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Zebrafish embryo, a tool to study tumor angiogenesis
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ABSTRACT Zebrafish (Danio rerio) represents a powerful model system in cancer research. Recent
observations have shown the possibility to exploit zebrafish to investigate tumor angiogenesis, a
pivotal step in cancer progression and target for anti-tumor therapies. Experimental models have
been established in zebrafish adults, juveniles, and embryos, each one with its own advantages
and disadvantages. Novel genetic tools and high resolution in vivo imaging techniques are also
becoming available in zebrafish. It is anticipated that zebrafish will represent an important tool for
chemical discovery and gene targeting in tumor angiogenesis. This review focuses on the recently
developed tumor angiogenesis models in zebrafish, with particular emphasis to tumor engrafting

in zebrafish embryos.
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Introduction

Angiogenesis plays a key role in tumor growth and metasta-
sis (Carmeliet and Jain, 2000). Thus, the identification of anti-
angiogenic drugs and of angiogenesis-related targets may have
significant implications for the development of anti-neoplastic
therapies, as shown by the positive outcomes in the treatment
of cancer patients with the monoclonal anti-vascular endothelial
growth factor-A (VEGF-A) antibody bevacizumab (Ferrara, 2004).

The teleost zebrafish (Danio rerio) has exceptional utility as a
human disease model system and represents a promising alterna-
tive model in cancer research (Lam et al., 2006). Zebrafish embryo
allows disease-driven drug targetidentification and in vivovalidation,
thus representing an interesting bioassay tool for small molecule
testing and dissection of biological pathways alternative to other
vertebrate models (Pichler et al., 2003). Indeed, when compared
to other vertebrate model systems, zebrafish offers many advan-
tages, including ease of experimentation, drug administration, and
amenability to in vivo manipulation. Also, zebrafish is suitable for
forward genetic screens and transient or permanent gene inacti-
vation via antisense morpholino oligonucleotide (MO) injection or
“targeting-induced local lesions in genes” (TILLING), respectively
(Thisse and Zon, 2002). Moreover, the possibility to introduce
targeted heritable gene mutations into the zebrafish germ line
using engineered zinc-finger nucleases has been reported (Meng
et al., 2008). Importantly, zebrafish is suitable for high-throughput
screening of chemical compounds using robotic platforms (Funfak
et al., 2007; Meng et al., 2008).

Zebrafish possesses a complex circulatory system similar to

that of mammals (Weinstein, 2002). The basic vascular plan of
the developing zebrafish embryo shows strong similarity to that
of other vertebrates (Isogai et al., 2001). At the 13 somite-stage,
endothelial cell precursors migrating from the lateral mesoderm
originate the zebrafish vasculature and a single blood circulatory
loop is present at 24 hours post-fertilization (hpf). Blood vessel
development continues during the subsequent days by angiogenic
processes. In particular, angiogenesis occurs in the formation of
the intersegmental vessels (ISVs) of the trunk that will sprout from
the dorsal aorta at 20 hpf. Also, subintestinal vein vessels (SIVs)
originate from the duct of Cuvier area at 48 hpf and will form a
vascular plexus across most of the dorsal-lateral aspect of the yolk
ball during the next 24 hours (Isogai et al., 2001).

Various animal models have been developed in rodents and
in the chick embryo to investigate the angiogenesis process and
for the screening of pro- and anti-angiogenic compounds, each
with its own unique characteristics and disadvantages (Hasan
et al., 2004). Previous studies had shown that developmental
angiogenesis in the zebrafish embryo, leading to the formation of
the ISVs of the trunk (Cross et al., 2003) and of the SIV plexus
(Serbedzija et al., 2000), represents a target for the screening of
anti-angiogenic compounds. Inthese assays, low molecular weight
compounds dissolved in fish water are investigated for their impact
on the growth of new blood vessels driven by the complex network
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of endogenous, developmentally regulated signals. Recently,
a novel zebrafish yolk membrane (ZFYM) assay has been pro-
posed based on the injection of an angiogenic growth factor [e.g.
recombinant fibroblast growth factor-2 (FGF2)] in the perivitelline
space of zebrafish embryos in the proximity of developing SIVs.
FGF2 induces a rapid and dose-dependent angiogenic response
from the SIV basket, characterized by the growth of newly formed,
alkaline phosphatase-positive blood vessels (Nicoli et al., 2008a).
The ZFYM assay differs from the previous zebrafish-based an-
giogenesis assays since the angiogenic stimulus is represented
by a well-defined, topically delivered exogenous agent that leads
to the growth of ectopic blood vessels. This allows the screening
of low and high molecular weight antagonists targeting a specific
angiogenic growth factor and/or its receptor(s) (Nicoli et al., 2008a).

However, the study of vascular development and on the effects
of positive or negative modulators of the embryonic angiogenic
process may have important limitations when translated to cancer
research. Indeed, tumor-induced vessels show profound morpho-
functional alterations when compared to the normal vasculature
(Carmeliet and Jain, 2000). This is reflected by significant differ-
ences in gene expression profiling between normal and tumor-
derived endothelium (Ghilardi et al., 2008; St Croix et al., 2000).
Thus, the identification of therapeutic targets and the assessment
of the efficacy of anti-angiogenic compounds require the develop-
ment of appropriate animal models in which tumor vasculature
can be investigated. To this respect, tumor models have been
established in zebrafish embryos, juveniles, and adults [reviewed
in (Feitsma and Cuppen, 2008; Stoletov and Klemke, 2008)] that
may be suitable for studying the tumor angiogenesis process and
its modulators. The availability of imbred, transgenic, gene knock-
out/knock-in animals, of a wide array of antibodies, as well as of
bioinformatic genomic, transcriptomic and proteomic information
represent important tools for tumor angiogenesis studies. Several
of these tools have been becoming available also for zebrafish.

This review focuses on the recently developed tumor angio-
genesis models in zebrafish, with particular emphasis to tumor
engrafting in zebrafish embryos.

Angiogenesis in experimental zebrafish tumors

Zebrafish spontaneously develops almost any type of tumor,
most commonly in testis, gut, thyroid, liver, peripheral nerve, con-
nective tissue and ultimobranchial gland. Also, several approaches
have been developed to induce cancer in zebrafish. They include
treatment with chemical carcinogens, forward genetic screening,
target-selected inactivation of tumor suppressor genes, and expres-
sion of mammalian oncogenes [see (Feitsma and Cuppen, 2008;
Stoletov and Klemke, 2008) for an overview of these approaches
and analysis of their main advantages and disadvantages]. Notably,
microarray analysis has shown that gene expression signatures
are conserved in fish tumors when compared to their human
counterpart (Lam et al., 2006).

Noninvasive imaging in zebrafish adults has been attempted.
Ultrasound biomicroscopy has been used to follow the growth of liver
tumors, their vascularity, and response to treatment (Goessling et
al.,2007). Otherimaging techniques, including microcomputerized
axial tomography, micromagnetic resonance imaging, and optical
projection tomography are beginning to be applied in zebrafish and
will help to investigate tumor growth and vascularization in adult

zebrafish (Spitsbergen, 2007).

Relevant to tumor angiogenesis studies in zebrafish adults, a
transparent casper zebrafish line that lacks all types of pigments
has been generated (White et al., 2008). Crossing of the casper
mutant with transgenic lines that label vasculature or internal
organs with fluorescent tags may represent an useful approach
to study tumor-host interactions in zebrafish by epifluorescence
stereomicroscopy, confocal microscopy, and dual-photon confocal
microscopy.

Tumor engrafting and angiogenesis inadultand juvenile
zebrafish

Tumor cell engrafting represents a technique widely used to
trigger tumor angiogenesis in recipient animals, mainly rodents
(Jensen et al., 2009). Over the past few years, tumor transplan-
tation in zebrafish has developed as an important tumor model
(Taylor and Zon, 2009), a major limitation of this approach being
the rejection of the tumor graft by the immune system of the host.
Relevant to this point, transplantable tumor cell lines have been
generated in zebrafish and maintained for several passages in
syngeneic and isogeneic adults (Mizgirev and Revskoy, 2006;
Mizgirev and Revskoy, 2010). This should allow the study of tumor-
endothelial cell interactions in immunocompetent zebrafish adults
and juveniles. As an alternative approach, immunosuppression by
dexamethasone administration (Stoletov et al., 2007) or sublethal y
irradiation (White et al., 2008) can be used to prevent the rejection
of tumor xenografts (Taylor and Zon, 2009). Also in this case, the
use of transparent casper zebrafish may allow the rapid identifica-
tion of transplanted tumor cells. Indeed, intra-peritoneum or intra-
ventricular injection of small numbers of green fluorescent protein
(GFP)-labeled, transgenic zebrafish melanoma cells in irradiated
casperrecipients has allowed the study of three-dimensional tumor
growth and whole body distribution of tumor cells, thus providing a
quantitative analysis of tumor engraftment and offering the potential
for monitoring in vivo effects of therapeutically useful molecules
(White et al., 2008).

Human cancer cells have been successfully transplanted alsoin
the peritoneal cavity of 30 day-old Tg(fli1:EGFP)zebrafish juveniles
(Stoletov et al., 2007). This has allowed the study of the dynamics
of microtumor formation and neovascularization using high resolu-
tion imaging techniques, leading to a detailed description of the
interaction among fluorescent tumor cells and the GFP-labeled
vasculature of the host by three-dimensional reconstruction of
confocal microscopy images. The results of these studies have
shown that tumor cells secreting human VEGF promote fish vessel
remodeling and angiogenesis and that the human metastatic gene
RhoC drives the initial steps of the metastatic process. This model
system provides a clear window to visualize mechanisms of micro-
tumor formation, cellinvasion and tumor-induced angiogenesisina
mature animal. However, due to the fact that juvenile zebrafish has
a functional immune system, dexamethasone administration was
required to prevent the rejection of the tumor engraftment. Also, at
variance with zebrafish embryos (see below), the MO gene targeting
approach is unfeasible in zebrafish juveniles. On the other hand,
the impact of the tumor graft on the mature vasculature of juvenile
fishes may recapitulate more closely the events that occur during
tumor angiogenesis in adult animals and cancer patients. Indeed,
developing vessels of zebrafish embryos may respond differently



to tumor grafts compared to the fully developed vasculature of
juvenile animals (Stoletov and Klemke, 2008).

Tumor engrafting and angiogenesis in zebrafish embryos

The optical transparency and ability to survive for 3-4 days with-
out functioning circulation make the zebrafish embryo amenable
for vascular biology studies. Also, because of the immaturity of
the immune system in zebrafish embryos, no xenograft rejection
occurs at this stage (Taylor and Zon, 2009; Weinstein, 2002).
Moreover, transient gene inactivation via MO injection represents
a powerful tool for the identification of target genes in zebrafish
embryo (Thisse and Zon, 2002).

Original studies have shown the feasibility of injecting human
melanoma cells in zebrafish embryos to follow their fate and to
study their impact on zebrafish development (Topczewska et al.,
2006). In these studies, tumor cells were injected at the blastula

Fig. 1. Tumor angiogenesis in zebrafish embryo. Mammalian tumor cells
were injected in the perivitelline space of zebrafish embryos at 48 hpf. (A)
After 24 hours, embryos were stained for alkaline phosphatase activity
to visualize the newly formed blood vessels converging towards the graft
(asterisk). (B) GFP-tagged blood neovessels (in green) penetrate the tumor
cell graft preloaded with the fluorescent dye Dil (in red) in VEGFR2:G-RCFP
transgenic embryos.
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stage to explore potential bidirectional interactions between cancer
cells and embryonic stem cells. The results indicate that devel-
oping zebrafish can be used as a biosensor for tumor-derived
signals. However, grafting of tumor cells at this stage, well before
vascular development, results in their reprogramming toward
a non-tumorigenic phenotype, thus hampering any attempt to
investigate tumor-driven vascularization. At variance, injection of
melanoma cells into the hindbrain ventricle or yolk sac of 48 hpf
embryos results in the formation of tumor masses within 4 days
(Haldi et al., 2006). Immunostaining analysis of the grafts reveals
the presence of blood vessels within the brain and abdominal
lesions, even though the high vascularity of the invaded regions
may not allow easy discrimination between developmental and
tumor-induced angiogenesis (Haldi et al., 2006).

An easier assessment of the angiogenic response triggered
by tumor cell engrafting has been obtained by injecting mam-
malian tumor cells in the proximity of the developing SIV plexus
in zebrafish embryos at 48 hpf (Nicoli and Presta, 2007; Nicoli et
al., 2007). Pro-angiogenic factors released locally by the tumor
graft, including FGF2 and VEGF, affect the normal developmen-
tal pattern of the SIVs by stimulating the migration and growth of
sprouting vessels towards the implant. One-two days after tumor
cell grafting, whole mount phosphatase alkaline staining allows the
macroscopic evaluation of the angiogenic response (Fig. 1). The
use of transgenic zebrafish embryos, in which endothelial cells
express GFP under the control of endothelial-specific promoters
[(Baldessari and Mione, 2008) and references therein], represents
an improvement of the zebrafish embryo/tumor xenograft model,
allowing the observation and time-lapse recording of newly formed
blood vessels in live embryos by epifluorescence microscopy as
well as by in vivo confocal microscopy (Nicoli and Presta, 2007;
Nicoli et al., 2007) (Fig. 1). Also, quantum dots may be used as
labeling agents of the zebrafish embryo vasculature forlong-lasting
intravital time-lapse studies (Rieger et al., 2005).

Hypoxia represents an important driving force for tumor angio-
genesis, mainly mediated by VEGF upregulation via activation of
the hypoxia inducible factor (HIF) signaling pathway (Pugh and
Ratcliffe, 2003). When cancer cells are injected in zebrafish em-
bryos maintained in hypoxic water (7.5% air saturation), invasion
into neighboring tissues, dissemination, and metastasis of labeled
tumor cells was greatly enhanced when compared to cells injected
under normoxic conditions (Lee et al., 2009). Consistent with in-
creased tumor cell dissemination, hypoxia significantly stimulated
neovascularization and tortuosity of the tumor vasculature viatumor
cell-derived VEGF upregulation. Accordingly, VEGFR blockade by
sunitinib administration in the fish water or by anti-VEGFR2 MO
injection inhibited hypoxia-mediated pathological angiogenesis,
early dissemination of malignantcells, invasiveness and metastasis.

The possibility to study the metastatic behavior of primary hu-
man tumors in zebrafish embryos has been confirmed also when
human tumor tissue samples or primary tumor cells are injected
into the yolk of 2 day old embryos or are organotopically implanted
into the liver of zebrafish larvae (Marques et al., 2009).

Concluding remarks
When compared to other in vivo tumor angiogenesis assays,

the zebrafish embryo/tumor xenograft model presents several
advantages. i) The model allows the delivery of a very limited
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number of cells, mimicking the initial stages of tumor angiogenesis
and metastasis. ii) Labeled tumor cells (e.g. GFP-transduced or
fluorescent dye-loaded cells) can be easily visualized within the
embryo. Thus, analysis of the spatial/temporal relationship among
tumor cells and newly formed blood vessels may represent an im-
portant feature of this model. iii) Several techniques can be applied
within the constraints of paraffin or gelatin embedding, including
histochemistry and immunohistochemistry. Electron microscopy
can also be used in combination with light microscopy. Moreover,
reverse transcriptase-polymerase chain reaction analysis with
species-specific primers allows the study of gene expression by
grafted tumor cells and by the host under different experimental
conditions (Nicoli et al., 2007). iv) Zebrafish cancer assays can
be scaled-up into medium and high throughput screens (Brittijn et
al., 2009; Snaar-Jagalska, 2009).

The identification of genes essential for blood vessel formation
is of pivotal importance for the understanding of the angiogenesis
process and for the discovery of novel therapeutic targets. In
zebrafish embryos, MO injection induce a translational block in
gene function (Nasevicius and Ekker, 2000). Gene inactivation by
this approach is easy and fast (3-4 days) when compared to the
generation of knock-out mice (several months). Also, the simultane-
ous injection of different MOs may allow the inactivation of more
than one gene at the same time. This represents a paramount
advantage compared to any mammalian assay available and it
can be exploited for the identification of novel gene(s) involved
in tumor neovascularization. For instance, MO-induced inactiva-
tion of VE-cadherin (Nicoli et al., 2007) or calcitonin receptor-like
receptor (Nicoli et al., 2008b) zebrafish gene orthologs results in
a significant inhibition of the angiogenic process triggered by the
tumor graft in zebrafish embryos. On the other hand, silencing of
LIMkinases in human pancreatic cancer cells by siRNA treatment
results in a decreased angiogenic potential of these cells when
tested in the zebrafish xenograft angiogenesis assay (Vlecken
and Bagowski, 2009). Thus, the zebrafish embryo/tumor xenograft
model appears to be suitable for the identification of genes involved
in the tumor angiogenesis process and expressed either by the
host or by tumor cells.

Because of the permeability of its embryos to small molecules,
zebrafish allows disease-driven drug targetidentification and in vivo
validation, thus representing an interesting bioassay tool for small
molecule testing and dissection of biological pathways alterna-
tive to other vertebrate models (Pichler et al., 2003). Accordingly,
systemic exposure of live zebrafish embryos to anti-angiogenic
compounds dissolved in fish water results in a significant inhibition
of neovascularization triggered by the tumor graft (Nicoli etal., 2007;
Serbedzija et al., 1999). Also, nanoparticle-mediated targeting of
intracellular signaling pathways (Harfouche et al., 2009) and novel
anticancer metallodrugs (Brittijn ef al., 2009) have been demon-
strated to inhibit angiogenesis in this model. Thus, the zebrafish
embryo/tumor xenograft model may represent a short-term assay
suitable for the identification of novel tumor angiogenesis inhibitors.

It is interesting to note the rapid response of this model to
angiogenesis inhibitors (24-48 h) when compared to the chick
embryo chorioallantoic membrane assay (3-4 days), the s.c. murine
Matrigel plug assay (5-7 days), the murine (1 week) and rabbit (2-3
weeks) cornea assays, and the s.c. mouse syngraft and xenograft
assays (several weeks) (Hasan et al., 2004). Also, a large number
of zebrafish embryos can be injected and maintained in 96 well-

plates, thus allowing systemic in vivo treatment of the animals
with minimal amounts of compound. Therefore, dose-response
experiments can be easily performed and numerous compounds
can be tested in an effective manner. However, the metabolic fate
of the drug (either in terms of its activation or inactivation) may
differ in zebrafish embryo in respect to mammalian species. Also,
zebrafish embryos are maintained at 28°C. This may not represent
an optimal temperature for mammalian cell growth and metabo-
lism, even though we have observed mitotic figures with no sign
of apoptosis in grafted tumors throughout the whole experimental
period (Nicoli etal., 2007). In this respect, the possibility to raise the
incubation temperature up to 35°C with no apparent gross effects
on zebrafish development has been reported (Haldi et al., 2006).

In conclusion, with its own advantages and disadvantages, the
zebrafish embryo/tumor xenograft model represents a novel tool for
investigating the neovascularization process exploitable for drug
discovery and gene targeting in tumor angiogenesis.
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