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ABSTRACT
During the embryonic development of vertebrates, progenitor cells receive

guidance and start to proliferate, differentiate, and migrate to form various tissues and
organs. This process requires the coordination of cell signaling, transcriptional regulation,
and cytoskeleton reorganization. In this study, we focus on understanding the roles of two
different proteins, Max’s giant associate protein (Mga) and a-tubulin acetyltranferase
1(ATAT1), in zebrafish development. It has been suggested that Mga is a Myc antagonist
and participates in activating the expression of bmp2b in the yolk syncytial layer (YSL)
of zebrafish. Here we show that Mga plays a novel role in regulating neural crest
development in zebrafish. Suppressing the expression of Mga by antisense morpholino
oligonucleotides leads to various developmental defects in zebrafish embryos. Most cell
lineages that derive from neural crest are affected in mga morphants, suggesting that Mga
might play a role in maintaining the normal formation of neural crest cell population.
Mga might control neural crest formation by positively regulating BMP signaling, or

alternatively, by antagonizing the activity of Myc. To understand more about the



mechanism, we further targeted mga with RGN system and identified five different
potentially null alleles. Further characterization of mga mutants is required to understand
the function of Mga. ATAT]1 is the major a-tubulin acetyltransferase responsible for
tubulin acetylation, a conserved tubulin post-translational modification (PTM) associated
with stable microtubules, in ciliates, worms, and mice. Here we employed TALENS to
target zebrafish atatl and successfully generated two atatl null mutants. atat! mutants
deplete acetylated a-tubulin completely in microtubules, suggesting that ATAT]1 is also
the major a-tubulin acetyltranferase in zebrafish. atatl/ mutants are viable, fertile, and
exhibiting no overt developmental defect. However, atat/ mutant embryos are more
sensitive to Paclitaxel treatment. Furthermore, several tubulin PTMs are altered in atatl
mutants. Tubulin monoglycylation is elevated in atat/ mutants. Severe cilia-related
defects are observed in zebrafish embryos void of both ATAT1 and tubulin
monoglycylase TTLL3. This result suggests a possible interaction among different

tubulin PTMs.
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CHAPTER 1

INTRODUCTION AND LITERITURE REVIEW

Embryonic morphogenesis and patterning in vertebrates

From a single fertilized oocyte to a fully functional multicellular organism, progenitor
cells receive guidance and undergo proliferation, differentiation, and migration to form a
variety of tissues and organs. Every step in embryonic development has to be tightly
controlled, and every embryonic cell has to coordinate and communicate with each other
properly in order to contribute to a fully developed organism. Therefore, it is essential to
understand underlying mechanisms that regulate the embryonic morphogenesis and
patterning. Initially, embryos develop from a group of identical cells shortly after
fertilization. These cells are called stem cells because they have potential to form almost
any structure in the organism. Later in early embryonic development, embryonic cells
receive directional instructions from groups of specialized cells called signaling centers
and are further turned into a multi-layered structure. This process is called the
gastrulation when three germ layers including endoderm, mesoderm and ectoderm form
depending on the signals that each cell receives. The endoderm will form the lining of
guts; the mesoderm will form connective tissues, muscles and blood; the ectoderm will
form neural and skin cells. The polarity of embryo, including anterior-posterior and

dorsal-ventral, is also established during the process. Once germ layers form, embryonic



stem cells are turned from pluripotent cells into groups of cells with different cell fates.
Each group of cells will keep proliferating and eventually develop into particular types of
tissues and organs according to their cell fate that they acquire during the gastrulation.

Gastrulation and signaling centers

The gastrulation in vertebrates begins when embryonic cells receive extracellular
signaling molecules secreted from signaling centers. The first signaling centers form in
vertebrates when cells with extraembryonic identity physically separate from the rest of
the embryos [1]. These extraembryonic tissues such as visceral endoderm (VE) in
mammals, hypoblast in avian and yolk syncytial layer (YSL) in teleost fish serve as
signaling centers to instruct germ layer formation in embryonic tissues. Extraembryonic
tissues were first discovered in mammals and avian at the end of the 19" century[2, 3]. In
chick, the extraembryonic hypoblast forms from the merging of yolky cell ‘islands’
underlying primitive ectoderm/epiblast [4]. In mouse, VE segregates from primitive
endoderm of the implanting blastocyst during embryonic day E4.5-5.5 [4]. In teleost fish,
YSL formation occurs when cells at the margin of blastomeres collapse and release their
cell contents into nearby yolk cell to form a multinuclear cell syncytium [5]. Though
extraembryonic tissues will not become parts of the embryo, the transcription remains
active since signaling molecules are largely required from blastomeres for patterning the
embryo at this stage. Therefore, extraembryonic signaling centers produce and secrete
morphogens, diffusible molecules that form concentration gradients in the embryo, to
communicate with blastomeres. Each cell receives different level of morphogens

according to their positions in the blastomeres. The difference in signaling strength



received by each blastomere determines what cell type they will become in the future.
Overall, extraembryonic tissues serve as the important source of signaling molecules that

could be utilized to initiate the formation of germ layers.

Polarity and axes formation

In vertebrates, axes formation starts as early as oogenesis when maternal factors are
deposited into oocytes. Animal-vegetal axis is established during oogenesis. These
factors are localized to the vegetal pole during oogenesis and later asymmetrically
distributed in the egg via microtubule-mediated transport to initiate the formation of
dorsoventral axis shortly after fertilization. These maternal factors soon mediate the
primary axes formation through regulating Wnt, BMP, Nodal, and FGF signaling
pathways. This process provides the foundation for the establishment of body plan [6].
While signaling centers signal embryonic cells to adapt their cell fate during the
gastrulation, another group of cells called organizer also actively provides directional
instructions for axis formation. The organizer was first discovered by Spemann and
Mangold in early 20" century using salamander as a model. In their experiment, the
dorsal lip of the blastopore where the gastrulation starts was grafted into the ventral side
of the host, from a lightly pigmented donor to a more pigmented host. Surprisingly, the
transplanted dorsal tissue not only maintained its original dorsal cell fate gave rise to
mostly the notochord but also induced neighboring host cells to form a Siamese twin
containing dorsal tissues [7]. Since the dorsal lip of the blastopore had the ability to

induce a Siamese twin formed in the host, Spemann named this structure as the



‘organizer’. This dorsal signaling center is now known as Spemann organizer in Xenopus
and the shield in zebrafish. The formation of the organizer requires Nodal and possibly
some other signals from ventral signaling center in both Xenopus and zebrafish. A variety
of signal antagonists such as Chordin and Noggin as BMP antagonists, Dkk-1 as Wnt
antagonists, and a multi-signal antagonist Cerberus, are secreted from the organizer to
define the functional signaling domain during the gastrulation [8-10]. At the same time, a
ventral signaling center at the opposite end of the mesoderm from Spemann organizer
secretes BMPs to signal embryonic cells [11]. Thus, dorsal and ventral signaling centers
appear to battle each other to ensure the accurate delivery of instructional signals to each
cell. The presence of organizer highlights the requirement of the complex signaling
regulation during the gastrulation other than just the existence of morphogen

concentration gradient.

TGF S signaling in embryonic patterning

Signaling mechanism of TGFp signaling

The transforming growth factor B (TGFf) superfamily includes numbers of secreted
proteins acting as extracellular ligands for signal transduction, such as
TGFB/Activin/Nodal and BMPs. These ligands bind to transmembrane receptors on the
cell surface and turn on the signaling cascade through activating serine/threonine kinase
activity of receptors. There are two types of TGFp receptors: Type I receptor and Type II
receptor. When TGF ligand binds to the type II receptor, the ligand-bound type 11

receptor has higher affinity to the type I receptor and a complex is formed in which the



type Il receptor phosphorylates the type I receptor for activation. Unlike TGFf3, BMPs
form homodimers or heterodimers first and bind to type I and type II receptors together.
Once the complex is formed, the type I receptor phosphorylates receptor regulated Smad
proteins (R-Smad) including Smad2/3 (activating TGFp/Activin/Nodal pathway) and
Smad]1/5 (activating BMP pathway) for intracellular signal transduction. Common Smad
(Co-Smad), Smad4, binds to phosphorylated R-Smad proteins and form a heterodimer.
This heterodimer translocates to the cell nucleus and binds to regulatory regions of the
target genes together with some other binding partners for regulating gene transcription

[12, 13].

1. Nodal

Nodal signaling is a well known signaling pathway essential for the formation of germ
layers in vertebrates. At the beginning of the gastrulation, Nodal induces mesendoderm
formation and later different levels of Nodal signaling together with other signaling are
required for further patterning of germ layers. Mouse has a single nodal gene, whereas
Xenopus has at least six and zebrafish has three [14-16]. In mouse embryos, nodal is
initially expressed in the proximal epiblast before and during early gastrulation then its
expression is restricted to the node [17-19]. Nodal signaling is required for the
establishment of proximal-distal axis polarity, which later is converted into anterior-
posterior axis when anterior VE moves [18, 20, 21]. Loss of Nodal signaling in mice
leads to the absence of mesoderm, excessive formation of ectoderm, and eventually the
embryonic death during the early gastrulation [17, 18]. Similar effects of Nodal proteins

are also found in other species during the gastrulation, such as Xenopus and zebrafish.



Five out of the six known Nodal proteins have the ability to induce mesoderm formation
in animal caps in Xenopus [22-25]. In zebrafish, embryos develop abnormally with the
absence of mesoderm in head and trunk, and all endoderm when two nodal genes,
cyclops and squint, are not functional [15]. Nodal signals to patterns the gastrulation
through TGFp signaling pathway and requires an additional co-receptor for ligand-
receptor activation. Mutation in cripto shows a phenotype similar to nodal mutant mice
[26]. A similar phenotype is also observed in a zebrafish losing both maternal and zygotic
expression of one-eyed pinhead (MZoep). Overexpression of cyclops and squint fails to
rescue the MZoep phenotype, whereas overexpression of a constitutively active type |
receptor or activated Smad2 rescues the mutant phenotype [27]. This suggests the
possible role of oep in Nodal signaling as a player in ligand-receptor binding/activation.
Through analyses, oep is identified encoding a cripto homologue. Cripto and Oep are
named EGF-CFC because they both contain EGF homology domain and Cripto-Frl-
Criptic (CFC) homology domain [28, 29]. EGF-CFC is identified as a co-receptor of
Nodal receptors ALK4 and ALK7 [30, 31]. During the gastrulation, Nodal signaling from
extraembryonic tissues also plays an essential role to pattern germ layers. Mouse nodal
mutant chimeras show that Nodal signaling is required in VE for the formation of
prechordal plate and anterior neural tissue [19]. Targeted depletion of nodal genes in
zebrafish demonstrates that Nodal proteins are required in the YSL for endoderm and
head mesoderm formation [32]. In order to shape up the adequate level of Nodal
signaling in different parts of embryos during the gastrulation, Nodal signaling can be
controlled at the level of nodal gene expression and the regulation of other Nodal

signaling components. nodal genes are expressed both maternally and zygotically, and



their expression is regulated by various mechanisms. In zebrafish, squint positively
regulates the expression of bozozok in the dorsal organizer in conjunction with Wnt/f-
catenin and is essential for the early steps of dorsoventral axis formation [15]. Expression
of nodal genes in both embryonic and extraembryonic tissues depends on reciprocal
Nodal signaling interaction between two tissues [32]. Recent studies in microRNAs
(miRNAs) have shown that miRNAs play important roles in regulating the expression of
a variety of genes, including essential genes required for embryonic development in
Xenopus and zebrafish [33]. miRNAs are originally transcribed as primary RNAs and
later being processed by RNase III Dorsha and Dicer into small non-coding RNA
fragments about 22 bases each piece. These miRNAs are complementary to sequences
within the 3’ untranslated region (UTR) of their target genes. Once they bind to target
sequences, the miIRNA/mRNA binding will promote mRNA cleavage or deadenylation
and further inhibit the expression of target genes. It has been shown in zebrafish that a
miRNA, miR-430, targets a nodal gene squint and a Nodal inhibitor lefty2 [34]. miR-430
plays an important role in maintaining the adequate level of Nodal signaling by balancing
the expression of squint and lefty2 in early developing embryos. In Xenopus embryos,
miR-15 and miR-16 target the mRNA of Nodal type II receptor, suggesting their role in
regulating Nodal signaling [35]. Additionally, binding of proteins on mRNAs could also
affect their stability. It has been reported that Y box-binding protein 1 (Ybx1) binds to 3’
UTR of maternal squint transcripts and prevents pre-mature translation and Nodal
signaling [36]. However, Nodal signaling can also be inhibited even when Nodal proteins
exist. Cerl binds to Nodal, and Lefty1/2 bind to Nodal and FGF-CFC to antagonize Nodal

signaling [37]. Depletion of lefty1/2 by injecting antisense morpholino oligonucleotides



into zebrafish embryos causes unchecked Nodal signaling, expansion of mesendoderm,
and loss of ectoderm [38]. In Xenopus, the expression of Nodal responsive organizer
genes expands away from the dorsal blastopore lip and affects organizer patterning and

the gastrulation when Xlefty is depleted [39].

2. BMP

Bone morphogenetic proteins (BMPs) participate in a variety of biological processes
from embryonic development through the entire life. They are especially known for their
role in dorsoventral and anterior-posterior (A-P) axis formation during embryogenesis
[40, 41]. In zebrafish, the expression of bmp2b and bmp7a begins rapidly throughout the
blastoderm following the mid-blastula transition. bmp4 is expressed slightly later in a
ventrally restricted domain, and its expression depends on bmp2b and bmp7a. The ventral
to dorsal BMP signaling gradient begins to form in late blastula stages, and BMP
signaling is cleared from the dorsal side of the embryo by the onset of gastrulation [6].
This ventral to dorsal BMP gradient is essential for the establishment of dorsoventral axis
in developing embryos. Zebrafish with mutations in different BMP signaling
components including swirl/bmp2b, snailhouse/bmp7a, somitabun/smad5, lost-a-fin/alk$,
mini fin/tolloid, chordin/chordino, and ogon/sizzled all show dorsoventral patterning
defects [6]. In Xenopus, organizer-specific transcription from the midblastula transition
onwards is repressed by BMP2 while BMP4 has no significant effect on preventing the
early activation of organizer-specific genes. However, BMP4 takes place to pattern
mesodermal structures once the gastrulation begins. [42]. Therefore, different BMPs

might play different roles before and during the gastrulation to pattern developing



embryos. Meanwhile, BMP signaling also plays a role in negatively regulating adhesion
and migration of mesodermal cells during the gastrulation. This function is independent
of its role of dorsoventral patterning. In zebrafish, BMP acts through Alk8 and Smad5 to
negatively regulate Ca>"/Cadherin-dependent cell-cell adhesiveness. This effect results in
defining different migratory zones and directing lamelli-podia-driven cell migration
during the dorsal convergence in lateral regions of zebrafish gastrula [43]. Moreover,
BMPs act as important players in patterning extraembryonic tissues and guiding germ
layer development during the gastrulation. The proximal-distal (P-D) polarity in the
mouse embryo is established around embryonic day 3.5 (E3.5) [44]. At this stage, the
embryo consists of both embryonic tissues and extraembryonic tissues. Shortly before the
gastrulation (E5.5-E6.0), an extraembryonic signaling center called anterior visceral
endoderm (AVE) forms when a group of cells from the distal tip of the visceral endoderm
moves toward the opposite direction [45, 46]. When the gastrulation starts at E6.5,
mesodermal cells in the posterior epiblast start to form the primitive streak at the junction
between the epiblast and the extraembryonic endoderm. This process is called axis
rotation that converts the initial P-D polarity to A-P polarity and is essential for the
gastrulation [47]. The mechanism that regulates this process is still not well understood.
However, several studies have shown that BMP signaling is required for embryonic
patterning at this stage. BMP4 is expressed in both primitive streak and extraembryonic
ectoderm before and during the gastrulation [48]. Loss of bmp4 leads to the formation of
a ventrally projected bulge in the posterior region of the primitive streak in mice. This
phenotype can be rescued by generating tetraploid chimeras that combine both bmp4

mutant embryonic stem (ES) cells and wildtype embryos [49]. In this experiment, all



cells in the embryonic region are derived from bmp4 mutant ES cells and extraembryonic
cells are derived from wild type. This result suggests that BMP4 in the extraembryonic
ectoderm is essential for the formation of primitive streak through a non-autonomous
mechanism. Loss of bmp2 in mice leads to the abnormal development of the
extraembryonic tissues while the gastrulation can still proceed, and later the embryos die
by E8.5 [50]. The maintenance of adequate BMP gradient during the gastrulation is
achieved by the combination of the regulation of BMP expression and the effect of BMP
antagonists. In the dorsal part of the embryo, the secreted BMP antagonist Chordin and
Noggin are known to block the BMP signaling by binding to secreted BMP molecules
and preventing their binding to receptors [51-53]. Through this mechanism, the strength
of BMP signaling can be regulated at the post-translational level. A recent study also
shows that the ventral to dorsal BMP gradient in the zebrafish early embryos is
determined by graded expression of BMP ligands [54]. This result suggests that BMP
gradient can also be maintained at the transcriptional level. The maintenance of bmp
expression is controlled by an auto-regulatory loop via Smad5. In zebrafish smad5
mutants, the expression of both swirl/bmp2b and snailhouse/bmp7a fails to be maintained
because of the disrupted auto-regulatory loop [55, 56]. Sequential ChIP experiment using
chromatin from zebrafish gastrulating embryos shows that Mga, Max and Smad4 form a
complex and bind to a region 3.3kb upstream of the bmp2b transcription start site
containing both E-box and T-box sites, suggesting a possible transcriptional regulatory
mechanism of bmp2b expression during the gastrulation [57]. To sum up, maintaining
adequate BMP signaling strength is essential and required for the normal embryonic

patterning.
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Cilia in embryonic development

Cilia and their biological functions

Cilia are projection-like organelles found in eukaryotic cells. They can serve as either
sensory or motile organelles and are involved in a variety of biological events [58]. The
backbone inside a cilium is a microtubule-based cytoskeleton called axoneme. Cilia can
be found throughout different tissues and organs in vertebrates, such as the lining of the
trachea, brain ventricles, fallopian tubes in female reproduction system, photoreceptor
cells, olfactory neurons, kidney cells, and embryonic nodal cells. This broad distribution
of cilia in the body suggests that cilia participate in many different important biological
functions from embryos to adults. The external body plan of vertebrates is bilaterally
symmetrical, but several internal organs, including heart, blood vessels, digestive organs,
and parts of the brain, are highly left-right asymmetrical. This internal left-right
asymmetry is essential for the functions of these organs. In vertebrate embryos, motile
cilia are required to establish the left-right (LR) axis at the end of gastrulation [59]. A
model has been proposed from studies of mouse embryos that monocilia protruding from
cells in the late gastrula node direct an asymmetric flow of extracellular fluid that results
in the establishment of asymmetric gene expression [60]. The first cilia form in an
embryonic tissue of zebrafish called Kupffer’s vesicle (KV), which is analogous to the
mouse node [61]. Disruptions of the KV cilia result in a complete reversal of the LR axis,
known as situs inversus, or in a randomized LR axis, called heterotaxia [59]. Taken
together, KV motile cilia can regulate the formation of left-right asymmetry of zebrafish

in early developmental stages. Besides, ependymal cilia form the lining of brain
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ventricles, and direct the cerebrospinal fluid (CSF) flow in ventricles [62, 63]. Disruption
of ependymal cilia-directed CSF flow in brain ventricles results in the abnormal
accumulation of CSF and further causes hydrocephalus [64]. Furthermore, cilia are also
required for the maintenance of kidney’s function. Cystic kidney, a severe disorder
results in kidney dysfunction, could be a result of disrupting the expression of a variety of
cilia-related genes [65]. In brief, the cilium is an important organelle in regulating

functions of many organs.

Cilia as the signaling center

Cilia have been considered as either motile or sensory organelles to maintain
functions of a variety of organs. This also implies the importance of how cilia
communicate with signaling pathways to achieve these functions. Indeed, it has been
revealed that several signaling pathways show high correlation with the presence of cilia.
In renal tubules, cilia can act as mechanosensors to detect fluid flow. This mechanism
requires the participation of two ciliary membrane proteins polycystin-1 (PC1) and
polycystin-2 (PC2) to turn on downstream calcium-dependent signaling pathways.
Mutations of PC1, PC2, or some other cilia-related genes will lead to the formation of
cystic kidney, suggesting cilia are important organelles to transmit extracellular signals
into cells [66]. However, there are some other signaling pathways might be involved in
the maintenance of kidney’s function through cilia, including Wnt/PCP and mTOR [67-
69]. Meanwhile, cilia of olfactory neurons can initiate olfaction through cAMP-
dependent depolarization upon the binding of odorant ligands to G-protein coupled

receptors [70]. Primary cilia also play critical roles in cell-cell communication during the

12



developmental process. Components of Hedgehog (Hh) signaling have been shown to
localize dynamically within cilia [71]. Dampened Hh signaling is found in zebrafish
without cilia [72], suggesting the possible role that cilia play in the regulation of normal
Hh signaling pattern. Cilia might act as not only cellular antennae but also compartments
to concentrate a variety of signaling components in order to respond rapidly when

receiving signals from extracellular environment.

Gastrulation and cell movement

Before and during the gastrulation, embryonic cells adapt their cell fates according to the
instructional signals that they receive. Embryonic cells also undergo massive cell
migration and rearrangement in order to organize the embryo into a multi-layered
structure. Three major types of cell movement, epiboly, internalization, and convergent
extension are involved in the gastrulation [73]. Epiboly is the process involving the
spreading and thinning of cell layers; internalization moves the mesodermal and
endodermal precursors from the blastula surface beneath the prospective ectodermal layer
through a gateway known as the blastopore; finally, convergent extension narrows
embryonic tissues mediolaterally and extends them anteroposteriorly [73, 74]. In
zebrafish, gastrulation cell movements start at sphere stage (4 hours post-fertilization)
when cells in the blastoderm sitting atop of YSL begin to migrate [75]. Epiboly, the first
event of gastrulation cell movements, begins when the yolk cell domes into the
blastoderm. At the same time, the blastoderm becomes thinner and extends toward the

vegetal pole [76]. The coordination of the EVL, deep cells and YSL is required for proper
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vegetal cell migration. Removal of blastoderm from killifish Fundulus heteroclitus
embryos shows that YSL can still undergo epiboly movement, suggesting the importance
of YSL movement during the epiboly [77]. It has been implicated that the yolk
cytoskeleton plays important roles in the epiboly [74]. Two types of cytoskeleton,
microtubule and actin, cooperate to move YSL, EVL and deep cells toward vegetal pole
during the epiboly. The yolk cell contains two different arrays of microtubules. When
blastoderm and YSL move halfway towards the vegetal pole during the early gastrulation,
the EVL leads the vegetal movement of deep cells. A dense network of microtubules in
the yolk cell surrounds the yolk syncytial nuclei beneath and vegetal to the blastoderm.
Another set of long microtubules oriented along the animal-vegetal axis emerges from
YSL into the yolk cytoplasmic layer [74, 78]. Dense actin filaments also cover the
vegetal cortical region of the yolk cell. The yolk syncytial nuclei lead in the epibolic
movement while the EVL in front of the deep cells continues to move towards the vegetal
pole at the late gastrulation. In the cortex of the yolk cell, the dense network and the
animal—vegetal oriented sets of microtubules are also present. A structure containing the
dense organization of actin filaments continues to form in the vegetal cortical region of
the yolk cell [74]. One study using drugs affecting microtubule stabilization and
destabilization suggests that changing the organization of microtubules has significant
impact on the epiboly in zebrafish. Treating embryos with microtubule stabilizing reagent
Paclitaxel delays all epibolic movements toward the vegetal pole, whereas the disruption
of microtubules with microtubule destabilizing reagent Nocodazole blocks vegetal
movement of the YSL completely, but only partially prevents epiboly of the EVL and

deep cells [78]. One explanation to this phenomenon is a microtubule-independent
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endocytosis that drives epiboly of the EVL that occurs in the external YSL just vegetal to
the EVL attachment. The removal of the external YSL membrane by endocytosis
together with the expansion of the internal YSL membrane underlying the blastoderm,
could lead to the epiboly of YSL membrane, towing the EVL with it [78]. Proper
organization of actin filaments is also essential for the epiboly. Treating zebrafish
embryos with cytochalasin B or the calcium chelator dibromo-BAPTA results in the
disruption of all actin-based structures found in the yolk, leading to the slowing or
immediate arrest of epiboly, respectively, followed by a failure of yolk cell occlusion and
the eventual lysis of the embryo through the vegetal pole region [79]. Nevertheless, little
is known regarding the cytoskeletal regulation during the epiboly. It has been shown that
pregnenolone, a lipid produced from cholesterol in the yolk cell, is required to maintain a
level of polymerized microtubules to ensure normal epiboly movement. Pregnenolone is
produced by an enzyme Cypllal expressed in YSL during the epiboly. Suppressing
cypllal expression in zebrafish embryos using antisense morpholino oligonucleotides
did not perturb cell fates, but caused epibolic delay. This epibolic defect was partially
rescued by either the injection of cyp/lal mRNA or the supplementation of
pregnenolone [80]. Other than cytoskeletal components, several transcription factors have
also been shown to be essential for normal epiboly progression. A T-box transcription
factor Eomesodermin A (Eomesa) has been implicated as playing a role during the
epiboly through promoting the expression of m#x2 [81]. Maternal Eomesa has been
reported to play a role in the initiation of epiboly, which involves doming of the yolk cell
up into the overlying blastoderm. However, the epiboly progression is normal, suggesting

that the epiboly initiation is genetically separable from the progression. The microtubules
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in the yolk cell are also defective in maternal-zygotic eomesa mutant embryos [82].
Moreover, Zebrafish transcription factor pou5f1 deficient maternal and zygotic spiel ohne
grenzen (MZspg) mutant embryos develop severe epiboly defects. An altered array of
cortical microtubules and F-Actin, with large patches of microtubule-free area are found
in the yolk cell of MZspg mutants during the epiboly [83]. The transcription regulation
might require the participation of some post-translational modifications on transcription
factors. For example, the monosaccharide O-linked B-N-acetylglucosamine (O-GIcNAc)
is added onto a variety of proteins to regulate their activities. Two different enzymes, O-
GlcNAc Transferase (Ogt) and O-GlcNAcase (Oga), catalyze the attachment and removal
of O-GIcNACc to target proteins respectively. Overexpression of ogt and oga mRNAs in
zebrafish embryos delays the epiboly and cause a severe disorganization of microtubules
and actin filaments in the YSL. These cytoskeletal defects are similar to the phenotypes
found in mutants lacking Pou5fl. Since O-GlcNAc modified Pou5f1/Oct4 is identified in
mouse stem cells, it is also possible that zebrafish Pou5f1 also undergoes the same
modification in order to perform its activity in regulating the epiboly progression [84].
Besides, the gastrulation is a stage particularly sensitive to environmental teratogen
exposure. Ethanol exposure disrupts both the cell adhesion and the yolk microtubule
organization and further causes the cell movement defects in the epiboly. E-cadherin
expression is not affected, but the distribution is changed when exposing zebrafish
embryos to ethanol [85]. E-cadherin has been implicated to play a critical role in the
epiboly. Moderate reduction of E-cadherin protein level by injecting antisense
morpholino oligonucleotides leads to epibolic defects, whereas lacking functional E-

cadherin completely in the half baked mutant results in severe defects in the early cell
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division and halts the embryonic development [86, 87]. Taken together, a successful
epiboly requires both the cytoskeletal reorganization and the proper regulation of cell

adhesion.

Neural crest development

Neural crest (NC) cells are a unique multipotent cell population only found in embryos of
vertebrates. NC cells are derived from the dorsal neural tube in developing embryos and
undergo the migration to many different locations in the body to give rise to a variety of
derivatives, including neurons and glia of the peripheral nervous system,
sympathoadrenal cells, cardiac cells, melanocytes, and most of the bones and cartilages
of the face and skull as well as tendons, muscles and connective tissues of the ear, eye,
teeth and blood vessels [88, 89]. NC cells originate from the neural plate border (NPB),
which is a region of ectoderm sitting in between the neural plate (NP) and the non-neural
ectoderm (NNE). Presumptive NC cells occupy the dorsal tips of the neural plate (the
neural folds) when the NP starts to fold inwardly to form the neural tube, and are laterally
flanked by prospective placodal ectoderm in cranial regions and by prospective epidermis
in the trunk and tail [89]. After NC cells adapt their fate, they undergo an epithelial-
mesenchymal transition (EMT) from rostral to caudal and eventually migrate to form
various cell types in different regions. NC cells start migrating soon after the neural tube
completely fuses in the mouse, Xenopus, and zebrafish. However, chick NC cells begin
to migrate before the neural tube is closed [89]. The establishment of NC cell population

is influenced by many different signaling pathways, such as BMP, Wnt, fibroblast growth
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factor (FGF), Notch/Delta, retinoic acid (RA), Hedgehog (Hh), and endothelin signaling
[89, 90]. A recent study showed that NC induction starts as early as in the gastrulation
when the ventral BMP and dorsal Wnt signaling form gradients in the gastrula to
maintain the prospective NC cell population in zebrafish. Two transcription factors,
Tfap2a and Foxd3, are responsible for regulating BMP and Wnt signaling during this
process respectively [91]. Similar event is also observed in other species. Chick NC cells
are thought to originate from the neural plate border where the transcription factor Pax7
is also expressed in the mid-gastrula as early as stage HH4+. When tissue explants from
this Pax7-expressing domain of the gastrula were cultured in the absence of exogenous
inductive signals, they were able to generate NC cells despite the lack of added factors or
other tissue interactions [92]. In fact, it is known that NC is induced as early as at stage
HH2 [89]. Several signaling pathways, such as BMP, Wnt, FGF, and Notch/Delta
signaling, are proposed to be involved in the early NC induction. These signaling
pathways further affect the expression of a set of transcription factors, including Msx]1,
Pax3, Zicl, Hairy2, Gbx2, Pax7, Ap2a, and Meis3, which act as crucial regulators of
NPB specification [89]. These transcription factors together with the same signaling
pathways further trigger the expression of another set of transcription factors for NC
specification. NC specifiers include Snaillb, Ap2a, Foxd3, Sox9/10, Twist, and cMyc,
which are proposed to regulate and control NC behavior, from EMT and delamination to
migration and differentiation [89, 90]. Together, NC development is tightly controlled by
the spatiotemporal expression patterns of these transcription factors, and their
combinational effect with signaling pathways may also be required to ensure the normal

NC formation.
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CHAPTER 2
MGA IS A NOVEL REGULATOR OF NEURAL CREST DEVELOPMENT IN

ZEBRAFISH

INTRODUCTION

During embryonic development in vertebrates, neural crest (NC) cells are a group of
migratory multipotent cells that will give rise to a variety of different tissues, such as
pigment cells, craniofacial cartilages, peripheral nervous system (PNS) and enteric
nervous system (ENS) [1-3]. NC cells originate from the border between the neural plate
(NP) and non-neural ectoderm at the end of the gastrulation. In zebrafish, NC cells
delaminate from the dorsal part of the neural tube soon after the closure of the neural tube
and start migrating to different regions in the body. After migrating to their destinations,
NC cells undergo differentiation to become various cell types according to their cell fates

and also local environmental cues that they receive [1].

Signaling pathways play essential roles during early embryonic patterning. Several
signaling pathways, including bone morphogenic protein (BMP), Wnt, fibroblast growth
factor (FGF), and Notch/Delta, have been suggested to participate in the early induction
step of NC development in different organisms [1, 2]. Among all of these signaling

pathways, BMP and Wnt signaling pathways play essential roles in NC induction [4-6].
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The ventral to dorsal BMP signaling gradient begins to form in late blastula stages, and
BMP signaling is cleared from the dorsal side of the embryo by the onset of gastrulation
[7]. This ventral to dorsal BMP gradient is essential for the establishment of dorsoventral
axis in developing embryos. In Xenopus, reduced levels of BMP signaling at the lateral
edges of neural plate provide an initial, weak activity to specify NC fate. Additional
signals from the adjacent non-neural ectoderm, the underlying mesoderm or both are
required at later stages to enhance and maintain the NC induction [8]. In zebrafish, swirl/
bmp2b mutant exhibits a loss of BMP signaling as well as a reduced NC progenitor
population, while snailhouse /bmp7 or somitabun /smad5 mutants have the decreased
BMP activity and expanded NC domain [9, 10]. Maintaining intermediate levels of
ventral BMP and dorsal Wnt signaling during the gastrulation is also important for
defining the domain of prospective NC cells [4]. During NC development, BMP
signaling antagonizes the sensory fate-inducing activity of Wnt/B-catenin during NC
development. Wnt and BMP also act synergistically to suppress differentiation and to
maintain NC stem cell marker expression and multipotency [5]. Wnt signaling has been
shown to have a strong influence on NC induction in the mouse, chick, Xenopus, and
zebrafish [1, 11]. Blocking Wnt signaling during the early development in zebrafish
inhibits NC formation without blocking development of dorsal spinal neurons, suggesting
that Wnt signaling plays a crucial, time sensitive role in NC induction [11]. Therefore, a

fine tuning of BMP and Wnt signaling interplay is necessary for normal NC induction.

Max’s giant associated protein (Mga) is a member of T-box6/Spadetail

transcription factor family and has both T-box domain and bHLHzip domain for DNA
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binding. It was first identified as an interacting protein of Myc associated factor X (Max)
[12]. Max serves as a cofactor with different transcription factors for DNA binding. For
example, Max and Myc form heterodimers to activate many different target genes, which
are involved in promoting cell cycle progression [13]. in vitro study showed that Mga
forms heterodimers with Max to promote exiting of cell cycle by antagonizing Myc
activity [14]. Human mga mutations are found to be associated with Richter’s Syndrome,
an aggressive form of lymphoma, which occurs in some patients with chronic
lymphocytic leukemia (CLL) [15]. This result suggests that Mga plays a role in
regulating cell proliferation. Meanwhile, loss of mga leads to the death of proliferating
pluripotent inner cell mass cells both in vitro and in vivo, and the death of embryonic
stem cells in vitro [16]. In zebrafish, Mga is important to the development of brain, heart
and gut in zebrafish embryos [17]. Mga also regulates BMP expression in the extra-
embryonic yolk syncytial layer (YSL) and contributes to the dorsoventral pattern
formation [18]. Therefore, Mga might contribute to different steps of the embryonic

development through different mechanisms.

In this study, we identify Mga as a novel regulator of NC development in zebrafish.
Mga might affect early NC formation by positively regulating BMP signaling. However,
it is still possible that Mga controls NC formation by antagonizing Myc activity during
the gastrulation. Further investigation is needed in order to explore the mechanism that

Mga is involved in regulating NC development.
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MATERIALS AND METHODS

Zebrafish husbandry and embryo collection

The wildtype zebrafish line WIK was used in all experiments. All fish were maintained in
the fish facility at 28.5°C according to the Animal Use Protocol (AUP) A2011 08-015,
approved annually by the University of Georgia IACUC committee. Embryos were
obtained from either single or multiple pair matings. After collection, embryos were
cultured in egg water (60ug/ml Instant Ocean Sea Salt Mix, 0.3ug/ml Methylene Blue) at
28.5°C. Embryos were staged periodically using Leica S6E stereomicroscope (Leica

Microsystems, Wetzlar, Germany) as previously described (Kimmel et al., 1995).

Microinjection of antisense morpholino oligonucleotides (MOs)

1- to 2-cell stage embryos were used for microinjection as previously described [19]. For
suppressing the expression of Mga, two translational blocker MOs were used for
experiments. Meanwhile, two mismatch MOs (misMOs) corresponding to two mga MOs
with few different nucleotides were also used as controls [18]. p53MO was also used in
combination with other MOs to suppress the non-specific cell death caused by MOs in all
microinjections [20]. The following MOs were used in microinjections: mgaTLIMQO: 5’-
ACCCTGTTTCTCTGTATCGGCC-3’; mgaTLImisMO: 5’-
ACgCTcTTTgTCTcTATCGcCC-3’; mgaTL3MO: 5’-
TCTGGATAGCTTCTGACCCTCTCAC-3’-Lissamine; mgaTL3misMO: 5’-
TCaGcATAGETTCTcACgCTCTCAC-3’; p53MO: 5°-

GCGCCATTGCTTTGCAAGAATTG-3’ (Gene Tools, Philomath, OR). All MOs were
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dissolved in distilled water individually as 10ug/ul stocks and stored at room
temperature. Prior to microinjections, MOs were diluted in 0.1M KCl to the desired
concentration with 0.1% phenol red as the tracing dye for microinjections. 1nl of MO
injection solution was injected into the yolk of each embryo. Each embryo received
combined 1.6ng mgaMOs (TL1 and TL3) with 2.4ng p53MO or 1.6ng mgaMisMOs (TL1
and 713) with 2.4ng p53MO in each microinjection. Injected embryos were kept in
100mm Petri dishes with egg water at 28.5°C. Damaged or unfertilized embryos were
discarded around 4 to Shpf. Survived embryos were collected at different stages for

further analyses.

in vitro transcription and mRNA rescue

Mouse full-length mga cDNA was cloned into the pCS2+ vector. For the control, pCS2+-
pPgal encoded the full-length S-galactosidase was used. Both plasmids were linearized
with Notl for using as templates for in vitro transcription. Capped mRNAs were
synthesized using Ambion mMessage mMachine SP6 Transcription Kit (AM1340, Life
Technologies, Carlsbad, CA). Final concentration of mRNAs was determined by
Nanodrop spectrophotometer. 100pg of Mouse mga mRNA or fgal mRNA was injected
into each WIK embryo at 1- to 2-cell stage along with combined 1.6ng mgaMOs (TL1
and 713) and 2.4ng p53MO with 0.1M KCI and phenol red. Damaged or unfertilized
embryos were discarded around 4 to Shpf. Survived embryos were scored at 32hpf for
their skin pigmentation under the Leica S6E stereomicroscope (Leica Microsystems,

Wetzlar, Germany).
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Western blot

Total embryonic lysates were prepared from 8hpf embryos. 100ul RIPA Buffer (R0278,
Sigma-Aldrich, St. Louis, MO) was added to 200 deyolked embryos for the protein
extraction. BCA Assay Kit (23227, Thermo Scientific, Rockford, IL) was used to
determine the concentration of each lysate. SDS-PAGE was carried out on a 4%-20%
precast gel (456-1094, Bio-Rad Laboratories, Hercules, CA), with 20ug total protein
loaded in each lane. After transferring to Hybond-P PVDF membranes (RPN303f, GE
Healthcare, Piscataway, NJ), the membranes were incubated with either polyclonal rabbit
anti-Mga antibody (1:500, AbMart, Shanghai, China) or 12G10 mouse monoclonal anti-
a-tubulin antibody (1:500) at 4°C overnight. Either HRP-conjugated goat-anti rabbit IgG
(1:3,000, SC-2004, Santa Cruz Biotechnology, Dallas, TX) or HRP-conjugated goat-anti
mouse IgG (1:3,000, A5278, Sigma-Aldrich, St. Louis, MO) was used as secondary
antibodies. After antibody incubation, bands were developed and detected with the
Western Blot ECL Substrate (170-5060, Bio-Rad Laboratories, Hercules, CA) and X-

OMAT LS films (864-6770, Carestream, Rochester, NY).

Whole mount in situ hybridization (WISH)

WISH was carried out as previously described [19]. Digoxigenin (DIG)-labeled antisense
RNA probes were synthesized by using DIG RNA Labeling Kit (SP6/T7) (11175025910,
Roche Diagnostics, Basel, Switzerland). The following antisense probes were used:
tfap2a, mitfa, isletl (from Schilling Lab, UCI, CA, USA), hand2, snailb (from Yelon
Lab, UCSD, CA, USA), phox2bb (from Shepherd Lab, Emory University, GA, USA),

ifabp, tfa (from Gong Lab, NUS, Singapore), sox10, foxd3, dix2a, chordin and tbx6. The
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DIG-labeled probes were detected by applying Anti-Digoxigenin-AP, Fab Fragments
(1:3,000, 11093274910, Roche Diagnostics). Signals were developed in NTMT solution
(100mM Tris-HCI, pH9.5, 50mM MgCl,, 100mM NaCl, 0.1% Tween-20) with
BCIP/NBT (11383221001/11383213001, Roche Diagnostics) for 1 to 4 hours at room

temperature until signals became significant.

Alcian Blue cartilage staining

Zebrafish larvae were collected at 120hpf. For maintaining optical clarity, 0.003% 1-
phenyl 2-thiouracil (PTU) was added into the egg water at 22hpf to inhibit skin
pigmentation. After collection, larvae were fixed with 4% paraformaldehyde in 1X PBS
overnight at 4°C. Fixed larvae were stained overnight at room temperature with 0.1%
Alcian Blue 8GX (A3157, Sigma-Aldrich, St Louis, MO) in acid alcohol. Stained larvae
were differentiated in acid alcohol and rinsed with distilled water until background was
clear. For whole mount imaging, stained larvae were cleared with glycerol in 1% KOH
solution and mounted in 80% glycerol. For cartilage dissection, stained larvae were
rehydrated and rinsed with saturated sodium tetraborate solution. Larvae were digested in
trypsin solution at room temperature until tissues turned loose. Craniofacial cartilage

dissection was carried out by gently removing surrounding tissues with fine forceps.

L-DOPA staining
22hpf embryos were dechorinated and fixed with 4% paraformaldehyde in 1X PBS at
room temperature for 2 hours. Fixed embryos were rinsed 5 times with 1X PBS. Embryos

were then incubated with 0.1% 3,4-Dihydroxy-L-phenylalanine (L-DOPA) (D9628,
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Sigma-Aldrich, St. Louis, MO) in 1X PBS at 37°C for 1.5 to 2.5 hours. The reaction was
stopped by rinsing embryos 3 times with 1X PBS when the staining reached desired

intensity. Finally, embryos were stored in 80% glycerol for photography.

TUNEL assay

Cell death in embryos was detected by DeadEnd Fluorometric TUNEL system (G3250,
Promega, Fitchburg, WI) following manufacturer’s instruction. Briefly, embryos were
collected and fixed with 4% paraformaldehyde in 1X PBS at 22hpf. After fixation,
embryos were rinsed 2 times with 1X PBS and permeabilized with 20ug/ml Proteinase K
solution at room temperature for 10 minutes. Permeabilized embryos were fixed again
with 4% paraformaldehyde in 1X PBS to kill the activity of Proteinase K. Embryos were
then incubated in Equilibration Buffer at room temperature for 10 minutes after rinsed 2
times with 1X PBS. Embryos were incubated in the mixture of fluorescein-12-dUTP and
Terminal Deoxynucleotidyl Transferase (TdT) to label dead cells. The reaction was
stopped by adding 2X SSC to embryos. Embryos’ cell nuclei were also stained with

DAPI (1:2,000) as the counterstain.

Microscopy

Live embryos and Alcian Blue-stained craniofacial cartilages were photographed using
Leica MZ FLIII stereomicroscope and DFC450 CCD camera (Leica Microsystems,
Wetzlar, Germany). WISH signals were photographed using Zeiss Axioplan 2 compound
microscope (Carl Zeiss, Jena, Germany) and RETIGA EX CCD camera (QImaging,

Surrey, Canada). For fluorescence imaging, Zeiss AXIO Imager D2 compound
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fluorescence microscope with Colibri.2 LED light source and AxioCam HR CCD camera

was used (Carl Zeiss, Jena, Germany).

RESULTS

Suppression of Mga expression leads to various defects during embryonic and larval
development

Mga has been reported to participate in the developmental regulation of brain, heart, and
gut [17]. Here we suppressed the expression of Mga by injecting antisense morpholino
oligonucleotides (MO) into 1-cell stage zebrafish embryos. Two different translation
blocker MOs (mgaTL1MO and mgaTL3MO) were combined with p53MO in a single
injection to block the translation of Mga. Injecting these two mgaMOs to suppress the
expression of Mga in YSL resulted in the dorsoventral patterning defect in a previous
study [18]. In addition, the same concentration of two mismatch mgaMisTL1MO and
mgaMisTL3MO were used as the control. After injecting combined MOs at 1 cell stage,
embryos were carefully monitored throughout the entire course of the development.
Within the first 24 hours after injection, embryos injected with 1.6ng mgaMOs developed
slightly slower than those injected with 1.6ng mgaMisMOs, roughly 1 to 2 hours delay.
This developmental delay in mga morphants became not so evident after 24 hours. mga
morphants exhibited a reduced, almost completely loss of skin pigmentation and the
regression of yolk stalk extension at 32hpf, whereas control embryos showed grossly
normal morphology at the same stage (Figure 2.1A-B). mga morphants had relatively

larger, swollen heads, particularly in the brain region at 48hpf. Besides, the heart was also
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not folded normally with a sign of mild heart edema (Figure 2.1C-D). By 72hpf, mga
morphants exhibited reduced, or even completely loss of pectoral fins with more
significant heart defect (Figure 2.1E-F, 2.11-J). Later during the larval development, mga
morphants showed reduced jaw structure as well as the severe heart defect with
significant edema at 120hpf (Figure 2.1G-H, 2.1K-L). From 32hpf to 120hpf, some
defects were observed during the entire course of the development, such as the regression
of yolk stalk extension and the reduction of skin pigmentation. Instead of losing all the
skin pigmentation, a few melanocytes, primarily concentrated on the head and yolk
surface, could still be seen after 48hpf. However, the reduced skin pigmentation was not
fully recovered by 120hpf in mga morphants. The swollen brain phenotype was
significant at 48hpf but recovered later at 72hpf. The heart defect appeared at 48hpf and
became evident after 72hpf. Other than the heart edema, hearts were severely misfolded
along with the abnormal beating pattern and frequency in mga morphants. In agreement
with a previous study, defects in the heart, brain, gut were also observed in our mga
morphants [17]. The expression of gut markers ifabp and tfa were both reduced in the
presumptive gut region of mga morphants at 96hpf, suggesting a possible gut defect as
previously being reported (Figure 2.2A-D). However, here we also identified few other
defects that were not mentioned in the previous report. The protein level of Mga was
reduced, but not completely depleted in mga morphants at 8hpf, suggesting that our
mgaMOs could suppress the translation of Mga (Figure 2.1M). mRNA rescue experiment
was performed to test whether those defects found in mga morphants were the result of
suppressing Mga expression. For rescuing the defects in mga morphants, 100pg mouse

full-length mga mRNA was injected along with 1.6ng mgaMOs and 2.4ng p53MO in
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each embryo at 1 cell stage. 100pg f-galactosidase (gal) was used as the control. The
mouse mga mRNA was chosen for the rescuing mga morphants because the sequence
near the translation start site is different from the one in zebrafish mga mRNA. Therefore,
our mgaMOs should not be able to block the translation of the mouse mRNA in the
experiment. Most of the mga morphants injected with fgal mRNA still exhibited
pigmentation and yolk stalk extension defects (87.89%, N=408), whereas many of the
mga morphants injected with the mouse mga mRNA showed normal development at the
same stage (73.64%, N=465) (Figure 2.3A- C). This result suggests that Mga knockdown
leads to various defects, and those defects could be rescued by overexpressing the mouse

mga mRNA.

mga morphants exhibit defective NC development

According to the morphological defects found in mga morphants, many of them were
closely related to NC-derived tissues, such as the reduced skin pigmentation and jaw
structures. In order to know whether the development of NC-derived tissues was affected
by mga knockdown before those defects were evident, we analyzed the developmental
regulation of these tissues in mga morphants. Melanoblasts start to form around 18-
somite stage in zebrafish embryos. These precursor cells will become melanocytes once
they begin producing melanin and accumulating melanin to form melanophores [21].
Tyrosinase, an enzyme responsible for the production of the pigment melanin, is started
to be expressed in melanoblasts shortly before melanophores can be seen by naked eyes
[22]. When embryos stained with L-DOPA, the active tyrosinase can convert L-DOPA to

melanin to make melanoblasts visible. In the control, melanoblasts were visible around
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the head and dorsal anterior region of the embryos after stained with L-DOPA at 22hpf.
However, very few visible melanoblasts were observed in mga morphants at the same
stage (Figure 2.4A-D). The expression of a melanoblast/melanocyte marker mitfa was
also reduced in mga morphants before and after melanophores was evident (Figure 2.4E-
H). This suggests that the development of NC-derived melanocyte lineage is affected by
Mga knockdown. We further examined the craniofacial cartilage development in mga
morphants by Alician Blue staining. At 120hpf, mga morphants showed severely
disorganized craniofacial cartilages comparing to those in the control. The size of
Meckel’s, palatoquadrate, hyosymplectic, and ceratohyal cartilages were greatly reduced,
while ceratobrachial 1-5, basihyal, and basibrachial cartilages were missing. The reduced
ceratohyal cartilage was flipped over toward the posterior, possibly because of the loss of
structural support from those missing cartilages (Figure 2.5A-F). This suggests that the
reduced jaw structures we observed in live mga morphants were indeed caused by
defective craniofacial cartilages. In order to know whether the development of
craniofacial cartilage was affected earlier in the development, the expression of two
craniofacial cartilage precursor markers, dix2a and hand?2, was examined at 36hpf. In
control embryos, both dix2a and hand? were expressed in pharyngeal pouches, which
will form craniofacial cartilages later in the development. However, the expression of
dix2a and hand?2 were restricted to the first and second pharyngeal pouches in mga
morphants, suggesting a trend of posterior to anterior reduction of craniofacial cartilage
precursors (Figure 2.5G-J). This result corresponds to our observation on defective
craniofacial cartilages at 120hpf that most of the posterior cartilages were missing while

anterior ones though greatly reduced, were still present. NC cells also contribute to the
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development of PNS and ENS. Therefore, we examined the expression of islet/ in PNS
and phox2bb in ENS. Both islet] and phox2bb were reduced in their corresponding
expression domains within PNS and ENS in 48hpf mga morphants, suggesting that the
development of both nervous systems was also interfered by Mga knockdown (Figure
2.6A-D). Since the development of all three major NC-derived tissue types including
melanocytes, craniofacial cartilages, and PNS and ENS were all affected in mga
morphants, it is possible that mga is involved in controlling the early steps of general NC

development.

Mga controls general NC development

Since mga is expressed both maternally and zygotically, it is very possible that Mga starts
to affect NC development from very early steps. Therefore, we further examined the
early NC development to understand whether it is affected by Mga knockdown. When
NC cells form at the dorsal edge of neural tube, several transcription factors are
expressed in NC cells to maintain the NC population, such as Foxd3, Sox10, Tfap2a, and
Snailb. These transcription factors can be used as markers to localize NC cells in
developing embryos. In control embryos, all these four markers were expressed in NC
cells along the anterior-posterior axis with stronger expression in the anterior region at 3-
somite stage (Figure 2.7A, E, I, and M). However, the expression was greatly reduced in
mga morphants, particularly in the more posterior region while the anterior region still
remained the relatively stronger expression (Figure 2.7B, F, J, and N). The NC marker
expression was also reduced in mga morphants at 8-somite stage, suggesting that this

reduction persisted through the early steps of NC formation. The reduction of NC marker
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was not due to the general developmental delay in mga morphants because all embryos
with exactly the same number of somites were collected for the experiment. Therefore,
Mga might affect NC formation before NC cells migrate and differentiate. Since mga
morphants exhibited lower expression level of NC markers during NC formation, it is
possible that those cells with reduced or absent expression of NC markers might undergo
programmed cell death at some point later during the development. Indeed, significant
apoptosis was observed in cranial and dorsal regions of mga morphants at 22hpf, whereas
control embryos only had few apoptotic cells in the same regions at the same stage
(Figure 2.8 A-D). Those apoptotic cells observed in mga morphants concentrated in
regions contained pre-migratory and migratory NC cells, suggesting that some NC cells

might not adapt their cell fate properly and eventually undergo apoptosis.

BMP signaling is altered when the expression of Mga is surpressed

BMP signaling has been shown to play an important role during NC development [4, 23].
It is also known that Mga can regulate the expression of bmp2b in the YSL of zebrafish
embryos [18]. Therefore, we hypothesize that Mga affects NC formation by regulating
BMP signaling during early development. Here we examined whether BMP signaling
was altered in mga morphants shortly before NC cells form. The expression domain of a
BMP antagonist, chordin, was slightly expanded ventrolaterally in mga morpahnts at
8hpt (Figure 2.9A-D). The expression of thx6, a BMP downstream target gene, was also
reduced from its dorsal expression domain in mga morphants at the same stage (Figure
2.9E-M). These results indicate that mga morphants might exhibit weaker BMP signaling

during the period when BMP signaling is essential for defining the prospective NC
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domain. However, BMP signaling is also known to control the formation of dorsoventral
axis at the stage. Weaker BMP signaling might cause the dorsalization of developing
embryos. Although mga morphants did not exhibit significant dorsoventral patterning
defect after 24hpf stage, it is still possible that some molecular changes of dorsoventral
patterning occur earlier during the embryonic development. Thus, it is important to know
whether the dorsalization occurs during early steps of development when the expression
of mga is suppressed. The expression of egr2b, a marker of hindbrain rhombomere 3 and
5, was neither expanded nor reduced in any direction in mga morphants at 22hpt (Figure
2.9N-0). During the segmentation, the expression of myod is commonly used as the
marker to label somites. At 8-somite stage, mga morphants showed normally developed
somites without any sign of ventral expansion (Figures 9P and 9Q). Taken together,
suppression of mga does not result in dorsoventral patterning defect even though the level

of BMP signaling is reduced.

DISCUSSION

It has been mentioned in a previous study that suppressing the expression of Mga results
in the absence of skin pigmentation, which is contributed by one of the NC lineages [17].
However, the correlation between Mga and NC development has never been analyzed.
Here we show that Mga is a novel regulator required for normal NC development.
Suppressing the expression of Mga by injecting MOs resulted in significant and board
impact on general NC defects affecting several NC lineages. The earliest NC-specific

defect we observed was the reduction of NC marker expression during NC formation at
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3-somite stage. mga mRNA is known to be expressed ubiquitously in zebrafish embryos
from 1 cell to the end of the gastrulation [17, 18]. The spatiotemporal expression pattern
of mga also overlaps the time and region required for normal NC development,
suggesting that Mga might participate in NC formation or even earlier steps for defining
prospective NC cells. Nevertheless, it is still not clear how Mga regulates NC
development. One possible role that Mga might play to control the formation of NC cells
is to fine tune the BMP signaling. It has been suggested that an intermediate level of
BMP signaling during the gastrulation is required for normal NC development [4, 24].
Our result supports this model as the strength of BMP signaling was reduced in mga
morphants during the gastrulation. Previous study has suggested that Mga controls the
expression of bmp2b in the YSL during the gastrulation [18]. Therefore, it is possible that
Mga also controls the expression of bmp2b in the embryonic tissue during the
gastrulation. However, we still cannot rule out the possibility that the mild reduction of
BMP signaling we observed was due to the suppression of Mga expression in YSL as
Mga was also knocked down in YSL after injecting MOs at 1-cell stage. It is shown that
Mga knockdown in YSL leads to the loss of ventral tailfin in zebrafish embryos by
reducing the strength of BMP signaling [18]. One possible reason why dorsoventral
patterning defect was not observed in our 7g« morphants is that we injected lower
dosage of MOs in embryos comparing to previous study. Thus, a milder reduction of
BMP signaling during the gastrulation is expected in our mga morphants. Taken together,
early NC development might be more sensitive than the dorsoventral patterning to the
change of BMP signaling stength during the gastrulation. Another possible regulatory

mechanism is that Mga regulates NC development through competing Max with Myc.
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Myc is known to participate in many biological processes such as cell survival, cell death,
and cell cycle progression. Loss of Mga might result in the increase of Max-Myc
heterodimer formation, which will lead to the elevation of Myc activity. In Xenopus and
chicks, c-Myec is expressed in the premigratory NC cells. The expression c-Myc is
dependent on Wnt signaling, and knockdown with MOs results in the loss of NC cell
markers as well as NC derivatives in Xenopus embryos [25]. Zebrafish Mych is also
required for NC cell survival during the gastrulation [26, 27]. Therefore, the defective NC
development in mga morphants could also be a result of the increasing Myc activity that

affects the cell survival of developing NC cells.
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FIGURES AND FIGURE LEGENDS

Figure 2.1. mga morphants exhibit various developmental defects. The same embryos
injected with either mgaMisMOs or mgaMOs at 1 cell stage are photographed at 32hpf
(A and B), 48hpf (C and D), 72hpf (E and F), and 120hpf (G and H) respectively. mga
morphants show a variety of developmental defects at different stages, including reduced
skin pigmentation, reduced yolk stalk extension, atrophic pectoral fins (I and J), heart
edema and reduced jaw (K and L). Meanwhile, embryos injected with mgaMisMOs
develop normally. The protein level of Mga is decreased but not completely depleted in

mga morphants at 8hpf (M). Arrow: pectoral fin.
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Figure 2.2. Gut development is affected in mga morphants. The mRNA expression of
two gut markers ifabp (A and B) and ¢fa (C and D) at 96hpf are detected by in situ
hybridization (ISH). Notice that the expression of both gut markers is reduced in mga

morphants.
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Figure 2.3. Pigmentation defect in mga morphants can be rescued by injecting
mouse mga mRNA. mga morphants injected with fgal (A) or mouse mga mRNA (B) are
photographed at 32hpf. Skin pigmentation is greatly reduced in mga morphants injected
with fgal mRNA comparing with those injected with mouse mga mRNA. The skin
pigmentation phenotype is scored as normal or reduced at 32hpf and shown as percentage

(C). **: p<0.001, Student’s t-test.
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Figure 2.4. Early development of melanocytes is suppressed in mga morphants.
Tyrosinase-positive melanoblasts are greatly reduced in mga morphants stained with L-
DOPA at 22hpf (A-D). The expression of an early pigmentation marker mitfa is also

reduced in mga morphants at 22hpf (E and F) and 26hpf (G and H), respectively.

58



mgaMisMOQOs mgaMOs

59



Figure 2.5. Reduced craniofacial cartiliage development is observed in mga
morphants. Alcian Blue stained 120hpf larvae are shown in ventral view. Craniofacial
cartilages in mga morphants are abnormal in terms of their organization and size (A and
B). Ventral and lateral images of dissected craniofacial cartilages from the same larvae
are shown in higher magnification (C-F). In mga morphants, mRNA expression of
craniofacial cartilage precursor markers dix2a (G and H) and hand?2 (I and J) is reduced
specifically in pharyngeal arch area at 36hpf. T: Trabeculae; M: Meckel’s; P:

Palatoquadrate; HS: Hyosymplectic; CH: Ceratohyal. Scale bar=100um.
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Figure 2.6. Abnormal development of peripheral and enteric nervous system in mga
morphants. islet/ mRNA expression in peripheral nerves is reduced in mga morphants at
48hpf (A and B). phox2bb mRNA expression is significantly reduced in mga morphants

at 48hpt as well (C and D).
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Figure 2.7. The expression of early NC cell markers is down-regulated in mga
morphants. The expressions of early NC cell markers including foxd3 (A-D), sox10 (E-
H), tfap2a (I-L) and snailb (M-P) are detected by whole mount in-situ hybridization at 3
and 8 somite stages, respectively. The expression of all four NC marker genes is reduced

in mga morphants at both 3- and 8-somite stages.
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Figure 2.8. Increased apoptosis is observed in the dorsal region of mga morphants.
Images of 22hpf embryos analyzed by TUNEL assays are shown in dorsal view (A and
B) and later view (C and D), respectively. Apoptotic cells (green) are labeled with FITC,

and cell nuclei (blue) are labeled with DAPI. Scale bar=100um.
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Figure 2.9. BMP signaling is altered in mga morphants. The expression of BMP
antagonist chd is expanded in mga morphants at 8hpf (A- D). The expression of BMP
downstream target gene thx6 is also reduced in mga morphants at 8hpf (E-M). However,
the expression of egr2b at 22hpf (N and O) and myod at 8-somite stage (P and Q) is not
altered in mga morphants. No typical dorsoventral patterning defect is observed.

Arrowhead: lateral expression boarder of chd.
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CHAPTER 3

SITE-SPECIFIC GENE TARGETING IN ZEBRAFISH

INTRODUCTION

To understand functions of genes, it is essential to have the ability to manipulate the
genome, especially for generating mutants. ENU-based mutagenesis has been extensively
used as a tool of forward genetics to generate zebrafish mutants. However, unlike
generating gene-knockout mice, it was almost not possible to generate gene-knockout
zebrafish due to the lack of equivalent tools such as embryonic stem cells for zebrafish.
Therefore, knocking down gene expression using antisense morpholino oligonucleotides
(MOs) has long been a major way to study loss-of-function effects of genes in zebrafish.
It is a fast and easy method to study functions of genes, but it has limitations and also
possibly causes some potential problems. For example, it is easy to knock down gene
expression in zebrafish embryos by simply injecting antisense MOs at 1 cell stage, but it
is difficult to access functions of genes in adults due to the half-life of MOs. It is still not
clear how long it will last, so the knockdown efficiency at different stages might be a
concern. Moreover, MOs have been shown to have the ability to induce p53-mediated
apoptosis in zebrafish embryos, resulting in non-specific cell death-related phenotype
observed in morphants that possibly not associated with the gene of interest [1]. It has

been reported that morphants of a large number of genes exhibited some defects while
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mutants of these genes showed normal phenotypes [2, 3]. This result also raises the

concern that the specificity of MOs might not be as high as people thought before.

Not long ago, a new gene targeting strategy using synthetic zinc finger nucleases
(ZFNs) had made it possible modify specific genetic loci in zebrafish genome. These
ZFNs can bind, cut, and induce the non-homologous end joining (NHEJ) during repairing,
suggesting that they increase the possibility to generate mutations around the target site.
Zinc fingers are found in eukaryotic transcription factors and have abilities to bind to
sequence-specific regions in the genome. Their sequence-specific DNA binding abilities
make them a great tool to target genetic loci. ZFN technology utilizes engineered zinc
fingers to recognize different DNA triplets [4, 5]. Based on the DNA sequence of the
target site, several zinc fingers can be aligned to form an array for site-specific binding.
Each array is then linked to a Fokl endonuclease half domain, which induces DNA
double-strand breaks once meets another Fokl half domain. Therefore, ZFN technology
requires the usage of two zinc finger arrays recognizing two different DNA strands to
target one locus in the genome [4]. Many zebrafish mutants have been generated using
ZFNs since the technology was developed [6-11]. However, it can be challenging to
engineer ZFNs because of the complexity of context-dependent design for each zinc
finger array [12]. In addition, due to the limited selection of publicly available synthetic

zinc fingers, some genes in zebrafish might be difficult to be targeted [13, 14].

A more recently described method utilizing the transcription activator-like effector

nucleases (TALENS) to edit the genome of cultured human cells has became a popular
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way to target genes in zebrafish [12, 15]. TALENSs technology utilizes the design similar
to ZFNs that links two different DNA sequence-specific binding arrays to Fokl half
domains to target a single locus (Figure 3.1A). Each array consists of a combination of
many engineered transcription activator—like effector (TALE) repeats that each TALE
repeat specifically binds to one of the four nucleotides of DNA to increase the binding
specificity [12, 16, 17]. Therefore, choosing target sites for genome editing becomes
more flexible by arranging many different combinations of TALE repeats because of the
one TALE repeat to one nucleotide recognition mechanism. In fact, it has been reported
that target sites are as frequent as 1 in 35 bp of random DNA sequence [18]. Like ZFNss,
TALENS cut double-strand DNA and induce error-prone DNA damage repair for the
efficient mutagenesis. These error-prone repairs occurred within loci are usually small

insertions or deletions, which often result in frame-shift, null mutations [12, 19].

Another new system using the clustered regularly interspaced short palindromic
repeats (CRISPR) RNA-guided CRISPR-associated 9 (Cas9) nuclease (RGN) has been
widely utilized as a tool for gene targeting in many different organisms due to the
simplicity of the method [4, 20-22]. CRISPR/Cas systems are originally the adaptive
immune systems found in bacteria and archaea for defending against intruding viruses
and plasmid DNAs [23-25]. Cas9, a dual RNA-guided endonuclease from Streptococcus
pyvogenes, is directed by CRISPR RNA (crRNA) and the trans-activating CRISPR RNA
(tractrRNA) to mediate site-specific DNA double-strand breaks [26]. For gene targeting, a
synthetic single guide RNA (sgRNA) composed of a site-specific sequence for target

DNA recognition via complimentary and a tracrRNA is utilized to guide Cas9 to the
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target locus (Figure 3.1B). sgRNA interacts with the complementary strand of the DNA
target site containing a 3’ protospacer adjacent motif (PAM) sequence (NGG) [20]. Once
being guided to the target site, Cas9 cleaves the double-strand DNA and induces error-
prone NHEJ during DNA damage repairs for efficient gene targeting. RGN system
provides a quick, efficient, and flexible way to manipulate zebrafish genome that both
gene knockin and knockout can be easily achieved by using this method [27, 28].
Furthermore, it has been shown that multiple genomic loci can be targeted
simultaneously, resulting in multiple loss-of-function phenotypes in the same injected
zebrafish [22]. Therefore, RGN system has became the most popular method for genome

editing among all existing methods.

Here we demonstrate gene targeting in zebrafish using two different genome-
editing systems. Two null mutant alleles of a- tubulin acetyltransferase 1 (atatl) are
generated by using TALENS. Five potentially null mutant alleles of max’s giant associate
protein (mga) are generated by using RGN system. Therefore, both TALENs and RGN
system are reliable and efficient tools to generate heritable and precise mutations in

zebrafish genome.

MATERIALS AND METHODS

Transcription Activator-like Effector Nucleases (TALENs) design

Two TALENSs (left and right) were designed to target the first exon of zebrafish atatl

gene. Left TALEN target sequence (5’-GGGAAATCCATTGCAGA-3’) and right
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TALEN target sequence (5’-GCTTTTCCCCGAGAGGA-3’) were selected to design two

TALEN arrays.

sgRNA design and cloning

The sequence (5’-GGGCGTGACTGCCCCAACACTGG-3’) located within zebrafish
mga exon 2 was identified as the potential binding target of sgRNA to generate indels.
Two DNA oligo primers (Forward: 5’-TAGGGCGTGACTGCCCCAACAC-3’;
Reverse: 5’-AAACGTGTTGGGGCAGTCACGC-3’) containing core-targeting
sequence were annealed and subsequently cloned into pT7-gRNA plasmid as
previously described [22]. The construct was sequenced to confirm the accuracy of

insert sequence.

RNA synthesis and microinjection

For atatl gene targeting, two plasmids containing left TALEN and right TALEN inserts
were linearized with Notl and purified using phenol-chloroform extraction method.
Linearized plasmids were used as templates for mRNA in vitro transcription. Capped
mRNAs were synthesized using Ambion mMessage mMachine SP6 Transcription Kit
(AM1340, Life Technologies, Carlsbad, CA). For the microinjection, a mixture of both
left TALEN and right TALEN mRNAs (150pg each) together with 0.1M KCI and 0.1%
phenol red was injected into the yolk of each WIK embryo at 1-cell stage. For golden
gene targeting, the BamHI-linearized pT7goldRNA plasmid was used as the template for
sgRNA synthesis. For mga gene targeting, the plasmid containing mga exon 2 targeting

sequence was first linearized with BamHI and purified as the template for in vitro
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transcription. sgRNA synthesis was carried out using MEGAshortscript T7 Kit (AM1354,
Life Technologies, Carlsbad, CA) with 1ug linearized plasmid following manufacturer’s
instruction. sgRNA was further purified using mirVana miRNA Isolation Kit (AM1560,
Life Technologies, Carlsbad, CA) and concentrated by ethanol precipitation. Final
sgRNA was dissolved in ~20ul RNase-free water to reach the concentration around
Tug/ul as the stock. Capped cas9 mRNA was synthesized as previously described using
Notl-linearized pCS2+-nls-zCas9-nls plasmid as the template. Both sgRNA and cas9
mRNA stocks were stored at -80°C before use. For microinjection, a mixture of 150pg
cas9 mRNA and ~100pg sgRNA together with 0.1M KCl and 0.1% phenol red was
injected into the cell (not the yolk) of each 1-cell stage WIK embryos. Damaged or
unfertilized embryos were discarded around 4 to Shpf. Survived embryos were raised to

adulthood and named as FO.

T7 endonuclease I (T7EI) assay and mutation identification

For atatl gene targeting, TALENs mRNA injected FO adult zebrafish were outcrossed to
wildtype WIK adults to obtain F1 embryos. Twelve FO adults were randomly selected
from two FO stocks containing ~30 adults to outcross to wildtype adults individually.
Embryos from each pair mating were collected and cultured at 28°C. 20 larvae were
randomly selected from each batch of larvae (>80) obtained from each pair mating to
extract their genomic DNA at 72hpf. Genotyping PCR was carried out using forward
primer TALENTESTF3 (5’-CATTGATAAGACCGCTACTACA-3’) and reverse primer
TALENTESTR3 (5’-GTGCATGTAGCGAACCAGAT-3’) under the PCR condition as

shown here (initial denaturing: 94°C for 2 minutes, denaturing: 94°C for 30 seconds,
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annealing: 57°C for 30 seconds, extension: 72°C for 1 minute, 35 cycles, final extension:
72°C for 5 minutes). PCR products were then digested with T7 endonuclease 1 (M0302,
New England BioLabs, Ipswich, MA) at 37°C for 2 hours after boiling and cooling
slowly. T7E1-digested PCR products were resolved on 2% agarose gels to identify any
potential changes (insertion, deletion or substitution) in the targeting region. For mga
gene targeting, mga sgRNA/cas9 mRNA injected FO adult zebrafish were outcrossed to
wildtype WIK adults to obtain F1 embryos. Five adult FO females were randomly
selected from a FO stock containing ~30 adults to outcross to five WIK adult males
individually. Embryos from each pair mating were collected and cultured at 28°C. 16
larvae were randomly selected from each batch of larvae (>80) obtained from each pair
mating to extract their genomic DNA at 72hpf. Genomic DNA from these larvae was
extracted with DNA extraction buffer (10 mM Tris pH 8.2, 10 mM EDTA, 200 M NaCl,
0.5% SDS, and 200 ug/ml proteinase K) and diluted 20 times as the template for
genotyping PCR. Genotyping PCR was carried out using forward primer mgaT7EF (5°-
GATGTAGACCTGATATACCC-3’) and reverse primer mgaT7ER (5°-
CTAATTGCCATTAGATTAGCC-3’) under the PCR condition as shown here (initial
denaturing: 94°C for 2 minutes, denaturing: 94°C for 30 seconds, annealing: 52°C for 30
seconds, extension: 72°C for 30 seconds, 45 cycles, final extension: 72°C for 5 minutes).
PCR products were then processed for T7E1 assay as previously described. In both cases,
their F1 embryos were raised to adulthood and screened again individually using genomic
DNA extract from fin-clips and T7E1 assay once potential FO founders were identified.

Genotyping PCR products from individuals identified as potential mutation carriers were
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subsequently cloned into pGEM-T Easy vector (A1360, Promega, Fitchburg, WI) for

sequencing.

Genotyping

For allele atat1¥*, genotyping PCR was carried out as previously described using the
primer pair TALENTESTF3 and TALENTESTR3 with genomic DNA from either larvae
or adult fin-clips as the template. PCR products were then digested with Bsml (R0134,
New England BioLabs, Ipswich, MA) at 65°C for 8 hours. For allele atat /¥,
genotyping PCR was carried out using forward primer MecC17-Stul-F (5°-
CAGATCTGCAATGGATTTCCCTTAGGCC-3") and reverse primer TALENTESTR3
(5>-GTGCATGTAGCGAACCAGAT-3’) under the same PCR condition for atat/***
allele. PCR products were then digested with Stul (R0187, New England BioLabs,
Ipswich, MA) at 37°C for 8 hours. Genotyping PCR for all four recovered mga mutant

ga37 ga94 ga98

alleles (mga®’, mga®**, mga®**®, and mga®'"?

) was carried out as previously described
using the primer pair mgaT7EF and mgaT7ER with genomic DNA from either larvae or
adult fin-clips as the template. PCR products were then digested with Bsll (R0555, New
England BioLabs, Ipswich, MA) at 55°C for 8 hours. For all atatl and mga alleles,
restriction enzyme digested PCR products were resolved on 2% agarose gels for

identifying each individual’s genotype.
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RESULTS

Design of atatl-specific TALENs for gene targeting

Atatl (Mec-17) is an acetyltransferase that responsible for adding acetyl groups onto
Lysine 40 (K40) residue of polymerized a-Tubulin [29]. In zebrafish, a single atatl gene
(Gene ID: 406389) is located within the chromosome 19. atatl consists of 11 exons
encoding a 305aa ATAT]1 protein. In order to generate potentially null mutants, a target
sequence within the exon 1 (5°-
TCTGCAATGGATTTCCCTTACGACCTGAATGCGCTTTTCCCCGAGAGGA-3’)
spanning the translation start site (ATG) was chosen for designing TALEN arrays.
Within the target site, a sequence (5’- TCTGCAATGGATTTCCC-3) from the antisense
strand was used as the left TALEN site, and a sequence (5’-
GCTTTTCCCCGAGAGGA-3’) from the sense strand was selected as the right TALEN
site. The site (5’-TTACGACCTGAATGC-3’) in between those two 17 nucleotides long
TALEN recognition sites is the target site for Fokl to induce DNA double-strand breaks.
This site was chosen for atatl gene targeting because of its proximity to the translation
start site, suggesting a potential to obtain null mutations. A restriction emzyme Bsml site

located within the target site also facilitate the process for mutation screening.

atatl-specific TALENSs induces heritable error-prone NHEJ within target site
For targeting atatl, a combination of both left and right TALEN mRNAs (150pg each)
was injected into 1-cell stage embryos. Most of the injected embryos (F0) developed

normally with some others developed with various degrees of defects. To test the
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efficiency of error-prone NHEJ, T7E1 assay or Bsml digest was applied to detect any
possible mutation happened within the target site [30]. However, we found no sign of any
potential insertion, deletion, or substitution within the target site in FO embryos. This
result suggests that the percentage of cells containing mutations might too low to be
detected by either assay. Alternatively, FO embryos were raised to adulthood and
outcrossed to wildtype fish individually to obtain embryos (F1) for T7E1 assay or Bsml
digest. This strategy can greatly increase the presence of mutant DNA in any mutation
carrying individual because these individuals should be heterozygous. The screening
using F1 embryos as materials was utilized to confirm which FO adult carried potential
mutation(s) in the germ line. Indeed, potential mutations were found in the offspring of
two FO adults (2/12). F1 adults from both FO parents were screened by either Bsml digest
or T7E1 assay. Finally, one allele from a single F1 adult was discovered by BsmlI digest
(Figure 3.2A), whereas another allele was identified by T7E1 assay from a different F1
adult (Figure 3.2B). Both alleles were subsequently sequenced to confirm the types of
mutations and named atat/*** and atat1***!, respectively (Figure 3.3A-B). atat1* is a
single nucleotide deletion losing a G, and azat1%**! is also a single nucleotide deletion
losing a C. Both mutations result in frame-shift, potentially null mutations. This result

suggests that TALENSs can precisely induce mutations occurred within the target site.

Design of mga-specific sgRNA for gene targeting
Zebratish mga (mgaa, Gene ID: 569620) encodes a T-box domain containing
transcription factor required for many developmental processes in embryos [31, 32]. Here

we attempted to generate mga null mutants by utilizing RGN system. In RGN system, a
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potential site for gene targeting is a stretch of 23 nucleotides sequence in the genome that
begins with two GG residues at the 5’ end and ends with PAM sequence, NGG, which is
required for Cas9 binding [33]. Zebrafish mga contains 25 exons, and its translation start
site (ATG) is located within the exon 2. In order to increase the possibility of generating
null mutants, a single site (5’-GGGCGTGACTGCCCCAACACTGG-3") located within
mga exon 2 was selected as the sgRNA target site. Therefore, mga-sgRNA should be able
to interact with the antisense strand DNA of the target site and guide Cas9 endonuclease

to induce DNA double-strand breaks.

mga-sgRNA/Cas9 induces high frequency mutagenesis within the target site

For validating the RGN system, golden-specific sgRNA was used to target golden gene.
Zebrafish golden encodes a cation exchanger SLC24AS5, which is required for normal
skin and retinal pigment epithelium (RPE) pigmentation. Homozygous golden mutants
exhibit hypopigmentation phenotype starting at embryonic stage [34]. Therefore, the
same phenotype is expected to be observed in embryos injected with golden-
sgRNA/Cas9 mRNA because any somatic loss-of-function mutations occurred in
pigment cells should affect their pigmentation. Indeed, many larvae showed mosaic
hypopigmentation in RPE and skin after being co-injected with golden-sgRNA/cas9
mRNA (100pg/150pg per embryo) at 1-cell stage (Figure 3.4A). The hypopigmentation
phenotype was first seen at 48hpf, and became evident by 56hpf (Figure 3.4B-C). We
next targeted mga by injecting mga-sgRNA/cas9 mRNA (100pg/150pg per embryos) into
1-cell stage embryos. Most of the injected embryos (F0) developed normally without any

noticeable defect. We were also not able to detect any possible mutations in FO embryos
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via T7E1 assay. This might be due to the same situation as we encountered when using
TALENS to target atat] that mutant DNA was too less to be detected by T7E1 assay.
Again, FO embryos were raised to adulthood and outcrossed to wildtype adults
individually to obtain embryos (F1) for mutation screening. Surprisingly, germ-line
transmission rate in FO was high as three out of five FO adults (FO #1, #2, and #3) we
used for screening carried potential mutations (60%, N=5) (Figure 3.5A). F1 embryos
from FO #1, #2, and #3 were raised to adulthood and screened by T7E1 assay. We
screened a total of 98 F1 adults from FO #1, #2, and #3 by T7E1 assay and found 38
T7E1-positive individuals (Figure 3.5B). However, three FO adults exhibited different
degrees of ability to pass their mutations to F1 as we examined the F1 screening result
from T7E1 assay (from FO #1: 28%, N=25; from FO #2: 20.75%, N=53; from FO #3:
100%, N=20). This result indicates that each FO might have different degrees of
mosaicism in the germ-line. These potential mutations were cloned and sequenced to
confirm the types of mutations. Finally, we identified five different alleles potentially
resulting in null mutations. The types of mutations in these alleles are small deletions
(mga®™’ and mga®*®), small deletions and substitution (mga®’’ and mga®*?), and single
nucleotide insertion and substitution (mga®’'?) (Figure 3.6A-B). Among all these alleles,

ga37 ga94 ga98

four out of five (mga®*’, mga®***, mga®**®, and mga®'!?

) were recovered in F2. Overall,
our result suggests that RGN system is an efficient way to induce site-specific

mutagenesis.
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DISCUSSION

The recently developed genome editing techniques have made it possible to precisely
target certain loci in zebrafish genome. Here we decided to target two genes, atatl and
mga, which are thought to play important roles during embryonic development in
zebrafish. Both atatl and mga knockout mice have been generated using classic
homologous recombination [35-37]. However, there are no null zebrafish mutants of
either gene available currently. Therefore, generating null atat/ and mga mutants is
crucial in terms of understanding both genes’ possible roles in zebrafish embryonic
development. atatl was targeted by TALENSs, whereas mga was targeted by RGN system.
It has been shown that the mutagenesis rate can be evaluated as early as in FO embryos
with assays such as T7E1 digest [22]. But we did not detect any possible mutations in FO
embryos by either Bsml digest or T7E1 assay. This might be due to the lower efficiency
of TALENs and CRISPR/Cas9, and might be improved by simply increasing the
concentration of mMRNA/sgRNA injected into embryos. However, increasing the RNA
dosage might also elevate the risk of killing more somatic/germ cells in FO and the
possibility of non-specific targeting. If there are more dead cells due to mutations in FO0, it
increases the possibility that fewer FO individuals can survive and develop into fertile
adults. This might affect the screening as many FO mutation-carrying individuals die at
some points during the development. Hence, it might be more efficient in terms of
establishing mutant lines by not losing too many cells in FO due to gene targeting. Indeed,
we were still able to find FO adults that carry mutations in their germ-lines even we failed

to identify any possible mutations from FO embryos. It is reported that phenotypes caused
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by targeting some genes might be observed in FO [22]. Therefore, this can be utilized as
an alternative way to access the efficiency of gene targeting. But this may not be quite
useful for genes with unknown functions as their phenotypes might be variable or not
significant in FO. We did not find any consistent phenotypes in FO embryos for both
genes, suggesting that this alternative method may not be able to be applied to our cases.
Meanwhile, off-target effect might still have to be taken into account if higher dosage of
RNA is used for the injection even though its influence is minimal under normal
condition [4, 28, 38]. This might be a more significant issue in RGN system because
some secondary targets with multiple mismatches to sgRNAs are mutated at rates similar

to that of the desired target [4].

Both TALENs and RGN system utilize endonucleases with sequence-specific
guide protein/RNA to induce DNA double-strand breaks precisely [4]. Theoretically,
these frequent DNA double-strand breaks should induce random, error-prone NHEJ that
occurs during DNA damage repair. Hence, the mosaic distribution of cells carrying
different mutations is expected in both somatic and germ cells. However, we found that
these error-prone DNA repairs might not be random as we identified the same mutation
in F1 embryos and adults from different FO parents. This result suggests that the DNA

repairs might be affected by local micro-environment such as DNA sequence.

TALENSs and RGN system provide excellent tools to edit particular loci in the

genome. It is much easier to identify target sites in the genome that are suitable for gene

targeting with TALENSs [18]. However, it is more complex in terms of assembling TALE
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arrays via cloning. RGN system, on the other hand, the target sites are limited by the
presence of PAM sequence and first two “GG” 18 bp upstream to it. But it is relatively
easy to design sgRNA for one target site as only one sgRNA is needed for targeting a
single site. Therefore, these gene targeting techniques have widen the possibility in
search of functions of many unexplored genes, and potentially provide comparisons with

gene functions identified by using MOs.
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FIGURES AND FIGURE LEGENDS

Figure 3.1. Schematic diagrams of zebrafish gene targeting methods. Two most
popular gene targeting methods, TALENs-mediated gene targeting and RGN-mediated
gene targeting, are shown, respectively. For targeting a single site using TALENSs, left
and right TALE arrays linked to Fokl endonuclease domains bind to target sequences and
induce DNA double-strand breaks. Each TAL domain in the array recognizes one
nucleotide (A). For targeting a single site using RGN, a sgRNA binds to the
complementary strand of target sequence and introduces Cas9 endonuclease to cut the

target region (B).
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Figure 3.2. atatl-specific TALENs-induced mutations are detected in F1. 11 F1 adult
individuals (A1-A11) are randomly chosen for Bsml digest. Bsml cuts wildtype PCR
product but not mutant PCR product (A). 8 F1 adult individuals (A1°-A8’) are randomly
chosen for T7E1 assay to screen mutations that don’t affect Bsml site (B). Genomic DNA

sa865

from a known heterozygous mga mutant is used as a positive control.
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Figure 3.3. Potential atat] null mutants identified from mutation screening. Two
atat] mutant alleles, atat1%*! and atat1¥*', are identified in F1 adults (A).
Chromatograms of wildtype and mutant DNA sequences between magenta dash lines in

(A) are shown (B). Red dash: deletion.
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Figure 3.4. RGN-mediated gene targeting leads to gene-specific phenotype in F0.
Schematic drawing shows that both gene-specific sgRNA and cas9 mRNA are required
to be co-injected into 1-cell stage embryos (A). The embryo shows normal pigmentation
at 56hpf (B), whereas the embryo injected with golden sgRNA and cas9 mRNA exhibits

reduced pigmentation (C).
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Figure 3.5. mga-specific RGN-mediated mutations are detected in F1. 16 F1 embryos
(E1-E16) are randomly chosen for T7E1 assay (A). 16 F1 adult individuals (A1-A16) are

randomly chosen for T7E1 assay (B).
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Figure 3.6. Potential mga null mutants identified from mutation screening. Five
atat] mutant alleles, mga®’, mga®!, mga®*!, mga®**®, and mga®*''?, are identified in F1
adults (A). Chromatograms of wildtype and mutant DNA sequences between magenta
dash lines in (A) are shown (B). Red dash: deletion; Orange letter: substitution; Purple

letter: insertion.
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CHAPTER 4

ATATI IS THE MAJOR a-TUBULIN ACETYLTRANSFERASE IN ZEBRAFISH

INTRODUCTION

Microtubules are a type of highly conserved cytosketeton found in all eukaryotic cells.
They are involved in various biological processes such as the formation of mitotic
spindles, intracellular transport, axonal outgrowth, and motility of cilia and flagella [1, 2].
Microtubules are polymers that consist of a- and B-tubulin heterodimers, and their diverse
biological distributions and functions are achieved by a variety of regulations, including
the interaction with microtubule-associated proteins, differential expression of tubulin
isoforms, and tubulin post-translational modifications (PTMs). Among these regulations,
tubulin PTMs are one of the least understood, and has been shown to play important roles

in many microtubule-based structures [3-5].

Both a- and B-tubulin are selectively modified by many different PTMs to increase
their functional diversity. Common tubulin PTMs include acetylation, glycylation,
glutamylation, palmitoylation, detyrosination/tyrosination, and A2 modification [3, 4, 6].
The combinations of different PTMs are thought to form a ‘tubulin code’ that can be
recognized by microtubule-interacting proteins [7, 8]. Most of tubulin PTMs are

reversible except A2 modification, and some of them may or may not occur at the same
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time or at the same location. For example, tubulin glycylation is abundant in
microtubules of cilia, flagella and basal bodies, whereas tubulin acetylation is enriched in
structures that contain stable microtubules such as cilia, flagella, and neuronal processes
[4, 9, 10]. Tubulin PTMs might distribute differently in terms of their subcellular
localizations even in a single cell. Tyrosinated microtubules are abundant in dendrites of
neurons, but acetylated, glutamylated, and detyrosinated microtubules are more
concentrated in axons of neurons [3]. In addition, different tubulin PTMs might either
compete or collaborate with each other to regulate the function of microtubules. It has
been reported that microtubules lacking both glycylation and glutamylation significantly
impairs the motility of cilia in zebrafish [11]. Therefore, regulating proteins responsible
for adding or removing tubulin PTMs is the key to control the spatiotemporal diversity

and functions of microtubules. [4].

Most of tubulin PTMs occur at the C-terminal tail (CTT) domains of a- and 3-
tubulin, and are located on the outer surface of microtubules [4]. However, unlike other
tubulin PTMs, acetylation is the only known PTM that is found on the luminal surface of
microtubules [4, 9, 12]. Acetylation is a PTM that an acetyl group is added onto Lysine
40 (K40) residue of a-tubulin, which is distant away from CTT domain [13]. A ciliate
Tetrahymena thermophila o-tubulin K40R mutant has no detectable acetylated lysine in
cytoskeletons, suggesting that a-tubulin K40 is the major, if not the only, site for
acetylation on microtubules. in vitro studies have also shown that acetylation of a-tubulin
K40 might be involved in regulating intrcellular transport by promoting the binding of

motor protein Kinesin-1[14, 15]. A recent study also suggests that a-tubulin acetylation is
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elevated in metastatic and basal-like breast cancer cells and possibly involved in invasive

cell migration [16].

a-tubulin acetyltransferase 1 (ATATI) and its ortholog Mec-17 have been
characterized as the major enzyme responsible for adding the acetyl group onto a-tubulin
K40 residue in ciliates, worms, and mice [9, 17, 18]. Tubulin acetyltransferase scans the
luminal surface of microtubules bidirectionally and acetylates stochastically without
preference for ends [19]. Animals lacking functional ATAT1/Mec-17 result in nearly
complete depletion of a-tubulin K40 acetylation. In cultured cells, ATAT]1 catalyzes a-
tubulin at clathrin-coated pits, promoting directional locomotion and chemotaxis [20].
Additionally, ATAT] can also destabilize microtubules independently of its acetylation
activity, suggesting its importance in regulating the structure and function of
microtubules [21]. In Caenorhabditis elegans, acetylated a-tubulin is abundant in touch
receptor neurons. Mec-17 has been shown to be essential for touch sensitivity and the
integrity of axons in worms [9, 22]. In ciliate Tetrahymena thermophila, genetic ablation
of mec-17 leads to the slower growth rate after being treated with microtubule-
depolymerizing drugs and the increased rate of axoneme depolymerization. Suppression
of ATATlexpression by injecting antisense morpholino oligonucleotides (MOs) results
in ciliary and neurological defects in zebrafish, including curved body axis,
hydrocephalus, and neuromascular deficiencies [9]. However, atatl knockout mice that
lose a-tubulin acetylation completely are viable and exhibit only subtle phenotypic

changes, such as changes in dentate gyrus and sperms [18, 20]. Taken together, these
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results suggest that more complicated mechanisms are possibly involved in regulating

ATAT]I, tubulin PTMs, and even other microtubule-associated proteins.

In this study, we show that ATAT]1 is the major a-tubulin acetyltransferase
responsible for tubulin acetylation in zebrafish. Zebrafish lacking functional ATATI are
viable and fertile with no overt defects. Interestingly, ATAT1 and tubulin monoglycylase
TTLL3 might interact genetically to fine tune tubulin PTMs on microtubules. Therefore,
this result indicates a possible regulatory mechanism that maintains the structure and

function of microtubules.

MATHERIALS AND METHODS

Zebrafish husbandry and embryo collection

All fish lines were maintained according to The University of Georgia IACUC guidelines
as previously described. Embryos were obtained from either single or multiple pair
matings and cultured in egg water (60ug/ml Instant Ocean Sea Salt Mix, 0.3ug/ml
Methylene Blue) at 28.5°C. Embryos were staged periodically to confirm their
developmental progression before being collected for all experiments as previously

described (Kimmel et al., 1995).

Genotyping

For allele atat1¥*, genotyping PCR was carried out as previously described using the

primer pair TALENTESTF3 and TALENTESTR3 with genomic DNA from either larvae
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or adult fin-clips as the template. PCR products were then digested with Bsml (R0134,
New England BioLabs, Ipswich, MA) at 65°C for 8 hours. For allele atat /¥,
genotyping PCR was carried out using forward primer MecC17-Stul-F (5°-
CAGATCTGCAATGGATTTCCCTTAGGCC-3") and reverse primer TALENTESTR3
(5>-GTGCATGTAGCGAACCAGAT-3’) under the same PCR condition for atat/***
allele. PCR products were then digested with Stul (R0O187, New England BioLabs,
Ipswich, MA) at 37°C for 8 hours. Restriction enzyme digestion products were resolved

on 2% agarose gels for identifying each individual’s genotype.

RT-PCR

Total RNA from embryos and larvae were extracted using TRIzol Reagent (15596018,
Life Technologies, Carlsbad, CA) following manufacturer’s instruction. After extraction,
total RNA was treated with DNase to eliminate genomic DNA contamination using
TURBO DNA-free Kit (AM1907, Life Technologies, Carlsbad, CA). 200ng DNase-
treated total RNA was used as the template for reverse transcription to synthesize
cDNAs. This reaction was carried out using iScript cDNA Synthesis Kit (170-8890, Bio-
Rad Laboratories, Hercules, CA) following manufacturer’s instruction. For PCR, forward
primer MEC17EX1F (5'-GGTCGGAAAGCGCATGGGAG-3") and reverse primer
MEC17EX5R2 (5' -GAAGTCGAAGAGCTCTGAGCC-3") were used to amplify atatl
cDNA under the condition as shown here (initial denaturing: 94°C for 2 minutes,
denaturing: 94°C for 30 seconds, annealing: 65°C for 30 seconds, extension: 72°C for 30
seconds, 35 cycles, final extension: 72°C for 5 minutes). For the control, gapdh cDNA

was amplified using forward primer zGAPDH-Long F1 (5'-
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CGTCTGGTGACCCGTGCTGC-3") and reverse primer zGAPDH-Long R1 (5'-
TGGGGGTGGGGACACGGAAG-3") under the condition as shown here (initial
denaturing: 94°C for 2 minutes, denaturing: 94°C for 30 seconds, annealing: 63°C for 30
seconds, extension: 72°C for 45 seconds, 35 cycles, final extension: 72°C for 5 minutes).

PCR products were resolved on 1.5% agarose gels.

Immunofluorescence

Zebrafish embryos and larvae were fixed with 4% paraformaldehyde in 1X PBS at 4°C
overnight. Fixed samples were subsequently blocked in blocking solution (2% BSA, 1%
DMSO, 0.5% Triton X-100, 0.5% normal goat serum in 1X PBS) at room temperature for
1 hour after being rinsed extensively with 1X PBT (0.5% Triton X-100 in 1X PBS).
Samples were incubated with 6-11 B-1 mouse monoclonal anti-acetylated a-tubulin K40
antibody (1:1,000) or TAP952 mouse monoclonal anti-monoglycylated tubulin antibody
(1:1,000) at 4°C overnight. Samples were rinsed extensively with 1X PBT and incubated
with secondary antibody goat anti-mouse [gG-TRITC (T5393, Sigma-Aldrich, St. Louis,
MO) at 4°C overnight. After incubation with secondary antibody, samples were rinsed
several times in 1X PBT and 1X PBST (0.1% Tween-20 in 1X PBS) to remove unbound
antibodies. For immunofluorescence imaging, Zeiss AXIO Imager D2 compound
fluorescence microscope, Colibri.2 LED light source, and AxioCam HR CCD camera

were used (Carl Zeiss, Jena, Germany).
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Western blot

Western blot was performed as previously described [23]. Zebratfish embryos and larvae
were collected according to their developmental stages for the protein extraction. 10ug
total protein was loaded into each well on 4-20% polyacrylamide gels for SDS-PAGE.
Proteins on each gel were transferred to a Hybond-P PVDF membrane (RPN303f, GE
Healthcare, Piscataway, NJ) for further blotting. The blots were incubated at 4°C
overnight with following primary antibodies: 6-11 B-1 mouse monoclonal anti-acetylated
a-tubulin K40 antibody (1:500), TAP952 mouse monoclonal anti-monoglycylated
tubulin antibody (1:1,000), R2302 rabbit polyclonal anti-polyglycylation antibody
(1:1,000), GT335 mouse monoclonal anti-glutamylation antibody (1: 1,000) and R2304
rabbit polyclonal anti-polyglutamylation antibody (1:1,000). Blots were then rinsed
extensively with 1X TBST and incubated with secondary antibodies HRP-conjugated
goat anti-rabbit IgG (1:3,000, SC-2004, Santa Cruz Biotechnology, Dallas, TX) or HRP-
conjugated goat anti-mouse IgG (1:3,000, A5278, Sigma-Aldrich, St. Louis, MO) for
further detection. Protein bands were developed and detected with the Western Blot ECL
Substrate (170-5060, Bio-Rad Laboratories, Hercules, CA) and X-OMAT LS films (864-
6770, Carestream, Rochester, NY). Alternatively, separate polyacrylamide gels loaded
with the same amount of proteins for blots were stained with Imperial Protein Stain

(24615, Thermo Scientific, Rockford, IL) as loading controls.

in vitro transcription and mRNA rescue
Both zebrafish and mouse atat! cDNA sequences were used in mRNA rescue

experiments. Zebrafish full-length atat/ cDNA (NM_213258.1) and two different
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versions of mouse atatl-eyfp fusion cDNA, atatl-eyfp and atatI-GGL-eyfp [21], were
subcloned into the EcoRI site on the pCS2+ vector for in vitro mRNA synthesis. pCS2+-
Pegal encoded the full-length S-galactosidase was used as the control. Plasmids were
sequenced to confirm the accuracy of cloning. All plasmids were linearized with NotI for
being used as templates for in vitro transcription. Capped mRNAs were synthesized using
Ambion mMessage mMachine SP6 Transcription Kit (AM1340, Life Technologies,
Carlsbad, CA). Final concentration of mRNA was determined by Nanodrop
spectrophotometer. For mRNA rescue, 100pg mRNA was injected into each embryo at 1-
to 2-cell stage with 0.1M KCI and phenol red. Damaged or unfertilized embryos were
discarded around 4 to Shpf. Survived embryos were collected and fixed at 72hpf for

immunofluorescence detecting the signal of acetylated a-tubulin K40.

Behavioral assays

Behavior analysis was done as previously described [24-27]. Zebrafish larvae
were raised to 5 dpf at 29°C on a 14-h:10-h light:dark cycle in E3 media. For all
experiments larvae were placed in individual wells of a 4x4 grid and after testing
were transferred to 96-well plates for genotyping. Acoustic stimuli were 3 ms
duration sinusoids with 1000 Hz frequency and variable intensity. Stimulus
intensities were calibrated using a PCB Piezotronics accelerometer (model
#355B04) and signal conditioner (#482A21). Dark-flash induced O-bends were
induced and measured as described previously [27]. For behavior imaging, a 96-

bulb infrared LED array (IR100 Illuminator removed from its housing; Y'Y Trade)

109



was positioned below a 3 mm-thick sheet of white acrylic to diffuse the IR light. A
white LED bulb (PAR38 LED light; LEDlight.com) was positioned above the
testing area to provide white light illumination during acoustic startle and
spontaneous movement testing. High-speed video was recorded using a Motionpro
camera (Redlake) with a 50 mm macro lens at 1000 frames/sec at 512 x 512 pixel
resolution. Spontaneous movement was analyzed after first habituating larvae to
the testing arena for 15 min. Unstimulated movements during a 160 sec period
were then captured at 100 frames/sec. All behavioral analysis was carried out with
the FLOTE software package [24-27]. Statistical analysis was done using t-tests

with GraphPad Prism 5.0. All data is presented as mean = SEM.

Pactitaxel treatment

Embryos were treated with either 100uM Paclitaxel (T7191, Sigma-Aldrich, St. Luois,
MO) or DMSO in egg water starting from sphere stage (4hpf) in glass Petri dishes.
Paclitaxel was dissolved in DMSO to make a 10mM stock. Embryos were maintained in
egg water with either Paclitaxel or DMSO through the entire course of experiment and

imaged at different stages.

Microinjection of morpholino oligonucleotides (MO)

1- to 2-cell stage embryos were used for microinjection as previously described.
Translational blocker MOs were used to suppress the expression of TTLL3 and ATATI.
Meanwhile, a mismatch MO (MisMO) corresponding to either ##//3 MO or atatIMO with

5 different nucleotides were also used as the control. p53 MO was also used in
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combination with other MOs to suppress the non-specific cell death possibly caused by
MOs in all microinjections [28]. Additionally, an MO alk8morph2 against mRNA of
BMP receptor ACVRIL was used as a positive control to test the specificity of MO
injection. The following MOs were used in microinjections: TTLL3TLMO: 5’-
GTGTTGGTGCATGTTTGAGTTAACC-3’; TTLL3TLMisMO: 5’-
GTcTTGcTGCATCTTTcAGTTAAaC-3’; MEC17TLMO:
5’CATTCAGGTCGTAAGGGAAATCCAT-3’; MEC17TLMisMO: 5°-
CATTgAcGTCcTAAGGCcAAATECAT-3’; p53MO: 5°-
GCGCCATTGCTTTGCAAGAATTG-3’; alk8Imorph2: 5°-
GATTCATGTTTGTGTTCAATTTCC-3’ (Gene Tools, Philomath, OR) [4, 9, 11, 29].
All MOs were dissolved in distilled water individually as 10ug/ul stocks and stored at
room temperature. Prior to microinjections, MOs were diluted in 0.1M KCI to the desired
concentration with 0.1% phenol red as the tracing dye for microinjections. 1nl of MO
injection solution was injected into the yolk of each embryo. For TTLL3 knockdown,
each embryo received Ing #/I3MO with 1.5ng p53MO or Ing ttlI3MisMO with 1.5ng
p33MO in each microinjection. For ATAT1 knockdown, each embryo received 1ng
atatIMO with or without 1.5ng p53MO or 1ng atatIMisMO with or withoutl.5ng p53MO
in each microinjection. For ACVR1L knockdown, each embryo received 2ng alk8morph2
in each injection. For rescuing #//3 morphants, additional 100pg S-gal or zebrafish atatl
mRNA was included in each injection. Injected embryos were kept in 100mm Petri
dishes with egg water at 28.5°C. Damaged or unfertilized embryos were discarded around

4 to Shpf. Survived embryos were collected at different stages for further analyses.
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RESULTS

Acetylated a-tubulin is a common tubulin PTM in developing zebrafish embryos
Acetylated a-tubulin has been widely utilized as a marker for labeling cilia and the
nervous system [9, 17, 18]. In zebrafish, acetylated a-tubulin is found in most ciliated
structures and the nervous system. Starting from 24hpf, acetylated a-tubulin was seen in
the pronephros, neural tube, and some nerve fibers (Figure 4.1A). By 48hpf, acetylated a-
tubulin was abundant in many tissues, including olfactory placode, pronephros, spinal
cord, and nerves (Figure 4.1B-D). Acetylated a-tubulin remained abundant in olfactory
placode and nerves by 72hpt and was also detected in neuromasts, which are sensory
organs in the lateral line system (Figure 4.1E-G). Together, a-tubulin acetylation is a
common tubulin PTM found in many types of tissues in developing zebrafish embryos
and larvae, especially in tissues that are rich in microtubules and cilia. The distribution of
acetylated a-tubulin also implies that enzymes responsible for this tubulin PTM could

potentially affect the development of these tissues when their expression is altered.

Acetylated a-tubulin is not detected in atatl” embryos

It has been shown that knockdown of ATATI1 by MOs in zebrafish leads to many
developmental defects [9]. To determine whether ATATI is the major a-tubulin
acetyltransferase in zebrafish, we generated zebrafish atat/ null mutants using
transcription activator-like effector nucleases (TALENSs) for gene targeting [30].

Zebrafish has a single atatl gene (Gene ID: 406389), which is located within the

112



chromosome 19. We aimed to generate null mutants by targeting a site right downstream
of the translation start site (ATG) in exon 1. Through the mutation screening, two
potential null atat] mutant alleles were identified namely atat1%*’ and atat1%**'. Both
mutant alleles had a single base pair deletion and resulted in frame-shift mutations that

potentially generated many downstream pre-mature stop codons. We first obtained

gad/+ ga2l/+

heterozygotes by incrossing either atat/ or atatl independently to examine the
phenotype of homozygous mutants. Surprisingly, no significant developmental defect
was observed during embryonic and larval development. However, we found a
significant portion of embryos from the incrosses were void of acetylated a-tubulin that
were examined by 6-11B-1 anti-acetylated a-tubulin antibody staining at 72hpf (incross
of atat1**¥": 21.37%, N=117; incross of atat1***"*: 20.65%, N=92), whereas their
siblings showed normal acetylated a-tubulin signal in tissues such as the olfactory
placode and peripheral nerves (Figure 4.2A-D, 4.2A°-B’). We further divided these
embryos into two groups: one was 6-11B-1 positive and the other was 6-11B-1 negative.
Embryos from each group were randomly selected and genotyped to confirm their
genotypes. All 6-11B-1 negative embryos we genotyped were atatl”, but 6-11B-1

" or ¥ (Figure 4.2E). This result suggests that o-

positive embryos were either atatl
tubulin acetylation is down-regulated in atat/”" embryos. Although most of the embryos
from atatl™" incrosses were normal during the embryonic development, we did observe
very few embryos exhibited cyclopia (incross of atat/***": 3.27%, N=153)
(Supplementary Figure S4.1A-F). Astonishingly, all of the cyclopic embryos we found

were atatl-/-, whereas other normal embryos were atatl”*, ™", or even ”~ (Supplementary

Figure S4.1G). It suggests that cyclopia might be associated with the loss of ATATI1 with
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extremely low penetrance. Since atatl”” did not develop any significant defect during
embryonic and larval development, we tried to raise them to adulthood. atatl” survived
to adulthood and developed in almost the same rate as their atatl ™" or ™ siblings.
Previously, it has been reported that atatl knockout mice exhibit defects in sperm
morphology and motility [17]. However, atatl”~ zebrafish reproduced normally with no
overt effect on their fertility. We further examined the level of acetylated a-tubulin in
atat]”" and found no detectable signal from 72hpf embryonic lysate (Figure 4.2F). Due to
the lack of anti-ATAT]1 antibody for zebrafish, we were unable to examine the protein
expression of ATATI. Instead, we examined the mRNA expression of atatl by RT-PCR
in both atat!™" and 7 embryos. In zebrafish embryos, atat] mRNA was expressed both
maternally and zygotically (Figure S4.2A-B). The expression of atatl was almost
identical in both atatI™" and 7", indicating that non-sense mediated mRNA decay did not

occur.

atat]”” zebrafish restore tubulin acetylation when overexpressing atatl mRNA
To examine whether the loss of tubulin acetylation in atatI”” was due to the loss of
ATATI1, we injected atat] mRNA into 1 cell stage atatl”” embryos. When atatl”
embryos received 100ng atat] mRNA per embryo at 1 cell stage, they developed
normally without any defect. However, atat] mRNA-injected atatl”” embryos exhibit

normal tubulin acetylation comparing to atatl™"

at 72hpft, whereas fgal mRNA-injected
embryos still showed no sign of a-tubulin acetylation (Figure 4.3A-C, 4.3A°-C’, 4.3F-H,
and 4.3K-M). We further tested the hypothesis that the restoration of tubulin acetylation

in atatl”” was due to the acetyltransferase activity of ATATI by injecting mouse
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wildtype atatl-eyfp fusion mRNA and mouse atat/-GGL-eyfp mRNA [21], an enzyme-
dead version of atat!, into atat]”” embryos at 1 cell stage. Indeed, atatI”" larvae restored
their tubulin acetylation after receiving mouse wildtype atatl-eyfp mRNA, but they still
exhibited the loss of tubulin acetylation when receiving atat1-GGL-eyfp mRNA (Figure
4.3D-E, 4.3D’-E’, 4.31-J, 4.3N-0). Interestingly, we found that enzyme-dead version of
atatlpossibly degraded faster than the wildtype version, suggesting a possibility that
acetyltransferase activity might be required for the stability of ATAT1 (Figure S4.3A-X).
To sum up, our result suggests that ATAT]I is the major acetyltransferase responsible for

tubulin acetylation in zebrafish.

atat]”” larvae show normal behavioral responses

Previous study shows that the dentate gyrus region of hippocampus in atat/ knockout
mice is slightly deformed [18]. Thus, it is very likely that atat!™" zebrafish also exhibit
some mild defects in the nervous system. Although another group has shown that adult
atat] knockout mice display normal behavior [17], it is still possible that atatl” zebrafish
develop neurological or behavioral defects during larval development. Here we examined
behavioral responses of atatl™" larvae after receiving stimulations at 5dpf. The same stage
atat]”" larvae were also used as the control in all experiments. atat! " and " larvae
displayed very similar responses to acoustic stimuli (Figure 4.4A-B). Although atatl”
were slightly less responsive to pre-pulse inhibition and more sensitive to weaker
acoustic stimuli (Figure 4.4C), the differences between atatl™ and " larvae were not
statistically significant (p>0.05, Student’s t-test). We also tested the behavioral response

after stimulating fish with visual stimuli. However, both ataz/ ™" and " larvae responded
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almost identically (Figure 4.5). We further examined their spontaneous movement
without any stimulation. Again, both atatl™ and " larvae displayed almost identical
behavior in terms of their spontaneous moving distance and movement frequency (Figure

4.6A-B). Overall, atatl” larvae did not exhibit significant behavioral changes.

atatl” embryos are more sensitive to microtubule-stabilizing agent

Tubulin acetylation is generally enriched on stable microtubules in cells [7]. In addition,
ATAT]I has been suggested to participate in maintaining the stability of microtubules [19,
21]. Therefore, we hypothesized that atatl”~ embryos might behave differently in terms
of the microtubule stability and dynamics under abnormal conditions. Here we examined
the epiboly movement, a developmental process during the gastrulation that is highly
associated with yolk microtubules, in both atatl™* and ~ embryos [31]. The epiboly
begins at sphere stage (4hpf) in zebrafish embryos when the yolk cell domes into the
blastoderm. During the epiboly, the blastoderm becomes thinner and extends from animal
pole all the way to vegetal pole until embryonic cells cover the entire yolk. The epiboly
movement can be delayed when microtubule stability is altered, suggesting that the
epiboly is a good developmental process for observing the effect of microtubule stability
in vivo [31]. Both atat]™" and ~ embryos developed normally without any sign of
epiboly delay when they were treated with DMSO starting from sphere stage (Figure
4.7A-B, 4.7E-F). However, atat]™* embryos exhibited slower epiboly progression at 2-
somite stage after being treated with 100uM Paclitaxel, an agent known to stabilize
microtubules (Figure 4.7C). The epiboly delay in Paclitaxel-treated atatl ™" embryos was

recovered later as we did not observe any overt defect at 24hpf (Figure 4.7G).
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Interestingly, Paclitaxel-treated atatl”” embryos exhibited significantly slower epiboly
progression at 2-somite stage, and the effect of epiboly delay (“openback” phenotype)
can still be seen even at 24hpt (Figure 4.7D-H) [32]. Although epiboly progression was
delayed in both atat!™" and " embryos when being treated with Paclitaxel, the
gastrulation was not affected by the treatment. Hence, yolk microtubules in atatl”
embryos might be more stable than those in atar! ™" embryos after microtubule-

stabilizing agent treatment.

ATAT1 genetically interacts with the tubulin monoglycylase TTLL3

ATAT]I is the major acetyltransferase that mediates tubulin acetylation, which is the only
known tubulin PTM that occurs on the luminal side of microtubules. Therefore, it is
essential to know whether other PTMs are affected when tubulin acetylation is depleted.
We examined the levels of different tubulin PTMs in adult testes, the microtubule-rich

+/+

organs, by Western blot. In atatl ' testes, several tubulin PTMs were detected, including
monoglycylation, polyglycylation, glutamylation, polyglutamylation, and acetylation. All
these PTMs except acetylation were also detected in atatl™ testes (Figure 4.8).
Surprisingly, the level of monoglycylation was greatly increased, whereas the level of
polyglycylation was greatly decreased in atatl” testes. The level of glutamylation was
slightly reduced while the level of polyglutamylation remained almost the same in atatl”
testes. Despite these changes of tubulin PTMs in atatl”” testes, we did not discover any
significant fertility change in atat!”" adult males. This result suggests that tubulin

glycylation might be associated with tubulin acetylation in order to maintain the integrity

of microtubules. Therefore, it is crucial to understand whether the elevation of tubulin
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monoglycylation is to compensate the loss of tubulin acetylation. Here we injected
antisense morpholino oligonucleotides (MO) against #//3, a gene encodes a glycylase
responsible for tubulin monoglycylation, into 1-cell stage atatl ™" and ~ embryos. It is
reported that suppressing TTLL3 expression by injecting MO into zebrafish embryos
results in the depletion of tubulin monoglycylation. However, tubulin monoglycylation is
dispensable that most TTLL3-knockdown zebrafish develop normally [11]. When TTLL3
was suppressed in atatl™" embryos, only very few individuals showed cilia-related
defects such as curved body axis at 48hpf (5.105+0.455%, N=115). However, the
frequency of cilia-related defects in ##//3MO-injected atatl-/- embryos (68.835+6.165%,
N=135) was increased significantly (p<0.05, Student’s t-test), whereas controls that
received mismatch #/[3MO (ttl/[I3MisMO) had no overt effect (Figure 4.9A-E). We also
discovered that tubulin monoglycylation was increased in pronephric cilia of
1tl13MisMO-injected atatl”” embryos at 48hpf comparing with those in atat! ™" embryos
(Figure 4.9F-G). Tubulin monoglycylation was not detected in pronephric cilia in either
atat]™" or " embryos that were injected with #//3MO (Figure 4.9H-I). To test whether
ATAT]1 is sufficient to rescue the curved body axis phenotype, we co-injected either fgal
or zebrafish atatImRNA with #//3MO into atat]”” embryos. Indeed, Sgal -injected
embryos (74.76+1.43%, N=93) showed higher frequency of curved body axis phenotype
comparing with atatl- injected embryos (57.66+5.16%, N=118). Together, TTLL3-
mediated tubulin monoglycylation might play an important role in compensating the loss
of tubulin acetylation, suggesting a possible mechanism that ATAT1 genetically interacts

with TTLL3 in zebrafish embryos.

118



atatl” embryos are not more sensitive to MO injection

In a previous study, zebrafish embryos injected with atat/MO exhibit several
developmental defects such as smaller head and neuromuscular defect [9]. However,
similar defects were not observed in our atatl” zebrafish. To test the specificity of
atatIMO, we injected both atat!™" and ~ embryos with 1ng atatIMO with or without
1.5ng p53MO. The same experiment with atat/MisMO was used as the control. Embryos
injected with different combinations of MOs showed a range phenotype from normal to

severe. Normal embryos were morphologically identical to atatl ™™

embryos. Moderate
embryos showed reduced yolk stalk extension, mild brain defect, and slightly
disorganized trunk. Severe embryos exhibited reduced yolk stalk extension,
hydrocephalus, and shorter or curved body axis (Figure S4.4A-C). Embryos injected with
atatIMO alone [(atat]™": moderate: 83.245+3.245%; severe: 16.755+3.245%, N=67)
(atat]”": moderate: 29.575+9.613%; severe: 70.425+9.613%, N=81)] exhibited stronger

**. normal:

phenotypes than embryos injected with atat/MO+ p53MO [(atat]
54.59+0.97%; moderate: 45.41+0.97%, N=96) (atat!”": normal: 3.225+3.225%;
moderate: 58.305+2.985%; severe: 38.47+6.21%, N=78)], suggesting that stronger
phenotype might be partially caused by MO-induced p53-dependent cell death.
Interestingly, atat! ™" embryos injected with different combinations of MOs showed
weaker phenotypes, whereas atat]”~ embryos injected with the same MO combinations
exhibited stronger phenotypes (Figure S4.4D). To explore whether atatl”” embryos are
more sensitive to MO injection, we injected alk8MO against BMP receptor acvril into
both atatI™* and  embryos. Blocking BMP signaling has been shown to affect the

+/+

development of ventral structures in zebrafish [29, 33]. All alk8MO-injected atat! " and
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" embryos exhibited dorsalized phenotypes, and these phenotypes can be categorized

into a milder class lost-a-fin (C1) and slightly stronger class more dorsalized (C2) (Figure
S4.5A-F) [33]. The difference between alk8MO-injected atatl™™ (C1: 92.325+3.755%;
C2: 7.675+3.755%, N=86) and *~ (C1: 87.455+0.785%; C2: 12.545+0.785%, N=81)
embryos was not significant (p>0.05, Student’s t-test). No significant difference between
two groups was found (Figure S4.5G), suggesting the atatl” zebrafish might not be more

sensitive to MO injection.

DISCUSSION

In this study, we demonstrate that tubulin acetylation is completely undetectable in atatl
“ embryos and adult testes, suggesting that ATATI is responsible for this type of tubulin
PTM. It has been shown that ATAT]1 is the major a-tubulin acetyltransferase in mice [17,
18]. Furthermore, ATAT]1 is known to acetylate itself other than its major target a-tubulin
[21]. ATATIalso play roles in regulating microtubule stability independent of its
acetyltransferase function [21]. Surprisingly, we discover that ATAT1 degrades faster
when it loses its acetyltransferase activity in vivo. in vitro study has shown that human
oTAT requires its acetyltransferase activity to maintain the protein stability [34].
Although there are other acetyltransferases that exist in zebrafish such as Nat10 and
Natl5, they are unlikely to be significant contributors of tubulin acetylation. Our result
shows that tubulin acetylation in zebrafish is mediated by ATAT]I via its
acetyltransferase activity directly. Taken together, ATATI is the major a-tubulin

acetyltranferase that mediates tubulin acetylation in zebrafish.
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A previous study shows that depletion of ATAT]1 using atat/MO results in various
defects such as smaller head and neuromuscular defect [9]. However, zebrafish lacking
functional ATATTI are still viable and fertile without any significant developmental
defect. Our result is in agreement with previous findings in atatl knockout mice [17, 18].
Therefore, the defects identified in atat/MO-injected zebrafish embryos and larvae might
be non-specific, and some of them might be due to the p53-dependent cell death that is
triggered by MO injection [28]. It has been reported that MO might also lead to many
defects caused by the off-target effect [35]. It is known that the loss of a-tubulin
acetyltransferase Mec-17 in C. elegans results in severe axonal degeneration [22].
Although atatl knockout mice exhibit the mild distortion of the dentate gyrus, no overt
behavioral change has been documented [17, 18]. Our atatl” zebrafish also show no sign
of behavioral change during the larval developemt, suggesting that the regulation
between ATATI1 and microtubules in zebrafish is possibly more similar to the one in
mice. Despite the fact that ATAT] is the major a-tubulin acetyltransferase, it might not

be physiologically important in terms of regulating neuronal functions in vertebrates.

Interestingly, atat]”” embryos exhibit hypersensitivity to the microtubule-
stabilizing agent Paclitaxel during the epiboly. Yolk microtubules are one of the key
players of epiboly movement in zebrafish embryos [31]. When embryos are treated with
100uM Paclitaxel starting from sphere stage, atat!”~ embryos exhibit much slower
epiboly progression, suggesting that their yolk microtubules might not be as dynamic as

those in atat!™" embryos. In culture cells, small siRNA-mediated depletion of mouse
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ATAT]I increases microtubule stability and reduces microtubule dynamics [21]. There
are also more stable microtubules in embryonic fibroblasts from atatl knockout mice
when treating these cells with microtubule-destabilizing agent Nocodazole [17]. In
contrast, it has been reported that depletion of a-tubulin acetyltransferase Mec-17in
ciliates Tetrahymena thermophila results in the increase of microtubule dynamic after
Paclitaxel treatment [9]. One possible explanation is that a-tubulin acetyltransferase
might regulate microtubule dynamics differently in vertebrates as a consequence of

evolution.

Although tubulin acetylation is the only known tubulin PTM that occurs on the
luminal side of microtubules, neither the architecture of microtubules nor the tubulin
conformation is altered by tubulin acetylation. Therefore, it has been proposed that the
influence of tubulin acetylation might be highly localized and affects interaction with
proteins that bind directly to the luminal side of microtubules [36]. in vitro study has
shown that tubulin acetylation increases and CTT domains of a- and B-tubulin decrease
axonemal dynein motility, indicating that axonemal dynein directly deciphers the tubulin
code [37]. However, atatl”" zebrafish lacking tubulin acetylation do not exhibit any
significant defect under normal conditions, suggesting the possible existence of a
compensatory mechanism that might act to alleviate the effect of tubulin acetylation
depletion. To examine more regional effects of tubulin acetylation, we discover that
Tubulin acetylation alters the level of some other tubulin PTMs that occur on the exterior
surface of microtubules, including mono- and polyglycylation. Tubulin glycylation is

found predominantly in cilia and requires the monoglycylase to add a single glycine onto
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the CTT domains of tubulin and the polyglycylase to add multiple glycine residues onto
the existing monoglycylated CTT domain of tubulin [8, 10]. Thus, the elevation of
tubulin monoglycylation might be a way to reduce the effect of tubulin acetylation
depletion in atatl”” zebrafish. Interestingly, it is reported that ATATI binds to the
exterior surface of microtubules and interacts with CTT domains of tubulin iz vitro,
suggesting a possible mechanism for coordinating tubulin acetylation and other tubulin
PTMs [36]. Depletion of tubulin monoglycylation along is not sufficient to cause severe
cilia-related defects in zebrafish. Nevertheless, the frequency of cilia-related defects is
significantly increased when both tubulin monoglycylation and glutamylation are
depleted [11], implying that different tubulin PTMs might work together and contribute
to maintain the normal structure and function of microtubules. Indeed, zebrafish atat] "
embryos exhibit severe cilia-related defects when the monoglycylase TTLL3 is
suppressed by MO injection, whereas most #//3MO-injected atat! ™" embryos develop
normally with low frequency of cilia-related defects. Our result is in agreement with a
recent study that ATAT1/Mec-17 interacts with Kinesin-13 genetically in ciliates to
maintain the structure and function of cilia [38]. Taken together, our result indicates that

ATAT]I also interacts with TTLL3 genetically to regulate the integrity of microtubules.

Here we demonstrate that ATATI is the major a-tubulin acetyltransferase
responsible for tubulin acetylation in zebrafish by generating the first two atatl null
mutants. atatl” lacking all detectable tubulin acetylation develop and reproduce
normally. However, atat]”~ embryos exhibit hypersensitivity to the altered microtubule

stability. We also provide the first ever in vivo evidence that tubulin acetylation, the only
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known microtubule luminal PTM, affects other tubulin PTMs on the exterior surface of
microtubules. Zebrafish embryos depleted both ATAT1 and TTLL3 exhibit severe cilia-
related defects, suggesting that tubulin acetylation and glycylation might contribute
synergistically to structural and functional regulations of microtubules in cilia. Our result
also highlights the importance and complexity of tubulin PTM code in maintaining the

microtubule dynamics and stability.
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FIGURES AND FIGURE LEGENDS

Figure 4.1. The distribution of acetylated a-tubulin in developing zebrafish.
Acetylated a-tubulin is detected by 6-11B1 antibody at 24hpf (A), 48hpf (B-D, B”), AND
72hpt (E-G, E’). At 24hpf, acetylated a-tubulin is detected in neural tube and pronephros
(A). At 48 hpf, acetylated a-tubulin is detected in olfactory placode (B and B’), spinal
cord and peripheral nerves (C), and pronephros (D). At 72 hpf, acetylated a-tubulin is
detected in olfactory placode (E and E’), neuromasts (F), and peripheral nerves (G). Scale
bar=50um. Blue arrowhead: neural tube; White arrowhead: pronephros; Yellow

arrowhead: neuromast; Arrow: olfactory placode.
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Figure 4.2. Acetylated a-tubulin is not detected in atatl”” embryos. 72hpf embryos
taken from incrosses of atat!™" adults are stained with 6-11B-1 anti- acetylated a-tubulin
antibody (A-D, A’-B”). Most embryos show 6-11B-1 positive signals in olfactory placode
(A and A’) and peripheral nerves (C). Some other embryos are complete void of 6-11B-1
signal (B, B’, and D). 6-11B-1 antibody-stained embryos are sorted and genotyped. All 6-
11B-1 negative embryos are atat!”” (E). Western blot using lysate from 72hpf atatl™
embryos shows no detectable acetylated a-tubulin by 6-11B-1 antibody (F). White arrow:

olfactory placode.
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Figure 4.3. Lack of acetylated a-tubulin phenotype in atatl” embryos can be rescued
by injecting atat] mRNA. The distribution of acetylated a-tubulin in72hpf embryos in
head (A-E), olfactory placode (A’-E’), tail (F-J), and trunk (K-O) is shown. In atatl "
embryos, acetylated a-tubulin is restored when embryos are injected with zebrafish atatl
mRNA (Zatat]) and mouse atatl-eyfp mRNA (MatatI-eyfp). atat]”” embryos injected
with either fgal mRNA or mouse atatl/-GGL-eyfp mRNA (Matat1-GGL-eyfp) do not

restore acetylated a-tubulin. Scale bar=100pum.
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Figure 4.4. Acoustic response of atat] mutants. Startle response bias of 120hpf larvae
responding to acoustic stimuli (atatl": N=49; atat]”": N=31) (A). Short-term startle
habituation of 120hpf larvae responding to acoustic stimuli (atat!™": N=47; atatl”"
N=28) (B). Hypersensitivity (atatl”": N=47; atat]”": N=28) and pre-pulse inhibition
(atat]™": N=14; atat]”": N=18) responding to acoustic stimuli (C). All data is presented

as mean+SEM, all p>0.05, Student’s t-test.
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Figure 4.5. Visual response of atatI” larvae. O-bend responsiveness of 120hpf larvae
(atat]™": N=44; atat]”": N=34) responding to dark flash visual stimuli. All data is

presented as mean+=SEM, p>0.05, Student’s t-test.
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Figure 4.6. Spontaneous movement of atatl”” larvae. Total distance traveled of 120hpf
spontaneously moving larvae (atat!™": N=44; atat]”": N=36) (A). Spontaneous
movement frequency of 120hpf larvae (atatl™": N=44; atat]”": N=36) (B). All data is

presented as mean+=SEM, all p>0.05, Student’s t-test.
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Figure 4.7. Paclitaxel delays the epiboly movement in atatl” embryos. 2-somite stage
embryos treated with DMSO (A and B) or 100uM Paclitaxel (C and D) are shown. Note
that the epiboly movement is delayed in Paclitaxel-treated embryos (C and D). 24hpf
embryos treated with DMSO (E and F) or 100uM Paclitaxel (G and H) are shown.
Some Paclitaxel-treated atat!”” embryos exhibit “openback” phenotype at 24hpf.

Arrowhead: the leading edge of epiboly.
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Figure 4.8. Tubulin PTMs in zebrafish testes. Western blot of monoglycylated,
polyglycylated, glutamylated, polyglutamylated, and acetylated tubulin in both atatl™"

and atat]” zebrafish testes. Note that monoglycylated tubulin is greatly elevated, whereas

polyglycylated tubulin is reduced in atatl”” embryos.
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“* and atat]”” embryos

Figure 4.9. Cilia-related defects in #/I3 morphants. 48hpf atat/
injected with either #//3MisMO or tt/[3MO are shown (A-D). Curved body axis
phenotype is occasionally found in atatl™* embryos injected with #//13MO, but it is more
frequently observed in atat!”” embryos injected with #//3MO (C and D). Frequency of
curved body axis phenotype is significantly increased in atatl” injected with #/[3MO, *:
Statistically significant, p<0.05, Student’s t-test (E). Monoglycylated tubulin in the

+/+

pronephros of 48hpf atat!™" and atat]”” embryos injected with either #//3MisMO or
1tlI3MO are shown. Note that the signal of monoglycylated tubulin is slightly stronger in
atat]”” embryos (F-I). Monoglycylated tubulin is depleted in the pronephros of embryos
injected with #/[3MO (H and I). Scale bar=100um. The frequency of curved body axis
phenotype is slightly reduced in atatl”” embryos injected with #//3MO and atat! mRNA.

*. Statistically significant, p<0.05, Student’s t-test (J). Arrow: pronephros.
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SUPPLEMENTARY FIGURES AND FIGURE LEGENDS

Figure S4.1. Cyclopia phenotype is observed in a subset of atatl” embryos.
Phenotypes of 28hpf embryos obtained from atatl ™ (allele ga4) incrosses (A-F). The
result of genotyping is shown in (G). All genotyped cyclopic embryos are atatl”".

However, only very few atat]”” embryos exhibit cyclopia phenotype.

148



Cyclopic embryo

::I wildtype

<— Mutant

C
F

Normal embryo 3
149

Normal embryo 1

|eJale] LELEY



Figure S4.2. atat] mRNA expression in zebrafish embryos. The expression of atatl

mRNA in atat]™" (A) and atatI”" (B) from 8-cell to 72hpf stage is detected by RT-PCR.
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Figure S4.3. The acetyltransferase activity is required for maintaining the stability
of ATAT1. atat]”" embryos overexpress mouse ATAT1-EYFP (MATAT1-EYFP) at
6hpf (A and B), 11hpf (C and D), and 22hpf (E and F). atat] " embryos overexpress
mouse MATATI1-EYFP (MATATI1-EYFP) at 6hpf (G and H), 11hpf (I and J), and
22hpf (K and L). atat] " embryos overexpress mouse enzyme-dead ATAT1-GGL-
EYFP (MATATI1-GGL-EYFP) at 6hpf (M and N), 11hpf (O and P), 22hpf (Q and R).
atat]”” embryos overexpress mouse enzyme-dead ATAT1-GGL-EYFP (MATAT1-GGL-
EYFP) at 6hpf (S and T), 11hpf (U and V), 22hpf (W and X). All images are taken
under the same exposure. Note that the decrease of EYFP intensity starting from 11hpfin
both atatI™" and atat]”” embryos that overexpress MATAT1-GGL-EYFP (O, Q, U, and

Ww).
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Figure S4.4. Injecting atatIMO results in non-ATAT1-specific defects. 48hpf
embryos injected with atat/MO with or without p53MO are shown (A-C). Chart shows
the frequency of each phenotype in atatl™" injected with different MOs (atat/MisMO:
N=55, atatIMO: N=67, atatIMisMO+p53MO: N=47, atatIMO+p53MO: N=96) and
atat]”" injected with different MOs (atatIMisMO: N=58, atatIMO: N=81,
atatIMisMO+p53MO: N=74, atatIMO+p53MO: N=78) Note that the severity of
phenotypes (normal, moderate, and severe) shifts toward the milder end when embryos

are co-injected with p53MO (D). All data is presented as mean = SEM.
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Figure S4.5. Injecting acvr1IMO results in the lost-a-fin phenotype in both atat1

1™ and atat]”” embryos develop normal

and atatI”” embryos. Both uninjected atat
ventral tail fins at 24hpf (A and B). Both acvr/IMO-injected atat!™" and atatl”
embryos exhibit the lack of ventral tail fin (lost-a-fin, C1) phenotype at 24hpf (C and D).
Occasional stronger dorsalized phenotype (C2) is also observed in both acvr1IMO-
injected atat!™" and atatl”” embryos (E and F). Chart shows that the frequency of each
class of dorsalization phenotypes (C1 and C2) in both acvr/IMO-injected atatl™"
(N=86) and atatl-/- (N=81) embryos (G). All data is presented as mean + SEM, p>0.05,

Student’s t-test. Arrowhead: ventral tail fin.
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CHAPTER 5

CONCLUSIONS AND FUTURE DIRECTIONS

DISCUSSION

Mga is a regulator of neural crest development in zebrafish

When the expression of Mga is suppressed by antisense morpholino oligonucleotides
(MO) in zebrafish embryos, the development of most cell lineages derived from neural
crest (NC) is affected. This phenotype has been mentioned in a previous study [1], and is
analyzed in depth in our study. In this study, we injected lower dose of MOs into each
zebrafish embryo comparing to those used in previous studies [1, 2]. Therefore, it is
possible the reason why Mga is suppressed but not completely depleted in our mga
morphants. The MO combination we used in our study has been proven to efficiently
eliminate the full-length Mga isoform, but is less effective against the shorter isoform [2]
in zebrafish embryos. Besides, Mga is known to be expressed both maternally and
zygotically in zebrafish embryos, making it more difficult to completely eliminate the
expression of Mga by injecting MOs into embryos [1, 2]. Although MO has been shown
to be able to induce non-specific effect and possible pS3-mediated cell death in zebrafish
[3, 4], our result is unlikely to be the case because we included p53MO in our injection to
inhibit the MO-induced p53-dependent cell death. In addition, we were also able to

rescue the NC defects by injecting mouse full-length mga mRNA. Therefore, Mga is T-
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box/bHLHzip domains containing transcription factor that participate in the regulation of
NC development in zebrafish. More clues might be gathered using mga potentially null

mutants that we generated.

Interestingly, since the NC phenotype we observed in our study could be a result of
mga partially knockdown, moderate reduction of Mga in zebrafish embryos might be the
cause of NC phenotype. A previous study using higher dose of mgaMOs exclusively in
the YSL shows the significant reduction of BMP signaling during the gastrulation[2].
However, we did only observe the mild reduction of BMP signaling in our study.
Additionally, genetic ablation of mga in mice leads to an early embryonic lethal
phenotype, suggesting that the complete loss of mga might lead to severe or even lethal
developmental defects [5]. Hence, the predicted phenotype of maternal-zygotic mga null
zebrafish mutants might be too severe to recapitulate the NC phenotype discovered in
mga morphants since Mga would be completely depleted in null mutants. Zygotic mga
null mutants might be more likely to exhibit the NC defects. Nevertheless, the maternal
contribution of mga in mga zygotic mutants might be the key to determine whether NC
development would be affected since we found that Mga might act early during the
gastrulation to regulate NC formation. Thus, how much maternal Mga left in mga zygotic
mutants at this stage might determine the phenotype. If the level of Mga is high enough,
zygotic mutants might be able to undergo normal NC formation during early
development. If the level of Mga is lower just like what we observed in mga morphants,
it is possible that these mutants develop the NC formation defect. To sum up, the

participation of Mga in NC development might be difficult to be recapitulated due to the
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complexity of Mga level exists in mga zygotic zebrafish mutants. Embryos injected with
MOs might still be the best model to study the correlation between Mga and NC

development.

Mechanisms of how Mga affects NC development

Mga was first discovered as a binding partner of Max, suggesting the possibility that it
plays a role to regulate Myc activity [6]. It has also been shown to regulate the
transcription of bmp2b in zebrafish YSL when it binds to Max and Smad4 [2]. Thus, we
hypothesize that Mga regulates NC development via either antagonizing Myc activity or
fine tuning the level of BMP signaling in zebrafish embryos. Intermediate level of BMP
signaling during the gastrulation has been shown to be required for normal NC
development in zebrafish [7, 8]. The strength of BMP signaling is mildly reduced in mga
morphants during the gastrulation, suggesting that this could be the reason why NC
formation is altered. Due to the complexity of signaling network in zebrafish embryos,
overexpression of BMP in mga morphants might not be able to rescue NC defects
because BMP is required during the gastrulation but has to be turned off by the end of
gastrulation in the NC domain [7-9]. Ectopic expression of BMP might lead to the
misregulation of NC formation at different time point. Additionally, BMP signaling is
known to participate in a variety of biological processes such as dorsoventral patterning,
which also occurs during the gastrulation [10]. Thus, a better way to rescue the NC
defects in mga morphants might be injecting mRNA of transcription factors that
particularly regulate BMP expression or are downstream targets of BMP signaling

required for NC formation during the gastrulation. CvI2 is a transcription factor known to
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regulate Bmp2b/4/7a expression during the gastrulation but not the neurulation [7]. Thus,
it might be able to rescue the NC defects in mga morphants by injecting and fine tuning
the mRNA level of cvi2. In addition, a transcription factor Tfap2a required for NC
formation has been reported to participate in either upstream or downstream of BMP
signaling during the gastrulation [8, 11]. Therefore, Tfap2a might be another candidate

that could be used to test whether it can rescue the NC defects in mga morphants.

Another possible mechanism that Mga utilizes to regulate NC development might
be antagonizing Myc activity. Zebrafish Mych has been shown to be required for NC cell
survival during the gastrulation [12, 13]. Suppression of Mga expression might disrupt
the balance between Mga, Max, and Myc because the formation of heterodimers with
Max is required for the activity of both Mga and Myc. Hence, it is possible that mga
morphants exhibit NC defects that are the result of elevated Myc activity. To test this
hypothesis, examining the Myc activity in mga morphants using an E-Box enhancer
binding activity reporter construct might be able to reveal whether Myc activity is
increased [14]. In addition, it is reported that Mych activation leads to the cell survival
during the gastrulation in zebrafish [12]. If Myc activity is elevated, presumptive NC
cells might over-proliferate and not acquire appropriate cues for normal NC development.
These cells might undergo apoptosis as we observed in mga morphants later in the
embryonic development. A novel small molecule Mycro3 has been shown to be an
inhibitor of Myc-Max dimerization [15], suggesting a possibility of utilizing this
compound to reduce Myc activity in mga morphants. If we fine tune the dose of Myc

inhibitor and apply it to mga morphants for only a limited period of time during the
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gastrulation, we might be able to rescue the NC defects. Taken together, further

examination is needed in order to explore how Mga contributes to NC formation.

Functions of Mga in zebrafish

Mga has been shown to participate in a variety of biological processes, including
regulating bmp2b expression in zebrafish YSL, controlling the development of heart, gut,
and brain, survival of the inner cell mass, and lymphoma [1, 2, 5, 16]. In our study, we
also discover that Mga is a novel regulator of NC development in zebrafish. However, it
is possible that Mga also plays roles in other biological processes. During zebrafish
embryonic development, Nodal signals from YSL are required to initiate the expression
of Nodal-related gene in blastomeres for patterning the formation of mesendoderm [17].
Nevertheless, it is not clear whether the expression of Nodal-related gene is also
controlled by other transcription factors. One clue is that the promoter region of Nodal-
related gene sqt contains a conserved T-box binding site. Thus, it is possible that the
expression of sgt is regulated by the binding of T-box domain containing transcription
factors. It has been shown that the maternal T-box domain containing transcription factor
Eomesa regulates zygotic expression of nodal for mesendoderm induction in zebrafish
embryos [18]. In zebrafish, Mga is antother known T-box domain containing
transcription factors that are expressed maternally, suggesting the possibility that Mga
plays a role in regulating the expression of nodal either by itself or by working together
with Eomesa in zebrafish embryos. Besides, we found that suppressing the expression of
Mga also resulted in the defective pectoral fin development in zebrafish embryos.

Another T-box transcription Tbx5 has been shown to be essential for the formation of
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pectoral fin bud in zebrafish [19]. Therefore, Mga might participate in the formation of
pectoral fin via its T-box domain. To investigate the role of Mga in pectoral fin
development, it is crucial to know more about the targets of Mga. Additionally, mutations
of mga in humans have been reported to be associated with Richter’s Syndrome, an
aggressive form of lymphoma, which occurs in some patients with chronic lymphocytic
leukemia (CLL) [16]. Further investigation is required to study the correlation between
Mga and cancers. Therefore, the generation of zebrafish mga null mutants and possibly
conditional null mutants would be greatly useful in terms of exploring the functions and

mechanisms that Mga is involved in.

ATAT1 is the major a-tubulin acetyltransferase in zebrafish

Although ATATTI has been reported as the major a-tubulin acetyltransferase in ciliates,
worms and mice [20-23], it is still not clear whether ATAT1 plays the same role in
zebrafish because atatl knockdown in zebrafish only leads to partially reduced tubulin
acetylation [23]. Here we generate two zebrafish atatl null mutants by TALENs-
mediated gene targeting and show that both atat/ mutants have no detectable acetylated
a-tubulin. In zebrafish embryos, tubulin acetylation is highly enriched in the nervous
system and ciliated tissues, including olfactory placode, nerve fibers, neuromasts, and
pronephros. Genetic ablation of atat/ results in the absence of tubulin acetylation in
zebrafish, suggesting that other acetyltransferases such as Nat10 and Nat15 are not
capable to acetylate a-tubulin. However, another acetyltransferase a TAT-2 has been
shown to perform the function as the a-tubulin acetyltransferase in C. elegans [24].

Furthermore, it has been identified that acetyltransferase San acetylates lysine 252
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(K252) of B-tubulin. This B-tubulin acetylation, though only occurs on soluble o/f-
tubulin heterodimers but not on polymerized microtubules, might be involved in
regulating the assembly/disassembly of microtubules [25]. Although we have shown that
ATAT]I is the major a-tubulin acetyltransferase in zebrafish, we still cannot rule out the
possibility that some other acetylatransferases might act to acetylate a-tubulin under

certain conditions.

Functions of tubulin acetylation

a-tubulin K40 acetylation is the only known tubulin PTM that occurs on the luminal
surface of microtubules [23, 26, 27]. The presence of a-tubulin K40 acetylation usually
associates with stable microtubules such as axonemes of cilia and flagella. Hence, it was
thought to be involved in stabilizing microtubules. However, in vitro study has shown
that the acetylation of a-tubulin K40 residue has no effect on the ultrastructure of
microtubules, suggesting that it might not directly participate in maintaining the stability
of microtubules [28]. Instead, it might affect the function of microtubules by interacting
with other microtubule binding proteins and motors [29]. For example, tubulin
acetylation has been reported to increase the binding of Kinesin-1 [30]. Although tubulin
acetylation does not affect the structure of microtubules directly, its biological
importance is significant, especially under abnormal conditions. When cells are under the
stress such as starvation, cells may respond to the stress by activating autophagy. Tubulin
acetylation is elevated and required in cells for stress-induced autophagy [31, 32]. It is

also reported that tubulin acetylation is up-regulated in metastatic and basal-like breast
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cancer cells and possibly involved in invasive cell migration [33]. Therefore, functions of

tubulin acetylation might be more evident when cells encounter abnormal conditions.

Non-enzymatic functions of ATATI1

Although ATATI/MEC-17 has been shown to play an essential role in mechanosensory
function of C. elegans, its acetyltransferase function is not required for maintaining
normal mechanosensation [20]. In C. elegans, the enzymatic activity of ATATI/MEC-17
allows the production of 15-protofilament (15-p) microtubules in touch receptor neurons
(TRNs), whereas most other cells contain 13-p microtubules. Loss of the enzymatic
activity also changes the number and organization of microtubule in TRNs. However,
enzymatically inactive ATATI1/MEC-17 is sufficient for touch sensitivity and normal
axonal outgrowth without correcting the microtubule defects in C. elegans [34]. This
result suggests that ATAT1/MEC-17 might perform its non-enzymatic activity to
maintain normal mechanosensation in C. elegans. Additionally, ATAT1 has also been
reported to destabilize microtubules via its non-enzymatic activity. Embryonic fibroblasts
from atatl knockout mice exhibit strong resistance to nocodazole-induced microtubule
depolymerization [21]. A previous study using cell culture system also shows that the
microtubule-destabilizing function of ATAT]1 is independent of its enzymatic function
[35]. In our study, the epiboly is significantly delayed in ataz/”" embryos treated with
Paclitaxel, suggesting that yolk microtubules in atatl” zebrafish are possibly more
sensitive to the treatment of Paclitaxel. Paclitaxel is a microtubule-stabilizing agent that
can be used to slow down the epiboly movement in zebrafish embryos [36]. Our result

indicates that yolk microtubules in atat/”” embryos are more stable after the Paclitaxel
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treatment comparing to those in atat! ™" embryos, whereas the epiboly progression shows
no difference between atat! " and ”~ embryos under the normal condition. Since yolk
microtubules are very dynamic during the epiboly, it is unlikely that the slower epiboly
movement we observed is due to the tubulin acetylation. Therefore, our result also
supports the idea that ATAT1 might destabilize microtubules. Nevertheless, Taxol binds
to B-tubulin on the luminal surface of microtubules [37]. Since ATATI also acetylates a-
tubulin on the luminal surface of microtubules, it is possible that Paclitaxel binds to 3-
tubulin more efficiently when ATATI or tubulin acetylation is depleted. Hence, the
slower epiboly movement we observed could possibly be the result of more efficient
Paclitaxel binding on microtubules but not due to the loss of ATAT1 microtubule
destabilizing function. Although ATAT]1 has been shown to perform its non-enzymatic
activity in regulating microtubule dynamics and stability, its enzymatic activity is
essential to maintain its stability [38]. Here we also show that enzyme-dead mouse
ATATI1 degrades faster than normal ATAT1, suggesting a possible ATAT]1 selt-
regulation mechanism that utilizes the enzymatic activity of ATATI to control its own

half-life in cells.

ATAT]1 and tubulin PTMs

While ATATI1 mediates the only known tubulin PTM that occurs on the luminal surface
of microtubules, enzymes such as TTLL3 and TTLL6 are responsible for catalyzing other
tubulin PTMs on the outer surface of microtubules [29]. The relationship between tubulin
acetylation and other tubulin PTMs is poorly understood because of their structurally

separate modification sites on microtubules. However, A2 modification, a type of tubulin
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PTMs, accumulates in long-lived microtubules of differentiated neurons and axonemes of
cilia and flagella [39]. Tubulin acetylation is also found to be concentrated in cells with
more stable microtubules [26]. Therefore, tubulin PTMs on the outer surface of
microtubules might be able to coordinate with tubulin acetylation on the inside. In our
study, tubulin monoglycylation is up-regulated in atatl”" testes and pronephros,
suggesting that a possible mechanism that compensates the absence of tubulin
acetylation. Tubulin monoglycylation occurs on the CTT domains of a- and B-tubulin in
axonemal microtubules and is primarily mediated by an tubulin monoglycylase TTLL3
[40]. Although TTLL3 is the major tubulin glycylase, suppressing the expression of
TTLL3 alone does not result in severe defects in zebrafish embryos. Nevertheless,
zebrafish embryos exhibit significant cilia-related defects when the expression of both
TTLL3 and tubulin glutamylase TTLL6 are suppressed [41]. Hence, the combination of
different tubulin PTMs might form a unique “tubulin code” for microtubule-interacting
proteins to read. Some different combinations of tubulin PTMs might be translated into
the same message as no significant change of microtubules is identified in atatl™
zebrafish even though several tubulin PTMs are altered. This result suggests that cells
exhibit some degrees of flexibility to accommodate the change of tubulin PTMs in order
to maintain the homeostasis within cells. atat/”~ embryos show significant cilia-related
defects such as curved body axis when the expression of TTLL3 is suppressed, indicating
that both tubulin acetylation and glycylation are required for maintaining normal
functions of cilia. Zebrafish maternal-zygotic oval/ift88 mutant embryos lack all cilia and
also exhibit curved body axis that is possibly due to the dampened but expanded

Hedgehog signaling [42]. However, it is not clear how TTLL3 “reads” the change of
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tubulin acetylation from the lumen of microtubules. in vitro study has shown that ATAT1
can bind to the outer surface of microtubules and interact with CTT domains of tubulin
[38]. Hence, the activity of TTLL3 might be increased because of the lack of ATAT1 that
interacts with CTT domains in atatl” zebrafish. The elevation of tubulin
monoglycylation might be utilized to compensate the loss of tubulin acetylation, and
therefore generate the “tubulin code” that can still be translated into the message required
for maintaining structural and functional integrity of microtubules. To understand how
the absence of both tubulin acetylation and monoglycylation affects microtubules, further
investigation is required to examine if either the structure of microtubules or the binding

of microtubule-interacting proteins is altered.
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