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Abstract
Ocular coloboma is a condition caused by a malformation in optic fissure formation during early
eye morphogenesis. It is characterized by visual impairment and in some instances, blindness in
some children. The prevalence of ocular coloboma is estimated to range from 2 to 14 per
100,000 children. Although many pathways are known to play an important role in optic fissure
closure, the mechanisms and genetic regulation driving optic fissure closure during development
are still not widely understood. Different factors are associated with ocular coloboma, including
genetic predisposition and environmental influences. The Wingless and Int1 (WNT) signalling
pathway is conserved among vertebrates and plays an important role in regulating different
developmental processes, including eye development. When the pathway is in a stimulated state,
presence of WNT ligand binding to its receptor, results in deactivation of the complex consisting
of APC, Axin and GSK3. This deactivation leads to accumulation of the cytoplasmic β-catenin
that is translocated into the nucleus and activates transcription of target genes. Fzd5 gene plays
an important role in eye morphogenesis during early stages of development. We hypothesized
that abnormal levels of WNT signalling is driving the ocular coloboma phenotype. Here, we
over-activated the WNT signalling pathway using the small molecule Bromoindirubin-3′-oxime
(BIO) and lithium chloride (LiCl), which have been previously shown to impact this pathway.
Multiple doses of LiCl treatment has a sensitivity period of disrupting WNT signalling pathway
that lead to coloboma phenotype. On the other hand, BIO treatment lead to molecular disruption
of WNT signalling pathway with normal eye development. Over-activation of WNT signalling
was confirmed by the expression level of GSK3 and ß-catenin using western blot. Secondly, we
generated a stable WNT mutant zebrafish line (fzd5) using CRISPR/Cas9 technology and
observed coloboma phenotype by brightfield microscopy. This study demonstrated that

iii

overexpression of WNT signalling had a dose-dependent response and sensitivity period effect
that lead to abnormal eye development both coloboma and microphthalmia phenotype in
zebrafish model. Moreover, we demonstrated that zebrafish is an excellent model for CRISPR
gene knockout of ocular developmental genes.
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Lay Summary
Tissue closure is the event in which two opposing tissues join together to create one structure.
This event plays an important role in the development of many organs including the eye. Failure
in early eye tissue closure results in sight-threatening condition known as ocular coloboma.
Although surgical treatment is possible in some cases, patients often suffer difficulties in
carrying out their daily life activities. The mechanism in which gene defects affect tissue closure
is poorly understood, making it difficult to develop treatments for this condition. Many
biochemical pathways are found to contribute in the tissue closure event including the Wingless
and Int1 (WNT) pathway. To understand the importance of WNT in eye tissue closure, we used
drugs and genetically modified zebrafish. We generated zebrafish line that exhibited ocular
coloboma and this phenotype was passed on to the next generation. This new model will help in
developing potential treatments for coloboma.
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Chapter 1: Introduction

1.1

Vertebrate eye development

Vertebrate eye formation is an organized multi-step and well documented process which begins
with bilateral evagination of optic vesicles (OV) from the diencephalon (Figure 1-1). At day 28
of gestation, optic vesicles evaginate to form a bi-layered optic cup that consists of an inner and
outer nuclear layer. The inner layer of the optic cup differentiates to form neural retina, while the
outer layer of the cup gives rise to the retinal pigment epithelium (RPE).1,2 The optic cup and the
diencephalon remain attached by a transient structure named the optic stalk. The optic stalk is
filled by retinal ganglion cell axons at a later stage and eventually forms the optic nerve. The
ventral invagination of the optic vesicle along the proximodistal axis is critical for containment
of the retina and RPE within the optic cup.

Figure 1-1 Cartoon of optic fissure morphogenesis in the human eye.
The fissure forms on ventral side of optic cup allowing ingress of the retinal vasculature. Eventually the fissure
closes by day 44 of gestation. Image modified with permission from Ref. 3

1

Through the optic fissure, which is a transient ventral region of the optic cup, the retinal axons
exit while the hyaloid vasculature enters the eye. These multi-step events are conserved between
numerous vertebrates including human, mouse and zebrafish.4-6 Although vertebrates and
mammals share the same fundamental similarity in eye development, there are some structural
differences in eye development between human and zebrafish.7 The lens shape in zebrafish eye is
spherical compared to human lens which is ellipsoidal shape. In addition, the thickness of retinal
layers in human eye is about 289 µM, whereas in zebrafish eye is about 180 µM7,8 (Figure 1-2).
Defects during different developmental stages of the eye could lead to ocular malformations such
as anophthalmia, microphthalmia and coloboma.9

Figure 1-2 Cartoon of comparison between human and zebrafish eye.
Human eye has an ellipsoidal lens shape and the volume of vitreous area is high. The zebrafish eye has a completely
spherical lens shape and the volume of vitreous area is much lower compared to the human eye. Image modified
from Ref. 7

1.2

Coloboma

Ocular coloboma (from the Greek word Koloboma, meaning “curtailed” or “mutilated”) is a
congenital eye disease characterized by the failure of optic fissure to fuse. Malformation of the
ventral optic cup or choroid fissure causes ocular coloboma (Figure 1-3). The effect of coloboma
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could vary in severity from cosmetic defects to complete blindness. The prevalence of ocular
coloboma is estimated to be from 2 to 14 per 10,000 births.4

Figure 1-3 Clinical phenotype of ocular coloboma.
(A) iris coloboma. (B) optic nerve coloboma. (C) choroidal plus optic nerve coloboma.10

Coloboma can have a variable effect on the iris, choroid and/or optic nerve, is present in
other congenital eye abnormalities and is associated with other human disorders (Table 1-1)
Chorioretinal coloboma, where both retina and RPE tissues are missing in the eye, is likely the
most severe type of coloboma.11 Although optic fissure closure requires precise and specific
interaction between growth, morphogenesis and regulatory gene expression, the cellular
mechanisms underlying this process have not yet been fully described. In recent years, different
genetic mutations causing eye disorders in families have been recorded, highlighting that disease
pathogenesis is heterogeneous. Many ocular coloboma phenotypic animal models are now
available to study the mechanisms underlying coloboma (Table 1-2).10,12-20
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Table 1-1 Human diseases with eye coloboma and known genetic loci.
O: Optic nerve, I: Iris, Ch: Choroid, R: Retina, M: Microphthalmia, L: Eye-lid

OMIM Number

Disease

106210

Aniridia

Type
coloboma
I, R, Ch

of Gene/Chromosomal
location
PAX6

Inheritance

120200

Coloboma, Ocular

I, Ch, R, O

PAX6

AD

601723

Coloboma, Microphthalmia

R, Ch

FZD5

AD

218340

Temtamy syndrome

I, R, Ch, O

C12orf57

AR

120330

Papillorenal syndrome

R, O, M

PAX2

AD

216360

Coach syndrome

O

CC2D2A

AR

613702

Klippel-Feil syndrome 3

I, R

GDF3

AD

612713

Kahrizi syndrome

I

SRD5A3

AR

107480

Townes-Brocks syndrome 1

R, Ch

SALL1

AD

216820

Coloboma, ocular, autosomal recessive

R, I, Ch, O

SALL2

AR

607323

Duane-radial ray syndrome

I, Ch, M, O

SALL4

AD

222448

Donnai-Barrow syndrome

I

LRP2

AR

192430

Velocardiofacial syndrome

M, Ch, R, I

TBX1

AD

206900

Microphthalmia, syndromic 3

R, O, M, Ch

SOX2

AD

AD

4

Inheritance

Microphthalmia with coloboma 5

Type
of Gene/Chromosomal
coloboma
location
R, Ch, I, O
SHH

600725

Uveo-retinal coloboma

M, I, O, R, Ch

SHH

AD

604219

Cataract 9

I

CRYAA

AD, AR

274270

DPD deficiency

I, Ch, M

DPYD

AR

157170

Holoprosencephaly 2

M, Ch, I, R

SIX3

AD

214800

CHARGE syndrome

O, I, R

SEMA3E, CHD7

AD

235730

Mowat-Wilson syndrome

I, R

ZEB2

AD

601110

CDG syndrome type Id

I

ALG3

AR

180500

Axenfeld-Rieger syndrome, type 1

I, M

PITX2

AD

154500

Treacher Collins syndrome 1

L, O, I, Ch

TCOF1

AD

243310

Baraitser-Winter syndrome 1

I, R, L

ACTB

AD

243310

Baraitser-Winter syndrome 1

I, R, L

ACTB

AD

109400

Basal cell nevus syndrome

I

PTCH1/2

AD

236670

Walker-Warburg

M, O

POMT1

AR

213300

Joubert syndrome 1

R, O, Ch

INPP5E

AR

OMIM Number

Disease

611638

AD
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OMIM Number

Disease

616428

MCOPCB10

Type
coloboma
M, I, Ch

of Gene/Chromosomal
location
RBP4

Inheritance

615147

RDCCAS

I, R, Ch

RBP4

AR

243310

Baraitser-Winter syndrome 1

I, R, L

ACTB

AD

300472

Corpus callosum defect

I, O

IGBP1

XLR

608091

Joubert syndrome 2

R, Ch

TMEM216

AR

309500

Renpenning syndrome

Ch, I

PQBP1

XLR

309800

Microphthalmia, syndromic 1

O, Ch, I, M

NAA10

XL

305600

Focal dermal hypoplasia

I, Ch, M, R, O

PORCN

XLD

163950

Noonan syndrome 1

R, O, I

PTPN11

AD

610093

Microphthalmia, isolated 2

I

VSX2

-

610202

Cataract 21, multiple types

I, M

MAF

AD

615113

Microphthalmia, isolated 8

R

ALDH1A3

AR

615145

Microphthalmia with coloboma 9

O, I, Ch

TENM3

AR

614497

Microphthalmia with coloboma 7

I, R, Ch

ABCB6

AD

163200

Schimmelpenning-Feuerstein-Mims
syndrome, somatic mosaic

I, L, Ch

NRAS/HRAS/KRAS

-

AD

6

Inheritance

Microphthalmia, syndromic 13

Type
of Gene/Chromosomal
coloboma
location
I, R, Ch, O
HMGB3

180849

Rubinstein-Taybi syndrome 1

I, R, Ch, O, M

CREBBP

AD

617306

COMMAD syndrome

I

MITF

AR

610092

Microphthalmia with coloboma 3

I, Ch, O

CHX10

-

610125

Microphthalmia, syndromic 5

I, R

OTX2

AD

611038

Microphthalmia, isolated 3

O

RAX

AR

194190

Wolf-Hirschhorn

I

4p16.3

-

115470

Cat eye syndrome

I, Ch, O, L

22q11

AD

147791

Jacobsen syndrome

I, Ch, R

11q23

-

218650

Craniosynostosis

R, C, O

2q24–2q31

-

615665

Joubert syndrome 22

M, O

PDE6D

AR

601707

Curry-Jones syndrome, somatic mosaic

I, Ch, O, M

SMOH

-

309500

Renpenning syndrome

I, Ch, M

PQBP1

300166

Microphthalmia, syndromic 2

I, M

BCOR

XLD

612109

Oculoauricular syndrome

I, M, R, Ch

HMX1

AR

OMIM Number

Disease

300915

-

7

614583

Type
coloboma
Coloboma, ocular, with or without I, R, Ch
hearing impairment, cleft lip/palate,
and/or mental retardation
Microphthalmia/coloboma and skeletal I, R, Ch
dysplasia syndrome
I, R
Baraitser-Winter syndrome 2

280000

CHIME syndrome

R

PIGL

AR

113620

Branchiooculofacial syndrome

I, O

TFAP2A

AD

600118

Warburg micro syndrome 1

R, M

RAB3GAP1

AR

609460

Goldberg-Shprintzen megacolon

I

KIAA1279

AR

OMIM Number
120433
615877

Disease

of Gene/Chromosomal
location
YAP1

Inheritance
AD

MAB21L2

AD, AR

ACTG1

AD

syndrome
136760

Frontonasal dysplasia

I

ALX3

AR

300244

Terminal osseous dysplasia

I, L

FLNA

XLD

147920

Kabuki syndrome 1

R, I, Ch, O

KMT2D

AD

181270

Scalp-ear-nipple syndrome

I, L

KCTD1

AD

220210

Ritscher-Schinzel syndrome 1

I, R

WSHC5

AR

616145

Catel-Manzke syndrome

I

TGDS

AR

304050

Aicardi syndrome

M, I, O

Unknown

XLD
8

OMIM Number

Disease

605738

Microphthalmia with coloboma 2

Type
coloboma
M, I, R

of Gene/Chromosomal
location
Unknown

218650

Craniosynostosis

I, R, Ch, O

164210

Hemifacial microsomia

300337

Hypomelanosis of Ito

184705

Steinfeld syndrome

L, I, O, R, Ch, Unknown
M
I, R, M, iris Unknown
heterochromia
I, R
Unknown

602499
142500

Macrophthalmia, colobomatous, with I, R, O, M, Ch
microcornea
I
Heterochromia iridis

157980

MOMO syndrome

155145

Unknown

Inheritance
AD
Mosaicism
AD

Unknown

AD

Unknown

AD

R, Ch, O

Unknown

AD

Pai syndrome

I

Unknown

AD

210350

Biemond syndrome 2

I, R, M

Unknown

AD, AR

601706

Yemenite deaf-blind hypopigmentation

I, Ch

Unknown

AR

syndrome
223370

Dubowitz syndrome

I, M

Unknown

AR

229400

Frontofacionasal dysostosis

I, L, O

Unknown

AR

251505

Microphthalmia

R, Ch

Unknown

AR

9

OMIM Number

Disease

274205

Hypoplastic thumb, coloboma

Type
coloboma
Ch

of Gene/Chromosomal
location
Unknown

Inheritance

601427

Anterior chamber cleavage

I

Unknown

AR

244300

Kapur-toriello syndrome

I, Ch, R, O

Unknown

AR

215105

Chondrodysplasia punctate syndrome

R

Unknown

AR

258865

Oral-facial-digital syndrome, type IX

R, Ch

Unknown

XL

606519

PHACE association

I

Unknown

XLD

600122

Verloes syndrome

Ch

Unknown

AR, XLR

AR

10

Table 1-2 Animal models of ocular coloboma.
C: Chorioretinal coloboma, I: iris coloboma, O: Optic nerve coloboma, R: Retina
WNT signaling genes highlighted in bold

Gene

Genotype

Phenotype

Species

Abcb6

Abcb6-/-

C

Zebrafish 17

Aldh1a3

Aldh1a3-/-

C

Mouse, Zebrafish 15,16

Aldh7a1

Adlh7a1-/-

C

Zebrafish 14

Axin2

Axin2-/-

I

Mouse 18

Adamts16

Adamts16 -/-

C

Zebrafish 13

Cdh2

Cdh2-/-

C

Mouse, Zebrafish 21,22

Cdo

Cdo-/-

C

Mouse 23

Dkk

Dkk+/-

C

Mouse 24

Fbn2

Fbn2-/-

I

Mouse 25

Foxg1

Fox1-/-

I, C, O

Mouse 26

Fzd5

Fzd5 -/-

I, C

Mouse, Zebrafish 27,28

Ipo13

Ipo13-/-

C

Zebrafish 29

Jag1

Jag1+/dDSL

I

Mouse 30
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Gene

Genotype

Phenotype

Species

Lamb1

Lamb1-/-

C, O

Zebrafish 31

Lmo2

Lmo2-/-

C, O

Zebrafish 32

Lrp6

Lrp6 -/-

I, C

Mouse 33

Nlz1/2

Nlz1-/-

C

Zebrafish 34

Nlz2-/Pax2

Pax2

I, C, O

Mouse 20

Pitx2

Pitx2-/-

O

Mouse 35

sfrp1a/sfrp5

sfrp1a/5-/-

C

Zebrafish 36

Sall2

Sall2 -/-

C

Mouse 37

Smad7

Smad7-/-

I, C

Mouse 38

Stra6

Stra6-/-

C

Zebrafish 39

Sox11

Sox11 -/-

C

Zebrafish 40

Sox4

Sox4 -/-

C

Zebrafish 41

Tbx2

Tbx2 -/-

C

Mouse 42

Vax1

Vax1-/-

I, C, O

Mouse 43
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Gene

Genotype

Phenotype

Species

Vax2

Vax2-/-

I, C, O

Mouse, Zebrafish 44

Zic 2

Zic2-/-

R

Zebrafish 19

13

Studies in patients have shown that exposure to different drugs during pregnancy is
associated with ocular coloboma. For example, thalidomide exposure in pregnant mothers causes
eye abnormalities in children including coloboma and microphthalmos.45 Excessive alcohol
consumption during pregnancy has been associated with fetal alcohol syndrome, including
coloboma and microphthalmos.46 Studies have shown that cases of pregnant women who use
hydroxyethylrutoside (HER), a drug that used to treat chronic venous insufficiency and
hemorrhoids, are at higher risk to give birth to a child affected with congenital abnormalities,
including coloboma.47 Although different case reports have suggested an association between
certain drug exposures and coloboma in offspring, more studies are needed to support these
findings.
Animal studies have reported the association between coloboma and certain drugs
observed in humans, however, the concentration of drugs is higher than the concentrations used
in human therapies. Vitamin A plays an important role in eye development, and vitamin A
deficiency (VAD) is suggested to be a cause of coloboma. An epidemiological study in India
suggested that the prevalence of eye malformation in Asian countries is high due to maternal
VAD and consanguineous marriage. Studies in a mouse model showed that embryonic VAD
leads to a coloboma phenotype with a severe collapse of the retina.46,48-50

1.2.1

Clinical features of ocular coloboma

Ocular coloboma can affect the iris, lens, retina or optic nerve starting around 5 weeks of
gestation. Based on corneal diameter and axial length measurement, coloboma is divided into 5
phenotypic sub-classifications; microphthalmies, cyst, microcorneas, normal axial length and
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coloboma phenotype only. Such phenotypic sub-classification may help in diagnostic prognosis
but does not consider the impacts on vision of the optic nerve and chorioretinal coloboma.4,10
An iris coloboma, located in the inferonasal quadrant of the eye, is the most observed site
for ocular coloboma. Iris colobomas are wedge-shaped transillumination defects of the iris that
can be complete (involving all layers of the iris) or incomplete (involving only the iris stroma or
the iris pigmented epithelium). Corneal coloboma usually manifests as a marked astigmatic
refractive error in association with either iris and/or lens coloboma. Lens coloboma is a
congenital abnormality of the capsular bag and it is often associated with a defect in the
corresponding ciliary body. Chorioretinal colobomas occur almost exclusively in the inferiornasal quadrant. Such defects in other quadrants relate to non-developmental diseases (such as
toxoplasmosis scarring). Chorioretinal colobomas usually have the appearance of a bare, white
quadrant devoid of choroid, but with atrophic, scarred retina overlying the defect. This quadrant
can be complete and involve the optic nerve or incomplete as a well-circumscribed area in the
peripheral retina.4 Ocular coloboma is often associated with a small eye, known as
microphthalmos. Also, large number of systemic congenital defects can be associated with
coloboma, such as defects of the central nervous system, craniofacial anomalies, skeletal defects
and genitourinary anomalies. Visual defects resulting from ocular coloboma can be present at
birth and can range from insignificant to severe. Isolated coloboma affecting only the iris often
exhibits minimal visual loss, whereas hard to identify corneal and lens defects can significantly
affect visual acuity. Chorioretinal colobomas are always associated with overlying retinal
abnormalities and visual field defects. Coloboma of the optic disk is often associated with
significant, stationary visual field defects.
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1.3
1.3.1

WNT signaling pathway and vertebrate eye development
Overview of WNT signaling pathway

WNT pathway is a regulatory signaling pathway that plays an important role in embryogenesis,
body axis formation, cell fate and migration in different organisms.51,52 The name “WNT” is a
combination of “wingless” in Drosophila, and oncogene “Int1” in human.53 Since its discovery
30 years ago by Nusse and colleagues,54-56 WNT signaling has gained substantial attention in
health research. Mutations in components of the WNT signaling pathway are found associated
with different human diseases including many types of cancer, fibroses, metabolic disease and
neurodegenerative disorders.57-60
The WNT signaling pathway is highly conserved among different species, between
humans, Drosophila, mouse and zebrafish.61,62 WNT signaling relies on a large family of
glycoproteins, with nineteen distinct WNT genes having been identified in most mammalian
genomes, whereas seven WNT genes have been classified in the Drosophila genome. 52,53
The WNT signaling pathway can be classified into canonical, β-catenin dependent and
non-canonical, β-catenin-independent signaling pathways. The research performed here is
focused on the canonical WNT pathway, where the translocation of cytoplasmic β-catenin to the
nucleus results in activation of gene transcription.
In the absence of WNT ligands, cytoplasmic β-catenin is phosphorylated by a destruction
complex and then degraded through ubiquitin-proteasome system. The destruction complex
consists of Axin, APC and two active serine-theonine kinases CK1a/d and GSK3a/b.63,64 In the
active state of the pathway, WNT ligands bind to their Frizzled (Fzd) co-receptors and lowdensity lipoprotein receptor related protein (LRP)5/6, recruiting the Dishevelled (Dvl) adaptor
protein. Dvl then binds to the C-terminus of Fzd and recruits Axin from the β-catenin destruction
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complex, which normally consists of Axin, glycogen synthase kinase-3β (GSK-3β), and
adenomatous polyposis coli (APC). The destruction complex is then re-localized to the cell
membrane where it is inactivated. This leads to the accumulation of free β-catenin levels in the
cytoplasm, which then translocates to the nucleus and act as a co-activator with T-cell factor
(TCF)/lymphoid enhancer factor (LEF) to regulate target gene expression (Figure 1-4).

Figure 1-4 Coloboma gene interactions in the canonical WNT pathway.
Mutation of either Fzd8, Fzd5, LRP6 or Dkk1 causes coloboma. FZD8 binding to LRP6 (regions E3/E4) is mediated
through Wnt3a. Wnt9b can bind simultaneously to LRP6 (E2/E1 domain). After inactivation of the destruction
complex this leads to β-catenin translocation into the nucleus, activation of TCF genes and ultimately closure of the
fissure. In saturating levels of DKK1, binding of Wnt3a and Wnt9b to LRP6 is inhibited causing an open fissure.
LiCl inhibits Gsk3β preventing breakdown of β-catenin and allowing it into the nucleus. DVL1 is an adaptor protein
that binds to FZD receptors, recruiting AXIN to the cell membrane. This movement of AXIN out of the destruction
complex allows β-catenin molecules to enter the nucleus and promote canonical WNT signaling. DVL1 also is
required for non-canonical WNT signaling via JNK and calcium pathways.
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1.3.2

WNT signaling pathway in vertebrate eye morphogenesis

Defects in the WNT signaling pathway have been observed in eye diseases, such as retinal
degeneration, cataract, ocular tumors and various congenital ocular malformations.65,66 The role
of some WNT/β-catenin signaling pathway genes have been characterized during ocular
development. In mouse model, frameshift mutations in the WNT co-receptor Lrp6 cause ocular,
cleft lip and cleft palate.33 In addition, a mutation in Axin2 gene leads to ocular phenotypes in
mice that range from normal to microphthalmia, coloboma and lens defects.18Another study in a
Dkk1 mutant mouse model reveals the critical role of Dkk1 in lens ingression and hyaloid
vascular formation. Dkk1 dose impacts Pax2 protein expression into the midline region. Dkk1 +/heterozygous mice showed a dorsal and ventral retinal reduction of Pax2 expression, but not
expansion of dorsal retina markers. Therefore, DKK1 dose is critical and affects dorsal retina
location, but not dorsal retinal identity. Furthermore, Dkk1 heterozygous mice exhibited an open
optic fissure, which revealed that the presence of DKK1 is critical for optic fissure closure.24

1.3.3

Frizzled genes and eye development

The ten frizzled genes in mammals play an important role in development and human disease.64
Fz3 contributes to axon guidance in the brain and spinal cord, while Fzd3 and Fzd6 together
control neural tube closure and the orientation of a subset of inner-ear sensory hair cells. Fz6 also
regulates the orientation of hair follicles.67 In the human eye, FZD4 plays important roles in
vascular development in the retina and is mutated in familial exudative vitreoretinopathy
(FEVR). Loss of WNT inhibitors Sfrp1a and Sfrp5 lead to defects in optic cup patterning. 36
Fzd5 is expressed in different tissues such as retina and brain. Fzd5 contributes to
vertebrate ocular development and early neurogenesis. Loss of function studies in zebrafish and
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Xenopus laevis using RNAi showed that the expression of Fzd5 in the developing eye field
enhances ocular cell fates, whereas at later stages in development, Fzd5 promotes the
proliferation of retinal progenitors.17 In zebrafish, Wnt11-Fzd5 regulates eye field specification
through the non-canonical pathway.68 In X. laevis, Xfzd5 regulates the neural potential of retinal
progenitors by controlling the expression of Sox2 through the canonical pathway.

69,70

In Fzd5-/-

knockout mice, embryos die in utero at 10 days post coitum due to defects in yolk sac
vasculogenesis,71 however, Fzd5+/- heterozygotes showed ocular defects including late retinal
degeneration, microphthalmia and coloboma.67,72
In humans, a frameshift mutation in FZD5 leading to a premature stop codon has been
found in a large family with non-syndromic coloboma as an autosomal dominant disorder,28
suggesting that FZD5 is a strong candidate gene for this human ocular malformation.
1.4
1.4.1

Zebrafish: a powerful tool for studying ocular genetics
Zebrafish as a model for studying eye development

The zebrafish (Danio rerio) has emerged as a prominent and invaluable model organism for the
study of developmental biology and human diseses.73 Zebrafish are easy to maintain, are cost
effective, and each mating pair has a high fecundity. Zebrafish provide an excellent model
system for the study of eye disease such as coloboma. Embryos rapidly develop ex utero and are
visually transparent, which make the direct visualization of early developmental processes
possible, such as eye development. Furthermore, zebrafish can easily genetically manipulated
and many techniques for gene manipulation have been well established for zebrafish model.
Additionally, the genome of zebrafish has been fully sequenced and is well conserved compared
to other vertebrates.2 Zebrafish have unique advantages that make them suitable for studying
ocular diseases. They have a large eye size which is easily observed, and the visual system is
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very similar to humans. Furthermore, exogenous chemicals can be easily administered to
zebrafish which makes this a robust model for studying the toxicological effects of chemicals
such as small molecules as discussed below.
Despite the many advantages of zebrafish as an ocular genetics model for human disease,
there are a number of disadvantages to be aware of. While this is a vertebrate, it is not a
mammal, and since the anatomy and physiology of human and zebrafish are somewhat different
(e.g., lungs versus gills), the phenotype of different diseases could vary between human and
zebrafish. Moreover, the genome of the zebrafish has been duplicated which has introduced
copies of the same gene (with some variation). The similarities of the duplicated genes may
make it necessary to target multiple homologous genes in order to remove all function. In
addition, there are paralogous genes (closely related genes in the zebrafish genome such as
multiple members of the WNT family). The paralogues may have similar functions to the gene of
interest.

1.4.2

Timing of optic fissure morphogenesis in zebrafish compared to humans

During late gastrulation, the developing eye is a single eye field, from which the two lateral optic
vesicles (derived from neuroectoderm) and stalks (derived from the telencephalon) begin to form
at about 28 days gestation in humans (6 somites [~12 hours post-fertilization (hpf)] in zebrafish.
At about 31 days gestation (18-20 somites [~18.5 hpf] in zebrafish), the ventral surface of the
optic vesicle and stalk invaginates, leading to the formation of a double-layered optic cup and
formation of the optic fissure (24 hpf in zebrafish). Fusion of the edges of this fissure starts at
about 5 weeks gestation (~36 hpf in zebrafish) with completion by 7 weeks (48 hpf in zebrafish).
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Delays in optic fissure closure are therefore evident by 72 hpf in zebrafish eyes and this appear
as a ventral gap in the eye.

1.4.3

Stages of optic fissure morphogenesis in zebrafish

Previous gene expression studies have revealed different stages of optic fissure morphogenesis
(Figure 1-5). Stage 1 is the establishment and maintenance of dorsal-ventral (D-V) identity.43
Stage 2 is the maintenance of the Pax6 optic cup/Pax2 optic stalk boundary.20 In stage 3 there is
balanced cell death and proliferation in the aligned edges of the optic fissure. 74 In stage 4 there
is cell adhesion of the opposing fissure edges.22 In stage 5 there is dissolution of the basal
laminar membrane.75 Although WNT gene mutations cause coloboma, where they fit into this
staging paradigm remains to be determined.

Figure 1-5 Discrete stages of optic fissure morphogenesis.
At each stage specific genes are localised to different areas with the optic cup. Mutations in these genes leads to
ocular coloboma in zebrafish. It is not yet known where WNT signaling fits into this scheme.
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1.5
1.5.1

Gene editing with CRISPR/Cas9
Biological mechanism of bacterial CRISPR/Cas9 system

In the past few years, the development of precise editing tools at the DNA level has been
established. It is possible to manipulate the genome of an organism in order to study and
understand the function of a specific gene. Many genome editing tools have been used including
zinc-finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs) and the
more recent Clustered Regularly-Interspaced Short Palindromic Repeats (CRISPR)/Cas9
technology.76 The CRISPR system was discovered first as an adaptive immune system in
bacteria. The host bacteria acquired DNA fragments from a foreign bacteriophage which was
integrated into the bacterial genome. The bacterium fragmented the foreign DNA between
CRISPR repeats (protospacers) in order to transcribe them into CRISPR RNAs (crRNAs).
crRNAs are used as a guide which function to detect and cleave foreign DNA or RNA.77 There
are three phases of the CRISPR system in order for the bacteria to carry out the adaptive
immunity response to foreign nucleic acids (Figure 1-6). These are the acquisition phase, the
expression phase and the interference phase.76 In the acquisition phase, nucleic acid fragments of
foreign bacteriophage are integrated as spacers between crRNA repeats. In the expression phase,
the Cas9 proteins and mature crRNA are expressed, followed by the interference phase, where
Cas endonuclease and other RNA components recognize and cleave any DNA sequence of an
invading genome that is complementary to the crRNA sequence. This helps protect the host cells
from infection.76
There are six different types of CRISPR systems which can be categorized into two
groups; types I-III CRISPR systems have been extensively studied, while type IV-VI CRISPR
systems are more recently identified and need further characterization. In type II CRISPR
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systems, which are described in this research project, Cas9 and RNA components (tracrRNA and
crRNA) search for a short motif, protospacer adjacent motif (PAM), and then bind and create
double-stranded DNA breakage.78

Figure 1-6 The CRISPR-Cas9 system.
The CRISPR-Cas9 system is used in genome editing. (A) integration of foreign DNA into the first position of the
CRISPR array (B) A gRNA and a Cas9 protein are injected into cells and form a complex and the Cas9 cleaves the
double-stranded target DNA at a specific spot, forming a DSB. The DSB is repaired through NHEJ pathway which
generates insertions, deletions and frameshifts. Image adapted from Ref. 79

1.6

Hypothesis, and objectives

The overall goal of my MSc project is to begin to examine the role of the WNT signaling
pathway in optic fissure morphogenesis and to determine the time points during optic fissure
closure that are WNT-dependent using the zebrafish model. We hypothesize that abnormal levels
of WNT signaling are driving the ocular coloboma phenotype. In order to test the hypothesis, the
specific aims of my project are: i) to determine the impact of abnormal activation of the WNT
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signalling pathway on closure of the optic fissure; and ii) to generate a stable WNT mutant
zebrafish line (fzd5) using CRISPR/Cas9 technology to study the coloboma phenotype.
1.7

Significance

Although we know a lot about the genes that cause ocular coloboma and the mechanisms by
which this occurs, we do not know how WNT signaling contributes to the known pathways. By
producing a stable fzd5 zebrafish line we can begin to dissect out these various pathways. Recent
evidence suggests that different fissure closure mechanisms share common signalling pathways80
to effect filopodial zippering at the opposed edges of the fissures, a process which is thought to
be a universal mechanism for epithelial fusion. Knowledge of WNT signaling in optic fissure
closure may therefore be relevant to other tissue fusion processes.
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Chapter 2: Investigating the effect of WNT activation on optic fissure closure in zebrafish

2.1

Small molecule modulators of WNT signaling

Given the fact that WNT signalling pathway plays a crucial role in every organ both in normal
homeostasis and repair processes after injury processes, it is not surprising that mutations in
WNT signaling components have been linked to serious human diseases that affect large
segments of the population including, Alzheimer’s disease, type II diabetes and bone density
defects.64,81-83 Many WNT signaling pathway inhibitors and activators have been studied. Most
of the small molecules have been focused on specific protein-protein interactions, inhibition of
Fzd proteins, inhibition of the β-catenin destruction complex, nuclear β-catenin, and the enzymes
Prcn and TNKS.35 Table 2-1 lists some small molecule modulators with its molecular target.
Most studies focus on inhibition of GSK-3β that normally disrupts the β-catenin destruction
complex, which allow the transportation of β-catenin into the nucleus and induce gene
transcription and expression. There are two pools of β-catenin; one is associated with cadherins
at cell-cell junctions and the other is located in the cytosol/nucleus. The β-catenin in the
cytosol/nucleus plays roles in gene transcription regulation. In the off state of WNT signaling
pathway, the cytosolic/nuclear β-catenin is maintained at a very low level and gets destructed the
destruction complex. Casein kinase I-alpha (CKIα) and GSK3 are components of destruction
complex, sequentially phosphorylate β-catenin. Hyperphosphorylated β-catenin is then undergo
ubiquitylation.84 WNT signaling stabilizes β-catenin by regulating the activity of GSK3- and
CKIα kinases. Therefore, significant efforts have been made to understand the mechanism in
which small molecules interact with WNT pathway components and to develop therapies that
can modulate WNT signaling with small molecules.85
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For decades, lithium has been used as a mood stabilizer and the standard treatment for
bipolar disorder. lithium is the most frequently used pharmacological inhibitors of GSK-3 in
(mM) range. The mechanism of action of LiCl is thought to involve direct and indirect inhibition
of GSK-3. The direct inhibition of GSK-3 is through competition with magnesium in the Mg+:
ATP complex, which means that the efficacy of Li ion is determined by the cellular
concentration of Mg+2 ion.86 Lithium indirectly inhibits GSK-3 through increased
phosphorylation of GSK3.87,88 Moreover, BIO (6-bromoindirubin-3′oxime), is another ATPcompetitive and selective inhibitor for GSK-3α/β in the WNT signaling pathway.89 The
molecular weight of BIO is 356.17 g/mol. BIO reduces β-catenin phosphorylation on a GSK3α/β specific site in model organisms.
In order to study the role of the WNT signalling pathway in ocular coloboma, we used
the small molecules (BIO) and lithium chloride (LiCl). Both have previously been demonstrated
as WNT signalling activators that inhibit GSK-3 found in the destruction complex. Inhibiting
GSK-3 disrupts the ability of destruction complex to degrade β-catenin, allowing the
stabilization and transportation of β-catenin into the nucleus for further transcription.87-90
Table 2-1 Small molecule modulators of WNT signaling.

Chemical component

Molecular target

Niclosamide

Frizzled

IWP

Porcupine

XAV939

Tankyrase 1/Axin
stabilizer

BIO(6bromoindirubin-3’oxime)

GSK3

Effect on molecular target
Inhibitor - depletes
Frizzled and Dishevelled
Inhibitor of WNT
production
Stabilizes Axin,
maintaining the b-catenin
destruction complex
Inhibitor, destabilizes the
b-catenin destruction
complex

Effect on WNT
signaling
Inhibitor91
Inhibitor92
Inhibitor93

Activator94
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Chemical component

Molecular target

IWR

Axin

PKF115-584

TCF/beta-catenin

LiCl

GSK3

2.2

Effect on molecular target
Activator (similar to
XAV)
Inhibitor (specifically
targets the Tcf/β-catenin
complex in the nucleus)
Inhibitor (similar to BIO
but less specific)

Effect on WNT
signaling
Inhibitor95
Inhibitor96
Activator90

Experimental paradigm

We aimed to investigate the role of WNT signaling in coloboma phenotype and which time
points in the zebrafish model is critical for this signaling pathway. Here we had 4 experimental
groups of zebrafish embryos. Each group had a total of 15 embryos divided between different
time points. In group 1, there was one treatment dose of LiCl (250 mM) started at 4 hpf and
embryos were sacrificed at 3 time points up to 72 hours post-fertilization (hpf). In group 2, one
treatment dose of LiCl was given at 24hpf and then embryos sacrificed immediately afterwards
and at 48 and 72 hpf. In group 3, multiple doses of LiCl were given to test cumulative effect of
LiCl and embryos examined at 5 time points. In group 4, there was one treatment dose of BIO
(100 µM) started at 24hpf and embryos were sacrificed at 3 time points up to 72 hpf. All groups
were compared to a control group which received only drug vehicle, and a salt control group
which received NaCl, (Figure 2-1). Cumulative doses of 250 mM were chosen in all future
experiments based on the experimental dose-response effect of LiCl that is discussed in section
(2.3.1.1).
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Figure 2-1 Schematic overview of experimental paradigm.
(A) LiCl and BIO drugs were added to E3 zebrafish medium at concentration of 25 mM and 100 µM, respectively.
Then embryos were incubated for 30 min at 28°C. In group A, embryos were treated once at 4 hpf with LiCl, and
then embryos were sacrificed at 9, 24, 48, and 72 hpf. In group B, embryos were treated once at 24 hpf with LiCl,
and then sacrificed at 24, 48, and 72 hpf. In group C, embryos were treated with multiple doses of LiCl, then
sacrificed at indicated time points. In group D, embryos were treated once at 24 hpf with BIO, and then sacrificed at
24, 48, and 72 hpf. All groups had an N=75.
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2.3
2.3.1

Results
Effect of small molecules on zebrafish development
Dose-response effect of LiCl on zebrafish development in vivo

To determine if there is a dose-response effect of LiCl on zebrafish development, the
morphological development was assessed. A group of 15 embryos per-dose were treated with 20,
70, 250 and 400 mM LiCl for 30 min at 28°C (15 x 4 = 60 embryos in total). We found that a
dose of 250 mM LiCl resulted in the appearance of abnormal development in about 33% of
embryos, such as developmental delay, small head size, small eye, and bent tail shape. Moreover,
the mortality rates of different concentrations of LiCl were assessed. Mortality was measured at
24, 48, and 72 hpf. Mortality data showed that 400mM LiCl resulted in 90% embryonic lethality
at 24 hpf, as compared to control (p<0.0001, N=15), and no embryos survived to 48 or 72 hpf.
Significant increase in mortality rate occurred with a LiCl concentration of 250 mM (33% died;
P<0.001, N=15) at 24 hpf, but if embryos survived there was no mortality at 48 and 72 hpf. At
20 and 70 mM doses, mortality rate was not significantly different compared with control
(Figure 2-2).
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Figure 2-2 Dose-response effect of different doses of LiCl.
(A) Zebrafish morphological defects after treatment with LiCl. Dead, unaffected, morphology defects (heart and tail)
and eyeless/small eye phenotype are shown by different coloured bars. NaCl is a salt control and DMSO is a vehicle
control. (B) Effect of LiCl on mortality rate. Significant effects on mortality rate occurred with a LiCl concentration
of 250 mM (*P<0.001, N=15) at 24 hpf. Wild type embryos exposed to 400 mM LiCl resulted in a 90% mortality
rate at 24 hpf as compared to control (**p<0.0001, N=15).
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Effect of LiCl on zebrafish development
Embryos treated with 250 mM LiCl had eye, heart and tail malformations (Figure 2-3). At lower
doses of 70 and 20 mM LiCl there was lower mortality of 13% and 0%, respectively and
embryos were normal (Table 2-2). Based on these data we chose a dose of 250 mM LiCl for
examining the effect on eye morphogenesis.
Table 2-2 Lethal exposure doses of LiCl.
Mortality rate was reported as percentage ( %) dead embryos.

N = 15

Control

Salt
control
NaCl
0%

LiCl
20mM

LiCl
70mM

LiCl
250mM

LiCl
400mM

0%

Vehicle
control
DMSO
0%

24 hpf

0%

13%

33%

90%

48 hpf

0%

0%

0%

0%

0%

0%

100%

72 hpf

0%

0%

0%

0%

0%

0%

100%

Figure 2-3 Effect of LiCl treatment on zebrafish development.
(A) Embryos treated with 400mM LiCl for 30 minutes resulted in an eye-less and bent tail phenotype at 24 hpf, red
arrow indicates eye and tail malformation. (B) Embryos treated with 250mM LiCl for 30 minutes resulted in
eyeless/small eye phenotype.
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Effect of BIO treatment on zebrafish development in vivo
The focus of this thesis was on using LiCl treatment to over-activate WNT signaling pathway.
Similarly, a more specific GSK antagonist, BIO, was tested using two doses. A group of 15
embryos per-dose were incubated with 50 and 100 µM BIO for 30 min at 28°C (15 x 2 = 30
embryos in total). The experiment was repeated 3 times (total of 90 embryos treated). We found
that both doses of BIO resulted in 0% mortality rate at 72 hpf (Table 2-3). However, both doses
of BIO resulted in normal development in all zebrafish embryos (Figure 2-4), suggesting the
dose was too low to interfere with WNT signaling.
Table 2-3 Effect of exposure to 100 µM BIO.
Mortality rate was reported as percentage (%) dead embryos.

N=15

Control

DMSO

BIO 50 µM

BIO 100 µM

24 hpf

0%

0%

0%

10%

48 hpf

0%

0%

0%

0%

72 hpf

0%

0%

0%

0%

Figure 2-4 Effect of BIO treatment on zebrafish development.
(A) Untreated wildtype embryo phenotype. (B) Treated embryo with 50 µM BIO resulted in normal development of
zebrafish embryo. (C) Treated embryo with 100 µM BIO resulted in normal development of zebrafish embryo.
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Effect of LiCl and BIO on coloboma phenotype
The optic fissure is usually closed by 48 hpf in wildtype embryos but we analyzed embryos at 72
hpf, so we allow for the usual time of closure to have passed. In groups A and B, a single dose of
250 mM LiCl was tested and we did not observe any coloboma-associated phenotypic changes.
In group C, embryos were exposed multiple times (up to 4 times) to 250mM LiCl to determine
the sensitivity period of WNT signalling for developing the eye coloboma phenotype. Multiple
250 mM LiCl treatments resulted in abnormally small eye size and coloboma-associated
phenotype (figure 2-5D). The eyes were measured in a caudal-rostral dimension (see green line
Figure 2-5B): Wildtype eyes measured an average of 472 µm compared to LiCl-treated eyes
which measured 260 µm. Thus, LiCl treatment resulted in eyes that were 45% smaller than
wildtype.

Figure 2-5 Effect of multiple doses of 250 mM LiCl on eye morphogenesis at 72 hpf.
(A) Untreated wildtype embryo image. (B) Higher magnification of the eye in panel A showing normal eye
development. Green line indicates where the size of the eye was measured using ImageJ. (C) Treated wild-type
embryo image. (D) Higher magnification of the eye in panel C showing a coloboma phenotype in 4 out of 8 treated
embryos. (E) The average size of the eye was calculated and then compared to untreated wildtype controls. The eyes
of treated embryos were significantly smaller (N=4, *P<0.0001).
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In group D, a single dose of 100 µM BIO was applied, however, no coloboma-associated
phenotypic changes were observed as described earlier.
2.3.2

Expression of WNT pathway proteins in response to small molecule modulators

Both LiCl and BIO activate canonical WNT signaling pathway through inhibition of the GSK3,
the negative regulator of the WNT signaling pathway. So, GSK3 levels may be decreased in the
cytoplasm in response to LiCl or BIO. It is also possible that protein synthesis is not affected by
LiCl or BIO, therefore overall levels will be the same. What is expected to change are levels of
phosphorylated beta catenin. In order to evaluate the effect of LiCL or BIO on WNT signalling
pathway, GSK3α/β and ß-catenin cellular levels were measured using western blots. As
predicted there was no difference in total GSK3a/β protein levels in embryos treated with LiCl at
4hpf.

Figure 2-6 GSK3 expression in embryos treated with single dose 250mM LiCl at 4 hpf.
(A) Western blot analysis of 24, 48 and 72 hpf zebrafish embryo extracts probed with anti- GSK-3α/β (top) and antiGAPDH (bottom) from animals incubated with a single dose with 250mM LiCl at 4 hpf. (N=10) (B) Relative
protein band intensity from Western blot was normalized to control intensity per sample, showing no significant
difference in the expression of GSK3 in treated embryos and controls. Three separate independent biological
replicate blots scanned to calculate densitometry values.
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Expression of GSK3α/β in response to single dose of 250mM LiCl at 24 hpf.
Changes in total GSK3α/β protein expression after the single dose treatment with LiCl (250mM)
at 24 hpf were also measured with western blotting (Figure 2-7). Whole embryos (N = 15) at
different time points were collected for protein extraction. Compared with control embryos, there
was a trend of an increase in GSK3a/β expression for embryos treated with LiCl at 24hpf (55%
above controls). Whereas at 48 hpf the level of GSK3a/β expression was 44% less than controls.
Surprisingly, when the same embryos were treated at 72 hpf, GSK3a/β expression showed a
trend of increased expression compared to controls (N = 2). This delayed and unexpected result
suggested that protein synthesis was indirectly affected by LiCl.

Figure 2-7 GSK3 expression in embryos treated with single dose 250mM LiCl at 24 hpf.
(A) Western blot analysis of 24, 48 and 72 hpf zebrafish embryos probed with anti-GSK-3α/β (top) and antiGAPDH (bottom) from animals incubated multiple times with 250mM LiCl. (B) Relative protein band intensity
from Western blot was normalized to control intensity per sample, showing a trend of increase in the expression of
GSK3 in 24 and 72 hpf treated embryos, whereas there was a decrease at 48 hpf (N=15 for 2 independent blots).
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Expression of ß-catenin in response to multiple LiCl (250mM) dosing
Changes in total ß-catenin protein expression after multiple doses treatment with LiCl (250mM)
was also measured with western blotting (Figure 2-8). Whole embryos at indicated different time
points were collected for protein extraction. Western blotting was performed as described in
method section using anti-ß-catenin antibody. Compared with control embryos, there was a
significant increase in the expression of ß-catenin in 6 hpf (45%, N=15, P<0.001). At 24 and 48
hpf, there was a small increase in ß-catenin expression, but it was not significant. However, the
expression of ß-catenin at 9 hpf was decreased suggesting a return to baseline levels.

Figure 2-8 ß-catenin expression in embryos treated with multiple doses of 250mM LiCl.
(A) Western blot analysis of 6, 9 24 and 48 hpf zebrafish embryos probed with anti- ß-catenin (top) and antiGAPDH (bottom) from animals incubated multiple times with 250mM LiCl. (B) Relative protein band intensity
from Western blot was normalized to control intensity per sample, showing a significant increase in the expression
of ß-catenin in 6 hpf embryos, no significant difference in 24 and 48 hpf treated embryos, whereas there was no
significant decrease at 9 hpf. (N=15, *P value <0.0001, 3 independent biological replicates were scanned for all
densitometry values).
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Expression of ß-catenin in response to a single dose BIO 100 µM
Changes in ß-catenin protein expression after the single dose treatment with BIO (100 µM) at 24
hpf was also measured with western blotting (Figure 2-9). Whole embryos (N = 10) at different
24 and 48 hpf were collected for protein extraction. Compared to control embryos, there was a
significant increase in ß-catenin expression for embryos treated with BIO at 24hpf (70% above
controls, P<0.0001). Whereas at 48 hpf the level of expression of ß-catenin was 30% more than
controls (P<0.001). Despite these changes in total ß-catenin levels, the embryos did not develop
a phenotype. Thus, the embryos appear to have methods of restoring homeostasis in response to
BIO.

Figure 2-9 ß-catenin expression in embryos treated with single dose of 100µM BIO.
(A) Western blot of whole embryo extracts at 24 or 48 hpf. Alpha tubulin is used as loading control. (B)
Quantitation of western blotting result normalised to alpha tubulin expression. Levels of β-catenin significantly
increased at 24 hpf (N=10, **P<0.0001, 3 independent blots) and at 48 hpf (N=10, *P<0.001, 3 independents
biological replicates were scanned for all densitometry values).

2.4

Discussion

Prior studies demonstrated that using small molecule such as LiCl and BIO activates WNT
signaling by inhibiting GSK-3, a component of WNT signaling pathway.89 In this project, we
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carried out a dose-response analysis with both LiCl and BIO. We found that exposing embryos to
250 mM of LiCl at an early stage of embryogenesis had a tolerable effect, producing 50% fish
with coloboma. This could be because the eyes either failed to form entirely or were very small.
There was also no substantial toxicity, nor mortality effects on embryos. On the other hand, 400
mM of LiCl had a toxic effect and the mortality rate was high. Our results demonstrated that a
single dose of LiCl at 4 hpf for 30 minutes had no effect on WNT signaling at 24,48 and 72 hpf
as indicated by no change in GSK3a/β expression. Furthermore, no coloboma phenotype was
observed in treated embryos. We also tested BIO treatment on zebrafish embryos and we found
that exposing embryos to either 50 or 100 µM BIO starting at 24 hpf had no significant mortality
rate, nor any effect on zebrafish embryos development suggesting the dose was too low to
interfere with WNT signaling. Therefore, higher concentration of BIO could be used in future
experiments which may lead to coloboma phenotype. Moreover, the embryos could have
methods of restoring homeostasis in response to BIO treatment. We therefore did not carry out
further analysis on BIO treatment paradigms. Then we asked if LiCl could have an effect on
embryos at a later stage of embryogenesis, so zebrafish embryos were exposed to LiCl at later
stage of development. We found that embryos exposed to a single dose of 250mM LiCl at 24 hpf
led to a trend of increased expression of GSK-3 at 24 and 72 hpf, whereas at 48 hpf there was
reduced levels of GSK in LiCl-treated groups. Interestingly, our observations are different from
the results obtained in cultured cells,90,97 where mRNA level of WNT genes were measured
using qPCR. It is also possible that protein synthesis is not affected by LiCl treatment in treated
embryos, therefore overall levels will be the same. Perhaps LiCl inhibited only the expression of
GSK-3 alpha isoform, but GSK-3 beta was normally expressed. Also, this may suggest that
WNT signaling is sensitive to the effects of LiCl at 48 hpf and using GSK3a/β as a marker does
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not reflect the activation of WNT signaling pathway. Therefore, what is expected to change are
levels of phosphorylated β-catenin in the cytosol.
Next, we used β-catenin protein as another marker of WNT signalling pathway and tested
the time sensitivity for WNT signaling by using multiple doses of LiCl at different time points.
The reason we tested LiCl doses for multiple times was to test additive concentration of LiCl in
each time points. LiCl is expected to increase the expression of phosphorylated β-catenin in the
cytosol as the destruction complex is phosphorylated. Even though BIO treatment had no
phenotypic effect on zebrafish embryos, protein analysis showed an increase in β-catenin level.
To further investigate the cumulative effect of LiCl on WNT signaling as indicated by β-catenin
protein levels, we analyzed repeated exposure doses of 250mM LiCl. We found significantly
increased β-catenin protein expression compared with control at 6 hpf and no significant increase
in 9, 24 and 48 hpf treated embryos. Interestingly, though there was a coloboma phenotype in
treated group (50% of embryos). This may suggest that WNT signaling is contributing to optic
fissure morphogenesis although no significant differences in the expression of β-catenin were
detected. Also, perhaps GSK-3 expression in the cytoplasm is ultimately inhibited by LiCl which
gives rise to coloboma phenotype, but other signaling pathways compensate the level of GSK-3
in the cytoplasm. Furthermore, lithium competes for the Mg2+ binding site on the kinase and Ki
for lithium is increased as Mg2+ levels are increased. This may also desensitize the effect of LiCl
on GSK-3 levels. Perhaps it may be useful to know the level of Mg2+ in embryos at different time
points.
These data suggest a time point of sensitivity of a small molecule effect on WNT
signaling, which may be further analyzed for a therapeutic time window for treatment
intervention. However, it is important to note that whole embryos were used to quantify levels of
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GSK3a/β protein, and these results may not be reflective of GSK protein levels in the eye.
Moreover, treatment with a single dose 250mM LiCl at 24 hpf needs to be replicated in the
future. Antibodies that detect nuclear versus cytoplasmic β-catenin could be used in the future.
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Chapter 3: Using clustered regularly interspaced short palindromic repeats CRISPR/Cas9
system to generate mutant zebrafish lines
3.1 Generation of fzd5 mutant zebrafish line using a cloning-free method of
CRISPR/Cas9 gene editing
One major goal of this thesis project was to test different methods of CRISPR/Cas9 gene editing
and optimize it, such that it could be successfully applied to different genes in zebrafish other
than fzd5 gene. First, we tested a cloning-free method.

3.1.1

Results
Cloning-free method; injection of Cas9 mRNA with short guide-oligo targeting

fzd5 gene does not lead to DNA disruption
One transcript of fzd5 in chromosome 9 was identified in the online Ensembl genome database
(http://uswest.ensembl.org/Danio_rerio/Info/Index). Fortunately, there were no homologues of
fzd5 in the zebrafish genome, so we only needed to target a single gene. Four sgRNAs were
designed using the online analysis tool ZiFiT: fzd5sg1, 2, 3 and 4, but only fzd5sg2 and 3 were
tested in this thesis (Figure 3-1A). The indels are predicted to interrupt exon 1 which codes for a
transmembrane domain. Oligonucleotide sequences for these sgRNAs are in (Appendix C . The
oligonucleotide sequences for the short guide-oligo (60 bp) and the guide-constant sequence can
be found in Appendix D . Corresponding oligonucleotides were synthesized using the cloningfree method; details on the cloning-free protocol used can be found in 4.1. We hypothesized that
the co-injection of Cas9 mRNA and the designed sgRNA that target fzd5 would result in DNA
disruption. An injection dose of 1-2 nl of injection mixture (40 ng/µl final concentration of
gRNA and 80 ng/µl final concentration of mRNA cas9) was injected into 1-cell stage embryos.
Embryos that developed normally were collected for analysis and genomic DNA extraction.
41

Approximately 200bp of sequence around the target sites was amplified by PCR using primers
designed to target the fzd5 gene separately (Appendix G ), analyzed by gel electrophoresis for
amplicon band size, and sequenced by Sanger sequencing. Figure 3-1B shows representative
DNA trace reads from WT in vitro controls that were not injected and fzd5 embryos injected with
Cas9 mRNA and the sgRNAs. Surprisingly, no embryos (N=5) injected with fzd5sg2 and
fzd5sg3 showed any evidence of DNA editing and the injected embryos had DNA sequence
similar to the wild type embryos.

Figure 3-1 Fzd5sg2 and fzd5sg3 does not cause DNA disruption in injected embryos.
(A) sgRNAs targeting fzd5 gene in zebrafish genome and the designed sequences of cloning-free method in
CRISPR/Cas9 system. (B) Sanger sequencing traces of PCR amplicons from whole embryo 24hrs after injection
with Cas9 mRNA and fzd5sg2/3, with designed gRNA highlighted in blue. WT reference sequence in the first row
and injected embryos in the second row showing no DNA editing (N=5).
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Injection of fzd5sg2/3 and Cas9 mRNA cause developmental abnormalities in
zebrafish embryos

Microinjection of embryos with fzd5sg2/3 and cas9 mRNA (repeated 3 times) resulted in
phenotypical abnormalities (Figure 3-2A) including a single eye and bent spine. However,
Sanger sequencing results of injected embryos showed no DNA editing in the injected embryos
with fzd5sg2/3 (Figure 3-2B). Another set of primers were designed and used to amplify wider
area around the target site, approximately 600bp of sequence around the target sites of the fzd5
gene (Appendix G ). The amplicon products were analyzed by gel electrophoresis for amplicon
band size and sequenced by Sanger sequencing. Similar to the sequencing results of normally
developed embryos in section 3.1.1.1, all the 3 embryos had no DNA editing in their genome .
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Figure 3-2 Injected zebrafish embryos with fzd5sg2 and fzd5sg3 had developmental abnormalities.
(A) Injected embryos with either fzd5sg2 and fzd5sg3 had a one eye (cyclops) phenotype at 72hpf. (B) Sanger
sequencing traces of PCR amplicons from whole embryos 72 hpf after injection with Cas9 mRNA and fzd5sg2/3,
designed gRNA highlighted in blue. WT reference sequence in the top and injected embryos in the bottom showing
no DNA editing (N=3).
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3.2

Generation of tyrosinase mutant zebrafish line to test the cloning method for

CRISPR/Cas9 gene editing
3.2.1

Background

The enzyme tyrosinase is responsible for converting tyrosine to dihydroxyphenylalannine
(DOPA), the pigment melanin, by oxidation reaction.98 In zebrafish, tyrosinase (tyr) gene
expression is varied at different time points. At 16.5 hpf, expression of tyr is first observed in the
presumptive retinal pigmented epithelium (RPE). By 18 hpf, the expression of tyr gene is
observed in the entire eye and fewer expression is detected in hindbrain, anterior spinal cord and
tail bud cells. Around 25 hpf, the pigmentation in zebrafish embryos is visible under the
microscope.99-101 We chose to first target the tyr gene using the CRISPR/Cas9 system via the
cloning method to validate the protocols and as proof of principal that we can target any gene to
create a loss of function mutation. Pigmentation defects in zebrafish is an efficient way to
validate the CRISPR/Cas9 screening protocol.99

3.2.2

Results
Tyrosinase disruption in F0 sgRNA and Cas9 protein injected zebrafish

As a first step in order to test cloning method, we used a previously validated sgRNA for tyr.98
Approximately 50% of injected embryos had mosaic pigmentation patterns on the trunk at 48 hpf
(N=30/60) (Figure 3-3). It also was noticeable that the RPE of the eye had no melanin
pigmentation in 50% of embryos. All embryos hatched and survived until adulthood. The
pigmentation phenotype was persistent, indicating that the disruption of tyrosinase activity was
caused by genetic manipulation and not by a transient epigenetic change. We did not breed the
fish to determine if the mutations had affected the germline. For further confirmation, Sanger
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sequencing was used to demonstrate the presence of mutations (Figure 3-3B). The specific
mutation in this case was a 7bp change (Figure 3-3C; WT: CCCCAGAAGTC to tyr crispant:
CCTTGGTCCTC) similar to published data.98 Mosaic pigmentation defects in the tyr F0 edited
fish persisted to later stages (Figure 3-4). This experiment confirmed that we could use our
protocols for other gene editing experiments in zebrafish embryos.

Figure 3-3 Tyr sgRNA successfully targets exon 5 of tyrosinase causing phenotype and DNA editing.
(A) Zebrafish embryos (48 hpf) show a pigment defect (blue arrows) when injected with tyr sgRNA compared to
WT embryos. (B) Sanger sequencing trace reads of WT un-injected and injected embryos with tyr sgRNA, predicted
cut site located between nucleotides highlighted in blue. (C) Gibson assembly result, the WT reference sequence is
in the top with the target site in purple box and PAM in blue box. Tyr F0 edited embryo sequence is in the bottom.
Deletion and insertions are indicated by dashes and red highlighted uppercase letters, respectively.
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Figure 3-4 Disruption of tyrosinase (tyr) by CRISPR/Cas9 generates mosaic pigmentation phenotypes.
Tyr F0 edited fish (right panel) shows persisted mosaic pigmentation defects at 5 months compared to WT fish (left
panel).
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3.3

Generation of fzd5 mutant zebrafish line using the cloning method for CRISPR/Cas9

gene editing
3.3.1

Results
Cloning method; fzd5 gene disruption in F0 sgRNA and Cas9 protein injected

zebrafish.
Oligonucleotide sequences for these cloned sgRNAs are listed in (Appendix C

).

Oligonucleotides were synthesized and cloned into pDR274, a vector that contains the guide
RNA cassette (a plasmid gift from Keith Joung, Addgene plasmid#42250). DNA sequencing was
used to confirm successful cloning. In vitro transcribed sgRNA1 (100 pg) and Cas9 protein (300
pg) were simultaneously injected into 1-cell stage embryos as this concentration did not disrupt
normal embryonic development. Genomic DNA of injected embryos was extracted and the
region including the target site was PCR-amplified with primers listed in (Appendix G ). Gene
editing in mosaic F0 injected embryos was confirmed by Sanger sequencing in 6 F0 embryos
(Figure 3-5).
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Figure 3-5 Mutagenesis in F0 zebrafish injected with fzd5 sgRNA.
(A) sgRNAs targeting fzd5 gene in zebrafish genome. (B) Sequencing results of PCR amplicons from whole embryo
24 hrs after injection with Cas9 protein and fzd5sg1 target-site is in red square, WT reference sequence in the first
row. Four out of six embryos showed DNA editing in the form of a deletion at the predicted cut site.

Molecular defect and predicted effect on protein structure
fzd5 F0 fish were sequenced to determine if there were any indels (Figure 3-6). Fish 1 and 4 each
had a 3bp deletion which would remove the tryptophan amino acid. Mutant fish 2 had a 10 bp
deletion around the PAM site, resulting in a frame-shift mutation. This mutant is expected to be
translated into a different amino acid sequence compared to the translation in WT, before a
premature stop would be encountered, deleting the transmembrane domain. Mutant fish 3 had a 4
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bp deletion near the PAM site, which would result in a frame-shift mutation and premature
termination codon downstream of the PAM site. It is expected that mutant mRNA will be either
translated into truncated protein lacking function or more likely would be degraded by nonsensemediated decay. Moreover, we expected that it could still bind ligands and act as a dominant
negative.

Figure 3-6 Effect of indels on fzd5 protein sequence.
For each fish panel, the top sequence block is WT with the target sequence in green and amino acid sequence in
yellow. In the lower block, the mutations are in red boxes and changes to amino acid sequence below.
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Germline transmission of edited fzd5 gene.
To establish a stable mutant line of injected zebrafish with Cas9 protein and sgRNA, F0 fish
were raised to adulthood and then outcrossed with WT for determination of germline
transmission of Cas9- mediated gene editing. Four gene-edited F0 females and 4 WT males were
mated, and next day the fertilized embryos were collected for genotyping. Seven F1 embryos
were screened for the inheritance of fzd5 mutant alleles using Sanger sequencing (Figure 3-7).
Although sequencing trace reads from whole embryos using Sanger sequencing were sufficient
for subjective observation of mutations, this analysis did not allow for the identification of
specific mutations in injected embryos. For this reason, discrete mutations were further analyzed
in injected embryos with Cas9 protein and fzd5sg1 by cloning of PCR products. To do this,
whole embryos gDNA was amplified using primers with homology tails to the sfGFP-NI
(plasmid was a gift from Michael Davidson & Geoffrey Waldo, Addgene plasmid # 54737). The
plasmid linearized with XhoI restriction enzyme. PCR products were inserted into sfGFP-NI
plasmid by Gibson assembly,102 transformed into E.coli. Plasmid was prepared from individual
colonies (N=7) and sequenced using universal M13F primer. About 50% of the analyzed
colonies from out-crossed fish had deletions at the predicted cut site compared to the WT
sequence. These data indicate that fzd5sg1 with Cas9 protein was successful in editing the fzd5
gene in zebrafish.
The F1 embryos from a F0 founder which was confirmed to carry a mutant allele, were
raised to adulthood. F1 fzd5 mutants were in-crossed to generate F2s, from which homozygous
mutant fish are generated as the stable line. The strategy of the generation of a homozygous
mutant zebrafish line is summarized in (Figure 3-8).
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Figure 3-7 Sanger sequencing of seven F1 zebrafish embryos.
Normal fzd5 sequence to the left, the PAM site is indicated by a black bar, and the disrupted sequence is to the right.
These embryos were grown to the adult stage.
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Figure 3-8 Schematic flowchart for generating homozygous mutant zebrafish line using CRISPR/Cas9.
F0 mosaic zebrafish are raised to adulthood and screened for germline transmission mutation by outcrossing with
WT zebrafish. F1 heterozygous mutant zebrafish are raised to adulthood and in-crossed to generate homozygous
mutant zebrafish, of which 25% are expected to be WT, 25% homozygous mutant and 50% heterozygous mutants.

Phenotypical characterization of homozygous fzd5 mutant zebrafish line
All adult heterozygous F1 fish (Fish1-Fish7) were in-crossed to get offspring embryos for
phenotypical characterization assay. Fish1 was the only female heterozygous fish. Unfortunately,
we were not able to get any offspring from the heterozygous Fish1 when crossed to F3, F4, F5,
F6, or F7 fish. N=<15 embryos resulted from in-crossing F1 and F2 heterozygous fish. All
embryos hatched normally and 10 embryos survived until experiment analysis at 48 hpf. We
were not able to analyze different time points and examine if the mutation was lethal due to the
small number of embryos (N=10). The eye was affected in 2 mutant embryos, while the
remaining 8 embryos developed normally and had no coloboma phenotype. Only the eye was
affected in the 2 mutant embryos, no other phenotypes were noticed in these 2 mutant embryos.
Transmission of the bilateral coloboma phenotype was 20% (2 out of 10 offspring) at 48 hpf
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(figure 3-9A). Eyes were equal in size to heterozygotes. Sanger sequencing revealed multiple
peaks at the predicted cut-site confirming transmission of the mutations.

A

B

Figure 3-9 An in-crossed fzd5 mutant fish has a coloboma in the eye.
(A) A WT fish (left image) at 48 hpf shows normal eye development, mutant fzd5-/- fish at 48 hpf (middle and right
images) show a coloboma phenotype (arrowhead). (B) Direct Sanger sequencing of fzd5-/- indicates multiple peaks in
the predicted cut site.
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3.4

Discussion

The CRISPR/Cas9 genome editing tool is a promising technology that allows researchers to
target and modify genome of large variety of model organisms. In this study, we aimed to try
different delivery methods of CRISPR/Cas9 genome editing system and optimize the protocol
method. We successfully applied the CRISPR/Cas9 editing system through the cloning method
in zebrafish, to generate tyr and fzd5 mutant lines. The efficiency of mutagenesis in F0s tyr and
fzd5 mutant lines were 50% and 60%, respectively. We observed that gene editing in fzd5 mutant
line was 50% (7 /14 fish). This robust genome editing technology allowed us to generate mutant
zebrafish lines that are germline and able to stably pass the mutant allele to the next generation.
The generation of fzd5 mutant fish extends and provides us a valuable opportunity to study the
function of fzd5 during embryonic eye development.
First, we tested the efficiency of cloning-free method in CRISPR/Cas9 genome editing.
Although the cloning-free method is simpler and cost-effective, the efficiency was poor in our
hands. Based on published protocols,103 we designed short-oligos that targeted both alleles of the
fzd5 gene. Both short-oligos gRNA and Cas9 mRNA were injected into 1-cell stage zebrafish
embryos. In contrast to the published result of highly efficient generation of knockout zebrafish
by using cloning-free method,103

no cleavage was detected in the genome and abnormal

development in injected zebrafish embryos were observed. One possible explanation for this is
the off-target effect of short-oligos gRNA. Even though the specificity of Cas9 to target
sequence in the genome is believed to be controlled by the PAM and sequence of gRNA, the offtarget effect of CRISPR/Cas9 could still occur on any targeted DNA sequence.104-108 Moreover,
previous studies have demonstrated that the time of delivering the gRNA and Cas9 mRNA could
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affect the efficiency of genome editing.109 It is possible that the gRNA begins to degrade by the
time the mRNA has been translated inside the cell. This could be avoided by using another
successful way to deliver Cas9 inside the cells in its native protein form, both have been
demonstrated in vitro and in vivo.110,111 Using Cas9 protein as a DNA-free option is helpful so
there is no concern of DNA integration that could happen when using Cas9 in its plasmid form.
The Cas9 protein does not require the transcription nor the translation steps. Furthermore, Cas9
protein is quickly used by the cells which may be helpful in decreasing the chance of off-target
effects in CRISPR/Cas9 genome editing.
We then decided to try the cloning method of CRISPR/Cas9 genome editing with Cas9
protein. Firstly, we chose tyr gene as CRISPR/Cas9 control target to test the validity of cloning
method. We tested first tyr gene because the mutant phenotype in this gene is obvious and
efficient for screening within 24 hpf. We observed hypopigmentation phenotype as previously
reported.98 Secondly, we tested the cloning method of CRISPR/Cas9 in the experimental gene
fzd5. Heterozygous fzd5 mutant fish did not exhibit coloboma phenotype which was different
than human dominant mutation. This could be because different organisms have different types
of mutation. A coloboma phenotype was observed in the fzd5 mutant line by 48 hpf after incrossing of heterozygous fzd5 mutant fish.
In tyr and fzd5 mutant fish, the designed sgRNAs and Cas9 protein caused DNA cleavage
that generated mosaic DNA editing around the PAM site. Sanger sequencing, Gibson assembly
and phenotypic analysis were used to assess the mosaic DNA editing. The fzd5 mutant
phenotype fish support our hypothesis that fzd5 is required for normal eye development and is
implicated in a coloboma phenotype. Many studies in the mouse model directly implicates WNT
signalling pathway in coloboma and microphthalmia.67,72,112,113 Concordant with observation in
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zebrafish fzd5 morphants created by transient morpholino knockdown,28 zebrafish fzd5 mutants
in this thesis exhibited coloboma and microphthalmia phenotypes. We still need to confirm using
RNA or protein analysis that the fzd5 gene is not being expressed. A study in a mouse model
found that homozygous mutations in Fzd5 or Fzd8 cause optic fissure abnormalities with
different severities and both receptors are signaling similar cellular events.72
Embryos from this line can now be more thoroughly examined using histology and
immunohistochemistry at later time points during the developmental process. It will allow us to
determine if there is just a delay in fissure closure of if the fissure will close with further time. In
future experiments, this line can be used to test whether LiCl can induce closure of the fissure,
since the effect of LiCl is downstream of the fzd5 target. However, since LiCl on its own induces
colobomas it is not likely that a rescue would take place. Instead phenotypes might be
exaggerated. In addition, the phenotype in loss of function fzd5 mutant line could be rescued
with mRNAs in future experiments.
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Chapter 4: Methods
4.1
4.1.1

Cloning-free method
Short guide-oligos design

The online analysis tool ZiFiT

114

(http://zifit.partners.org/) was used to predict and design

functional sgRNA target sites. The short guide-oligo (60 bp) was designed with four parts as
following; clamp sequence, T7 promotor sequence, targeting sequence designed and a sequence
that overlap with the guide-constant sequence by ZiFit analysis tool. The guide-oligos were
ordered as primers from Operon at the 10 nM scale with salt-free cleanup. The guide-constant
oligo (79 bp) was ordered as a regular primer from Operon at the 50nM Scale with salt-free
cleanup A diagram showing the design of short guide-oligo and guide-constant oligo can be
found in (Appendix D ).
4.1.2

PCR amplification and In vitro transcription of short-guide oligos

PCR reactions were used to amplify the guide-oligos. The 18-22 bp designed primers were used
(Appendix G ). Mastermix from Promega was used. PCR conditions were as following; 95oC for
1min, [95oC for 10s, 60oC 20s, 72oC for 20s] x 40 times, 72oC 5 minutes. The amplified guideoligos were gel extracted using Qiagen gel extraction kit (Qiagen 28604). MAXIscript T7 kit
was used to generate the gRNAs. The reaction product then purified using the miRNeasy kit
(Qiagen).
4.1.3

In vitro transcription of mRNA Cas9

pCS2-nCas9n (a plasmid from, Addgene plasmid#47929) and pMLM3613 ( a plasmid gift from
Keith Joung, Addgene plasmid # 42251), were linearized with NotI-HF and Pmel restriction
enzymes, respectively. Gel extraction was then performed followed by column purification and
evaluation of complete digestion by gel electrophoresis.
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Using the MAXIscript Sp6 kit (Life Tech AM1310), 2µg of linearized pCS2-nCas9n was
used as a template for in vitro transcription of mRNA. Then, the template DNA was incubated
with the in vitro transcription reaction buffer at 37°C for 4hr, followed by incubation with DNase
I for 15min at 37°C. The reaction product then purified using the miRNeasy kit (Qiagen).
Using T7 mMessage mMachine kit (ThermoFisher AM1344), 2µg of linearized
pMLM3613 was used as a template for in vitro transcription of mRNA, where the template DNA
was incubated with the in vitro transcription reaction buffer at 37°C for 3hr, followed by
incubation with DNase I for 15min at 37°C. The reaction product then purified using the
miRNeasy kit (Qiagen).

4.2
4.2.1

Molecular cloning methods
sgRNA design and cloning target-site into pDR274 backbone plasmid

The online analysis tool ChopChop115 (http://chopchop.cbu.uib.no/) was used to predict and
design functional sgRNA target sites. Multiple highest predictive scores of candidates were
chosen for fzd5 gene and one previously published sgRNA that target tyr gene.98 A list of all
sgRNA oligonucleotides and target sequences can be found in (Appendix C ). DR274 (a plasmid
gift from Keith Joung Addgene plasmid#42250), with a customized sgRNA backbone, was
linearized with BbsI restriction enzyme. Gel extraction was then performed followed by column
purification and evaluation of complete digestion by gel electrophoresis. Using PCR, each
complementary forward and reverse oligonucleotides of sgRNA were annealed in the following
program; 70°C for 5 min, 25°C for 30 min, and then held at 4°C for 24h.
A 5µg aliquot of cloned pDR274-sgRNA DNA was linearized with DraI; complete
linearization of pDR274-sgRNA was confirmed by agarose gel electrophoresis. The digest
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reaction was then purified by column purification using Qiaprep Spin Miniprep kit (Qiagen) kit.
The DNA white pellet was resuspended in 15µL nuclease-free H2O and quantified using a
NanoDrop 2000c spectrophotometer (ThermoScientific).
4.2.2

In vitro transcription of sgRNA

Using the HiScribe T7 High Yield RNA Synthesis kit (NEB), 2µg of pDR274-sgRNA was used
as a template for in vitro transcription of sgRNA, where the template DNA was incubated with
the in vitro transcription reaction buffer at 37°C for 3hr, followed by incubation with DNase I for
15min at 37°C. The reaction product then purified using the miRNeasy kit (Qiagen).
4.2.3

Analysis of DNA and RNA quality

Final sgRNA products were analyzed for size and quality by denaturing agarose gel
electrophoresis and quantified by absorbance at 280nm with a NanoDrop 2000c
spectrophotometer. Immediately after purification, sgRNA was stored at -80°C. For DNA
visualization, (1-2.5%) agarose gels in 1X TAE were prepared and 3-6µl Ethidium Bromide or
Syber Safe was added. For each sample loaded on the gels, 6X loading buffer was added.
4.2.4

Polymerase chain reaction (PCR)

PCR reactions were used to amplify specific regions of DNA. The 18-22 bp designed primers
used in this thesis are listed in (Appendix G ). Either the Mastermix from Promega or the Q5
Mastermix from New England Biolabs were used. Typical PCR conditions were used as
following, with differences in annealing temperature (depending on the primer GC content); 9598oC for 30s-3min, [95-98oC for 10s, specific annealing temperature 30s, 72oC for 30s] x 30-35
times, 72oC 2 minutes.
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4.2.5

Gibson assembly

Clones were assembled into linearized sfGFP-NI plasmid with XhoI restriction enzyme.
NEBuilder HiFi DNA assembly cloning kit was used and Gibson assembly reaction conditions
as following; 50ng linear vector, 33ng ligation reaction(insert), 5µl HiFi master mix, total of 10
µl reaction were incubated in 50oC for 1 hour, followed by 4oC hold. The reaction was then
transformed into chemically competent cells.
4.2.6

Bacterial transformation

Several 50µl aliquots of chemically competent E.coli cells were thawed on ice and then 5µl
chilled ligation mix was added and the tubes were flicked 4-5 times. The mixture was incubated
on ice for 30 minutes, then heat-shocked for 30 seconds at 42oC. The mixture was then placed on
ice for further 2 minutes. Next, 500µl SOC outgrowth medium was added to the mixture and
incubated for 1 hour at 37oC with shaking at 250 RPM. Then, tubes were centrifuged at 5800
RPM for 2 minutes at room temperature. Approximately 400µl supernatant was removed from
the tube. The bacteria pellet was resuspended in the remaining supernatant and spread evenly on
warmed LB agar plate containing appropriate antibiotics (100µg/ml Ampicillin or 50µg/ml
Kanamycin) for selection. Plates were incubated upside down for 15-18 hour at 37oC.
4.2.7

Culture media

Selected colonies of bacterial cultures from incubated plates were grown in Luria-Bertani (LB)
broth containing the suitable antibiotics for selection for 15-18 hour at 37oC. Then a Miniprep kit
was used to isolate plasmid DNA according to manufacturer’s instructions. Nanodrop
spectrophotometry was used to measure the DNA concentration.
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4.2.8

DNA sequencing

Successful cloning for sgRNA and Gibsson assembly were confirmed by DNA sequencing.
Sanger sequencing of PCR and plasmid DNA samples were carried out by Genewiz. DNA
samples of 50 ng/µl were provided with of 5µM sequencing primers shown in (Appendix G ).
Sequencing results were analyzed using Snap-gene and ApE software.

4.3
4.3.1

Zebrafish experiments
Zebrafish maintenance

Zebrafish (Danio rerio) wild type AB strain was used and maintained at 28.5°C on a 14-hour
light/10-hour dark cycle and bred according to standard procedures.116 Embryos were collected
in petri dishes containing E3 zebrafish medium supplemented with methylene blue and staged
according to standard procedures.116 Around 70 embryos per 50 mL petri dish were used for
each group and E3 zebrafish medium was changed once per day. Embryos were sacrificed by
over-anaesthetizing using 0.1% tricaine (v/v) dissolved in E3 zebrafish medium (5mM NaCl,
0.17mM KCl, 0.33mM CaCl2, 0.33mM MgCl2, 1% methylene blue (v/v)) until the heartbeat of
embryos were stopped. All experiments listed were performed within the guidelines of the
Canadian Council for Animal Care (CCAC) and the Animal Care Committee of the University of
British Columbia.
4.3.2

Microinjection

The day before microinjection, multiple tanks of WT zebrafish were set-up for breeding. On the
day of microinjection, 1 cell-stage embryos were collected and aligned in the same orientation on
agarose petri dishes. sgRNA and Cas9 protein were injected into the yolk sac of the embryos as
following; 50 ng/embryo of sgRNA+ 150 pg/embryo of Cas9 protein with 0.1% phenol red. The
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injected embryos were grown at 28.5°C incubation and observed for morphological changes
under a stereoscopic microscope. At 2 days post-fertilization (dpf), embryos were collected for
genomic DNA extraction.
4.3.3

Zebrafish genotyping and genomic DNA extraction

Fin clipping of the tail in adult zebrafish was performed as described in Zebrafish book.116
Genomic DNA from whole embryos or fin-clipped tissue was isolated using NaCl and NaOH
protocol. The fin-clipped tissue or whole embryo was placed in 0.6 ml tubes and 45 µl 50 mM
NaOH was added to each tube. The samples then heated to 95oC for 15 minutes, and then
neutralized using 5 µl 10% 1M HCL. Each tube then vortexed and spun down using centrifuge at
10000 xg for 10 minutes at 4oC. The supernatants (genomic DNA) were transferred to a new
tube and stored at 4°C for short term use of less than 2 weeks or -20°C for long term storage
until needed.
4.3.4

Drug treatment
Lithium chloride (LiCl) exposure

A stock solution of 3M LiCl was prepared by dissolving LiCl powder in 50% DMSO by flipping
tube by hand. Aliquots were freshly prepared every day, and final working solutions were
prepared by diluting stock solution with E3 zebrafish medium. Starting at 4 hpf, wild type AB
zebrafish embryos were dechorionated by agitated exposure to 0.1 mg/ml pronase solution for 3
minutes, then washed 3X in fresh E3 zebrafish medium. At 24 hpf embryos where dechorionated
using Dumont fine tip forceps under the microscope. Embryos were exposed to different
concentration of LiCl once for 10 min or once for 30 mins or multiple times for 30 mins, and
fixed at the following time points; 24, 48, 72 hpf. Groups treated with 1% DMSO dissolved in
E3 zebrafish medium were a vehicle control group. Groups treated with NaCl as a salt control.
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Groups treated with E3 zebrafish medium alone as a control group. Daily fresh treatment and
media were prepared prior to being added to embryos petri dish. Every morning, all dead
embryos were removed, and E3 zebrafish medium changed. Embryos at different time points
were anaesthetized using Tricaine and washed 3 times in 1X PBS. Then all fluid was removed,
and the tubes were stored at -80oC until western blot analysis. Schematic overview of
experimental method (Figure 2-1).
Bromoindirubin-3′-oxime (BIO) exposure
Starting at 4 hpf, wild type AB zebrafish embryos were dechorionated by agitated exposure to
0.1 mg/ml pronase solution for 3 minutes, then washed 3X in fresh E3 zebrafish medium. At 24
hpf embryos where dechorionated using Dumont fine tip forceps under the microscope. Embryos
were exposed to 5µM Bio once for 30 min and fixed at the following time points; 24, 48, 72 hpf.
Groups treated with 1% DMSO dissolved in E3 zebrafish medium as a vehicle control group.
Groups treated with E3 zebrafish medium alone as a control group. Every morning, dead
embryos were removed, and E3 zebrafish medium changed. Embryos at different time points
were anaesthetized using Tricaine and washed 3 times in 1X PBS. Then all the liquid was
removed, and the tubes stored at -80oC until western blot analysis.
4.3.5

Protein extraction

Total protein was extracted from pools of 10 embryos at different time points (4, 9, 24, 48, 72
hpf) for control and treated group using iced-cold RIPA (radioimmunoprecipitation assay) lysis
buffer mixed with 10µl/ml Protease Inhibitor Cocktail according to manufacturer’s instructions.
Serial dilution of protein standards 1 mg bovine serum albumin (BSA) were made up with
autoclaved distilled H2O. Protein concentrations were then measured using Bio-Rad protein
assay (Biorad, Cat #500-0116). Proteins were stored in -80⁰C prior to western blotting.
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4.3.6

Western blotting

Following to standard protocols, proteins were boiled for 10 minutes in β-mercaptoethanol, then
20µg of protein per lane per sample was separated on 7-10% SDS-polyacrylamide gel and
transferred to Immobilon-FL membrane (Millipore). The membrane was blocked with 2.5% lowfat milk for 30 minutes at room temperature and then incubated with the following primary
antibodies: anti β-catenin (1:200 dilution, Cell Signaling, catalog No 8814); GSk3 (1:200, Santa
Cruz, sc-7291); and anti–β-actin (1:3000 dilution; Sigma-Aldrich, A2066); GAPDH (1:500,
Santa Cruz, Sc-47724) overnight at 4oC. The membrane was washed three times with PBS +
0.1% Tween 20 (PBST), and depending on the primary antibody host species, secondary goat
polyclonal antibodies against rabbit immunoglobulin G (IgG) (611132003, Rockland
Immunochemicals) or mouse IgG (Novus Biologicals, cat #NB720-H) were used at 1:2000
dilutions in the dark for 1 hour at room temperature. The membrane was washed three times with
PBS + 0.1% Tween 20 (PBST) and then protein bands were visualized using a Li-COR Odyssey
detector. All primary and secondary antibodies could be found in (Appendix B ).
4.4

Statistical analysis

For all experiments, the data were tested for normal distribution using Shapiro-Wilk Test.
Normally distributed data was analyzed for significance using one-way ANOVA, with P<0.05
being considered significant. For non-parametric data, the Mann-Whitney test or KruskalWallace analysis was performed, with P<0.05 being considered significant. For all graphs, mean
± the standard deviation (s.d.) was used to represent the data.
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Chapter 5: General summary and future directions
5.1

Manipulation of WNT signalling on optic fissure morphogenesis

Optic fissure closure defects are caused by mutations in genes that are in the canonical WNT
pathway.17-20 One way to manipulate WNT signalling is to use LiCl, which has been validated by
many research groups in developmental studies.16 The initial experiments we carried suggest that
abnormally stimulating the WNT pathway causes a delay in optic fissure closure similar to fzd5
targeting. However, we now need to determine at what stage the WNT signalling is pathologic. It
is difficult to explain how LiCl which causes a gain in canonical-WNT signalling and the fzd5
loss-of-function mutation causes the same phenotypes. It is possible that any disruption of
canonical WNT signaling in either direction causes a delay in choroid fissure fusion.
Alternatively, the fzd5 mutation may have caused a gain in canonical WNT signaling. In order to
test this, we would need to add LiCl to developing fzd5 mutant embryos in order to see whether
the phenotype worsens (both cause a gain of function) or is rescued (opposite functions). It
would also be helpful to treat the mutants with an inhibitor of canonical WNT signaling such as
XAV939. This would be predicted to be additive is the mutation causes a loss of function. It will
also be important to carry out western blots to measure β-catenin (active form) on the fzd5
mutant versus heterozygotes.

5.2

Gene editing of fzd5 in the zebrafish model

The genome editing tool CRISPR/Cas9 is a revolutionary technique that allows the researcher to
manipulate and edit genome of different model organisms. In this study, we were able to
successfully apply the robust genome editing CRISPR/Cas9 system to generate fzd5 and tyr
zebrafish mutants. The fzd5 mutant zebrafish were able to pass the mutant allele to the next
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generation, providing us a future valuable opportunity to determine the implication of fzd5
during optic fissure morphogenesis and embryonic ocular development. This may provide
clinical insight into human patients with FZD5 mutations.

5.3

Future direction

The results presented here in this thesis will lead to new information in future experiments. With
the heterozygous fzd5+/- zebrafish line now in place, we can generate homozygotes to allow new
questions to be asked regarding WNT signalling in optic fissure morphogenesis. For example,
we can examine the effect of reduced WNT signalling on expression of genes known to regulate
the different stages optic fissure formation and closure. Thus, for instance if the expression of
pax2 was reduced in the ventral part of the developing fzd5 optic cup at stage 1, this would
suggest that WNT signals are upstream of pax2, either directly or indirectly regulating its
expression. Similar questions could be tested for the other genes known to cause ocular
coloboma, and for genes known to be expressed during the other stages of optic fissure
morphogenesis. An alternative approach would be to use RNAseq in laser-capture
microdissected fzd5 optic cup tissue to examine gene expression changes, to define a list of
candidate downstream targets of WNT signalling. The ultimate goal would be to characterize the
regulatory pathways that WNT signalling is controlling, to provide insight into the mechanisms
of disease, and thereby be able to develop potential future therapies.
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Appendices
Appendix A . Chemical Reagents
Table A- 1 Chemical Reagents

Chemical

Company

Catalogue Number

Lithium Chloride LiCl

Sigma-Aldrich

203637

NaCl

Fisher Scientific

S25542

Pronase

Roche

10165921001

DMSO

Sigma-Aldrich

472301

Tricaine

Sigma-Aldrich

MS222

Methylene Blue

Sigma-Aldrich

66720

KCl

Fisher Scientific

BP366

CaCl2

Fisher Scientific

C79

MgCl2

Fisher Scientific

AC223211000

Bromoindirubin-3′-oxime (BIO)

Sigma-Aldrich

B1686-5MG

RIPA (radioimmunoprecipitation assay)

ThermoScientific

89900

Protease Inhibitor Cocktail

ThermoScientific

87785

serum albumin (BSA)

Sigma-Aldrich

A2058

Tween20

Sigma-Aldrich

P9416

β-mercaptoethanol

ThermoScientific

M6250

Bio-Rad protein assay

Biorad

500-0116

sfGFP-NI

Addgene

54737

DR274

Addgene

42250

pCS2-nCas9n

Addgene

47929
85

Chemical

Company

Catalogue Number

MLM3613

Addgene

42251

LB broth

Sigma-Aldrich

L3522

PCR mastermix

Promega

M7501

Q5 mastermix

New England

M0494S

Biolabs
NEB 10-beta Competent E.coli

New England

C3019I

Biolabs
SOC outgrowth medium

New England

B9020S

Biolabs
NotI-HF

New England

R3189S

Biolabs
BbsI

New England

R0539S

Biolabs
PmeI

New England

R0560S

Biolabs
XhoI

New England

R0146S

Biolabs
Ampicillin

Sigma-Aldrich

10835242001

Kanamycin

ThermoScientific

11815024

Monarch miniprep kit

New England

T1010S

Biolabs
Cas9 protein

IDT

1074181
86

Chemical

Company

Catalogue Number

HiScribe™ T7

New England

E2040S

Biolabs
MAXIscript T7

Life Tech

AM1312

T7 mMessage mMachine

ThermoFisher

AM1344

MAXIscript Sp6 kit

Life Tech

AM1316

NEBuilder HiFi DNA assembly cloning

New England

E5520S

kit

Biolabs

Qiaprep Spin Miniprep kit

Qiagen

27104

Qiagen Gel Extraction kit

Qiagen

28604

87

Appendix B . Primary and Secondary Antibodies
Table B- 1 primary and secondary antibodies.

Antibody

Company

Catalogue Number

β-catenin (non-phospho active β-catenin)

Cell signaling

8814

GSk-3a/b

Santa Cruz

SC-7291

GAPDH

Santa Cruz

SC-47724

Anti-rabbit secondary antibody

Rockland

611132003

Immunochemicals
Anti-mouse secondary antibody

Novus Biologicals

NB720-H
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Appendix C . sgRNA Oligonucleotide Sequence
Table C- 1 SgRNA oligonucleotide sequence.

sgRNA

Target

Target sequence

Mutagenesis

Name

gene

Tyr

Tyrosinase

GGACTGGAGGACTTCTGGGG(-ve)

% (50 )

Fzd5sg1

Fzd5

TCTGGATAGGGCTATGGTCG

% (20)

Fzd5sg2

GTACCCATGTGCAAAGGAAT

% (0)

Fzd5sg3

AGGGAACGCCACGTCACAGA

% (0)

Fzd5sg4

TCTTCATGCTCAAATACTTC

N/A

efficiency
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Appendix D . Cloning-free Method to Generate Short-guide Oligos
D.1

Design Short-guide Oligo

Figure D- 1 Diagram showing the generation of short-guide oligo in cloning-free method.

D.2

PCR Amplification Reaction to Generate Short-guide Oligos

Figure D- 2 Images gel of PCR amplification reaction for short-guide preparation and gel extraction.
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Appendix E . Cloning SgRNA into pDR274 for Downstream In Vitro Transcription

91

Figure E- 1 DR274 sgRNA cloning.
(A) DR274 plasmid has two BsaI restriction enzyme recognition sites (highlighted in blue) that cut outside the
binding site, leaving 4-bp overhangs. Complementary oligos designed for Tyr and Fzd5 genes were ordered,
annealed and then ligated into the overhang sites (B) DR274 plasmid map, designed sgRNA in red and gRNA
scaffold in blue. (C) Tyrosinase sgRNA into DR274 plasmid (D) Fzd5sg4 cloning into DR274 plasmid (E)
Fzd5sgRNA1 cloning into DR274 plasmid.
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Appendix F . Sequences of Cas9-induced Mutations in the Tyr of Targeted Founder
embryos.

Figure F- 1 Sequences of Cas9-induced mutations in Tyr gene of targeted founder embryos.
The WT reference sequence is in the top with the target site and PAM in purple box. Deletion and insertions are
indicated by dashes and red highlighted uppercase letters, respectively. Emb (Embryo)
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Appendix G . PCR primer Oligonucleotides Designed
Table G- 1 PCR primer oligonucleotides designed.

Primer

Sequence

Cloning-free method primers

F: GCGTAATACGACTCACTATAG
R: AAAGCACCGACTCGGTGCCAC

M13F

F (-21): TGTAAAACGACGGCCAGT

Gibson assembly Tyrosinase

F:
agcgctaccggactcagatcGAGACAGAGAGAGAGAGAGAG
R: gcagaattcgaagcttgagcGCCTCTCGGTAGTGGACAG

Gibson assembly Fzd5

F: agcgctaccggactcagatcTCGGCTTAGAAGTGCACC
R: gcagaattcgaagcttgagcAATGAGCAGAAAAACCAGC

Fzd5 PCR1

F: GTCACAGAGCCACTGCAAAA
R: AAACCAGGTGAAGGAGAGCA

Fzd5 PCR2

F: CATAACCGTGTGAATACTGGCT
R: GAAGATAATCGGCCGCTCTG

Fzd5 PCR3

F: AGTATGGGTTTGAGTGGCCA
R: AAACCAGGTGAAGGAGAGCA
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Appendix H . CDNA Sequence of Experimental Gene (Fzd5)
AAAAAACCCTGAGCTGAGTAAGTACTCAAGAATTGAAATTCATAGCTTTCCAGTATGAGGAAACCTGCAG
ACGAGCATCATTTCACCATGGAGACCTCAGGGATGCACCTGGTCGGATTTTGGCTGCATGTCCTGCTGCT
GTTTCAACTTTCTGGGCTCGGAGATTCAGCTTCTAAGGATATAGTGTGTGAGCCCATCACTGTACCCATG
TGCAAAGGAATCGGATACAACCACACGTACATGCCCAACCAGTTCAATCACGACAACCAGGATGAAGTCG
GCTTAGAAGTGCACCAGTTTTGGCCGCTTGTTCGAATTCACTGCTCCCCAGACTTGCTTTTCTTTCTGTG
CAGTATGTACACCCCCATCTGCCTTCAGGACTACAAAAAGCCCCTGCCACCGTGCAGGTCTGTGTGTGAG
AGAGCGAAGAGGGGTTGCTCCCCCCTCATGATCCAGTATGGGTTTGAGTGGCCAGAGCGGATGAGTTGTG
AGCAGCTGCCTATGCTGGGTGACACCGATCGGCTTTGCATGGACAGAAACAGCAGTGAAACCACAACTCT
ATCACCTCCATTCCCCAAACCCACTCCCAAGGGAACGCCACGTCACAGAGCCACTGCAAAATCTGCTCCC
CCACAAAAATGTGATCGGGAATGTCATTGCCGGGGCCCTCTGGTGCCCATTAAAAAAGAAGCACATCCTC
TTCATAACCGTGTGAATACTGGCTCTCTACCTAACTGTGCACTGCCTTGCCACCAACCCTACTTTTCCCA
GGATGAGCGCACCTTCACCACCTTCTGGATAGGGCTATGGTCGGTGCTTTGCTTTGTGTCGACGTTCACC
ACGGTGGCCACTTTCCTCATCGACATGGAGCGCTTCAAATATCCAGAGCGGCCGATTATCTTCCTGGCTG
CTTGTTATCTGTTTGTGTCACTGGGGTACATTGTGCGACTGCTTGCAGGCCATGAGCGGGTGGCTTGCGA
GGGCACTGGTGACCAGCAGCACATTCTCTACGACACCACAGGTCCTGCCCTGTGCACGCTGGTTTTTCTG
CTCATTTACTTCTTCGGAATGGCCAGCTCCATCTGGTGGGTGGTGCTCTCCTTCACCTGGTTTCTTGCGG
CGGGGATGAAATGGGGGAATGAAGCCATCGCAGGCTACTCTCAATACTTCCACCTTGCGGCTTGGCTCGT
CCCTAGTGTGAAGTCTATCGCAGTCCTGGCCTTGAGCTCAGTTGATGGAGACCCTGTGGCTGGGATCTGT
TACGTGGGCAACCAGAGCTTGGAGGGCCTACGAGGCTTTGTGTTGGCACCACTGGTCGTCTACCTCTTCA
CTGGCTCGCTCTTCCTCCTGGCTGGCTTCGTTTCACTCTTCCGCATACGTAGTGTCATTAAACAGGGTGG
CACTAAGACGGACAAGCTAGAGAAGTTAATGATCCGTATTGGGCTCTTCACCGTTCTGTACACTGTACCT
GCCACTATTGTGGTGGCGTGCTTGGTGTATGAGCAACATTACAGGCCAAGTTGGGAGCGTGCGCTGGCTT
GTTCTTGCCCATCTGAGCGCCAGAGACTAGGCATGGGTCCGGACTACGCCGTCTTCATGCTCAAATACTT
CATGTGTCTTGTTGTAGGCATTACCTCAGGTGTTTGGATCTGGTCAGGGAAGACTTTAGAGTCCTGGAGG
CGCTTTATTGCACGGTACGTCCCATGTAGGACCCGGAAGCCACCTGTTTCAGCCTCATCCATGTACAGTG
AGGCAAGCACAGCTCTCACAGCCCGAGCTGGGACAGCACCCACTGGGACCTATCACAAATCAGCACCCTC
ATCACATGTCTGAACATAATACACATTGTAAACCTTACAGGTGTGCAGGTCATGACTCTGAACGAGCAGG
TGTCTATTCACACCGGATTTGATGGATGGCATG
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Appendix I . Conserved Sequence of Experimental Gene (Fzd5)

WNT binding
Domain

Transmembrane Domains

sgRNA

Figure I- 1 Sequence of the conserved domains in fzd5 gene.
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