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Angiogenesis use of novel zebrafish models for such studies will be discussed.

Cancer Major conclusions: Circadian rhythms and hypoxia are involved in tumor metastasis on all levels from pathological
Metastasis deregulation of the cell to the tissue and the whole organism. Pathological tumor blood vessels cause hypoxia and

EMT disruption in circadian rhythmicity which in turn drives tumor metastasis. Zebrafish models may be used to
increase our understanding of the mechanisms behind hypoxia and circadian regulation of metastasis.
General significance: Disrupted blood flow in tumors is currently seen as a therapeutic goal in cancer treatment, but
may drive invasion and metastasis via pathological hypoxia and circadian clock signaling. Understanding the molec-
ular details behind such regulation is important to optimize treatment for patients with solid tumors in the future.
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1. Introduction

The ability to adapt to predictable changes in the environment
is of major importance in physiology. The most predictable and re-
curring environmental variable is arguably that of the daily change
in light and darkness. As these oscillations occur with a constant pe-
riod close to 24-h, they form the basis of what is known as circadian
(circa: approximately, diem: a day) rhythms in all living organisms.
In most organisms, many aspects of physiological processes including
activity/rest cycles, metabolism, proliferation, biological defense sys-
tems and regulation of cellular specification are tightly coupled to the
molecular circadian clock which relays the light/dark information on
cellular, tissue and organismal levels [1]. The development of more
complex cellular phenotypes and functions in higher organisms has
happened under the influence of the circadian clock. As a consequence,
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the circadian clock has come to play a major role in the regulation of
differentiation as well as pathological de-differentiation in for exam-
ple cancer, often via crosstalk with other pathways involved in this
processes [2,3]. Among these other pathways, signaling through
oxygen-sensors is one of the most important co-regulators of cellular
differentiation (reviewed in [4]).

Oxygen is one of the most vital, and at the same time most damaging
natural compound. Thus, all cells have developed specialized systems to
utilize and protect against oxygen — or the lack thereof, a condition
known as hypoxia. Hypoxia and circadian regulation are furthermore
tightly coupled as oxygen use and management of oxygen bi-products
(reactive oxygen species, ROS) exhibit circadian variation due to changes
in activity and metabolism during the day vs. the night (reviewed by [5]).
In mammals, the embryo experiences cycles in hypoxia and normoxia
during development coupled to distinct phases of vascular development
and remodeling in various tissues [6,7]. Hypoxia and hypoxia-induced
reactive oxygen species are therefore among the most important
physiological regulators of cellular differentiation/de-differentiation.
During progression of diseases such as cancer, these pathways become
re-activated leading to pathological de-differentiation and re-acquisition
of a motile phenotype by invasive tumor cells, a change that is brought
about by tissue hypoxia in the expanding tumor mass [4]. Tumor hypoxia
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may therefore be one of the most important pathogenic factors in cancer,
indicating that a tumor has progressed to an invasive lesion and thus
implying a poorer prognosis for the patient [8].

Circadian rhythm- and hypoxia-signaling are currently subject
to rigorous mechanistic research aimed at elucidating molecular regula-
tors of these pathways in cells. However, a lack of disease models in
which these pathways can be studied under controlled conditions
have delayed the progress in our understanding of how hypoxia and
the circadian clock contribute to cancer and in particular pathological
de-differentiation and metastasis. Zebrafish have in recent years
emerged as a powerful model to study hypoxia and circadian rhythms
in a pathologically relevant manner during disease processes that accu-
rately recapitulate those seen in human cancer and in particular during
tumor metastasis [9-11]. Zebrafish embryos, and some adult strains are
transparent, and develop outside the womb, meaning that light reaches
and entrains all cells. As such, molecular or physiological responses to
normal or disrupted light/dark cycles can be studied directly without
interference from the circadian clock of the mother. The zebrafish
embryo is also optimal for studies of tissue hypoxia. During the first
week of development, the embryo is so small that all cells receive
sufficient oxygen by passive diffusion from the water, rendering their
oxygenation state unaffected by circulation and instead directly related
to the amount of oxygen in the aqueous medium [12,13]. As responses
to radical changes in oxygenation cannot be studied as an isolated
event without also compromising perfusion in any other vertebrate
model organism, this makes zebrafish highly attractive for physiologic
or mechanistic studies on the effects of hypoxia in vivo. We have recent-
ly developed highly robust methods to dynamically and accurately
manipulate tissue oxygenation during zebrafish development [14,15].
These models give full control over the amount and duration of
tissue hypoxia and the ability to switch between any degree of tissue
oxygenation at will. The zebrafish system is therefore well suited for
studies on hypoxia and circadian regulation of cellular differentiation
states, and has been used to generate important information on how
this is regulated in cancer.
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In this review, I will discuss the molecular basis for circadian and
hypoxia signaling in cells and on the level of the whole organism.
I will focus on what is known about their involvement in regulation of
cellular differentiation/de-differentiation with a particular focus on
their crosstalk with cellular redox-signaling pathways in cancer
metastasis. I will throughout the review highlight contributions
from zebrafish models.

2. The circadian clock and cancer

The circadian clock is organized almost identically in all cells includ-
ing light-sensitive retinal ganglion cells, food-sensitive hepatocytes,
skin fibroblasts or any other cell type — at least at its core (Fig. 1).
Entraining cues, such as activators of retinoic acid orphan nuclear recep-
tor (ROR) alpha activity, lead to activation of ROR-elements (RORE) and
transcription of the bmall gene (also known as arntl) during the day in
diurnal organisms (reviewed in [16]). Bmall proteins heterodimerize
with Clock or Npas2 and as such constitute the DNA-binding portion
of the circadian transcriptional activator. This complex drives tran-
scription of circadian output genes (also known as clock-controlled
genes, CCGs) including Period1--2 and -3, Cryptochrome1l-an -2
and Rev-Erb-alpha. These factors in turn act as transcriptional re-
pressors inhibiting both their own transcription as well as that of
other CCGs (Fig. 1). This core negative feedback loop is sufficient to
maintain clock oscillations, but insufficient for maintaining robust
24-h rhythms. Casein kinases have been shown to elicit phosphory-
lation of the Bmal1, Period and Cryptochrome proteins, which regu-
late their nuclear entry and transcriptional activities [17,18]. Bmal1,
Periods and Cryptochromes are furthermore degraded by various
ubiquitin ligases [19,20] and as such their abundance in the cell is
differentially regulated, which is important to confer the 24-h period
length on circadian outputs both in vitro and in vivo.

In contrast to the core circadian clock, the circadian outputs may
differ between cell types. Some tissues specialize in circadian secretion
of endocrine factors such as melatonin produced in the pineal gland,
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Fig. 1. Organization of the cellular circadian clock. Circadian input signals drive RORalpha-mediated production of Bmal1 (purple beans), which is inhibited by Rev-Erbalpha. Bmal1
heterodimerize with Clock or Npas2 (green beans), binds to E-boxes in the promoters of clock-controlled genes (CCGs) and together with co-activators (blue shapes) drives
transcription. Periods (purple shapes) and chryptochromes (yellow shapes) produced in this way feedback onto this regulation and inhibit Bmal1-Clock/Npas2-mediated gene
transcription. The circadian transcriptional regulators are removed from the cell by ubuiquitin-ligase-mediated targeting for proteasomal degradation.
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cortisol produced in the adrenal cortex and insulin produced in the
pancreatic islets, which keep the clock running smoothly in other
tissues (reviewed in [21]). The core clock is, however, important
for cell physiology in general, as many metabolic and house-keeping
processes are under circadian control. Therefore specific clock disrup-
tion only in particular cell types such as endothelial cells, smooth mus-
cle cells, adipocytes, muscle cells, neurons or macrophages, to mention a
few, always seems to disrupt the function of that particular cell type
[22-25], which in almost all cases leads or contributes to pathologies,
even when the global circadian rhythm in the rest of the organism is
undisturbed. It is therefore not surprising that cancer cells often are
found to harbor mutations in clock, or clock-associated factors, which
enable pathological changes in the cells important for establishing a
malignant lesion.

2.1. Role of circadian clocks in cancer

Genetic alterations in the core clock proteins are frequently found
in a variety of cancers (reviewed by [26]). However, even in cases
where such mutations are lacking, tumor cells may still exhibit
disrupted circadian signaling. Entraining cues such as glucose, cortisol,
melatonin or insulin will not exhibit clear rhythmic changes in their
local concentration in the tumor at advanced stages due to chaotic
and ineffective perfusion through the tumor blood vessels (more details
on the nature of tumor blood vessels later in this review). As such,
circadian oscillation in the serum levels of endocrine circadian mediators
may not be sensed by the tumor as the blood is retained within or not
entering into the tumor as in healthy tissues. Also, the receptors eliciting
induction of the circadian clock in response to these factors, such as
the melatonin receptor (MT)1 have been found to be mutated and dys-
functional in tumors of some patients, which significantly correlated
with reduced survival [27]. Finally the CCGs are frequently mutated in
tumor cells either in their coding sequence and/or the regulatory
elements in which the circadian factors bind (the E-boxes) leading to a
failure in the circadian regulation of physiologic responses in which
they are involved [26]. The overall consequence is that tumor cells
within the tumor have lost their circadian behavior, and this is an impor-
tant transformation which enables other essential pathologic features of
cancer. For example, we have recently found that the circadian clock is a
strong regulator of the VEGF promoter, leading to drastic differences in
VEGF production during the day and night in developing zebrafish
embryos [10,28]. This regulation was brought about by Bmal1 binding
to E-boxes present in the promoter region of VEGF, which is crucial
for activating transcription; without Bmal1 or if these E-boxes are delet-
ed from the promoter, transcription of the vegf gene was effectively
silenced. We further found that Period?2 is a strong repressor of vegf
transcription during the day. Knock-down of Period2 led to augmented
VEGF-production, especially in light-at-night conditions in which
Period2 levels are elevated and VEGF-levels as well as developmental
angiogenesis is reduced [28]. A similar mechanism may be in play in
mice, as mothers kept in constant darkness during their pregnancy
gave birth to pubs which exhibited elevated VEGF-A levels, coupled to
impaired regression of hyaloid vessels and retinal vascular overgrowth
during the first week after birth [29]. While these findings proved
that VEGF is regulated by the circadian clock during development in
zebrafish and mice, other reports suggest that a similar mechanism
may be in place in adult cells as well, and that such regulation is
disrupted in cancer. As such, Period2 and Cryptochromel have been
found to inhibit VEGF-production in tumor cells, especially in response
to hypoxia [30]. Period2 has been proposed to be a tumor-suppressor as
mice lacking period?2 are sensitized to develop teratomas following irra-
diation [31], and tumor cells which have been transduced to express
constitutively high levels of Period2 grow slower in xenograft-models
[32]. These findings indicate the loss of period2 in tumor cells and
thus circadian clock dysfunction could play an important role in patho-
logical hypoxia-induced VEGF hyper-expression, leading to accelerated

tumor angiogenesis and a more invasive phenotype of the tumor. Also
in humans, this mechanism seems to be conserved. Bmal1, Npas2 and
Clock have been indicated as important for VEGF-production during
the night [33,34]. In agreement with these findings, Clock is often
up-regulated and Period2 down-regulated in human colorectal cancer
and the levels of tumor Clock expression exhibit a tight positive correla-
tion with tumor VEGF-levels and metastatic dissemination in patients
[35,36]. Collectively these findings illustrate the importance of the
circadian clock for regulation of tumor angiogenesis and metastasis.

Importantly, circadian factors have also been implicated in main-
taining progenitor cell health and as such to hinder premature
senescence. As such, Period2 is important for healthy functions
and recruitment of endothelial progenitor cells to growing vessels
in mice; animals in which the period2 gene has been mutated and
rendered dysfunctional exhibit vascular senescence and a lack of
ischemia-induced angiogenesis in the hind-limb muscle tissue [37].
In addition to the direct regulation of tumor cell dedifferentiation by
the pathological tumor cell circadian clock [3], clock disruption also
leads to elevated intracellular ROS [38], which in turn could drive
de-differentiation. In fact, the circadian clock has been extensively
implicated in redox-biology. In mice with a de-regulated clock, such
as in Bmal1-KO or Clock-mutant mice, endothelial nitric oxide synthase
(eNOS) activity is uncoupled producing large amounts of superoxide
instead of NO [38]. Furthermore, redox enzymes such as peroxiredoxins
have been shown to exhibit robust circadian rhythms implying that
redox homeostasis is under control of the circadian clock machinery
in cells [39].

In tumors, innervation or direct light-stimulation is probably insuffi-
cient for effective entrainment of the circadian clock. Thus, entrainment
relies on signaling by endocrine circadian mediators. Such mediators,
which include melatonin, cortisol, insulin, glucose, free fatty acids and
various hormones and growth factors are all delivered via the circula-
tion, and therefore the vasculature plays a key role in entrainment of
tumor tissues. The tumor vasculature, however, is immature as it is
constantly exposed to angiogenic stimuli [40,41]. Tumors have as such
been characterized as a “wound that does not heal” in which the vascu-
lature is highly tortuous, exhibits large vascular plexuses and aneurisms,
and lacks mural cell support and proper endothelial cell-cell contacts
rendering the vessel wall unstable and highly leaky [42,43]. Further-
more, perfusion is often inhibited due to high interstitial fluid pressure
(brought about by the leaky nature of the vessels as well as mechanical
tension within the tumor) and failure to induce specification of arterial
or venous vascular phenotypes leading to blood being transported in
both directions (afferent and efferent) in the same vessel. Many vessels
are also collapsed. Collectively these pathological vascular phenotypes
lead to intratumoral hypoxia even in highly vascularized tumors [44].
In addition, tumor cells may incorporate into the vessel wall and thus
constitute part of the endothelium — a process known as vasculogenic
mimicry [45], which may be a route for preserving a minimum of circu-
lation even after therapy-induced vascular regression. The consequence
of all these pathological features of tumor blood vessels is that blood will
not pass through the tumor at the same rate as healthy tissues, thus
reducing the functionality of the tumor vasculature (reviewed further
in [46]). As such, the rhythm of blood-borne signaling factors may not
be circadian, at least not in all parts of the tumors. This would affect
the circadian rhythm not only of the tumor cells, but also of the
endothelial cells in the tumor vasculature, which could play a role in
vessel-initiated metastasis. As such, it is known that genetic disruption
of the endothelial clock leads to vascular senescence, elevated ROS
levels, impaired NO production and impaired maintenance of the vascu-
lar basement membrane leading to vascular stiffness and pathological
arterial remodeling in hypertensive arteries [37,38,47]. These patholog-
ical changes in the endothelial cells could potentially lead to sustained
inflammatory activation and unproductive angiogenesis in the tumor
[48], reduced vessel repair after stress injury, reduced vascular stability
and barrier function [46] as well as further disruptions of tumor
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perfusion and hypoxia — all of which are important in tumor cell de-
differentiation and metastasis. In the future it will be important to di-
rectly investigate whether circadian disruption in endothelial cells
would be directly involved in tumor dissemination and metastasis.

3. Hypoxia signaling in cancer

Oxygen is a key regulator in mammalian metabolism due to its use
as the terminal electron acceptor in cellular energy production in the
mitochondria. Therefore, should oxygen be lacking in the environment,
the cell needs to respond quickly to adapt its physiology accordingly.
As such, the most well-studied hypoxia-response pathway has devel-
oped such that the crucial signaling factor, HIF-1alpha, is continuously
produced but also degraded in normoxia via oxygen-induced hydroxyl-
ation by members of the prolyl-dehydroxylase (PHD)s family which
target the protein for recognition and ubiquitinylation by the von
Hippel-Lindau (VHL) E3 ubuiquitin ligase complex and subsequent
degradation by the proteasome (reviewed in [49]) (Fig. 2). Under
hypoxia, however, PHDs are inactive leading to stabilization of pre-
produced HIF-1alpha, which becomes free to dimerize with HIF-1beta
(also known as ARNT) and activate transcription of target genes
through binding to hypoxia-responsive elements (HRE) in the promoter
region [49]. Among such targets are genes involved in regulation of
tissue perfusion (ie eNOS and VEGF) and production of erythrocytes
(i.e. erythropoietin), the function of which is to increase oxygenation
of the hypoxic tissue by increased perfusion and oxygen binding capac-
ity of the blood [50,51]. The cells also adapt by reducing the amount of
oxygen consumed through a switch to glycolysis rather than oxidative
metabolism, which requires more glucose uptake and therefore an
up-regulation of glucose transporters (especially Glut1), while at the
same time reducing energy demanding processes such as cell division
[52]. HIFs may also be regulated by other factors such as factor inhibiting
hif (FIH), or by sumoylation (reviewed further in [49]), which reduce
the transcriptional activity or provide a protection against ubiquitinylation
respectively. Also non-HIF pathways have been reported to be im-
portant for hypoxia signaling. For example, ER-stress resulting from
hypoxia-induced inhibition of proper disulfide bond formation
leads to activation of the unfolded protein response (UPR). Of
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particular importance in cancer, hypoxia and reoxygenation-
induced ROS formation induce DNA double strand brakes thus acti-
vating ataxia telangiectasia mutated (ATM) signaling [53]. Thus the
response to hypoxia is complex and cannot be accurately recapitu-
lated by modulation of the HIF-1, or any other single hypoxia-
induced pathway, alone — in particular not in cancer.

Zebrafish are remarkably tolerant to hypoxia, much more so than
air-breathing animals, and therefore constitute a valuable system for
studies in this field. Zebrafish embryos adapt their metabolism to the
amount of oxygen present, and therefore enter into a state of suspended
animation rather than die when experiencing extremely low concentra-
tions of oxygen in their surroundings [54]. Adult zebrafish are also
impressively hypoxia-tolerant and can easily stand as little as 10% of
the oxygen in fully air-saturated water for extended periods of time
[11,55]. Our and other laboratories have in order to take advantage of
these features, developed systems particularly adapted for manipula-
tion of oxygen levels in the water. As the zebrafish embryo in particular
exhibits extremely high oxygen consumption, oxygen concentration
gradients are expected to develop around the embryo if the water is
stagnant. In our system we therefore secure constant flow of water
over the embryos by un-interrupted, gentle stirring [14,15,50]. The
water oxygen levels are adjusted by perfusion of nitrogen gas into the
water, which is controlled by coupling the gas-flow to a valve that
shuts off when a particular user-determined oxygen tension has been
reached, measured by an in-line oxygen electrode. The system is practi-
cally identical for adult zebrafish (Fig. 3), but the aquarium is usually
larger in order to accommodate more fish at the same time. For studies
on the effects of acutely changing oxygen levels in the fish, we have
developed a system in which the fish can be taken from a holding
aquarium in which it has been adapted to one level of oxygen (usually
normal, fully oxygenated water) and be placed in a tube perfused with
pre-equilibrated water of a different oxygen tension (usually hypoxic
water) [11]. While in the tube, the fish can be monitored and analyzed
and as such, dynamic events such as the acute hypoxia-induced increase
of blood flow through otherwise non-perfused (lymphatic-like)
vascular beds have been observed.

In our systems, we utilize a semi-sealed aquarium in which oxygen-
rich air slowly leaks in causing a slow increase in water oxygen tension
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Fig. 2. Regulation of hypoxia signaling. Under normoxia, HIF1alpha proteins (purple beans) are hydroxylated by PHDs or FIH, which in the former case target HIF1alpha for ubiquitinylation
(yellow circles) by VHL and degradation, or in the latter case inhibit the binding of essential transcriptional co-activators. Under hypoxia, HIF1alpha will remain non-hydroxylated and thus
stabilized. Under such conditions, HIF1alpha enter the nucleus, heterodimerize with HIF1beta/ARNT (green beans), bind to hypoxia-responsive elements in the promoters of hypoxia-in-
duced genes and after recruitment of co-factors (blue shapes) drive transcription of target genes such as VEGF.
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Fig. 3. The hypoxia setup. An aquarium is equipped with a magnet-mixer (white bar), an oxygen electrode (dark gray bar) and an air-stone (black circle). Nitrogen perfusion is controlled
by a valve connected to a control-unit, which turn on the valve when the oxygen electrode measures dissolved oxygen levels higher than a set value of for example 10% relative

air-saturation.

until the level is above a hysteresis-threshold which will then trigger
the re-engagement of the nitrogen perfusion, lowering the oxygen
tension back to its set level [15,55]. Others have instead utilized fully
sealed systems in which the water oxygen tension is initially prepared
in a similar way but then the nitrogen gas is switched to a source of
oxygen, which is slowly applied to the water in order to compensate
for the oxygen-consumption of the fish [56]. This may at least hypothet-
ically lead to a buildup of CO,/bicarbonate in the water, which affects
the pH and possibly causes hypercapnia in the fish. Such problems
were however not reported even after several weeks in such aquaria,
which may have been due to the large water volumes used. Also in
other setups, systems to study hypoxia in fish have focused on regulat-
ing water-oxygen levels through controlled addition of gasses to the
water itself [57], rather than to the air-phase above the water, which
is the most common way to expose cells (which also live in aqueous
medium) to hypoxia.

In addition to environmental hypoxia models zebrafish strains have
been generated in which key factors involved in the signaling pathways
responsible for mounting the cellular responses to hypoxia were mutat-
ed and rendered non-functional [58,59]. In one such genetic hypoxia
models, the VHL protein was inactivated thus creating a “chronically
hypoxic” zebrafish strain in which HIF1-signaling is always ongoing, in
spite of de facto proper oxygenation of all the cells in the fish [59].
These embryos exhibit many classic hypoxic phenotypes including
hyperventilation, hypervascularization and increased erythropoiesis
[59]. While HIF-1 is very important in hypoxia signaling, there are
also other hypoxia pathways, which may not be de-regulated while
also VHL may be involved in other signaling pathways in addition to
hypoxia-signaling, in this genetic mutant. Caution should, therefore,
be taken when using this or other mutant zebrafish strains as a
hypoxia-readout. Hypoxia-signaling can also be induced chemically
[60]. Most such approaches focus on inhibition of PHD-induced

hydroxylation of HIF-1, upstream of VHL by drugs such as
phenylhydrazine [60], DMOG [59] or CoCl, [11]. However as most
drugs are not exclusively targeting one protein, these methods seem
even more inaccurate as ways to gage effects of hypoxia. I therefore rec-
ommend that pathologically relevant, true hypoxia models such as the
ones described in Fig. 3 are always used instead of or in combination
with genetic or pharmacologic “pseudo-hypoxia” models.

3.1. Role of hypoxia in EMT and metastasis

Hypoxia is a key factor driving pathological changes in the tumor
microenvironment, which are necessary for enabling tumor develop-
ment, growth, invasion, metastasis and resistance to treatment [4].
During early tumorigenesis, hypoxia results from the physical expan-
sion of the hyperplastic cell mass coupled with high metabolic activity
of these cells. Thus, some of the tumor cells will eventually be localized
too far away from the existing vasculature for efficient oxygenation
and glucose delivery, enabling hypoxia-signaling in these cells. Such
cells respond by producing VEGF and other angiogenic molecules,
which induce tumor angiogenesis, a crucial element for progression of
hyperplastic lesions past pre-malignant or dormant stages [61]. As the
tumor grows larger, hypoxia also affects tumor stromal cells including
endothelial cells, tumor associated macrophages (TAMSs), cancer associ-
ated fibroblasts (CAFs) and perivascular mural cells such as pericytes
and smooth muscle cells [4,9,50]. In response to hypoxia, these cells
aid in tumor progression and resistance to therapy by producing growth
and survival factors as well as by opening up the vasculature and ensur-
ing systemic dissemination and metastasis [62,63]. For example, it was
recently discovered that tumor hypoxia drives the development of a
pro-metastatic phenotype in TAMs, which specifically in hypoxic areas
of the tumor helped tumor cells invade into the vasculature [64]. In ro-
dent models it is however difficult to control tumor hypoxia levels, and
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therefore difficult to isolate the effects of hypoxia from the many coin-
ciding pathological signaling pathways which are active in tumors. We
have therefore utilized our hypoxia-model in zebrafish embryos
to study the pro-metastatic effects specifically induced by hypoxia
[15,65]. As zebrafish embryos are completely transparent, tumor
cell movements can be followed at the single cell level [66] and
even in real time. To our knowledge, there are no other models available
that allow visualization of the earliest stages of metastasis, in which
single tumor cells disseminate to form micro-metastatic lesions in
peripheral tissues. Using this unique model, we could identify a
hypoxia-induced VEGF-A-VEGFR2 signaling pathway, which was ab-
solutely crucial for allowing entry of tumor cells into the vasculature.
Blockade of VEGFR2 signaling either pharmacologically or by RNA-
interference mediated knock-down in the zebrafish host, almost
completely blocked hypoxia-induced tumor cell dissemination to distal
regions in the zebrafish larvae [14]. Reversely, inducing this pathway
by overexpressing VEGF-A in otherwise non-metastatic tumor cells
led to pronounced distal dissemination even in normoxia [14]. The
importance of this pathway in tumor metastasis has been strengthened
by findings in mice that tumor-derived VEGF is an important
pro-metastatic factor [67] and that tumors exhibiting a higher
degree of hypoxia are also more metastatic [44]. Using the zebrafish
model, we could for the first time document the importance and
inter-relationship between those two pathways during the early
metastatic process.

While the zebrafish model is useful for analyzing mechanisms
behind early steps of tumor dissemination and metastasis, and especial-
ly useful for studying the effects of hypoxia in this process, it is not well
suited for studies on tumor growth or late-stage metastasis such as
regrowth of secondary lesions in the metastatic niche. The assay we
have developed is fast, taking only three days before a robust metastatic
readout can be detected, but this is too short a time for regrowth of the
metastatic lesions. As such, for thorough analysis of also later stages
in the metastatic process other animal models such as experimental
or spontaneous metastasis models in mice should be used [44,68].
In such models, tumor cells are either injected intravenously [68] or
tumors are first established as spontaneously occurring tumors in
transgenic mice [69], orthotropic tumors or as xenografts [70] which will
secondarily give rise to tumor cells in the blood or lymph stream. The
blood-borne tumor cells will eventually settle in metastatic niches often ei-
ther in the liver, lung or lymph nodes, where they will grow into macro-
scopically detectable masses within 2-to 8 weeks [44,68,70,71]. The
regrowth of metastatic lesions in these models often follows a prototypical
path which allows researchers to determine whether this process may be
accelerated or inhibited by certain treatments [44]. As many cancer patients
already have tumor cells present in circulation upon diagnosis [72], these
models may address the clinically relevant question of how to inhibit
growth of metastatic lesions once hematological or lymphatic dissemina-
tion has already occurred, in order to slow down disease progression.

Hypoxia may not only affect the growth and permeability of the blood
vessels, it may also change the tumor cells themselves making them
more fit for survival and growth in the harsh tumor microenvironment,
as well as for survival in circulation and endow them with the ability to
successfully colonize metastatic nieces. Hypoxia leads to a switch in
metabolism in which tumor cells primarily utilize glycolysis rather than
oxidative metabolism for energy production [73]. This switch seems to
persist even after successful recruitment of new blood vessels to the
tumor, which returns the oxygen concentration back to normal levels
(a phenomenon known as the Warburg effect [74]). This long-lasting
effect may be a consequence of a hypoxia-induced metaplastic switch
leading to tumor cell de-differentiation, as a similar predominantly
glycolytic profile is found in non-malignant stem and progenitor cells
[75] including mesenchymal cells [76]. Most types of stem- and pro-
genitor cells require hypoxia for maintaining their de-differentiated
phenotype long-term [76], but also seem to require contact with
endothelial cells — at least in vivo as they are often found in the

so-called vascular or peri-vascular niche [77]. These seemingly contra-
dictory findings lead to the hypothesis that induction/maintenance
of a de-differentiated cell-fate may require hypoxia, but that such a
cellular phenotype may persist for some time in normoxia (Fig. 4).
As mentioned above, tumor blood vessels exhibit chaotic circulation,
which is frequently changing between non- and re-perfusion. Such
chaotic blood flow pattern will lead to sharp hypoxia-and reoxygena-
tion cycles which generate very high intracellular ROS in the tumor
cells [78]. ROS have been found to bring about many of the same
changes in the tumor microenvironment as hypoxia, including
tumor cell de-differentiation and metastasis (reviewed in [79]).
Thus, hypoxia/ROS-induced vascular malformations and chaotic blood
flow may synergize with hypoxia/ROS-induced EMT to promote metasta-
sis. EMT is associated with a gain in motility due to a switch from
epithelial-type E-cadherin to mesenchymal-type N-cadherin. Tumor
cells, which in their epithelial state are firmly attached within their micro-
environment thus, in their mesenchymal state, start to penetrate into the
surrounding tissue toward the vasculature. However, should the mes-
enchymal phenotype be lost upon reoxygenation, the tumor cells
would not maintain such an invasive phenotype once they have
moved into close proximity of the oxygen-rich perfused vasculature.
Thus, the switch has to endure at least for some time following reox-
ygenation. The hypoxia-induced changes and de-differentiation of
tumor cells is probably, however, eventually reversible. As the me-
tastasized tumor cells arrive at the metastatic niche, they extrava-
sate, but then stay in close contact with the endothelium. As such,
the oxygen-rich new environment in the micro-metastatic lesion
may be a factor in driving a mesenchymal-to-epithelial transition
(MET) [80] just as it is seen in stem- and progenitor cells, which
loose their pluripotency faster when cultured in normoxia [81].
This is important for speeding up cell proliferation (epithelial-like
tumor cells proliferate faster than mesenchymal-like tumor cells)
and establishing a clinically important metastasis; dedifferentiated
mesenchymal-like tumor cells are not able to cause the development
of macro-metastases [82]. Oxygen may therefore regulate both
EMT and MET in the primary tumor or in micro-metastases respective-
ly, both processes being involved in development of clinically detect-
able metastases (Fig. 4). As such, the levels of hypoxia/normoxia
may drive dynamic, but relatively long-lived changes in tumor cell
differentiation/de-differentiation, which are crucial for progression to
metastatic disease. Due to the detrimental effects of hypoxia, strategies,
which aim at improving tumor oxygenation, through “normalizing” the
tumor vasculature and improving perfusion, have been shown to bring
about a dramatic reduction in metastasis [83]. Such changes are further-
more coupled to a heightened sensitivity to treatment leading to im-
proved response- and longer survival rates [84,85]. These findings
have changed the way that researchers think about anti-angiogenic
therapy. It should perhaps not be the goal of anti-angiogenic therapy
to completely eliminate the tumor vasculature, which would create a
situation in which the degenerating vasculature leave holes in the endo-
thelium allowing easier invasion of the vasculature, in which therapeu-
tic drugs would no longer be able to enter into the tumor and in which
the tumor cells would experience extreme hypoxia leading to a conver-
sion to a more invasive phenotype. Instead, sub-maximal dosing of anti-
angiogenic compounds (which would also give less side-effects, espe-
cially after prolonged treatment) could provide a more efficient anti-
cancer benefit, especially in combination with cytostatics by simply
pruning the pathological vessels, but leaving a “high-quality” vascula-
ture still intact and functional within the tumor. Whether such a sched-
ule would be more or less effective for clinical management of cancer,
however, remains untested.

4. Conclusions and further directions

Circadian and hypoxia signaling are two cornerstones in tumor
cell metastasis regulating not only pathological changes in tumor
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Fig. 4. lllustration of the proposed mechanism behind tumor dedifferentiation and metastasis. Epithelial-like tumor cells (green shapes) reside in well-perfused tumor regions in which
oxygen and endocrine circadian mediators keep the cells in a differentiated state. In a different region of the tumor, non-perfused vessels will lead to hypoxia and blunted circadian
rhythms in endocrine mediators, which will aid in tumor cell dedifferentiation and development of mesenchymal-like tumor cells (blue shapes). These mesenchymal-like tumor cells
are more motile, and invade the vasculature leading to systemic dissemination. At the metastatic niche, delivery of oxygen and circadian rhythms of entraining signals is unperturbed
forcing the dedifferentiated, mesenchymal-like tumor cells to re-differentiate into epithelial-like cells, which proliferate and give rise to macrometastatic lesions.

cell metabolism, de-differentiation and acquisition of an invasive
phenotype, but also pro-metastatic changes in tumor stroma cells
including macrophages and endothelial cells, which synergize to
drive systemic spread in cancer [2,4]. Both of these major pathways
can be disrupted on multiple levels in cancer. Genes encoding critical
signaling factors such as Clock or Period2 in the circadian clock or
VHL in the hypoxia-signaling pathway are frequently mutated in
some cancers, but in many cases such genetic aberrations in the
tumor cells may not be clear. The tumor vasculature is critically in-
volved in coupling the tumor to endocrine circadian entraining factors
needed for the tumor cells to tell the time as they do not sense light
themselves. Also, tumor vessels are the conduit for oxygen transport
and therefore critically involved in oxygenation. The pathological
nature of tumor vessels therefore lead to an inability of the tumor
cells to be properly entrained by circulating factors or to receive
sufficient amounts of oxygen, even when the tumor is densely
vascularized. Therefore, the tumor vasculature can be considered a
master regulator of tumor metastasis not only because it provides a
passive conduit for systemic dissemination of tumor cells but also
because the pathological functions in tumors lead to circadian
disruption- and hypoxia-induced de-differentiation coupled to pro-
invasive behavior in the tumor cells themselves (Fig. 4).

Zebrafish possess great advantages for studies on circadian
rhythms and hypoxia in vertebrates [10,38]. In contrast to mammals,
the zebrafish embryo is not dependent on circadian rhythmicity of
the mother, but instead is directly entrained by light, which further-
more regulates circadian rhythms in all cells of the transparent embryo.
As the embryo is small, passive diffusion of oxygen is considered the
main route for oxygenation of the cells, circulation is not needed until

much later, when the larvae has grown in size. In addition, recent devel-
opments in tumor metastasis models using zebrafish embryos indicate
that this is an eminent system for studies on the mechanisms governing
early stages of tumor metastasis [50], while mouse or other metastasis
models are still needed for studies on mechanisms governing later
stages during the metastatic cascade.

In the future I predict that zebrafish embryos will gain a central role
as tools to delineate important mechanisms behind circadian- and
hypoxia-induced early metastasis. It will also be of key importance to
discover whether disrupted circulation in tumors is de facto involved
in tumor cell de-differentiation via disrupting the circadian rhythm.
Also there are still many aspects of circadian biology in cancer of
potential significance for metastatic progression, which remain
under-investigated. To what extend is the circadian clock in tumor
cells disrupted by mutations in clock-factors or their regulators,
and how does such mutations contribute to the prognosis? To what
extent is the tumor clock de-regulated by systemic circadian disruption
such as frequent night-shift work, and how does that impact tumor
metastasis? Is disruption of circadian rhythmicity in tumors a general
phenomenon and essential for the pathology (i.e. a “Hallmark”) of
cancer? And can disrupted circadian rhythms in tumors be normalized
therapeutically? If so, would that lead to improved prognosis?

The role of tumor hypoxia for promoting metastasis has been the
topic of a large body of investigations, however, in most of these studies
the researchers have either utilized cell-based in vitro models or rodent
models to infer their conclusions. I propose that the zebrafish model
is superior to these other models as it provides a system for controlling
tumor hypoxia in a living animal without affecting any other aspects
of tumor biology. This can also be achieved in vitro, but metastasis
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is a complicated process that is not accurately recapitulated by solely
looking at protein expression and cell motility in a plastic dish. In
rodents, the effects of hypoxia cannot be isolated from other potentially
pro-metastatic factors such as acidosis, lack of shear-stress stimulation
of the endothelium leading to vessel degeneration or metabolic stress
due to insufficient delivery of nutrients. Thus, the zebrafish model com-
bines the best aspects of in vitro and rodent metastasis models, at least
for studying early steps in the metastatic cascade, and will therefore
provide an important tool for further research. Using this model, it
will be important to delineate whether hypoxia signaling in host cells
(ie macrophages or endothelial cells) may contribute to tumor metasta-
sis, or if hypoxia-signaling in the tumor cells themselves is sufficient to
drive this process. Also as a diagnostic tool, I predict that this model will
gain more attention as it may generate a clinically relevant readout
concerning the metastatic behavior of patient-derived primary tumor
cells, which is today inferred from pathological examination of the cell
shape and sometimes gene expression profile. Finally, I think it is im-
portant to establish clinically whether sub-maximal anti-angiogenic
treatment in cancer may provide clinical benefit over treatment
with the maximally tolerated dose - especially in combination with
cytostatics — and whether such benefit could be related to a reduction
in tumor hypoxia and metastatic induction of the tumor cells.
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