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Abstract

Retinoic acid (RA) has a crucial role in embryonic nervous system
development - controlling anterior-posterior patterning, neural
differentiation, and cell proliferation. During zebrafish embryogenesis,
levels of RA are tightly regulated by the combinatorial action of synthesis
and degradation enzymes, such as aldhlaZ2 and cypZ26al. We have identified
a novel regulatory interaction between Zinc finger of the cerebellum 2a/2b,
Zic2a2b, transcription factors and RA metabolism genes. Using morpholino-
mediated knockdown in conjunction with exogenous alterations to RA
levels, we found that Zic2a2b regulates both cypZ26al and aldhla? gene
expression. Phenotypes resulting from Zic2a2b-depletion are reminiscent
of reduced embryonic RA levels - reduction in size of posterior
rhombomeres and the spinal cord. Additionally, defects in the posterior-
most class of branchiomotor neurons, the vagal neurons, are visible - a
defect that is completely rescued with exogenous RA supplementation. We
suggest a model whereby Zic2a2b acts upstream of aldhlaZ in modulating

RA levels during embryogenesis.
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Chapter 1. Introduction
1.1 Vertebrate neural development

The vertebrate nervous system is responsible for all motor function
and movement, autonomic activity such as coordination of breath and heart
rate, and cognitive thought. Development of the nervous system is a complex
and highly regulated process that has been the focus of study for a century.
In the simplest terms, neurobiologists have been seeking to understand how
specific cell types develop at the right time and place.

This process begins in the earliest stages of embryonic development,
such that the overall architecture of the nervous system is already
established by late -gastrulation (Appel, 2000; Keller, 1991; Keller, 1975,
1976). In addition to morphological movements, presumptive neural cells
acquire regional identity based on a complex set of intracellular signaling
mechanisms and extracellular signals. This ultimately gives rise to the neural
tube - consisting of the forebrain, midbrain, hindbrain, and spinal cord
(Figure 1.1 A) (Blader and Strahle, 2000). As development continues, these
broad regions become further subdivided; for example, the forebrain
includes the telencephalon, diencephalon, prethalamus, and hypothalamus,
while the hindbrain is comprised of seven or eight lineage-restricted
rhombomere segments. Neuronal identity and cell behaviors are completely
dependent on the precise specification of regional identity. Therefore, within
each segment or region there is a distinct array of transcription factors and
markers expressed that determine the identity of cells within the segment -
properties including cell morphology, axon trajectories, and

neurotransmitters (Appel, 2000).

1.1.1 Early steps of neural development
The major subdivisions of the nervous system are established early, as
fate mapping and explant studies show prospective forebrain and midbrain

are specified at the beginning of gastrulation while the hindbrain is specified



slightly later (Appel, 2000; Grinblat et al., 1998; Woo and Fraser, 1998). By
late gastrulation, presumptive anterior neural tissue (to become the
forebrain and midbrain) is located dorsally at the animal pole while posterior
tissue (to become the hindbrain and spinal cord) is adjacent, located closer to
the embryonic margin (Figure 1.1 B) (Kimmel et al., 1990; Trevarrow et al.,
1990).

Strict regional and temporal signals originating from embryonic
signaling centers regulate neural development and specification. The
embryonic organizer (the zebrafish shield) is a region of BMP-antagonism
that specifies dorsal and neural tissue by blocking non-neural, ventralizing
BMPs (Moens and Prince, 2002; Wilson et al., 1997). Interestingly, this step
of neural induction has little effect on the hindbrain, as the hindbrain still
forms and undergoes patterning with ablation of the embryonic shield
(Fekany et al., 1999; Saude et al., 2000; Shih and Fraser, 1996). This suggests
that there is a separate inductive event in formation of posterior neural

tissue.

1.1.2 Posterior neural induction

The existence of separate signals coordinating A-P neural
development was hypothesized decades ago; i.e. anterior neural induction is
followed by a graded transforming signal that promotes posterior neural
fates (Nieukoop, 1952; Toivonen and Saxen, 1968). These posteriorizing
signals have been identified as Fibroblast Growth Factor (FGF), Wnts, and
Retinoic Acid (RA) - originating from the lateral and ventral embryonic
margin (Koshida et al, 1998). Xenopus and zebrafish studies have
demonstrated the importance of FGF signaling; for example morpholino-
mediated knockdown of zebrafish Fgf24 and Fgf8 prevents posterior neural
development and causes loss of trunk mesodermal tissue (Draper et al.,
2003). Loss of FGF signaling with dominant negative FGF receptors or
pharmacological FGF inhibition (SU5402) prevents tail, trunk mesoderm, and

spinal cord formation (Griffin and Kimelman, 2003; Kudoh et al., 2002;
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Londin et al,, 2005). Additionally, zebrafish Fgf8 and Fgf3 are required for
posterior neural development as treatment with a pan-FGF-antagonist causes
loss of trunk and tail tissue (Amaya et al., 1991; Griffin et al., 1995).
Disruption of zebrafish Wnt8 using a deletion mutant causes severe
neural defects with a complete loss of ventral and posterior fates and
concurrent expansion of dorsal fate (Lekven et al, 2001). Conversely, the
headless mutant, which lacks activity of the Wnt repressor Tcf3, develops
with expanded posterior neural tissue at the expense of eyes, forebrain and
midbrain - demonstrating the additional requirement for Wnt signaling (Kim
et al., 2000). Finally, RA is a critical factor in posterior neural development -
whereby RA reduction or exogenous treatment causes severe posterior or
anterior truncations, respectively (Glover et al., 2006). It is the combinatorial
action of these signaling pathways that mediates precise induction of

posterior neural tissue during early development.

1.1.3 Hindbrain patterning and hox genes

Following induction of posterior neural tissue, the hindbrain passes
through a transient segmental organization of seven or eight rhombomeres.
This reiterative organization of rhombomeres is regulated by one family of
homeobox transcription factors (Hox) and is intimately linked to neural fates
that arise within each region. Hox genes were first discovered as regulators of
the Drosophila body plan (Lewis, 1978). In this experiment, mutation of one
Drosophila Hox gene, Ultrabithorax, resulted in regional duplication causing
an additional set of wings to develop. Since this discovery, Hox genes have
become known as highly conserved master regulators of anterior-posterior
identity - whereby the complement of Hox genes within each hindbrain
segment determines the morphology and fate of cells within that segment
(Moens and Selleri, 2006).

Hox paralogs are organized in discrete gene cluster arrays. Mouse and
humans have four Hox clusters (HoxA/B/C/D) each located on a different

chromosome (totaling 39 genes), while zebrafish, as a result of an additional
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whole genome duplication, has 7 hox gene clusters (totaling 48 genes).
Interestingly, following the genome duplication, zebrafish have lost almost an
entire hoxD paralog cluster. As a result, many Hox family members have lost
their hindbrain-specific functions (Moens and Prince, 2002).

Overlapping expression domains, partial redundancy, and regulatory
relationships between hox genes have made study of individual hox genes
difficult. However, in murine Hoxbl mutants, rhombomere 4 is partially
converted to rhombomere 2 identity (Studer et al,, 1996). Hoxal mutant mice
have lost rhombomere 5 such that rhombomere 4 and rhombomere 6 are
directly adjacent to each other (Mark et al, 1993). Further, a regulatory
relationship has been identified whereby Hoxal initiates Hoxb1 transcription
within rhombomere 4 (Gavalas et al., 1998; Studer et al., 1998). Ectopic over-
expression of Hoxal causes Hoxbl over-expression and conversion of
rhombomere 2 to rhombomere 4 identity (Zhang et al., 1994). Factors
directly upstream of hox are also crucially important - Valentino is one
example of a transcription factor required for specification of r5 and ré.
Zebrafish valentino mutants have defects in these rhombomeres causing a
shortened hindbrain (Moens et al., 1996).

Hox genes activate downstream targets that initiate cell specification
and differentiation. The inactivation of murine Hoxal causes a partial loss of
rhombomere 4 and 5, a loss that alters facial and cranial neurons of this area
(Gavalas et al., 1998; Mark et al., 1993; Studer et al., 1998). Rhombomere-
specific mis-expression of hoxb1 in chick results in altered neuronal identity
and behavior where rhombomere 4-derived neurons are born in
rhombomere 2 (Bell et al, 1999). Therefore Hox-derived configuration of
rhombomere territories is required for organization of cranial nerves and for
correct innervation of targets (Chandrasekhar et al., 1997; Moens and Prince,
2002). Further identification of factors downstream of hox will be essential

in fine-tuning their role in defining neural fate within the hindbrain.



1.1.4 Neural specification and differentiation

Through the process of neurogenesis, proliferative cells of the neural
tube are fated to become neurons by triggering cell cycle exit. These cells
differentiate into specific neuronal classes depending on anterior-posterior
and dorsal-ventral location (Diez del Corral and Storey, 2001). This process
occurs in concert with hindbrain segmentation such that neural identity is
determined based on a “coordinate system,” determined by longitudinal
proneural domains and mediolateral bands of segment identity. In zebrafish,
the first neurons become post-mitotic just after gastrulation - this allows the
fish to be motile at one-day post fertilization (Mendelson, 1986). It is
hypothesized that there are two waves of neurogenesis - the first wave,
primary neurogenesis, forms neuronal circuits responsible for initial
movement and overlays simple neuronal scaffolding which acts as guidance
for the neurons born later, during secondary neurogenesis (Kimmel et al.,
1990; Maden, 2007).

Within the neural ectoderm, neurogenic regions are defined by the
expression of proneural genes, the basic helix-loop-helix transcription factors
including neuroD and neurogenin which promote neural differentiation
(Blader and Strahle, 2000). Regions of proneural gene expression are
complemented by adjacent expression of neurogenesis inhibiting genes to
produce tightly regulated regions of neurogenesis. Over-expression of
NeuroD or Neurogenin in Xenopus, results in ectopic formation of neurons
(Lee et al, 1995; Ma et al, 1996). In addition, mis-expression of chick
Neurogeninl in non-neural myotome results in activation of neural
differentiation markers (Perez et al., 1999).

Within neurogenic regions, lateral inhibition via the Notch signaling
pathway is essential in regulating neural differentiation. Proneural gene
expression results in the expression of the Notch ligand, Delta, in
presumptive neural cells. Delta binds the Notch receptor in neighboring cells
- an interaction that promotes expression of repressors of neural

differentiation (Diez del Corral and Storey, 2001). In Xenopus neurogenesis,
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XDeltal over-expression inhibits neuron differentiation and interestingly, as
XDeltal acts to activate Notch signaling, over-expression of XNotchl
produces a similar phenotype (Chitnis et al., 1995). An XDeltal construct
lacking the intracellular domain interferes with XDelta activity, producing
ectopic neurons comparable to proneural gene over-expression (Chitnis et
al., 1995; Ma et al,, 1996). This mechanism regulates neural differentiation
such that cells within the same region do not differentiate at the same time or

acquire the same cell fate.

1.1.5 Branchiomotor neurons arise in a segment-specific manner
Zebrafish have become an increasingly important model for neural
development, partly due to the large number of transgenic zebrafish
available that allow identification and tracing of individual cell populations.
Of particular interest for this work is one class of ventrally located neurons,
the branchiomotor neurons, which are beautifully labeled using the Tg(islet-
1:gfp) transgenic zebrafish line (Figure 1.2 B) (Higashijima et al., 2000). This
transgenic was created by isolating branchiomotor neuron specific
enhancers upstream of islet-1, a LIM-homeobox transcription factor required
for motor neuron development (Varela-Echavarria et al., 1996).
Branchiomotor neurons arise in a segment specific manner within the
hindbrain and innervate the muscles around the eye, jaw, face, and brachial
arches (Chandrasekhar, 2004). Within the zebrafish hindbrain there are
three main populations of islet-1-positive branchiomotor neurons: the
trigeminal, the cranial, and the vagal neurons (Figure 1.2 A) (Higashijima et
al, 2000). Trigeminal neurons arise in r2-r3 where they remain, while the
facial neurons arise in r4-r5 and migrate posteriorly to occupy r5-r6. These
two classes are required for innervation of jaw muscles and support
structures within zebrafish. The most posterior class of neurons, located
within r7 extending posteriorly into the anterior spinal cord, is the vagal
neurons. During development the vagal neurons are born medially and

migrate to encompass two lateral domains. In zebrafish the vagals innervate
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the gill muscles, whereas they innervate the larynx and pharynx of mice
(Chandrasekhar, 2004).

Sonic hedgehog (Shh) is one signaling pathway required for motor
neuron induction. Shh mutant mice have complete loss of motor neurons
(Chiang et al,, 1996; Oh et al., 2009), and in zebrafish, knockdown of multiple
Shh proteins causes a severe reduction in motor neurons (Beattie et al., 1997;
Bingham et al,, 2001). Similarly, activator function of the Shh-transcriptional
mediator Gli, is essential for motor neuron induction (Vanderlaan et al,
2005).

As the branchiomotor neurons arise in a segment-specific manner,
their identity is highly dependent on Hox gene activity and correct A-P
patterning. Mutations in murine KroxZ20 or Hoxal/Hoxbl both cause
segmentation and neural defects including loss of trigeminal neurons and
mispatterning of posterior cranial nerves (VII-XI), respectively (Studer et al.,
1998; Swiatek and Gridley, 1993). In zebrafish, valentino mutants have
disrupted r5/6 development with corresponding defects in cranial nerves
nVII and nIX. Interestingly, this cranial nerve defect is specific to r5/6 as the
vagal neuron population within r8 and the spinal cord is unaffected

(Chandrasekhar et al., 1997; Moens et al., 1996).

1.2 Retinoic acid signaling

Retinoic Acid (RA) has a variety of functions during embryonic
development - most predominantly in AP patterning but it is also involved in
neurogenesis, organogenesis, and regulating cell proliferation (Glover et al,,
2006). The teratogenic defects associated with RA were identified about 40
years ago through Vitamin A administration to pregnant rats (Morriss, 1972).
This was later expanded to mouse studies where, in both cases, increased
levels of RA during development caused expansion of rostral hindbrain
(Glover et al., 2006; Morriss-Kay et al., 1991; Wood et al., 1994). In addition,
exogenous treatment of Xenopus, and later zebrafish, embryos with RA

causes severe truncation, with complete loss of anterior head tissue (Durston
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et al, 1989; Holder and Hill, 1991). Vitamin A-deficient (VAD) models
(predominantly the quail) have greatly helped elucidate the roles of RA. In
VAD embryos, the anterior hindbrain develops normally while posterior
hindbrain does not differentiate (Gale et al., 1999; White et al., 2000). In fact,
posterior regions of the neural tube instead take on a more anterior fate,
shown by expansion of anterior forebrain markers. Within zebrafish, VAD
phenotypes are created with exogenous RA treatment or using the
pharmacological inhibitor of RA synthesis, diethylaminobenzaldehyde
(DEAB). Therefore RA acts as a crucial morphogen regulating posterior
neural induction - in conjunction with its role in hindbrain patterning and
determination of cell fates within rhombomeres via hox gene regulation

(Moens and Selleri, 2006; Papalopulu et al., 1991).

1.2.1 The RA signaling and metabolism pathway

The main sites of RA action during early developmental stages are
within presumptive posterior neural tissue, the hindbrain and spinal cord
(Maden, 2002). In simplest terms, retinoic acid begins as retinol (Vitamin A;
Figure 1.3 A) - a small molecule that, upon entering a cell, is enzymatically
converted into retinal by a retinol dehydrogenase -catalyzed reaction
(zebrafish Rdh10a/b). The importance of this oxidation step is illustrated in
the lethal Rdh10 mutant mouse, which elicits teratogenic defects
characteristic of reduced RA (Sandell et al., 2007). Retinal is metabolized by
aldehyde dehydrogenase enzymes (Aldhla2, Aldhla3 in zebrafish) to form
the biologically active molecule, retinoic acid (RA). Typically, within a cell,
RA is bound by a cytoplasmic protein partner that varies depending on cell
type. After its synthesis RA can act in an autocrine, via diffusion, or paracrine
fashion where it enters the nucleus and interacts with nuclear hormone
receptor heterodimers: Retinoic Acid Receptor (RAR) - Retinoid-X Receptor
(RXR) (Maden, 2002). Upon ligand activation, the complex binds Retinoic
Acid Response Elements (RAREs) within control regions of responsive genes

and activates transcription. Alternatively, through the action of cytochrome
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p450 oxidase enzymes (Cyp26al, Cyp26b1, Cyp26cl), RA is metabolized to
more polar intermediates before being excreted.

During zebrafish somitogenesis stages and beyond, several synthesis
and degradation enzymes are expressed which facilitates complex tissue-
specific RA metabolism. For example, RA synthesis enzymes are present
within the myotome (aldhlaZ2), ventral eye (aldhlaZ2), dorsal eye (aldhla3),
and cells surrounding the lens (cyp1b1) (Chambers et al., 2007; Thisse et al.,
2004). RA degrading enzymes are expressed in various distinct and
overlapping regions within the hindbrain (cyp26b1 in r2-r3 boundary and
within r4-r6, cyp26cl in r2-r6), forebrain (cyp26b1 in the diencephalon,
cerebellum, and MHB and cyp26c1 in the diencephalon, telencephalon, otic
vesticle) as well as the pharyngeal arches (cyp26al and cyp26c1) and tailbud
(cyp26al) (White and Schilling, 2008).

Due to the large degree of redundancy between RA -metabolism
genes during somitogenesis stages, RA metabolism during early stages of
zebrafish embryogenesis is significantly simpler than later (Figure 1.3 B).
During gastrulation, RA levels are regulated by two main enzymes: the
anteriorly expressed RA-degrading enzyme Cyp26al and the posterior RA-
synthesizing enzyme Aldhla2. The activities of these enzymes produce a
“source-and-sink” for RA during embryogenesis whereby higher levels of RA
act in the presumptive posterior and lower levels in the anterior.

A popular theory regarding the action of RA in neural development is
that it functions as a gradient where the level of RA at specific anterior-
posterior locations determines cell identity. Support for this hypothesis is
controversial as detection of a morphogen gradient in vivo is extremely
difficult. Using microbeads to achieve localized increase in RA within
transgenic zebrafish, White et al. (2007) demonstrated that RA is diffusible in
vivo and can elicit long range positional cues. Treatment of chick embryos
with sequentially increasing concentrations of pan-RAR-antagonist causes a
sequential loss in rhombomeres (from posterior to anterior of the embryo)

(Dupe and Lumsden, 2001). While this strongly supports a requirement for a
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graded RA levels, instead of a global role it appears that the presumptive
hindbrain (between aldhlaZ and cypZ6al expression domains) is most
susceptible to an RA gradient (Maden, 2002).

An alternative model of RA signaling states that RA levels within the
hindbrain are regulated locally through the combinatorial action of
Cyp26al/bl/cl degradation enzymes (Hernandez et al, 2007). This
hypothesis is supported by the fact that VAD embryos are rescued with
uniform exogenous RA treatment, and that cyp26 genes have dynamic
hindbrain expression during development. Additionally, in RARE-LacZ
reporter mice there is no gradient detected within the hindbrain. Instead,
distinct shifting boundaries of reporter expression are present, which
supports regional RA regulation (Rossant et al., 1991; Sirbu et al, 2005).
Likely, regulation of RA levels and signaling during embryogenesis exists as a

combination of these models.

1.2.2 RA metabolism enzymes are crucial regulators of RA levels

After initial studies on the teratogenic effect of RA, studies in mouse,
chick, and more recently zebrafish have focused on how RA levels are
modulated during embryonic development. Aldhla2/Raldh2 is the main RA
synthesis enzyme, expressed within paraxial mesoderm during gastrulation
and later within the somites. Therefore RA must diffuse to its main sites of
action - the hindbrain and spinal cord (Begemann et al., 2001; Molotkova et
al, 2005). The murine RaldhZ2 mutant is embryonic lethal with defects in
heart and limb formation as well as disruption of hindbrain segmentation.
Within these mutants, hindbrain tissue is anteriorized such that posterior
regions take on rhombomere 4 characteristics (Niederreither et al., 1999;
Niederreither et al.,, 2000). These phenotypes are consistent with anterior
expansion seen in VAD embryos. Conversely, the embryonic lethal Cyp26al
mutant has posterior expansion of hindbrain, mimicking excess RA (Sakai et
al., 2001). Interestingly, these enzymes act to maintain a dynamic balance of

RA levels, such that heterozygous disruption of RaldhZ2 in a CypZ26al mutant
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mouse allows phenotypic rescue (Niederreither et al., 2002). Similarly, in
Xenopus, cyp26al over-expression causes an anterior expansion, concurrent
with increased RA degradation (Hollemann et al., 1998).

The zebrafish aldhla2 mutant (neckless) has a surprisingly mild
hindbrain phenotype, with minor alterations to the segmental pattern of
rhombomeres and primary neurons originating at the hindbrain borders
(Begemann et al., 2004). However, these embryos have severe defects in
branchiomotor neuron development, with almost complete loss of vagal
neurons within the posterior hindbrain and spinal cord (Begemann et al,,
2004; Linville et al., 2004). The zebrafish cypZ26al mutant (giraffe) has
relatively normal hindbrain patterning but exhibits a rostral expansion of the
spinal cord whereby posterior tissues (including the vagal neurons) develop
at the expense of hindbrain (Emoto et al,, 2005). Giraffe embryos also have
defects in lateral plate mesoderm causing incorrect formation of the cardinal
vein and pectoral fin. Although considerable research has focused on the
enzymatic regulation of RA itself, the factors responsible for initiation and

maintenance of RA metabolism genes remain largely unknown.

1.2.3 Transcriptional mediators: RARs/RXRs

To mediate gene transcription, RA interacts with Retinoic-acid
receptor (RAR) - Retinoid-X receptor (RXR) nuclear receptor heterodimers
within the cell nucleus. While humans and mice have three RARs (a, , and y
and three RXRs (a, $, and y), zebrafish have ten receptors in total (four RARs:
RARaa/b, RARya/b; six RXRs: RXRaa/b, RXRpBa/b, RXRya/b). In response to
ligand binding, RAR/RXR heterodimers act to recruit intermediary proteins,
such as coactivators and chromatin remodelers, to activate RA-responsive
gene transcription (Bastien and Rochette-Egly, 2004). In the absence of
ligand, RAR:RXR dimers are capable of repressing gene transcription through
the recruitment of co-repressors (Minucci and Pelicci, 1999). The vast array

of nuclear receptors has made study difficult as they act combinatorally and
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in a semi-redundant manner such that single gene knockout/knockdown has
little or no phenotype (White and Schilling, 2008).

Single murine mutants, for example RARa or RXRf, develop normally,
while RARa/RXRf double mutants have eye, skull, heart, and urogenital
abnormalities but lack defects in craniofacial and limb development (Lohnes
et al, 1994; Mendelsohn et al,, 1994). While creation of double mutants is
often necessary to obtain defects, these often recapitulate only some aspects
of VAD. This suggests that specific RAR:RXR pairs may function within
different tissues. However, universal blockage of retinoid receptors using a
pan-RAR-antagonist mimics VAD, such that the hindbrain of chick embryos is
anteriorized with the posterior hindbrain adopting r4 identity (Dupe and
Lumsden, 2001). Additionally, a dominant negative retinoic acid receptor
causes anteriorization of posterior rhombomeres in Xenopus (Blumberg et

al,, 1997; Kolm et al., 1997).

1.2.4 RAregulates hox genes in hindbrain segmentation

The relationship between RA and hox genes was first discovered in
cell culture experiments, where posteriorly expressed Hox genes are
activated at higher RA concentrations than anterior Hox genes (Papalopulu et
al, 1991; Simeone et al., 1990; Simeone et al., 1991). Since then, hindbrain
segmentation defects associated with VAD embryos have been attributed to
RA alterations to hox gene expression. Experiments using a pan-RAR-
antagonist within chick embryos show that increasing the amounts of RA
allow sequential specification of posterior rhombomeres (Dupe and
Lumsden, 2001), with similar results found in mouse (Wendling et al., 2001).
RA treatment in developing mice causes ectopic HoxaZ expression, such that
anterior hindbrain segments are altered to an r4 fate (Conlon and Rossant,
1992). In fact, RA is required for initiation of Hoxal and Hoxb1 transcription
within rhombomere 4 (Gavalas et al., 1998; Studer et al.,, 1998). Alterations

to RA signaling levels by altering RA itself, knockdown of synthesis and
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degradation enzymes, manipulation of receptor levels, and pharmacological
treatments all display a range of hindbrain defects reminiscent of alterations
to hox (Alexander et al, 2009). This is a direct regulation through RARE
elements located within many Hox enhancer regions, including murine
Hoxal, Hoxb1, Hoxa4, Hoxb4, and Hoxd4 (Alexander et al., 2009; Studer et al,,
1998; Zhang et al., 2000).

1.2.5 RA functions during neurogenesis

RA is thought to act upstream of nearly all neural developmental
stages (patterning, neurogenic and differentiation genes) (Franco et al,
1999). Within Xenopus and teleost fish, RA regulates primary neuron
development such that increasing RA through exogenous treatment or
receptor over-expression increases neuron number (Sharpe and Goldstone,
2000). RA also promotes neural cell fates by upregulating prepattern and
neurogenic genes (such as, XNgnrl and Xdeltal) and downregulating
inhibitors of neurogenesis (Zic2, Xshh) (Franco et al., 1999; Papalopulu and
Kintner, 1996).

Additionally, RA also promotes neural differentiation. In chick,
Raldh2-derived RA from the somites is required for formation of somatic
motor neurons in rhombomeres 5-8 as well as lateral motor columns of the
spinal cord (Guidato et al., 2003; Swindell et al., 1999). The lateral motor
column neurons are located near the hindlimb and are responsible for
innervating the limb muscles. Interestingly, later in development, the
brachial and lumbar motor neurons themselves synthesize RA through
Raldh2 expression (Sockanathan and Jessell, 1998). Using viral-induced
over-expression of RaldhZ, ectopic motor neurons form implicating the
paracrine action of RA in maintenance of spinal neural populations (Ji et al.,
2006; Sockanathan and Jessell, 1998). Finally, transplantation of wild-type
cells into paraxial mesoderm of aldhla2 mutant zebrafish (neckless) rescues

the branchiomotor neuron defects (Linville et al.,, 2004). This suggests that
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the role of RA in hindbrain patterning and neural differentiation is at least

partially separable.

1.2.6 Mechanisms of feedback regulation

RA signaling is a complex pathway with multiple levels of feedback
regulation that allow an embryo to compensate for alterations in RA levels.
RA can facilitate its own response by upregulating RARs, specifically RARP
(Dobbs-McAuliffe et al., 2004; Niederreither et al.,, 1997). In addition, RA
negatively regulates its own synthesis by repressing aldhla2 and similarly,
RA facilitates its own degradation by upregulating cypZ26al (Hu et al.,, 2008).
Interestingly, some degradation metabolites can themselves activate RAR
(Pijnappel et al., 1993).

Recently, essential retinol-independent mechanisms of RA synthesis
and signaling have been identified (White and Schilling, 2008). For example,
the beta-carotene pathway (catalyzed by beta-carotene 15,15'-
monooxygenase 1; Bcox) provides an alternative source of RA via breakdown
of beta-carotene stored within the egg (Lampert et al., 2003). Zebrafish
morpholino-mediated knockdown of carotene oxygenase causes severe
defects within the eyes, pectoral fins, and in cranial facial development -
defects characteristic of reduced RA (Niederreither and Dolle, 2008). The
existence of multiple independent sources of RA, in addition to feedback
regulation of metabolism genes, further emphasizes the importance of

maintaining RA levels during development.

1.3 Zinc Finger of the Cerebellum transcription factor family

Zinc Finger of the Cerebellum (Zic) transcription factors were
originally identified in the murine cerebellum (Aruga et al., 1994; Yokota et
al., 1996). Since then, Zics have been studied in a variety of developmental
processes including neural development, myogenesis, cell proliferation, left-

right symmetry, and neural crest development (Aruga, 2004).
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1.3.1 Zic evolution and protein structure

Zic transcription factors are evolutionarily related to the Drosophila
pair-rule gene, Odd-paired (Opa) - a transcription factor which functions to
specify cell fates via interaction with other transcription factors (Benedyk et
al,, 1994). Evolutionarily, Zics appear to have emerged from a single ancestral
gene to form the three ZICs in humans (ZIC1-3), five in mice (Zic1-5), four in
Xenopus (Zic1-3, 5), and seven in zebrafish (zic1/2a/2b/3/4/5/6). Zic family
members are highly conserved across species (~90% amino acid similarity
between humans and zebrafish) with higher conservation within their DNA
binding domain. Phylogenetic comparison of amino acid sequences shows
that Zic2 and Zic3 are most closely related, followed by Zicl (Figure 1.4 A).
Interestingly, as a result of gene duplication, there is a teleost fish specific
zic6 (Keller and Chitnis, 2007). The overall Zic protein structure is
characteristic of zinc finger transcription factors containing five tandem
C2H2-zinc finger domains at the C-terminal end, which function in DNA
binding and protein-protein interaction (Figure 1.4 B) (Koyabu et al., 2001).
Other recognizable motifs include an N-terminal transcriptional regulatory
Z0C domain (highly conserved Zic-Opa domain) and several single amino
acid stretches (an N-terminal poly-alanine and C-terminal poly-glycine
region) (Mizugishi et al., 2001).

Chromosomally, zic genes are arranged together such that zicI and
zic4, and zic2 (zicZa in zebrafish) and zic5 are arrayed head to head (Aruga,
2004). The likely sharing of cis-regulatory elements between closely arrayed
genes suggests some degree of functional redundancy or compensation

between these genes.

1.3.2 Zic family expression patterns

Within vertebrates Zics are expressed in partially overlapping regions
indicative of a role in neural development, with distinct regional and
temporal regulation. Murine Zics are regionally expressed at gastrulation

within embryonic mesoderm and neuroectoderm, with Zic2 enriched in the
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headfold region (Merzdorf, 2007). Later in development, Zic expression
becomes more restricted within the brain, neural tube and trunk. Zic1/2/4
are broadly expressed in these regions and Zic5 is notably reduced in trunk
tissue and upregulated in the limb buds (Merzdorf, 2007). Interestingly, Zic3
expression is limited to regions of the brain with little expression in posterior
tissues (Nagai et al., 1997). During later organogenesis, these genes are
expressed in specialized portions of the brain, spinal cord, retina, and limb
buds.

Similarly, zebrafish zic1/4, zic2a/5, zic2b, and zic3 are initiated by the
end of gastrulation in presumptive dorsal tissue and are expressed in
remarkably similar domains through somitogenesis. These six genes become
localized within the dorsal neural tube, including regions of the forebrain,
midbrain, hindbrain and spinal cord - with distinct but overlapping regions.
Regions of variation include zic1/4 enrichment in regions of the forebrain,
while zicZa/5 are expressed within the ventral eye and MHB (Nyholm et al,,
2007; Thisse et al., 2004). These expression regions are highly conserved
within Xenopus, with zic5 initiation observed notably later (Aruga, 2004).
Expression of teleost specific zic6 varies significantly from other zics, within
two small populations of neuroectodermal cells. zic6 expression is
subsequently restricted to two populations of prospective neurogenic cells at

the lateral edge of the neural plate (Keller and Chitnis, 2007).

1.3.3 Zic transcription factors in neural development

In concordance with their neural expression, the role of Zics has
predominantly been studied in development of the nervous system. Human
and murine Zicl were first identified within the cerebellum; subsequently
studies identified a requirement for Zicl, ZicZ, and Zic3 in cerebellar
morphogenesis (Aruga, 2004; Aruga et al., 2002a; Aruga et al., 1998; Nagai et
al, 1997). Loss of Zicl/2/3 causes incorrect formation of cerebellum
lobulations due to reduced cerebellar cell proliferation. In fact, human ZIC1/4

mutations are associated with Dandy-Walker malformation, a defect
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characterized by reduced cerebellar size resulting from defective granule cell
proliferation (Blank et al., 2011).

All known mutations in murine Zics result in some degree of neural
tube defects with inadequate neural tube closure at the forebrain in Zic2 and
Zic5 mutants and the hindbrain in Zic3 mutants (Aruga et al, 2002a;
Klootwijk et al., 2000; Nagai et al., 1997). Mutation in human ZICZ causes the
most common congenital forebrain defect, Holoprosencephaly (HPE),
characterized by incomplete division of cerebral hemispheres and facial
deformities (Brown et al, 1998). Notably, the murine ZicZ mutant has
defective neural crest development and hindbrain patterning, in addition to
neural tube defects. In this case, ZicZ is required for maintenance of
rhombomere 3 and 5, but not the initial formation of this region (Elms et al,,
2003). Human and mouse Zic3 mutants exhibit left-right symmetry defects
associated with X-linked heterotaxy (Grinberg and Millen, 2005).

Zic transcription factors are expressed within the dorsal embryo
during specification of neural ectoderm in gastrulation. Over-expression of
Xenopus Zic1-3, and Zic5 induces both neural crest and anterior neural
markers (Brewster et al., 1998; Mizuseki et al., 1998; Nakata et al., 1997).
Interestingly, BMP inhibition is sufficient to induce neural induction and Zic3
expression is limited by BMPs (Nakata et al., 1997; Yamamoto et al., 2000).
These data implicate a possible regulatory mechanism whereby Zics aid in
neural induction.

Neurogenic regions are established in alternating longitudinal stripes
by proneural factors that activate or repress neurogenesis. Zic2 is one such
factor that has been studied in defining neurogenic regions during Xenopus
primary neurogenesis (Brewster et al., 1998). ZicZ, expressed in alternating
stripes with Gli transcription factors, represses neural differentiation by
restricting expression of Xneurog1 (Brewster et al., 1998; Franco et al., 1999).

In zebrafish, studies have focused predominantly on the role of Zics in
forebrain patterning, ventricular morphogenesis and cell proliferation.

Morpholino-mediated depletion of Zic2a causes specific defects within the
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prethalamic region of the diencephalon (Sanek and Grinblat, 2008). zicZa
and six3, expressed in neighboring regions of the forebrain, are both
activated by Shh (Sanek et al, 2009). Interestingly, in prethalamus
formation, zicZa acts in a non-cell-autonomous manner to limit six3
expression (Sanek et al., 2009). Human mutations in SHH, SIX3, and ZICZ all
result in HPE; suggesting that forebrain defects may result from disruption of
a regulatory mechanism between these genes (Dubourg et al,, 2004). The
chromosomally linked pair, zicI and zic4, act together in hindbrain
ventricular morphogenesis whereby zic1/4 knockdown prevents ventricle
opening and reduces cell proliferation within the dorsal hindbrain (Elsen et
al, 2008). Another chromosomally linked pair, zicZa and zic5, act
downstream of Wnt signaling and are required for cell proliferation within
the midbrain (Nyholm et al., 2007). Although zebrafish Zics are expressed
very early in development, their role in neural induction or their potential as

regulators of neural cell fates has yet to be investigated.

1.3.4 Zics, members of the Gli transcription factor superfamily

Zics are members of the Gli (human glioma) superfamily of
transcription factors. Glis are most commonly known for their role as
transcriptional mediators of Shh signaling, acting both as activators and
repressors of target genes (Koebernick and Pieler, 2002). Structurally, Glis,
like Zics, have 5 tandem zinc finger domains that are involved in DNA binding
(Koyabu et al,, 2001). In fact, Zics and Glis can bind each other via their zinc
finger domains in vitro and are able to modulate each other’s transcriptional
activity. Functionally, Glis can be translocated into the nucleus by co-
expressed Zics in cell culture (Koyabu et al,, 2001). Due to strong similarity
within their DNA binding domains, Zics are able to bind the same regulatory
sequence as Glis, a nonamer sequence 5-TGGGTGGTC-3’, in gel shift assays,
albeit at a lower affinity (Aruga, 2004; Aruga et al., 1994). When expressed
together Zics and Glis synergistically enhance or mutually repress

transcription, depending on the cell type (Koyabu et al., 2001). Interestingly,
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the activation and repression actions of Glis are controlled by proteolytic
processing and by subcellular localization - implicating a potential functional
interaction between Glis and co-expressed Zics to mediate Shh signaling in
vivo.

While there are many regions of co- or neighboring expression, there
is little evidence that Zics and Glis function together. Within zebrafish both
Zics (zicZa) and Shh signaling (mediated by Glis) are important for
prethalamus development, however they act in parallel pathways (Sanek et
al, 2009). In murine forebrain development, Gli3 and Zic2 could be an
important mechanism in defining regions of Shh signaling by modulating
each other’s activity, however direct evidence for this is lacking. As
mentioned previously, Zic2 and Glis oppose each other’s function during
Xenopus neurogenesis, but transcriptional opposition has yet to be shown
(Brewster et al., 1998). However, Shh over-expression reduces Zic transcript
levels within the dorsal neural tube of zebrafish and chick (Aruga et al,,
2002b; Rohr et al,, 1999). Moreover, Zic2 expression extends throughout the
neural tube in Shh mutant mice (Brown et al, 2003). This provides a
potential mechanism for Zic expression within the spinal cord - resulting
from positive regulation by dorsal (BMP) factors and negative regulation by

ventral (Shh) factors.

1.4 Zic2a2b and RA metabolism

The role and requirement of RA metabolism genes in regulating RA
levels during embryogenesis has been extensively studied in many model
organisms, however the factors acting to initiate and maintain expression of
these genes remain largely unknown. Zic transcription factors function in
several stages of neural developmental including formation of the neural
tube and defining neurogenic cell populations. However, the role of zebrafish
Zics in early neural induction has yet to be investigated. There is some
evidence suggesting a connection between Zic transcription factors and the

RA signaling pathway: first, previous work in our lab has identified a link
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between Holoprosencephaly and aberrant RA signaling (Gongal and
Waskiewicz, 2008). Second, Maurus and Harris (2009) identified a
regulatory interaction between Zicl and RA-degradation enzyme, cyp26al, at
zebrafish somitogenesis stages. Interestingly, during development of the
forebrain, zicZa functions in a cell-non-autonomous fashion; this suggests
that Zic2a acts through an extracellular or secreted signaling molecule. We
provide evidence that during zebrafish neural development, this secreted
molecule acts upstream of RA and present a novel regulatory interaction
between Zic2aZ2b transcription factors and the RA synthesizing gene,

aldhlaZ.

«
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1.5 Figures

Qe

Figure 1.1: Regionalization of the zebrafish neural tube during development.

Fate map studies have determined that the overall architecture of the nervous system
(26hpf; A) is present by the end of gastrulation (75% epiboly; B) such that the presumptive
forebrain (red), midbrain (orange), and hindbrain (blue) are in correct anterior-posterior

locations.
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Figure 1.2: Branchiomotor neurons arise in a segment-specific manner.

Specific classes of branchiomotor neurons are born within characteristic hindbrain
rhombomeres (r). (A) Diagram showing trigeminal motor neurons within r2/3 (red), facial
motor neurons in r5/6 (blue), and vagal motor neurons in the posterior HB extending down
the spinal cord (green). The isletl:gfp transgenic zebrafish allows visualization of these

neurons by fluorescent microscopy (B; 48hpf; dorsal view).
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Figure 1.3: Retinoic acid signaling in early zebrafish development.

Retinol (Vitamin A; beige circle) enters into a cell where enzymes of the retinol
dehydrogenase family (Rdh10a/b) act to convert it into retinal. Retinal is acted on by
aldehyde dehydrogenase enzymes (Aldhla2) and converted into the active metabolite,
retinoic acid (RA; blue diamond). RA is bound by a cytoplasmic protein partner (green
square) and can act within its cell of synthesis or diffuse to neighboring cells. In the nucleus,
RA interacts with Retinoic Acid Receptor (RAR): Retinoid-X Receptor (RXR) heterodimer
nuclear proteins to activate gene transcription via Retinoic Acid Response Elements (RAREs)
within DNA (A). At 75% epiboly RA metabolism enzymes are expressed in regionally
restricted domains - cyp26al (green) is expressed anteriorly and aldhlaZ2 (blue) within the

lateral mesoderm (B).
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Figure 1.4: Zic transcription factor phylogenetic tree and protein motifs.

Phylogenetic tree compares amino acid sequences of Zics in zebrafish, mouse, human, frog,
and drosophila (A). All Zics have similar protein structure with five C2H2-zinc finger
domains (blue rectangles), an N-terminal ZOC domain (Zic-Opa conserved domain; pink
rectangle) and poly-alanine tract (green rectangle) and C-terminal poly-glycine tract (B; red

rectangle).
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Chapter 2. Materials and Methods
2.1 Zebrafish care and lines

All fish were grown in embryo media (EM) at 28.5°C, 25°C, or 33°C
and maintained according to recorded standards (Westerfield, 2000; Table
2.1). Embryos older than 24 hpf were grown in EM + 0.003% 1-phenyl 2-
thiourea (PTU; Sigma, Markham, Ontario, Canada) to prevent pigment
formation. Embryos were staged following standard morphological features
described by (Kimmel et al., 1995). Wild-type AB strain of zebrafish was
used unless otherwise stated, in addition the Retinoic Acid Response Element
(RARE) transgenic Tg(12XRARE-efla:gfp)sk71 (Feng et al., 2010; Waxman
and Yelon, 2011) and Tg(isl1:gfp) on Wik background (Higashijima et al.,
2000) were used.

2.2 mRNA in situ hybridization

mRNA in situ hybridization procedure was based on previously
published methods and is described here (Gongal and Waskiewicz, 2008;
Thisse et al., 2004). Probes were synthesized via probe plasmids or a PCR-
based approach with primers designed to amplify the targets 3’ untranslated
regions (Table 2.2, 2.3).

Embryos of desired stage were fixed in 4% paraformaldehyde (PFA)
and subsequently removed using five PBST washes (1X PBS/0.1% Tween-20;
5 minutes each). After manual chorion removal, embryos were permeabilized
in Proteinase K (10ug/ml) for varying times depending on embryonic stage:
30 seconds (10-12 hfp), 1 minute (12-14 hfp), 4 minutes (18-24 hpf), 20
minutes (48 hpf), 40 minutes (72 hpf). Embryos were then re-fixed in 4%
PFA for 20 minutes followed by five PBST washes (5 minutes each).

The pre-hybridization (pre-hyb), hybridization (hyb), and high
stringency wash steps were carried out in a 65°C waterbath. Embryos were
incubated for at least two hours in warmed pre-hyb solution (50% deionized

formamide, 5X SSC, 0.1% Tween 20, 50 pg/ml of heparin, 500 pg/ml of
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RNase-free tRNA, pH 6.0 by adding citric acid) followed by overnight
incubation in hyb (pre-hyb solution including probe RNA; 1/200 - 1/400
dilution). Embryos then undergo a series of five minute washes (66%
hyb/33% 2X SSC; 33% hyb/66% 2X SSC; 2X SSC) followed by three 20-
minute high stringency washes (0.2X SSC + 0.1% Tween-20; 0.1X SSC + 0.1%
Tween-20; 0.1X SSC + 0.1% Tween-20). At room temperature embryos were
transferred to PBST by sequential five minute washes in 66% 0.2X SSC/33%
PBST, 33% 0.2X SSC/ 33% PBST, and finally into PBST.

Detection of the RNA probe is dependent on antibody labeling of the
digoxigenin (DIG) label on the RNA probe. Embryos were first incubated in
Blocking Solution (2% Sheep Serum + 2 mg/ml Bovine Serum Albumin in
PBST) for one hour at room temperature, or 4°C overnight, before transfer
into primary antibody (Blocking Solution + 1/5000 dilution of sheep anti-
DIG-AP-FAB fragments antibody; Roche, Mississauga, Ontario, Canada) for
two hours at room temperature, or 4°C overnight. Embryos were then
washed in five PBST washes (15 minutes each).

The coloration reaction was performed with either nitro-blue
tetrazolium (NBT)/bromo-4-chloro-3-indolyl phosphate (BCIP) stock
(embryos older than 2-Somite stage) in Coloration Buffer or with BM purple
(embryos between 50% epiboly and 2S; Roche, Mississauga, Ontario,
Canada). For NBT/BCIP protocol, embryos were washed four times in
Coloration Buffer (5 minutes each) before incubation in 500 ul of Coloration
Solution (Coloration Buffer + 45ul NBT + 35 ul BCIP). Embryos were left at
room temperature in the dark for coloration reaction to occur. To stop
coloration, embryos were rinsed four times in Stop Solution (5 minutes
each), followed by two additional Stop Solution washes (15 minutes each).
Alternatively, to stop the coloration reaction embryos were washed twice in
100% methanol/0.1% Tween-20. For BM purple coloration, embryos were

transferred from PBST into sterile water (two-ten minute and one-fifteen
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minute washes) before incubation in 500 ul of BM purple in the dark.
Coloration was stopped by washing in 100% methanol/0.1% Tween-20.
Embryos were prepared for imaging by directly transferring to PBST
(from Stop Solution) or through a series of five-minute re-hydration washes
(75% MeOH/25% PBST; 50% MeOH/50% PBST; 25% MeOH/75% PBST).
Deyolked embryos were dehydrated in 50% glycerol, then 70% glycerol
before mounting. Images were taken with a Zeiss Axio Imager.Z1 using
Axovision SE64 Rel.4.8 software. Embryos in early development (6-14 hpf)
or with yolk attached were photographed using an Olympus SZX12

stereoscope using QImaging micropublisher camera.

2.3 Gene knockdown analysis - morpholinos

Morpholino oligonucleotides (MO) are a common tool in zebrafish
used to knockdown target RNA levels (Nasevicius and Ekker, 2000). Zic1MO
(Maurus and Harris, 2009), Zic2aMO (Nyholm et al., 2007), Zic2bMO, Zic3MO,
Aldh1a2MO (Alexa et al., 2009; Begemann et al., 2001), Cyp26a1MO (Kudoh
et al.,, 2002), and p53MO morpholinos were designed to produce a non- or
partially-functional protein product (Gene-Tools, Table 2.4).

Due to aberrant activation of the p53 apoptotic pathway, morpholinos
can cause non-specific effects including neural tube defects, necrosis, and
neural cell death. The addition of p53MO to the morpholino cocktail
counteracts this effect and was used in our experiments as noted in figure
legends (Table 2.5) (Robu et al, 2007). Of note, in early experiments
Zic2aMO, Zic2bMO, and Zic3MO were used to obtain combinatorial
knockdown. This high dose of morpholino was detrimental to embryo health
and, upon discovery that Zic3MO was dispensable for our observed

phenotypes, Zic3MO was removed from the cocktail.
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2.4 Retinoic acid manipulation

Methods of manipulating RA levels included pharmacological
treatment, MO-mediated gene knockdown, and exogenous RA treatment.
Because RA is a small diffusible molecule, addition of RA directly to embryo
media increased endogenous RA levels. Embryos at approximately 50%
epiboly were treated with RA in DMSO (1 nM, 5 nM, or 10 nM in embryo
media; Sigma, Markham, Ontario, Canada). This range of RA concentration is
similar to physiological levels, estimated to be 3 nM (Maden et al., 1998;
Ohishi et al, 1995). Conversely, to reduce embryonic RA levels the
pharmacological inhibitor of RA-synthesis called diethylaminobenzaldehyde
(DEAB; Sigma, Markham, Ontario, Canada) was used. DEAB blocks aldehyde
dehydrogenase enzymatic activity, thus preventing the conversion of retinal
to RA. Embryos were treated at approximately 50% epiboly DEAB in DMSO
(1 uM, 5 uM, or 10 uM in embryo media). Embryos were manually
dechorionated at 26 hpf and, maintaining treatment concentration, media
was changed once per day. If necessary, 60 mg/ml PTU was added to media
after 24 hpf to prevent pigment formation. All treatments were carried out at
28.5°C in 5 mL petri dishes, each containing approximately 40 embryos
grown.

Indirectly manipulating RA levels was accomplished through MO-
mediated gene knockdown of relevant RA metabolism genes, cypZ6al and
aldhla2. Deficiency of cyp26al theoretically increases RA levels due to loss
of RA-degradation (White et al., 2007). Similarly, aldh1aZ2-deficiency reduces
RA levels due to reduced RA synthesis (Begemann et al., 2001).

2.5 Total RNA extraction

Live embryos of the desired stage were manually dechorionated and
RNA was extracted using Ambion RNAqueous RNA extraction as described
here (Streetsville, Ontario, Canada). Approximately 50 embryos were

collected in a 1.7 ml tube and 10-12 times volume of Lysis Binding Solution
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was added. This mixture was vortexed thoroughly to homogenize. An equal
volume of 64% ethanol was added followed by another 30-second vortex.
The solution was transferred to a carbon collection tube (included with kit)
and centrifuged at 14,800 rpm for one minute. Flow-through was discarded
and 700 ul of Wash Solution #1 was added to collection tube before
centrifuging at 14,800 rpm for one minute. Flow through was discarded
before the final two wash steps: [500 ul of Wash Solution #2/3 was added to
the collection tube, one minute centrifugation at 14,800 rpm, and removal of
flow-through] completed twice. The filter was transferred to a new RNAse-
free collection tube and 40 wl of Elution Buffer (heated to 70°C) was
dispensed onto the filter. After sitting for one minute, the tube was
centrifuged for 30 seconds at 14,800 rpm to remove RNA from the filter. An
additional elution step was carried out with the application of another 30 ul
of Elution Buffer to the filter. After sitting for one minute, the final
centrifugation (30 seconds at 14,800 rpm) allows isolation of 70 ul total RNA.

RNA samples were stored at -80°C.

2.6 mRNA overexpression
2.6.1 cDNA synthesis and RT-PCR

Primers used to generate mRNA overexpression constructs for zicZa
and aldhla2 were designed based on previous protocols (Table 2.6). Primer
design was based on the following requirements: forward and reverse
primers flank the entire coding region of the gene of interest, melting
temperature of both primers equals approximately 66°C, primers must have
a G-C clamp (ending with one, or several G nucleotides), the G-C content of
primers ranges from 40%-60%, and a length of 23-27 nucleotides. Primers
were designed using the MacVector program with additional sequence
added: four nucleotides (CACA) at the 5’ end followed by a different
restriction enzyme cut site within the forward and reverse primer.

Restriction sites were selected based on the following: first, the sites must be
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appropriate for cloning into pCS2+ vector and they must not cut within the
gene of interest. For this purpose, BamHI (cut site G|GATCC) and EcoRI (cut
site G|AATTC) were used. The forward primer also contained a kozak
sequence (ACCAUGG), which allows initiation of translation. This sequence
was placed upstream of the 23-27 nucleotide sequence designed by the
MacVector program (Figure 2.1).

Complementary DNA (cDNA) was synthesized using SuperScript III
First Strand Synthesis kit (Invitrogen, Burlington, Ontario, Canada) using the
following procedure. In an RNAse-free PCR tube, a 10 ul solution was
prepared consisting of: 4 ul total RNA, 1 ul 50 uM oligo dT, 1 ul 10 uM dNTPs,
4 ul diethylpyrocarbonate (DEPC) -treated H,O water. The mixture was
incubated in a thermocycler at 65°C for five minutes and then left on ice for at
least one minute. The cDNA synthesis mixture (2 ul 10X reaction buffer, 4 ul
25 mM MgClz, 2 ul 0.1 M DTT, 1 wl 40 units/ul RNAse-OUT, 1 ul 200 units/ul
SuperScript III reverse transcriptase) was the added to the RNA and
incubated at 50°C for 50 minutes. The reaction was terminated by incubation
for five minutes at 85°C and 5 minutes on ice. Final removal of RNA from the
cDNA was accomplished by addition of 1 ul RNAse-H and incubation at 37°C
for 20 minutes. The cDNA product was stored at -20°C or used immediately

for Phusion PCR.

2.6.2 Phusion high fidelity PCR and TOPO cloning

The coding sequence of the gene of interest (zicZa/aldhlaZ2) was
amplified using High Fidelity Phusion PCR (Fisher Scientific, Ottawa, Ontario,
Canada). Reactions were set up in PCR tubes on ice containing: 24.5 ul MilliQ
water, 10 ul 5XHF buffer, 4 ul 2.5 nM dNTPs, 5 ul 5 uM forward primer, 5 ul 5
uM reverse primer, 0.5 ul Phusion DNA Polymerase, using the following the
thermocycler program:

Initial Denaturation 98¢C for 30 seconds

35X Denaturation 980C for 10 seconds
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Annealing 63°C for 30 seconds
Elongation 72°C for 75 seconds

Final Extension 72°C for 5 minutes
Thermocycler program parameters were optimized for each primer set by
setting the annealing temperature +3°C above the lowest melting point
primer. Elongation was 15 seconds per kilobase length of DNA. PCR
products were confirmed by visualization in a 1% agarose gel and desired
product was isolated by gel extraction (Qiagen, Toronto, Ontario, Canada).

Blunt-ended cloning was required to transfer PCR products, zic2a and
aldhla2 coding sequences, into the pCR4-TOPO vector (zicZa) or directly into
pCS2+ (aldhla2) (Invitrogen, Burlington, Ontario, Canada). First, dATP was
added to the blunt-ended PCR product using the following conditions: 16.5 ul
Phusion PCR product, 2 ul 10X ExTaq Buffer, 0.5 ul 10 mM dATP (or 1 ul 10
mM dNTPs), 1 ul sterile water. This reaction was incubated for 10 minutes at
72°C in the thermocycler and was used immediately for ligation and
transformation. For ligation into pCR4-TOPO, 1 ul PCR product + 0.25 ul
pCR4-TOPO vector + 1.25 ul sterile water were mixed and incubated at room
temperature for 5 minutes (for aldhlaZ2 ligation directly into pCS2+ out, see
below). The ligation product was transformed into TOP-10 cells by
incubating 10 ul TOP-10 cells with 2.5 ul ligation product on ice for 20
minutes. Cells were heat shocked at 42°C for 30-45 seconds, followed by
incubation on ice for 2 minutes. Five times cell volume of SOC (LB media +
glucose) or LB media was added and incubated at 37°C for 30-45 minutes.
Cells were suspended in 100 ul of LB/SOC medium and plated on LB
containing 50 ug/ml carbenicillin for growth overnight at 37°C. To isolate
pCR4-TOPO containing insert (TOPO-zic2a), plasmid DNA was isolated using
standard mini-prep procedure (Qiagen, Toronton, Ontario, Canada). To clone
the insert into pCS2+, pCR4-TOPO vector (or aldhla? PCR product)
underwent restriction enzyme digestion (BamHI/EcoRI; Promega, Madison,

Wisconsin, USA). pCS2+ was linearized (BamHI/EcoRI) and ligation reaction

45



was performed (2 wl insert, 1 ul linear pCS2+, 3 ul 10X ligation buffer, 2 ul T4
DNA ligase (Promega, Madison, Wisconsin, USA), to 30 ul with MilliQ water)
overnight at 4°C followed by bacterial transformation and plasmid

preparation.

2.6.3 mMessage mMachine mRNA synthesis

pCS2+ plasmid containing the coding sequence of interest (zicZa,
aldhla2) was linearized using Notl restriction enzyme digestion (10 ug
plasmid, 1.5 ul Buffer D (Promega, Madison, Wisconsin, USA), 2.5 ul Notl
(Promega, Madison, Wisconsin, USA), and DEPC-treated H20 to 40ul) at 37°C
for 2.5 hours. A portion (1 ul) of the digested product was ran on 1% agarose
gel to confirm complete linearization. Residual RNAse and enzyme was
removed with SDS/Proteinase K treatment. To each 40 ul reaction, 5ul 1
ug/ul ProtK, 1.25 ul 20% SDS, and 4.75 ul DEPC-treated H,0 water was
added and incubated at 50°C for 30 minutes. Phenol-Chloroform extraction
was performed by first adding 150 ul DEPC-treated H20 to 50 ul linearized
DNA to generate a 200 ul volume. An equal volume of Phenol:Chloroform
(Fisher BioReagents) was added, vortexed for 20 seconds, and centrifuged at
14,800 rpm for 5 minutes. The upper layer was transferred to new 1.7 ml
tube and an equal volume of Chloroform (Fisher BioReagents) was added,
followed by vortexing and centrifugation as in previous step. The upper
aqueous layer was transferred to a new tube and the purified DNA was
ethanol precipitated. One-tenth volume of 3M NaOAc was added along with 3
times volume of 100% RNAse-free ethanol. The solution was mixed and left
on ice for at least 15 minutes, followed by centrifugation at 14,800 rpm for
15 minutes at 4°C. The ethanol was removed leaving DNA pellet undisturbed.
The DNA pellet was the washed with 100 ul of 70% RNAse-free ethanol
followed by centrifugation at 14,800 rpm for 15 minutes at 4°C. The ethanol
was removed and the pellet was air dried before re-suspension in 6-8 ul of

DEPC-treated H>O.
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The linearized, purified product was used for RNA transcription using
mMessage mMachine (Ambion, Streetsville, Ontario, Canada). Reaction was
prepared at room temperature and components added in the following
order: 10 ul 2X NTP/CAP, 2 ul 10X Reaction Buffer, 1 ug linear template, 2 ul
enzyme mix, filled to 20 ul with nuclease-free water. After incubation for 2
hours at 37°C, 1 ul TURBO DNAse (Ambion, Streetsville, Ontario, Canada) was
added and incubated at 37°C for 15 minutes. RNA product was isolated using
Amicon Microcom Columns with addition of 480 ul DEPC. The total 500 ul
solution was transferred into an Amicon Column and centrifuged at 3000
rpm for 15 minutes. Flow-through was discarded and another 400 ul DEPC-
treated H20 was added to column before being centrifuged at 3,000 rpm for
16 minutes. The Amicon Column was inverted into a new 1.7 ml tube and
centrifuged at 3000 rpm for 3 minutes (leaving the concentrate in the 1.7 ml
tube). The concentrate was transferred into a new Amicon Column, and filled
to 500 ul with DEPC-treated H20. After centrifugation at 3,000 rpm for 25
minutes the Amicon column was inverted into a new 1.7 ml tube and
centrifuged at 3,000 rpm for 3 minutes to obtain mRNA. mRNA was stored at
-800C.

2.7 Transgenic zebrafish and confocal microscopy

Visualization of hindbrain branchiomotor neurons was accomplished
using the Tg(isl1:gfp) transgenic zebrafish line (Higashijima et al., 2000).
Additionally, Tg(12XRARE-efla:gfp)sk71 transgenics allow visualization of
RA-signaling levels by assaying fluorescence (or in situ hybridization for gfp)
(Feng et al., 2010; Waxman and Yelon, 2011). For fluorescent analysis,
embryos were grown as described previously (to 48 hpf) and fixed with 4%
PFA for 4 hours at room temperature. Yolks were removed manually and
embryos were dehydrated in 50% and 70% glycerol before mounting.
Imaging was done using Zeiss Axio Imager.Z1 and Zeiss Zen software. Image

preparation and analysis (quantification of vagal neuron fluorescent area and
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length of vagal domain) was completed with Image] software. To calculate
vagal area, Z-stacked images were converted to 8-bit color and scale was set
to correspond with that of the image (pixel length 1024 or 2048, length of
field of view 319.93 um). The image threshold was set (70-255 units) - this
threshold captured the greatest number of neurons while keeping noise low.
Finally using the Measure tool and the “magic wand” for area or “line tool” for
length, individual regions of fluorescence were selected and calculated. All
numerical information was transferred to Microsoft Excel - where totals and
averages were calculated. Significant differences among treatments in Figure
3.10 were determined through analyses of variance (ANOVA) and using post-
hoc Tukey’s Honestly Significant Difference test using R (http://r-
project.org). In Figure 3.12 statistical differences were calculated using

unpaired t-test.

2.8 Zn-5 antibody

The Zn-5 antibody (ZIRC; Table 2.7) was used to label hindbrain
commissural neurons and neurons of the cerebellum. Two-day old embryos
were fixed in 4% PFA for four hours followed by four PBST washes (5
minutes each). Permeabilization was achieved with a ten minute incubation
in 10 ug/ml Proteinase K in PBST before re-fixing embryos for 20 minutes in
4% PFA. Embryos were removed from fix with four PBST washes (5 minutes
each) before incubation in Block Solution (2% Goat Serum + 2 mg/ml Bovine
Serum Albumin + 0.1% Triton in PBST) for one hour at room temperature.
The primary Zn-5 antibody (1:250 dilution; Table 2.7) was added to the same
Blocking Solution and incubated overnight at 4°C. After removal of primary
antibody, embryos undergo five PBSDTT washes (1XPBS + 1% DMSO + 1%
Tween-20 + 1% Triton-X; 30 minutes each) washes at room temperature.
Subsequent reblocking involves a one hour incubation in PBSDTT + 1% Goat
Serum at room temperature. Secondary antibody was added directly to

reblocking solution (1:750 dilution of goat anti-mouse AlexaFluor-568;
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Invitrogen) and incubated overnight at 4°C, or for five hours at room
temperature. Embryos were washed out of antibody using six PBSDTT
washes (15 minutes each). All washes and incubations were carried out on a
nutator in the dark. Embryos were deyolked and mounted as described in

the in situ hybridization procedure and prepared for confocal imaging.

2.9 Anti-activated caspase-3 antibody

The Anti-Activated Caspase-3 antibody (Table 2.7; BD Biosciences,
Mississauga, Ontario, Canada) immunofluorescence was used to detect cells
that are undergoing apoptosis. Two-day old embryos were fixed in 4% PFA,
then rinsed three times in 1XPBS (20 minutes each). This was followed by a
series of washes: five minutes in water + 1% Tween-20, seven minutes in
Acetone (chilled to -20°C), five minutes in water + 1% Tween-20, and five
minutes in 1X PBS (Table 2.1). Embryos were blocked in PBSDTT + 10%
Goat Serum for 60 minutes at room temperature. Primary antibody (1:400
dilution a-rabbit activated caspase-3 in PBSDTT + 2% Goat Serum) was
added for a two-hour incubation at room temperature, or 4°C overnight.
Primary antibody was removed and retained for additional use, while
embryos were rinsed twice in PBSDTT, followed by 2 X 20 minute PBSDTT
washes at room temperature. Secondary antibody (1:1000 goat anti-rabbit
AlexaFluor 568 in PBSDTT + 2% Goat Serum; Invitrogen, Burlington, Ontario,
Canada) was added for a two-hour incubation at room temperature (in the
dark), or 4°C overnight. Embryos were removed from antibody with two
PBSDTT rinses, followed by four PBSDTT washes (15 minutes each). All
washes and incubations were carried out on a nutator in the dark. Embryos
were deyolked and put directly into 70% glycerol for mounting and confocal

imaging.
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2.10 Quantitative real-time PCR

Quantitative Real-Time PCR was used to quantify in vivo mRNA levels
to ascertain gene knockdown in morphants. DNA probes were designed using
Roche Universal Probe Library for Zebrafish. Gene sequences were inputted
into the program (zic2a ENSDART00000010774, zic2b
ENSDART00000054066, zic3 ENSDART00000105761, cyp26al
ENSDART00000041728), which chooses intron-spanning oligonucleotides
that produce a product approximately 100 nucleotides in length (Table 2.8).

After RNA isolation (Ambion RNAqueous, Streetsville, Ontario,
Canada), DNA was digested with DNAsel (19 ul DEPC-treated H:0, 10 ul 10X
DNAsel buffer, 1 ul DNAsel (Ambion)) for 30 minutes at 37°C. RNA was
further purified with addition of 350 ul RLT lysis buffer to each sample,
followed by vortexing and the addition of 250 ul 100% RNAse-free ethanol.
The entire solution was transferred to a Qiagen RNeasy column and
centrifuged at 10,000 rpm for 15 seconds. In a new collection tube, 500 ul
RPE wash buffer was added before centrifugation at 10,000 rpm for 15
seconds. Another 500 ul of RPE wash buffer was added followed by
centrifugation at 10,000 rpm for 2 minutes. To remove excess wash solution,
the column was centrifuged for an additional minute at 14,800 rpm. RNA is
eluted with addition of 15 ul DEPC-treated H;0 to the column and
centrifugation at 10,000 rpm for 1 minute. RNA was stored at -80°C.

The cDNA was synthesized from RNA using AffinityScript qPCR cDNA
Synthesis kit (Ambion, Streetsville, Ontario, Canada) using the following
protocol. In an RNAse-free PCR tube, added in order: 3 ul RNAse-free water,
10 ul 2X Master Mix, 3 ul random hexamers, 1 ul RT/RNAse block enzyme
mix, 3 ul RNA (~3 ug). PCR reaction was as follows:

Primer Annealing 250C for 5 minutes
cDNA synthesis 420°C for 30 minutes
Reaction Termination 95¢C for 5 minutes
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An additional PCR reaction was carried out to confirm successful
cDNA synthesis by mixing in a PCR tube: 2 ul 1/20 dilution cDNA, 5 ul 10X
ExTaq buffer, 1 ul 50 nM dNTPs, 1 ul 5 uM EFla forward primer, 1 ul 5 uM

EFla reverse primer, 1 ul ExTaq, 3 ul sterile water. PCR reaction was as

follows:
Initial Denaturation 94 oC for 2 minutes
40X Denaturation 94 °C for 15 seconds
Annealing 55¢°C for 15 seconds
Elongation 72°C for 30 seconds
Final Elongation 72°C for 2 minutes

A 2% agarose gel was used to analyze band size and consistency of products.
Quantitative RT-PCR and primer validation was carried out as
previously described (Livak and Schmittgen, 2001; Pillay et al., 2010). For
primer validation, control (AB) cDNA was used to create a 2-fold dilution
series: 1/8,1/16,1/32,1/64,1/128, 1/256. Ambion Brilliant II gPCR kit was
used to make 96-well reactions containing: 2.937 ul MilliQ H20, 5 ul 2X SYBR
Master Mix, 0.3 ul 5 uM forward primer (EF1aF), 0.3 ul 5 uM reverse primer
(EF1aR), 0.003 ul Rox, 2 ul cDNA. All reactions were set up using master mix
solutions to ensure accuracy between wells, with each reaction carried out in
triplicate. Thermocycler program was as follows:
Activation 95 oC for 10 minutes
40X Denaturation 95 oC for 30 seconds
Annealing/Fluorescent Reading 55 °C for 1 minute
Extension 72 °C for 30 seconds
The resulting Standard Curve and Melting Curve data allows validation of
primer pair by plotting the linear regression curve. Validated primer pairs
include: aldh1a2 (previously completed), zic2a-2 (linear regression slope of -
3.5, coefficient of determination (R2?) of 0.99), zic2b-2 (linear regression slop

of -3.4, R20f 0.99), cyp26a1l-2 (linear regression slope of -4.1, RZ of 0.97).
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Relative gene expression level was determined using the comparative
Ct method (2-22¢t method) and unpaired t-test calculations for significance.
Reactions were generated as described above, using cDNA isolated from
control p53MO -injected and experimental Zic2a2bMO + p53MO -injected
embryos (1/16 dilution of ¢cDNA in DEPC -treated H;0; 7-8 technical

replicates). EF1a was used as the endogenous control.
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2.11 Figures and Tables

Forward Primer
sHEAGAN Resie  Accaucc NN
| ' L JL J

4 nucleotides Kozak Sequence 23-27 nucleotide primer

Reverse Primer
SHEEEE resie I
| ' L J

4 nucleotides 23-27 nucleotide primer

Figure 2.1: mRNA over-expression primer design.
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PBS (1X phosphate buffered

20X Embryo Media Embryo Media saline)
175¢g NaCl 50 ml 20X EM 80g NaCl
0.75g KCl 2ml 500X NaHCO3 2g KClI
Na;HPO4 (dibasic
29g CaCl-2H,0 to 1 litre MilliQ 144¢g anhydrous)
penicillin- KH;PO4 (monobasic
041¢g KH2PO4 10ml/L streptomycin 24¢ anhydrous)
NazHPO4
0.142 g anhydrous 60mg/L PTU to 1 litre MilliQ
49¢g MgS04-7H20 pH 7.4
tol
litre MilliQ

Table 2.1: Solution recipes.
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Target

RNA
Pol

Primer Sequence

Product

zicl

T7

5'-TTT GCT TTT GGG AAG AGT GCG G - 3'

5'- CAG ACT GGA CTG GAG ACG AAATGT
TGT AAT ACG ACT CAC TAT AGG G - 3'

1142

zic2a

T3

5'- CCAACA ACCACAGCAGTT TATCGTC-3'

5'-GCC AGA GTC AAG TTC AAG TTC ACG
GCATTA ACCCTCACT AAAGGG AA-3'

1292

zic2b

T7

5'- TAT CAC CAG GTG CCC AAT ACGC- 3’

5'- CAA ACA TCG TAA CTT GAC CCG ACG
TAA TAC GAC TCA CTA TAG GG - 3'

1053

zic3

T7

5'- CAA GCA GACTCT CAAATG GTGGACC-3'

5'-TAATAC GAC TCA CTA TAG GGA ACA
CTG TCA CACGGT TTC AAAGTTG -3’

1159

neurogl

T3

5'-TCG CTC ACAACT ACATCT GGG C - 3'

5'- CAT TAA CCC TCA CTA AAG GGA ATT
TTT CAC GCT CGT TTT TCA GC -3'

638

isl1

T7

5'- ATG TCC TCG CAA CTG CCAGAT AC-3'

5'- TAA TAC GAC TCA CTA TAG GGG CTG
CCATACCCTTAT TTG TGA GC - 3'

832

meis3

T7

5'- ATT GCC TTT CTT GCC TTG CCTC - 3'

5'- TAA TAC GAC TCA CTA TAG GGA TGA CGG
#AC GCA CCAGTC- 3’

735

vhnf-1

T7

5'- AAA GAT GGA GCG GGA AGACCTG-3'

5'-TAATAC GAC TCA CTA TAG GGA GGG TTA
GGA GTA AGG GAA AGG GC - 3'

947

Table 2.2: mRNA in situ hybridization probe primer sequences.
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Gene

hoxa2

myod

cyp26al

dIx2a

Table 2.3: mRNA in situ hybridization probe constructs.

Vector

pBluescript
KS+

Antibiotic

Carb

Linearize

Asp718

Xbal

Sall

Xbal

RNA Pol




Previously

Target Sequence Type Published
splice- Nyholm et al.
Zic2a CTC ACC TGA GAA GGA AAA CAT CAT A blocking 2007
splice-
Zic2b CAC GAATTG AAATAATTACCAGTGT blocking n/a
splice-
Zic3 GGA ATT TAATTT CCT TAC CTG TGT G blocking n/a
translation- Kudoh et al
Cyp26al | CGC GCA ACT GAT CGC CAAAACGAAA blocking 2002
translation- Begemann et
Aldhla2 | GCA GTT CAACTT CACTGGAGGTCAT blocking al,, 2001
translation- Robu et al,,
p53 GAC CTC CTC TCC ACT AAA CTA CGAT blocking 2007

Table 2.4: Morpholino oligonucleotide sequences.
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Morpholino(s) Concentration Control
Zic1MO 2ng/nl un-injected
Zic2aMO 2ng/nl un-injected
Zic2bMO 2ng/nl un-injected
Zic3MO 3ng/nl un-injected
Zic2a2b3MO 2ng/nl:2ng/nl:3ng/nl un-injected
Zic2a2b3MO (+p53MO0O) 2ng/nl:2ng/nl:3ng/nl:1ng/nl Ing/nl p53MO
Zic2a2b (+p53MO0) 2ng/nl:2ng/nl:1ng/nl 1ng/nl p53MO
Cyp26alMO 2ng/nl Ing/nl p53MO
Aldh1a2MO 2ng/nl 1ng/nl p53MO

Table 2.5: Morpholino concentrations.
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Target | Vector | Direction | Enzyme Primer Sequence
5'- CAC AGG ATC CAC CAT GTT ACT GGA
F BamHI CGCAGGGCATCAG-3'
5'-CACAGAATT CCT GTT TTC TTT ATC
Zic2a pCS2+ R EcoRI GGG TCCTCCTG-3'
5’ - CAC AGG ATC CAC CAT GGG ATG ACC
F BamHI TCC AGT GAA GTT GAACTG -3’
5’ - CAC AGA ATT CCC CAC CAA AGG ATA
Aldhla2 | pCS2+ R EcoRI ACG GCT AAC-3’

Table 2.6: mRNA over-expression primer sequences.
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Host Immunogen
Primary Antibody Organism Organism Dilution | Company
zn5/zn8 Anti-Alcam MC Mouse Zebrafish 1/250 ZIRC
rmo4+4 Anti-160 kD NF-M
MC Mouse Rat 1/250 Sigma
6-11B-1 Anti-Acetylated
Tubulin MC Mouse Chlamydomonas 1/500 Sigma
PE Rabbit Anti-Active BD
Caspase-3 Rabbit Goat 1/400 Pharmigen

Table 2.7: Description of antibodies.
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Primer Sequence
Zic2a RTP-L1 5'- CCA GCT CTC TTC GAA AGC AT - 3'
Zic2a RTP-R1 5'- GAG GAC TCA TAA CCAGAACTTGC- 3
Zic2a RTP-L2 5'- AGA TAC ACA AAA GAA CACACA CAGG-3'
Zic2a RTP-R2 5'- ATG GTT TGT CTG ACG TGT GG - 3’

Zic2b RTP-L1

5'- GGA GAA TTT GAA AAT ACA CAA ACG - 3'

Zic2b RTP-R1

5'-TTC GAA TTC ACA CAG GAACG-3'

Zic2b RTP-L2

5'- TGC GAC AAG TCC TAC ACA CAC- 3'

Zic2b RTP-R2 5'- TAT TGG AGC CTG ATC CTC GT - 3'
Zic3 RTP-L1 5'- ATT CAC AAA AGA ACT CAC ACA GGT - 3'
Zic3 RTP-R1 5'- GTC GCA GCC ATC GAACTC-3'

Zic3 RTP-L2 5'- TGC AAA GTG TGT GAC AAG TCC - 3'
Zic3 RTP-R2 5'- TCT GAG CCT TGT GAT TCG TG - 3'

Cyp26al RTP - L2

5'- CCA ATG TCC ATG GAG TTC AA - 3'

Cyp26al RTP - R2

5'-TCA CCT CCT GCT GGATCAC-3'

Aldhla2 - F 5’ - AAC CAC TGA ACACGGACCTC-3

Aldhla2 -R 5 -ATGAGCTCCAGCACACGT3-3
EF10.-F 5" - CCT TCG TCC CAATTT CAGG -3’
EF10-R 5’ - CCT TGAACCAGCCCATGT -3

Table 2.8: Real-time PCR primers.
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Chapter 3: Results and Discussion

Retinoic acid (RA) signaling is essential in anterior-posterior
patterning of the neural tube and functions to define regional identity of
hindbrain segments (Glover et al., 2006). As severe teratogenic defects result
from aberrant RA levels, a considerable amount of research has focused on
the mechanisms of RA regulation. Enzymes involved in RA metabolism,
including Aldh1a2 (RA -synthesis) and Cyp26al (RA -degradation) are key in
controlling RA levels. Mutation of either gene causes severe truncation or
expansion of posterior tissue, respectively, and results in murine embryonic
lethality (Niederreither et al., 1999; Niederreither et al.,, 2000; Sakai et al,,
2001). While the requirement for RA metabolism enzymes is apparent, the
factors acting upstream to initiate and maintain metabolism gene expression
are largely unknown. This chapter will evaluate the hypothesis that Zic
transcription factors play a key role in initiation and maintenance of RA

metabolism gene expression during zebrafish embryogenesis.

3.1 Zic transcription factors are expressed in largely overlapping
regions during embryonic development

To ascertain which Zic transcription factors could regulate embryonic
initiation of RA metabolism, we first examined which of the seven zebrafish
zics are expressed in regions correlating with RA metabolism genes. During
gastrulation the main enzymes regulating RA levels are cytochrome p450
oxidase, Cyp26al, responsible for RA hydroxylation (targeting its
degradation), and aldehyde dehydrogenase 1a2, Aldh1a2, which synthesizes
RA from retinal. cyp26al transcription is initiated early in zebrafish
embryogenesis, expressed in presumptive neural ectoderm at 50% epiboly
(Thisse et al., 2004). During early somitogenesis (2 - 15 somites, S), cyp26al
mRNA is found in the forebrain, midbrain, and part of the tailbud. cyp26a1l
expression becomes restricted to parts of the retina, caudal notochord, and

tailbud by late somitogenesis stages (15S-24S) (Thisse et al., 2004). aldhlaZ2
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transcription is also initiated early in development, and is found in the
embryonic margin at 50% epiboly and later in lateral plate mesoderm (75%
epiboly) (Maves and Kimmel, 2005). Subsequently, aldhla2 expression is
restricted to the eyes and somites beginning at 18S.

Using in situ hybridization in conjunction with known expression data,
we determined that zicl, zic2a, zic2b, and zic3 are the best candidates for
initiation of RA metabolism genes because they are expressed at the earliest
stages of development (Elsen et al., 2008; Nyholm et al., 2007; Thisse et al,,
2004). Although zicl is not yet expressed at 50% epiboly, zic2a, zicZb, and
zic3 are all expressed broadly at this developmental stage (Figure 3.1 A, F, K,
P). By 75% epiboly and tailbud stage, zicI and zicZa are expressed in
discrete regions consistent with the anterior neural ectoderm and the
domain of cyp26al expression (Figure 3.1 B-D, G-I). zicZb and zic3 maintain
broad dorsal expression domains at 75% epiboly, in regions that overlap
with both the anterior cyp26al expression and the dorsal domain of aldhlaZ2
(Figure 3.1 L, Q).

As development continues, the overlapping regions of expression
between zics and aldhla2 or cyp26al become less obvious. Shown here, zic1,
zic2a, zic2b, and zic3 are expressed within the dorsal hindbrain and extend
down the spinal cord (Figure 3.1 E, ], O, T). However, the level and degree of
spinal cord expression differs, with zic1 and zicZ2b expressed strongly and
extending further posteriorly than zicZa and zic3 (Figure 3.1 E, ], M-O, R-T).
At 18S, aldhlaZ is expressed in the somites, located lateral to the neural tube
expression of zics (Maves and Kimmel, 2005). Therefore if Zics mediate
aldhla2 expression at this stage - they must act in a cell non-autonomous
fashion. Interestingly, similar to cyp26al expression, zicZb and zic3 are
expressed in a region consistent with caudal notochord (Figure 3.1 O, T)
(Thisse et al., 2004).

There is evidence suggesting a regulatory interaction between Zicl and
the RA degrading enzyme, cyp26al (Maurus and Harris, 2009). We have

found considerable expression overlap between the earliest expressed Zic
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transcription factors and cypZ6al and aldhlaZ2, especially within early
epiblast and dorsal embryonic tissue during gastrulation. Based on these
data, we chose to focus first on zic2a, zic2b, and zic3 as these candidates are

expressed at early stages indicative of initiation of RA metabolism.

3.2 Zics act upstream of early retinoic acid metabolism genes, cyp26a1l
and aldhla2

Zebrafish embryos lacking Zic1 have defects in maintenance of anterior
cyp26al expression, and display increased RA signaling in the forebrain
(Maurus and Harris, 2009). These studies did not address the question of
whether zic genes initiate RA metabolism gene expression. To address this
further, we determined whether zic genes are candidates for initiation of
cyp26al and aldhla2? - the main metabolism genes expressed during
gastrulation. Due to the propensity for redundancy, we chose to look at all
three transcription factors (Zic2a, Zic2b, and Zic3) by gene knockdown
analysis. Splice-blocking morpholinos were designed to knockdown
translation of Zic2a (Nyholm et al., 2007), Zic2b, and Zic3 to assay whether
they regulate cypZ26al and aldhlaZ expression. Upon examining resulting
phenotypes we determined that Zic3 is dispensable and was removed from
the cocktail.

We found that embryos injected with both Zic2a and Zic2b morpholinos
(hereafter known as Zic2a2bMO) display a reduction in cyp26al and aldhlaZ2
expression at 65% epiboly (Figure 3.2). While both cyp26al expression level
and domain appears reduced (Figure 3.2 A, B), aldhlaZ2 levels appear normal
with a reduced domain size (Figure 3.2 C, D). We confirmed the reduction of
aldhla2 using Quantitative Real-Time PCR and found that in Zic2aZb-
depleted embryos aldhla2 expression is reduced 30% (p-value<0.0001)
compared to control expression levels (Figure 3.2 E).

Our attempts to rescue morphant phenotypes using Zic2a mRNA over-

expression resulted in 95% embryonic lethality. This difficulty has been
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noted by other groups, and is attributed to a requirement for Zics during
early mechanisms of gastrulation (Maurus and Harris, 2009; Sanek and
Grinblat, 2008).

Of note, zic2a is not expressed within the lateral mesoderm (aldhlaZ2-
positive domain), however contributes to reduction in aldhlaZ2 transcription
within Zic2aZb morphants. As zic2a and zicZb are both expressed before
50% epiboly, it is possible that knockdown of Zic2a2b is affecting early
embryonic events within pluripotent epiblast cells of the blastula.
Alternatively, previous work has identified non-cell-autonomous regulatory
functions of Zic2a in repressing the transcription factor six3b within the
forebrain (Sanek et al, 2009). It is possible that a similar non-cell
autonomous mechanism is occurring during early embryogenesis.

Embryonic depletion of Zic2aZb results in reduced expression of RA
synthesis (aldhla2) and RA degradation (cyp26al) genes. We next carried
out a series of experiments to determine whether the reduction in RA
metabolism genes causes alterations to RA responsive signaling levels or

hindbrain segmentation in Zic2aZb morphants.

3.3 Zic-depletion causes mild alterations to RA-responsive genes and
hindbrain patterning

Within ZicZaZ2b morphants there is a reduction in both RA synthesis,
aldhla2, and degradation, cyp26al, gene expression (Figure 3.3 A).
Reduction of cyp26al alone results in increased levels of RA signaling due to
a loss of RA degradation, while reduction of aldhlaZ2 results in reduced RA
signaling due to loss of synthesis. To ascertain the overall level of RA
signaling in Zic2a2b3-depleted embryos, we carried out in situ hybridization
for the RA-responsive genes variant hepatic nuclear factor 1 (vhnf1), hoxbl1a,
hoxd4, and myeloid ecotropic retroviral integration site-3 (meis3). These
genes are known to be downstream of RA signaling such that with increased

RA, there is upregulation and with reduced RA these genes are
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downregulated (Figure 3.3 B) (Hernandez et al., 2004; Huang et al., 2002;
Kudoh et al., 2002; Moroni et al., 1993; Zhang et al,, 2000). In Zic2a2b3-
depleted embryos, there is a strong reduction in meis3 and a mild reduction
in hoxd4 expression within the presumptive hindbrain (Figure 3.3 C, D, G, H).
However, there is no significant change in vhnf1 or hoxb1a expression (Figure
3.3 E, F, I,]). Although these effects were milder than anticipated, these data
are consistent with a mild reduction in RA signaling in Zic2a2b3 morphants.

The anterior neural marker otx2 is also downregulated in Zic2a2b3
morphants (Figure 3.3 C, D). Interestingly, cyp26al-depleted embryos have
reduced otx2 expression levels (Kudoh et al.,, 2002) - suggesting a potential
regulatory mechanism whereby Zic2a2b3 function upstream of both cyp26al
and otx2 in defining early neural regions.

The predominant role for RA is in mediating hindbrain segmentation
through regulation of hox gene expression (Glover et al.,, 2006). Hox genes
exhibit concentration dependent activation by RA (Simeone et al., 1991).
Increased RA levels, by exogenous treatment or mutation of degradation
genes (Cyp26al), cause embryonic posteriorization resulting from expansion
of posterior Hox expression (Niederreither and Dolle, 2008; Sakai et al., 2001;
Simeone et al,, 1991). RA-deficiency through mutation of synthesis genes
(Aldh1aZ2) causes truncations with loss of posterior Hox expression domains
(Durston et al,, 1989; Niederreither and Dolle, 2008; Niederreither et al,,
2000).

We asked whether the reduction in RA metabolism gene expression in
Zic2a2b morphants causes defects in hindbrain patterning. In situ
hybridization for hindbrain markers (krox20, val, hoxb4, hoxbla, egfl6) was
used to examine hindbrain segmentation and rhombomere morphology. We
found that overall hindbrain segmentation is overtly normal, as all
rhombomeres are successfully formed, however rhombomeres (r) 3 and 5
(krox20) are reduced in size (Figure 3.4 C, D) and there is reduced hoxaZ2
expression within r2-r6 (Figure 3.4 A, B). Notably, the hoxb4 expression

domain within the posterior hindbrain and spinal cord is reduced in size
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(Figure 3.4 C, D). Other regions within the hindbrain appear normal: r4
(hoxb1a; Figure 3.4 E, F), r5 and r6 (val; Figure 3.4 G, H), and r2, r4, and r6-7
(egfl6; Figure 3.4 I-L). This suggests that there is a reduction in posterior
neural domain (hoxb4 within posterior hindbrain and spinal cord), however
the reduction in RA-signaling in Zic2a2b3 morphants is not sufficient to
cause a complete loss of posterior regions. Of note, the zebrafish neckless
(aldhla2) mutants show a non-cell autonomous reduction in hoxb4
expression within the hindbrain, similar to Zic2aZb3-depleted embryos
(Begemann et al, 2001). Additionally, the reduction of krox20-expressing
rhombomeres (3/5) is consistent with murine data, where Zic2 is involved in
size determination of rhombomeres 3 and 5 (Elms et al., 2003). Regulation of
hoxa2 within the hindbrain remains poorly understood, although its
expression is upregulated in response to exogenous RA in the rat lung
(Cardoso et al., 1996). The reduction in hoxa2 could result from reduced RA
signaling levels, or alternatively, it could be a RA-independent transcriptional
target (direct or indirect) of Zic2a2b.

The requirement for Zic2a2b in regulating the domain of hoxb4-
expression was analyzed by comparing hindbrain wntl/krox20/hoxb4
expression in embryos injected with morpholino combinations - Zic1, Zic2a,
Zic2a2b, Zic12a2b, Zic2a2b3. While, Zic1MO-injection cause no alteration to
hindbrain patterning (Figure 3.5 A, B), the hoxb4 expression domain is
reduced in Zic2a-depleted embryos (Figure 3.5 C). An even greater reduction
in length is observed with Zic2a2bMO-, Zic12a2bMO-, and Zic2a2b3MO-
injection (Figure 3.5 D, E, F). Therefore, of the co-expressed zics, Zic2aZb
appear most important in specification of posterior hindbrain and the spinal
cord identity.

Mouse studies have shown that both Cyp26 and RaldhZ are necessary
for embryonic development, with mutations in each gene resulting in
anterior-posterior patterning defects and embryonic lethality (Niederreither
et al,, 1999; Sakai et al., 2001). Interestingly, heterozygous loss of RaldhZ2 in a

Cyp26 mutant rescues embryonic lethality and many patterning defects,
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suggesting dynamic interplay between these two enzymes during
development (Niederreither et al, 2002). This suggests that the interplay
between enzyme activities is crucial. Thus, the RA level itself may not be as
important as the variations of RA levels within adjacent tissues. Therefore it
is possible that in Zic2aZb3 morphants, loss of both cyp26al and aldhlaZ2

allows acquisition of a similar equilibrium.

3.4 Zic2a2b-depletion reduces retinoic acid signaling during
somitogenesis

Thus far, we have studied alterations in RA signaling in Zic-depleted
embryos using indirect assays such as RA-responsive gene expression and
hindbrain patterning. The murine RARE:LacZ reporter strain has been useful
in determining areas and levels of RA signaling during mouse development
(Rossant et al, 1991). However, in zebrafish there are surprisingly few
reagents available to study levels and regions of RA signaling in vivo. To
accomplish this we obtained the transgenic zebrafish Tg(12xRARE-
efla:gfp)sk71 (RARE:gfp) which contains twelve Retinoic Acid Response
Elements (RAREs) upstream of a ubiquitous promoter linked to gfp (Figure
3.6 A) (Feng et al,, 2010; Waxman and Yelon, 2011). Using such a reporter
facilitates the identification of regions with active RA signaling as detected by
fluorescence or gfp mRNA in situ hybridization. The sensitivity of this
transgenic line was examined by assaying its response to alterations in RA
levels.

In control DMSO treated embryos at 48 hpf and 26 hpf, the
predominant region of RA signaling, as demarcated by the 12xRARE
transgenic line, is within the posterior hindbrain and spinal cord (Figure 3.6
B, E, H, K, N). This region is close to the main site of RA synthesis, the
somites, and the most responsive to alterations in RA (Begemann et al., 2001;
Molotkova et al., 2005). Interestingly, at 48 hpf there is a second RA signaling
center detectable by fluorescence and in situ hybridization within the ventral

eye (Figure 3.6 H’, K). An additional region in the dorsal eye is only
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detectable by in situ hybridization because this assay is more sensitive to low
gfp signal (Figure 3.6 K). In situ hybridization also identifies RARE:gfp signal
within the yolk syncitial layer, ventral to the hindbrain (48 hpf, 26 hpf; Figure
3.6 K, N).

The fluorescence domain increases at both stages in response to 5nM
RA treatment - expanding further anteriorly into the hindbrain and
posteriorly down the spinal cord (Figure 3.6 C, F, I, L, 0). There is likely a
complex mechanism regulating RA signaling within the eye, as exogenous
addition of RA causes loss of the dorsal gfp-positive region while the ventral
region is maintained (Figure 3.6 I', L). The eye is morphologically smaller
with RA treatment, suggesting that the dorsal domain may be completely lost
or mis-specified. Blocking RA synthesis with 5 uM DEAB treatment results in
loss of all RA signaling - no fluorescence or in situ coloration is visible at 26
hpf or 48 hpf (Figure 3.6 D, G, ], J’, M, P).

The  Tg(12xRARE-efla:gfp)sk71  transgenic line  displayed
fluorescence indicative of RA signaling consistent with previous RARE
transgenics, however variations in the minimal promoter and number of
RARE elements alters strength and regions of expression. Perz-Edwards et
al. (2001) described four 3xRARE transgenic lines they created: all had
ventral eye and neural tube fluorescence; however, additional regions
including the notochord, dorsal eye, heart, and pronephric ducts were also
present. Of note, although using in situ hybridization allows earlier detection
of gfp as compared to fluorescence, we are unable to accurately detect the
transgene before 24 hpf. This limitation prevents analysis of RA signaling
levels at early embryonic stages that would better reflect when RA
metabolism genes are first transcribed. Further, aldhlaZ2 is expressed within
the developing eye by 20 hpf and shortly after its initiation, RA is synthesized
within the eye. There is a delay in gfp detection in the transgenic zebrafish, as
RA signaling within this region is still not visible at 26 hpf (Figure 3.6 N).

As the RARE:gfp transgenic line labels posterior RA-signaling regions,

we asked whether the early reduction in RA metabolism genes corresponds
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to an alteration in later embryonic RA signaling levels. As compared to
control gfp levels (Figure 3.7 A, B), there is a strong reduction in gfp
expression in 74.5% of the Zic2a2b-morphant embryos (Figure 3.7 C, D, E; p-
value=0.0004). This suggests that, while early RA-dependent processes may
compensate for alterations to RA levels, there is in fact a reduction in RA
signaling within Zic2a2b-depleted embryos.

To test the hypothesis that the reduction in RA signaling within Zic2a2b
morphants is a result of reduced aldhlaZ expression, we compared RA
signaling in Aldhla2-depleted and Cyp26al-depleted embryos. Strikingly,
there is a comparable reduction in RA signaling levels with Zic2aZb and
Aldh1a2 knockdown, with strong reduction of gfp transcript (Figure 3.8 B, C)
as compared to controls (Figure 3.8 A). gfp levels appear unaltered in
Cyp26alMO-injected embryos (Figure 3.8 D).

We have identified a novel regulatory mechanism whereby Zic2a2b
regulates RA levels, likely by regulating aldhlaZ2 transcription. While early
RA-dependent processes are mildly defective in Zic2a2b-depleted embryos,
alteration in RA signaling levels at 26 hpf suggests a later developmental
defect. In fact, during neural tube development, 26 hpf is a key time-point for
specification and differentiation of hindbrain neural classes (Chandrasekhar,

2004).

3.5 Vagal neurons are sensitive to alterations in retinoic acid levels
Although Zic2a2b knockdown results in reduced RA signaling levels at
26 hpf, there are only mild effects on early RA-responsive gene expression
and hindbrain patterning. To determine the developmental consequence of
the reduction in RA signaling, we chose to look at a later RA-dependent
process: development of vagal motor neurons within the posterior hindbrain
and spinal cord (Linville et al., 2004). Using the islet-1:gfp transgenic line, we
sought to analyze development of hindbrain branchiomotor neurons in

response to Zic2a2b depletion (Higashijima et al., 2000).
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Several classes of hindbrain branchiomotor neurons are easily
visualized by confocal microscopy of the transgenic zebrafish islet-1:gfp.
Trigeminal neuron cell bodies are located within rhombomeres 2 and 3, facial
neurons within rhombomere 5 and 6 and the vagal neuron domain extends
from the posterior hindbrain down the spinal cord (DMSO; Figure 3.9 A, D, G)
(Higashijima et al.,, 2000). Using Image] software we quantified the area and
length of vagal neuron domain within DMSO-treated control embryos and
found the average area to be 5481 um? (SD = 321 um?; Figure 3.9 H, |) and
anterior-posterior length to be 165 um (SD = 4.5 um; Figure 3.9 |, J). Upon 5
nM RA treatment, the vagal domain is greatly expanded with more neural cell
bodies visible (Figure 3.9 B, E, G). Both the area, at 10,353 um?2 (SD = 1448
um?; Figure 3.9 H, J; p-value<0.005), and length, at 214 wm (SD = 11 um;
Figure 3.9 I, J; p-value<0.003), of the domain is significantly increased.
Alternatively, treatment with 5 pM diethylaminobenzaldehyde (DEAB), a
pharmacological inhibitor of RA synthesis, significantly alters embryonic
patterning such that all posterior rhombomeres are lost. The vagal domain is
almost undetectable in these embryos (Figure 3.9 C, F, G). DEAB treatment
also results in mispatterning of anterior branchiomotor neuron classes such
that it is difficult to identify trigeminal, facial, and possible remnants of vagal
neuron populations. The area of vagal neurons in DEAB treated embryos is
1683 um? (SD = 1264 um?; Figure 3.9 H, J; p-value<0.005) with a length of 65
um (SD = 20 wm; Figure 3.9 I, J; p-value<0.003). While alterations to the
vagal neurons are easily visible with the high treatment concentrations used
here, it is important to note that slight alterations in RA levels would result in

milder defects.
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3.6 Zic2a2b knockdown causes loss of vagal neurons

Zic2a2b-depleted embryos have reduced RA signaling levels within the
posterior hindbrain and spinal cord. To ascertain whether this reduction in
RA signaling causes a concomitant defect in vagal motor neurons, Zic2aZb
knockdown was introduced in islet-1:gfp transgenics. Embryos were grown
in DMSO or treated with exogenous RA (5 nM) or DEAB (5 uM) to determine
if RA supplementation could rescue phenotypes. Zic -depleted embryos have
significantly reduced vagal neuron area (6555 wm?, SD = 415 um?; p-
value<0.05) and length (147 um, SD = 9.5 um; p-value<0.05) as compared to
control embryos in the DMSO treatment (area of 8947 um?, SD = 174 um?;
length of 168 um, SD = 1.4 um; Figure 3.10 A, D, M, N, O). This reduction in
vagal neuron domain would be expected with a mild reduction in RA levels.
In many cases the medial-lateral width of each vagal population was
increased in morphants - suggesting a possible migrational error as vagal
neurons are born medially and migrate laterally during development
(Chandrasekhar et al., 1997).

With treatment of 5 nM RA, the vagal neuron domain in control
embryos is increased as noted previously (Figure 3.10 B, E, H, K).
Interestingly, the vagal neuron defects in Zic-depleted embryos are rescued
with this concentration of RA. Both the area (10,571 um?, SD = 1408 um?; p-
value<0.05) and the length of vagal domain (234 um, SD = 17 um; p-
value<0.05) are increased to control values (12,536 um?, SD = 412 um?; 224
um, SD = 13 um; Figure 3.10 M, N, 0). Finally, further reducing RA levels
using 5 uM DEAB treatment causes a significant reduction, or almost
complete loss, of vagal neurons in both control and Zic2aZb-depleted
embryos (Figure 3.10 C,F, [, L, M, N, 0).

The physiological level of RA is hypothesized to be 3 nM (Maden et al,,
1998; Ohishi et al., 1995). Therefore treatment with above physiological
levels (5 nM RA) is expected to promote posterior fates in both control and

Zic -depleted embryos. This was observed as the expansion of vagal neuron
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domain in both cases. Due to reduced RA levels in Zic -depleted embryos, we
postulate that supplementation with below physiological levels (1 nM) of RA,
a concentration that causes no significant alteration to control embryos, may
be sufficient to rescue the neural phenotype.

As noted previously, there is a significant reduction in the vagal
neuron area with Zic-depletion, at 4979 um? (DMSO; SD = 1443 um?2), as
compared to controls (DMSO; area of 7382 um?2, SD = 377 um? p-
value<0.01). Additionally, reduction in the length of the vagal domain is
observed in Zic morphants, at 126 um (SD = 14 um; control length of 177 um,
SD =11 um; Figure 3.11 A, D, G-I).

There is as a mild, but not statistically significant, increase in vagal
neuron area and length in control embryos in response to 1 nM RA
treatment. Strikingly, with low dose treatment of RA, the vagal neuron area
of Zic -depleted embryos, at 8616 um? (SD = 1929 um?), is rescued to values
similar to control embryos (8964 um?, SD = 1139 um?). There is a significant
increase in the length of vagal domain in morphants treated with RA (156
um, SD = 16 um) compared to morphants in DMSO treatment (126 um, SD =
14 wm; p-value<0.05). Interestingly, while the resulting length is similar to
control embryos (DMSO treatment), this length is still significantly reduced
compared to control RA treated embryos (191 um, SD = 9 um; Figure 3.11 G,
H, I). By further reducing RA levels with DEAB treatment, there is a roughly
equivalent loss of vagal neuron domain in both Zic2a2b morphants and
control embryos (Figure 3.11 C, F, G, H, I).

In summary, the posterior-most class of branchiomotor neurons, the
vagal neurons, is sensitive to alterations in RA such that increased RA causes
expansion of area and length of this neuron population. Conversely,
reduction in RA reduces this population. The reduction in RA signaling levels
in Zic2a2b-depleted embryos elicits a reduction in size of the vagal neuron

domain - a reduction that is completely rescued with RA treatment.
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3.7 Vagal neuron defect in Zic2a2b morphants is reminiscent of aldh1a2
depletion

Our data is consistent with a model whereby Zic2a and Zic2b act
upstream of RA metabolism by activating transcription of aldhla2. This
model is supported by the early reduction in aldhlaZ2 transcript levels in
Zic2a2b morphants. Additionally, the reduction in RA signaling levels within
RARE:gfp transgenics is almost identical in Zic2a2b and Aldhla2-depleted
embryos. Further, the reduction of vagal neurons in Zic2a2b morphants is
rescued by treatment with the product of the Aldh1a2 catalyzed reaction, RA.

We next asked whether the reduction of vagal neuron domain within
Zic2a2b morphants is identical to that observed upon Aldhla2-depletion. To
reduce aldhla2 levels we used morpholino-mediated knockdown and
analyzed vagal neurons via fluorescent visualization of islet-1:gfp. The
reduction in vagal domain within Aldhla2-depleted and Zic2a2b-depleted
embryos is morphologically similar (Figure 3.12 A-C). Additionally, there is a
significant reduction in length of vagal domain within Aldh1a2-depleted (129
um, SD = 16 um; p-value=0.01) and Zic2a2b-depleted (136 um, SD = 14 um; -
value=0.01) embryos compared to controls (173 wm, SD = 1 um). Notably,
these lengths are not significantly different from each other (Figure 3.12 D,
E). The comparable reduction in vagal neuron length supports the
hypothesis that Zic2aZb act upstream of aldhla2. While the zebrafish
neckless mutant has a complete loss of vagal neurons, due to a combination of
possible factors (incomplete knockdown by morpholinos, compensation by
later-expressed Zics, feedback regulation, or other aldhlaZ regulators) the
phenotype in Zic2aZ2b morphants is consistent with a reduction, not complete

loss, of aldhla2 (Begemann et al., 2004).

3.8 Conclusions
We have identified a novel regulatory mechanism between Zic2a2b

transcription factors and early RA signaling levels. We propose a model

76



whereby Zic2a and Zic2b act either directly or indirectly upstream of both RA
synthesis (aldhla2) and degradation (cyp26al) genes in an early embryo.
Due to stage limitations of the RARE:gfp transgenic zebrafish, we were unable
to ascertain alterations to RA levels at stages indicative of initiation of RA
metabolism. However, there is a persistent reduction in RA signaling in
Zic2aZ2b morphants at 26 hpf; this reduction is indistinguishable from that
observed in embryos depleted of the main RA synthesis enzyme, AldhlaZ2.
Consistent with reduced RA levels, Zic2a2b knockdown causes reduced vagal
motor neurons within the posterior hindbrain and spinal cord, a phenotype
nearly identical to Aldhla2-depleted embryos. Strikingly, this defect is
rescued by exogenous RA treatment.

While the role and requirement for RA metabolism genes has been
thoroughly studied, little is known about the upstream regulators of these
factors. During mouse development, Hoxal-Pbx1 (Pre-B-cell leukemia
homeobox 1) complexes directly regulate Raldh2 transcription within
mesodermal tissue (Vitobello et al, 2011). Additionally, deficiencies in
zebrafish Tgif and Hmx4 cause defects associated with reduced RA levels and
morpholino -mediated knockdown of Tgif or Hmx4 results in reduced
aldhlaZ transcription (Gongal et al,, 2008; Gongal et al,, 2011). Interestingly,
Tgif —-depletion results in a concomitant reduction in cyp26al mRNA levels,
similar to defects observed in Zic -depleted embryos. Further illustrating the
relationship between RA metabolism genes, the Cyp26al murine mutant has
defects associated with increased RA levels (Sakai et al., 2001). Notably,
rescue of these defects is observed with heterozygous disruption of Aldhla2
in a CypZ26al murine mutant, suggesting co-dependency between these
genes; less RA degradation is necessary when RA synthesis is reduced
(Niederreither et al., 2002). Together, these findings suggest an elegant
method of regulating RA levels during early embryogenesis, whereby
transcription factors (such as Zic2a and Zic2b) regulate expression of both
RA synthesis and degradation genes. Future experiments will investigate

Tgif, Hmx4, and Zics to examine shared regulatory mechanisms.
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3.9 Figures
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Figure 3.1: Expression of zic1, zic2a, zic2b, and zic3 transcription factors.

Comparison of domains of the earliest-expressed Zic transcription factors: zicl, zic2a, zic2b,
and zic3 as detected by in situ hybridization. zic1 is not visible until 75% epiboly where it is
expressed within the presumptive anterior neural tissue (A, B). This region is maintained at
tailbud stage (C, D) and by 18-somites (S) zicl is expressed strongly in the telencephalon,
midbrain-hindbrain boundary (MHB), dorsal hindbrain (HB) and dorsal spinal cord (SC; E).
zicZa initiates earlier, at 50% epiboly, and becomes restricted as a chevron-shaped domain
at 75% epiboly and tailbud (G, H, I). By 18S, zic2a transcript is found in the anterior
forebrain, ventral eye, dorsal HB and SC (J). zic2b is expressed in a broad domain (K, L; 50%,
75% epiboly). At the tailbud stage expression is strongest within the eye, MHB, and HB (M,
N). At 18S, zic2b is strongly expressed within the eye, MHB, dorsal HB and SC, and a small
region in the tailbud (0). zic3 mRNA is broadly expressed at 50% and 75% epiboly (P, Q). At
tailbud, zic3 mRNA is expressed within the MHB and HB (R, S). zic3 transcript is within the
telencephalon, posterior forebrain, MHB and dorsal HB, and within the tailbud overlapping
with zicZb mRNA at 18S (T). Images are dorsal views with anterior to top (A-C, F-G, J-L, 0-Q)
or lateral views with anterior to left (D, E, I, ], N, O, S, T).
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Figure 3.2: Zic2a2b3 depletion causes down-regulation of RA-metabolism genes, cyp26al
and aldhlaZ2, during early embryogenesis.

mRNA in situ hybridization reveals cyp26al (A, B) and aldhlaZ (C, D) expression in control
p53MO injected embryos (A, C) compared to Zic2a2bp53MO embryos (B, D). Quantitative
real-time PCR shows a significant reduction in aldhla2 mRNA transcript levels, at 0.71
(SD=0.07) compared to control 1.00 (SD=0.11; p-value<0.0001). gqRT-PCR data depicts one
biological replicate (7 technical replicates per primer pair) using RNA isolated from 50

embryos. Significance was calculated using unpaired t-test. All images are of 65% epiboly,

dorsal view with anterior to top.
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Figure 3.3: RA-responsive gene expression in Zic2a2b3 morphants suggests a reduction in
RA signaling levels.

Zic2a2b morphants have reduced RA degradation (cyp26al, green) and reduced RA
synthesis (aldhla2, blue; A) gene expression. Genes regulated by RA signaling such as meis3,
vhnf-1, hoxd4, and hoxbla, were used to examine alterations to RA-responsive signaling
levels (RA, blue triangle; B). Transcript levels of presumptive hindbrain markers meis3 (C,
D), vhnf-1 (E, F), hoxd4 (G, H), and hoxb1a (I, ]’ red bar denotes length of domain in control)
were compared in control un-injected (C, E, G, ) and Zic2a2b3MO-injected embryos (D, F, H,

]). All images are of tailbud to 2S stage, dorsal view is shown with anterior to top.
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Figure 3.4: Hindbrain patterning is mildly affected in Zic2Za2b3 morphants.

Markers within various regions of the hindbrain were examined: aldhla2 (eye) and hoxa2
(r2-6) (A, B), wntl (midbrain-hindbrain boundary, MHB) and krox20 (r3/5) and hoxb4 (r8-
SC) (C, D), hoxb1la (r4) (E, F), wntl (MHB) and val (r5-6), and egfI6 (r2, r4, r6-7) (I-L). Images
are of 24 hpf control un-injected (A, C, E, G, J) or Zic2a2b3MO-injected (B, D, F, H, K, L)
embryos mounted dorsally with anterior to left (A-H). Images I/] and K/L are of the same

embryos oriented laterally with anterior to left (I, K) or dorsally with anterior to top (], L).
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Figure 3.5: Posterior reduction of hoxb4
expression with combination knockdown
of Zic1, Zic2a, Zic2b, and Zic3.

mRNA in situ hybridization for MHB
(wnt1), rhombomeres 3 and 5 (krox20),
and rhombomere 7 down the spinal cord
(hoxb4) is used to visualize hindbrain
patterning in embryos injected with
p53MO (1 ng; A), ZiclMO (2 ng; B),
Zic2aMO (2 ng; C), Zic2a2b (2:2 ng; D),
Zic12a2bMO (2:2:2 ng; E), and
Zic2a2b3MO (2:2:3 ng; F). All
experimental injections included 1 ng
p53MO. Images are of 24 hpf embryos,

laterally mounted with anterior to left.
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Figure 3.6: RARE:gfp transgenic zebrafish show alterations in RA signaling.

Tg(12XRARE-efla:gfp)sk71 transgenic zebrafish contain 12 RARE elements upstream of the
ubiquitous efla promoter controlling gfp expression (A). Embryos were treated with 5 nM
RA or 5 uM DEAB at ~50% epiboly to the time of fixation. DMSO-treated embryos show
areas of RA signaling based on gfp fluorescence within the ventral eye, posterior HB and
anterior SC (B, E, H, H’; 48 hpf). mRNA in situ hybridization shows additional expression
within the dorsal eye and yolk syncitial layer (YSL; K). At 26 hpf, gfp is apparent within the
posterior HB, SC, and YSL (N). Treatment with 5 nM RA extends RARE:gfp into HB and
posteriorly down the SC (C, F, I, I’, L; 48 hpf, O; 26 hpf). DEAB treatment results in complete
loss of RARE:gfp fluorescence and gfp transcripts (D, G, ], ', M; 48 hpf, P; 26 hfp). Images B-J’
are of 48 hpf embryos using light stereomicroscopy (B-D, K-P), fluorescent stereomicroscopy
(E-G), and confocal microscopy of full embryos (H-]) or the eye (H’-]’). All images are lateral

views with anterior to left.
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Figure 3.7: Zic2a2b-depletion reduces RA-signaling levels.

Tg(12XRARE-efla:gfp)sk71 transgenic embryos were used to examine level of RA-signaling
by in situ hybridization for gfp in control p53MO-injected (1 ng; A, B) and Zic2a2bp53MO-
injected embryos (2:2:1 ng; C, D). Reduction in RARE:gfp in Zic2a2bp53 morphants is
displayed graphically with reduced gfp expression in 75% of embryos (p-value=0.0004
calculated using unpaired t-test; standard deviation (SD) of 2.1%). Images are of 26 hpf

embryos in lateral (A, C) and dorsal (B, D) views with anterior to top and left, respectively.
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Figure 3.8: Alterations to RA-
signaling levels resulting from
Zic2a2b, Aldhla2, and Cyp26al
knockdown.

Analysis of gfp transcript levels in
RARE:gfp embryos injected with
morpholinos for p53 (1 ng; A),
Zic2a2bp53 (2:2:1 ng B),
Aldh1la2 (2 ng; C), or Cyp26al
(2ng; D). All images are of 26 hpf
embryos, lateral view with

anterior to left.
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Figure 3.9: Vagal neurons are sensitive to alterations in RA levels.

Islet1:gfp transgenic zebrafish are used to visualize alterations to branchiomotor neurons in
response to DMSO (A, D), 5 nM RA (B, E), or 5 uM DEAB (C, F) treatment. Images are dorsal
views of 48hpf embryo hindbrain at 20X (A-C) or 40X (D-F) magnification. Red line denotes
length of vagal neuron domain in DMSO treatment; yellow bracket denotes area imaged at
higher magnification. (G) Diagrammatic representation of motor neuron defects in response
to treatments. The area (H, ]J) and length (I, ]) of vagal neuron domain is quantified and
displayed graphically (significance calculated using ANOVA and Post-Hoc Tukey’s HSD test
*p-value<0.005).
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Figure 3.10: Vagal neuron domain in Zic2a2b-depleted embryos is reduced, but with RA

treatment.

Vagal motor neurons are visualized using islet1:gfp transgenic embryos injected with p53MO
(1ng; A-F) or Zic2a2bp53MO (2:2:1ng; G-L) and treated with DMSO (A, D, G, J), 5nM RA (B, E,
H, K), or 5uM DEAB (C, F, I, L). Images are dorsal views of 48 hpf embryo HB at 20X (A-C, G-I;
yellow bracket denotes region imaged at 40X) and 40X magnification (D-F, J-L). Area (M, O)
and length (N, O) were quantified and are displayed. Significance is calculated using ANOVA

and Post-Hoc Tukey’s HSD test (*p-value<0.05).
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Figure 3.11: Vagal neuron domain in Zic2a2b morphants is rescued with low doses of RA.

Vagal motor neurons (islet1:gfp trangenics) are visualized in p53MO-injected (1 ng; A-C) and
Zic2a2bp53MO-injected (2:2:1 ng; D-F) embryos treated with DMSO (A, D), 1 nM RA (B, E),
or 1 uM DEAB (C, F). Images are dorsal views of 48 hpf embryos, 40X magnification of vagal

neuron domain. Area (G, I) and length (H, I) of vagal neuron domain is quantified and shown
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graphically. Significance is calculated using ANOVA and Post-Hoc Tukey’s HSD test (*p-
value<0.01).
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Figure 3.12: Reduction in vagal neuron domain in Zic2a2b morphants is reminiscent of
aldhla2-depletion.

Analysis of vagal motor neurons within p53MO-injected (1 ng; A), Aldh1a2MO-injected (2
ng; B), or Zic2a2bp53MO-injected (2:2:1ng; C) islet-1:gfp transgenic embryos. Images are of
48hpf embryos dorsally mounted with anterior to left, 40X magnification. The length of
vagal domain was quantified (E) and is displayed graphically (D). Significance is calculated

using unpaired t-test comparing morphant groups to control (*p-value=0.01).
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Chapter 4: Results and Discussion

The role of Zic transcription factors in development of the vertebrate
nervous system has been extensively studied, with functions in neural tube
closure and forebrain development (Brown et al., 1998; Sanek and Grinblat,
2008), as repressors of neurogenesis (Brewster et al., 1998), and regulators
of cell proliferation (Nyholm et al.,, 2007). We have identified an additional
role for Zic2a and Zic2b in regulating embryonic RA synthesis, with depletion
causing branchiomotor neuron defects - specifically in the posterior vagal
motor neurons. Here we further investigate the role of Zic2a2b3 in neural
differentiation and patterning. In addition, we examine potential
transcriptional feedback mechanisms between Zic transcription factors

themselves as well as RA.

4.1 Zic2a2b3 may have a role in hindbrain neurogenesis

To examine functions of Zic2aZb3 in neural development and
differentiation, we carried out a series of experiments examining another
class of hindbrain neurons and markers of hindbrain neurogenesis. The
hindbrain commissural neurons, which extend axon projections across the
hindbrain at segment boundaries, are labeled with the Zn-5 antibody
(Higashijima et al., 2000). Islet-1:gpf-positive neurons were used to provide
hindbrain positional information. The characteristic reduction in vagal
domain in Zic2a2b3MO-injected embryos reported in previous chapter is
visible (Figure 4.1 A, B, E, F). Within Zic2a2b3-depleted embryos,
commissural neurons are mispatterned, with aberrant axon fasciculation at
rhombomere boundaries (Figure 4.1 C, D, E, F). As Zn-5 also labels axon
outgrowths in the cerebellum, we are also able to discern effects in this
region. Of note, the neurons of the cerebellum are completely lost in
Zic2a2b3 morphants (Figure 4.1 C, D). This is consistent with the role of Zics
in regulating neural cell proliferation during murine cerebellar development

(Aruga et al., 2002; Aruga et al., 1998) and is the first indication that Zics may
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be necessary for proliferation or specification of Zn5-positive cerebellar
neurons in zebrafish.

Zebrafish her9 regulates neural progenitor populations by inhibiting
neural differentiation within the inner ear and is postulated to have a similar,
transient role in the hindbrain (Radosevic et al., 2011). In Zic2a2b3-depleted
embryos, her9 expression is unaffected within the tectum, cerebellum and
lateral bands extending down the hindbrain (Figure 4.1 G, H). This suggests
that the role of Zic2a2b3 in hindbrain neurogenesis is independent of her9.
Notch signaling also maintains neural progenitor populations and acts by
defining regions of progenitor versus differentiated cells (Louvi and
Artavanis-Tsakonas, 2006). At 48 hpf, notchla is expressed in stripes within
the hindbrain, presumably with regions of differentiated neurons located
between such notch-positive domains (Figure 4.1 I) (Nikolaou et al., 2009).
Notchla transcript levels are expanded to encompass entire rhombomeres in
Zic2a2b3 morphants, suggesting an expansion of neural precursors within

the hindbrain (Figure 4.1 1, ]).

4.2 Zic2a2b3 morpholino injection does not result in non-specific
neural apoptosis

Studies have identified potential non-specific effects of morpholino-
medicated gene knockdown (Ekker and Larson, 2001; Robu et al,, 2007). One
side effect of particular importance for this work is upregulation of p53,
which results in non-specific activation of the apoptotic pathway,
predominantly within neural populations. To ensure that vagal neuron
number in Zic2a2b3-depleted embryos is not affected by non-specific neural
apoptosis, we used the anti-activated caspase-3 antibody to label cells
actively undergoing apoptosis. For a complete analysis, we compared control
uninjected embryos (AB; Figure 4.2 A, E, 1), p53MO-injected embryos (Figure
4.2 B, F, ]), Zic2a2b3MO-injected embryos (Figure 4.2 C, G, K), and
Zic2a2b3p53MO-injected embryos (Figure 4.2 D, H, L). As expected, AB and

p53MO-injected embryos have very few detectable apoptotic cells (Figure
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4.2 E, F, 1,]). While Zic2a2b3 morphants have a few apoptotic cells detectable
within the anterior embryo - none of these co-localized with regions of
branchiomotor neurons (Figure 4.2 C, K). With the addition of p53MO into
the Zic2a2b3MO cocktail, apoptotic cells are reduced to levels similar to
controls. Notably, the addition of p53MO partially rescues facial neuron
mispatterning in Zic2a2b3 morphants (Figure 4.2 A-D). To this end, gene
knockdown in experiments looking at differentiated hindbrain neurons were

accomplished with the addition of p53MO.

4.3 Forebrain patterning is normal in Zic2a2b3-depleted embryos

Morphogenetic defects in mouse and human Zic mutants are
predominantly within anterior neural tissue including defects in cerebellar
development and neural tube formation and closure (Aruga, 2004; Nagai et
al, 1997). Similarly, zebrafish zicZa is required for formation of the
prethamalus region of the forebrain (Sanek and Grinblat, 2008).

We asked whether Zic2a2b3 morphants have forebrain defects similar
to, or more severe than, those previously found. Markers of forebrain
domains were used to analyze development and patterning of the
telencephalon (foxgla; Figure 4.3 A-D), the telencephalon, posterior
diencephalon, and pretectum (barhl2; Figure 4.3 E-H), the diencephalon and
prethalamus (dIxZ2a; Figure 4.3 I-L), and the ventral forebrain and midbrain
(nkx2.2a; Figure 4.3 M, N). At 24 hpf there was no significant change to
marker gene expression levels or domain within Zic2a2b3-depleted embryos
as compared to controls, indicating that forebrain patterning is normal. A
requirement for zicZa in formation of the prethalamus was not observed,
based on the fact that dix2a expression was unaffected. This is plausibly
explained by differences in morpholino content. Sanek and Grinblat (2008)
used three non-overlapping (two splice-blocking and one translation
blocking) morpholinos to obtain Zic2a knockdown, while our cocktail
contains a single splice-blocking Zic2a morpholino. Therefore, while defects

in forebrain patterning resulting from Zic2a-depletion have been reported,
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the dose of morpholino used in our experiments did not elicit anterior neural

tube defects.

4.4 Zics compensate for depletion but are not sensitive to RA

Our studies have identified a reduction in RA signaling resulting from
Zic2a2b-depletion, suggesting that Zic2a and Zic2b act upstream of RA by
regulating RA synthesis. However, due to the propensity for feedback
regulation within the RA signaling pathway we asked whether alterations in
RA levels might affect zic2a or zicZb expression. In situ hybridization of
tailbud stage embryos treated with 5 nM RA, 5 uM DEAB, or control DMSO
was used to analyze zic transcription. Expression of both zicZa (Figure 4.4 A-
C) and zic2b (Figure 4.4 D-F) was unaffected in response to RA increase or
reduction, suggesting that there is no feedback regulation between RA and
zic2a/2b.

There is evidence suggesting compensatory mechanisms between Zic
transcription factors - including upregulation of paralogs in Zic mutants
(Aruga et al, 2004). To determine if this is the case during zebrafish
embryogenesis levels of zic1, zic2a, zic2b, and zic3 transcripts were examined
in Zic2a2b3-depleted embryos. We found evidence for transcriptional
compensation, with upregulation of zicZa, zicZb, and zic3 observed in
morphants (Figure 4.5 B-D, F-G). The zicZa expression domain was
expanded to include the entire dorsal embryo, while there was a strong and
mild upregulation of zicZb and zic3, respectively. This upregulation of

transcription is specific, as zicI was unaffected (Figure 4.5 A, E).

4.5 Conclusions

During development of the zebrafish nervous system Zic2a and Zic2b
transcription factors act as important regulators of the RA synthesis gene,
aldhla2. In addition to their requirement for vagal neuron development, we
have identified a possible role for Zic2a2b in other aspects of neurogenesis -

formation of Zn-5-positive cerebellar neurons and defining regions of
99



hindbrain neurogenesis via notch regulation. While many aspects of RA
signaling exhibit feedback activation or repression, Zic2a and Zic2b

transcription is independent of RA levels.
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4.6 Figures

islet-1:gfp

Zic2a2b3MO

Figure 4.1: Zic2a2b3 depletion causes hindbrain neurogenesis defects.

Branchiomotor neurons (islet-1:gfp; A, B, E, F) and hindbrain commissural neurons (Zn-5
antibody; C, D, E, F) are visualized in un-injected (4, C, E) and Zic2Za2b3MO-injected (2:2:3
ng; B, D, F) embryos. Markers used to assay hindbrain neurogenesis at 48 hpf include her9
(cerebellum and lateral hindbrain; G, H) and notchla (neurogenic-repressed bands in
hindbrain; I, J; white arrowhead demarks central expression-lacking region of controls).

Images are of 48 hpf embryos, dorsally mounted with anterior to left of islet1:gfp (A, B), Zn-5
(C, D), merge (E, F), or in situ hybridization (G-]).
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islet-1:GFP H Activated Caspase-3 H Merge

p53MO Uninjected

Zic2a2b3MO

Zic2a2b3MO
+p53MO

Figure 4.2: Combined injection of Zic2a2b3 morpholinos does not significantly increase
non-specific cell death.

Visualization of branchiomotor neurons (islet-1:gfp; A-D, I-L) and anti-activated caspase-3
antibody (E-H, I-L) allows analysis of non-specific apoptosis within the motor neurons of un-
injected (A, E, I), p53MO-injected (1 ng; B, F, ]), Zic2a2b3MO-injected (2:2:3 ng; C, G, K), or
Zic2a2b3p53MO-injected (2:2:3:1 ng; D, H, L). Images are of 48 hpf embryos dorsally

mounted with anterior to left.
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| Control | | Zic2a2b3MO

| foxg1a

barhl2

dIx2a

|

nkx2.2

Figure 4.3: Anterior neural patterning is normal in Zic2a2b3 morphants.

Regions of the forebrain were examined using in situ hybridization for foxgla
(telencephalon; A-D), barhl2 (telencephalon and thalamus; E-H), dix2a (telencephalon,
diencephalon, and prethalamus; I-L), nkx2.2 (ventral forebrain and midbrain) in
Zic2a2b3MO-injected embryos (C, D, G, H, K, L; 24 hpf) compared to un-injected controls (A,
B, E, F, I, |; 24 hpf). Images are lateral (A, C, E, G, [, K, M, N) or dorsal (B, D, F, H, ], L, 0-V)

views with anterior to left.
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| DMSO | 5nM RA I 5uM DEAB |

zic2a

zic2b

Figure 4.4: zic2a and zic2b transcription is not sensitive to RA levels.
Embryos were treated at ~50% epiboly with DMSO (A, D), 5 nM RA (B, E), or 5 uM DEAB (C,
F). At tailbud stage, zic2a (A-C) and zicZb (D-F) transcripts were examined using in situ

hybridization. All images are dorsal views with anterior to top.
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|| Control

Zic2a2b3MO

Figure 4.5: Zics can modulate each other’s transcription.

Expression of zic1 (A, E), zicZa (B, F), zic2b (C, G), and zic3 (D, H) is analyzed in un-injected

(A-D) or Zic2a2b3MO-injected (2:2:3 ng; E-H) embryos. Images are of 75% epiboly embryos,
dorsal views with anterior to top.
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Chapter 5. Future Directions

Retinoic acid (RA) acts as a morphogen during embryonic
development and is necessary for induction of posterior neural tissue,
patterning of the neural tube, and regulating proliferation and differentiation
of neural populations (Dupe and Lumsden, 2001; Glover et al., 2006; Moens
and Selleri, 2006; Papalopulu et al, 1991). The factors that regulate RA
signaling have been the topic of study for decades. We have identified a
novel regulatory mechanism whereby Zic2a and Zic2b transcription factors
regulate retinoic acid synthesis through aldhlaZ2. Zic2a2b depletion causes
reduced RA signaling levels and a concomitant reduction in posterior neural
domains, both phenotypes nearly identical to Aldhla2-depletion. This
chapter outlines areas of future study, focusing on methodology and tools

that will both clarify and deepen our understanding of Zic function.

5.1 Zic mRNA over-expression and rescue experiments

In zebrafish, over-expression analysis using microinjection of pre-
synthesized mRNA has yielded great experimental insight. However, this
method of over-expression is not without disadvantages, including the fact
that ubiquitous over-expression itself can cause developmental defects.
Furthermore, mRNAs are degraded over time such that alterations at later
stages are difficult to obtain (Malicki et al., 2002). Experiments from our
group and others (Maurus and Harris, 2009; Sanek and Grinblat, 2008) found
that zicZa over-expression results in embryonic lethality, with failure to
complete gastrulation. This defect may result from a requirement for
regional zicZa expression during gastrulation or may be a broad over-
expression defect. To complement our experiments, a method of temporal or
regional over-expression would allow the embryo to develop through
gastrulation stages. This would allow Zic mRNA overexpression to examine
whether RA -metabolism gene expression is concurrently upregulated, as we

would expect based on the knockdown phenotypes described in Chapter 3.
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Additionally, experiments that examine rescue of morpholino knockdown
phenotypes with mRNA overexpression and analysis of Zic function at
different time-points of neural development will be informative.

The most common method of temporal regulation is using the hsp70
heat-shock inducible promoter driving expression of the gene of interest
(Halloran et al, 2000). This method involves creation of a transgenic
zebrafish strain and inducing expression by incubation at 38°C for one hour.
Alterations in gene expression are visible between two and four hours later.
While this method still results in ubiquitous over-expression, it likely can
overcome the early developmental lethality and would allow functional
studies within narrow developmental windows.

An alternative approach for spatially controlled gene expression is the
GAL4/UAS system. In an activator strain, zebrafish express GAL4 under a
tissue specific promoter. Several enhancer trap screens have now generated
transgenic zebrafish lines expressing GAL4 within a variety of tissues
(Asakawa and Kawakami, 2008; Distel et al., 2009; Scott et al., 2007). A
second effector strain carries the gene of interest under control of GAL4-
responsive promoter. By crossing these strains you achieve tissue- and
temporal-specific over-expression of the gene. While this approach allows
tissue-specific alterations to gene expression, there is a temporal limitation
as to when GAL4 is expressed within the activator strain. The production of
stable GAL4 and UAS strains, followed by a stable GAL4/UAS is also time
consuming as at least three months are required for fish to reach maturity.

Regarding zicZaZb, the GAL4/UAS method of gene regulation would
be useful in producing zicZaZb expression within islet-1-positive cells to
ascertain cell-autonomous versus cell-non-autonomous requirements for
these transcription factors. Additionally, the temporal requirement for
zicZaZb could be analyzed by zicZaZb expression within the developing
dorsal neural tube. The effects of neural tube specific upregulation on
resulting neural populations could be determined, as well as the ability of

neural tube-derived Zic2aZ2b to rescue vagal neuron defects in Zic2aZ2b-
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depleted embryos. However, if the requirement for these genes is
significantly earlier in development (e.g. in establishing RA signaling levels),
no rescue would be visible. Interestingly, expression of zicZaZb within the
posterior hindbrain and spinal cord, for example within the hoxb4 expression
domain, could potentially rescue the posterior truncation of Zic2aZb-
depleted embryos.

We postulate that the posterior truncation in ZicZa2b-depleted
embryos results from an early reduction in aldhla2. We have shown that
supplying RA, the product of the Aldhla2-catalyzed reaction, rescues the
vagal neuron defect within morphants. To support the key role of Aldh1aZ,
treatment of embryos with exogenous retinol (Vitamin A), the RA precursor,
would be interesting as it would allow the study of potential retinol-
independent mechanisms of RA metabolism. If Zic2a2b morphants are
deficient in aldhla2, and Aldh1a2 is the crucial metabolite for RA synthesis
during embryogenesis, we would expect the vagal neuron defect to persist
with retinol treatment.

To differentiate between the requirements for RA during early neural
patterning and later regulation of neural proliferation and differentiation,
varying the embryonic stage of exogenous RA treatment would be
informative. In our experiments, RA was added at mid-gastrulation stages
with concentrations remaining constant until the time of embryo fixation (48
hpf). However, birth of the branchiomotor neurons begins at approximately
26 hpf. Therefore, to address RA requirements during these later
neurogenesis events, RA treatment between 15-22 somite stage would be
necessary. If the vagal neuron defect observed in Zic2aZb-depleted embryos
was rescued with this treatment, we would conclude that RA is acting

independently of neural patterning.

5.2 Zic2a2b gene knockdown and mutants
The use of morpholinos to achieve gene knockdown, while a useful

and common tool in zebrafish, can result in experimental obstacles.
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Morpholinos can cause non-specific defects including activation of the p53-
apoptotic pathway, most commonly resulting in neuronal cell death, as well
as necrosis, somatic defects, and heart adema (Robu et al., 2007). Often, the
use of multiple morpholinos (or a high dose) is required to appropriately
reduce expression levels. In our experiments single Zic2a and Zic2b splice-
blocking morpholinos were used. To ascertain morpholino specificity,
essential experiments should be completed with control morpholinos
examining for production of similar phenotypes. A control splice -blocking
morpholino targeting a different intron -exon boundary (for example, the
first exon and second intron) would theoretically produce a non-functional
protein. However, if cryptic splice sites are present, the use of splice -
blocking morpholinos could produce a differentially spliced, functional
protein product. Alternatively, translation blocking morpholinos could
effectively reduce protein translation. As neither Zic2a nor Zic2b are
maternally expressed, a slice -blocking and translation blocking morpholino
should produce similar phenotypes as both act on zygotically expressed
Zic2a and Zic2b mRNA.

To clarify the role(s) of Zics, while reducing non-specific side-effects,
dominant negative protein constructs or the production of mutant zebrafish
would be informative. Drosophila and Xenopus dominant negative Gli2/3
transcription factors were produced using C-terminal truncations. These
truncations eliminate the regions of Gli2/3 that are not involved in DNA
binding, therefore removing regulatory regions and leaving the zinc-finger
DNA binding domains (Brewster et al., 1998) (Ruiz i Altaba et al., 2003). The
predicted ZOC (Zic-Opa related) regulator domain is located within the N-
terminus of Zic2a and Zic2b, opposite the zinc-finger domains (Figure 1.4)
(Aruga, 2004). Creating a N-terminal Zic2a/2b truncation, lacking the ZOC-
domain, may produce a “dominant negative” protein. As Zics can interact
with Glis and potentially other Zics via their DNA binding domain, a
dominant negative transcription factor could produce a strong phenotype

correlating with knockdown/loss of multiple Zics (Koyabu et al., 2001). Of
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note, although there is significant protein similarity and expression domain
overlap, Zic family members are regulated differently and could have varying
roles within target cells. Additionally, due to their single-amino acid
stretches, Zics were initially thought to act as repressors, however activator
functions have also been identified (Houston and Wylie, 2005). Therefore,
care must be taken in analyzing effects of “dominant repressor” assays to
correctly ascertain whether potentiation of Zic function or loss of Zic function
results.

While large-scale TILLING projects are ongoing, zebrafish zic mutants
have yet to be identified (Sood et al., 2006). There are several mechanisms
with which zebrafish mutants can be created, such as zinc finger nucleases
and TALENs. Zinc-finger nucleases act to target specific DNA sequences and
introduce double stranded breaks (Meng et al,, 2008). Within these cells,
error-prone non-homologous end joining repairs DNA breaks, often resulting
in insertions and deletions. There are reported success using zinc finger
nucleases to create zebrafish mutants - however, this success requires a
specific recognition site: two 9 base-pair zinc finger recognition sites,
flanking a 6 base-pair spacer (Meng et al.,, 2008). Unfortunately, Zic2a has
only moderately acceptable zinc finger recognition sites suggesting that
creation of a mutant using this method would be challenging.

Recently, the use of TALENs to induce mutations has received
significant attention after successful use in human cell culture (Hockemeyer
et al, 2011). Fusion of plant-derived transcription-like activators (TAL) to
the FoklI nuclease creates an efficient protein that targets and creates double-
stranded DNA breaks. This method has been successful in generating
heritable mutations within zebrafish (Huang et al,, 2011; Sander etal., 2011).

With the formation of Zic2a/2b single mutants, analysis of individual
gene function will be more clear, as off-target morpholino effects are avoided.
In addition, analyzing redundant functions of Zics will be significantly easier
via creation of doubly mutant fish as well as morpholino-mediated

knockdown in conjunction with mutants.
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5.3 Regulatory interactions of Zic2a2b

In addition to Zic2a2b, transcription factors that act upstream of
aldhla2 include Tgif, Hmx4, and Hox-Pbx complexes (Gongal et al., 2008;
Gongal et al,, 2011; Vitobello et al., 2011). Similar to the known role of Tgif,
we have identified a regulatory mechanism between Zic2aZb and RA
metabolism genes, regulating transcription of both aldhlaZ and cyp26al.
Very few transcription factors identified to date act upstream of both
potentiation and inhibition of a signaling pathway. Therefore, further
examining the mechanisms by which these transcription factors act would be
informative. For example, morpholino-mediated knockdown of Tgif, Hmx4,
Zic2a2b, and Pbx-depletion in paired combinations or rescue of Zic -
depletion phenotypes with mRNA overexpression (using Tgif, Hmx4, or Pbx
mRNA) would provide useful information. These experiments would
examine whether Zic2a2b, Tgif, Hmx4, and Hox-Pbx act within the same
pathway to modulate RA levels.

Finally, Zic transcription factors are capable of binding Gli regulatory
sequences in vitro, implicating a putative role for Zic in mediating Shh
signaling (Koyabu et al., 2001). Additionally, yeast one-hybrid has identified
interaction between Zics and cis-regulatory regions of ApolipoproteinE,
Dopamine receptorla, and Mathl (Aruga, 2004). However no large-scale
method has been used to identify genes directly regulated by Zics. Chromatin
immunoprecipitation (ChIP) and sequencing is a common technology used to
assay high-throughput protein-DNA interactions and would be essential to
further clarify the transcriptional role of Zics. This would allow identification
of Zic2a/2b binding sites within cyp26al and aldhlaZ enhancer regions.
While there is a putative Gli binding site within the zebrafish cyp26al
promoter, a direct regulatory relationship has not been shown (Hu et al,,
2008). In addition, regulatory relationships between Zics themselves, Zics
and Shh signaling, and Zics and neurogenic factors, could be investigated at

one or many stages of zebrafish embryonic development.
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