
E
n
d
o
cr
in
e
-R
e
la
te
d
C
a
n
ce
r

Review
G Vitale et al. Zebrafish: a model for

neuroendocrine tumors
21 :1 R67–R83
Zebrafish as an innovative model for
neuroendocrine tumors
Giovanni Vitale1,2, Germano Gaudenzi1, Alessandra Dicitore2, Franco Cotelli3,

Diego Ferone4 and Luca Persani1,2

1Department of Clinical Sciences and Community Health (DISCCO), University of Milan, Milan, Italy
2Laboratory of Endocrine and Metabolic Research, Istituto Auxologico Italiano IRCCS, via Zucchi 18,

Cusano Milanino (MI) 20095, Italy
3Department of Biosciences, University of Milan, Milan, Italy
4Endocrinology Unit, Department of Internal Medicine and Medical Specialties, Center of Excellence for Biomedical

Research, IRCCS AOU San Martino-IST, University of Genoa, Genoa, Italy
http://erc.endocrinology-journals.org q 2014 Society for Endocrinology
DOI: 10.1530/ERC-13-0388 Printed in Great Britain

Published by Bioscientifica Ltd.
Correspondence

should be addressed

to G Vitale

Email

giovanni.vitale@unimi.it
Abstract
Tumor models have a relevant role in furthering our understanding of the biology of

malignant disease and in preclinical cancer research. Only few models are available for

neuroendocrine tumors (NETs), probably due to the rarity and heterogeneity of this group of

neoplasms. This review provides insights into the current state-of-the-art of zebrafish as a

model in cancer research, focusing on potential applications in NETs. Zebrafish has a complex

circulatory system similar to that of mammals. A novel angiogenesis assay based on the

injection of human NET cell lines (TT and DMS79 cells) into the subperidermal space of the

zebrafish embryos has been developed. Proangiogenic factors locally released by the tumor

graft affect the normal developmental pattern of the subintestinal vessels by stimulating the

migration and growth of sprouting vessels toward the implant. In addition, a description of

the striking homology between zebrafish and humans of molecular targets involved in

tumor angiogenesis (somatostatin receptors, dopamine receptors, mammalian target of

rapamycin), and currently used as targeted therapy of NETs, is reported.
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Introduction
In the past decades zebrafish (Danio rerio) has emerged as

a powerful vertebrate model system to study vertebrate

developmental mechanisms. Indeed, zebrafish has a high

fecundity (a female can lay up to 100–200 eggs/week), the

embryos develop outside the body and are transparent,

facilitating the observation of morphogenetic movements

and organogenesis in real time (Pistocchi et al. 2008,

Bellipanni et al. 2010, Quaife et al. 2012).

More recently, tlhe zebrafish has become an attractive

model for the research on several human diseases including

cancer (Liu & Leach 2011, Malafoglia et al. 2013). Although

there are evident structural and physiological differences

between zebrafish and humans, the zebrafish provides
several advantages when compared with other vertebrate

model systems (Lieschke & Currie 2007, Fieramonti et al.

2012, Konantz et al. 2012, Santoriello & Zon 2012).

This review provides insights into the current state-

of-the-art of zebrafish as a model in cancer research,

focusing on potential applications in neuroendocrine

tumors (NETs).
Zebrafish as a cancer model

Although fish do not have certain organs found in

mammals (breast, prostate, and lung), zebrafish spon-

taneously develops almost any type of tumor (Nicoli et al.
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2007). In addition, there is a high degree of histological

similarity between tumors developed in zebrafish and

those in human and many aspects of carcinogenesis are

conserved in fish as compared with humans (Amatruda

et al. 2002). In fact, despite zebrafish diverged from

mammals during evolution about 450 million years ago,

the developmental and genetic programs between these

organisms are largely conserved (Liu et al. 2002).

Several strategies have been used to generate cancer

models and to identify cancer-related genes in zebrafish:

treatment with chemical carcinogens, forward genetic

screening, reverse genetic approaches, transgenic models,

and xenotransplantation of mammalian cancer cells

(Tobia et al. 2011, Shive 2013).

Like their human and murine counterparts, zebrafish

are susceptible to develop a significant number and wide

variety of neoplasms after the exposure to chemical

carcinogens (Feitsma & Cuppen 2008). Treating fish with

carcinogens is very easy to set-up because the water-

soluble carcinogens can be added to the fish water and

embryos, larvae, and adult animals can be exposed for

longer time periods (Feitsma & Cuppen 2008). Although

the routes of exposure to carcinogens may differ between

fish and mammalians, the liver is the primary target for

many carcinogens in both fish and rodents (Shive 2013).

Zebrafish is one of the best vertebrate model currently

used for forward genetic screening in order to identify

cancer susceptibility genes. Mutations are induced in the

zebrafish genome by carcinogens, irradiation, or viral/

transposon-based vectors (insertional mutagenesis). The

progeny of mutagenized fish are screened for cancer

phenotypes. Mutated genes are identified through genetic

mapping, sequencing analysis, and phenotype validation

(Liu & Leach 2011). A forward chemical screen using

zebrafish embryos may provide an alternative approach to

identify cancer-susceptibility genes during embryogenesis,

considering that several cellular pathways involved in

cancer play also a role in embryonic development (Liu &

Leach 2011). In addition, zebrafish forward-genetic

screens are simplified by the optical transparency of

embryos and larvae, a feature that facilitates the screening

for cancer phenotype without sophisticated equipments

(Lieschke & Currie 2007).

Reverse genetics is another strategy consisting in the

modification of a gene of interest, or its expression, to

analyze the phenotypic effects. The genetic versatility of

zebrafish system and the recent technological innovations

in genetics have transformed zebrafish into a sophisticated

reverse genetic system, offering the possibility to increase

our knowledge in the field of cancer. Several approaches
http://erc.endocrinology-journals.org q 2014 Society for Endocrinology
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are used to evaluate the effect of specific gene mutations

on cancer development.

Targeting Induced Local Lesions in Genomes (TIL-

LING) is a technique, in which genomic DNA from a large

library of ethylnitrosourea-mutagenized zebrafish are

screened for specific mutations in genes of interest.

Screening is performed by PCR amplification of specific

exons from each mutagenized zebrafish followed by

mutation detection through direct resequencing of PCR

fragments or alternatively, by CEL1 endonuclease-

mediated mutation discovery (Liu & Leach 2011, Shive

2013). Once a mutant of interest is identified, individuals

isolated from the library and mutant lines are established

(Moens et al. 2008). The rapid advancements in next

generation sequencing platforms, able to increase the

speed and to reduce the cost of DNA sequencing, have

recently increased the efficiency of mutation discovery for

TILLING from mutant libraries (Santoriello & Zon 2012).

However, this technique is laborious and time-consuming

for a regular laboratory. Therefore, the Sanger Institute has

set up a project called ‘Zebrafish Mutation Project (ZMP)’

with the aims to create a knockout allele in every protein

coding gene in the zebrafish genome, using a combination

of whole-exome enrichment and Illumina next generation

sequencing. Mutations for 11 892 genes (about 45% of all

zebrafish genes) have been identified by this project so far

(http://www.sanger.ac.uk/Projects/D_rerio/zmp/).

Several emerging technologies are currently able to

create targeted knockout mutants in zebrafish, such as

zinc-finger nuclease-targeted mutagenesis, transcription

activator-like effector nucleases (TALENs), and the clus-

tered regularly interspaced short palindromic repeats

(CRISPR)–Cas (CRISPR-associated proteins) system. Zinc

finger endonucleases consist of a DNA-binding zinc finger

protein fused to a nonspecific cleavage domain of the FokI

endonuclease. They can induce double-strand breaks that

are generated by FokI endonuclease upon binding to

specific DNA sequences recognized by the zinc-finger

motifs. These damages are imprecisely repaired by

nonhomologous end joining a DNA repair pathway

frequently causing small insertions or deletions at the

break site. Therefore, engineered zinc-finger nucleases can

be designed to deliver frameshift mutations at specific sites

in the genome of the zebrafish (Liu & Leach 2011,

Santoriello & Zon 2012, Shive 2013).

TALENs are important new tools for genome engin-

eering. TALENs are chimeric nucleases generated by a

transcription activator-like (TAL) effector DNA-binding

domain, constructed to bind any desired DNA sequence

fused to a DNA cleavage domain. This system enables
Published by Bioscientifica Ltd.
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targeted gene disruption in a wide variety of model

organisms, is easier to design and assemble compared

with zinc-finger nucleases (Santoriello & Zon 2012, Shive

2013). Recent works have reported that TALENs can

induce mutations in endogenous zebrafish genes, showing

a high efficiency in inducing locus-specific DNA breaks in

somatic and germline tissues (at some loci this efficacy

approaches 100%) (Bedell et al. 2012, Ma et al. 2013).

Another innovative system for targeted genome

engineering derived from the CRISPR–Cas defense.

CRISPR–Cas constitutes an adaptive immune system

used by bacteria and archaea against invading foreign

nucleic acids derived from bacteriophages or exogenous

plasmids. This defense system can incorporate specific

short sequences of foreign nucleic acids into a region of

the host genome that is distinguished by CRISPR. When

these sequences are transcribed and processed into small

RNAs, they guide a multifunctional protein complex (Cas

proteins) to recognize and destroy incoming foreign

genetic elements in a sequence-specific manner (Bhaya

et al. 2011). Bacterial type II CRISPR systems can be

engineered to direct targeted double-stranded DNA breaks

in vitro to specific sequences by using a single ‘guide RNA’

with complementarity to the DNA target site and a Cas9

nuclease in mammalian cells (Cong et al. 2013). This system

also works efficiently in vivo for inducing targeted altera-

tions into endogenous genes in zebrafish with a somatic

targeting efficiency similar to those obtained using zinc-

finger nucleases and TALEN (Hwang et al. 2013).

A morpholino technology is routinely used in zebra-

fish to perform a transient gene knockdown. Morpholinos

are synthetic antisense oligonucleotides which replace the

ribose rings of RNA with morpholine rings. This modifi-

cation enables morpholinos to be resistant to nuclease

digestion and to increase binding activity to their

complementary RNA sequences. Therefore, using a

specific antisense morpholino, it is possible to target a

selected transcript and to dramatically reduce the levels

of the corresponding functional protein (Bill et al. 2009).

Nevertheless, once injected into the embryos, the effect

of morpholinos lasts only few days and thus this

technique is not suitable for the study of loss-of-function

consequences beyond the larval period.

Transgenic animals have provided the tools for

exploring the effects of oncogene overexpression or

tumor–suppressor gene inactivation (via dominant-

negative strategies) on tumor phenotype. Several trans-

genic zebrafish models of cancer have been developed

by microinjection of specific mammalian oncogenes in

early-stage zebrafish embryos using transposon-mediated
http://erc.endocrinology-journals.org q 2014 Society for Endocrinology
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systems, supporting that most of tumorigenic

mechanisms are conserved from zebrafish to human

(Lieschke & Currie 2007). Injection of foreign DNA into

fertilized eggs results in germline transgene integration

with a high efficiency. Interestingly, tissue-specific and/or

inducible transgenic methods have been successfully used

in zebrafish to induce a specific type of cancer and to

regulate the timing of tumor initiation. Indeed, different

tissue-specific promoters and systems able to regulate gene

expression with a high degree of temporal and spatial

precision have been adopted in zebrafish, such as Tol2

transposon and the mifepristone-inducible LexPR, GAL4-

UAS, and Cre-LoxP systems (Santoriello & Zon 2012,

Mimeault & Batra 2013). In this frame, transgenic animals

have led to experiments probing overexpression of WT,

constitutively active, or dominant negative versions of

a gene of interest (Santoriello & Zon 2012).

Xenotransplantation of human or mouse cancer cells

into zebrafish represents another interesting tool mainly

devoted to study in vivo tumor angiogenesis, invasiveness,

and metastatic dissemination (Nicoli et al. 2007).

Although murine xenotransplant model remains the

gold standard for studies in the field of human cancer

research and drug development, there are several limi-

tations associated with this model: long duration of time

required to have a visible tumor implant and to perform

experiments (from several weeks to months); requirement

of a skilled technician for the complexity of several

procedures; immunosuppressed mice are required to

avoid transplant rejection, these animals are more

susceptible to infection and drug toxicity than normal

mice and need specific housing and care; its laborious and

time-consuming process makes this model very expensive;

large number of cells (about 1 million) are required to

generate a tumor, making it less suitable as a xenotrans-

plant model using primary tumor cells; high difficulties

to generate mouse xenotransplant models able to meta-

stasize (Haldi et al. 2006, Konantz et al. 2012).

The zebrafish xenotransplantation model cannot

replace the use of mammalian model systems; however, it

can overcome some of these drawbacks previously reported,

providing a solid and complementary approach to mouse

model. Experimental models have been established in

zebrafish embryos, juveniles, and adults, each one with

its own advantages and limits (Lieschke & Currie 2007).

Zebrafish is an amenable model system for vascular

biology studies. Indeed, vessel/emathopoietic genetic

program is largely conserved during evolution. Further-

more, zebrafish embryos are so small that they can receive

enough oxygen by passive diffusion to survive and
Published by Bioscientifica Ltd.
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develop, reasonably normally, for several days in the

complete absence of blood circulation (Isogai et al. 2001).

In embryos, vessels formation can occur by two

different processes, vasculogenesis and angiogenesis.

During vasculogenesis, endothelial cells differentiate

from mesodermal precursors and proliferate in situ within

a previously avascular tissue to form a primitive tubular

network. Angiogenic remodeling refers to the process by

which this initial network is modified to form the mature

vasculature. In particular, angiogenesis occurs in the

formation of the intersomitic vessels (ISVs) of the trunk,

that sprout from the dorsal aorta, as well as of subintest-

inal vessels (SIV) originating from the duct of Cuvier area

(Fig. 1A and B; Isogai et al. 2001). A further vessel present

in this region is the common cardinal vein (CCV) that fans

out across the yolk on either side (Fig. 1A and B; Isogai

et al. 2001). Moreover, zebrafish possess a lymphatic

system that shares many of the morphological, molecular,

and functional characteristics found in other vertebrates

(Yaniv et al. 2006).

Due to its transparency and the use of transgenic

zebrafish expressing green fluorescent protein (GFP) in

endothelial lineages, zebrafish is an excellent animal

model to study tumor angiogenesis and metastatic

behavior of transplanted tumor cells, showing all the

critical steps of the metastatic process by live imaging at

high resolution, including breaching of the basement

membrane, intravasation, extravasation, and colonization
A

ISVs

SIV

C D

Figure 1

Human neuroendocrine tumor (NET) transplantation in zebrafish larvae.

NET cells were injected in 48 hpf Tg(fli1:EGFP)y1 zebrafish larvae that

expresses EGFP in the vascular endothelium (A and B). Red stained NET cells

(by Celltracker Cm-DiI, Invitrogen) were grafted into the subepidermal

space (between the periderm and the yolk syncytial layer) close to the

http://erc.endocrinology-journals.org q 2014 Society for Endocrinology
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of distant metastatic sites (Taylor & Zon 2009, Moore &

Langenau 2012). The generation of the Casper mutant

(Wenner 2009), which remain completely transparent

throughout life, has provided to use xenograft tumor

model also in juvenile/adult fish.

Original studies have shown the feasibility of injecting

human melanoma cells in zebrafish embryos to follow

their fate and to study their impact on host develop-

ment. Tumor cells were injected into 3-h old zebrafish

blastula-stage embryos to explore potential bidirectional

interactions between cancer cells and embryonic cells.

When injected at this early stage of development, highly

aggressive melanoma cells survive but do not cause cancer

or metastases, while they are able to redirect normal

embryonic development, promoting formation of a

secondary embryonic axis, probably due to Nodal signal-

ing from the tumor cells (Lee et al. 2005, Topczewska et al.

2006). These results indicate that developing 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 reprograming

toward a nontumorigenic phenotype, thus hampering

any attempt to investigate tumor-driven vascularization.

The first successful study on tumor-induced angiogen-

esis in zebrafish has been performed by Haldi et al. (2006).

They reported that transplanted WM-266-4 melanoma

cells into the yolk of zebrafish at 48 hours post fertilization

(hpf) rapidly proliferated, migrated, formed tumor-like
CCV

SIV

B

SIV plexus (C: dorsal view, D: lateral view). Pictures were taken with light

and fluorescent illumination and digitally superimposed. CCV, common

cardinal vein; ISVs, intersomitic vessels; SIV, subintestinal vessels.

Scale bar, 100 mm.

Published by Bioscientifica Ltd.
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masses, and stimulated angiogenesis through the recruit-

ment of host endothelial cells and the formation of new

vessels infiltrating the tumor mass.

Nicoli & Presta (2007) and Nicoli et al. (2007)

demonstrated a potent angiogenic response triggered by

mammalian tumor cells injected in the proximity of

the developing SIV plexus in zebrafish embryos at 48 hpf.

Pro-angiogenic factors released locally by the tumor graft,

including fibroblast growth factor (FGF) and vascular

endothelial growth factor (VEGF), affect the normal

developmental pattern of the SIV by stimulating the migra-

tion and growth of sprouting vessels toward the implant.

Marques et al. (2009) injected cells from gastro-

intestinal primary human tumors into the yolk sac of

zebrafish embryos. Tumor cell invasion and micrometas-

tasis formation were visible within 24 hours post-injection

(hpi). Similar results were reported injecting highly

metastatic murine melanoma B16–BL6 cells directly into

the embryonic blood circulation in the ventral region of

the duct of Cuvier. Tumor cells extravasated in different

anatomical sites 24 hpi and formed extravascular micro-

metastases during the next 3–4 days (Tobia et al. 2013).

Stoletov et al. (2007) transplanted several human cancer

cells into the peritoneal cavity of chemically immuno-

suppressed translucentzebrafish.Cancer cells expressing the

metastatic gene rhoC employ an amoeboid-type invasion

and stimulated angiogenesis. This system, taking advantage

of the development of translucent fish and high-resolution

confocal microscopy, provided the opportunity to visualize

tumor invasion and metastasis in a model where mature

fish vasculature mimics tumor-induced angiogenesis in

human patients.

Very recently, Rampazzo et al. (2013) have injected

glioblastoma multiforme (GBM) cells into the brain of

developing zebrafish larvae. By using a Wnt-reporter

zebrafish strain, they targeted primary human GBM cell

injection into a Wnt-rich brain site and found that

activation of Wnt signaling promotes neuronal differen-

tiation of GBM cells, thus restraining GBM aggressiveness.

Therefore, when compared with other in vivo tumor

angiogenesis/invasion/differentiation assays, this zebra-

fish/tumor xenograft model presents several relevant

advantages which are as follows (Nicoli & Presta 2007,

Tobia et al. 2011, 2013):

– Labeled tumor cells (e.g., GFP-transduced or fluorescent

dye-loaded cells) can be easily visualized within the

embryos, larvae, or Casper juvenile/adult fish. Because

of the optical transparency and the availability of

multiple zebrafish lines that express fluorescent
http://erc.endocrinology-journals.org q 2014 Society for Endocrinology
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proteins in normal tissues, zebrafish/tumor xenograft

can provide a fast, high resolution on single-cell level

and real-time monitoring of cell–stromal interactions

and cancer progression in living animals (Konantz

et al. 2012). The use of transgenic zebrafish, in which

endothelial cells express GFP under the control of

endothelial-specific promoters, represents an improve-

ment of the zebrafish/tumor xenograft model, allowing

the observation and time-lapse recording of newly

formed blood vessels in live fish by epifluorescence

microscopy as well as by in vivo confocal microscopy

(Tobia et al. 2011). Several other available transgenic

lines provide additional tools to study further aspects

of the tumor–host interactions. For example, the use of

transgenic zebrafish with neutrophils, macrophages, or

platelets specifically labeled with fluorescent proteins,

may improve our knowledge of the host inflammatory

response against implanted tumors (Konantz et al.

2012, White et al. 2013).

– Immunohistochemistry and immunofluorescence

staining can be performed on whole embryos and larvae

or on histological sections to study protein expression

and localization. Moreover, reverse transcriptase-

PCR analysis with species-specific primers allows the

concomitant study of gene expression by grafted

tumor cells and by the host (Nicoli & Presta 2007,

Tobia et al. 2011).

– Electron microscopy can be used in combination with

light microscopy to perform detailed ultrastructural

studies.

– As zebrafish at 48–72 hpf do not have a fully developed

immune system, no graft rejection occurs at this

stage. Therefore, the xenotransplantation procedure

does not require immune suppression at this stage of

development. Although, the main advantage to use

juvenile/adult zebrafish compared with embryos is that

all the major organs including the vasculature have

completed development and have reached their mature

pattern, at these stages zebrafish has a functional

immune system that must be suppressed with dexa-

methasone or irradiation for successful grafting of the

cancer cells (Tobia et al. 2011).

– Zebrafish embryos are readily permeable to many

different compounds dissolved in their culture

media. In this frame, the zebrafish/tumor xenograft

model represents a rapid and suitable test to screen

small-molecules with potential antitumor activity

and using a small amount of compounds (Pichler

et al. 2003). Interestingly, several groups recently

have developed in zebrafish embryos quantitative,
Published by Bioscientifica Ltd.
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automated, and short-term bio-imaging platforms to

study angiogenesis/cancer dissemination and for the

screening of anticancer drugs (Vogt et al. 2009, Ghotra

et al. 2012).

– The required low number of implanted cells (50–1000

cells/embryo) may favor the use of tumor cells isolated

from human primary culture in order to perform drug

sensitivity testing for personalized cancer therapy.

In addition, the model allows the continuous delivery

of angiogenic factors from a very limited number of

cells, mimicking the initial stages of tumor angiogenesis

and metastasis.

– Zebrafish are not expensive and can be easily maintained

in an aquarium with a minimal requirement of

equipment and propagated in a large number due to

their high rate of fecundity (Mimeault & Batra 2013).

The maintenance cost of zebrafish is considerably lower

than that of mice (Pichler et al. 2003) and its logistic

is much simpler than a mammalian facility.

– Transgenic reporter zebrafish lines can be used to track

pathways involved in tumor–environment crosstalks

(Moro et al. 2013, Rampazzo et al. 2013).

However, there are several disadvantages of using

this model (Tobia et al. 2011, 2013), that need to be

considered, such as:

– Species-specific microenvironmental differences may

affect the behavior of grafted mammalian tumor cells

and the lack of some mammalian organs in fishes

(such as mammary gland, prostate, and lung) precludes

the possibility to perform orthotopic transplantation

experiments and to investigate tissue-specific mecha-

nisms of tumor cell homing and colonization in

these organs.

– Drug metabolism in zebrafish may be different from

that in mammals.

– Zebrafish embryos are maintained at 28 8C. This may

not represent an optimal temperature for mammalian

cell growth and metabolism. However, the possibility

to raise the incubation temperature up to 35 8C with

no apparent gross effects on zebrafish development

has been reported (Haldi et al. 2006).

– Embryonic organs and systems are completely defined

but their differentiation is incomplete.

– A limited number of antibodies against zebrafish

proteins are available so far. Nevertheless, due to

the high degree of molecular conservation in

vertebrates, antibodies that target mammalian protein

can be used to perform immunohistochemistry and
http://erc.endocrinology-journals.org q 2014 Society for Endocrinology
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immunofluorescence assays on zebrafish samples.

– As for other animal models, xenotransplantation

requires good manual skills of the operator.

Therefore, the zebrafish/tumor xenotransplantation

is considered as an attractive, robust, fast, and technically

simple model to study tumor–host microenvironment

and to screen for antiangiogenic compounds.
Zebrafish as a cancer model for NETs

Most of the players, pathways, and feedback loops

of endocrine system are highly conserved from

zebrafish to human (Bourque & Houvras 2011, Lohr &

Hammerschmidt 2011). Orthologs for several mammalian

neurohormones have been identified and localized in

zebrafish (Toro et al. 2009, Lohr & Hammerschmidt

2011). Therefore, the zebrafish is a relevant model for

human endocrine system, providing important insights

particularly into the development of endocrine glands

(Porazzi et al. 2009).

Recent studies have suggested that zebrafish may

emerge also as a new model of NETs with a reasonable

prospect of success (Fig. 2).

Liu et al. (2011) generated a stable transgenic zebrafish

(Tg:Pomc-Pttg) with overexpression of pituitary tumor

transforming gene (pttg) targeted to the adenohypo-

physeal proopiomelanocortin (Pomc) cells. PTTG is

overexpressed in more than 90% of pituitary tumors,

including ACTH-secreting pituitary adenomas (Vlotides

et al. 2007). Adult Tg:Pomc-Pttg fish developed pituitary

corticotroph adenomas combined with pituitary cyclin E

overexpression and metabolic disturbances, mimicking

hypercortisolism caused by Cushing’s disease. Although

the chronic hypercortisolemic status was observed only

in adult zebrafish, pituitary tumor was already detected

within the first days of embryonic development. Like its

mammalian counterpart, the Tg:Pomc-Pttg pituitary

corticotroph adenoma developed cyclin E overexpression

associated with G1/S phase disruption. This animal system

has been adopted for an in vivo drug testing using

several inhibitors of cyclin-dependent kinases (CDKs).

R-roscovitine, a potent and selective inhibitor of CDK2/

cyclin E, specifically reversed corticotroph expansion

in live Tg:Pomc-Pttg embryos. This effect was sub-

sequently confirmed in a mouse model of corticotroph

(Liu et al. 2011).

Germline mutations of the aryl hydrocarbon receptor

interacting protein (AIP) gene have been described in
Published by Bioscientifica Ltd.
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about 15–40% of familial cases of pituitary adenomas

(Igreja et al. 2010). Equivalents of mammalian AIP are

present and well conserved in the zebrafish. Studies on aip

expression and functions in zebrafish are under investi-

gation, offering a novel promising model to explore Aip

protein interactions and to study pituitary tumorigenesis

(Aflorei et al. 2012).

Other mechanisms potentially involved in pituitary

tumorigenesis have been postulated through the use of the

zebrafish model. By means of a forward genetic approach,

Rios et al. (2011) identified a zebrafish ubiquitin-specific

peptidase 39 (Usp39) mutant, developing a phenotype of

microcephaly and pituitary hyperplasia. This study

suggests that loss of usp39 results in aberrant retinoblas-

toma-1 mRNA splicing, which induces expression of its

target e2f4, a transcription factor involved in controlling

the cell cycle and with oncogenic activity when over-

expressed. Indeed, gene expression profiling of Usp39

mutants revealed a decrease in retinoblastoma-1 and an

increase in e2f4, rbl2 (p130), and cdkn1a (p21) expression.

These results disclose a new molecular mechanism,

involving dysregulation of retinoblastoma and e2f4

pathways, responsible for pituitary tumorigenesis.

Although fish do not have anatomical structures

corresponding to parathyroid glands, they express para-

thyroid hormone and calcium sensing receptor in gill

tissue, both of them are functionally similar to their

mammalian counterparts. Indeed, parathyroid gland and

the gills of fish are evolutionarily related structures

(Bourque & Houvras 2011). In humans, germline inacti-

vation of the HRPT2/CDC73 tumor suppressor gene,

coding for parafibromin and discovered in the context of

the hyperparathyroidism–jaw tumor (HPT–JT) syndrome,

has been reported in 50–75% of HPT–JT cases and in

about 14% of familial isolated hyperparathyroidism

(Carpten et al. 2002, Bricaire et al. 2013). In addition,

HRPT2/CDC73 mutation is a common, somatic event

in most parathyroid cancers and adenomas, underlining

the relevant role of this gene in the pathogenesis of

parathyroid tumors (Sharretts et al. 2010). However, most

of the mechanisms through which HRPT2/CDC73 gene

might control tissue-specific tumorigenesis are still

unsolved. Interestingly, the zebrafish ortholog of cdc73

has been identified in a genetic suppressor screen where it

modulates erythropoiesis (Bai et al. 2010), and oligoden-

drocyte differentiation (Kim et al. 2012). The identification

of a zebrafish cdc73 mutant may provide an attractive

device for creating a zebrafish model of parathyroid

tumors (Bourque & Houvras 2011).
http://erc.endocrinology-journals.org q 2014 Society for Endocrinology
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The potential role of surrounding tissue micro-

environment in the pathogenesis of medullary thyroid

cancer (MTC) may be investigated using zebrafish as

model. In humans C-cells are dispersed throughout the

thyroid parenchyma, whereas in zebrafish this cell type

arises from the ultimobranchial bodies but does not come

into contact with thyroid follicles. Malignant trans-

formation of C-cells by RET oncogene leads to MTC in

humans, but the role of surrounding follicular thyroid

cells is presently unknown. So it would be interesting to

determine the disease phenotype emerging in species

where C-cells are not colocalized with thyroid epithelial

cells (Bourque & Houvras 2011). Indeed, thyroid epithelial

cells are able to synthesize extracellular matrix com-

ponents in mammals, and it has been postulated that

extracellular matrix may have a role in the pathogenesis

and progression of MTC (Lekmine et al. 1999).

Zebrafish embryos represent an interesting model

to study the factors and signaling events involved in

pancreatic endocrine cell differentiation, proliferation,

and carcinogenesis (Tehrani & Lin 2011). It is possible

to perform chemical screens in transgenic zebrafish

embryos aimed to identify compounds that modulate

b-cell differentiation and proliferation (Hesselson et al.

2009, Rovira et al. 2011), providing determinant infor-

mation to identify novel therapies for diabetes mellitus

and pancreatic NETs. In this regard, when oncogenic

human MYCN was expressed under the control of

the zebrafish myoD promoter, that drives gene expression

in pancreatic neuroendocrine b-cells, neurons, and

muscle cells, a small number of the transgenic fish

developed a neuroendocrine carcinomas between 4 and

6 months of age (Yang et al. 2004). It is well known

that the c-MYC proto-oncogene is implicated in human

pancreatic b-cells growth and tumorigenesis (Pelengaris

& Khan 2001). This study suggested that mycn, a

relative of c-MYC, may function in a similar manner in

zebrafish (Yang et al. 2004). In future, the generation of

a stable transgenic line expressing MYCN in the pancreas

may provide a power drug-screening platform for

pancreatic NET.

The MYC/MAX/MXD1 network has also a critical

role in the development of tumors of neural crest origin,

such as neuroblastoma, pheochromocytomas, and para-

gangliomas (Cascon & Robledo 2012). Zhu et al. (2012)

have generated a transgenic zebrafish model in which

overexpression of human MYCN and activated

anaplastic lymphoma kinase (ALK) genes in peripheral

sympathetic nervous system develops tumors in the fish
Published by Bioscientifica Ltd.
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analog of the adrenal medulla that closely resemble

human neuroblastoma.

With its genomic versatility and amenability to

genetic and experimental manipulation, the zebrafish

model may provide relevant insight into the study

of hereditary disorders, including NETs as part of a

hereditary syndrome.

Multiple endocrine neoplasia type 1 (MEN1) is an

autosomal dominant disorder characterized by the

development of tumors of pituitary, parathyroid glands,

and endocrine pancreas. The responsible gene MEN1

encodes a 610-amino acid protein in humans, called

menin. The gene is highly conserved in all vertebrate

species including fish. Zebrafish menin is a 617-amino acid

protein with 75% similarity to human menin and the

region spanning residues 41–322 is highly conserved

(83% homology). Amino acids affected by inactivating

missense mutations in MEN1 patients in this region

are completely conserved between human and zebrafish.

Such a high conservation strongly supports the functional

relevance of this region (Khodaei et al. 1999). Analysis

of the database of zebrafish mutants available from the

zebrafish Information Network (http://zfin.org/action/

fish/search) does not show any zebrafish men1 mutant,

but the generation of zebrafish mutants for this gene

through the previously reported technologies may open

novel interesting perspectives.

MEN2 is a hereditary disorder consisting of three

syndromes: MEN2A, MEN2B, and familial MTC. These

syndromes, due to germline-activating mutations of the

RET proto-oncogene, result in the development of MTC

and other tumors embryologically arising from the neural

crest (Vitale et al. 2001). Human RET gene encodes

two isoforms, termed RET9 and RET51. Zebrafish ret is

capable of encoding both isoforms. The zebrafish ret9

amino acid sequence is identical to human RET9, and

zebrafish ret51 sequence shows significant sequence

homology to human RET51, with 67% amino acid identity

(Marcos-Gutierrez et al. 1997; Lucini et al. 2011). The exons

encoding the tyrosine kinase domain are highly conserved

from humans to zebrafish (Fisher et al. 2006). In zebrafish,

ret signaling is crucial for the development of the enteric

nervous system as in humans (Burzynski et al. 2009).

Perturbation of ret and gdnf by morpholino knockdown

resulted in a complete loss of the zebrafish enteric nervous

system (Burzynski et al. 2009). In addition, neural crest cells

can be directly visualized in live fish by using transgenic

lines that express GFP in the enteric neurons, such as the

FoxD3:GFP transgenic line (Field et al. 2009). Therefore,
http://erc.endocrinology-journals.org q 2014 Society for Endocrinology
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zebrafish represents an interesting genetic model to study

Hirschsprung’s disease, generally associated with lack of

RET function (Burzynski et al. 2009). Newly developed Ret

mutants in zebrafish, harboring activating mutations

similar to those found in patients with MEN2, could

provide relevant information toward understanding the

mechanisms involved in this disease and could offer a

powerful platform for drug screening.

A continuum of MEN is represented by the Von

Hippel–Lindau (VHL) disease, an autosomal dominant

genetic condition that results in a constellation of cysts

and extensively vascularized tumors, including several

NETs (pheochromocytomas and pancreatic NETs; Richard

et al. 2013). Germline-inactivating mutations in the VHL

gene cause this syndrome. The main function of VHL as

tumor suppressor is to negatively regulate hypoxia-

inducible mRNAs, including those encoding VEGF,

erythropoietin, platelet-derived growth factor (PDGF),

and glucose-transporter GLUT1. VHL is involved in the

degradation by the proteasome of the hypoxia-inducible

transcription factor HIF-1a. HIF-1a contributes to form

transcriptional complex responsible for the activation

of genes involved in angiogenesis, metabolism, and cell

proliferation. In sum, the loss of VHL facilitates HIF

accumulation that accounts for the excessive vasculariza-

tion observed in VHL-related lesions and the development

of tumors (Richard et al. 2013). In zebrafish the Vhl–Hif

axis is highly conserved (Kajimura et al. 2006). vhl exhibits

proangiogenic and tumor suppressor functions. Indeed,

zebrafish vhl mutants develop several key aspects of

the human disease condition, including activation of the

Hif signaling pathway, severe pathological neovasculari-

zation, macular edema, pronephric abnormalities,

and polycythemia (van Rooijen et al. 2010, 2011).

Heterozygous vhl zebrafish, upon exposure to dimethyl-

benzanthracene, exhibited an increase in the occurrence

of hepatic and intestinal tumors (Santhakumar et al.

2012). Interestingly, Vhl/Hif signaling can be evaluated

in vivo in the zebrafish Tg(phd3TEGFP) line expressing

enhanced GFP (EGFP) driven by prolyl hydroxylase 3

(phd3) promoter/regulatory elements. Since phd3 is

strongly induced by the Vhl activation (Santhakumar

et al. 2012), the expression of vhl mutants in the reporter

zebrafish Tg(phd3TEGFP) line may represent a unique

platform for the identification of new pathways involved

in the development of VHL-associated neoplasms, includ-

ing NETs. These models could be also helpful for chemical

genetic screens aimed at identifying novel anti-angiogenic

agents that are able to suppress HIF activity.
Published by Bioscientifica Ltd.
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Neurofibromatosis type 1 is a human genetic disorder

characterized by café-au-lait macules and the growth of

benign and malignant tumors involving the peripheral

and CNS and NETs (pheochromocytoma, paragangliomas,

gastroenteropancreatic-NETs). Inactivating mutations

of NF1 gene have been linked to neurofibromatosis

type 1. Neurofibromin, the product of NF1, serves as a

suppressor of the RAS activity (Laycock-van Spyk et al.

2011). Two zebrafish orthologs (nf1a and nf1b) are highly

homologous to human NF1 (about 84% identity).

A zebrafish model of NF1 deficiency has been recently

generated through stable mutant nf1 zebrafish lines, using

both zinc-finger nuclease and TILLING strategies (Shin

et al. 2012). Zebrafish mutants lacking neurofibromin

reveal abnormal patterning of the melanophores that

compose the lateral stripes and are predisposed to tumor

formation, a phenotype not very different from that

reported in human neurofibromatosis type 1 (Shin et al.

2012). This zebrafish model represents an attractive tool

to elucidate how NF1 mutations contribute to phenotypes

and the mechanisms underlying the tissue-selectivity

of tumors.

Tuberous sclerosis complex (TSC) is an autosomal

dominant disorder, characterized by the development of

multiple hamartomas, and occasionally by NETs. This

disorder is caused by loss-of-function mutations of the

TSC1 or the TSC2 genes, which code for the proteins

hamartin and tuberin respectively. Hamartin and tuberin

constitute a tumor suppressor complex that negatively

modulates mammalian target of rapamycin (mTOR)

signaling, a critical pathway in the regulation of cell

proliferation and angiogenesis in several tumors, notably

in NETs (Dworakowska & Grossman 2009). Kim et al.

(2011) developed a model system of TSC by introducing

a premature stop codon in the zebrafish tsc2 gene. tsc2

homozygous mutant zebrafish exhibited several charac-

teristics of TSC, including hamartoma formation in the

brain and activation of TOR pathway (Kim et al. 2011).

A similar model of TSC has been generated placing a

heterozygous mutation of the tsc2 gene in a p53 mutant

zebrafish. tsc2; p53 mutants developed multiorgan malig-

nancies with increased expression of Hif1-a, Hif2-a and

Vegf-c, TOR activation and a conspicuous angiogenesis.

Interestingly, mTOR inhibitor rapamycin significantly

reduced tumor proliferation and vascularization (Kim

et al. 2013). This zebrafish model would clarify most of

the mechanisms contributing to tumorigenesis and

mediated by dysregulation of the Tsc-TOR pathway.

Another advantage of this model is its ability to
http://erc.endocrinology-journals.org q 2014 Society for Endocrinology
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accommodate large-scale anticancer drug screening for

new molecules with a potential inhibitory activity toward

Tsc-TOR signaling, representing a promising tool in the

treatment of NETs.
The zebrafish/tumor xenograft angiogenesis
assay in NETs: preliminary data

Angiogenesis has a critical role in the development of the

tumor. Indeed, the formation of new vessels facilitates

tumor metastasis and provides tumor cells with oxygen

and nutrients, all essential factors to sustain the tumor

growth. Most NETs have a highly diffuse vascularization.

In fact, NETs typically produce a variety of proangiogenic

cytokines and growth factors, including several members

of VEGF, FGF, PDGF, epidermal growth factor (EGF),

and insulin-like growth factor (IGF) families (Teule &

Casanovas 2012, Scoazec 2013).

For the vast majority of tumors, the blood vessel

density represents a prognostic indicator of survival and

metastatic potential. In fact, tumors with high vascular

density have a higher incidence of metastasis than poorly

vascularized tumors. On the other hand, a paradoxical

situation (‘The neuroendocrine paradox’) emerged in

pancreatic NETs. In these tumors intratumoral micro-

vascular density is higher in benign lesions than in

carcinomas. Surprisingly, in malignant tumors microvas-

cular density seems to be a favorable parameter, associated

with a prolonged survival (Scoazec 2013). In addition,

direct or indirect signs of proangiogenic response and

hypoxia are expressed more clearly in high-grade than in

low-grade tumors. To explain these observations, it has

been postulated that in pancreatic NETs: i) the density of

the vascular network is a marker of differentiation rather

than a marker of aggressiveness; ii) angiogenesis is not

tightly connected to metastatic properties. Therefore the

most vascularized pancreatic NETs appear to be the most

differentiated and the less angiogenic neoplasms (Scoazec

2013). In this regard, several issues need to be still

addressed. As the ‘neuroendocrine paradox’ has been

demonstrated only in pancreatic NETs, it remains to be

verified whether it is translatable to the other types of

NETs and to metastatic as well as to primary sites. These

questions and a better knowledge of the mechanisms and

regulation of tumor angiogenesis in NETs may be

clinically highly relevant to determine the best anti-

angiogenic therapeutic strategy.

As mechanisms playing a role in tumor–host

interactions are highly conserved between human and
Published by Bioscientifica Ltd.
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zebrafish (Tobia et al. 2013), and the process of angiogen-

esis is mechanistically similar in embryonic and tumor

development, we decided to perform the xeno-

transplantation of human NET cancer cells into the

subperidermal space of zebrafish embryos (Fig. 1). It has
Figure 3

Schematic representation of putative molecular pathways involved in

tumor xenograft-mediated angiogenesis. VEGF production is stimulated

in implanted tumor cells by the hypoxia and low pH of the tumor

microenvironment together with activation of different receptors for

common growth factors (FGF, PDGF, EGF, IGF, etc.). These receptors promote

several signal transduction events (Ras-Raf-MEK-ERK and PI3K-AKT-mTOR)

that control cell cycle, survival, and migration of tumor cells. In addition,

human VEGF secreted by the implant stimulates cell proliferation,

migration, and survival of zebrafish endothelial cells probably through the

activation of PI3K-AKT-mTOR, src-NOs, and MAPK. These processes induce

and drive the sprouting of blood vessels from the subintestinal vessels (SIV)

toward the tumor. The interplay between numerous signaling pathways

provides an accurate phenotypic specialization of endothelial cells.

A growing sprout consists of a tip cell that leads the developing vessel and

extends philopodia during the migration and several stalk cells that form

http://erc.endocrinology-journals.org q 2014 Society for Endocrinology
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been previously demonstrated that inoculation of mam-

malian tumor cells in zebrafish embryos can induce a

potent angiogenic response through the secretion of

several growth factors (Nicoli et al. 2007). VEGF/FGF

gradient produced by the tumor is able to guide the
the vessel trunk. Molecular mechanisms that control the specification of tip

and stalk cells are very conserved during the evolution of vertebrates and

depend on the interaction between Notch and VEGF signaling (Siekmann &

Lawson 2007). Hypoxia-driven VEGF signaling induces expression of the

Notch ligand Delta-like-4 (Dll4) in tip cells. Then, the interaction between

Dll4 and Notch receptor activates Notch pathway in adjacent endothelial

cells, leading to the reduction of VEGF receptor 2 (VEGFR2) expression and

thereby promoting the stalk cell phenotype (Siekmann & Lawson 2007).

These processes are highly activated in neuroendocrine tumors and can

be counteracted by the stimulation of somatostatin receptors (SSTRs)

expressed in both neuroendocrine tumors cells and human endothelial cells

of peritumoral vessels. SSTRs are conserved through evolution. However,

the expression and the function of these receptors in peritumoral vessels

need to be explored in zebrafish.
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sprouting of new blood vessels from the close vascular

network (SIV). This is a complex phenomenon involving

several pathways and mechanisms that are schematically

illustrated in Fig. 3. Interestingly, most of these pathways

deregulated in zebrafish/tumor xenograft model are

commonly activated in human NETs.

We have recently developed a system to study NET-

mediated angiogenesis (Vitale G, Gaudenzi G, Dicitore A,

Cotelli F and Persani, 2013, unpublished observations),

based on the injection of two human NET cell lines (TT, a

human MTC cell line and DMS79, a human small-cell lung

carcinoma cell line secreting ACTH) in Tg(fli1:EGFP)y1

zebrafish line that expresses EGFP under the control of the

fli1 promoter (Fig. 1A and B). Both NET cell lines have been

selected on the basis of strong proangiogenic capacity,

related to the high production of VEGF (Lund et al. 2000,

Petrangolini et al. 2006).

Starting from 24 hpi, we evaluated the ability of both

tumor cell lines to induce the sprouting of new vessels

from the SIV and the CCV (Fig. 4). While the control larvae

injected with only phosphate buffered saline solution

(PBS) did not display alterations of vascular network, the

injection of TT and DMS79 cells line stimulated migration

and growth of sprouting vessels from SIV and CCV toward

grafted cells in a time-dependent manner (Fig. 4). Indeed,
A

E

B

F

C

G

24 hpi

48 hpi

ctr

ctr

DMS79

TT

24 hpi

48 hpi

Figure 4

Neuroendocrine tumor (NET)-grafted cells stimulate angiogenesis in

zebrafish larvae. Representative confocal microscopic images of 48 hpf

Tg(fli1:EGFP)y1 zebrafish larvae implanted with red fluorescence-stained

DMS79 (B and D) and TT (F and H) cells. After 24 (A and B), 48 (C, D, E, and F),

and 72 hpi (G and H) larvae were embedded in low-melting agarose and

the yolk region was observed by confocal microscopy. In comparison to
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we observed new blood vessels that rapidly reached the

graft and progressively surrounded and penetrated the

tumor cells mass. A more intricate network of new blood

vessels was observed in TT tumor-xenograft (Figs 4 and 5).

In a temporal window of three days post injection, we

observed that the neovascularization followed morpho-

genetic steps resembling physiological angiogenesis that

occurs during embryonic development and in adult

animals (Fig. 5A, B, C, D, E, and F). Indeed, in 24 and 48

hpi TT-grafted larvae we detected that endothelial cells

leading the growing sprout have a ‘tip phenotype’, with

long philopodia that probably explore molecular signals

in the microenvironment of tumor cells (Fig. 5A, B, D, D 0,

E, and E 0). Moreover, we observed that endothelial sprouts

with tip cells were progressively converted in vessels

(Fig. 5C, F, and F 0) (Adams & Alitalo 2007). Histological

sections of 48 hpi TT-grafted larvae stained with whole-

mount alkaline phosphatase clearly showed that new

vessels reached and penetrated the tumor mass (Fig. 5G, H,

I, and J).

Somatostatin and dopamine receptors, as well as

mTOR pathway, represent pivotal controllers of hormonal

secretion, cell proliferation, and angiogenesis in human

NETs (Gatto & Hofland 2011). Indeed, somatostatin

analogs, dopamine agonists, and mTOR inhibitors are
D

H

ctr

ctr

DMS79

TT

48 hpi

72 hpi

48 hpi

72 hpi

PBS-injected control larvae (A, C, E, and G), NET-grafted larvae showed

vessels that sprout from the SIV and the CCV (B, D, F, and H). TT seemed

to have a more robust proangiogenic activity (F and H). All images

are oriented so that rostral is to the left and dorsal is at the top.

Scale bar, 50 mm.
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Figure 5

Progressive vascularization of tumor cells mass in TT tumor xenografts.

Representative microscopic images of 48 hpf Tg(fli1:EGFP)y1 zebrafish

larvae implanted with red fluorescence stained TT cells. The same TT

grafted larva was observed by confocal microscopy (A, B, C, D, D 0, E, E 0, F,

and F 0) at 24 (A and D), 48 (B and E), and 72 (C and F) hpi. Images in A, B, and

C showed sprouting vessels that progressively reached and surrounded red

grafted cells. The red channel imagewas omitted in panels D, D 0, E, E 0, and F

to highlight the newly formed microvascular network. Digital magni-

fication of boxed regions in D, E, and F (D 0, E 0 and F 0) suggested that tumor

xenograft mediated angiogenesis is a multistep process, in which

endothelial sprouts with tip cells (cells with long philopodia in D 0 and E 0)

were progressively converted in vessels. Alkaline phosphatase staining

was performed on 48 hpi control (G) and TT grafted larvae (H, red asterisk

indicates the position of TT cells). Transverse histological sections (I and J)

of alkaline phosphatase-stained TT-grafted larvae displayed that vessels

penetrated in the tumor mass. Dashed areas in I and J (original

magnification of tumor mass) showed the position of tumor cells between

the periderm (p) and the yolk (y). Arrowheads in J indicate neoformed

vessels surrounding and penetrating the tumor implant. Images from

A to H are oriented so that rostral is to the left and dorsal is at the top.

Scale bar, 50 mm.
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currently used in the therapy of NETs (Faggiano et al. 2012,

Ruscica et al. 2013).

Mammals have five somatostatin receptor genes,

named SSTR1 through 5 (Olias et al. 2004), whereas

zebrafish has eight SSTR genes: SSTR1, -2a, -2b, -3a, -3b,

-5a, -5b, and -6 (Ocampo Daza et al. 2012). Comparative

genomic analyses suggested that SSTRs family arose from a

series of gene duplication events throughout the course of

vertebrate evolution. In particular, the increase in SSTRs

family members could be the result of the basal vertebrate

whole-genome duplications and subsequently the teleost-

specific genome duplication. One of the teleost receptors

gene, sstr6, represents an ancestral vertebrate subtype that

has been lost in tetrapods, while sstr4 sequences could not

be identified in teleosts (Ocampo Daza et al. 2012).

Zebrafish and human amino acidic SSTR sequences

showed a high degree of identity ranging 50–80%.
http://erc.endocrinology-journals.org q 2014 Society for Endocrinology
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In mammals, five-specific dopamine receptors have

been characterized and are classified into two subgroups:

D1-like (D1, D5) and D2-like receptors (D2, D3, D4)

(Ferone et al. 2009). In zebrafish, 8 dopamine receptors

have been cloned (Barreto-Valer et al. 2012): D1-like

receptor (Drd1), which shares 71% amino acid identity

to humans (Li et al. 2007); the D2-like receptors (Drd2a,

Drd2b, Drd2c, Drd3, Drd4a, Drd4b, and Drd4rs), which

show an amino acid identity with human sequence

ranging 56–67% (Boehmler et al. 2004, 2007).

Like its mammalian counterpart, the zebrafish TOR

ortholog (zTOR) plays a central role in the regulation of

cell proliferation and angiogenesis. Indeed, TOR is a highly

conserved serine–threonine kinase that is a physiological

target of embryonic growth-associated protein (EGAP)

N-terminal acetyltransferase complex during zebrafish

development. Its role into angiogenesis is supported by
Published by Bioscientifica Ltd.
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several experimental evidences. Indeed, pharmacological

inhibition of TOR with rapamycin leads to growth and

vessel defects resembling the phenotypes of EGAP knock-

down. Moreover, the overexpression of constitutively

active TOR rescued normal vessel phenotype (Wenzlau

et al. 2006).

Therefore, the zebrafish model may be exploited to

investigate the molecular mechanisms underlying the

SSTR-, dopamine receptor-, and TOR-dependent inhi-

bition of NET tumor angiogenesis.
Conclusions

Only few models are currently available for NETs, probably

due to the rare occurrence and heterogeneity of this group

of neoplasms. These have been mainly developed in

rodents and have been useful to understand the role of

oncogenes or tumor suppressor genes involved in the

development of various types of NETs (Pellegata et al.

2006). More recently another interesting NET model

includes three-dimensional cell culture, a valuable

method for drug screening due to its relevance in

modeling the in vivo tumor size organization and

microenvironment.

In this frame, our zebrafish/NET xenograft model may

represent an attractive, fast, and technically simple model

to study tumor–host microenvironment, to better charac-

terize the multiple mechanisms of angiogenesis in NETs

and to test in vivo the effects of new compounds (such as

somatostatin–dopamine chimeras, dual PI3K/AKT/mTOR

inhibitors, tyrosine–kinase inhibitors) on tumor angiogen-

esis. In addition, this model can potentially provide an

exhaustive response to the unanswered questions related

to the ‘neuroendocrine paradox’.

In conclusion, there is reasonable hope that zebrafish

can represent an optimal experimental model in NETs for

drug screening and to elucidate molecular mechanisms

involved in tumorigenesis and cancer progression.
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