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ABSTRACT 

 

HACE1 is a tumour suppressor gene located at human chromosome 6q21.  HACE1 is 

downregulated in Wilms’ tumour as well as several other human cancers. Its role in 

normal development remains unknown. The zebrafish has established itself as a robust 

model for studying vertebrate development and human cancers. A zebrafish hace1 

homologue has been identified. Whole mount in situ hybridization (WISH) assays and 

colocalization studies demonstrate conserved hace1 expression.  Moreover, morpholino 

knockdown of hace1 reveals perturbed cardiac development and function. Transgenic 

zebrafish harboring either wild type or dominant negative mutated C876S (C876S DN) 

human HACE1 genes have been generated. DN zebrafish display increased apoptosis, 

both untreated and following irradiation-induced cellular damage.  There was no 

difference in cell cycle progression between wild type embryos and C876S DN. Further 

characterization of the HACE1 transgenic zebrafish model will serve to better our 

understanding of the role of human HACE1 in normal development and tumourigenesis. 

 

 

 

 



 

 x 

 

LIST OF ABBREVIATIONS USED 

amhc  Atrial myosin heavy chain 

APC  Adenomatous polyposis coli 

BCIP  5-Bromo-4-chloro-3-indolyl phosphate, toluidine salt 

BMB  Boehringer Mannheim Blocking Reagent 

BRAF  Serine/threonine-protein kinase 

BrDU  5-Bromo-2’-deoxyuridine   

cdh17  Cadherin-17 

CDK  Cyclin dependent kinase 

CDKI  Cyclin dependent kinase inhibitor 

CIP  CDK interacting protein 

cmlc2  Cardiac myosin light chain 2 

CNS  Central nervous system 

CoDA  Context-dependent assembly 

COG  Children’s Oncology Group 

cpa5  carboxypeptidase A5 

DIG  Digoxigenin 

DISC  Death inducing signaling complex 

DMSO  Dimethyl sulfoxide 

DN  Dominant negative 

dpf  Days post fertilization 

DN  Dominant negative 

EDTA  Ethylenediaminetetraacetic acid 

EMT  Epithelial-mesenchymal-transition 

ER  Endoplasmic reticulum 

FADD  Fas associated death domain 

Fas-L  Fas ligand 

FBS  Fetal bovine serum 

FGF  Fibroblast growth factor 

FITC  Fluorescein isothiocyanate 

fli1  Friend leukemia integration 1 transcription factor 

gamt  Guanidinoacetate N-methyltransferase 

GFP  Green fluorescent protein 

Gy  Gray 

H&E  Hematoxylin and eosin stain 

HACE1 HECT domain and ankyrin repeat containing E3 ubiquitin protein ligase 

HECT  Homologous to the E6-AP carboxyl terminus 

HGF  Hepatocyte growth factor 

hpf  Hours post fertilization 

HPV  Human papilloma virus 

IGF  Insulin-like growth factor 

JNK  c-Jun NH2-terminal kinase 

KIP  Kinase inhibitory protein 

krox20  Early growth response 2 



 

 xi 

 

MAPK  Mitogen-activated protein kinase 

NBT  Nitro blue tetrazolium chloride 

NIH  National Institutes of health 

nppa  natriuretic peptide precursor A 

NWTS  National Wilms Tumour Study 

P53  Protein 53 

PBS  Phosphate buffered saline 

PBST  PBS with Tween 20 

PDGF  Platelet-derived growth factor 

PDT  1% DMSO, 0.3% Triton X in PBST 

PFA  Paraformaldehyde 

PH3  Phosphohistone H3 

PTEN  Phosphatase and tensin homolog 

PTU  Phenylthiouracil 

R  Restriction point 

RB  Retinoblastoma protein 

RLD  Ring-finger-like domain 

RQI  RNA quality indices 

SSCT  Saline sodium citrate buffer with Tween 20 

tbx2b  T-box 2b 

TGF- Transforming growth factor beta 

TNF  Tumour necrosis factor 

TSP-1  Thrombospondin 1 

Tyr  Tyrosine 

UPR  Unfolded protein response 

VEGF  Vascular endothelial growth factor 

vmhc  Ventricular myosin heavy chain 

WISH  Whole mount in situ hybridization 

WT1  Wilms tumour 1 

WTX  Wilms tumour suppressor X 

WW  tryptophan-tryptophan 

ywhag1 3-monooxygenase/tryptophan 5-monooxygenase activation protein 

ZFN  Zinc finger 

ZV8  Zebrafish genome 8
th

 Assembly 

ZV9  Zebrafish genome 9
th

 Assembly 

   



 

 xii 

 

ACKNOWLEDGEMENTS 

 

First and foremost, I would like to thank Dr. Jason Berman for his direction and 

knowledge over the past two years.  His daily enthusiasm and encouragement were 

extremely valuable throughout the completion of this Master’s thesis. I wish to express 

my gratitude to my co-supervisor, Dr. Mark Walsh, for his continuous support and 

guidance.  I would like to thank the members of my committee, Dr. David Hoskin, Dr. 

Craig McCormick, and Dr. Poul Sorensen for their advice and assistance throughout this 

research project. 

I would especially like to express my appreciation to Sahar Da’as for her 

continued patience and assistance.  Thank you to Andrew Coombs and Angela Young for 

the excellent fish care and husbandry.  Thank you to the members of the Berman 

Laboratory, who have contributed immensely to my personal and professional 

experience. 

I would like to thank Dr. Ian Scott from the University of Toronto for his 

collaboration with the morpholino studies, as well as Dr. Stephen Lewis for performing 

the micro-array experiments.



 

 1 

 

CHAPTER 1 INTRODUCTION 

1.1  PATHOGENESIS OF CANCER 

Cancer is a group of diseases characterized by uncontrolled cell proliferation, 

invasion into adjacent tissue, and the ability to metastasize to distant locations in the 

body.  In 2000, Hanahan and Weinberg proposed six hallmarks of cancer that contribute 

to the transformation of normal cells into malignant cells
1
.  These include sustaining 

proliferative signaling, resisting cell death, evading growth suppressors, activating 

invasion and metastasis, enabling replicative immortality, and inducing angiogenesis. 

Recently, avoiding immune destruction and deregulating cellular energetics have been 

suggested as two new hallmarks involved in the development of cancer
2
.  Critical to the 

hallmarks described by Hanahan and Weinberg is the underlying concept of genomic 

instability, which refers to the tendency of acquiring alterations in the genome during the 

life of a cell.  Recently, there has been a large interest in the tumour microenvironment 

and its interaction with cancer cells. This highly specific relationship between tumours 

and their supporting tissue is crucial for cancer phenotypes and growth.  These cancer 

hallmarks serve as a framework by which research is targeted, as they represent 

mechanisms that evade normal cellular growth signaling and proliferation.  Furthermore, 

these biological pathways may provide specific targets for therapies.  Although many 

advances have been made in the past decade in cancer research, there remain many 

unanswered questions.   

Fundamental to the maintenance of cancer cells and tumour growth is the ability of 

cells to display increased proliferation.  Normally, cells are tightly regulated by growth 
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factors, providing stimulatory signaling, and apoptosis or programmed cell death, thereby 

providing a proper balance of cell number.  During malignant transformation, this 

regulation is lost, and cancer cells receive continued proliferative signaling
3
.  

Cancer is a multistep disease process that usually occurs over decades.  In pediatric 

cancers, this timeline is usually shorter, and genetic mutations may arise in utero. It is 

possible that fewer mutations in key genes are required to develop tumours.  The 

incidence of some childhood cancers have been shown to follow a two mutation 

hypothesis
4
.  The underlying basis of cell transformation lies in the accumulation of 

genetic alterations that lead to the dysregulated cell proliferation and increased cell 

survival.  These genetic mutations may be familial and passed on from generation to 

generation, or may be accumulated in a sporadic manner.  DNA sequencing has identified 

numerous somatic mutations that lead to activation of signaling pathways, for example, 

the MAP-kinase and PI3 kinase pathways
2
.  Genetic modifications in a multitude of 

cancers, including lung cancer, esophageal cancer and cholangiocarcinoma, occur 

through epigenetic switches that result in alterations in gene expression, rather than a 

mutation in the DNA sequence
5-7

. 

Cells and tissue require adequate blood supply and nutrients for survival and 

proliferation.  Angiogenesis is the physiologic process by which new blood vessels are 

generated from old blood vessels.  This tightly regulated process is essential during 

development, as it provides the framework of vessels that are required to supply normal 

tissue.  However, during tumour growth, a pro-angiogenic signal is activated and persists, 

leading to continued formation of new vasculature.  This activation of angiogenesis 

occurs very early in the development of malignancy, as histologic examination of tissues 
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with dysplasia and carcinoma in situ have shown evidence of angiogenesis.  This is an 

integral part of tumour progression, as newly formed blood vessels provide essential 

blood flow to the expanding neoplasm
8
.  The newly formed blood vessels display 

abnormal morphology, marked by excessive irregular branching
9
.  Key mediators of 

angiogenesis include vascular endothelial growth factor (VEGF), platelet derived growth 

factor (PDGF), fibroblast growth factor (FGF), and their receptor tyrosine kinases
2,10,11

.  

Intrinsic anti-angiogenic factors include thrombospondin-1 (TSP-1)
2
.  During tumour 

maintenance, there is a shift in this pro- and anti-angiogenic signaling, allowing for 

persistent angiogenesis.  Angiogenesis has been studied as a potential target of 

chemotherapeutic agents, with the first anti-VEGF antibody Bevacizumab being 

approved for use in metastatic colorectal cancer, breast cancer, lung cancer and 

gliomas
12

. 

Ultimately, tumours invade adjacent tissue, and malignant cells disseminate to 

distant organs throughout the body.  This multistep process has been termed the invasion-

metastasis cascade, and consists of local invasion, intravasation of tumour cells into 

blood vessels and lymphatics, escape of cancer cells from lymphatic and blood vessels, 

and formation of micrometastases
13

.  It is through the process of epithelial-mesenchymal 

transition (EMT) that transformed cells acquire the ability to invade and metastasize.  A 

critical component of EMT involves the loss of the cell-cell adhesion molecule E-

cadherin, which may occur via gene mutations, transcriptional repression and 

hypermethylation of E-cadherin
14

.   There are a number of transcription factors that lead 

to loss of E-cadherin, including transcription growth factor  (TGF), hepatocyte 

growth factor (HGF) and insulin-like growth factor (IGF)
15-17

.  
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Cancer causes a significant burden on patients and families.  When diagnosed at an 

early stage, some cancers may be resected with a resultant cure of disease.  However, 

more advanced cancers may metastasize to distant sites within the body.  A diagnosis of 

metastatic cancer is often followed by palliative treatment, and cure of disease is 

unlikely.  Metastases account for approximately 90% of cancer deaths
18

.   

Chemotherapeutic agents are commonly used as an adjunct to surgery in the treatment of 

solid tumours, either as neoadjuvant or adjuvant therapy.  An understanding of the 

genetic basis, and modulation of signaling pathways involved in specific cancers allows 

for the generation of targeted therapies that will ultimately improve survival outcomes. 

 

1.2  ONCOGENES AND TUMOUR SUPPRESSORS 

Cancer is a genetic disease, regulated by oncogenes and tumour suppressor genes.  

Proto-oncogenes are genes, that when mutated, result in the formation of oncogenes that 

have the ability to cause cellular transformation.  Activation of a proto-oncogene into an 

oncogene usually results from a gain of function mutation, which may occur by a point 

mutation, gene overexpression, or a chromosome translocation.  It has been 100 years 

since Peyton Rous suggested that it as possible induce solid tumours by a transferable 

agent
19

.  This led to the discovery of the first oncogene, src, in a chicken retrovirus, 

sparking an area of research that had led to the identification of many other oncogenes 

involved in the development of cancer, as well as a heightened understanding of cancer 

biology
20

.   
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Alternatively, tumour suppressor genes are those genes that, when normally 

expressed, act to inhibit cell proliferation.  Unlike oncogenes where a single allele 

mutation is necessary for cellular transformation, it was thought that tumour suppressor 

genes generally required a mutation in both gene alleles for a resultant malignant effect.  

However, more recently, it has been shown that this is not always required.  In diploid 

organisms, other than genes located on the X and Y chromosome, there are two 

functional alleles.  For many genes, a single allele is sufficient for normal gene function.  

However, other genes require two functional gene alleles.  Haploinsuffiency is when a 

single gene copy is insufficient to carry out the normal activity of the gene.  p27 is a 

cyclin-dependent kinase involved in the progression from G1 to S phase of the cell cycle.  

Murine studies established p27 as a tumour suppressor protein
21

.  In 1998, Fero et al. 

demonstrated that the cyclin-dependent kinase p27 is haploinsufficient for tumour 

suppression
22

.  Since 1998, other tumour suppressor genes have been identified which 

function in a similar haploinsuffient fashion.  For example, E-cadherin (involved in 

familial gastric cancer) and APC (mutated in familial adenomatous polyposis) are 

implicated in familial cancer syndromes as well as sporadic malignancies
23

.  Tumour 

suppressors also result in cancer in the presence of a dominant negative mutation.  

Dominant negative mutations occur when a mutated allele acts antagonistically on the 

wildtype allele, thereby resulting in a loss of function.  The WT1 tumour suppressor, 

when present as a germline mutation, can lead to Denys-Drash syndrome, characterized 

by severe abnormalities in renal and sexual differentiation, as well as an increased 

incidence of Wilms’ tumours.  A dominant negative mutation at codon 394 is responsible 

for this phenotype
24

.  Two other important tumour suppressors in human cancers are 
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retinoblastoma (RB), and TP53.  The RB protein functions at the G1 to S phase 

checkpoint of the cell cycle.  Cells with defects in the RB pathway lose this critical 

function, resulting in aberrant persistent progression through the cell cycle.  Ultimately, 

this dysregulated proliferation results in tumour formation.  The p53 tumour suppressor is 

mutated in approximately 50% of human cancers
25

.  Human p53 is 393 amino acids long 

and possesses five domains
26

.  It is regulated at the protein level by ubiquitination by 

MDM2, which targets p53 for degradation by the proteasome
27

.  This tight regulation 

keeps p53 levels low in normal, unstressed cells, allowing for normal cell cycle 

progression.  p53 normally functions to initiate apoptosis, senescence and cell cycle arrest 

in response to a number of stimuli.  These include, but are not limited to, oncogene 

activation, DNA damage (induced by ultraviolet radiation, ionizing radiation, or chemical 

agents), and oxidative stress
27

.  The majority of the mutations affecting p53 result from 

missense mutations located within its DNA binding domain
28

.  These mutations can 

confer dominant negative effects on wild type p53, as has been shown using a mouse 

model of pancreatic adenocarcinoma
29

.  Furthermore, mutant p53 results in gain of 

function properties.  Transfection of mutant p53 into cell lines lacking endogenous p53 

resulted in increased agar colony formation, as well as increased tumourigenicity in nude 

mice
30

.  Mutations in p53 alter the fine balance required to maintain normal cell cycle 

progression, giving rise to dysregulated cell proliferation.  HACE1 is a novel tumour 

suppressor that was identified in a Wilms’ tumour (see below)
31

.  It has been associated 

with a variety of human cancers, and thus represents a potential target in cancer research. 

The accumulation of genetic mutations in oncogenes and tumour suppressor genes lead to 
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malignant transformation and tumour maintenance.  Understanding how these mutations 

result in malignancy is crucial in developing potential cancer therapies. 

 

1.3  CELL CYCLE 

Normally, proliferating cells undergo a regulated series of events that include DNA 

synthesis, mitosis, and gap phases.  Collectively, these events are referred to as the cell 

cycle (Figure 1).  It is important to understand the molecular mechanisms that result in 

cell progression through the cell cycle, and how these signals are altered in malignant 

cells.  The cell cycle consists of four distinct phases: G1 phase, S phase, G2 phase and 

mitosis.  Many cells that are not actively dividing enter a senescent/quiescent state termed 

Go.  When exposed to mitogenic signaling, senescent cells may enter back into G1, and 

progress through the cell cycle.  In order to maintain normal cell cycle progression, there 

are a number of checkpoints.  The primary checkpoint occurs at the G1/S phase 

transition, and is termed the restriction point (R).  Once cells have passed the restriction 

point, they are committed to complete the cell cycle, and undergo mitotic cell division
32

.  

Additional checkpoints occur during S phase to ensure that DNA is properly replicated, 

and initiate DNA repair mechanisms, if necessary.  There exists a checkpoint at the G2/M 

phase transition, which confirms that DNA replication has been completed, as well as 

further checkpoint mechanisms that occur during mitosis.  Progression through each 

phase of the cell cycle depends on an intricate network of signaling by cyclins, cyclin-

dependent kinases (CDKs) and CDK inhibitors
33

.  Cyclins are a family of proteins that 

control progression through the cell cycle by binding and activating CDKs.  They were 
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Figure 1: The Cell Cycle. 

Cells progress through a cycle consisting of four phases of growth and division: G1, S, 

G2, and M phase.  Cells may temporarily enter a quiescent phase (Go).  Cell cycle 

progression is tightly controlled by numerous cyclins, cyclin dependent kinases, and 

cyclin dependent kinase inhibitors. Cyclin D1 is involved in progression from G1 to S 

phase.  Cyclin G1 may be involved in G2/M phase arrest. 
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first identified by R. Timothy Hunt in 1982 while studying sea urchins
34

. To date, eight 

cyclins have been identified that act on various points throughout the cell cycle.  Cyclins 

A through H share an approximately 150 amino acid conserved domain named the cyclin 

box, which is responsible for binding the N terminus of CDKs.  Cyclin levels are altered 

through a balance of gene expression and proteolysis, thereby coordinating essential cell 

cycle signaling.  CDKs are serine-threonine protein kinases, which when associated with 

cyclins, phosphorylate target proteins and allow progression through the cell cycle.  

Unlike cyclins, CDK levels remain relatively constant throughout the cell cycle
35

. 

Specific cyclin-CDK complexes are required for appropriate transition from one 

phase of the cell cycle to the next.  For example, cyclin D associated with CDK4 or 

CDK6 and the cyclin E–CDK2 complex regulate the G1/S phase transition. These 

kinases phosphorylate members of the retinoblastoma family of proteins (Rb).  In its 

hypophosphorylated state, Rb is bound to and inhibits transcription factors in the E2F 

family, which results in G1 phase arrest
36

.  Once Rb is phosphorylated, liberation of E2F 

leads to transcription of cyclin E and CDC25A, which is essential for progression through 

the restriction point and entry into S phase of the cell cycle
37,38

.  The Ras / mitogen 

activated protein kinase (MAPK) pathway is tightly involved with G1/S phase transition, 

as it has been shown to directly influence expression of cyclin D
39

. During DNA 

replication in S phase, there are a variety of checkpoints inhibit DNA replication in 

response to DNA damage.  This allows the cell to repair the damage prior to proceeding 

to the G2 phase.  Several proteins are thought to be involved in the DNA damage 

response, including ATM, ATR, DNA-PK, and the downstream target p53
35

.  G2/M 

phase transition is regulated by the cyclin B – CDK1 complex.  This complex remains in 
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its inactive phosphorylated form by phosphorylation of CDK1 at tyrosine (Tyr) 14 and 

Tyr 15.  This important complex is activated by dephosphorylation by CDC25C
40,41

.   

Stimulatory cell cycle signaling by cyclins and CDKs is opposed by CDK 

inhibitors.  These CDK inhibitors belong to two distinct families: the INK4 (inhibitor of 

CDK4) and CIP (CDK-interacting protein)/KIP (kinase inhibitor protein) families
42

.  The 

INK4 family consists of p14, p15 (INK4B), p16 (INK4A), p18 (INK4C), and p19 

(INK4D), which specifically inhibit G1 cyclin/CDK complexes.  The CIP/KIP family 

includes p21 (CIP1/WAF1/SDI1), p27 (KIP1), and p57 (KIP2) proteins.  Additional 

inhibitory signaling can be provided by the tumour suppressor p53.  In response to DNA 

damage, p53 can upregulate expression of p21, thus inhibiting cyclin – CDK complexes 

and resulting in G1 arrest
43

.   

With the complex signaling required for cells to divide normally, there are multiple 

opportunities for the cell cycle to become dysregulated.  A number of the important genes 

required for correct cell cycle checkpoint control are mutated or have altered expression 

in various human cancers.  For example, there is decreased expression of p27 and 

increased expression of cyclin D1 in some breast cancers
44

.   Both intrinsic and extrinsic 

stimuli are involved in the transformation of normal cells to malignant cells via DNA 

damage.  Normally, the DNA damage response initiates programmed cell death, 

inhibiting the replication of abnormal cells. However, in the face of a mutated gene 

involved in apoptosis or cell cycle checkpoint control, cells with genetic abnormalities 

survive and proliferate.  
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1.4  APOPTOSIS 

Apoptosis is an evolutionarily conserved process resulting in programmed cell 

death (Figure 2).  The word apoptosis is derived from the Greek word that suggests 

“leaves falling off a tree”. It was first reported by Kerr in 1972, and has since been 

recognized as a key component of malignancy
45

.  In contrast to cell death by necrosis, 

which is characterized by increased cell volume, swelling of organelles, and ultimately 

cell lysis with associated inflammation, apoptosis results in a controlled non-

inflammatory form of cell death
46

.  Cell death by apoptosis is essential during 

organogenesis, and is a means by which the adult organism selectively kills cells to 

maintain cellular homeostasis. 

There are three major pathways that mediate apoptosis: the extrinsic pathway, the 

intrinsic pathway and the endoplasmic reticulum stress response.  The intrinsic and 

extrinsic pathways converge with the common effectors of apoptosis: the caspases.  

Caspases are a family of cysteine-aspartic proteases that are executors of apoptosis.  

Caspases are translated in an inactive precursor form, and are activated by cleavage in the 

cytoplasm or nucleus or by dimerization by an adaptor molecule
47,48

.  Caspases are 

subclassified into initiator caspases-2, -8, -9, 10, and apoptosis executor caspases-3, -6,    

-7
49

. 

The extrinsic pathway, also called the death receptor pathway, functions through 

members of the tumour necrosis factor (TNF) superfamily.  For example, a complex 

forms between Fas and Fas ligand (Fas-L), which in turn recruits Fas associated death 

domain (FADD) and procaspase-8, generating the death inducing signaling complex  
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Figure 2: Apoptosis. 

Schematic representation of the molecular mechanisms of apoptosis.  Apoptosis is 

initiated via the intrinsic pathway, the extrinsic pathway or the endoplasmic reticulum 

(ER) stress pathway.  The extrinsic pathway (death receptor pathway) commences when  

the Fas associated death domain (FADD) is recruited by a complex formed between Fas 

and Fas ligand (Fas-L).  This initiates a cascade ultimately culminating in activation of 

effector caspases 8 and 3, leading to cell death.  The intrinsic pathway involves release of 

cytochrome-c from the mitochondrion, occurring in response to stimulation by pro-

apoptotic members of the Bcl-2 family (Bax, Bak, Bid).  Cytochrome-c results in 

activation of caspase-9 and caspase-3.  The intrinsic pathway also results in apoptosis 

through a caspase-independent mechanism.  The ER stress pathway leads to apoptosis via 

accumulation of misfolded proteins in the ER.  The unfolded protein response activates 

JNK and CHOP.  The ER stress pathway functions in combination with the mitochondrial 

pathway, or by activation of caspase-12.  Programmed cell death via these three pathways 

occurs following chromatin condensation, nuclear fragmentation, membrane blebbing, or 

cytoskeletal rearrangement. 
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(DISC)
50

. Subsequently, caspase-3 is activated and results in DNA fragmentation, nuclear 

fragmentation and membrane blebbing
51

.  

The intrinsic apoptotic pathway is regulated by the mitochondrion.  When exposed 

to a stress, members of the Bcl-2 family, such as Bax, Bak, and Bid, act on the 

mitochondria, causing its membrane to become permeable and release cytochrome-c
51-53

.  

The release of cytochrome-c recruits Apaf-1 and procaspase-9, forming the apoptosome 

and initiating a signaling cascade by which caspase-9 and caspase-3 activation results in 

apoptotic cell death
49

. 

The endoplasmic reticulum (ER) is an intracellular organelle involved in calcium 

storage, protein folding and secretion, and lipid biogenesis
54

.   Misfolded proteins can 

accumulate in the ER for a variety of reasons (i.e. point mutations).  This results in 

activation of the unfolded protein response (UPR), mediated by three transmembrane 

proteins: IRE1, PERK and ATF6, in the attempt of restoring cellular homeostasis
54

.  

When the ER stress is such that the UPR is overwhelmed, the UPR promotes apoptosis.  

Apoptosis initiated by the ER stress pathway occurs in conjunction with the 

mitochondrial pathway, as well as independently.  PERK signaling induces the CHOP 

transcription factor, which inhibits the anti-apoptotic Bcl-2, and induces ER oxidation
55

.  

Phosphorylation of JNK by IRE1leads to activation of the pro-apoptotic protein Bim, 

and inhibition of the anti-apoptotic Bcl-2
54

.  JNK can also initiate apoptosis by activation 

of caspase 12
56

. 

The initiation of apoptosis is highly regulated, and activation of apoptotic pathways 

occurs only when cell death is indicated.  There are multiple stimuli, both internal and 

environmental that lead to apoptosis.  Apoptosis can be triggered by DNA damage, 
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oxidative stress, treatment with cytotoxic drugs, and irradiation.  One of the hallmarks of 

cancer is the cell’s ability to evade apoptosis. The crucial regulation of apoptosis is 

maintained by pro-apoptotic and anti-apoptotic signaling.  This signaling occurs 

throughmembers of the Bcl-2 family of proteins.  There is normally a balance between 

pro-apoptotic proteins (Bax and Bak) and anti-apoptotic proteins (Bcl-XL, Bcl-w, Mcl-1, 

A1)
57

.  During malignant transformation, there exist many mechanisms by which tumour 

cells resist apoptosis, and thereby increase cell survival.  This may occur by upregulation 

of anti-apoptotic regulators, or downregulation of pro-apoptotic proteins.  Examination of 

these key molecules in the apoptotic pathways will provide an understanding of how 

genetic alterations in specific cancers lead to increased cell survival.  The highly specific 

pathway of ubiquitination is one mechanism by which apoptosis can be triggered. 

 

1.5  UBIQUITIN LIGASES IN CANCER 

Ubiquitination is the ordered cascade by which an isopeptide bond is formed 

between the C terminal glycine of ubiquitin and a lysine residue of the substrate.  Protein 

ubiquitination leads to numerous outcomes, including protein degradation, endocytosis, 

and apoptosis
58

.  The sequence of events involved in ubiquitination begins with the ATP 

dependent activation of an E1 ubiquitin-activating enzyme that binds to ubiquitin through 

a thioester bond.  Ubiquitin is then transferred to an E2 ubiquitin-conjugating enzyme.  

Ultimately, the E3 ubiquitin ligase facilitates the transfer of ubiquitin to the final 

substrate lysine residue (Figure 3).  There are approximately 30-50 E2 enzymes and 

greater than 1000 E3 enzymes identified in the human genome
59

.  Therefore, it is E3  
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Figure 3: Ubiquitination Cascade. 

Schematic representation of the ubiquitination cascade.  Ubiquitin is transferred to a 

protein substrate through a multistep process involving the formation of a thioester bond 

between ubiquitin and an ubiquitin-activating enzyme (E1).  The activated ubiquitin is 

then transferred to an ubiquitin-conjugating enzyme (E2).  Ubiquitin is then transferred to 

a lysine residue on the protein substrate via an ubiquitin ligase (E3). 
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ubiquitin ligases that are responsible for the high degree of specificity within the 

ubiquitination process.  E3 ubiquitin ligases are subdivided by their functional catalytic 

domains, of which there exist two major classes.  The RING type of E3 ubiquitin ligase  

features a scaffold that brings the partner E2 near the substrate, and facilitates transfer of 

the ubiquitin molecule.  HECT domains on the other hand possess a conserved cysteine 

residue that is required to form an intermediate thioester bond prior to catalyzing the 

transfer of ubiquitin to its substrate.  The majority of the ubiquitin ligases belong to the 

RING type, leaving only 28 identified ubiquitin ligases with HECT domains
60

.   

The specificity of E3 ubiquitin ligases depends on protein-protein interaction 

domains, which classifies them into three subfamilies.  These domains include the RCC1-

like domain (RLDs), the tryptophan-tryptophan (WW) domain, and those proteins 

lacking either RLDs or WW domains
61

.  The HECT family of ubiquitin ligases has been 

associated with the development of human malignancy.  For example, E6-AP is the most 

studied HECT domain ubiquitin ligase.  It exerts its oncogenic potential through binding 

with the adaptor human papillomavirus (HPV) viral oncoprotein E6 and with the tumour 

suppressor p53.  E6-AP catalyzes ubiquitination of p53, leading to its degradation by the 

26S proteasome
62

.  Increased degradation of p53 results in loss of growth regulation, 

thereby leading to increased proliferative signaling.  The E6-AP E3 ubiquitin ligase is 

involved in the development of approximately 90% of human cervical carcinomas 
63

.  

Huwe1 is involved with cellular transformation by ubiquitination of Cdc6, histones, c-

Myc and p53
63

.  There has been some controversy surrounding this E3 ubiquitin ligase 

and the onset of cancer, as it has been suggested that Huwe1-dependent ubiquitination of 

Mcl-1 or p53 results in either increased survival or increased apoptosis
64,65

.  Huwe1 is 
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highly expressed in lung and breast carcinomas.  Its overexpression has also been linked 

to colorectal carcinoma
63

.  Another important E3 ubiquitin ligase thought to be involved 

in malignant phenotypes is NEDD4.  The NEDD4 E3 ubiquitin ligase interacts with the 

phosphatase and tensin homologue (PTEN) tumour suppressor, leading to its 

ubiquitination.  The PTEN protein acts as a phosphatase that dephosphorylates 

phosphatidylinositol (3,4,5)-triphosphate.  This dephosphorylation results in inhibition of 

the AKT survival signaling.  There remains controversy regarding the mechanism by 

which NEDD4 results in increased cell survival, as its effect on PTEN failed to be 

replicated in in vivo studies
66

.  NEDD4, however, is still thought to act as a proto-

oncogene and has been found to be overexpressed in many human bladder and prostate 

carcinomas
67

. 

One of the end results of ubiquitination is protein degradation by the 26S 

proteasome.  The ubiquitin-proteasome system is crucial for proper cell cycle control.  As 

such, the proteasome has been pursued as a potential chemotherapeutic target in the 

treatment of cancer.  Proteasome inhibitors tend to induce apoptosis in proliferating cells, 

thereby selectively inducing cell death signaling in transformed cells compared to 

quiescent cells.  There are a variety of mechanisms by which these inhibitors function. 

For example, in HPV-related cancers, p53 is inactivated by proteasomal degradation.  By 

inhibiting the proteasome, p53 levels are restored and growth arrest or apoptosis ensues
68

.  

Additional mechanisms include accumulation of p21 and p27, both of which regulate cell 

cycle progression at G1.  Proteasome inhibitors are currently used as chemotherapeutic 

agents, with Bortezomib being the first of this category of drugs to be approved by the 

Food and Drug Administration for use in multiple myeloma (Millenium Pharmaceuticals, 
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2008).  Because the 26S proteasome is the end effector in the ubiquitin-proteasome 

system, its inhibition may result in off target effects.  More precise inhibition could be 

accomplished by generating molecules that are directed towards ubiquitin ligases, as they 

provide a high degree of specificity in the ubiquitination process. 

 

1.6  WILMS’ TUMOURS 

Wilms’ tumours (nephroblastoma) are childhood embryonic tumours of the kidney. 

Wilms’ tumours account for greater than 90% of pediatric kidney tumours, and 6% of all 

pediatric cancers
69

.  In the United States, it is estimated that there are approximately 500 

new cases diagnosed each year
70

.  Wilm’s tumour is commonly a disease of early 

childhood with 75% of cases being diagnosed in children younger than five years of age, 

with a peak incidence at 2-3 years of age
71

.  The most common presentation is a palpable 

abdominal mass. Survival rates of children diagnosed with Wilms’ tumours was 

previously dismal, reaching approximately 30% .  However, Wilms’ tumours are now 

much more treatable, with survival rates reaching 90%
71

.  The treatment of Wilms’ 

tumours is multidisciplinary.  Surgery is paramount in the management of Wilms’ 

tumours.  In addition, the use of chemotherapeutic agents, as well as radiation therapy has 

greatly improved survival.  Because Wilms’ tumours are relatively rare, information 

regarding appropriate treatment regimens was limited until the formation of the National 

Wilms’ Tumour Study (NWTS).  The NWTS was amalgamated with a number of other 

clinical trial groups, including the Pediatric Oncology Group and the Children’s Cancer 

Group into the Children’s Oncology Group (COG) in 2001. The COG currently 
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recommends nephrectomy followed by histologic diagnosis prior to initiation of therapy.  

Although a tremendous amount of information has been gained about the biology of 

Wilms’ tumours, the staging of Wilms’ tumours continues to rely on the anatomic 

extension of disease with unilateral disease classified as stage I-IV and bilateral disease 

as stage V
72

. In North America, chemotherapy regimens are commenced following tissue 

diagnosis.  Through the efforts of the NWTS, five studies have been published and have 

contributed to current chemotherapy and radiation regimens
73-79

.   

 The histology of Wilm’s tumours suggests a disorganized and incomplete 

development of the kidney
80

.  It has been suggested that Wilms’ tumours arise from a 

transformation event in renal stem cells
81,82

.  This concept is supported by micro-array 

analyses, which have identified gene profiles in Wilms’ tumours that are similar to those 

gene profiles found in fetal kidneys, and more specifically the earliest commited stage in 

the metanephric mesencymal-epithelial transition
83,84

. 

Molecular analysis of Wilms’ tumours has led to the discovery of genes that are 

involved in its development.  Four genes in which mutations are associated with onset of 

Wilms’ tumours include Wilms’ tumour 1 (WT1), Wilms’ tumour gene on the X 

chromosome (WTX), -catenin, and TP53. The WT1 gene encodes a zinc finger 

transcription factor that is involved in normal renal development.  WT1 is expressed early 

in nephrogenesis, and shows continued expression in the mature kidney
85

.  The WT1 gene 

functions as a tumour suppressor, and transformation of normal kidney cells to malignant 

Wilms’ tumours has been observed with deletions, insertions, and missense 

mutations
86,87

.  The WTX gene is mutated in approximately 20% of Wilms’ tumours, and 

encodes a protein that negatively regulates the Wnt pathway.  Missense mutations in the 
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tumour suppressor p53 have also been reported in anaplastic Wilms’ tumours and confer 

a poor prognosis
80

.  The HACE1 tumour suppressor recently joined this list of genes that 

are associated with the development of Wilms’ tumours.  

 

1.7  HACE1 TUMOUR SUPPRESSOR 

HACE1 is a novel tumour suppressor gene located at human chromosome 6q21 that 

was originally identified by the Sorensen lab at the University of British Columbia in a 

Wilms’ tumour from a 5 month old male diagnosed and treated at the IWK Health Centre 

in Halifax
31,88

. HACE1 was discovered by mapping a t(6;15)(q21;q21) translocation in 

the index Wilms’ tumour.  The HACE1 gene encodes a 909 amino acid protein that 

possesses two important domains.  The first domain of interest is an ankyrin repeat 

domain containing 6 ankyrin repeats.  The catalytically active HECT domain is located at 

the C-terminal end of the protein.  HACE1 possesses ubiquitin ligase activity in vitro and 

in vivo. In vitro studies have identified UbcH7 as a partner E2 enzyme
31

.  HECT family 

E3 ligases contain a critical cysteine residue necessary for thioester bond formation. The 

HACE1 critical cysteine residue is located at amino acid 876.  A mutation at this critical 

cysteine residue abolishes ubiquitin ligase activity in vitro
31

.  HACE1 appears to localize 

predominantly to the cytoplasm and, more specifically, the outer endoplasmic reticulum, 

and is thought to be involved in both ubiquitination and protein degradation itself 
31

. 

When comparing Wilms’ tumour samples to patient-matched normal kidney tissue, 

the level of HACE1 expression at both mRNA and protein levels was downregulated in 
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>75% of Wilms’ tumours
89

. HACE1 is widely expressed in human tissues. In particular, 

there is strong expression of HACE1 in heart, brain and kidney
89

.  

HACE1 is downregulated in a variety of human cancers, including Wilms’ 

tumours
89

, melanoma, breast cancer, lung cancer, lymphoma and colon cancer, and thus 

represents an exciting and potentially broadly applicable genetic target
89-91

.  There are no 

identified mutations or deletions in HACE1 that lead to its loss of function, rather it 

appears that there is an epigenetic inactivation of the gene resulting in significant 

downregulation of its expression.  CpG islands are regions within DNA sequence that 

contain a high proportion of cytosine next to a guanosine nucleotides.  CpG islands have 

a tendency to occur near the start site of a gene.  Hyper- or hypo-methylation of CpG 

islands may alter gene expression levels.  There are three upstream CpG islands 

associated with HACE1. There are two located approximately 50 kb upstream of the 

transcriptional start site (CpG-177 and CpG29).  The third is CpG-88 which is located 

within the HACE1 promoter and extends into the first exon.  When comparing Wilms’ 

tumour tissue to normal kidney tissue, there is increased methylation at CpG-177
89

. 

Hace1-/- mice spontaneously develop a similar multitude of tumour types at rates 

higher than their littermate controls. This tumour development can be accelerated by 

DNA damaging agents or other environmental stressors, suggesting that the absence of 

HACE1 protein predisposes cells to future genetic oncogenic “hits”
89

.  

 p53 is a well known tumour suppressor that is mutated in approximately 50% of 

human cancers
92

.  Mouse studies have implicated mutant p53 in HACE1-dependent 

tumour formation.  In Hace1-/- mice, tumour incidence was greatly increased with a 

heterozygous loss of p53.  Moreover, the size of tumours was significantly larger.  



 

 22 

 

Although loss of p53 on its own increases tumour incidence, these tumours were 

primarily thymic lymphomas.  Loss of HACE1 resulted in a wider array of malignancies, 

suggesting a collaborating role between HACE1 and p53
89

.   

The role of HACE1 in cell cycle progression and cellular proliferation remains 

currently unknown. HACE1 overexpression in HEK293 cells results in a significant 

reduction in cyclin D1, which is a protein involved in the G1/S phase transition of the cell 

cycle.  This decrease in cyclin D1 occurs through proteasomal degradation by the 26S 

proteasome.  Therefore, HACE1 may slow cell cycle progression via degredation of 

cyclin D1, supporting its role as a tumour suppressor 
89

.  A significant decrease in 

HACE1 may therefore lead to overproliferation by loss of regulation at this cell cycle 

checkpoint. 

 

1.8  ZEBRAFISH AS A MODEL FOR STUDYING HUMAN CANCERS 

  The zebrafish (Danio rerio) has been used as a model to study vertebrate 

developmental biology since the 1960s, and has more recently emerged as an important 

model in cancer research
93-96

.  Advantages of the zebrafish include its high level of 

genetic conservation with mammals (approximately 85%), rapid embryonic development, 

and transparency of embryos allowing direct visualization of tissue formation and 

organogenesis
97

.  As well, the entire zebrafish genome has been sequenced, and is now in 

its ninth assembly (ZV9, Sanger Institute, Hinxton, Cambridge, UK).  Despite over 300 

million years of species deviation between zebrafish and humans, many biochemical 

pathways are conserved.  Furthermore, when examined histologically, there are many 
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similarities between tumours formed in fish and humans
98

.    

 Cancer research using zebrafish as a model has expanded with technological 

advancements in the field.  The zebrafish is an effective system for studies using forward 

genetics.  Mutations can be introduced into the zebrafish genome by chemical 

mutagenesis, irradiation, or using viral vectors.  Fish are then screened for abnormal 

phenotypes, and through sequence analysis, the mutated genes are identified
99

.  This may 

detect new genes involved in malignant phenotypes and pathways.  These screens would 

be very cost intensive and difficult to undertake using a mammalian system.  Moreover, 

transgenic technology is well developed in the zebrafish and transgenic zebrafish models 

of human cancers can be easily subjected to chemical modifier screens
100-102

. External 

fertilization facilitates the ability to directly study vertebrate development from the one 

cell stage, which is more challenging and limited in mammalian model systems. 

 Zebrafish have been used as an in vivo model to study cellular processes, such as 

apoptosis and cell cycle regulation. Previous literature reports assessing apoptosis in 

zebrafish by acridine orange or Annexin V staining were accompanied by live embryo 

imaging
103,104

.  Methods have been reported for studying the cell cycle in zebrafish 

embryos, including protocols to examine cell proliferation, DNA damage, and 

senescence
105

. 

 Several cancer models have been developed in the zebrafish.  For example, the 

zebrafish has become a robust model for investigating the p53 tumour suppressor 

pathway.  Berghmans et al. performed mutagenesis studies and identified fish containing 

mutations in the p53 gene
106

.  Some of these mutations localize to the DNA binding 

domain of the p53 protein, as is common in human mutated p53.  Zebrafish with 
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homozygous p53 mutations develop tumours beginning at eight months of age, with the 

majority of these tumours being peripheral nerve sheath tumours
106

.  Melanoma is an 

aggressive cancer, in which mutations of the RAS/RAF/MEK/ERK signaling cascade 

have been identified.  Approximately two thirds of melanomas have mutations in 

BRAF
107

.  Zebrafish are now an instrumental player in melanoma research.  There are 

transgenic zebrafish lines expressing mutated BRAF in melanocytes.  These fish develop 

large lesions of proliferating melanocytes
96

.   

The field of hematopoiesis and blood malignancies has expanded immensely with 

the introduction of zebrafish research.  The Berman laboratory has contributed to this 

field with the discovery of carboxypeptidase A5 (cpa5) as a mast cell-specific enzyme, 

and its conserved function in zebrafish
108,109

.  Ongoing projects are focused on other 

blood disease models, including systemic mastocytosis and acute myelogenous leukemia.  

Zebrafish offer many benefits for investigating solid tumours, and therefore, we hope to  

utilize the zebrafish to uncover how the HACE1 tumour suppressor contributes to 

development and oncogenesis. 

 

1.9  RATIONALE 

 This study will exploit the advantages of the zebrafish model to examine the role 

of the HACE1 tumour suppressor in normal development and tumourigenesis.  To date, 

research on HACE1 has been limited to in vitro and murine studies.  We believe that the 

zebrafish will provide important insight into the function of this gene, and will 

complement information gained from murine research.  The transparency of zebrafish 
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embryos allows direct visualization of organogenesis, which is extremely difficult to 

study using mice.  Therefore, we hope that using zebrafish as a model system, we will 

uncover how HACE1 is involved in vertebrate development.  With the ability to generate 

stable transgenic zebrafish lines, this research will set up a cancer model system, by 

which we can begin to dissect the effect of HACE1 on cell proliferation and apoptosis.  

This will further the understanding of the mechanism by which decreased HACE1 

expression leads to malignancy.  Ultimately, with a better understanding of the function 

of HACE1, and the signaling pathways in which it is involved, will provide potential 

targets for cancer therapeutics to improve patient outcomes. 
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CHAPTER 2 MATERIALS AND METHODS 

2.1  ZEBRAFISH MAINTENANCE AND EMBRYO STAGING 

 Zebrafish were maintained, bred and developmentally staged according to 

Westerfield
110

. Use of zebrafish in this study was approved by the Dalhousie University 

Animal Care Committee.  Zebrafish were maintained in 28.5 C water with a salinity of 

1100 - 1300  us and a pH between 6-8. Fish were exposed to light for 14 hours.  

Zebrafish embryos were collected, and incubated at 28.5C in either egg water (5mM 

NaCL, 0.17 mM KCl, 0.4 mM CaCl2 and 0.16 mM MgSO4) or 0.003% 1-phenyl-2-

thiourea (PTU, Sigma-Aldrich, St. Louis, MO) water to inhibit pigmentation for optical 

clarity.  Embryos were treated with Pronase (Roche, Indianapolis, IN, USA) (10 mg/mL) 

in PTU water  and were removed from their chorions.  They were then staged at desired 

developmental timepoints and fixed overnight in 4% paraformaldehyde in 1X phosphate 

buffered saline (PBS) at 4C.  Fixed embryos were stored at 4C for up to 4-6 weeks. 

 

2.2  GENERATION OF RNA ANTISENSE PROBES 

 cDNA constructs were linearized with the appropriate restriction enzyme for 2 

hours at 37C. The linearized DNA was purified with the QIAQUICK PCR purification 

kit (QIAGEN).   Digoxegenin (DIG)- and fluorescein (FITC)- labeled probes were then 

transcribed with either T7 or SP6 polymerase for 4 hours at 37C, according to 

manufacturer’s protocol (Roche Molecular Biochemicals, Indianapolis, IN).  Probes were 
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purified with Ambion NucAway spin colums (Ambion).  RNA probes were stored at        

-80C. 

 Generation of linearized DNA for the hace1 ankyrin repeat probe was 

accomplished by PCR amplification from the plasmid clone ID 8158899 (Accession 

number DV598969) containing the sequence from the hace1 ankyrin repeat domain 

(Open Biosystems, Huntsville, AL).   This cDNA sequence is in the pME18S-FL3 vector, 

which lacks an RNA polymerase binding site.  Therefore, PCR amplification of the 

ankyrin repeat domain utilized primers that incorporated a T7 site flanking the 5’ end of 

the PCR product and an SP6 site flanking the 3’ end of the PCR product.  The following 

primers were used:  

forward primer TAATACGACTCACTATAGGGGATGTTGCCTTTACTTCTA 

reverse primer ATTTAGGTGACACTATAGTCTCTGACGTGACTGCAGCG.   

 The following PCR program was used: 

  94C  3 minutes 

  94C  30 seconds 

  60.8C  30 seconds 

  72C  30 seconds 

  72C  7 minutes 

 The 900 bp PCR product was gel extracted using the QIAQuick gel extraction kit 

as per the manufacturer’s protocol.  The PCR product was eluted in 30 uL of DEPC 

water.  The probe was generated using SP6. 
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 The probe for the hace1 HECT domain was generated from the zf_mu_184f12 

clone (provided by the University of Sheffield).  Zf_mu_184f12 was linearized with Pst1, 

and antisense probe was generated using SP6 RNA polymerase. 

 

2.3  WHOLE MOUNT RNA IN SITU HYBRIDIZATION (WISH) 

 Dechrionated embryos were staged at desired timepoints (24 hours post 

fertilization – 7 days post fertilization) and fixed with 4% paraformaldehyde (PFA, 

Sigma-Aldrich, St. Louis, MO, USA).  Fixed zebrafish embryos were washed in 

phosphate buffered saline with Tween (PBST). They were treated with hyb- (50% 

formamide in 5x saline sodium citrate buffer 0.1% Tween 20 (SSCT)) for 15 minutes 

followed by hyb+ (50% formamide in 5x saline sodium citrate buffer 0.1% Tween 20 

(SSCT), 5 mg/mL torula (yeast) RNA type IV, and 50 µg/mL heparin) for 1 hour.  

Hybridization with antisense probes was performed at 65C in hyb+ overnight. Embryos 

were washed in 2X SSCT-50%formamide for 15 minutes each, once in 2X SSCT for 15 

minutes, and twice in 0.2 X SSCT for 15 minutes each.  The embryos were then washed 

in MABT (100 mM Maleic acid, 150 mM NaCl, 10% Tris base and 0.1% Tween 20) 

thrice for 5 minutes, followed by 1 hour in blocking solution (10% FBS, 2% Blocking 

reagent (Roche, Indianapolis, IN, USA) and MABT). Either anti-DIG or anti-FITC 

antibody (Roche, Indianapolis, IN, USA) was added, and embryos were incubated 

overnight at 4C.  For double in situ hybridization, both antibodies were added 

simultaneously. Embryos were washed for 30 minutes at room temperature in 1X 

blocking solution, twice in MABT, and four washes for 5 minutes in 0.1 M Tris base pH 
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9.5 for BCIP/NBT stain or 0.1 M Tris base pH 8.2 for Fast Red stain. Colour staining was 

performed with either BCIP/NBT (Vector Laboratories, Inc. CA, USA) at room 

temperature for 2-4 hours, or Fast Red (Roche, Indianapolis, IN, USA) for 2 hours at 

37C, followed by overnight at 4C.  For double in situ experiments, staining was first 

performed with Fast Red, followed by BCIP/NBT.  Staining of Fast Red was inactivated 

by incubating in MAB + 10mM EDTA (ethylenediaminetetraacetic acid) for 10 minutes 

at 60C, twice in MABT at room temperature, and 1 hour in blocking solution.  Double 

fluorescence in situ experiments were performed with Fast Red staining, and then imaged 

with a Zeiss Observer Z.1 microscope with a Colibri fluorescence source.  Single WISH 

images were taken on a Leica MZ16F with a Leica DFC 490 camera at 5X magnification 

for whole embryo images and various magnifications for closer images. 

 

2.4  MORPHOLINO KNOCKDOWN 

The following morpholino and control morpholino were purchased from Genetools 

LLC (Philomath, OR): hace1-HECT: CCCTCGAACTGTTAGACAGAATAAA (splice 

site) and standard control: CCTCTTACCTCAGTTACAATTTATA. 

 Morpholinos were diluted to a working concentration (1.5, 1.6 and 1.9 mM) with 

1% phenol red and were injected into live zebrafish embryos at the 1-4 cell stage.  

Dechrionated embryos were staged at desired timepoint and fixed with 4% PFA or were 

live imaged using the Leica MZ16F with brightfield or fluorescence. 
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2.5  RNA EXTRACTION AND MICRO-ARRAY 

 

 Zebrafish embryos were grown in PTU water and were staged at 48 hpf. 

Approximately 50 embryos were homogenized in 1mL of phenol.  Samples  were stored 

at room temperature for 5 minutes.  Chloroform (200 uL) was added to samples, and they 

were vortexed for 15 seconds.  Samples were centrifuged at 13 000 rpm for 15 minutes at 

4C.  The aqueous phase was transferred to a new tube, and an equal volume of cold (-

20C) 70% ethanol was added.  Samples were loaded into QIAGEN RNeasy columns 

and were purified following the manufacturer’s protocol.  Samples were eluted with 30uL 

of DEPC treated water (Ambion).  Samples were stored at -80C.  Purified RNA 

concentration was quantified by UV spectrophotometry.  Extracted RNA was sent to Dr. 

Stephen Lewis at the Atlantic Cancer Research Institute (Moncton, NB, Canada), where 

the micro-arrays were performed. 

Micro-arrays were performed as follows.  Prior to use in labelling, RNA quality was 

assessed using BIO-RAD Experion bioanalyzer capillary electrophoresis system and total 

RNA standard sense chips (cat#s 700-7104, 700-7154), according to manufacturer’s 

instructions.  All RNA samples used in these experiments had RNA quality indices (RQI) 

of 8 or higher (out of 10) with corresponding low levels of degradation. RNA (10 ug per 

sample) was used in labelling reactions as outlined in Invitrogen’s Superscript III Direct 

Labeling kit (cat# L1015-04) (Invitrogen, Burlington, ON, Canada).  First strand cDNA 

was synthesized using 10 ug of RNA, Anchored Oligo (dT)20 primer (5ug), random 

hexamers (0.5 ug), and nuclease free water.  Reactions were incubated at 70C for 10 

minutes, and then were chilled on ice for 1 minute.  A second reaction mixture was 
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prepared with 5X first-strand buffer, 0.1M DTT, 10X nucleotide mix with Alexa Fluor 

dye (555 or 647), RNaseOUT, and Superscript III reverse transcriptase (800 U).  This 

second reaction was mixed in a 1:1 ratio with the first strand cDNA reaction mixture and 

was vortexed gently.  Samples were incubated at 46C for 3 hours, then  15uL of 0.1M 

NaOH was added to each reaction tube in order to degrade original RNA.  Samples were 

incubated for 30 minutes at 70C and 15uL of 0.1M HCl was added to each reaction tube 

in order to neutralize the pH.  Labeled probe was purified using Invitrogen’s Low Elution 

cDNA Purification module (cat# 46-6346), according to the manufacturer’s instructions.  

Labeled probe was eluted in 25uL of nuclease-free water.  Probe labelling yield and 

efficiency were assessed by Nano-Drop Spectrophotometer.  Two samples were used per 

hybridization mixture, and were equalized for quantity (ug) of labelled cDNA added.  

Labeling efficiencies are controlled through the use of dye swaps.  Hybridization 

mixtures were made up to 200uL with Ambion’s SlideHyb mix #2 (cat# AM8862)  

Samples were hybridized to Agilent Zebrafish V3 slides using TECAN HS4800 Pro 

instrument.  Slides were hybridized at 42C for 16 hours. 

 

2.6  GENERATION OF TRANSGENIC ZEBRAFISH LINES 

2.6.1  Gateway Cloning 

 Plasmids (peGFP-C3-hHACE1 and peGFP-C3-C876S) possessing a green 

fluorescent protein (GFP) fusion human HACE1 or dominant negative mutated (DN) 

HACE1 (C876S) gene were provided by Dr. Poul Sorensen’s laboratory at the University 

of British Columbia (Figure 4).  eGFP-HACE1 and eGFP-C876S fragments were ligated  
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Figure 4: peGFP-C3-hHACE1 and peGFP-C3-C876S plasmids. 

(A) Plasmid possessing a green fluorescent protein and wildtype human HACE1 fusion 

gene. 

(B) Plasmid possessing a green fluorescent protein and dominant negative mutated human 

HACE1 gene.  The dominant negative mutation is a serine substituted for the critical 

cysteine residue at amino acid position 876. 

Cloned by Dieter Fink.  Provided by Dr. Poul Sorensen, University of British Columbia. 
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Figure 5: pEC2-eGFP-4-4-Spe1-Rev middle entry clone. 

Map of Gateway middle entry clone pEC2-eGFP-4-4-Spe1-Rev.  Wildtype human 

HACE1 and dominant negative mutated human HACE1 (C876S) were ligated into this 

vector backbone at the Spe1 and BamHI restriction enzyme sites (indicated by red 

arrows). 

Cloned by Martin Kleinheinz.  Provided by Dr. Poul Sorensen, University of British 

Columbia. 
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into the Gateway middle entry clone pEC2-eGFP-4-4-Spe1-Rev (Figure 5).  Both 

plasmids possessing either wildtype human eGFP-HACE1 or eGFP-C876S  (peGFP-C3-

hHACE1 and peGFP-C3-C876S) were digested with Nhe1 and BamH1 restriction 

enzymes.  pEC2-eGFP-4-4-Spe1-Rev was digested with Spe1 and BamH1.  The 3.9 kb 

fragment from Nhe1/BamHI digested peGFP-C3-hHACE1 and peGFP-C3-C876S were 

gel extracted and purified using a QIAGEN QIAquick gel extraction kit (QIAGEN, 

Mississauga, ON, Canada).  The 2.8 kb fragment from Spe1/BamHI digested pEC2-

eGFP-4-4-Spe1-Rev was also gel extracted and purified using the QIAquick gel 

extraction kit.  The 3.9 kb fragment with eGFP-hHACE1 was ligated to the 2.8 kb vector 

backbone (pEC2-eGFP-4-4-Spe1).  The same was done with the eGFP-C876S and the 2.8 

kb vector backbone.  The resultant plasmids (pEC2-hHACE1 or pEC2-C876S) were 

transformed into Top 10 E. coli cells (Invitrogen, Burlington, ON, Canada) and were 

plated on Spectinomycin (75 ug/mL) agar plates.  Correct clones were identified by 

restriction digests with Hind III, and were checked a second time with EcoRI. 

 A Gateway destination vector with either GFP fused to wildtype human HACE1 

or DN (C876S) human HACE1 under the control of the zebrafish  – actin promoter was 

generated.  An LR reaction (Invitrogen, Burlington, ON, Canada) was set up with an 

entry clone (p5E-actin), middle entry clone (pEC2-hHACE1), and destination vector 

(pDestTol2pA-R2R4).  A second LR reaction was set up with the same entry clone (p5E-

actin), the middle entry clone (pEC2-C876S), and the same destination vector 

(pDestTol2pA-R2R4) (Figure 6).  Reactions used LR Clonase II and were incubated at 

room temperature overnight.  The following day, the reactions were transformed into Top 

10 E. coli competent cells and were plated onto ampicillin (100 ug/mL) agar plates.    



 

 36 

 

A

 
 

 

 

 

B 

 
 

 

Figure 6: Gateway cloning of destination vectors. 

(A) Cloning strategy using Gateway Tol2 platform to generate a destination vector with 

either a wildtype or dominant negative GFP human HACE1 fusion gene under the 

control of the ubiquitous actin promoter. LR reaction (Invitrogen) was performed 

with p5E-actin, pEC2-hHACE1 or pEC2-C876S and the destination vector 

pDestTol2pA-R2R4. 

(B) Destination vectors with either a wildtype or dominant negative mutated (C876S) 

human HACE1 gene. 
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Clones were screened by colony PCR.  Colonies were boiled in 20 uL of sterile MQ 

water for 3 minutes, then 2 uL of the boiled colonies were used in the PCR reactions.  

Primers used for PCR designed within the human HACE1 gene sequence were as 

follows: forward primer TGTCTGCAAACATGATGAAG and reverse primer 

GTCTTCTACAACTTCCCAG.  The PCR program used was: 

  94C  3 minutes 

  94C  30 seconds 

  54C  30 seconds 

  72C  30 seconds 

  72C  7 minutes 

Following colony PCR, clones were verified by restriction digest with SacII. 

 

2.6.2  Establishment of Germline Integration 

 Destination vectors harboring either a wildtype or DN human HACE1 gene were 

injected into wild type zebrafish embryos at the one cell stage.  Embryos were screened 

for green fluorescent protein (GFP) expression at 24 hpf.  Zebrafish embryos with GFP 

labeling were grown until 3 months of age.  They were outcrossed with wildtype fish and 

heterozygous F1 generation fish were identified by GFP labeling.  The F1 generation was 

in-crossed to produce a stable transgenic F2 generation (Figure 7).  F2 generation 

embryos from the A lines were used for all experiments (hHACE or C876S). 
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Figure 7: Establishment of the HACE1 transgenic zebrafish line.   
Gateway destination vectors harbouring either a wildtype or dominant negative mutated 

(C876S) copy of HACE1 fused to GFP were injected into wildtype zebrafish embryos at 

the one cell stage.  Embryos demonstrating GFP expression were grown to 3 months of 

age.  They were then outcrossed to wildtype zebrafish to generate the F1 generation.  

Transgenic F1 zebrafish were incrossed at 3 months of age to generate the F2 generation. 
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2.7  APOPTOSIS ASSAYS 

2.7.1  Acridine Orange Assay 

Wildtype and C876S (gfp+) zebrafish embryos were dechorionated with Pronase 

(1mg/mL) and were staged at 24hpf.  One set of embryos were irradiated with 16 Gy of 

radiation for 3 minutes using a Gammacell GC3000 irradiator (MDS Nordion, Ottawa, 

ON, Canada).  Following irradiation, all embryos were maintained at 28.5C until 28hpf.  

Embryos (irradiated and non-irradiated) were stained with acridine orange (1 mg/mL) for 

30 minutes at 28C. Embryos were washed with egg water for twenty minutes thrice, and 

were imaged using the Leica MZ16 fluorescence microscope.  Representative pictures 

were taken. 

 

2.7.2  Caspase 3 Assay 

Wildtype and C876S (gfp+) zebrafish embryos were collected and incubated at 

28.5C in PTU.  Embryos were dechorionated with Pronase (1mg/mL), staged at 24 hpf 

and allowed to grow until 26 hpf.  At 26 hpf one half of each group of embryos 

(approximately 12 embryos) were irradiated with 16 Gy of radiation for 3 minutes using 

the Gamma cell GC3000 irradiator.  Irradiated and non-irradiated embryos were 

incubated until 28 hpf in PTU.  Embryos were fixed at 28 hpf in 4% paraformaldehyde 

following a 10 minute incubation in 1% proteinase K.  Embryos were stored up to one 

week at 4C. 

 The zebrafish embryos were permeabilized for 20 minutes in PDT (1% DMSO, 

0.3% Triton X in PBST).  Embryos were then blocked for one hour with blocking 
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solution (PDT, 10% FBS, 2% BMB).  Anti-activated caspase 3 antibody was then added 

at a 1:500 concentration, and embryos were incubated overnight at 4C.  Embryos were 

washed with PDT (1 quick wash, 1 x 20 min, 1 quick wash) at room temperature, 

followed by blocking solution for 30 minutes at 4C.  AlexaFluor-conjugated secondary 

antibody was then added (1:250) and embryos were incubated at 4C for 2 hours.  

Embryos were washed 3 x 20 minutes in PDT at room temperature.  Embryos were 

mounted in 1.5% low melting point agarose (Sigma-Aldrich, St. Louis, MO) and were 

visualized using the Zeiss Observer Z.1 microscope with a Colibri fluorescence source at 

10X. 

 

2.8  CELL CYCLE ASSAYS 

2.8.1  BrDU Incorporation Assay 

Wildtype and C876S zebrafish embryos were collected and grown in PTU water 

at 28.5C.  C876S (gfp+) zebrafish.  Approximately 20 wildtype and C876S transgenic 

embryos were staged at 24 hpf.  At 26 hpf, embryos were chilled for 15 minutes on ice.  

They were then incubated in bromodeoxyuridine (BrdU) (10 mM BrdU, 15% DMSO) for 

20 minutes chilled on ice.  Embryos were allowed to recover at 28.5C in PTU water for 

10 minutes.  They were washed with PBST (1 quick wash, 1 x 5 minutes, 1 quick wash).  

Embryos were fixed in 4% paraformaldehyde for 2 hours at 4C.  They were then 

transferred to 100% methanol and were stored overnight at -20C. 
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Zebrafish embryos were rehydrated in a graded fashion using a methanol:PBST 

series (3:1, 1:1, 1:3) for 5 minutes each.  Embryos were washed 2 x 5 minutes in PBST, 

followed by digestion with 1% proteinase K for 10 minutes.  After washing quickly with 

PBST twice, embryos were placed in 4% paraformaldehyde for 20 minutes.  They were 

washed with 2N hydrochloric acid for 1 hour at room temperature.  The embryos were 

blocked with blocking solution (FBS, BMB, PBST) for 30 minutes after washing 5 times 

quickly with PBST.  Anti-BrdU antibody was added to the blocking solution at a 1:100 

dilution.  The embryos were incubated with primary antibody overnight at 4C. 

The following day, the embryos were washed 5 x 10 minutes in PBST at room 

temperature.  Embryos were then incubated with AlexaFluor-conjugated secondary 

antibody at a 1:675 dilution.  Samples were incubated overnight at 4C.   

Embryos were washed 5 x 10 minutes on the shaker at room temperature.  They 

were then mounted in 1.5% low melting point agarose, and were visualized using the 

Zeiss Observer Z.1 microscope with a Colibri fluorescence source at 10X power.  

Representative pictures were taken of approximately 8 embryos.  Images were quantified 

using ImageJ. 

 

2.8.2  Phosphohistone H3 Assay 

 The protocol for the phosphohistone H3 assay is the same as described for the 

Caspase 3 assay (see above).  Anti-phosphohistone H3 primary antibody was used at a 

1:750 dilution.  Embryos were incubated in primary antibody overnight at 4C as 

described for the caspase 3 assay. 
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2.9  ADULT ZEBRAFISH MAINTENANCE AND MONITORING 

 Transgenic zebrafish (actin::GFPhHACE1 and (actin::GFPC876S) were 

grown to adulthood as per the fish husbandry protocols in 28.5C water.  Fish were 

monitored daily the development of neoplasms, or an unhealthy appearance.  Fish with 

clinically apparent masses were sacrificed and sectioned.  Sections were stained with 

hematoxylin and eosin (H&E).  Fish that appeared ill, or were swimming with difficulty 

in the tank were also sacrificed and sectioned.  They were again stained with H&E. 

 

2.10  STATISTICAL ANALYSIS 

Statistical analysis was performed by 2 sample test of proportions using 

STATA/IC11 (Statacorp LP, College Station, Texas, USA).  A Student’s t test was 

performed using GraphPad Calculator software.  A p value <0.05 was considered 

significant. 
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CHAPTER 3 RESULTS 

3.1  ZEBRAFISH HACE1 EXPRESSION 

HACE1 is widely expressed in human tissues, with particularly strong expression in 

heart, brain, kidney and pancreas.  This has been demonstrated at the mRNA level by 

Northern blot analysis
31

.  We have identified a HACE1 homologue in zebrafish, which 

shares 74.7% DNA homology, and 88.9% protein identity with human HACE1 (Figure 

8).  Zebrafish hace1 possesses the two functional domains that are found in human 

HACE1; there is an ankyrin repeat domain, which is involved in protein-protein-

interactions, as well a domain sharing homology to the HECT domain.    There is 

currently no zebrafish hace1 antibody available in order to examine hace1 protein 

expression; therefore, in order to determine expression patterns of zebrafish hace1 we 

have to rely on RNA expression.  Whole mount RNA in situ hybridization (WISH) was 

used to determine hace1 RNA expression in zebrafish embryos at early developmental 

time points.  Antisense digoxigenin (DIG) probes were made to RNA sequences within 

ankyrin repeat and HECT domains of zebrafish hace1.   

 WISH was performed using a probe to the ankyrin repeat domain of hace1 and 

demonstrated widespread staining throughout the entire zebrafish embryo (Figure 9).  

There is evidence of staining in the head region, and in the somites of the tail, especially 

at the earlier timepoints (24 hpf).  WISH studies were then undertaken using a probe to 

the HECT domain.  Staining in the kidney was observed by 24 hpf, in cardiac structures 

by 48 hpf, and  staining in the central nervous system (CNS) at both these time points,  



 

 44 

 

 

 

 

 

 

 

A 

 
 

 

B 

 

 

 

 

 

 

 

 

 

Figure 8: Human HACE1 and zebrafish hace1 homology. 

(A) HACE1 gene homology. 

(B) Protein homology with ankyrin repeat and HECT domains (85% identity). 

www.ensembl.org, EnsEMBL release 58, May 2010, WTSI / EBI 
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Figure 9: Expression pattern of zebrafish hace1 using probe to the ankyrin repeat 

domain. 
Whole mount in situ hybridization (WISH) of wild type zebrafish embryos using an 

antisense digoxigenin (DIG) labeled probe to the zebrafish hace1 ankyrin repeat domain 

at 24 hours post fertilization (hpf) – 7 days post fertilization (dpf) demonstrates 

widespread expression throughout the embryo. 

hpf = hours post fertilization, dpf = days post fertilization. 

Lateral view, anterior to the left. 
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suggesting conserved tissue expression for hace1 between zebrafish and mammals 

(Figure 10). 

 In order to validate these findings, double in situ hybridization studies were 

performed using the probe to the zebrafish hace1 HECT domain and known renal, 

cardiac and CNS tissue-specific probes.  Cadherin 17 (cdh17) is expressed in the 

embryonic kidney beginning at the 5-somite stage and has persistent expression 

throughout zebrafish development into adulthood
111

.  At 48 hpf, by single fluorescence 

double in situ hybridization, there was co-localization of hace1 HECT with cdh17 

(Figure 11).  This was similarly demonstrated using double fluorescence in situ 

hybridization at 48 hpf (Figure 12). Cardiac myosin light chain 2 (cmlc2) is expressed in 

zebrafish cardiac tissue.  Its expression is apparent throughout the entire lifespan of the 

zebrafish
112-114

.  Zebrafish hace1 HECT co-localized with cmlc2 at 48 hpf by both single 

and double fluorescence WISH (Figure 11 and Figure 12, respectively).   Krox20 is 

expressed in rhombomeres 3 and 5 within the hindbrain of the zebrafish embryo starting 

at the 1-4 somite stage, with continued expression until 60 hpf.  There was evidence for 

co-localization of zebrafish hace1 with krox20 at 48 hpf (Figure 11). 

 

3.2 MORPHOLINO KNOCKDOWN OF ZEBRAFISH HACE1 RESULTS IN 

ABNORMAL CARDIAC DEVELOPMENT 

Human HACE1 is expressed in fetal kidney tissue, suggesting that its early 

expression may be required for normal vertebrate development
31

.  However, the 

contribution of HACE1 to development is currently unknown.  Development of stable  
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Figure 10: Expression pattern of zebrafish hace1 using probe to the HECT domain. 
Whole mount in situ hybridization (WISH) of wild type zebrafish embryos using a probe 

to the zebrafish hace1 HECT domain at 24 hours post fertilization (hpf) – 7 days post 

fertilization (dpf) demonstrates expression in kidney, heart and brain.  Expression in brain 

and kidney is indicated by arrows at 24 hpf.  Cardiac expression is indicated by the arrow 

at 48 hpf, and kidney expression by the arrow at 72 hpf. 

hpf = hours post fertilization, dpf = days post fertilization. 

Lateral view, anterior to the left. 
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Figure 11: Co-localization of zebrafish hace1 with tissue specific probes. 
(A) Double WISH performed on wildtype zebrafish embryos at 48 hpf using a labeled 

RNA anti-sense probe to krox20 (brain – red) and the zebrafish hace1 HECT domain 

(black). 

(B) Double WISH performed on wildtype zebrafish embryos at 48 hpf using a labeled 

RNA anti-sense probe to cdh17 (kidney – red) and the zebrafish hace1 HECT domain 

(black). 

(C) Double WISH performed on wildtype zebrafish embryos at 5 dpf using a labeled 

RNA anti-sense probe to cmlc2 (cardiac – red) and the zebrafish hace1 HECT domain 

(black). 

hpf = hours post fertilization, dpf = days post fertilization.  
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Figure 12: Colocalization of hace1 with tissue specific probes by double fluorescence 

whole mount in situ hybridization (WISH). 

(A) Image of zebrafish heart by double WISH performed on wildtype zebrafish 

embryos at 48 hpf using a labeled RNA anti-sense probe to cmlc2 (FITC – green) 

and the zebrafish hace1 HECT domain (Fast Red – red) (20X objective). 

(B) Image of zebrafish kidney by double WISH performed on wildtype zebrafish 

embryos at 48 hpf using a labeled RNA anti-sense probe to cd17 (FITC – green) 

and the zebrafish hace1 HECT domain (Fast Red – red) (10X objective). 

hpf = hours post fertilization, lateral view, anterior to the left. 
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knockout zebrafish lines through homologous recombination, as is common practice in 

mammalian research, has been challenging and until recently a limitation in the field
115

 

(see Future Directions).  However, morpholino oligonucleotides (morpholinos), which 

inhibit mRNA translation, are in common use in zebrafish and are easily designed with 

the assistance of websites/companies such as GeneTools (Philomath, OR). Morpholinos 

result in a transient knockdown during the first three days post fertilization, which 

provides information about a gene’s function early in development.  In order to determine 

the potential function of HACE1 in normal organism development, I designed a 

morpholino to knockdown hace1 gene expression in the zebrafish embryo. This 

morpholino targets a splice site within the hace1 HECT domain, and is located upstream 

of the critical cysteine residue (876).  I designed a splice site morpholino instead of a 

translational start site morpholino, as there was some sequence discrepancy between 8
th

 

and 9
th

 version of the whole genome assembly of the zebrafish genome (ZV8 and ZV9) at 

the translational start site in zebrafish hace1.  Furthermore, a splice site morpholino 

allows the ability to confirm correct morpholino targeting by PCR, as the length of the 

mRNA transcript is altered by intron insertion or exon deletion.  We do not currently 

know any downstream targets of hace1, and therefore we could not use WISH to validate 

morpholino knockdown.  This morpholino was injected into wildtype embryos at the 1-4 

cell stage.   By 48 hpf, hace1 morphants displayed abnormal cardiac structure and 

severely compromised function.  To further investigate the effect of hace1 knockdown on 

cardiac development, I injected the hace1 morpholino into cmlc2::GFP transgenic 

zebrafish.  Transgenic zebrafish lines that fluorescently label different organs allow for 

the ability to directly visualize organogenesis.  Cmlc2::GFP is a transgenic zebrafish line 



 

 51 

 

that was developed by Huang et al. and possesses heart specific green fluorescent protein 

expression
116

. It was generously provided by Dr. Ian Scott, Hospital for Sick Children, 

Toronto, ON. When injected into wildtype, and cmlc2::GFP embryos at the 1-4 cell 

stage, cardiac structure and function was severely perturbed by 48 hpf (Figure 13A).  The 

normal zebrafish embryo possesses a heart with a single atrium and ventricle separated 

by a valve
117

.  In contrast, hace1 morphants lose this tightly regulated cardiac structure,  

resulting in the loss of defined cardiac chambers.  This altered cardiac structure was 

observed both by fluorescence live imaging using transgenic zebrafish with a green 

fluorescent protein-labeled heart, as well as in fixed embyros by WISH.  Enumeration of 

the cardiac abnormalities in embryos injected with hace1 morpholino compared to 

control morpholino was performed to quantify this phenotype and revealed a statistically 

significant increase in the number of abnormal hearts (p=0.0007) (Figure 13B).  

Furthermore, there was a statistically significant increase in embryo mortality by 48 hpf 

in hace1 morphants compared to control morpholino-injected embryos (p<0.0001) 

(Figure 13B).  This experiment was performed in triplicate, totaling 179 control embryos 

and 363 hace1 morphants. 

 

3.3 ZEBRAFSIH HACE1 MORPHANTS EXHIBIT ALTERED VASCULAR 

STRUCTURE 

Friend leukemia integration 1 transcription factor (fli1) is a member of the ETS 

transcription factor family.  fli1a is normally expressed in endothelial cells and shows  
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Figure 13: hace1 morphants display abnormal cardiac development. 

(A) cmlc2::GFP zebrafish embryos injected with a morpholino targeted to a hace1 splice 

site within the HECT domain show abnormal cardiac development at 48 hpf. 

(B) Quantification of hace1 morphants compared to control morpholino show a 

significant increase in abnormal cardiac phenotype (p=0.0007) and a significant 

increase in mortality (p<0.0001).  Control morpholino N = 179 embryos scored, 

hace1 morphants N= 363 embryos scored.  Error bars indicate standard error of the 

mean (SEM).  Pooled triplicate experiment  

hpf = hours post fertilization; WISH = whole mount in situ hybridization. 



 

 53 

 

conserved expression in mammals and zebrafish.  Therefore a  fli1 can be used to label 

zebrafish vasculature during embryogenesis
118

.  The fli1a::gfp line was developed in the  

laboratory of Dr. Brent Weinstein (NIH, Bethesda, MD, USA)
119

. Given the effect on 

cardiac structure by knockdown of hace1, we hypothesized that hace1 may play a more 

global role in vascular development.  To assess this, the hace1 morpholino designed to a 

splice site in the HECT domain was injected into fli1a::gfp zebrafish embryos at the 1-4 

cell stage.  By 48 hpf, there was evidence that vascular patterning was disrupted.  There 

was loss of the organized structure of the intersomitic vessels in hace1 morphants 

compared to the highly organized structure in control embyros (Figure 14).  These 

findings suggest a potential role for hace1 in vascular development; however, this 

experiment was only performed once using approximately 50 embryos. 

  

3.4 MICRO-ARRAY ANALYSIS OF ZEBRAFISH HACE1 MORPHANTS REVEALS 

CHANGES IN GENE EXPRESSION 

Micro-array analysis was used to examine the changes in gene expression caused by 

loss of hace1.  Zebrafish micro-array analysis chips are now commercially available, 

allowing this technology to be utilized with ease.  Whole embryo RNA was extracted at 

48 hpf from approximately 50 wildtype embryos and 50 hace1 morphants.  The RNA 

samples were labeled, and micro-arrays using Agilent zebrafish V3 slides were 

performed in collaboration with Dr. Stephen Lewis at the Atlantic Cancer Research 

Institute.  Results were based on two RNA extractions and three micro-array analyses.  A 

heat map of upregulated and downregulated genes identified by micro-array analysis are  
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Figure 14: hace1 morphants display disorganized vasculature. 

fli1::GFP zebrafish injected with a morpholino targeted to a hace1 splice site within the 

HECT domain show disruption in normal vascular development.  The regular structure of 

the intersomitic vessels is interrupted at 48 hpf. 

hpf = hours post fertilization. 
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shown in Figure 15.  Interestingly, cyclin G1, which is involved in cell cycle regulation, 

is upregulated.   In the third experiment, cyclin D1 (involved in G1/S phase transition)  

was upregulated.  Other gene products identified by micro-array analysis include Sox3 

and ELAV-like protein 3, which play a role in neural development.  Guanidinoacetate N-

methyltransferase (gamt), involved in creatine synthesis, was found to be downregulated 

in hace1 morphants. 

 

3.5 TRANSGENIC ZEBRAFISH UNDER CONTROL OF THE ZEBRAFISH 

UBIQUITOUS -ACTIN PROMOTER 

As mentioned above, generation of knockout zebrafish lines by homologous 

recombination has been a significant limitation of this model system compared to the 

ease of this approach in mammals. In murine research, it is possible to create mouse lines  

that are lacking a particular gene of interest.  This has been possible largely in part 

because of the homologous recombination that occurs when DNA constructs are injected 

into mammalian cells
120

.  Using a positive-negative selection technique, by which neo
r  

is 

used for positive selection, and HSV-tk for negative selection, chimeric mice can be 

generated that then pass the “knockout” gene to their progeny
121

. The advent of zinc 

finger nuclease (ZFN) technology in zebrafish has overcome this barrier
122

. This 

methodology has permitted the creation of zebrafish knockout lines, but until recently 

this has been challenging to undertake independently and was extremely costly when 

engaging commercial partners. However, recent adaptations have made this technology 

much more accessible, and the targeting of hace1 by ZFNs is currently underway (see  
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Figure 15: Micro-array analysis of hace1 morphants. 
Heat map of upregulated and downregulated genes identified by micro-array performed 

on 48 hpf zebrafish embryos injected with hace1 morpholino (1.6 mM) compared to 

control morpholino (1.6 mM).  cyclin G1 and sox3 are upregulated in hace1 morphants, 

whereas gamt is downregulated. 

Provided by Dr. Stephen Lewis, Atlantic Cancer Research Institute.



 

 58 

 

Future Directions)
115

. In the interim, I undertook the alternative strategy of generating 

stable transgenic zebrafish lines possessing a dominant negative mutated copy of the gene 

of interest.  Dominant negative mutations are changes in the genetic sequence that result 

in a gene product that acts antagonistically to the wild type allele, thereby creating a 

“functional knockout”.  Dr. Poul Sorensen’s laboratory at the University of British 

Columbia has generated Hace1 mutant mice by disrupting the human HACE1 gene in 

mouse embryonic stem cells.  They created mice in which the ankyrin repeat domains of 

human HACE1 are deleted
89

. 

  We created two transgenic zebrafish lines; one line expressing a wild type human 

HACE1 gene, and one line expressing a dominant negative mutated human 

HACE1(C876S) gene.  This mutation at cysteine residue 876 results in loss of ubiquitin 

ligase activity.  Actin is a cytoskeletal gene that is ubiquitously expressed in zebrafish.  

Transgenic zebrafish lines using the actin promoter were first described by 

Higashijima et al. in 1997 when they created a zebrafish line expressing green fluorescent 

protein under control of the actin promoter
123

.  We decided to create HACE1 and 

dominant negative HACE1 transgenic zebrafish lines under control of the actin 

promoter because of the ubiquitous expression that this promoter provides.  HACE1 is 

widely expressed in human tissues; therefore using this well established ubiquitous 

promoter would provide important insight into the function of HACE1.  

Plasmids containing either a wild type human HACE1 or dominant negative 

mutated human HACE1 gene fused to GFP (peGFP-C3-hHACE1 and peGFP-C3-C876S) 

were digested with Nhe1 and BamHI.  Concurrently, pEC2-eGFP-4-4-Spe1-Rev was 

digested with Spe1 and BamH1.  The 3.9 kb fragment from Nhe1/BamHI digested 



 

 59 

 

peGFP-C-hHACE1 and peGFP-C-C876S were gel extracted along with the 2.8 kb vector 

backbone of pEC2-eGFP-4-4-Spe1-Rev.   pEC2-hHACE1 and pEC2-C876S plasmids 

were generated by ligating the DNA fragments of wild type or dominant negative HACE1 

with the 2.8 kb pEC2-eGFP-4-4Spe1-Rev backbone.  Correct clones were identified by 

EcoRI restriction digests. 

 Gateway cloning is a technique developed in Japan, now available from 

Invitrogen (Burlington, ON, Canada)
124

.  It allows the transfer of DNA sequences 

between plasmids, while maintaining the proper reading frame.  It works by 

recombination using att sites that flank the DNA sequence of interest.  More specifically, 

the LR reaction uses attL and attR sites, and generates a destination vector that possesses 

the promoter of choice, gene of interest, and reporter gene.  LR reactions were performed 

to generate destination vectors containing the zebrafish actin promoter, and either wild 

type or mutated HACE1.  Clones were transformed into E. coli.  Colony PCR using 

primers to human HACE1 sequence identified positive clones (Figure 16A).  Positive 

clones were verified with SacII restriction digests (Figure 16B).  Actin::eGFPhHACE1 

clone #18 and actin::eGFPC876S clone#17 were injected into wild type zebrafish 

embryos.  EGFP expression was observed in transgenic embryos at 24 hpf of 

development.  There was germline transmission of the transgene to the F1 generation 

zebrafish, as evidenced by ubiquitous GFP fluorescence in embryos and confirmed by 

genomic PCR on adults (Figure 17).  Wild type or dominant negative mutated HACE1 

adult fish 1-3 months of age were genotyped by DNA extraction from tail clipping to 

ensure that they expressed the transgenic sequence.  Tail clippings were subjected to PCR 

amplification using primers that flanked the critical cysteine residue within the HACE1  
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Figure 16: Agarose gels confirm creation of Gateway destination vectors. 

(A)  Colony PCR performed from E. coli colonies transformed with the Gateway LR 

reactions used to create ptol2-hHACE1 and ptol2-C876S.  Primers were designed 

within human HACE1 sequence to amplify a 1 kb amplicon. 

(B) Minipreps from positive clones identified by colony PCR digested with SacII display 

the expected bands (12 655 bp and 2330 bp) in all digested samples. 

bp = base pairs, kb = kilobase pairs. 
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Figure 17: Stable HACE1 and dominant negative HACE1 transgenic zebrafish lines. 
Germline  F2 generation transgenic zebrafish at 48 hpf expressing GFP tagged HACEl 

under control of the -actin promoter (-actin::GFPhHACE1) (top panel).  Germline F1 

generation transgenic zebrafish at 48 hpf expressing GFP tagged dominant negative 

HACE1(C876S) under control of the -actin promoter (-actin::GFPC876S) (bottom 

panel). 

GFP = green fluorescent protein 
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gene.  Six wild type (actin::GFPhHACE1) transgenic zebrafish founders and four 

mutated (actin::GFPC876S) founders were identified.  Three of each of these lines  

(hHACE1 and C876S) were confirmed by genotyping one fish from their F1 generation.  

F1 zebrafish were incrossed to generate the F2 generation (Figure 17).  All experiments 

were performed on the embryos of the stable transgenic HACE1 F2 generation.   

 

3.6 DOMINANT NEGATIVE (β-actin::GFPC876S) TRANSGENIC 

ZEBRAFISH DEMONSTRATE INCREASED APOPTOSIS 

Alterations in apoptosis, and genes involved in its regulation, is instrumental in the 

development and progression of cancer.  The ability of cancer cells to evade apoptosis is 

one of the fundamental hallmarks of cancer.  In order to determine the effect of loss of 

HACE1 function on apoptosis, an acridine orange assay was performed on transgenic 

embryos.  Acridine orange is a well-established assay for labeling apoptotic cells in live 

zebrafish embryos
103,125,126

.  Actin::GFPhHACE1 and actin::GFPC876S transgenic 

zebrafish embryos (non irradiated and irradiated) were subjected to acridine orange 

staining at 28 hpf.  Live imaging of embryos revealed an increased level of apoptosis 

throughout the transgenic embryos compared to wild type controls. When exposed to 16 

Gy of irradiation, there were significantly increased levels of apoptosis seen in transgenic 

embryos compared to controls (Figure 18). 

 To further elucidate the mechanism underlying how HACE1 is involved in the 

apoptotic pathway, an activated caspase 3 assay was performed. Caspase 3 is a member 

of the cysteine-aspartic acid protease family, and is an effector molecule of apoptosis.   
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Figure 18: Dominant negative transgenic zebrafish show increased apoptosis. 
Acridine orange assay performed on live 28 hpf wild type and dominant negative 

transgenic zebrafish showing increased apoptosis in transgenic zebrafish compared to 

wildtype controls.  Increased apoptosis is observed both prior to and following 16 Gy of 

gamma irradiation. Lateral view, anterior to the left, 5X objective.  Inset shows magnified 

view of the anterior portion of the tail.  hpf = hours post-fertilization, Gy = Gray. 
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Immunostaining with an antibody against the activated (cleaved) form of caspase 3 has 

been established in zebrafish literature as a measure of caspase-dependent apoptosis
127

.  

Preliminary results show an increase of activated caspase 3 in actin::GFPC876S 

transgenic embryos compared to controls (Figure 19).  This assay has only been 

performed once due to difficulty with zebrafish breeding. 

 

3.7 EFFECTS OF LOSS OF HACE1 FUNCTION ON CELL CYCLE PROGRESSION 

Decreased HACE1 expression leads to a multitude of cancers in humans.  

Additionally, loss of HACE1 results in a variety of malignancies in mice
89

.  Cell cycle 

regulation is integral to normal cell proliferation, and altered regulation can lead to 

cellular transformation and the formation of tumours.  Therefore, we were interested to 

examine the effects of loss of HACE1 function on different aspects of the cell cycle using 

our transgenic zebrafish model.  We employed 5-Bromo-2’-deoxyuridine (BrDU) to 

examine the S phase of the cell cycle and Phosphohistone H3 (PH3) to examine the 

G2/M phase of the cell cycle. 

 BrDU is a synthetic nucleoside that is an analogue of thymidine.   BrDU is 

incorporated into newly synthesized DNA, and is therefore a measure of S phase of the 

cell cycle
128

. This assay has been well established to assess S phase of the cell cycle in 

zebrafish embryos, as well as adult fish
129

.   Actin::GFPhHACE1 and 

actin::GFPC876S transgenic zebrafish embryos were incubated in BrDU at 28 hpf.  

BrDU incorporation was assessed with a primary antibody against BrDU, followed by a 

fluorophore-conjugated secondary antibody.  Differences in BrDU incorporation were  
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Figure 19: C876S mutants exhibit increased caspase 3 activation. 

Wildtype embryos (N = 7) and dominant negative transgenic mutants (C876S) (N = 8) 

were irradiated at 26 hpf and stained with anti-activated caspase 3 antibody at 28 hpf.  

Non-irradiated embryos (wildtype (N = 6) and transgenic (N = 5)) were also stained with 

anti-activated caspase 3 antibody at 28 hpf.  C876S mutants showed increased caspase 3 

staining with or without irradiation compared to controls.  Representative images shown.   

hpf = hours post fertilization, images lateral tail view, anterior to the right. 
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quantified by area fraction using ImageJ.  There was no statistically significant difference 

in the amount of BrDU labeling when comparing transgenic zebrafish embryos to  

wildtype control embryos at 28 hpf, suggesting that loss of HACE1 does not affect DNA 

synthesis (Figure 20).  

Phosphorylation of histone H3 is a crucial step required at the onset of mitosis.  An 

antibody has been developed against the phosphohistone H3 (PH3) protein, and has been 

widely used in Drosophila and mammalian cell lines as a marker of mitosis
130

.  This 

assay has been adapted for use in zebrafish, thereby allowing for the assessment of cell 

proliferation throughout the embryo
129

.  The PH3 assay was performed on wildtype and 

transgenic zebrafish embryos at 28 hpf, and results were quantified with ImageJ.  There 

was no significant difference in PH3 labeling in actin::GFPC876S  transgenic 

zebrafish embryos compared to controls at 28 hpf (Figure 21). 

 

3.8 TRANSGENIC ZEBRAFISH DISPLAY CHANGES IN GENE EXPRESSION BY 

MICRO-ARRAY ANALYSIS. 

Micro-array analysis was used to examine the changes in gene expression in both 

transgenic zebrafish lines (actin::GFPhHACE1 and actin::GFPC876S). Whole 

embryo RNA was extracted at 48 hpf from approximately 50 actin::GFPhHACE1 and 

50 actin::GFPC876S embryos.  The RNA samples were labeled, and micro-array 

analysis was performed at the Atlantic Cancer Research Institute.  Results were based on 

two sequential RNA extractions and three micro-array analyses.  A heat map of 

upregulated and downregulated genes identified by micro-array analysis are shown in  
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Figure 20: Dominant negative transgenic zebrafish show no difference in S phase 

cell proliferation. 

(A) Representative image of a zebrafish tail subjected to proliferation assay performed on 

28 hpf wild type or dominant negative transgenic zebrafish showing no difference in 

bromodeoxyuridine (BrDU) incorporation. An experiment was performed in triplicate 

on 7 or 8 embryos per experiment with no statistically significant difference (p = 0.1, 

p = 0.9, p = 0.4) 

(B) Graphical representation of one BrDU assay showing no statistically significant 

difference in BrDU incorporation in dominant negative transgenic zebrafish 

compared to wildtype zebrafish (N = 8, p = 0.9). 

hpf = hours post fertilization, images lateral tail views, anterior to the left. 
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Figure 21: Dominant negative transgenic zebrafish show no difference in G2/M 

phase. 

Representative images of wildtype and C876S transgenic mutants stained with anti-

phosphohistone H3 antibody at 28 hpf.  C876S mutants show no statistically significant 

difference in phosphohistone H3 staining compared to wildtype (1.3 ± 0.8% vs. 0.9 

±0.6%, p=0.3).  Experiments were performed using 8 wildtype and 8 mutant embryos. 

Images lateral tail views, anterior to the left. 
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Figure 22.  The cell cycle regulators previously identified by micro-array in hace1 

morphants have not been identified by micro-array of transgenic embyros.  However, 

interesting genes detected include upregulation of rbm9 and calmodulin 3a.  Rbm9 is 

highly expressed in brain (neurons), heart and skeletal muscle, and is involved in neural 

cell specific alternative splicing
131,132

.  Calmodulin 3a, is a member of the calmodulin 

superfamily, which are involved in calcium signaling.  Calmodulin is associated with 

neuronal potentiation, memory and learning
133

. 

 

3.9 -ACTIN::GFPHHACE1 AND -ACTIN::GFPC876S TRANSGENIC 

ZEBRAFISH DEVELOP MASSES AND HAVE INCREASED MORTALITY 

Transgenic fish were monitored daily for the development of tumours or for 

abnormal behaviour, such as unusual swimming pattern “flashing” (a fish that turns on its 

side and makes a rapid semicircular swimming motion) or a sick appearance.  Adult fish 

appearing unwell or with a clinically apparent mass were euthanized, fixed and sectioned.  

Both transgenic zebrafish actin::GFPhHACE1 and actin::GFPC876S developed to 

adulthood and appeared grossly normal compared to wild type zebrafish. There were a 

total of 59 actin::GFPhHACE1 zebrafish in the laboratory (5 founders and 54 F1 

generation.  There were 184 actin::GFPC876S adult transgenic zebrafish in the 

laboratory (3 founders, 46 F1 generation and 135 F2 generation).  Tables 1 and 2 

summarize the transgenic zebrafish that were sacrificed.  Interestingly, there were an 

increased number of transgenic fish (both actin::GFPhHACE1 and 

actin::GFPC876S) that died or appeared sick compared to wildtype fish in the  
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Figure 22: Micro-array analysis of transgenic zebrafish embryos. 

Heat map of upregulated and downregulated genes identified by micro-array performed 

on 48 hpf -actin::GFPC876S zebrafish embryos compared to -actin::GFPhHACE1.  

Upregulated genes include rbm9 and calmodulin 3a. 

Provided by Dr. Stephen Lewis, Atlantic Cancer Research Institute.
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-actin::GFPhHACE1 

 

Age Generation Comment 

6 months Injected mosaic Found dead in tank 

5 months  Appeared sick 

4 months  Found dead 

6 months  Found dead 

6 months F1B Found dead 

3 months F1A Found dead 

5 months F1A Swimming abnormal in tank 

4 months F1B Found dead 

 

 

Table 1: Summary of sacrificed adult -actin::GFPhHACE1 transgenic fish. 

Summary of -actin::GFPhHACE1 transgenic zebrafish that were sacrificed because of a 

sick appearance in the tank, or being found dead in the tank. 
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-actin::GFPC876S 

 

Age Generation Comment 

6 months F1 Abnormal swimming in tank 

5 months F1 Found dead 

5 months F1B Mass ventral anterior 

3 months F1C Found dead 

2 months F1D Found dead 

4 months F1A Found dead 

13 months Injected Mosaic Mass along abdomen 

6 months F1B Large abdomen 

 

 

Table 2: Summary of sacrificed adult -actin::GFPC876S transgenic fish. 

Summary of -actin::GFPC876S transgenic zebrafish that were sacrificed because of a 

clinically apparent mass, a sick appearance in the tank, or being found dead in the tank. 
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laboratory.  Of note, all of these fish were young (4-13 months post fertilization) in age 

when they appeared unwell.  There were two actin::GFPhC876S fish that developed a 

mass (Figure 23).  Both of these fish displayed green fluorescent protein when visualized 

under the microscope.  One of these zebrafish was four months of age.  The 4 month old 

fish was sectioned and stained with hematoxylin and eosin (H&E).  Upon examination of 

the histological sections, the mass located on the anterior, ventral side (indicated by an 

arrow in Figure 23A) of the fish was its heart, which was enlarged and full of blood.  

There was no evidence of malignancy anywhere throughout the fish.  The second fish 

was 13 months old and had an enlarged abdomen with some ulceration on its scales 

(Figure 23B).  The histological sections did not reveal any evidence of malignant tissue.  

The remaining transgenic zebrafish in the laboratory are continuing to be monitored for 

the development of masses.  
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Figure 23: Dominant negative transgenic zebrafish develop masses at an early age. 

(A) C876S dominant negative transgenic zebrafish with a mass located on the ventral 

anterior side (arrow) by 4 months post fertilization.  Fluorescence imaging confirms 

the presence of green fluorescent protein. 

(B) Mosaic injected C876S dominant negative transgenic zebrafish with a large abdomen 

and scale changes (middle panel) at 13 months post fertilization.  Middle (brightfield) 

and right panel (flurorescence) are magnified views of the left panel.  Fluorescence 

imaging confirms mosaic green fluorescent protein. 
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CHAPTER 4 DISCUSSION 

4.1   HACE1 EXPRESSION IS CONSERVED IN ZEBRAFISH 

The use of animal models in the research and investigation of human cancers serves 

to identify and characterize molecular mechanisms of disease within a whole organism.  

Classically, in vitro studies set up a controlled environment, in most cases delivering 

optimum experimental conditions.  While lacking this optimal control, in vivo models 

more closely represent the complex intracellular interactions present in the human body, 

thereby offering crucial insight into the multifaceted network of signalling pathways.  In 

order to serve as a useful tool in molecular pathology research, in vivo animal models rely 

on gene homology with their human equivalents.  

The zebrafish was first used by George Streisinger and colleagues to study 

vertebrate development in the 1960s, and has proven to be an incredibly useful model for 

development, disease and cancer research
97,134

.    Due to their external fertilization, 

clutches consisting of large numbers of transparent embryos and their rapid embryonic 

development, zebrafish provide many technical advantages in the study of developmental 

processes at very early stages, providing visual data that would be extremely technically 

challenging to ascertain in a more traditional mammalian animal model.  Furthermore, 

their fully sequenced genome facilitates the identification and characterization of 

numerous genes with critical cellular functions, not to mention oncogenes and tumour 

suppressing genes, with striking similarity to human counterparts. Thus, research using 

zebrafish has the capacity to complement knowledge gained from murine studies and will 

provide insight into the role of HACE1 in human development and oncogenesis. 
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We have identified a HACE1 homologue in zebrafish that shares 74.7% DNA 

homology, and 88.9% protein identity.  Because of its high degree of sequence similarity 

at both the DNA and protein levels, we believe that the normal developmental functions 

of zebrafish hace1 are similar to that of human HACE1.  More importantly, zebrafish 

hace1 shares the distinctive structural and functional domains that are found in the human 

gene (ankyrin repeat domain and HECT domain).  According to the most up to date 

zebrafish genome sequence (Zv9), the critical cysteine residue in human HACE1, found 

at amino acid 876, is conserved in the zebrafish protein sequence (Ensembl). Previous 

studies using human tissue have demonstrated that there is strong HACE1 mRNA 

expression in brain, heart and kidney tissue
31

.  HACE1 protein is detected in fetal kidney 

samples, suggesting that it has a developmental role
31

.  Zebrafish antibodies have been 

previously limited but more recently have become commercially available; however, 

there are no antibodies readily available against zebrafish hace1 at the current time.  

Therefore, hace1 expression data is limited to RNA expression until an antibody is raised 

for use in protein studies. 

We hypothesized that hace1 expression was conserved in zebrafish.  In order to 

validate the zebrafish as a model for studying the function of HACE1, WISH studies were 

performed to demonstrate conserved HACE1 expression.  I created antisense 

digoxigenin-labeled probes to the zebrafish hace1 sequence within either the ankyrin 

repeat domain or the HECT domain.  These sequences were chosen for probes, as the 

plasmids possessing these sequence domains were commercially available.  

Single WISH studies using the probe to the ankyrin repeat domain of hace1 

revealed relatively widespread expression throughout the zebrafish embryo.  Ankyrin 
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repeat domains are 33 amino acid motifs consisting of two alpha helices separated by 

loops.  They were first discovered in yeast cdc10 and Drosophila melanogaster Notch 

proteins in 1987
135

.  Ankyrin repeat motifs are among the most abundant protein motifs 

found in nature, being present in 3608 proteins
136

.  It is therefore plausible that the 

extensive staining visualized throughout the early zebrafish embryo is a reflection of lack 

of specificity of the antisense probe to zebrafish hace1, and binding to other RNA 

sequences containing ankyrin repeats.    

An antisense digoxigenin RNA probe was subsequently made to the sequence from 

GenBank accession number CT707500, which corresponds to the HECT domain 

sequence of zebrafish hace1.  A BLAST search (National Centre for Biotechnology 

Information, Bethesda, MD, USA) showed sequence specificity with zebrafish hace1 and 

the BAC clone CH73-97E20.  WISH studies performed with this probe confirmed 

expression at the RNA level in heart, kidney, and brain tissue, which is consistent with 

human HACE1 RNA expression profiles
31

.   Double in situ hybridization (both with 

single and double fluorescence) with known tissue probes again confirmed expression of 

hace1 in kidney and heart tissue.   Double in situ with the hace1 HECT domain probe and 

krox20 suggests that there is hace1 expression in the brain.  Krox20 was used as an initial 

central nervous system (CNS) probe available in the Berman laboratory.  It is a very 

specific neural probe, labeling rhombomeres 3 and 5 in the hindbrain
137

.  Future studies 

to confirm neural hace1 expression should be undertaken with a more ubiquitous CNS 

probe, such as 3-monooxygenase/tryptophan 5-monooxygenase activation protein gamma 

polypeptide 1 (ywhag1), which is expressed in the diencephalon, tegmentum and 

hindbrain
138

.  Given the degree of homology between zebrafish and human HACE1, and 
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conserved tissue expression, these data support the use of zebrafish as a model to study 

the role of HACE1.   

 

4.2   HACE1 IS REQUIRED FOR CARDIAC DEVELOPMENT 

Zebrafish provide an ideal organism for studying vertebrate development, as their 

embryos are virtually transparent, and organogenesis can easily be monitored by live 

visualization, as well as with whole mount in situ hybridization
97

.  Morpholinos allow for 

the temporary knockdown (approximately 72 hours post fertilization) of genes within the 

zebrafish genome
139

.  Given the technical difficulties and high cost of generating stable 

knockout lines in zebrafish, morpholino knockdown has been extensively used and 

proven to be extremely valuable for studying the role of critical early developmental 

genes. In this study, a morpholino was designed to a splice site located in the hace1 

transcript, in order to determine a possible role of hace1 in zebrafish development.  This 

splice site was chosen as it is located within the catalytically active HECT domain, and it 

is positioned upstream of the critical cysteine residue required for HACE1 ubiquitin 

ligase function.  Injection of this morpholino results in aberrant splicing, leading to loss 

of an exon within the HECT domain, and therefore presumed loss of function.   

The zebrafish heart consists of 4 chambers in series, the sinus venosus, atrium, 

ventricle and bulbus arteriosus.  Unlike the human heart, the zebrafish heart possesses a 

single atrium and single ventricle.  Deoxygenated blood enters the sinus venosus, travels 

through the atrium and ventricle and then the bulbus arteriosus.  The deoxygenated blood 

is then pumped to the ventral aorta, where it becomes oxygenated in the gills, and is 
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subsequently delivered to the zebrafish organs and tissues
117

.  Valves are formed between 

the chambers of the zebrafish heart by 5 dpf.  At 48 hpf, the heart chambers are clearly 

defined by a constriction between the segments, and cardiac contractions can be clearly 

identified with microscopy.   

Initially, the hace1 HECT domain morpholino was injected into wildtype zebrafish 

embryos, and the dose was titrated to the appearance of a phenotype.  When injected at a 

concentration of 1.6 mM, by 48 hpf, hace1 morphants displayed severely abnormal 

cardiac structure and function compared to embryos injected with a control morpholino. 

The embryos were otherwise developmentally normal appearing.  To confirm specificity, 

I took advantage of the cmlc2::GFP zebrafish line, which has green fluorescent protein 

labeled cardiac tissue
116

  and generated hace1 morphants in this line by injecting 1.6 mM 

of hace1 morpholino.  It was strikingly evident that hace1 morphants lost the defined 

constriction between their atrium and ventricle, resulting in a “tubular” appearance of 

their heart.  Associated with this defect were large pericardial effusions that developed by 

48 hpf.  None of the hace1 morphants survived longer than 6 dpf, suggesting that loss of 

hace1 is developmentally lethal.  It is unclear whether these embryos were dying 

secondary to an unknown cause; however, given the degree to which cardiac function is 

affected, it seemed likely that their functionally abnormal hearts were unable to sustain 

organ and tissue oxygen demand. When quantified, hace1 morphants had a statistically 

significant increase in cardiac abnormalities compared with the control morpholino group 

(p=0.0007).  Additionally, there was a significantly higher mortality rate observed in 

hace1 morphants.  Therefore, the number of cardiac defects observed may be 

underestimated, as embryos alive at 48 hpf were analyzed for developmental cardiac 
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defects.  These results also confirm that hace1 is required for zebrafish development, as 

none of the morphants survived past the first week of life. 

In order to further elucidate specifically how cardiac development is altered by loss 

of hace1 function, we are collaborating with Dr. Ian Scott at the University of Toronto. In 

Dr. Scott’s laboratory, hace1 morphants were subjected to WISH at 24 hpf and 48 hpf 

with probes to different structures within the forming heart.  WISH using the probe to 

cmlc2 shows that cardiomyocyte bulk is not significantly affected, however more 

sophisticated methods are required to examine this in more detail (Figure 24).  WISH was 

also performed on hace1 morphants with the following battery of probes: 

vmhc – heart ventricle 

amhc – heart atrium 

tbx2b – atrioventricular canal 

nppa – heart inner and outer curvature 

The results of WISH studies using these probes are shown in Figure 24.  The 

ventricle was unchanged at 24 hpf; however, it was morphologically altered by 48 hpf, 

whereby ventricle remains located in the midline of the zebrafish embryo.  It was 

similarly apparent that the heart remained midline in the WISH studies performed using 

the probe to cmlc2.  This observation is termed a “looping defect”.  The WISH using the 

tbx2b probe did not appear to be stained optimally, and should be repeated to better 

examine the atrioventricular canal in hace1 morphants.  Further studies are needed to 

confirm the role of HACE1 in cardiac development.  Co-injection of hace1 morpholino 

with human HACE1 mRNA should be performed to assess whether human HACE1 

mRNA is able to rescue the cardiac phenotype that is observed in hace1 morphants. This  
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Figure 25: hace1 morphants display a cardiac “looping defect” 
Whole mount in situ hybridization (WISH) of hace1 morphants and wildtype embryos at 

24 hpf and 48 hpf using specific cardiac probes.  Knockdown of hace1 by morpholino 

injection results in abnormal ventricle morphology at 48 hpf.  The developing hearts in 

hace1 morphants remain in the midline (looping defect) compared to wildtype control 

embryos at 48 hpf. 

hpf = hours post fertilization. 

Provided by Dr. Ian Scott, University of Toronto. 
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would suggest that the cardiac abnormalities seen in hace1 morphants are caused by 

hace1 knockdown, and not the result of an off-target morpholino effect, thereby 

strengthening the evidence that HACE1 is involved in cardiac development. 

The cardiac defect observed in hace1 morphants may be akin to human 

atrioventricular canal defects in that the definition between the atrium and ventricle is 

abolished.  Interestingly, when the term “atrioventricular canal defect” is searched in the 

OMIM database, there are results that map to chromosome 6q21, the HACE1 locus.  

Future research could assess for HACE1 deletions or mutations using blood samples or 

buccal swabs from children diagnosed with congenital cardiac defects, and may discover 

a new gene involved in genesis of congenital heart defects. 

 

4.3   HACE1 AFFECTS VASCULATURE DEVELOPMENT 

Following the finding that loss of hace1 function by morpholino injection leads to 

aberrant cardiac development, we wondered if this was limited to the heart tissue, or if 

there may be a more global defect in the zebrafish vasculature development.  A close 

relationship exists between heart development and vasculogenesis.  Throughout 

mammalian development, the heart forms initially as a paired tube.  Regions within the 

mesoderm differentiate into blood vessels and fetal red blood cells.  These vessels then 

connect to the heart tube
140

.  Therefore, we used the fli1::GFP zebrafish line, which has 

green fluorescent protein expression in the endothelium, thereby labeling blood vessels 

throughout the organism.  Preliminary results showed that hace1 morphants had a more 

disorganized vasculature throughout the length of the zebrafish tail compared to controls 
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(Figure 14).  The intersomitic vessels in control embryos arborize in a very orderly 

fashion.  In contrast, hace1 morphants lack the normal defined vascular architecture, and 

have a more disorganized appearance. This experiment has only been performed once, 

and has not been quantified for statistical significance; however, it provides preliminary 

data suggesting that hace1 may play a role in the formation of blood vessels.  The tails of 

these hace1 morphants are slightly more curved in the lateral direction than control 

embryos, which might be a reflection of inadequate blood flow to the forming tail tissue.  

However, it is also possible that loss of hace1 function results in an abnormal tail 

morphology, and as a result, subsequent disorganized vasculature.  As in mammals, 

vasculogenesis in the zebrafish involves the differentiation of hemangioblasts from the 

mesoderm, with subsequent differentiation of angioblasts and endothelial cells
141

.   

Additional studies are required to dissect this effect further, including repeating 

experiments to better characterize the abnormal vascular structure.  Angiogenesis is an 

integral part of tumour growth and maintenance.  It involves the generation of new blood 

vessels within tumour tissue, and allows for delivery of adequate blood flow and oxygen.  

Key mediators of angiogenesis include vascular endothelial growth factor (VEGF), 

platelet-derived growth factor, fibroblast growth factor and their receptor tyrosine 

kinases
10,11,142

.  Angiogenesis has become a key focus in cancer research and many 

antiangiogenic chemotherapeutic agents are currently being tested in clinical trials
143

.  

The abnormal vasculature observed in hace1 morphants suggests a possible role for 

HACE1 in angiogenesis.  Tumours in hace1-/- Tp53-/+ mice grew to enormous size in a 

short time period
89

.  It is possible that this rapid tumour growth was accompanied by 

angiogenesis.  Future work in the zebrafish focusing on angiogenesis mediators may 
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provide insight into the mechanism by which downregulation of HACE1 results in 

tumour formation and rapid growth. 

 

4.4  HACE1 TRANSGENIC ZEBRAFISH PROVIDE A MODEL FOR STUDYING    

CANCER 

In order to assess the mechanism by which HACE1 is involved in cellular 

transformation, and malignancy, I generated a transgenic zebrafish line harbouring either 

the wildtype human HACE1 gene, or a dominant negative mutated human HACE1 gene. 

These genes were introduced into the zebrafish genome under control of the ubiquitous 

actin promoter, in order to mimic the known diffuse expression of human HACE1.  

Zebrafish with HACE1 integration were identified by the presence of green fluorescent 

protein.  As mentioned previously, it has been difficult to develop knockout lines in 

zebrafish, which is standard practice in mammalian research.  Therefore, dominant 

negative mutations are used to create a loss of function phenotype.  These transgenic can 

be studied for embryonic/developmental phenotypes, as well as grown to adult age, and 

monitored for the onset of malignancy. 

I generated six stable transgenic zebrafish lines expressing wildtype human HACE1 

(actin::GFPhHACE1).  These transgenic fish may represent a model of overexpression 

of HACE1, as HACE1 expression is ubiquitous in these fish.  Prior to my creation of  

actin::GFPhHACE1 transgenic zebrafish, there were no in vivo studies with 

overexpression of HACE1 reported in the literature.  Actin::GFPhHACE1 fish appear 

grossly normal during embryonic development and continue to have a normal appearance 
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through to adulthood.  Therefore, HACE1 overexpression appears to not be severely toxic 

to zebrafish, and does not convey a lethal phenotype.  They began breeding at 

approximately 3 months of age, consistent with wildtype zebrafish, suggesting that they 

reach sexual maturity at the usual developmental time point.  However, there has been 

some difficulty mating these transgenic fish, suggesting that HACE1 might be somehow 

harmful to the zebrafish sperm or eggs.  As a result, the actin::GFPhHACE1 zebrafish 

could not be used in apoptosis and cell cycle studies because of the lack of embryo 

numbers.  Conducting apoptosis and cell cycle studies in the actin::GFPhHACE1 line 

would enable the evaluation of the effect of overexpression of HACE1 on cell cycle 

regulation and apoptosis. 

I created four stable transgenic zebrafish lines expressing a dominant mutated 

human HACE1 (actin::GFPC876S).  This line was then used to assess the effect of 

loss of HACE1 at different points within the cell cycle, as well as the effect on apoptosis.  

Using this transgenic zebrafish model, I have shown that dominant negative mutated 

HACE1 results in increased apoptosis compared to wildtype control zebrafish.  This 

result was consistent in non-irradiated embryos, as well as embryos exposed to 16 Gy of 

radiation.  Given that HACE1 functions as a tumour suppressor, it was hypothesized that 

loss of HACE1 function would lead to decreased apoptosis.  My results show the 

opposite, with increased apoptosis observed by acridine orange assay.  Additionally, 

preliminary results using an activated caspase 3 assay support this phenotype of increased 

apoptosis, although this assay needs to be repeated for validation.  It is possible that loss 

of HACE1 on its own is insufficient for cells to evade apoptosis.  The ability to evade 

apoptosis is a common phenotype of many human cancers
2
.  It is possible that under 
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other stress conditions (i.e. oxidative stress), loss of HACE1 promotes cell survival.  

Homozygous Hace1 mutant mice with a single mutant p53 allele display greatly 

increased tumour incidence, suggesting cooperativity between HACE1 and p53
89

.  I 

attempted to assess whether this association between HACE1 and p53 would lead to 

decreased apoptosis and increased cell survival.  Unfortunately, I was unable to generate 

a sufficient number of actin::GFPC876S crossed with mutant p53 zebrafish to 

complete an acridine orange or activated caspase 3 assay.  An additional mechanism by 

which this could be studied is by injection of actin::GFPC876S transgenic zebrafish 

embryos with a p53 morpholino.  Future work should investigate the effect of mutant 

HACE1 and p53 on apoptosis pathways. 

Another hallmark of cancer is increased cell proliferation.  This phenotype is 

accomplished in several cancers by dysregulation at cell cycle checkpoints.  Using 

dominant negative mutated HACE1 zebrafish, I examined the effect of loss of HACE1 

function on different aspects of the cell cycle.  I started by examining the S phase of the 

cell cycle using a BrDU incorporation assay
129

.  This was chosen as a starting point, as 

this assay is well established in the Berman lab.  I have shown that there was no 

difference in S phase of the cell cycle by BrDU incorporation.  It is possible that loss of 

HACE1 function is insufficient on its own for increased proliferation.  It is also possible 

that DNA replication is not affected by HACE1, but that HACE1 exerts its function at 

different points in the cell cycle.  In vitro studies have shown that overexpression of 

HACE1 results in decreased cyclin D1, suggesting that HACE1 may modulate its 

malignant potential at the G1/S phase transition
89

.  There was, however, no change in 

cyclin D1 with expression of ligase-dead C876S HACE1.  It might be expected that 
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dominant negative HACE1 (C876S) would result in an increase in cyclin D1, and thus 

increased progression to S phase; however, in vitro studies with expression of mutated 

HACE1 (C876S) show no difference in cyclin D1 compared to vector alone.  In vivo 

assessment of S phase of the cell cycle in zebrafish harbouring HACE1 (C876S) reflect 

the results from in vitro studies.   

Phosphohistone H3 is a marker of mitosis and marks the G2 to M transition in the 

cell cycle.  This assay is also well established in the Berman laboratory.  Dominant 

negative transgenic HACE1 (C876S) zebrafish were subjected to a phosphohistone H3 

assay at 28 hpf.  Compared to wildtype control fish, there was no difference in 

phosphohistone H3 staining, suggesting that both transgenic and wildtype fish had similar 

rates of mitosis.  Once again, there was insufficient numbers of actin::GFPhHACE1 to 

include in this assay.  It would be interesting to examine the effect of overexpression of 

HACE1 on mitosis.  The lack of a change in cell division suggests that HACE1 does not 

affect the G2/M phase of the cell cycle.  Subjecting these dominant negative mutated fish 

to additional genetic mutations, such as p53, may be required to result in increased cell 

division.    

 Ultimately, we anticipated that the HACE1 transgenic zebrafish would develop 

clinically apparent malignancies.  To date, two dominant negative fish have displayed 

masses, and were sacrificed and sectioned.  To date, we have not identified any malignant 

tissue in either of these fish; although, further sectioning is currently being performed at 

the University of British Columbia.  Both transgenic fish expressing wildtype human 

HACE1, and those fish expressing dominant negative HACE1 have significantly 

increased mortality over wildtype fish in the laboratory.  Alteration of HACE1 expression 
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(overexpression or loss of function) appears to affect the zebrafish, leading to increased 

mortality; however, the underlying etiology remains uncertain.  The fish that have been 

sacrificed or found dead do not display any evidence of infection.  Further pathological 

investigation of these and other dying transgenic fish may reveal a cause of death in these 

fish. 

 

4.5  MICRO-ARRAY ANALYSIS REVEALS CHANGES IN CELL CYCLE GENES 

AND DEVELOPMENTAL GENES 

 Zebrafish micro-array chips are now commercially available.  In collaboration 

with Dr. Stephen Lewis at the Atlantic Cancer Research Institute, micro-array analysis of 

hace1 morphants identified an upregulation of cyclin G1, and in one of the experiments, 

identified cyclin D1, both of which are involved in cell cycle regulation.  As mentioned 

previously, in vitro studies showed a decrease in cyclin D1 with overexpression of 

HACE1.  Our in vivo results in hace1 morphants compliment this data, as one would 

expect that with knockdown of HACE1, that cyclin D1 might be upregulated.  These 

results suggest that downregulation of HACE1 allows increased cell cycle progression 

through the G1/S phase transition.  Cell cycle assays performed on dominant negative 

mutated HACE1 (C876S) transgenic embryos demonstrated no difference in S phase of 

the cell cycle by BrDU incorporation.  In vitro studies of overexpressed HACE1 

identified a decrease in cyclin D1; however, loss of function by dominant negative 

mutation did not reveal any changes in cyclin D1 expression 
89

.  The similar rates of S 

phase by BrDU incorporation in transgenic zebrafish are consistent with in vitro studies, 
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suggesting a similar transition of cells into S phase.    Hace1 morphants resulted in 

upregulation of cyclin D1.  It is possible that use of a morpholino is a more robust 

knockdown of hace1 function.  Cyclin G1 is a p53-dependent cyclin, induced in response 

to DNA damage, and may play a role in G2/M phase arrest
144

.  The upregulation of cyclin 

G1 in hace1 morphants that we identified is interesting, given that HACE1 knockout mice 

display increased tumours when p53 is mutated
89

.  Also, this suggests a possible 

mechanism through which HACE1 results in cell survival.  Cells may arrest at the G2/M 

phase transition, leading to increased cell survival.  However, there was no statistically 

significant difference at the G2/M phase transition by PH3 assay using C876S transgenic 

zebrafish embryos.  

Micro-array analysis of hace1 morphants also identified an upregulation of sox3.  

Sox3 is a member of the SRY box proteins, and is involved in neural development.  Sox3 

maintains a stem cell like state, and inhibits neuronal differentiation
145

.  As HACE1 has 

strong expression in brain tissue, this supports a role for HACE1 in neuronal 

development
31

.  Downregulated genes identified by micro-array analysis of hace1 

morphants include guanidinoacetate N-methyltransferase (gamt), and ELAV-like 3 

protein.  GAMT is involved in creatine biosynthesis, which is important to 

cardiomyocytes.  Knockdown of hace1 by morpholino resulted in altered cardiac 

structure, potentially implicating gamt in this altered cardiac phenotype, although, mouse 

models of gamt deficiency do not show changes in cardiac structure of function
146

.  

However, gamt deficiency has been implicated in epilepsy and extrapyramidal movement 

disorders, linking downregulation of gamt with neural phenotypes
147

.  ELAV-like protein 
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3 is a neural specific RNA binding protein
148

.  Micro-array results once again suggest a 

neural phenotype in hace1 morphants by downregulation of ELAV like protein 3. 

 Micro-array analysis using transgenic zebrafish failed to identify some of the 

same genes as hace1 morphants.  Actin::GFPC876S fish were compared to 

actin::GFPhHACE1 fish, and therefore may not be a true representation of loss of 

HACE1 function compared to wildtype controls.  Overexpresion of hace1 may alter 

signaling pathways, and therefore may not identify the true changes in gene expression 

caused by loss of hace1 function by the dominant negative mutation.  A micro-array 

should be performed comparing actin::GFPC876S RNA to wildtype RNA.  

 

4.6   CONCLUSIONS 

 In summary, this work has shown that HACE1 expression is conserved in 

zebrafish, validating the use of zebrafish as a model system to study the role of the 

HACE1 tumour suppressor.  HACE1 expression at early embryonic time points (24 hpf – 

7 dpf) reflects the expression pattern in humans, as there is evidence of HACE1 

expression in fetal development.  It also suggests that hace1 possesses a key 

developmental role.  The developmental role of HACE1 was assessed in zebrafish by 

knockdown of hace1 using a morpholino targeting a hace1 splice site within its catalytic 

domain.  Hace1 morphants show severe cardiac abnormalities, implicating hace1 in 

cardiac development.  

   I have established transgenic zebrafish lines expressing dominant negative 

mutated human HACE1 and wildtype human HACE1, which serve as a platform to 
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investigate the effect of HACE1 on tumourigenesis.  Initial studies show that loss of 

HACE1 function results in increased apoptosis, but no change in S phase or G2/M phase 

transition of the cell cycle.  There is currently no prior published literature on the effect 

of HACE1 at these cell cycle timepoints.  

Micro-array analysis of hace1 morphants, as well as transgenic zebrafish embryos, 

identified upregulated and downregulated genes, including genes involved in cell cycle 

progression and neural development.  In vitro studies have implicated cyclin D1 as a 

potential HACE1 mediator of cell proliferation.   Microarray analysis of hace1 morphants 

has identified cyclin D1 as an upregulated gene.  This finding supports a proliferation 

phenotype with loss of hace1, by increased G1/S phase transition via upregulated cyclin 

D1. These microarray results provide an interesting framework for future studies using 

zebrafish. 

 

4.7   FUTURE DIRECTIONS 

 These studies have established the zebrafish as a model for investigating the role 

of HACE1 in normal development and tumourigenesis.  Future experiments are required 

to validate hace1 expression in neural tissue.  Since genes involved in neural 

development have been identified by micro-array analysis, and there is strong HACE1 

expression in brain tissue, it will be important to confirm that zebrafish express hace1 in 

neural tissue.  This can be accomplished by double in situ hybridization with neural 

specific probes.   
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 Knockdown of hace1 using a morpholino results in aberrant cardiac structure.  

Studies are underway by our collaborators in Dr. Ian Scott’s laboratory at the University 

of Toronto to further dissect out the specific cardiac abnormality.  In situ hybridization of 

hace1 morphants suggests a looping defect present by 48 hpf.  It will be essential to show 

rescue with co-injection of morpholino with HACE1 mRNA to confirm specificity of this 

cardiac phenotype.  We hypothesize that the addition of wildtype human HACE1 mRNA 

will rescue the cardiac phenotype.  Additionally, studies can be undertaken using blood 

samples or buccal swabs from children with cardiac defects.  Genetic screening of 

chromosome 6q21 may reveal mutations within the HACE1 gene, and may potentially 

identify HACE1 as a novel gene involved in congenital heart defects. 

 I have established transgenic zebrafish lines to be used as a cancer research 

model.  This approach utilizes a dominant negative mutation, as knockout zebrafish have 

been difficult to create.  Activated caspase 3 and phosphohistone H3 assays will need to 

be repeated in order to validate the results that I have reported.  Additionally, the 

cooperativity between HACE1 and p53 should be investigated by breeding these 

transgenic zebrafish with p53 mutants.  Acridine orange and activated caspase 3 assays, 

as well as cell cycle (BrDU and phosphohistone H3) assays can be performed to elucidate 

how HACE1 and p53 may interact to form tumours.  Additionally, RNA from these fish, 

or transgenic fish injected with p53 morpholino can be subjected to micro-array analysis 

in order to investigate what downstream targets are affected. In order to assess the effect 

of DNA damage on loss of hace1 function, hace1 morphants or dominant negative 

transgenic zebrafish embryos can be irradiated.  Micro-array analysis of these irradiated 

embryos may provide insight into the downstream genes involved in cell transformation. 
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 Surveillance of transgenic zebrafish is ongoing, and will continue.  Zebrafish 

displaying masses or tumours or appearing sick will be sacrificed and sectioned.  In 

collaboration with Dr. Poul Sorensen at the University of British Columbia, these fish 

will be analyzed for tumour formation. 

 Until recently, the zebrafish community has relied on the use of zebrafish lines 

with dominant negative mutations in order to study loss of gene function.  A recent 

technique for gene inactivation in zebrafish is the use of zinc finger nucleases.  Zinc 

finger nucleases recognize a specific DNA sequence, and upon binding, cause a double 

strand break.  This break is then repaired by nonhomologous recombination, which 

frequently leads to small insertions or deletions
99

.  This technique enables site directed 

mutagenesis of a particular gene of interest.   Generation of zinc finger nucleases has 

been hindered by the lack of publicly available methods for engineering zinc finger 

arrays.  Context dependent assembly (CoDA) is a publicly available set of reagents and 

software, making this technology more accessible
115

.  The National Institutes of Health 

(NIH) is supporting an initiative to generate mutated zebrafish lines using zinc finger 

nucleases.  We submitted HACE1 as a potential gene for NIH to target in their efforts.  

HACE1 was selected, and will therefore be targeted for mutagenesis.  This generated 

zebrafish line will be utilized to dissect the effect of hace1 on cell cycle regulation, and 

can be subjected to micro-array analysis in order to determine downstream targets of 

hace1.  This will be an extremely valuable tool for studying HACE1 in the zebrafish.   
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