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Abstract

Retinoic acid (RA) and canonical Wnt/B-catenin (Wnt) signaling are two major pathways
that direct early embryonic development. Abnormalities in either pathway lead to congenital
birth defects of the limb, heart and central nervous systems. This thesis is comprised of three
studies that provide novel insights into the roles of RA and Wnt signaling during zebrafish
development. Utilizing a ligand trap method, we created new zebrafish transgenic RA reporters,
which act as a direct sensor for RA. We have shown these novel transgenic lines are responsive
to RA and report previously unknown areas of activity. These reporters will be valuable tools to

aid in studying early embryonic RA signaling and responses.

Crossregulation of RA and Wnt signaling has been reported in different cell types and
physiological conditions with clinical and physiological relevance. Both RA and Wnt regulate
Dact (Dapper antagonist of catenin) proteins, thus this family of proteins might act as a linker
between these two pathways in various developmental processes. With that aim we have
examined the dynamic expression pattern and regulation of dact3 genes in zebrafish. Our

analysis has shown dact3b but not dact3a is negatively regulated by RA in the hindbrain.

Multiple congenital defects include both cardiac and craniofacial abnormalities, which
suggest there is close relationship between adjacent cardiac and pharyngeal field. Signaling
pathways that regulate progenitor specification in the cardiopharyngeal field (CPF) are not yet
well understood. Previous studies have shown that Wnt promotes cardiac specification and
inhibits pharyngeal muscle (PM) development during somitogenesis. Our work demonstrates that
contrary to previous studies, Wnt signaling promotes PM loss only prior to gastrulation, and

interestingly this timing correlates with increases in cardiac specification. We also find that



excess Wnt leads to an increase of differentiated first heart field (FHF) and a decrease in second

heart field (SHF) and PM markers.

Altogether, these results provide a novel tool to study RA signaling as well as opens up new
areas to study RA and Wnt cross regulation in the context of dact3b. Additionally we have

provided new insights on the role of Wnt during fate specification in the CPF.
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Overview

Two important pathways that regulate early embryonic development are RA and Wnt
signaling. Zebrafish being optically transparent with high fecundity and short developmental
time is an ideal organism to study the in vivo dynamics of signaling pathways. In order to study
RA signaling in vivo, there is a need to create efficient and reliable tools to visual RA signaling.
With that aim, we have created and characterized a novel stable transgenic RA reporter. Both RA
and Wnt signaling regulate Dact proteins. Investigating Dact expression and regulation provides
an excellent context to gain insight into the possible cross talk between these two signaling
pathways. Wnt signaling plays multiple roles during organ progenitor specification. It is not yet
known if Wnt signaling plays any role during cardio-pharyngeal field development. Therefore,
three distinct goals of my thesis were to: 1) Characterize a novel RA sensor line; 2) Analyze
expression and regulation of dact3 genes in zebrafish; 3) Decipher the role of Wnt in balancing

cardiac and pharyngeal muscle fate in zebrafish.

Retinoic acid signaling during development

RA is an active metabolic derivative of Vitamin A (Vit-A) and implicated in various
biological and pathological conditions with significant clinical relevance. Animals depend on
nutrition for the source of Vit-A, since it cannot be synthesized de novo in the body. Retinol
homeostasis begins with its dietary uptake in the intestine, storage in liver, and adipose tissues
and then transportation in the blood to the target cells via binding with the carrier protein retinol
binding protein 4 (RBP4) [1]. Some cells also have a transmembrane protein named Stra-6,

which acts as a receptor for RBP4 for efficient retinol uptake [2]. In target tissues, retinol is

12



reversibly oxidized to retinaldehyde via two classes of enzymes: alcohol dehydrogenases (ADH)
or retinol dehydrogenase (RDH) [3, 4]. Next, retinaldehyde is irreversibly oxidized to retinoic
acid by retinaldehyde dehydrogenases (RALDH). RA then enters the nucleus of target tissues
and binds with the RAR/RXR heterodimer leading to target gene transcription (Figure 1).
Humans have three types of aldehyde dehydrogenases: Aldhlal, Aldhla2 and Aldhla3 (also
called Raldh) [5]. Zebrafish, however, only have Raldh2 and Raldh3 in their genomes [6].
Retinol can also be converted to retinyl ester for future storage via cellular retinol binding
proteins (CRBP) [7]. RA levels are precisely controlled in the embryo via complimentary
expression of RA synthesizing and degrading enzymes. In RA non-target tissues, it is

metabolized to an inactive derivative via P450 family of cytochromes cyp26 enzymes [8].

RA acts as a ligand for nuclear hormone receptors RAR/RXR heterodimer, which are
ligand activated transcription factors [8-10]. Binding with RA leads to conformational changes in
the receptors converting them from transcriptional repressors to activators, which eventually lead
to permissive changes in chromatin conformation of the target genes and recruitment of
transcription initiation machinery to begin target gene transcription [11]. RARs bind the most
commonly available forms of RA: all trans RA as well as 9-cis RA. RXRs can only bind to 9-cis
RA [12]. There are three highly conserved RARs in human, mice, xenopus and chicken: RARa,
RARP and RARY. Due to whole genome duplication and subsequent gene loss, zebrafish lack the
RARpP receptor and have two paralogs for each of the other two receptors [13]. Genetic
knockdown studies in mice have described considerable redundancy of these receptors. Only the
double knockout RAR/RAR or RAR/RXR mice are embryonically lethal. Previous studies have
shown that ligand binding to only the RAR portion can rescue RA synthesis abnormalities [14].

The primary role of RXR is to act as a scaffold for RAR in order to promote proper DNA
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binding to the highly conserved RA response elements (RAREs) located in the promoters of RA
target genes [15]. Classic RARE sequence is a 5-bp-spaced direct repeat of a hexameric
consensus motif popularly known as DRS site [9]. There are reports of other DR sites such as
DR1, DR2 and DR4 which also serves as RAR/RXR binding sites on the promotes of RA target

genes [16].

RA is important for growth, patterning and homeostasis of most of the vital organs in the
body, such as heart, liver, kidney, pancreas, limb and central nervous system (CNS).
Requirements of RA have been discovered using Vit-A deficient (VAD) animal models [8] .
VAD quail dies 4 days after hatching due to malformations in the CNS, cardiovascular system
and hindbrain [17]. Raldh2-/- mice also have greatly reduced posterior hindbrain, cardiac
abnormalities and die at midgestation [18-20]. These abnormalities arise due to the requirement
of RA early in development to set up the anterior-posterior axis patterning of neural plate and
proper hindbrain segmentation. Zebrafish raldh2 mutants (neckless fish) also have malformed
hindbrains, increase in cardiac specification and lack pectoral fins (equivalent to limb in
mammals) [21]. Within the cardiac field, RA is important for heart tube patterning, looping, and
outflow tract septation. RA is known to restrict cardiac progenitor pools in zebrafish. Loss of RA
in zebrafish causes excess cardiac specification via fate transformation of the adjacent organ

progenitors in the ALPM [22].

Transcription based reporters of RA signaling

To understand the role of RA in normal development, it has been fundamental to gain

knowledge about its spatial and temporal regulation in vivo. With that aim, transgenic mice were
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created using three copies of a DR5 RARE from the RARB2 isoform placed upstream of lacz
under a mouse minimal heat shock inducible Asp68 gene promoter (Figure 2A). This RARE-
hsp68-lacZ construct had expression in a specific A-P domain with a sharp anterior boundary
where the primitive streak ends [23]. This type of regionalized expression supports the role of
RA in A-P patterning and the absence of expression in the anterior forebrain was due to presence
of RA degrading enzymes. Similarly, a second mouse transgenic reporter line was created using
three copies of a DR5 RARE sequence upstream of a minimal thymidine kinase promoter [24].
While useful tools, a few caveats of these transgenic reporters were: 1) they had later onset of
reporter expression (E7.5) than anticipated and they could not explain the early role of RA in
mesoderm migration or neural plate formation; 2) these reporters need fixation, which hinders

the ability to look at live embryos and tissues.

Since zebrafish embryos develop ex utero, direct visualization and optical clarity make
them an excellent tool to study signaling pathways in live animals. The first zebrafish RA
reporter was created using three copies of RARE from the mouse RARp gene upstream of the
mammalian minimal thymidine kinase promote. The same study also used a zebrafish specific
GATA2 promoter to make additional transgenic embryos [25]. Transgene expression in these
embryos was localized in the neural tube, spinal cord, retina, somites, heart, pronephric ducts,
facial muscle, and branchial arches. These are known regions of RA receptor and RA target gene
expression [11, 13, 26]. Treatment with a Raldh2 inhibitor DEAB at gastrulation was able to
eliminate or reduce reporter expression, suggesting this transgenic is RA responsive. Compared
to the zebrafish reporter, expression was broader and more complex in the mouse reporter lines,
although none of these reporters were able to reflect all endogenous RA availability. In order to

create a more sensitive zebrafish RA reporter, 12 concatenated DR5 RARE sequences adapted
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from Hox gene promoters were used to create the Tg(12XRARE-efla:gfp) line (Figure 2C) [11].
Although increasing the number of DR5 RARE copies resulted in higher sensitivity to RA and
earlier initiation of reporter expression, this transgenic reporter expression was restricted to the
anterior spinal cord, ventral eye and pronephros. Recently, another RA reporter line has been
reported using genetically encoded probes for RA (GEPRA), which exploits fluorescence
resonance energy transfer to report ambient intracellular [27]. In these reporters, the ligand-
binding domain of RAR is fused to cyan (CFP) and yellow fluorescent (YFP) proteins (Figure
3). Binding of RA causes changes in the ligand binding domain conformation, which results in
conversion of cyan to yellow. Using GEPRA it was possible to report RA as early as 75%
epiboly [27]. By comparison and validation of multiple reporters for a signaling pathway, we can

establish optimal strategies to study physiological RA signaling.

Dact proteins: at the crossroad of Wnt and RA signaling

Dact proteins (also known as Dapper/Frodo) were initially discovered as binding partners
for the Wnt signaling master regulator disheveled (Dvl) in a yeast two-hybrid screen [28]. As an
interacting partner for Wnt master regulator Dvl, Dact proteins play roles in many Wnt
signaling-mediated cellular responses. Three family members, Dactl, Dact2 and Dact3 have
been described in humans and mice. Dactl is the best-studied member of the family, which can
negatively regulate both canonical and non-canonical branches of Wnt signaling. Dactl can
directly interact with TCF3 and inhibits B-catenin/LEF interaction [29]. Additionally, Dactl
associates with HDAC1 and promotes LEF/HDACI interaction leading to repression of

downstream Wnt target gene transcription. In zebrafish, Dactl acts as a positive regulator of Wnt
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in a wnt§ hypomorphic background. Dact2 is required for proper convergent extension
movements via its role in Wnt/Ca'>-PCP signaling during zebrafish development [29].
Expression and regulation of zebrafish dact3 is yet unknown. Mice Dact3 shares 27% and 24%
similarity to Dact] and Dact2 respectively. Human Dact3 shares high similarity (85%) with mice
Dact3 [30]. Dact3 is most abundantly found in the adult brain cortex of mice. Other areas of
expression include branchial mesenchyme, pharyngeal arches, and craniofacial mesenchyme
[30]. Unlike Dactl null mice, which die prenatally due to severe urogenital defects [31, 32],
Dact3 knock-out mice are viable but have reduced body weight, suggesting a possible role in
postnatal growth. Employing the unilateral ureteral obstruction model in the Dact3 null
background results in enhanced kidney fibrosis along with up regulation of S-catenin, dvi2 and
Wnt target fibrotic gene expression. Dact3 also prevents Wnt signaling mediated EMT and
myofibroblast activation, thus attenuating Wnt induced kidney fibrosis [33]. Negative regulation
of Wnt by Dact3 has also been established in the context of colon cancer. Dact3 is epigenetically
repressed through bivalent histone modifications in colon cancer cells, as well as patient-derived
tumor cells. Pharmacological intervention of the chromatin status to increase dact3 expression
results in reduction of Wnt/Bcatenin signal and enhanced apoptosis of colon cancer cells [34].
Thus, dact3 can be used as a potential therapeutic agent in controlling aberrant Wnt signaling
during colon cancer. Although all three Dact proteins have distinct expression patterns and
developmental roles, one common theme is they all have a role in Wnt signaling mediated
cellular responses. Through microarray analysis and drug treatment performed in our lab, RA
signaling was found to positively regulate dact! and dact? expression in zebrafish embryos
(Figure 4). Interestingly, Wnt and RA signaling cross talk in various cell types and physiological

conditions [35-37]. For example, RARy can directly interact with and repress Scatenin activity in
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chondrocyte function [38]. However, it is not known what regulates dact3 expression and if it is
also regulated by RA similar to the other dact genes. Our study in chapter 3 is the first to

describe dact3a and dact3b expression and regulation in zebrafish.

Whnt signaling in cardiac development

The Wnt families of proteins are cysteine rich secreted glycoproteins, which mediate a
plethora of cellular functions during embryonic development and adult homeostasis. Wnt
signaling is branched into canonical and non-canonical pathways depending on the type of Wnt
ligands and downstream factors used [39]. B-catenin is the major downstream transcriptional co-
activator of canonical Wnt signaling. In the absence of Wnt ligand, B-catenin is phosphorylated
by the members of the degradation complex, which include axin, APC, GSK3f and CK-1. This
phosphorylation event is followed by eventual proteasomal degradation of (-catenin. When a
Whnt ligan is available, it binds with the trans-membrane frizzled (Frz) receptor and LRP5/6 co-
receptor complex leading to plasma membrane recruitment of the degradation complex and
release of B-catenin. Next, B-catenin travels to the nucleus and binds with TCF/LEF transcription
factor leading to Wnt target gene transcription. Another important player of Wnt signaling is
Dvl, which binds with the cytosolic f-catenin and prevents its destruction by the degradation

complex [40, 41] (Figure 5).

Vertebrate cardiac development occurs in two waves of specification. First heart field (FHF)
progenitors arise from lateral splanchnic mesoderm and subsequently migrate to the cardiac
crescent. Later the cardiac crescent fuses to form the linear heart tube. Next, chamber specific

gene expression, looping and constriction of atrioventricular canal eventually forms the multi
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chambered beating heart. FHF derived structures include the left ventricle and parts of atria. Late
differentiating second heart field (SHF) progenitors are derived from the cranial paraxial
mesoderm and SHF cells are progressively added to both the poles of the heart and contribute to
the right ventricle, outflow tract and parts of the atria [42-46]. Canonical Wnt signaling has
multiple developmental stage specific roles during cardiogenesis [47-49], Using zebrafish and
mouse ES cells, it has been shown that Wnt regulation of cardiac development requires precise
temporal control [50, 51]. Wnt signaling promotes initial cardiac specification via its role in
inducing mesoderm formation. This initial increase of cardiogenesis has been shown to happen at
the expense of adjacent hematopoietic and endothelial fate in the mesoderm [52]. Later Wnt
inhibition is required for proper cardiac differentiation. These data suggest that Wnt signaling
has diverse functions during cardiac development depending on the developmental stage (Figure

6).

Whnt signaling in pharyngeal muscle development

Pharyngeal muscles are a subset of head muscles, which include three main subgroups: 1.
Pharyngeal mesoderm derived PM (or branchiomeric muscle) that is involved in feeding,
breathing, jaw movement, facial expression and pharyngeal laryngeal function; 2. Prechordal
mesoderm derived extra ocular muscles (EOM) that help in eye movement and rotation; 3.
Somite derived neck and tongue muscles. Genes that regulate initial head muscle specification
upstream of the general skeletal muscle differentiation marker MyoD are distinct for head and
trunk muscle [53]. For example pax3, which is essential for skeletal muscle specification in the

trunk, is not expressed in the head muscle [54]. In accordance with this differential regulation, a
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study in chicken has shown Wnt signaling from the dorsal neural tube inhibits skeletal
myogenesis in the head, while the same signal promotes trunk myogenesis [55]. However, it is
not known if Wnt inhibition of PM is conserved across other vertebrates. There has been no
study to investigate if there is any developmental stage specific requirement of Wnt signaling

during PM formation. Our work in Chapter 4 explored these questions.

Cardio-pharyngeal field development

The recent identification of a cardiopharyngeal field (CPF) refers to the developmental
domain encompassing multipotent progenitors, which are specified into FHF, SHF and PM [56].
During early embryonic development, multipotential progenitors are specified and fate is
restricted to certain organ types [57]. A balance of different signaling cues within the cell or
surrounding environment determines specific lineages and organ field boundaries. Various
congenital abnormalities include cardiac and craniofacial abnormalities, suggesting
misregulation of signaling pathways regulating individual or common progenitor specification
underlie the molecular etiology of these diseases. DiGeorge syndrome in which hemizygous
deletion of chromosome 22ql1.2 deletion includes the gene 7BXI results in malformed
pharyngeal apparatus and hypoplastic outflow tract [58]. Prevalence of cardio-craniofacial

abnormalities calls for better understanding of the regulation of these progenitor specifications.

Extensive research in the ascidian Ciona in the past few years established the presence of a
multi-lineage primed cardio-pharyngeal progenitor, which undergoes a few asymmetric divisions
and eventually specifies into the cardiac and pharyngeal lineage via regulatory antagonism

between transcription factors NK4 (cardiac) and 7hx1/10 (pharyngeal) [59] (Figure 7). During
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lineage specification, two B7.5 blastomeres are divided into atrial tail muscle (ATM) and tail
ventricular cells (TVC). Using targeted gene disruption and transcriptional profiling, TVCs were
shown to be primed for both cardiac and pharyngeal fate. Subsequently, TVC is divided into a
small first heart field precursor (FHP) and a large secondary TVC, which is further
asymmetrically divided in to atrial siphon muscles (ASM) and second heart field precursors
(SHP). NK4 (Nkx2.5 homolog in Ciona) is necessary to repress TBX1/10 expression and inhibit
ectopic induction of muscle determinant Ebf/COE in the SHP. TBX1/10 inhibits cardiac marker
GATAa expression and subsequent cardiac specification. Thus, the antagonism between
transcription factors specifies CPF in Ciona. Owing to the complexity of vertebrate embryos, we
do not yet know if there is similar cross antagonism present to specify fate in the cardio-

pharyngeal field.

Contrary to the previous notion of a common origin for FHF and SHF, single cell clonal
analysis of mespl, the earliest cardiac marker has shown FHF and SHF arise from temporally
distinct progenitor populations during gastrulation with discrete molecular signatures [60].
Genetic marker expression and ontogeny of SHF and PM are more closely related to each other
than to FHF [61]. Recent retrospective clonal analysis suggested specific regions of SHF share
common origins with subsets of PM. Muscles derived from the 1* pharyngeal arch, as well as
EOM, share clonal relationships with the right ventricle. Whereas the 2™ BA derived muscle
shares progenitors with outflow tract, pulmonary trunk and aorta. Further analysis suggested the
presence of a 3rd subgroup, which includes non-somite derived neck muscles, venous pole and
pulmonary trunk of the heart [62] (Figure 8). There is significant overlap among the cardiac
(nkx2.5, isll) and pharyngeal marker (fcf21, thxI) expression in the pharyngeal mesoderm. Work

from Harel et al has argued cardiogenesis and myogenesis in the CPF is network properties of a
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set of transcription factors rather than specific properties of a single gene [63]. Using single and
double mutant mice for some of these markers, they have discovered a regulatory network of
thxl, tcf21, lhx2 and pitx2 acting upstream of cardiogenesis and myogenesis in the pharyngeal

mesoderm [63].

Experimental rationale

Generation and characterization of a novel RA reporter

Abnormalities in RA signaling can lead to congenital birth defects. In order to treat RA
related abnormalities, it is important to study its temporal and spatial activity in an in vivo model.
Previous RA reporters in mice and zebrafish did not recapitulate broader availability of
endogenous RA and the initiation of expression was also delayed [11, 23-25]. These reporters
were created using the RAR/RXR binding DR5 RARE sequences. Thus, reporter activity is
dependent on successful RAR/RXR heterodimer formation and binding to RARE. Additional
factors such as other co-activators, repressors and transcription factors known to bind with either
of the receptor can also affect the sensitivity of the reporter. We hypothesized creating a reporter
by fusing only the RAR ligand binding domain (RLBD) with the Gal4 DNA binding domain
(GDBD) will act as a direct sensor for RA since reporter activity would depend only on the
availability and subsequent binding of RA to RLBD [64]. A previous study has shown fusion of
N or C terminal domain of RAR with the VP16 domain creates hyperactive but not constitutively
active RAR [11]. We hypothesized fusion of VP16 with the RLBD-GDBD construct will also

create a hyperactive RA reporter. Thus, we also created a putative hypersensitive RA reporter.
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We have analyzed the expression pattern and sensitivity to RA for these novel reporters using
both standard fluorescence and confocal microscopy. Characterization of these novel sensors will

add value to study RA biology in vivo and new insights into endogenous RA activity.

Dact3 expression and regulation

Dact proteins are modulators of both canonical and noncanonical Wnt signaling [28, 29,
65]. Microarray and drug treatment data from our lab has found dact! and dact? are positively
regulated by RA. Thus, there is the potential that Dact proteins can act as an important linker for
cross-regulation between Wnt and RA signaling. There is no report of a zebrafish Dact3
orthologs until now. We performed phylogenetic analysis and found two paralogs of dact3a and
dact3b in zebrafish with 100% conservation of the PDZ binding domain, which is important for
binding with the Wnt master regulator Dvl. We have also performed in situ hybridization to
analyze the dynamic expression pattern for dact3a and dact3b in zebrafish. Further we have
analyzed the regulation of dact3 by key signaling pathways (Wnt, RA, BMP and FGF) using
appropriate transgenic reporter lines in zebrafish. Experimental approaches such as these will
help us understand the role of dact3 during zebrafish development as well as provide new

insights into the cross-regulation between Wnt and RA signaling.

Wnt signaling in cardiac & PM specification

Wnt signaling plays important roles in mesoderm patterning and mesoderm derived organ

development [66]. Previous studies have shown Wnt promotes cardiac specification before
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gastrulation, while in chicken Wnt plays an antagonistic role during PM formation [50, 51, 55].
Since cardiac and pharyngeal fields lie in close proximity in the lateral marginal zone before
gastrulation, we hypothesized that the source of excess cardiomyocytes comes at the expense of
PM fate. Recent clonal analyses in Ciona and mice have established a common origin for SHF
and PM, which is distinct from FHF [60, 67, 68]. Based on this information, we further wanted
to explore if Wnt signaling specifically promotes FHF derived structure at the expense of SHF
and PM. First, we have used heat shock inducible zebrafish reporters to explore the stage specific
requirement of Wnt during PM development. Next, we analyzed the expression of cardiac and
pharyngeal markers upon Wnt manipulation. These analyses will give novel insights into the role

of Wnt signaling in establishing CPF.

Significance of studies

Improper balance of RA signaling can be teratogenic and cause perinatal mortality [8, 69].
For that reason, the levels of RA are strictly regulated in common medicines for acne given to
pregnant women and women of child bearing age [12]. While RA is essential for proper
development, excess RA can be teratogenic with lethal consequences, which are collectively
known as RA embryopathies. Due to the ability of RA to promote differentiation and apoptosis
in tumor cells, all-trans RA is commonly used as a therapeutic agent in cancer. Various synthetic
retinoids are currently in clinical trials for thyroid cancer, lung cancer, head-neck cancer, etc
[69]. Recently retinoids are also being used as a drug for neurodegenerative diseases such as
Alzheimer’s and Parkinson’s disease for its role in inhibiting the formation of amyloid-beta

fibrils, the main etiology of such diseases [70, 71]. Vit-A deficiency syndromes, which result in
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abnormally low RA levels, can lead to complete blindness. Thus, it is important to understand
the role of RA during normal development in order to better understand ways for treatment for
these pathological conditions. Zebrafish is a powerful in vivo tool to study signaling pathways
[72]. Due to its optical transparency and ex-utero development there is no need for invasive
procedures or fixation. This allows imaging of RA signaling in a live organism efficient and
reliable. Our novel RA sensor described in Chapter 2 will not only help to study RA signaling at
intercellular, tissue specific and whole organism levels but also to study anatomical structures

where reporter signaling is present independent of RA.

Expression of the Dact3 protein is epigenetically repressed in colorectal cancer and
pharmacological perturbation can lead to apoptosis of cancer cells [34]. Thuss studying the
expression and regulation of dact3 is important and can shed light on possible therapeutics for
colon cancer. The availability and function of dact3 during zebrafish development has not been
studied yet. Our study described in Chapter 3 is the first to analyze developmental stage specific
expression of dact3a and dact3b in zebrafish. We have also found a previously unexplored role
of RA in negatively regulating dact3b expression in the zebrafish hindbrain. Since Dact proteins
are well known regulators of Wnt signaling, our work provides a novel platform to study
possible cross regulation of RA and Wnt signaling during hindbrain development mediated by

dact3b.

The heart is the first organ to form and function in all vertebrates. Proper function of the
heart is essential for efficient oxygen transport and blood circulation. Heart disease accounts for
the highest number of congenital deaths in the United States. Using stem cell based approaches
to generate cardiomyocytes and heal injured hearts is a promising therapeutic strategy.

Therefore, it is important to study the signaling pathways responsible for regulating cardiac
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specification and differentiation in vivo. Prevention and treatment of human diseases in which
both the heart and head muscles are affected needs an understating of the development of the
respective organ field. Both cardiac and head muscles arise from common mesodermal
progenitor population. Using heat-shock inducible zebrafish transgenic embryos and marker
analysis, our study has unveiled a novel role of Wnt signaling in balancing cardiac and
pharyngeal muscle fate specification in the CPF. More precisely, our data suggests Wnt signaling
promotes FHF derived structures, while it inhibits PM and SHF development. Collectively these
data adds to our current understating of CPF fate allocation in vertebrates. Understanding aspects

of CPF development will help advance therapies for patients with cardio-craniofacial defects.
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Figure 1: RA signaling pathway

RA is metabolized from the alcoholic form of Vit-A via multiple pxidayives steps. Adapted from

Duster et al.,
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Figure 2: RA signaling reporters in mice and zebrafish

A) Recombinant construct used to make a transcriptional reporter RAREhsplacz to test RA
signaling activity. It has three copies of RARE from RARP promoter upstream of hsp68lacZ. B)
RARE driven zebrafish construct: 1. Three copies of RARE is fused upstream of viral basal
promoter thymidine kinase (tk). 2. Three copies of RARE from RARp promoter is fused to
zebrafish GATA-2 basal promoter along with a nuclear localization signal (nfd) 3. Similar
construct as 2, only difference it lacks the ntd domain. C) Schematic of 12XRARE reporter.
Direct repeat 5 (DRS5) RARE sequence from Hox gene promoters is placed upstream of EGFP.

Adapted from Rossant et al., [23], Perz-Edwards et al.,[25], Waxman et al., [11].
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Figure 3: Genetically encoded probes for RA (GEPRA)

a) Schematics for GEPRA construct. Ligand binding domain of RAR is fused to CFP and YFP.
Light yellow color denotes RA unbound state. Upon RA binding fluorescence energy transfer
leads to conversion from CFP to YFP. b) Titration curve for different GEPRA constructs. c)
Transmission ratio. Blue suggests no RA and red suggest highest RA concentration. Adapted

from Schimozono et al., [27].
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Figure 3: RA signaling positively regulates dprl and dpr2 expression

Embryos were treated at 50% epiboly and fixed for in situ at 8somites. RA treatment increases

dprl and dpr2 expression significantly (B, E). Treatment with RA antagonist DEAB leads to

reduced expression (C, F)
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Figure 5: Canonical Wnt signaling pathway

A) In the absence of Wnt, B-catenin is phosphorylated and degraded by APC/GSK-3 death
complex B) In the presence of Wnt ligands, it binds to Frizzled and LRP receptor complex which
lead to B-catenin release and B-catenin then enters the nucleus where it interacts with TCF

proteins to regulate Wnt target gene expression.
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Figure 6: Multiple developmental stage dependent role of Wnt in zebrafish cardiogenesis

A) Before gastrulation Wnt promotes cardiac specification via its role in mesoderm induction B)
Wnt inhibits cardiac differentiation after gastrulation C) Wnt preferentially promotes atrial
differentiation D) Wnt inhibits ventricular differentiation. Red: Atrium, Green: Ventricle.

Adapted from Dohn et al., [51]
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Figure 7: Regulatory cross-antagonism during cardio-pharyngeal progenitor fate specification in

Ciona

B8.9 blastomere founder cell expresses earliest mesoderm marker mesp. Then it is divided in to
TVC and ATM. TVC is a multilineage primed progenitor for heart and PM. TVC is then
asymmetrically divided in to NK4 and Gata4/5/6 expressing FHP. STVC is the common
progenitor for SHF and PM. Cross antagonism between transcription factors such as NK4 and
Tbx1/10 then specifies SHP and ASMF respectively. ATM-anterior tail muscle cell, TVC- trunk
ventral cell, FHP-first field precursor, STVC-secondary TVC. ASMF-atrial siphon muscle

founder cell, SHP-secondary heart precursor. Adapted from Kaplan et al., [68].
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Figure 8: Cardio-pharyngeal derivatives in mammals

a) Schematic showing contribution to FHF (red), SHF (orange) and skeletal muscle (yellow) at
different embryonic stages in mice. E14: yellow denotes all branchiomeric muscles (derived
from pharyngeal mesoderm). Purple indicates extra ocular muscles (derived from prechordal
plate mesoderm). b) Lineage tree describing contribution of single progenitor (dark green) to
FHF (red), parts of SHF (orange) and specific subsets of pharyngeal muscle (yellow). c)
Heterogeneity of human head and heart. Structures with similar origin are color-coded. Adapted

from Rui et al., [67].
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Bullet points:

* Transgenic zebrafish lines were made incorporating fusion proteins that act as RA
Sensors.

* The RA sensor lines report available embryonic RA.

* Hyperactive RA sensor lines indicate RA is available throughout the embryo.

* The transgenic RA sensors complement existing tools and will help elucidate the

mechanisms of RA signaling in vivo.
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Abstract

Background: Retinoic acid (RA) signaling plays a critical role in vertebrate development.
Transcriptional reporters of RA signaling in zebrafish, thus far, have not reflected the broader
availability of embryonic RA, necessitating additional tools to enhance our understanding of the
spatial and temporal activity of RA signaling in vivo. Results: We have generated novel
transgenic RA sensors in which a RA receptor (RAR) ligand-binding domain (RLBD) is fused to
the Gal4 DNA binding domain (GDBD) or a VP16-GDBD (VPBD) construct. Stable transgenic
lines expressing these proteins when crossed with UAS reporter lines are responsive to RA.
Interestingly, the VPBD RA sensor is significantly more sensitive than the GDBD sensor and
demonstrates there may be almost ubiquitous availability of RA within the early embryo. Using
confocal microscopy to compare the expression of the GDBD RA sensor to our previously
established RA signaling transcriptional reporter line, 7g(/2XRARE: EGFP), illustrates these
reporters have significant overlap, but that expression from the RA sensor is much broader. We
also identify previously unreported domains of expression for the 7g(12XRARE:EGFP) line.
Conclusions: Our novel RA sensor lines will be useful and complementary tools for studying

RA signaling during development and anatomical structures independent of RA signaling.
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Introduction

The requirement of RA signaling was first studied in the 1940’s and 50’s using Vitamin
A deficient rat embryos [73-75]. Since these initial pioneering studies, inappropriate RA
signaling has been found to cause a similar spectrum of developmental defects in all vertebrates,
with increases and decreases in RA signaling affecting many organs and tissues, including the
hindbrain, forelimbs, and heart [4, 12, 20, 76-86]. RA signaling’s earliest known function is in
posteriorization of the embryonic axis [8, 87, 88], which is an evolutionarily conserved function
in chordates [89]. In vertebrates, later developmental roles of RA signaling include promoting
differentiation of the epicardium [90], proliferation of the myocardium [91], outgrowth of the

forelimbs [92], and patterning of the cardiac outflow tract [93].

RA is the most active metabolic derivative of Vitamin A (retinol) and is produced
through a series of oxidative reactions by alcohol and aldehyde dehydrogenases within specific
locations of the embryo [8]. During development, RA acts as a morphogen and is a ligand for
members of the nuclear hormone family of receptors - the RA receptors (RARs) [8-10, 26].
RARs function at the transcriptional level as heterodimers with the retinoid X receptors (RXRs),
which together bind RA response elements (RAREs). Most often, RAR/RXRs heterodimers
bind what are referred to as direct repeat 5 (DRSY) sites, defined by a 5 nucleotide spacer between
the RAR and RXR binding elements. However, they do have some flexibility and can also bind

DR1 and DR2 sites [9].

The knowledge of general RAR binding rules has led to the generation of a number of
synthetic reporters that contain concatenated DRS RARE sites, which have been used both in

vitro and in vivo in transgenic mice as transcriptional reporters of RA signaling [23, 24, 94].
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More recently, similar strategies were used to create zebrafish with transgenic RA signaling
reporter lines [25]. However, a number of the earlier zebrafish lines, which used the same
synthetic promoters as utilized in mice, exhibited significant positional effects due to their
insertions, even though they were still responsive to RA. Moreover, these RA signaling reporter
lines were not expressed in some of the tissues known to require RA signaling [25]. Despite the
transgenic RARE reporter mice having broader expression compared to the transgenic zebrafish

[23, 24], it is still not clear as to whether or not they too reflect all RA signaling.

In an attempt to make a more sensitive RA signaling reporter, we recently constructed a
new synthetic RA signaling reporter composed of 12 concatenated DRS RARE elements [Fig.
1C; 11], instead of the 3 used previously in mice and zebrafish [23-25]. Like its predecessors,
we also used this construct in vitro in cell culture and in vivo to make stable transgenic lines in
zebrafish. While the /2XRARE transgenic reporter lines in zebrafish were less sensitive to
positional effects and were highly responsive to RA signaling, it is clear that these reporters still
do not reflect expression in all tissues with RA signaling [11]. Therefore, we have sought to
generate additional in vivo tools that will complement our current RA signaling reporter
transgenic lines and aid in our understanding of the locations and mechanisms of RA signaling

within the embryo.

Previous in vitro studies have used Gal4 DNA binding domain (GDBD)/RAR domain
fusion proteins to elucidate the functional domains of RARs [94, 95]. More recently, groups
have adapted this method, in what is referred to as a ligand trap strategy, for use with many other
nuclear hormone receptors in stable transgenic zebrafish to identify the ligands for orphan
nuclear hormone receptors [64]. An advantage of the GDBD-RAR fusion is that it should

function primarily as a ligand sensor, rather than as a ligand dependent transcriptional reporter of
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RXR/RAR interactions. We have used this strategy to make GDBD and VP16-GDBD (VPBD)
fusion proteins with the ligand binding domain of the zebrafish RARab (RLBD) [Fig. 1A, B; 96,
97]. We have characterized these transgenic lines and find that both fusion proteins are
responsive to RA, although the VPBD-RLBD fusion is significantly more sensitive and more
accurately reflects the locale of RA based on the expression domains of the RA producing and
degrading enzymes. We also compare the expression of a GDBD-RLBD,; UAS:mCherry
transgenic reporter line to one of our previously reported 7g(12XRARE-efla: EGFP) lines using
confocal microscopy. We conclude that these novel RA sensor lines will complement existing
tools and aid in the in vivo analysis of RA and RA signaling during development and other

contexts.
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Results

GDBD-RLBD;UAS transgenes produce a RA sensor

In order for the GDBD-RLBD fusion protein lines to report RA, they need to be crossed
with UAS reporter lines (Fig. 1B). To examine the efficacy of the Tg(p-actin:GDBD-RLBD)
trangene, we crossed stable transgenic carriers to two distinct UAS reporter lines: a
Tg(5XUAS:EGFP) [98], which we refer to as UAS:EGFP, and a Tg(14XUAS-E1b:NfsB-
mCherry) [99], which we refer to as UAS:mCherry. Reporter expression in either the 7Tg(f3-
actin:GDBD-RLBD),;(UAS:EGFP) or Tg(p-actin:GDBD-RLBD),;(UAS:mCherry) embryos was
detectable using in situ hybridization (ISH) by the tailbud stage (TB) stage (Fig. 2A, B, K, L).
UAS reporter expression initially appeared to be predominantly expressed in the spinal cord (Fig.
2A-D, K-N). However, by the 16s stage, expression was observed in a bit broader domain,
discernibly expanding to the somites and notochord, and later to the pronephros (Fig. 2E-J, O-T).
The region of expression within the embryos was largely similar between the two lines, except
that in the Tg(B-actin:GDBD-RLBD),;(UAS:EGFP) embryos there was stronger and persistent
expression in the anterior somites and expression in the ventral eye (Fig. 21, J, S, T).
Importantly, reporter expression from both lines was restricted to a mid-region of the embryos

where we and others have previously established there is high RA signaling during these stages

of development [11, 26, 100, 101].

The fluorescent expression from both transgenic lines was delayed relative to the ISH
expression. In the Tg(B-actin:GDBD-RLBD);(UAS:EGFP) transgenic embryos, expression was
visible by the 16s stage (Fig. 3A), while expression from the Tg(S-actin: GDBD-

RLBD);(UAS:mCherry) transgenic embryos was not typically visible until shortly after the 16s
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stage (Fig. 3E). Bright fluorescence was observed in a central portion of the embryo by 24 hours
post-fertilization (hpf) with both UAS lines, which was maintained past 48 hpf (Fig. 3B-D, F-H).
Although the domains of expression from these reporters was largely similar, the 7g(f>-
actin:GDBD-RLBD);(UAS:mCherry) line was significantly more variegated, which is likely due
to silencing caused by the additional repetitive elements used with that UAS construct [99, 102].
The other major difference we observed in fluorescent reporter expression, other than the
variegation due to silencing, was that the Tg(fB-actin:GDBD-RLBD), (UAS:EGFP) line had
expression in the eyes and stronger expression in the somites (Fig. 3D), as mentioned with the
ISH. We think that the expression in the eye is reflecting availability of RA because our
previously created transcriptional RA reporter also has expression in the eye after 24 hpf [11].
We postulate that the difference we observe between the UAS reporters could either be due to

positional effects of the transgene or the shorter UAS repeats [102].

The expression of the B-actin:GDBD-RLBD;UAS lines in the mid-region of the embryo
was strongly suggestive that reporters are RA responsive. To confirm that the reporters are RA
responsive, we modulated RA signaling using RAR agonists, RAR antagonists, and an aldehyde
dehydrogenase inhibitor. Consistent with the GDBD-RLBD being responsive to RA, treatment
with RA or the RARa agonist AM580 both produced essentially ubiquitous expression in the
Tg(B-actin:GDBD-RLBD),;(UAS:EGFP) and Tg(fB-actin:GDBD-RLBD),(UAS:mCherry)
embryos (Fig. 4A-C, A’-C’, H-J, H’-J’). Similarly, the pan-Cyp inhibitor Ketoconazole (Keto),
which inhibits the function of the RA degrading Cyp26 (P450) enzymes, or the use of
morpholinos (MOs) for cyp26al and cyp26¢l produced an expansion of the domain of reporter
expression (Fig. 4D, D’, K, K’ and Fig. 5A-D). Conversely, the retinaldehyde dehydrogenase

inhibitor diethyl-aminobenzoic acid (DEAB), which inhibits RA production [103], and the
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competitive RARa antagonist RO41-5253 (referred to as RO41) [104], which should interact
with the RLBD, both inhibited expression of the reporter. Altogether, our analysis suggests that

our new transgenic lines are functioning as sensors of embryonic RA.

A hypersensitive transgenic RA sensor

Although the GDBD-RLBD:UAS reporters are sensitive to RA and expressed in regions
of the embryo where there is RA signaling, we found it interesting that the reporter expression
did not initiate until the TB, likely after RA signaling initiates based on aldhla2 expression [85],
and were expressed in a relatively restricted domain within the embryos, similar to RA
responsive genes and the 7g(12XRARE-efla: EGFP) lines, here referred to as
Tg(12XRARE:EGFP) [11, 100, 105]. Therefore, we wanted to explore ways of increasing the
sensitivity of the RA sensor. Our previous study found that fusion of the VP16 transcriptional
activation domain to either the N- or C-termini of RARs creates a hyperactive RAR, not a
constitutively active RAR [11]. Therefore, we wanted to determine if a similar fusion would
make a hypersensitive RA sensor. We fused the VP16 domain to the N-terminus of the GDBD-
RLBD protein (VPBD-RLBD), made stable transgenic lines, and crossed them to the UAS

reporter lines.

We found that in 7g(B-actin:VPBD-RLBD),;(UAS:EGFP) embryos expression was pretty
broad by the TB stage (Fig. 6A, B) and maintained through the 8s stage when fluorescence was
easily oberserved (Fig. 6C-E). In contrast to the more limited expression of the S-actin: GDBD-
RLBD, UAS transgenic lines, the broad expression of the VP16-RA sensor was reminiscent of the

broad, posterior expression of aldhla?2 at the same stages within the early embryo [85, 106].
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Furthermore, given the role of RA signaling in patterning the hindbrain, the sharp anterior border
of reporter expression at the TB stage was reminiscent of the expression patterns of RA
responsive genes in the hindbrain, including hoxb1b, vhnfi, and hoxbla [106, 107].
Interestingly, we also found expression in the very anterior of the embryo and the polster (Fig.
6A, C, E), suggesting there may be available RA in the anterior of the embryo in addition to
more posteriorly. A candidate source of this expression is Aldhla3, which is expressed in the
anterior of the embryo [108, 109]. However, its stronger anterior expression does not initiate
until mid-somitogenesis [108, 109], suggesting that Aldhla2 cannot also be ruled out as a
potential source. Importantly, at these stages, Tg(fB-actin:VPBD-RLBD);(UAS:EGFP) reporter
expression was largely lacking in a large anterior region of the embryo (Fig. 6A-E), which
correlates with the early anterior expression domain of cyp26al [26, 83]. By the 16s stage,
Tg(B-actin:VPBD-RLBD);(UAS:EGFP) expression was still absent in the majority of the anterior
brain and anterior hindbrain (Fig. 6F-H). However, expression expanded to the eyes, where
aldhla3 is expressed [108, 109], and was in the hatching gland, the derivative of the polster. At
the 8s and 16s stages, lower levels of expression were found in the posterior hindbrain and
extended anteriorly up to the level of the otic vesicle, which forms at rhombomeres 5 and 6
(Figs. 6C, E, F, H). By the 16s stage, strong expression was in the posterior spinal cord and
extended to the most posterior somites, but was absent in the tip of the tail (Fig. 6F, I, L). The
presence and absence of reporter expression again parallels the opposing domains of aldhla?
expression and cyp26al in the trunk and tail [83, 85]. Expression was maintained in the anterior
brain and eyes, and the somites and spinal cord of the embryos past 48 hpf (Fig. 61-N). Similar

domains of expression were also observed in the Tg(p-actin:VPBD-RLBD),;(UAS:mCherry)
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embryos. However, expression was significantly variegated in these lines, so it is not presented

here.

To determine if the Tg(B-actin:VPBD-RLBD), (UAS: EGFP) embryos were sensitive to
modulation of RA, we used the same pharmacological agents that were used to analyze the -
actin:GDBD-RLBD, UAS transgenic lines. Treatment with RA or AM580 produces relatively
ubiquitous expression (Fig. 7A-C, G-I), while Keto expanded and enhanced the domains of
expression (Fig. 7D, J). Interestingly, treatment with DEAB or RO41 were both able to reduce
expression, but never able to completely eliminate expression (Fig. 7K, L). Of these two
inhibitors, it is interesting that RO41, the competitive RARa antagonist, was typically much
more effective at reducing expression (Fig. 7F, L). DEAB treatment could reduce expression as
indicated by ISH (Fig. 7K). However, we often could not detect significantly lower expression
via fluorescence in live embryos (Fig. 7L). Therefore, our characterization of the 7g(f3-
actin:VPBD-RLBD), (UAS:EGFP) transgenic line suggests that the VPBD-RLBD fusion protein
creates a more sensitive RA sensor than the GDBD-RLBD and that the reporter’s expression and
absence of expression correlate better with the expression of RA producing and degrading
enzymes, respectively, than the more restricted S-actin:VPBD-RLBD,;UAS or the I2XRARE

reporters [11].

Comparison of the transgenic GDBD-RLBD RA sensor and RARE reporter lines

The more restricted expression of the S-actin: GDBD-RLBD; UAS RA sensor reporters
was conspicuously similar to the /2XRARE:EGFP transgenic reporter lines [11]. Both are

expressed predominantly in the mid-region of the embryo where we postulate that there is higher
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sustained RA signaling (Figs. 2 and 3) [11, 105]. Therefore, we wanted to directly compare the
temporal and spatial expression from the different reporters. Hemizygous Tg(f-actin: GDBD-
RLBD);(UAS:mCherry) adults were crossed with homozygous 7g(12XRARE: EGFP) adults and
the triple transgenic embryos were imaged using confocal microscopy at stages from 20s through
78 hpf. As suggested from our ISH and live fluorescent analysis of the current and previously
published reporters [11], the fluorescent expression from the S-actin: GDBD-

RLBD,; UAS:mCherry transgenes was initiated earlier than the /2XRARE: EGFP transgene (Fig.
8A-C). By the 20s stage, p-actin:GDBD-RLBD;UAS:mCherry reporter expression was easily
visible in skin epithelial cells, the spinal cord, a few pronephros cells and notochord (Fig. 8A, C).
By comparison, EGFP was more weakly expressed and just initiating in a couple pronephros
cells and the spinal cord of the Tg(12XRARE:EGFP) embryos (Fig. 8B). By 24hpf, the S-
actin:GDBD-RLBD,; UAS:mCherry reporter expression had expanded in the skin epithelial cells,
the spinal cord, the pronephros and notochord (Fig. 8D, F). By comparison, the
12XRARE:EGFP reporter was still more weakly expressed, but more visible in the pronephros of
embryos (Fig. 8E). By 30 hpf, the expression of both reporters was stronger and significantly
expanded (Fig. 8G-I). Expression of the S-actin:GDBD-RLBD,;UAS:mCherry reporter was still
expressed in the skin epithelial cells, the spinal cord, pronephros and notochord (Fig. 8G, I), but
now axons projecting anteriorly from the spinal cord were also visible (Fig. 8G, I, insets). At 30
hpf, in the Tg(12XRARE:EGFP) embryos the spinal cord expression was significantly stronger
and expanded in the A-P axis in the spinal cord and pronephros (Fig. 8G, I). Additionally, there
were also extremely low levels of expression in the somites and notochord, which we have not
reported previously (Fig. 8H). Despite the overlap in most tissues, we never observed expression

in the skin epithelial cells in the Tg(12XRARE:EGFP) embryos. By 30 hpf, we also observed
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expression in the dorsal eye (Fig. 9A), which we had not reported previously and correlates with
the localization aldhla2 expression [108-110]. Expression in the ventral domain of the eye was
reported previously and correlates with aldhla3 expression [Fig. 9A; 108, 109, 110]. As
mentioned above, we did not find eye expression using the UAS:mCherry line, but did observe it

in the UAS:EGFP embryos (Figs. 2I and 3D).

Through 72 hpf, the expression of both reporters became sharply defined at the
hindbrain-spinal cord boundary (Fig. 8J-O), compared to earlier when the boundary between
these neural regions was not quite as distinct (Fig. 8G-I). Expression was maintained at these
later stages in all the same tissues as at 30 hpf for both reporters (Fig. 8J-O; Fig. 9B).
Interestingly, both these reporters labeled the ventral motor neurons (Fig. 8J-O), which we did
not report previously for the 7g(12XRARE:EGFP) lines using standard fluorescent microscopy
[11]. The extension and expansion of the ventral motor neurons projecting from the spinal cord
was easily observable through these stages and individual axons could be followed due to the
variegated nature of expression from the UAS:mCherry transgene. Furthermore, by 78 hpf, the
pectoral fin motor neuron projections could be seen terminating at the base of the fins [Fig. 9A,
B; 111], while there was additional expression of individual neurons seen medial to the retina in

the brain (Fig. 9D).

47



Discussion

Our characterization of the B-actin:GDBD-RLBD;UAS transgenic reporters suggests that
they are responsive to and report the availability of embryonic RA. Interestingly, the
regionalized expression from the GDBD-RLBD; UAS reporter lines in the mid-region of the
embryo posterior to the hindbrain overlaps considerably with our previously reported
12XRARE:EGFP transgenic line [11]. The expression of the RA sensor reporter initiates earlier
and is expressed more broadly than the /2XRARE:EGFP reporter line, as one might predict
because it should report the availability of RA and precede target gene transcription, while the
RARE reporter is dependent upon RA plus RAR/RXR interactions. The broader expression of
the RA sensor reporter also reinforces the notion that there are tissues that are likely responsive
to RA, but are not strongly represented by expression in the /2XRARE:EGFP transgenic line
[11]. Since it is likely that the RLBD interacts with transcriptional activators and repressors [9,
10], even though theoretically it should not be dependent on RXR [64], we cannot rule out that
the transcriptional regulatory proteins that interact with the GDBD-RLBD fusion protein through
the RLBD influence the temporal and spatial expression of the reporter [9]. Importantly, the
regionalized expression of the RA sensor and RARE transgenic lines does correlate with the
expression of RA target genes and sensitive tissues during early and mid-somitogenesis stages
[85, 100, 105-107, 112]. However, when compared to the S-actin: VPBD-RLBD; UAS reporter

our characterization also suggests that they both may be reporting higher levels of sustained RA.

When comparing the expression of the S-actin:GDBD-RLBD,; UAS and 12XRARE:EGFP
reporters to the S-actin: VPBD-RLBD, UAS reporter, it is clear that the S-actin: VPBD-RLBD; UAS

reporter is expressed much more broadly throughout the transgenic embryos and strongly
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correlates with aldhla2, aldhla3 and cyp26al expression [83, 85, 106, 108, 110]. Because we
cannot eliminate reporter expression in f-actin: VPBD-RLBD,; UAS transgenic embryos this
suggests a couple possibilities, which are not mutually exclusive: there is some transcriptional
activation of the UAS reporter from the VPBD domain that is independent of RA or that there
are low levels of RA that can still be detected by the VPDB-RLBD fusion protein that we cannot
eliminate. Although we have not yet distinguished between these possibilities, an argument in
favor of the latter possibility is that if there were RA-independent reporter expression, we would
not expect to the have localized reporter expression that strongly correlates with RA producing
and degrading enzymes. Moreover, previous studies have also demonstrated that there is still
RA responsive gene expression in zebrafish embryos even with high concentrations (SuM) of
DEAB treatment [106], which confirms that DEAB treatments likely do not completely
eliminate embryonic RA or RA signaling. Therefore, assuming that the S-actin: VPBD-

RLBD, UAS transgenic reporter is reporting available embryonic RA, our analysis suggests the
thought-provoking hypothesis that RA may be available almost entirely throughout the embryo,
including the most anterior tissues of the embryos, which has not been previously suggested to

receive embryonic RA at earlier stages.

While we propose that VPBD-RLBD; UAS transgenic lines will also be useful,
informative and complementary tools, the enhanced sensitivity to RA at this point may actually
limit its general utility because we have found that it does not demonstrate significant
fluctuations in reporter expression when RA signaling is modulated. Nevertheless, this analysis
promotes the idea that in the future similar strategies using alternative transcriptional activation

domains combined with the GDBD-RLBD fusion protein may be able to create highly sensitive
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reporters that accurately report the availability of low concentrations of RA while eliminating the

possibility of ligand-independent transcriptional activation.

In addition to being indicators of RA sensitivity and availability, our confocal analysis of
the RA sensor and /2XRARE:EGFP transgenic lines suggests that these transgenes will likely be
useful tools for studying the development of RA independent processes. In particular, we
envision that these lines will be useful for studying the development of specific populations of
neurons in the brain and spinal cord, due the expression of the fluorescent proteins in the axons,
as well as the nephrons, where expression persists as long as we have tracked expression in the
embryos. Together, our current and previous studies using transgenic zebrafish with the Gal4
fusion method set the precedence for the creation of similar lines for studying RA signaling and
the function of other nuclear hormone receptors in other model organisms. Overall, the novel
RA sensors complement the utility of the existing /2XRARE:EGFP transgenic lines and enhance
the available toolset to study the mechanisms of RA signaling dependent developmental

processes in vivo.
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Experimental Procedures
Zebrafish maintenance and lines used

Adult zebrafish were maintained and embryos were raised using standard zebrafish
aquaculture conditions. UAS transgenic lines used in crosses were 7g(SXUAS:EGFP) [98] and
Tg(14XUAS:NfsB-mCherry) [99]. For the stable S-actin:GDBD-RLBD and B-actin: VPBD-
RLBD transgenic lines, multiple transgenic lines were recovered from individual founders
designated Tg(B-actin:GDBD-RLBD)*™, Tg(B-actin:GDBD-RLBD)“", Tg(B-actin: VPBD-
RLBD)“" Tg(B-actin:VPBD-RLBD)*™, and Tg(B-actin:VPBD-RLBD)*"®. Each transgene in
the stable lines segregated according to a standard Mendalian ratio, suggesting the integrations
were at single loci. Expression from each of the Tg(S-actin:GDBD-RLBD) and Tg(f3-
actin:VPBD-RLBD), respectively, was overtly found to be indistinguishable. Therefore, the lines
Tg(B-actin:GDBD-RLBD)*™ and Tg(B-actin:VPBD-RLBD)*“" are presented in the current
study, but all lines are available. For experiments, hemizygous 7g(f-actin.GDBD-RLBD)
carriers were crossed with hemizygous Tg(UAS:EGFP) carriers and Tg(f-actin: GDBD-

RLBD);(UAS:mCherry), which were hemizygous for each transgene, were crossed to
hemizygous Tg(UAS:mCherry) carriers. The Tg(12XRARE-efla:E GFP)™ was reported

previously [11].

Construction of the transgenes and fusion proteins

For constructing the Tol2 Gateway destination vector with the a-crystallin: DsRED (-

cry:DsRED), PCR amplification was used to add Clal restriction sites to the 5’ and 3’ ends of the
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previously reported a-cry:DsRED plasmid [113]. This fragment and the vector pDestTol2p2A
were then digested with Clal and the fragment was ligated into the pDestTol2p2A using standard

cloning methods. The GDBD-RLBD and VPBD-RLBD constructs were then cloned upstream of
the B-actin promoter using the Tol2/Gateway system [114] and transgenic animals were made

using standard Tol2 methods [115].

The GDBD-RLBD was made using PCR to fuse the amino acids 156-457 of zebrafish
RARab, which comprise the D-F domains, to amino acids 1-147 of the Gal4 protein, which
contains the DNA binding domain. Amino acids 413-490 of VP16 were fused to the N-terminus
of the GDBD-RLBD to make the VPBD-RLBD construct. For this fusion, the start methione was
deleted from the GDBD and added to the VP16 domain. Both constructs were initially cloned
into pCS2p+ as an intermediate vector prior to cloning into the pDestTol2p2A-acry:Dsred

destination vector along with the f-actin promoter for making transgenic animals.

Drug treatments and morpholinos used

Embryos were treated with 1uM RA (Sigma), 0.5uM AMS580 (Biomol), 25uM Keto
(Sigma), luM DEAB (Sigma), and 0.75uM RO41 (Biomol) beginning at the shield stage.

0.003% w/v 1-phenyl 2-thiourea (PTU; Sigma) was used beginning prior to 24 hpf to prevent

pigmentation.

Sequences for cyp26al MOs used were:

MOI1 5’-TCTTATCATCCTTACCTTTTTCTTG
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MO2 5’-TAAAAATAATACACTACCTGCAAAC.

Sequence for the cyp26c1 MO was reported previously [112]. A mixture of 2 ng cyp26al MOI1
and 1 ng cyp26al MO2 and 6 ng cyp26c1 MO were injected into one cell 7g(S-actin:GDBD-
RLBD);(UAS:EGFP) embryos. Deficiency of both Cyp26al and Cyp26¢1 has been shown
previously to more effectively cause increases in embryonic RA [112]. 1 ng of p53 MO was

used to prevent not-specific pS3 mediated cell death [116].

Imaging

Images were taken using a Zeiss M2BIO fluorescent stereomicroscope and Axiocam?2
camera. Confocal images were taken using a Nikon A1 inverted confocal microscope. Images

were prepared using Adobe Photoshop.

ISH

ISH was performed essentially as reported previously [117].
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Figure Legends

A B Tg(Bactin:GDBD-RLBD) X Tg(UAS:EGFP)
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Figure 1. Constructs used and schematics of RA reporters. (A) Conserved domains found in
RARs [9]. The A domain has some limited transcriptional activation ability. The B domain has
an unknown function. The C domain is the DNA binding domain. The D domain is a hinge
domain. The E domain is the ligand-binding domain and contains the major transcriptional
activation domain. The F domain has an unknown function. The Gal4-DNA binding domain
(GDBD; yellow) was fused to the D-F domains, which contain the RAR ligand-binding domain,
to make the GDBD-RLBD fusion protein. The VP16 activation domain (blue) was fused to the
N-terminus of the GDBD-RLBD to make the VPBD-RLBD fusion protein. (B) Schematic of
how the RLBD fusion proteins work. The GDBD-RLBD fusion protein should bind the UAS
elements and activate transcription in the presence of RA (red dot). (C) Schematic of the
previously reported 12XRARE transgene for comparison to the ligand trap method. RA (red
dot) interacts with RARs, which drive transcriptional activation through RAR/RXR heterodimers

acting on DR5 RAREs.
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Figure 2. RA sensor reporters are expressed in established domains of RA responsive gene
expression. (A, B, K, L) Reporter expression in both the Tg(B-actin:GDBD-
RLBD);(UAS:EGFP) and Tg(f-actin:GDBD-RLBD);(UAS:mCherry) lines initiates in the spinal
cord (arrows in A and K) by the tailbud (TB) stage. (C, D, M, N) RA sensor reporter expression
is strengthened in the anterior spinal chord by the 8 somite (s) stage (arrows in C and M). (E, F,
O, P) RA sensor reporter expression is maintained in the anterior spinal cord (sc) and noticeable
expanded to the adjacent tissues, including the notochord (nc) and ectoderm (ec), by the 16s
stage. (G, H, Q, R) RA sensor reporter expression was maintained in the tissues of the mid-
region (anterior trunk and spinal cord), but was now more easily observed in the somites (sm)
and pronephros (pn). (I, J, S, T) Both the Tg(B-actin:GDBD-RLBD);(UAS:EGFP) and Tg(f-
actin.GDBD-RLBD);(UAS:mCherry) lines initiate some expression in the brain by 36 hpf.
However, we only found eye expression (arrow in I) in the Tg(B-actin:GDBD-
RLBD),;(UAS:EGFP) line. Views in A, C, E, G, I, K, M, O, Q, S are lateral. Views in B, D, F,

H,J,L, N, P, R, T are dorsal. In all images anterior is up.
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roactinoeo-repy]  ¥igure 3. Fluorescence in the Tg(f-actin:GDBD-

(UAS:mCherry)

‘Tg(Bactin:GDBD-RLBD);\
(UAS:EGFP)

A RLBD),;(UAS:EGFP) and Tg(p-actin:GDBD-

B RLBD);(UAS:mCherry) lines. (A, E) Fluorescence in the

16s Tg(B-actin:GDBD-RLBD),(UAS:EGFP) line is found in the

spinal cord (arrow) by the 16s stage, although expression in

the Tg(f-actin:GDBD-RLBD);(UAS:mCherry) is typically

not visible by this stage. (B, F) Expression at 24 hpf is

c ' visible in the spinal cord, notochord and somites.

Il Expression is the adjacent non-spinal cord tissues is more

easily visible in the Tg(B-actin:GDBD-

RLBD);(UAS:EGFP) embryos. (C, D, G, H) Expression is

maintained in the spinal cord, notochord, and somites at 30

and 48 hpf. Expression is seen in the ventral eye by 48 hpf

(arrow in D). Arrowhead in D indicates the somites.

Expression in the eye of the Tg(B-actin:GDBD-

BN

RLBD);(UAS:mCherry) embryo is from the o-cry:DsRed
used in the transgenic construct. Arrow in H indicates autofluorescent pigment cells. All views

are lateral with anterior up.
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Figure 4. RA sensor lines are responsive to RAR agonists and antagonists. (A, A’, H, H’)
Control untreated embryos. (B, B’, C, C°, I, I, J, J°) RA or AMS580 treated embryos show
almost ubiquitous expression of the reporter. Embryos treated with RA or AMS580 were
posteriorized as a consequence of treatment with these agents. (D, D’, K, K’) Keto caused an
expansion of reporter expression. (E, E’, F, F’, L, L, M, M’) DEAB or RO41 treatment
inhibited expression. None of the DEAB treated (0 of 17) or R041 treated (0 of 17) Tg(p-
actin.GDBD-RLBD);(UAS:EGFP) embryos had expression compared to 28% (17 of 61) sibling
embryos, which is close to the 25% of expected fluorescent embryos used from an intercross of
Tg(P-actin:GDBD-RLBD) and Tg(UAS:EGFP) hemizygous individuals. None of DEAB treated
(0 of 15) or R0O41 treated (0 of 14) Tg(pB-actin:GDBD-RLBD),(UAS:mCherry) embryos had
expression compared to 34% (18 of 53) sibling embryos, which is close to the 37.5% of expected
fluorescent embryos used from an intercross of Tg(p-actin:GDBD-RLBD);(UAS:mCherry)
hemizygous and (UAS:mCherry) hemizygous individuals. A-F and H-M are fluorescent images
of live embryos. A’-F” and H’-M” are ISH. Arrows in A,A’,D,D’,H,H’ K K’ indicate the length

of the domain of reporter expression. All views are lateral with anterior up.
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30h

Figure 5. RA sensor expression is expanded in Cyp26 deficient embryos. (A, C) Control
uninjected sibling embryos. (B, D) The domain of reporter expression is expanded in embryos
injected with MOs targeting cyp26al and cyp26cl. Arrows indicate the length of expression.

Views are lateral with anterior up.
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Tq(Bactin:VPBD-RLBD);(UAS:EGFP)

Figure 6. Expression in  Tg(f-actin:VPBD-
RLBD);(UAS:EGFP) embryos is consistent with the
domains of RA producing and degrading enzymes. (A,
B) VP16-RA sensor expression at the TB stage.
Arrowhead indicates strong expression in the polster
(po). Arrows in A and B indicate the boarder between
the posterior reporter expression and the anterior of
the embryo, which lacks reporter expression. (C-E)
VP16-RA sensor expression via ISH and fluorescence
at the 8s stage. Expression is maintained in the polster
(po) and is largely absent in the anterior brain (arrows
in C and E). There is strong expression throughout the
posterior. Lower levels of expression extend into the
posterior hindbrain (phb). (F-H) VP16-RA sensor
expression via ISH and fluorescence at the 16s stage.

There is expression in the eyes (ey) and anterior brain,

hatching gland (hg), and posterior hindbrain. Expression extends into the posterior hindbrain up

to the otic vesicle (dashed outlines in F and H), which forms at the rhombomeres 5 and 6.

Expression is absent in the brain and tip of the tail (arrows in F and H). (I-K) RA reporter

expression via ISH and fluorescence at 30 hpf. (L, M) VP16-RA sensor expression via ISH at 36

hpf. (N) VP16-RA sensor expression via fluorescence at 48 hpf. A, D, F, G, I, J, L, M, O are

lateral views. B, E, H, K, N are dorsal views. In all images anterior is up.
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Figure 7. Tg(pB-actin:VPBD-RLBD),;(UAS:EGFP) embryos are sensitive to RAR agonists and
antagonists. (A, G) Control sibling embryos at 30 hpf. (B, C, H, I) RA and AMS580 treated
VP16-RA sensor embryos have almost ubiquitous expression. Embryos are posteriorized due to
RAR agonist treatment. (D, J) VP16-RA sensor embryos treated with Keto have expanded and
enhanced expression, particularly in the anterior brain and eye. (E, F, K, L) VP16-RA sensor
embryos treated with DEAB or RO41. By ISH, DEAB and RO41 reduced expression (arrows in
K and L). However, RO41 was more effective. By fluorescence, it was often hard to distinguish
a loss in reporter expression in DEAB treated embryos. While we observed reductions in
reporter expression, particularly with RO41 treatment, we never completely lost expression in

embryos treated with RAR or Aldhla antagonists. All views are lateral with anterior up.
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Tg(12XRARE:EGFP); Figure 8. Direct comparison of the /2XRARE:EGFP
(Bi(:tl?n:GDBD-RLB[;) Tg(12XRARE:EGFP) Tg(Bactin:GDBD-RLBD); g p
(UAS:mCherry) (UAS:mCherry)

and p-actin: GDBD-RLBD,; UAS:mCherry transgenes.

(A-F) At the 20s stage and 24 hpf, the RA sensor is
expressed in the skin epithelial cells (ec), the spinal
cord (sc), the pronephros (pn) and the notochord
(nc), while the /2XRARE:EGFP transgene is less
strongly visible in the spinal cord and pronephros.
(G-I) By 30 hpf, mCherry expression from the -
actin:GDBD-RLBD,; UAS:mCherry reporter has
expanded in the anterior-posterior axis, but the tissue
types expressing the reporter have not changed.
MClherry can be seen in axons projecting anteriorly
from the spinal cord (arrow in inset of G and I).
12XRARE:EGFP reporter expression has also
expanded in the A-P axis and the intensity of the
reporter has increased. Low levels of expression are
also in the somites (sm), though this is more obvious from mCherry. (J-L) By 56 hpf, expression
of both reporters has expanded more posteriorly, while the anterior border of expression at the
hindbrain-spinal cord boundary has become more distinct. Expression is also seen in the axonal
projects from the ventral motor neurons (vmns). (M-O) Expression in these same tissues is maintained

past 72 hpf. The ventral motor neurons can be seen elaborating further. All images are single confocal

slices. Embryos are lateral views with anterior up.
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Tg(12XRARE:EGFP);
(Bactin:GDBD-RLBD);
(UAS:mCherry)

Figure 9. The /2XRARE:EGFP transgene is expressed in the eye, pectoral fin motor neurons and
brain. (A) The 12XRARE:EGFP reporter is expressed in the dorsal retina (dr), by 30 hpf. The
dorsal retina expression was visible due to PTU treatment. Expression in the ventral retina (vr)
was reported previously [11]. (B) Expression of the /2XRARE: EGFP reporter is maintained and
expanded in the dorsal retina and ventral retina by 56 hpf. (C, D) At 78h, EGFP expression from
the /12XRARE:EGFP reporter is visible in the pectoral motor neuron axons and their termini at
the base of the pectoral fin (arrowheads in C and D). Both transgenes are expressed in neurons
in the brain (arrow in D). The red lenses in B-D are due to a-cry:DsRed expression, which was
used in the Tol2 construct. The S-actin:GDBD-RLBD,; UAS:mCherry reporter was not expressed
in the eye. Red at the periphery of the eyes in B-D is due to auto-fluorescence from residual
pigment cells. Auto-fluorescent cells are also found in the trunk at later stages, despite PTU
treatment (arrow in C). Views in C and D are dorso-lateral. Magnification of images in A, B,

and D is 200X. Magnification of images in C is 100X.
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Highlights:

*  We investigated dact3a and dact3b expression during early zebrafish development.

* Sequence alignments show strongest conservation in the PDZ-binding domains.
* dact3a is expressed in the lateral plate mesoderm, somites, and neural crest.
* dact3b is expressed in the dorsal forerunner cells (DFC) and hindbrain

* Retinoic acid signaling negatively regulates dact3b expression in the hindbrain
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Abstract

Wnt signaling plays important roles in normal development as well as pathophysiological
conditions. The Dapper antagonist of B-catenin (Dact) proteins are modulators of both canonical
and non-canonical Wnt signaling via direct interactions with Dishevelled (Dvl) and Van Gogh
like-2 (Vangl2). Here, we report the dynamic expression patterns of two zebrafish dact3 paralogs
during early embryonic development. Our whole mount in situ hybridization (WISH) analysis
indicates that specific dact3a expression starts by the tailbud stage in adaxial cells. Later, it is
expressed in the anterior lateral plate mesoderm, somites, migrating cranial neural crest, and
hindbrain neurons. By comparison, dact3b expression initiates on the dorsal side at the dome
stage and soon after is expressed in the dorsal forerunner cells (DFCs) during gastrulation. At
later stages, dact3b expression becomes restricted to the branchial neurons of the hindbrain and
to the 2™ pharyngeal arch. To investigate how zebrafish dact3 gene expression is regulated, we
manipulated retinoic acid (RA) signaling during development and found it negatively regulates
dact3b in the hindbrain. Our study is the first to document the expression of the paralogous
zebrafish dact3 genes during early development and demonstrate dact3b can be regulated by RA
signaling. Therefore, our study opens up new avenues to study Dact3 function in the
development of multiple tissues and suggests a previously unappreciated cross regulation of Wnt

signaling by RA signaling in the developing vertebrate hindbrain.
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1. Introduction

Wnt signaling regulates animal development and homeostasis through directing
numerous fundamental cellular processes including cell specification, proliferation,
differentiation, migration, and stem cell self-renewal [40, 41, 118]. The Dapper antagonist of j3-
catenin (Dact) protein family was initially isolated from yeast-two hybrid screens with the
Dishevelled (Dvl) PDZ domain as bait [28, 65]. Since then, three Dact family members Dactl,
Dact2, and Dact3 have been reported in vertebrates. All three have been reported in humans and
mice, Dactl and Dact2 have been reported in zebrafish and chicken [119], and Dactl has been
reported in Xenopus [28, 65]. Structurally, the Dact proteins share a number of conserved
domains [29]. However, it is the conserved N-terminal leucine zipper domain (LZD) and C-
terminal PDZ-binding (PDZB) domain that have been implicated in different Wnt-related
functions [28, 29, 65, 120]. The N-terminal LZD of Dactl has been shown to interact with
LEF/TCEF proteins and is involved in homo- and heterodimerization of Dact proteins [121, 122].
While the PDZ-binding domain is necessary and sufficient for interaction with Dvl [65], more
recent studies have indicated that this domain is important for facilitating interactions with
several other proteins, including Vangl2, PKA, PKC, CK1d/g, and p120ctn [122]. Thus, from the
many interactions with regulators of Wnt signaling, in particular Dvl, Dact function in cellular
signaling and proper embryonic development is likely very much dependent on the nature of the

proteins it interacts with in a given context.

Dactl orthologs have been the best studied of this protein family. In Xenopus, Dactl can
inhibit both B-catenin (canonical branch) and JNK (non-canonical branch) downstream of Dvl
with a requirement in proper notochord and head development [28, 65]. Additionally, dact! was

shown to mediate lysosome-inhibitor regulated Dvl degradation [123]. With respect to regulation

67



of canonical Wnt signaling, Dactl can also act more downstream of Dvl. Dactl associates with
TCF3 independent of f-catenin in Xenopus [121], inhibits f-cat/LEF interactions in the nucleus,
and promotes HDAC recruitment to LEF promoters [124]. Interestingly, Dactl can also act as a
positive regulator of canonical Wnt signaling [31, 65, 125-127]. Gain-of-function studies have
found that co-injection of Dvl and Dactl can promote canonical Wnt signaling. In zebrafish,
depletion of Dactl can enhance anteriorization due to the loss of canonical Wnt signaling in a
wnt8 hypomorphic background. While the molecular mechanism behind this context dependent
switch in function of Dact proteins in canonical Wnt signaling remains elusive, phosphorylation
status of Dactl has been suggested to be a decisive factor [128]. Although studies in non-
mammalian vertebrates primarily suggested that Dactl proteins function to regulate canonical
Whnt signaling, Dactl knockout (KO) mice show severe urogenital defects and posterior body
malformations, which has been associated with impaired Wnt-PCP signaling [31, 32]. In
humans, Dactl mutations have been found in patients with neural tube defects (NTD) [129] and
altered expression is found in many types of cancers [130-134]. Therefore, Dact] has a multitude

of functions regulating different types of Wnt signaling in developmental and disease contexts.

Similar to Dactl, Dact2 regulates different Wnt signals and has been proposed to also
regulate TGF-f signaling [135]. During early zebrafish development, Dact2 regulates proper
convergent extension movements. However, in mice, Dact2 functions as a negative regulator of
canonical Wnt signaling in tooth development via interacting with and repressing pitx2
expression [136]. Dact2 has also been shown to attenuate TGF-/Nodal signaling by facilitating
lysosomal degradation of type I receptors ALK4 and ALKS5 during mesoderm induction [135,
137, 138]. Although Dact2 null mice are viable, they exhibit accelerated wound healing due to

enhanced TGF-f signaling [139].
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To this point, Dact3 has been the least studied Dact member. Its expression has only been
described for mice and it had been suggested that it may only be specific to mammals [30].
Epigenetic repression of Dact3 has been shown to be associated with increased canonical Wnt
signaling in colorectal cancer, suggesting in this context Dact3 acts as a negative regulator of
canonical Wnt signaling [34]. Dact3 null mice did not display any obvious morphological
abnormalities, but they have a slightly smaller body weight than wild type (WT) siblings
indicating Dact3 has a role in postnatal development in mice [33]. Furthermore, unilateral
ureteral obstruction in Dact3 knockout mice produced noticeable kidney fibrosis along with
increased DvI2 and p-catenin, expression of several Wnt-responsive fibrotic, and epithelial-to-
mesenchymal transition marker genes [33]. Together with a previous report, these observations

support that Dact3 can act as a canonical Wnt signaling antagonist [34].

We wanted to better understand the evolution of the Dact family of proteins in
vertebrates. Although the expression and function of dact! and dact2 have been previously
reported in zebrafish [125], the identity and putative expression pattern of any zebrafish
ortholog(s) of Dact3 has not been determined. Here, we report the expression of two zebrafish
Dact3 paralogs, dact3a and dact3b, during early development. Our finding also indicates that
retinoic acid (RA) signaling negatively regulates dact3b expression in the zebrafish hindbrain,
suggesting a previously unexplored regulation of Wnt signaling by RA signaling in the

vertebrate hindbrain.
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2. Results and discussions

2.1 Comparison of Dact protein sequences

Examining the current zebrafish genome (Zv9; ensemble.org), we found that there are
two predicted zebrafish dact3-like paralogs. The first predicted zebrafish dact3-like gene
(XM_005172584) is located on Chromosome (Chr) 10, has 4 exons, and encodes a 586 amino
acid protein. The second dact3-like gene (XM_001340960) has 5 exons encoding a 533 amino
acid protein. In order to determine the level of conservation of zebrafish dact3-like genes with
the mammalian dact3 orthologs, we performed sequence alignments using Clustal W for human
(Hs), mice (Mm) and zebrafish (Dr) Dact3s. The zebrafish dact3-like gene on Chr 10 shares
greater homology with both human and mice Dact3s compared to the dact3-like gene on Chr 18,
so we now refer to them as dact3a and dact3b, respectively (Fig. 1A, B). While the overall
amount of conservation is not high among the Dact3 proteins, there was greater conservation of
an N-terminal coiled domain (CD1) and leucine zipper domains (LZD) [29]. Despite the overall
higher conservation of dact3a with the mammalian Dact3 genes, its LZD was actually less
conserved than dact3b. The C-terminal PDZ-binding (PDZB) domain for Dact3 homologs is
completely conserved (Fig. 1A). Comparing the four zebrafish Dact homologs, we found greater
conservation of sequence between zebrafish Dactl and Dact2 than between either zebrafish
Dact3 paralog (Fig 2A, B). The alignments between the four zebrafish Dact proteins indicate a
strongly conserved PDZ-binding domain, except for a threonine (T) to leucine (L) change in
Dact2 sequence. Interestingly, the N-terminal CD1 domain again is more highly conserved than
the, LZD domain, which is not as easily identifiable (Fig. 2A) in the alignments of the zebrafish
Dact proteins. The high conservation of the PDZ-binding domain is understandable, as deletion

studies have reported that it is essential for interactions with multiple proteins [28]. Therefore,
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this analysis of zebrafish Dact3a and Dact3b shows that Dact3 proteins are conserved in non-

mammalian vertebrates.

2.3 Dact3a is expressed in the somites, neural crest cells and hindbrain neurons

To analyze the spatio-temporal expression patterns of dact3a and dact3b, we performed
whole mount in situ hybridization (WISH) and reverse transcriptase-PCR (RT-PCR) at stages of
zebrafish development starting from the dome stage until 48 hours post fertilization (hpf).
Although we could detect dact3a expression with RT-PCR by the shield (SH) stage (Fig. 3), with
WISH we were not able to detect specific dact3a expression until the tailbud (TB) stage, when it
appeared in adaxial mesodermal cells (Fig. 4D). Initial expression of dact3a is seen much later
than dactl and dact2, which appears to be present as early as the high stage with dorsal-specific
expression [125]. At the 8 somite (s) stage, dact3a expression is observed in the anterior lateral
plate mesoderm (ALPM) and prominently in the adaxial cells of the somites (Fig. 4B, E). By the
18s stage, dact3a is expressed in the posterior, newly forming somites, the 3 (mandibular, hyoid
and branchial) streams of migrating cranial neural crest cells [140-142], the anterior brain,
hindbrain neurons, and spinal cord neurons (Fig. 4C, F). Flat mounting of the probed embryos at
18s revealed that dact3a is expressed in the telencephalon and lines the inner periphery of eye.
At this stage, dact3a is also expressed in the precursors to the cranial branchiomotor neurons
(Fig 5A) and by 26 hpf in the trigeminal (V) the facial (VII) neurons (Fig 5B) [143-145]. The
expression in the hindbrain persists through 48 hpf (Fig. 4H, I and Fig. 5C, D), while the dact3a
expression in the cranial cartilage is consistent with it being derived from the cranial neural crest

(Fig 4J) [140]. By 36hpf, dact3a expression also initiated in the pectoral fin bud (Fig. 4H). At 48
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hpf, it is also interesting to notice that the pectoral fin bud expression of dact3a is present in two
separate domains, consistent with expression in the pectoral muscle (Fig 5D) [146, 147]. By

comparison, zebrafish dact2 is also expressed in the pectoral fin bud [29]

2.4 Dact3b is expressed in the dorsal forerunner cells and brain

In contrast to dact3a, which did not have specific expression until the TB stage, localized
dact3b expression begins at the dome stage in a cluster of cells at the dorsal blastoderm (Fig. 6A,
E), very similar to what has been reported for zebrafish dact/ [125]. The dorsal dact3b
expression maintained through 40% epiboly (Fig. 6B, F). Compared to zebrafish dact! and dact2
at the same developmental stages, the dorsal region expressing dact3b is narrower and the onset
of expression is delayed [125]. By 60% epiboly, this scattered dorsal expressing cell population
starts to reduce and become concentrated in only a few cells at the dorsal blastoderm margin
(Fig. 6C, G). These dorsal expressing cells appear to be the dorsal forerunner cell population
(DFC), because they are located below the blastoderm margin (Fig. 6C, G). Although the DFCs
give rise to Kupffer's vesicle [148], we did not observe dact3b expression in the Kupffer's vesicle
(data not shown), suggesting the DFC expression is not maintained in these cells after
gastrulation. By the end of gastrulation at the TB stage, dact3b expression waned, as we did not
detect specific expression via WISH or significant transcripts via RT-PCR (Fig. 3 and data not
shown). Furthermore, even though dact3b expression increased by the 8s stage, we did not detect
noticeable specific dact3b expression until late somitogenesis stages (Figs. 3 and 6D, H). The

lack of expression from the end of gastrulation through early somitogenesis contrasts with
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zebrafish dactl, dact2, and dact3a, which are all expressed throughout these stages in the

somites, tailbud, brain, and spinal cord (Figs. 4 and 5) [149].

Beginning at the 18s stage, specific dact3b expression initiates in the hindbrain (Fig. 6H).
As development proceeds, this expression persists and expands posteriorly by 24hpf (Fig. 61). To
examine the relative location of dact3b in the hindbrain, we performed double WISH at 24hpf
with krox-20. This revealed dact3b expression resided in r2 through r6, with more medial
expression in r3-r6 (Fig. 7A). At this stage, dact3b is also found in the 2" pharyngeal arch (Fig.
7A). By 36hpf, we found expression begins in the anterior tectum/midbrain region (Fig. 61 and
Fig. 7B) and extended up to the midbrain-hindbrain boundary. As development proceeds, the
intensity of dact3b expression in these neural tissues becomes stronger through 48 hpf (Fig. 6K
and 7C), with hindbrain expression in a striped pattern consistent with cranial branchiomotor
neurons [150] (Fig. 7C). Interestingly, the hindbrain expression patterns for dact3b is more

anterior compared to dact3a at the comparable stages (Fig. 5).

Comparing the previously reported expression patterns of zebrafish dact! and dact2 to
dact3a and dact3b, respectively, revealed that prior to gastrulation, dact3b is more similar to
zebrafish dactl and dact? as they all share dorsally localized expression. After gastrulation,
dact3a expression is more similar to dact! and dact2 expression than its paralog dact3b, as
dact3a shares broader expression in the somites, brain, and lateral plate mesoderm [29].
Although all four dact genes are expressed in the brain during development, dact! and dact?
brain specific expression begins as early as the TB stage, while both dact3a and dact3b

expression initiates after mid-somitogenesis stages.
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In comparing zebrafish dact3 paralog expression to the expression of the single mouse
Dact3 gene, dact3a expression is more similar to the mouse Dact3 than dact3b. The mouse
Dact3 is expressed in the somites, fore- and hind limb buds, otic vesicle, aortic arches,
craniofacial mesenchyme, tail bud and central nervous system [30] . Likewise, dact3a is
expressed in the somites, pectoral fin bud, cranial neural crest cells, and hindbrain neurons.
Zebrafish dact3b, however, is not as broadly expressed as the mouse Dact3. While zebrafish
dact3b is expressed only in the 2™ pharyngeal arch, mouse Dact3 and zebrafish dact3a are both
expressed throughout all the pharyngeal arches. Interestingly, although the mouse Dact3 was not
reported in the brain during development, it is prominently expressed in the adult brain and
specifically in the cerebral cortex. We find specific regional expression of both dact3a and
dact3b in the zebrafish brain during development that is reminiscent of the expression in the

adult mouse.

2.5 RA signaling negatively regulates dact3 expression in the hindbrain

We next wanted to understand if any of the major developmental signaling pathways,
including canonical Wnt, FGF, BMP, and RA signaling regulate either dact3a and dact3b
expression in the zebrafish hindbrain. To modulate RA signaling, we treated the embryos
beginning at the 16s stage and 24 hpf with RA and diethylaminobenzaldehyde (DEAB), a
retinaldehyde dehydrogenase inhibitor that inhibits RA synthesis [103]. Following treatment,
embryos were fixed at 24hpf and 30hpf, respectively, and analyzed for dact3b expression.
Examination of the embryos treated with exogenous RA revealed that at both stages RA induced

a significant decrease in dact3b expression (Fig. 8A, B). Conversely, treatment with DEAB

74



resulted in expansion of dact3b expression within the hindbrain and extension posteriorly into
the spinal cord (Fig. 8A, C). In the 30hpf embryos, treatment with RA also diminished the
pharyngeal expression (Fig. 8D. E). Similar effects were not seen on the dact3a hindbrain
expression when RA signaling was manipulated at these stages nor did we find that RA signaling
affected dact3a expression at earlier stages (data not shown). Manipulation of Wnt, FGF, and
BMP signaling pathways utilizing heat-shock inducible transgenic fish lines at similar stages did
not affect dact3b expression in the hindbrain (data not shown). Together, our data suggest that
RA signaling negatively regulates dact3b expression in the anterior hindbrain, but not dact3a in
the posterior hindbrain, in zebrafish. Cross talk between Wnt and RA signaling has been studied
in a variety of developmental contexts, including hematopoietic stem cell development,
chondrocyte formation, and adipogenesis [69, 151, 152]. Our present findings suggest a
previously unappreciated access point for the cross-regulation of Wnt signaling by RA signaling
and provide a basis of future investigations targeting how Dact3 proteins function within the

hindbrain to integrate the Wnt and RA signaling networks.
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Experimental procedures:

Zebrafish husbandry and maintenance: Zebrafish (Danio rerio) were raised and maintained
following standardized laboratory conditions [153]. Embryos were collected from crosses
between WT strains and raised at 28.5°C in an incubator before fixing at desired stages for

analysis. Staging was done as reported previously [154].

Generation of dact3a and dact3b probes: 629 bp of dact3a and 759 bp of dact3b sequence
were amplified from mixed stage cDNA using the following primers: Forward dact3a: 5’-
TGAAGGTGGACACAGAGAACAGC. Reverse dact3a: 5’-
ATAGGTCGTGGGTCTTGCTTGG. Forward dact3b: 5’-ATTTTCTGCCCCATACCCCC
Reverse dact3b: 5’-ACGCAACTGTCCTCTGAACGAG. The amplified products were cloned
into pGemT-Easy (Promega), sequenced, and anti-sense probe was synthesized using standard

methods. Probe used for krox-20 was previously reported (ZDB-GENE-980526-283).

Phylogenetic analysis: Full-length sequence for all Dact members of human, mice and
zebrafish was obtained from NCBI website. Sequence alignments were performed using Clustal

W in MacVector.
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RT-PCR analysis: 30 embryos at the designated stages were homogenization in TRIzol reagent
(Ambion). RNA was prepared using Pure link RNA Micro Kit (In Vitrogen). cDNA was
synthesized using the ThermoScript Reverse Transcriptase kit (Invitrogen). RT-PCR was
performed using the primers that were used to make probe for the respective genes. Control for

expression is solo a ubiquitously expressed gene at the stages mentioned.

Wholemount in situ hybridization (WISH): WISH was performed as described previously
[155]. Images were taken using a Zeiss M2BioV12 stereomicroscope and Zeiss Axiolmager 2.
Pigmentation was prevented at later stages using 0.003% 1-phenyl-2-thiouera (PTU) treatment

starting at 24 hpf.

Drug treatment: WT embryos were treated with 1 wum RA and lum DEAB and placed on a
Nutator at 28.5°C. Treatment was performed beginning at 16hpf and 24hpf followed by fixation

at 24hpf and 30hpf, respectively.
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Figure 1. Sequence alignments of vertebrate
Dact3 proteins. A: Comparison of human (Hs),
mouse (Mm), and zebrafish (Dr) Dact3 protein
sequences revealed conservation of the N-terminal
CDI1 and LZD domains and the C-terminal PDZ-
binding domain. Conserved domains are underlined
in red. 6 conserved leucines of the LZD are
indicated with red stars. B: Table with the amino

acid identity (Y-axis) and similarity scores (X-axis)

of Hs, Mm and Dr Dact3 homologs.
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Figure 2. Sequence alignments of zebrafish Dact
proteins. A: Comparison of zebrafish (Dr) Dactl, Dact2,
and Dact3a and Dact3b protein sequences revealed greater
conservation of the N-terminal CD1 and C-terminal PDZ-
binding domains, with less conservation of the LZD
domain. Conserved domains are underlined in red. 5
conserved leucines of the LZD are indicated with red stars.
B: Table with the amino acid identity (Y-axis) and

similarity scores (X-axis) of Dr Dact proteins.
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dpr3a
dpr3b

ctrl

Figure 3. RT-PCR analysis of dact3a and dact3b gene expression: Expression of dact3a and

dact3b analyzed by RT-PCR at the indicated stages. Solo served as a positive control.
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Figure 4. Zebrafish dact3a expression from 60% epiboly through 48hpf. A: Specific dact3a
expression was not observed at 60% epiboly, even though it is detectable by RT-PCR (Fig. 3).
D: Dact3a expression in the adaxial mesoderm at the TB stage (black arrow). B,E: Dact3a
expression in the somites (black arrows) and anterior lateral plate mesoderm (white arrowhead)
at the 8s stage. C: Expression at the telencephalon (white arrow), spinal cord neurons (black
arrowhead), and the forming somites (black arrow) at the 18s stage. F: Mandibular (ncl), hyoid
(nc2), and branchial (nc3) neural crest expression and medial eye expression (black arrowhead)
at the 18s stage. G-I: Hindbrain expression at 24, 36 and 48hpf (black arrow). At 36 and 48 hpf,
dact3a expression is visible in the pectoral fin bud (red arrow). Inset: Cartilage expression
(black arrow) at 48hpf. A, C, G, H, I are lateral views. B, D, E, F are dorsal views. Anterior up in

all the images.
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Figure 5: Dact3a expression in the brain. A: Dact3a expression in
the telencephalon (black arrowhead), medial eye (white arrow),
neural crest (ncl, 2, 3) and hindbrain neurons (black arrows). B:
Expression in the nV (trigeminal) and nVII (facial) cranial
branchiomotor neurons (black arrows). C: Expression in the
diencephalon (black arrowhead) and branchiomotor neurons (black
arrows). D: Pectoral fin bud expression in two distinct domains

(black arrowheads). All the images are dorsal with anterior right.
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Figure 6. Zebrafish dact3b expression from dome through 48hpf. A-C, E-G: Dact3b
expression in the dorsal blastoderm margin from dome through 60% epiboly stage (black arrow).
D: Specific dact3b is not expressed at the 8s stage, even though we could detect it with RT-PCR
(Fig. 3). H,I: Dact3b expression in the hindbrain starts at 18s and is maintained through 24 hpf
embryos (arrow). J,K: Dact3b expression initiates in the 2™ pharyngeal arch (white arrowheads)
and the dorsal region of the midbrain/tectum (black arrowheads) at 36hpf and is maintained
through 48 hpf. Dact3b continues to be expressed in the hindbrain at 36 and 48hpf (black
arrows). A-D and H-K are lateral views with dorsal rightward. E-G are dorsal views. In all

images, anterior is up.

83



[ dact3b krox20|

|| ashpt

Figure 7: Dact3b expression in the hindbrain. A: Double WISH for
dact3b and krox-20 at 24 hptf. Krox-20 (orange) is expressed in r3 and
r5. Dact3b expression is from r2 through r6 (brackets). dact3b is
expressed in the adjacent 2™ pharyngeal arch (black arrowhead). B:
Dact3b expression extends more anteriorly past the midbrain-hindbrain
boundary (black arrow) and is expressed in the tectum by 36 hpf (white
arrowhead). 2™ pharyngeal arch expression is maintained (black
arrowhead). C: By 48 hpf, dact3b expression is increased and is in

stripes consistent with anterior branchiomotor neuron expression (black

arrow) [150]. Embryos in images were flat mounted. Images are dorsal views with anterior to the

left.
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Figure 8: RA signaling negatively regulates dact3b expression. A, D: Control embryos B, E:
Treatment with exogenous RA extinguishes dact3b expression in the hindbrain (black arrows)
and 2" pharyngeal arch (white arrow in E). C, F: Inhibition of RA signaling lead to an
expansion of dact3b expression domain with the hindbrain (compare the length between arrows

in D and F). Images are lateral views with anterior to upward.
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Abstract

Canonical Wnt/B-catenin (Wnt) signaling plays multiple conserved roles during fate
specification of cardiac progenitors in developing vertebrate embryos. Although lineage analysis
in ascidians and mice has indicated there is a close relationship between the cardiac second heart
field (SHF) and pharyngeal muscle (PM) progenitors, the signals underlying directional fate
decisions of the cells within the cardio-pharyngeal muscle field in vertebrates are not yet
understood. Here, we examined the temporal requirements of Wnt signaling in cardiac and PM
development. In contrast to a previous report in chicken embryos that suggested Wnt inhibits PM
development during somitogenesis, we find that in zebrafish embryos Wnt signaling is sufficient
to repress PM development during anterior-posterior patterning. Importantly, the temporal
sensitivity of dorso-anterior PMs to increased Wnt signaling largely overlaps with when Wnt
signaling promotes specification of the adjacent cardiac progenitors. Furthermore, we find that
excess early Wnt signaling cell autonomously promotes expansion of the first heart field (FHF)
progenitors at the expense of PM and SHF within the anterior lateral plate mesoderm (ALPM).
Our study provides insight into an antagonistic developmental mechanism that balances the sizes

of the adjacent cardiac and PM progenitor fields in early vertebrate embryos.
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Introduction

Organogenesis begins with commitment of multi-potent overlapping organ progenitor
fields into a specific fate. During the course of development, cardiac and PM progenitors, the
latter of which give rise to cranio-facial muscles, lay in close physical proximity in the ALPM
and anterior paraxial mesoderm, respectively [156, 157]. Multiple developmental syndromes
feature cardiac and cranio-facial defects [156], with the most extensively studied being DiGeorge
and velocardiofacial syndromes, suggesting defects in signaling pathways that affect distinct or

common cardio-pharyngeal progenitors contribute to the molecular etiology of these syndromes.

Vertebrate heart development occurs in two waves. FHF progenitors differentiate earlier,
primarily contributing to the left ventricle in mammals and birds and ~60% of the single
ventricle and most of the atrium in the teleost zebrafish [158, 159]. Later differentiating SHF
progenitors contribute to growth of the heart through progressively adding to both poles of the
heart. In mammals, the SHF contributes to the right ventricle, outflow tract and parts of the atria
[158, 160, 161]. In zebrafish, the SHF primarily contributes to the remaining 40% of ventricular
cells [159, 162, 163]. A conserved aspect of vertebrate SHF progenitors is their ability to give
rise to ventricular cardiomyocytes, endothelial, and smooth muscle of the outflow tract. In recent
years, sophisticated retrospective clonal lineage tracing studies in mice have suggested there are
also rare progenitors that give rise to both cardiac and PM, which fits with the close proximity of

these progenitor fields within the anterior mesoderm [60, 164, 165].

Given the closeness of the cardiac and PM progenitor fields within the anterior
mesoderm, which is exemplified by the existence of bi-potent cardio-pharyngeal progenitors, it is

logical that there is significant overlap of genetic marker expression. In mice, the anterior
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mesoderm that harbors both SHF progenitors and PMs, expresses markers including Is//, Thxl,
and Tcf21 [63, 166]. Knockout mice reveal that Is// and Thx!, the latter of which is the primary
gene associated with DiGeorge syndrome in humans [58], are required to promote SHF and PM
development [63, 166]. Additionally, 7cf2/ KO mice also have cardiac outflow tract and PM
defects, although less severe than Tbx1 [63]. In zebrafish, while Isl1 does not have the broad role
in SHF development that is found in mammals [162], Tbx1 has a conserved role in cardiac and
facial muscle development [167, 168]. A recent study in zebrafish has suggested that #cf217 is
expressed in ventricular OFT and PM progenitors [157], although it was not determined if there
are common cardio-pharyngeal progenitors in zebrafish. Therefore, shared conserved genetic

regulators promote the development of SHF cardiomyocytes and PM in vertebrates.

Common cardio-pharyngeal progenitors that give rise to the heart and atrial siphon
muscles (ASMs) have been described in the tunicate Ciona, indicating the relationship of these
progenitors may have originated early in the chordate lineage [169]. Although analysis in
vertebrates has identified signals that promote the generation of these progenitors, the
comparably simple development of Ciona embryos has allowed for the detailed description of
antagonistic relationships within cells of the SHF that generate the cardiac and ASMs. After
secondary trunk ventral cells divide, differential gene expression within second heart precursors
(SHPs) and ASM precursors determines their subsequent fates as cardiac and ASM [170].
Specifically, within the SHPs, NK4, the homolog of Nkx2.5 in vertebrates, inhibits Tbx1/10
expression, and promotes GATAa expression. Conversely, in the ASM precursors, Tbx1/10
promotes the muscle lineage through inhibition of GATAa expression. Thus, the simplicity of

Ciona heart development has revealed a paradigm for antagonism between these conserved
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transcriptional signals within SHF lineages, which specifies the appropriate number of cardiac

and PM progenitors.

In vertebrates, despite the conservation of molecular players, comparable mechanisms as
found in Ciona that affect the fate decision to become cardiac or PM have not been described.
Canonical Wnt signaling is a viable candidate as studies have indicated it plays important roles
in the development of cardiac and PMs. Wnt signaling plays multiple developmental stage
specific roles during cardiogenesis [50, 171, 172]. Prior to gastrulation, Wnt signaling promotes
cardiac specification [50, 171-174]. After gastrulation, Wnt inhibits cardiac differentiation [50,
171]. Additionally, early Wnt signaling can promote cardiac fates at the expense of adjacent
hematovascular progenitors [172, 175, 176]. With respect to the role of Wnt signaling in PM
development, however, there is currently a more limited understanding. Explant cultures and in
vivo retrovirus injection in chicken embryos implicated canonical Wnt signaling from the dorsal
neural tube and notochord as an inhibitor of PM. However, the conservation of this requirement

for Wnt signaling has not been investigated [177].

In this study, we first sought to understand if there is a conserved requirement for Wnt in
antagonizing PM development. Using transgenic heat-shock inducible lines to temporally
manipulate Wnt signaling in zebrafish, we demonstrate that Wnt signaling primarily inhibits
anterior PM development prior to gastrulation during anterior-posterior pattering, the
developmental stage when it also promotes cardiac progenitor specification. Furthermore, excess
Wnt signaling, through heat-shock induction of Wnt8a or co-depletion of the transcriptional
repressors of Wnt signaling targets Tcf7la and Tct71b, promotes an expansion of the cardiac field
into a region of the ALPM that typically harbors SHF and PM progenitors. Thus, Wnt signaling

prior to gastrulation helps position the border between the FHF and the adjacent SHF and PM
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progenitor fields. Furthermore, blastula transplantation data suggests Wnt signaling cell
autonomously promotes cardiac specification and inhibits PM development. Altogether, our
study provides evidence that canonical Wnt signaling establishes the proportions of the adjacent

cardiac and PM fields during early anterior-posterior patterning of mesoderm in vertebrates.
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Results
Wt signaling inhibits dorso-anterior PM development before gastrulation

Previous studies in chicken embryos have suggested that Wnt signaling from the dorsal
neural tube inhibits PM development [177]. However, the conservation of Wnt signaling in PM
development has not been examined. To determine if, and when, Wnt signaling is sufficient to
inhibit PM development in zebrafish, we crossed hemizygous Tg(hsp70l:-wntS8a-GFP) fish to
homozygous Tg(a-actin:GFP) fish. The resulting embryos were heat-shocked to induce Wnt8a-
GFP at the sphere (SP) stage (prior to gastrulation), tailbud (TB) stage (end of gastrulation), the
16 somite (s) stage (mid-somitogenesis), and 24 hours post-fertilization (hpf; end of
somitogenesis). The transgenic embryos were sorted from their siblings that did not carry the
heat-shock transgene using GFP fluorescence and the PMs were examined at 72 hpf when the
majority of these muscles have differentiated [178]. We found that increased Wnt signaling prior
to gastrulation promoted maximal loss of dorso-anterior head muscles. Specifically, increased
Wnt signaling prior to gastrulation inhibited development of the EOMs, which are derived from
the prechordal mesoderm, and the 1* and 2" arch muscles (Fig. 1A, E). While ventral muscles of
the first two arches were reduced, the dorsal muscles of these arches were lost (Fig. 1E). More
posterior pharyngeal wall muscles (PWMs) were also reduced, while the somite-derived
sternohyoideus (SH) was not overtly affected. Wnt induction at the TB stage leads to
comparatively less severe loss of dorso-anterior PMs (Fig. 1B, F), while induction at the 16s
stage and 24 hpf appeared unaffected (Fig. 1C,D,G,H). Tcf7l transcription factors are
transcriptional repressors that are required to limit posteriorization of early Wnt signaling [179].
To determine if endogenous Wnt signaling needs to be repressed to promote the PMs, we

depleted Tcf711 proteins in the embryos using the previously validated #cf71/a and tcf711b MOs
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(referred as Tcf711 depleted) [179]. Consistent with excess Wnt signaling prior to gastrulation,
Tct711 depleted embryos lost dorso-anterior PMs (Fig. 2A,B). Therefore, our data suggests that
Wnt signaling is sufficient to inhibit PM development. However, in contrast to the analysis in
chicken embryos that indicated a repressive role of Wnt signaling during somitogenesis, the PMs

are most sensitive to excess Wnt signaling prior to gastrulation.

To determine if there is a requirement for Wnt signaling in PM development, hemizygous
Tg(hsp70l:dkk1-GFP) fish were crossed to Tg(a-actin:GFP) fish. The resulting embryos were
heat-shocked at SP, TB, 16s, and 24 hpf, sorted with GFP, and examined as described above. As
would be expected, inhibition of Wnt signaling before gastrulation produced embryos with larger
heads due to anteriorization (Fig. 3A,E) [180]. Embryos were less sensitive to Wnt inhibition
after the SP stage, with no overt changes in head size observed with heat-shock beginning at the
TB stage (Fig. 3B-D,F-H). In contrast to the ostensible loss of muscles from excess Wnt
signaling, it was difficult to assess if there was an increase in PM number, despite their overtly
larger heads. Therefore, we counted muscle nuclei number in the AM muscle of embryos with
decreased Wnt signaling prior to gastrulation and found that the muscles were composed of more
cells (Fig. 4A-C). Although we attempted to analyze the requirement of the bicistronic wntSa
genes that are required to posteriorize the mesoderm, the embryos were not viable at 72 hpf and
precluded analysis at this later stage. Together, these results indicate Wnt signaling is necessary
and sufficient to inhibit PM development prior to gastrulation when the organ progenitor fields

are being established.
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Wt signaling limits anterior tcf21+ PM progenitors

Since we found that dorso-anterior PMs are most sensitive to perturbation of Wnt
signaling during its requirement patterning the anterior-posterior axis, we wanted to understand
the effects on distinct populations of the PM progenitors. A recent study demonstrated that 7cf21
marks PM progenitors that give rise to muscles in all the zebrafish pharyngeal arches (1-7) [157].
Initially there are two populations of 7¢cf2/+ cells within the anterior mesoderm, with the anterior
tcf21+ population giving rise to the mandibular (1*) and hyoid (2"%) arches. Therefore, we
predicted that the anterior f¢cf2/+ populations that give rise to the muscle within the 1% and 2™
pharyngeal arches would be lost or disrupted. To examine the PM progenitor populations after
manipulation of Wnt signaling, we depleted Tcf711 and Wnt8a from Tg(tc/21:nucEGFP)
embryos. We found that depletion of Tcf711 proteins inhibited the development of the anterior
most population of 7cf21+ cells (we have designated field 1) at 24 hpf (Fig. 5A,B). Counting the
tcf21+ cells at 24hpf, which is facilitated by the nuclear GFP, indicated there was a significant
decrease in the number of anterior ¢cf21+ progenitors in field 1 (Fig. 5D). Conversely, inhibiting
endogenous Wnt signaling via Wnt8a depletion led to an increased size of the anterior field 1 and
number of tcf21+ cells (Fig. 5A,C,D). Additionally, even though both field 1 and field 2 give
rise to PMs in the both the 1¥" and 2™ arches [157], manipulation of Wnt signaling did not affect
the number of adjacent field 2 7cf21+ cells. Taken together, our data suggests manipulation of
Whnt signaling affects the number of cells in the anterior most zcf2/+ progenitor fields, which

give rise to the dorso-anterior PMs in the 1*' and 2™ arches.
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Wt signaling affects the overlap of nkx2.5 and tcf21 fields

Previous studies demonstrated that increased Wnt signaling prior to gastrulation, when it
patterns the anterior-posterior axis, produces increased cardiac specification in zebrafish [50,
171]. Therefore, we wanted to understand the relationship of the cardiac and PM progenitors
after early Wnt signaling manipulation. We used the Tg(nkx2.5:ZsYellow) line to facilitate
visualization of nkx2.5+ cells, which primarily mark cardiac progenitors at mid-somitogenesis
[163], and the aforementioned heat-shock lines. Embryos were heat-shocked at the SP stage, as
above, and we performed two-color in situ hybridization (ISH) with zcf21 and zsyellow (nkx2.5+
cells), in order to examine the relative effects on these populations within the ALPM. While
normally there is a small region of overlap with nkx2.5 expression in the most anterior tcf2/+
population ALPM (Fig. 6A,C), as has been reported previously [157], increasing Wnt signaling
led to an expansion of nkx2.5 expression into the tcf2/+ pharyngeal field at 18s stage (Fig.
6A,B). Conversely, decreasing Wnt signaling caused less overlap of 7cf21 and nkx2.5 expression
(Fig. 6C,D). To further examine the relationship between these markers, we depleted Tcf711 and
Wnt8a proteins in  Tg(nkx2.5:zsyellow),; Tg(tcf21:nucEGFP) embryos and performed
immunohistochemistry (IHC). Surprisingly, measuring the expression domains revealed that the
overall length of the anterior #cf21+ progenitor domain, which will give rise to PMs of the 1% and
2" arches, was expanded at 18s in Tcf711 depleted embryos (Fig. 7A-C). Consistent with the
ISH analysis of heat-shock Wnt induction, the overlap between nkx2.5+ and tcf21+ progenitor
populations within this domain was also expanded (Fig. 7A-C). Conversely, in Wnt8a depleted
embryos, the overall anterior #cf2/+ population was minimally reduced, with the overlapping

tcf21+ and nkx2.5+ domains also being reduced (Fig. 7D,E,F). Altogether, our data suggest that
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enhancing or reducing Wnt signaling prior to gastrulation changes the overlap between nkx2.5+

and 7¢f21+ domains within the ALPM.

While it is understood that Wnt signaling promotes cardiac specification prior to
gastrulation [50, 171], the source of the surplus cardiac cells is not clear. Specifically, nkx2.5+
cells give rise to both FHF and SHF-derived ventricular cardiomyocytes [163, 181].
Additionally, a fate map of the ALPM in zebrafish has suggested that SHF progenitors lie
anterior and medial to the FHF progenitors [182]. Because anterior fates within the ALPM
including the PM and hematovascular progenitors are lost [176], one possibility is that excess
Wnt signaling promotes cardiomyocyte specification through differential effects on the first and
SHFs. Specifically, we hypothesized that early Wnt signaling may promote FHF at the expense
of SHF. In order to determine if the SHF derivatives are affected by excess early Wnt signaling,
we first performed in situ hybridization for elastin b (elnb), which is expressed in the smooth
muscle cells of the OFT [159, 182], after heat-shock induction of Wnt8a-GFP at the SP stage.
Interestingly, embryos with increased Wnt signaling prior to gastrulation had reduced or
complete absence of e/nb+ cells (Fig. 8A-C). To further assay the effects on SHF progenitor
markers after increased Wnt signaling, we used real-time quantitative PCR (RT-qPCR) for the
SHF progenitor markers mef2ch and lthp3 at 24 hpf [159, 183]. At 24 hpf, when there was
already increased FHF progenitor differentiation as indicated with my/7 expression, there was a
corresponding decrease in SHF progenitor expression (Fig. 8D). Altogether, our data suggest
early Wnt signaling promotes an expansion of FHF progenitors at the expense of neighboring

SHF and PM progenitors.
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Wt signaling acts cell-autonomously in PM progenitors

We next wanted to understand if Wnt signaling is acting directly within PM progenitors
or indirectly through affecting the surrounding environment to inhibit PM development. To
determine the cellular requirements of Wnt signaling, we performed blastula cell transplantation
with Tcf711 depleted donor cells that were from embryos simultaneously carrying the
myl7:EGFP and a-actin:GFP transgenes, which allowed unambiguous visualization of the
differentiated CMs and PMs (Fig. 9A). After transplantation of cells at the SP stages, the
frequency of donor cell contribution to heart and PMs, respectively, was assayed at 72 hpf (Fig.
9B,(C). Consistent with what we have previously reported [176], when Tcf711 depleted donors
cells were transplanted into the WT host embryos, we observed a significantly higher percentage
of embryos with contribution to the cardiomyocyte lineage compared to WT donors transplanted
into WT hosts. However, in the same set of experiments, the frequency of contribution to the
PMs in embryos was significantly lower from Tcf711 depleted donor cells compared with WT
donors transplanted to WT host embryos (Fig. 8D). One caveat of this experiment is that we
rarely observed contribution to the dorsal 1% and 2™ arch muscles even from WT donor cells,
suggesting these progenitors are a relatively rare population of cells. Overall, these results

suggest Wnt signaling is cell autonomously required to repress PM development.
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Discussion

In this study, we examined the role of Wnt signaling in allocating cardiac and PM cells
during development. Using temporal activation and inhibition of Wnt signaling, as well as
depletion of endogenous Wnt signaling ligand and transcriptional repressors, we found PM is
most sensitive to manipulation of Wnt signaling prior to gastrulation in zebrafish. Increased Wnt
signaling prior to gastrulation caused a severe reduction in anterior ventral 1% and 2" arch
muscles and loss of the dorsal 1** and 2™ arch muscles. Consistent with these phenotypes,
increases and decreases in Wnt signaling reduce and expand, respectively, the most anterior
tcf21+ cell population, which harbors PM progenitors. Despite an expansion of the overall
domain containing anterior fcf21+ cells within the ALPM, the increased cardiomyocytes at the
expense of PMs is due to early Wnt signaling promoting FHF specification at the expense of the
more anterior fates, which include the adjacent PM and SHF progenitors. Finally, blastula cell
transplantation demonstrates that early Wnt signaling cell autonomously controls the

specification of PM progenitors.

Previous analysis of chick embryos had implicated Wnt and BMP signals from the neural
tube as inhibitors of PM development [177]. It has been proposed that inhibition of Wnt
signaling via Frzb, which is endogenously expressed in the pharyngeal ectoderm, is sufficient to
promote PM development in chick explants. Based on these previous results, which implicated a
role for Wnt signaling during somitogenesis, when the neural tube and pharyngeal arches had
formed in chick embryos, we expected to observe later requirements for Wnt signaling in PM
development. Thus, we did not anticipate that PM development would be most sensitive to
modulation of Wnt signaling prior to gastrulation during anterior-posterior patterning in

zebrafish. Although we cannot rule out very subtle defects in the PMs, we did not find any
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evidence that PM development was perturbed when Wnt was manipulated after the end of
gastrulation and during somitogenesis. Therefore, in contrast to the previous results examining
chicken embryos, our results suggest that Wnt signaling inhibits PM development as part of its

role establishing anterior-posterior patterning of the mesoderm in zebrafish.

Studies in mice have suggested there is a rare bi-potent pool of progenitors that can give
rise to both SHF-derived cardiomyocytes and PMs [60, 165]. Based on the adjacent locations of
cardiac and PM progenitors in the anterior lateral plate and paraxial mesoderm, it is has been
proposed that bi-potential progenitors with cardiac and PM potential may lie at this border [61,
156]. Despite the close association of these progenitors and shared markers at later
developmental stages, more recent lineage tracing studies using Confetti and MADM with
Mesp!1 inducible Cre-drivers indicate that cardiac FHF and SHF progenitors acquire their fates
during gastrulation [164, 184]. Therefore, the proposed bi-potent cardio-pharyngeal progenitors
may actually arise from progenitors at these early stages rather than existing at later stages.
While our study does not directly address the existence of cardio-pharyngeal progenitors or when
they emerge, our results highlight the closeness of these fields with the anterior mesoderm.
Furthermore, in line with the idea that mesodermal lineage potential is established very early
during vertebrate development, our results indicate that patterning events mediated by Wnt
signaling prior to gastrulation partition the adjacent cardiac and PM progenitors through inverse

effects on their specification.

Our data indicate that Wnt signaling affects the fates of cardiac and PM progenitors as
part of its role during anterior-posterior mesoderm patterning. However, it was counterintuitive
that during later somitogenesis, after an early increase in Wnt signaling, the overlap of the

anterior-most fcf2/+ and nkx2.5+ progenitors was expanded, while decreasing early Wnt
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signaling had the opposite effect. The overlapping anterior-most fcf2/+ and nkx2.5+ expressing
cells within the ALPM give rise to the ventral 1* and 2" arch muscles [157]. Therefore, given
the expansion of the tcf21+/nkx2.5+ field after increased Wnt signaling prior to gastrulation, it is
unexpected that these ventral PMs were actually overtly reduced, and not expanded,. By
comparison, the dorsal 1 and 2™ arch muscles are derived from the adjacent, more anterior
progenitors that only express fcf21 [157]. Thus, the loss of these dorsal PMs is consistent with
posteriorization from excess early Wnt signaling and the reduction in the anterior most tcf21+
progenitor field. Clearly, our data indicate Wnt signaling helps to define the border between the
tef21+ and tcf21+/nkx2.5+ progenitors within the anterior mesoderm. However, because we
observe increased overlap of the tcf2/+ and nkx2.5+ populations and not strictly an expansion of
nkx2.5 at the expense of fcf21, our data support that the expansion of genes promoting FHF
cardiac potential from excess Wnt signaling overrides some of the developmental potential of the
ventral 1* and 2" arch muscle progenitors. It is unlikely to be Nkx2.5 alone that confers this
potential as a recent study indicated overexpression of Nkx2.5 does not promote cardiac
specification [181]. Another possible interpretation of our results could be that Wnt signaling
promotes SHF-derived cardiac specification at the expense of PM and SHF-derived smooth
muscles and endothelial cells. However, we think this interpretation is unlikely given expression
of the established SHF progenitor markers is reduced. Taking into account our and others’
studies of the effects on anterior vascular progenitors [50, 185], our results suggest that during
anterior-posterior patterning Wnt signaling promotes FHF specification at the expense of the

adjacent more anterior hematovascular, PMs, and SHF cardiac progenitors.

In conclusion, our study provides insight into a previously unappreciated role of Wnt

signaling in balancing cardiac and PM development of vertebrates. Our results indicate that at
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least in zebrafish the major inhibitory effects of Wnt signaling on PM development occur during
anterior-posterior patterning of the mesoderm, which coincides with recent data supporting very
early lineage restriction of mesodermal progenitors in mammals [60, 184]. Regulation of the
molecular interface between FHF, SHF and PM specification is an exciting field open for further
investigation. Knowledge of mechanisms that direct the fate choices of progenitors within the
cardio-pharyngeal field is necessary to enhance our potential of preventing congenital syndromes

with both cardiac and cranio-facial malformations.
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Experimental Procedures
Zebrafish husbandry and transgenic lines

Zebrafish were raised and maintained following standard laboratory conditions [186].
Transgenic lines used were: Tg(hsp70l-wnt8a-GFP)"*’ [187] Tg(hsp70l:dkkI-GFP)"*’ [188],
Tg(a-actin:GFP) [189], Tg(tcf21:nucEGFPYP™ [190], TgBAC(-36nkx2.5:ZsYellow) [159],

Tg(—5.1myl7:EGFP)™" [191].

Heat-shock experiments and imaging of live embryos

For heat-shock experiments hemizygous Tg(hsp70l:-wntS8a-GFP) and Tg(hsp70l:dkki-
GFP) were crossed with Tg(a-actin-GFP), Tg(tcf21:nucEGFP) TgBAC(—36nkx2.5:ZsYellow),
and Tg(—5.1myl7:EGFP) fish. Embryos were heat-shocked at 37°C for 30 min in a BioRad PCR
machine. 1 hour post heat-shock GFP+ transgenic siblings were sorted from the GFP- siblings,
which served as controls, using a Zeiss M2BioV12 Stereomicroscope. Embryos heat-shocked at
early stages exhibited dorsalized and ventralized phenotypes upon Wnt modulation as described
previously [187, 188], which served as a confirmation that we are manipulating Wnt signaling
properly. At 72 hpf, embryos were anesthetized with Tricaine (Sigma) and imaged with a Zeiss
Axiolmager with Apotome. To prevent pigmentation, 0.003% 1-phenyl-2-thiourea (PTU)

treatment starting from 24hpf was used.
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Zebrafish morpholino (MO) oligonucleotide injection

Zebrafish embryos were injected at the one cell stage with a mixture of 3.5 ng t¢f71la and
2.5 ng tcf71lb MOs, as previously reported [176]. Wnt8a.l and wnt8a.2 MOs were injected at a
dose of 2 ng of each [180]. For all MO injections, 1 ng of p53 MO was co-injected to prevent

non-specific induced cell death [116].

Whole mount Immunohistochemistry and cell counting

Immunohistochemistry (IHC) was performed as described previously [171]. The
following antibodies were used: chicken anti-GFP primary antibody (1:250; Abcam), anti-
chicken FITC secondary antibody (1:100; Southern Biotech), anti-RCFP rabbit polyclonal
primary antibody (1:50; Clontech), anti-rabbit TRITC secondary antibody (1:200; Southern
Biotech), anti-MHC monoclonal antibody (MF20) (1:10; Gift of D. Yelon). Embryos were
imaged using a Zeiss Axiolmager with Apotome. To determine the number of 7cf21+ progenitors
at 24 hpf, after IHC was performed, embryos were mounted laterally and the GFP expressing
cells were imaged. Fluorescent nuclei were then counted. To determine the overlap of 7cf2/+ and
nkx2.5+ progenitors at the 18s stage, the embryos were mounted dorsally and the different
populations were imaged. Measurement of the length of domains was performed using ImageJ.
Statistical significance for cell counting and length measurements was assessed using Student’s

t-test with p<0.05 being considered statistically significant.
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In situ hybridization (ISH)

Single and two-color ISH were done as described previously [180, 192]. All probes were
reported previously: thbx! (ZDB-GENE-030805-5), tcf21 (ZDB-GENE-051113-88), dix2 (ZDB-
GENE-980526), six1b (ZDB-GENE-040426-2308), and, zsyellow (accession number: QOU6Y4).
INT-BCIP (Roche) and Fast red (Sigma) were used for two-color ISH. For images, embryo yolks
were manually removed, the embryos were flat mounted and imaged using a Zeiss Axiolmager2

compound microscope.

Quantitative real time PCR (RT-qPCR)

RT-qPCR was performed as described previously [193]. Briefly, total RNA was extracted
from a pool of 30 whole embryos. Embryos were homogenized using Trizol (Ambion) and RNA
was extracted using Purelink RNA Microkit (Invitrogen). lug of RNA was used to prepare
cDNA using the ThermoScript Reverse Transcriptase kit (Invitrogen). PCR was performed in a
BioRad CFX-96 PCR machine with Power SYBR Green PCR Master Mix (Applied
Biosystems). Gene expression levels were standardized to B-actin and analyzed using the 2-
AACT Livak Method and Student’s z-test. Myl7 and Ilthp3 primer sequences were described
previously [193] and [159]. Sequences for mef2ch primers are: F-ctatggaaaccaccgcaact and R-

tgcgcagactgagagttgtt.
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Blastula cell transplantation

For blastula cell transplantation, homozygous 7g (myl7:EGFP) and Tg(o-actin:GFP)
adults were crossed. The resulting embryos were used as donors and injected at one-cell stage
with thodamine-dextran lineage tracer along with the #¢cf71/ MOs. Approximately 30 cells from
the control or #cf7/1 depleted embryos were transplanted to the margin of control host blastula
margin at SP stage. Embryos were raised and scored for CM and PM contribution at 48 and 72
hpf, respectively. The statistical significance of differences in the different populations was

compared using a Chi-squared test with p<0.05 being considered statistically significant.
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Figure Legends
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Figure 1. Excess Wnt signaling inhibits PM development during gastrulation. (A-P) 7g(a-

actin: GFP) control sibling embryos and embryos with increased Wnt signaling (hsp70l:wnt8a-
GFP+). (A,E) After increasing Wnt signaling from heat-shock (HS) at the SP stage, the EOMs,
dorsal 1** and 2™ arch PMs are lost (arrow), while the ventral 1* and 2™ arch PMs are reduced
(bracket). PW muscles are also lost and reduced, while the SH was overtly unaffected. (B,F)
After increasing Wnt signaling at the TB stage, there is a similar but less severe loss of EOMs,
1 and 2™ arch PMs (dorsal PMs — arrow; ventral PMs bracket). (C, G, D, H) Wnt signaling does
not overtly affect PM development at later stages. Muscle nomenclature used is from [178]. 1*
arch muscles - intermandibularis anterior (IMA), intermandibularis posterior (IMP), adductor
mandibulae (AM), levator arcus palatine (LAP), dilatator opercula (DO). 2nd (hyoid) arch
muscles - hyohyal (HH), interhyal (IH), adductor hyomandibulae (AH), adductor opercula (AO),
and levator opercula (LO). Embryos are at 72 hpf. Images are anterior ventro-lateral views.

Anterior is up in all images. Heat-shock (HS).
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Figure 2. Tcf711 depletion causes loss of dorso-anterior PMs. (A-B) Control and Tcf711
depleted Tg(a-actin:GFP) embryos at 72 hpf. Tcf711 depletion resulted in similar loss of dorso-
anterior PMs loss as increasing Wt signaling prior to gastrulation. EOMs (arrows), 1%, 2™, and
dorsal PWMs are severely reduced and misorganized or lost (arrowhead). Ventral 1 and 2™ arch

muscles are reduced (bracket). Views are anterior ventro-lateral.
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Figure 3. Decreased Wnt signaling inhibits PM development during gastrulation. (A-H)
Tg(a-actin:GFP) control sibling embryos and embryos with decreased Wnt signaling
(hsp70l:dkk1-GFP+). (A,E) After decreasing Wnt signaling at the SP stage, the embryos have
enlarged heads (brackets). (B-D, F-H) After decreasing Wnt signaling at later stages, there was
no discernible effect on pharyngeal muscles. Embryos are at 72 hpf. Images in A,E are anterior

ventral views. Images in B-D, F-H are anterior ventro-lateral views. Anterior is up in all images.

Heat-shock (HS).

108



Control
%

AM muscle cell # o
»

-Wnt

| ~ Tg(icf21:nucEGFP)

Figure 4. Decreased Wnt signaling causes an increase in 1* arch PM cells. (A, B)
Tg(tcf21:nucEGFP) control sibling embryos and embryos with decreased Wnt signaling at the
SP stage. Decreased Wnt signaling causes enlargement of the 1% arch AM muscle (boxes).
Sarcomeric myosin (MHC; red). NucGFP (green). (A’, B’) MHC alone of AM muscles (arrow)
(A”, B”) NucEGFP alone of AM (arrow). (G) Graph depicting quantification of nuclei in the AM
muscles. Decreasing Wnt signaling at the SP stage produces a significant increase in AM muscle
nuclei. Control embryos n=15, Tg(hsp70!:dkkI-GFP) embryos n=7. Asterisks in all graphs

indicate p<0.05. Error bars in all graphs indicate S.E.M.
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Figure 5. Endogenous Wnt signaling components restrict #cf2I+ PM progenitor
development. (A, B, C) Tg(tcf21:nucEGFP) control, Tcf711 depleted, and Wnt8a depleted
embryos at 24 hpf. Bracket in A indicates the anterior #cf21+ field of cells that give rise to the 1*
and 2™ arch muscles. Numbers 1 and 2 indicate the two anterior tcf21+ fields of cells. Number 3
indicates the more posterior tcf2/+ population that gives rise to PM in arches 3-7 [157]. (B)
Tctf711 depletion produces a loss of the anterior most #cf2/+ progenitors (yellow outline). (C)
Wnt8a depletion results in expansion of the anterior most pharyngeal #cf2/+ progenitors. (D)
Graph depicting quantification of tcf2/+ progenitors. There is a significant decrease in fcf21+
progenitors with Tcf711 depletion and conversely a significant increased in tcf21+ progenitors
following Wnt8a depletion. Images are lateral views with anterior left. Field 1 control embryos
n=11; Tcf711 depleted embryos n=7; Wnt8a depleted embryos n=9. Field 2 control embryos

n=11; Tcf711 depleted embryos n=6; Wnt8a depleted embryos n=8.
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Figure 6. Manipulation of Wnt signaling affects the overlap of nkx2.5+ and #cf21+ domains
within the ALPM. (A-D) Tg(nkx2.5:ZsYellow) control sibling embryos and embryos with
increased and decreased Wnt signaling at the SP stage. (A,B) Two-color ISH of nkx2.5:zsyellow
(red) and fcf21 (blue) at the 18s stage shows expansion of the lateral nkx2.5+ domains into the
anterior fcf21+ domain after increased Wnt signaling. Numbers in A indicate the three fcf27+
fields depicted in Figure 5. (C, D) Decreasing Wnt signaling prior to gastrulation causes a
decrease in the overlap of nkx2.5 and fcf21. Images are dorsal views with anterior to left.
Brackets indicate overlap of nkx2.5+ and fcf2/+ domains. For each group >15 embryos were

examined.
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Figure 7. Manipulation of endogenous Wnt signaling affects the size of the nkx2.5+ and
tcf21+ domains. (A,B,D.E) Tg(nkx2.5:ZsYellow), Tg(tcf21:nucEGFP) control, Tcf711 depleted,
and Wnt8a depleted embryos at the 18s stage. Tcf711 depletion expands the total anterior tcf2/+
progenitor domain length (green brackets) as well as the overlapping expression (yellow
brackets) within the ALPM. (C) Graph depicting measurements of the total 7cf2/+ progenitors
and overlap with nkx2.5+ progenitors from Tcf711 depleted embryos. Control embryos n=10,
Tct711 depleted embryos n=9. (D, E) Wnt8a depletion reduces the overall length of the 7cf27+
domain and the overlap with the nkx2.5+ progenitor domain. (F) Graph depicting measurements
of the total 7cf2/+ progenitors and overlap with nkx2.5+ progenitors from Wnt8a depleted
embryos. Control embryos n=8, Wnt8a depleted embryos n=10. Green brackets - anterior tcf21+
progenitors. Red brackets - nkx2.5+ progenitors. Yellow brackets — regions of overlap between

tcf21+ and nkx2.5+ domains.
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Figure 8. Increased Wnt signaling promotes loss of the SHF. (A-C) Control sibling embryos
and embryos after increased Wnt signaling at the SP stage. Increasing Wnt signaling prior to
gastrulation leads to loss of the SHF-derived OFT smooth muscle (e/nb). (D) RT-qPCR for
cardiac differentiation and SHF progenitor marker expression at 24 hpf. Increasing Wnt
signaling prior to gastrulation promotes increased expression of the pan-cardiac differentiation
marker myl7 and decreased expression of the SHF markers mef2ch and ltbp3 compared to WT

sibling controls. Images are lateral views with anterior upward.
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Figure 9. Wnt signaling cell-autonomously inhibits PM specification: (A) Schematic of
blastula cell transplantation method. (B, C) Representative donor cells that incorporated into the
heart and PMs at 72 hpf. (D) Frequency of donor cell contribution to the heart and the PMs.
Numbers in brackets indicate the number of embryos that had donor cell contribution out of the
total number of host embryos. Tcf711 depleted donor cells contributed significantly more to the
cardiomyocytes and less frequently to the PMs compared to WT donors. Images are lateral views

with anterior leftwards.
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Discussion Part I: Generation and characterization of a novel RA reporter

Previous RA reporters in mice and zebrafish were created using the consensus-binding site for
RAR/RXR i.e. RARE. Although there was improvement in reporter activity by increasing the
copy number of DR5 RARE sequences in these transgenics, it did not reflect all possible areas of
active RA signaling [11, 23, 25]. This limitation can be attributed to the fact that synthetic
promoters often lack necessary enhancers and local chromatin and epigenetic conformation
essential for transcription in vivo. Other than local availability of RA, these RARE driven lines
depend on proper RAR/RXR heterodimer formation for reporter activity. Our novel RA sensor
was created based on a ligand trap method where GFP expression is dependent only on ligand
(RA) availability. Thus, it avoids additional factors (co-activators, co-repressors, receptor
dimerization etc.), which might hinder reporter activity. Expression in this novel sensor initiated
earlier than the previously characterized transcriptional reporters since ligand availability
precedes transcription. This novel RA sensor has been used in studies from our lab as an accurate
readout of embryonic RA. For example, this novel stable line was used to asses the effect of
functional interactions between RAR and RA degrading enzyme Cyp26 on embryonic RA level
[194]. Another study has used the RA sensor line to gain insight about the effect of hyperactive
RAR expression on embryonic RA [195]. These studies further enhance the applicability of the

novel reporter to study RA biology.

Although there are some advantages, there are some caveats to the sensor line. The
expression was broader in the novel GDBD sensors still it was comparatively restricted and
could not reflect all available endogenous RA. Previous studies have shown that co-operation
between the N and C terminal transcriptional activation domain of both the RXR and RAR is

required for maximal transcriptional output and tissue specific co-activator recruitment.
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Additionally, in vitro assays have shown the extent of this co-operation is cell type and promoter
context dependent and specific for each type of RAR/RXR isoform [94]. These observations
suggest combinatorial factors acting at various levels need to act synergistically to achieve
maximal transcription of RA target genes. For our transgenic RA sensor, we have used the C-
terminal ligand-binding domain of RARab. This construct lacks the N-terminal domain, which
might not be optimal for RA induced transcriptional activation in certain cells or tissues.
Maximal and efficient reporter activity depends on various factors such as the choice of targeting
vectors, promoters, reporter proteins etc. Although expression from the RA sensor is consistently
high in the mid region of the embryo where there is known high endogenous RA, but it was still
not present in all tissues known to have RA [11, 26, 100]. This absence in reporter expression
might be attributed to the fact that synthetic reporters lack in vivo epigenetic, genetic and non-
genomic signature, which have profound effect on tissue specific gene expression.
Transcriptional activity of RA can also mediate via another family of nuclear receptor PPARP/S.
Thus, tissues in which RA acts through these receptors would not be detected by this sensor
[196]. One caveat of the VP16-GDBD line was treatment with RA pathway antagonists were not
able to completely eliminate reporter expression. This might give a false negative result in the

context of testing novel drugs against RA signaling.

Nuclear receptors are being widely studied due to their potential application in the
pharmaceutical industry [64]. We have knowledge of transcriptional co-activators and repressors
binding to RAR/RXR heterodimer, but identification of tissue and stage specific ligands will add
immense value to discover novel drug targets for RA pathway. Addition of desired protein tags

in the ligand trap vector and subsequent extraction and analysis of bound cofactors at different
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developmental stage and tissues will unravel a huge amount of valuable information about

factors that interact with RA signaling pathway at a precise spatial and temporal resolution.

Discussion Part I1: Dact3 expression and regulation

Dact proteins are known to directly interact with disheveled and vangl2 thus regulating
both canonical and non-canonical branches of Wnt signaling [28]. In zebrafish, knockdown of
dactl using MO results in subtle defect in the midbrain-hindbrain boundary and diencephalon.
Injection of both dactl and wnt§ MOs phenocopy loss of canonical Wnt signaling, suggesting
Dactl is a positive regulator of canonical Wnt signaling in zebrafish within this context. In
contrast to Dactl, dact2 morphants have a stronger early phenotype, which includes defects in
convergent extensions movement during gastrulation. To understand if dact2 functionally
interacts with canonical or non-canonical Wnt pathways similar to Dactl, double morphant
phenotypes were assessed. It was found dact? interacts with the non-canonical Wnt member
wntll, suggesting it regulates non-canonical Wnt signaling. Thus, dact! and dact2 can play
distinct role during zebrafish development [29]. Although Dactl and Dact2 have been
functionally characterized in zebrafish and mice, less is known about Dact3. Here, we have
analyzed the expression and regulation of the dact3 paralogous genes dact3a and dact3b in
zebrafish. Some areas of expression for dact3a were cranial neural crest cells, somites, pectoral
fin bud and various populations of hindbrain neurons. Dact3b was specifically expressed in
populations of hindbrain neurons of rhombomere (r) 4 to 6. We have also found that treatment
with the RA antagonist DEAB results in posterior expansion of dact3b in the hindbrain and

spinal cord. This might suggest endogenous RA is required to keep those more posterior tissues
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free from dact3b. Dact3b is expressed in the 2™ pharyngeal arch where RA is generally absent
but late treatment with RA can diminish the pharyngeal expression. Although we did not observe
any specific early phenotype for the dact3b morphants, generating dact3b zebrafish mutant using
the CRISPR/Cas9 system may give us insight into the requirement of dact3 in these tissues.
Additional experiments such as co-immunoprecipitation and promoter analysis is necessary to
decide if RA directly binds with dact3b. Additionally, because Dact proteins are known
regulators for canonical and non-canonical Wnt signaling, it would be interesting to study if
dact3b is acting as a linker between these two pathways during hindbrain development. RA is
well known for its role in hindbrain patterning [26, 106]. The RA signaling gradient is high in
the posterior hindbrain while Wnt is present consistently along the A-P axis. Different levels of
RA might regulate how Wnt influence the hindbrain development. Further study is required to
establish if dact3b plays a role in cross-regulation of Wnt and RA signaling during hindbrain

development.

Discussion Part III: Wnt signaling in cardiac & PM specification

A previous study has shown Wnt inhibits head muscle formation at somitogenesis [55].
However, it is not known if there is any temporal requirement for Wnt during head muscle
development. Our study has shown an increase in Wnt signaling leads to loss of the dorso-
anterior mandibular and hyoid arch derived muscles. Recent work in zebrafish has shown these
specific anterior muscles originate from the anterior tcf2/+ progenitors in the ALPM [157]
(Figure 1). This anterior ALPM harbors progenitors for other lineages such as vessels and blood

[197]. In the absence of a hemato-angiogenic signal, the anterior most ALPM can form cardiac
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lineage. This data suggests the anterior most part of the ALPM also has latent cardiogenic
potential. Lineage tracing studies from our lab and others have found 7cf2/+ cells in zebrafish
can give rise to both cardiac and PM cells [157]. Based on this, we can hypothesize Wnt
signaling forces the anterior tcf2/+ population to become FHF derived CMs instead of PM and
SHEF. The proposed mechanism by which Wnt might favor one fate over another is discussed

here.

A recent paper by Nagelberg et al. performed detailed lineage analysis of the mesodermal
progenitors in the zebrafish ALPM [157]. According to their data, the ALPM can be subdivided
into four distinct regions depending on the lineage contribution (Figure 1). Anterior to posterior
the divisions are as follows: 1) the most anterior pitx2 expressing prechordal mesoderm gives
rise to the muscles surrounding the eye (EOM muscles); 2) anterior tcf21+ and tcf21+/nkx2.5+
populations gives rise to the pharyngeal arch (PA) 1 and 2 derived muscles; 3) the posterior
tef21+ and tcf21+/nkx2.5+ are specified into the posterior pharyngeal muscles 3-7. Additionally,
the anterior tcf21+/nk2.5+ population specifically gives rise to the ventral muscles of the PA 1 -
2 and hypobranchial arch artery (HA). Our analysis (Chapter 4, Figure 7) suggested upon Wnt
increase length of the anterior tcf2/+/nkx2.5+ population of overlapping cell is expanded.
According to the lineage analysis, this population gives rise to the ventral muscles derived from
PA 1 and 2 as well as the HA. In contrast to an increase in ventral muscles, we found they are
reduced in size and severely mispatterned. This discrepancy suggests two hypotheses: 1) In the
context of excess Wnt, cardio-pharyngeal progenitors cannot form ventral head muscles
appropriately and are forced towards FHF derived cardiac lineage. Previous data where it has
been shown excess Wnt promotes mesoderm progenitors to form CMs at the expense of other

mesoderm-derived lineages further supports this hypothesis [52, 198]. 2) Alternatively, this
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anterior tcf21+/nkx2.5+ population can form the HA at the expense of ventral head muscles.
Although this outcome is mostly unlikely since Wnt is known to inhibit vascular specification.
Altogether similar genetic requirements, transcription factor expression and signaling molecules
suggest there is significant plasticity among hematovascular, cardiac and head muscle
progenitors across species. A complete and clear understating of the network regulating the
specification of these progenitors will aid in regenerative therapies of many craniofacial and

cardiac birth defects.

Our results have shown Wnt promotes loss of muscles originating from pharyngeal
mesoderm as well as prechordal plate mesoderm. Pitx2+ prechordal plate mesoderm is distinct
and anterior to tcf2/+ population (Figure 2). Although our data suggests a loss of fcf21+
progenitors, total length of #cf2/+ ALPM is not changed. One possibility might be that anterior
tissue loss includes only pitx2+ prechordal mesoderm and not the #cf2/+ population. Loss of the
tcf21+ population can be due to changing fate to some other adjacent lineages possible cardiac.
Also, it is also very much likely that both posteriorization and the fate change are acting together
for the loss of tcf21 derived PM and SHF. There are a few outstanding questions that follow our
findings. Is there any role of the surrounding matrix in fate specification? Do other signaling
pathways act in concert with Wnt? Does Wnt act at the chromatin level to balance fate in the
CPF? These possibilities are discussed below in the light of evidence from existing literature

based on work in the ascidian model organism Ciona sp.

Differential fate induction in the CPF of Ciona has been attributed to polarized matrix
adhesion. B7.5 blastomere founder cell accumulates cell adhesion factors, such as actin and talin,
only on ventral side where it is attached to the epidermal matrix [199]. Next, asymmetric cell

division redistributes actin only to the daughter cell on the ventral side, which goes on to become
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pre-cardiac lineage (TVC) and the dorsal daughter cell becomes atrial tail muscle (ATM) (Figure
3). After cell division of the two daughter cells, they are exposed to different
niche/microenvironment, which directs differential downstream signals and subsequent fate
induction. Progressive fate induction in Ciona has been attributed to external cues from
epidermal protrusion and matrix adhesion as well as intrinsic mitotic processes. Protrusion and
invasion enhances FGF/MAPK signaling and this acts as an induction to mediate cell fate in
Ciona [68]. Wnt signaling is known to regulate cell adhesion from multiple studies. Role of Wnt
upstream of regulating differential actin accumulation of progenitor cells in the CPF is an

exciting question for future studies.

In mice BMP signaling plays important roles in cardiac and PM development [55]. There
are reports for interaction between BMP and Wnt during cardiac development [200]. While Wnt
signaling plays biphasic role in cardiac development, high level of BMP is required during
cardiogenesis at specification, maintenance and differentiation. BMP is known to play inhibitory
role in both head and somite derived trunk myogenesis. Since at the time of progenitor
specification in the CPF (pre-gastrulation) BMP is present in the ventral mesoderm along with
Wnt, there might be interaction among signaling pathways that fine-tune the CPF patterning
[201]. Further experiments are required to tease out if BMP signaling plays any role during CPF

development along with Wnt.

Another interesting aspect will be to study if Wnt signaling differentially regulates
cardiac and pharyngeal gene expression at the level of chromatin. One in vitro report has shown
Whnt inhibits histon deacetylase 1 (HDACI) expression, which results in upregulation of cardiac
specification gene nkx2.5 and subsequent increase in early cardiomyogenesis [202]. Addressing

the question if Wnt plays any role at the chromatin level to differentially regulate cardiac and

122



pharyngeal muscle progenitor specification would provide valuable insight into the mechanistic
aspect of CPF development. Together, these analyses will help to decipher the mechanism by

which Wnt regulates CPF development.

Alternative approaches and future directions:

Generation and characterization of a novel RA reporter

For the RA sensor reporter construct we used GFP as readout for reporter expression. GFP
has a long half-life (8hrs), the stability of GFP hinders the ability to monitor rapidly changing
early cell signaling dynamics [203]. One approach would be to use a destabilize GFP with a
shorter half-life, which would allow to asses rapid changes in the endogenous RA level.
12XRARE:EGFP line was created using concatenation of 12 synthetic RARE sites. While this
line was more sensitive to RA compared to the previous zebrafish transgenic lines with three
copies of RARE, expression was restricted to few tissues such as ventral eye, pronephros and
anterior spinal cord [11]. As mentioned above, one possible reason for this limitation is synthetic
promoters often lack necessary enhancers and local chromatin and epigenetic conformation
essential for transcription in vivo. One-way to overcome this would be to use RARE sequences
from promoters of other RA responsive genes and make reporter constructs. RARE sequence is
present in the promoters of Cyp26, Hox and Hnf genes [204]. It would be interesting to analyze
the expression from reporters using these natural promoters and what additional information

those lines can give.
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Wnt signaling in cardiac & PM specification

Our blastula cell transplantion experiments established cell autonomous roles of Wnt
signaling in restricting PM fate. The blastula transplantation in this study was performed using
~20-30 donor cells which increases the probability for multi lineage contribution. One way to
address this limitation is to perform single cell transplantation, which will give us an accurate
view on lineage relationships since progeny of a single cell typically gives rise to lineage
restricted contribution. Our studies did not rule out the possibility of a cell non-autonomous role
for Wnt signaling too. A previous study in chicken demonstrated that Wnt signaling from the
notochord and dorsal neural tube acts antagonistically during head muscle development [55]. PM
progenitors are in close physical proximity to surrounding pharyngeal endoderm, ectoderm and
cranial neural crest cells. It is possible Wnt signal from the adjacent tissues also affects PM
development significantly. We could use the 7g (hsp70:4TCF-GFP) line to test the hypothesis if

Wnt also plays cell-non-autonomous role during PM development [205].

According to previous zebrafish fate map cardiac progenitors lies more ventral to the
head muscle progenitors in the lateral marginal zone [206, 207]. Creating a high-resolution fate
map of the cardio-pharyngeal progenitors before gastrulation would also provide further
information about the source of excess CMs upon Wnt signaling increase [206]. To generate a
fate map of the pre-gastrula embryos, we could use caged-fluorescein mediated fate mapping.
For this technique, one-cell stage embryos are injected with caged fluorescein (lineage tracer)
and control MO or tcf7/1lab MOs. A few cells in the lateral marginal zone of blastula staged
embryos would be uncaged using a pulse UV laser and then the contribution of the labeled
progenitors are to be traced by performing anti-fluorescein immunostaining. If Wnt signaling is

acting to promote cardiac at the expense of PM fate, we expect to see labeled progenitors from
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the more ventral lateral margin contributing to cardiac structures instead of pharyngeal in the
tcf7llab morphants. Scoring and comparing contribution to cardiac and pharyngeal lineage
between control and Wnt increased embryos will give us further insight on the fate decision in
the CPF. Because it appears Wnt promotes loss of #cf2/+ anterior population, it brings up the
question if the excess CMs comes from this tcf2/+ lineage. A previous lineage study from our
lab (data not shown) has shown fcf21+ cells in zebrafish can contribute to both PM and cardiac
derivatives. The inducible Tg(tcf21:Cre™"?) and color-switch Tg(ubi::CsY) lines can be used to
permanently labels 7cf21+ expressing cells. We can then treat the embryos with tamoxifen to
activate cre at 30% epiboly before tcf21 is turned on to mark all the uncommitted 7cf21 progeny
in yellow. If Wnt signaling is acting upstream of #cf2/ to balance the fate decision in CPF then
we would expect to see more fcf2/+ cell in FHF derived structure and less in PM and SHF in the
tcf71lab morphants (Wnt+) compared to control. This experiment would reveal a direct

correlation between cardiac and PM progenitors.

A previous study has shown that the anterior nkx2.5+/tcf21+ cells contributes to PM and
HA artery. Since our data suggest Wnt can affect the size of this overlapping population. It
would be interesting to determine the fate of this mkx2.5+/tcf21+ population upon Wnt
modulation. One way to determine that would be to use time lapse video analysis using the
tcf21:GFP;nkx2.5:zsyellow double transgenic embryos. One-cell stage embryos would be
injected with the previously mentioned tcf7//ab MO combination to increase and decrease Wnt
signaling. Then, we would follow what the overlapping cell population contributes to at 72 hpf
when the heart, PM and HA artery are all fully formed by segmenting the movies based on
fluorescence intensity from GFP and zsyellow. With these proposed experiments, it will be

possible to further elucidate the role of RA and Wnt signaling during vertebrate development.
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Discussion Part IV: RA and Wnt in patterning the organ field

RA Wnt and dact3 in head mesoderm:

The role of RA as a morphogen has been studied extensively with respect to anterior-
posterior patterning of the hindbrain [208] . RA is required for the formation of posterior
rhombomeres (r5-r7) and anterior spinal cord [21, 85]. More posterior hindbrain rhombomeres
require higher levels of RA compared to the more anterior thombomeres. The RA degrading
enzyme cyp26 is known to maintain a RA free zone in the anterior forebrain and hindbrain. RA
increases cyp26 levels in the anterior hindbrain, thus maintaining self-degradation. In contrast,
the synthesizing enzyme raldh2, which is present in the posterior presomitic mesoderm and later
in the somites, maintains high levels of RA in the posterior part of the hindbrain [112, 208, 209].
Other anterior-posterior patterning morphogens such as FGF and Wnt inhibit RA induced cyp26
expression, thereby maintaining posterior hindbrain fates [210]. Detailed analysis of head
mesoderm patterning in chicken has shown anterior head mesoderm markers, such as pitx2 and
myoR, that eventually forms the EOM and mandibular arch muscles require very low level of RA
[211]. Thx1, which is expressed towards the caudal end of the anterior hindbrain mesoderm,
requires reduction of RA and concomitant increase in FGF level [211]. Dose dependent RA
agonist and antagonist treatments have shown anterior head markers are more sensitive to RA
compared to posterior genes. In the posterior part of the head mesoderm, RA levels are high
enough to inhibit anterior genes, such as pitx2, but low enough to allow thx/ expression (Figure

4).
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Wnt signaling plays critical role in midbrain-hindbrain (MHB) boundary formation via its
interaction with FGF and Pax family members [212]. Combinatorial knockdown of canonical
Wnt members wnt3a, wntl and wntl0b in zebrafish leads to loss of a significant part of the
midbrain and cerebellum [213]. Critical Wnt members are expressed in the boundary of
rhombomores and known to maintain proper rhombomeric boundary formation and neurogenesis
in the hindbrain [214]. Thus, we can speculate Wnt and RA act antagonistic to each other during

patterning of the anterior fates in the head mesoderm.

In Chapter 3, we discussed a novel observation that RA signaling negatively regulates the
Wnt signaling modulator gene dact3b in the hindbrain of zebarfish embryos. Dact3b expression
spans from r4 to r6 and absent in r7. Mutation in raldh2 leads to loss of 17 signifying the
requirement of RA in proper formation of the most posterior hindbrain segment. It is interesting
to note that treatment with the RA inhibitor DEAB results in posterior expansion of dact3b into
r7. From this observation we can speculate RA helps in maintaining low dact3b levels in the
posterior head mesoderm and Dact3b is required for proper formation of the more anterior head
mesoderm. Since Wnt family members are expressed all along the hindbrain segments we can
hypothesize anterior dact3b and posterior RA expression modifies the activity of Wnt during
hindbrain patterning. Previous studies have shown Dact3 acts upstream of Wnt to negatively
regulate Wnt signaling in the context of colon cancer as well as kidney fibrosis model in mice
[33, 34]. From these information we can hypothesize in the absence of RA excess dact3b will
repress Wnt signaling leading to mis-patterned rhombomere formation (Figure 6). Similarly
dact3b inhibition will lead to the release of Wnt suppression and excess Wnt can then inhibit

cyp26 in the anterior forebrain leading to anterior shift of the posterior rhombomeres.
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RA and Wnt in cardiac specification:

With respect to early heart development, RA signaling restricts cardiac progenitor
specification [22]. Zebrafish mutants for the RA synthesizing enzyme raldh2, as well as
treatment with RA antagonists, result in expansion of cardiac markers nkx2.5 and myl7 [22, 215].
Fate map studies have found inhibition of RA results in excess cardiomyocytes with a
concomitant decrease in other adjacent organ fields such as pancreas, pharyngeal pouch and
pectoral fin [22]. Treatment with RA antagonists before gastrulation results in expansion of
cardiac markers, at the same time point when increase in Wnt signaling lead to similar increase
in those cardiac markers [216]. These observations suggest RA and Wnt acts antagonistically in

the ALPM to maintain cardiac fate (Figure 5).

Conclusion

In summary, the work presented in this thesis provides valuable insight into the roles of
RA and Wnt signaling during zebrafish development. First, we have generated and characterized
novel stable transgenic lines to study RA signaling. These RA sensor reporters have already been
used in our lab to measure embryonic RA levels in two distinct studies. The RA sensors will add
further value to study RA signaling in vivo as well as the anatomy of nephrons and motor
neurons independent of RA. Next, we have analyzed the expression pattern and regulation of
Wnt modulator proteins Dact3a and Dact3b in zebrafish and found that RA negatively regulates
dact3b expression in the hindbrain. This finding opens up new avenues to study the molecular

intersection of RA and Wnt signaling during hindbrain development in zebrafish. Finally, we
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have looked into the role of Wnt signaling in balancing cardiac and PM fate in the cardio-
pharyngeal field. In this study, we have found Wnt plays a developmental stage specific role in
PM development in zebrafish and negatively regulate SHF and PM formation. This is an
important field of study providing multiple congenital abnormalities include both cardiac and
craniofacial abnormalities. Further work studying the mechanism of how progenitors are fate
restricted during cardio-pharyngeal development will help create these types of cells in a dish for

regenerative therapy purposes.
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Figure 1: Contribution of t¢f21+ and nkx2.5+ population to head muscle, vasculature and heart

Color code for the schematic: fcf21+=blue, nkx2.5=yellow, tcf21+/nkx2.5+=green (double

positive)

A) Anterior tcf21+ and double positive population give rise to PM 1-2 and posterior zcf2/+ and
double positive population will form PM 3-7. B) tcf21+ and nkx2.5+ population is clustered in
to mesodermal cores of respective PM. C) #cf21+ cells form the dorsal muscles of the PM 1-7,
tcf21+/nkx2/5+ cells form mostly the ventral muscles. Eye and neck muscles (in black) are not

derived from tcf21+ or nkx2.5+ population. Adapted from Nagelberg et al., [217]
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Figure 2: Schematic of pitx2, tcf21 and nkx2.5 expression in the lateral plate mesoderm

At 16 hpf zebrafish lateral mesoderm can be divided in to pitx2 expressing prechordal mesoderm
which give rise to the extra ocular muscles. fcf2/ and nkx2.5 expressing pharyngeal mesoderm

which eventually forms parts of the heart and PM. Adapted from Nagelberg et al., [217]
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Figure 3: Role of cell-adhesion in differential after induction

After founder cell division polarized matrix adhesion occurs only at the daughter cell on the
dorsal side (TVC). Matrix adhesion leads to MAPK activation and TVC induction. TVC is the
pre-cardiac progenitor in Ciona. While the ventral daughter cell give rise to anterior tail muscle

(ATM). Adapted from Kaplan et al., [68]
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Figure 4: Role of RA in head mesoderm

RA level is high in the posterior part of the head mesoderm. The anterior head markers need low
endogenous RA for proper specification. FGF and Wnt inhibit RA degrading enzyme cyp26 in
the anterior head mesoderm thus promoting posterior hindbrain patterning. Adapted from

Nagelberg et al., [217]
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Figure 5: RA and Wnt in ALPM progenitor fate

RA promotes posterior rhombomere formation and inhibits anterior rhombomeres. RA restricts
cardiac progenitor specification. Wnt inhibits head formation and promotes cardiac specification.

Nkx2.5 is a cardiac progenitor marker. RA regulation in blue. Wnt regulation in black.
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Figure 6: Hypothetical model of RA, dact3b and Wnt in hindbrain

Dact3b is robustly expressed in the r4-r6. RA is required for r4-r7 formation. Wnt is uniformly expressed
throughout the hindbrain. We speculate here RA is required to keep dact3b low in the posterior
rhombomeres. Anterior rhombomere formation requires high dact3b and low RA. Cross-antagonism

between dact3b and RA specifies the function of Wnt in distinct rhombomeres across all of the hindbrain

segments.
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