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Abstract
Preconditioning to lowered oxygen levels (hypoxia) may occur when an animal is
subjected to non-lethal levels of hypoxia and then returned to normoxic conditions.
During a subsequent exposure to hypoxia, the pre-exposed animals may exhibit increased
tolerance compared to naive animals. I have demonstrated, by analysis of critical PO,’s
(Pcrit), that zebrafish embryos can be preconditioned to hypoxia. Preconditii;ned
embryos display a lower Pcrit than controls, indicating a heightened ability to endure
hypoxic conditions. The role of the hypoxia inducible factor-1 (HIF-1) in pronioting
hypoxic preconditioning was examined. To determine the role of HIF-1 in
preconditioning, embryos deficient in HIF-1a (using antisense oligonucleotide
morpholinos) were assessed under hypoxic conditions. No sigr;iﬁcant difference between
preconditioning capacities of control- and HIF-1a deficient embryos was observed. In
addition to assessing Pcrit, a suite of hypoxia responsive genes were analysed by real
time PCR. IGFBP-2 showed a significant decrease in expression in the HIF-1a deficient

embryos, and EPO showed a significant increase in HIF-1a deficient embryos. All other

genes examined showed no significant change between treated and control embryos.
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Résumé

Le préconditionnement a de bas niveaux d’oxygéne (hypoxie) peut arriver quand un
animal est sujet & de niveaux non-mortels d’hypoxie puis remis dans des conditions

normoxiques. Lors d’une prochaine exposition a 'hypoxie, les animaux déja soumis a
I’hypoxie peuvent démontrer une tolérance accrue comparativement a des animaux naifs.
J’ai démontré, par I’analyse du PO2 critique (Pcrit), que les embryons de dard-perches
peuvent étre préconditionnés a I’hypoxie. Les embryons préconditionnés ont un Pcrit plus
bas que les contrdles, ce qui indique une habilité accrue a endurer des conditions
hypoxiques. Le role du facteur d’hypoxie inductible-1 (HIF-1) dans le
préconditionnement a I’hypoxie a été étudié. Afin de déterminer le role de HIF-1 dans le
préconditionnement, des embryons dépourvus de HIF-1a (en utilisant des morpholinos
oligos antisenses)Kont étés examinés sous conditions hypoxiques. Aucune différence
significative n’a été observée entre les capacités de préconditionnement des embryons
contrdles et ceux dépourvus de HIF-1a. En plus d’observer le Pcrit, une série de

génes répondant a I’hypoxie a €té analysés avec la technique du PCR en temps réel.
L’expression d’ IGFBP-2 démontre une réduction significative dans les embryons
dépourvus de HIF-1a et I’expression d’EPO démontre une augmentation significative

dans les embryons dépourvues de HIF-1a. Tout les autres génes examinés ne démontrent

pas de différence significatives entre les embryons traités et les contrdles.

ii
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Abbreviations used:

CT: Threshold cycle

dpf: Days post-fertilization

ENO: Enolase

EPO: Erythropoietin

HIF: Hypoxia Inducible Factor

hpf: Hours post-fertilization

HRE: Hypoxia response element

IGFBP: Insulin-like Growth Factor binding protein
LDH: Lactate dehydrogenase

P4H: Prolyl-4-hydroxylase

PGK: Phosphoglycerate kinase

RT-PCR: Reverse transcriptase polymerase chain reaction
VEGF: Vascular endothelial growth factor
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Introduction

Zebrafish

The zebrafish (Danio rerio) has emerged as a valuable model organism for
research in vertebrate developmental biology. These freshwater fish originate in rivers in
India (Briggs, 2002). They have a short generation time (approximately‘four months) and
the number of eggs produced at each mating is high (in the hundreds). The eggs are
fertilized externally, allowing all stages of development to be studied. The embryos hatch
usually at around 48 hours post fertilization (hpf) (Briggs, 2002). Because the embryos
and larvae are transparent until approximately five days post fertilization (dpf), it is
possible to view developmental changes in the zebrafish under a microscope (Briggs,
2002).

The zebrafish has also become an excellent genetic model organism, in part
because the full genome has been sequenced (www.ensembl.org). In 2002, Ton et al
used cDNA microarray technology to study the gene expression patterns of zebrafish
during development, as well as observing the genetic responses to hypoxia during
development (Ton et al, 2002).

Because they live in aquatic environments, where oxygen levels may fluctuate
daily, seasonally and spatially (Nikinmaa, 2002), fish are excellent subjects for hypoxia- .
related studies, and make these studies relevant from an ecological standpoint (Rees et al,
2001). Changes in temperature have a major effect on oxygen demand in fish. For every
10°C increase in temperature, there is more than twice the demand for oxygen (Nikinmaa,

2002).
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The supply-demand relationships for oxygen and for CO, change much more
during development of the embryo and larva than they do dﬁring the adult stage (Bagatto
et al, 2001). Until approximately 14 dpf, zebrafish are not dependent on convective
oxygen transport, as there is sufficient oxygen diffusing through the body surface to meet
metabolic needs. (Schwerte et al, 2003).

Zebrafish embryos can survive up to twenty-four hours in anoxia by entering into
a state of suspended animation, in which all metabolic processes are arrested (Padilla &
Roth, 2001). Cardiac function, cell division and developmental progression are stopped
until oxygen is restored. Furthermore, it was observed that the cell cycle was arrested in
either S phase or G,, meaning that no cells entered mitosis while in suspended animation.
During normoxia, approximately 15% of cells at any given time were in mitosis. Being
in suspended animation, cells maintained low membrane permeability (Padilla & Roth,
2001). As the embryos get older, they become more sensitive to hypoxic stress (Ton et
al, 2002), although they are still capable of entering a state of suspended animation at any
embryonic stage (Padilla & Roth, 2001). Numerous studies have shown that growth rates
in fish embryos and larvae are severely retarded under hypoxic conditions (e.g. Drexel et
al, 2002). There is evidence to show that this developmental retardation may be due, at
least in part, to induction of IGFBP-1 during hypoxia. In zebrafish deficient in Insulin-
like growth factor binding protein (IGFBP)-1, there was a significant lessening of
retardation in hypoxia, whereas over-expression of IGFBP-1 caused growth and

developmental retardation during normoxia (Kajimura et al, 2004).
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Preconditioning

Rees et al (2001) demonstrated that it is possible to acclimatize adult zebrafish to
hypoxia by first subjecting them to non-lethal levels of hypoxia. Following this
exposure, the fish are more likely to survive more severe levels of hypoxia than fish that
were not pre-conditioned (Rees et al, 2001). In their experiments, Rees et al (2001)
found that acclimation depended on several factors, including the sex of the fish, and the
season during which experiments were conducted.‘ This indicates that a genetic factor is
probably involved in pre-conditioning. It is likely that pre-conditioning arises from a
combination of behavioral, environmental, genetic and biochemical factors (Rees et al,
2001). It has also been shown that preconditioning to hypoxia occurs in mammals. In
rats that were subjected to 8% oxygen for 3 hours and subsequently exposed to hypoxia
after a 24 hour recovery period, there was a significant level of protection against cerebral
infarction caused by hypoxia (Semenza, 2001a). This preconditioning also induced
hypoxia-inducible-factor-1o (HIF—'I o) expression in the brain. HIF-1 is a transcription
factor that regulates many of the genes involved in the hypoxic response. Several genes,
both HIF-1 dependent and independent, were shown to increase in expression during
hypoxic preconditioning in rat brains. Many of the HIF-1 dependent genes examined
responded to hypoxic treatment in the same manner in both neonatal and adult rat brain,
although expression levels of proteins were not examined (Tang et al, 2005). Research is
examining HIF-1 and the angiogenic factor, carcinoembryonic antigen-related cell
adhesion molecule-1 (CEACAM-1) as a mechanism of hypoxia-induced cardioprotection
(Chen et al, 2005).

Similar to the phenomenon of preconditioning, training in hypoxia results in an

upregulation of HIF-1c, and an increase in the expression levels of myoglobin, vascular
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endothelial growth factor (VEGF), and glycolytic enzyme mRNA (Hoppeler & Vogt,
2001). In zebrafish, cardiac activity becomes responsive to environmental hypoxia at
around the time of hatching (48 hpf). Exposure to chronic hypoxia elevated the heart rate

of the embryos at 4.5 and 6 dpf (Jacob et al, 2002).

Hypoxic response

All nucleated cells in the human body sense changes in oxygen concentration, and
respond accordingly (Semenza, 2000a). Although the mechanism of oxygen sensing is
still being studied, it appears as though the molecule responsible for oxygen sensing is a
protein that contains heme, and binds to oxygen (Chi & Karliner, 2004). Some theories
as to the actual mechanism of oxygen sensing include oxygen-dependent regulatory
enzymes, and the generation of reactive oxygen species. It is likely that the mitochondria
play some role in oxygen sensing (Cummins & Taylor, 2005). Mitochondria may act by
increasing reactive oxygen species generation during hypoxia, and thereby initiate a
signaling pathway leading to the adaptation to hypoxia via HIF-1 induction (Bardos &
Ashcroft, 2005). There is also evidence to show that prolyl-4-hydroxylases may play a
role in oxygen sensing (Asikainen et al, 2005). Several changes occur when an animal is
exposed to hypoxia. Overall, these changes include increased ventilation rate, increased
anaerobic respiration, and in some cases, a decrease in metabolic rate (Powell & Hahn,
2002). There are also cases in which hypoxic conditions occur due to hypoxemia, where
oxygen demand exceeds delivery to the tissue. Hypoxemia would occur, for example, in
cases -of increased metabolic activity. In such cases, anaerobic glycolysis is not induced,
and aerobic respiration continues. Decreasing the capacity of the hemoglobin to transport

oxygen can therefore stimulate a hypoxic response (Drexel et al, 2002).
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The hypoxic response depends partially on the duration of exposure to hypoxia.
In an acute exposure, lasting several seconds to several miﬂutes, there is a post-
translational change in the proteins that already exist within the cell, for example by
phosphorylation. In cases of chronic hypoxia, lasting several minutes to hours or days,
additional changes are elicited by altered levels of gene expression (Semenza, 2000a).
Sustained hypoxia has been shown to damage the muscle structure of the animal
(Hoppeler & Vogt, 2001), to modify cardiac activify (Pelster, 2002), and to alter
differentiation and growth during the embryonic and larval development of zebrafish
(Drexel et al, 2002).

Hypoxia induces many changes in the animal at both the physiological and at the
cellular level. At the physiological level, hypoxia induces reflex hyperventilation,
increased red-blood-cell production, new blood vessel formation, and other changes that
can lead to increased oxygen delivery to the tissues. At the cellular level, adaptive
responses to hypoxia include a switch from oxidative phosphorylation to anaerobic
glycolysis, increased glucose uptake and an increased expression of stress proteins (Chun
et al, 2002). Cell adhesion is reduced, resulting in the migration of cells (Greijer et al,
2005). Under hypoxic conditions, various genes are regulated through transactivation,
signal transduction and oxygen sensing (Huang et al, 1996). There are numerous genes
that are expressed as a result of anaerobic energy production following hypoxia. Some of
these are transcribed in specific cells, and their products are then secreted as hormones
that induce erythropoesis and vascularization, while others produce proteins that are
expressed in a much wider range of cells and that play a role in basic cell metabolism
(Behrooz & Ismail-Beigi, 1999). Many patterns of gene expression resulting from

hypoxia are tissue-specific, and are associated with the role of a particular tissue in
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metabolism under hypoxic conditions (Gracey et al, 2001). Some of the genes induced
by hypoxia encode proteins that play roles in glycolysis, gluconeogenesis, iron/heme
catabolism, amino acid synthesis, and inhibition of cell growth and division (Powell &
Hahn, 2002). Microarray studies applied to the longjaw mudsucker, Gillichthys

mirabilis, have shown over 120 hypoxia-related genes (Gracey et al, 2001).

HIF-1

HIF-1 (hypoxia inducible factor-1) is responsible for the regulation of many of
the genes associated with the hypoxic response. The binding of HIF-1 to the regulated
gene at the hypoxia response element, HRE, induces transcription of the gene (Chun et al,
2002). HIF-1 was originally discovered in 1992 as being responsible for the expression of
erythropoietin (EPO) in hypoxic conditions (Dery et al, 2005). Besides HIF-1, mammals
and zebrafish also have HIF-2 and HIF-3 (Powell & Hahn, 2002). While HIF-1a plays a
general role in regulating transcription of hypoxia-induced genes in the nucleus of all
cells, HIF-2a and HIF-3¢ play more of a limited role in oxygen homeostasis (Semenza,
2000b). Histological analysis of HIF-1a-deficient mouse embryos showed defects in the
cephalic mesenchyme, the blood vessels, and the presumptive myocardium, as well as
failure of neural tube closure, suggesting that HIF-1o is required for the normal
development of major tissues and organs (Tyer et al, 1998).

HIF-1 is a heterodimeric protein made up of two basic helix-loop-helix proteins.
The two subunits of HIF-1 are HIF-1a and HIF-18, both being members of the Per-
ARNT-Sim (PAS) family (Chun et al, 2002; Elson et al, 2001; Huang et al, 1996). HIF-

18 is a previously identified protein, the aryl hydrocarbon nuclear receptor translocator,
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ARNT, which is dimerized with the aryl hydrocarbon receptor (Chun et al, 2002; Powell
& Hahn, 2002). The size of the HIF-1[3 subunit is between §1 and 94 kDa (Huang et al?
1996). HIF-1f also dimerizes with other transcription factors. (Soitamo et al, 2001),
whereas HIF-1a is a protein that is exclusively associated with the transcription of genes
induced or repressed during hypoxia (Chun et al, 2002). The mammalian HIF-1o subunit
is an 826 amino acid protein (Chun et al, 2002) of 120 kDa (Huang et al, 1996). The N-
terminal of the HIF-1a peptide is made up of a basic domain, a helix-loop-helix domain,
and a PAS domain. These domains of the N-terminal are responsible for dimerization of
the HIF-1a peptide with the HIF-1J peptide, and also for binding of the complex to the
HRE recognition sequence of the target gene (Nikinmaa, 2002). The C-terminal of HIF-
1o contains the nuclear localization signal (NLS) domain, which is required for
transporting the HIF-1 complex to the nucleus once it has been activated. There are two
transactivation domains of the HIF-1a peptide (C-TAD and N-TAD), which are located
at the C-terminal (Chun et al, 2002). It was in a 2001 study by Soitamo et al that a
hypoxia inducible factor was first identified in fish, the rainbow trout (Soitamo et al,
2001). In mammals, there are at least three different forms of the hypoxia inducible
factor-o:. HIF-1o, HIF-2o. and HIF-30 (Powell & Hahn, 2002).

It is the stability of the HIF-1a subunit that regulates the activity of HIF-1
(Huang et al, 1996). HIF-1a is regulated at many levels, including mRNA expression,
protein expression, nuclear localization, and transactivation. The best understood of these

is regulation via protein expression levels (Semenza, 2000b). Although mRNA levels of
HIF-1a are expressed at relatively constant levels, protein levels are much higher during

hypoxia than normoxia (Soitamo et al, 2001). The HIF-1o gene is constitutively
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expressed through the action of the Sp1 transcription factors, and the HIF-1o promoter
region also contains binding sites for transcription factors such as AP-1 & 2, NF-1 and
NF-KB (Dery et al, 2005). During hypoxia, protein translationvof HIF-1o is maintained
by the presence of an internal ribosome entry site (IRES) which is found in the 5’
untranslated region (UTR) of the HIF-1o gene (Lang et al, 2002).

Under normoxic conditions, the HIF-1o peptide is unstable, with a half-life of less
than 5 minutes (Chun et al, 2002). The domain of the protein that is responsible for
degradation during normoxia is termed the oxygen-dependent degradation domain,
ODDD (Chun et al, 2002). The ODDD contains a hypoxia response element (that
responds to hypoxia) and thereby prevents the peptide from being ubiquitinated and
degraded. This HRE is identical in human, Xenopus and rainbow trout HIF-1a proteins,
suggesting a high degree of evolutionary conservation in mechanisms of degradation
(Soitamo et al, 2001). Within the ODDD of human HIF-1q., there are proline residues at
positions 402 and 564, which are hydroxylated during normoxic conditions. The
hydroxylated proline residues are recognized by the von Hippel-Lindau tumour
suppressor protein (VHL). VHL then binds to HIF-1o and links it to the ubiquitination
machinery, causing the protein to be degraded (Nikinmaa, 2002) (Fig. 1a). It has
recently been noted, however, that prolonged hypoxia causes an induction of VHL
expression, leading to a negative feedback loop by which HIF-1a is partially degraded in
hypoxia (Karhausen et al, 2005). |
In an environment of limited oxygen, hydroxylation of the proline residues does not
occur and the peptide is stabilized (Fig. 1b). Hydroxylation of proline 564 may be

enhanced by Cyclosporin A, resulting in an increased association with VHL, in which
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case stabilization of HIF-1q, even in hypoxia, will not occur (D’ Angelo et al, 2003). On
the other hand, acidosis may trigger nucleolar sequestering of VHL, which leads to the
stabilization of HIF-1o even in normoxia (Mekhail et al, 2004).

Recent studies have shown that there is also transcription-dependent HIF-1o
degradation in hypoxia. In this case, HIF-1a accumulates, and transcriptionally activates
its own degradation, independent of VHL. In the presence of transcription inhibitors,
there was a super-induction of HIF-1o in hypoxia, but there was no induction in
normoxia, suggesting that transcription-dependent degradation acts to prevent
unnecessarily high levels of HIF-1o during hypoxia. Removing transcription inhibitors
restored depletion and normal levels of HIF-1o. (Demidenko et al, 2005).

Cells transfected with HIF-1a cDNA in which there is a mutation or deletion of the
ODDD, constitutively express the HIF-1a peptide, making expression of the protein
possible under normoxic conditions (Elson et al, 2001). It has been shown that HIF-1o
can be over-expressed in mice, thereby causing hypervascularity and increasing
expression of VEGF mRNA and protein. This leads to the possibility of using HIF-1a
over-expression as a means of treatment for tissue ischemia (Elson et al, 2001).

It appears as though HIF-1at is not only regulated by oxygen, but also by several
other factors such as transition metals and nitric oxide (Chun et al, 2002). Transition
metals such as cobalt and nickel can stabilize HIF-1a by replacing the iron in the heme
moiety of the oxygen sensor protein, causing HIF-1o activity to be induced and hypoxia-
inducible genes to be expressed during normoxia (Chun et al, 2002). Nitric oxide (NO,)
at high concentrations can block stabilization of HIF-1o during hypoxia, and reduce the

induction of HIF-1 DNA binding, consequently reducing the transcriptional activity of
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HIF (Chun et al, 2002). HIF activity is also regulated by CO and NO, both of which can
inhibit DNA-binding of HIF in hypoxic cells. DNA-binding inhibition by CO and NO
does not affect HIF-1 protein expression (Semenza, 1999).

There are several non-hypoxic factors that have recently been discovered to induce HIF- -
1, such as growth factors, cytokines, vascular hormones and viral proteins. Unlike
hypoxia, non-hypoxic mechanisms for activating HIF-1 seem to be cell-type specific
(Dery et al, 2005).

HIF-1a activation involves redox-dependent stabilization of the protein (Huang et
al, 1996). Redox stabilization may occur in the transactivation domain, and may involve
the modification of cysteine residues (Nikinmaa, 2002). Soitamo et al (2001)
demonstrated that rainbow trout HIF-1a has four cysteine residues in or near the area
which, in mammalian HIF-10, has been identified as the transactivation domain. It is
therefore possible that fish HIF-1a is more readily regulated via redox-dependent
stabilization than mammalian HIF-1o (Soitamo et al, 2001).

During hypoxia, HIF-1a protein levels increase exponentially as oxygen levels
decrease (Semenza, 1999). The stabilization of HIF-1a leads to its transportation from
the cytoplasm to the nucleus, where it forms a complex with HIF-13 (ARNT).
Dimerization leads to activation of HIF-1, and it then binds to the HRE of the target gene
(Nikinmaa, 2002; Powell & Hahn, 2002). The HRE to which the HIF-1 complex binds is
a specific DNA consensus sequence, S’RCGTG 3’ (Chen et al, 2001). The sequence is
located in the promoters of many hypoxia-inducible genes but may also be found within
5’ flanking, 3’ flanking or intervening sequences of the target gene (Semenza, 2000b).

Once bound to the target gene, HIF-1 interacts with other transcription factors and

10
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accessory proteins to enhance rates of gene expression (Rees et al, 2001). HIF-1a
interacts specifically with its co-activator p300/CBP (CREB-binding protein) (Huang et
al, 1996). Interaction with co-activators, such as p300, Ref-1, Jabl, SCR-1, and TIF2, is
mediated by the C-terminal half of HIF-10, which contains two transactivation domains,
the C-transactivation domain and the N-transactivation domain (C-TAD and N-TAD)
(Bardos & Ashcroft, 2005). Hydroxylation of an asparagine residue in the C-TAD of
HIF-10 prevents its interaction with its coactivators. Factor-inhibiting-HIF-1 (FIH-1) is a
protein that hydroxylates asparagine 803, preventing coactivator p300 from binding
(Lando et al, 2002; Bardos & Ashcroft, 2005). Various studies have shown that by
targeting the interaction between HIF-1a and p300/CBP, tumour growth can be

significantly alleviated in vivo (Chau et al, 2005).

HIF-] target genes

HIF-1o regulates expression of many of the genes induced by hypoxia. These
include genes encoding glucose transporters and glycolytic enzymes, and genes
enhancing tissue perfusion (Elson et al, 2001). HIF-1o regulated genes may be involved
in either cellular or systemic responses to hypoxia, and may lead to augmented anaerobic
metabolism, red blood cell formation, vascularization, and other factors leading to
enhanced oxygen delivery (Gracey et al, 2000).

Some of the genes targeted by HIF-1 during hypoxia include genes encoding for
several glycolytic enzymes; Vascular endothelial growth factor, VEGF; insulin-like
growth factor I (IGF-I), and IGF binding protein 1; erythropoietin (EPO), and glucose

transporter 1 (Glut 1) (Semenza, 2000b).

11
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Glycolysis:

Adaptation to hypoxia requires the harmonized increase in expression of the genes
encoding glycolytic enzymes (Kim & Dang, 2005) (Fig. 2).

ALDOLASE: Aldolase A is constitutively expressed, and is a housekeeping enzyme in the
glycolytic pathway (Esposito et al, 2004).

PHOSPHOGLYCERATE KINASE: Phosphoglycerate kinase I is a cytoplasmic enzyme,
generating ATP in the glycolytic pathway. It is also secreted by tumour cells where it
acts as a disulfide reductase, stimulating the increase of angiostatin, a tumour blood
vessel inhibitor (Myre and O’Day, 2004). Along with enolase, PGK is a key component
of the host factor for transcription of the Sendai virus. Through an interaction with
Tubulin, ENO and PGK integrate into an active transcription initiation complex and
enhance elongation of the viral genome (Ogino et al, 2001).

LACTATE DEHYDROGENASE: Lactate dehydrogenase is a cytoplasmic enzyme that
catalyzes the final step in the glycolytic pathway, and has been shown to be an important
enzyme in embryonic development of zebrafish (Robles et al, 2004). It also has a non-
glycolytic role in transcriptional regulation (Kim & Dang, 2005). It is a tetramer
comprised of A and B subunits, and has been identified as a single-stranded DNA-
binding protein in several cell types and organisms (Kim & Dang, 2005).

ENOLASE: Enolase is an enzyme in the glycolytic pathway which catalyzes the
conversion of 2-phosphoglycerate to phosphoenolpyruvate. Like LDH, it also has a non-
glycolytic function in transcriptional regulation (Kim and Dang, 2005). It is known to be

down-regulated in lung cancer (Kim & Dang, 2005).

12
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TRANSFERRIN: Transferrin is a protein that binds iron and transports it via the
transferrin receptor (Aisen et al, 2001). It delivers iron to thé bone marrow, where it is
incorporated into the hemoglobin (Tyer et al, 1998).

IGFBPs: 1GF-I and IGF binding proteins are cell survival proteins that promote
anaerobic ATP synthesis (Chun et al, 2002). IGFBP-1 and 2 are the secreted binding
proteins for the Insulin-like growth factor. IGFBP-1 is induced by HIF-1, although other
IGFs and IGFBPs, including IGFBP-2 are not. (Kajimura et al, 2005). IGF-1 stimulates
the accumulation of HIF-1q, as well as its nuclear translocation and its expression
through post-transcriptional mechanisms (Treins et al, 2005).

VEGF: One of the crucial genes involved in vasculogenesis and angiogenesis is the
vascular endothelial growth factor (VEGF). VEGF is expressed in almost all human cells
as a response to hypoxia, and this expression is regulated at multiple levels, including but
not limited to transcription, RNA stability and translation (Semenza, 2003a). VEGF is a
protein that increases vascularization, thereby increasing oxygen delivery to tissues
(Semenza, 2000a; Goishi and Klagsbrun, 2004). It is one of the first genes to be induced
following hypoxia sensing, due to the fact that it allows for an increase in immediate
availability of oxygen from capillaries by increased vascular permeability (Ryan et al,
1998). In a study examining the effect of hypoxic preconditioning in the brain of adult
mouse, VEGF was found to be induced sometime between 1 and 6 hours of hypoxia
(Tang et al, 2005). The introduction of constitutively active HIF-1a can affect the
induction of VEGF mRNA, as well as the resulting phenotype of increased angiogenesis,
even in the absence of hypoxia (Elson et al, 2001). Ryan et al (1998) showed that the
response of VEGF to hypoxia was only partially eliminated in the absence of HIF-1q,

and that the remaining induction was likely due to hypoxia-induced stabilization of the
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VEGF transcript. This stabilization is mediated independently of HIF-1q., through an
element at the 3’ end (Ryan et al, 1998).

PROLYL-4-HYDROXYILASE: To date, three prolyl-4-hydroxylases (P4H 1-3) have been
characterized (Asikainen et al, 2005). These enzymes belong to the iron- and 2-

- oxoglutarate-dependent deoxygenase superfamily (Treins et al, 2005, Schofield &
Ratcliffe, 2004). P4H catalyzes the hydroxylation of two specific prolyl residues in the
degradation domain of HIF-1, thereby regulating the Oxygen-dependent degradation of
the protein (Selak et al, 2005). P4H-2 mRNA is induced by hypoxia through a HIF-1
dependent signaling pathway (Treins et al, 2005). Cellular knockdown of PHD-2 leads to
the stabilization of HIF-1, and its complex formation in normoxia (Berra et al, 2003).
HIF-Prolyl-4-hydroxylases differ from other P4Hs in mammals, which are active
predominantly in the modeling of procollagen. HIF-P4H requires oxygen as a substrate,
and iron and ascorbate as cofactors for enzyme activity (Asikainen et al, 2005).

EPO: Erythropoietin is a glycoprotein that increases RBC formation (Chun et al, 2002).
It is produced primarily by the kidney (Krantz, 1991), but is also present in the liver
(Jelkmann, 1992). EPO RNA levels increase under hypoxic conditions, thus increasing
red blood cell formation, whereas during hyperoxia EPO RNA levels decrease (Krantz,
1991). EPO is specific to production of RBCs, and has little or no effect on other cell

types (Krantz, 1991).

Embryonic stem cells that did not express the HIF-1o gene showed a marked
decrease of VEGF ihduction, as well as that of several glucose transporters and glycolytic
enzymes such as Ald, ENO, LDH, and PGK, as a result of hypoxia, indicating that the

presence of an active HIF-1o subunit is crucial for the full response of these genes to
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hypoxia (Tyer et al, 1998). Ryan et al also noted by Northern blot that Ald, PGK and
LDH were not induced by hypoxia when HIF-1a was absent (Ryan et al, 1998). HIF-1
contributes to cellular processes that normally occur under normoxia, such as tissue
development, regulation of cell death and survival, immune responses and adaptation to
mechanical stress (Chun et al, 2002).

Although many hypoxia-responsive genes are regulated by HIF-1, there are also
several which are independent of HIF-1. In a study by Greijer et al, 89% of genes shown
to be up-regulated by hypoxia were regulated by HIF-1, while only 18% of genes shown
to be down-regulated by hypoxia were HIF-1-responsive. Among the genes that were up-
regulated by HIF-1 Wefe LDH (3.4 fold), aldolase (3.2 fold), PGK (3.2 fold) and enolase
(2.3 fold). Several P4Ds were also HIF-1 up-regulated. There were significantly more

genes down- than up-regulated by hypoxia (Greijer et al, 2005).

Morpholino oligonucleotides

Morpholino oligonucleotides (morpholinos) are chemically modified
oligonucleotides with a morpholine backbone. Because the backbone of the
oligonucleotide is more rigid than that of either DNA or RNA, it is much more stable and
does not readily degrade in the organism. The use of antisense morpholinos has been
demonstrated as an effective tool to specifically inhibit translation in zebrafish
(Nasevicius & Ekker, 2000). They can be designed to bind to the translational start site
of the transcript of interest, thereby blocking initiation of translation and effectively
knocking down the gene function. Multiple gene knockdowns are also possible using this

technology. Morpholinos can be injected into the yolk of the zebrafish embryo
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immediately following fertilization, and the targeted gene will be completely suppressed

throughout the first two days of development (Nasevicius & Ekker, 2000).

Significance

Ischemia is a major cause of tissue damage and associated conditions such as
heart attack and stroke. As well as using the direct approach of delivering angiogenic
factors to increase angiogenesis of ischemic tissue, other, less direct approaches have also
been studied. The administration of mutant, constitutively expressed HIF-1a has been
examined as a potential therapy for ischemic damage (Semenza, 2001b). The advantage
of using HIF-1a as a therapeutic agent rather than specific angiogenic proteins is that
HIF-10: also works to induce several other angiogenic factors as well as other genes that
are necessary for the adaptations that cells undergo during hypoxia. Evidence of the
advantage of using HIF-1a treatment rather than VEGF treatment was emphasized in a
2001 study tﬁat used VEGF as a proangiogenic therapy. The vessels resulting from this
therapy were leaky and nonfunctional, whereas therapy with HIF-1a led to intact and
functional vessels (Elson et al, 2002).

It has been well established that hypoxia is present in many forms of mammalian
tumours. Clinical studies have provided evidence that low oxygen levels within tumours
can lead to a prognosis of poor outcome, and can be positively correlated with the risk of
developing metastases that are distant from the primary site of tumour growth,
independent of therapeutic treatment (Hockel et al, 1996, 1999). In human malignancies
and metastases, HIF-1al is often over-expressed, which may allow HIF-1a to be used as

an early indicator of cancer cells (Semenza, 19‘99).
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The primary method of ATP production used by hypoxic cancer cells is
glycolysis. Many of the enzymes in the glycolytic pathway are under the transcriptional
regulation of HIF-1a (Harris, 2002).

Most of the drugs in clinical trials do not directly target HIF-1, but act in an
indirect manner by inhibiting HIF-1 regulators, by blocking HIF-1 expression, or by
inducing expression of HIF-1 inhibitors. Currently, there are a large number of drugs in
clinical trials as anticancer agents that are based oﬁ their anti-angiogenic properties.
There are, however, concerns that perhaps inhibition of angiogenesis may lead to the
selection of cancer cells that are adapted to hypoxia (Semenza, 2003b). It is therefore
important to view anti-angiogenic therapy not as a stand-alone treatment for cancer, but

rather as one component of a combination of therapeutic agents.

Hypothesis

Preliminary experiments showed that zebrafish embryos, as well as adults, can be
preconditioned to hypoxia, and that more severe levels of hypoxic preconditioning led to
an increased tolerance to subsequent bouts of hypoxia. Previous studies with rats have
demonstrated an induction of HIF-1a. that coincided with preconditioning. Several
genes, both dependent and independent of HIF-1¢t, were also induced during
preconditioning. These findings suggest that HIF-10 may play a role in the phenomenon
of preconditioning in mammals, either directly, or through the action of HIF-1c target
genes.

This leads to my hypothesis, that HIF-10. plays a significant role in

preconditioning of zebrafish embryos to hypoxia. If the hypothesis is correct, then

17

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



preconditioning will not occur in the absence of HIF-1q, as in the morpholino-injected
(morphant) embryos, and critical pO, in hypoxia-treated morphant embryos is expected
to be higher than in hypoxia-treated control embryos. Critical pO; is the threshold partial
pressure of oxygen at which an organism must compensate metabolically for the reduced
oxygen availability. To determine if the action of HIF-1c in preconditioning is direct or
indirect, it is necessary to determine the extent to which HIF-1 regulates hypoxia-induced
genes in zebrafish embryos. Genes that are highly dependent on HIF-1 are expected to
show lower expression levels in hypoxia-treated morphant embryos than in hypoxia-
treated éontrols due to lack of HIF-1-regulated induction, while HIF-1-independent genes
will show no difference between morphant and control groups. Any genes that
demonstrate significant HIF-1 regulation through relative expression experiments would

be good candidate genes for knockdown and further preconditioning experiments.
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Figure 1: Oxygen-dependent regulation of HIF-1a peptide (adapted from Semenza,
2003). Under normoxic conditions (a) HIF-1a is hydroxylated at various amino acids
and binds to the Von Hippel Lindau protein, targeting the HIF-1a subunit for degradation
via the ubiquitination pathway. Under hypoxic conditions (b) oxygen is limited and
hydroxylation cannot occur. VHL does not signal HIF-1a for ubiquitination, and co-
factors bind, leading to transcriptional activation of HIF-1a.
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Figure 2: Glycolysis (Webster, 2003)
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Materials and Methods

1. Experimental organism

Adult zebrafish were obtained from Mirdo Importations Canada in Montreal. Fish were
maintained in a holding facility kept at 28°C. The room in which the fish were kept was
on an automatic light cycle of 14:10 hours light:dafk. Fish tanks (Aquatic Habitats) were
connected to reservoirs keeping water at 28°C. Fish were fed once or twice daily with #1
Crumble (Aquatic Habitats).

Embryo-collection traps were placed inside each tank of 20-30 fish between 2-6pm and
left overnight. Fish spawned at 9 AM when the lights came on, and embryos were

collected from the traps shortly thereafter, at Ohpf.
2. Microinjections

Microinjections were performed on one- or two-cell-stage embryos (0-1.5 hpf) using a
Narishige IM 300 microinjector system connected to nitrogen gas. Embryos were
injected in the yolk unless the cell was readily accessible. Needles were made from glass
filaments with an outer diameter of 1.0 mm and an inner diameter of 0.50 mm. Needles

were pulled using a KOPF needle/pipette puller (model 730).

Morpholino
Morpholino was obtained from GeneTools, and was designed to target the translational

start site of HIF-1o.. The full HIF-1¢ sequence was sent to GeneTools, and the
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morpholino was custom designed. The sequence of the morpholino was
5’GTGACAACTCCAGTATCCATTCCTG 3’. Stock morpholino mix was diluted 1/2x
with 1x injection buffer. Injection solution was dyed with 0.2 pl of 2% phenol red per 20

pl injection solution (final concentration 0.02% phenol red) for visibility.

Over-expression

A mutant form of human HIF-1a was obtained from the lab of Dr. Bill Wilmore at
Carleton University. The mutation is in the degradation domain and prevents the
degradation of the HIF-1a protein during normoxia. The mutant HIF-1o was amplified
using a forward primer containing a T3 promoter. Forward primer sequence:
5’GAATTAACCCTCACTAAAGGGACCCAT 3’ (Ty, 66.6°C). Reverse primer
sequence: 5>TTCCTGCGTTATCCCCTGAT 3’ (Ty, 57.0°C). PCR product was run on
a 0.8% agarose gel and the band was purified using a Sigma Gen-elute kit. The purified
PCR product was used as a template to synthesize mRNA.

To synthesize mRNA, purified PCR product was mixed with 0.5 mM NTP mix, 1x
buffer, 10 mM DTT, 50 units RNase inhibitor and 40 units T3 RNA polymerase. The
reaction was incubated at 37°C for 2 hours and then stopped by adding 200mM EDTA
and 400mM LiCl. mRNA was precipitated overnight in 99% EtOH at

-80°C and then resuspended in 50 ul DEPC-treated water. mRNA was dyed with 2%
phenol red for a final concentration of 0.02% phenol red, and injected into the yolk of

one-or two-cell-stage embryos.
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3. Respirometry

Embryo collection and treatment

Embryos were collected immediately following fertilization, and injected (control
embryos were injected with injection buffer). Following injection, the embryos were
incubated for 8 hours at 28°C and then put into hypoxia (35 Torr) overnight

(approximately 16 hours).

Respirometer set-up

A closed-system dual respirometer was purchased from Loligo Systems ApS in
Denmark. The system comprises a thermo- regulated water bath (28°C) and two glass
chambers (fig. 3). Chambers were submerged in the water bath and were individually
connected to an external water source. Each chamber is 3 mL in volume, and contains a
stir bar, which is separated from the embryos by a screen. Forty embryos were inserted
into each chamber and allowed to acclimatize for one hour prior to experimentation.
Fiber optic oxygen electrodes (Ocean Optics) were calibrated immediately prior to each
experiment using 2% sodium sulfite solution as the lower end (0 Torr), and air-saturated
water as the upper end (153 Torr). The upper end was calibrated in the respirometry
chamber immediately preceding an experimental run. Fiber optic oxygen electrodes
(Ocean Optics FOXY AL-300) were used to monitor oxygen partial pressure around the
embryos for the duration of the experiment.. The water occupied by the embryos was
stirred constantly. Electrode readings were allowed to stabilize for 10 minutes after their
insertion into the chambers, and the fresh water supply was then cut off from the

embryos. Embryos were allowed to consume oxygen until the PO, in the chamber fell
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below 10 Torr. The decrease in PO, was recorded in a log file using Ocean Optics

acquisition software.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

24



Figure 3: Closed system dual respirometer
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Analysis of respirometry results

Respirometry results were analyzed according to Barrionuevo & Burggren (1999).

Ocean Optics text files were exported to Excel and the data were divided into 8 intervals
of 15 Torr (130, 115, 100, 85, 70, 55, 40, 25 Torr). Each interval was plotted separately
in SigmaPlot as PO, versus time elapsed (fig. 4). The slope of the eight best-fit lines
were calculated and plotted as slope (signifying O, consumption rate) versus starting PO,.
From the resulting graph, a critical PO; (pcrit) was determined using two least-square
linear regressions (fig. 5). The critical PO, is the point at which embryos can no longer

sustain their metabolic rate, and oxygen consumption rates therefore decrease.

Statistics

A two-tailed T-test was performed to determine if the Pcrit of experimental groups was

significantly different than that of control groups. Significance was accepted at P<0.05.
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Figure 4: Partial pressure of oxygen (pO2) as a function of time as zebrafish embryos
consume oxygen. Representation of full respirometry run (Nov. 27/05, hypoxic group).
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Figure 5: Linear regression, rate of oxygen consumption by 24hpf zebrafish embryos as
a function of starting pO,. Representation of critical pO; calculation, (Nov. 27/05,
hypoxic group). -
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4. RT-PCR

Sample collection and treatment
i) Time-course
Embryos were incubated at 28°C for 24 hours and then subjected to hypoxia (35 Torr) or

normoxia for various durations: 1, 2, 4, 6, 8 or 24 hours.

ii) Morphants

Embryos were collected immediately following fertilization and micro-injected with
antisense morpholino designed against the translational start site of HIF-1a. Control
embryos were injected with injection buffer. Injections were done at the 1}—2 cell stage
(0-1.5 hpf). Following injections, both sets of embryos were incubated at 28°C for 24

hours and then subjected to hypoxia (35 Torr) for 4 hours.

iii) Over-expression

Embryos were collected immediately following fertilization and micro-injected with
human HIF-1ot RNA with a mutation in the degradation domain to prevent HIF-1o from
being degraded during normoxia. Control embryos were injected with injection buffer.
Injections were done at the 1-2 cell stage (0-1.5 hpf). Following injections, both sets of
embryos were incubated at 28°C for 24 hours and then controls were subjected to hypoxia

(35 Torr) for 4 hours, while over-expressing embryos remained in normoxia.
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RNA extraction
RNA was extracted using Trizol (Invitrogen) and chloroform, immediately following
treatment, and quality and quantity were assessed through spectrophotometry and

formaldehyde gel electrophoresis respecﬁvely.

cDNA synthesis

The total RNA was used as a template in a cDNA éynthesis. Approximately 5 ug of
RNA was mixed with 250 ng random primer, 0.5 mM dNTP mix, 1x buffer, 10 mM
DTT, 40 units RNase inhibitor and 200 units M-MLYV reverse transcriptase. The reaction
was incubated at 37°C for one hour and then stopped by heating at 70°C for 15 minutes.
The quality of cDNA was assessed by PCR with -actin primers. B-actin primer
sequences were as follows: Forward primer 5’ AGAAGATCTGGCATCACACC3’ (Tm

55.5°C). Reverse primer 5’TCCATACCCAAGAAGGATGG3’ (Tm 54.8°C).

Primers

RT-PCR was performed on 9 selected HIF-1 target genes (table 1). Genes were selected
based on literature. Primers were designed to amplify a 150-200 bp region of the selected
gene, and to have an annealing temperature of approximately 58°C. B-actin was used as a

control gene.
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Table 1. Primer sequences for RT-PCR
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Gene Primer sequence (F.R) Tm | Product Accession #
°C | size (bp)
B-actin 5’ ACTGGTATTGTGATGGACTCTGGTG3' 58 144 NM131031
57" ACGCTCGGTCAGGATCTTCAT3' 58
Aldolase 5’ TGATGGTGACCACGACCTTA3' 63 119 NM213215
57 TGTTGGGTTTGAGCAGAGTG3' 63
Transferrin 5’ GAACCCGTCAGCACCTACAAGTCA3’ 59 182 BC054944
5’ GGCCACCATCAACTGCTAAGAAAT3’ |57
IGFBP-1 5’ TACGCAAGACACTGGAGGAACAGG3' 58 205 NM173283
5’ CAGGATGACACACACCAACACTTC3” 60
IGFBP-2 5’ ACCTGTCCGAGTGCGCTTCTTA3' 58 105 NM131458
5’ CAGCAACAAGCCGCAACTCAS3” 57
VEGF 5’ ACAGTCACGGAAATAAGACGAGGA3' 56 182 NM131408
5’ TTCGTCCACTTCCAAGCGCA3’ 59
Phosphoglycerate 5’ GACGTGAAAGGAAAGCGGGT3' 56 148 NM213387
Kinase A 5" TCATCAGGGCCACAGCTTTG3’ 56
Lactate 5" TGTGAATGTGGCTGGGGTGT 3’ 56 177 NM131246
Dehydrogenase A 5/ CTTTCACACAGGTCAGCTACAGACA3’ |56
Prolyl-4-Hydroxylase 5’ AGGATGAGAAGGGAGCAGCCAA3' 59 121 AY193828
A 5’ TCCACCGTCAGCAGAGCATT3’ 56
Enolase 5’ CGGCAGGATGTCTGTTGTAAGC3' 56 142 BC072713
5" CTCGTAGATGCCTGTGGATGCT3' 56
Erythropoietin 5" CGTCCTCGACCATTTCATTAAGGAS3' 56 166 DQ278896
5’ TGACTGGACCTCCTGAGCTTG3' 58
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Standard curves
Standard curves were produced for each primer set to assess the efficiency of the
reactions. Zebrafish 24 hpf cDNA was used as a template, and serially diluted over eight

concentrations ranging from 1x to 107x.

Reactions
RT-PCR reactions of 20 ul were set up using a Qiagen SYBR-Green kit. Master mix

included in the kit contains HotStart Taqg DNA Polymerase, QuantiTect SYBR Green

PCR buffer, SYBR Green 1, ROX (passive reference dye) and 5 mM MgCl,. Reactions
consisted of 10 ul master mix, 0.5 ul cDNA and 1 pl of each primer. Reactions were run

in a Stratagene MX4000 machine for 40 cycles with an annealing temperature of 58°C.

Analysis

CT (threshold cycle) values were entered into an excel worksheet and values for ACT
were calculated as CT (gene)-CT(aciin). AACT values were calculated for each time-point by
comparing the experimental samples to the corresponding control samples. AACT was
calculated as ACT reated-ACT controt). Efficiencies were calculated by the formula
E=10C"5P? where the slope is that of the standard curve (Pfaffl, 2001). The efficiency
of each primer set was taken into account by applying a mathematical equation suggested

by Pfaffl et. al (2001). For experimental-control pairs, average relative mRNA

expression was calculated and graphed using SigmaPlot.
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Statistics
One-tailed T-tests were performed to determine if relative mRNA expression was

significantly different than 1.0. Significance was accepted at P<0.05.
5. Western blots

Embryo collection and treatment

Embryos were collected immediately following fertilization, and injected with either
morpholino or mutant HIF-1 mRNA (control embryos were injected with injection
buffer). Following injection, the embryos were incubated for 8 hours at 28°C and then

put into hypoxia (35 Torr) overnight (approximately 16 hours).

Protein extraction

Immediately following hypoxic exposure, oocyte lysis buffer was added to embryos at a
concentration of 10 ul of buffer per embryo. Oocyte lysis buffer contains 10 mM
phosphate buffer, 150 mM NaCl, 1% Triton and protease inhibitors (200 ptM Na
orthovandate, 1 mM PMSF, 10 pg/ml aprotinin, 10 ug/ml leupeptin). Embryos were
homogenized by passage through a 22 gauge needle and microfuged for 10 minutes at

4°C. Protein was stored at —20°C.

Protein quantification
Protein was quantified colorimetrically using BC solution (1 ml bicinchoninic acid and

20 ul Copper (II) sulfate). Bovine Serum Albumin was used as standard, at

concentrations of 100, 50, 25, 12.5 and 6 mg/ml. 2 ul protein or standard was added to
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200 ul BC solution and incubated at 37°C for 1-2 hours and then read by a plate reader

(Molecular Devices SpectraMax 190). Values for BSA standards were plotted to create a

linear regression to which protein samples were compared for quantification.

Cell lysate preclearing

50 pl Protein agarose A beads slurry (Sigma) was washed two times in 500 pl cold (4°C)
oocyte lysis buffer (see protein extraction for contents). 500 pl embryo lysate was added
to 50 ul washed beads slurry and incubated on ice for 60 minutes. Beads slurry and

lysate were centrifuged for 10 minutes at 10000g at 4°C and the supernatant was

transferred to a clean 1.5ml tube.

Immunoprecipitation

Zebrafish HIF-1q antibody was added to precleared cell lysate plus beads slurry at a
concentration of 1:250. Antibody plus cell lysate was incubated at 4°C for 60 minutes.
An additional 50 ul washed protein agarose A beads slurry was added to antibody plus
cell lysate and incubated for an additional 60 minutes at 4°C with shaking. Lysate plus
beads slurry was centrifuged at 10000g at 4°C for 30 seconds and the supernatant was
discarded. Beads were washed 5 times with 500 pl oocyte lysis buffer and then
resuspended in 50 ml of 2x protein loading buffer (25% buffer C, 20% glycerol, 4% SDS,
0.005% bromophenol blue, 10% beta-mercaptoethanol). Sample was heated to 100°C for
10 minutes and then centrifuged at 10000g for 5 minutes. The supernatant was then used

to run SDS-PAGE and Western blot.
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SDS-PAGE

Acrylamide gels were poured one day prior to running and kept at 4°C overnight. 12%
resolving gel contained 12% acrylamide/Bis solution (BioRad, Hercules CA), 2.5%
Buffer B (1.5M Tris pH 8.8, 0.4% SDS), 0.2% TEMED and 0.005% Ammonium
persulfate. 4% stacking gel contained 4% acrylamide/Bis solution, 2.5% Buffer C (0.5M
Tris pH 8.8, 0.4% SDS), 0.2% TEMED and 0.005% ammonium persultafe.

Protein was diluted with sterile water to a Working concentration of 10 mg/ml. 100 pg
(10 pl) was mixed with 10 pl of 2x sample buffer (25% buffer C, 20% glycerol, 4% SDS,
0.005% bromophenol blue, 10% beta-mercaptoethanol) and placed in boiling water for 5
minutes immediately prior to loading 20 pl samples on acrylamide gel.

Gels were run at 4°C in a BioRad system with Tris-glycine buffer. Buffer contained

0.302% Tris base, 1.88% glycine and 0.1% SDS.

Gel transfer
Gel was transferred overnight at 180 mAmps at 4°C in a BioRad wet transfer system,
using nitrocellulose membrane from BioRad. Transfer buffer contained 0.58% Tris

base,0.29% glycine, 20% methanol and 0.038% SDS.

Gel staining (Coomassie blue)

To verify complete transfer, the gel was stained for 1 hour following transfer with
Coomasie blue stain. Stain contains 0.25% Coomassie blue in 50% methanol and 10%
acetic acid. The gel was destained overnight. Destain contains 50% methanol and 10%

acetic acid.
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Antibodies

HIF-1o primary antibodies were applied at a concentration of 1/500 overnight at 4°C or
for 1 hour at 37°C with constant shaking. HIF-10 antibodies used were developed against
zebrafish, common carp, rainbow trout and human HIF-1c. (Santa Cruz; one targeted
against the N-terminus of human HIF-1a and one against the C-terminus). Alternate
antibodies against human HIF-1q were used in the lab of Dr. Bill Willmore at Carleton
University (Novus; targeted against amino acids 432-528 of human HIF-1ot) with human
cell lysates as positive control.

Secondary antibodies were applied at a concentration of 1/10000 for one hour at room
temperature.

Primary and secondary antibodies were diluted in 5% milk in PBST. PBST contains

27.4mM NaCl, 0.54mM KClI, 2mM Na,HPO,, 0.4mM KH,PO,4 and 10% TWEEN.

Gel staining (Silver Nitrate)

Gels were stained with silver stain and potential HIF-1¢ bands were excised and sent for
sequencing. Gels were put into fixing solution (30% ethanol, 5% glacial acetic acid) for
one hour and then rinsed with deionized water for 15 minutes. Gels were then put into
sensitizing solution (0.02% sodium thiosulphate, pentahydrate) for 1 minute, rinsed and
put into silver solution (0.2% silver nitrate) for 20 minutes. Following rinsing, gels were
developed for 5-10 minutes (4% potassium carbonate, anhydrous; 0.011% sodium
thiosulphate, pentahydrate; 0.025% formaldehyde). Gel was immediately put in stopping

solution (4% Tris base, 2% glacial acetic acid). The desired bands were cut out of the gel
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and frozen at -20°C until sent for sequencing. Bands were sent to the Ontario Genomics

Innovation Centre proteomics services (Ottawa Health Research Institute) for sequencing.

6. General Morphdlogy

Embryos were collected immediately following feftilization, and injected with either
morpholino or mutant HIF-1 mRNA (control embryos were injected with injection
buffer). Following injection, the embryos were incubated for 8 hours at 28°C and then
put into hypoxia (35 Torr) or normoxia overnight (approximately 16 hours). Embryos
were photographed at 24, 48, 72 and 96hpf. Stages following hatching (approximately
48hpf) were anesthetized with 4% paraformaldehyde in 1xPBS prior to photographing.

1xPBS contains 27.4mM NacCl, 0.54mM KCl, 2mM Na,HPO, and 0.4mM KH,PO,.
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Results

1. Determination of Critical PO,

Critical PO; (Pcrit) was determined for control embryos and embryos exposed to 16 h of
hypoxia (35 Torr) between 8 and 24 hpf. The embryos pre-exposed to hypoxia exhibited
a significant lowering of Pcrit of approximately 10 Torr (fig. 6).

The treatment of embryos with HIF-1a antisense oligonucleotide morpholino did not

alter the pcyir in the embryos pre-exposed to hypoxia (fig. 7).
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Figure 6: Critical pO, of 24hpf hypoxic embryos after 16 hours treatment with hypoxia
(35 Torr), and control embryos as determined by closed system respirometry
experiments. Normoxic N=34. Hypoxic N=24.
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Figure 7: Critical pO; of 24hpf morphant embryos and control embryos after 16 hours
treatment with hypoxia (35 Torr), as determined by closed system respirometry
experiments. Morphant N=11. Control N=12. -
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2. mRNA expression during hypoxia

Following 24 h incubation at 28°C, embryos were subjected to 1, 2, 4, 6, 8 or 24 h of
hypoxia (35 Torr) or normoxia (155 Torr). Real-time RT PCR was performed to
determine expression of ten genes in treated embryos relative to controls. While there
were trends indicating the induction of all ten genes following hypoxic exposure, none of
the inductions were statistically significant (figs. 8-17).

Based on the time-course data, 4 h was selected as an appropriate duration of
hypoxia to subject morphant and control embryos. Of the ten genes monitored, only one
demonstrated a significant induction in control embryos where there was none in
morphant embryos. IGFBP-1 expression had a 2-fold increase in control hypoxic
embryos compared to morphant hypoxic embryos, and EPO had a decrease, whereas all
other genes had no significant difference between control and morphant expression levels

(fig.18).
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Figure 8: Real-time RT-PCR results: mRNA expression of aldolase A in hypoxic
zebrafish embryos relative to normoxic zebrafish embryos (+SE). Embryos were grown
to 24 hpf and then exposed to varying durations of hypoxia (35 Torr): 1, 2, 4, 6, 8 or 24
hours. Relative mRNA expression was calculated using the formula

EaldolaseA(Haldolase'Naldolase)/ EactinA(Hactin'Nactin)
where Eajgolase=1.972, Eacin=1.637, H=hypoxic ct value, N=average normoxic ct value.
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Figure 9: Real-time RT-PCR results: mRNA expression of transferrin in hypoxic
zebrafish embryos relative to normoxic zebrafish embryos (+SE). Embryos were grown
to 24 hpf and then exposed to varying durations of hypoxia (35 Torr): 1, 2, 4, 6, 8 or 24
hours. Relative mRNA expression was calculated using the formula
ElransferrinA(Htransferrin'Ntransferrin)/ EactinA(Hactin'Nactin)

where Ejransferrin=2.186, Eaciin=1.637, H=hypoxic ct value, N=average normoxic ct value.
n=4.
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Figure 10: Real-time RT-PCR results: mRNA expression of insulin-like growth factor-2
(IGFBP-2) in hypoxic zebrafish embryos relative to normoxic zebrafish embryos (+SE).
Embryos were grown to 24 hpf and then exposed to varying durations of hypoxia (35
Torr): 1,2, 4, 6, 8 or 24 hours. Relative mRNA expression was calculated using the
formula -

2"(H grap-2-N 1GFBP-2)/ Eactin(Hactin"Nactin)

where Eqain=1.637, H=hypoxic ct value, N=average normoxic ct value.
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Figure 11: Real-time RT-PCR results: mRNA expression of vascular endothelial growth
factor (VEGF) in hypoxic zebrafish embryos relative to normoxic zebrafish embryos
(+SE). Embryos were grown to 24 hpf and then exposed to varying durations of hypoxia
(35 Torr): 1, 2, 4, 6, 8 or 24 hours. Relative mRNA expression was calculated using the
formula
Evecr (Hvecr-NveGr)/ Eactin” (Hactin-Nactin)
where Evegr=2.121, E.in=1.637, H=hypoxic ct value, N=average normoxic cr value.
=4,

-
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Figure 12: Real-time RT-PCR results: mRNA expression of phosphyglycerate kinase A
(PGK) in hypoxic zebrafish embryos relative to normoxic zebrafish embryos (+SE).
Embryos were grown to 24 hpf and then exposed to varying durations of hypoxia (35
Tomr): 1, 2, 4, 6, 8 or 24 hours. Relative mRNA expression was calculated using the
formula

Epck(Hpak-Npck )/ Eactin™(Hactin-Nacin)

where Epgx=2.837, E,cin=1.637, H=hypoxic ct value, N=average normoxic ct value.
n=4.
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Figure 13: Real-time RT-PCR results: mRNA expression of lactate dehydrogenase A
(LDH) in hypoxic zebrafish embryos relative to normoxic zebrafish embryos (+SE).
Embryos were grown to 24 hpf and then exposed to varying durations of hypoxia (35
Torr): 1, 2, 4, 6, 8 or 24 hours.” Relative mRNA expression was calculated using the
formula '

ELpon (Hipu-Nron)/ Eactin (Hactin"Nactin)

where E; py=2.318, E.in=1.637, H=hypoxic ct value, N=average normoxic ct value.
n=4,
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Figure 14: Real-time RT-PCR results: mRNA expression of prolyl-4-hydroxlase A
(PHD) in hypoxic zebrafish embryos relative to normoxic zebrafish embryos (+SE).
Embryos were grown to 24 hpf and then exposed to varying durations of hypoxia (35
Torr): 1, 2, 4, 6, 8 or 24 hours. Relative mRNA expression was calculated using the
formula

Eptp”(Hpup-Npup)/ Eactin” (Hactin-Nactin)

where Epup=2.2, E,qin=1.637, H=hypoxic ct value, N=average normoxic ct value.
n=4.
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Figure 15: Real-time RT-PCR results: mRNA expression of enolase in hypoxic zebrafish
embryos relative to normoxic zebrafish embryos (+SE). Embryos were grown to 24 hpf
and then exposed to varying durations of hypoxia (35 Torr): 1, 2, 4, 6, 8 or 24 hours.
Relative mRNA expression was calculated using the formula

EenolaseA(cholase'Nenolase)/ EactinA(Hactin'Nactin)

where Ecnolase=2.492, E,in=1.637, H=hypoxic ct value, N=average normoxic ct value.
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Figure 16: Real-time RT-PCR results: mRNA expression of insulin-like growth factor-1
(IGFBP-1) in hypoxic zebrafish embryos relative to normoxic zebrafish embryos (+SE).
Embryos were grown to 24 hpf and then exposed to varying durations of hypoxia (35
Torr): 1, 2, 4, 6, 8 or 24 hours. Relative mRNA expression was calculated using the
formula

27(H 16rBp-1-N 1GFBP-1)/ Eactin(Hactin-Nactin)

where E,in=1.637, H=hypoxic ct value, N=average normoxic ct value.

.
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Figure 17: Real-time RT-PCR results: mRNA expression of erythropoietin (EPO) in
hypoxic zebrafish embryos relative to normoxic zebrafish embryos (+SE). Embryos were
grown to 24 hpf and then exposed to varying durations of hypoxia (35 Torr): 1, 2, 4, 6, 8
or 24 hours. Relative mRNA expression was calculated using the formula
EEPOA(HEPO‘NEPO)/ EactinA(Hactin'Nactin)

where Egpo=1.805, Eain=1.637, H=hypoxic ct value, N=average normoxic ct value.
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Figure 18: Real-time RT-PCR results: mRNA expression of ten hypoxia-regulated genes
in HIF-1a-morphant zebrafish embryos relative to hypoxic zebrafish embryos (+SE),
N=6. Embryos were grown to 24 hpf and then exposed 4hours of hypoxia (35 Torr).
Relative mRNA expression was calculated using the formula

2/\(Mgene'cgene)/ 2/\(1\/Iactin'Cactin)

where M= morphant ct value, C=average control ct value.
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3. Western Blots

Several HIF-10 antibodies were used in an attempt to determine the protein levels of
HIF-10 in normoxic, hypoxic and morphant zebrafish embryos. Antibodies included two
targeted against zebrafish HIF-1q., two against human HIF-10, two against carp HIF-1o
and one against rainbow trout HIF-1qa.. One of the antibodies against zebrafish HIF-1o
produced two bands on a western blot that were in the correct size range to be HIF-

1o (fig. 19). To determine whether or not either of these bands. was in fact HIF-1q., the
bands were excised from an acrylamide gel, silver stained, and sent for sequencing.
Neither of the bands turned out td be HIF-1¢, and therefore none of the antibodies tried
was able to successfully detect HIF-1ot in zebrafish embryos.

Three antibodies were used to determine the protein levels of human HIF-1o in
normoxic and hypoxic cell lysates as well as zebrafish embryos over-expressing a mutant
form of human HIF-locr. Two antibodies, both obtained from Santa Cruz, were
ineffective in detecting HIF-1o in hypoxic samples. An antibody used in the lab of Dr.
Bill Wilmore, obtained from Novus, was able to detect HIF-1a in hypoxic human cell
lysates, but not in zebrafish embryos treated to over express human HIF-1o (fig. 20).
These results suggest that the zebrafish embryos were not expressing the human HIF-1a

protein.
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Figure 19: Western blot showing bands at 85 and 100 kDa in normoxic (N),
hypoxic (H) and morphant (M) samples. Bands were excised and sent for sequencing to
determine whether or not they were the desired HIF-1a band.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



120
100
70
55
40

35
25

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

54



Figure 20: Western blot showing bands at 85 and 100 kDa in hypoxic human cell lysates
(H) and no bands in zebrafish cell lysates (ZF)
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4. General Morphology

Embryos were observed at various time-points (24, 48 and 72 hpf) after exposure to
normoxia (155 Torr) or hypoxia (35 Torr). General morphology was observed in each
group at each time-point. Other than a severe developmental delay in hypoxic embryos,
embryos appeared normal after hypoxic exposure (not shown).

Embryos were injected with either HIF-1o morpholino or control and observed at
various time-points (24, 48 and 72 hpf) after expoéure to hypoxia (35 Torr). General
morphology was observed in each group at each time-point. There did not appear to be
any significant difference in morphant morphology compared to control embryos (not

shown).
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Discussion

1. Preconditioning:

Through respirometry experiments, it was demonstrated that zebrafish embryos can be
preconditioned to hypoxia by exposing them to non-lethal levels of hypoxia (35 Torr) for
16 h immediately prior to the reépirometry run. Embryos left overnight in hypoxia had a
significantly lower pci; than émbryos left in normoxia overnight. This coincides with the
findings of Rees et al (2001) who reported that adult zebrafish could be exposed to non-
lethal levels of hypoxia, and later be exposed to more severe levels of hypoxia and be
more likely to survive.

Morphant embryos, deficient of HIF-10!, were demonstrated to have a pes;c similar to the
control, preconditioned group. Thus, it would appear that preconditioning was still
occurring in the absence of HIF-1¢.. These findings suggest that, assuming the morphant
embryos were indeed HIF-a deficient, HIF-1o does not play a significant role in the
preconditioning process or perhaps more precisely that HIF-1a is not an essential
requirement for hypoxic preconditioning. Rees et. al (2001) deduced that preconditioning
in adult zebrafish depended on several factors, including environmental and genetic
factors.

It was impossible to maintain exact conditions of the respirometry experiments over the
two years during which experiments were performed, which could have had an impact on
the outcomes. Water temperature, external temperature and air pressure, and conditions
directly surrounding the experimental apparatus, such as light, noise and movement, may
all have played a role in the behavior of the embryos. Another factor to be taken into

consideration is the multiple respirometers used for experiments. These experiments
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required a lot of troubleshooting. Two home-made set-ups with differing internal
volumes (3 and 5 ml), and one commercial set-up were used for preliminary data,
although a single, commercial system was used for the morphant experiments. The first
experimental set-up had a volume of 5 ml, which proved to be too large for the purposes
of these experiments. The change in pO; took up to 45 min between each data collection
point causing the experiments to take up to 10 h to complete. Ultimately, the volume of
the chamber was reduced to 3 ml to speed up the pfocess.

Changes in water temperature caused significant problems in the initial experiments.
Because the fiber optic O, electrodes are highly sensitive to fluctuations in temperature, it
was crucial for water temperature to be constant during an experiment. High demand on
the heated water system caused the temperature of thermoregulation water flowing
through the respirometry system to drop unexpectedly and drastically, thereby forcing
termination of numerous experiments. The temperature of the warm water in the system
was changed to 28°C, which was the desired temperature for the experiments, thereby
eliminating the need to mix warm and cold water to obtain the correct temperature. The
commercial respirometer included a tank of heated water which was kept at 28°C, and the
chambers were submerged in this tank to maintain the temperature of the experiment at
the ideal temperature for the embryos, thus eliminating problems relating to water
temperature. Another way of managing the problem of fluctuating water temperature was
to change the method with which experiments were preformed. Originally, each starting
pO: was measured individually, and the embryos were then deprived of fresh water and
oxygen consumption was measured. Following each measurement, embryos were
allowed to acclimate to a new starting pO,, and then once again cut off from fresh water

flow and allowed to consume oxygen while the consumption rate was measured. Each
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time the water flow was opened and fresh water was allowed to flow into the embryo
chamber, there was the possibility of a slight change in the temperature of water from thé
measurement before. With the new method, the embryos were allowed to acclimate to
the chamber one time before the run, and then the water flow was stopped and embryos
were allowed to consume all of the oxygen before flow was restored. The resulting
measurement of oxygen consumption was then broken into segments of 15 Torr and the
Pcrit Was calculated in the same manner as with the previous method. With this new
method, the only water temperature fluctuations to affect the experiment would be that of
the thermoregulation water, which was being controlled by the heated tank in which the
chambers were submerged.

All of these compounding factors had varying effects on the outcome of the experiments;
however these factors would have been present during all experiments. Conditions would
not necessarily have been identical from day to day or from experiment to experiment, so
although I attempted to always run one treated and one control group side by side, there
were always days when one or both of the experiments did not work, and therefore not

every control group has a corresponding treatment group and vice versa.

2. Gene expression:

A time course was originally done and analyzed by real time RT-PCR to determine what
duration exposure to hypoxia expression of each of the observed genes was most
significantly induced. Time points selected were 1, 2, 4, 6, 8 and 24 h of hypoxic or
normoxic exposure. The most consistent trend in gene expression patterns following
hypoxic exposure occurred in the 4 hour samples. 4 h was therefore selected as the

duration of hypoxia treatment for morphant- and control-injected embryos being used for
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experiments assessing mRNA levels. The data from these experiments showed that the
majority of the observed relative gene expression levels were not significantly different in
morphants and controls. IGFBP-1 was the only gene that had lower expression in
morphants than controls. Interestingly, EPO was the only gene whose expression was
higher in morphant embryos than in controls. EPO expression was expected to decrease
in HIF-10 deficient embryos due to the belief that it is induced by hypoxia, presumably
through the action of HIF-1a (Krantz, 1991). It céuld be that zebrafish EPO has an
alternate mode of action, or is influenced by additional factors not observed in
mammalian systems.

From these data, it was concluded that IGFBP-1 and EPO are the only genes among the
ten tested, that are appreciably regulated by HIF-1o during hypoxia in zebrafish embryos.
This goes against the literature, which reports a vast number of genes, including several
of the genes assessed in this thesis, to be induced in hypoxia, directly through the action
of HIF-1a.. Indeed, previous studies have demonstrated that several genes, including
Ald, PGK and LDH were not induced by hypoxia in samples absent of HIF-1¢t (Ryan et.
al, 1998), and that Ald, PGK, LDH and Enolase were specifically upregulated by HIF-1
(Greijer et. al, 2005). Recently, it was shown that while IGFBP-1 is induced by HIF-1,
other IGFBPs, including IGFBP-2, are HIF-1-independent (Kajimura et. al, 2004;
Kajimura et. al, 2006 ). These findings are consistent with the data presented here.

There are a few possible explanations for why the majority of gene expression
data in this thesis are not consistent with previous findings. Because prior studies were
preformed on mammalian systems (primarily mice), it is possible that zebrafish, and

perhaps other fish species, react differently to hypoxia at the genetic level than do
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mammals, or that the zebrafish isoforms of these genes are regulated by other factors.
Another possible explanation for the discrepancies is the chosen method of gene analysis.
Real-time reverse transcriptase polymerase chain reaction (RT-PCR) has become the
most commonly used method of characterizing patterns of gene expression. The
accuracy of a real time RT-PCR reaction is significantly dependent on the variability
between reagents and users, and consequently the technique is not a reliable means of
clinical diagnosis Bustin, 2002). It is a very sensitive technique capable of quantifying
mRNA levels in tissue samples that contain partially degraded mRNA. However,
mispriming and primer dimerization can significantly reduce the sensitivity of the
reaction (Bustin, 2002).

Several means of normalization can be used to control error in real time RT-PCR. The
most popular method is the use of a reference gene, most frequently a housekeeping gene
such as B-actin, glyceraldehydes-3-phosphate (GADPH) or 18S ribosomal RNA (Huggett
et. al, 2005). For many years, these genes have been used as references for qualitative or
semi-quantitative assays such as Northern blots. These housekeeping genes are known to
be expressed at high levels in all cells and were able to serve as a control for the turning
off of a gene of interest. For quantitative change measured by real time RT-PCR, the
choice of control gene can be problematic as there is evidence that some, if not most of

these housekeeping genes are regulated. For example, -actin is differentially expressed

in different samples of human leukemia, (Blomberg et. al, 1987). [-actin, as well as all
other housekeeping genes, are only appropriate as reference genes if they are not
regulated by the experimental conditions (Bas et. al, 2004; Huggett et. al, 2005), in this
case hypoxia. No evidence has been found to show that B-actin is in fact regulated by

hypoxia. The importance of validating the chosen reference gene in any experimental
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model is widely recognized (Dheda et. al, 2004; Huggett et. al, 2005), as there is evidence
that the use of an inappropriate reference gene can severely ‘alter the experimental
outcome (Tricarico et. al, 2002; Bas et. al, 2004; Dheda et. al, 2005). The problem with
validating reference genes is that a reliable reference gene is required. However, in order
to establish a gene’s suitability as a reference gene, that is, that it is not regulated, another
reference gene is needed. The question arises as to how many reference genes and
validations are needed in order to confidently validate the first gene.

Thevfact that no extensive validation was done, other than searching the literature for
possible hypoxic regulation of the reference gene, leads to the possibility that perhaps [3-
actin was not the best choice of reference. Primers were tested for efficiency by doing
standard curves on serially diluted cDNA. Efficiencies were calculated by the formula
E=10C"1P (Pfaff], 2001). The efficiency of each primer set was taken into account by
applying a mathematical equation suggested by Pfaffl et. al (2001). The ratio between
the relative expression of the target gene in relation to the relative expression of the

reference gene, in this case f-actin, can be calculated as:

E dCTtarget (control-sample)
( target)

Ratio =
(Eref)dCTref (control-sample)

where E is the efficiency of the primer (Pfaffl, 2001). This is a more accurate method of
calculation than the “delta-delta method”, which assumes perfect and identical
efficiencies of 100%, or E=2, for target and reference genes (Pfaffl, 2001).

Large standard error reduces the chance of observing significance in gene expression
data. To minimize error, conditions were maintained as near to identical as possible. The
same reagents were used throughout all experiments, as well as the same program on the

same real-time machine. What differed between runs were the cDNA, primer aliquots
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(fresh aliquots were made prior to each run to avoid contamination) and the number of
times the kit reagents had been removed from the freezer preceding the run. Reactions
contained a total of four reagents, and cDNA was added to the master mix rather than to
individual tubes, ensuring that each reaction had an identical amount of template.
Contamination was kept to a minimum, with a set of RNase-free pipette tips reserved
solely for RT-PCR, and with thé tip ejectors removed from all pipettes. No-template
controls were performed for every primer set for each run, and all showed no
contamination.

Despite all measures taken, there was a large amount of variation between samples in
both morphant and control groups.

Following the time-course gene expression experiment, it was noted that the most
consistent trend appeared to be in the samples that underwent 4 hours of hypoxia. It was
therefore decided that 4 hours of hypoxic exposure was the most appropriate treatment
for embryos to undergo prior to gene expression analysis. It is possible that 4 hours was
not a long enough treatment duration, and that the embryos were not exposed to hypoxia
for long enough to acquire a significant induction of the genes in €ither control or
morphant samples. This would explain why there was no difference between morphant
and control groups.

There is also a slight chance that the injection of the morpholino was not effective at
achieving HIF-1a knockdown. Morpholino was co-injected with GFP mRNA, and
embryos were checked for GFP expression, indicating that the majority of injections were
successful. It has been shown that antisense-morpholino technology is an effective
method of gene knockdown in zebrafish embryos, and that injections can be done in the

yolk of the embryo rather than the cell, while still maintaining the effectiveness
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(Nasevicius & Ekker, 2000). It therefore follows that if the HIF-1o knockdown wasn’t
successful, then the morpholino did not fully penetrate or the morpholino solution
injected was degraded.
Another area for error to occur is in the hypoxic exposure of the embryos. It is
marginally possible that embryos kept in the incubator rather than subjected to hypoxia
may still have been exposed to a level of hypoxia. Embryos are stored in Petri dishes
with approximately 50 ml of water, which should Be sufficient to deliver the required
amount of oxygen to the embryos. However, if too many embryos are kept in a single
dish, or if embryos clump into a single area in the dish, oxygen will be limited to all
embryos. This could lead to a hypoxic response similar to that of the embryos being
treated with hypoxia, although would not lead to a response as severe as the treated
embryos. It could be that the embryos in normoxic conditions were actually in a certain
- degree of hypoxia, and responded as such, with elevated expression levels of the HIF-1

target genes.

3. Westerns:

Western blots were meant to confirm the effectiveness of the morpholino injections in
knocking down HIF-1o expression in hypoxic embryos, and to confirm effectiveness of
over-expression of mutant human HIF-1a in normoxic embryos. A human HIF-1
antibody purchased from Santa Cruz was used against zebrafish embryos, both morphants
and over-expressing HIF-1a. Control human cell lysates, hypoxic and normoxic, were
used as positive and negative controls. This antibody did not yield bands in either

zebrafish or human samples, normoxic or hypoxic. Another human HIF-1a antibody,
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purchased from Novus biologicals, was used at Carleton University in Dr. Bill
Willmore’s lab. The positive control yielded two bands at approximately 120 kDa, while
the zebrafish samples did not yield any bands. The two bands represent different post-
translational modifications of the protein. The immunogen targeted by the antibody
(human HIF-1a amino acids 432-528) was specific to the human HIF-1a sequence, in a
domain not conserved in zebrafish. It was therefore not surprising that the antibody did
not detect HIF-1a in the hypoxic zebrafish sample. It would have been expected,
however, that the zebrafish embryos expressing the mutant form of human HIF-1o would
have been detected by the Novus antibody. Since this was not the case, it can be
concluded that the embryos were not, in fact, expressing the human HIF-1a.
Experiments with the over-expression of HIF-10l in normoxic embryos were therefore
terminated.

Blots were also done using a trout HIF-1a antibody and two common carp HIF-1o
antibodies, neither of which detected HIF-1a in the zebrafish samples. Two zebrafish-
HIF-1a-specific antibodies were used under several conditions. SDS-PAGE was done
with several different percent acrylamide gels, and with various different gel recipes
including ready-made solutions (Protogel). Different sized gels were run at varying
speeds and at different temperatures. Gels were run at room temperature or at 4°C.
Transfer conditions were also manipulated in several ways, including voltage, duration,
temperature, transfer apparatus and transfer buffer. Primary antibodies were applied at
either room temperature or 37°C for one hour, over at 4°C overnight. Primary antibody
concentrations ranged from 1/200 to 1/1000, and were applied in 2.5% or 5% Carnation

skim milk powder.
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Secondary antibody was applied at room temperature for 1-2 hours, with concentrations
ranging from 1/5000 to 1/20000. Different aliquots and different stocks of secondary
antibodies were tried.

Protein was extracted using three different buffers, and immunogen concentration was
increased by immunoprecipitation prior to blotting. Both PVDF and nitrocellulose
membranes were used, and exposure was done via a chemidoc system as well as via
Kodak film.

Once conditions were optimized, the two zebrafish-HIF-1o antibodies were yielding
several bands, two of which were the correct size to be HIF-1a.. The samples were run
by SDS-PAGE and the gel was silver stained. The possible HIF-1ot bands, one at 85 kDa
and one at 110 kDa, were excised and sent for sequencing. These bands turned out to not
be HIF-1a., and sequencing results did not specify what they were. Ultimately, none of

the six HIF-1o antibodies were successful in detecting HIF-1¢. in zebrafish samples.

4. Morphology

Phenotypic comparison between morphant and control embryos at various time points
(24, 48 & 72 hpf) showed no striking differences resulting from the absence of HIF-1o..
It has been previously shown that HIF-1a plays an important role in the proper
development of mouse embryos (Tyer et al, 1998), with embryos deficient in HIF-

1o demonstrating phenotypic abnormalities in many areas of the vascular system,
including defective blood vessels and myoc‘ardium, and improperly formed neural tube
(Tyer et al, 1998). Defects in the mouse embryo caused by HIF-1q. deficiency may

therefore not be visible on the surface. It follows that if the zebrafish embryo exhibits the
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same defects when devoid of HIF-1q, it may only be visible in the vascular system, and
not under normal microscopic conditions. It is also possible that these defects don’t exist

in the zebrafish embryo, and are only found in mammalian species.
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Appendix A
Gene and primer sequences for real-time RT PCR

B-actin

ggcacgagagatcttcactccccttgttcacaataacctactaatacacagecatggatyg
aggaaatcgctgccecctggtegttgacaacggetecggtatgtgecaaageecggttttgetg
gagatgatgcccctegtgetgttttccecteccattgttggacgacccagacatcagggag
tgatggttggcatgggacagaaagactcctatgtgggagatgaggctcagagcaagagag
gtatcctgaccctcecaaataccecattgagecacggtattgtgaccaactgggatgacatgg
agaagatctggcatcacaccttctacaatgagctecegtgttgeccctgaggagcaccctyg
tcgtgctcactgaggctecectgaatceccaaagecaacagagagaagatgacacagatca
tgttcgagaccttcaacacccctgccatgtatgtggccatccaggctgtgctthtctgt
acgcttctggtcgtact ,

, ggctacagcttcaccacca
cagccgaaagagaaattgtccgtgacatcaaggagaagctgtgctatgtggccctggact
tcgagcaggagatgggaaccgectgectecttettectecectggagaagagetatgagetge
ctgacggtcaggtcatcaccatcggcaatgagegtttecgttgeccecgaggectectettec
agccttececttectgggtatggaatcttgeggtatccacgagaccaccttecaactecatea
tgaagtgcgacgtggacatccgtaaggacctgtatgccaacacagtgectgtcectggaggta
ccaccatgtaccctggcattgectgaccgtatgcagaaggaaatcacctetecttgetectt
ccaccatgaagatcaagatcattgctceccectgagegcaaatactecgtetggateggtg
gctcececatcttggectecctgteccaccttecagecagatgtggatcagcaagecaggagtacyg
atgagtctggcccatccatcecgttcacaggaagtgecttcectaaacagaactgttygccacctt
aaatggcctagcaatgagattcaaacgaacgaccaacctaaactctecgaacagaacaaga
tgacatcagcatggcttctgetctgtatggecgecattgactcaggatgeggaaactggeaa
agggaggtagttgtctaacaggggagagctttceccgagaggacaacaatgtacatttet
tttagtcattccagaagegtttaccactttgecctectcacaatgggegtecatgacctt
tttgttatagtgttttatgtaaattatgtactcgatacattgtttttetttttgtacttc
agccttaaacttggececagtttgttattgttgecaatgaggggaaagetttaccttttaaa
aagtgaagatcttgcaggacttcececctagggtatgtgaataagggatgteccttgaaaatyg
taagccagggtgtctctgtacactgacaagtcaacccaaataaaacgtgcacatgtaaaa
ccaaaaaaaaaaaaaaaaaa
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Aldolase

ctgttctcectttcagcaacagagtaaagatgcctcacgettatccattectgagecctga
tcagaagaaagagctgagtgacattgctcagaggatcgttgctecegggaaagggaattcet
tgctgcecgatgagtccacaggcagcgtagcaaagegtttceccagagcatcaatgetgagaa
caccgaggagaacagacgtctgtaccggcagctgetgttecaccgetgacgacegcatcaa
accctgcatcggtggagtcatcctetteccacgagacectctatcagaagacegatgatgg
caagcttttcectectcagetgattaaggagagaggecatggtggtgggaatcaaggtggacaa
gggtgttgtgectcectggecggcaccaatggagagaccaccactcagggtectggatggtet
gtacgagcgttgcgctcagtacaaaaaagatggtgectgacttecgctaaatggegetgtgt
gttgaagatcacacccacaactccatccaatcttgeccattattgagaatgeccaatgtget
cgcccgctacgccageatctgecagatgcatggtattgtacccatecgtggagectgagat
t jacctga

280 Co Tgaagee
atggtgacggecggtcactcectgeteccataaatactcacctcaggagatcecgecat
ggctactgtcacagccecctgegecgecaccgtteccacetgetgteeccecggecatcacettecet
ttctggaggccagagcgaggaggaagcttcaatcaacctgagcaccatcaaccagtgtcc
gctgagcaaaccctgggcecctcaccttetectacggacgggececctgecaggectecgetcet
taaagcctggggaggaaagaaggagaatggcaaggcctgccaggaggaattcgtcaagag
agccgtgaacaacagcgcagcagectgtecggtaaatacgtectccaaaggagacaccggagc
agcggcaggagagtcectcectgtttgtggccaatcatgecttattaaagaaataccaacggcca
cacttcaaccggctcactcatctgttcactcatatgtgcacacacagtcatgaatcactce
tttccagcatacacactttccacaatgatataagcatcatgataggtgaccaactgataa
agatagcctgcegtttcecteccatttcagcaacttectacgtttgttttttcatctgttettt
tcaccatatattttctatatctggcataagaataaagtattaaatcatcaaaaaaaaaaa
aaaaaaaaaaaaaa
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Transferrin

caggtgtatattgctggaaagtgtggtctagttccagtcatggetgaacaatccaatt
cacaaagctgctctagtggttcaggagggaccgcaagttactacgetgtggetgttgtge
gtaagggctcaggtttaacgtggaataacctagaaggaaagaagtcctgccacactggec
tgggtcgcagtgctggttggaaaatcccagagtcagccatatgtggecgaaaaagataaat
gtacccttgacaagttctttagcgaaggctgegectectggtgetgatectacatcaaaca
tgtgtaaactgtgtaaaggcagtgggaaggctgttggagatgaaagcaaatgcaaaccct
ctgctgaggagcagtattatggectatgatggggettcaagtttcaggtgtettgecagaaa
aagctggtgatgttgecttttattaagcacactgtggtcggggactacacagatggtaaag
gaaaggactgggcaaaggatttaaagtcagaggattttgaacttatttgtccaaacacac
cagacacaacaatgaaatacactgactttgaaaagtgtaaccttgcccaagtgccagttc
atgctgtgattaccecgggaagatgcgegecagtgetgtggtgtectttttgtctgacattce
aaagcaaaaataatgaccttttcacctccaaagatgggaaaaatcteccttttcactgatg
gcactaaatgccttcaagagataaaaggatctgtggatgatttcctgacgaaaaagtaca
tcgatatgattgagaggacctacaagactagccagaatgtaccagatctggtgaaggecat
gcacttttggcaactgtattagctecctagtacctatcttacggtcaacaaacacatcaaa
cagtcagatgtgatcaggtttctgttttatatctcaaaggggatgaaatgaaattaaaaa
aatatttctccaaaaaaaaaaaaaaaaaaaaaa
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IGFBP-1

cgcaaagacagtgaggaactccacgtttcacttcatttatttatttatctatttattetg
agccgtgcetttgggatgaacagactgettectgaacttcettetgggtggecageattcageg
cactcctegecgegecggggetecgggettetecagtggtcgggcaggaacecgatecget
gcgctcecegtgetececcggageggettgecgagtgtccggeggtggatgecggetgtgagy
aggtgcettegagageccgggetgecggetgetgeectegectgtgegttgaagagaggtgace
cgtgcgggatctacactgegecetgeggetecegggetgegetgettgecgaaaccgggag
aagcccgacccctgeacgecgetcaceecggggacaageggtgtgcaccgagagececcgage
ctaaccacagccaaagcgagacagcaccagatcatcecggagtctcataacggggegacgg
cagtcaatgaaggcagctccaccgtgttegtgaccgggcacggaaagccattcega
ggatcatcactaataaagagagcatgaaggccaaagtcaacgcga Aor-

t g

t

ﬁggaatgggaagaagattcctggatcaagtgacctgccagcagatgccgagt
gtcccgaggaactcaaccactgatccgtcecacacacatgtatataacaccactgatttttt
ttttatcattatatatatttttgaaattatttatttattgttagtggtgatatttaattc
aggtacactgtttttgattggtaaactctccaaaaaaaaaaaaagaaaaaaaatgaaaaa
gaaatctatttttctgtaaagaaacgaatatgtattttacatgaagtacccacacgttat
ttatttaaatgaatgtattcattteccatatctggataagactatttatteccctatgectt
atacatatttttgtatggtgtaaatctgtatatttgctttatatctctaacttccttcag
gctcecgectttgttggaaaggaatgaaatggaaaaaaagcactgcatgaccaaacctgtttyg
tcactgtccgtacattgccatatttttatactgtatatgtttttgtattattttatattt
tactaatgattttctttatgtgtaatgaatagattgactttttactttcaaaagtattgt
ctcttcacagcttttgaaacgggtaactgectgttcecctacctetgecttctaagttgtet
tttattttaaatcaagtgggcttattatgtctgtaaattgtcttgtgttatcaaatcgat
catatttgtattgtctacatactgtggtaaatgtgttttgtttaaagecgattcaatgtet
acactgagaaaaaaagagacgttgcctcactccaaagctcatgtgtatcatatattttte
atgatttgtaattgtaagttgttgtgggtaaaaaaaacaaactatttaataaatcatctt
tgcaagcaaaaaaaaaaaaaaaaaaaaaaaaaasdaaaaaaaaaaaaaaaaaaaaaaaaaa
aaaaa
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IGFBP-2

aagaacactgacaggagccgcagcagctccagttagccgtdg
t

o ttgeggettgttgctggcattggtgacttttcacggtacegetegetcag
aaatggtgttcegetgtecgagectgecacecgeggagecgecaggecggettgececgatgetea
cggagacgtgcggagagattgtgegegagecegggetgeggetgectgtceccgtgtgtgecce
gacaagagggtgagcagtgecggegtttacacaccgagatgetceccagtggtctgeggtgtt
atcccaagceccggatteggagttgecectggagttgetggttcaagggectegggagatgcg
gacgtaaagtggacactgagcccacaggaagcgcagagcecctecgggaagtcageggtgagyg
tgcaggaccctttggatattggtctgactgaggttccteccaataaggaagcccaccaaag
acagtccatggaaagagagtgcagttettcagecaccgecaacagctgaagtctaagatga
agtaccacaaagtagaggaccctaaagcaccacatgctaaacagagccagtgceccagecagyg
agcttgaccaggtgctggaaaggatctcaaaaataactttcaaagataacaggactccce
tggaagacctttattcecctgcacatacccaactgtgacaagagggggcadtacaacctga
aacagtgtaagatgtcagtgaatggctatcgtggcgaatgectggtgtgtaaatccacaca
caggacgtcccatgcccacctetecactgataagaggtgatccaaactgecaaccagtatce
ttgacggtcaagagatggatccatctgtcgaccectceccaaactagaagtgtececgaacctt
cccatceccttacccectecttgecctttaagececctagaggagtcagtgttttaaactetceta
aacaagctacaattatatcttaagtgtgtgtagacatgtctgecgettgtaggtttgagaa
actttacacaaaacagtattgttacagttcatgtactgctcectatctgaactgatectacce
cattaaatctaagctaagagattaaatatgaccagaggactgatgttagcaggctgatac
tactaatactacttgtcctatagaaaattaacaagagatgtgtttttaacactttcacat
acttacagtagtaggtatcttgtgctaaacatgatgtacactgttattcttetttcacga
agttgctggtgctatttgtttcaatacagaaagtagggtgcacttttcacactgcacaga
acatggtaaggaaagggtttgttttggataggacagtgttctgctaataaactagtaage
tagtgccttecttcaaatgggetacacecgtttgtaataattcatttgaggttctgttaca
attgcaagtaactacttccacctggtggtgacactaaggaagagaatgcataattctgeca
taaaacctgctgcagaagtgttaaacagatttgctcctaactgttaactatttcaactac
acattgtggtttgtgcaaactgaataaacagtttaatctttctgttagatgecattgteg
cttgctattttggaccctgtgtttttcatgtacaaaaataaagaagttatttcaagaaaa
aaaaaaaaaaaasaaaaa
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Vascular Endothelial Growth Factor

gttaacatccacggcagtacgaaccagcgcgacgcaa

actttttgtttgttttgcct
ctgacgttttggattcagattcattaacgtcgctttccgttatactgtggattttaattt
taaattacgcagaggaccaagatagcgtggatttccacttttctttatattataattatt
attgttattcttatttatatcetttttttttctetggaggagegggtggeggtccagaag
ttaattttagcggattcgacgcaggtgcttcecggatctgaagggcagaacggatgtgttac
tttgacccacgatatcacactcggttcattcatacccagcagettegetttcttaattgt
ttgagagccagcgactcaccgcaacactccactggaattacaatcatgaacttggttgtt
tatttgatacagttatttctecgeggcectctectecatcectgtetgetgtaaaggetgeccac
atacccaaagaagggggaaagagcaaaaatgatgtgattcccttecatggatgtgtataaa
aagagtgcgtgcaagacccgagagctgctggtagacatcatccaggagtatccecgatgag
atcgagcacacgtacatccegtectgtgtggttcectcatgegetgtgcaggatgetgtaat
gatgaggcgctcgaatgcgtcececgacagagacacgaaacgtcactatggaggtgetgegyg
gtcaagcaacgcgtatcgcagcataattttcagetgagtttcacagaacacaccaagtgt
gaatgcaggccaaaggcagaagtcaaagcaaagaaagaaaaccactgtgagcettgectca
gagagaaggaagcgcttgtatgtgecaggaccccecctcacctgtaaatgectectgcaaattce
acacaaatgcaatgcaagtccagacaacttgagttaaacgaaagaacttgcagatgtgaa
aagccaagatgatgatcgagcgaacgccgggcagaactctgcatgaaggaaggaacttaa
ataaaaactttttaaacggacagcactttcaaaacctaaggaagaacattceccttggatga
actgcaaacactatcctgaaacgaaacactaagtgcaggagatatcatcccattgtatat
ttttaagatattaatataaagaatattatatatataaatatatatattaaatgacaatgt
gtgtcgccegetatcacctacaaataagtcaacgaagacgcectgetttegegtgtgaatggg
atatattgcagtgtcactacgtctgaggcetgtgattggacgaaacacagcgagggatgc
ataattaaagactcagccttcactgagagccagacaacctcecggacctttcetttacgaac
agtagcagactgtcaatcaaaggacaggaagtgacacattaaagattcttttecggaatc
ttcggaacagtgggtccaggageggaacaacgaatgeggaactatetttttectgtgatgt
cacttgctagggtgaattcecgtagtcgaaaagacacctgtactgactaacatccaatagga
cttggtgtgataatactaaagggatattacgtgtatgtatatatgacaaaacacacacac
aaatcagtgaacttttgacattccacattaaaaatactatagtaagtagtgtttttgaac
catactgtggtaaagtgtattatactgacgtttttttttgetgettgttcaaactactta
tttaaaattgagttgaaccaacacaattcttaagttattttgggcacaacttaattgttt
tatctttgatccacttaaatttgtaagttaagttgacttaatcggtttgtgttgggacaa
catgaagaaattgtgtggaacccagcctttttcacagtgtatattataatatcaagtact
ttactatagtgtattccaaaagcgacactgtagaattgactatagtattttgtaatgtga
aggaaacgaagtcgttctgttagtacgecggtattcataaatatatttttttttecaaaga
aagagaatattgcacacaactttaggaactggtttattaccacacgatatctgtatatac
atttctaatatccctttgtgtagttcegetgcaccttaatttaaattgttagagecagtatt
ctgtctatttaatttgatctatttatatcgtgttattgtttcatgaatctgaaaaactgt
ggacggctttttctagacagacaaacgagaggcaaaaacattcctgaaaagecgeecttttt
tagtttgtttatatcggecgatcageteggtggagaagtgttgggatgacaaacaaacatt
ctctttgtgtgccacgttttcagagtaatatatttaatggtgetgttaacatettttttt
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gtgtgtgtttttagtttattattattccgcatatttatttttaaataatattgttttgta
ttaaagcagaaatggatttcaaaaaaaaaaaaaaaaaa

Phosphyglycerate Kinase A

gggaacttacccagcactgcaccacaccagcccgagagagttttgaggcacaaaccacag

agcctgtggctgcagaactcaagaacctgctgggaaaagacgttcagttcctqaaagact
gtgtgggtccagatgtggagaaagcctgtgcagacectectgecaggatectgtecattectge
tggagaatctgecgetttecatgtggetgaggagggcaagggcaaagatgcategggtaaca
agaccaaagcaagtcaggcagagatcgatgctttceccgagectcecectgtecaaattgggty
acgtatacgtcaacgatgctttcggaactgcacatagagctcacagctetatggttggag
tgaatctcectcagaaggetgetggttttetgatgaagaaagagctagactactttgeca
tggccecttgagaaaccacagaggectttettggecatecteggaggggccaaggtcaaag
ataagattcagctgatcaacaacatgttggacaaggtgaatgagatgatcattggtggag
gaatggcctttaccttectcaaggttectcaagaacatggagatcggcactteecectgtttyg
atgaagagggttccacaattgtgaaagacctecatggccaaagcagaaaagaacggdtgtaa
agatcacacttccagtcgactttatcactgecagacaaatttgatgagaaggcaacaacag
ggaccgcaacggtagcagaaggtattcctgectggctggatgggtctagactgtggtectg
agagctcaaagctctatgcagaggctgtggccagagccaagcagattgtgtggaacggac
cecgttggecgtgttcgagtgggacaactttgctcatggaaccaagaacatgatggacaaag
ttgtagaagcgaccaaaaatggctgcatcaccattatcggtgggggagacacagctacct
gctgtgccaagtgggacactgaggacaaggtcagccatgtgagcacagggggcggageca
gtctggagctgctggagggtaaagtgctgccecggtgtecgatgececctcagtaacgtataag
tgcttcaaggctcettectgeccagaggttgagtgatcgtecteccaagaagectgtcatectac
ttagcgcttagttcagcacttctgtcacctecttggggatgcaaatgacaactactceccact
ctctatgaacggccaacagtacatgctagactctgacccatactectttcagtttgegttt
cttctgtcaaattactttaagaagtttccatctgcaaatggctgacgttggecagcaatta
gttgtgatggctctatttgagagatgggtcatttgttttaccggagtaagtgttaatgtyg
tgtccecacttgtagtctgaacgtgegettteggtgtaaacggttgtgttgtaattctaaa
gtttattacttgatatttgtggccttceccacagatgttgagttgttgttgtaatactgta
gacactttcctecccataatgcacttgtcatecctecgacectgecagettgtgagatagatgt
ttcgcactggaattgttatgaggggctaatgttagacccagaccacctgtecgtagagtaa
aaactaaaataataataattaaaatacatattataaaaactgaaaaaaaaaaaaaaaaaa
aa
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Lactate Dehydrogenase

gccccttectcacatcaccagtgeggaaaaaaaagtcacagetgagacattcecageccat
cctactctgaattacacagtcaaatatcaactatccacagttgaagatggcctcaacaaa
ggagaaactcattgctcacgtgagcaaggagcagcectgetgggeccacaaacaaggtgac
agtggttggtgttggaatggttggaatggctgececgeegtcageatcettctcaaggatet
gaccgatgaactcgcccectggtggacgtgatggaagataagectgaaaggagaggctatgga
cttgcagcatggaagcctgtttctcaagacgcacaagattgtagecggataaagattacag
tgtgaccgcaaactcaaaagtggttgttgtgaccgetggagectecgtcagcaggagggtga
gagccgcctgaaccttgteccagaggaatgttaacattttcaagttcattateccaaacat
catcaagtacagccccaactgcatcecttttggtggtttcaaatcctgttgacattttgac
ctatgtggcctggaagectgageggtttgececcaggaaccgtgtgattggcagtggcacaaa
cttggattctgctcegtttcecegetacttgatgggagagaagttgggaattcatcecatctag
ctgccatggttgggtcgttggagaacatggagactccagcgttcctgtgtggagtggﬁgt

g : : agtatctt
gaagaacatgcacaaatgtcacccagtttctactttggtcaagggaatgcatggtgtaaa
tgaagaggttttcctaagtgtgecttgcattcectgggtaataatggectgacagatgtegt
ccacatgaccctcaaaccagaagaggaaaaacagttggtgaagagcgeecgagaccttgtyg
gggtgttcagaaggagctgaccctgtgaaccgecggtetectecaaaatgtagecacaaat
tgcaaacctcaatgagtcctgectatctgtctectcacctcataaacctttaatgectgt
taagattagataactccatgtcactegcagaccattagataacactcecttgtgttagtga
ttttaacttcaaagggataatttattcectgttgtetctacaaaacaatcageccettagtga
aagtgtgtgtgtctatatgcatattatggtctattcaagaaaagagcacttgtaagatgt
acaattgcagactcttattgtattcecgttetgaggtcagectagcatcegaacttgectece
tgcatcaagcaatgggtcatttaccacaagcaaacttcatggtaatatcaatcctatttt
gttggagaacacaaaaagtttttgtttaatttacattattattataaaatgttttgacct
aaaaaaggatggatatccttatttatgaaaagtatctgtgtgattaatattctatttatt
aaatgcaaccatgtatcttacaatgggcctataataatttgtaatttctaaattaaatgg
ttcatattgttttaaaaaggttaaagttaacaaagtgactttataaaccatcctgaattt
acagttgtaatggtttaatgaatggacaaataagtttccaacatgagtgaagtccattga
ccaccatagcagagcctctgaacaaaaaaaaatttttatttatgaactgettaaggtatt
tgaatagatgttgacaaatacatgctgagagtgcatgtaaccaaactcaataagggaaat
acagtagtgcaaatgatggtaataactatatcaccccaactactcegtgttaagtccacac
tatatgtatcatctgaaaaaatgctgttgtcagtgtatttttgtggegttgtgtttatca
gaacaacaaagcgctcectateccaggtggtaaaacacagcagtggttttagettttacttg
aaatgtgtgattgtagaattaagacacagcccgactgaataaacattgtgactatct
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Prolyl-4-hydroxylase A

acatccacatcagatcctgaaggecttcecctggetcaceeggtgaacgecttataaactgatyg
aagagactcaacacagagtggtccgagttagagagcctggtgettcaggaccegtctg
ggcttcatctceccaacatgtcggtgcacagacagtatttcccagatgagyg;

. ~ cgactgcttc
gacatggggaaaatggcctacaacgacaacgactactatcattcagtgctgtggatgcag
cagtcgctcagacagatggactctggagaagaggccaaaacaccgaaagcagatgtgetg
gattatctcagttactctgtctatcagatgggggatctgccacgagccategag

Enolase

gatcgcaaggctacacgcactga

LEeagl ggt cgg cgaggctctagaactcega
gacggagacaagagccgctataatyg aaaggtgtactgaagg tgtecggacacattaat
gacactctcecgggccageccatcattgcatctgagataagtgtggtggatcaggagaaactyg
gacaacatgatgatcgaaatggacggcacagagaacaaatcccagtttggtgctaacgec
atccttggagtgtctcecttgeccatetgcaaggeeggtgcggecagaaaaaggegecceectyg
taccgtcatattgctgatctggcaggaaacacagaactagtgectgecagtteectgegttt
aatgtgatcaacggaggctcacacgctggaaacaaactggceccatgcaggagttcatggtt
cttcctgtgggtgcggagtcttttcgtgatgcgctgcgggtcggagctgaactttaccag
accttgaaaggtgtcatcaaggagaaatatggecaggatgecaccaatgteggggatgag
ggaggtttcgcgccaaatatcctggagaacagtgaagcgctcecgagttgataaagacagec
atagacaaggccggattcacagataaagttgtgatecgggatggatgtagcagegtetgag
ttttaccgtgaagggaagtacgaccttgacttcaagtcgecctccaaatgcagacagacac
atcagcagcgacgagcttctagagatctaccagacgttcatcaacgacttteceggtggtg
tccatcgaggaccegtttgatcaggatgactggccecgecttggactaacatgacaggctcg
gtggggatccagatcgttggcgacgacctgactgtcacaaacccaaagaggatagagaag
gcagcagaggaccgtgcegtgcaactgcecctgectgectgaaggtcaaccaaateggetectgte
acagaggccatccaagcatgtaagctggctcaggctaacggatggggtgtgatggtcage
Caccgctccggagaaacagaagacacttttatcgctgatctagtggtgggactctgcact
ggacagataaagacaggagctccatgtagatctgagecgtctcgecaaatacaaccaacta
atgaggattgaagaggaactggccgatcaggctcgattcegeecgggcacaacttcagaaac
cccagcgctctgtgatatcgacatcaacacactgaaaaaaaaaaaaaaaaaaaaaaaaa
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Erythropoietin

cagatatctaatcagactgaagtgcttcagtctcacatagatgccagtattagaaacatc
gccagcatcagacaagtgctgegaagtctcagecataccggaatatgtacctceccaaccagt
agtggagaagacaaggagacacagaaaatatcctcgatctcagagctgtttcaggtccat
gtcaactttcttcocggggaaaagcgegtctgetgetegeccaatgecacctgtetgtecgacag
ggtgtcagctga
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Appendix B

HIF-1 sequence alignments

Zebrafish HIF-1o. nucleotide sequence

ctgcaccgac
accattctga
ggcegttttce
tttctggcect
gatactggag
agggatgcag
cagctceccecc
accatcagct
gagaatgagc
atggtcctgt
ggcctcacac
catgaagagt
aacacagagc
gtcaatatca
gagggcagcg
ctecatctgtyg
ttcectecagee
ctgatgggat
cttgattcag
acaggccagt
actgtaatct
ctcagtggca
aaggctgttg
aagctcttca
ctgaaagagg
tctectggact
aatgatgtca
cccagegact
agctctgect
tcttegggge
gaattcaaac
ttttccaccc
gatgacgact
tctgtgtcag
tcatctacca
ctgctgcagyg
cctgttcecgat
aagatgttag
tctgaagctyg
aagagagcga
ctcatactge
ggcctceccectce
catctgettc
cttttagcaa
ttgtetectt
tgtactagac
catccccagt
caagagttaa

cggtgccaaa
cactttcaac
tttaataaac
cgceggttcgag
ttgtcactga
cgcgatceteg
tgccacacaa
acctgegeat
tggaaagtca
ctgaggatgg
agtttgatct
tgagagagat
gtagettctt
agtctgcgac
aggcttcaga
agcccattce
gccacactct
atgagccaga
atcacctcac
accgcatgcet
acaaccccaa
ttgtagaggag
agaaagaaag
agccagaaag
agccagaggc
tcaacaactc
tgctgectte
ccatcccagce
ctgatcgtgt
ccaacagccece
tcgacctggt
agecccatgga
tccagectgcg
ccatgagctc
gcagcacagt
aggtgtgcag
ccagcaccecc
ccttccaaaa
ttggactggg
aggttttaga
cctctgatgt
agctcacacyg
agggagagga
ctgcggacac
ttatcccaag
ctgcaccttce
gtgtgcaggg
gagccttaat

caaatgattt
ataccacacg
gcgtttttat
agaaaaccta
aaagaaaagg
caggggaaag
tgtcacgtct
gaggaagctg
gctgaatggce
agacatggtt
gaccggtcac
gctegtccac
cctgeggatg
gtggaaggtt
agactctggce
tcatcectcg
ggacatgaag
tgacctettg
caagacacat
ggctaagaaa
gaattctcayg
ggatgtagtc
tgaggagact
cctecaattge
cctcactgtg
agattctgac
tagcagtgag
tctgaccaaa
gccagacccce
catggattac
tgagaaactg
ggatctegac
catcccatct
tttattccaa
gaagcaggag
tgcacctgtc
acagagcagc
tatccagegt
tgctttgett
ggtgaaaggg
ggccagtcgt
ctacgactgc
gctgectgegt
tctteececce
ccctaatatt
cattgatgtg
cctgcagaca
gtgaaatgca

(GenBank Accession AY326951)

gaccttcage
agacctgacc
ttgttagcaa
acacatactg
gtgagctcgg
gagtctgagg
cacctggaca
ctcaattceg
ttttatctga
tatctctctg
agcatctttg
agaacaggat
aagtgcacac
cttcactgeg
tttaaagagc
aacatcgagg
ttctecatact
aacagatcag
cacaacctgt
ggtggttttg
ccgecaatgceca
ctgtcecttge
gaggaaaaga
tcattggaaa
ttggcacctg

-atacagctgce

aagctgccac
ctagagactg
acaaacacac
ggtttcccag
tttgctatty
ctagagatgce
ccactggatc
ccettacccet
gcgtcatcecce
tcgeecttcea
agtcagctca
aagaggaagc
cacagtgtgg
tccagtgtge
ctgttgagca
gaagtcaacg
gctctggacc
ctctececgaa
ctctaaaaac
aacaggagcc
caggaacgta
caactcgceccce

gaaccggagg
cggattatta
aaggtggcca
agtggtttca
agcgcaggaa
tgttctacga
aagcctccat
atgaaaaaga
aggcccttga
agaatgtcag
aattttcaca
ccaaaaagac
tcactagcag
ctggtcatgt
ctcctgteac
tgccattgga
gtgatgaaag
tgtacgagta
tcgcaaaggyg
tgtgggttga
ttgtgtgegt
agcagaccgt
cctcectgaatt
gctctacact
cagcaggcga
tgaaggaggt
tcagcectate
gaggagagga
ccteccacate
tggaaccaga
ataccgaagc
tggctectta
cgctecctte
cctcecgecage
gggcccctte
gtggcagtcg
acaacagaga
tgaacgaagt
acagtgctat
tcgggggaaa
gttctctaga
cteccecgtgea
aagtcaactg
ccectgaaat
cccagtgttt
cagagggagt
ccgatactca
tgacacacag

gttgatcttt
gttegegtcet
cgteccttgat
cccaggaatg
ggagaagtcc
gttagcacac
tatgaggctc
ggagaaggaa
gggtttccte
caagagcatg
cccatgtgac
caaggaacaa
aggacgcacc
tcgggtgcac
ttaccttgtg
cagcaagacc
gatcacagag
ctatcacgcce
ccaggccacce
gactcaggcc
caactacgtt
gactgagccc
ggatattctt
ttataataag
cgccattatce
gcccctcectac
tcctctcaca
cttcecettte
tggactcggce
catcagttct
aaagacacct
catcccaatyg
tgccactcac
atctccagcc
acccctacac
ggatgcctca
aatgtctcca
gacgtecgett
agaccctgga
caaaacaatt
gggcagcggc
ggaccgccac
agctctgcectg
ctgcctecac
taaaacgaaa
cagtccatce
acagtggcat
atgcagatgce
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gtacaatcca
ccteecgetg
caataatcta
tttacggatg
tctectetet
aatggttaaa
actttcagtt
agaatgtgca
tttttttgte
atttttagtg
gtaataagtc
catttatccc
cagacaactt
cgagtatttt
ttgttattgt
ttaacactaa
tgtgatgtat
ttattcaaag
tgtgectttat
taacaactaa

cceccaccac
tgttttatcg
ttttcttaag
tgtactttta
ttcattgtgt
aatgctgttg
ttctcttgaa
aaaaaaaaaa
tcaaagaggt
gtctgttttg
atagctggta
agtttttcceca
ttgttttett
atgacctttt
aatcttctgt
atgtattgtt
gtttcaattt
tacactgaaa
tcctatttcet
acattaaaca

ccaaaaactce
ccececactee
acagaatacc
atgaaatatc
agcggttatg
gatgtttgtg
cggcacagac

agggaattca

tgaaacagat
tttagttcta
accatttctc
aatatttata
catgetttca
atcttgtttt
tcatttatcet
tattgcataa
tcatattgtt
tgtaattagt
gaattattac
tcactecggtt

Zebrafish HIF-20. nucleotide sequence

caaaacaagc
gtgggagact
ggactttaca
ggtttggtge
aacggcgcga
aaatctcgtyg
gctcatcatc
agactggcta
actgaaatga
tttattacag
ttcatgggte
tgtgaccatg
aaggagttga
gggcgceacceg
aaggtgtgta
tgtgtggtca
agcaagacat
gttacagagt
taccatgctc
caggcagtga
acccggggta
aactacgtgce
ctgttcaagc
ccagctgatt
cctacacctg
acagtgtaca
cacaggacaa
tctgcacctc
gatgattact
tcettggaca
gacttggaga
atctgtececgg
agcaacatca

gagttactcc
gtacaatcct
gcaatttcac
gtgtctttge
tgacagctga
atgcegegeg
ttececttece
tcagcttcct
cagatgcaga
tggtaacatc
tcactcaggt
aagagatccg
gcacagagag
tcaaccttaa
acggctgcecce
tgatgtgcga
ttctgagtceg
tgatgggcta
tggatgctga
gtggtcagta
ccgteatcta
tgagtgacgt
ctcacaagtt
tgctcttcac
gtgacaccat
acaaagtgtc
gctactctgg
caagtagtgc
acacccctgt
cgcaagaggc
cactggctcc
aagagccgcce
caagcectctt

ctcaccgcga
cagcagtgtt
gttcagctgt
acggagagct
gaaagagaag
ctgcagacgg
acacagcatc
gcggacacge
cagactcatg
agatggagac
ggagctaaca
cgagaacctc
ggatttcttce
gtcagccagce
agcacgagtt
acctattgtce
ccacagcatg
caatcctgaa
aaatgtcacc
caggatgttg
caacagccgc
tgaggagaaa
gaatggtttc
caaactgaaa
catctctett
ttcagttgca
agaaatggecc
aactcccagce
agacagtgac
aaagacttcc
ctatatcccce
atctgagatt
ccaacccttyg

cctetggatce
caaagcgtgt
agcagtccat
gaactgttta
tacgagttct
agtgttgctt
gaattgtaaa
gaatcattct
ttctagttta
tgtggtagac
tgcgttttag
atggcattag
gatgaatgtc
acgatagaaa
ctacagtctt
tcagtaaaag
tttttttttt
tcataaagtc
ataaatgtct
aaaaaaaaaa

tccgactttyg
gtattgtage
gcaatatata
tttttttece
gtgtttgcac
ttcatcgeat
agagccattg
acggtgttcet
attatgcaat
gcttaaggta
atcatgcaaa
aacagaaaag
ggcctgttga
aagaaataca
cagtcttcta
gcaattgtgg
taatttatat
acttgaatgc
ttgtttttac
aaaaaaaaa

acctaaaaag
tacagtcgca
cgaaaccatt
cccteeccte
tcaaaggctc
cgatattttc
aaagtgatgg
cattgatggc
agatttttat
attcacgctt
gctgaagcat
cttagtttga
caatgtcctg
tttttgttag
ttcaactctce
accagacatt
atatatcaag
acttctataa
tgtcctggaa

(GenBank Accession DQ375242)

cgagcecctcac
ctgagactgt
gcgtegttcea
ggtcctgttg
aagaggtgca
agtaaagaga
agctcacatt
aaactcgtca
gacagttggt
atgatcttcet
ggacacagca
agcctcaaag
atgagaatga
tggaaggttc
ctgtgtggtt
catccatcaa
gacatgaagt
gatcttctcg
aaaagccacc
gccaagaatg
aactcccagc
tccttgatct
ttcagtccaa
gaggagcctg
gactttggtc
ccgactgtcet
aagatggcca
ctaagcagct
ctaaaggttyg
cacaaccaag
atggatggtg
ggaaccctgg
agttcacctt

cgcgcecttgga
acagtcgctt
ctttaacgceg
cactgcggga
gctcagagcy
cagaggtgtt
tggataaagc
actcaggcta
atctgaagtc
tatcggagaa
tcttcecgactt
ccggcattgg
aatgcacagt
tacattgcac
ttaaggagcc
acatcgacac
atacttactg
gacgatctgc
agaacctgtg
ggggctatgt
cccagtgecat
ttggagacca
aagaagccct
aagatctcac
agtctcagta
ctcaccctgt
ccactttecte
gctctacgece
aattgacaga
agactgactt
aggatttcca
gaaccaacca
cagcagctca

ttttacaaaa
ttgccttagt
tgtttgcggt
attacgcgag
gcgtaaggag
ttatgaactg
gtccatcatg
caatactccc
actcggtggc
catcaacaaa
cactcatccc
aaagaaaggc
cacgaatcga
gggtcatcta
gccgctcact
gccgetegac
tgatgaaagg
gtatgagttc
cactaaaggc
gtgggtggag
tgtgtgcgtyg
gactgagtct
gggcagcgat
gcagctggca
tgaggagcac
tcatgatgge
tgtgcctcaa
cagcagcccea
gaaactgttt
gagtgatctg
gctcaatccce
gcagtgcttc
ttaccagccce
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aaaatgagtt
cctgttecectt
ccgetgtect
agcaaggctg
aatcgaatgg
acaagtccag
atggcagaga
agctgtgcag
cataatggag
caaccgacaa
tcctceccaaaa
ctgcctgaac
ttgctgcagg
actagcacac
acctgacgat
tcacggtegce
tctacatctt
cttaagtatt
gcttgacgga
atcaacatca

caggagggga
acagcaggggd
caatgggagg
gaatgatgga
caccttttat
ctcgacttgce
caccacctac
tcatggaaag
gcatggacca
aacactaccg
tggatggaat
tgacgcgtta
gcagtgacct
agaaatgcayg
aactatccca
atcacagtca
cataaattat
tttggaggag
taattttgct
gacaaaaaaa

caagcagaac
tcecatgecag
gcgtcagaat
tcetttaget
gcaaaggcct
tcttgctaac
taagtctcaa
gaaatcactc
ccagcacagg
agaacagttc
cgcgagecgt
cgactgcgag
cctaagagca
tccggcttta

getttaacac

tgactgtatg
atacatgtac
tttaaatgtt
gaaactgttt
aaaaaaaa

atcaatggag
atgcctccat
ctccaatggce
gcaaagcgct
atggagaact
agtttcaaac
cagacagtgt
agcagtagct
aagagccagt
tgtaactaca
cttatcgggc
gtcaatgtcc
ttagaccagg
ctgacccgtt
acttectagge
acaaatgtag
tattttttta
gegttgtegt
tcaacatgtt

gectetgtgga
accatgatcc
cgcecegaccee
cttgccaagg
ttgtgcagaa
gctcattctc
ggaagaaact
tgtcagacaa
actcgggtaa
gagagttcaa
cctecttega
cgttgcaagg
cgacttagac
cactcatctc
aggcttgtgt
ctttgatttt
gttgcaagta
ttttggeegg
ctactctagt

gtcatggcca
cgccagcaca
tcetttacee
catgccagca
ctacagagat
acagatggcece
tcggcatgag
aagcatggcc
tcagaacgga
catgcagcct
gacctactca
caatcttcat
cgttttctac
actgtcacca
ataaacccge
atctgtattg
agttgatgaa
ctgtctetet
cggtttectet
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Zebrafish HIF-10. amino acid sequence (AY326951)

MDTGVVTEKKRVSSERRKEKSRDAARSRRGKESEVFYELAHQLP
LPHNVTSHLDKASIMRLTISYLRMRKLLNSDEKEEKEENELESQLNGFYLKALEGFLM
VLSEDGDMVYLSENVSKSMGLTQFDLTGHSIFEFSHPCDHEELREMLVHRTGSKKTKE
ONTERSFFLRMKCTLTSRGRTVNIKSATWKVLHCAGHVRVHEGSEASEDSGFKEPPVT
YLVLICEPIPHPSNIEVPLDSKTFLSRHTLDMKFSYCDERITELMGYEPDDLLNRSVY
EYYHAILDSDHLTKTHHNLFAKGQATTGQYRMLAKKGGFVWVETQATVIYNPKNSQPQC
IVCVNYVLSGIVEGDVVLSLQQTVTEPKAVEKESEETEEKTSELDILKLFKPESLNCS
LESSTLYNKLKEEPEALTVLAPAAGDAIISLDFNNSDSDIQLLKEVPLYNDVMLPSSS
EKLPLSLSPLTPSDSIPALTKLETGGEDFPFSSASDRVPDPTNTPSTSGLGSSGPNSP
MDYGFPVEPDISSEFKLDLVEKLFAIDTEAKTPFSTQPMEDLDLEMLAPYIPMDDDFQ
LRIPSPLDPLPSATHSVSAMSSLFQPLPSSPASPASSTSSTVKQEASSRAPSPLHLLQ
EVCSAPVSPFSGSRDASPVRSSTPQSSSQLNNREMSPKMLAFONIQRKRKLNEVTSLS
EAVGLGALLHSVDSAIDPGKRAKVLEVKGSSVLGGNKTILILPSDVASRLLSSSLEGS
GGLPQLTRYDCEVNAPVQDRHHLLQGEELLRALDQVN

Rainbow trout HIF-1o amino acid sequence (AF304864)

MDTGVVPEKKSRVSSDRRKEKSRDAARCRRGKESEVFYELAQEL
PLPHSVTSNLDKASIMRLAISYLHMRNLLSTDNEEEQEEREMDSQLNGSYLKAIEGFL
MVLSEDGDMIYLSENVNKCLGLAQIDLTGLSVFEYTHPCDHEELREMLVHRTGTSKKS
KEPNTERSFFLRMKCTLTNRGRTVNVKSATWKVLHCSDHVRVHESPAEQIPGGHKEPS
VPYLVLVCDPIPHPSNIEAPLDTKTFLSRHTLDMKFTYCDERITELMGYDPEDLLNRS
VYEYYHALDSDHLMKTHHNLFAKGQVSTGQYRMLAKRGGFVWVETQATVIYNNKNSQP
QCVVCVNYVLSGIEEEKMMLSLEQTEDMRPVKKELEEEESSEPEVSPVLLKEEKSPEL
DVIKLFTRAVETQPLSSLYDRLKEEPEALTLLAPAAGDTIISLDFSSPDSDILQKEVP
LYKDVMLPSTSDKLALPLSLLPPSDQHLVPNTSVDTTEVSTGPDSSSTPGSHSFTEPD
SPLDFCFPMESDINAEFKLDMVETLFAINPEPKTPFTLQAMEDLDLEMLAPYIPMDDD
FQLRTLSPEEPLSCGPAQPLECSSLCSSVRLTQEVHSYPGSPFNAPGSLTASPALAAS
PALAAPEPADSPCPASLLTKTVPQMDREISLRSLASQNAQRKRKMSLSQAVGIGGLLQ
DHPGPGKKLKVSELSHADAPFNRTILLLPTDLASRLLGISSEGSGSPFTLPQLTRYDC
EVNAPVGGRQLLLQGEELLSALDQVN

Common Carp HIF-1a amino acid sequence (ABC24677)

MDSGVVTEKKRVSSERRKEKSRDAARSRRGKESEVFYELAHQLPLPHNVTSHLDKASIMRLTISYLRMRK
LLSSDEEEKENELDCQLNSFYLKALEGFLMVLSEDGDMVYLSENVSKSMGLTQFDLTGHSIFEFSHPCDH
EELREMLVHKTGSKKTKEQNTERNFFLRMKCTLTSRGRTVNIKSATWKVLHCAGHVRVQESSEDSGDSGF
KEPPLTYLVVICEPIPHPSNIEVPLDSKTFLSRETLDMKFSYCDERITELMGYEPDDLLNRSVYEYYHAL
DSDHLTKTHNNLFAKGQATTGQYRMLAKKGGFVWLETQATVI YNPKNSQPQCIVCVNYVLSGIVEGDVVL
SLQQTMTEPKAEEKENQEMEDEASEVHILKLFKPESLKCPVKSSELYEKLKEEPEALNVLAPSAGDTIIS
LDFNNSDSDMQLLKEVPLYNDVMLPSSSEKLPISLSPLTPLDYAPVLTKLETGAEDFPFCSASDRGPDST
NSSSTSGLGSSVPNSPMEYCFQVDSDISSEFKLDLVEKLFAIDTEAKTPFSSQOAMEDLDLEMLAPYIPMD
DDFQLRIPSSLDLLPPGPHSVSAMSSLFQPLSSPVSPASSSSSSVKQEHSSQAPSPLHLLKEVCNAPVSP
FSGSRDVSPARSPTPKSSNQLNNRELSPKMLAVONAQORKRKLEEVTSLSEAVGLNALLQSVDSAIAPGKR
ALVLELKGSGVLGGNKTILILPSDVASRLLCSSLESSHGLPQLTRYDCEVNAPVQODRHHLLQGEELLRAL
DQVNWS
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Human HIF-1o amino acid sequence (NM001530)

MEGAGGANDKKKISSERRKEKSRDAARSRRSKESEVFYELAHQL
PLPHNVSSHLDKASVMRLTISYLRVRKLLDAGDLDIEDDMKAQMNCFYLKALDGFVMV
LTDDGDMIYISDNVNKYMGLTQFELTGHSVFDFTHPCDHEEMREMLTHRNGLVKKGKE
ONTQRSFFLRMKCTLTSRGRTMNIKSATWKVLHCTGHIHVYDTNSNQPQCGYKKPPMT
CLVLICEPIPHPSNIEIPLDSKTFLSRHSLDMKFSYCDERITELMGYEPEELLGRSIY
EYYHALDSDHLTKTHHDMFTKGQVTTGQYRMLAKRGGYVWVETQATVIYNTKNSQPQC
IVCVNYVVSGIIQHDLIFSLQQTECVLKPVESSDMKMTQLFTKVESEDTSSLFDKLKK
EPDALTLLAPAAGDTIISLDFGSNDTETDDQQLEEVPLYNDVMLPSPNEKLONINLAM
SPLPTAETPKPLRSSADPALNQEVALKLEPNPESLELSFTMPQIQDQTPSPSDGSTRQ
SSPEPNSPSEYCFYVDSDMVNEFKLELVEKLFAEDTEAKNPFSTQDTDLDLEMLAPYI
PMDDDFQLRSFDQLSPLESSSASPESASPQSTVIVFQQOTQIQEPTANATTTTATTDEL
KTVTKDRMEDIKILIASPSPTHIHKETTSATSSPYRDTQSRTASPNRAGKGVIEQTEK
SHPRSPNVLSVALSQRTTVPEEELNPKILALONAQRKRKMEHDGSLFQAVGIGTLLQQ
PDDHAATTSLSWKRVKGCKSSEQNGMEQKTIILIPSDLACRLLGQSMDESGLPQLTSY
DCEVNAPIQGSRNLLQGEELLRALDQVN
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Zebrafish/Rainbow trout HIF-1o amino acid sequence alignment

63.4% identity

Zebrafish 1
Rainbow 1
Zebrafish 60
Rainbow 61
Zebrafish 120
Rainbow 121
Zebrafish 179
Rainbow 181
Zebrafish 239
Rainbow 241
Zebrafish 299
Rainbow 301
Zebrafish 359
Rainbow 361
Zebrafish 407
Rainbow 419
Zebrafish 466
Rainbow 478
Zebrafish 526
Rainbow 528
Zebrafish 586
Rainbow 588
Zebrafish 646
Rainbow 645
Zebrafish 706
Rainbow 693
zebrafish 763
Rainbow 752

MDTGVVTEKK-RVSSERRKEKSRDAARSRRGKESEVFYELAHQLPLPHNVTSHLDKASIM
MDTGVVPEKKSRVSSDRRKEKSRDAARCRRGKESEVFYELAQELPLPHSVTSNLDKASIM

hkhkkdkk khkk khkhh khkkkhhhhhhdk khkhkkhhkkkhhhw khkkkk Hhkk KAkKXKIKRK

RLTISYLRMRKLLNSDEKEEKEENELESQLNGFYLKALEGFLMVLSEDGDMVYLSENVSK
RLAISYLHMRNLLSTDNEEEQEEREMDSQLNGSYLKAIEGFLMVLSEDGDMIYLSENVNK

*k hhkkkh kk Kk*k * k& kKo k *hhhk dkdkkh hakdkddkokobokdd kknnAk &

SMGLTQFDLTGHSIFEFSHPCDHEELREMLVHRTG - SKKTKEQNTERSFFLRMKCTLTSR
CLGLAQIDLTGLSVFEYTHPCDHEELREMLVHRTGTSKKSKEPNTERSFFLRMKCTLTNR

**k ok kkkk k Kk Akkkhhkhkhhhkhkhhhkdrhdhr *wkhk kk hhkhkdkdhhkdkdkdrhdorkkx *

GRTVNIKSATWKVLHCAGHVRVHEGSEASEDSGFKEPPVTYLVLICEPIPHPSNIEVPLD
GRTVNVKSATWKVLHCSDHVRVHESPAEQI PGGHKEPSVPYLVLVCDPIPHPSNIEAPLD

*hkhhkdh Kdkkkhkdhkkhhkx *hkkkkk * dhkk k khkkk k hhkkhkhkxkkhkd khkk

SKTFLSRHTLDMKFSYCDERITELMGYEPDDLLNRSVYEYYHALDSDHLTKTHHNLFAKG
TKTFLSRHTLDMKFTYCDERITELMGYDPEDLLNRSVYEYYHALDSDHLMKTHHNLFAKG

kA KAA A A I hd* khhhkkkhhhkhkdk % dhhdhkhkdbhkkrhrhhkkhdd hkdhkhrhkhkd

QATTGQYRMLAKKGGFVWVETQATVIYNPKNSQPQCIVCVNYVLSGIVEGDVVLSLQQTV
QVSTGQYRMLAKRGGFVWVETQATVIYNNKNSQPQCVVCVNYVLSGIEEEKMMLSLEQTE

* hkhkdkhkhkdk Fhddhhhhhhrkhkddh hhkhhkddd dhdhdrkhdkdx & *kk  hk

T-EPKAVEKESEET---~~------ EEKTSELDILKLFKPESLNCSLESSTLYNKLKEEP
DMRPVKKELEEEESSEPEVSPVLLKEEKSPELDVIKLFTRAVETQPL- - SSLYDRLKEEP

* * k k* * % Kk * k %k * ok k * * kk * Kk k ok k

EALTVLAPAAGDAIISLDFNNSDSDIQLLKEVPLYNDVMLPSSSEKLPLSLSPLTPSDS -

EALTLLAPAAGDTIISLDFSSPDSDI - LQKEVPLYKDVMLPSTSDKLALPLSLLPPSDQH

khkkk kkhkhkhkkdk kkkkkk *hkhkdh Kk dkkkdkk khkhkkkk Kk Kkk *k kk Kk *kk

IPALTKLETGGEDFPFSSASDRVPDPTNTPSTSGLGSSGPNSPMDYGFPVEPDISSEFKL
LVPNTSVDT---~----- TEVSTGPDSSSTPGSHSF- - TEPDSPLDFCFPMESDINAEFKL

* * * % * % * k% k *k ok kk %k ke ke

DLVEKLFAIDTEAKTPFSTQPMEDLDLEMLAPYIPMDDDFQLRIPSPLDPLPSATHSVSA

DMVETLFAINPEPKTPFTLQAMEDLDLEMLAPYIPMDDDFQLRTLSPEEPLSCGPAQPLE
d o kk kkkk ok kkkk ok kkkkkkhkkkkkhkkkkkdkkkk k% kX

MSSLFQPLPSSPASPASSTSSTVKQEASSRAPSPLHLLQEVCSAPVSPFSGSRDASPVRS
CSSLCSSVRLT--QEVHSYPGSPFNAPGSLTASPALAASPALAAP-EPADSPCPASLLTK

* ok ok * * * Kk * % * * %

STPQSSSQLNNREMSPKMLAFQNIQRKRKLNEVTSLSEAVGLGALLHSVDSAIDPGKRAK
TVPQM- -~~~ DREISLRSLASQNAQRKRKM- - - - SLSQAVGIGGLLQDHPG- - - PGKKLK

* % *k K k*k Kkk hkkhkk khkk kkk *k %k * %k *

VLEVKGSSVLGGNKTILILPSDVASRLLSSSLEGSGG- ~ - LPQLTRYDCEVNAPVQDRHH
VSELSHADA~PFNRTILLLPTDLASRLLGISSEGSGSPFTLPQLTRYDCEVNAPVGGRQL

* % * *hkhk kk Kk khkhkk * kkkk khkhkhhkdkkkkhkkhhk *

LLQGEELLRALDQVN
LLOQGEELLSALDQVN

kkkhkhkhhk kxxkkk
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Zebrafish/common carp HIF-1o amino acid sequence alignment

88.5% identity

Zebrafish
Carp

Zebrafish
Carp

Zebrafish
Carp

Zebrafish
Carp

Zebrafish
Carp

Zebrafish
Carp

Zebrafish
Carp

Zebrafish
Carp

Zebrafish
Carp

Zebrafish
Carp

Zebrafish
Carp

Zebrafish
Carp

Zebrafish
Carp

1
1

61
61

121
119

181
179

241
239

301
299

361
359

421
419

481
479

541
539

601
598

661
658

721
718

MDTGVVTEKKRVSSERRKEKSRDAARSRRGKESEVFYELAHQLPLPHNVTSHLDKASIMR
MDSGVVTEKKRVSSERRKEKSRDAARSRRGKESEVFYELAHQLPLPHNVTSHLDKASIMR

dk kkkkhkhkk Ak k kb kb khhh bk dkhhkhkkkdkhkhhhhhhhkhhhhhhhdrhhkhdkkdr

LTISYLRMRKLLNSDEKEEKEENELESQLNGFYLKALEGFLMVLSEDGDMVYLSENVSKS
LTISYLRMRKLLSSDEEEK- - ENELDCQLNSFYLKALEGFLMVLSEDGDMVYLSENVSKS

hhkhkkkdkkhhhhkk hxk & LE X hhkhk Ihkkhkkdhhkhkhkdkdrhkhkdrhkdhhddrrhbhhd

MGLTQFDLTGHSIFEFSHPCDHEELREMLVHRTGSKKTKEQNTERSFFLRMKCTLTSRGR
MGLTQFDLTGHSIFEFSHPCDHEELREMLVHKTGSKKTKEQNTERNFFLRMKCTLTSRGR

Yhhhkdhkkhkhhhkhkrhhkhhhhkhhhhkhhhhhdd Hhhkhkhrhdkdddxdx *ddhkdkrhrhdddrdd

TVNIKSATWKVLHCAGHVRVHEGSEASEDSGFKEPPVTYLVLICEPIPHPSNIEVPLDSK
TVNIKSATWKVLHCAGHVRVQESSEDSGDSGFKEPPLTYLVVICEPTPHPSNIEVPLDSK

Ihkhkhkdhkhhhhkhdhhkhhhkxdx * *k %, hhkhkhkdkdhkk *hkdkdx Fhhkhkdkddhhhhhhdhhhhdd

TFLSRHTLDMKFSYCDERITELMGYEPDDLLINRSVYEYYHALDSDHLTKTHHNLFAKGQA
TFLSRHTLDMKFSYCDERITELMGYEPDDLLNRSVYEYYHALDSDHLTKTHNNLFAKGQA

khhkhkhkhkhkhkkkhhhkhhkrkkhrhhhhhkkhhrhkdrddhkhhddhhhrrkhhdhkhhhdkd dhdrdhdk

TTGQYRMLAKKGGFVWVETQATVIYNPKNSQPQCIVCVNYVLSGIVEGDVVLSLQQTVTE
TTGQYRMLAKKGGFVWLETQATVIYNPKNSQPQCIVCVNYVLSGIVEGDVVLSLQQTMTE

khhdddrrdddbrdrddd IR FFhrddrd Ak A dr bk bbbk khhkkhkhkhhhdddhdhk >k

PKAVEKESEETEEKTSELDILKLFKPESLNCSLESSTLYNKLKEEPEALTVLAPAAGDAIL
PKAEEKENQEMEDEASEVHILKLFKPESLKCPVKSSELYEKLKEEPEALNVLAPSAGDTI

*kk kkk * * * %k *khkhkkkhhhkkk * dk kk kkdkkkhkhkd khkhkh Kkdkdk *

ISLDFNNSDSDIQLLKEVPLYNDVMLPSSSEKLPLSLSPLTPSDSIPALTKLETGGEDFP
ISLDFNNSDSDMQLLKEVPLYNDVMLPSSSEKLPISLSPLTPLDYAPVLTKLETGAEDFP

khkKKkhhkAkhkhxk dhkkhkkdkhkhkdhhhhkhdhhkdhrhkhkdk *Fhkxhkrd * * khhkkkkdk khkhk

FSSASDRVPDPTNTPSTSGLGSSGPNSPMDYGFPVEPDISSEFKLDLVEKLFAIDTEAKT

FCSASDRGPDSTNSSSTSGLGSSVPNSPMEYCFQVDSDISSEFKLDLVEKLFAIDTEAKT
Kk kkkkk Kk kk  Rkkkkkhkk kkkkk K ok ok kkkARRhK RN I KKK R Ak kk kK

PFSTQPMEDLDLEMLAPYIPMDDDFQLRIPSPLDPLPSATHSVSAMSSLFQPLPSSPASP
PFSSQAMEDLDLEMLAPYIPMDDDFQLRIPSSLDLLPPGPHSVSAMSSLFQPL~-SSPVSP

dkk k hkkkhkhkkdkkkhkkhkhkhkkhhkhkkhhdd kk *¥ kkkkkkkkkrkhhd dkx kK

ASSTSSTVKQEASSRAPSPLHLLQEVCSAPVSPFSGSRDASPVRSSTPQSSSQLNNREMS
ASSSSSSVKQEHSSQAPSPLHLLKEVCNAPVSPFSGSRDVSPARSPTPKSSNQLNNRELS

dhkk khk khkdkhk kk hhkkkhhhkk kkk khhkhhkkdkhkdkkhk kh *kk kk kk Kkdkkwk ok

PKMLAFONIQRKRKLNEVTSLSEAVGLGALLHSVDSAIDPGKRAKVLEVKGSSVLGGNKT
PKMLAVONAQRKRKLEEVTSLSEAVGLNALLQSVDSAIAPGKRALVLELKGSGVLGGNKT

dkhkhk khk hhkkhkkk *hkkkhkthkkhrkhk *hhkd khkrhkhkx *hhkhkkk *hk* *hkdk dhhkhkhkkd

ILILPSDVASRLLSSSLEGSGGLPQLTRYDCEVNAPVQDRHHLLQGEELLRALDQVN
ILILPSDVASRLLCSSLESSHGLPQLTRYDCEVNAPVQDRHHLLQGEELLRALDQVN

dkhkkhhhkkhkhkhkhhd hhkkk * kkkkdkhdhdhhdhkhkhkhkhrdhdhhrrdhxrhhhkrrrkhx
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Zebrafish/human HIF-1¢ amino acid sequence alignment

58.4% identity
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Zebrafish
Human

Zebrafish
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Zebrafish
Human

Zebrafish
Human

Zebrafish
Human

Zebrafish
Human

Zebrafish
Human

Zebrafish
Human

Zebrafish
Human

Zebrafish
Human

Zebrafish
Human

64
65

124
123

183
183

243
243

303
303

363
363

423
411

470
471

523
531

583
590

625
650

663
710

720
770

GVVTEKKRVSSERRKEKSRDAARSRRGKESEVFYELAHQLPLPHNVTSHLDKASIMRLTI
GGANDKKKISSERRKEKSRDAARSRRSKESEVFYELAHQLPLPHNVSSHLDKASVMRLTI

* * % dhkhkhkhkhkhddhrdhhhd *hdhkkhdkhrkrhhbhrrrhdkddx dhkkhkdhkxdr *hhdd

SYLRMRKLLNSDEKEEKEENELESQLNGFYLKALEGFLMVLSEDGDMVYLSENVSKSMGL
SYLRVRKLLDAGDLDI - ~ EDDMKAQMNCFYLKALDGFVMVLTDDGDMIYISDNVNKYMGL

*hkkk khkkk * * * kkkkkk kk kkk *kkkk Kk *k Kkk Kk hkk%x

TQFDLTGHSIFEFSHPCDHEELREMLVHRTGS - KKTKEQNTERSFFLRMKCTLTSRGRTV
TQFELTGHSVFDFTHPCDHEEMREMLTHRNGLVKKGKEQNTQRSFFLRMKCTLTSRGRTM

*hkk kkkkk Kk Kk khkkhkhkk dkkk *k K ** Thkhkkk khkkkkkkkhhkkkkhdkkk

NIKSATWKVLHCAGHVRVHEGSEASEDSGFKEPPVTYLVLICEPIPHPSNIEVPLDSKTF

NIKSATWKVLHCTGHIHVYDTNSNQPQCGYKKPPMTCLVLICEPIPHPSNIEIPLDSKTF
Ak kkkhkkkhk Kk Kk * ok kk ok kkkkkkkRhhkhhkh kkkEhh K

LSRHTLDMKFSYCDERITELMGYEPDDLLNRSVYEYYHALDSDHLTKTHHNLFAKGQATT
LSRHSLDMKFSYCDERITELMGYEPEELLGRSIYEYYHALDSDHLTKTHHDMFTKGQVTT

khkkdk Khkdkhkhkhkdkhkddhrkxhkhdhhdk *kk Kkk FHhhhkkkkkdhhkhkhkkkhkk * kkk Kk

GQYRMLAKKGGFVWVETQATVIYNPKNSQPQCIVCVNYVLSGIVEGDVVLSLOQTVTEPK
GQYRMLAKRGGYVWVETQATVIYNTKNSQPQCIVCVNYVVSGIIQHDLIFSLQQTECVLK

khkkkdhhkkk *kk hhkkhkdhkkhkhkdhhhkk hhkdhkhkhdrhkhhhddx hhk * * ok k kK *

AVEKESEETEEKTSELDILKLFKPESLNCSLESSTLYNKLKEEPEALTVLAPAAGDAIIS

PVE-----=---- SSDMKMTQLFTKVE- - - SEDTSSLFDKLKKEPDALTLLAPAAGDTIIS
* % * * % * * * khkk *xk hkk Khkhkkkk kkk
LDF- - NNSDSDIQLLKEVPLYNDVMLPSSSEKLP- - ~-LSLSPL- - - - TP~ - - - SDSIPAL
LDFGSNDTETDDQQLEEVPLYNDVMLPS PNEKLONINLAMS PLPTAETPKPLRSSADPAL
* % % * * k *k dkkkhkhkhkhkkkkhk * ok * * * %k * & * * %k
T----- KLETGGEDFPFSSASDRVPDPTNTPSTSGLGSSGP- - NSPMDYGFPVEPDISSE
NQEVALKLEPNPESLELSFTMPQIQDQTPSPSDGSTRQSSPEPNSPSEYCFYVDSDMVNE
* %k k * * * * % * * * % & * ok % * *

FKLDLVEKLFAIDTEAKTPFSTQPMEDLDLEMLAPYIPMDDDFQLRIPSPLDPLPSATHS
FKLELVEKLFAEDTEAKNPFSTQDT - DLDLEMLAPYIPMDDDFQLRSFDQLSPLESSSAS

*hkhk KhkFhkFhkk Fhhkxk Khkkk LR AR R EREESERERERESS] *  kk ok *
VSAMS----~ SLFQPL- - - -PSSPASPASSTSSTVKQEASSR---~--- -~ APSPLHLLQ
PESASPOSTVIVFQQTQIQEPTANATTTTATTDELKTVTKDRMEDIKILIASPSPTHIHK
* * % * * * * * *oh kK
EVCSAPVSPF--SGSRDASPVRS---------- STPQSSSQLN-=-=-=--=~-- NREMSPK
ETTSATSSPYRDTQSRTASPNRAGKGVIEQTEKSHPRSPNVLSVALSQRTTVPEEELNPK
*  kk k* *k kkk ok * Kk % * * kk

MLAFQNIQRKRKLNEVTSLSEAVGLGALLHSVD- - SAIDPGKRAKVLEVKGSSVLG-GNK
ILALQNAQRKRKMEHDGSLFQAVGIGTLLQQPDDHAATTSLSWKRVKGCKS SEQNGMEQK

*k kk khkkkk * % *kk Kk hk * * * * ok * *

TILILPSDVASRLLSSSLEGSGGLPQLTRYDCEVNAPVODRHHLLQGEELLRALDQVN

TIILIPSDLACRLLGQSMDESG-LPQLTSYDCEVNAPIQGSRNLLQGEELLRALDQVN
* ok A Kk kkkF¥k kkhkkkhhkk * Fhhkkkkkkhkxkk kK Kk
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