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ABSTRACT

INVESTIGATION OF THE ROLE OF NAKED 1 IN WNT SIGNALING

Haider Khan,

Advisor:

University of Guelph, 2019

Dr. Terry Van Raay

Naked Cuticle 1 (Nkd1) is an obligate Wnt signaling target gene that participates in a
negative feedback loop to antagonize Wnt signals. Previous research has shown that Nkd1
interacts with cytoplasmic b-catenin to attenuate the pathway, presumably in cases where the
pathway has been over-activated. To validate previous findings, we generated complete nkd1
knockout zebrafish using CRISPR/cas9 and determined that loss of Nkd1 has no phenotypic
consequence in zebrafish embryos. The effect of nkd1 loss of function is seen at the molecular
level, where qRT-PCR analysis revealed that in cases of excess Wnt signaling, nkd1 -/- mutant
embryos had higher expression of Wnt target gene sp5 relative to WT. Immunohistochemistry
also revealed that in cases of excess Wnt signaling, nkd1 -/- mutant embryos had higher levels of
nuclear b-catenin relative to WT. Based on our findings, we determined that loss of Nkd1
hypersensitizes embryos to Wnt signaling.
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Chapter 1 - Introduction
1.1 Overview
Normal development is central to the viability of every known organism, requiring strict
temporal and spatial regulation of a variety of genes. Such events can be orchestrated via
signaling pathways such as Notch, Hedgehog, and Wnt. Typically, these pathways involve
binding of a ligand to a receptor, which then activates a signaling cascade culminating in the
transcription of target genes. These target genes are involved in a wide range of functions,
ranging from cell proliferation and differentiation, to body axis patterning (1–4). Perturbations
in signaling pathways can lead to a variety of conditions, ranging from cancer, to
neurodegenerative diseases (5–7). Therefore, it is imperative to examine how such pathways are
regulated to maintain stable conditions.
This investigation can be approached in several different ways –insights may be gained
on the structure of the activating ligands, their motility, and their interaction with respective
receptors. Intracellular complexes can also be examined to assess how the signals of pathways
are transduced, and what alterations occur during diseased states. For example, in Wnt signaling,
somatic or germ line mutations in the intracellular scaffolding protein adenomatous polyposis
coli (APC) can constitutively activate the pathway, leading to colorectal cancer (5). Furthermore,
the interactions of transcriptional repressors and activators such as CBF1/Recombining binding
protein suppressor of hairless (RBPJ) and TCF can be examined to determine how the intensity
of signaling is regulated (8, 9). Finally, antagonists of pathways can be investigated to determine
how signaling can be refined or restricted to ensure proper activation. This project aims to
investigate the Wnt pathway, and how it’s regulated by its targeted antagonist, Naked 1 (Nkd1).
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1.2 History of Wnt Signaling
Wnt signaling modulates a variety of different processes, ranging from cell proliferation,
differentiation, polarity and axis patterning during embryonic development (4) to the
maintenance of tissue and stem cell homeostasis in adult life (10). Perturbation of this pathway
has implications in several diseases including osteoporosis, mental disorders (11) and most
notably, colorectal cancer, in which 90% of the cases involve mutations leading to a
constitutively active Wnt state (5).
The history and discovery of Wnt signaling is multifaceted. Integration 1 (int-1), the first
Wnt gene, was formally discovered in 1980 and was classified as a proto-oncogene in 1982 (12,
13). Mouse models were transfected with mammary tumor viruses to activate oncogenes, and
during this process it was discovered that activation of int-1 led to the induction of tumorigenesis
(13). Intriguingly, int-1 was later identified as one of the oncogenes that drove mammary
carcinoma in certain strains of laboratory mice, an investigation that began in 1936 (14, 15).
Shortly after int-1 was discovered, the homologue in Drosophila was sequenced (dint-1) (16).
Later research revealed that dint-1 was analogous to wingless (wg), a segment polarity gene
previously discovered in Drosophila, in which loss of function led to a wingless phenotype (17).
After the two backgrounds were consolidated, the nomenclature of the gene was changed to
Wnt1; and subsequent research in Drosophila, Xenopus, Murine models led to the description of
the Wnt pathway.
Epistatic analyses and knockout experiments were pivotal in early research to unravel the
complexity of Wnt signaling. For example, in determining the role of Glycogen Synthase Kinase
3 (GSK3), the expression of Wnt target gene Engrailed (En) was analyzed in the context of wnt1
knock out, zw3 knockout (Drosophila homologue of GSK3), or a zw3/wnt1 double knockout. En
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expression was reduced in wnt1 mutants, however, in zw3 mutants, En expression was enhanced.
Analysis of the double mutants established the order of signalling, as En expression was similar
to zw3 single mutants, suggesting that Zw3 acts downstream of Wnt1 (18). Further screens
revealed that Zw3 was a part of a larger destruction complex, whereas Wnt1 was an activating
Wnt ligand that selectively binds to receptors involved in propagating Wnt signaling cascades
(19, 20).
Most of the components of Wnt signaling were discovered in Drosophila, and
subsequent research in vertebrate models demonstrated that the pathway is highly conserved
from invertebrates to vertebrates. Arrow, one of the co-receptors that ligands such as Wnt1 could
bind to, was first discovered in Drosophila, by Wehrli et al. (21). Screens revealed that Arrow is
a single-pass transmembrane receptor, sharing high sequence similarity to vertebrate LRP5/6 - a
low-density lipoprotein (LDL)- receptor-related protein (LRP), which has been established as
one of the primary receptors in initiating Wnt signalling (21).
Dishevelled (Dsh), an intracellular scaffolding protein, was also first discovered in
Drosophila in 1959 (22). The locus did not gain significant attention until 1982 however, until it
was discovered that it was involved in segment polarity in developing Drosophila embryos (23).
Vertebrate homologues were identified shortly after in murine, and xenopus models (Dvl and
Xdsh respectively) (24–27) . Intriguingly, vertebrates have 3 Dvl genes, all sharing significant
sequence conservation with Drosophila dishevelled, however, they exhibit a degree of
redundancy, as murine models have shown that Wnt signaling can be activated despite knocking
out two of three genes (28). In invertebrates and vertebrates, Dishevelled serves as a scaffolding
protein that functions upstream of the intracellular signal transducer Armadillo (b-catenin in
vertebrates) (29, 30).
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b-catenin was initially discovered as a component of cell adhesion complex in mammals,
where it was responsible for cytoplasmic anchoring of cadherins (31). However, later screens
revealed that b-catenin was one of the first proteins thought to ‘moonlight’, performing two
radically different functions. In structure and function, b-catenin was homologous to Drosophila
protein Armadillo, which was previously implicated in contributing to the morphogenic effects
of Wingless/Wnt. Currently, b-catenin is considered to be at the epicentre of the Wnt signaling
cascade, acting as the transcriptional activator of Wnt target genes (15, 30, 32).
In current literature, Wnt signaling can be divided into two categories: the canonical
pathway and the non-canonical pathway. The non-canonical pathway is involved primarily in
polarity and can be further subdivided into the Wnt/Ca2+ pathway and the Planar Cell Polarity
(PCP) pathway (33). PCP is thought to be involved in cytoskeleton remodeling whereas the
Wnt/Ca2+ is responsible for regulating intracellular levels of calcium (34, 35). Although the noncanonical pathway is involved in development, this pathway is independent of β-catenin (4, 33).
Recently, the binary distinction between canonical and non-canonical Wnt signaling has been
questioned, as increasing evidence suggests cross-talk between the pathways (36, 37). Indeed,
ligands such as Wnt5A and Wnt11, which have traditionally been classified as non-canonical
ligands are no longer precluded from the canonical/b-catenin route (38). Nevertheless, my thesis
pertains solely to the canonical β-catenin pathway, as such, from this point onwards, Wnt
signaling will refer to the canonical/b-catenin Wnt pathway.

1.3 Mechanisms of Wnt Signaling
Wnt signaling exists in two fundamental states: inactive or active (Figure 1). In the
absence of a Wnt ligand, the pathway is inactive due to a constitutively active destruction
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complex that targets β-catenin for degradation. This destruction complex consists of the
scaffolding proteins Axin1 and APC; kinases GSK-3 and CK1; and the E3 ubiquitin ligase βtransducin repeat containing proteins (β-TrCP) (39, 40). Axin1 is lowest in concentration relative
to other members of the destruction complex, and as such, acts as an important limiting regulator
of b-catenin degradation (41). β-catenin initially binds to APC, which is bound to the destruction
complex through its interaction with Axin1. After binding APC and Axin1, b-catenin is
phosphorylated by CK1 and GSK-3 shortly after, with CK1 first priming β-catenin on Ser45, and
GSK-3 phosphorylating Thr41/Ser37/Ser33 (42, 43). This phosphorylation event targets βcatenin for ubiquitination mediated by β-TrCP, allowing it to become a target for degradation via
the proteasome (44). This model is summarized in Figure 1A.
Constitutive degradation of β-catenin is halted by the binding of a Wnt ligand to its
receptor. Wnt ligands are 350 to 400 amino acids long, having a conserved cysteine-rich binding
domain allowing them to bind to several different receptors. Traditionally, Wnt proteins have
been classified into canonical (Wnt1, 2, 3, 8a, 8b, 10a and 10b) and non-canonical (Wnt4, 5a, 5b,
6, 7a, 7b and 11) (4, 45). Due to their hydrophobic nature, the proteins diffuse a relatively short
distance, acting in a paracrine manner on neighboring cells or cells within the proximity (46, 47).
Wnt ligands bind to a 7 transmembrane serpentine receptor named Frizzled (Fz) by fitting
in to a cysteine rich domain. After binding, the coreceptor LRP6 is recruited, which also binds
Wnt ligands at three conserved domains, thereby creating a heterodimeric receptor (48). After
receptor coupling, the c-terminal and third intracellular loop of Frizzled bind the scaffolding
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B: Active Wnt

A: Inactivated Wnt

Frizzled

Frizzled

Nucleus

Nucleus

Figure 1: A summary of inactive and activated Wnt pathway. (A) In the absence of a Wnt ligand, a
destruction complex consisting of CSK1α, GSK3β, Axin, and APC phosphorylates β-catenin, leading to
its ubiquitination mediated by b-TcRP and degradation via the proteasome. (B) Binding of Wnt ligand
recruits Dishevelled (Dvl/Dsh), which through its interaction with Axin, sequesters the components of the
destruction complex to the membrane. The deactivation of the destruction complex allows for an
accumulation of cytoplasmic β-catenin, that then translocates into the nucleus and displaces
transcriptional repressor Groucho (and associated HDACs). After this, b-catenin associates with TCF
(and CBP/pp300+Brg-1) to activate transcription of Wnt target genes.
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protein Dvl at conserved regions Dvl Egl-10 (DEP) and PSD96/Dlg1/Zo-1 (PDZ) (49).
Subsequently, Dvl binds Axin1 at Dvl’s third conserved domain, thereby creating an AxinDisheveled complex (50). This event is believed to be responsible for Axin1’s initial
sequestering to the plasma membrane. GSK3 and CK1 accompany Axin1 and phosphorylate the
cytoplasmic tail of LRP6 at a critical PPPSP motif, allowing LRP6 to bind to Axin1 with high
affinity (51). The resulting complex created at the membrane is commonly referred to as the
LRP6 signalosome, in which a positive feedback loop is created where GSK3 progressively
binds LRP6 bound Axin1, while further phosphorylating LRP6 (52). The Fz-LRP6-Dvl-AxinCK1 and GSK3b cluster created at the membrane mediates the inactivation of the destruction
complex, allowing for an accumulation of cytoplasmic β-catenin, its translocation into the
nucleus and activation of Wnt target genes. A summary of the inactivation of the destruction
complex is provided in Figure 1B.
As mentioned previously, b-catenin is involved in both cell adhesion and transcription
(30, 31). However, some evidence suggests that b-catenin’s role in transcription and celladhesion are mutually exclusive, where conformational changes in the protein structure, and
tyrosine phosphorylation allows b-catenin to forego its role in binding cadherins to participate in
activation of Wnt target genes (53). Despite intensive investigation, the regulators of b-catenin’s
nuclear transport have been enigmatic as β-catenin lacks a traditional nuclear localization signal
(NLS). However, evidence suggest some parallels with the Ran-based system, as β-catenin
translocates into the nucleus via nuclear pore complexes (NPCs), and has the ARM and HEAT
repeats found in importin-a and importin-b family members (54–57). Recently, RAPGEF5 has
been suggested to be involved in the nuclear localization of β-catenin, working independently of
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importin mediated transport system and cytoplasmic stabilization, however, the underlying
mechanisms behind this remain elusive (58). In the absence of β-catenin, the transcriptional
repressor Groucho forms a complex with TCF allowing for recruitment of histone deacetylases
(HDAC), effectively preventing DNA from being transcribed (59, 60). Once in the nucleus, βcatenin displaces Groucho and binds to TCF with higher affinity (61). This event marks the
recruitment of histone acetylase cyclic AMP response element-binding protein (CBP/p300) and
Brg-1, leading to the reversal in the role of TCF, allowing it to now transcribe Wnt target genes
while being bound to b-catenin (62, 63) (Figure 1B).
1.4 Wnt Target genes
Table 1 illustrates the diverse functions of the many Wnt target genes. To this day,
numerous target genes have been identified, however, efforts are still being made to generate a
complete Wnt targetome. Given the complexity and wide array of genes that are directly and
indirectly effected by Wnt, this task remains arduous. Currently, a fairly thorough list of Wnt
target genes can be found at Roel Nusse’s Wnt Signaling Pathway Laboratory webpage
(http://web.stanford.edu/group/nusselab/cgi-bin/wnt/).
Table 1: List of Wnt target genes and function (not comprehensive).
Target Gene

Function

c-myc
Proliferation & Cell Cycle Control

Cyclin D1
Vegf
Mmp-7/1
E-cadherin

Migration

Engrailed

Segment Polarity
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Dkk1
Wnt Feedback Targets

Axin2
Nkd1

Intriguingly, research has elucidated that some of these targets can attenuate Wnt
signaling, thereby acting in a negative feedback loop. Examples of such genes include dickkopf 1
(dkk1), axin2, and our gene of interest - naked cuticle (nkd) (64–66).
Such target genes appear to act on different components of the Wnt pathway. For
example, Dkk1’s ability to inhibit Wnt signaling is dependent on its ability to bind extracellular
LRP5/6, after which the Dkk1- LRP5/6 complex undergoes endocytosis (67). Absence of this
receptor at the membrane prevents ligand binding, eventually leading to inhibition of Wnt
signaling. Downstream of this event, Dkk1 is degraded in the lysosome and LRP5/6 returns to its
original membrane bound state. Knockdown and overexpression models have shown that Dkk is
involved in head development and limb patterning (68, 69). Mouse models in which Dkk1 was
knocked down were not viable, had aberrations in limb development, and showed a lack of an
anterior head structure (68). The role Dkk1 in limb formation and head formation has been
confirmed in chick models as well, where overexpression resulted in anterior nervous system
expansion, and an expansion of limb growth controlling zone (69, 70). In zebrafish,
overexpression of endogenous Dkk1 resulted in enlarged eyes, and head, confirming its role in
anterior nervous system patterning (71).
Axin2 is proposed to be an obligate Wnt target gene, and is an essential inhibitor that
ensures homeostatic levels of Wnt signaling (72). A model for Axin2’s inhibitory effect is as
follows: Axin1 is recruited to the plasma membrane through its interaction with Dvl, resulting in
an inactivation of the destruction complex and activation of target genes. Axin2 is then recruited
9

to reconstitute the function of the destruction complex leading to inhibition Wnt signaling (73).
Although Axin1 and Axin2 are interchangeable to an extent in this context, Axin2 degrades βcatenin less efficiently than Axin1. The recruitment of Axin2 is also Wnt ligand independent (73,
74). Over expression of Axin2 in zebrafish results in a phenotype similar to Wnt loss of function,
where embryos are dorsalized (71, 75).

1.5 Nkd1 Discovery and Function
Nkd was first discovered in Drosophila during a large-scale screen developed to assess
zygotic mutations that altered the morphology of embryonic cuticle patterning (76). Later
sequencing identified vertebrate homologues as Nkd1 and Nkd2, with Nkd1 being defined as the
functional ortholog to Nkd (77, 78). Vertebrate Nkd1 contains four conserved sequence domains:
an N terminal myristoylation sequence, a Naked Homology Region (NHR1) which contains a
unique EF-hand that unlike typical EF-hands, does not require Ca2+ to induce conformational
changes, a second Naked Homology Region (NHR2), and a C-terminal histidine rich tail (Figure
2) (79).
Yeast two hybrid and in vitro studies have demonstrated that Nkd/Nkd1 binds to Dvl’s
PDZ domain (66, 80). As such, early research attributed Nkd’s antagonism of Wnt signaling to
its interaction with Dvl. Nkd/Nkd1 has been shown to bind Dvl through its EF-hand; however,
evidence suggests that this is not the only site of binding, as Nkd/Nkd1 mutants with a deleted
EF-hand were still successfully co-precipitated with Dvl while retaining its ability to antagonize
Wnt signaling (77, 81). Further complicating matters, studies in Drosophila have indicated that
binding of Nkd and Dsh (Dvl ortholog) may not be necessary for Wnt antagonism (82). More
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Figure 2: Illustration of the four conserved sequence domains in vertebrate Nkd1. Nkd1 contains
an N terminal myristoylation sequence, a Naked Homology Region (NHR1) containing a
conserved single EF-hand, a second Naked Homology Region (NHR2), and a C-terminal
histidine rich tail. The N-terminal myristoylation sequence is required for antagonism of Wnt
signaling, the EF-Hand in NHR1 has been shown to interact with Dvl. Adapted from
Larraguibel, 2013 (83).
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recently, studies in zebrafish have revealed that Nkd1 interacts with cytoplasmic b-catenin,
which was pivotal in unraveling Nkd1’s function as it elucidates that it functions downstream of
the destruction complex, not upstream as previously thought (Figure 3A,B) (81). Based on a
model proposed by the Van Raay lab (Figure 3B), Nkd1 functions as follows: Wnt signaling
produces Nkd1 protein that initially associates with Dvl2. Due to its N-terminal myristoylation
sequence, Nkd1 is able localize to the plasma membrane while bound to Dvl2 (84). Although
Drosophila Nkd doesn’t have a distinct N-terminal myristoylation sequence, it is still able to
bind the membrane through an alternative amino acid sequence (85). In the presence of Wnt
ligands, Nkd1 becomes activated and released from the membrane and Dvl2, after which it
interacts with cytoplasmic β-catenin and prevents its nuclear accumulation, thereby inhibiting
transcription (81, 84). These studies revealed two important properties of Nkd1: Firstly, its
function is ligand-dependent, as Nkd1 is unable to antagonize Wnt signaling in the presence of a
constitutively active LRP6. Secondly, it functions at the level of cytoplasmic β-catenin (81, 84)

1.5.1 Nkd Knockout/knockdown and Overexpression Models
Nkd/Nkd1 is more enigmatic than other antagonists such as Dkk1 and Axin2 in that
previous experiments involving knockdown or overexpression in various models have had
different results. Nkd null mutants in Drosophila were shown to have an embryonic lethal
phenotype in which denticles were replaced by excess naked cuticles (76, 86). This phenotype
can also be seen in Wg gain of functions mutations in Drosophila and APC loss of function
mutations. The observed phenotype was successfully rescued to WT after reintroducing Nkd, or
by overexpressing Wnt antagonists (86). Worth noting is the fact these mutants were generated
using P-element-mediated transformation and had a truncated, but not complete loss of Nkd
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A

Nucleus

B
Frizzled

Frizzled

Nucleus Nucleus

Figure 3: Models of Nkd1 in regulation of Wnt signaling. (A) Initial model of Nkd1. This model
attributed Nkd1’s ability to antagonize Wnt to its interaction with Dvl (B) Current, Van Raay model of
Nkd1. Wnt signaling produces a Nkd1 protein that associates with Dvl2 and localizes to the membrane
due to its myristoylation sequence. In the presence of Wnt ligands, Nkd1 becomes activated (yellow
asterisk) and released from the membrane and Dvl2, after which it interacts with cytoplasmic β-catenin
and prevents its nuclear accumulation, thereby inhibiting transcription.
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transcript. More importantly, in this Drosophila model, rescue of Nkd past the embryonic
lethality in Nkd mutants resulted in normal development (76). This suggests that Nkd is not
required to antagonize all of the different Wnt signaling events in Drosophila. In mouse models,
Nkd1 knockouts did not have any phenotypic effects other than minor alterations in cranial bone
morphology and slightly reduced spermatogenesis (87, 88). In zebrafish, knockdown of nkd1 did
not produce an overt phenotype as well (89, 90).
Given Nkd1’s proposed role as a Wnt antagonist, the zebrafish Nkd1 knockdown mutant
should be phenotypically similar to other antagonist loss of function mutants such as masterblind
(mbl) – a zebrafish line where an axin1 mutation results in a Wnt gain-of-function phenotype
leading to an absence or reduction in the size of the telencephalon, optic vesicles and olfactory
structures (91, 92). The inability of Nkd1 knockdowns to produce a distinct phenotype questions
Nkd1’s ability to antagonize Wnt, at least under homeostatic circumstances.
Ubiquitous overexpression of Nkd/Nkd1 in Drosophila or mouse embryos did not have
any obvious consequences (66, 77, 86). Similar results have been seen in zebrafish as well, but
careful analysis of early embryogenesis revealed that Nkd1 was able to inhibit both zygotic and
maternal Wnt signaling. While significant, these results were subtle and there was no
overexpression or knockdown phenotype at 1-day post fertilization (1dpf) (Figure 4A) (78). An
important consideration to make is that this study generated knockdowns using antisense
oligonucleotides to target desired mRNA, thereby inhibiting translation. Although this method
has many benefits, there are inherent limitations as knockdowns are mosaic and transient (93).
Additionally, it is difficult to discriminate between specific and non-specific effects, as generally
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Figure 4: Knockdown and Overexpression of Nkd1. (A) Nkd1 knockdown using antisense
morpholino oligonucleotides and overexpression using nkd1 mRNA did not have an overt
phenotype. (B) Such results are in stark contrast to Axin2 overexpression which results in a
severely dorsalized embryo. (C) Nkd1’s ability to antagonize Wnt signaling was only revealed
when Nkd1 was co-injected with wnt8, where it was able to suppress the eyeless phenotype
induced by wnt8 injection alone. Images Adapted from Van Raay et al. (89).

15

accepted assays to control for side effects do not exist. This is especially problematic since
binding of off target sites is likely while using antisense oligonucleotides (93).
Regardless, the inability of knockdown or overexpression of Nkd1 in zebrafish and
mouse models to produce a phenotype appears to be in stark contrast to observations made in
Axin2 and Dkk1; in which case overexpression and knockdowns had clear phenotypic
consequences where embryos were dorsalized (Figure 4B) or had aberrant limb and head
formation (71, 75). A possible explanation for this phenomenon could be that Nkd1 is only
required as an antagonist during periods of aberrant Wnt signaling. Indeed, there is evidence for
this claim, as Nkd1 was able to efficiently rescue the eyeless phenotype induced by exogenous
wnt8 (Figure 4C) (78). Additionally, previous studies have also demonstrated that Nkd1’s ability
to antagonize Wnt activity was revealed in mutant zebrafish lines that are hypersensitive to Wnt
signaling, suggesting Nkd1 has a passive effect (89). Finally, preliminary results in zebrafish
showed that nkd1 knockdown mutants injected with wnt8 hyperactivated Wnt signaling, resulting
in higher levels of dorsal-ventral defects relative to WT zebrafish injected with wnt8 (90). In the
presence of exogenous wnt8, these nkd1 knockdown mutants also had higher expressions of the
Wnt target axin2 relative to WT embryos (90).

1.6 Rationale and Hypothesis
The Nkd1 knockout/down and overexpression phenotypes in the various genetic
backgrounds and conditions, together with its known molecular function, suggests that Nkd1’s
main function is to antagonize Wnt signaling when or if it breaches a certain threshold. Here, we
hypothesize that Nkd1 is the gatekeeper that keeps Wnt signaling in a homeostatic range, should
aberrations in signaling occur (Figure 5). To advance our understanding of Nkd1 function, nkd1
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null zebrafish will be generated, and analyses will be performed at specific stages of
development involving Wnt signaling.

1.7 Zebrafish Development and Wnt
Early Zebrafish development (up to 24hrs) can be divided into 5 stages: zygote, cleavage,
blastula, gastrula and segmentation (94). During the zygote period, fertilization activates
movement of cytoplasm from the yolk into the animal pole of the single cell. This phenomenon
is often leveraged for delivery of exogenous compounds, as the yolk of the embryo can be
microinjected, and the compound can be delivered to the animal pole through cytoplasmic
streaming (95). Mitosis commences during cleavage period (0.7 – 2.22 hours post fertilization
(hpf)), where blastomere division can be observed every 15 minutes up until the 8th zygotic
division, marking the beginning of blastula stage (2.25 – 5.25 hpf). The blastula stage coincides
with the beginning of the maternal zygote transition (MZT), a period where the maternal
transcriptome begins to get degraded and the zygotic genome begins to get transcribed and
translated (96). Epiboly also begins at this stage, where a layer of epithelial cells begins to spread
across the yolk of the embryo. Epiboly continues into gastrula stage (5.25 – 10.33 hpf), where
primary germ layers and embryonic axis is established. Finally, during segmentation phase
(10.33 – 24 hpf), neurogenesis begins and organs such as eyes develop as the embryo elongates
(97). Studies indicate that Wnt signaling has a dual role in the development of the vertebrate
organizer. Upon fertilization, maternally provided components of Wnt signaling establish the
dorsal organizer up until the MZT (approximately 4.6hpf) (98, 99). Once development comes
under the control of the zygotic genome (30% epiboly, 4.6hpf), zygotic Wnt signaling restricts
the size of the dorsal organizer and subsequently patterns the anteroposterior neural axis (100).
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Figure 5: Hypothesis - Nkd1 is functional once Wnt signaling has been exacerbated. Under normal
circumstances (black), Nkd1 protein is sequestered at the membrane. In cases of an exacerbated Wnt
signal (red), when there is excess wnt ligands, Nkd1 becomes functional and acts as antagonist to Wnt
signaling.
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More importantly, at approximately 4hpf, zygotic Wnt signaling is restricted to the ventrolateral
margins of developing zebrafish embryos, leaving the remaining animal pole mostly devoid of
endogenous Wnt signaling (but still responsive to exogenous Wnt) (78, 81, 101). Furthermore,
the non-canonical pathway only becomes activated after the onset of gastrulation (5.25 hpf) (84).
Given that Nkd1 is known to be involved in the non-canonical pathway (78), this situation can be
leveraged, as the role of Nkd1 in canonical/b-catenin signaling can be investigated during the
first zygotic Wnt signaling event (4.6-5.25 hpf) without the confounding effect of the noncanonical pathway.

1.8 Predictions and Aims
To reiterate, I hypothesize that Nkd1 attenuates the intensity of Wnt signaling in
situations where the Wnt pathway has been exacerbated (Figure 5). Therefore, compared to WT,
nkd1 -/- embryos are predicted to be hypersensitive to exogenous Wnt signaling, displaying an
exacerbated phenotype and Wnt target gene response. To test this hypothesis, I have 3 specific
aims:
Aim 1: Generation of homozygous null nkd1 fish via CRISPR/cas9 allowing for a genetic based
abrogation of nkd1 expression.
Aim 2: Analyze the consequence of nkd1 knockout compared to WT under homeostatic and
elevated levels of Wnt signaling through phenotypic and qPCR analysis.
Aim 3: Determine how β-catenin responds to the loss of Nkd1 in both homeostatic and Wnt gain
of function scenarios via Immunohistochemistry (IHC).
In the context of this project, homeostatic levels of Wnt signaling will refer to normal,
endogenous Wnt signaling that has not been perturbed by exogenous Wnt activators. To our
19

knowledge, this will be the first time complete genetic knockout models of nkd1 in zebrafish will
be examined.
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Chapter 2 – Methods
2.1 Zebrafish Maintenance and Embryo Collection
Zebrafish (Danio rerio) were purchased from AQUAlity Tropical Fish Wholesale, Inc and
maintained at the Hagen Aqualab and Science Complex at the University of Guelph following
the guidelines outlined by the Canadian Council for Animal Care and the University of Guelph
Animal Care Committee protocol # 3614. Facilities were scheduled on a 14 hr light cycle while
maintaining 28ºC, with zebrafish being kept in dedicated, UV sterilized water recirculation
system. Zebrafish under 2 months of age were fed 75um Gemma twice a day, whereas adult fish
were fed a range of dry fish food and artemia. Mating pairs were set up overnight, consisting of
3-5 males and females separated by transparent glass. Once the automated lights turned on in the
morning, mating pairs were placed in shallow water. The embryos were then collected at the 1cell stage and placed into petri dishes containing egg water mixed with methylene blue (60
µg/mL Instant Ocean salts (Instant Ocean), 0.5 ng/mL methylene blue and water). The embryos
were then sorted for injections at the 1-cell stage, or incubated at 28ºC for 5 days, and transferred
to the Hagen Aqualab if they were to be grown to sexual maturity. If 4-cell stage embryos were
needed for injections, they would be placed in a 28.5ºC incubator for approximately 1 hour.
2.2 sgRNA synthesis and mRNA synthesis
A glycerol stock of T7cas9sgRNA2 cloning vector (Addgene) with a CRISPR insert
targeting the third exon of Nkd1 (hereafter referred to as Nkd1 3-2 CRISPR) was grown in 50
mL of LB with 100 µg/µL ampicillin overnight at 37ºC with gentle agitation. Once grown, Nkd1
3-2 CRISPR plasmids were isolated using Qiafilter Midiprep DNA isolation kit (Qiagen) and
digested in a cocktail consisting of 10µg of plasmid, 30U of BamHI, and 1X of BamHI enzyme
buffer (NEB3.1), in a total reaction volume of 100µL. Efficacy of digestion was confirmed by
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running linearized product on a 0.7% agarose gel.
Once linearization was confirmed, DNA was purified by adding 10µL of 3M sodium
acetate and 100µL of pre-chilled phenol:chloroform:isoamyl alcohol (25:24:1, pH 8.2) to the
reaction mix. The solution was vortexed for 1 minute and centrifuged at 16,000 x g for 15 mins
at 4ºC. The aqueous layer containing the DNA was separated from the organic phase with the
use of a filtered pipette, and mixed with 2.5 volumes of prechilled 100% ethanol, after which
samples were incubated at -20ºC for a minimum of 20 minutes. After incubation, the DNA was
precipitated by centrifugation at 16,000 x g for 20 minutes at 4ºC. The resulting DNA pellet was
washed with 70% ethanol and spun down at 10,000 x g for 10 mins at 4ºC. The pellet was then
air dried for 15-20 mins and resuspended in 15uL of water.
Nkd1 3-2 CRISPR sgRNA was synthesized using the mMessage mMachine kit (Ambion).
The reaction mix consisted of 10uL 2x NTP/CAP, 2uL 10X reaction buffer, 2uL T7 enzyme mix
and 1.0ug of linearized Nkd1 3-2 CRISPR plasmid. RNAse free water was added for a final
volume of 20uL. The reaction was incubated in a PCR machine at 37ºC for 3 hours. Afterwards,
1uL of 2 U/uL Turbo DNase (Ambion) was added, and the mix was allowed to incubate for 20
minutes at 37ºC.
Following the incubation period, 115uL nuclease-free H2O and 15uL of 5M ammonium
acetate stop-solution (Ambion) was added to the reaction and mixed thoroughly. 150uL of
prechilled phenyl:chloroform:isoamyl alcohol (23:22:1, pH 5.2) was added and vortexed for one
minute followed by centrifugation at 16,000 x g for 15 mins at 4ºC. The aqueous layer
containing the RNA was separated from the organic phase with the use of a filtered pipette, and
mixed with an equal volume of prechilled 100% isopropanol, after which samples were
incubated at -20ºC for a minimum of 20 minutes. Once incubated, the sample was centrifuged at
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16,000 x g for 30 minutes at 4ºC. After decanting the supernatant, prechilled 70% ethanol was
added and the mixture was centrifuged at 10,000 x g for 10 mins at 4ºC. The supernatant was
removed and the pellet was air dried for 15mins before being resuspended in 12uL RNase free
H2O.
For synthesis of membrane red fluorescent protein (mRFP) mRNA, and wnt8 mRNA, the
protocol as described above was used. Where applicable, Not1 or EcoRI was used to linearize
DNA plasmids for in vitro transcription, respectively. In the case of mRFP, mRNA mMESSAGE
mMACHINE SP6 Kit (Ambion by Life Technologies) was used to synthesize mRNA.
2.3 Microinjections
Embryos for injections were divided into 4 groups: mock injected WT background, wnt8
injected WT background, mock injected nkd1 -/- background and wnt8 injected nkd1 -/background. Mock injections consisted of water. Embryos were arranged at the 1-cell stage in a
3% agarose mold containing 1 mm wells. Injections were performed using a PV820 pneumatic
PicoPump microinjector (World Precision Instruments) attached to medical grade air with
needles made from thin walled glass capillaries (World Precision Instruments, TW100F-4).
Needle tips were pulled in lab using a Model P-1000 Flaming Brown Micropipette Puller (Sutter
Instruments) with the following settings: heat 525, pull 65, velocity 25, time 50, Pressure 500,
Ramp 542. RNA mixtures were back-loaded into a needle using specialized microloader pipette
tips (Eppendorf, 930001007). The needle was sized using forceps and a microscopic scale to
yield a bolus of 0.12 µm diameter, injected with a 3-millisecond pulse at 30 psi. A bolus of 0.12
µm in diameter yielded a volume of ~1 nL according to the formula 4/3πr3.
While injecting, the embryo’s chorion was punctured and 1nL of RNA or water was
released into the yolk underneath the cell of the embryo. The RNA would then stream into the
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cell through cytoplasmic streaming. The following injection cocktails were administered:
wnt8

25pg

CRISPR/cas9

200pg sgRNA 500pg cas9 protein/mRNA

mRFP+wnt8 cocktails

50pg wnt8 600pg mRFP

2.4 RNA extraction
Injected embryos were grown to several developmental stages, including sphere (4.33hpf),
30% epiboly (4.66 hpf), and shield stage (6.0 hpf). 10 embryos from each stage were transferred
to an Eppendorf tube after which 250µL of TRIzol reagent (Ambion) was added. Embryos were
homogenized using a power pestle motor (Kontes, 1.5 mL pellet pestle RNase-free) after which
450µL of additional TRIzol was added. 100µL of chloroform was added to the mixture and
vortexed for 15s. Samples were centrifuged at 16,000 x g for 15 mins at 4ºC. The top aqueous
layer was removed (~250ul) and an equal volume of 100% isopropanol was added. At this point
samples were frozen at -20ºC for at least 20 mins. Once incubated, the RNA mixture was
centrifuged at 16,000 x g for 30 mins at 4ºC. The supernatant was decanted and the pellet was
washed with prechilled 70% ethanol. The samples were centrifuged once again at 10,000 x g for
5 mins at 4ºC. Supernatant was removed and the pellet was left to air dry for 10 minutes, after
which it was resuspended in 20µL of RNAse free water. Alternatively, total RNA was extracted
from 10 embryos using the GenZol kit (GeneAid Inc) according to manufactures protocol and
eluted in 30uL RNase free water. Concentration was measured using a nanodrop
spectrophotometer (NanoDrop® ND-8000, Thermo Scientific)
2.5 RT-qPCR
Primer sequences, One-step RT-qPCR, and cycles are described in Tables 2, 3, and 4
respectively.
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Table 2: Sequences of Primer used in RT-qPCR
Primers
EF1a
Axin2
Sp5

Sequence (5’ – 3’)
Forward: CTGGAGGCCAGCTCAAACAT
Reverse: ATCAAGAAGAGTAGTACCGCTAGCATTAC
Forward: GCCAATAGCCGATGATGTGT
Reverse: ACTGGTTCCTGTGCAATGTCT
Forward: TTTTTCTTGTGTGGAGGGG
Reverse: GCGTGGATTGATGATTGG

Primer
Efficiency
95.54%
97.13%
91.25%

Table 3: List of Components used in One-step RT-qPCR
Component

20µl
Reaction
10 µl
1 µl
0.8 µl
0.8 µl
variable
to 20 µl

Luna Universal One-Step Reaction Mix (2X)
Luna WarmStart RT Enzyme Mix (20X)
Forward primer (10µM)
Reverse primer (10µM)
Template RNA
Nuclease-free Water

Final Concentration
1X
1X
0.4 µM
0.4 µM
≤ 1 µg (total RNA)

Table 4: Description of cycles in One-step RT-qPCR
Cycle Step

Temperature Time

Cycles

Reverse Transcription
Initial Denaturation
Denaturation
Extension
Melt Curve

55°C
95°C
95°C
60°C
60–95°C

1
1
40–45

10 minutes
1 minute
10 seconds
30 seconds
various

1

2.6 Whole Mount Immunohistochemistry
After injections, 10-15 embryos were incubated at 28ºC until they reached 30% epiboly,
after which they were fixed in 4% paraformaldehyde (PFA) on a rocker at 4ºC for 24hrs. After
fixing, the embryos were washed with PBST twice for 5 mins (1X PBS with 0.1% Tween).
Embryos were dechorionated and deyolked in siliconized plates using forceps and a hairloop
brush under a light microscope (Zeiss).
The deyolked embryos caps were incubated in 500uL block solution (PBST, 2% dimethyl
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sulfoxide (DMSO), 5% sheep serum, and 5 mg/mL Bovine Serum Albumin (BSA)) for 1 hour at
room temperature with mild agitation. After the incubation, the b-catenin antibody mix
(Cat#610153, BD BioSciences)(1:500 in block solution) was added and left overnight with mild
agitation at 4ºC. The following morning, the embryo caps were washed 6 times for 15 mins each
in PBST+DMSO (PBT with 2% DMSO) and placed in the secondary antibody mix (Alexa-Fluor
Donkey anti-mouse 488, Cat#R37114, Invitrogen) (1:500 in block solution). The secondary
antibody was left overnight with mild agitation at 4ºC. The following day, embryos were washed
three times for 15 mins in PBST+DMSO and once for 15 mins in 1:3600 Hoescht (Invitrogen) in
block solution. Excess Hoescht was removed with one wash in PBST+DMSO for 15mins. Caps
were prepared for confocal laser-scanning microscopy (SP-5 Leica) by mounting onto a
depression slide using scotch tape and a one-hole punch, coverslipped and sealed with nail
polish.
2.7 qPCR Calculations and SEM
After data from RT-qPCR was acquired, the cycle threshold (ct) values of the technical
replicates from each experiment were averaged, after which their standard error of the mean
(SEM) was determined. To calculate the Δct value, average target gene ct values were subtracted
from the average of the ef1a reference gene ct values. The SEM for the Δct values was
calculated by taking the root of sum squares of the average reference gene ct SEM and the
average target gene ct SEM (SQRT((Ref ct SEM^2)+(Target ct SEM^2))). ΔΔct was calculated
by subtracting the injection Δct from the calibrator Δct. The SEM for the ΔΔct value is equal to
the SEM of the injection Δct as the calibrator is an arbitrary value with no associated error. Fold
change was calculated by using the formula 2^(-ΔΔct). The SEM for the fold change was
determined by adding or subtracting the ΔΔct SEM from the ΔΔct value while using the fold
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change formula to calculate the upper and lower bounds of the fold change SEM 2^(-ΔΔct+/ΔΔct SEM) . Finally, the average fold change and the average fold change with the ΔΔct SEM
can be determined and the difference between them results in the average fold change SEM
between each experiment. Where applicable, a one sided or two-sided t-test was used to
determine statistical significance.
2.8 IDAA, Genotyping and Primer Design
Embryos were examined for CRISPR activity through Indel Detection by Amplicon
Analysis (IDAA). DNA from WT or mutated embryos underwent a tri-primer PCR utilizing
forward and reverse primers that amplified the region in nkd1 where CRISPR mediated InDels
were predicted to occur. The forward primer has a universal adaptor sequence that binds to a 6’FAM fluorescent tag. Resulting PCR products were fluorescently tagged and submitted for
Fragment Analysis for detection of InDels (Table 5, Figure 6A). Subsequently, primers that
could amplify and distinguish WT (nkd +/+), nkd1 +/- heterozygous mutants, and nkd1 -/homozygous mutants were designed in order to establish a rapid method to determine genotypes
(Table 5, Figure 6B).
Table 5: IDAA and Genotyping Primers
Assay

Oligonucleotide

Sequence (5`---3`)

IDAA

zNkd1 Univ-Adap Fwd 3-1 CACCGACGTTGTAAAACGAACGGAGAACTGTGCAACTTGTAA

IDAA
Genotyping

zNkd1 3-1 Pig Rev
GTGGTCTTAAAACCAATTCACATACCCCG
1. Nkd Flank Fwd (93060) TCTGTAAAGCGAGGGAGAGTC

Genotyping
Genotyping
Genotyping

2.Nkd WT Rev (93065)
3.Nkd Flank Rev (93061)
4.Nkd Mut Fwd (95876)

CCCGTGGAGACAGCTCGC
GCAAGACGTGTAAAATTGTTGT
GAAAAACAACGGGTATGTG

IDAA

6FAMUniversalAdapter

AGCTGACCGGCAGCAAAATTG
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Figure 6: Genotyping CRISPR edited zebrafish embryos. (A) Indel Detection by Amplicon Analysis
(IDAA) for confirmation of CRISPR activity. a) Cas9 cleaves at a user defined sequence. NHEJ
introduces IndDels at the double stranded break site. b) Target region undergoes PCR with the of forward
and reverse primers that are target specific and a 5′-FAM labelled primer (FamF) specific for a 5′overhang sequence attached to primer F. c) Fluorescently labelled PCR products containing the InDels are
detected by fragment analysis. Y Axis represents fluorescence intensity (FI) and X axis represents
amplicon size in base pairs (bp). Adapted from Yang et al. 2015 (102). (B-D) Genotyping using Nkd1
allele specific primers using control flanking primers (1,3), WT allele detection primers (1,2) and mutant
allele detection primers (4,3). (B) Homozygous nkd1+/+. (C) Heterozygous nkd1+/- (D) Homozygous
nkd1-/- . Adapted from Ian Bell.
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Chapter 3 – Results
3.1 CRISPR/Cas9 mediated Knockout of Nkd1
Gene editing via CRISPR can result in Homology Dependent Repair (HDR), or Nonhomologous End Joining (NHEJ), in which case the cas9 endonuclease produces a cut in DNA,
after which active repair mechanisms will attempt to repair the double stranded break.
Frequently, as part of the repair process, small nucleotides may be inserted or deleted (InDels) at
this site (103). If the sgRNA targets early exons in the gene of interest, InDels resulting in a
frame shift may introduce a premature stop codon, leading to a Loss of Function (LOF)
mutation. Such InDels can be detected by Indel Detection by Amplification Analysis (IDAA,
Figure 6A), where the gene of interest is amplified via a tri-primer PCR containing a 6FAM
fluorescent tag that labels the product. This product can then be analyzed using fragment analysis
to detect InDels.
A cocktail consisting of single guide RNA (sgRNA) targeting the third exon (of 10) of
nkd1 along with cas9 protein was injected into 1-cell stage embryos, after which they were
allowed to develop to adulthood for 3 months. Initial gene editing using CRISPR/cas9 created a
mosaic of insertions and deletions within individual zebrafish (Figure 7A). As such, zebrafish
with confirmed CRISPR activity were bred to WT fish (Tubigene line), in order minimize off
target effects of gene editing, and to establish a genetically homogenous knockout line.
Once zebrafish were outbred, they were screened again for CRISPR activity. Results
revealed the presence of several types of mutations in approximately 50% of screened fish. One
16-nucleotide deletion was detected in a small population of the screened fish. We chose to
move forward with this line, as a 16-nucleotide deletion would introduce a frameshift leading to
a potential premature stop codon. As such, heterozygous nkd1 +/- fish (one WT allele, and one
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Figure 7: Gene editing mediated by CRISPR/cas9 produces a 16-nucleotide deletion in Nkd1. (A) Initial gene editing created a mosaic of InDels within
individual zebrafish (WT peak at 346bp) Y Axis represents fluorescence intensity (FI) and X axis represents amplicon size in base pairs (bp). (B). Zebrafish with
confirmed CRISPR activity were bred out to eliminate mosaicism, and then inbred to establish a homozygous knockout line. Sequence alignment of a wild-type
and homozygous mutant shows a 16-nt deletion. The resulting mutant transcript introduces a stop codon shortly after the deletion. (C) A) Alignment of wild type
(WT) and Nkd1 mutant genomic sequences. Grey highlight identifies the 3rd exon of Nkd1. Underline identifies the sequences used for genotyping primers. B)
Comparison of translated cDNA. The number 162 identifies the position of the nucleotide sequence in the full length sequence. Similarly, 54 corresponds to the
amino acid (aa) position. (D). Primers were designed to amplify WT, homozygous and heterozygous 16 nucleotide Nkd1 mutants (*Note that we observe some
mis-priming of the mutant allele primer (4) resulting in a low intensity false positive band in lane 3). Numbers below each lane identify the primer combination
referred to in table 5 and Figure 6B.
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mutated allele) were inbred to generate nkd1 +/+, nkd1 +/-, and nkd1 -/- in the mendelian ratios of
25%, 50%, and 25% respectively. Once grown to adulthood, fish were screened once again via
IDAA, to establish a nkd1 -/- knockout line (Figure 7B, C).
IDAA identified nkd1 -/- mutants were sequenced to identify the mutation and a potential
premature stop codon. Sequencing confirmed the presence of a 16-nucleotide deletion, which
resulted in a premature stop codon downstream of the deletion (Figure 7C). The resulting
polypeptide would be 78 aa in length, compared to 440 aa for the WT protein. This stop codon
occurs prior to the conserved NHR1 and EF-hand (Figure 2 in introduction), therefore, even if a
truncated Nkd protein is being produced, it is predicted to be non-functional as it will not be able
to bind Dvl2 (a property required for Nkd’s antagonistic ability)(81, 84). In order to establish a
more rapid and efficient method to identify and confirm nkd1 -/- mutants, primers targeting a WT
nkd1 sequence, and primers targeting a mutated 16-nucleotide deletion of nkd1 were designed (as
described in Figure 6B-D). PCR amplification using these primer sets accurately identifies wildtype, heterozygous and homozygous mutants (Figure 7D).

3.2 Nkd1 Loss of Function Lacks Phenotype under Excess and Homeostatic Levels of Wnt
Signaling
Previously, Nkd1/2 double knockouts in murine models lacked an overt phenotype, where
only minor alterations in cranio-facial length and spermatogenesis were observed (88). Mirroring
such results, morpholino oligonucleotides targeting nkd1 RNA did not produce a phenotype in
zebrafish embryos (89). Such results align well with our model for Nkd1, as the consequence of
a Nkd1 mutation should not manifest until Wnt signaling has been exacerbated (84, 89).
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To corroborate previous findings, the development of nkd1 -/- and WT embryos were
compared. Additionally, the effect of Nkd1 LOF on development was also assessed in the
context of excess levels of Wnt signaling. Nkd1 -/- and WT embryos were generated from WT
and nkd1 -/- parental backgrounds and collected after fertilization, after which half of the
embryos were injected with exogenous wnt8. The other half of the population received a mock
water injection. Post-injected embryos were incubated at 28.5ºC for 24hrs for subsequent
phenotypic examination with a dissecting microscope.
Injection of exogenous wnt8 into WT embryos should produce an eyeless phenotype, as
prior research has established this as a consequence to an overactivated Wnt signal (6, 89). Given
that there is no Nkd1 negative feedback mechanism, injection of exogenous wnt8 into a nkd1 -/embryo should further exacerbate this phenotype, either by generating an increased number of
total eyeless embryos, or by creating additional defects such as dorsoventral patterning (DVP)
defects (44).
Mock injected WT embryos had no eyeless defects or DVP defects, as expected (Figure
8A, B). Approximately 40% of wnt8 injected WT embryos (n=48) had no defects, whereas
31.3% had an eyeless phenotype, 4.2% had an eyeless phenotype + DVP defects, and the
remaining 25.0% of embryos did not survive past gastrulation (Figure 8B). Mock injected nkd1 /-

embryos (n=36) phenocopied mock injected WT fish; however, mortality rates in nkd1 -/- mock

injected were higher (25.0%). Nkd1 -/- and WT embryos responded to exogenous wnt8 in a
similar manner, showing no significant differences in number of eyeless phenotypes (Figure 8A,
B). Wnt8 injected nkd1 -/- embryos did have higher levels DVP defects relative to WT (8.0% as
oppose to 4.0%, Figure 8B), however, it is difficult to discern if such a modest increase in
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Figure 8: Nkd1 -/- are phenotypically indistinguishable from wild-type embryos. (A)
Representative mock-injected embryos show no phenotypic differences between WT and nkd1-/(left). Injection of 25pg of exogenous wnt8 into WT and nkd1 -/- embryos produces an eyeless
phenotype in both genetic backgrounds (right). (B) Quantification of injection experiments
shown in (A), where in WT embryos, injection of 25pg of exogenous wnt8 generated an eyeless
phenotype in 31.3% of the population, and dorsal ventral patterning defect with an eyeless
phenotype in 4.2% of all embryos. Nkd1 -/- mock injected embryos had higher mortality (25.0%)
than WT mock injected embryos, however, viable embryos did not show defects. Injection of
25pg of exogenous wnt8 into nkd1 -/- embryos resulted in an eyeless phenotype in 28 % of the
population, and dorsal ventral patterning defects with an eyeless phenotype in 8.0% of the
population. (data collected from 4 independent experiments).
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DVP defects is due to the difference in the genetic background of the two groups. Necrotic
embryos in the dish may be a confounding factor, as high levels of necrosis has been known to
alter development of otherwise healthy embryos in the dish (Van Raay Lab, unpublished).
Additionally, crossing nkd1 +/- heterozygous fish generated embryos that were
indistinguishable from one another. Genotyping revealed the presence of WT, homozygous and
heterozygous zebrafish in the expected ratios, suggesting that loss of Nkd1 has no obvious
consequence during early development. In this scenario, there was no increase in mortality, or
DVP defects in nkd1 -/- backgrounds (data not shown).
The above results suggest that at the phenotypic level, nkd1 -/- embryos are akin to WT in
terms of response to an excess Wnt signal. This does not support our initial hypothesis; however,
a gross phenotypic analysis may lack the resolution to differentiate between nkd1 -/- and WT
embryos. As such, we next utilized qPCR to examine the effect of Nkd1 LOF on Wnt target
gene expression under homeostatic and excess Wnt signaling.

3.3 Nkd1 Loss of Function Does Not Alter Target Gene Expression Under Homeostatic
Circumstances
Activation of the Wnt pathway leads to transcription of target genes. Examination of
well-known Wnt target genes can therefore be used as an indicator of Wnt activity. Given that
Nkd1 is known to be a passive antagonist of Wnt signaling (31), nkd1 -/- and WT should have no
differences in Wnt target gene expression under homeostatic conditions.
To test this, we chose to examine previously established obligate Wnt target genes axin2
and sp5 (51,53). Nkd1 -/- and WT embryos were collected at the one cell stage, and incubated at
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28ºC. At 30% epiboly (4.6hpf, commencement of zygotic Wnt signaling), RNA samples were
collected and processed for RT-qPCR.
In support of our hypothesis, under homeostatic conditions, axin2 levels do not appear to
be significantly affected when Nkd1 is knocked out. Similarly, loss of Nkd1 did not have an
overall effect on sp5 levels as well (Figure 9A, B).
It is important to mention that in some cases, nkd1 -/- and WT embryos were collected on
different days due to limited availability of nkd1 -/- embryos. Samples were collected at 30%
epiboly but visual observation of development on different days introduces error due to staging
ambiguity. Therefore, to reduce error, it seemed prudent to analyze nkd1 -/- and WT samples that
were collected and processed on the same day. We refer to these samples as being treated and
processed in parallel. Similar to previous observations however, parallel samples appeared to
have no difference in axin2 and sp5 levels between the two genetic backgrounds (Figure 9C, D).

3.4 Nkd1 Loss of Function Are Hypersensitized to Exogenous Wnt Ligand
Given that target gene expression between nkd1 -/- and WT embryos did not differ
significantly under homeostatic conditions, we next examined if target gene expression would
differ in the context of excess Wnt signaling. Injection of exogenous wnt8 ligand into WT
embryos typically produces a 2 - 3-fold increase in target gene expression between 30% epiboly
and shield stage (75). Based on our model of Nkd1 function, injection of exogenous wnt8 into
nkd1 -/- embryos is predicted to result in a further increase in target gene expression, as there is
no negative feedback mechanism to attenuate the excess Wnt signal.
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Figure 9:Wnt target gene expression in nkd1 -/- and WT embryos at 30% epiboly (4.6hpf). axin2 and sp5
expression was used for quantification of Wnt signaling activity. Quantification of axin2 and sp5 was
calculated relative to WT embryos. Intensity of Wnt signaling does not appear to be altered when nkd1 is
knocked out. (A,C) axin2 expression; (B,D) sp5 expression. (A,B) WT and nkd1-/- embryos were
collected on different days; (C,D) WT and nkd1-/- embryos were collected on the same day processed in
parallel. Errors bars represent standard error of the mean (SEM). N = 6 for non-parallel axin2
populations, n = 3 for parallel axin2 populations., n = 4 for non-parallel sp5 populations, and n = 3 for
parallel sp5 populations. P-value as determined by two-sided Student’s T-test comparing nkd1 -/- to WT.
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Nkd1 -/- and WT embryos were collected at the 1-cell stage, after which half of the
embryos were injected with exogenous wnt8. The remainder of the population received a mock
water injection. After embryos reached 30% epiboly (4.6hpf), RNA was harvested, purified and
processed for RT-qPCR.
Injection of exogenous wnt8 into WT embryos led to an average of 2-fold increase in
axin2 levels, as expected. Injection of wnt8 into nkd1 -/- embryos led to a similar 2-fold increase
in axin2 levels as well (Figure 10A). This result does not support our hypothesis, as injection of
exogenous wnt8 into nkd1 -/- embryos should further increase target gene expression relative to
WT wnt8 injected. Genotyping a subset of embryos from the nkd1 -/- pool confirmed that these
embryos were indeed homozygous mutant (not shown).
In contrast to the lack of changes in axin2 levels, sp5 target gene expression differed
between WT and nkd1 -/- embryos in the context of an exacerbated Wnt signal (Figure 10B).
Injection of wnt8 into WT controls led to a significant increase in sp5 gene expression compared
to mock injected WT controls (3.2-fold increase, p= 0.04). In support of my hypothesis, this
increase was furthered in in nkd1 -/- embryos (8.5-fold over mock injected nkd1-/-; p= 0.03).
Similar to Figure 9A and B above, nkd1 -/- and WT embryos were injected and processed on
different days.
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Figure 10: Wnt target gene expression in nkd1 -/- and WT backgrounds at 30% epiboly (4.6hpf), in the context of
homeostatic (left side of each graph) and excess Wnt signaling (right side of each graph). Embryos were injected
with either wnt8 mRNA or a mock water injection (shown as “-“). Quantification of axin2 and sp5 was calculated
relative to mock injected embryos. In all circumstances, increases in axin2 and sp5 levels were observed due to
injection of exogenous wnt8. Although the increase in axin2 expression due to wnt8 was similar in WT and nkd1 -/embryos, levels of sp5 were further increased in wnt8 injected nkd1 -/- embryos (B,D). This effect was seen in both
parallel (C), and non-parallel populations (A). Graph represents average of n=5 (A: wt vs axin2) and n=4 (A: nkd1-/vs axin2) and n=3 for remaining categories. Errors bars represent standard error of the mean. * = p<0.05 as
determined by one-sided Student’s T-test assuming equal variance against the corresponding mock injected (-)
control of the same genotype.
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In addition to previously mentioned staging error, there is also error in the amount of
mRNA injected into the embryos due the variance in the size of bolus released by the
microinjector between different experiments. Prior to injections, the microinjector needle is sized
using a stage micrometer to release a bolus that has a radius of approximately 0.06mm (Suppl.
Figure 1). This is done so the volume of the bolus released can be approximately 1nL (volume of
sphere = 4/3πr3), thereby ensuring minimum trauma to the embryo while releasing an adequate
and consistent amount of mRNA. Unfortunately, considering that a difference of 0.015mm in the
radius of bolus released can nearly double the amount of RNA released, such variance may
create inconsistencies between experiments. Therefore, to reduce staging and injection error, it
seemed prudent to analyze nkd1-/- and WT samples that were injected with the same needle on
the same day. We refer to these samples as being treated and processed in parallel.
Despite the concerted effort to treat both genetic backgrounds in parallel, axin2 levels
increased similarly in WT and nkd1 -/- embryos as before (Figure 10C). However, the difference
in sp5 levels also persisted, where wnt8 nkd1 -/- embryos had approximately 7-fold more sp5 than
wnt8 injected WT embryos (Figure 10D).
To determine if this result could be replicated at different developmental timepoints, we
examined target gene expression at sphere and shield stage as well (4.3 and 6 hpf, respectively)
(n=1). In this scenario, WT embryos had a low to moderate response to exogenous wnt8 with
respect to axin2 and sp5 expression (Figure 11). Similar to 30% epiboly, relative to WT, axin2
levels did not change substantially in nkd1-/- with exogeneous wnt8. In contrast, nkd1 -/embryos displayed a substantial increase in sp5 levels at both time points (Figure 11). However,
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A. Relative axin2 and sp5 levels at sphere (4hpf)
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Figure 11: Wnt target gene expression in nkd1 -/- and WT backgrounds at sphere (A; 4.3 hpf) and shield
(B; 6 hpf), in the context of excess Wnt signaling. Samples injected and processed in parallel.
Quantification of axin2 and sp5 was calculated relative to mock injected embryos. At both time points,
WT embryos show a weak or negative response to exogenous wnt8, which is unexpected, however, wnt8
injected nkd -/- embryos increase sp5 expression by 2.14-fold at sphere (A) and 3.3-fold at shield (B).
N=1. Error bars represent standard deviation of three technical replicates
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as these are preliminary results with one biological replicate, further experiments will be required
to substantiate these findings.
To better visualize the changes over time, the change in gene expression was plotted at
sphere stage, 30% epiboly, and shield stage in Figure 12. Expression levels of axin2 and sp5 are
normalized to mock injected WT embryos at sphere stage. Without more biological replicates it
is imprudent to interpret, but the general trend is that sp5 expression is more sensitive to the loss
of Nkd1 compared to axin2.

3.5 Nkd1 Loss of Function Embryos Have Excess Nuclear b-catenin Relative to WT in the
Presence of Excess Wnt Ligand
Nuclear accumulation of b-catenin is indicative of an active Wnt signal within a cell.
Previous research has established that Nkd1’s antagonistic role is to prevent the nuclear
accumulation of b-catenin in the presence of excess Wnt ligand (81, 84). Therefore, loss of Nkd1
is predicted to result in excess nuclear b-catenin accumulation compared to WT in the presence
of excess wnt8. To investigate this model, we performed immunohistochemistry (IHC) targeting
β-catenin in both WT and nkd1-/- mutants with and without exogenous wnt8. Our prediction is
that injection of wnt8 will result in higher levels of nuclear b-catenin in nkd1-/- compared to WT.
WT and nkd1 -/- embryos were collected and allowed to develop to the 4-cell stage, after which a
cocktail consisting of wnt8 and membrane red fluorescent protein (mRFP) RNA was injected
into one of the 4 blastomeres.
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Figure 12: Expression of Wnt target genes at sphere (4.3 hpf), 30% epiboly (4.5 hpf) and shield (6.0 hpf).
(A) Loss of Nkd1 does not affect axin2 expression overtime, both in the absence and presence of
exogenous wnt8. (B) Loss of Nkd1 does not affect sp5 expression overtime in the absence of exogenous
wnt8 ligand, however, in the presence of excess wnt8, sp5 levels are substantially higher in nkd1 -/- genetic
backgrounds relative to WT. For each time period, samples were injected and processed in parallel.
Expression levels of axin2 and sp5 are normalized to mock injected WT embryos at sphere stage. n=1 for
WT and nkd1 -/- samples at sphere and shield, n=3 for all samples at 30% epiboly.
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Injection of the cocktail into 1 blastomere of a 4-cell stage embryo generates a mosaic
expression of mRFP and wnt8; in which case regions that are mRFP positive (+wnt8) can be
compared to control regions that are mRFP negative (-wnt8). WT and nkd1-/- embryos were
injected in parallel, receiving the same wnt8+mRFP cocktail. Once samples developed to 50%
epiboly, they were fixed and processed for IHC.
WT embryos displayed a mosaic expression of mRFP, where RFP positive regions
displayed a low to modest accumulation of nuclear b-catenin. This effect was further exacerbated
in nkd1 -/- embryos, where relative to WT RFP regions, a clear increase in total nuclear b-catenin
positive cells can be seen in nkd1 -/- RFP regions (Figure 13).
Comparing the levels of nuclear β-catenin between RFP positive and RFP negative
regions allows for a more direct evaluation of the embryo’s sensitivity to loss of nkd1. As shown
in Figure 14, there is substantially more nuclear β-catenin in RFP positive regions compared to
juxtaposed RFP negative regions in nkd1 -/- embryos, demonstrating that loss of Nkd1 sensitizes
the embryo to exogenous Wnt signaling. This corroborates our findings with the expression
levels of sp5. Care was taken to avoid the ventral domain, which has endogenous Wnt
signaling.
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A

B

Figure 13: Nuclear accumulation of b-catenin in WT+wnt8 and nkd1 -/- +wnt8 samples. (A) WT embryos were injected with a cocktail
of mRFP and wnt8 into 1 blastomere at the 4-cell stage, resulting in a modest accumulation of nuclear b-catenin where wnt8
expression is observed (mRFP positive regions). (B) Injection of the same mRFP+wnt8 cocktail resulted in higher accumulation of bcatenin in nkd1 -/- embryos, where more cells are nuclear b-catenin positive. RFP positive regions only are shown. All samples were
processed in parallel and imaged under identical parameters.
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Figure 14: Qualification of nuclear β-catenin in nkd1-/- embryos with exogenous wnt8 (mRFP+ve) or without exogenous wnt8
(mRFP-ve).
Injection of mRFP+Wnt8 cocktail into 1 cell of a 4-cell stage nkd1-/- embryo produces a mosaic of mRFP expression, indicative of
regions receiving exogenous wnt8. mRFP positive regions appear to have more nuclear β-catenin compared to mRFP-ve regions (βcatenin positive nuclei marked in yellow on right). Note, that this is a single plane confocal image of an animal cap that is about 8-10
cell layers deep. As such it is difficult to exclude potential signal emanating from the z-plane (yellow arrows), making quantification
difficult.
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Chapter 4 – Discussion
4.1. Generation of Nkd1 Knock Out Line
Previous studies involving Nkd1 in zebrafish utilized morpholino oligonucleotides to
bind mRNA of nkd1 to facilitate a knockdown. Unavoidably, this method precludes the ability to
confirm efficiency of knockdowns (78, 93). Off-target effects using morpholinos is also likely,
which may make it difficult to discern if the observed effects of nkd1 knockdown are due to the
knockdown itself, or due to non-specific or general toxicity effects. To avoid such confounding
factors, the recent discovery of the CRISPR/cas9 system was leveraged to generate a nkd1
knockout line by targeting the genomic sequence, rather than the mRNA (103).
Gene editing via CRISPR/cas9 resulted in the generation of several mutants containing
different types of InDels (Figure 7A). We chose to move forward with a mutant line that
contained a 16-nucleotide deletion (Figure 7B), as this would disrupt the three-codon reading
frame of amino acid chains. Such nkd1 -/- mutants were sequenced afterwards, confirming the
presence of a premature stop codon downstream of the deletion (Figure 7C). As mentioned
previously, this stop codon occurs prior to the EF-hand, as such, the mutated protein is predicted
to be non-functional as it is unable to bind disheveled (66, 84).
Nkd1 -/- mutant lines were viable and able to reach sexual maturity. Supporting previous
research in zebrafish and mouse models, adult nkd1 -/- fish phenocopied WT adults, and were
were also able to successfully produce progeny. This allowed us to examine how their
development may differ from that of WT embryos, under homeostatic and excess levels of Wnt.
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4.2. Analysis of Nkd1 Knockout
Studies have demonstrated that loss of vertebrate nkd1 does not appear to have an overt
phenotype (88, 89). In zebrafish, nkd1 mutant embryos were similar phenotypically similar to
parallel WT populations (89). In mouse models, nkd1/nkd2 double knockouts had minor
alterations in cranial bone morphology and spermatogenesis, however for the most part were
phenotypically normal (88). Vertebrate Nkd1’s ability to antagonize Wnt activity was only
revealed in mutant zebrafish lines that are hypersensitive to Wnt signaling, suggesting that it acts
as a passive antagonist to Wnt (89).
During our analysis, we discovered that nkd1-/- embryos were phenotypically
indistinguishable from parallel raised WT embryos. Unexpectedly, nkd1 -/- and WT embryos
responded to exogenous wnt8 mRNA in a similar manner as well, showing no significant
differences in number of eyeless phenotypes (Figure 8A, B). In two of the four replicates
performed, mortality rates in mock injected nkd1 -/- embryos were slightly higher. Such embryos
typically died prior to gastrulation. Increased mortality was also accompanied by an increase in
DVP defects in wnt8 injected nkd1 -/- embryos. This increase in mortality rate and DVP defects
did not persist after progeny from nkd1 +/- in-cross were analyzed. The source of the
mortality/defects thus, is unclear and does not seem to be related to genotype and may just reflect
poor quality eggs.
The inability to phenotypically distinguish WT and nkd1

-/-

embryos under normal and

excess levels of Wnt suggests that at the phenotypic level, nkd1 LOF does not have a phenotype.
This does not support our initial hypothesis; however, the inherent limitation of the experiment
may be at play, as it is a relatively subjective method to deduce the differences in development in
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the two genetic backgrounds. Therefore, qPCR was used to perform a molecular analysis of the
effect of nkd1 knockout, in the context of homeostatic and excess levels of Wnt.

4.3. Nkd1 LOF Differentially Affects Wnt Target Gene Expression
Previous studies have established axin2 as an obligate Wnt target gene that serves as a
potent marker for Wnt activity (72, 75, 90). In response to exogenous wnt8 mRNA, zebrafish
embryos will typically increase axin2 expression by 2-3 fold, depending on the time period being
observed (75, 90). We saw a similar increase (~2-fold) in axin2 expression in wnt8 injected WT
embryos. However, mirroring the phenotypic results, axin2 expression increased ~2-fold in wnt8
injected nkd1 -/- backgrounds as well (Figure 10A, C). This result does not support our
hypothesis, as based on our model for Nkd1, target gene expression should increase further in
wnt8 injected nkd1 -/- embryos. In support of our predictions however, under endogenous
conditions, axin2 levels do not appear to be significantly affected when nkd1 is knocked out
(Figure 9A, C).
More recently, the transcription factor sp5 was also shown to be a potent inducible Wnt
target gene (104). Our analysis confirmed such findings, as injection of exogenous wnt8 mRNA
into WT embryos increased sp5 expression by ~2-fold (Figure 10B, D). However, in contrast to
axin2, injection of wnt8 mRNA into nkd1 -/- embryos led a ~9-fold increase in sp5 levels (Figure
10D), which supports our hypothesis that nkd1 -/- are more sensitive to perturbations in Wnt
signaling
The discrepancy between axin2 and sp5 expression in WT and nkd1 -/- backgrounds may
be attributed to differential gene transcription in response to Wnt signaling. Studies have
demonstrated that individual Wnt target genes respond to Wnt agonists differently due to

48

epigenetic factors (32, 104). Histone H3 lysine 4 tri-methylation (H3K4me3) rich sites have been
used as a predictor for potent inducible Wnt targets, since highly active promoters are often
enriched in this histone modification (105–108). It should be noted that a H3K4me3 mark isn’t
always indicative of a gene that is actively transcribed, as enhancers are marked by
monomethylation of H3K4 rather than tri-methylation. However, often when a H3K4me3 mark
is present on a promoter, chromatin remodeling factors such CHD1 and BPTF open chromatin,
allowing it to be accessible for transcription factors (109, 110).
Chromatin immunoprecipitation and sequencing (ChIP-Seq) assays have confirmed sp5
to be enriched in H3K4me3 modifications, particularly in the presence of exogenous ligands,
suggesting that it is a potent marker for Wnt activity (104). More importantly, this study also
concluded that in some cell lines, induction of sp5 via wnt3A was substantially higher than
induction of axin2. Such results were replicated in a separate study, where in neuromesodermal
progenitor (NMP) cells, the activator sp8 caused a ~4-fold increase in axin2 levels and a ~15fold increase in sp5 levels after 24hrs (32). Additionally, as opposed to axin2, expression of sp5
was determined to be dose dependent as well, increasingly proportionally to the amount of
wnt3A administered (104).
Further probing reveals that sp5’s response to exogenous Wnt activators is best seen
primarily in cells lines that have ‘stem cell’ like properties, or high proliferative potential such as
human neural progenitor cells (hNPCs) and embryonic carcinoma cell lines (104). This may
explain our observed qPCR results, as early zebrafish embryos (up to 24hrs) have been shown to
have high levels of pou5f1, klf4, sall 4, and hsp60, which are markers for pluripotency (111).
Such findings, coupled with our results suggest that sp5 may serve as a more sensitive marker for
Wnt activity than axin2 in early zebrafish embryos.
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Curiously, in one of the three biological replicates performed at 30% epiboly, WT
embryos were unresponsive to exogenous wnt8, leading to no increase in sp5 levels (Supp.
Figure 2A). The experiment was still insightful, as the same wnt8 cocktail that did not increase
target gene expression in WT embryos still led to 2.5-fold increase in sp5 target gene expression
in nkd1 -/- embryos (Supp. Figure 2A). In cases where wnt8 did cause a significant increase in
target gene expression in WT embryos, the effect was exacerbated in nkd1 -/- embryos, where
target gene expression increased further than in WT embryos (Supp. Fig. 2B). Such results
support our hypothesis, as they hint that nkd1 -/- embryos are hypersensitized to excess Wnt
signaling, at least with respect to sp5 expression.
Other factors that may be contributing to the differential response to exogenous wnt8
seen in my experiments include variance in volume released by the injector (Supp. Figure 1) and
partial mRNA degradation.

4.4. Effect of Nkd1 LOF on Nuclear Accumulation of b-catenin
In the presence of exogenous wnt8 mRNA, we saw an increase in nuclear b-catenin in
nkd1 -/- embryos, relative to WT embryos (Figure 13). Such results support our model for Nkd1’s
function, however, some clear differences between Drosophila Nkd and vertebrate Nkd1 become
evident.
Previous research in Drosophila examined nkd mutants, and determined that loss of nkd
led to a near 2-fold increase in b-catenin/armadillo (82). This effect was seen without the
presence of any exogenous Wnt activators. It is of relevance to note however, that the study did
not explicitly examine if this accumulation of armadillo was in in the nucleus. Rather, the overall
effect of b-catenin within cells was analyzed. Drosophila Nkd’s ability to antagonize Wnt
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signaling without any exogenous activators identifies possible inconsistencies between vertebrate
Nkd1 and its Drosophila homologue.
Such differences may be due to the divergence in the function of Nkd and Nkd1.
Drosophila Nkd appears to be fundamentally different than vertebrate Nkd1 in several ways.
Evidence suggests that Drosophila Nkd also has two NLS that allows it to transport in the
nucleus and interact with Importin-a3 to antagonize Wg signaling (82, 112). Although, Nkd1 is
predicted to have an NLS, studies have shown that rather than interacting with importins,
vertebrate Nkd1’s distribution is perinuclear, functioning primarily in the cytoplasm where it
interacts with b-catenin and prevents nuclear accumulation (81, 89). Given such differences,
analysis of vertebrate studies may be more useful in gaining insights on the function of Nkd1.
Recently, a study produced similar results to our lab, where Nkd1’s ability to antagonize
an excess Wnt signal was seen when zebrafish embryos were co-injected with wnt8 and Nkd1
mRNA, resulting in a rescue of the eyeless effect of wnt8 alone (77). Studies from this group
also analyzed nuclear accumulation of b-catenin in response to nkd1 knockdown, and concluded
that even in the absence of wnt8, knockdown of nkd1 still increased nuclear b-catenin. This study
also revealed that Nkd1’s EF hand was not required for antagonism of Wnt (113, 114).
Such results do not entirely align with our findings, as in our investigations, an excess
Wnt signal is essential for Nkd1’s antagonistic ability (84, 89, 90). Additionally, IHC and
immunoprecipitation have shown that Nkd1 interacts with Dvl2 partially through its EF-hand
and NHR2, particularly at the membrane (in active Wnt signalosomes) rather than in the
cytoplasm. This interaction is hypothesized to be critical in the activation of Nkd1, as Dvl2 is
thought to recruit Nkd1 to the Wnt signalosome, where after Wnt ligand binding, Dvl2 is
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phosphorylated allowing Nkd1 to disassociate from Dvl2 and interact with cytoplasmic b-catenin
to antagonize Wnt signaling (81, 84).
A possible explanation for such discrepancies could be that both previously mentioned
studies from the Slusarksi lab utilized morpholino antisense oligonucleotides (113, 114). In
2015, a study concluded that 80% of the phenotypes produced by morpholino mediated
knockdowns could not be recapitulated in knockout models (115). Such findings reveal a
fundamental difference between generating knockdowns as oppose to knockouts. The
underlying mechanism behind this difference is unclear, however, a possible explanation for this
could be compensation events, in which case, a given cell may be able to recognize genetic
aberrations and adjust the active transcriptome accordingly to compensate. Evidence for this can
be seen in zebrafish, where knockout of the gene egf17 resulted in an upregulation of genes
which could potentially compensate for loss of egf17 – a phenomenon which was not seen when
egf17 was knocked down (116). In our case, loss nkd1 may be compensated for by upregulating
other antagonists such as dkk1, nkd2, or nkd3. In observing the expression of such antagonists, it
appears that all genes are expressed during early zebrafish embryogenesis (117). Albeit nkd2 and
nkd3 have substantially lower expression levels compared to nkd1 during the period of our
investigations. Nonetheless, this would require further investigation.
It is prudent to also consider potential off-target effects from CRISPR-cas9 as well (118).
We chose sgRNA sequences in areas likely to result in a loss of function mutation while also
minimizing off target effects through software (119). Additionally, CRISPR-edited fish were
bred out several times to minimize risk of propagating off-target errors.
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4.5. General Overview and Future Directions
Wnt signaling is a tightly regulated process, requiring the coordination of several of the
cell’s native feedback mechanisms to ensure proper signaling or prevent aberrant activation.
Partially responsible for contributing to the stability of the Wnt pathway, are negative feedback
regulators, which are often target genes that attenuate the intensity of the signal (75, 78). Nkd1
appears to be a perplexing member of such regulators, where an initial model was constructed
based primarily on studies conducted in Drosophila. In this model, the molecular mechanisms by
which Nkd was able to antagonize Wnt were attributed to its interaction with Dsh through the EF
hand (66, 86). However, later studies in vertebrate models revealed that Nkd1’s function is
ligand dependent, and although Nkd1 does interact with Dvl, its antagonistic ability is dependent
on preventing nuclear accumulation of b-catenin (81, 84).
In zebrafish, knockdown or overexpression of nkd1 only produced a phenotype in
circumstances in which Wnt signaling was exacerbated with Wnt ligands (89, 90). Such results
led to the conclusion that Nkd1 must act as a passive antagonist to Wnt signaling, only being
activated in cases where Wnt signaling has passed an undefined threshold.
To corroborate previous findings, this project produced genetic null nkd1 -/- zebrafish,
revealing that abrogation of nkd1 expression does not result in a phenotype under presumably
homeostatic, unperturbed levels of Wnt signaling (Figure 8, 9). Nkd1 -/- embryos also did not
have a visible phenotype that differed significantly from WT counterparts under excess Wnt
signaling (Figure 8). Evidence for Nkd1’s effect was partially seen through the use of RT-qPCR,
where in the presence of exogenous wnt8 mRNA, the expression of the obligate Wnt target gene
sp5 was higher in nkd1 -/- mutants relative to parallel-processed WT populations (Figure 10, 11,
12). In order to ensure that off target CRISPR effects are not contributing to our observed results,
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whole genome sequence could prove to be insightful in determining CRISPR efficiency.
Although our CRISPR edited zebrafish were bred out to WT fish several times to minimize risk
of propagating off-target effects, Tracking of Indels by Decomposition (TIDE) analysis would
allow us to determine if off-target effects persisted. This method uses software to estimate the
frequency of InDels in a pool of CRISPR edited samples (120).
Additionally, future experiments can leverage our CRIPSR generated nkd1 -/- knockout
line to confirm which conserved sequence domains of Nkd1 are essential for its antagonistic
ability. This can be done by reintroducing modified Nkd1 cDNA into the nkd1 -/- knockout line.
For example, if Nkd1 cDNA with a deleted NHR2 domain is unable to rescue the effects of
Nkd1 LOF under excess levels of Wnt signaling, this would suggest that the NHR2 domain
would be required for Nkd1’s antagonistic ability.
In addition to the qRT-PCR results, nkd1 -/- embryos also differed from WT when
analyzing nuclear accumulation of b-catenin, where nkd1 -/- embryos had excess levels of bcatenin relative to WT, in the presence of exogenous wnt8 (Figure 13). Such findings assign
Nkd1 a unique role in Wnt signaling, where Nkd1’s function is analogous to that of a circuit
breaker; being active only in cases where the intensity of Wnt signaling has breached an
undefined threshold.
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Chapter 5 - Appendix

Supplementary Figure 1:Variance in microinjector needle sizing between different
experiments. A difference of 0.015mm in the radius of bolus released can nearly double the
amount of RNA released. Such variance may create inconsistencies in experiments.
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Supplementary Figure 2: Variance of sp5 expression in response to wnt8. (A) In experiment 1, injection of exogenous wnt8 does not
increase sp5 levels in WT embryos, however, the same injection cocktail induces a 2.5-fold in sp5 in nkd1 -/- embryos. (B) When wnt8
does cause an increase in sp5 levels in WT embryos (~3-fold increase), the effect is further exacerbated in parallel injected nkd1 -/embryos (~19-fold increase). Quantification of sp5 was calculated relative to mock injected embryos. Error bars represent standard
deviation from three technical replicates.
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