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Emergence of zebrafish models in
oncology for validating novel anticancer
drug targets and nanomaterials
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The in vivo zebrafish models have recently attracted great attention in
molecular oncology to investigate multiple genetic alterations associated
with the development of human cancers and validate novel anticancer
drug targets. Particularly, the transparent zebrafish models can be used as a
xenotransplantation system to rapidly assess the tumorigenicity and
metastatic behavior of cancer stem and/or progenitor cells and their
progenies. Moreover, the zebrafish models have emerged as powerful tools
for an in vivo testing of novel anticancer agents and nanomaterials for
counteracting tumor formation and metastases and improving the efficacy
of current radiation and chemotherapeutic treatments against aggressive,
metastatic and lethal cancers.

Introduction

The zebrafish (Danio rerio) as an in vivo model organism offers great promise to investigate the
molecular mechanisms of diverse human diseases, including cancers, because it constitutes a
simple and cost effective animal model for performing some genetic alterations and large-scale
experiments with high reproducibility [1-9]. Specifically, zebrafish possess a genetic background,
hematopoietic, immune, vascular, musculoskeletal and central nervous systems, and organs and
tissues, such as eyes, ear, heart, gastrointestinal tract, pancreas, liver and kidney with some
phenotypic features resembling a human being [1,4,5,10-18]. In addition, some studies of
mutagenesis combined large-scale genetic screens in zebrafish have led to the generation of
many mutant zebrafish showing phenotypic features associated with particular human diseases
or predisposing to cancer development that may be exploited as powerful models of human
disorders to establish the functions of specific gene products [19-22]. Different transgenic
zebrafish models have also been engineered that developed neoplasms with the morphological,
histological and cellular alterations comparable to human cancers [4,5,11-13,15,16,18]. Hence,
the use of mutant and transgenic zebrafish models has provided important information on
molecular mechanisms and functions of specific gene products involved in the development of
diverse cancers and treatment resistance [4,5,8,13,14,16,18,23-26]. These cancer types include
germ cell tumors, embryonal rhabdomyosarcoma (ERMS), leukemias, lymphomas, melanomas,
sarcomas and diverse epithelial cancers such as liver, gastrointestinal, colon, and pancreatic,
prostate and breast cancers [4,5,8,13,14,16,18,23-27].
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The use of zebrafish models as a xenotransplantation platform
has multiple advantages over more conventional animal models
such as the use of immunodeficient mice and rat for the implanta-
tion of cancer cells, including cancer stem and/or progenitor cells
with stem cell-like properties, to rapidly delineate their tumori-
genic and metastatic properties and validate novel anticancer
agents [6,7,9,28-32]. Particularly, 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 (100-300 embryos per week/couple)
[9,33]. Moreover, the rapid ex utero development, small size and
optical transparency of zebrafish embryos and larvae, which have
an immature immune system until 11 day postfertilization (dpf),
make zebrafish an ideal organism model for the xenotransplanta-
tion of human cells without rejection [6,7,9,26,28-32,34,35].
Additionally, zebrafish models also require only a few cancer cells
for xenotransplantation assays and the optical clarity of zebrafish
embryos and adult zebrafish mutants can permit the real-time
observation of the formation of tumor masses and migration and
metastatic spread at distant tissues of fluorescently labeled cancer
cells in addition to their interactions with the tumor vasculature
[6,7,9,28-32]. Of therapeutic interest, the use of fluorescently
labeled cancer cells and transparent zebrafish models engineered
for overexpressing the fluorescent molecules in endothelial cells
can also enable users to easily assign the anticarcinogenic and/or
antiangiogenic effects and systemic toxicity of tested drugs and
nanomaterials in a short lapse of time [7,9,30-32,35-46]. In this
matter, we review recent advances on the potential applications of
transparent zebrafish embryo and adult zebrafish models in mole-
cular oncology to investigate the specific functions of gene pro-
ducts and molecular pathways altered in cancer cells during the
disease progression in addition to a xenotransplantation system to
validate novel anticarcinogenic drugs. The emphasis is on the
studies carried out with zebrafish models to investigate the malig-
nant transforming events associated with the development of
leukemias, melanomas and prostate, breast and pancreatic cancers
and test new therapeutic agents for eradicating cancer cells in
these cancer types including cancer- and metastasis-initiating cells
with the stem cell-like properties.

Potential applications of zebrafish models in molecular
oncology

Zebrafish models of human cancers

Zebrafish system represents a powerful animal model to perform in
vivo studies on the regulation of the expression and biological
functions of multiple gene products that have been conserved
during the vertebrate evolution in addition to establish their
implications in the normal and pathological embryonic develop-
ment and human diseases [4,5,14-17,43,47,48]. Although the
partial genome duplication in zebrafish has occurred during the
evolution of teleosts and resulted in the presence of duplicated
chromosome segments corresponding to at least 20% of dupli-
cated gene pairs, some zebrafish chromosomes are mosaically
orthologous to human chromosomes [49-51]. Moreover, although
zebrafish do not have anatomical structures such as mammary
gland and prostate, they possess several tissues, organs and glands
such as cardiovascular and musculoskeletal systems, eyes, brain,
liver, heart, gastrointestinal tract and pancreas with the functions

comparable to mammals and develop the diseases resembling
human disorders [4,5,8,11-14,16-18,23-25,52]. Thus, the avail-
ability of fully characterized genome of the zebrafish combined
with the presence of well-characterized anatomical structures
can enable researchers to alter specific gene products in zebrafish
to establish their functions in diverse diseases and cancer
development.

Different genetic approaches used for generating mutant and
transgenic zebrdfish lines

The use of distinct forward- and reverse-genetic approaches incor-
porating new DNA recombinant technologies, mutagenesis and
genetic manipulations in whole zebrafish organism or specific
organs, tissues or glands of zebrafish have led to the generation
of different mutant and transgenic zebrafish models of human
diseases and cancers [4,5,8,13,14,16,18,23-25,48,53]. Among
reverse-genetic approaches, there is the microinjection of mor-
pholino antisense oligonucleotides into the blastomers or yolks of
early stage zebrafish embryos, which bind to endogenous mRNAs
and prevent their translation through a steric interference or
microRNAs (miRNA) (Fig. 1a) [40,44,54-56]. The morpholino
antisense technique has been widely used to downregulate the
expression of specific gene products or miRNA function during the
embryonic development of zebrafish and establish their biological
consequences (Fig. 1a) [40,44,54-56]. The disadvantages of mor-
pholino technology are that it constitutes a transient method and
the loss-of-function of target product is effective only in early
stages of zebrafish development and depends of the dose of
morpholinos used [56]. Moreover, the morpholinos may cause
nonspecific side effects in zebrafish embryos and requires the use
of appropriate control oligos [56].

Other genetic approaches to investigate the function of specific
gene productsin zebrafish also include the random mutagenesis and
forward genetic screening or target-selected mutagenesis followed
by a genetic screening and mapping for mutations in target genes of
interest [20,21,57-61]. The target-selected mutagenesis in genome
of zebrafish embryos has been performed with different technolo-
gies such as zing-finger nuclease-targeted mutagenesis or targeting
induced local lesions in genomes (TILLING) using chemical muta-
gens such as N-ethyl-N-nitrosourea (ENU) [57,59,62,63]. These
investigations have led to the generation of some stable mutant
zebrafish lines harboring the mutations in specific tumor suppressor
genes such as p53, adenomatous polyposis coli (APC), neurofibro-
matosis type 2 (NF2) and ribosomal protein (RP) genes [20-22,57-
60]. For instance, it has been shown that a tp53M?1*K mutant
zebrafish line harboring a mutation in the wild-type p53 DNA-
binding domain spontaneously developed malignant peripheral
nerve sheath tumors starting at 8.5 months with an incidence of
28% by 16.5 months [58]. In addition, several transgenic zebrafish
models of cancer have also been developed by microinjection of
DNA constructs in early stage zebrafish embryos and using different
tissue-specific promoters and systems to achieve the spatial and
temporal control of the transgene expression such as Tol2 transpo-
son and LexPR, GAL4-UAS and Cre-LoxP binary systems (Fig. 1a)
[5,8,15,17,18,26,64-66]. Hence, these mutant and transgenic zebra-
fish lines can be used to delineate the functions of multiple inherited
or somatic genetic alterations occurring in cancer cells and
their local tumor microenvironment that can cooperate to cancer
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Zebrafish models of human cancers and xeno transplantation
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FIGURE 1

Different strategies used for generating transgenic zebrafish models of human cancers and performing xenotransplantation studies on the malignant behavior of
cancer cells in zebrafish system. (a) Shows the strategies used to generate stable transgenic zebrafish lines by performing the microinjection of DNA construct in
the early stage of zebrafish embryos followed by genotyping. The regulation of the transgene expression in a specific organ, tissue or cell type may also be
performed by using different binary expression systems such as GAL:UAS or Cre/LoxP. In addition, the functions of specific gene products may also be established
by injection of antisense morpholino oligonucleotides directed against RNAs encoding the products of interest at the early stage of zebrafish embryos. (b) Shows
the potential strategy used for xenotransplantation assays in zebrafish embryos. The cancer cells are first stained with red- or green-fluorescent dye and injected,
alone or in combination, with a glass micropipette in the yolk sac or perivitalline cavity of zebrafish embryos at 2-day postfertilization (dpf). The xenografted
zebrafish embryos might be maintained at a specific temperature between 28 and 37°C under normoxic or hypoxic conditions. After two to seven days

postinjection, the number of tumor cell masses derived from cancer cells and cancer cells disseminated at distant sites, including head and tail regions, can be

determined by fluorescence microscopy.

initiation and progression in addition to validate novel anticancer
drugs targets.

Xenotransplantation assays

Several xenotransplantation assays of well-established human can-
cer cell lines and primary or metastatic tumor cell suspensions from
cancer patients into the zebrafish system have been carried out to
establish their tumorigenicity and metastatic behavior (Fig. 1b)
[6,29-32,35,40,43,55,67,68]. It has been reported that the injection
of human cancer cells in zebrafish embryos at 2 dpf represents the
ideal developmental stage where the adaptive immune response of
zebrafish is not yet established [26,29,30,34,35]. As a result, the use
of 2 dpf zebrafish embryos might promote the survival of cancer
cells and tumor formation without rejection and requirement for a
prior immunosuppressive treatment [26,29,30,34,35]. For instance,
some studies have been carried out by microinjection of cancer cell
lines, such as leukemic cells, melanoma cells and brain, breast,
prostate, gastrointestinal, colon and pancreatic cancer cells into
the yolk sac, abdominal perivitalline space or pericardium of
2 dpf zebrafish embryos [18,26,29,30,34,35,37,55,69]. It has been
observed that the xenotransplantation of the invasive and

metastatic cancer cells into 2 dpf zebrafish embryos led to the
induction of angiogenesis, formation of tumor cell masses and
dissemination of cancer cells at distant sites while low metastatic
cancer cell lines remain at the injection site (Fig. 1b)
[18,26,29,30,34,35,37,55,69]. Interestingly, the data of in vivo ima-
ging have also indicated the potential implication of more differ-
entiated and nonpropagating tumor cells, myogenin* ERMS cells
endowed with a highly migratory potential, in intravasation and
formation of ‘pre-metastatic niches’ in fluorescent transgenic zebra-
fish [27]. In fact, it has been observed that poorly differentiated and
tumor-propagating myf5* ERMS cells populated newly formed
tumors only after the migration of myogenin® ERMS cells [27].
Moreover, the investigations of the functions of hypoxia for the
tumor cell invasion, dissemination and metastases in zebrafish
models have been performed through the microinjection of fluor-
escent cancer cells in the perivitelline cavity of 2 dpf Tg[flil:
enhanced green fluorescent protein (EGFP)] zebrafish embryos followed
by an incubation of fishes in hypoxic water for three days [18,69].
The hypoxia-induced zebrafish tumor model has enabled users to
visualize the promoting effect induced by a persistent exposure of
living zebrafish embryos to hypoxia on the cancer cell invasion,
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metastases and tumor angiogenesis at the single-cell level as com-
pared with normoxic conditions by fluorescent microscopy [18,69].

In addition, although zebrafish possess an immune system that
matures at 4-6 wpf (week postfertilization), numerous studies
have also indicated the ability of cancer cells to form tumor masses
and metastasize when transplanted in immunosuppressed 21 dpf,
older stage or adult zebrafish [6,29,34,40,43,68,70]. In this regard,
several transparent adult zebrafish pigmentation mutants, includ-
ing golden, albino, rose, panther and casper have been developed
for overcoming the normal opacity of skin and presence of sub-
dermal structures in adult zebrafish [6,71]. Among them, the roy™
/~ double mutant zebrafish designated casper, which
shows a complete loss of all melanocytes and iridophores in both
embryogenesis and adulthood, may enable researchers to better
visualize some internal organs and tissues such as heart, gastro-
intestinal tract, liver and gallbladder as compared to other trans-
parent mutant zebrafishes [71]. For instance, it has been possible to
visualize the engraftment at two to five hours post-transplantation
and homing of green fluorescent protein (GFP)-labeled marrow
population of hematopoietic stem and/or progenitor cells (HSCs
and HPCs) in kidney marrow of adult casper zebrafish after irradia-
tion with 25 Gy whereas the cancer cell engraftment was not
detected in wild-type opaque zebrafish [71]. By contrast, homo-
zygous diploid clonal zebrafish lines can also be used to perform a
serial transplantation of tumor cells from one fish to another
without prior sublethal vy-irradiation and rejection of the graft
by the host zebrafish [3,28,72]. Interestingly, an optical platform
has also been developed for a image-based visualization of the
tissue microvasculature and noninvasive and dynamic tracking of
fluorescent cells at stationary or circulating states in even casper
zebrafish under physiological conditions overtime without the
need of sacrificing animals [70].

Collectively, these observations have indicated that the trans-
parent zebrafish embryos and adult casper zebrafish represent
powerful xenotransplantation systems to rapidly establish the
tumorigenicity and metastatic behavior of cancer cells. Conse-
quently, these zebrafish models might also constitute excellent in
vivo systems to establish the antitumoral, antiangiogenic and
antimetastatic effects of drugs and nanomaterials, alone or in
combination therapy, in a short lapse of time.

“nacre

Potential applications of zebrafish models for in vivo validation
of novel therapeutic agents

The transparent zebrafish embryos or adult mutant zebrafish lines
are attractive models over cell culture systems and other animal
models to rapidly test and validate the bioavailability, toxicity
profiling and therapeutic effects including anticarcinogenic and
antiangiogenic properties of new chemical bioactive agents and
nanomaterials in vivo (Figs 2 and 3) [8,9,26,31,32,37,44,45,73-78].
Particularly, the small size of ex utero zebrafish embryos can enable
researchers to use 96-well plates (2-5 embryos/well) or small dishes
for a high-throughput screening of different bioactive substances
that are soluble in water and which directly diffuse into embryos
(Fig. 2) [8,9,31,32,37,38,46,74-76,79]. Importantly, the results from
a comparative analysis of the drug toxicity induced by 18 different
chemical compounds in zebrafish embryos and mammals have
also indicated that the lethal concentration (LCso) of drugs was
comparable between two in vivo systems [80,81]. Moreover, several

investigations have revealed the possibility to determine the pro-
tective effect or toxicity of various drugs and nanomaterials on
internal organs of zebrafish embryos during their development
[45,80-82]. These data suggest that zebrafish embryos may consti-
tute potential in vivo models to rapidly establish the pharmacolo-
gical profile and toxicity of anticancer agents in preclinical studies.
Moreover, several studies aiming to rapidly estimate the therapeutic
efficacy of small chemical molecules have been made by performing
an incubation of transparent or mutant zebrafish embryos in water
containing drugs as well as by treating cancer cells with the drugs
before their implantation into zebrafish embryos or adult casper
zebrafish line (Fig. 2) [8,31,32,37-39,46,74-76,79,83]. These inves-
tigations have led to the identification of new pharmacological
compounds acting as anticancer, radiosensitizing and antiangio-
genic agents that were effective, alone or in combination therapy,
at decreasing the number of fluorescent cancer cells transplanted
in zebrafish embryos compared with vehicle-treated cancer
cells or vehicle-treated zebrafish used as controls [26,31,32,37-
39,42,46,55,74-76,79,83-86]. Forinstance, it has been reported that
a treatment of mifepristone-inducible K-Ras"’? transgenic zebrafish
larva starting at 3-3.5 dpf with specific inhibitors of Raf/mitogen-
activated protein kinase kinase (MEK)/extracellular signal-regulated
kinase (ERK) and phosphatidylinosol 3'-kinase (PI3K)/Akt/mamma-
lian target of rapamycin (mTOR) pathways, including PD98059 plus
LY294002 or rapamycin, was effective at inhibiting the hyperplastic
growth ofliver tumorsin 78-96% of larvae at 7 dpf as compared with
untreated K-Ras"’? transgenic zebrafish [8].

In addition, a novel compound designated as eIlF4E inhibitor-1
(4Ei-1) has also been observed to impair the epithelial-mesench-
ymal transition (EMT) program in a dose-dependent manner in a
zebrafish ectoderm explant model of the EMT process by nega-
tively regulating the association of eIlF4E with mRNA cap during
the translation initiation step [87]. These data support the interest
to use this zebrafish explant model of the EMT process to identify
and validate new anticancer drugs that are able to inhibit the
molecular events associated with the EMT process without major
toxicity on normal cells. In this matter, it has been reported that
the current clinical drug cisplatin induced the EMT program in
human tumor cells from primary advanced stage ovarian carcino-
mas and ascites of ovarian cancer patients in addition to epithelial
ovarian cancer OVCA 433 cell line [46]. The induction of the EMT
program by cisplatin was associated with an increased expression
of some stem cell-like markers such as CD44, CD133, CD117,
epithelial cell adhesion molecule (EpCAM), 2a-integrin, Nanog
and Oct-4 in these ovarian cancer cell types [46]. It has also been
observed that cisplatin-treated OVCA 433 cells injected into the
yolk sac of 2 dpf zebrafish embryos displayed an enhanced migra-
tion at the tail region as compared with untreated cancer cells
which could be abrogated by a cotreatment of transplanted cells
with a selective MEK inhibitor U0126 [46]. In the same way, a new
radiosensitizer, 4’-bromo-3'-nitropropiophenone (NS-123), has
also been shown to improve the antitumoral effects induced by
ionizing radiation on tumor xenografts derived from human
glioma U251 cells implanted into zebrafish embryos or mice
[39]. It has also been noted that NS-123 had no adverse effect
on the normal development or lethality of irradiated zebrafish
embryos and irradiated mice [39]. Importantly, it has also been
observed that the inhibitory effect induced by ionizing radiation
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Applications of zebrafish models for in vivo validation of drugs
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FIGURE 2

Potential applications of in vivo zebrafish models for anticancer drug screening and validation. (a) Shows the experimental strategies for performing in vivo
high-throughput screening of novel bioactive molecules by treating the mutant or transgenic zebrafish embryos with tested anticancer drugs versus vehicle
used as a control. At the end of the incubation period, the visual analyses of zebrafish system can be performed to establish the therapeutic effects of tested
drugs. (b) Shows the strategies for in vivo testing of anticarcinogenic effects of drugs or nanomaterials on cancer cells xenografted into wild-type or transgenic
zebrafish embryos or adult casper zebrafish line. The cancer cells can be treated with tested agents before their injection into embryos or alternatively the
zebrafish embryos can be treated after the microinjection of cancer cells with anticancer agents that directly diffuse into embryos or by injection of drugs into
circulatory system of zebrafish. The zebrafish embryos can be incubated in water at a desired temperature between 28 and 37°C under normoxic or hypoxic
conditions. At the end of the incubation period, the analyses of the antitumoral and antimetastatic effects induced by tested drugs or nanomaterials on the
tumor formation and metastatic spread of fluorescent cancer cells in zebrafish models can be estimated by fluorescence microscopy. More specifically, the
simultaneous analyses of the anticarcinogenic and antiangiogenic properties of tested agents on malignant behavior of cancer cells and intratumoral vessels
induced by implanted cancer cells may be determined using Tg(fli1:EGFP) zebrafish embryos expressing enhanced green fluorescent protein (EGFP) in all

vascular system of zebrafish body.

on tumors formed by fluorescent U251 human glioma cells trans-
planted into early stage zebrafish embryos was potentiated in the
presence of current chemotherapeutic drug temozolomide
whereas temozolomide alone had no discernible adverse effects
on the embryonic development [83].

Together these studies support the interest to use in vivo zebra-
fish models of human cancers to validate novel drug targets for
improving the current radiation therapies and chemotherapeutic
treatments against aggressive, metastatic and lethal cancers. In
this context, we are reporting here in a more detailed manner the
potential applications of zebrafish models to investigate leuke-
mias, melanomas and distinct epithelial cancers such as prostate,
breast, and pancreatic cancers.

Leukemias

In spite of the fact that zebrafish have no bone marrow, it has been
shown the zebrafish kidney marrow constitutes the principal
anatomical site of hematopoiesis where all of major blood cell
types are produced during late stages of embryogenesis and in
adult zebrafish while the maturation of some hematopoietic cells

can also occur in the spleen and thymus [10]. Importantly, it has
also been observed that the hematopoietic tissue in zebrafish
kidney displays a high conservation of the spatio-temporal expres-
sion patterns of the genes involved in the regulation of self-
renewal of HSCs and HPCs and their maturation into different
lymphoid and myeloid cell lineages with human bone marrow
[10]. Consequently, zebrafish constitutes an attractive model to
study the events controlling normal hematopoiesis and genetic
and cellular alterations occurring in immature hematopoietic cell
lineages that are associated with leukemogenesis [12,13,54].
Some investigations have revealed that acute and chronic lym-
phoblastic and/or lymphoid leukemias (ALLs and CLLs) or myelo-
blastic and/or myeloid leukemias (AMLs and CMLs) may derive
from different mutations and/or genetic rearrangements in spe-
cific genes leading to a clonal expansion of primitive HSCs and/or
HPCs, also designated as long-lived preleukemic cells, into leuke-
mic cells in zebrafish models as observed in human leukemias
[12,41,88-90]. More specifically, diverse chromosomal transloca-
tions generating oncogenic fusion proteins, which frequently
occur during human leukemogenesis in HSCs and HPCs, have
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Applications of in vivo zebrafish models in nanomedicine
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FIGURE 3

Potential applications of in vivo zebrafish models for investigating toxicity and anticancer effects of novel nanomaterials. (a) Shows the specific interaction of
monoclonal antibody (mAb)-gold nanoparticle (NP) complexes with the receptor molecules present at the cancer cell surface followed by their cellular

internalization by endocytosis and formation of intracellular clusters between mAb-NPs. Moreover, the effects induced by laser pulses of low or high energy on
mAb-NP clusters formed within cancer cells and which may result in the generation of small or large nanobubbles that are cytotoxic to cancer cells respectively
are also illustrated. Hence, this nanotechnology which can be used to detect or eradicate cancer cells offers great promise for optimizing the diagnosis and

therapeutic treatment of cancer patients. (b) Shows the potential strategies

used to estimate the toxicity of nanomaterials including gold NP after their

microinjection into the zebrafish embryos and irradiation with a short laser pulses and (c) theranostic effects induced by mAb-NP clusters within cancer cells
xenografted into zebrafish embryos after their irradiation with laser pulses of low or high energy.

been shown to cause important perturbations in the development
of normal hematopoietic cell lineages and leukemogenesis in
zebrafish [12,41,89,90]. For instance, both ETS transcription fac-
tor TEL (also known as ETV6) and acute myeloid leukemia 1
(AML1 also known as RUNX1), which encodes the AML1 tran-
scription factor acting as a master regulator of hematopoietic cell
differentiation, are commonly involved in chromosomal rearran-
gements observed in human leukemogenesis [88-91]. It has also
been observed that the expression of TEL-AML1 fusion protein in
all lineages, including noncommitted hematopoietic cells in the
zebrafish led to a clonal expansion of HPCs endowed with a high
self-renewal capacity that did not differentiate to mature and
functional B cell lineage [12]. These molecular events culminated
in an accumulation of lymphoblastic blasts in the bloodstream
and B cell lineage ALL development in 3% of the transgenic
zebrafish after a long latency of 8-12 months [12]. Of therapeutic
interest, a high-throughput chemical screening of 2000 bioactive
molecules acting as modifiers of AML1-ETO-mediated hemato-
poietic dysregulation has also been performed on 12-16 hpf

Tg(hsp:AMLI1-ETO) zebrafish embryos by treating five embryos
into each well of the 96-well plate with different drugs (Fig. 2a)
[74]. This study has led to the identification of small molecules,
including nimesulide, that antagonized the AML1-ETO fusion
oncoprotein-induced dysregulated hematopoietic differentia-
tion of HPCs through the induction of prostaglandin E2 and
B-catenin [74].

By contrast, T cell-ALLs (T-ALLs) comprise distinct subtypes of
malignancies principally occurring in childhood and rarely in
adults that are associated with the accumulation of different
genetic alterations in immature T cell precursors resulting in an
arrest of their differentiation at a specific developmental stage and
malignant transformation [92,93]. Importantly, the data from
array comparative genomic hybridization analyses of genetic
changes detected in human T-ALLs and those contributing to
disease relapse relative to zebrafish T-ALL samples have revealed
that zebrafish and human T-ALLs have several genetic similarities
that govern their initiation and progression [13]. Different zebra-
fish models of T-ALLs have also been developed by overexpressing
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Myc in immature T cells of zebrafish driven by the zebrafish rag2
promoter [3,14,15,38,48,72]. For instance, the conditional lym-
phoid expression of EGFP-mMyc driven by the zebrafish rag2
promoter by using the Cre recombinase enzyme/loxP system has
been reported to result in the development of T-ALLs in 100% of
the injected double transgenic zebrafish that pathologically
resembled to human T-ALLs [15]. Moreover, the expression of
rag2:myr-mAkt2 transgene encoding a constitutively active form
of Akt2 in Myc-ER-negative zebrafish has also been observed to
result in the T-ALL development in 17% of zebrafish by 20 weeks of
age and accelerate the onset of Myc-induced T-ALL in rag2:Myc-ER
transgenic zebrafish [48]. Of particular interest, the serial and
single-cell transplantation assays of fluorescent leukemic cells
from Myc-induced T-ALLs in Tg(rag2-mMyc) zebrafish into syn-
geneic recipient zebrafish have also been performed without the
need for an immune suppression of engrafted animals [3,72]. It has
been shown that the population of self-renewing leukemia-
initiating cells are abundant in Tg(rag2-mMpyc) zebrafish model
of T-ALLs and comprise 0.1-15.9% of the total leukemic cell mass
[3]. Of therapeutic interest, it has also been observed that a treat-
ment with cyclophosphamide or vincristine of T-ALL tumor-
bearing zebrafish larvae induced by mosaic expression of zRag2-
EGFP-mMyc transgene and began on day 5 after tumor engraftment
improved the lifespan of zebrafish larvae as compared with
untreated larvae [38].

In addition, the xenotransplantation assays of leukemic cells
into zebrafish embryos have also been used to establish the
anticarcinogenic effects of different drugs (Fig. 2b) [37]. For
instance, it has been observed that the microinjection of human
K562 or Jurkat leukemic cells in the circulatory system of 2 dpf
zebrafish embryos had no toxicity on normal zebrafish embryo
development [37]. Importantly, the treatment of the zebrafish
embryos xenografted with K562 leukemic cells established from
a CML patient in the blastic phase with the clinical drug, imatinib
mesylate that acts as a specific inhibitor of oncogenic BCR-ABL
fusion protein significantly reduced the number of fluorescent
leukemic cells detected in the circulation of zebrafish embryos as
compared with untreated animals [37]. In the same way, the
treatment of the zebrafish embryos xenografted with Jurkat leu-
kemic cells established from a T-ALL with the clinical drugs such as
oxaphorines, mafosfamide or cyclophosphamide was also accom-
panied by a decrease of the number of fluorescent leukemic cells
detected in zebrafish embryos relative to untreated animals [37]. It
has however been noticed that all-trans retinoic acid (ATRA) and a
small molecule inhibitor of the translation initiating complex
elF4F designated as 4EGI-1 induced the teratogenic effects at
effective concentrations on zebrafish embryos which precluded
the potential investigation of their antileukemic activity in this in
vivo vertebrate model [37].

Together these data obtained with transgenic zebrafish models
of leukemias have provided additional information on the impli-
cations of specific genetic alterations for the malignant transfor-
mation of immature hematopoietic cells and leukemogenesis. The
similarity noticed between the leukemias developed by transgenic
zebrafish relative to human diseases support the interest to further
use these zebrafish models for identifying novel molecular targets
and validating novel antileukemic drugs to optimize current
antileukemic therapies.

Melanomas

Cutaneous melanoma is the most aggressive and lethal malig-
nancy among skin cancers with a poor median survival of patients
varying from 6 to 12 months and a five-year survival rate of less
than 10% [94-96]. Although localized melanomas are usually
curable by surgical tumor resection, the rapid progression to
invasive and metastatic disease states that are resistant to current
therapeutic treatments typically culminates in the death of the
patients [94,96,97]. Current therapeutic options for patients diag-
nosed with locally advanced, invasive and metastatic melanomas
such as radiation therapy, chemotherapy with alkylating agent,
dacarbazine or its orally active analog temozolomide and/or stem
cell-based therapies are only palliative and generally result in the
disease relapse [98]. The inefficacy of currently available treat-
ments for patients diagnosed with locally advanced melanomas
underlines the urgent need to validate novel molecular targets for
counteracting the rapid progression of skin-confined melanomas
to metastatic and lethal disease states.

Several investigations using zebrafish models relevant to human
melanogenesis have provided important information on the mole-
cular transforming events occurring in the melanocytic lineage
during disease progression and treatment resistance [4,29,71].
For instance, it has been observed that the microinjection of
mitfa-B-Raf °°’F construct in which the expression of constitutively
active B-Raf"®°°F mutant is under the control of the melanocyte
mitfa promoter into wild-type zebrafish embryos at the single-cell
stage resulted in the formation of highly pigmented melanocyte
patches termed fish (f)-nevi in the epidermis that did not progress to
the melanoma development [4]. By contrast, the expression of
B-Raf'*° mutant in p53~/~ mutant zebrafish line led to the for-
mation of melanocytic lesions that rapidly progressed to invasive
tumors resembling to human melanomas at 4-12 months of age and
which could be serially transplanted [4,79]. Moreover, a compara-
tive analysis of gene profiles of Tg(mitfa:B-Raf °°’E); p53~/~ zebrafish
embryos with Tg(mitfa:B-Raf’°°’F);p53~~ melanomas has uncov-
ered a signature of 123 overlapping genes enriched for markers of
multipotent crestin® neural crest progenitor cells [79]. These data
suggest that immature melanocytic cells derived from neural crest
lineages can be maintained through embryogenesis and expanded
during melanogenesis in this zebrafish model. Hence, these obser-
vationsindicate that the activated B-Raf"%°°F mutant may cooperate
with the downregulation of p53 tumor suppressor protein for the
expansion of melanoma cells with neural crest stem and/or pro-
genitor cell-like phenotypes in Tg(mitfa:B-Raf"°*°F);p53~/~ zebrafish
model as observed in certain human melanoma subtypes. Of ther-
apeutic interest, a chemical genetic screening for suppressors of
neural crest progenitor expansion in Tg(mitfa:B-Raf*°%°F);p53~/~
zebrafish embryos has also led to the identification of small mole-
cules, including inhibitors of dihydroorotate dehydrogenase such as
leflunomide, which almost completely abrogate the neural crest
development in Tg(mitfa:B-Raf'°°°F);p53~/~ zebrafish embryos [79].
Leflunomide, alone or in combination with a B-Raf"*°’E inhibitor
termed PLX4720, was also effective at inhibiting the melanoma
growth in a mouse xenograft model [79].

The results from xenotransplantation assays of different meta-
static melanoma cell lines such as human WM-266-4 and murine
B16 and highly metastatic B16-F10 cells into the yolk sac or
perivitelline space of zebrafish embryos have also indicated that
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the transplanted melanoma cells formed cancer cell masses and
disseminated at distant sites including head and tail regions
(Fig. 1b) [29,31,32]. For example, a study has been performed
by the microinjection of 20-30 red fluorescence-labeled mela-
noma B16 and B16-F10 cells into 2 dpf Tg(flk1:EGFP) zebrafish
embryos within the perivitelline space, which is enriched in
vascular capillaries and blood supply [32]. The results have
revealed that the melanoma cells firstly formed the aggregates
within one day followed by the neoangiogenic sprouts within
tumors from the pre-existent host-dilated vessels at day 3 post-
injection and obvious tumor mass at day 6 after the cell injection
[32]. It has also been shown that the blockade of angiogenic
sprouts within tumors formed by B16 melanoma cells by an
incubation of zebrafish embryos with a specific vascular endothe-
lial growth factor receptor-2 (VEGFR-2) inhibitor, SU5416 signifi-
cantly inhibited the tumor growth [31,32]. In the same way, the
transplantation through the ventral peritoneum or intraventricu-
lar injection of melanoma cell suspensions obtained from tumors
formed in stable Tg(mitf:B-Raf);p53~/~ or Tg(mitf-N-Ras-GFP);p53~/~
adult zebrafish into irradiated casper recipients has also enabled
users to visualize the tumor formation, proliferation and dissemina-
tion at distant sites including skin of fluorescent melanoma cells in
adulthood [71].

Altogether, these studies suggest the implication of the malig-
nant transformation of immature cells of melanocytic cell lineage
and the crucial function of vascular remodeling for the formation
of tumor cell masses and metastases of melanoma cells in zebrafish
models as observed in other animal models and human melano-
mas. Therefore, zebrafish models might constitute as useful tools
to further investigate the molecular mechanisms of melanogen-
esis, angiogenesis, metastases and treatment resistance and vali-
date novel combination therapies targeting the total mass of
melanoma cells and tumor vasculature.

Prostate cancer

Although significant improvement in the early diagnosis had led
to a higher rate of curative treatments of patients with organ-
confined prostate cancers (PCs) by radical prostatectomy and/or
radiation therapy, many patients still progress to locally
advanced, androgen-independent and metastatic states [96,99-
102]. The first-line standard chemotherapeutic treatment for the
patients with metastatic castration-resistant PCs consisting to
use docetaxel combined with the anti-inflammatory drug pre-
dnisone, is only palliative and typically results in disease relapse
and the death of patients within 9-12 months after treatment
initiation [96,99,103,104]. In this regard, accumulating lines of
evidence suggest that PC stem and/or progenitor cells, also
designated as PC- and metastasis-initiating cells with a high
self-renewal ability and tumorigenic potential, might provide
crucial roles for PC progression, treatment resistance and disease
relapse due to their intrinsic and/or acquired resistance to cur-
rent antihormonal and chemotherapeutic treatments [105-107].
Consequently, this underlines the therapeutic interest to iden-
tify new therapeutic targets in PC- and metastasis-initiating cells
for eradicating the total PC cell mass and improving current
clinical treatments. Importantly, some recent studies have indi-
cated that the polycomb group protein designated as B-cell-
specific MMLV insertion site-1 (BMI-1), which is overexpressed

in PC-initiating cells, might provide crucial functions for their
high self-renewal potential, proliferation and survival [108,109].
In this matter, it has been reported that specific inhibitors of
BMI-1, alone and in synergy with docetaxel, were effective at
inhibiting the growth of PC-initiating cells from primary human
prostate tumor or DU-145 cells xenografted into zebrafish
embryos [109].

Among new methods that can be used for the diagnosis and
therapy of cancers including PCs, the development of novel
nanoparticle (NP)-based approaches that selectively target cancer
cells has given promising results in animal models including
zebrafish models (Fig. 3) [45,82]. For instance, the studies have
been undertaken to establish the potential toxicity and theranos-
tic applications of the plasmonic gold nanobubbles using in vivo
zebrafish system (Fig. 3) [45,82]. These investigations have been
performed using gold NPs consisting of gold spheres conjugated
with C225 monoclonal antibody (mAb) molecules directed against
epidermal growth factor receptor (EGFR) for the cellular up-take of
gold NPs by endocytosis in cancer cells and metastatic and andro-
gen-independent PC C4-2B cells labeled with Dil fluorescent dye
for PC cell tracking (Fig. 3) [45,82]. It has been shown that the
subcutaneous injection of gold NP clusters into the flank at the end
of the yolk extension of zebrafish embryos at 30 hpf followed by
their irradiation with a short laser pulses resulted in the generation
of plasmonic nanobubbles without major detrimental effects on
the viability of zebrafish embryos at 9 dpf (Fig. 3a) [45]. Moreover,
it has been observed that metastatic PC C4-2B cells labeled with
these gold NPs could be detected after their xenotransplantation
into zebrafish embryos after a first red probe laser pulse of low
energy generating small plasmonic nanobubbles (Fig. 3b) [82].
Importantly, the generation of large plasmonic gold nanobubbles
through a second laser pulse of high energy under optical guidance
in C4-2B cells xenotransplanted in zebrafish embryos was also
effective at selectively eradicating these PC cells without detri-
mental effects on normal embryonic cells (Fig. 3b) [82]. These data
support the potential use of zebrafish embryos as an in vivo animal
model to rapidly test the systemic toxicity and theranostic prop-
erty of novel nanomaterials to develop novel nanotechnologies for
improving noninvasive diagnosis and effective treatment for can-
cer patients.

In addition, transgenic zebrafish models with fluorescent vas-
culature have also been used to first test the antiangiogenic effects
of novel chemical compounds which have subsequently been
shown to inhibit the tumor growth of PC cells implanted in mouse
models [36,44,76]. For instance, a chemical genetic screen of some
small molecules in developing Tg(flk1:EGFP) zebrafish embryos
had led to the identification of different chemical compounds,
including isorotenone, dihydromunduletone, aristolochic acid,
simvastatin, mevastatin, lovastatin and rosuvastatin that inhib-
ited the growth of zebrafish intersegmental vessels [76]. Among
them, rosuvastatin has subsequently been shown to induce the
antiangiogenic and growth inhibitory effects on human primary
PCC-1 cell line xenografted in nonobese diabetic severe combined
immunodeficiency (NOD-SCID) mice [76]. In the same way, it has
also been reported that the downregulation of the expression level
of a cytoskeletal protein designated as kindlin-2 by injection of
morpholino antisense oligonucleotides in Tg(flk1:EGFP);Tg(gata-
1:dsred) fluorescent zebrafish embryos at the one to two cell stage
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caused important defects in angiogenesis process during the
embryonic development relative to control morpholino oligos
[44]. The partial inactivation of kindlin-2 in kindlin-2*/~ mice
was also effective at inhibiting the angiogenesis and tumor growth
derived from RM1 murine PC cells subcutaneously implanted in
mouse models [44]. The antiangiogenic and growth inhibitory
effects induced by downregulating kindlin-2 in mice was mediated
in part through an inhibition of vascular endothelial growth factor
(VEGF) signaling pathway and ayB3-integrin-dependent migra-
tion and adhesion of endothelial cells that resulted in an impair-
ment of the formation of new intratumoral blood vessel [44].
Furthermore, it has also been observed that the overexpression
of insulin-like growth factor-binding protein-3 (IGFBP-3) or non-
IGF-binding GGG-IGFBP-3 mutant in Tg(flk1:GFP) fluorescent
zebrafish embryos at one-cell stage inhibited the vascular pattern-
ing [36]. A treatment of human PC 22RV-1 cells xenografted in
SCID mice with IGFBP-3 was also effective at suppressing the
angiogenesis and tumor growth [36]. These observations support
the potential interest to use rosuvastatin, kindlin-2 inhibitor or
IGFBP-3 as adjuvant antiangiogenic agents in the treatment of PC
patients.

Collectively, these data have indicated that the zebrafish models
might be useful to perform xenotransplantation of PC cells,
including PC stem and/or progenitor cells, to establish their
malignant behavior. Moreover, the transparent zebrafish models
also offer the possibility to rapidly assess antitumor, antimetastatic
and antiangiogenic effects of novel drugs and nanomaterials to
develop novel targeted therapies for improving current treatments
against androgen-independent, metastatic and lethal PCs.

Breast cancer
Breast cancer comprises a heterogeneous group of malignancies
characterized by different cellular origins and accumulation of
specific genetic alterations occurring in basal and/or luminal
breast epithelial cells that led to their malignant transformation
and development of distinct molecular subtypes of breast cancer
associated with different outcomes of patients [110,111]. Conse-
quently, the choice of clinical treatments of breast cancer patients
may vary with the histological features, molecular gene signature
and aggressive and metastatic propensity of diagnosed breast
cancer subtypes [110-113]. Current therapeutic treatments such
as tumor surgical resection, radiation therapy and chemotherapy,
alone or in combination with hormone therapy and targeted
therapy directed against ErbB2/Her2, might be effective for treat-
ing certain patients with localized breast cancers [112,113]. Never-
theless, the progression to locally invasive and metastatic states
usually results in disease relapse and the death of breast cancer
patients [96,112,113]. Therefore, additional studies are necessary
to further delineate the molecular mechanisms associated with
aggressive and metastatic behavior of breast cancer cells and
optimize the therapeutic options for patients.

Some xenotransplantation studies of breast cancer cells into
2 dpf zebrafish embryos have led to the establishment of molecular
events and gene products that may be associated with their
tumorigenic and metastatic behavior [7,15,30,6]. It has been
observed that highly aggressive breast cancer MDA-MB-435 and
MDA-MB-231 cells injected into 2 dpf transparent zebrafish
embryos displayed a higher rate of formation of tumor cell masses

and vessel density and dissemination at the head and tail relative
to breast cancer BT-474 cells endowed with a low metastatic
potential (Fig. 1b) [6,7,30,114,115]. More specifically, the visuali-
zation of fluorescently labeled MDA-MB-435 cells after their
microinjection into 2 dpf Tg(flil:EGFP) zebrafish embryos has
indicated that these cancer cells entered into the blood circulation,
homed in small vessels in the head and tail regions including
intersegmental vessels and extravasated into surrounding tissues
[30]. It has also been reported that the active extravasation process
of MDA-MB-435 cells in Tg(flil1:EGFP) zebrafish embryos involved
alocal vessel remodeling, f1-integrin-mediated adhesion of tumor
cells to blood vessel walls and intravascular and transendothelial
migration of cancer cells [30]. The extravasation of MDA-MB-435
cells was also accompanied by the formation of membrane pro-
trusions which was promoted by overexpressing pro-metastatic
genes, such as twist in xenografted tumor cells [30]. In the same
way, the microinjection of MDA-MB-435 cells engineered to over-
express Ras homolog gene family member C (RhoC) and VEGF into
the peritoneal cavity of a one-month-old transparent Tg(flil1:EGFP)
zebrafish has also revealed that VEGF secreted by MDA-MB-435
cells induced a classic angiogenic response characterized by the
formation of novel tortuous and disorganized vascular network
that could be reversed by a treatment with VEGFR-2 inhibitor
SUS5416 [115]. Moreover, it has also been noted that RhoC might
contribute to the intravasation of MDA-MB-435 cells by inducing
the formation of membrane protrusions that enable cancer cells to
penetrate the VEGF-induced vascular opening [115]. Interestingly,
a study has also used zebrafish to establish the metastatic proper-
ties of fluorescent Ha-Ras-transformed EpH4 mammary epithelial
cells (EpRas) stimulated by transforming growth factor-g (TGF-B)
injected into the yolk sac of Tg(flil:EGFP) zebrafish embryos at
2 dpf [6]. The results have indicated that the induction of the EMT
program in EpRas cells by TGF-B was accompanied by their meta-
static spread at distant tissues in zebrafish embryos whereas unsti-
mulated EpRas cells used as control remained into the yolk sac [6].
These observations support the interest to target twist, B1-integrin,
VEGF/VEGFR-2, RhoC and/or TGF-f signaling elements to prevent
the metastatic spread of breast cancer cells.

In addition, the xenotransplantation assays using 2 dpf zebra-
fish embryos have also been performed to rapidly establish the
tumorigenicity and metastatic potential of breast cancer stem and/
or progenitor cells endowed with a high self-renewal ability as well
as to test the efficacy of novel anticancer drugs [7,35,42]. It has
been observed that the microinjection of fluorescent single-cell
suspensions from BT-474 breast cancer cell-derived mammo-
spheres into the yolk sac of 2 dpf zebrafish embryos resulted in
the formation of cancer cell masses at 5 dpf and the migration of
cancer cells at the tail of the embryos at 9 dpf with a significantly
higher frequency than single cells from parental BT-474 breast
cancer cell monolayer [7]. Moreover, a treatment of BT-474 cells
with curcumin before their injection in zebrafish embryos has
been observed to reduce their efficacy to form tumor masses and
disseminate at the tail suggesting that this dietary agent can target
breast cancer-initiating cells [7]. Also, the targeting of ATP-gated
P2X; receptors (P2X;R), which are plasma membrane ion channels
overexpressed on MDA-MB-435s breast cancer cells, by a treatment
with a specific P2X;R antagonist A-438079 significantly reduced
the invasion of red fluorescent MDA-MB-435s cells from the yolk
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sac and their dissemination at the tail region of zebrafish embryos
compared with vehicle-treated MDA-MB-435s cells [116]. In the
same way, the targeted delivery of PI3K inhibitor-loaded biode-
gradable NPs targeting PI3K/Akt pathways was also effective at
inhibiting MDA-MB-231 cell-induced endothelial cell prolifera-
tion and tumor formation in a zebrafish tumor xenotransplant
model supporting the potential use of this nanomaterial as a novel
antiangiogenic strategy [35].

On the basis of these observations, it appears that the zebrafish
models can be used to rapidly establish the signaling elements that
may cooperate to the neoangiogenesis, tumor formation and
metastases of different breast cancer cells, including breast cancer
stem and/or progenitor cells, and validate novel anticancer and
antiangiogenic agents for treating breast cancer patients.

Pancreatic cancer

Pancreatic ductal adenocarcinoma (PDAC) is the fourth most
common cause of cancer-related mortality among men and
women with a poor one-year survival rate of only 24% and a
five-year survival rate of less than 5-6% [96,117,118]. This poor
prognosis of pancreatic cancer patients is due in part to the
difficult to diagnose PDACs in its early stages, rapid regional spread
and metastases at distant tissues and intrinsic and acquired resis-
tance of pancreatic cancer cells to current radiotherapies and
gemcitabine-based chemotherapies [118-121].

PDAC initiation and progression is generally accompanied by an
accumulation of some genetic alterations in pancreatic cancer cells
such as the mutations in the K-Ras oncogene in up to 75-90% cases
of PDACs and changes in their local microenvironment including
an intense fibrotic reaction or desmoplasia [118,122-124]. Impor-
tantly, it has been shown that the wild-type zebrafish possess a
functional pancreas with an endocrine tissue and exocrine com-
partment containing pancreatic duct and exocrine cells that is
formed at 52 hpf during embryogenesis [11]. Moreover, recent
studies of genetic analyses of exocrine pancreatic development
and targeted expression of transgenes in zebrafish models have also
provided additional information about the crucial implication of
specific developmental pathways and oncogenic products during
pancreatic fibrosis and PDAC development [123,125-128]. For
instance, the transgenic zebrafish lines have been engineered by
using Gal4:UASbinary system for overexpressing either the zebrafish
orthologous transgene of human Indian or Sonic hedgehog ligand
(IHHa or SHH) under the control of pancreas transcription factor-1a
(ptfla) promoter, which drives the expression of transgene in exo-
crine pancreatic progenitor cells in developing pancreas of zebrafish
embryos [17]. It has been observed that the expression of IHHa or
SHH hedgehogligand in transgenic zebrafish embryos detected with
GFP induced a progressive pancreatic fibrosis concomitant with the
formation of desmoplastic lesions and proliferating ductular struc-
tures that did not progress to tumor development but which was
accompanied by a destruction of the acinar structures in older
transgenic zebrafish lines [17]. Of therapeutic interest, it has also
been reported that the effects of IHHa or SHH ligand on the
embryonic development of transgenic zebrafish and pancreatic
fibrosis were prevented by the injection of a hedgehog primary
inhibitor-4 (HPI-4) that counteracted the ciliogenesis and hedgehog
activation [17]. Additional studies are however required to establish
the potential cooperative interactions between the activation of the

hedgehog cascade and other oncogenic events in novel compound
transgenic zebrafish models of PDAC. In this regard, it has also been
shown that the targeted expression of oncogenic K-Ras®*?V mutant
transgene under the control of zebrafish ptfla promoter into one-
cell stage zebrafish embryos resulted in a block of the differentiation
of exocrine pancreatic progenitor cells [5]. The persistence of undif-
ferentiated and proliferative pancreatic progenitor cells in adult
Tg(ptfla:eGFP-K-Ras®1?V) zebrafish pancreas subsequently culmi-
nated in the formation of detectable but heterogeneous pancreatic
tumor subtypes in almost half of transgenic zebrafish at nine
months old age [5]. Some pancreatic tumors in Tg(ptfla:eGFP-K-
Ras®12Y) zebrafish exhibited the evidence of tumor cell invasion of
the surrounding organs such as liver and gut as well as spinal and
ovarian metastases as compared with Tg(ptf1a:eGFP) zebrafish used
as control [5]. The pancreatic tumor subtype with a predominant
ductal differentiation detected in Tg(ptfla:eGFP-K-Ras“'2") zebra-
fish also showed several phenotypic features in common with
human PDACs [5]. The phenotypic features of ductal pancreatic
tumors formed in these transgenic zebrafish include a dramatic
stromal expansion, expression of cytokeratins and intracytoplasmic
and intraluminal mucins in invasive glandular structures and acti-
vation of ERK, Akt and hedgehog signaling elements in tumor
epithelium as compared with a normal pancreas [S]. Moreover, it
has also been observed that the tumors formed in Tg(ptf1a:eGFP-K-
Ras®!2") zebrafish model of PDAC exhibited a nearly complete loss
of expression of miRNA-143 and miRNA-145 which act as the tumor
suppressors relative to normal zebrafish pancreas [127].

In addition, the transplantation of primary gastrointestinal
human tumors, including fluorescently labeled small tumor
explants or dissociated tumor cells from pancreas, colon or sto-
mach carcinoma into the yolk sac of zebrafish embryos followed by
immunofluorescence microscopy analyses of live transparent zeb-
rafish has also indicated that the tumor cells displayed an invasive
and metastatic behavior [6]. Especially, the transplanted tumor
cells displayed a tendency to invade, home and form the micro-
metastases in organs of the gastrointestinal tract, including liver,
gut and intestine, which was not observed after transplantation of
nonmalignant tissue explants [6]. For instance, it has been shown
that the coimplantation of green fluorescent PaTu 8988S and red
fluorescent PaTu 8988T pancreatic cancer cells expressing high
and low levels of E-cadherin, respectively in the yolk sac of 2 dpf
zebrafish embryos resulted in the invasion and metastases of PaTu
8988T cells whereas PaTu 8988S cells remain in the yolk sac [6]. By
contrast, PaTu 8988T cells did not metastasize when injected into
homozygous cloche mutant zebrafish embryos, which lack a func-
tional vasculature, suggesting the crucial function of vascular
system for the metastatic spread of pancreatic cancer cells in
the zebrafish model as noticed in human PDACs [6].

The analyses of the dissemination of fluorescent pancreatic
cancer cells xenografted into the yolk sac of zebrafish embryos
have also enabled researchers to perceive the implications of
specific genes in the metastatic spread of cancer cells to near
and distant tissues of the injection site [40,43,68]. For instance,
it has been shown that the silencing of metastasis-associated
protein anterior gradient 2 or lysosomal protease such as cathepsin
B or cathepsin D in fluorescent PaTu 8988S pancreatic cancer cells
significantly decreased the number of disseminated PaTu 8988S
cells detected at the tail of the zebrafish embryos at 24 hours
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postinjection [68]. The downregulation of miRNA-10a expression
in PaTu-8988T pancreatic cancer cells by using morpholino anti-
sense oligonucleotides or retinoic acid receptor-a antagonist Ro-
41-5253 followed by their injection into the yolk sac of 2 dpf
zebrafish embryos was also effective at decreasing their invasion
and dissemination relative to the control morpholino oligos and
untreated PaTu-8988T cells [40]. In the same way, it has also been
observed that the silencing of two LIM serine/threonine protein
kinases (LIMKs), LIMK1 and LIMK2, which are involved in the cell
cycle regulation, in pancreatic cancer cells by small interference
RNAs also resulted in a complete inhibition of their invasion and
formation of micrometastases after their injection into zebrafish
embryos [43].

Together these studies support great interest to use transgenic
zebrafish models to further explore multiple molecular events
occurring in exocrine pancreatic cells during the development
of chronic pancreatitis and PDACs. Also, zebrafish models may
constitute powerful in vivo xenotransplantation systems to rapidly
validate the anticarcinogenic effects versus systemic toxicity of
different classes of drugs for improving the efficacy of current
gemcitabine-based chemotherapies against highly aggressive and
lethal PDACs.

Concluding remarks

Taken together, these recent innovative investigations in oncol-
ogy by using different zebrafish models of human cancers have
provided important and complementary information to other
animal models on the transforming events occurring in cancer
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