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Abstract
Investigation of Mechanisms Regulating Cell Proliferation in the Zebrafish
Developmental Program
By
Shivas Rajni Amin

Vertebrate development requires that cell proliferation be properly
coordinated with morphogenesis, the process by which an embryo acquires form, and cell
specification, the process by which unique cellular characteristics arise. My work has
focused on the investigation of specific genetic networks that we have found to be
involved in the regulation of cell proliferation during zebrafish (Danio rerio)
development. We have identified two genes, weel and lmo4b, that are involved in two
distinct, proliferative regulatory mechanisms during development. My work demonstrates
that weel is required for the progression of the cell cycle after the midblastula transition
(MBT). Loss of weel abolishes a temporally acquired G2/M checkpoint resulting in
widespread cell death. We also found that the weel -dependent G2/M checkpoint is
required for a developmentally programmed deceleration of the cell cycle. In addition,
my work shows that lmo4b functions in a spatial manner by restricting the expression of
the neural proliferative transcription factor, six3. Loss of lmo4b results in the expansion
of neural tissue at the expense of non-neural tissue through the deregulation of six3.
This work highlights two cell cycle regulatory mechanisms, weel and lmo4b,
involved in the zebrafish developmental program that are necessary for proper
morphogenesis and cell specification. My analysis of weel indicates that temporal

maintenance of the G2/M phase transition is the focal point of cell cycle regulation
during gastrulation. Following gastrulation, the expression of spatially restricted genes,
such as lmo4b, is required to modulate the Gl/S phase transition. This research assists in
the establishment of a model for cell cycle regulation during zebrafish development.
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Nomenclature
This thesis includes discussion of genes and proteins from a variety of different
model organisms. We have followed the established naming convention in this thesis.
Here are the accepted gene and protein designations for each species:

Zebrafish (Dcmio rerio)
Gene: lower case, italics

gene

Protein: no italics, First letter capitalized

Protein

Source: http://zfin.org/zf info/nomen.html

Xenopus (Xenopus laevis)
Gene: lowercase, no italics

gene

Protein: no italics, First letter capitalized

Protein

Source: http://www.xenbase.com/gene/static/geneNomenclature.jsp

Drosophila (Drosophila melanogaster)
Gene: lowercase, italics

gene

Protein: italics, First letter capitalized

Protein

Source:
http://flybase.bio.indiana.edu/static pages/docs/nomenclature/nomenclature3.html

Mouse (Mus musculus)
Gene: First letter capitalized, italics

Gene

Protein: All capitalized, no italics

PROTEIN

Source: www.informatics.jax.org/mgihome/nomen/gene.shtml

Fission Yeast (Schizosaccharomyces pombe)
Gene: lower case, italics

gene

Protein: no italics, First letter capitalized

Protein

Source: http://www-ref.usc.edU/~forsburg/plasmids.html#nomenclature
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Chapter One
Introduction
1.1 Overview and Significance
The entire make up of a fully functional vertebrate organism can be traced back to
the formation of a single cell produced from the union of a sperm and an egg.
This "original cell" has a nearly unlimited capacity to proliferate, migrate and
differentiate into specialized cell types. The unlimited nature of this cell is required for
the production of a substantial mass of cells that are shaped into an organism with distinct
tissues and organs. During the progression of an innate developmental program, the
progeny of this "original cell" acquire limitations in proliferation, motility and
differentiation and as a consequence, most of the cells of a fully-developed organism
have a reduced capacity for differentiation and more stringent control on division.
Vertebrate development requires that cell proliferation must be properly
coordinated with morphogenesis, the process by which the embryo acquires form, and
cell specification, the process by which unique cellular characteristics arise.
Consequently, the rate of cell proliferation during embryogenesis varies temporally and
regionally. By understanding the mechanism and the context by which proliferative limits
are introduced we can further elucidate their requirements in development and from this
make inferences into disease such as cancer.
My work focuses on understanding the genetic regulatory networks that govern
the proliferative limitations that are placed on cells during vertebrate development. We
have identified two genes, weel and lmo4b, that are involved in two distinct proliferative
regulatory mechanisms during development. We have analyzed the expression of weel
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and lmo4b during zebrafish development and have studied the mechanisms by which they
establish critical proliferative limits. This work provides the first functional
characterization of weel and lmo4b in the zebrafish, Danio rerio.
The zebrafish provides an excellent vertebrate model organism to study the
regulation of proliferation in a developmental context. Zebrafish embryos are translucent
and develop externally allowing for high resolution imaging and an ease in manipulation.
Zebrafish also develop extremely quickly, allowing us to efficiently study the
consequences of disrupting gene function at several developmental timepoints. Despite
the differences in mammalian and fish development, the general processes and regulatory
networks that govern vertebrate development are conserved.
My work presents a model by which cell proliferation is regulated during
development. We present two separate regulatory mechanisms that function at distinct
developmental timepoints. My work shows that weel is required for temporal regulation
of cell division during vertebrate development. Loss of weel abolishes a temporally
regulated proliferative checkpoint resulting in a sudden onset of widespread cell death. I
have also shown that lmo4b functions in a spatial manner by restricting the expression of
neural proliferative transcription factors. Loss of lmo4b results in the expansion of neural
tissue at the expense of non-neural tissue. Through this research we identify regulatory
mechanisms in the zebrafish developmental program that influence the rate of cell
division early in a temporal manner and later in a spatial manner.
My work also further strengthens the relationship between developmental
processes and cancer. The acquisition of cellular limitations during early development is
paramount for the survival of the fully-formed vertebrate. Cancer is a disease state
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characterized by high levels of cell proliferation that disrupt homeostatic conditions
within the body. Cancer is thought to be a condition in which cells inappropriately
initiate a dormant developmental program that is void of cellular limitations (for a review
see (Sell, 2004)). This idea is based on the findings that the progression of cancer often
occurs through the improper regulation of genes required for proper development (Del
Bene and Wittbrodt, 2005; Sell, 2004). Previous studies have shown that the WEE1 and
LM04 mammalian homologs are misregulated in certain types of cancer (Backert et al.,
1999; Sutherland et al., 2003; Yoshida et al., 2004). We show that weel and lmo4b
function are required to impose proliferative restrictions during early vertebrate
development. Therefore, my work also gives developmental context to the disease states
that arise through misregulation of Weel and LM04 function.

1.2 The cell cycle
The cell cycle describes the process by which one cell divides into two daughter
cells. The archetypal cell cycle consists a DNA synthesis phase (S-phase) and mitosis
(M-phase) and two intervening gap phases: Gap phase 1 (Gl), and Gap phase 2 (G2). In
S phase, DNA replication produces two copies of the genome in one cell. In M-phase,
the single cell with two copies of the genome divides into two daughter cells with one
copy of the genome each. The gap phases separate S and M-phase and are defined by the
DNA content of the cell. Cells in Gl have just exited M-phase so they contain a single
copy of the genome (DNA content of 2N); while, cells in G2 have two copies of the
genome (DNA content of 4N) after exiting S-phase.
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Cell cycle "checkpoints" ensure that all of the cellular requirements have been
fulfilled prior to cell cycle progression. Cell cycle checkpoints can halt cell cycle
progression within phases or at phase transition. The first cell cycle checkpoint was
described in the fission yeast Schizosaccharomyces pombe. In 5. pombe a cell cycle
checkpoint exists at the G2/M phase transition that ensures the cells haVe grown enough
prior to commitment to mitosis (Russell and Nurse, 1987). Loss of this critical cell cycle
checkpoint in S. pombe results in the production of small cells (Russell and Nurse, 1987).
Other cell cycle checkpoints were later discovered in the budding yeast Saccharomyces
cerevisiae and the fruit fly Drosohpila melanogaster that function in related manner to
inhibit progression of the cell cycle if DNA is damaged or if extensive cell shape change
is required (Mata et al., 2000; Seher and Leptin, 2000; Weinert and Hartwell, 1990). In
both vertebrates and invertebrates, the acquisition of these checkpoints during
development is required for the survival of the organism. Failure to acquire
developmentally programmed checkpoints can lead to cell death, improper tissue
formation, or improper tissue patterning (Leise and Mueller, 2004; Mata et al., 2000;
Tominaga et al., 2006).

1.3 Checkpoint and cell cycle phase transition via Cdk Regulation
Cell cycle checkpoints are required for the progression of development as well as
the survival of the organism; therefore, understanding the regulatory mechanisms that
impose and maintain cell cycle checkpoints is of great importance. The regulation of cell
cycle phases is carried out by molecular mechanisms that act within phases or at phase
transitions. In S. pombe, entry into mitosis at the G2/M phase transition requires the
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activity of the serine/theonine kinase Cdc2 (Nurse et al, 1976; Russell and Nurse, 1987).
Cdc2 belongs to the cyclin dependant kinase (Cdk) protein family. The kinase activity of
Cdk proteins, such as Cdc2, is required for the progression or transition of cell cycle
phases. Cdk proteins are only active in the presence of obligate, co-factor proteins called
Cyclins. Cyclin protein accumulation typically occurs during specific cell cycle phases
thereby ensuring that Cdks are not prematurely activated. Consequently, the kinase
activity of Cdc2 is highest at the G2/M transition, during which the obligate cyclin
cofactor is available (Moreno et al., 1989).
The requirement for Cdk+cyclin complexes appears to be phase specific. In mice,
the G2/M phase transition of mitosis is largely regulated by the cdc2 homolog, CDK1, in
a complex with CYCLIN A or B; whereas the Gl/S phase transition is regulated by
CDK2 complexed with CYCLIN A or E and CDK4 or CDK6 complexed with CYCLIN
D (for a review see (Budirahardja and Gonczy, 2009). Interestingly, not all Cdk+cyclin
complexes are required during early mouse development. Cdk deletion studies in mice
revealed that only CDK1 appears to be required for the first 13 days of mouse
development (Barriere et al., 2007; Santamaria et al., 2007). The abundance of Cdk
proteins is most likely due to tissue specific requirements. For example, CDK4 activity is
only required for pancreatic Beta-cell proliferation (Martin et al., 2003).
Studies in S.pombe have revealed an additional level of Cdk protein regulation.
Proteins from the Wee and Myt kinase families inhibit Cdks by phosphorylating two key
tyrosine and tryptophan residues at position 14 and 15, respectively (Fantes, 1981; Nurse
and Thuriaux, 1980; Nurse et al., 1976). This phosphoinhibition of Cdks can be relieved
by the activity of the Cdc25 phosphatase (Fig. 1.1) (Fantes, 1981; Nurse et al., 1976).

The activity and phosphorylation state of T14 and Y15 of Cdks are dependent on the
overall ratio of active Weel/Cdc25 in the cell. Consequently, many developmentally
regulated cell cycle checkpoints require strict regulation of Cdkl by modulating cdc25
and weel activity at the G2/M phase transition (Dalle Nogare et al., 2009; Edgar and
O'Farrell, 1989; Mata et al., 2000; Price et al., 2000; Shimuta et al., 2002; Stumpff et al.,
2004). Stabilization of Weel and/or degradation of Cdc25 by cell cycle checkpoint
proteins results in the phosphoinhibition of Cdkl, thereby inhibiting the cell's entry into
mitosis, which allows for cell growth, DNA damage repair, cell shape changes, cell
motility, or other required functions. Upon completion of the required activity, the
phosphoinhibition of Cdkl is relieved via production of Cdc25 or inhibition of Weel,
allowing the cell to proceed to mitosis (Dalle Nogare et al, 2009; Edgar and O'Farrell,
1989; Mata et al., 2000; Price et al., 2000; Shimuta et al., 2002; Stumpff et al., 2004).

Figure 1.1: Schematic of Cdkl regulation. Cdkl is activated (center) at a cell cycle check point by
complexing with a cyclin leading to phosphorylation of a threonine at position 161 (Solomon et al., 1992).
Cdkl is inactive when cyclins are not present (left) or inactivated by the kinase activity of Weel (right)
(Fantes, 1979; Nurse et al., 1976). Figure obtained from M.E. Lane.

In summary Cdk proteins are required for cell cycle phase transitions. Cdk
proteins are regulated by cyclin availability and the activity of the Weel/Myt kinases and
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the Cdc25 phosphatase. In the following sections, I introduce general development
processes and discuss Cdk dependent cell cycle regulation during these processes.

1.4 Conservation of development
Vertebrate development is a well conserved process that can be subdivided into three
general embryonic events: the initial cleavage stage divisions, gastrulation and cell
specification events. Interestingly, these developmental events are also conserved during
the development of many invertebrates such as Drosophila. Each phase is represented in
the development of all vertebrates (and Drosophila); however, the mechanism by which
the processes are carried out may vary between species. The initiation of development
involves a set of cell divisions (cleavage stage divisions) to create a substantial cell
population from which the embryo is shaped. Once the required population of cells is
achieved, the embryo undergoes a morphological change involving significant cell
movements and shape changes to produce a general body plan (gastrulation).
Concurrently, the cells of the embryo are gradually subdivided into smaller and smaller
populations which give rise to different structures with different cell types, which will
inevitably become the tissues and organs of the organism (cell specification and
differentiation). Here I highlight these three developmental processes in various model
organisms and detail the cell cycle regulation that influences these processes.
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1.5 Cleavage stage divisions and the midblastula transition (MBT)
Following fertilization, the cell undergoes a set of cleavage divisions to produce a
mass of cells. In most anamniotes, these initial divisions are synchronous, rapid and
maternally regulated (Hara, 1977; Kane et al., 1992; Newport and Kirschner, 1982a).
Following these rapid divisions, a developmental transition known as the midblastula
transition (MBT) occurs. The MBT marks the onset of zygotic transition as well as a
progressive lengthening of the cell cycle. In Drosophila, Xenopus, and zebrafish, the
timing of the MBT is dependent on the nucleo-cytoplasmic ratio (Edgar et al., 1986;
Kane and Kimmel, 1993; Newport and Kirschner, 1982b). Decreasing the nucleocytoplasmic ratio (through the addition of cytoplasm) delays the onset of the MBT, while
increasing the nucleo-cyotplasmic ratio has the opposite effect. Therefore, it is believed
that the timing of the MBT is dependent on the steady depletion of maternal cell cycle
activators (Newport and Kirschner, 1982b). Each successive cleavage division decreases
the amount of maternal replication activators in each cell. The depletion of these
activators slows the progression of S-phase, thereby inducing the lengthening of the cell
cycle at the MBT (Newport and Kirschner, 1982b).
The MBT is not a universally conserved feature of vertebrate development.
Mammalian embryos readily produce zygotic mRNA at the 2-cell stage (Aoki et al.,
1997). However, mammalian embryos do undergo a series of cleavage divisions prior to
the induction of gastrulation. Interestingly, the cleavage divisions in mammals take
around 12-24 hours per division, which are the longest cleavage cycles in the animal
kingdom (Gulyas, 1975). In comparison, the first 10 cleavage cycles of zebrafish take
less than 20 minutes per division (Kane et al., 1992).
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1.5.1 Drosophila cell cycle regulation at the MBT occurs through Cdkl
phosphoinhibition
Research in Drosophila provided the first understanding of the cell cycle
regulation in the early cleavage divisions and at the MBT. Drosophila development
begins with 13 rapid syncytial divisions. After the 13th division, the embryo enters the
MBT which is highlighted by a global G2 arrest. This G2 pause is required for the
cellularization of the Drosophila embryo. Following cellularization, the cell cycle is
then re-initiated in a region specific pattern (Edgar et al., 1994).
The regulation of Cdkl is the primary method by which the cell cycle is
modulated at the Drosophila MBT. During the pre-MBT syncytial divisions, string, the
Drosophila CDC25 homolog, is highly expressed and prevents Cdkl phosphoinhibition
(Edgar and O'Farrell, 1990). Consequently, the syncytial divisions lack gap phases and
consist of only S and M phase oscillation. As development progresses to the end of the 13
syncytial divisions, the maternally provided string mRNA is degraded (Edgar and
O'Farrell, 1990). The downregulation of string results in the phosphoinhibition of Cdkl
by maternally provided Dweel, the Drosophila WEE1 homolog (Stumpff et al., 2004).
Following the 13th division, the cell cycle pauses in the G2 of cell cycle 14. Stumpff et al
(2004) showed that embryos deficient of maternal Dweel fail to arrest the cell cycle at
the G2 of cell cycle 14 and continue to rapidly divide resulting in mitotic defects and
embryo lethality (Price et al, 2000; Stumpff et al, 2004)
Following cellularization in the G2 phase, zygotic string is transcribed in spatially
restricted domains (Edgar and O'Farrell, 1990). Edgar and O'Farrell (1990) have shown
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that string expression is predictive of mitosis and that ectopic expression of string is
sufficient to induce mitosis in post-MBT G2-arrested cells. Therefore, the transcription
of string directs mitotic entry in cell cycle 14 in a spatially defined pattern (Edgar and
O'Farrell, 1990).
In summary, in Drosophila there is a requirement for Cdkl regulation at the G2/M
transition in the cell cycles prior to and at the MBT. In the following section, we
investigate the regulation of Cdkl regulation in the acquisition of a G2 phase in
zebrafish.

1.5.2 Regulation of the zebrafish MBT also occurs through Cdkl regulation
After fertilization zebrafish development begins with 10 rapid cleavage cycles
that consists of strict S and M phase oscillations. The MBT occurs following the 10th
division. Zygotic transcription is initiated at the MBT as well as the subdivision of the
embryo into three mitotic domains: the enveloping layer (EVL), the deep layer, and the
yolk syncytial layer (YSL) (Kane et al., 1992). The YSL is formed by the deposition of
nuclei from the marginal blastomeres into the yolk (D'Amico and Cooper, 2001). Once
deposited into the yolk, the nuclei of the YSL undergo 3 more divisions at a pre-MBT
rate and then exit from the cell cycle (D'Amico and Cooper, 2001; Kane et al., 1992).
The deep layer gives rise to the embryo proper, and the EVL and YSL are
considered extraembryonic tissues; however, there is evidence that the EVL is retained in
the final body plan of the zebrafish (personal communication Fukazawa and Santiago et
al.). The cell cycles of both the EVL and the deep layer progressively lengthen following
the MBT (Kane et al., 1992). The molecular regulation of cell cycle lengthening in the
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deep layer has been well studied by our lab. Similar to Drosophila, zebrafish cleavage
cycles only consist of S and M phase oscillations. Our previous findings demonstrate
that cell cycle lengthening at the MBT occurs by the acquisition of a G2 phase (Dalle
Nogare et al., 2009). Introduction of the G2 phase requires strict regulation of opposing
Cdkl regulators, cdc25 and weel. Overexpression of cdc25 inhibits post-MBT cell cycle
lengthening, while overexpression of weel results in premature cell cycle lengthening
prior to the MBT. Furthermore, overexpression of a constitutively active Cdkl is
sufficient to abrogate cell cycle lengthening at the MBT; whereas, overexpression of a
constitutively active Cdk2 does not effect MBT cell cycle lengthening (Dalle Nogare et
al., 2009). In summary, our analysis of cell cycle control after the MBT in zebrafish
indicates that Weel-mediated Cdkl phosphoinhibition is required in cell cycle
remodeling at the MBT.
Interestingly, the cell cycle lengthening at the MBT in zebrafish is not dependent
on zygotic transcription (Dalle Nogare et al., 2009). The MBT marks the point in
development during which the zygotic genome is activated; therefore, it seems logical
that the lengthening of the cell cycle through the acquisition of a G2 phase is dependent
on zygotic transcription of weel. However, inhibition of zygotic transcription does not
block cell cycle lengthening; therefore, it is not clear when zygotic transcription is
required for post-MBT cell cycle maintenance (Dalle Nogare et al., 2009).

1.5.3 A G2 phase is present in mammalian cleavage divisions
Mammalian cells do not undergo a true MBT. Mammalian cleavage cycles are
considerably longer than those of anamniotes and contain gap phases (Artus et al., 2006;
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Gulyas, 1975). It has been shown that the activity of Weel in the G2 phase is necessary
for establishing a cell cycle checkpoint that to ensures proper DNA content and integrity
(Tominaga et al., 2006). Deletion of weel results in premature entry into mitosis before
S-phase is complete. Furthermore, weel mutant embryos are also unable to inhibit
mitosis in response to double stranded DNA breaks (Tominaga et al., 2006).
The lack of a weel -mediated G2 during the pre-MBT cell cycles of Xenopus and
zebrafish alters the DNA damage response. Exposure to DNA damage elements during
the pre-MBT cleavage cycles does not arrest the cell cycle (Hensey and Gautier, 1997;
Dcegami et al., 1999). Pre-MBT cells with damaged DNA continue to proliferate until the
initiation of gastrulation. Once the embryo has entered gastrula stages, the damaged cells
can then initiate apoptosis (Hensey and Gautier, 1997; Dcegami et al., 1999). The
initiation of gastrulation marks a change in cell response to DNA damage. Exposure to
DNA damage elements during gastrulation results in a cell cycle arrest and the initiation
of apoptosis (Hensey and Gautier, 1997; Dcegami et al., 1999). Unlike mammalian cells,
the ability to respond to DNA damage is not innate in zebrafish and Xenopus, but is a
response system acquired well after the MBT. Therefore, it is not clear as to how
anamniotes acquire the ability to respond to DNA damage.

1.6 Gastrulation
Following the cleavage cycles, gastrulation is initiated. The purpose of
gastrulation is to produce an internal tube that runs through the organism and to generate
the three germ layers: ectoderm, mesoderm and endoderm. Typically the mesoderm is
formed through the ingression of outer cells to a more internal location. In Xenopus and
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zebrafish, the cleavage divisions are followed by a downward spreading of cells from the
animal pole towards the vegetal pole that eventually enveloping the yolk in a process
known as epiboly (Warga and Kimmel, 1990). During epiboly a subdivision of cells
migrating vegetally involute, thereby creating multiple cell layers that will give rise to the
three germ layers. In addition, cells also converge and extend along the dorsal axis of the
embryo. Interestingly, it appears that spatial resolution of mitotic inhibition may be
required for some of these cooperative movements and changes in cellular morphology
that occur during gastrulation.

1.6.1 Mitotic inhibition at the G2/M phase transition is required in Drosophila and
Xenopus gastrulation
Drosophila provided the first evidence that cell cycle inhibition at the G2/M phase
transition plays an important role during gastrulation (Edgar et al., 1994). Gastrulation in
Drosophila occurs at the ventral furrow, where the internalization of cells produces
mesodermal tissue. Formation of the ventral furrow occurs through changes in cell shape
that require the inhibition of mitosis (Grosshans and Wieschaus, 2000). Mitosis is
specifically inhibited in these cells by the function of the Tribbles protein (Mata et al.,
2000). Tribbles directs the degradation of String/Cdc25 resulting in the inhibitory
phosphorylation of Cdkl and a temporary block of mitosis at the G2/M phase transition
(Mata et al., 2000). Inappropriate induction of mitosis in these gastrulating cells can lead
to morphological defects (Grosshans and Wieschaus, 2000).
Research in Xenopus supports the idea that cell cycle inhibition at the G2/M
transition may be required during morphogenesis. Xenopus gastrulation involves the
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convergence and extension of dorsal tissue through cellular mediolateral intercalation
(Keller and Tibbetts, 1989). Liese and Muller (2004) showed that the zygotic Weel gene
isoform, Wee2, is specifically expressed in the paraxial mesoderm and functions to limit
cell divisions to ensure proper convergence and extension. Murakami et al. (2004)
showed that morpholino depletion of the maternal weel isoform produces similar results.
Loss of maternal weel results in an increase in the number of mitotic cells and a
disruption of convergence and extension, arguing that post-MBT cell cycle lengthening in
Xenopus is required for the progression of gastrulation (Murakami et al., 2004).

1.6.2 Spatially restricted mitotic inhibition during gastrulation may not be required
in zebrafish
Drosophila and Xenopus embryos both require the inhibition of mitosis in
spatially defined regions to allow for gastrulation processes; however, the requirement for
the inhibition of mitosis during gastrulation may not be a universally conserved
mechanism. Zebrafish gastrulation is similar to that of Xenopus, but the details of the
convergence extension movements differ. Xenopus convergence extension is primarily
driven by mediolateral cell intercalation while zebrafish gastrulation is a combination of
directed cell migration followed by mediolateral intercalation (Myers et al., 2002). At the
beginning of zebrafish convergence and extension, cells are loosely packed within the
embryo. Directed cell migration towards the midline brings the cells into closer
proximity and mediolateral intercalation is responsible for the final stages of convergence
and extension at the midline (Myers et al., 2002). Presently, it is unclear whether the
gastrulation processes in zebrafish require the same weel dependent mitotic inhibition.
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1.6.3 The requirement for post-MBT cell cycle lengthening during zebrafish
gastrulation
Dalle Nogare et al. (2007) showed that overexpression of cdc25 during post-MBT
cell cycles is sufficient to induce mitosis. This result suggests that Cdkl
phosphoinhibition is the rate limiting step in post-MBT cell cycles and is the mechanism
by which cell cycle lengthening is facilitated (Dalle Nogare et al., 2007). It is currently
unclear whether Cdkl phosphoinhibition in post-MBT cell cycles is required to allow for
gastrulation or if it is merely an extension of the MBT cell cycle regulation. Cell cycle
lengthening at the MBT is thought to occurs due to the dilution of maternal replication
activators (Newport and Kirschner, 1982b). It is possible that lengthening of the cell
cycle beyond the MBT is similarly required; however, Murakami et al. (2004) suggests
that post-MBT cell cycle lengthening is required for the progression of gastrulation.
Murakami et al. (2004) does not include analysis of nuclear morphology or the proper
completion of S-phase following weel depletion; therefore, the resulting gastrulation
defects may be the result of nuclear damage due to premature mitosis prior to the
completion of S-phase. This suggestion is supported by the finding that loss of Weel in
mouse development results in nuclear damage due to the loss of a critical G2 Weeldependent checkpoint (Tominaga et al., 2006).

We examine the requirement of weel in post-MBT cell cycle lengthening in
zebrafish in chapter 2 of this thesis. This work allows us to determine if the post-MBT
cell cycle lengthening is required to accommodate cell movement and shape change
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during gastrulation or if cell cycle lengthening occurs due to the continual depletion of
maternal cell cycle activators. We will also determine if weel expression is required in
spatially restricted domains to allow for specific gastrulation events.

1.7 Cell Specification and differentiation
The formation of multicellular organs and tissues from a field of cells require the
acquisition of specific cell type characteristics. To obtain specific, cell-type
characteristics, cells are first specified, determined, and finally differentiated. During
development, cells receive positional cues that impart cell specification. Cell
specification is a loose commitment to a type of cell fate. Once cells are specified they
can still respond to cell signaling to change fate. A cell can no longer change cell fate
once it has been determined. Following determination, a cell will eventually enter
terminal differentiation. Terminal differentiation involves the production of specific celltype characteristics and requires the exit from the cell cycle through a G1/G0 arrest (for a
review see (Bally-Cuif and Hammerschmidt, 2003).
Neural development is one of the most well studied systems of cell cycle
regulation in organogenesis. The general process of neurogenesis entails the
specification of neural and non-neural fate in the dorsal ectoderm, an increase in
proliferation of neural tissue, and finally exit from the cell cycle concurrent with neural
differentiation. The balance between neural cell proliferation and neural differentiation is
maintained by the activity of neural transcription factors (Coffman, 2003). The
expression of positive proliferation factors in the neural ectoderm results in an increase in
the rate of cell division (Gestri et al., 2005; Saka and Smith, 2001). Unlike the cell cycles
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during gastrulation, regulatory events during specification processes require regulation at
the Gl/S phase transition. Previous studies have shown that neural specification factors
regulate cell cycle machinery that function in the Gl phase (Coffman, 2003; Geling et al.,
2003; Gestri et al., 2005). In the following section we discuss the process of neural fate
acquisition and the cell cycle regulatory mechanisms that balance neural proliferation and
neural differentiation.

1.7.1 Anterior neural specification is dependent on Bmp and Wnt signaling
In zebrafish, the specification of neural fate in the dorsal ectoderm is a product of
the Bmp signaling pathway (Wilson and Houart, 2004). During mid-gastrulation (~6hpf),
the dorsal expression of Bmp signaling molecules and the ventral expression Bmp
antagonists produces Bmp activity gradient within the embryo. Consequently, Bmp
activity levels are highest in the ventral region and lowest in the dorsal region of the
embryo. At moderate to low levels of Bmp activity, cells are specified to become the
anterior neural boundary (ANB) cells. These ANB cells segregate the neural ectoderm
from the non-neural ectoderm (Wilson and Houart, 2004).
The specification of the anterior and posterior fate within the neural plate is
controlled by Wnt signaling. During late gastrulation (9-10 hours post fertilization (hpf)),
the expression of Wnt inhibitors is initiated in ANB cells (Houart et al., 2002; Houart et
al., 1998; Peng and Westerfield, 2006). These Wnt inhibitors are secreted from the ANB
cells and function to antagonize secreted Wnt signaling molecules produced in more
posterior regions. The activity of the Wnt antagonists and Wnt signaling molecules
produces a gradient of Wnt activity within the neural plate that is necessary for
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anterior/posterior axis formation (Houart et al., 2002). High levels of Wnt cause cells to
adopt posterior fate, specifying tissues such as the thalamus and the hindbrain, while cells
receiving lower levels of Wnt signals adopt an anterior fate becoming the forebrain and
eyes (Braun et al., 2003; Heisenberg et al., 2001; Houart et al., 2002).
Cells that adopt a neural fate can be identified by the expression of neural
transcription factors that promote neural fate and proliferation such as six3. Six3
maintains anterior neural fate by inhibiting expression of BMP and Wnt signaling
molecules, which promote non-neural and posterior neural fates respectively (Gestri et
al., 2005; Lagutin et al., 2003). Furthermore, six3 promotes the expression of other
neural transcription factors, such as rx3 (Carl et al., 2002). Consequently, overexpression
of six3 is sufficient to increase in the overall size of the anterior neural plate (Kobayashi
et al., 1998).

1.7.2 Six3 promotes neural proliferation and represses neural differentiation
Six3 directly regulates the transcription of cell cycle regulatory genes that
function at the Gl/S phase transition to promote cell proliferation and block
differentiation. In Xenopus, Six3 promotes the expression of cyclinDl, an S-phase
specific cyclin (Gestri et al., 2005). CyclinDl, independent of cell cycle regulation, also
inhibits the activity of NeuroD, a neuronal differentiation factor (Ratineau et al., 2002).
Six3 also blocks transcription of p27Xic, a Cdk inhibitor that is required for the terminal
differentiation of primary neurons and retinal glial cells (Gestri et al., 2005; Ohnuma et
al., 1999; Vernon et al., 2003). It is likely that the proliferative activity of six3 must be
repressed to allow for terminal differentiation.

19
These findings highlight the importance of factors required to attenuate the
activity of neural transcription factors such as six3 during neural development. Negative
regulators of neural transcription factors would be required in two phases of development
because of the diverse function of neural transcription factors. First, negative regulation
of neural transcription factors is required in bordering non-neural tissue to inhibit the
spread of neural fate. Second, negative regulation of neural transcription factors is
required in neural tissue to limit the activation of proliferative transcription factors to
limit neural proliferation and ultimately allow for neural differentiation.
In chapter three, we describe a regulatory network that inhibits neural cell
proliferation. We show that lmo4b is required to restrict six3 expression to block the
spread of neural specification and proliferation. Loss of lmo4b function results in the
expansion of neural tissue at the expense of non-neural ectoderm. Our results also show
that lmo4b blocks the ability of six3 to positively regulate associated pro-neural
proliferative transcription factors. We discuss a proposed model for lmo4b regulation
and hypothesize a role for lmo4b in neural differentiation.

Chapter T w o
Zygotic transcription is required for checkpoint control during
gastrulation in zebrafish

2.1 Introduction
The initial cleavage cell cycles of Drosophila and anamniotes consists of rapid
maternally regulated S and M phase oscilliations that lack gap phases (Edgar et al., 1986;
Kane and Kimmel, 1993; Newport and Kirschner, 1982a). The cell cycle lengthens
through the addition of gap phases at a developmental transition known as the
midblastula transition (MBT). The MBT also marks the initiation of zygotic transcription
and cell movement (Newport and Kirschner, 1982b). The lengthening of the cell cycles
at the MBT is not dependent on zygotic transcription, but the nucleo-cytoplasmic ratio
(Dalle Nogare et al., 2009; Edgar et al., 1986; Kane and Kimmel, 1993; Newport and
Kirschner, 1982b). This finding suggests that MBT cell cycle lengthening is due to the
depletion of maternal cell cycle activators (Newport and Kirschner, 1982b).
Extensive experimentation has revealed that the phosphoinhibition of Cdkl
governs MBT cell cycle lengthening (Dalle Nogare et al., 2009; Edgar et al., 1994). As
the dividing embryo approaches the MBT, a reduction in the rate of DNA synthesis
induces the degradation of Cdc25 resulting in the phosphoinhibition of Cdkl by maternal
Weel. (Dalle Nogare et al., 2009; Edgar et al, 1994; Shimuta et al., 2002; Stumpff et al.,
2004). Consequently, cell cycle lengthening at the MBT occurs through acquisition of a
transcription independent G2. Interestingly, following the MBT cell cycles continue to
lengthen through the phosphoinhibition of Cdkl (Dalle Nogare et al., 2007; Edgar et al,
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1994; Kane and Kimmel, 1993); however, it is not clearly understood why cell cycle
lengthening beyond the MBT is required. Furthermore, since cell cycle lengthening at
the MBT occurs independent of zygotic transcription, the requirements for zygotic
transcription in cell cycle regulation during gastrulation is not well defined.
Studies in Xenopus and Drosophila suggest that zygotic transcription of cell cycle
regulators is required for the cooperative cell movements and shape changes that are
required during gastrulation. In Drosophila, mitotic inhibition is required for the cell
shape changes necessary for mesoderm formation in the ventral furrow (Grosshans and
Wieschaus, 2000). In cells undergoing extensive shape changes the activity of Tribbles
directs the degradation of String/Cdc25 resulting in the inhibition of mitosis via the
phosphoinhibition of Cdkl (Mata et al., 2000). The role of mitotic inhibition in
developmental morphogenesis has been further described in Xenopus. The zygotic
expression of weel is required to specifically inhibit mitosis in the paraxial mesoderm
allowing extensive mediolateral cell intercalation events to occur that drive convergence
and extension in Xenopus embryonic development (Leise and Mueller, 2004). As a
result of these studies, it is believed that the zygotic transcription of mitotic inhibitors,
such as tribbles in Drosophila and wee2 in Xenopus, is necessary for the progression of
gastrulation.
The zebrafish is a widely used model organism for the study of morphogenesis;
however, very little is known about cell cycle regulation that occurs during early
morphogenesis. Here we study the role of weel in post-MBT cell cycles. During
zebrafish development, weel is expressed both maternally and zygotically. There is no
known maternal weel mutant; however, there are two zygotic weel mutants, speedbump

and weel

. The weel

mutant was isolated in a retroviral screen designed by the

Hopkins Lab to isolate core genes required for embryonic development (Amsterdam et
al., 2004). The zebrafish weel*"2419 mutant contains a retroviral insert located in the first
exon of the weel gene (Amsterdam et al., 2004). Our lab found that weelm419 mutants
fail to produce WT weel mRNA (Supplemental Data 1). The speedbump mutant, which
was initially described by Kane et al. (1996), contains a nonsense point mutation in the
first exon (personal communication D.A. Kane.), speedbump and the weel1"2419 mutant
exhibit widespread cell death by late gastrula stages (stages 8-10 hours post fertilization).
Initial characterization of the speedbump mutant revealed that the notochord is properly
formed and that the mediolateral intercalation within the notochord is not disrupted (Kane
et al., 1996). Despite not having notochord abnormalities, speedbump and weel^2479
zebrafish mutants fail to fully extend along their dorsal axis, similar to knockdown of
wee2 in Xenopus (Kane et al., 1996; Leise and Mueller, 2004). Our results suggest that
the extension defect is not a result of improper convergent extension due to excessive
division. We have found that the loss of zygotic weel results in a mitotic arrest
phenotype due to the abbreviation of the G2 phase during gastrulation, a failure to
complete S phase, and the abrogation of the DNA damage checkpoint. The improper
extension of weelU2419 mutants can be attributed to a loss of cell viability. More
importantly, however, our results demonstrate that following the acquisition of
transcription-independent G2 at the MBT, zygotic transcription is required for further cell
cycle lengthening and additional checkpoint control.

2.2 Materials and Methods
Fish husbandry and line maintenance
Adult zebrafish (Danio rerio) were maintained at 28 °C as described in Westerfield
(2000). Embryos were collected from natural mating and staged according to Kimmel et
al. (1995). Experiments were carried out in wild-type DZ strain, which were originally
acquired from Scientific Hatcheries (CA) and bred in the laboratory for eight generations,
or in weeluim

insertion mutants (Amsterdam et al., 2004). The weel^2419 strain was

outcrossed with the DZ strain, and heterozygotes were identified by PCR amplification of
the gene-insert boundary using a weel specific forward primer, 5'CGGCAAGTCTCCAAATCTTA-3', and an insert specific reverse primer, 5'GCTAGCTTGCC AA ACCTACAGGT-3'.

Transcription-block experiments
For transcription-blocking experiments, wild-type embryos were injected at the one-cell
stage with 2 nL 0.2 mg/mL a-amanitin (Fluka Biochemika), incubated at 28 °C to the
desired stage, and fixed in 4% paraformaldehyde as described in Dalle Nogare et al.
(2009). Control embryos were prepared by injecting 2 nL ddH20. Nuclear stains were
performed with 10 ug/mL Hoechst 33342 (Invitrogen Molecular Probes).
Immunofluorescence was performed as described below.

Morpholino injection
Antisense morpholino oligonucleotides against weel mRNA were designed and
synthesized by Gene Tools, LLC. The sequences of the translational blocking
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weelTBMO is 5'-CGTGTCTCCCAGCCCCGAAACTCAT-3' (1 to 25, using the first
nucleotide of the start codon as the reference). The sequence of the standard control MO
is 5'-CCTCTTACCTCAGTTACAATTTATA-3'. The dosage for morpholino injection
was 12 ng per embryo.

Whole-mount in situ hybridization
All procedures for whole-mount in situ hybridization were carried out as described
(Sagerstrom et al., 1996). Templates for zebrafish weel in situ probe transcription were
prepared by cloning 1.8kb of the open reading frame into pBluescript KS+ followed by
linearization with either Clal (antisense) or Sacl (sense) (New England Biolabs).
Transcription was carried out using either T3 (Promega) or T7 (New England Biolabs)
RNA polymerase in the presence of Digoxigenin labeling mix (Boehringer-Mannheim).

BrdU Incorporation and General Immunostaining.
For experiments requiring BrdU incorporation: embryos were injected in the yolk with 5
nL of 10 mM BrdU (Sigma). Embryos were incubated at 28 °C for 30 minutes and fixed
in 4% paraformaldehyde. The 30 minute exposure time was selected based on the
guidelines established in Dalle Nogare et al. (2009). BrdU detection was performed by
permeabilizing embryos in PBS+1% Triton X-100 for 4 h at room temperature followed
by incubation in 3 M HC1 for 20 min. Acid-denatured embryos were washed 4x15 min in
PBS+0.5% Triton X-100 and then incubated in blocking solution for 2 hrs followed by
overnight incubation at 4 °C in anti-BrdU antibody (Roche) (1:100). Embryos were then
washed six times for 15 min each in PBS+0.5% Triton X-100, incubated in blocking

solution for 2 hrs, followed by an overnight incubation at 4 °C in goat anti-mouse
Alexafluor488-labeled secondary antibody (Invitrogen, 1:500) and then washed
extensively in PBS+0.5% Triton X-100 the next day. Anti-phosphohistone3
(MilliporeX 1:200) immunostaining was carried out as described above excluding the acid
exposure. When necessary, embryos were counterstained in PBS+0.5% Triton X-100
containing 1:1000 Hoechst 33342 (Invitrogen). All immunostained embryos were
mounted in Vectashield (Vector labratories).

Microtubule immunostaining
Embryos were fixed in MAB + 3.7% paraformaldehyde + .25% glutaraldehyde + .2%
Triton X-100. Staining with beta-tubulin KMX-1 (Chemicon International) (1:500)
antibody was preformed as described in Solnica-Krezel and Driever (1994) with the
following modifications. Embryos were incubated overnight at 4 °C in goat anti-mouse
Alexafluor488-labeled secondary antibody (Invitrogen, 1:500), washed extensively in
PBS the next day, and washed through a glycerol series. Embryos were mounted in
Vectashield (Vector labratories).

Camptothecin Experiments
Embryos were incubated in fish water with camptothecin (Sigma) at a concentration of
10 u-M as described in Dcegami el al. (1999). Embryos were incubated at 28 °C for 40
minutes and fixed in 4% paraformaldehyde. Immunofluorescence was performed as
described above.

2.3 Results
2.3.1 Zygotic Transcription is required for the progression of the cell cycle in
zebrafish.
It has been previously demonstrated that the initial lengthening of the cell cycle at
the mid-blastula transition is independent of zygotic transcription (Dalle Nogare et al.,
2009; Edgar et al., 1986; Newport and Kirschner, 1982b). This observation prompted us
to ask at which point after the MBT zygotic gene activity becomes necessary for cell
cycle progression and what roles do newly transcribed zygotic genes play in the
developmental modulation of the cell cycle during gastrulation. We addressed this
question by blocking zygotic transcription with a-amanitin, a RNA Polymerase II
inhibitor, and observing the effects on cell cycle progression.
We injected embryos with a -amanitin or water at the 1-4 cell stage. We allowed
the embryos to develop, and fixed them at various stages after the MBT, including sphere
(4 hpf, MBT + lhpf), 30% epiboly (5 hpf, MBT + 2hpf) and 60% epiboly (7hpf, MBT +
4hpf). Fixed embryos were stained with an anti-PH3 antibody to detect cells in mitosis.
We then determined not only the number of PH3+ (mitotic) cells, but also quantified the
proportion of PH3+ cells in prophase, metaphase and anaphase for each embryo. The
results of this experiment are summarized in Figure 2.1. At sphere stage (4 hpf, MBT +
lhpf), control and a -amanitin injected embryos had a similar distribution of prophase,
metaphase and anaphase mitotic cells. At 30% epiboly (5 hpf, MBT + 2hpf), there is a
significant increase in the percentage of prophase cells in the a -amanitin treated embryos
compared to the control embryos. The increase in the percentage of prophase cells is
concurrent with a significant decrease in the percentage of metaphase cells in the a -

amanitin treated embryos compared to control embryos. At 60% epiboly (7hpf, MBT +
4hpf), there was a further increase in the percentage of prophase cells in the a -amanitin
treated embryos compared to controls; furthermore, there was a larger decrease in the
percentage of metaphase cells and a significant decrease in the anaphase cells in a amanitin treated embryos compared to controls. Many of the prophase cells were nonuniformly condensed in a-amanitin treated embryos at 30% epiboly (5 hpf, MBT + 2hpf)
and 60% epiboly (7hpf, MBT + 4hpf)- Thus, in the absence of zygotic transcription,
mitotic progression fails between 5 and 7 hpf and cells arrest in a prophase-like state.
This arrest likely results from induction of the spindle checkpoint in response to
accumulated chromosome damage resulting from G2 and S-phase checkpoint bypass
(Mikhailov et al, 2002; Royou et al., 2005; Smith et al., 2009). Taken together, these
results and our previous results indicate that maternally provided proteins and mRNAs
suffice for cell cycle progression during and immediately after the MBT, but that new
zygotic genes are required for checkpoint control and progression through mitosis by
early gastrula stages.
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Figure 2.1. Zygotic transcription is required for mitotic progression shortly after the MBT. Inhibition
of zygotic transcription results in a prophase pile-up. The percentage of mitotic cells that are in prophase,
metaphase or anaphase was quantified for untreated wild-type embryos (white) and a-amanitin treated
embryos (grey) at sphere stage (4 hpf), 30% epiboly (5 hpf) and 60% epiboly (7 hpf). Embryos injected
with a-amanitin do not initiate epiboly; therefore, all staging reflects age matched controls, n > 7 embryos
per stage and condition. Asterisks denote significance p value < .005.

2.3.2 Loss of weel results in widespread cell death and improper extension
We previously demonstrated that addition of a G2 phase to the cell cycle by the
phosphoregulation of Cdkl, is a major regulatory event of the MBT (Dalle Nogare et al.,
2007). We identify Weel, an inhibitory kinase that targets Cdkl, as a potential zygotic
cell cycle regulatory protein required in the progression of post-MBT cell cycles. To
initially characterize the function of weel in zebrafish development, we investigated the
morphological phenotype of homozygous weel**2479 mutants, wild-type (WT) siblings
and WT embryos injected with 12 ng of weel translation blocking morpholino
(weelTYSMO) or standard control morpholino (stdcntrlMO). Live embryos were
embedded in agarose and imaged at fixed time points. The result of our morphological
characterization is shown in Figure 2.2.

Figure 2.2. zygotic weel is required during gastrulation. Lateral views of WT(A-C), weelm2419
mutants(D-F), and WT embryos injected with 12ng of weelTBMO (G-I). Embryos were imaged at 6
hpf(A,D,G), 10 hpf(B,E,H). and 13 hpf(C,F,I). Scale bars are 20 urn.

The weelm419 mutant phenotype is characterized by visible cell death near the
completion of gastrulation (Fig. 2E,F). As development progresses beyond gastrulation,
the cell death phenotype becomes more obvious as most of the cells become opaque.
There appears to be widespread cell death throughout the embryo except for the
occasional preservation of the somitic mesoderm (not shown). Interestingly, weelU2419
mutant embryos are indistinguishable from WT siblings prior to 80% epiboly (Fig 2A,D).
After 80% epiboly weelU2419 mutant embryos can be distinguished by incomplete
extension along the dorsal-ventral axis (Fig. 2.2E). Embryos injected with 12 ng of
weelTBMO (referred to as weel morphants) phenocopy the weel mutant phenotype (Fig.
2.2G-I). While the onset of detectable cell death is variable in weel morphants compared
to the weel^2419 mutants, morphant embryos are indistinguishable from control embryos

until at least the sphere stage (Fig. 2.2G). Interestingly, it appears that initial dorsal
convergence at the shield is not disturbed in the absence of zygotic weel. From these
data we can conclude that loss of zygotic weel results in morphological abnormalities
and widespread cell death near the completion of gastrulation.

2.3.3 weel is expressed broadly, including in the YSL, hatching gland
To determine the expression of weel in zebrafish embryos we performed in situ
hybridization on fixed WT embryos. Figure 3 is an expression panel of weel at selected
developmental stages. At the pre-MBT stage of 256 cells and at the post-MBT stage of
IK, weel appears to be expressed universally (Fig. 2.3A,B). After the MBT, weel
expression is initiated in the yolk syncytial layer at dome stage (black arrow in Fig.
2.3C). At shield stage, weel is expressed in the converging yolk syncytial layer
underneath the shield (black arrow in Fig. 2.3D). After the shield stage, weel expression
is diminished throughout the embryo, until 80% epiboly, when weel expression is
reinitiated, but restricted to the dorsal region of the embryo, including the anterior axial
hypoblast (red arrow Fig. 2.3E,F). weel expression is maintained in the presumptive
hatching gland, which is derived from the anterior axial hypoblast (Fig. 2.3G-I). weel is
also highly expressed in anterior neural tissue during neurulation (Fig. 2.3G, I, J)
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Figure 2.3. Expression of weel from 256-cells to 17-somites. Cleavage stage expression of weel pre and
post-MBT at 256-cells (A) and 1K(B) respectively. (C,D) Gastrula stages. High magnification lateral view
of a dome stage embryo (C) and a high magnification dorsal view of a shield stage (D), black arrowheads
indicate the YSL. (E,F) 80% epiboly. Dorsal (E) and lateral (F) view, red arrowheads indicate the anterior
axial hypoblast. (G-I) Somite stages. Dorsal view of a 7-somite (G), a 10-somite (H) and a 15-somite
embryos with an asterisk marking the polster. Lateral view of a 17-somite (J) embryo. Scale bars are 20
|am.
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2.3.4 Loss of weel results in an increase in the number of mitotic cells
Previous biochemical and functional studies have shown that Weel blocks entry
into mitosis by inhibiting Cdkl (Den Haese et al., 1995; Russell and Nurse, 1987).
Therefore, we hypothesize that the weel loss of function phenotype arises due to
improper and accelerated entry into mitosis. If this hypothesis is correct, we should see
an increase in mitotic cells in weel1*2419 mutants. To test this hypothesis, we stained a
clutch of embryos obtained from a mating of fish heterozygous for the weelmm

allele

with the phosphohistone-3 (PH3) antibody, which marks mitotic cells, at shield and 70%
epiboly. We then imaged the animal pole at shield stage and the dorsoanterior face of the
embryo at 70% epiboly, and then quantified the number of PH3+ cells. The resulting data
were then plotted onto a histogram (Fig. 2.4E) to show the distribution of embryos in a
range of 200 to 720 PH3+ cells. The histogram allowed us to determine whether there
was a clear segregation between weel*"2419 mutants and WT siblings with respect to the
number PH3+ cells. At shield stage, all the embryos from a heterozygous

weelmm

mating fell into a single grouping between 220 and 360 PH3+ cells, with a mean of 272
(red bars in Fig. 2.4E). WT DZ strain embryos treated in the same manner at shield stage
fell into the same range of PH3+ cells, with a mean of 330 (black bars in Fig. 2.4E)
indicating there is not a difference in the number of mitotic cells in weelU2A1 mutants
versus WT siblings at shield stage.
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Figure 2.4. Loss of weel results in an increase of mitotic cells at 70% epiboly. Panels A-D are wholemount animal pole views of shield stage (A,B) and dorsal views of 70% epiboly (C,D) embryos injected
with 12ng of StdCntrlMO (A,C) and 12ng of weelTBMO (B,D) stained with anti-PH3 antibody. Panel E is
a graphical representation of the distribution of embryos sorted by total number of PH3+ cells in a bin
range of 20 nuclei for WT embryos at shield (blue) and 70% epiboly (black), and embryos from and weel
HI2479
heterozygous mating at shield (red) and 70% epiboly (yellow). Panel F is a graphical representation
of the mean total of PH3+ cells at shield and 70% epiboly. The mean total PH3 individual values with
confidence intervals for the shield stage grouping (F, left side) are 330±12 for WT (red bars, n=5), 272±6
for the weelHI2479 heterozygous mating (grey bars, n=30), 300±17 for StdCntrlMO (light blue bars, n=5),
and 328±22 for weelTBMO (white bars, n=5). The mean total PH3 individual values with confidence
intervals for the 70% epiboly grouping (F, right side) are 306±19 for WT (red bars, n=5), 243±9 for the
presumptive WT siblings (yellow bars, n=20), 606±19 for the presumptive weelffl2479 mutants (dark blue
bars, n=9), 305+18 for StdCntrlMO (light blue bars, n=5), and 606±28 for weelTBMO (white bars, n=5).
The distribution of presumptive WT siblings to weelHI2479 mutants is within the expected Mendialian ratio
of the 3:1 (^2=0.45). Asterisks denote significance p-value < .005. Scale bars are 50 um.

When this same analysis was performed on embryos from a heterozygous
weel^2479 mating at 70% epiboly, two separate populations emerge that exhibit a clear
distinction in the number of PH3+ cells (Fig. 2.4E, yellow bars). Roughly three quarters
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of the population (69%, presumably the wild type siblings), had between 200 to 340
PH3+ cells, with a mean of 243 (Fig. 2.4F, yellow bars). WT DZ strain embryos at 70%
epiboly showed a similar range of PH3+ cells, with a mean of 306 PH3+ cells (Fig. 2.4E,
light blue bars). The remaining population of weelm419 embryos (31%, presumably the
weelU2419 mutants), had significantly higher range of 520-720 PH3+ cells, with a mean of
606 (Fig. 2.4F, dark blue bars). At 70% epiboly there was a significant difference in the
mean of the presumptive weelU2419 mutants versus the mean of the presumptive WT
siblings (Fig. 2.4F, yellow and blue bars, right). This data supports the results from a
similar analysis performed on WT embryos injected with 12ng weelTBMO (Fig. 2.4B,D)
or 12ng of StdCntrlMO (Fig. 2.4A,C). At shield stage, there was no significant
difference in the average number of PH3+ cells in the control and weel morphant
embryos (Fig. 2.4F, white and light blue bars, left). However, at 70% epiboly weel
morphant embryos had a significantly higher average number of PH3+ cells compared to
StdCntrlMO injected embryos (Fig. 2.4F, white and light blue bars, right). From these
data we can conclude that loss of weel activity results in an increase in mitotic cells by
70% epiboly.

2.3.5 Loss of weel results in mitotic arrest at 70% epiboly
The observed increase in mitotic cells at 70% epiboly in weelm419 mutants may
be the result of a failure to arrest proliferation or from an accumulation of mitotic cells
that have failed to progress past a checkpoint, weel has been shown to mediate the DNA
damage checkpoint and prevent cells with under replicated DNA from entering mitosis
(Tominaga et al., 2006). Failure of this checkpoint could then induce a Cdkl-independent
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spindle checkpoint (Smith et al., 2009), resulting in a mitotic pileup visible as an increase
in PH3+ cells. We, therefore, hypothesized that the increase in PH3+ cells at 70% epiboly
in weel deficient embryos is the result of widespread mitotic arrest.
Our data show that at 70% epiboly, weelm419 mutants have approximately twice
as many PH3+ cells as their WT siblings; therefore, if the cells are exiting mitosis, there
should be an increase in the number of total cells in weel mutants compared to WT
siblings at 80% epiboly (approximately 1 hour after 70% epiboly). To test this
hypothesis, we stained weel11"2419 mutants and WT siblings with PH3+ and counter
stained with Hoechst 33342 (Fig. 2.5A-D). We then counted the number of mitotic cells
and the number of total cells. As expected, there is a significant increase in the average
number of PH3+ cells in weel*"2419 mutants versus WT siblings (Fig 5E, right). However,
there is not a significant difference in the average number of total cells in weelU2479
mutants versus WT siblings (Fig. 2.5E, left). From these data we conclude that by 70%
epiboly, weelU2419 mutant cells are not exiting mitosis and that loss of zygotic weel
results in widespread mitotic arrest.
To further characterize the mitotic arrest phenotype of weelU2419 mutants, we took
high resolution images of weelU2419 mutants and WT siblings at 70% epiboly stained with
P-tubulin and PH3 antibodies (Fig. 2.5G,H). p-tubulin stains microtubule spindles that
form during mitosis. In WT siblings, mitotic spindles are clearly arranged in prophase,
metaphase, and anaphase cells (Fig. 2.5G). weel^2419 mutants show a myriad of different
mitotic defects (Fig. 2.5H). The vast majority of nuclei in weel^2419 mutants appear to be
either in prophase or in a semi-condensed prophase state, with very few nuclei aligned in
a proper metaphase conformation. The spindles that are present are misaligned (Fig.

2.5H). These data further supports our conclusion that loss of weel results in a
widespread mitotic arrest at 70% epiboly.
,HI2479
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Figure 2.5. Loss of weel results in mitotic arrest. Panels A-D are flat-mount images of 70% epiboly
staged WT (A,B) and weelm2419 (C,D) embryos. Panels E-F are graphical representation of WT (blue bars)
and weel
(purple bars) average total and PH3+ nuclei (E), and average mitotic index (F). (E) WT
embryos had a mean total nuclei of 386±11, and a mean PH3+ nuclei of 22±1. weelm2m embryos had a
mean total nuclei of 407±10, and a mean PH3+ nuclei of 58±2. (F) WT and weel™2419 embryos had a
mean mitotic index of .06±.002 and .14±.008 respectively. n>20 images compiled from a minimum of 5
embryos per condition. Asterisks denote significance p value < .005. (G) WT and (H) weelHI2479 embryos
stained with PH3 (red) and P-tubulin(green). Scale bars are 20 urn.
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2.3.6 weel is required to maintain the length G2
We previously demonstrated that the introduction of a 15-30 minute G2 phase
contributes to the lengthening of cell cycles at the MBT (Dalle Nogare et al., 2009). In
addition, measurement of post-MBT cell cycles length indicate lengthening of cell cycles
continues during gastrulation (Dalle Nogare et al., 2009; Kane et al, 1992). We
hypothesize that zygotic weel transcription is required to maintain and facilitate
lengthening of the G2 phase in post MBT cell cycles. To test this hypothesis, we
compared the length of time required for cells to pass from DNA replication into mitosis
in weel mutants and siblings. To do this, we injected BrdU into embryos at 60% and 70%
epiboly, and incubated them for 30 minutes, then fixed and examined BrdU and PH3
immunostaining. (Fig. 2.6A-L). The 30 minute time point was chosen based on previous
results demonstrating the presence of a 15-30 min G2 phase after cycle 13. The number
of cells in each population that were double labeled for BrdU and PH3 were counted.
Cells that are double-labeled were actively in S-phase at the start of the incubation,
passed completely through G2 and entered mitosis. We also counted the number of cells
that were in prophase, metaphase or anaphase to characterize cell cycle progression (Fig.
2.6M). An increase in prophase mitotic figures at the expense of anaphase and
metaphase mitotic figures is consistent with a mitotic arrest.
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Figure 2.6. weel is required for G2 maintenance. Panels A-L are flat mount images of embryos stained
with anti-PH3 antibody(A,D,G,J) and anti-BrdU antibody(B,E,H,K). Panels C,F,I,L are colored overlays
of the PH3 staining(red) and the BrdU staining(green). WT embryos (A-C,G-I) and weelHI2479 mutants (DFJ-L) at 60% epiboly (A-F) and 70% epiboly (G-L) were exposed to BrdU for 25 minutes at 28°C. In
weelHI2479 mutants at 70% epiboly (K) a 10X exposure time (5 seconds compared to 500 milliseconds) was
required to produce a visible BrdU signal (the signal was not produced by autofluorescence (Fig SP2)).
Panel M is a graphical representation of the percentage of prophase (red), metaphase (yellow) and
anaphase(blue) cells that make up the total population of all mitotic (ph3+) cells. Panel N is a graphical
representation of the percentage of PH3+ cells that are co-labeled with Brdu. For weelm2479 mutants at
60% epiboly 29±4% (white bars) of all ph3+ cells are also Brdu+. For weelHI2479 mutants at 70% epiboly
77±2%(grey bars) of all ph3+ cells are also Brdu+. There was not a single observed co-labeled cell in WT
embryos at 60% or 70% epiboly. n=15 images from at least 5 embryos per condition. Asterisks denote
significance p-value < .005. Scale bars are 20 urn.

In WT embryos at 60% epiboly, there were no double labeled cells (Fig. 2.6C)
and 73.8% of mitotic cells were in prophase, 20.6% of mitotic cells were in metaphase
and 5.6% of mitotic cells were in anaphase (Fig. 2.6M). In weelU2479 mutants at 60%
epiboly, we found that 29% of all mitotic cells were also co-labeled for BrdU and 81.9%
of mitotic cells were in prophase, 14.6% of mitotic cells were in metaphase and 3.5% of
mitotic cells were in anaphase (Fig. 2.6F,M,N). From these data we conclude that at 60%
epiboly a G2 phase of greater than 30 minutes is present in WT embryos and that the G2
phase is truncated in weel^2479 mutant embryos (Fig. 2.6F). We also conclude that at this
stage, cells of the weelm479 mutant have not arrested in mitosis, based on the substantial
population of metaphase and anaphase mitotic cells (Fig. 2.6M), and due to the absence
of semi-condensed prophase nuclei that are characteristic of the mitotic arrest phenotype
(Fig. 2.5H and 6D).
To further test the hypothesis that weel is required to maintain the duration of the
G2 phase in post MBT cell cycles, we performed the same analysis in WT (Fig. 2.6G-I)
and weel1"2479 mutants at 70% epiboly (Fig. 2.J-L). Again, we did not observe double
labeled cells in WT embryos (Fig. 2.61). In WT embryos at 70% epiboly, 75.1% of
mitotic cells were in prophase, 15.8% of mitotic cells were in metaphase and 9.1% of
mitotic cells were in anaphase (Fig. 2.6M). In weel^2479 mutants at 70% epiboly, there
initially did not appear to be BrdU staining in any of the cells; however, when we
increased the image acquisition exposure time ten fold we were able to identify cells
positive for BrdU incorporation (Fig. 2.6K). We observed a significant increase the
number of double labeled cells in the weelta2479 mutants at 70% epiboly compared to
weelm479 mutants at 60% (Fig. 2.6L). At 70% epiboly in weelm47 mutants, 77% of all

PH3+ cells were double labeled and 97.4% of mitotic cells were in prophase, 2.3% of
mitotic cells were in metaphase and only .3% of mitotic cells were in anaphase (Fig.
2.6M,N). These data confirm that at 70% epiboly cells of the weel**2419 mutant are no
longer progressing through mitosis. Therefore, the increase in double labeled cells in
weel**2419 mutants at 70% epiboly compared to 60% epiboly suggests a loss of S and M
phase distinction. Furthermore, the low level BrdU uptake throughout weel*"2419 mutant
embryos at 70% epiboly may indicate that cell viability is greatly diminished.

2.3.7 weel is required for a G2 DNA damage checkpoint
Normal progression through the cell cycle requires the completion of intra-S and
G2 DNA damage checkpoints that ensure that cells with damaged or under-replicated
DNA do not progress into mitosis (Paulovich and Hartwell, 1995; Weinert and Hartwell,
1989). The presence of damaged DNA leads to the activation of the checkpoint kinase
Chkl, resulting in the inhibition of cell cycle progression by down regulating cdc25 and
through the stabilization of Weel (Raleigh and O'Connell, 2000). Our results show that
loss of weel causes a truncation of the G2 phase then subsequent mitotic arrest. We
hypothesize that weelu2419 mutant cells fail to inhibit cell cycle progression in presence
of damaged DNA. To test this hypothesis, we treated embryos from a heterozygous
weel*"247 mating, and embryos injected with 12ng of either the weelTBMO (Fig. 2.7C,F)
or the StdCtnrlMO (Fig. 2.7B,E) at Dome (Fig. 2.7B,C) and 30% epiboly (Fig. 2.7D,F)
with the DNA topoisomerase I inhibitor, camptothecin, for 40 minutes. Treatment with
camptothecin was previously shown to cause double stranded DNA breaks, cell cycle
arrest prior to mitotic entry, and the induction of apoptosis after 7hpf (Hsiang et al., 1985;
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Ikegami et al., 1999). Following camptothecin treatment, the embryos were fixed and
stained with an anti-PH3 antibody, and PH3+ cells were quantified. The results of this
experiment are summarized in Figure 2.7.
WT untreated

StdCntrl MO + Camptothecin

weeUBMO + Camptothecin

Embryos incubated w/ Camptothecin for 40 mins

Figure 2.7. weel is required for ceil cycle arrest in response to DNA damage shortly after the MBT.
Panels A-F are animal pole views of dome (4.5 hpf) (A-C) and 30% epiboly (5 hpf) (D-F) staged embryos
stained with anti-PH3 antibody. Panels A and C are WT untreated embryos. Embryos injected with 12ng
of StndCntrlMO (B,E) and 12ng of we/TBMO (C,F) were incubated with 10 pM camptothecin for 40
minutes. Panel G is a graphical representation of the mean total of PH3+ cells at dome and 30% epiboly.
The mean total PH3 individual values with confidence intervals for the dome staged grouping (G, left side)
are 19±1 for the weelHI2479 heterozygous mating (grey bars, n=10), 18±3 for StdCntrlMO (light blue bars,
n=12), and 17±2 for weelTRMO (white bars, n=12). The mean total PH3 individual values with
confidence intervals for the 30% epiboly grouping(G, right side) are 14+2 for the presumptive WT siblings
(yellow bars, n=8), 64±15 for the presumptive weelm2479 mutants (dark blue bars, n=4), 18±2 for
StdCntrlMO (light blue bars, n=5), and 65±4 for wee7TBMO (white bars, n=6). The distribution of
presumptive WT siblings to weelHI2479 mutants is within the expected Mendialian ratio of the 3:1 (x2=l).
Asterisks denote significance p value < .05. Scale bars are 50 urn.

As expected for WT (not shown) and StdCntrlMO injected embryos (Fig. 2.7B,E)
treatment with camptothecin blocks proliferation prior to mitosis, resulting in a dramatic
decrease in the number of PH3+ cells. Following a 40 minute treatment of camptothecin,
StndCntrlMO injected embryos at Dome or 30% epiboly had an average of only 18±3 or
17.6±2 PH3+ cells, respectively (Fig. 2.7G, light blue bars). At Dome, the embryos from
the heterozygous weelU247 mating exhibited a camptothecin response similar to WT with
an average of 18.5±1 PH3+ cells (Fig. 2.7G, gray bars); however, at 30% epiboly, we
found that 25% of the embryos from the heterozygous weelm479 mating, presumably the
weelU2m mutants, had significantly more PH3+ cells than their sibling embryos. The
presumptive weelU2479 mutants had 64±15 PH3+ cells (Fig. 2.7G, dark blue bars); while
presumptive WT siblings had an average of 14.3±2 PH3+ cells (Fig. 2.7G, yellow bars).
These results were further supported by the finding that embryos injected with 12ng of
weelTBMO had only 16.5±2 PH3+ cells when treated at Dome, but 64.5±4 PH3+ cells
when treated at 30% epiboly (white bars in Fig. 2.7G). From these results we conclude
that weel function is required at 30% epiboly to inhibit mitosis in response to S-phase
dependent DNA damage.

2.4 Discussion
We show that the weel mediated G2 DNA damage checkpoint is required for
post-MBT cell cycle progression. Loss of zygotic weel function results in a widespread
mitotic arrest by 70% epiboly characterized by misaligned microtubule spindles, the
inability of cells to progress to anaphase, and the progression of DNA replication during
mitosis. Our results indicate loss of weel disrupts a critical G2 checkpoint. We show at
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30% epiboly zygotic weel is necessary for cell cycle arrest in response to DNA damage.
In addition, we show weel is required to maintain the length of a G2 phase at 60%
epiboly. Our results, in combination with cell cycle length studies by Kane et al. (1992),
indicate that the weel dependent DNA damage checkpoint is first present in cell cycle 13,
while we measured a shortened G2 phase in cell cycle 15. Therefore, we propose that the
mitotic arrest phenotype of the weel*"2479 mutant is due to successive rounds of mitosis
involving unchecked DNA.

2.4.1 weel activity is required to allow for S-phase completion in post-MBT cell
cycles
We show that loss of the weel in post-MBT cell cycles causes DNA replication to
take place during mitosis. This suggests that cyclin availability is not alone sufficient to
separate S and M phase processes. This also indicates that the mitosis promoting factor
(presumably Cdkl with Cyclin B or A) is activated prior to the completion of S-phase,
therefore, weel is necessary to inhibit mitosis during DNA replication. This idea is
supported by the finding that loss of weel also impairs cell cycle arrest in response to
DNA damage. These results demonstrate the requirement of zygotic weel in ensuring the
completion of S-phase in post-MBT cell cycles by delaying cell cycle progression
through the G2 DNA damage response. The results also further support the concept that
phosphoinhibition of Cdklis the rate limiting step in post-MBT cell cycle progression
(Dalle Nogare et al., 2007).

2.4.2 The cell cycle continues to lengthen beyond the MBT due to the dilution of
maternal factors
The onset of the MBT is dependent on the nucleo-cytoplasmic ratio (Edgar et al.,
1986; Kane and Kimmel, 1993; Newport and Kirschner, 1982b); therefore, cell cycle
lengthening at the MBT is thought to occur due to the depletion of maternal cell cycle
activators (Newport and Kirschner, 1982b). As cytoplasmic partitioning decreases the
concentration of cell cycle activators, the rate of DNA replication slows. The presence of
under replicated DNA during the delayed S-phase necessitates the phosphoinhibition of
Cdkl by Weel, which ensures the completion of DNA replication (Dalle Nogare et al.,
2009; Price et al., 2000; Stumpff et al., 2004). Our results indicate that additional cell
cycle lengthening after the MBT occurs in a similar manner. We have previously shown
that the length of the G2 phase at Sphere stage in wild type embryos is between 15 to 30
minutes long (Dalle Nogare et al., 2009). Here, we show that the length of the G2 phase
at 60% and 70% epiboly in wild type embryos is greater than 30 minutes. Therefore, the
length of the G2 phase is steadily increasing after the MBT. Maternal cdc25 mRNA
levels also decrease during the lengthening of post-MBT cell cycles (Dalle Nogare et al.,
2007). This indicates that the lengthening of the G2 phase is due to the zygotic
transcription of weel and the depletion of maternal cdc25 resulting in the
phosphoinhibition of Cdkl. In addition, it is possible that the length of S-phase continues
to increase following the MBT. We have not directly measured the length of S-phase;
however, cyclin E mRNA levels, similar to cdc25 levels, steadily decline during
gastrulation (Yarden and Geiger, 1996); therefore, it is likely that cell cycle lengthening
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beyond the MBT is partly due to the increase in G2 phase length because of depletion of
maternal cell cycle activators.

2.4.3 weel -dependent G2 lengthening is not required to allow for morphogenesis
The requirement for mitotic inhibition at the G2/M phase transition to permit
morphogenesis has been described in Xenopus and Drosophila. In Xenopus, weel
activity is specifically required to inhibit the progression of mitosis to allow for
convergence and extension (Leise and Mueller, 2004; Murakami et al., 2004). We find
that in zebrafish loss of weel and the subsequent truncation of G2 results in axial
extension defects after shield stage; however, it is unlikely that weel is specifically
required to inhibit mitosis to allow for morphogenesis. Instead, we believe that global cell
death resulting from the widespread mitotic arrest is responsible for the extension defect.
This idea is supported by the fact that BrdU is incorporated at very low levels in
weelm419 mutants following mitotic arrest at 70% epiboly. We note that many cells that
were not in mitosis had low levels of BrdU uptake, indicating that regardless of phase,
the truncation of the G2 phase disrupts normal cell processes. Therefore, at 70% epiboly
it is likely that cells of the weelm419 mutant are not capable of movement. In addition,
extensive cell cycle lineage studies have indicated that cell cycle lengths in the deep layer
are not modulated according to cell fate suggesting that specific cell cycle programs are
not required in restricted domains to allow for zebrafish morphogenesis (Kane et al.,
1992).
During zebrafish gastrulation, cells are more loosely packed than in Xenopus
gastrulation; therefore, there does not appear to be the same specific requirement for

weel -mediated mitotic inhibition in the directed migration or mediolateral intercalation
events that drive convergence and extension during zebrafish gastrulation. In Xenopus,
convergence and extension is driven by extensive cellular mediolateral intercalation in
the tightly packed paraxial and axial mesoderm. In contrast, zebrafish convergence and
extension is a product of both mediolateral intercalation and directed cell migration.
During mid to late-gastrulation, directed cell migration of the loosely packed lateral
mesoderm is the primary mechanism by which convergence and extension occurs in
zebrafish (Jessen et al., 2002; Sepich et al, 2005). This process appears to be unaffected
in weel1*2419 mutants evidenced by the proper formation of the shield. Similar to
Xenopus, mediolateral intercalation is required in the zebrafish axial and paraxial
mesoderm (Glickman et al., 2003; Heisenberg et al., 2000). However, the notochord,
which is derived from the axial mesoderm, is properly formed in the zebrafish weel
mutant, speedbump (Kane et al., 1996), and we show that zygotic weel is not specifically
expressed in the notochord (Fig. 2.3). Unlike the paraxial mesoderm specific expression
of wee2 in Xenopus, the expression of weel in zebrafish does not appear to be restricted
to any region undergoing mediolateral intercalation during gastrulation (Fig. 2.3).
Therefore, zebrafish and Xenopus may not share the same requirement for weelmediated mitotic inhibition during morphogenesis due to variations in convergence and
extension mechanisms during gastrulation.

2.4.4 Spatial expression of cell cycle regulators may be required for tissue specific
morphogenesis
Following gastrulation there may be a requirement for Cdkl regulation through
the spatial expression of cell cycle regulators, weel expression is initiated within the
neural plate at 80% epiboly and maintained through out segmentation stages (Fig. 2.3). In
addition expression of cdc25 occurs in proliferative neural tissue following gastrulation
(Dalle Nogare et al., 2009). It is possible transcriptional regulation of Cdkl regulators
may be required for neural morphogenesis, proliferation or differentiation.
weel function may also be required in extraembryonic tissues to allow for
morphogenesis, weel is expressed in the YSL as well as the hatching gland, two
extraembryonic tissues that undergo a substantial amount of movement. The nuclei of
the YSL layer undergo three rapid divisions following YSL formation at the MBT, and
then undergo morphogenetic movements that mirror the overlying deep layer (D'Amico
and Cooper, 2001). In weelm419 mutants, the nuclei of the YSL converge, but fail to
extend (not shown). This may suggest a requirement for weel in YSL morphogenesis;
alternatively, weel may be required to terminate syncytial division following the MBT.
Similar to the YSL, the hatching gland undergoes extensive movements. The hatching
gland is derived from the anterior axial hypoblast and eventually migrates from the edge
of the neural plate to a region just over the developing heart, weel function may be
required to inhibit division in the hatching gland to allow for extensive cell movements.

2.4.5 Mitotic arrest phenotypes can distort the mitotic index
The mitotic index, defined as the number of dividing cells divided by the total
number of cells, is a widely used measure for the rate of proliferation. Here we present
an example where the mitotic index does not provide a reliable read out for the rate of
proliferation. We note that at 80% epiboly the mitotic index is significantly higher in
weel mutants compared to WT siblings (Fig. 2.5F); however, ultimately the mitotic index
proves to be misleading with our phenotype. Mitotic arrest phenotypes, as described in
the absence of zygotic weel, can result in high values for the mitotic index that do not
correlate to a rate of division. For the purpose of studying mitotic regulators it is critical
to examine timepoints before or after an initial mitotic index measurement.

2.5 Supplemental Data
2.5.1 Supplemental Data 1 - weel1"2*79 mutants do not produce wild-type weel
mRNA
The weelm479 mutant was identified to have an insertion into the first exon by
PCR amplification of genomic DNA as part of the initial screen; however, no further
studies were performed to determine if weelm419 mutants fail to transcribe weel mRNA.
We were concerned that the retroviral insertion could have been spliced out of the
weelm479 mutant mRNA, thereby producing mRNA capable of making functional Weel.
To determine if homozygous weelU2479 embryos fail to produce a wild-type weel mRNA,
we performed rtPCR on 90% epiboly staged embryos using weel gene specific primers
flanking the retroviral insertion site (Fig. 2.SP1). As a control we used primers to
amplify ornithine decarboxylase (ode). The 90% epiboly stage was selected because it is
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the earliest developmental stage where weelU2479 mutant homozygous embryos are
distinguishable phenotypically from wild-type siblings. The rtPCR on wild-type siblings
produced at 563bp band. The weelU2479 mutatios failed to produce this band. Both wildtype sibling and weel^2479 mutant pools produce a 180bp ode band of similar intensity.
From these results we can conclude that embryos homozygous for the wee/1"2479 mutation
do not produce wild-type weel mRNA.
wt
ode

1

I

weel

ode

weel

1
weel

563 bp

fwd primerExon 1
471 bp

E
t

Intron 1
410bp

Exon 2
205 bp

6Kb insertion
Product size without insert: 563bp
ode control product size: 180bp

Figure 2.SP1. weel™2419 homozygous mutants do not produce WT weel mRNA. The DNA ladder to
the left is a lOObp ladder. Below the gel, a schematic of the weelm2419 lesion along with the primer binding
sites and expected product sizes. Embryos homozygous for the weelm2479 lesion would have a predicted
band size of >6kb if the RNA is present.

2.5.2 Supplemental Data 2 - cellular autofluorescence is not a source of BrdU signal
In Figure 6K we show that loss of weel results in low level BrdU staining at 70%
epiboly. To detect the low levels of BrdU staining we required an exposure time of 5
seconds, compared to an average exposure time of 500 milliseconds in WT embryos and
weel mutants at 60% epiboly. We have concluded that the low level of BrdU staining
corresponds to low levels of DNA replication. Alternatively, the low levels of
fluorescence could be an autofluorescence artifact generated by the long exposure time.
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To ensure that cellular autofluorescence was not the source of our BrdU signal, we
injected BrdU into half of the embryos obtained from a WT mating at 70% epiboly. We
fixed all the embryos, injected and un-injected, following a 30 minute incubation period
and stained with anti-BrdU and anti-PH3 antibodies. WT embryos injected with BrdU
were positive for BrdU signal after 500ms of exposure time (Fig. 2.SP2A). Un-injected
WT embryos stained in the same tube did not show any fluorescence after 500ms (Fig.
2.SP2B) or 5 seconds of exposure time (Fig. 2.SP3C). In addition, BrdU injected and uninjected WT embryos did not have abnormal PH3 staining. From this experiment we can
conclude that cellular autofluorescence was not the source of the BrdU signal in Figure
6K.

Figure 2.SP2. Excessive exposure time does not result in cellular autofluorescence. Flat mount images
of WT embryos injected with BrdU (A) and WT embryos injected with water (B,D). Embryos stained with
PH3(red) and BrdU(green) antibodies. A 500millisecond exposure time was used for Panels A and B, and
a 5 second exposure time was used in Panel C.
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Chapter Three
A zebrafish L M 0 4 ortholog limits the size of the forebrain and eyes
through negative regulation of six3b and rx3

3.1 Introduction
The vertebrate anterior neural plate, which is derived from the dorsal anterior
ectoderm of a gastrula-stage embryo (Fig. 3.1), is the precursor to the structures of the
forebrain including the telencephalon, eyes and prethalmus. Specification of the neural
plate occurs in response to a dorsal-ventral gradient of Bone Morphogenic Protein (BMP)
activity that is present across the embryo, whereas the specification of anterior and
posterior fate in the neural plate is controlled by Wnt signaling (for a review see (Wilson
and Houart, 2004). Cells that adopt an anterior neural fate express the transcription
factors six3 (Seo et al., 1998). Six3 maintains anterior neural fate within the dorsal
ectoderm by negatively regulating the expression of secreted BMP and Wnt signals
(Gestri et al., 2005; Lagutin et al., 2003). Six3 promotes neural proliferation by
positively regulating the expression of cyclinD and represses neural differentiation by
inhibiting the expression of p27Xicl (Gestri et al., 2005). Consequently, overexpression
of six3 leads to an increase in the overall size of the anterior neural plate (Kobayashi et
al., 1998) and, knockdown of six3 result in eyeless phenotypes indicative of neural plate
defects (Bailey et al., 2004; Gestri et al., 2005).
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Figure 3.1: Fate map of the anterior neural plate. A) The anterior neural plate (dorso-anterior view of
an embryo) at bud stage with all the presumptive tissues labeled. B) A corresponding fate map of a 24 hour
post fertilization embryo (lateral view of an embryo). Abbreviations used: pi - Placodal ectoderm (purple),
t - telencephalon (red), ef - eye field (brown), d - diencephalon (yellow), mb - midbrain (aqua), h hypothalamus (blue). Figure obtained from Dr. Catherine McCollum

Six3 also promotes the expression of other anterior neural tissue-specific
transcription factors such as, Rx3 (Carl et al., 2002). Rx3 is a transcription factor that is
required for eye development in zebrafish (Chuang et al., 1999; Kennedy et al., 2004;
Loosli et al., 2003; Mathers et al, 1997; Rojas-Munoz et al, 2005; Stigloher et al., 2006).
Loss of rx3 function in the zebrafish, as in the mutant chokh, results in the failure to form
bilateral optic vesicles (Loosli et al., 2003). rx3 promotes retinal fate by positively
regulating the expression of retinal specific genes and blocking telencephalic fate (Bailey
et al., 2004; Kennedy et al., 2004; Loosli et al., 2003). Similar to six3, rx3 also promotes
proliferation and represses retinal differentiation (Fig. 3.2) (Bailey et al., 2004).
In summary, the proliferative transcription factor six3 is required in anterior
neural tissues to promote anterior neural fate and proliferation. Our data indicate that the
LM04 ortholog, lmo4b is required at the boundary of neural and non-neural tissue to
attenuate six3 expression in non-neural tissue. Furthermore, lmo4b is also required with
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in the anterior neural plate to block six3 activation of downstream proliferative
transcription factors such as rx3.
six3.
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commitment
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Figure 3.2: six3 and rx3 promote anterior neural fate. Arrows do not indicate a direct effect, many
genes and proteins maybe represented by a single arrow (Gestri et al., 2005; Lagutin et al., 2003).

3.1.1 Biochemical function of Lim-only (LMO) proteins
lmo4b is from a family of proteins known as LMOs. LMO proteins consist of only
two tandem Lim domains. Lim domains are specialized zinc fingers that initiate proteinprotein interactions rather than a protein-DNA interaction. LMO proteins form
multimeric protein complexes that can inhibit or stimulate the transcription of target
genes depending on the protein interacting partners that are present. For example, mouse
LM02 functions as a transcriptional activator in erythroid differentiation (Visvader et al.,
1997), whereas dLMO functions as a transcriptional repressor in Drosophila wing
patterning (Milan and Cohen, 1999).

3.1.2 LMU4 has diverse roles in mammalian development
The mammalian LM04 is a known marker for breast cancer. High levels of
LM04 expression correlate to a high risk of breast cancer (Sutherland et al., 2003).
Elevated levels of LM04 may lead to the progression of cancer through the ability of
LM04 to suppresses the activity of the tumor-suppressor BRCA1 (Sum et al., 2002). In
addition, LM04 increases cell motility and proliferation in mouse mammary tissue (Sum
et al, 2005b).
LM04 has been well studied in mouse neural development. LM04 is also highly
expressed in proliferative presumptive neural tissue during mouse development and loss
of LM04 results in improper neural tube closure and exencephaly (Lee et al., 2005; Sum
et al., 2005a). LM04 also maintains the balance of excitatory and inhibitory neuronal
differentiation (Joshi et al., 2009). As a result of in vivo cell culture, adult mice, and
embryonic mice studies, LM04 is thought to be a dedicated proliferation factor.

3.1.3 Zebrafish have two uncharacterized LM04 co-orthologs
Zebrafish have two LM04 co-orthologs, lmo4a and lmo4b. lmo4a shares a
greater degree of homology to the mammalian LM04 than lmo4b; however, it has not
been well characterized. lmo4b is expressed throughout the anterior neural plate from the
end of gastrulation until the 14-somite stage when expression becomes restricted to the
optic stalk and retinal epithelium of the eye (Lane et al., 2002). Mouse model studies do
not report a significant role for LM04 in eye development; however, lmo4b is expressed
in the zebrafish eye (Lane et al., 2002). Therefore, we wanted to explore if lmo4b plays a
novel role in the development of the zebrafish eye.
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The zebrafish is an excellent model organism for the investigation of eye
development. The eyes of zebrafish are very large, thus very easy to analyze.
Additionally, zebrafish develop externally, which allows for ease in manipulation of the
embryo. In this chapter we present the first functional characterization of an LM04 gene
in vertebrate eye development. This work provides insight into a novel function of
LM04 in the context of developmental processes as well as cancer. Interestingly, our
results are in conflict with previous findings that indicated that LM04 is a dedicated
proliferative factor. We demonstrate that the zebrafish lmo4b is a negative regulator of
the proliferative transcription factors six3 and rx3.

3.2 Materials and Methods
Construction of plasmids for tagged-mRNA production
The lmo4b coding region was amplified from full-length cDNA (Lane et al.,
2002) and cloned into pCS2+MT vector to generate pCS2+-myc-lmo4b. For morpholino
efficiency studies, a PCR-amplified region containing 100 bp of the lmo4b 5' UTR and
the entire coding region was inserted into pCS2+MT vector to generate pCS2+5'UTRlmo4b-myc. Injection of in vitro transcribed mRNA was assayed for the ability to
phenocopy injection of un-tagged lmo4b mRNA and for nuclear anti-Myc
immunoreactivity.

RNA injection
Capped sense RNA was synthesized using the mMESSAGE mMACHINE kit
(Ambion) from pCS2+myc-lmo4b and pCS2+5'UTR-lmo4b-myc. Microinjections were

carried out using the Harvard Apparatus PLI-90 microinjector. For double mRNA
injections and mRNA-MO injections, embryos were injected separately with 4 nl of each
mRNA at the appropriate concentration. For double mRNA injections, GFP mRNA was
used in single overexpression experiments to standardize the amount of nucleic acid
injected into each embryo.

Morpholino injection
Antisense morpholino oligonucleotides against lmo4b mRNA were designed and
synthesized by Gene Tools, LLC. The sequences of the two non-overlapping translational
blocking lmo4b MOs were 5'-CTGTTCACCATCGCCTGCCGTTATT-3' (-14 to 11,
using the first nucleotide of the start codon as the reference) and
5'-ACGTATCTCGAAGGTCAAAGGGTGC-3' (-42 to -18). The sequence of the
mismatched control MO for lmo4b containing 4 base substitutions (in lower case) was 5'CTGaTCAgCATCGCCTGCgGTTtTT-3' (-14 to 11). The dosage for morpholino
injection was 4 or 5 ng per embryo.

Whole-mount in situ hybridization
All procedures for whole-mount in situ hybridization were carried out as
described (Sagerstrom et al., 1996). The clones used for this study have been previously
described: lmo4b (Lane et al., 2002), pax2a (Krauss et al., 1991), pax6b (Nornes et al.,
1998), rx2/3 (Mathers et al., 1997), emxl (Morita et al., 1995), dlx3 (Akimenko et al.,
1994), six3b (Seo et al, 1998), zicl (Grinblat et al, 1998), shh (Schauerte et al., 1998),
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and nkl.la (Rohr and Concha, 2000). For double in situ hybridization, the staining of the
fluoresceinated probe was developed in the presence of 2-[4-iodophenyl]-3-[4nitrophenyl]-5-phenyltetrazolium chloride (INT) (Boehringer) and 5-Bromo-4-Chloro-3Indolyl Phosphate (BCIP) (Sigma) to give an orange precipitate or with BCIP and Fast
Red tablets (Roche), to give a light blue precipitate (Hurtado and Mikawa, 2006). Images
were obtained using the Zeiss Axioskop II Plus microscope and a Zeiss AxioCam MRc
camera and processed in Adobe Photoshop. Sections were hand-cut with a razor blade.

Measurement of morphant heads
To quantitatively estimate the head-specific defects in lmo4b knockdown
embryos, 4 ng of lmo4b MO or of 4 mm-MO were injected per embryo and
measurements were obtained at the 10-somite stage. We measured the dorsoventral head
height through the center of the optic vesicle, from yolk to the top of the head. We also
measured the diameter of the optic vesicle along the nasotemporal axis, through the
center of the vesicle. For both injection groups, n=20 embryos. These calculations were
performed as described in (Ando et al., 2005). The averages, standard deviations and
standard errors were determined, and significant differences were determined based on p
values and confidence intervals. We measured yolk diameter from three points for each
embryo to estimate the variability due to fixation, and found no significant variation.
The measurements shown in Figure 3.4 were obtained as follows: Embryos were
deyolked and flat-mounted laterally, and viewed under the 20X objective. Regions a-d
were taken as described in the text, using the "measure length" function in AxioVision
LE, version 4.5.0.0, and were converted from pixels to microns based on calibrated
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settings for the magnification and the microscope. Ratios of a/d, b/d, and c/d in control
and morpholino-injected groups of embryos were compared using a two-tailed t-test.

3.3 Results
3.3.1 Lmo4b is required for proper brain, eye, ear, and pectoral fin development
Based on the mouse model studies and the known expression pattern of lmo4b in
zebrafish, it is hypothesized that lmo4b functions as a regulator of neural and optic
development in zebrafish. To test this hypothesis, we injected a cocktail of two nonoverlapping lmo4b morpholinos (lmo4b MO) into 1-cell staged zebrafish embryos. The
morpholinos are targeted to the 5'UTR of lmo4b and function to inhibit Lmo4b
translation. We also injected 4 base-pair mismatch control morpholinos (4mm-MO) that
are not predicted to inhibit Lmo4b translation. As expected, embryos injected with
lmo4b MO, called lmo4b morphants, exhibited defects in the head and eyes at 3 days post
fertilization (dpf) (Fig. 3.3); specifically, the eye appears inappropriately expanded in
lmo4b morphants (Fig. 3.3). We also noted that lmo4b morphants have defects in the ears
and pectoral fins by 3 dpf (Fig. 3.3). lmo4b morphants did not exhibit any elongation or
axiation defects. Embryos injected with 4mm-MO appeared wild-type. This result
indicates that lmo4b function is required for proper development of the eye in zebrafish.
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Figure 3.3: Zebrafish lmo4b is essential for viability and eye, ear and pectoral fin development. (A-H)
72 hpf larvae or larval tissue from embryos injected with 4 ng of either 4 mm-MO (A,C,E,G) or 4 ng of
lmo4b-MO (B,D,F,H). High magnification views of morphant eyes reveal retinal enlargement (H) and
defects in the ear (D) and pectoralfins(F).
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3.3.2 Loss of lmo4b results in enlargement of anterior neural primordia by midsegmentation stage.
The expansion of the eyes at 3 days post-fertilization observed in lmo4b
morphants leads us to hypothesize that lmo4b may be required in the size regulation of
neural derived structures early in development. To test this hypothesis, we quantified the
change in head and eye size to determine if any of the neural primordia are enlarged in
lmo4b morphants. To quantify the head and eye size after to knocking down lmo4b, we
measured the head height and eye diameter of lmo4b MO and 4mm-MO injected
embryos at 10-somite (10s) stage (Fig. 3.4A,B). lmo4b morphant embryos had a
significant increase in the head height (24%) and eye diameter (31%) compared to 4mmMO injected embryos as represented in Figure 3.4C. From this data, we can conclude
that there is a quantifiable increase in the head and eye structures of lmo4b morphants.
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Figure 3.4. Loss of lmo4b causes forebrain and eye enlargement. (A, B) Lateral view of 10-somite
embryos injected with 4 ng of 4 mm-MO (A) and 4 ng of lmo4b-MO (B). (C) Quantitative representation
of eye diameter (ED) and head height (HH) measurements of embryos injected with 4 mm-MO (blue) and
lmo4b-MO (red). Error bars represent standard error of the mean (S.E.M.). Values in um with confidence
intervals for head height are 131±8 for control injections and 162+12 for morphants, and for eye diameter
are 125±10 for control injections and 164±12 for morphants. For HH p=8.7xl0-5, for ED p=2.2xl0-5.
Scale bars are 20 urn.

To investigate the role of lmo4b in size regulation of anterior neural primordia we
performed in situ hybridization on lmo4b MO and 4mm-MO injected embryos using zicl,
pax2a, pax6 and nk2.1a probes. The zicl expressing domain, consisting of the
presumptive telencephalon and diencephalon, is expanded in lmo4b morphants at 10s in
both lateral and dorsal views (Fig. 3.5A-D). The optic vesicles, marked by pax6

expression, also appear to be enlarged in lmo4b morphants at 10s (Fig. 3.5E,F).
Similarly, the optic stalk, marked by pax2a expression, appears to be enlarged in lmo4b
morphants at prim-5 (24 hpf) (Fig. 3.5G,H). In 4mm-MO injected embryos, the pax2a
and pax6 expressing domains do not overlap (Fig. 3.5G), forming a distinctive optic
stalk-retinal boundary; however, in lmo4b morphants there is a distortion of this
boundary as seen in Figure 5H where both pax6 (red) and paxla (purple) expressing cells
are intermingled. There is also an expansion of the pre-optic region in lmo4b morphants
(Fig. 3.5IJ). Finally, the hypothalamus, marked by nk2.1a, is also enlarged in lmo4b
morphant embryos (Fig. 3.5K,L). We can conclude that the primordia of the anterior
neural derived telencephalon, diencephalon, optic vesicles, optic stalk and hypothalamus
are all enlarged in lmo4b morphants. Furthermore, the expansion of these primordia
results in a quantifiable increase of the head height and eye diameter in lmo4b morphant
embryos.
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Figure 3.5. Loss of lmo4b causes enlargement of forebrain primordia. (A-L) Whole mount views of
embryos injected with 4 mm-MO (A, C, E, G, I, K) and lmo4b-MO (B, D, F, H, J, L). Panels A, B, and G-J
are lateral views. Panels F-I are dorsal views of the anterior region, and panels K, L are ventral views of
the anterior. The dashed lines in panels I, J represent pre-optic area. tel=telencephalon; di=diencephalon.
Scale bars are 20 um.
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3.3.3 Loss of lmo4b does not alter neural tube closure, dorsoventral patterning or
neural convergence.
These data suggest that lmo4b has a role in size regulation of anterior neural
primordia; however, an alternative hypothesis is that lmo4b is required for proper neural
tube closure or that lmo4b is required for early dorsoventral patterning or neural
convergence. If the neural tube is not properly closed it could alter the size and shape of
the neural primordia. Evidence for the neural tube defect hypothesis has been seen in
mice where loss of lmo4b results in neural tube closure defects (Lee et al., 2005). To test
this hypothesis we stained and sectioned the neural rod and neural tube of \mo4b MO and
4mm-MO injected embryos. At 10s we performed in situ hybridization on lmo4b MO
and 4mm-MO injected embryos staining for zicl expression, a marker for anterior neural
fate, which would denote the neural rod (Fig. 3.6A,B). lmo4b morphants have a larger
zicl expressing domain than 4mm-MO injected embryos; however, neural rod formation
remains unaffected (Fig. 3.6A,B). At prim-5 we performed in situ hybridization on
lmo4b MO and 4mm-MO injected embryos staining for emxl expression which marks the
dorsoanterior neural tube (Fig. 3.6C,D). We observed no difference in the formation of
the neural tube in the lmo4b morphant embryos compared to the 4mm-MO injected
embryos (Fig. 3.6C,D).
To address if the enlargement of anterior neural primordia in lmo4b morphants is
a result of improper dorsoventral patterning or neural convergence, we performed in situ
hybridization on lmo4b MO and 4mm-MO injected embryos staining for dlx3b, pax2a
and shh (Fig. 3.6E,F). These in situ hybridization probes serve to outline the neural/nonneural boundary (dlx3b), the midline of the neural plate, (shh) and to delineate the
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anterior/midbrain from the hindbrain (pax2a). At Bud stage, lmo4b MO and 4mm-MO
injected embryos have similar sized and proportioned neural plates suggesting that initial
dorsoventral patterning and neural convergence occurs properly (Fig. 3.6E,F).
Furthermore, measurements of the width of the paxla stripe did not show any significant
difference (data not shown). From these results we can conclude that loss of lmo4b does
not affect neural tube closure, dorsoventral patterning, or neural convergence. Therefore,
the enlargement of the anterior neural primordia in lmo4b morphants must occur by some
other mechanism.
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Figure 3.6. Neural tube closure and dorsoventral patterning are normal in lmo4b morphant embryos.
Panels A-D are cross sections through the anterior neural rod (A, B) or neural tube (C, D) in the region of
the forebrain from control (A, C) and morphant (B, D) embryos. In situ hybridization probes used to
localize forebrain tissue indicated at the left. (E, F) Bud stage embryos stained with probes to indicate the
size of the anterior neural plate.
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3.3.4 Lmo4b function is required at the neural non-neural boundary to limit
anterior neural cell fate
The data from the experiments described above suggests that loss of lmo4b results
in an expansion of anterior neural primordia that is not the result of neural tube closure or
dorsoventral patterning; therefore, we hypothesize that the expansion of the anterior
neural primordia is due to recruitment of cells from more posterior regions of the neural
plate. To test this hypothesis we performed in situ hybridization on lmo4b MO and 4mmMO injected embryos staining for the expression of zicl, pax2a, and krox20. This
cocktail of in situ probes allowed us to divide the embryo into four measurable regions
(represented in Fig. 3.7): a) the anterior forebrain marked by zicl expression, b) the
midbrain marked by the diencephalon staining of zicl to the midbrain hindbrain boundary
(MHB) marked by pax2a expression, c) the rostral hindbrain marked by pax2a at the
MHB to the 3 rd rhombomere marked by krox20 expression and d) the caudal hindbrain
marked by krox20 expression in the 3 rd and 5th rhombomere. lmo4b is not expressed in
region d, and region d did not vary significantly between lmo4b MO and 4mm-MO
injected embryos (p = .06), so all the measurement values were normalized to region d to
remove embryo-to-embryo size variation. As expected, region a was significantly longer
in lmo4b morphants compared to 4mm-MO injected embryos (p = .009); however, there
was not a significant increase or decrease in the normalized values for region b (p = .7)
and c (p= .055) (Fig. 3.7). The only neural tissue that is altered in the lmo4b morphants
is the anterior forebrain (region a); therefore, we can conclude that the expansion of the
anterior neural tissue in lmo4b morphants does not come at the expense of more caudal
neural tissue.
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Figure 3.7. Expansion of anterior neural plate through loss of lmo4b does not come at the expense of
caudal neural tissue. (A, B) Lateral views of embryos at the 10s stage stained with the regional markers
zicl, pax2a and krox20 to delineate regions that are measured and compared between control-injected (A)
and morphant (B) embryos. (C) Measurements are normalized to the size of rhombomeres 3-5 (region d).
Bars indicate standard error of the mean. Statistically significant differences are indicated with an asterisk.
Individual values, with confidence intervals, for control (blue) and morphant (red) respectively are:
a/d=4.6±0.3 and 5.2±0.3; b/d=1.4±0.1 and 1.5±0.1; c/d= 1.9±0.01 and 1.8+0.1. p values are indicated in the
text. Scale bars are 20 urn.

If the expansion of anterior neural tissue in lmo4b morphants does not come from
more caudal neural tissue, then the additional anterior neural tissue may come from the
recruitment of non-neural cells. If this is the case, then lmo4b should be expressed at the
boundary of neural and non-neural cells. We performed in situ hybridization on wild-type
embryos to determine when and where lmo4b is first expressed in the neural plate. At 1 s
lmo4b (purple in Fig. 3.8A) is expressed at the edge of the neural plate which is marked
by zicl (red in Fig. 3.8A). Higher magnification (indicated by the box Fig. 3.8A) shows
that there is an intermingling of lmo4b positive cells and zicl positive cells (Fig. 3.8B)
indicating that lmo4b is expressed in the 4 to 5 cell boundary (Fig. 3.8C) of neural and
non-neural tissue. At 3 s, a cross section of the anterior neural region shows that lmo4b is
excluded from the folding neural plate. At 6s, a cross section of the anterior neural
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region shows that lmo4b expression is maintained in the boundary cells, but expression in
the neural keel is now present. From these results we can conclude that lmo4b is
expressed in the neural non-neural boundary.
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Figure 3.8. lmo4b is expressed at the boundary of neural and non-neural fate. (A-C) Dorsal views of
the anterior neural plate of embryos at the Is stage, stained for expression lmo4b (blue) and zicl (red) (A,
B) or lmo4b alone (C) to mark the neural plate (np), neural boundary and non-neural ectoderm (nne). Panel
B is an enlargement of the region indicated by the box in panels A. Panel C is a similarly enlarged region
from a different embryo. Panels D, E are cross-sections through the anterior neural region of wild type
embryos at the 3s (D) and 6s (E) stages. Arrowheads indicate non-neural ectoderm. Scale bars are 20 um.

To further test the hypothesis that the expansion of the anterior neural tissue
comes from the recruitment of non-neural cells, we determined whether the expression
domain of zicl, an early marker for neural fate, is expanded at 2s in the absence of lmo4b.
In lmo4b morphants, the expressing domain of zicl is noticeably larger compared to
4mm-MO injected embryos (Fig. 3.9A,B). This result is supported by the finding that
global missexpression of lmo4b produces a smaller zicl expressing domain compared to
4mm-MO injected embryos at 2s (Fig. 3.9A,C). From these data we can conclude that
lmo4b expression is required in the neural non-neural boundary to constrain the amount
of cells that adopt a neural fate.
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Figure 3.9. Loss or overexpression of lmo4b alters neural fate. (A-C)Dorsal views of the anterior neural
plate stained for zicl expression in embryos injected with 4 mm-MO (A), lmo4b-MO (B) or 750 pg lmo4b
mRNA (C) at the 2s stage. Scale bars are 20 nm.

3.3.5 Lmo4b negatively regulates the expression of six3b and rx3
six3 has been shown to have a role in the expansion and proliferation of anterior
neural fate (Gestri et al., 2005). Interestingly, the lmo4b loss-of-function phenotype is
similar to the six3 gain-of-function phenotype in both zebrafish and Xenopus (Kobayashi
et al., 1998). We hypothesize that lmo4b negatively regulates six3b transcription. To test
this hypothesis, we monitored six3b expression by in situ hybridization in embryos
injected with either a high or low dose of lmo4b MO (5ng and 2ng, respectively), high or
low doses of lmo4b mRNA (750pg and 300pg, respectively), and the 4mm-MO at 3s.
Embryos injected with the lmo4b MO exhibit an enlarged six3 expressing domain;
whereas, embryos injected with lmo4b mRNA have a reduced six3 expressing domain
(Fig. 3.10A-E). Because lmo4b is expressed in the eye, we hypothesized that lmo4b
negatively regulates rx3 transcription as well. Again, similar to six3, we found the size of
the rx3 expression domain is inversely correlated to the amount of lmo4b activity (Fig.
3.10F-J). From these data we can conclude that lmo4b negatively regulates six3 and rx3
transcription in a dose dependent manner.
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Figure 3.10. Dosage sensitive negative regulation of six3 and rx3 by lmo4b. All panels are dorsal view
of the anterior neural region at the 3s stage. Embryos injected with lmo4b MO (A, B, F, G) control MO (C,
H) or lmo4b mRNA (D, E, I, J) as labeled. Scale bars are 20 um.

six3 and rx3 are transcription factors that have been shown to promote
proliferation in the anterior neural region (Bailey et al., 2004; Gestri et al., 2005);
therefore, we hypothesize that the increase in anterior neural fate seen in lmo4b
morphants is due to an increase in proliferation . Essentially, loss of lmo4b would
increase the amount of six3 and rx3 thereby increasing the overall rate of cell division in
the anterior neural plate. To test this hypothesis, we counted the number of mitotic cells
and the number of total cells, then calculated the mitotic index (mitotic cells divided by
total cells) in a 10[xm optical section within the optic vesicles and in the telencephalon of
lmo4b MO and 4mm-MO injected embryos at 7s. The 7s stage was selected because
lmo4b is highly expressed in the optic vesicles at this time and it occurs 2 hrs after the
increase in six3b expression as seen in lmo4b morphants (Fig. 3.10), thereby allowing
ample time for Six3b accumulation. We stained all mitotic nuclei with a PH3 antibody
and counter stained all nuclei with Hoescht 3258 (Fig. 3.11A-D). We found a significant
increase in the total number of cells in both the optic vesicles and telencephalon in lmo4b
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morphants compared to 4mm-MO injected embryos (Fig. 3.1 IE). There was also a
significant increase in the number of mitotic cells in the optic vesicles and telencephalon
in lmo4b morphants compared to 4mm-MO injected embryos (Fig. 3.1 IF); however,
there was no significant difference in the mitotic indices in lmo4b MO and 4mm-MO
injected embryos (Fig. 3.11G). We can conclude that there are more total cells and more
dividing cells in the optic vesicles and telencephalon of lmo4b morphant embryos
compared to 4mm-MO injected embryos, but the overall rate of division is similar. We
cannot exclude the possibility that there are minor changes in the rate of division or that
during an earlier stage there was a higher rate of division in lmo4b morphant embryos
compared to 4mm-MO injected embryos. This data is consistent with the idea that loss of
lmo4b results in an expanded six3b expression domain caused by the recruitment of nonneural cells to an anterior neural fate.
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Figure 3.11. Loss oilmo4b results in higher mean total cell nuclei and mitotic cell counts in the optic
vesicle. Panels A-D are dorsoanterior views of 7s stage embryos injected with 4 ng of 4 mm-MO (A, C)
and 4 ng of lmo4b-MO (B, D). Panels E-G are graphical representations of mean total cell nuclei count (E),
mean total mitotic cell count (F) and mean mitotic index (G) per optic vesicle. Individual values with
confidence intervals for control and morphants, respectively are: E=877± 14 and 1410±30. F=20±l and
58±1. G=2.3xl0-2±1.1x10-3 and 2.6xl0-2±1.3xl0-3. p values are indicated in the text, n of lmo4b
morphant optic vesicles=13; n of control optic vesicles=6. Error bars represent S.E.M.
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3.3.6 Overexpression of lmo4b decreases the size of the telencephalon, eyes and
hypothalamus
Overexpression of lmo4b decreases the size of the rx3, six3b and zicl expressing
domains (Fig. 3.9 and 10), consistent with the idea that lmo4b is required to limit anterior
neural fate; therefore, we hypothesize that overexpression of lmo4b is sufficient to reduce
the size of the forebrain and eyes. To test this hypothesis we studied the effect of lmo4b
overexpression in wild-type embryos compared to gfp control injected embryos. 24hpf
embryos injected with 750pg of lmo4b mRNA at the 1-4 cell stage were lacking or
exhibited small eyes and an expanded preoptic region, but were otherwise phenotypically
normal (Fig. 3.12A,B). This phenotype is similar to the chokh mutant which exhibit
smaller eyes and an expansion of telencephalic fate that is caused by the inactivation of
rx3; also, chokh mutants fail to form bilateral optic vesicles and retinal differentiation
does not occur (Loosli et al., 2003; Rojas-Munoz et al., 2005). It is possible that the loss
of eyes in lmo4b overexpressing embryos is due to the reduction of the rx3 expressing
domain and an expansion of non-retinal fate.

Figure 3.12. Overexpression of hno4b reduces telencephalon and eye size. Embryos in the left were
injected with 750 pg gfp mRNA, and embryos on the right were injected with 750 pg lmo4b mRNA. Probes
and stages indicated on the far left. (A, B) Lateral views of 3 dpf larvae. Panels C-H, K, L are dorsal views
of the anterior region. In panels E-H, emxl staining is blue and pax6b staining is orange. Panels I, J are
lateral views of the anterior region. Panels M, N are ventral views, zli-zona limitans intrathalamica;
h=hypothalamus. telencephalon.

To further study the effect of lmo4b overexpression on neural fate patterning we
performed in situ hybridization to mark the primordia of the anterior neural plate,
telencephalon, eyes and hypothalamus in embryos injected at the 1-4 cell stage with
either 750pg of lmo4b mRNA or 750pg of gfp mRNA. At 1 s, the anterior neural plate
boundary, delineated by dlx3, pax2a, and shh expression, is noticeably reduced in lmo4b
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overexpressing embryos compared to gfp controls (Fig. 3.12C,D). Similarly, the eye
field and telencephalic primordia, marked by pax6 (red in Fig. 3.12E,F) and emxl (purple
in Fig. 3.12E,F) respectively, are also reduced in lmo4b overexpressing embryos at Is.
At 8s, lmo4b overexpressing embryos are almost devoid of pax6 expression, and the
emxl expressing domain is again reduced compared to controls (Fig. 3.12G,H). rx2, an
rx3 dependent marker for retinal differentiation, is expressed in lmo4b overexpressing
embryos in clearly segregated, albeit smaller, optic vesicles (Fig. 3.12K,L). The
hypothalamus, marked by shh (Fig. 3.12IJ) and nkl.la (Fig. 3.12M,N) is also reduced in
embryos injected with lmo4b mRNA. Interestingly, it appears that overexpression of
lmo4b produces a more severe effect on the size of the eye field than the size of the
telencephalon, or hypothalamus; however, presumptive retinal cells properly express
retinal differentiation markers and the optic vesicles evaginate. The proper formation of
bilateral optic vesicles in lmo4b overexpressing embryos is most likely due to the small
but not absent expression of both six3 and rx3. Overexpression of lmo4b is distinct from
the zebrafish chohk mutant in that the optic vesicles do form and telencephalic fate is not
expanded. From these results we can conclude that overexpression of lmo4b negatively
regulates the size of the anterior neural plate, thereby reducing the size of the eyes,
telencephalon, and hypothalamus. We also conclude that the reduced amount of six3 and
rx3 present in lmo4b overexpressing embryos is sufficient to properly pattern and drive
morphogenesis of the reduced anterior neural tissue.

3.3.7 lmo4b functions to limit the size of the neural plate through genetic interaction
with six3
We have shown that lmo4b negatively regulates the size of the anterior neural
plate and the transcription of six3. six3 alone is sufficient to expand the anterior neural
plate (Kobayashi et al., 1998); therefore, we hypothesize that the transcriptional
repression of six3 is the mechanism through which lmo4b regulates the size of the
anterior neural plate. To test this hypothesis we explored the genetic interaction between
six3 and lmo4b through in separate experiments.
We first determined whether the lmo4b gain-of-function phenotype can be
enhanced by the six3 loss-of-function phenotype. Injection of 8pg of the six3MO results
in a slight reduction in the size of the forebrain and eyes (Ando et al., 2005). A moderate
overexpression of lmo4b, in this case 125pg of mRNA, results in little to no reduction of
the forebrain and eyes (Fig. 3.13A,D). Embryos injected with 8pg of six3MO and 125pg
of lmo4b mRNA are characterized by a largely reduced forebrain and a lack of eyes (Fig.
3.13B,E). In the double injected embryos the emxl expression domain, which marks the
telencephalic primordia, is a similar size to that of the emxl expression domain of
embryos injected with only 8pg of six3MO (Fig. 3.13F). The eyes in the double injected
embryos are either very small or not present (Fig. 3.13C,F), which is similar to what is
observed in embryos injected with a large amount of lmo4b mRNA (Fig. 3.12H). Thus,
we can conclude that the lmo4b gain-of-function phenotype can be enhanced by
simultaneously knocking down six3b, suggesting that lmo4b and six3 function in the
same genetic pathway.
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Figure 3.13. Loss of six3 enhances the lmo4b gain of function phenotype. (A-F) Embryos injected with
lmo4b mRNA and/or six3 MO as indicated in each panel, and stained by in situ hybridization as indicated
in far left column. (A-C) are lateral views, (D-F) are dorsal views of the anterior neural tissue. Figures in
each row are taken at the same magnification. Scale bar in all panels is 20um.

To further test the genetic interaction between six3 and lmo4b, we investigated if
the lmo4b gain-of-function phenotype could be rescued by six3 overexpression. If lmo4b
is negatively regulating six3 transcription to limit the size of the forebrain, then
overexpression of six3 should be sufficient to expand the size of the forebrain in lmo4b
overexpressing embryos. Embryos injected with 750pg of lmo4b mRNA are
characterized by rudimentary or the lack of eyes and a small forebrain (Fig. 3.14A,D).
Embryos injected with 40pg of six3b mRNA are characterized by enlarged forebrain and
eyes (Fig. 3.14B,E). Co-injection of 40pg of six3b mRNA with 750pg of lmo4b is
sufficient to expand the size of the forebrain, but these embryos do not develop eyes (Fig.
3.14C,F). From this data we can conclude that the transcriptional regulation of six3 by
lmo4b limits the size of the forebrain; however, the negative regulation of eye size by
lmo4b is independent of the transcriptional regulation of six3 by lmo4b.
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Figure 3.14. Overexpression of sirJ partially rescues the lmo4b gain of function phenotype. (A-F)
Embryos injected with lmo4b mRNA and/or six3 mRNA as indicated in each panel, and stained by in situ
hybridization as indicated in far left column. (A-C) are lateral views, (D-F) are dorsal views of the anterior
neural tissue. Figures in each row are taken at the same magnification. Scale bar in all panels is 20 um.

It was previously shown that overexpression of six3 is sufficient to increase the
transcription of rx3 (Carl et al., 2002); therefore we predict that overexpression of six3
should have been sufficient to rescue eye development in embryos overexpressing lmo4b.
From our data we now hypothesize that lmo4b negatively regulates the expression of rx3
and six3 independently and that lmo4b can block the ability of six3 to positively regulate
rx3 transcription. To further test this hypothesis, we injected embryos with 750pg of
lmo4b mRNA, 40pg of six3b mRNA or both and performed in situ hybridization on 2s
staged embryos staining for dlx3 expression to mark the neural plate boundary, and rx3
expression (Fig. 3.15). Embryos injected with 750 pg of lmo4b mRNA were
characterized by a small anterior neural plate boundary and very weak rx3 expression
(Fig. 3.15A). Embryos injected with 40 pg of six3b mRNA exhibited a large anterior
neural plate boundary and a very large rx3 expressing domain (Fig. 3.15B). Embryos

injected with both 750pg of lmo4b mRNA and 40pg of six3b mRNA exhibited a large
anterior neural plate boundary, similar to embryos overexpression six3b, but lacked rx3
expression (Fig. 3.15C). From this we can conclude that the negative regulation of six3b
and rx3 by lmo4b is independent and that lmo4b can block the ability of six3b to increase
rx3 expression.

Figure 3.15. Overexpression of six3 does not rescue rx3 expression in the lmo4b gain of function
phenotype. Embryos injected with lmo4b mRNA and/or six3 mRNA as indicated in each panel, and
stained by in situ hybridization as indicated in far left column. All images are dorsal flat mount views of
the anterior neural tissue. Scale bar in all panels is 20 um.

3.4 Discussion
In this chapter we present the first arguments that lmo4b activity is required to
limit the size of the forebrain in zebrafish development. Loss of lmo4b results in the
expansion of the forebrain that is not due to improper neural tube closure, loss of caudal
neural tissue, nor increased proliferation (Fig. 3.6). Lmo4b is expressed at the neural nonneural boundary (Fig. 3.8) and functions to limit neural fate (Fig. 3.9). Our data is
consistent with the idea that the increase in forebrain tissue in lmo4b morphants comes at
the expense of non-neural tissue. We also show that lmo4b independently negatively
regulates the transcription of the neural fate and proliferative transcription factors six3
and rx3 (Fig. 3.10). The negative transcriptional regulation of six3 is the primary
mechanism by which lmo4b limits the size of the forebrain (Fig. 3.14), but not the size of

the eye; furthermore, lmo4b also blocks the ability of six3 to positively regulate the
expression of rx3 (Fig. 3.15). Most importantly, we have shown that lmo4b is not a
dedicated proliferative factor.

3.4.1 A Biphasic model for Lmo4b neural regulation
Our results suggest that lmo4b functions in a biphasic manner to limit neural fate
and neural cell proliferation which is (summarized in Fig. 3.16). During the first phase,
after the completion of gastrulation, lmo4b is expressed in a 4 to 5 cell width boundary
that contains both neural and non-neural cells (Fig. 3.8). We believe lmo4b functions at
the neural non-neural boundary to negatively regulate the transcription of six3b in the
boundary cells thereby preventing the spread of neural tissue at the expense of non-neural
tissue. This idea is supported by the fact that ectopic six3 activity is sufficient to rescue
the reduced neural plate phenotype in lmo4b overexpressing embryos (Fig. 3.14). It is
important to note that lmo4b is not required for the actual formation of the non-neural
boundary rather lmo4b expression at the border of the neural plate is required for the
strict positioning of neural non-neural boundary. This idea is supported by two pieces of
data. First, dlx3, a marker of non-neural placodal ectoderm, is expressed in lmo4b
morphants (Fig. 3.6F). Second, the ears, which are derived from the placodal ectoderm,
are present, but malformed in lmo4b morphant embryos, which may be due to the loss of
placodal ectoderm to neural tissue (Fig. 3.3).
The second phase of lmo4b activity occurs after the 3 s stage when lmo4b
expression is initiated in the neural plate. At this time, we believe lmo4b activity is
required in the neural plate to inhibit six3 positive regulation of rx3. This idea is
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supported by two pieces of evidence. First, overexpression of lmo4b appears to have a
greater effect on the optic vesicles than on the surrounding neural plate (Fig. 3.12H).
This is may be due to the reduction in rx3 expression as well as the inhibition of six3 to
positively regulate other eye specific genes. Second, overexpression of six3 is sufficient
to rescue the reduced forebrain in lmo4b gain-of-function embryos, but not sufficient to
rescue the loss of the eye (Fig. 3.15). We speculate that Lmo4b may act by interacting
with either six3 or a six3 dependent downstream mediator to block expression of rx3.
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Figure 3.16. Model for Lmo4b function in forebrain and eye development. Following gastrulation,
Lmo4b in the presumptive neural boundary region negatively regulates transcription of six3b and limits
commitment to neural fate. After the 3s stage, expression of Lmo4b throughout the anterior neuroectoderm
limits the expression of rx3 and perhaps other genes regulated by Six3, which ultimately limits cell
proliferation. None of the arrows or inhibition bars are meant to imply direct protein-DNA or proteinprotein interactions.

We believe this second phase of lmo4b activity may serve to either define optic
boundaries and/or limit proliferation. lmo4b may function to maintain a balance of optic
and non-optic fate in the neural plate by negatively regulating rx3 in non-retinal domains,
thereby limiting the spread of optic fate. Conversely, lmo4b may function to modulate
the cell cycle during optic cup morphogenesis. Formation of the optic vesicles involves

intricate cell movement and changes in cell morphology that may require strict cell cycle
behavior. Over-proliferation in the optic vesicles at this time, potentially caused by
excessive rx3 expression, could disrupt optic cup expansion or evagination.
It is also possible that lmo4b may be required to suppress six3 and rx3 dependent
proliferation to allow for exit from the cell cycle that occurs during retinal determination.
Six3 negatively regulates the expression ofp27Xicl, a cell cycle inhibitor required for
primary neuron differentiation (Gestri et al., 2005; Vernon et al., 2003). Inhibition of
six3 transcriptional repression of p27Xicl may allow for a G1/G0 cell cycle arrest
required in neuronal differentiation. This idea is supported by the fact that lmo4b is
required in neuronal differentiation in the mouse (Joshi et al., 2009).
We note that the expanded forebrain phenotype in lmo4b morphant embryos
could not be rescued by co- injection of the six3MO. This may be due to the redundancy
of the six3 gene in the zebrafish genome, which is represented by six3a, six3b, and six7
(Drivenes et al, 2000; Seo et al., 1998). Alternatively, it is possible that lmo4b negative
regulation of anterior neural plate size is partially six3 independent. The hypothalamus,
for example, is expanded in lmo4b morphants (Fig. 3.5L). To this date there have been
no functional studies that implicate six3 function in the hypothalamic development. rx3
is expressed in the hypothalamus; however, overexpression of rx3 results in a reduction
in the size of the hypothalamus, which is in contrast with our results (Stigloher et al.,
2006). Therefore, it is likely that that lmo4b negative regulation of anterior neural plate
size is partially six3 and rx3 independent.
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3.4.2 A novel role for Lmo4 in the regulation of proliferation
The function of lmo4b in zebrafish neural development appears to be distinct from
that of the defined role of LM04 in mouse development. In mice, LM04 is expressed in
proliferative mammary and neural epithelial tissues (Sum et al., 2005a). Loss of LM04
in mice results in neural tube closure defects and exencephaly (Lee et al., 2005). From
these studies LM04 be was defined as a positive regulator of proliferation. In contrast,
loss of lmo4b in zebrafish does not appear to affect the rate of proliferation or neural tube
closure and there were no instances of exencephaly. Here we propose a novel role for
LM04 as a negative regulator of pro-proliferation genes, which is in stark contrast to the
earlier published function of LM04. Furthermore, we also define a novel role for lmo4b
in eye development which was also not previously shown in mice models.
The variable nature of LM04 may be due to the flexible biochemical interactions
of LMO proteins. LMO proteins have been shown to be extremely versatile proteins that
can form interactions with many different proteins (Milan and Cohen, 1999; Visvader et
al., 1997). In our research we do not define any biochemical interactions between Lmo4b
and proteins like Zicl, Six3 or Rx3. It is entirely possible that Lmo4b interacts with
these proteins or with upstream mediators of these proteins.
The novel function of lmo4b may also be specific to this LM04 isoform.
Zebrafish have two Lmo4 co-orthologs; lmo4a, which is most similar to the mammalian
LM04 gene, and lmo4b. In several instances genome duplication has resulted in
orthologous proteins with novel function (Kassahn et al., 2009). Only one of the two coorthologs is subject to evolutionary constraint; therefore the function of lmo4b may in
fact be novel. To elucidate the requirement for LM04 proteins in zebrafish, the lmo4a
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co-ortholog should also be further studied. The divergence of lmo4b function may also
be due to the variable nature of neural plate establishment in different model organisms
(Wilson and Houart, 2004).

81
Chapter Four
Discussion and Concluding remarks

In this thesis we have presented the first functional characterization of weel and
lmo4b in early zebrafish development. We have shown that weel is essential for the
maintenance of a G2 checkpoint required for cell cycle progression after the MBT. We
demonstrate that weel activity at the G2 DNA damage checkpoint is required to allow for
the completion of S phase in post-MBT cell cycles. Our results also show that lmo4b is
required to spatially restrict the expression of the pro-neural fate transcription factor six3.
From these studies, we have advanced the understanding of cell cycle regulation and
neural fate acquisition in early zebrafish development. We also present here a model for
cell cycle regulation in the zebrafish.

4.1 A global view of cell cycle regulation in zebrafish
We present here that the G2/M checkpoint is the major cell cycle regulatory point
during zebrafish gastrulation. At the MBT, the depletion of maternal factors is thought to
trigger a DNA damage response that functions to lengthen the cell cycle (Dalle Nogare et
al., 2009; Shimuta et al., 2002). We have shown that the lengthening of the cell cycle
after the MBT occurs by the dilution of maternal factors. We propose that from the dome
stage to 30% epiboly stage, not the MBT itself, as the period of time where the shift from
maternal to zygotic cell cycle regulation occurs in zebrafish. Zygotic transcription of
cell cycle regulators that function at the G2/M transition, including weel, axe required at
30% epiboly to maintain the progressively slowing cellular divisions. It is likely that

disruption of cell cycle progression during this critical point in development can damage
cell viability and thereby indirectly disrupt morphogenesis.
We have not identified a requirement for the strict regulation of the Gl phase
during gastrulation; however, following gastrulation, the expression of tissue specific
genes in spatially restricted domains regulates the rate of cell division through the Gl/S
checkpoint. We have shown that lmo4b is required to spatially restrict the neural
proliferative transcription factor six3. Six3 directly regulates the transcription of cell
cycle regulatory genes that function at the Gl/S phase transition to promote cell
proliferation and block differentiation (Gestri et al., 2005). Therefore, we propose that
that Gl/S regulation is the focal point in the cell cycle regulation during the period of cell
specification and differentiation that follows gastrulation.

4.2 The switch from maternal to zygotic control of the cell cycle occurs at 30%
epiboly
We have determined that total Weel function during zebrafish development is
executed by two Weel isoforms: weel and weel. wee2, the maternally expressed weel
isoform, was previously studied by our lab. wee2 provides WEE1 function prior to and
during the MBT. Loss of wee2 results in a cell cycle arrest after the MBT and a failure to
initiate gastrulation (Cody thesis). We hypothesize that weel function is required at the
MBT for the initiation of the G2 phase and cell cycle lengthening. If this is the case, then
weel would perform an analogous function to the maternally expressed Dweel in
Drosophila and Weel in Xenopus (Murakami et al, 2004; Stumpff et al., 2004). It is
likely that the maternal expression of the zebrafish weel is not required prior to the MBT.
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This idea is supported by the finding that blocking the translation of maternal weel
mRNA by injecting weelTBMO did not result in MBT defects. It is possible, however,
that Weel is maternally loaded or that sufficient Weel translation occurred prior to
morpholino binding.
The activity of weel and wee2 most likely overlaps following the MBT. Our
results show that in response to DNA damage the progression of the cell cycle cannot be
halted at 30% epiboly (5 hpf) in the absence of weel (Fig. 2.7). However, the cell cycle
is properly arrested in response to DNA damage prior to mitosis at dome stage (4.5 hpf)
in the absence of weel. It is likely that at dome stage (4.5 hpf) residual maternal Wee2
protein is sufficient to arrest the cell cycle in response to DNA damage in the absence of
Weel. The Dome (4.5 hpf) to 30% epiboly (5 hpf) transition is the developmental
timepoint where Weel function is passed from wee2 to weel. Therefore, we suspect that
this developmental timepoint is where the switch from maternal to zygotic control of the
cell cycle occurs.

4.3 Disruption of cell cycle progression may diminish cell viability thereby
disrupting gastrulation
We and others show that manipulations that disrupt cell cycle progression can
diminish cell viability resulting in the inability of cells to properly move. We have
shown that disruption of post-MBT cell cycle regulation can produce secondary axial
extension defects in zebrafish. Other studies have also noted that morphogenic
movements are altered by modifying the cell cycle during development. For example,
disrupting the rate of S-phase can also impair extension (Liu et al., 2009). Modification

of Cdtl, a factor essential for the formation of the pre-replication complex, or the Cdtl
inhibitor, Geminin, disrupts S-phase progression (Lutzmann et al., 2006; Lutzmann and
Mechali, 2008). Overexpression of geminin or knockdown of cdtl, leads to apoptosis
and also results in disruption of mesodermal extension in zebrafish (Liu et al., 2009).
Therefore, extension defects in zebrafish can arise through improper regulation of G2/M
and the rate of S.
In Xenopus, Makumari et al. (2004) showed that knockdown of the maternal weel
disrupts the progression of gastrulation. They draw comparisons with the weel loss of
function phenotype and that of the tribbles mutants in Drosophila. These data led to the
suggestion that mitotic inhibition is required in Xenopus to allow for gastrulation
movements (Mata et al., 2000; Murakami et al., 2004). However, cell viability was not
established in the absence of Weel in Xenopus, only an increase in mitotic cells was
measured. We have shown that loss of weel in zebrafish results in an increase in the
number of mitotic cells due to a mitotic arrest phenotype. It is possible that loss of weel
in Xenopus results in a similar mitotic arrest phenotype; therefore, the gastrulation
defects seen in weel deficient Xenpus embryos may be a secondary defect.

4.4 The Gl phase does not appear to contribute to deep layer cell cycle lengthening
during gastrulation
Our results argue against a significant contribution of the Gl phase in cell cycle
lengthening in the deep layer during gastrulation. Though we did not directly measure the
contribution of the Gl phase, the progressively lengthening of the G2-phases could
account for the cell cycle lengthening beyond the MBT (an average of 30
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minutes/division). Furthermore, cyclin dependent kinase inhibitors (Cdkn), such as p21
and p27, are not largely expressed until after gastrulation (Thisse et al. 2004). Cdkn
proteins inhibit the activation of S-phase cyclin dependent kinases, thereby promoting the
Gl phase (Harper et al., 1993; Toyoshima and Hunter, 1994). Therefore, mechanisms
that function at the Gl/S phase transition may not be activiated until late in gastrulation.
In contrast, Zamir et al. (1997) showed by flow cytometry that 7% of all cells were in a
transcription dependent Gl phase immediately following the MBT. However, this
analysis failed to distinguish between deep cell layer and the EVL (Gestri et al., 2005).
Dalle Nogare et al. (2009) later showed that initial cell cycle lengthening in the deep
layer actually occurs through the acquisition of a transcription independent G2,
suggesting that the cells inhabiting the Gl phase may actually represent the EVL
population.
The cell cycle lengthening of the EVL after the MBT is considerably longer than
the deep cell layer (Kane et al., 1992). EVL cells undergo a division following the MBT
(the 13th division) and then persist in cell cycle 14 for the duration of gastrulation (Kane
et al., 1992). The substantial lengthening of EVL cells may be due to the acquisition of
the transcription dependent Gl phase required for differentiation. This idea is supported
by the fact that EVL cells differentiate shortly after the MBT (Pei et al., 2007).
Therefore, Gl phases may only be required in specified tissues nearing differentiation.

4.5 Spatial variations in the rate of proliferation require Gl/S regulation
Following gastrulation, spatially restricted tissue domains emerge that exhibit
varying rates of cell division. For example, in Xenopus there is a significant difference in
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the rate of cell division in the neural ectoderm compared to the non-neural ectoderm
(Saka and Smith, 2001), indicating that there must be mechanisms in place that function
to subdivide contiguous stretches of tissue that influence cell identity and the rate of
proliferation. We identified the zebrafish lmo4b as a factor required to limit the spread of
the neural proliferative transcription factor six3. Six3 regulates the transcription of genes
that influence the Gl/S phase transition to promote proliferation and inhibit
differentiation (Gestri et al., 2005). lmo4b attenuates six3 activity in the non-neural
ectoderm, thereby imparting unique cell cycle characteristics in a region specific manner.
This suggests that the Gl/S phase transition is a critical regulatory step that is utilized to
vary the rate of cell division in a spatially defined manner.
Currently, it is not clear as to when Gl phases are acquired nor how Gl length is
regulated. To further determine the initial acquisition of and the requirements for Gl
phase, live imaging techniques are required that can distinguish between cell cycle
phases. Recently, a technique called fluorescent ubiquitination-based cell cycle indicator
(Fucci) has made it possible to indicate which cells are in a Gl phase in live embryos
(Sugiyama et al., 2009). Fucci relies on the variable accumulation of Geminin and Cdtl
during the cell cycle. Cdtl is required for the initiation of S phase and is abundant during
the Gl phase. Geminin binds directly to Cdtl, preventing reinitiation of S-phase, and is
therefore present during S, G2 and M phase. The regulation of Cdtl and Geminin is
mediated through ubiquitin-based degradation; therefore, fusing Cdtl and Geminin to
fluorescent proteins allows resolution of the Gl phase from S/G2/M phases. Initial Fuccibased analyses in zebrafish by Sugiyama et al. (2009) has indicated that a large number
of cells do not spend time in Gl phases until well after 12 hours post fertilization. These
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results further support the idea that Gl phases do not contribute to cell cycle lengthening
during gastrulation. In future studies, Fucci should be used to identify when and in which
cell populations Gl phases are acquired and lengthened. It would be interesting to study
the correlation of Gl-phase identity with the expression of spatially restricted
specification and differentiation markers to elucidate pathways that influence Gl/S phase
regulation.

4.6 Conservation of developmental checkpoint regulation in eukaryotic development
The process by which the cell cycle is modulated in zebrafish development is very
similar to cell cycle regulation during the various life stages of the social amoeba
Dictyostelium discoideum.

In conditions favorable for growth, the Dictyostelium cell

cycle consists of only S, M and G2 phases (Weijer et al., 1984). Under starvation
conditions, Dictyostelium cells will aggregate into a multicellular fruiting body. The
formation of the Dictyostelium fruiting body involves a cell cycle pause in G2 phase,
increased cell motility, and aggregation (Araki et al., 1997). Following the initial fruiting
body formation, cells undergo a final division and then undergo tissue specific
differentiation in Gl phase (Chen et al., 2004).
Interestingly, it appears that in both Dictyostelium and zebrafish lack Gl phases
during early growth periods. In addition, both the initial starvation response in
Dictyostelium and gastrulation in zebrafish, which are highlighted by substantial cell
motility and adhesion, require further regulation at the G2/M checkpoint. Finally,
Dictyostelium and zebrafish both require the differentiation of cells in a Gl phase late in
development to promote tissue specific characteristics. So, while the process by which

multicellular development occurs in Dictyostelium is substantially different than
zebrafish, the cell cycle regulation during development is quite similar.
Proteomic based studies have shown that Dictyostelium diverged from the
animal/fungal lineage near the animal/plant split (Eichinger et al., 2005). Dictyostelium
have retained a large amount of the ancestral genome because there are proteins in the
Dictyostelium genome that are considered plant, animal and fungus specific (Eichinger et
al., 2005); therefore, the presence of similar cell cycle characteristics in such ancient
ancestors is quiet remarkable. Is it possible that this developmental cell cycle pattern is a
process that is conserved throughout the evolutionary lineage or a product of parallel
evolution? Nonetheless, the cell cycle similarities in the development of two organisms
separated by such a large evolutionary distance suggest a shared feature of multicellular
eukaryotic development.

4.7 Insights into cancer
My research provides insight into developmental process related to the rate of
proliferation and provides further information on the relationship of LM04 and WEE1 in
cancer. Elevated levels of LM04 correlate to a susceptibility of breast cancer and
developmental mouse model expression studies suggest that LM04 is a dedicated
proliferation factor (Lee et al., 2005; Sutherland et al., 2003). However, our results
indicate that Lmo4 is a promiscuous protein that has the ability to form interactions with
a wide range of proteins. Additional study of lmo4a may provide further information
regarding the diversity of LM04 function and provide further insight into the role of
LM04 in development and disease.
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weel expression has been found to be suppressed in colon cancer and in nonsmall cell lung cancer (Backert et al., 1999; Yoshida et al., 2004). Interestingly, in nonsmall cell lung cancer it was found that low levels of weel resulted in a poor long term
prognosis and a higher rate of reoccurrence (Yoshida et al., 2004). Our study of weel
during the early cell divisions of zebrafish development provides a unique model in
which we can assess weel loss-of-function in rapidly dividing cells that are nonpathogenic. We show that in rapidly dividing cells, the loss of weel dependent DNA
damage checkpoint can induce a mitotic arrest. Furthermore, analysis of speedbump, a
second weel allele, showed that apoptosis was not initiated until several hours after the
first sign of cell death even though the apoptotic program is active during this timepoint
in zebrafish (Dcegami et al., 1999). Therefore, it is possible that apoptosis is not
effectively executed in either mitotic arrest cells, weel deficient cells or a combination of
both. The weel mitotic arrest phenotype may then be useful in the future to determine if
loss of weel reduces apoptotic activity in damaged cells.
We have built on the growing knowledge of cell cycle regulation and neural
specification during vertebrate development. This project has further defined
developmental cell cycle modifications as well as presented the requirements for such
modification. In addition, in this thesis we provide potential avenues of future studies in
post gastrulation cell cycle regulation in the zebrafish. We anticipate that others will
greatly benefit from the tools (morpholinos and constructs) and ideas that we have
developed through this research.
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