafish closely par-
allels the initial steps in mammalian kidney organogenesis; therefore,
zebrafish models of AKI offer a powerful tool to study how these genes
become activated during the repair process and offer insights into potential
therapeutic modalities in mammals to accelerate the repair process
after AKI.

In a study to identify the cell population responsible for new nephron
formation, adult zebrafish were subjected to gentamicin-induced AKI
and observed to follow new nephron formation during kidney repair
(Zhou et al., 2010). The authors reported an increase in the transcription
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factor wt1b within 2 dpi, followed by the formation of wt1b aggregates
within 4 days, which subsequently gave rise to new nephrons. This study
provided the first evidence of a wt1b+ cell population in zebrafish adult
kidney that was capable of producing new nephrons after gentamicin-
induced AKI.

Closely following this discovery was a seminal study by Diep et al.,
which provided compelling evidence for the existence of a progenitor cell
population in the zebrafish adult kidney that is capable of producing new
nephrons in response to gentamicin-induced AKI. Consistent with previous
reports, gentamicin-induced injury resulted in the downregulation of the
proximal tubule marker slc20ala and a failure to uptake 40 kDa dextran
at 1 dpi followed by the emergence of proliferating, basophilic immature
nephrons by 15 dpi that were capable of uptake of 40 kDa dextran (Diep
etal., 2011). To test whether these new nephrons were the result of kidney
progenitor cells, the authors utilized a transplantation assay in which whole-
kidney marrow cells expressing either green or red fluorescent protein from
donor fish were injected into adult recipients with AKI which had been irra-
diated to block immune rejection (Diep etal., 2011). Strikingly, this resulted
in donor-derived nephrons in 100% of the recipient fish by 18 dpi, which
were functional based on the ability of the new nephrons to efficiently
uptake 40 kDa dextran. The finding of donor-derived nephrons in locations
distant from the site of injection suggests the donor cells were capable of
migration (Diep et al., 2011), and since the mature nephrons were a mosaic
of red and green donor cells (Diep et al., 2011), this indicates that multiple
nephron progenitors formed these new nephrons.

To distinguish stem cells from progenitors, serial transplantations were
performed in which whole-kidney marrow from the recipient fish was
transplanted into secondary and tertiary fish. This subsequently gave rise
to donor-derived fluorescently labeled nephrons in secondary and tertiary
recipients, demonstrating that nephron progenitors in the adult zebrafish
kidney maintain proliferative capabilities, and suggesting these cells had self-
renewing capabilities (Diep et al., 2011). In an attempt to narrow down the
cell type responsible for the formation of new nephrons, the authors utilized
two transgenic lines: Tg(lhx1a:EGFP) and Tg(wt1b:mCherry), in which
the expression of the fluorescent proteins are driven by the promoter
of either lhxla or wtlb, encoding transcription factors expressed in
early development of nephrons. In subsequent transplantation studies, the
authors found that individual Ilhx1a:EGFP+ cells engrafted into
a recipient fish failed to form new nephrons. However, injection of
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Ihx1a:EGFP+ aggregates resulted in successful engraftment in transplanted
fish, demonstrating that multiple progenitors are required for new nephron
formation. Additionally, injection of lhx 1a: EGFP+/wt1b:mCherry+ failed to
engraft, suggesting that lhx1a: EGFP+/wt1b+ cells may be a unique progen-
itor population that is already committed to a specific cell lineage (Diep
et al., 2011).

Studies in zebrafish have paved the way in the study of how renal pro-
genitor cells are activated in vivo. In a study by de Groh et al., a diverse
library of small molecules was tested on zebrafish embryos to test com-
pounds that expand renal progenitor cell populations (de Groh et al.,
2010). From this screen researchers identified one compound, called
4-(phenylthio) butanoic acid (PTBA), increased expression of lhx1a,
pax2a, and pax8 (markers of renal progenitor cells). To confirm this find-
ing, the transgenic zebrafish Tg(lhx1a: EGFPP"”% reporter line was utilized
to count the number of renal progenitor cells after treatment with PTBA.
The authors observed a 2.4-fold increase in renal progenitor cells in the
PTBA-treated embryos compared to controls embryos (de Groh et al.,
2010). The authors show that the expansion in renal progenitor cells fol-
lowing PTBA treatment was dependent on proliferation of the resident
renal cell population and did not occur via fate transformation of nonrenal
cells. Importantly, it was shown through a structure activity study that
PTBA may act as a HDACI (de Groh et al., 2010). Additional work to
define the therapeutic effects of HDACI using a more active analog of
PTBA, methyl-4-(phenylthio) butanoate (m4TPB), showed that mice
with ischemia/reperfusion-induced AKI treated with m4TPB 24 hours
postinjury (hpi) exhibited improved renal function, as well as a reduction
in postinjury fibrosis compared to untreated mice (Cianciolo Cosentino
et al., 2013). Importantly, treatment with m4TPB after AKI significantly
decreased the proportion of epithelial cells in both G2 and M arrest phases
of the cell cycle and increased the proportion of proliferating epithelial
cells, suggesting that m4PTB treatment promotes cell cycle progression
in regenerating epithelial cells (Cianciolo Cosentino et al., 2013). These
studies are significant because after AKI in mammals, a significant propor-
tion of proliferating epithelial cells in the injured tubule undergo G2/M
arrest after injury, causing a delay in recovery and contributing to the for-
mation of renal fibrosis, both of which could be attenuated by m4PTB
treatment (Yang, Besschetnova, Brooks, Shah, & Bonventre, 2010). In
summary, these preclinical studies in zebrafish hold promise for advancing
drugs to treat AKI in patients.
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7. USING ZEBRAFISH TO UNCOVER POTENTIAL
TREATMENTS FOR AKI

To date, treatment of patients with AKI is limited and involves mainly
supportive care such as dialysis, correction of fluid and electrolyte imbalance,
clearance of nephrotoxins, and prevention of sepsis (Rahman, Shad, &
Smith, 2012). There is a dire need to uncover new treatments for AKI.
Zebrafish studies have opened new avenues for potential therapeutics for
kidney repair after AKI, such as taurine treatment after gentamicin-induced
AKI (Hentschel et al., 2005), Ucf-101 inhibition to reduce nephrotoxicity
of cisplatin-induced AKI (Hentschel et al., 2005), and activation of renal
progenitor cell after AKI via treatment with HDACI. Extending these excit-
ing findings to the clinic will be an important future goal.

7.1 Epigenetic Targets for Potential Treatments for AKI

The finding that HDACi expand renal progenitor populations during devel-
opment, and kidney repair after AKI mimics mechanisms utilized during
kidney organogenesis, suggests that epigenetic factors may play a role in kid-
ney repair and regeneration, as epigenetic factors are known to regulate key
processes in kidney development.

Epigenetics is the process by which changes in gene expression are
achieved via posttranslational modifications to DNA or to protein com-
plexes associated with DNA, without changing the DNA sequence itself.
Epigenetic modifications can be covalently attached to histones and
DNA, enabling the modifications to be passed down to future generations.
The field of epigenetic medicine is exploding, and as with many other dis-
eases, epigenetic changes have a major impact on AKI. Epigenetics can both
affect gene expression and restructure genome packaging and nuclear orga-
nization. There is a rapidly expanding list of epigenetic processes that have
been linked to AKI including histone acetylation, histone methylation,
DNA methylation, histone phosphorylation, histone sumoylation, miR NA,
and IncRNA (Lorenzen etal., 2015; Tang & Zhuang, 2015). Using zebrafish
to identify the key epigenetic modifications that occur after AKI will offer
invaluable insight to identify new targets in the treatment of AKI in humans.

7.2 Retinoic Acid Signaling Promotes Kidney Repair

Retinoic acid plays a critical role in embryonic kidney development. In
adult zebrafish, retinoic acid signaling becomes reactivated in limb, fin,
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and heart regeneration (Chiba et al., 2016). Studies have also shown an
important role for retinoic acid in kidney repair after toxin-induced
and ischemia/reperfusion-induced AKI (Chiba et al., 2016). Identifying
the various pathways involved in the retinoic acid-dependent response
to renal injury could identify potential therapeutic targets in the treatment
of AKI.

The transgenic retinoic acid reporter line Tg(12XRARE:EGFP) has
been used to identify the involvement of retinoic acid signaling in kidney
repair after gentamicin-induced AKI in zebrafish embryos (Chiba et al.,
2016). Expression of retinoic acid was increased throughout the kidney as
soon as 6 hpi induced by gentamicin injection. Furthermore, inhibition
of retinoic acid signaling using R041-5253, a retinoic acid receptor antag-
onist, reduced proximal tubule epithelial cell proliferation and decreased
survival in zebrafish with gentamicin-induced AKI (Chiba et al., 2016).
Taken together, these data suggest that retinoic acid signaling is crucial
for kidney repair and cellular proliferation after gentamicin-induced AKI
in zebrafish. The authors subsequently showed that in an ischemia/
reperfusion mouse model of AKI, retinoic acid signaling becomes
reactivated after kidney injury and reduces the severity of tubular injury
and postinjury fibrosis after AKI (Chiba et al., 2016).

As a response to AKI, kidney epithelial cells recruit inflammatory M1
macrophages to the site of injury (Chiba et al., 2016). The inflammatory
response in the injured nephron is amplified by M1 macrophages, further
contributing to tissue damage after AKI (Chiba et al., 2016). The inflam-
matory response is eventually dampened by the recruitment of M2
macrophages that promote kidney repair. M2 macrophage activation is
slow and occurs over a period of days and is dependent on a mechanism
that is distinct from M1 activation. Using activators and inhibitors of ret-
inoic acid signaling in mouse models of AKI, it was shown that retinoic
acid signaling suppresses inflammatory M1 macrophages and increases acti-
vation of M2 macrophages to promote kidney repair in renal proximal
tubules after AKI (Chiba et al., 2016). However, in the mouse model of
AKI, reactivation of retinoic acid after AKI did not promote proliferation
of tubular epithelia, suggesting that mouse kidneys may have a reduced
regenerative response compared to zebrafish (Chiba et al., 2016). Deci-
phering the mechanism by which retinoic acid promotes tubular epithelial
cell proliferation in zebrafish could provide new avenues of treatment for
patients with AKI.
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8. FUTURE DIRECTIONS

As an optically and genetically tractable system, the zebrafish holds
great potential to be further developed and utilized to study kidney devel-
opment and disease. This is becoming particularly powerful with the rapid
development of imaging and gene-editing technologies in recent years.

Among the new imaging modalities, light sheet microscopy offers
unprecedented opportunities for zebrafish research. By illuminating the
focal plane alone and acquiring images through a separate optical path, light
sheet microscopy can obtain volume images with confocal level resolution at
100 x speed of point-scanning microscopes. Combined with the optical
transparency of zebrafish embryos, this technique makes high-speed longi-
tudinal intravital imaging at subcellular resolution feasible. For example, we
imaged whole-mount zebrafish embryos at 30 hpf stained with the cilia
marker anti-Arl13b using a Zeiss Lightsheet Z1 microscope. A 3D image
of cilia distribution throughout almost the entire embryo was obtained with
ease (Fig. 4A and B). Live imaging of developing embryos will no doubt

Fig. 4 Novel technologies aid the further development of the zebrafish model system.
(A and B) Cilia distribution in a zebrafish embryo at the 20-somite stage revealed by light
sheet microscopy. (A) Zebrafish embryo stained with anti-Arl13b (green) and DAPI (blue) in
a dorsal view. (B) An enlarged view of the boxed area in (A). (C—E) Effective CRISPR-Cas9 in
zebrafish. sgRNA can be produced through in vitro transcription and coinjected with either
Cas9 mRNA or Cas9 protein into zebrafish embryos at the one-cell stage (C). (D and E)
Phenotypic comparison between pkd2"'® mutants (D) and wild-type embryos injected
with sgRNAs against pkd2 and Cas9 (E). MUT, pkd2"*'® mutant; WT, wild-type sibling.
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provide novel insight into normal kidney development and the etiology of
kidney disease. In addition, CRISPR (clustered regularly interspaced short
palindromic repeats)-Cas9 is a useful and now widely used approach to cre-
ate targeted mutants in zebrafish (Fig. 4C). Using this approach, we targeted
pkd2 and observed that almost 100% injected embryos display the curly tail
and cystic kidney phenotypes observed in pkd2 mutants (Fig. 4D and E). The
new genome-editing technologies will allow versatile modification of the
zebrafish genome, making it even more amenable to genetic analysis, par-
ticularly large-scale genetic analysis.

In summary, with the ever-increasing technical capability, the zebrafish
model system is at an exciting stage to decipher the genetic and molecular
pathways involved in zebrafish kidney development and disease pathogen-
esis. These discoveries have proven translatable to treating human kidney
disorders and have the potential to greatly advance kidney therapeutics in
the near future.
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The zebrafish skeleton shares many similarities with human and other vertebrate skel-
etons. Over the past years, work in zebrafish has provided an extensive understanding of
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the basic developmental mechanisms and cellular pathways directing skeletal develop-
ment and homeostasis. This review will focus on the cell biology of cartilage and bone
and how the basic cellular processes within chondrocytes and osteocytes function to
assemble the structural frame of a vertebrate body. We will discuss fundamental func-
tions of skeletal cells in production and secretion of extracellular matrix and cellular
activities leading to differentiation of progenitors to mature cells that make up the skel-
eton. We highlight important examples where findings in zebrafish provided direction
for the search for genes causing human skeletal defects and also how zebrafish research
has proven important for validating candidate human disease genes. The work we cover
here illustrates utility of zebrafish in unraveling molecular mechanisms of cellular func-
tions necessary to form and maintain a healthy skeleton.

1. INTRODUCTION

Over the last few decades, zebrafish (Danio rerio) has been used primar-
ily to further our understanding of developmental processes and to discover
genes required for development through the use of unbiased phenotype-
driven forward genetic screens (Driever et al., 1996; Haffter et al., 1996;
Howe etal., 2013; Knapik, 2000). In recent years, the use of zebrafish model
has been expanded to address a repertoire of clinically defined disorders
(Haesemeyer & Schier, 2015; Kokel et al., 2010). This trend is sustainable
because zebrafish offers a compromise between physiological complexity
of a mammalian vertebrate and morphological simplicity of invertebrates,
along with a comprehensive toolbox of cell biological (Unlu, Levic,
Melville, & Knapik, 2014; Vacaru et al., 2014) and genetic tools at a modest
cost relative to mammalian models. Within the transparent body of
zebrafish, morphogenetic processes and physiological activities of the skel-
eton are easily accessible, and the chondrocytes and osteocytes can be labeled
with simple stains, allowing for rapid and high-throughput assessment of the
skeleton.

As vertebrates, the zebrafish and mammalian skeletons are very similar.
Although mechanics of the mammalian (terrestrial) and fish (aquatic) skel-
etons differ due to their habitats (Kimmel, Miller, & Moens, 2001;
Miyashita, 2016; Witten & Huysseune, 2009), their similarities are strongest
at the level of basic cellular functions of chondrocytes and osteocytes and
their primary role of secreting extracellular matrix (ECM). The ECM is a
dynamic structure that provides not only a mechanical context to cells,
but it also maintains gradients of growth factors and morphogens necessary
for homeostasis, proliferation, and differentiation of progenitor cells to
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mature tissue. The components of ECM, including bound water, proteins,
and polysaccharides, modulate diffusion of signaling factors and provide
structural support and scaffolding for developing tissues.

Forward genetics screens have been especially useful in identification of
novel skeletal mutations in zebrafish (Andreeva et al., 2011; Neuhauss et al.,
1996; Nissen, Amsterdam, & Hopkins, 2006). With forward genetic
approaches and positional cloning methods, novel zebrafish models have
been identified to study hereditary skeletal disorders. Availability of
microsatellite-based genetic linkage maps afforded fast and reliable positional
cloning to identify mutated genes in zebrafish (Fornzler et al., 1998; Knapik
et al., 1996, 1998). Genetic linkage analysis is a mainstay of disease gene
identification, and additional methods such as SNP-based genetic maps
and whole-exome sequencing approaches have enhanced robustness of
the zebrafish model (Bradley et al., 2007; Guryev et al., 2006).

Zebrafish as a model organism offers multiple routes of gene depletion
strategies including classical chemical mutagenesis with N-ethyl-N-
nitrosourea (ENU) (Mullins, Hammerschmidt, Haffter, & Nusslein-
Volhard, 1994; Solnica-Krezel, Schier, & Driever, 1994), insertional
mutagenesis (Amsterdam et al., 2004), gene knockdown via morpholino-
oligonucleotide (MO) injections (Nasevicius & Ekker, 2000), and newer
techniques such as zinc-finger nuclease (Doyon et al., 2008), TALEN
(Huang et al, 2011), and CRISPR/Cas9 genome editing systems
(Hwang et al., 2013; Jao, Wente, & Chen, 2013).

Here, we focus on the primary functions of the skeletal cells to synthe-
size, secrete, and modify proteins of the ECM and how disruptions of these
highly conserved metabolic processes in the zebrafish model have informed
our understanding of human skeletal pathology.

2. BONE AND CARTILAGE: OVERVIEW OF ZEBRAFISH
SKELETAL DEVELOPMENT

The endoskeletal system is unique to vertebrates, and its components
are highly conserved. Mechanisms of bone development are classified into
two highly conserved processes based on the progression of mesenchymal
progenitors: through either cartilage intermediate, endochondral bone for-
mation, or directly to bone by the process of membranous ossification
(Berendsen & Olsen, 2015). To begin, mesenchymal stem cells migrate
to locations of future bones and condense before differentiating into either
chondrocytes or osteoblasts. Endochondral ossification, on the other hand,
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involves intermediate step of differentiated chondrocytes secreting cartilage
ECM and forming structural anlage that will ultimately be replaced by bone
in areas including the skull base, axial, and appendicular skeleton. Mesen-
chymal stem cells that differentiate into osteoblasts will directly produce
bone as part of the membranous neuro- and viscerocranium through intra-
membranous ossification; these bones including gill covers, shoulder girdle,
and fin spine rays are often referred to as dermal bones (Miyashita, 2016).

3. SYNTHESIS OF THE CARTILAGE MATRIX
COMPONENTS

Differentiating chondrocytes upregulate expression of Sox9, tran-
scriptional activator required for the production and secretion of ECM com-
ponents such as collagen type-1I, -IX, -XI and aggrecan (Bell et al., 1997,
Ohba, He, Hojo, & McMahon, 2015). Chondrocytes synthesize proteogly-
can core proteins such as aggrecan, syndecans, and glypicans and modify
them with glycosaminoglycan (GAG) chains of heparan sulfate (HSPG)
and chondproitin sulfate (CSPG), the two most common GAG modifications
in cartilage tissue (Holmborn et al., 2012). In addition to major fibrous com-
ponents of ECM and major proteoglycans, cartilage matrix contains numer-
ous noncollagenous proteins, including matrilins and chondromodulin.

3.1 Collagens and Fibrillar Proteins

Collagens are the major component of ECM, being expressed in tissue-
specific manner (Shoulders & Raines, 2009). A larger precursor, procollagen,
1s synthesized and assembled in the ER before being secreted to the extracel-
lular space, where enzymes cleave off the N- and C-propeptides to assemble
mature collagen fibrils. Some types of collagen will form fibrils, while others
are considered fibril-associated collagens. Fibril-associated collagens contain
noncollagenous regions within the helical domains that confer flexibility to
the rigid macromolecule, and they interact with fibrillar collagens to regulate
collagen fiber organization and tissue mechanical properties. Since collagens
make up 65-80% of ECM, mutations within genes that encode o chains can
resultin decreased collagen production or function, leading to developmental
disorders (Arnold & Fertala, 2013).

3.1.1 Collagen Type |
Collagen type I is abundantly expressed throughout bone and skin, and
its deficit has been implicated in developmental disorders. In most
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vertebrates, collagen I is a trimer consisting of two o1 chains and one a2
chain encoded by COL1A1 and COL1A2, respectively. In contrast, the
zebrafish genome contains three distinct genes for « chains of collagen
I: collala, collalb, and col1a2 encoding for al(l), a3(I), a2(I) chains,
respectively. The zebrafish mutant chihuahua phenocopies osteogenesis imper-
fecta (OI), a brittle bone disease in humans (Fisher, Jagadeeswaran, &
Halpern, 2003). Mutations in collagen I genes are also associated with other
human diseases including Caftey disease (MIM# 114000) (Gensure et al.,
2005; Glorieux, 2005) and multiple forms of Ehlers—Danlos syndrome,
EDS1 and EDS7A (MIM# 130000 & 130060) (Cabral et al., 2005;
Nuytinck et al., 2000).

3.1.2 Collagen IX

Collagens play an important role in maintaining structure in skeletal ele-
ments, for example, the intervertebral disc, which confers flexibility, mul-
tiaxial spinal motion, and load transmission to the vertebral column
(Erwin & Hood, 2014). ECM surrounding intervertebral discs consists of
collagen-I, -II, -IX and proteoglycans/aggrecan. Collagen IX acts as a con-
nector between other fibril-forming collagens and matrix proteins.
A mutation resulting in a tryptophan substitution of GIn®*® in COL9A2,
a gene encoding the a2 chain of collagen IX, has been found in patients with
intervertebral disc disease (MIM# 603932). Tryptophan, a highly hydrophobic
amino acid, may disrupt the formation of the collagen fibril triple helix
by preventing cross-linking by lysyl oxidase and subsequently disrupting
collagen IX and collagen II interaction (Annunen et al., 1999).

Mutations in COL9A1, encoding for al chain of collagen IX, are asso-
ciated with a disease known as multiple epiphyseal dysplasia (MED) (MIM#
614135), a pediatric disease that presents with waddling gait, mobility
restriction, and painful/stift joints. MED is polygenic and autosomal dom-
inant, with mutations found in COL9A1, COL9A2, COL9A3, and genes
encoding for other matrix components such as matrilin-3 and cartilage olig-
omeric matrix protein. Patients with mutations in COL9A2 or COLYA3
have similar symptoms exhibiting normal height, but epiphyseal dysplasia
of knees and joints as children, and osteoarthritis as adults (Czarny-
Ratajczak et al., 2001) (see Table 1).

A forward genetic screen in zebrafish identified a mutation termed per-
sistent plexus (prp) that disrupts caudal fin development and regeneration.
Sequencing of the prp mutant revealed a missense mutation (176Leu > His)
in the thrombospondin repeat domain of col9a 1 gene. This is a noncollagenous



Table 1 Summary of Genes Involved in the Synthesis, Processing, and Secretion of ECM Components, Including Associated Human Diseases and
Corresponding Zebrafish Mutants

G76E)

Exon 22 deletion
C-terminal mutation
(T-C transition, L-P
amino acid change)
562-bp deletion (exon
34-intron 36)

bosing, micrognathia)
Hearing loss

Blue sclerae at birth,
normal with age
Severe osteoporosis
Multiple fractures at
birth

Scoliosis and kyphosis
Tibial bowing

Human References
Gene Disease OMIM Common Mutations Skeletal Phenotypes Phenotypes
COL1A1 Osteogenesis 166200 ® Missense (G94C, G178C, ® Normal stature dc124 Missense ® Shortened embryos  Fisher et al.
imperfecta, G43C, GI01S, G12A) ® Hearing loss ® Irregular bone (2003) and
type I ® Frameshift near 3’ end ® Blue sclerae density Gistelinck et al.
® Early termination (G-A  ® Mild osteopenia ® Abnormal (2016)
transition in intron 26, ® Wormian bones caudal fins
in-frame insertion) ® Mild joint ® Thickened
® Early termination hypermobility lepidotrichia
- (R963X) ® Thin skin ® Irregular vertebrae
E ) ) ) ® Breaks in rib bones
“:’ Osteogenesis 166210 ® Missense (G97D, G391R, ® Short limb dwarfism
& imperfecta, G559D, G673D, G667R, ® Blue sclerae
g type 11 G718C, G748C, G847R,, *® Beaked nose
(3 G883D, G904C, G913S, * Beaded ribs
s G988C, G1009S, G541D, ® Multiple fractures
g G1003S, G637V, * Soft calvaria
b G1006V, G973V, ® Tibial bowing
4 G256V, G802V, G415S, * Telescoped femur
2 G565V, G355D, W94C, ® Perinatal lethal
g G586V, A1387V)
z ® 9-bp deletion (874del9,
868del9)
® 1bp insertion (4088insT)
Osteogenesis 259420 ® Missense (G526C, ® Short limb dwarfism
imperfecta, G844S, G154R, G415C, * Facial dysmorphia
type III G352S, G862S, G661S, (triangular face, frontal




Osteogenesis 166220 ® Missense (G175C, ® Short stature
imperfecta, G832S, G415C) ® Hearing loss
type IV ® Splice site mutation (G-A ® Mild skeletal
transition in intron 8) deformity
® In-frame deletion of 3-bp ® Multiple fractures
(1964GGC) with A438del ® Scoliosis and kyphosis
and E437D missense ® Femoral bowing at
mutation birth
COL9YA1 Multiple 614135 ® 1-bp insertion, T, at ® Multiple epiphyseal  col9al j131  Missense ® Small finfolds Huang et al.
epiphyseal donor splice site of exon 8 dysplasia (persistent (L176H) ® Defects in (2009),
dysplasia 6 ® Early onset plexus) vasculature of Annunen et al.
(EDM6) osteoarthritis MO caudal fins (1999), and
® Endplate irregularities ® Shortened Czarny-
® Hip, knee arthralgia actinotrichia Ratajczak et al.
® Irregular epiphyses ¢ Abnormal (2001)
(knee) patterning of
osteoblasts
COL9YA2 Multiple 600204 ® T-C transition in donor ® Short stature col9a2 — —
epiphyseal splice site of intron 3 ® Varus/valgus knee
dysplasia 2 resulting in in-frame deformity
(EDM2) deletion of 12 amino ® Knee osteoarthritis
acids, skipping of exon 3; ® Mildy short hands
® G-A transition at end of ® Waddling gait and
exon 3, no amino acid knee pain/stiffness
change (proline) ® Intervertebral disc
disease
MATN3 Multiple 607078 ® Missense (V194D, ® Normal stature matn3 — —
epiphyseal R121W, A219D, R70H, ® Early onset
dysplasia 5 A128P) osteoarthritis
(EDM5) ® Multiple epiphyseal
dysplasia

Hip, knee arthralgia
Small femoral
epiphyses

Delayed carpal, tarsal
ossification

Continued
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Corresponding Zebrafish Mutants—cont'd

e o o o

Small pectoral fins
Abnormal
chondrocyte
intercalation

Human Zebrafish References
Gene Disease OoMIM Common Mutations Skeletal Phenotypes Gene Allele  Mutation/Tool Phenotypes
MATNI1 Reelapsing 115437  — ® Chondrodysplasia matn] MO ® Smaller bodies Neacsu et al.
polychondritis ® Joint abnormalities ® Malformed head (2014), Ko etal.
® Curly tail (2005), Klatt,
® Loss of cartilage Becker,
tissue Neacsu,
Paulsson, and
‘Wagener
(2011), and
Buckner, Wu,
Reife, Terato,
and Eyre (2000)
UGDH Unknown — — — ugdh (jekyll) m151 Missense ® Impaired heart valve Walsh and
(I331D) formation Stainier (2001)
- ® Kinked, shortened and Neuhauss
§ pectoral fins et al. (1996)
- ® Defects in cartilage
'15) differentiation
,Lz ® Inner ear defects
S_ UXS1 Unknown — — — uxsl hi954 Transgenic ® Impaired Wiweger et al.
& (man o war) insertion chondrocyte (2011) and
= stacking Eames et al.
5 ® Delayed ossification (2010)
= ® Missing
t?.o perichondrium
-8 ® Dwarfism
g ® Deformed
DQ- craniofacial skeleton
w60  Missense Reduced lower jaw
(R233H) Shortened body axis




XYLT1 Desbuquois 615777 ® Missense (A115S, ® Dislocations of large  xylt1 b1128 Splice donor ® Increased bone Eames et al.
dysplasia type 2 R481W, R598C) joints site ossification (2011) and
® Early termination ® Shortened long bones - ® Decreased cartilage  Schreml et al.
® Frameshift ® Distinct facial features b1189 Missense formation (2014)
® Splice site mutations (flat, round face and (8534A) ¢ Shortened upper and
low nasal bridge) lower jaws
® Epiphyseal dysplasia ® Hypoplastic midface
® Short metacarpals and ® Bulging eyes
phalanges ® Craniofacial
dysmorphia
FAM20C Raine syndrome 259775 ® Missense (G365R, ® Severe bone dysplasia fam20b b1125 Nonsense ® Increased bone Eames et al.
R535W, D437N, 1244N, ® Increased ossification (Q388X) ossification (2011) and
G266R,, P314S) of skull - ® Decreased cartilage  Faundes et al.
® Intron 4/exon 5 spice site ® Distinct facial features b1127 A/{ISSCHSC formation (2014)
change (narrow prominent (C331R) ® Shortened upper and
® Exon 4/intron 4 splice site  forehead, proptosis, lower jaws
change low nasal bridge, ® Hypoplastic midface
midface hypoplasia) ® Bulging eyes
® Craniofacial
dysmorphia
B4GALT7  Ehlers—Danlos 130070 ® Missense (A186D, L206P, ® Short stature b4galt7 — — —
syndrome, R270C, L41P) ® Failure to thrive
progeroid type 1 ® Macrocephaly and
(EDSP1) facial dysmorphia
® Absent ear lobes
® Joint laxity
® Long, slender fingers
and toes
B3GALT6  Ehlers—Danlos 615349 ® Missense (S309T, R6W) ® Prominent forehead  b3galt6 — — —

syndrome,
progeroid type 2
(EDSP2)

® 1-bp deletion (353A,

588G)
9-bp deletion (NT415)

and flat face

Kyphoscoliosis

® Hip dislocation and
joint laxity

® Elbow malalignment

® Clubfeet

Continued
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Human Zebrafish References
Gene Disease OMIM Common Mutations Skeletal Phenotypes Gene Allele  Mutation/Tool Phenotypes
B3GAT3 Multiple joint 245600 ® Missense (R277Q, ® Short stature b3gat3 hi307 Transgenic ® Loss of CSPGs
dislocations, short P140L, G223S) ® Midface hypoplasia insertion ® Loss of HSPGs
stature, and ® Low nasal bridge ® Loss of DSPGs
craniofacial ® Hip dislocation and
dysmorphism joint laxity
with or without ® Scoliosis
congenital heart ® Short neck and
defects (JDSCD) narrow chest
® Brachycephaly
® Small teeth
EXT1 Hereditary 133700 ® Missense (R339L, ® Short stature — — — — Jennes et al.
multiple G339D, R340C) ® Rib, scapular, pelvic (2009),
exotoses, type I ® Early termination exostoses Holmborn et al.
(1364delC, 1035ins4, ® Coxa vara (2012), Lee
2120delT, 2077insC, ® Proturberances at ends et al. (2004),
1178del8, 1664isnA) of long bones Clement et al.
- - ® Increased risk of (2008), and
EXT2 Hereditary 133701 ® Missense (D227N) hond N ext2 (dackel) tw25e Nonsense ® Decreased . o
A o chondrosarcoma Wiweger et al.
multiple ® Early termination * Multiple cartilage- (R227X) .chondroc.yte 2011)
exotoses, type II (784del4, Q172X, db intercalation
capped bone tumors R .
Y222X, Q258X) e Increase in Shortened cartilage
® Splice variants elements
chondrocyte R .
profileration at Shortened jaw
® Abnormal or loss of
metaphyses of long
bones pectoral fin
EXTL3 Unknown — — extl3 (boxer) tm70g Missense Same phenotypes as
(D831N) ext2
PMM2 Congenital 212065 ® Missense (F119L, ® Prominent forchead pmm?2 — MO ® Craniofacial defects Chu et al.
disorder of R141H) ® Large ears ® Reduced motility  (2013), Jacken
glycosylation, ® Flat nasal bridge ® Decreased (2013), and

type Ia (CDG-Ia)

Osteopenia
Kyphosis
Joint
contractures

N-glycosylation

Leroy (2006)




TMEM-165 Congenital

disorder of
glycosylation,
type 11K
(CDG2K)

614727

Missense (R126H,
R126C, G304R);

G-A transition in intron 4
resulting in alternative

splice site activation

Psychomotor, growth tmem165 — MO
retardation

Shortened stature

Osteoporosis

Epiphyseal,

metaphyseal,

diaphyseal dysplasia

Hepatomegaly, eye

Shortened embryos

® Misshapen heads
® Abnormal ventral

jaw development
Decreased number
of chondrocytes
Altered expression
of skeletal markers

Foulquier et al.
(2012) and
Bammens et al.
(2015)

Secretion of ECM Cargos\vert

abnormalities
SEC23A Cranio-lenticulo- 607812 ® Missense (F382L, ® Short stature sec23a m299 Nonsense ® Malformed Lang, Lapierre,
sutural dysplasia M702V) ® Facial dysmorphism  (crusher) (L402X) craniofacial skeleton Frotscher,
(CLSD) (frontal bossing, ® Kinked pectoral fins Goldenring,
midface hypoplasia, MO ® Shortened body and Knapik
prominent ® Distended ER (2006),
supraorbital ridge) ® Intracellular Boyadjiev et al.
® Macrocephaly accumulations (2006), and
® Hypertelorism of collagen II Fromme et al.
® Joint laxity (2007)
® Ossification defects
® Scoliosis
® Intracellular
accumulation of
collagen I and II
SEC23B Congenital 224100 ® Missense (E109K, R14W, ® Anemia sec23b MO ® Anemia Schwarz et al.
dyserythropoietic R530W); ® Altered erythropoeisis ® Craniofacial defects (2009), Lang
anemia, type II ® Early termination ® Abnormal (neural crest) et al. (2006),
(CDAII) (R264X, R324X, erythroblast ® Jaw morphology Bianchi et al.
R217X) morphology, defects (2009), Tolascon
including ® Binucleated et al. (2010),
multinucleation erythrocytes and Russo et al.

(2010)

Continued
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Human Zebrafish References
Gene Disease OMIM Common Mutations Skeletal Phenotypes Gene Allele  Mutation/Tool Phenotypes
SEC24D Osteogenesis 607186 ® Missense (G205X, ® Fractures in clavicle  sec24d m421 Nonsense ® Malformed Sarmah et al.
imperfecta G978P, S1015F, Q978P) and ribs (bulldog) (Q811X) craniofacial skeleton (2010) and
(Cole-Carpenter ® Ossification defects in m494  Frameshift ® Kinked pectoral fins Yang et al.
syndrome-2) the cranium (333X) ® Shortened body (2013)
® Midface hypoplasia m606  Frameshift ® Distended ER
® High palate (216X) ® Intracellular
m757 Nonsense accumulations of
(Q931X) collagen II
SAR1B Chylomicron 246700 ® Missense (G37R, D137N, ® Growth retardation  sarlb MO ® Dietary lipid Levic et al.
retention disease S179R, G185V) ® Failure to thrive malabsorption (2015) and
(CMRD) ® 2-bp deletion (75delTG) ® Fat malabsorption ® Reduction in body Charcosset etal.
® Early termination ® Steatorrhea length (2008)
(E122X) ® Malnutrition ® Reduced digestive
® Splice site mutation ® Neurologic deficits organ size
® Hypocholesterolemia ® Disruption of neural
® Defect in development
chylomicron secretion ® Shortened head
® Kinked pectoral fins
SEC13 Unknown — — — sec13 sq198 Splicing and ® Abnormal Townley et al.
frameshift craniofacial cartilage (2008) and Niu
® Short pectoral fins et al. (2012)
MO ® Small eyes
CREB3L2  Unknown — — — creb3L2 m662  Missense ® Malformed head Melville et al.
(f