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ABSTRACT

Signaling cascades, such as the extracellular signal-regulated kinase
(ERK) pathway, play vital roles in early vertebrate development. Signals through
these pathways are initiated by a growth factor or hormone, are transduced
through a kinase cascade, and result in the expression of specific downstream
genes that promote cellular proliferation, growth, or differentiation. Tight
regulation of these signals is provided by positive or negative modulators at
varying levels in the pathway, and is required for proper development and
function. Two members of the dual-specificity phosphatase (Dusp) family, dusp6
and dusp2, are believed to be negative regulators of the ERK pathway and are
expressed in both embryonic and adult zebrafish, but their specific roles in
gametogenesis and embryogenesis remain to be fully understood.

Using CRISPR/Cas9 genome editing technology, we generated zebrafish
lines harboring germ line deletions in dusp6 and dusp2. We do not detect any
overt defects in dusp2 mutants, but we find that approximately 50% of offspring
from homozygous dusp6 mutants do not proceed through embryonic
development. These embryos are fertilized, but are unable to proceed past the
first zygotic mitosis and stall at the one-cell stage for several hours before dying
by 10 hours post fertilization. We demonstrate that dusp6 is expressed in the
gonads of both male and female zebrafish, suggesting that loss of dusp6 causes
defects in germ cell production. Notably, the 50% of homozygous dusp6 mutants
that complete the first cell division appear to progress through embryogenesis

normally and give rise to fertile adults.



Vii

The fact that offspring of homozygous dusp6 mutants stall at the one-cell
stage, prior to activation of the zygotic genome, suggests that loss of dusp6
affects gametogenesis. Further, since only approximately 50% of homozygous
dusp6 mutants are affected, we postulate that ERK signaling is tightly regulated
and that dusp6 is required to keep ERK signaling within a range that is
permissive for gametogenesis. Lastly, since dusp6 is expressed throughout
zebrafish embryogenesis, but dusp6 mutants do not exhibit defects after the first
cell division, it is possible that other feedback regulators of the ERK pathway

compensate for loss of dusp6 at later stages.
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CHAPTER I: INTRODUCTION



The process of embryonic development involves complex communication
between cells as they proliferate and differentiate. A wide range of methods for
communicating signals between cells exist in eukaryotes, but some of the most
ubiquitous are the mitogen-activated protein (MAP) kinase signal transduction
pathways. These central pathways allow cells to process and respond to multiple
simultaneous inputs, including those from growth factors, hormones, cytokines,
and environmental stresses. Activation of a MAP kinase pathway results in
increased morphological organization and cellular diversity by coordinating cell-
specific activities such as gene expression, cell cycle control, apoptosis, motility,
survival, and metabolism. The proper timing and management of these cellular
events is critical to successful development, thus making MAP kinase pathways

significant contributors to gametogenesis and embryogenesis.

The ERK Signaling Pathway

In eukaryotic cells, there are three primary MAP kinase signaling
pathways: c-Jun N-terminal kinase (JNK), p38 mitogen-activated protein kinase
(p38), and extracellular regulated kinase (ERK). The JNK pathway has been
extensively studied in response to stress conditions, such as DNA damage,
inflammatory cytokines, and UV irradiation, and also has known roles in
transducing apoptotic and survival signals (reviewed in [1]). Similarly, the p38
kinase pathway has a minimal and inconsistent response to growth factors, but

strongly responds to stress signals. In the context of the immune system where it



has been extensively studied, the p38 pathway modulates neutrophil and
macrophage response and T cell differentiation (reviewed in [1]). In contrast to
the JNK and p38 pathways, the ERK pathway strongly responds to growth
factors and has a very large number of target substrates, including transcription
factors, membrane proteins, and cytoskeletal components. During embryonic
development, the ERK pathway activates proteins involved in cell proliferation,
angiogenesis, cell migration, cell cycle regulation, and survival (reviewed in [1]).
Many outcomes of the ERK pathway have been extensively studied, including its
crosstalk interactions with the other MAP kinase pathways, but certain aspects of
its regulation and role in early patterning of the embryo remain unclear.
Accordingly, the remainder of this work will focus on the ERK pathway, the
proteins responsible for its regulation, and its ability to control developmental

processes from gamete production to neuronal differentiation.

Activation and components of the ERK signaling pathway

Cell surface receptors for various signaling molecules lie upstream of the
ERK signaling pathway. Secreted ligands, such as fibroblast growth factors
(FGFs), epidermal growth factors (EGFs), platelet-derived growth factors
(PDGFs), bone morphogenetic proteins (BMPs), and WNTSs, can act over large
distances to promote intracellular signaling through MAP kinase pathways in
appropriate cells. While all of these morphogens have well-studied roles in
embryonic development and patterning, FGF signaling is particularly interesting

due to its presence in key areas of the developing zebrafish embryo, including



the hindbrain, eye, and tailbud, and its predominant signaling through the ERK
pathway. The majority of this work will discuss FGF-dependent activation of the
ERK pathway (Figure 1.1).

The receptors for many signaling ligands, including FGFs, are receptor
tyrosine kinases. There are four FGF receptors (FGFRS) in vertebrates, all of
which have a similar structure. Each contains three ligand-binding Ig-like
domains, an acidic box, a heparin-binding domain, a single transmembrane
domain, and an intracellular tyrosine kinase domain (reviewed in [2]). These
receptors will dimerize and trigger auto-phosphorylation upon binding of the
ligand to the extracellular domain. This phosphorylation then recruits several
adaptor proteins including Frs2 and Grb2. These proteins facilitate the activation
of the small G-protein Ras, which in turn, transduces the signal to the ERK
pathway. In the same manner as the JNK and p38 pathways, the core of the
ERK signaling pathway consists of a tri-level kinase cascade. Following Ras
activation, a MAP kinase kinase kinase called Raf phosphorylates and activates
a MAP kinase kinase called MEK. MEK then phosphorylates and activates the
MAP kinase ERK. These three kinases are highly conserved evolutionarily and
provide various levels for signal amplification and regulation (reviewed in [3]).

Upon activation, ERK moves into and accumulates in the cell nucleus.
This movement allows access to a large number of substrates to promote

downstream outcomes.
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Figure 1.1. The FGF/ERK signaling pathway and its regulation

Schematic of the FGF and ERK signaling pathways. The transmembrane protein
represents the FGFR (blue), which dimerizes upon binding to the FGF ligand (orange).
Activation of this receptor recruits several adaptor proteins (green). These initiate the
kinase cascade (purple), which results in the activation of ERK and its translocation to the
cell nucleus. ERK then activates transcription factors, including those of the ETS family
(yellow), to drive downstream gene expression. Many of the genes expressed
downstream of the pathway provide positive or negative modulation on the pathway (red).



Downstream targets of FGF/ERK signaling

ERK is capable of phosphorylating and activating a vast number of targets
in the nucleus. Many direct targets of ERK are transcription factors, and these
proteins have their own unique targets that can be specific to different cell types
or activating growth factors. As mentioned above, these targets facilitate and
promote various cellular processes required for proper development, including
proliferation, survival, apoptosis, differentiation, and migration. This allows ERK
signaling to impact numerous aspects of development.

One of the most studied classes of proteins targeted by ERK is the ETS
family. This family of transcription factors is defined by a highly conserved DNA-
binding domain that structurally forms a winged-helix-loop-helix element and is
unique to metazoans [4]. Following phosphorylation by active ERK, these
proteins undergo a conformational change, exposing the DNA-binding domain
(reviewed in [5]). ETS proteins have well-defined roles in directing signals from
the ERK MAP kinase to specific target genes by interacting directly with gene
promoters or with additional transcription factors. In the zebrafish, two examples
of predominant ETS family members are Pea3 and Erm. These proteins are
expressed downstream of FGF signaling in the early embryo, have partially
redundant functions, and directly bind to the promoters of specific target genes
[6-9].

Another group of proteins targeted by ERK consists of regulators of the
FGF/ERK pathway. As with any other vital signaling pathway, the ERK pathway

is held under many levels of regulation [2,10-15]. A subset of the proteins



responsible for this regulation is actually induced by the pathway and function as
part of feedback loops. This group has been termed the ‘FGF-synexpression
group’ as their expression patterns match the regions where FGF signaling is

most active [2,10-16].

Regulation of the ERK signaling pathway

Due to the wide range of downstream outcomes of FGF/ERK signaling, it
is logical that this pathway must be held under tight regulation. Signals must be
able to be triggered and attenuated accordingly to ensure proper timing, duration,
and location of downstream effects. Much of this regulation is provided by
members of the FGF-synexpression group, with their expression being
dependent on the same pathway they regulate (reviewed in [10,15,16]). This
establishes a system of feedback loops.

The majority of the members of the FGF-synexpression group modulate
the pathway by participating in negative feedback loops [2,10-16]. The first
negative regulator, Sprouty (Spry), was discovered in Drosophila as an inhibitor
of the Breathless FGF receptor during tracheal development [17]. Vertebrates
have four Spry proteins homologous to the singular Spry in Drosophila.
Additional studies in other species have confirmed the ability of Spry proteins to
antagonize receptor tyrosine kinase signaling [18-25], although it remains
unclear if all Spry proteins act at the same level in the pathway [17-20,24,25].

The role of Spry in zebrafish development is discussed in detail in Appendix A.



A second protein family that negatively regulates the FGF/ERK pathway is
the dual-specific phosphatases (Dusps). The Dusp family proteins, also known
as the MAP kinase phosphatases, remove phosphates from activated MAP
kinases, resulting in their deactivation. There are at least ten Dusp proteins
identified in vertebrates, all of which have different MAP kinase specificities and
also belong to a larger family of protein phosphatases (reviewed in [26—30]).
Some Dusp proteins are localized to the nucleus while others are present in the
cytoplasm, implying that ERK is under their regulation in both cellular
compartments. The cytoplasmic Dusps, including Dusp6/MKP3, are selective for
ERK over the other MAP kinases, while the nuclear Dusps, including
Dusp1/MKP1 and Dusp2/PAC-1, have varying specificities depending on the
cellular environment. The Dusp proteins are discussed in further detail below.

Sef is an additional negative regulator of the FGF/ERK pathway. The Sef
protein is believed to be a transmembrane protein and is conserved among
vertebrates [31,32]. Work in zebrafish suggests that Sef acts at the level of MEK
[32], while mammalian studies indicate that Sef interacts with the intracellular
domain of the FGF receptor [31]. Loss of function and gain of function
experiments demonstrate that Sef specifically antagonizes FGF/ERK signaling
[32].

In contrast to the negative regulators, FIrt3 is a final member of the FGF-
synexpression group and is believed to be a positive regulator of the pathway. A
study in Xenopus shows that loss of function FIrt3 produces the same

phenotypes as loss of FGF signaling [33]. Interestingly, this does not appear to



be true in zebrafish where there is evidence that Flrt3 is not connected to the
FGF signaling pathway [16].

In addition to modulation supplied by feedback loops of the FGF-
synexpression group, the FGF/ERK pathway also receives input from other
signaling pathways through crosstalk. It is believed that the different MAP kinase
pathways exist in a dynamic balance by modulating each other [1,34]. It has also
been shown that several pathway components can activate more than one MAP
kinase, further complicating downstream signals. In addition to the MAP kinase
pathways, other signaling pathways, such as PI3K/AKT, mTOR, WNT, and

NFkB, can also contribute to the regulation of ERK signaling.

Known roles of FGF/ERK signaling in development across species

The FGF/ERK signaling pathway has been extensively studied in the
context of embryonic development in many vertebrate species. The majority of
roles for the pathway are very similar among species due to the high evolutionary
conservation of the pathway components and targets. Species-specific genetic
events, such as the genome duplications in zebrafish, have resulted in minor
variations among roles for specific FGF ligands. Regardless of which ligand
triggers the signal, many of the biological outcomes remain conserved.

Mice carrying null alleles have been generated for nearly all of the FGF
ligands. Many of these mutations are lethal, with some individuals not surviving
to birth or weaning. Of those knockouts that are viable, most have some

developmental abnormalities, including defects in heart and muscle repair,



10

ineffective metabolism of vitamins and lipids, and impaired development of the
kidneys, inner ear, hair, facial features, hindbrain, and other organs (reviewed in
[35]). Knockouts of the FGFRs result in defects in mesoderm and endoderm
specification in the early embryo and lead to embryonic lethality before E9.5
(reviewed in [36]). A role for the pathway has even been identified in pre-
implantation cell fate choices in cows and humans [37]. Additionally, mice
carrying null alleles for ERK1/2 are viable, but completely infertile [38,39].
Activating mutations in Ras have been shown to impair ovulation and decrease
fertility [40]. The wide range of phenotypes seen with these mutations
demonstrates the broad involvement of FGF signaling in many mammalian
developmental processes.

In Xenopus, chick, and zebrafish, disruptions to either FGF ligands or the
FGFRs result in defects in gastrulation, mesoderm specification, somitogenesis,
axis definition, spinal cord elongation, and muscle development (reviewed in
[36]). As an example, the treatment of zebrafish embryos with a pharmacological
inhibitor of FGFRs results in an imbalance between ERK and WNT signaling in
the tailbud causing defects in axis elongation and segmentation [41]. In these
non-mammalian species, recent investigations have emphasized the role of
FGF/ERK signaling in neurodevelopment. The processes of neural plate
patterning, maintenance of neural stem cells, axon pathfinding, and synapse
formation have all been linked to the FGF pathway (reviewed in [42,43]). As an
example, the expression of dominant negative FGFR4 or the knockdown of

FGF8 by anti-sense morpholino oligo (MO) in Xenopus blocks neural induction
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and reduces the size of the hindbrain [44,45]. The pharmacological inhibition of
FGFRs in chick similarly prevents neural development [46]. In the zebrafish, FGF
signaling disruptions result in severe patterning and neuronal defects in the
hindbrain [47,48]. The role of FGF/ERK signaling specifically in the zebrafish
hindbrain will be discussed in further detail below.

In humans, FGF signaling mutations contribute to a variety of congenital
disorders and metabolic diseases. Loss of function mutations in the FGF ligands
have been associated with specific mental retardation diseases,
neurodegenerative disorders, microtia and microdontia, hypogonadotropic
hypogonadism, cleft palate, and aplasia of the salivary glands (reviewed in [35]).
Conversely, fatty liver disease, type 2 diabetes, obesity, Cushing’s syndrome,
and renal failure have been connected to inappropriate increases in signaling
through the FGF/ERK pathway (reviewed in [35]). Additionally, activating
mutations of the ERK pathway play a critical role in the development of many
cancers due to the stimulation of cancer cell proliferation and metastasis
(reviewed in [49]). The range and severity of these disorders further illustrates
the importance of the FGF/ERK signaling pathway throughout the animal

kingdom.

The Role of FGF/ERK Signaling in Developing Hindbrain of the Zebrafish

The hindbrain is responsible for controlling vital functions such as

heartbeat, respiration, and blood pressure. It also gives rise to the cranial nerves
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that control the eye, jaw, and face. Hindbrain structure is highly conserved
among vertebrate species at the morphological and gene expression level.
Shortly after gastrulation in the zebrafish, the presumptive hindbrain segments
into eight compartments, called rhombomeres (r) (reviewed in [50]). Each
rhombomere is genetically distinct and will develop a unique combination of
mature neurons. The hox genes are major drivers of early hindbrain patterning,
but signaling pathways including FGF, retinoic acid, BMP, WNT, and sonic

hedgehog also make significant contributions (reviewed in [50-53]).

Emergence of the r4 FGF signaling center

As the hindbrain develops, the rhombomeres do not appear in an anterior-
to-posterior order, but instead form as specific genetic events occur in each
compartment. In the zebrafish, the center of the hindbrain is specified early,
causing r4 to arise first, followed by the r5 (reviewed in [50]). The anterior
rhombomeres are defined next, and finally the more posterior compartments are
the last to form. At the onset of these segmentation events, the two predominant
FGF species, fgf3 and fgf8, are strongly expressed in presumptive r4 [54]. The
four FGFRs are expressed throughout the central hindbrain region at the same
time [55], and the downstream signals triggered by these ligands promote the
development of the surrounding rhombomeres by regulating specific transcription
factors [47,54,56]. This abundance of signaling has earned r4 recognition as a
local organizer and signaling center of the early embryo (reviewed in [43]).

Additional organizing centers emerge at the anterior neural ridge and the mid-
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hindbrain boundary (MHB), which contribute to the development of the

telencephalon and the cerebellum respectively.

Mis-patterning of the hindbrain in the absence of FGF/ERK signaling

Based on the early understanding of the importance of FGF signaling and
the strong presence of FGF ligands in presumptive r4, many studies have
examined the effects of removing FGF signaling from the hindbrain. The
zebrafish mutant acerebellar expresses a null fgf8 allele, as a point mutation in a
splice site results in the exclusion of exon 2 from the fgf8 transcript [57]. These
mutants have only mild patterning phenotypes, despite severe cognitive
impairment seen in embryos older than two days. A similar mutant line for fgf3
has not been generated, so several groups have combined the use of the
acerebellar line and an anti-sense MO targeted against fgf3 to remove both
ligands [54,58]. Others have utilized two separate MOs, one inhibiting fgf8 and
one inhibiting fgf3 [47,58,59], a dominant negative FGFR [59], or a
pharmacological inhibitor of FGFRs [47] to block the signaling pathway. These
studies conclude that signaling triggered by these ligands is required for proper
rhombomere patterning (Figure 1.2). In the absence of signaling, the territories of
r5 and r6 are lost and r3 is reduced [47,54,58,59]. The neurons that are normally
born in these regions are also absent. In the place of r5 and r6, there is an
anterior shift of the more posterior hindbrain structures, including the T
interneurons and the facial, glossopharyngeal, and vagal cranial nerves of r7

[47,54]. Interestingly, the size, gene expression, and neurons of r4 are unaffected
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under normal conditions in the absence of FGF signaling
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Figure 1.2. Proper hindbrain patterning depends on the FGF signaling pathway
Schematic of the zebrafish hindbrain, divided into rhombomeres and showing the mature
neurons that will develop in each compartment. The reticulospinal neurons (green)
develop as one cluster in each rhombomere. The cranial motor neurons (blue) develop
throughout the hindbrain, with their projections exiting in specific rhombomeres (lll,
oculomotor; IV, trochlear; V, trigeminal; VI+VII, abducens and facial motor neurons; X,
vagus). FGF ligands are expressed at signaling centers in r4 and at the MHB (orange).
The hox genes, hoxb1b and hoxb1a, are expressed in the caudal hindbrain and r4
respectively (as represented by purple bars). Left panel shows proper hindbrain patterning
under normal conditions. Right panel shows defective hindbrain patterning when FGF
signaling is absent.
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by the loss of signaling. Similar studies have shown that this is also true in chick
[60]. This implies that while FGF ligands emanating from r4 are required for
patterning the surrounding rhombomeres, the pathway is not required within r4.
This is further discussed in Appendix B. The severity of this patterning defect
demonstrates the significance of proper regulation of the FGF/ERK signaling

pathway specifically in the hindbrain.

Dual-Specific Phosphatases and Their Regulation of the FGF/ERK Pathway

As mentioned above, the Dusp proteins dephosphorylate and inactivate

ERK, and are thus key regulators of the FGF/ERK pathway.

The Dusp family

The Dusp family is unique among protein phosphatases as they are
capable of dephosphorylating both serine/threonine and tyrosine residues on the
same substrate. Since ERK activation requires dual phosphorylation on a
conserved T-X-Y motif by MEK (reviewed in [61]), Dusp proteins are well-suited
to modulate ERK activity. The ten Dusp proteins that act on MAP kinases can be
sorted in three subfamilies based on cellular localization and target specificity
(reviewed in [26,29,62]). The first includes Dusp1l/MKP1, Dusp2/PAC-1,
Dusp4/MKP2, and Dusp5, which are all localized to the nucleus and are induced
by mitogen and stress signals. The second group contains Dusp6/MKP3,

Dusp7/MKPX, and Dusp9/MKP4, which are all cytoplasmic proteins shown to
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have substrate preference for ERK over the other MAP kinases. The final group
includes Dusp8, Dusp10/MKP5, and Duspl16/MKP7, which are all selective for
JNK and p38 kinases.

Regardless of subfamily, all of the Dusp proteins share a common domain
structure. The N-terminal portion contains an inactive rhodanese homology
domain [63,64] and kinase interaction motif (reviewed in [27—-29]). The positively
charged arginine residues within the kinase interaction motif are believed to
interact with the negative aspartic acid residues of the MAP kinase docking site
to facilitate binding [65]. This physical arrangement of these charged residues
varies between the MAP kinases, allowing Dusp proteins to selectively interact
with them.

The C-terminal portion of Dusp proteins contains the dual-specific
phosphatase catalytic domain. This highly conserved domain is similar to that of
other protein phosphatases. It contains critical cysteine, arginine, and aspartic
acid residues that initiate catalysis and stabilize the intermediate (reviewed in
[27,29]). However, this domain creates a unique catalytic pocket that is shallow
and wide, allowing it to accommodate two phosphorylated residues
simultaneously [66]. For several Dusp proteins, binding to substrate significantly
increases the catalytic activity of the phosphatase (reviewed in [26,29]).

As previously discussed, several Dusp proteins are expressed
downstream of the FGF/ERK pathway and are part of the FGF-synexpression

group. Due to their expression in fundamental regions of the zebrafish body and
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minimal understanding of their role in embryonic development, Dusp2 and Dusp6

will be the focus of the remainder of this work.

Dusp2

Dusp2 was first identified in peripheral blood T cells activated by mitogens
and in other T cells activated by antigen presentation [67]. It was previously
called PAC-1 for phosphatase of active cells for this reason. Initial
immunofluorescent staining showed Dusp2 localized to the nucleus and was very
strongly expressed in T cells approximately four hours after antigen-activation
[67]. This expression was later shown to be dependent on ERK signaling [68].
Subsequent in vitro studies showed that Dusp2 selectively acts on ERK and that
this activity is specific, as Dusp2 did not dephosphorylate other tyrosine- or
serine/threonine-phosphorylated proteins, including MEK [69]. Further in vitro
work confirmed ERK as the substrate preference for Dusp2 and demonstrated
that the catalytic activity of Dusp2 is significantly increased following the binding
of Dusp2 and ERK [70]. Interestingly, the specificity of Dusp2 appears to vary
based on cellular context, as there is evidence that Dusp2 is able to act on p38 in
vitro [71] and on JNK in vivo in mouse bone marrow-derived mast cells [72].

Consistent with its expression in activated T cells, Dusp2” mice have a
significantly reduced inflammatory response, and this is suggested to be the
result of mis-regulated crosstalk between ERK and JNK pathways [72]. Despite
this involvement in inflammatory response, Dusp2 has been shown to play no

role in obesity-associated inflammation [73].
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Although Dusp2 expression is undetectable in the mouse brain [67], dusp2
is strongly expressed in a rhombomere-specific pattern in the zebrafish hindbrain
[7,74]. In situ RNA hybridization experiments performed in a time course show
that dusp? is restricted to r4 of the zebrafish hindbrain between 10 and 14 hours
post fertilization (hpf) (Figure 1.3). Since dusp2 expression is downstream of
ERK signaling, and the primary method of ERK activation in the early hindbrain is
through the FGF pathway, it is likely that dusp2 is also downstream of FGF.
Additionally, dusp2 was found to be induced by over-expression of hoxblb, a
transcription factor of the hox family and a key driver of embryonic patterning and
development in the zebrafish [74]. Further details regarding regulation of dusp2
expression are discussed in Appendix C. While this suggests a role for dusp2 in

hindbrain development, there is no supporting evidence at this time.

Dusp6

Dusp6, previously known as MKP3, was first identified in skin and kidney
fibroblast cells as one of the first dual-specific phosphatases [75]. The original
study immediately noted that Dusp6 is not inducible by stress, is localized in the
cytoplasm, and shows substrate preference for ERK over JNK and p38 kinases
[75]. More recent studies have confirmed the selective action of Dusp6 on ERK
[76,77], have demonstrated the requirement of FGF/ERK signaling for Dusp6
induction [77-79], and have extensively investigated the mechanism of
recognition and activation upon binding ERK (reviewed in [29]). Similar to Dusp2,

there is evidence that Dusp6 can act on JNK in specific cellular contexts, as was



Figure 1.3. Expression of dusp2 in the zebrafish hindbrain

Wildtype embryos were assayed by in situ hybridization for dusp2 (blue stain) and
krox20 (red stain) marking r3 and r5 at 8hpf (A), 10hpf (B), 12hpf (C), 14hpf (D), and
16hpf (E). All embryos are in dorsal view of the hindbrain with anterior to the top.
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shown in cultured rat astrocytes [80]. Dusp6 expression in both mice and
zebrafish overlaps with regions of the embryo that are known to contain active
FGF/ERK signaling, including the pharyngeal arches, limb buds, somites, and
otic vesicle in the mouse [81] and the forebrain, MHB, r4 of the hindbrain, and
tailbud in zebrafish [82].

Consistent with this role of Dusp6 dephosphorylating ERK, loss of function
Dusp6 mice exhibit increased phospho-ERK (pERK) and expression of Erm
[81,83]. Dusp6” mutant mice also show increased postnatal lethality, with a
significant decrease in homozygous mutant pups surviving to weaning age,
skeletal dwarfism, craniosynostosis, hearing loss, and increased heart size
[81,83]. Many of these defects are also characteristic of FGFR activating
mutations.

Loss of function dusp6 zebrafish have also been studied with the use of
MOs, but their phenotypes differ from those seen in the mouse mutant. Embryos
injected with MO targeted to dusp6 exhibit a dorsalization phenotype, marked by
decreased expression of ventral marker bmp4, increased expression of dorsal
marker chordin, expansion of neural domains, and a loss of trunk structures [84].
These embryos phenocopy embryos over-expressing the fgf8 ligand [85],
providing evidence that the role of Dusp6 in negatively modulating FGF/ERK
signaling is conserved in zebrafish. However, recent studies have questioned the
reliability of MOs [86—89], and thus, these phenotypes will need to be confirmed

in mutant lines.
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Due to its specific control of the ERK signaling pathway, DUSP6 has been
extensively studied in relation to human cancer progression. DUSP6 mutations
have been associated with leukemias, melanomas, lung cancers, and pancreatic
cancers, in which the absence of DUSP6 commonly occurs with activating Ras
mutations, resulting in hyperactivation of the ERK pathway (reviewed in [62]).
Additionally, DUSP6 mutations have been connected to congenital
hypogonadotropic hypogonadism [90]. This rare disorder is marked by
gonadotropin deficiency and low levels of follicle stimulating hormone (FSH) and
luteinizing hormone (LH), resulting in abnormal pubertal development and
infertility. While this disorder is genetically heterogeneous, most of the associated
genes encode modulators of FGF/ERK signaling.

Here in this work, | will study the role of dusp6, as well as dusp2, in
modulating the FGF/ERK signaling pathway during gametogenesis and
embryogenesis in the zebrafish by creating germ line mutants using the

CRISPR/Cas9 genome editing system.

Use of the CRISPR/Cas9 Genome Editing System in Zebrafish

The recent use of the CRISPR/Cas9 system has allowed zebrafish
research groups to efficiently generate mutations in their gene of interest [91].
The system was adapted from bacteria and archaea who use clustered, regularly
interspaced, short palindromic repeats (CRISPRS) to guide CRISPR-associated
system (Cas) endonucleases to foreign genetic material as part of their innate

immune system. The CRISPR/Cas9 system has greatly increased the ease of
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use and transmission of germ line mutations over previous genome editing
systems, namely zinc-finger nucleases (ZFNs) and transcription activator-like
effector nucleases (TALENS). At this time, the system has been used extensively
in zebrafish and is continually being optimized further for greater efficiently and
reduced off-target effects.

CRISPR guide RNAs can be targeted to any genomic sequence and only
require the presence of a protospacer adjacent motif. Upon binding of the guide
RNA to the target sequence, the Cas9 nuclease will introduce a double strand
DNA break. In many cases, this lesion is then repaired through non-homologous
end joining (NHEJ), but this method is error-prone and may create small indel
mutations leading to shifts in the reading frame. A single indel mutation that
results in a premature stop codon is usually sufficient to generate a loss of
function allele. Moreover, the idea of utilizing two target sites within the same
gene to cause large-scale whole-gene deletions has been suggested, and this is

the approach presented in this work.

Contribution of this Work to the Field

Despite extensive study of the FGF/ERK signaling pathway and its proper
regulation by Dusp proteins, specific roles for dusp2 and dusp6 in zebrafish
embryonic development have not been clearly defined. The severity of defects
observed when FGF/ERK signaling is disrupted proves that tight regulation of

this pathway is vital to successful development. Understanding how the



23

modulators of this pathway function and interact with each other is of particular
interest due to the pathway’s association with various human congenital
disorders and cancers.

The only known role for Dusp2 is within the context of the immune system
and inflammatory response, yet it is strongly expressed in the early hindbrain
under the potential control of one of the hox genes. Its rhombomere-restricted
expression pattern suggests a role in patterning r4, but this remains to be
demonstrated. The role of Dusp6 has been studied to a greater extent compared
to Dusp2, but it is still not clear what effect loss of function dusp6 will have on
zebrafish embryos. There are significant differences between the phenotypes
seen in genetic mice mutants and zebrafish morphants. Additionally, the role of
these regulators in adult zebrafish is also not fully understood.

Here, through the use of germ line deletions in the dusp2 and dusp6
coding sequences, | aimed to discover functions for these phosphatases in the
hindbrain or elsewhere in the developing embryo. Following the generation of
these zebrafish lines, | find that only approximately 50% of offspring from
homozygous dusp6 mutants survive to the segmentation stages. In contrast, | do
not detect any overt defects in the dusp2 mutants. Further characterization of the
dusp6 mutant embryos shows that those that do not survive are fertilized, but
arrest during the first zygotic mitosis and stall at the one-cell stage for several
hours before dying. Remarkably, the 50% of mutants that are able to complete
the first cell division appear healthy and continue through embryogenesis without

any defects.
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Since this defect occurs prior to the activation of the zygotic genome, |
suggest that the loss of dusp6 is actually affecting gametogenesis in the adults. |
further demonstrate the presence of dusp6 in both male and female gonads,
supporting this idea. As only half of the offspring are affected, | hypothesize that
ERK signaling is tightly regulated in the gonads, as in other regions of the body,
and that dusp6 is required to keep ERK signaling within a permissive range for
successful gametogenesis. | also discuss the ability of other feedback regulators
of the ERK pathway to compensate for the loss of dusp6 at later stages of
embryogenesis. Taken together, the work presented here provides new insight
into the roles of these two phosphatases both in the embryo, where it appears
they are not essential, and in the adult during gametogenesis, where these

results suggest dusp6 is required.
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BACKGROUND

The extracellular signal-regulated kinase (ERK) pathway is a major
signaling cascade that promotes proliferation and differentiation in many different
cell types. As one of the mitogen-activated protein (MAP) kinase pathways, the
canonical ERK pathway receives signals from receptors for a growth factor or
hormone, such as fibroblast growth factor (FGF), epidermal growth factor (EGF),
and platelet-derived growth factor (PDGF), which then activates a MAP kinase
kinase kinase (Raf), a MAP kinase kinase (MEK), and finally the MAP kinase
ERK. Phosphorylated and activated ERK then moves into the cell nucleus, where
it can activate transcription factors to initiate target gene expression. During early
development, ERK signaling is active in several critical regions of the zebrafish
embryo. For example, ERK signaling works cooperatively with Wnt signaling to
promote trunk elongation and the formation of somites in the tailbud [41], and
triggers the differentiation of lens fiber cells in the developing eye [92]. It has
been demonstrated that ERK signaling is required for proper patterning,
especially within the hindbrain, where the cascade is initiated by the FGF
pathway, defines the forming rhombomere boundaries, and sets up the anterior-
posterior axis [47,60,93,94]. Zebrafish embryos treated with an inhibitor of the
FGF receptors upstream of ERK lack the fifth and sixth rhrombomere (r5 and r6)
of the hindbrain and the neurons that normally develop in those regions [47].
Similar to other major signaling pathways, the ERK pathway is able to induce the

expression of its own regulators. Many such proteins, including members of the
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dual-specificity phosphatase (Dusp) and Sprouty (Spry) families, Sef, and Filrt,
are expressed downstream of the pathway [16]. These proteins interact with
upstream pathway components or with ERK itself, and provide positive or
negative feedback to modulate the signaling pathway [29,60,62,95].

Early embryonic patterning is also driven by the hox genes, a key family of
homeodomain-containing transcription factors that control cell fate specification
[96,97]. Notably, a microarrary screen identified a Dusp family member, dusp2
(also called PAC-1 or wu:fj40g04), as a hoxblb-inducible gene in zebrafish [74].
The Dusp family comprises a group of proteins that remove phosphates from
both serine/threonine and tyrosine residues of MAP kinases, resulting in their
inactivation. Previous work has shown that Dusp2 is an inducible, nuclear protein
that has a strong specificity for ERK [29,67,69-72,98]. There is also evidence
that Dusp2 is capable of dephosphorylating p38 in vitro [71] and JNK in vivo [72].
In accordance with it being hoxb1b-regulated, dusp2 is expressed in
rhombomere 4 (r4) of the hindbrain, a region that requires hoxb1b function. A
very similar protein, Dusp6 (also called MKP3), is expressed in several regions of
the early embryo, including in r4 where its expression overlaps with dusp2 and
hoxb1b [84]. In contrast to Dusp2, Dusp6 is a cytoplasmic protein and has
confirmed roles in developmental signaling, including axial patterning, limb
development, organ size regulation, and somite formation [78,81,84]. The fact
that dusp2 and dusp6 are co-expressed with hoxb1b in r4, and that dusp2 is
hoxb1b inducible, suggests a potential role for hox genes in controlling ERK

signaling. Loss of function dusp2 mice were reported to develop normally, but
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this was not analyzed in detail [72]. Loss of function dusp6 mice and morphant
zebrafish have been analyzed, and the effects in these animals mimic mutations
that inappropriately active FGF receptors [81,84]. However, these phenotypes
differ significantly between the two species. Notably, the analysis in zebrafish
made use of anti-sense morpholino oligos (MOs), whose reliability has recently
been called into question [86,87].

Here we used the CRISPR/Cas9 genome editing system to generate loss
of function zebrafish mutants for both dusp2 and dusp6. We do not detect any
developmental defects in dusp2 mutants, but find that embryos derived from
homozygous dusp6 mutant parents have reduced viability. These embryos are
unable to undergo the first cell division and stall at the one-cell stage. Our results
indicate that this phenotype is independent of the zygotic genome, and instead

suggest that the gametes produced by adult dusp6 mutants are defective.

METHODS

Zebrafish care
Wildtype Ekkwill and mutant zebrafish lines were raised in the University
of Massachusetts Medical School Zebrafish Facility. All embryos were staged

according to morphological criteria and hours or minutes post fertilization [99].

Zebrafish embryonic injections
Embryos were collected from natural matings immediately following

fertilization. Collected embryos were aligned on an agarose mold and injected
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with 1-2nl of injection mix using a borosil needle, micromanipulator, and
dissecting microscope. For the injections of fgf8 mMRNA, a plasmid containing the
full coding sequence of fgf8 was in vitro transcribed. This mMRNA was diluted in
water and phenol red to a final concentration of 5-500ng/ul and injected into one-

cell embryos.

Generation and injection of CRISPR guide RNAs

CRISPR target sites were selected based on their proximity to the start
and stop codons of the coding sequence of the targeted gene, and also by the
requirement for a protospacer adjacent motif (PAM) sequence (NGG) at the 3
end of target site. We created and annealed oligos containing a T7 promoter
sequence, the target sequence, and an additional constant region to create the
template for the guide RNAs (Table 2.1). These templates were transcribed in
vitro using T7 RNA polymerase (Promega) in a reaction containing transcription
buffer (Promega), RNase inhibitor (Promega), and rNTPs. A linearized plasmid
encoding Cas9 [100] was also transcribed in vitro using the Sp6 mMessage
mMachine Kit (Ambion). The two guide RNAs targeting each gene were
combined with cas9 mRNA and phenol red, and 1-2nl of this mixture was injected

into the cell of early one-cell stage embryos.
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CRISPR

Target sequence®

PAMP®

First oligo °

Second oligod

dusp6-5'

GAGCCTCATGCTCCGGCGAC

GGG

TTAATACGACTCACT
ATAGGTCGCCGGAG
CATGAGGCTCGGGG
TTTTAGAGCTAGAAA
TAGCAAG

AAAAAAGCACCGACTCG
GTGCCACTTTTTCAAGTT
GATAACGGACTAGCCTT
ATTTTAACTTGCTATTTC
TAGCTCTAAAAC

dusp6-3'

CTCGAGTCCACGTGAGGTCC

AGG

TTAATACGACTCACT
ATAGGACCTCACGTG
GACTCGAGAGGGTT
TTAGAGCTAGAAATA
GCAAG

AAAAAAGCACCGACTCG
GTGCCACTTTTTCAAGTT
GATAACGGACTAGCCTT
ATTTTAACTTGCTATTTC
TAGCTCTAAAAC

dusp2-5'

GGCGACCCTCTCGAGATCTC

AGG

TTAATACGACTCACT
ATAGGCGACCCTCTC
GAGATCTCAGGGTTT
TAGAGCTAGAAATAG
CAAG

AAAAAAGCACCGACTCG
GTGCCACTTTTTCAAGTT
GATAACGGACTAGCCTT
ATTTTAACTTGCTATTTC
TAGCTCTAAAAC

dusp2-3'

ACACTGTGACAGATCTACAA

AGG

TTAATACGACTCACT

ATAGACACTGTGACA
GATCTACAAAGGGTT
TTAGAGCTAGAAATA
GCAAG

AAAAAAGCACCGACTCG
GTGCCACTTTTTCAAGTT
GATAACGGACTAGCCTT
ATTTTAACTTGCTATTTC
TAGCTCTAAAAC

4Genomic sequence targeted by the guide RNA

b Protospacer adjacent motif (PAM) sequence in the genomic DNA recognized by Cas9
¢ Sequence of the first oligo used to create the guide template containing the T7 promoter sequence
d Sequence of the second oligo used to create the guide template containing the constant region

Identification of germ line mutations and genotyping

For both dusp6 and dusp2 mutants, the embryos injected with the guide

RNAs and cas9 mRNA mixture were raised as the FO generation. At three

months of age, these fish were individually crossed to a wildtype fish (Figure

2.3B-C). Half of each resulting clutch was raised to adulthood as the F1

generation. Genomic DNA was extracted from the embryos in the remaining half

of the clutch to confirm activity of the guide RNAs. This genomic DNA was

screened for deletions by PCR using primers that flank the region between the

two guide RNA target sites (Figure 2.3A-C, Table 2.2). Amplification from mutant

sequences containing large deletions will produce 400-600bp products (Figure

2.3B-C, Table 2.2, Table 2.3). In contrast, amplification from wildtype sequences
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will produce products greater than 1kb and these fragments may not amplify well

under the PCR conditions used. F1 adults derived from positive clutches were

individually genotyped with fin clip DNA using the same PCR primers. To confirm

that these fish were heterozygous, a second set of primers was used to amplify

only the wildtype sequence where one or both primers were placed inside the

deletion (Figure 2.3A, Table 2.2). F1 heterozygous fish were then crossed to

generate homozygous mutants.

Table 2.2. Primer sequences to genotype mutants

PCR primers to detect Size of PCR primers to detect Size of

Gene mutant allele (F/R)® mutant WT allele (F/R)® wT
band° band ¢

dusog| CCCGTAGAGTGGCTGAAGGAG! | o, | GTTCCTCAAGCAGCAGTTCC! | 4ycp
P TCCCAAAAACAGGCAAGTCT P | AGAGGTTCTGGCTCCAGTGA P

duspa| SGAACAATATTGATTTGTGTCACC! | o, | CTTTCTTTTCCTGGGCAGTG/ | g0
P GTAGAGGTTCGGGGACACG P GTAGAGGTTCGGGGACACG P

#Sequence of the forward and reverse primers used to detect deletion alleles
bApproximate expected size of the PCR band if a CRISPR-induced deletion occurred
¢ Sequence of the forward and reverse primers used to detect the wildtype allele

d Expected size of the PCR band for the wildtype allele

Table 2.3. Characteristics of CRISPR guide RNAs targeting dusp6 and dusp?

Size of :
CRUI%F;R cogzi%z[tea Target sequence” Strand °| mutant Muts;lgteeneems
9 PCR band *
dusp6-5' | Chr25:18233489 | GAGCCTCATGCTCCGGCGAC - 64b .
~564
dusp6-3' | Chr25:18231243 | CTCGAGTCCACGTGAGGTCC - P
dusp2-5'| Chr8:40589831 | GGCGACCCTCTCGAGATCTC +
~392bp 3/23
dusp2-3'| Chr8:40592681 | ACACTGTGACAGATCTACAA +

#Target coordinate defined by the first nucleotide of the target sequence
® Genomic sequence targeted by the guide RNA

¢ strand of genomic DNA which is targeted by the guide RNA
dApproximate expected size of the PCR band if a CRISPR-induced deletion occurred
®The number of FO germ line positive founders identified out of those screened
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Anti-sense morpholino oligo knockdowns

An anti-sense morpholino oligo (MO) was designed to the dusp6
translation start site with the sequence 5-TACCGTGAGACCTTAAAACTGCGGA
-3'. A MO targeted to the dusp2 translation start site with the sequence 5'-
GTCGCCGATACCCATGATGCCCTCT-3' was also designed. As a control, a 5-
mismatch control oligo was designed with the sequence 5'-
GTCcCCcATAgCCATCATcCCCTCT-3'. All MOs were generated by Gene Tools,
LLC and re-suspended in distilled water for a stock solution of 3mM. The stock

solution was further diluted with water and phenol red and 1-2nl was injected into

the yolk of one-cell stage embryos.

RNA-seq library preparation

Total RNA was extracted from pools of dechrionated, deyolked wildtype
and dusp2-m287um287. 4,5pEUMm2861uM288 ampryos at 18hpf using the RNeasy Mini Kit
(Qiagen). Three libraries from wildtype embryos and three libraries from

2um287/um287.dusp6um286/um286

dusp embryos were then generated from 3ug RNA
using the TruSeq Stranded mRNA Library Prep Kit (lllumina). All libraries were
analyzed for quality on a bioanalyzer prior to sequencing (Agilent 2100

BioAnalyzer).

Processing and analysis of RNA-seq data
Fastq files containing strand-specific and filtered reads were processed

using the University of Massachusetts Medical School Dolphin web interface
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[101]. Reads were quality checked using FastQC and aligned to the DanRer7
zebrafish transcriptome using RSEM. After filtering out ribosomal RNA read
counts, differentially-expressed genes were identified as those with a greater
than 2-fold change in expression between the wildtype and

dUSp2um287/um287;dUSp6um286/um286 Samples.

In situ RNA hybridization, immunostaining, and nuclear staining

For in situ hybridization, embryos were fixed at the appropriate time point
in 4% paraformaldehyde and stored in 100% methanol at -20°C. RNA
hybridization was performed as described and was followed by a color reaction
using NBT/BCIP or INT/BCIP in 10% polyvinyl alcohol [102]. RNA probes for the
following genes were produced by cloning a 900-1000bp fragment of the coding
sequence into a vector and transcribing an anti-sense transcript: dusp6, dusp2,
krox20, hoxbla, six7, pea3, erm, fgf3, fgf8, valentino, bmp2b, bmp4, chordin, and
nogginl. The otx5 probe was purchased from the Zebrafish International
Resource Center.

For whole-mount immunostaining, embryos were fixed in 4%
paraformaldehyde/8% sucrose/1x PBS. Fluorescent antibody staining was
performed as described previously [103]. Commercially-available primary
antibodies used: mouse 3A10 (1:100; Developmental Studies Hybridoma Bank
[DSHB]), mouse anti-Isletl/2 (39.4D5; 1:100; DSHB), rabbit anti-phospho-p44/42
MAPK ERK1/2 (1:250; Cell Signaling Technology 4370), rabbit anti-phospho-

histone H3 (1:200; Abcam 5176), mouse RMO-44 (1:100; Fisher Scientific 13-
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0500), and mouse anti-Zn8 (1:1000; DSHB). An antibody against Valentino was
generated by immunizing rabbits with a GST-tagged full-length zebrafish
Valentino protein. This antibody was purified using an IgG Purification Kit
(Dojindo Molecular Technologies) and used at a concentration of 1:100.
Secondary antibodies used: goat anti-mouse Alexa Fluor 488 (1:200; Molecular
Probes A11001), goat anti-rabbit Alex Fluor 568 (1:200; Molecular Probes
A110011), and goat anti-rabbit IgG-HRP (1:1000; Abcam 6789; detected with
PerkinElmer’s TSA Plus Fluorescein System).

For nuclear staining, embryos were fixed in 4% paraformaldehyde and
stored in 100% methanol at -20°C. Rehydrated whole embryos were stained with
0.5ug/ml DAPI solution in distilled water for 15 minutes, and then washed for
several hours.

For imaging, embryos older than 24hpf were dissected from the yolk and
flat-mounted in 70% glycerol for imaging on bridged coverslips. Images were
captured using a Nikon Eclipse E600 microscope equipped with a Nikon 20x
Plan Fluor objective and a Zeiss Axiocam 503 color camera. Embryos between
1hpf and 24hpf were suspended in 3% methyl cellulose for imaging. Images were
captured using a Leica M165 FC microscope equipped with a Leica DFC310 FX
camera. Embryos younger than 1hpf were mounted in 70% glycerol in
depression slides for imaging. All images were imported into Adobe Photoshop
and adjustments were limited to contrast, levels, and cropping; all adjustments

were applied to the entire image.
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Quantitative PCR

Total RNA was extracted from whole embryos, or from dissected organs of
the adult fish, using the RNeasy Mini Kit (Qiagen). At least 100ng of RNA was
used to reverse transcribe cDNA using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). The qPCR reaction was carried out using
SYBR Green qPCR Master Mix (BioTool) on an Applied Biosystems 7300 PCR
System. Results were normalized to those of a housekeeping gene (b-actin or

odcl).

RESULTS

Knockdown of dusp6 and dusp2 via MO results in a hindbrain phenotype

We initially used anti-sense morpholino oligos (MOs) to assess the
function of dusp6 and dusp2 by designing MOs to the translation start site to
prevent synthesis of Dusp6 and Dusp2 proteins (Figure 2.1B). Since dusp6 and
dusp?2 are both expressed in rhombomere 4 (r4) of the hindbrain (Figure 2.1A),
possibly by acting downstream of hoxb1b [74], we examined hindbrain
development in MO-injected embryos. r4 is characterized by formation of the
Mauthner neurons, a pair of large reticulospinal neurons found in fish and
amphibians that are responsible for the escape response (Figure 2.1C). We find
that a large percentage of dusp6 and dusp2 morphants are missing one or both
Mauthner cells (Figure 2.1E-J), while a control MO has no effect (Figure 2.1D).

Furthermore, injecting a combination of both MOs results in an increase in the
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Figure 2.1. Knockdown of dusp2 and dusp6 via MO yields a hindbrain phenotype

A. 12hpf wildtype embryos were assayed by in situ hybridization for expression of krox20
(red stain) and duspé6 (blue stain in left panel) or dusp2 (blue stain in right panel). B.
Schematic of genomic sequence for dusp6 and dusp2. Red vertical lines indicate CRISPR
target sites and green vertical lines indicate MO target sites. C-V. 48hpf wildtype (C, N),
control MO-injected (D, O), dusp6 MO-injected (E-G, P-Q), dusp2 MO-injected (H-J, R-S),
and dusp6+dusp2 MO-injected (K-M, T-V) embryos were assayed by immunostaining for
differentiation of Mauthner neurons (3A10 staining in C-M) and facial motor neurons
(Islet1/2 staining in N-V). W-Y. 18hpf wildtype (W), control MO-injected (X) and dusp2
MO-injected (Y) embryos were assayed by in situ hybridization for expression of krox20
(red stain) and hoxb17a (blue stain). Numbers in top right corner of each panel indicate the
total number of embryos assayed for that condition. Numbers in bottom right corner
indicate percent of embryos with the phenotype shown. All embryos are in dorsal view

with anterior to the top. Embryos in A are whole-mounts, while embryos in C-Y are
flat-mounted and show only the central hindbrain region.

dusp6+dusp2 MOs
dusp6+dusp2 MOs
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occurrence of this phenotype (Figure 2.1K-M). Additionally, we notice a minor
defect in the patterning of the facial motor neurons that normally migrate from r4
to distinct clusters in the caudal rhombomeres of the hindbrain (Figure 2.1N-O).
The patterning and clustering of these cells is disrupted in the morphants (Figure
2.1P-S). Again, the combination of both MOs results in a more severe
phenotype, with some morphants lacking detectable facial motor neurons (Figure
2.1T-V). Despite these neuronal defects, the expression of two genes involved in
patterning of the early hindbrain appears normal in the morphants (Figure 2.1W-
Y). Additional neurons and markers were examined in the dusp2 morphants,
including the reticulospinal neurons, pERK, pea3, erm, fgf8, valentino, and the
abducens motor neurons, with no defects (Figure 2.2). These results
demonstrate that MOs targeting dusp6 and dusp2 disrupt the formation and

migration of neurons originating in r4 of the hindbrain.

Generation of dusp6 and dusp2 germ line mutants

To investigate the roles of dusp6 and dusp2 in zebrafish development in
greater detail, we set out to generate germ line mutants using the CRISPR/Cas9
genome editing system. We designed two guide RNAs for each gene — one
targeted to the 5’ end of the coding sequence and one targeted to the 3’ end
(Figure 2.3A, Table 2.1, Table 2.3) — with the intention of co-injecting them to
delete the sequence between the two target sites. Dusp proteins contain a C-
terminal catalytic domain required for substrate recognition and binding [104], as

well as an N-terminal rhodanese-homology domain. Although the latter domain is
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Figure 2.2. Additional neuronal and
patterning markers examined in dusp2
morphants

Wildtype (A, F, I, L, O, R, U), control MO-injected
(B,G,J,M, P, S, V), and dusp2 MO-injected
(C-E, H, K, N, Q, T, W) embryos were assayed
by immunostaining for formation of reticulospinal
neurons at 48hpf (RMO44 antibody in A-E), for
pERK staining at 14hpf (F-H) and for formation
of abducens neurons (Zn8 antibody in U-W) at
48hpf, as well as by in situ hybridization for
expression of pea3 at 24hpf (I-K), erm at 24hpf
(L-N), fgf8 at 10hpf (0O-Q), and valentino at 12hpf
(R-T). All embryos are in dorsal view with
anterior to the top. Numbers in top right corner of
each panel indicate the total number of embryos
assayed for that condition. Numbers in bottom
right corner indicate percent of embryos with the
phenotype shown.

38



39

A
dusp6
...CCCGAGCCTCATGCTCCGGCGAC...(2.2kb)...CCTCTCGAGTCCACGTGAGGTCC...
s - =
2.8kb
dusp2 T 394bp 134bp 220bp 254bp |
...GGCGACCCTCTCGAGATCTCAGG...(2.8kb)...ACACTGTGACAGATCTACAAAGG. ..
B C

24 hr PCR on genomic 3 months R
—_— DNA from pooled —_— X
embryos
2 h;A‘
dusp6 dusp2 PCR on genomic
—— DNA from pooled

e embryos to identify PCR on genomic
- FO founders DNA to identify
N F1 heterozygous
<« dusp6 dusp2 carmers

—
—

——— -
FI F1 F1 HO F1 F1 F1 HO
D
dusp6*™ 382 aa
dusp64m?3? =<._‘__‘_ ___..-» 63aa
59 aa
dusp&“’“z” *__‘\ " 135 aa
dusp2"T 333 aa
dusp2vm?e’  gm F 57 aa

Figure 2.3. CRISPR genome editing yields loss of function mutants for dusp6 and dusp2
A. Schematic of the genomic sequence for dusp6 and dusp2 with the length of each exon and
total coding sequence indicated. Black wedges represent introns. Vertical red lines and red
nucleotides denote the CRISPR target sequence, and orange nucleotides indicate PAM
sequence. Arrows above each schematic indicate the approximate locations of genotyping
primers used to detect CRISPR-induced deletion alleles (red arrows) and wildtype alleles
(black arrows). B. Identification of active guide RNAs. Genomic DNA was extracted from pools
of injected embryos and PCR-amplified to detect CRISPR-induced deletions. Arrows point to
PCR products resulting from successful deletions. C. Identification of FO founder fish. Adult FO
fish were crossed to wildtype and the resulting offspring genotyped as in B. Asterisks indicate
FO fish transmitting deletions to their offspring. D. Predicted peptide sequences of the identified
mutant alleles for dusp6 and dusp2. The large dashed wedges represent the location of
CRISPR-induced deletions, and the gray bars represent residues that are read out of frame
prior to a stop codon. Amino acid numbers below each peptide sequence indicate the residue
affected by the deletion, and the numbers to the right indicate the length of the peptide.
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catalytically inactive [63,64], we nevertheless elected to delete both domains with
the goal of generating null alleles. Hence, guide RNA target sequences were
chosen based on their proximity to the start and stop codons of the coding
sequence, and also by the requirement for a protospacer adjacent motif (PAM)
sequence (NGG) at the 3' end of each target site (Figure 2.3A, Table 2.1, Table
2.3).

We injected in vitro transcribed guide RNAs and mRNA encoding Cas9
into early one-cell stage embryos to test if the guide RNAs were functional. To
this end, we prepared genomic DNA from pools of injected embryos at 24hpf and
analyzed the target sites by PCR. Using primers that anneal outside the guide
RNA target sites (Figure 2.3A, Table 2.2), we detected bands of approximately
400-600bp (Figure 2.3B), indicating the presence of large deletions created by
both the dusp6 and dusp2 guide RNA pairs. Each guide RNA pair was then
injected into several hundred embryos that were raised to adulthood as the FO
generation (Figure 2.3C). This FO generation is mosaic and each individual fish
may carry more than one mutant allele for the same gene. We therefore
identified founder fish carrying germ line mutations by crossing FO individuals to
wildtype fish and screening for deletions in the resulting offspring using the same
PCR primers (Figure 2.3C). FO founders that were positive for germ line
mutations were crossed to wildtype fish and the offspring raised to adulthood
followed by genotyping to identify heterozygous F1 carriers.

For dusp6, two FO founders with germ line mutations were identified out of

23 fish tested (Table 2.3). One founder (dusp6"™**) carried a mutant allele with a
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2.2kb deletion within the coding sequence of the dusp6 gene (Table 2.4). The
exact nucleotides deleted were determined by sequencing of the genomic DNA
and cDNA (Figure 2.4). This large deletion appears to be the product of two
double strand breaks as was expected. Conceptual translation of this sequence
predicts a 63-amino-acid protein with no known protein domains (Figure 2.3D).
This founder transmitted this mutation to 13% of its offspring (Table 2.4). A

6um286

second founder (dusp ) carried a mutant allele with a 1.3kb deletion

spanning exons 2 and 3 of the dusp6 gene (Table 2.4). We suspect that the 5’
guide RNA did not cause a break in this case, and instead the 3' guide RNA
generated a cut that was not properly repaired resulting in a smaller deletion. The
translation of the resulting sequence predicts a 135-amino-acid protein that lacks
the catalytic domain (Figure 2.3D). This founder transmitted this mutation to 24%
of its offspring (Table 2.4).

For dusp2, three FO founders with germ line mutations were identified out
of 23 fish tested (Table 2.3). Each of these founders arose from an independent
injection, but interestingly, all three carried the same mutant allele containing a
2.8kb deletion within the coding sequence (Table 2.4). Again, the exact
nucleotides deleted were determined by sequencing of the genomic DNA (Figure
2.4). The mutant allele translates to produce a 57-amino-acid protein that lacks
any known protein domains (Figure 2.3D). The first dusp2“™?® founder
transmitted this mutation to 18% of its offspring (Table 2.4). The two additional

founders were positive for a deletion by PCR, but we were unable to identify any
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genomic sequence
dusp6™”  ctaATGCTC..(167bp). CCCGAGCCTCATGCTCCGGCGACTCAAGAAAGGCMCCTGCCCATCMGTCTCTGCTTTCTMCGGGGMGACAGGGAM
dusp6 ™  ctaATGCTC.. (167bp)..CCC
dusp6=% ctaATGCTC.. (167bp).. CCCGAGCCTCATGCTCCGGCGACTCAAGMAGGCAACCTGCCCATCAAGTCTCTGCTITCTAACGGGGMGACAGGGAAA

dusp6"”  GGTTCGCGCGGAGATGCAAGACGGACACGATCGTGTTGTACGACGAGTACAGCCGCGAGTGGAATGAAAACATCGACGGCGGCTCCGTGTTGGG
dusp6m@
dusp6* GGTTCGCGCGGAGATGCAAGACGGACACGATCGTGTTGTACGACGAGTACAGCCGCGAGTGGAATGAAAACATCGACGGCGGCTCCGTGTTGGG

nhm1 b
dusp6™” TFTACTGCTGAGGAGAATGAAGGACGAGGGCTACAAGGCTITCTATCTCGAGGGTGGC (735bp).. TCCACGTG»«gmcdgcmlgadiga 2kb!
dusp6 @ $
dusp6 " TTTACTGC AATGAAGGACGA TACAAGGCT‘I’TCTATCTCGAGGGT———————-——ACGTGAggtectgocatgacnga

predicted protein sequence

dusp6*”  MLDKFKPVQIDSVMAISKTVEWLKEQLETRRDCLLVMDCRAQELYESSHVETAINVAIPSLMLRRLKKGNLPIKSLLSNGEDRERFARRCKTDTIVLYDEYS
dusp6*"*  MLDKFKPVQIDSVMAISKTVEWLKEQLETRRDCLLVMDCRAQELYESSHVETAINVAIP- -
dusp6-m?*  MLDKFKPVQIDSVMAISKTVEWLKEQLETRRDCLLVYMDCRAQELYESSHVETAINVAIPSLMLRRLKKGNLPIKSLLSNGEDRERFARRCKTDTIVLYDEYS ! 3

duspG"”m REWNENIDGGSVLGLLLRRMKDEGYKAFYLEGGFSKFQTDFPAMCETNLDGSSSSSSPTSQVLGLGGLRISSDSSDIESDIDRDPSSATDSDGSPLSNP §
dusp6"?*
dusp6  REWNENIDGGSVLGLLLRRMKDEGYKAFYLEG:

dusp6"”  QPSFPVEILPHLYLGCAKDSTNLDILEEFGIKYILNVTPNLPNMFENAGEFKYKQIPISDHWSQNLSQFFPEAISFIDEARGLKCGVLVHCLAGISRSVTVTV
dusp6™®
dusp6

dusp6””  AYLMQKLNLSMNDAYDIVKMKKSNISPNFNFMGQLLDFERTLGLKSPCDNRVPAPTQPLYFTTPTNHNVFQLDPLEST*
dusp6?= RDMT*
dusp6e* T

B

genemic sequence

dusp2"™  atcATGGGTATCGGCGACCCTCTCGAGATCT. .(968bp). TTTTAG gattttgaccag: gat..(140bp)..tcataa
dusp27  atcATGGGTATCGGCGACCCTCTCGAGA ggt..(140p)..teataa

predicted protein sequence
dusp2*”  MGIGDPLEISGSELVQILRTPSELFASGGCIVLDCRPFLGFSRAHILESRNVNWNSMLRRRSKSSVVSLEWLVADKSLLAQLRNGDFSPVVVLDENSRSVR
dusp2=?"  MGIGDPLE

dusp2*” DLKSESLASLLISALQSEVQSASTHICFLQGGFDGFFALYPELCFTAPAVLCSNHSTLSEPEPVMSGRKTPLYDQGGPVEILPFLFLGSAHHSSRRETLERN
dusp2m?

duspg"”w GITAVLNVSSSCPNLFEEELQYKTLKVEDSLAADIRVLFPEAIHFIDSIKEGGGRVLVHCQAGISRSATICLAYLIHAQRVRLDEAFDFVKRRRQVISPNLAFM
dusp2™

dusp2”"  GQLLQFETDVLCPYSVLERESSGTAF*
dusp2-m7t RCFLRMPMVYSKTSLDRIKYGISLFKKKHGKETSPISQGNVTILCVVNS®

Figure 2.4. Sequences of dusp6 and dusp2 mutants

Standard Sanger sequencing of PCR-amplified regions shows the WT, dusp6 mutant
alleles (A), and dusp2 mutant allele (B) nucleotide sequences. Regions spanning the
deletion site were amplified using primers that anneal outside the CRISPR target sites
(see red arrows in Figure 2.3). Lowercase nucleotides are outside of the coding region
in the UTR. Green and red nucleotides indicate the translation start and stop sites
respectively. Ellipses (...) indicate the continuation of WT sequence, dashes (---)
indicate deleted nucleotides, and blue nucleotides indicate insertions. The predicted
protein sequences are also shown for both WT and all mutant alleles. The purple box
indicates the residues of the rhodanese homology domain and the green box indicates
the residues of the catalytic domain. Asterisks (*) represent the stop codon. Orange
residues are non-WT amino acids caused by deletion of the natural stop codon and
translation of the UTR sequence. For dusp6, endpoint PCR shows that dusp6“"?° and
dusp6“m?%¢ transcripts are produced. Sequences of these transcripts were identical to
those of the genomic DNA.
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heterozygous carriers from their offspring. Hence, we have generated two dusp6

and one dusp? alleles that are predicted to lack phosphatase activity.

Table 2.4. Characteristics of dusp6 and dusp2 mutant alleles

Allele ID Transmission frequency ? Size of deletion”
dusp6"™?*° 13.3% 2263bp
dusp6"™m?¢® 23.8% 1308bp
dusp2"m?¥’ 18.2% 2855bp

@Percentage of F1 fish identified as heterozygous carriers of CRISPR-induced deletions
® Total number of nucleotides deleted from the genomic sequence

Both dusp6 and dusp2 are not required for early zebrafish embryogenesis
While breeding the mutant lines, we found that both dusp6 and dusp2

homozygous mutants are viable. Furthermore, crosses of double heterozygous

2um287/+ 6um286/+

(dusp ;dusp ) carriers produced off-spring at the expected ratios,

including of double homozygous (dusp2-m287um287. g gpEUm286/um286

) animals that
could be raised to adulthood (Figure 2.5A). We took advantage of this to
establish a double homozygous mutant line and used this line for RNA-seq
analysis to identify global changes in gene expression resulting from
simultaneous loss of dusp6 and dusp2. Since dusp6 and dusp2 are expressed in
multiple tissues at segmentation stages, we extracted RNA from pools of 18hpf
whole embryos to generate RNA-seq libraries (Figure 2.5B).

RNA-seq analysis yielded 673 genes that are differentially-expressed

between wildtype and mutant embryos out of 23150 total genes with mapped

reads. Of those that are differentially-expressed, 334 are up-regulated and 339
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Figure 2.5. Loss of dusp6 and dusp2 does not impact early development

A. Offspring from crosses of dusp2267*;dusp6“?%%* fish were raised to adulthood and genotyped in order to determine the
percentage of each possible genotype in surviving fish. A chi-square test indicates no significant statistical difference between the
actual and expected Mendelian ratios. B. Outline of RNA-seq library production. C. Diagrams representing the number of differentially
expressed up-regulated (left circles) and down-regulated (right circles) genes in dusp2 ;dusp6 mutants versus
wildtype. Inner circles indicate the subset of genes annotated in ZFIN. D. 23 genes identified as differentially expressed by RNA-seq
were re-examined by gPCR on wildtype versus dusp2 -duspé cDNA. E-H. 48hpf wildtype (E, F) and

dusp2 ;dusp6 mutant (G, H) embryos were assayed for changes in otx5 (E, G) and six7 (F, H) expression by in situ
hybridization. I-Q. Uninjected dusp6 (1), dusp2 (J), and dusp2 ;dusp6 (K) mutants, as well as dusp6
MO-injected dusp6m2#%um2%6 mutants (L-N) and dusp2 MO-injected dusp2:m#7m267 mutants (O-Q) were assayed by immunostaining
with 3A10 antibody to detect the Mauthner neurons at 48hpf. R-W. 12hpf wildtype (R, S, T) and dusp2 ;dusp6 Y, v,
W) embryos were assayed by immunostaining for pERK (green in R, U; red counterstain detects the Valentino transcription factor), as
well as by in situ hybridization for expression of pea3 (S, V), and erm (T, W). X-AA. Wildtype (X, Y) and dusp2 ;dusp6’

(Z, AA) embryos were injected with fgf8@ mRNA and the expression pattern of pea3 visualized by in situ hybridization. All embryos are

in dorsal view with anterior to the top. Numbers in top right corner of each panel indicate the total number of embryos assayed for that
condition. Numbers in bottom right corner indicate percent of embryos with the phenotype shown.
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are down-regulated in the mutants (Figure 2.5C). We selected 23 differentially-
expressed genes for validation by quantitative PCR (QPCR) on independently
prepared cDNA samples collected from sibling embryos. We find that the
expression changes observed by RNA-seq are confirmed by gPCR analysis for
18 of these genes (78%; Figure 2.5D).

Next, we narrowed the number of candidate genes down to 504 by
pursuing only those with a Zebrafish Information Network (ZFIN, [105]) gene ID
number, as these have available information regarding their expression pattern.
For this list of differentially-expressed genes, we examined whether there is an
enrichment in genes that function within particular pathways, specifically the ERK
signaling pathway or another MAPK pathway. Although the PANTHER gene
ontology classification system [106—108] grouped 124 of the up- and down-
regulated genes into 44 different pathways, there is no clear enrichment for any
singular pathway (Figure 2.6). We next reasoned that genes expressed in the
same regions as dusp6 and/or dusp2 would be the best candidates for genes
affected in the mutant lines. Using ZFIN’s gene expression database for wildtype
fish [109], we analyzed the body structures in which the candidate genes are
expressed, with a focus on the regions containing dusp6 and dusp2. Of the 504
genes, 97 are expressed in 25 different structures that overlap with dusp6 and
dusp2 expression (Table 2.5). We selected two genes (otx5 and six7) that are
expressed in the same regions of the forebrain as dusp6 and dusp2 and that
were also validated by qPCR, but we were unable to detect any change in

expression of these genes using in situ hybridization (Figure 2.5E-H).
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Figure 2.6. Gene ontology grouping of differentially-expressed genes
Representation of gene ontology grouping of 124 differentially-expressed genes into 44
different signaling pathways performed by Panther.
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Table 2.5. Differentially-expressed genes in the same body structures as dusp6 and dusp?2

Regions of the fish where dusp6 and/or
dusp2 are expressed *

Differentially-expressed genes also found
in those regions

axial hypoblast

gsc

blastodisc

nanos3

gsc

brain

gria2a

nuprl

slcl4a2

def6a

calbb

irf8

cabpla

prkecqg

sultébl

s$100z

kiss1rb

tmie

rbp7a

kissl

duox2

ptger3

dbh

diencephalon

kiss1rb

kissl

gsc

forebrain

dock8

pth2r

hindbrain

grid2

kiss1rb

kiss1

sstl.2

dbh

pth2r

hindbrain neural plate

si:ch211-152c2.3

hypothalamus

gria2a

mchrlb

kiss1rb

sstl.2

margin

egin3

im:7138239

mespab

gsc

midbrain

pckl

dock8

kiss1rb

kissl

pth2r

mucus secreting cell

2gc:92066

cabpla

neuron

dbh

optic vesicle

pth2r

otic vesicle

si:ch211-152c2.3

2gc:92066

cabpla

tmie

agbl4

gsc

pth2r

pectoral fin

gpib

def6a

ptgrl

mxra8a

gsc
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pectoral fin bud

gsc

peripheral olfactory organ

zgc:92066

sultébl

5100z
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The lack of an apparent phenotype in dusp germ line mutants led us to

6um286/um286 2um287/um287

examine if the dusp and dusp mutants recapitulate the loss

of Mauthner cells observed in dusp morphants (Figure 2.1E-M). Strikingly,

6um286/um286’ duspzum287/um287, and

Mauthner neurons form normally in dusp
dusp2um287um28T. 4\ 5pEUMm286Ium28e oy tants (Figure 2.51-K). To examine the cause
of this discrepancy further, we injected MOs into the respective mutant line and
find that Mauthner cells are lost (Figure 2.5L-Q). Since these mutant embryos

derive from homozygous mutant parents and lack the sequences encoding each
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phosphatase, the MOs cannot affect dusp gene expression, but likely have an
off-target effect. Because a previous study reported defective bmp4 and chordin
expression in dusp6 morphants [84], we also examined a variety of other genes
involved in early embryonic patterning, including krox20, fgf3, fgf8, bmp2b, bmp4,
chordin, and nogginl, but detect no changes in expression in

QUM287IUM287. o\ 51y GUM2861UM286 o ry line mutants (Figure 2.7). We conclude

dusp
that zebrafish dorsoventral patterning and Mauthner cell formation is independent
of dusp6 and dusp2 activity.

To further address the absence of a phenotype, we next investigated the
level of pERK (the primary substrate for both dusp6 and dusp2) during early
segmentation, when both phosphatases are expressed. Double mutant embryos
stained with an anti-pERK antibody, and counter-stained with an anti-Valentino
antibody marking r5 and r6 of the hindbrain, show no differences in intensity or
location of pERK within the hindbrain or other regions of the embryo compared to
wildtype embryos (Figure 2.5R, U). We also examined the expression patterns of
two ERK target genes, pea3 and erm, of which neither is affected in the mutants
(Figure 2.5S-T, V-W). Since key signaling pathways, such as the ERK signaling
pathway, are held under many levels of regulation [10-14,16], we considered the
possibility that other forms of control could be compensating for the loss of dusp6
and dusp2. Accordingly, we hypothesized that challenging the pathway by
exposure to higher levels of ligand might expose a defect in the mutants. To test

this, we injected wildtype and mutant embryos with fgf8 mRNA, raised them to

the early segmentation stages, and then examined the expression pattern of the
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Figure 2.7. Additional patterning markers
examined in the dusp24m287um287 - gy s p Gum286/um286
mutants

A-N. Wildtype (A, C, E, G, |, K, M) and
dusp2um287/um287;dusp6um286/um286 mutant (B’ D’ F, H’ J’ L,
N) embryos were assayed by in situ hybridization for
expression of krox20 at 18hpf (A-B), fgf3 at 14hpf
(C-D), fgf8 at 12hpf (E-F), bmp2b at 7hpf (G-H), bmp4
at 7hpf (I-J), chordin at 7hpf (K-L), noggin1 at 7hpf
(M-N). O-R. Wildtype (0) and dusp2um267um287 mutant
(P) embryos were assayed by in situ hybridization for
expression of dusp6 at 12hpf. Q-R. Wildtype (Q) and
dusp6umze6um2gs mytant (R) embryos were assayed by
in situ hybridization for expression of dusp2 at 12hpf.
Embryos are in dorsal view with anterior to the top.
Numbers in top right corner of each panel indicate the
total number of embryos assayed for that condition.
Numbers in bottom right corner indicate percent of
embryos with the phenotype shown.
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ERK target gene pea3. While excess fgf8 proved to have a gross effect on early
embryonic development and morphology, we did not observe a difference in the
effect between wildtype and mutant embryos (Figure 2.5X-AA). We conclude
that, despite validated gene expression changes in the mutants, disrupting dusp6

and dusp2 function does not produce defects in early zebrafish embryogenesis.

Homozygous dusp6 mutant embryos have reduced viability through gastrulation
During our analysis, we noticed that the offspring of dusp6 homozygous
mutants have reduced viability during the first 10 hours after fertilization. To

gUM239um239 o 1tches were collected

examine this effect further, wildtype and dusp
and the number of live embryos counted at 1hpf and 10hpf. We routinely observe
that a small percentage (approximately 5%) of wildtype embryos die by the end

of gastrulation, but the homozygous dusp6"™23%/um239

embryos show a significant
decrease in viability with only approximately 50% of embryos surviving to 10hpf

(Figure 2.8A). We also examined the viability of dusp2!™287im287. qygpeum286/um2se
double homozygous mutants. These clutches show a decrease in viability

com parable tod u5p6um239/um239

mutants (Figure 2.8B), suggesting that loss of
dusp2 does not decrease viability further. This also demonstrates that both
dusp6 mutant alleles exhibit the same phenotype. Lastly, we examined if one
parent is responsible for the reduced survival phenotype. To address this, we
crossed a wildtype female to a dusp2™28""M287: qysp6Um285uM288 male or a

wildtype male to a dusp2'™m287um287. 4 spEUm286uM286 famale. The survival of

embryos from these crosses, while somewhat variable from clutch to clutch, is
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Figure 2.8. dusp6 homozygous mutant embryos have reduced viability through
gastrulation

A, B. Comparison of the percent live embryos at 1hpf and 10hpf between wildtype and
dusp6umz39um239 clutches (A), and wildtype and dusp2¢m287um287 -y gp 6um266um286 mutant
clutches (B). Statistical significance was determined by t-test and the p-value is indicated.
C. Comparison of the percent live embryos at 1hpf and 10hpf in clutches derived from
wildtype male crossed to wildtype female, wildtype female crossed to
dusp2umas7um287 - dy sp 6um286um286 mutant male, and wildtype male crossed to
dusp2um2s7um287 - ofy  sp 6um286um286 mutant female. ANOVA analysis did not reveal a statistically
significant difference. A minimum of three clutches was analyzed for each cross with the
mean percentages displayed + SD.
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not statistically different than that of wildtype embryos (Figure 2.8C), indicating

that reduced viability is observed only when both parents are mutant.

A fraction of homozygous dusp6 mutant embryos stall at the first cell division
To further characterize the reduced viability of dusp6 mutants, we

collected clutches of wildtype and homozygous dusp6"m23%/um239

embryos and
monitored them throughout the cleavage, blastula, and gastrula stages (Figure
2.9A). For the dusp6"™3%m23 c|ytches, we again found that 50% of embryos die
by 10hpf. However, in contrast to wildtype embryos that had all undergone at
least one round of cell division by 1hpf, approximately 40-50% of duspgUm239/um239
embryos remained at the one-cell stage at 1hpf. We refer to these as ‘stalled’
embryos and we monitored their development for the subsequent stages. We
find that all of the stalled embryos remain at the one-cell over the next 8 to 10
hours until they eventually die. We noticed that some of the stalled embryos
proceed to develop a slight cleavage furrow, but they appear to be unable to

complete the process of cell division, and will later return to the smooth cellular

surface typically seen at the one-cell stage. We again find that clutches of

2um287/um287.dusp6um286/um286 6um239/um239

dusp embryos behave similarly to dusp
clutches (Figure 2.9A), indicating that loss of dusp2 does not further decrease
viability. This again demonstrates that both dusp6 mutant alleles have the same
phenotype. We also examined clutches from a wildtype female crossed to a

2um287/um287.dusp6um286/um286

dusp male and a wildtype male crossed to a

dusp2um287um28T. 4,5 pEUMm286UM28e famzle. These exhibited less severe profiles
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Figure 2.9. A fraction of dusp6 homozygous mutant embryos stall at the first cell division

A. Embryos from wildtype, dusp6vm#9vm239 and dusp 2¢m287um287 gy sp6um266um286 clutches were monitored
throughout early development and the health of each embryo scored at each time point according to the
brightfield images to the right (a minimum of three clutches were scored for each cross). Average cumulative
counts are shown. B-D. DAPI staining on 1hpf embryos to visualize the nuclei. E-l. Immunostaining for
phospho-histone H3 to visualize mitotic nuclei. J-M. DAPI staining at 10 minutes post fertilization to visualize the
early pronuclei and determine if embryos are fertilized. N. Quantification of wildtype and
dusp2vmze7um287 -y sp6Um28eum266 mutant embryos containing one or two pronuclei. A t-test yields a p-value of
>0.999 indicating no significant statistical difference. O-Q. DAPI staining to detect polar bodies in embryos at 10
minutes post fertilization. White arrows indicate pronuclei and yellow arrowheads indicate polar bodies. Numbers
in top right corner of each panel indicate the total number of embryos assayed for that condition. Numbers in
bottom right corner indicate percent of embryos with the phenotype shown.
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(Figure 2.10), further supporting our previous conclusion that both parents need
to be mutant to significantly affect embryo viability.

Although the stalled embryos appear unable to complete cell division, it is
unclear if they are progressing through the cell cycle. To address this, we
visualized the nuclei of embryos using DAPI at 1hpf. At this time point, wildtype
and healthy dusp2-m287um287. q5p6|M288m286 empryos are entering the 8-cell
stage, while the stalled embryos remain at the one-cell stage. Accordingly,

wildtype and healthy dusp2!™m287um287. 4 gpg|m286/um286

embryos contain eight
DAPI-positive nuclei with varying degrees of condensation likely depending on
their position in the cell cycle at the time of fixation (Figure 2.9B-C). In contrast,
the stalled embryos contain a single large and disorganized DAPI-positive
nucleus (Figure 2.9D). We conclude that the stalled

um287/um287. um286/um286
2 ;dusp6

dusp embryos are unable to complete the cell cycle.
To test at what point of the cell cycle the stalled embryos are arresting, we
used a phospho-histone H3 antibody to detect mitotic nuclei. Histone H3
becomes phosphorylated at serine 11 during the end of the G2 phase and the
early stages of mitosis [110]. Since the first several cell cycles in the developing
zebrafish embryo lack G1 and G2 phases [111], positive staining with this
antibody should indicate nuclei that are in mitosis and not in interphase. Notably,
it is not possible to synchronize embryos in the cell cycle prior to fixation, so we
expected to see some embryos in mitosis and some in interphase. At 1hpf, when

normally developing embryos should enter the 8-cell stage, we find that 44% of

wildtype embryos and 31% of healthy dusp2U™?874M287: gy spgUm286/um286 e mhryos
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Figure 2.10. Offspring from a single mutant parent have a milder phenotype
Clutches of embryos from a wildtype female crossed to a dusp2um287um287 oy sp Gum286/um286
male and a dusp2um287um287 -qsp 6um286m286 female crossed to a wildtype male were
monitored throughout early development and the health of each embryo scored at each
time point as in Figure 2.9A. A minimum of six clutches were scored from each cross.
Average cumulative counts are shown.
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are mitotic, while the remaining embryos are in interphase (Figure 2.9E-F, H-I). In
contrast, at 1hpf all stalled embryos contained a single nucleus that is positively
stained with the phospho-histone H3 antibody (Figure 2.9G). Since the first round
of mitosis should have begun at approximately 30 minutes post fertilization, these
embryos must have been stalled in mitosis for at least 30 minutes prior to
fixation. Additionally, all of the stalled embryos contained only one nucleus, as
seen by the DAPI and phospho-histone H3 staining, indicating that they do not
proceed to anaphase when the sister chromatids are pulled apart. Indeed,
separated chromatids are commonly seen in wildtype and healthy

QUM287IUM287. o\ 56 UM2861UM286 e Mhryos at 1hpf (Figure 2.11), but are never

dusp
observed in stalled embryos.

We next examined whether the stalled embryos are fertilized. In the few
minutes following fertilization, the maternal and paternal pronuclei condense,
migrate towards each other, and merge allowing the zygote to enter the cell
cycle. Hence, the presence of two pronuclei indicates that an embryo has been
fertilized. To visualize fertilization, we fixed embryos 10 minutes post fertilization
and stained them with DAPI. However, since pronuclear fusion is very rapid and
the embryos are collected from natural matings, it is difficult to catch all pronuclei
prior to fusion. Accordingly, we find 79% of wildtype embryos contain two
detectable pronuclei at 10 minutes post fertilization, indicating that these
embryos are fertilized (Figure 2.9J, L, N). At this early time point, we cannot

distinguish between dusp2!™287um287. 4 spEUm286M288 e mpryos that are healthy

and those that will stall at the one-cell stage. However, if the stalled embryos are
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Figure 2.11. DAPI staining detects embryos undergoing mitosis

DAPI staining at approximately 1hpf shows that both wildtype (A) and healthy
dusp2um2s7um287 - sp 6um286um286 mutant (B) embryos can be detected at stages of mitosis
when the chromatids are separated. Numbers in top right corner of each panel indicate
the total number of embryos assayed for that condition. Numbers in bottom right corner
indicate percent of embryos with the phenotype shown.
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not fertilized, we would expect to see an approximate 50% reduction in
dusp2um287um28T. 4\5pEUMm286Im286 o mhryos with two pronuclei, since we know that
50% of them will stall (Figure 2.9A). Instead, we find that 74% of

QUM287IUM287. o\ 5 UM2861UM286 o Mhryos contain two detectable pronuclei

dusp
(Figure 2.9K, M, N), indicating that these embryos are fertilized at the same rate
as wildtype embryos. A t-test confirms that there is no significant difference in the
fraction of embryos with two pronuclei from wildtype and
dusp2um287um287. 4, 5pEUMm286UM286 o1 ytches (Figure 2.9N).

DAPI staining at 10 minutes post fertilization also labels the polar bodies

and we noticed that some dusp2!™?87uM287. 4 gpgum286/um286

mutants have large
and disorganized polar bodies (Figure 2.90-Q). The frequency of abnormal polar
bodies (14%) is lower than the frequency of stalled embryos (approximately 50%)
and the polar bodies appear to be degraded on time in

um287/um287. um286/um286
2 ;dusp6

dusp mutants, likely ruling out a role for abnormal

polar bodies in the stalling of mutant embryos.

We conclude that dusp2-m287um287. g gpEHm286/um286

embryos are fertilized,
but approximately 50% of them stall during mitosis of the first embryonic cell
division. These embryos remain arrested in the early stages of mitosis for several

hours until they die prior to the end of gastrulation.

duspé6 is expressed in zebrafish ovaries and testes
Our analysis revealed that approximately half of

dusp2um287um28T. 4,5 pEUMm286UM28e oy tant embryos stall during the first embryonic
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cell division. This event precedes activation of the zygotic genome, which occurs
at 3-4hpf in zebrafish embryos, and must therefore be controlled by maternally
deposited components supplied during oocyte maturation in the ovary. We
therefore determined if dusp6 transcripts are detectable in the ovary and in the
early fertilized embryo. We find that dusp6 is robustly expressed in the ovary,
albeit at somewhat lower levels than in other adult tissues (Figure 2.12A). In
contrast, dusp6 is detected at very low levels at maternally controlled stages of
embryogenesis (2.5hpf) relative to zygotically controlled stages (6hpf; Figure
2.12B), in agreement with a previous report that dusp6 and dusp2 transcripts are
not maternally deposited in zebrafish [112]. In zebrafish, the large oocytes
contribute the majority of cellular volume of the ovary while smaller granulosa
cells surround the maturing oocytes and provide growth signals, maternal
transcripts, and nutrients via gap junctions. Since dusp6 is present at very low
levels in fertilized oocytes (Figure 2.12B), it is likely that dusp6 is primarily
expressed in the granulosa cells. Interestingly, dusp6 is also expressed in the
adult testes (Figure 2.12A), consistent with our finding that decreased viability is
only detected when both parents are homozygous mutants. Based on the current
literature [113] and higher level of expression seen by gPCR, it is likely that

dusp6 is expressed in the sperm itself and the surrounding seminiferous tubules.
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Figure 2.12. dusp6 is expressed in ovaries and testes

dusp6 expression in wildtype adult zebrafish organs (A), as well as in wildtype and
dusp6mz39um239 mytant embryos at 2.5hpf and 6hpf (B), was assessed by quantitative
RT-PCR. Results of three independent experiments were normalized to those of
b-actin and displayed as the mean + SD.
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DISCUSSION

In order to identify a role for dusp6 and dusp2 in the developing zebrafish,
we generated mutant lines carrying loss of function alleles for these two
phosphatases, including a double homozygous mutant line. Our experiments
show that a varying percentage of off-spring from homozygous dusp6 mutants
stall at the one-cell stage, unable to complete the process of cell division, and die
within the first 10 hours after fertilization. Since the onset of mitotic arrest occurs
very soon after fertilization in the affected embryos, we propose that loss of
dusp6 function prevents the proper production of zebrafish gametes in adult
homozygous mutants. In contrast, loss of dusp2 function does not affect embryo
viability and we have been unable to identify a role for dusp2 in zebrafish

embryogenesis.

Mis-regulated ERK signaling may disrupt development of female and male
gametes in dusp6 mutants

Our results indicate that the decreased viability of dusp6 mutant embryos
is the result of defective gametes, but the underlying mechanism is not clear.
Since dusp6 acts as a feedback inhibitor of ERK signaling and is expressed
during both oogenesis and spermatogenesis, dusp6 mutants would be expected
to have excess gonadal ERK activity. However, the fact that only a subset of
mutant embryos is affected suggests that the effect on ERK signaling is subtle

and since pERK staining in zebrafish is somewhat variable, it would be difficult to
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assess this directly. However, work in other systems has shown that ERK
signaling is essential for gametogenesis. In particular, two gonadotropins,
luteinizing hormone (LH) and follicle stimulating hormone (FSH), are the primary
drivers of ovarian follicle growth and stimulators of the granulosa cells
surrounding the developing oocyte [114]. A study performed on rat granulosa
cells demonstrated that DUSP6 in the granulosa cells keeps ERK inactivated in
the absence of FSH [115]. Once maturation is initiated by FSH, PKA is activated
through cAMP to inhibit DUSP6, thereby allowing active pERK to accumulate and
drive downstream genes promoting oocyte maturation. For instance, cell cycle
regulators, such as cyclins, cdc2, and cdc25, are transcribed downstream of
activated ERK and allow the oocyte to proceed through the meiotic cell cycle
[116]. Other genes activated by ERK, such as has2 and ptgs2, are required for
the expansion and growth of the granulosa cells within the ovarian follicle,
creating space for the maturing oocyte [117,118]. Hence, zebrafish dusp6
mutants may suffer from excess signaling in these pathways that could in turn
affect expression of cell cycle regulators, perhaps causing oocytes to be released
prematurely. Additionally, mis-regulated ERK signaling may result in oocytes that
are lacking specific factors, transcripts, or proteins necessary for the early
embryonic cell cycle.

The generation of healthy sperm in adult males also requires well-
coordinated ERK signaling. Cell cycle regulators and condensation factors
downstream of ERK are required for proper chromatid separation and

condensation maintenance between rounds of meiosis [119-121]. Similar to the
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granulosa cells of the ovary, Sertoli cells coordinate meiotic progression of the
developing spermatocytes and their growth within the testes [122]. Genes
downstream of ERK ensure the integrity of vital tight junctions between the
Sertoli cells and spermatocytes during maturation [123]. ERK has also been
detected in the tails of human sperm where it is required for proper sperm motility
[124] and ERK within the sperm tails also has a role in the acrosome reaction
that allows the sperm to penetrate the oocyte membrane [124]. Excessive ERK
signaling in dusp6 mutants could result in premature condensation of
chromosomes or perhaps weaken the tight junctions with spermatocytes. Our
results show that fertilization occurs normally with the dusp6 mutant gametes,
implying that the acrosome reaction is not effected, but similarly to the oocytes,
these sperm may be lacking specific factors necessary for the early embryonic
cell cycle.

Additionally, there is evidence that mis-regulation of ERK signaling within
the mammalian reproductive system results in abnormal pubertal development
and infertility. Female mice carrying a mutant allele for constitutively active RAS
have defects in ovulation, and ERK1/2 mutant female mice are completely
infertile [38,40]. Additionally, congenital hypogonadotropic hypogonadism in
humans affects both males and females and has been linked to missense

mutations in DUSP6 and other ERK regulators [90].
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Dusp6 may act to maintain ERK signaling within a permissive range

A key observation regarding the stalling of dusp6 mutant embryos is that
only a portion of each clutch is affected (approximately 40-50%, Figure 2.8A-B,
Figure 2.9A). This implies that not all oocytes and/or sperm produced by
homozygous mutant adults are defective, but the basis of this variability is
unclear. There is evidence of cell-to-cell variability in levels of protein kinase
signaling, and negative feedback regulators such as Dusp proteins are thought to
act to minimize the variation [125]. Differences in gene expression and protein
concentrations contribute to variability in signaling intensity among individual
cells [126,127], and studies in various cell types and signaling pathways have
identified roles for redundant regulators in reducing signal noise [128,129]. We
therefore hypothesize that dusp6 is required to minimize variations in ERK
signaling during gametogenesis and that when dusp6 is lost, a fraction of oocytes
and spermatocytes become exposed to ERK signaling outside a permissive
range. Most oocytes and spermatocytes in the mutants would still be exposed to
levels of ERK signaling that fall within the permissive range, but a percentage
would receive excessive ERK signals leading to abnormal development, as
discussed above. Since only half of the mutant embryos are affected, we also
predict that the increase in signaling experienced by dusp6 mutant gametes may
be relatively subtle. In support of this model, the phenotype of Dusp6 mutant
mice is also incompletely penetrant [81], consistent with a general role for dusp6
in maintaining a permissive range of ERK activity. However, the possibility

remains that the incomplete penetrance displayed in these mutants may result
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from other causes, such as variations in genetic background, epigenetic factors,
individual variations in expressivity, or partial compensation from other
regulators.

The role of Dusp6 as a negative regulator of ERK signaling is highly
conserved throughout the animal kingdom. For instance, Dusp6 mutant mice
exhibit increased pERK and Erm expression, skeletal dwarfism,
craniosynostosis, and hearing loss [81]. All of these defects are characteristic of
FGF receptor activating mutations, alluding to the common role of Dusp6 as a
negative regulator of ERK signaling. Similar to dusp6 mutant zebrafish, Dusp6
mutant mice have increased postnatal lethality, with a significant decrease in
homozygous mutant pups surviving to weaning age. However, the mouse
mutants die at later stages than the zebrafish mutants. Hence, there does not
appear to be a comparable defect at the one-cell stage in mouse and zebrafish
embryos. Furthermore, although we initially observed defects in dusp6
morphants, these were not recapitulated in dusp6 germ line mutants. Previous
published analysis of dusp6 morphants demonstrated dorsalization and
expansion of neural domains [84], but these defects were also not observed in
our germ line mutants. Several recent publications have found similar instances
where germ line mutants do not have the same phenotype as the corresponding
morphant [86,87]. While there may be several causes for these discrepancies,
our finding that dusp6 MOs produce a phenotype in dusp6 mutants suggests that
in our case the morphant phenotype is due to an off-target effect. Hence, dusp6

mutant zebrafish that complete the first cell division do not display any overt
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developmental phenotypes, although we cannot exclude the possibility of subtle

phenotypes that we may have overlooked.

Other regulators of the ERK signaling pathway may compensate for the loss of
dusp6

Multiple studies have noted that dusp6 is expressed in many of the same
regions of the zebrafish as FGF ligands [13,16,31,32,95]. Several other proteins
known to regulate FGF signaling are also expressed in these regions, and for this
reason they have been referred to as the FGF-synexpression group. This group
includes other Dusp proteins and phosphatases, members of the Spry family,
Sef, and FIrt [13,16,31,32]. Since these proteins are present in the same regions
and modulate the same pathway, it is very likely that they are able to
compensate for each other when necessary. To address possible compensation,
we analyzed the list of differentially-expressed genes from our RNA-seq
experiment to see if other negative ERK modulators of the FGF-synexpression
group were up-regulated in dusp6 and dusp2 mutants. We did not detect
significant changes in expression level of any of these genes, but it remains
possible that factors regulated by post-translational modifications could
compensate for the loss of Dusp function. Due to the redundancy of these
modulators, it may be necessary to generate mutant lines with more than two
loss of function alleles to observe changes in signaling levels and an overt

developmental phenotype.
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CONCLUSIONS

Our results presented here demonstrate a role for dusp6 in gamete
maturation in both female and male adult zebrafish. Tight regulation of ERK
signaling is vital for these processes and a loss of function dusp6 allele may
result in a shift of active ERK levels. While some gametes develop under
permissive conditions in the mutants, others may be exposed to elevated ERK
levels and this may negatively impact their maturation. The embryos resulting
from the union of a defective egg and defective sperm stall at the one-cell stage,
unable to complete the first mitosis, and die by 10hpf. However, homozygous
mutant embryos from unaffected gametes develop with no overt phenotypes,
suggesting that other ERK regulators are able to compensate during embryonic

development.
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The ERK signaling pathway has been studied extensively in regards to its
kinase components, downstream targets, association with human disease, and
regulation by various modulators. Clear roles have been defined for the pathway
in many aspects of embryonic development, including early cell fate
determination, axial patterning, organ growth, and metabolism. Despite this large
field, the impact of individual regulators on the pathway, and on the developing
embryo, is less understood.

Two such regulators, dusp2 and dusp6, belong to the dual-specific
phosphatase family and both inactivate ERK proteins by removing both
phosphate groups. dusp2 is expressed in a rhombomere-restricted expression
pattern in the early hindbrain under control of one of the hox genes, suggesting a
role in patterning this region, but this has not been previously investigated.
Outside of the hindbrain, Dusp2 has a confirmed role in the inflammatory
response and is up-regulated in activated T cells. In contrast, dusp6 has been
studied in different developmental roles, but it is not clear what effect loss of
function dusp6 will have on zebrafish embryos, as there are significant
differences between the phenotypes seen in genetic mice mutants and zebrafish
morphants. Additionally, the role of these regulators in adult zebrafish is also not
fully understood.

In this work, | present the generation of mutant zebrafish lines carrying
loss of function alleles for these two phosphatases, including a double
homozygous mutant line, with the aim of identifying a role for these modulators of

ERK signaling in the developing embryo. Following the generation of these lines,
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| find that 50% of the offspring from homozygous dusp6 mutants do not survive to
the early segmentation stages. Further characterization showed that the non-
viable embryos are fertilized, but arrest during the first zygotic mitosis and stalled
at the one-cell stage for several hours before dying. Remarkably, the 50% of
mutants that are able to complete the first cell division are healthy and continue
without any defects. Interestingly, the dusp2 mutants show no overt
developmental or adult phenotypes.

In zebrafish, the zygotic genome is not active until approximately 4hpf,
meaning that early development and patterning are controlled exclusively by
maternal factors. The defect | observe in the dusp6 mutants occurs much before
the maternal to zygotic transition, and therefore suggests a defect in the parental
contributions. To support this idea, | demonstrate that dusp6 is expressed in both
male and female gonads during gamete maturation. Based on my observations, |
hypothesize that ERK signaling is kept in a permissive range by tight regulation
in the gonads, and this could explain why only 50% of the embryos are affected
when that regulation is not present. The mutant lines generated here provide
insight into the vital role of this phosphatase in the adult during gametogenesis

and into its non-essential role in the embryo.
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Tightly-Regulated ERK Signaling Promotes the Proper Maturation of

Gametes

The phenotypic stalling | describe in the dusp6 mutants cannot be
dependent on the zygotic genome as it occurs so rapidly after the fertilization
event and prior to the activation of the zygotic genome. This indicates a probable
defect in the gametes produced by the dusp6 mutant parents.

| have demonstrated that dusp6 is expressed in the ovaries and the testes
under normal conditions. Without the negative regulation supplied by the
phosphatase, dusp6 mutants are expected to exhibit higher levels of active ERK
signaling in the gonads. However, this effect is likely subtle. The fact that
approximately 50% of the embryos continue through development to adulthood
with no developmental phenotypes implies that any changes in ERK signaling
during gametogenesis are unlikely to be extreme.

Work in mammalian systems has shown that gametogenesis and the
maturation of oocytes and sperm requires ERK signaling. In adult females, an
orchestrated series of events involving both the developing germ cell and the
surrounding somatic cells allows primary oocytes to mature into fertilizable eggs.
The oocytes must be released from arrest in meiotic prophase | after sufficient
growth, undergo germinal vesicle breakdown and chromosome condensation,
and continue through the second round of meiosis. Several studies have shown
that ERK signaling is essential for these events. Two gonadotropins, luteinizing

hormone (LH) and follicle stimulating hormone (FSH) are the primary drivers of
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ovarian follicle growth and stimulators of the granulosa cells surrounding the
developing oocyte [114]. A study performed on rat granulosa cells demonstrated
that components of the pathway upstream of ERK, including EGFR, Ras, and
MEK, are activated independently of the presence of FSH [115]. However, ERK
is only phosphorylated and active when FSH is present. This study determined
that the presence of Dusp6 in the granulosa cells keeps ERK inactivated until
maturation is initiated by FSH. Then, PKA is activated through cAMP and inhibits
Dusp6, allowing active ERK to accumulate and drive downstream genes
promoting maturation. For example, expression of cell cycle regulators, such as
cyclins, cdc2, and cdc25, is driven by the ERK pathway and allows the oocyte to
proceed through the meiotic cell cycle [116]. Other downstream genes, including
has2 and ptgs2, are required for the expansion and growth of the granulosa cells
within the ovarian follicle, creating space for the maturing oocyte [117,118].

In the mutant lines lacking the negative regulation supplied by Dusp6, |
predict that levels of activated ERK are elevated, especially in the absence of
FSH. In addition to a change in the amount of ERK signaling, the lack of negative
regulation may also create a situation where ERK signals can be initiated without
the proper trigger or during times when the pathway would normally be inactive.
As such, if FSH is not required for Dusp6 inhibition and ERK activation,
granulosa cells may be providing oocytes with an excess of cell cycle regulators.
This could result in oocytes being released from arrest in prophase | prior to
reaching the proper size or a reduction in genome copy number due to rapid

progression through meiosis. Over-abundant ERK signals could also promote
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improper nurturing and signaling to the oocyte, resulting in eggs containing too
many or too few parental factors. | hypothesize that this change in signaling,
even if subtle, could have severe impacts on the maturing oocytes.

To further support this idea, | observe more direct evidence of meiotic
defects. In addition to the maturing oocytes, the asymmetrical cell divisions of
meiosis give rise to small cells called polar bodies. These are normally not
fertilizable, despite containing a full copy of the genome (reviewed in [130,131]). |
observe large and disorganized polar bodies in a percentage of mutant embryos,
presumably those that will go on to stall at the one-cell stage. These abnormal
characteristics may be indications of defects in meiotic chromosomal segregation
or polar body degradation. Both of these problems could result in the developing
embryo carrying an improper genome copy number after fertilization. However,
when mutants are later stained with DAPI at 1hpf, the polar bodies are no longer
visible in both the healthy and stalled embryos. This suggests that while there
may be a delay in their degradation, the polar bodies are eventually properly
degraded or separated from the zygote.

Similar to oogenesis in adult females, the generation of healthy sperm in
adult males also requires well-coordinated ERK signaling. At the beginning of
meiotic metaphase | in the testes, cell cycle regulators are activated downstream
of ERK signaling [119]. The phosphorylation of chromatin-binding factor HMGI-C
by activated Nek2 causes release of DNA [120,121]. This allows condensation
factors to bind chromatids and trigger their condensation in preparation of meiotic

division. This mechanism also maintains condensation of chromosomes between
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metaphase | and Il to ensure the proper reduction of the genome from a diploid
to a haploid state in the spermatids. Similarly to the granulosa cells of the ovary,
Sertoli cells coordinate meiotic progression of the developing spermatocytes and
their growth within the testes [122]. The maturation of spermatocytes requires the
movement of the cells across the seminiferous epithelium and the blood-testis
barrier. The hormones responsible for promoting this movement have been
shown to activate ERK in the Sertoli cells, and downstream genes then ensure
the integrity of vital tight junctions between the Sertoli cells and spermatocytes
[123]. ERK signaling has also been detected in the tails of human sperm [124].
Its activation is required for proper sperm motility and hyperactivation within the
female reproductive tract. It also appears to have a positive role in the acrosome
reaction that allows the sperm to penetrate the oocyte membrane [124].

These demonstrated roles of ERK in proper spermatogenesis provide
evidence that mis-regulation of this pathway could produce defective sperm. In
the mutant lines containing loss of function dusp6, | again predict that levels of
activated ERK are elevated. Excess ERK signaling could result in premature
condensation of chromosomes and lead to improper genome copy numbers in
the resulting sperm. The manipulation of ERK signaling in the Sertoli cells could
also weaken the tight junctions with the spermatocytes, inhibiting proper
movement and resulting in sperm carrying improper parental factors. Mis-
regulation of ERK signaling in the mature sperm itself may also impact the
acrosome reaction and prevent proper fertilization, although this does not seem

to be the case in the dusp6 zebrafish mutants.
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Additionally, mis-regulation of ERK signaling in the mammalian
reproductive system has previously been shown to cause abnormal pubertal
development and infertility. Female mice carrying a mutant allele for constitutively
active RAS have defects in ovulation and ERK1/2 mutant female mice are
completely infertile [38,40]. In humans, congenital hypogonadotropic
hypogonadism has been linked to missense mutations in DUSP6 and other ERK
regulators [90]. This disorder is characterized by gonadotropin deficiency, affects
both males and females, and results in infertility.

Despite the evidence supporting the role of dusp6 in modulating ERK
signaling in the gonads during gametogenesis, this work has not identified a clear
mechanism or nature of the resulting defect. These two caveats to this work are

discussed below.

Is dusp6 expressed in granulosa and Sertoli cells?

As Figure 2.12B demonstrates, dusp6 expression is detectable in both the
ovaries and testes. However, the samples examined here were collected from
whole ovaries and whole testes. This gPCR experiment clearly shows that dusp6
is detectable in zebrafish gonads, but does not provide further information as to
in which specific cell types. Previous work demonstrates that Dusp6 is expressed
in rat granulosa cells [115], in mouse epididymal cells [132], and in rat peritubular
myoid cells of the testes [133], but | have not proven that dusp6 is present in the

corresponding cells of the zebrafish.
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There are two direct approaches to determine the specific gonadal cell
types expressing dusp6 in the zebrafish. Histological sectioning techniques are
commonly used to study tissue organization in zebrafish. Dissected ovaries and
testes could be stained by in situ hybridization for dusp6 and then mounted and
cryosectioned. Similar techniques have been published and could serve as
examples for identifying cell types within the section images [133-135].
Additionally, Michael Tsang’s research group maintains a transgenic zebrafish
line expressing destabilized green fluorescent protein (d2EGFP) under control of
the dusp6 promoter [82]. This line was originally generated as a FGF reporter
line, but | could use this line to further characterize dusp6 expression in adults.
Similar cryosections of dissected ovaries and testes could be examined for
fluorescence to determine the location of dusp6 expression. This method would
require that dusp6 expression is fully recapitulated in Tg(dusp6:d2EGFP) adults
and that the GFP fluorescence is visible from very thin tissue sections.

This question could be further explored in females utilizing a second
transgenic line that expresses GFP under the control of the cypl9ala promoter.
This estrogen synthetase is strongly expressed in the granulosa cells
surrounding maturing oocytes, and thus, the TgBAC(cypl9ala:EGFP) line
specifically fluoresces in granulosa cells [136]. A GFP-positive population of
granulosa cells could be isolated by fluorescence activated cell sorting of cells
from whole ovaries dissected from adult females of this line. The expression of
dusp6 in these cells could then be compared to that in the remaining ovarian

cells by performing gPCR. This experiment would not only show if dusp6 is
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expressed in the granulosa cells, but would also indicate if dusp6 could play a
larger role in the ovary. This type of analysis could also be performed in the
Dr_gsdf:eGFP line [137]. The zebrafish gsdf gene is expressed specifically in
granulosa and Sertoli cells, and expression is increased in cells that are in closer

proximity to the maturing gamete [137].

In what ways are gametes from dusp6 mutant adults defective?

The overt phenotype observed in dusp6 mutants is that approximately
50% of offspring from homozygous parents arrest during the first zygotic mitosis,
remain at the one-cell stage for several hours, and eventually die. This clearly
demonstrates that a large portion of the gametes produced by the mutant adults
are not capable of giving rise to a healthy embryo. However, as shown in Figure
2.9, these gametes are able to complete the fertilization process and the
resulting pronuclei are able to migrate and merge. As mentioned above, |
suggest that mis-regulated ERK signaling in the gonads could result in gametes
that contain an inappropriate genome copy number or contain a defective
parental factor. However, | have not identified the specific defect that prevents
some gametes from developing into healthy embryos in this work.

Mammalian development is very sensitive to whole chromosome
aneuploidies, and the gain or loss of any chromosome is embryonic lethal in mice
[138]. In humans, somatic chromosome duplication results in severe congenital
diseases, with the most widely known example being Down syndrome [138].

However, these aneuploid embryos are able to complete the first zygotic cell
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cycle. Aneuploid zebrafish embryos also survive to the segmentation stages,
albeit obvious morphological defects [139]. This is in contrast to the dusp6
mutants that are not able to complete the first zygotic mitosis. While this
suggests an additional defect in the dusp6 mutant gametes, it may still be
informative to determine if these gametes carry the correct number of
chromosomes by quantifying the genomic DNA in individual oocytes or sperm.
The isolation of oocytes and spermatocytes from zebrafish is straightforward and
well-established [140]. Once isolated, standard flow cytometry following DNA
labeling with propidium iodide could be used to quantify chromosomes [141]. If
this method did not provide the necessary level of sensitivity, fluorescence in situ
hybridization (FISH) could also be used to detect duplications or deletions of
individual chromosomes [141]. Other standard techniques for quantification, such
as gPCR, are technically challenging in gametes due to the extremely small
amount of genetic material. New methods of detecting improper chromosomes
have been tested in humans, as aneuploidy is a common cause of miscarriages
and IVF failure. These involve advanced karyotyping and analysis of the genetic
content of the polar body (reviewed in [142]). Recent advances in next
generation sequencing have also been applied to gamete analysis, and could be
used to identify aneuploidy [143].

Alternatively, the defect carried in gametes from dusp6 homozygous
mutant adults could be the lack or abundance of a specific parental factor.
Maturating gametes and early zygotes are transcriptionally inactive, meaning

early development is controlled by transcripts and proteins provided by the
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parents. Translational control of these parental transcripts by adenylation factors
is necessary for proper temporal and spatial protein expression (reviewed in
[144]). Additional factors, such as non-coding RNAs, small RNAs, and
microRNAs, and epigenetic modifications to histones and DNA methylation are
also required in maturing gametes (reviewed in [145-149]). Mis-regulated ERK
signaling in the gonadal cells that provide the maturing gametes with these
factors could result in gametes that are defective in the factors required for
embryonic development. Single-cell RNA-seq would provide information
regarding all transcripts that are differentially expressed between wildtype and
mutant gametes and might suggest a mechanism by which excess ERK signaling
causes those defects. Single-cell techniques have recently been used to analyze
the transcriptome of many cell types (reviewed in [150]), including oocytes from
human patients [151]. Careful technical decisions would need to be considered to
use this technique on germ cells, such as the method of mRNA isolation and
ribosomal RNA removal. Additionally, ChiP-seq techniques could be used to

compare epigenetic information between wildtype and dusp6 mutant gametes.

Successful Gametogenesis Requires ERK Signaling to Fall Within a

Permissive Range

An interesting observation regarding the phenotypic stalling in the dusp6
mutant embryos is that only 40-50% of each clutch is affected. Likewise, | noticed

significant inconsistency in the percentage of affected embryos among clutches
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of embryos from different parents. | questioned the basis of this variability. These
observations directly imply that not all gametes produced by homozygous mutant
adults are defective, but do not suggest an explanation.

As discussed in previous chapters, there are natural examples of signaling
variability in many pathways and cell types. Small differences in gene expression
and protein concentrations among individual cells can be amplified in a pathway
and can result in variable signal intensity [126,127]. For example, in a clonal
population of mammalian cells, natural differences in protein expression within an
apoptotic pathway allow some cells to survive while others succumb to apoptosis
[126]. The recent use of genetic biosensors will allow further study of these
variations among cells of different types and in different tissues [152]. The
redundant roles of many negative regulators, such as Dusp proteins, are thought
to minimize this variation and signal noise [125,128,129]. Additionally, there are
various examples of phenotypes resulting from improper levels of signaling, as
discussed earlier.

Considering this, | hypothesize that there is a range of acceptable levels of
ERK signaling within the adult reproductive system. In wildtype fish, early stage
oocytes and spermatocytes are exposed to levels of signaling that fall within this
range and they mature normally (Figure 3.1). In contrast, the dusp6 mutant
adults lack a negative regulator and the range of ERK signaling within the
gonads is presumably expanded and increased. This implies that some oocytes
and spermatocytes in the mutants may still be exposed to levels of ERK signaling

that fall within the normal permissive range, but many will sense excess
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range of ERK signaling in WT ovaries and testes

expanded range of ERK signaling in mutant ovaries and testes
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Figure 3.1. Model of permissive and expanded range of ERK signaling

A model illustrating the shifted and increased range of ERK signaling in the mutant fish
lacking the negative regulation normally provided by Dusp6. Some embryos will still
experience levels of signaling within the permissive range, but others will sense more,
resulting in defective gametes and stalled embryos.
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signaling. | hypothesize that these gametes will fail to give rise to healthy
embryos, due to exposure to a level of ERK signaling that is higher than the
permissive range. | also predict that the increase in signaling sensed by these
gametes may not be overtly large, but my observations suggest that this change
has a significant effect on the resulting embryos. Gametes derived from the same
germ cell that remain connected by the syncytium will presumably respond to the
same amount of ERK signaling, but this level may very within the gonad. The
phenotype of Dusp6 mutant mice is also incompletely penetrant [81], further
supporting the idea of a role for dusp6 in maintaining a permissive range of ERK
activity. Conversely, the incomplete penetrance seen here could also be

influenced by various other genetic modifiers.

The dusp6 and dusp2 Morphant Phenotype is Caused by an Unidentified

Off-Target Effect

As presented in Chapter I, | had used MOs targeted against dusp6 and
dusp2 to knock down their expression prior to the generation and analysis of the
germ line mutant lines. MOs have a long history of use in zebrafish before
genome editing techniques were widely available; however, recent discrepancies
between reported MO-induced (morphant) and germ line mutant phenotypes in
zebrafish have been highlighted in several publications [86—89].

With the rise of genome editing systems, such as CRISPR/Cas9, and the

increased ease of generating targeted germ line mutations, many previously-
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published morphant phenotypes can now be validated with genetic deletions.
One study chose 20 different zebrafish genes with MO-induced phenotypes and
generated a mutant line for each of them. Remarkably, ten of these mutants
failed to recapitulate the morphant phenotype [86]. Further examination by the
same group revealed that 80% of published morphant phenotypes are not
observed in genetic mutants from the Sanger Zebrafish Mutation Project. These
findings challenge the reliability of using MOs to achieve loss of gene function.

In light of these surprising comparisons, several explanations have been
proposed. One possible cause may be that the mutant alleles are not completely
loss of function, especially in cases where partial wildtype sequence remains in
the mutant [88]. It is possible for a truncated polypeptide to be produced and
retain some functionality, or for the translation machinery to make use of a
secondary start site. This can be ruled out by quantifying mRNA expression and
assaying for protein function in the mutant to ensure a null allele [88].

Second, the idea of a compensatory network has also been suggested. A
recent study identified a set of genes up-regulated in mutants, but not in
morphants, and revealed that such a network may exist to buffer against genetic
deletions [87]. Since MOs only reduce the amount of translated protein, this
compensation may not be triggered in the morphant, leading to a phenotype that
is only observed in the morphant.

Another concern, which has been noted since the earliest MO
knockdowns, is the activation of tumor suppressor p53. Non-specific toxicity and

widespread apoptosis are common in embryos injected with MO, especially at
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high doses. These effects are likely mediated by p53 and can be easily mistaken
as a knockdown phenotype. Co-knockdown of p53 has been shown to rescue
some MO-induced phenotypes, proving that they are not specific to the targeted
gene [89].

Finally, perhaps the most obvious pitfall of using MOs is the potential for
off-target effects. There is no standard dose appropriate for all MOs, and the
chance of off-target binding increases with the amount injected [88]. It is also
unclear what level of homology is required between the MO sequence and the
target for efficient interference. The ideal method for minimizing off-target effects
is to titrate the MO in a null background [88]. Since the transcript of the target
gene would not be present, any additional phenotype observed would be clearly
caused by the MO and would be an off-target effect. Notably, this could be
difficult distinguish if the null has a complex phenotype. This method would
determine an appropriate dose by identifying a concentration at which there are
no additional effects in a null background and a phenotype is observed in a
wildtype embryo.

This is the exact methodology I followed and is shown in Figure 2.51-K.
Following the observation of a Mauthner neuron phenotype in the dusp6 and
dusp2 morphants on a wildtype background (Figure 2.1E-M), | observed the
same phenotype when the MOs were injected into the respective germ line
mutants. This proves that the MOs are binding to an off-target transcript.
Remarkably, no other region of the zebrafish genome contains 100% sequence

homology to my dusp6 and dusp2 MO sequences. It is possible that the MOs are
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able to bind a region without complete sequence homology, and if this is the
case, | account for the Mauthner neuron phenotype by predicting that they are
knocking down a gene that functions in r4 of the hindbrain.

For these reasons, the zebrafish field has shifted away from the use of

MOs and continues to emphasize the generation of germ line mutant lines.

Remaining Questions and Future Directions of this Work

The work presented here clearly demonstrates a requirement for dusp6
during gametogenesis in female and male adult zebrafish. However, the
mechanism and nature of the defect resulting from the loss of dusp6 is not yet
clear. To further investigate the role of dusp6 and other regulators of the

FGF/ERK pathway, there are several questions to address.

Do dusp6 mutants have additional or more subtle phenotypes?

As discussed in Chapter Il, the offspring of two dusp6 homozygous
mutants that survive the first mitotic cell cycle continue through embryogenesis
with no overt phenotypes. It is impossible to rule out other more subtle
phenotypes without further characterization. Based on the data on dusp6 mouse
mutants, | suggest the examination of other organs and older embryos. Dusp6™
mice have smaller skeletal features and defects in skull growth [81]. Simple
staining with alcian blue and alizarin red will show if dusp6 mutant zebrafish have

similar defects during the hatching period [153]. Dusp6"' mice also exhibit larger
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hearts due to increased myocyte proliferation [83]. Cardiac development and
lineages have been extensively studied in zebrafish, and the size of the heart in
dusp6 mutant embryos could be examined using a marker for cardiomyocytes,
such as Connexin-43. Proliferation of cardiac cells could also be monitored by
BrdU labeling. The loss of Dusp6 also causes hearing loss in mice [81].
Behavioral experiments could determine if dusp6 mutant zebrafish exhibit any
auditory or vestibular defects, and Pax2a could be used as an otic vesicle marker
to confirm normal morphology. Again, these phenotypes would likely be very
subtle, incompletely penetrant, and unlikely to affect viability of the individual.

In the adult dusp6 mutants, further characterization should focus on
defects in the gonads and gametes. It would be ideal to quantify changes in ERK
signaling between wildtype and mutant gonads. This could be done by fixing and
sectioning dissected ovaries and testes, and then immunostaining for pERK.
However, this technique could be very technically challenging as the difference
may be small and may only occur in a percentage of gonadal cells. Additional
examination of the granulosa cells of the ovary could be done using the
TgBAC(cypl9ala:EGFP) or Dr_gsdf.:eGFP lines mentioned above [136,137].
The dusp6 loss of function allele would need to be crossed onto these lines. A

+/+

comparison of the transcriptome between dusp6** and dusp6™ granulosa cells
could then be performed by dissecting the ovaries, cell sorting to obtain a
population of granulosa cells, and performing RNA-seq. This would provide
insight into the transcriptional changes caused by an increase in ERK signaling

specifically in the cells controlling oocyte maturation.
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To further focus on the embryos that do not survive, it would be
informative to quantify the genomic DNA following the fusion of the maternal and
paternal pronuclei. Numerous techniques could be used to perform this
guantification, including flow cytometry, FISH, karyotyping, and qPCR [141,142].
This information would provide a genetic reason as to why these embryos are
unable to develop normally. Moreover, it would be interesting to determine if the
stalled embryos are able to enter a second S phase without completing the first
mitosis. | suspect this is unlikely, but possible, and could be determined using
BrdU labeling of one-cell embryos.

Additionally, all of the aforementioned experiments could be performed on

the dusp2 mutants, in which | was not able to identify a phenotype previously.

Why are dusp6 and dusp2 nonessential in the embryonic hindbrain?

Based on their expression patterns and the requirement for FGF signaling,
| had hypothesized that dusp6 and dusp2 would play an important role in
hindbrain development. My results clearly suggest that this is not the case. This
raises the question of redundancy and compensation among negative regulators
of the FGF/ERK pathway.

| intended to address this question by comparing the transcriptomes of
wildtype and dusp2™;dusp6” embryos by RNA-seq. However, | was unable to
identify genes that were up-regulated in compensation for the loss of dusp6 and
dusp2 or genes that were differentially-expressed and interact with the FGF/ERK

pathway (Figure 2.5C-D, Figure 2.6, Table 2.5). To improve upon this
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experiment, it may be more informative to construct RNA-seq libraries from
MRNA isolated from dissected hindbrains, or even isolated r4 cells. It is clear that
the ERK pathway is under different levels of regulation in different regions of the
body, and the previous use of mMRNA from whole embryos may be diluting any
changes that are specific to the hindbrain. Moreover, there may be post-
translational modifications required to activate other negative regulators of the
pathway. Specific assays could be designed to determine if increased levels of
these modifications are present despite no increase in transcription.

The most direct readout of dusp6 and dusp2 function in the hindbrain is
immunostaining for pERK, but this technique is challenging, variable, and not
easily quantifiable. It may be more informative to perform a different
phosphorylation assay. Lysates from dissected hindbrains could be probed by
Western blot using the same pERK antibody or using a non-antibody method of
detecting protein phosphorylation, such as Tymora’s pIMAGO kits. More
traditional in vitro enzymatic assays or a phospho-specific ELISA could also be
used. However, small changes may not be detectable and these techniques
would not provide information regarding where in the hindbrain any pERK
changes occur. Additionally, a key difference between the two phosphatases is
that Dusp6 has a stronger specificity for ERK MAP kinases, while Dusp2 has
been reported to target INK and p38 in addition to ERK in certain contexts
[71,72]. This begs the question of whether the activation status of JINK and p38

MAP kinases is changed in the dusp2 mutants. Immunostaining for pJNK and
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pp38 will show if these pathways are affected, but again, any differences are

likely subtle as the dusp2 mutants exhibit normal development and survival.

Are there other roles for regulators of FGF/ERK signaling in adults?

In addition to dusp6 and dusp2, there may be novel roles for other
modulators of the FGF/ERK pathway in the gonads or adult zebrafish. It will need
to be determined where many of these proteins are expressed in the adult
system. By examining the regions in which multiple regulators overlap, it may be
possible to get create germ line mutant lines lacking several regulators that have
more severe phenotypes.

Further investigations, both using the germ line mutants generated here
and other similar lines, may provide insight into the roles of modulators of the
FGF/ERK pathway in a broader context, particularly in the adult. Although much
of the field focuses on embryonic development, the pathway has also been
studied in adults due its association with mainstream areas of study. The
FGF/ERK pathway has been shown to play vital roles in regeneration of adult
tissues in the zebrafish (reviewed in [154]), especially in the fin [155] and spinal
cord [156]. Glia progenitors of the adult brain, which will give rise to cells that
support and insulate neurons, also require active ERK signaling to proliferate and
differentiate [157]. In humans, FGF/ERK and EGF/ERK pathways have
established roles in the formation and metastasis of numerous cancers,

especially those of the female reproductive system (reviewed in [49,158-160]).
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At this time, it is not fully understood what roles all of the pathway modulators

may play in these processes.

CONCLUSIONS

In conclusion, this work establishes a role for dusp6 in gamete maturation
in female and male zebrafish. By generating germ line mutations, | show that a
loss of function dusp6 allele results in defective gametes that do not give rise to
healthy offspring. Interestingly, not all gametes and embryos are affected, and
my model illustrates how the loss of negative regulation normally supplied by
Dusp6 results in increased signaling range and variability. This suggests that
some gametes develop under normal ERK signaling conditions, while others
sense excess signaling and this negatively impacts their maturation. Notably,
homozygous mutant embryos from unaffected gametes develop with no overt
phenotypes, leading me to believe that other ERK regulators are able to
compensate during embryonic development. The FGF/ERK signaling pathway
has numerous vital roles throughout embryonic and adult life, meaning our
understanding of its regulation is important for the future treatment of human
disorders and diseases. Further investigation of the key regulators of this
pathway will continue to provide insight into redundancy, plasticity, and

compensation in signaling networks.
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INTRODUCTION

In addition to the Dusp family, the Sprouty (Spry) proteins also negatively
regulate the ERK signaling pathway. This group is composed of the four
vertebrate homologs to the singular Spry protein in Drosophila. Spry was
originally identified as an inhibitor of the Breathless FGF receptor during tracheal
development [17]. Since then, several studies have demonstrated the ability of
the Spry proteins to antagonize receptor tyrosine kinase signaling, specifically
the ERK pathway through FGF signaling [18—25]. Similarly to the Dusp family,
Spry expression requires activation through FGF signaling, suggesting a
negative feedback loop system of regulation [161,162].

Interestingly, the Spry proteins contain no conserved protein-protein
interaction or catalytic motifs [23,24,163], making it difficult to determine the
mechanism by which they function as part of the signaling pathway. Each
member of the family contains conserved serine- and cysteine-rich protein
regions. It has been shown that Spry proteins require phosphorylation on a
tyrosine residue to have inhibitory activity [17] and these regions are believed to
be involved in kinase interactions [18]. Due to the lack of other interaction
domains or any conserved protein domain, it remains unclear with which
component of the FGF signaling pathway Spry proteins interact. Early studies in
Drosophila suggested that Spry acts on Grb2 downstream of the FGF receptor
(Figure 1.1) [17-20]. Later studies performed on cultured cells reported the

possibility that Spry inhibits activation of Raf or Ras (Figure 1.1) [23,24]. It is
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possible that different Spry proteins act at different levels in the pathway, or that
their interactions may be dependent on the cellular environment, but these
precise interactions are not yet understood.

In the context of embryonic development, the Spry family has been
connected to several important roles, all of which involve the negative modulation
of ERK signaling. In mouse embryos, the loss of Spryl and Spry2 causes an
increase in the size of the otic placode as epidermal cells are recruited to the otic
domain as a result of increased FGF signaling [21]. Anti-sense morpholino oligos
have been used to generate spry4 morphants in zebrafish and these embryos
are dorsalized in a similar manner to embryos with up-regulated FGF/ERK
signaling [22]. Work in zebrafish has also shown that Spry proteins also work
cooperatively with Sef at the mid-hindbrain boundary to regulate FGF together
with BMP signaling [164]. In accordance with their antagonistic effect on ERK
signaling, Spry proteins have demonstrated roles in inhibiting cell differentiation
and growth factor targets more broadly [23,165].

Of the four proteins in zebrafish, spryl shows the strongest expression in
the hindbrain region. During the early segmentation stages, spryl is expressed in
a nearly-identical pattern to that of dusp6 and overlaps with dusp2 expression in
r4 (Figure A.1A). Additionally, spryl expression is also dependent FGF/ERK
signaling and spryl is a member of the FGF-synexpression group [13,16,32].
Based on this, | hypothesized that germ line spryl mutants would provide new
information regarding how spry1 functions and how members of FGF-

synexpression group work together to effectively control ERK signaling.
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Here | used the CRISPR/Cas9 genome editing system to generate loss of
function zebrafish mutants for spryl in a similar manner to the mutant alleles
presented in Chapter Il. While these mutant embryos were not subjected to
intensive characterization, | do not detect any overt phenotypes or any effect on

the localization or intensity of pERK.

METHODS

Zebrafish care and embryonic injections

Zebrafish were handled and injected as discussed in Chapter II.

Generation and injection of CRISPR guide RNAs

CRISPR target sites (Table A.1) were selected based on their proximity to
the start and stop codons of the coding sequence of spryl, and also by the
requirement for a protospacer adjacent motif (PAM) sequence (NGG) at the
3' end of target site (Figure A.1B). | created and annealed oligos containing a T7
promoter sequence, the target sequence, and an additional constant region to
create the template for the guide RNAs (Table A.2). These templates were
transcribed in vitro using T7 RNA polymerase (Promega) in a reaction containing
transcription buffer (Promega), RNase inhibitor (Promega), and rNTPs. A
linearized plasmid encoding cas9 [100] was also transcribed in vitro using the

Sp6 mMessage mMachine Kit (Ambion). The two guide RNAs were combined
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with cas9 mRNA and phenol red, and 1-2nl of this mixture was injected into the

cell of early one-cell stage embryos.

Table A.1 Characteristics of CRISPRs targeting spry1l

CRISPR

; Target coordinate ® Target sequence b Strand © Mutagende5|s
guide rate
spryl1-5' Chr14:508885 GCGTGGGCATGCGGACCCCG + 28
spryl-3' Chr14:509658 GCTGCCGCTGCAAGAACTCC -

#Target coordinate defined by the first nucleotide of the target sequence
® Genomic sequence targeted by the guide RNA
¢ strand of genomic DNA which is targeted by the guide RNA

4The number of FO germ line positive founders identified out of those screened

Table A.2 Sequences of oligos to generate CRISPR guide RNAs for spryl

CRISPR

First oligo ®

Second oIigob

spryl-5'

TTAATACGACTCACTATAGGCGTGG
GCATGCGGACCCCGGGGGTTTTAG
AGCTAGAAATAGCAAG

AAAAAAGCACCGACTCGGTGCCACTTT
TTCAAGTTGATAACGGACTAGCCTTATT
TTAACTTGCTATTTCTAGCTCTAAAAC

spryl-3'

TTAATACGACTCACTATAGGAGTTC
TTGCAGCGGCAGCCGGGTTTTAGA
GCTAGAAATAGCAAG

AAAAAAGCACCGACTCGGTGCCACTTT
TTCAAGTTGATAACGGACTAGCCTTATT
TTAACTTGCTATTTCTAGCTCTAAAAC

#Sequence of the first oligo used to create the guide template containing the T7 promoter sequence
b Sequence of the second oligo used to create the guide template containing the constant region

Identification of germ line mutations and genotyping

The embryos injected with the guide RNAs and cas9 mRNA mixture were

raised as the FO generation. At three months of age, these fish were individually

crossed to a wildtype fish. Half of each resulting clutch was raised to adulthood

as the F1 generation. Genomic DNA was extracted from the embryos in the

remaining half of the clutch to confirm activity of the guide RNAs. This genomic

DNA was screened for deletions by PCR using primers that flank the region

between the two guide RNA target sites (Figure A.1B, Table A.3). Amplification

from mutant sequences containing large deletions will produce a 200-300bp

product (Figure A.1C, Table A.3). In contrast, amplification from wildtype

sequences with the same primer pair will produce a 1036bp product (Figure
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A.1C, Table A.3). F1 adults derived from positive clutches were individually
genotyped with fin clip DNA using the same PCR primers (Figure A.1D). F1

heterozygous fish were then crossed to generate homozygous mutants.

Table A.3 Primer sequences to genotype spryl mutants

PCR primers to genotype (F/R)?® | Size of mutant band ® | Size of WT band °

CGCTACAGATCACGGATCAA/

GTTTGTGCCTCAGGATGGTT ~263bp 1036bp

#sequence of the forward and reverse primers used to detect deletion alleles
bApproximate expected size of the PCR band if a CRISPR-induced deletion occurred
¢ Expected size of the PCR band for the wildtype allele

Immunostaining

For whole-mount immunostaining of pERK, embryos were fixed in 4%
paraformaldehyde overnight at 4°C, treated with 3% hydrogen peroxide in
methanol for 1 hour on ice, and then stored in 100% methanol at -20°C. Antibody
staining was then performed as described previously [166] using a rabbit anti-
phospho-p44/42 MAPK ERK1/2 antibody (1:250; Cell Signaling Technology
4370) and a goat anti-rabbit IgG-HRP secondary antibody (1:1000; Abcam
6789). Signal was detected using PerkinElmer’'s TSA Plus Fluorescein System.
Embryos stained for pERK were counter-stained using a Valentino antibody,
which was generated by immunizing rabbits with a GST-tagged full-length
zebrafish Valentino protein, and a goat anti-rabbit Alexa Fluor 568 secondary
antibody (1:200; Molecular Probes A110011). Stained embryos were suspended
in 3% methyl cellulose for imaging. Images were captured using a Leica M165

FC microscope equipped with a Leica DFC310 FX camera. All images were
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imported into Adobe Photoshop and adjustments were limited to contrast, levels,

and cropping; all adjustments were applied to the entire image.

RESULTS

Generation of spryl germ line mutants

To gain a better understanding of the role of spryl during zebrafish
development, | generated germ line mutants using the CRISPR/Cas9 genome
editing system. | designed two guide RNAs — one targeted to the 5' end of the
coding sequence and one targeted to the 3' end (Figure A.1B, Table A.1) — with
the intention of co-injecting them to delete the sequence between the two target
sites. Due to the fact that Spry proteins contain no interaction or conserved
domains, | elected to delete the majority of the coding sequence to generate a
null allele. For this reason, guide RNA target sequences were chosen based on
their proximity to the start and stop codons, and also by the requirement for a
protospacer adjacent motif (PAM) sequence (NGG) at the 3' end of each target
site (Figure A.1B, Table A.1).

The activity of the guide RNAs was tested and the FO fish were generated
as described in Chapter II. Briefly, genomic DNA from pools of injected embryos
was amplified using primers that anneal outside the guide RNA target sites
(Figure A.1B-C). | detected bands of approximately 200-300bp, indicating the
presence of large CRISPR-induced deletions. | then injected several hundred

embryos with the same guide RNAs and mRNA encoding cas9. FO founder fish
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Figure A.1. CRISPR genome editing yields loss of function mutants for spry1

A. 12hpf wildtype embryos were assayed by in situ hybridization for expression of spry1
(blue stain) and krox20 (red stain) marking r3 and r5. B. Schematic of the genomic
sequence for spry1 with the length of the total coding sequence indicated. Exon 1 contains
only UTR and no coding sequence. Vertical red lines and red nucleotides denote the
CRISPR target sequence, and orange nucleotides indicate the PAM sequence. Arrows
above the schematic indicate the approximate locations of the genotyping primers used to
detect CRISPR-induced deletion alleles (see Table A.2). C. Identification of active guide
RNAs. Genomic DNA was extracted from pools of injected embryos and PCR-amplified to
detect CRISPR-induced deletions. Arrow points to PCR product resulting from successful
deletions. D. Identification of FO founder fish. Adult FO fish were crossed to wildtype and
the resulting offspring genotyped as in C. Asterisks indicate FO fish transmitting deletions
to their offspring. E. Predicted peptide sequences of the identified mutant alleles for spry1.
The large dashed wedges represent the location of CRISPR-induced deletions, and the
gray bars represent residues that are read out of frame prior to a premature stop codon.
Amino acid numbers below each peptide sequence indicate the residue affected by the
deletion, and the numbers to the right indicate the length of the peptide.
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carrying germ line mutations were identified by crossing FO fish to wildtype fish
and screening the offspring for deletions with the same PCR primers (Figure
A.1D). Offspring of FO founders with germ line mutations were raised to
adulthood followed by genotyping to identify heterozygous F1 carriers.

Two FO founders with germ line mutations were identified out of eight fish
tested (Table A.1). One founder carried two mutant alleles with large deletions
within the coding sequence of the spryl gene. The first mutation (spry1"™?%9)
contains a 766bp deletion and was transmitted to 19% of the offspring. The
second mutation (spry1“™?®®) contains a 770bp deletion and was transmitted to
5% of the offspring. Both of these deletions appear to be the product of two
double strand breaks as was expected. Conceptual translation of the remaining
sequences Yields short peptides containing only ten or eight residues of the
wildtype protein sequence (Figure A.1E). These peptides lack the tyrosine
residue that requires phosphorylation for antagonist activity, and | therefore
conclude that these are likely null alleles. The second FO founder was positive for

a deletion by PCR, but | was unable to identify any heterozygous carriers from its

offspring.

Loss of function spryl allele does not affect pERK localization or intensity

1um288/um288 1um289/um289

Upon the generation of both spry and spry
homozygous mutants, | found that these embryos are viable, survive to
adulthood, and are fertile as mature adults. They appear morphologically healthy

with no obvious developmental phenotype.
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As with the dusp6 and dusp2 mutants, | wanted to determine if the loss of
function spry1 allele could affect the levels of pERK in the hindbrain. If spryl
functions as a negative regulator of the ERK pathway, a loss of function allele
should cause a change in detectable pERK in the regions were spryl is normally
expressed. However, mutant embryos stained with an anti-pERK antibody, and
counter-stained with an anti-Valentino antibody marking r5 and r6, show no
differences in intensity or location of pERK within the hindbrain or other regions
of the embryo compared to wildtype embryos (Figure A.2A-B). The fact that
spryl mutants are viable also allowed for the creation of a double mutant line,
Spry11m28oum289. 4, gpUM239um239 Thase embryos also exhibited no changes in
PERK localization or intensity (Figure A.2C). | conclude that disrupting spryl
function does not increase ERK signaling during early zebrafish embryogenesis

or development of the hindbrain.

DISCUSSION

Loss of function spryl alleles do not cause an overt developmental
phenotype and do not affect pERK, but additional regulators may be

compensating and further characterization is necessary.

spryl is not required for early zebrafish embryogenesis
Similar to dusp6 and dusp2, spryl does not seem to be required for early
embryonic growth and development. Embryos that are homozygous for either

loss of function allele are morphologically healthy and survive as fertile adults.
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pERK/Valentino

Figure A.2. Loss of function spry1 allele does not affect pERK localization or
intensity

12hpf Wlldtype (A), Spry1um289/um289 (B)’ and Spry1um289/um289;dusp6um239/um239 (C) embryos
were assayed by immunostaining for pERK in green; red counterstain detects the
Valentino transcription factor in r5 and r6. All embryos are in dorsal view with anterior to
the top. Numbers in top right corner of each panel indicate the total number of embryos
assayed for that condition. Numbers in bottom right corner indicate percent of embryos

with the phenotype shown.
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This is in contrast to Spry1™:Spry2” double mutant mice who die at birth [21].
Interestingly, these mutant mice have no hindbrain patterning defects, but
instead exhibit increased FGF and WNT signaling domains. It is likely that these
phenotypes require the loss of function of both Spryl and Spry2, and that
explains why they are much more severe than what | find in the spryl mutant
zebrafish. The spry4 zebrafish morphant exhibits weak dorsalization and
enlargement of the telencephalon during the segmentation stages [22]. While this
mimics phenotypes seen by up-regulation of FGF/ERK signaling, these defects
are not detected in my spryl mutants. It remains possible that spry4 may have a
different mechanism of action than spryl. At this time, there are no other loss of

function spry1 alleles in zebrafish to make a direct comparison.

Other regulators of ERK signaling may compensate for the loss of spryl

In a similar manner to the Dusp family, the Spry family members are
expressed in many of the same regions of the zebrafish as the FGF ligand and
are part of the FGF-synexpression group [2,13,16,32,167]. Since these proteins
are present in the same regions and modulate the same pathway, it is very likely
that they are able to compensate for each other when necessary. Despite the
fact that they interact with different components of the pathway, their overall
function is redundant. It may be necessary to generate mutant lines with more
than two loss of function alleles to observe changes in signaling levels or an

overt developmental phenotype.
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Additional characterization of spryl mutants is required

While spry1l is clearly not necessary for embryonic development, it
remains possible that spryl loss of function may cause more subtle defects that
were not detected here. The same thorough analysis that was performed on the
dusp6 and dusp2 mutants in Chapter Il will need to be performed on the spryl
loss of function mutants to identify subtle detects. This could include the
examination of genes downstream of the FGF/ERK pathway (such as pea3, erm,
dusps, and other sprys), genes that define hindbrain patterning (such as hoxbla,
krox20, fgf3, and fgf8), genes that control axial patterning (such as bmp2b,
bmp4, chordin, and nogginl), and neuronal populations (such as the Mauthner
neurons, the facial motor neurons, and the abducens motor neurons). With
further characterization, these mutants may also be able to provide insight into

the interactions between Spryl and components of the FGF/ERK pathway.



APPENDIX B:
DYNAMIC LOCALIZATION OF pERK IN THE ZEBRAFISH
HINDBRAIN DURING EMBRYONIC SEGMENTATION
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INTRODUCTION

FGF signaling through the ERK pathway is required for proper patterning
of the early hindbrain in zebrafish [47,48,93,94]. The pathway is initiated by the
binding of the FGF ligand to the extracellular portion of a FGF receptor (FGFR).
These receptors belong to the receptor tyrosine kinase family and the
intracellular phosphorylation triggered by ligand binding recruits several adaptor
proteins. These proteins, including Frs2 and Grb2, transduce the signal to the
kinase cascade consisting of Ras/Raf, MEK, and finally the MAPK ERK.
Phosphorylated ERK (pERK) then moves into the cell nucleus where it is able to
activate transcription factors and initiate expression of downstream target genes.

Each of the four FGFRs and all of the pathway components are expressed
throughout the early hindbrain [7,55,168]. Interestingly, the FGF ligands are not
and have a rhombomere-restricted expression pattern during the early
segmentation stages [169-171]. In zebrafish, the predominate FGF species
present in the hindbrain are fgf3 and fgf8, both of which are expressed
exclusively in r4 at 14hpf (Figure B.1A-B) [169,170]. For this reason, r4 has been
called the FGF signaling center of the hindbrain [43,54].

Despite the presence of this FGF signaling center, there is evidence that
r4 does not depend on FGF signaling for its formation. When FGF signaling is
blocked, either through the inhibition of the receptors by a pharmacological
inhibitor or through the use of anti-sense morpholino oligos targeted to both

ligands, hindbrain patterning is severely disrupted [47]. The fifth and sixth



hoxb1a/krox20

Figure B.1. r4 is the FGF signaling center of the hindbrain, but is not affected by
inhibition of FGF signaling

A-B. 14hpf wildtype embryos were assayed by in situ hybridization for the expression of
fgf3 (A), fgf8 (B), and krox20 (red stain) marking r3 and r5. C-D. Wildtype embryos were
treated with either a DMSO control (C) or an FGFR inhibitor called SU5402 (D), fixed,
and assayed by in situ hybridization for the expression of hoxb1a marking r4 and krox20
(red stain) marking r3 and r5. All embryos are in dorsal view with anterior to the top.
Numbers in top right corner of each panel indicate the total number of embryos assayed

for that condition. Numbers in bottom right corner indicate percent of embryos with the
phenotype shown.
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rhombomeres (r5 and r6), along with the neurons found in those regions, do not
develop. However, r4 is not affected (Figure B.1C-D).

This suggests that despite the abundant presence of the ligands in r4, the
FGF signaling pathway may actually be more active in r5 and r6. Negative
regulators of the pathway may be more highly expressed in r4, as discussed in
early chapters, and these may be responsible for keeping levels of active
signaling in r4 relatively low. At this time, levels of active ERK signaling in each
rhombomere during hindbrain patterning have not been defined.

Here | used a phospho-specific antibody to monitor the localization and
intensity of pERK in the hindbrain during the late gastrula and early segmentation
stages. | find that pERK is in r4 during the time of hindbrain patterning, but later
becomes restricted to the mid-hindbrain boundary (MHB). | also discuss several

challenges of quantifying pERK staining.

METHODS

Zebrafish care
Zebrafish were handled as discussed in Chapter Il. All fish used here are

from the Ekkwill wildtype line.

In situ RNA hybridization and immunostaining
For whole-mount in situ hybridization, embryos were fixed at the

appropriate time point in 4% paraformaldehyde and stored in 100% methanol at
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-20°C. RNA hybridization was performed as described and was followed by a
color reaction using NBT/BCIP or INT/BCIP in 10% polyvinyl alcohol [102]. RNA
probes for the following genes were produced by cloning a 900-1000bp fragment
of the coding sequence into a vector and transcribing an anti-sense

transcript: fgf3, fgf8, hoxbla, and krox20.

For whole-mount immunostaining of pERK, embryos at the proper
developmental time points were fixed in 4% paraformaldehyde overnight at 4°C,
treated with 3% hydrogen peroxide in methanol for 1 hour on ice, and then stored
in 100% methanol at -20°C. Antibody staining was then performed as described
previously [166] using a rabbit anti-phospho-p44/42 MAPK ERK1/2 antibody
(1:250; Cell Signaling Technology 4370) and a goat anti-rabbit IgG-HRP
secondary antibody (1:1000; Abcam 6789). Signal was detected using the TSA
Plus Fluorescein System (PerkinElmer). Embryos stained for pERK were
counter-stained using a Valentino antibody, which was generated by immunizing
rabbits with a GST-tagged full-length zebrafish Valentino protein, and a goat anti-
rabbit Alexa Fluor 568 secondary antibody (1:200; Molecular Probes A110011).

For imaging, all stained embryos were suspended in 3% methyl cellulose.
Images were captured using a Leica M165 FC microscope equipped with a Leica
DFC310 FX camera. All images were imported into Adobe Photoshop and
adjustments were limited to contrast, levels, and cropping; all adjustments were

applied to the entire image.
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RESULTS

PERK is localized to the central hindbrain and then shifts to the MHB

In order to examine the exact locations of ERK signaling during hindbrain
development, | used a phospho-specific ERK antibody to label wildtype embryos
in a time course. | chose to focus on the developmental stages when the neural
tube is closing and the rhombomeres are being patterned. These stages range
from late gastrula through mid-segmentation and include: 90%-epiboly (9hpf),
bud (10hpf), 3-somite (11hpf), 6-somite (12hpf), 8-somite (13hpf), 10-somite
(14hpf), and 14-somite (16hpf) [99]. Segmentation-period embryos were also
counter-stained with a Valentino antibody to mark the location of r5 and r6.

During the late gastrula stages, I find that pERK is highly active in the
central portion of the early hindbrain. At these early stages prior to the closure of
the neural tube, the neural plate is wide and the presumptive rhombomeres are
short in length and are arranged in a shallow chevron shape. The pattern of
pPERK staining observed here (Figure B.2A-B) appears broader than one
rhombomere. Valentino is not yet expressed, so the size and location of the
stained region is difficult to determine without a counter-stain. Additionally, pERK
appears to be highly active in the posterior part of the embryo, which will later
become the tailbud.

As the embryo enters the early segmentation stages and begins to
develop defined somites, pERK appears to expand slightly (Figure B.2C-E). By

12hpf, there is a slight anterior expansion of the stained domain and this is
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Figure B.2. ERK is active in r4 and shifts to the MHB at later stages

Wildtype embryos at 9hpf (A), 10hpf (B), 11hpf (C), 12hpf (D), 13hpf (E), 14hpf (F), and
16hpf (G) were assayed by immunostaining for pERK in green; red counterstain detects
the Valentino transcription factor in r5 and r6. All embryos are in dorsal view with
anterior to the top.
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followed by a lateral expansion by 13hpf. The domain stained by Valentino,
marking r5 and r6, is clearly visible directly posterior to the pERK domain. This
proves that pERK is present in r4. Based on the size of both stained domains, it
is likely pERK also extends into r2, r3, and also r5, as there appears to be some
overlap with the Valentino stain (Figure B.2C-G).

In the following segmentation stages, there appears to be a more
significant shift in the localization of pERK (Figure B.2F-G). The anterior
expansion of pERK extends further to the presumptive MHB, while the pERK in
the interior portion of r4 diminishes. This shift is more apparent by 16hpf, when

there is high pERK at the MHB and none detectable inside the neural tube in r4.

DISCUSSION

During early hindbrain patterning, pERK is localized to r4 and the
surrounding rhombomeres. As the embryo enters the segmentation stages,

PERK shifts to become more active at the MHB and diminishes from r4.

ERK is highly active in r4 during hindbrain patterning

Based on the fact that r4 is not dependent on FGF/ERK signaling for its
patterning and identity [47], | had hypothesized that levels of pERK might be
lower in r4 relative to the surrounding rhombomeres. The results presented here
indicated that this is not the case. At all the time points tested, | see high pERK in
r4. Even at the stages when Valentino is not available as a marker of r5 and r6, it

is likely that r4 is encompassed by the stained domain based on its size and
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location. At later stages, the Valentino marker makes it clear that pERK is in r4.
This indicates that despite no direct dependence of r4 identity on ERK signaling,
PERK is highly active in this central region of the hindbrain.

As discussed in earlier chapters, there are many levels of regulation on
the ERK signaling pathway [10-14,16]. It is possible that there are additional
regulators that lie downstream of ERK. These factors could potentially interact
with transcription factors or other target genes downstream of ERK. This would
explain the visualization of high pERK without the resulting effects on hindbrain
development. The possibility also remains that genes downstream of ERK are
able to trigger effects in the surrounding rhombomeres in a non-cell autonomous

manner.

ERK activity shifts from r4 to the MHB at later stages

By 13hpf, | see that the pERK domain begins to expand, anteriorly and
laterally, and then eventually shifts away from r4 to the MHB. Interestingly, this
shift is also seen in the expression of the FGF ligands [171]. Both fgf3 and fgf8
are expressed in r4 (Figure B.1A-B) first before shifting to the MHB. This
provides a logical explanation for the shift in pERK localization, as the FGF
ligands are required to initiate the FGF pathway and activate ERK. While
FGF/ERK signaling has demonstrated roles in patterning the hindbrain, it also
contributes to the formation and definition of the midbrain at later stages of

development [59,172].
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ERK activity is dynamic and pERK staining is variable

While antibody labeling with a phospho-specific antibody has provided
novel information regarding the exact location of ERK activity, the staining
technigue has proven to be challenging. In many instances, embryos collected
from the same clutch at the same developmental stage exhibited significantly
different patterns of pERK staining. This effect manifested both in the intensity of
the pERK signal (Figure B.3A-B) and in the localization or shape of the pERK
signal (Figure B.3C-D), as well as at different time points. This observation brings
into question the variability of ERK signaling, both cell-to-cell and embryo-to-
embryo. There is evidence of cell-to-cell variability in levels of protein kinase
signaling, and negative feedback regulators such as Dusp and Spry proteins are
thought to act to minimize the variation [125,152]. Differences in gene expression
and protein concentrations contribute to variability in signaling intensity among
individual cells [126,127], and studies in various cell types and signaling
pathways have identified roles for redundant regulators in reducing signal noise
[128,129]. While this variability may account for some difference in pERK staining
patterns, there are also technical challenges with this type of antibody labeling.

It is commonly assumed that all zebrafish embryos from a single clutch
were fertilized at the same time and will be synchronized at each developmental
stage. There is always the possibility that this is not the case, and embryos within
a clutch can certainly vary from each other by several minutes. If slight
differences in staging are able to affect the pERK staining pattern, it suggests

that pERK is dynamic and can rapidly change through these developmental
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Figure B.3. ERK activity is dynamic and pERK staining is variable

Wildtype embryos at 11hpf (A-B) and 12hpf (C-D) were assayed by immunostaining for
pERK. All embryos are in dorsal view with anterior to the top. Numbers in top right
corner of each panel indicate the total number of embryos assayed for that condition.
Numbers in bottom right corner indicate percent of embryos with the phenotype shown.
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stages. While this can present a challenge to studying ERK activity, it can be
overcome by analysis of embryos in a time course, as was done here.

Another explanation for the differing pERK staining patterns could simply
be variability in staining. Embryos treated with an FGFR inhibitor show no pERK
staining with this protocol, but despite this specificity, many clutches exhibited
inconsistency in pERK staining pattern and intensity. The use of the phospho-
specific antibody requires a complex protocol involving antigen retrieval and
signal amplification. The tyramide used for the amplification prevents any further
interactions with the primary antibody, allowing the use of a second primary
antibody of the same species for the counter-stain. It is possible that a different
protocol, or different antibodies, may provide better optimization and less

variability in staining.



APPENDIX C:
EXPRESSION OF dusp2 IS DEPENDENT ON FGF SIGNALING
AND INDEPENDENT OF THE hox GENES

The data and discussion presented here will contribute to a future publication
co-authored by Priyanjali Ghosh and Charles G. Sagerstrom.
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INTRODUCTION

The hox genes are a family of well-conserved homeodomain-containing
transcription factors that are responsible for defining the anterior-posterior axis
during early vertebrate development [96,97]. In the hindbrain, hox genes play a
key role in patterning the posterior rhrombomeres [173]. A microarray screen
performed by the Sagerstrom lab in 2011 revealed 100 hindbrain genes whose
expression is up-regulated by the over-expression of hoxb1b [74]. Many of these
genes, including dusp2 had not been previously reported to play a role in
hindbrain development. Since that time, several of the identified genes have
been investigated in further detail by our lab [174] and others [175-177] revealing
their roles in patterning the hindbrain and other body structures.

When we determined that dusp2 homozygous mutants have no hindbrain
defects or overt developmental phenotypes, we questioned the regulation of
dusp2 by hoxblb. As previously discussed, dusp2 is a member of FGF-
synexpression group, along with dusp6 and spryl [2,10-14,16,167]. Many genes
in this group are expressed downstream of the FGF/ERK signaling pathway, and
we questioned whether this was also the case for dusp2 in the hindbrain.

To determine which transcription factors or signaling pathways regulate
the expression of dusp2, we utilized germ line mutants and pharmacological
inhibitors in a series of epistasis experiments. Here | demonstrate that dusp2 is
downstream of the FGF signaling pathway and is independent of hox gene

expression. | also aimed to examine the relationship between the FGF signaling
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pathway and the hox transcription factors, and my results indicate that these

networks are independent of each other.

METHODS

Zebrafish care

Zebrafish were handled as discussed in Chapter Il. The hoxblb and

bum197 um191

hoxbla mutant alleles, hoxbl and hoxbla , were generated as

described previously [178].

Pharmacological inhibitor treatment

Inhibition of FGF receptors was achieved by treating embryos with
SU5402 [47]. Wildtype embryos were treated with 50uM SU5402 dissolved in
DMSO and diluted in egg water beginning at 7hpf. Control embryos were treated
with an equal volume of DMSO diluted in egg water. The embryos remained in

the treatment until fixation at 12hpf.

In situ RNA hybridization

For whole-mount in situ hybridization, embryos were fixed in 4%
paraformaldehyde and stored in 100% methanol at -20°C. RNA hybridization was
performed as described and was followed by a color reaction using NBT/BCIP or
INT/BCIP in 10% polyvinyl alcohol [102]. RNA probes for the following genes

were produced by cloning a 900-1000bp fragment of the coding sequence into a
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vector and transcribing an anti-sense transcript: dusp2, krox20, hoxbla, fgf3, and
fgf8.

For imaging, stained embryos were suspended in 3% methyl cellulose.
Images were captured using a Leica M165 FC microscope equipped with a Leica
DFC310 FX camera. All images were imported into Adobe Photoshop and
adjustments were limited to contrast, levels, and cropping; all adjustments were

applied to the entire image.

RESULTS

Expression of dusp2 is absent in embryos with inhibited FGF signaling, but
unaffected in hox mutants

To determine if signaling through the FGF receptor to the ERK pathway is
necessary for dusp2 expression, wildtype embryos were treated with a
pharmacological inhibitor called SU5402. SU5402 interacts with the ligand
binding domain of the four FGF receptors and specifically prevents all signaling
through the receptor [179]. | questioned if the inhibition of FGF signaling could
prevent dusp2 expression, which normally begins at 10hpf. It has also been
shown that patterning of the hindbrain depends on FGF signaling during a critical
window of development between 80% epiboly and tailbud stages [47].
Considering these time points, | began treatment with SU5402 at 7hpf and

continued until the embryos were fixed at 12hpf.
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While embryos treated with the DMSO control exhibit normal dusp2
expression (Figure C.1A), most embryos treated with SU5402 lack dusp2
expression (Figure C.1B). As mentioned previously, the absence of FGF
signaling will prevent the formation of r5 and r6, and this explains why only one
krox20 band (r3) is visible in the treated embryos.

In order to validate the previous report that dusp2 is downstream of

bum197/um197 and

hoxb1lb, | tested whether dusp2 was expressed in hoxbl
hoxb1a ™" mutants. These germ line mutants were generated in our lab
several years ago and have hindbrain patterning phenotypes [178]. The
hoxb1bU™97UMiS7 mytants survive to adulthood as a homozygous line, but
hoxb1a ™M1 mytants do not, so crosses of heterozygous hoxb1a“m*
mutants were used. Interestingly, dusp2 is expressed normally in the majority of
embryos from both mutants at 12hpf (Figure C.1C-E). The hoxb1b"™7um1s7?

mutants have been shown to have a smaller r4 at 22hpf [178], but this size

difference is not apparent at 12hpf.

The hox genes and FGF signaling are not dependent on each other

Since FGF signaling and the hox genes are two distinct drivers of
hindbrain patterning, | questioned the relationship between them. Wildtype
embryos treated with SU5402 have normal hoxbla expression in r4 (Figure
C.1F-G). Additionally, fgf3 and fgf8 are expressed normally in hoxb1pUmo7/umis?

um191/+

and hoxbla mutants (Figure C.1H-M). These results suggest that the hox
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dusp2/krox20

dusp?/kronO

32

hoxb1a/krox20

fgf8

Figure C.1. Regulation of dusp2 expression and networks in r4

Wildtype embryos were treated with either a DMSO control (A, F) or SU5402 (B, G), fixed
at 12hpf, and assayed by in situ hybridization for the expression of dusp2 or hoxb1a (blue
stain) and krox20 (red stain). 12hpf wildtype (C, H, K), hoxb1b m7m1s7 (D, |, L), and
offspring of incrossed hoxb1a“"*"* (E, J, M) embryos were assayed by in situ
hybridization for the expression of dusp2 (blue stain) and krox20 (red stain) (C-E), fgf3
(H-J), or fgf8 (K-M). All embryos are in dorsal view with anterior to the top. Numbers in top
right corner of each panel indicate the total number of embryos assayed for that condition.
Numbers in bottom right corner indicate percent of embryos with the phenotype shown.
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genes and FGF signaling are independent networks, and both contribute to the

patterning of the hindbrain rhombomeres.

DISCUSSION

Using a series of epistasis experiments, germ line mutants, and a
pharmacological inhibitor, | have demonstrated that dusp2 is dependent on FGF
signaling, but not the hox genes, and that the hox genes and FGF signaling are

independent of each other.

dusp2 expression is dependent on FGF signaling and independent of hox gene
expression

FGF signaling is required for the expression of dusp2, as dusp2
expression is completely absent when FGF signaling is inhibited. In contrast,
dusp2 expression is normal in the absence of either hoxb1b or hoxbla. Since
dusp?2 is up-regulated when hoxb1lb is over-expressed [74], | had expected
dusp2 expression to require the hox genes. Instead, it appears that FGF
signaling solely drives dusp2 expression. However, it remains possible that the
hox genes could promote another factor capable of driving FGF signaling to up-

regulate dusp2, rather than directly acting on dusp2.
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FGF signaling and the hox genes are independent networks

| find that the FGF signaling pathway and the hox genes are independent
of each other, as the expression of hoxbla is not affected by the loss of FGF
signaling and neither FGF ligand is affected by the loss of either hox gene.
Interestingly, these results are not consistent with previous reports. Expression of
hoxbla has been reported to be lost in the presence of a dominant negative FGF
receptor [59]. This report suggests that an early FGF signal is required for proper
r4 patterning. While an ectopic dominant negative FGFR expressed from the
one-cell stage would impact this early signal, the SU5402 treatment performed
here would not as the embryos were not treated before 7hpf. This could provide
an explanation as to why | find that hoxbla expression is unaffected in SU5402-
treated embryos, suggesting that FGF signaling is not required for hoxbla
expression. Additionally, it has been concluded that hoxbla is required for r4-
specific gene expression, as fgf3 expression was reported to be significantly
reduced in the hoxb1b"™°7U™97 and hoxb1a"™¥™%t mytants [178]. This study
assayed for the expression of fgf3 at 14hpf, compared to 12hpf presented here.
As discussed in Appendix B, the expression of the FGF ligands and ERK activity
shift from r4 to the mid-hindbrain boundary during the segmentation stages. It is
possible that the difference in stages here could account for the discrepancies in
fgf3 expression. My results show that three r4-specific genes, fgf3, fgf8, and
dusp2, are all expressed at normal levels in the hox mutants, showing that they

are independent of hox regulation at 12hpf.
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