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Abstract

Cancer metastasis which predominantly occurs through blood and lymphatic vessels,
is the leading cause of death in cancer patients. Consequently, several anti-angiogenic
agents haverbeen approved as therapeutic agents for human cancers such as metastatic
renal cell carcinéma. Also, anti-lymphangiogenic drugs such as monoclonal antibodies VGX-
100 and IMC-3C5\have undergone phase | clinical trials for advanced and metastatic solid
tumors. Although anti-tumor-associated angiogenesis has proven to be a promising
therapeuticystrategy for human cancers, this approach is fraught with toxicities and
developmenti'of drug resistance. This emphasizes the need for alternative anti-
(lymph)angiogenic drugs. The use of zebrafish has become accepted as an established
model for*high throughput screening, vascular biology and cancer research. Importantly,
various zebrafish transgenic lines have now been generated that can readily discriminate
different vascular compartments. This now enables detailed in vivo studies that are relevant
to both human physiological and tumor (lymph)angiogenesis to be conducted in zebrafish.
This reviewighlights recent advancements in the zebrafish anti-vascular screening platform
and showcasesspromising new anti-(lymph)angiogenic compounds that have been derived
from this model. In addition, this review discusses the promises and challenges of the
zebrafish model in the context of anti-(lymph)angiogenic compound discovery for cancer

treatment.

Abbreviations used
ABCB: ATP-binding cassette, sub family B (MDR/TAP)

BMP: Bone morphogenetic protein
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CCBE1.: Collagen and calcium binding EGF domains 1

DMSO: Dimethyl sulfoxide

DPF: Days post-fertilization

DSRED2: Discosoma sp. Red fluorescent protein 2

FDA: Food and Drug Administration

FGF2: Fibroblast growth factor 2

FLI1a: Friend="leukemia integration 1 transcription factor

transformation-specific transcription factor a

HPF: Hours post-fertilization

KDRL: Kinase insert domain receptor like

LYVE1B: Lymphatic vessel endothelial hyaluronic receptor 1b

NEGFP: Nuclear enhanced green fluorescent protein

PDGF: Platelet=derived growth factor

PKD1A: Polycystic kidney disease 1a

PHKG1: Phosphorylase kinase subunit G1

PROX1A: Prospero homeobox 1a

RFP: Red:fluorescent protein

VEGF: Vascular.endothelial growth factor

VEGFR: VEGF receptor

Introduction

proto-oncogene,

E26

Metastasis remains the leading cause of death in cancer patients, accounting for

~90% of human cancer deaths [105]. Apart from supplying nutrients and oxygen to rapidly
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proliferating cancer cells and relieving interstitial pressure within the tumor
microenvironment, blood and lymphatic vessels play key roles in disease progression by
providing in essence, conduits for cancer cell dissemination [41,133]. Of note, tumor cells
combined with tumor-associated macrophages and fibroblasts, in turn are able to promote
both angiogenesis and lymphangiogenesis, formation of new blood and lymphatic vessels,
respectively from pre-existing vessels primarily by the upregulation of key pro-
(lymph)angiegenic growth factors such as VEGF-A, VEGF-C, VEGF-D, FGF2 and PDGF-BB [47].
Notwithstanding;s elevated (lymph)angiogenesis growth factors is now known to be
associated fwith ‘@ higher incident of cancer metastasis and poor prognosis [120,132].
Although recent studies highlight alternative routes for cancer dissemination for example
the nervous, system [99], blood and lymphatic vessels remain the most well characterised
pathway for cancer metastasis.

The'intimate relationship between angiogenesis and cancer had led the late Dr Judah
Folkman in 1971, to hypothesize that blood vessels were essential for cancer growth and
that anti-angiogenic agents could be developed as therapeutic agents for cancer therapy
[40]. Despite receiving initial criticisms, this concept has now been widely accepted by the
scientific._community and consequently, has yielded several clinically approved anti-
angiogenic _drugs as treatment options for several human cancers. These include the
humanized monoclonal VEGF-A antibody, bevacizumab, VEGF-A binding recombinant fusion
protein, Ziv=Aflibercept and multi-kinase inhibitors (sorafenib, sunitinib, pazopanib, axitinib,
cabozantinib,.regorafenib), designed to inhibit VEGFR activity for example, have all gained
approval as,treatment options for metastatic colorectal cancer, metastatic breast cancer,
non-small cell"lung cancer, advanced renal cell carcinoma, gastrointestinal stromal tumor,
advanced™hepatocellular carcinoma and advanced thyroid carcinoma (reviewed in [130]).
Although anti-tumor-associated angiogenesis has proven to be a promising therapeutic
strategy for treating cancer, these are nevertheless associated with various side effects such
as hypertension; proteinuria, impaired wound healing, gastrointestinal perforation,
haemorrhage, thrombosis, reversible posterior leukoencephalopathy, cardiac toxicity and
endocrine dysfunction [35]. Furthermore, development of resistance to this form of therapy
is another compounding factor, whereby tumors seek alternative pro-angiogenic factors
outside of the most commonly targeted VEGF-A for instance, angiopoietins, interleukins,

FGFs, PDGFs, and hypoxia inducible factor 1a (HIF-1at) [13,43].
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As an alternative strategy, the correlation between lymphangiogenesis and cancer
has stimulated interest for the clinical evaluation of anti-lymphangiogenic agents as
therapeutic options for cancer treatment [33]. Although not all cancers spread via the
lymphatic system (such as sarcoma [67,145]), anti-lymphangiogenic therapies may offer
benefit to a'sub-set of tumors such as melanomas [31], head and neck [10], breast [119] and
prostate cancers/[72], which are known to spread via the lymphatic system. Additionally,
combinational.formulation of anti-angiogenic/lymphangiogenic compounds have shown
promise indmproving efficacy over anti-angiogenic therapies alone for certain cancers [7].
Examples of anti-lymphangiogenic agents under clinical evaluation includes a class of
humanized monoclonal antibodies, VGX-100 and IMC-3C5, that specifically targets VEGF-C
and VEGFR=3, respectively [7,104]. The phase | clinical evaluation of VGX-100 on patients
with advanced seolid tumors either as monotherapy or in combination with bevacizumab
showed that the therapy was safe and well tolerated in patients up to a maximal pre-
planned dase of 30 mg/kg [37] (NCT01514123). Combinational therapy of VGX-100 and
bevacizumab_showed a modest antitumor response with a disease control rate of 12%.
Similarly, the ‘phase | clinical evaluation of IMC-3C5 on advanced solid tumors including
colorectal cancer patients refractory to standard therapy has recently been completed and
broadly demonstrating that while the schedule was well tolerated at a maximal pre-planned
dose of 30 mg/kg, minimal benefit was noted [125] (NCT01288989). Although approved
multi-kinase inhibitors such as sunitinib also target lymphangiogenesis [80], there are
currently no.. clinically FDA-approved therapies specifically targeting tumor
lymphangiogenesis for cancer treatment, emphasizing an urgent need to identify
compounds'with anti-(lymph)angiogenic properties with minimal side-effects for developing
as novel"anti-cancer therapies.

Since the identification of functional zebrafish blood and lymphatic vessels, the
zebrafish model had contributed immensely to our current knowledge of vascular biology
[84,129]. Armedwwith this knowledge, the zebrafish model now affords a powerful screening
tool for identifying novel anti-(lymph)angiogenic drugs as it offers an in vivo system that is
amenable to large scale small molecule screens, low cost of maintenance, rapid
developmental speed and high fecundity [127]. Additionally, zebrafish embryos develop ex
utero enabling drug delivery to be conducted through drug bathing. Further, the optical

transparency of zebrafish embryos and the availability of transgenic lines that fluorescently
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label the vasculature further enhances the utility of the zebrafish as an excellent anti-
(lymph)angiogenic drug screening platform (Figure 1A and 1B).

Of noteworthy, ~70% of human protein-coding genes have a zebrafish orthologue
[65]. This suggests that most molecular mechanisms pertinent to normal and disease
processes are highly conserved in zebrafish and drugs and/or compounds found to interfere
with these biological processes can be readily translated to the context of human
physiopathogenesis. For example, 16, 16-dimethyl prostaglandin E2 (PROHEMA®), a
chemical devivative of prostaglandin E2, is a drug that was identified from a zebrafish-based
experiment and has been brought forward to phase Il clinical trial as potential therapy to
improve the success rate of haematopoietic stem cell transplants using umbilical cord blood
(NCT01627314) [30,111]. In this review, we highlight emerging techniques and tools, for
example transgenic lines that can be readily applied to anti-(lymph)angiogenic screens in
zebrafish to identify hits that show promise as anti-cancer therapeutics. We also describe
approaches to quantify key blood/lymphatic vessels used for anti-(lymph)angiogenic screens
such as intersegmental vessels, subintestinal vessels, and the thoracic duct as well as our
current understanding of the molecular bases for development of these vessels, broadly to

help identify only the very compelling hits for further validation and characterization.

(Lymph)angiogenic vessel development and quantification in zebrafish

Bloed vessel development in larval zebrafish has been extensively investigated, in
particular the.development of the intersegmental and subintestinal vessels, representing
two most commaonly used vessels for angiogenic quantification in zebrafish [69,70]. Briefly,
in zebrafishyvascular sprouts that contribute to intersegmental vessel development emerge
from thé"dorsal™aorta at approximately 18 hpf. These sprouts than grow dorsally between
the somites and once they reach the level of the dorsal neural tube, they start migrating
horizontally both'anteriorly and posteriorly to form the dorsal longitudinal arterial vessel.
Vessels that grow between the somites are termed intersegmental vessels. Subintestinal
vessels onuthe other hand, start developing later compared to intersegmental vessels at
approximately 30 hpf and were initially thought to originate from the common cardinal vein
[69]. However, recent studies using detailed time-lapse analysis broadly revealed that the
subintestinal vessels originate from the posterior cardinal vein and involve various

mechanisms of endothelial cell migration such as vascular sprouting, anastomoses, pruning

This article is protected by copyright. All rights reserved



and remodeling [46,57,81,95,109]. Of note, key angiogenic pathways involving for example,
VEGF-A/VEGFR-2, Notch and Semaphorin/PlexinD1 are now known to be required for
intersegmental and subintestinal vessel development, making it an excellent site for anti-
angiogenic drug screens [25,27,28,46,57,81,96,131,143,174]. It is important to note
however, that angiogenic factors mediating intersegmental vessel development such as
PDGFs and sonic hedgehog (SHH) are not required for subintestinal vessel development,
while BMP.which is not required for intersegmental vessel development is essential for
subintestinalyvessel development [19,46,53,92,156]. This highlights the differing molecular
mechanisms between developmental and organ-specific angiogenesis but provides an
opportunity for_investigators to gain insights for anti-angiogenic hits identified from using
these vessels/ias windows. Intersegmental and subintestinal vessel development are readily
quantifiable using various methods as depicted in Figure 1C- 1H'. Briefly, intersegmental
vessel development can be quantified by determining the proportion of fully developed and
mature intersegmental vessels [18] or by calculating the average lengths of the
intersegmental _vessels [158,169] using 30-48 hpf embryos (Figure 1C-1F'). On the other
hand, subintestinal vessel development can be quantified broadly by either analyzing neo-
vessel (interconnecting vessels) formation within the subintestinal vessel basket [87], size of
the subintestinal vessels [171] or by counting the number of vascular compartments within
the subintestinal vessels [46], using embryos at various developmental stages ranging from
55-80 hpf (Figure 1G-1H’).

Unlike-blood vessels, lymphatic counterparts in zebrafish have only recently been
characterized and the thoracic duct is now regarded as a common site for lymphatic
quantification."In' this context, orthologues of mammalian lymphangiogenic genes for
example;™vegfc [86], vegfr3 [62] and neuropilin 2a (nrp2a) [58], are now known to be
required for zebrafish thoracic duct development. Furthermore, detailed analysis of the
zebrafish thoracic duct has led to the identification of several novel genes that regulate both
zebrafish and mammalian lymphangiogenesis, for example pkdla [29], ArfGAP with RhoGAP
domain, ankyrin repeat and PH domain 3a (arap3a) [77], apelin (apln) and apelin receptor a
(aplnra) [78], claudin-like protein 24 (clp24) [124] and ccbel [61]. In particular, the discovery
of ccbel as a novel lymphatic gene has been one of the most important findings in this field,
essentially as it was one of the first lymphatic genes with clinical implications identified

using zebrafish. The role of ccbel in vertebrate lymphangiogenesis was first discovered
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when Hogan and colleagues characterized the full of fluid (fof) mutant zebrafish larvae
identified from a forward genetic screen that isolated edemic mutants. Here, they showed
that fof mutant larvae lacked lymphatic vessels and genetic mapping localized the mutation
to the ccbel gene. Subsequent zebrafish and murine-based experiments have revealed that
CCBE1 is indispensable for vertebrate lymphangiogenesis as it indirectly activates VEGF-C via
enhancing the A disintegrin and metalloproteinase with thrombospondin motifs-3 protease
(ADAMTS3)-mediated cleavage and activation of VEGF-C [15,71,94] Importantly, mutations
in the genewresulting in loss of function of CCBE1, is now associated with Hennekam
syndrome, @ rareinherited disorder manifesting in a defective lymphatic system and further
reiterating that_the molecular mechanisms involved in lymphatic sprouting in human and
zebrafish are.conserved [2].

In zebrafish, thoracic duct formation is initiated when secondary sprouts emerge
from the "posterior cardinal vein at approximately 1.5 dpf [86,163]. Notably, cells
contributing to this sprouting arise from mesoderm-derived angioblasts located at the
ventral side of the posterior cardinal vein and mediated by Wnt5b [109]. Furthermore, these
cells are now known to divide asymmetrically to give rise to Proxla-negative daughter cells
that essentially remain in the vein, while the Proxla-positive counterpart cells give rise to
secondary sprout formation in a Vegfc-dependent manner [85]. Of interest, one half of the
secondary sprouts containing Proxla-positive cells migrate dorsally to form the parachordal
lymphangiablasts along the horizontal myoseptum at approximately 48 hpf while the other
half connect.to.the basal stalk of the primary intersegmental vessels to form the venous
intersegmental _wessels (the remaining intersegmental vessels are termed arterial
intersegmentalvessels) [16,44]. By 60 hpf, the parachordal lymphangioblasts migrate along
the artefial intérsegmental vessel both dorsally and ventrally to give rise to the dorsal
longitudinal lymphatic vessel, intersegmental lymphatic vessels and the thoracic duct [61].

Pertinent [for drug screening, thoracic duct development in zebrafish is readily
quantifiable, byseither counting the number of somites with thoracic duct or parachordal
lymphangieblasts [6,21,29] or by counting the number of lymphatic endothelial cells within
the zebrafish thoracic duct using for example, the Tg(flila: nEGFP)’* transgenic line that has
been genetically engineered to express nuclear fluorophores driven by the flila promoter
within vascular endothelial cells (Figure 11-1L') [85,123]. Quantification of parachordal

lymphangioblast can be done using zebrafish embryos at approximately 55 hpf [29,77],
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while for thoracic duct this measurement can be performed with post-5 dpf larvae. Absence
of both the thoracic duct and parachordal lymphangioblasts indicates that the lymphatic
sprouts failed to emerge from the posterior cardinal vein while absence of the thoracic duct
but not parachordal lymphangioblasts shows that lymphatic endothelial cells migrated to
the myoseptum to form parachordal lymphangioblasts but failed to migrate beyond that
point. This'scenario can occur when genes required for lymphatic endothelial cell migration
or guidance.for.example, pkdla [29] and chemokine (C-X-C motif) ligand 12 b (cxc/12b) [21]

are not expressed.

Tools for anti-(lymph)angiogenic drug screens using zebrafish
Transgenic zebrafish lines

The classical preclinical testing for new drug targets entailed the use of established
human cancer cell line models. However, the scope of this approach for generating clinical
leads is often limited as results obtained from in vitro systems, often do not translate into
whole organism, where drugs have to be absorbed through epithelial barriers, get exposed
to metabolizing_enzymes, and then find their respective targets [116]. In addition, the
organ-specific toxicity of the clinical leads cannot be fully investigated using an in vitro
system. Compounding this, is the high cost and time required for generating and
maintaining mammalian mouse model systems, making them unsuitable for large scale drug
screens [100]. Thus, zebrafish representing a simple vertebrate model, can serve as an early
preclinical drug.screening tool. To this end, a toolkit of experimental approaches that have
been recently developed and optimized, now allow anti-(lymph)angiogenic screens to be
readily conducted in zebrafish. Notwithstanding, earlier approaches relied on lower
resolution"microscopy, for example in situ hybridization [42,142] and alkaline phosphatase
staining [25] which by requiring the use of fixed embryos, essentially made real-time live
observations of vessels challenging. On the other hand, microangiography [154] and
lymphangiography [86] are alternative methods for visualising vessels in a live zebrafish
embryo butsithese methods are deemed too labour intensive to be incorporated into a drug
screening platform.

One of the most prominent developments in the field of zebrafish (lymph)-
angiogenesis without doubt, has been the generation of several flavours of transgenic lines

that allows for high resolution real-time live imaging of vascular development [76]. An
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added advantage with the use of these transgenic lines is that they afford means to perform
rapid quantification of blood/lymphatic vessels in a live zebrafish without the need for
additional manipulation. Examples of gene promoters used to generate transgenic zebrafish
lines that are genetically engineered to fluorescently colour code blood/lymphatic vessels
are listed in Table 1*. Key examples commonly used for quantifying both angiogenesis and
lymphangiogenesis are transgenic lines that utilize the promoter of flila, kdrl or lyvelb. The
flila gene issexpressed in all vascular endothelial cells and hence transgenic lines of this
gene permitsyvisualization of both blood and lymphatic vessels [86,163]. On the other hand,
kdrl gene is expressed predominantly in blood endothelial cells [66,73,137] and lyvelb gene
is expressed in_both primary veins and lymphatic endothelial cells [39,112], therefore
allowing more specific quantification/research of blood or lymphatic vessel, respectively, to
be conducted. Transgenic lines that express fluorophores with different colours can be
taken advantage of to visualise different endothelial compartments within a single
zebrafish. For example, compound transgenic lines such as the Tg(fms-related tyrosine
kinase 1 (flt1): RFP)"5333.SAGFF27C; UAS:GFP [16], the
Tg(lyvelb:DsRed2)™*; Tg(kdrl:EGFP)** [112], Tg(flila:EGFP)*;Tg(kdrl:EGFP)*** [62] and
Tg(proxla:KaITA4)”q3bh;Tg(1OxUAS:Venus);Tg(kdrl:mCherry)Sgls [85] enables venous, arterial,
and lymphatiesendothelial cells to be differentiated. These transgenic lines not only provide
platforms for studying the interaction between these endothelial cell compartments [16,44]
but are also useful tools for quantification of individual endothelial compartments.
Importantly, .combining these transgenic lines with high-end imaging capabilities such as
confocal, multiphoton and light sheet microscopy, now allow real-time live visualization of
vascular development at a resolution that is difficult to achieve in more complex murine
models [85;109]"Collectively, availability of the aforementioned models and compatibility
with real-time imaging provides an excellent window for performing drug screens to identify

anti-(lymph)angiogenic compounds for developing as anti-cancer therapies.

Zebrafish'cancer xenotransplantation models
With several discrepancies between developmental and tumor-associated

angiogenesis with respect to morphological and molecular features [26], an ideal anti-

! Please inert Table 1 after this.
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angiogenic drug should target only tumor-associated angiogenesis without affecting normal
developmental angiogenesis. Excluding developmental angiogenesis, the zebrafish now
represents an established model for investigating tumor-associated angiogenesis, first
reported by Haldi and colleagues who effectively transplanted metastatic human melanoma
WM-266-4"cells into 48 hpf zebrafish embryos [51]. In this study, transplanted cells were
shown to rapidly proliferate, migrate, form tumor like masses and stimulate angiogenesis
through recruitment of host endothelial cells and the formation of new vessels infiltrating
the tumor mass:by 7 days post-injection. Perhaps pertinent, the yolk sac of 2 dpf embryos
was chosen to be an ideal xenotransplantation site due to its avascular and nutrient-rich
environment and tumor cells injected into this site were able to stimulate cancer-associated
angiogenesis primarily from subintestinal vessels. To date, cell lines from several human
cancers such as.melanoma [51,165], lung [106], neuroendocrine [148], colon [63,166],
glioma [98,161], breast [5,55], pancreatic [50,149], prostate [24,88] and ovarian cancers
[110], have all been successfully transplanted into zebrafish embryos and shown to
stimulate tumor-associated angiogenesis. Importantly, human and murine cancer cell lines
engineered to express pro-angiogenic factors relevant to cancer-associated angiogenesis,
for example human FGF2 and/ or VEGF can also be injected to demonstrate potent
angiogenic responses in zebrafish larvae, showing conservation and similarities in molecular
mechanisms between zebrafish and human [110]. Notwithstanding, blood vessels are now
known to play a pivotal role for tumor dissemination in zebrafish and this was elegantly
demonstrated..when highly metastatic human PaTu8988-T pancreatic cancer cell line
transplanted.into a 2 dpf cloche mutant embryo that lack functional vasculature, essentially
failed to disseminate [103,134]. Primary human tumor models derived from prostate [8],
pancreatic,“gastrointestinal cancer patients [103] and primary leukaemia’s [12,118] have
also been reported to be transplantable into zebrafish embryos but whether they induce
tumor-associated  angiogenesis has not been fully investigated. Transplanting human
cancers into_juvenile (30 dpf) zebrafish has also been demonstrated to induce tumor
associated=angiogenesis [136]. Although a key limitation in juvenile xenotransplantation
model is the need for artificial suppression of the host adaptive immunity which is already
well established and fully functional [89], it is important to note that ectopic vessels formed
in these juvenile xenotransplantation model is likely to be closer to its human counterpart,

as they originate from fully developed blood vessels that include smooth muscle cells and
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pericytes [128]. In contrast, it remains unclear if tumor-associated angiogenesis observed in
embryonic zebrafish results from redirection of developing vasculature. In this regard, the
recently generated double mutant line recombinant activated gene 2 (rag2)f4505 (casper)
mutant that is immunocompromised and transparent at juvenile stage will be useful for

future xenotransplantation studies using juvenile fish [139,140,155].

Automated-platforms

Finally=insthis section, to facilitate rapid identification of anti-(lymph)angiogenic
drugs, the transgenic lines as listed in Table 1, can be combined with mechanical devices to
allow fully automated testing of large number of chemicals [97,144]. For example, an
innovative ".design for high-throughput microfluidic chip-based device was recently
developed "for automated immobilization and timelapse imaging of developing zebrafish
embryos under continuous microperfusion of embryonic medium [172]. The chip design
facilitates rapid loading and immobilization of up to 252 living embryos in 12 clusters.
Importantly, Zhusand colleague demonstrated that the chip can be used to identify anti-
angiogenic'.drugs using the Tg(flila:EGFP)"" transgenic without the need for manual

guantification of intersegmental vessel development.

Discoveries of novel anti-vascular drugs using zebrafish

Duesto many advantages of the zebrafish platform, research groups have embraced
the utility of the model to identify novel anti-vascular drugs with anti-cancer properties and
notable examples are listed in Table 2% For example, Wang and colleagues used
Tg(kdrI:EGFP)5843 transgenic embryos to screen ~2000 compounds from the Spectrum
Collection™compound library and identified seven that demonstrated inhibition of
intersegmental vessel development in 52 hpf zebrafish embryos when exposed through
bathing [151]. They subsequently showed that treatment with one of these drugs
rosuvastatin, a.synthetic statin commonly used for treatment of dyslipidemia, significantly
reduced tumor-associated angiogenesis and tumor volume of mouse xenografted with
human PPC-1 prostate cancer cells, essentially by inhibiting tumor cell proliferation and

enhancing tumor apoptosis. Similarly, Camus and colleagues screened ~288 putative kinase

? Please insert Table 2 after this
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inhibitors from the BioFocus SoftFocus library SFK33 using Tg(flila:EGFP)”* transgenic
embryos and identified seven that were observed to inhibit intersegmental vessel
development when exposed through bathing [18]. Further analysis using in vitro kinase
profiling, in vivo mRNA rescue experiments and three dimensional modelling analysis, noted
that 2 of these compounds were unexpectedly targeting the PhKG1 of PhK, a holoenzyme
that regulate glycogenolysis through activation of glycogen phosphorylase. Further
investigation.of.the association of PhKG1 and cancer revealed that the expression of this
molecule was:highly upregulated in various human cancers, for instance breast, colon, and
kidney when compared to tissue-matched controls, highlighting the relevance of PhKG1 as a
potential therapeutic target for human cancers.

In addition to conducting screens, the zebrafish platform holds value to rapidly
investigate'anti-angiogenic potential of novel synthetic leads. For example, bath exposure of
YLT192, a novel synthetic compound with excellent pharmacokinetic profile was recently

znl

shown to inhibit intersegmental vessel development in Tg(kdrl:EGFP)"~ embryos, largely by
preventing the phosphorylation of VEGFR-2 [159]. Furthermore, in the same study, when
YLT192 was given once daily by oral gavage at a dose of 100 mg/kg, significant reduction in
tumor volume and tumor-associated angiogenesis of mouse xenografted with either human
glioblastoma. 4=251 or human colon carcinoma HCT116 cells, was observed by 24 days post-
treatment. Similar strategies have been utilized to identify synthetic anti-angiogenic
compoundsi with anti-cancer properties, for example SKLB1002 [165], SKLB-329 [169],
SKLB646 [168].and thalidomide analogue Gu1029 [11]. Of note, the study conducted by
Beedie and, colleagues which showed potent anti-angiogenic activity of thalidomide
analogue GU1029 represents an excellent example of how the zebrafish model can be used
to identify"more’ clinically relevant analogues of FDA-approved drugs associated with
multiple severe side effects such as thalidomide.

While utilising the developmental angiogenesis model in zebrafish to identify novel
anti-angiogenic.drugs is clearly efficient and cost-effective strategy, identifying drugs that
inhibit neowvascularisation in the zebrafish xenotransplantation model would be more
relevant to cancer treatment. A study conducted by Yang and colleagues took advantage of
this xenotransplantation model and demonstrated that bath exposure of Nordy, a synthetic
anti-cancer compound [14,22], was able to inhibit cancer-associated angiogenesis and

tumor dissemination in human U87 glioma stem cell xenografted Tg(flila:EGFP)"* zebrafish
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larvae at a concentration of 50 uM, broadly by suppressing VEGF secretion from the
transplanted cells and promoting differentiation into less-invasive differentiated U87 cells
[161]. Importantly, developmental angiogenesis was not affected upon Nordy treatment
demonstrating its exquisite specificity towards glioma stem cell-associated angiogenesis.
Compared to anti-angiogenic drugs, the zebrafish has only been recently utilized to
identify novel anti-lymphangiogenic hits. In a recent study conducted by Astin and
colleagues,=in=situ hybridisation of the lyvelb gene and lymphangiogenic analysis in
Tg(lyve1b:EGEP)™*° transgenic larvae was used to assess if any of the 1120 compounds in
the Prestwick Chemical Library containing FDA-approved compounds were able to inhibit
thoracic duct development in zebrafish when exposed through bathing. From this screen,
the authors,identified 4 novel anti-lymphangiogenic compounds [6]. Of these, a natural
flavonoid, kaempferol was able to reduce lymph node metastasis in mice xenografted with
MDA-MB-231 human breast cancer cells. However, kaempferol treatment was also found to
increase systemic metastasis in this model, highlighting the need for combinational modality
with this hit. Regardless, this study by Astin and colleagues clearly demonstrates that the
zebrafish medel can be used effectively to screen for anti-lymphangiogenic compounds with

anti-cancer properties.

Limitations

Although the zebrafish model provides an attractive platform for identifying anti-
(lymph)angiogenic drugs that may hold value as potential cancer therapeutics, there are
several limitations that need to be taken into consideration. Firstly, the lack of mammalian
organs such'as‘lungs, mammary gland, and the prostate for example, limits the possibility of
conducting”orthotopic transplantation experiments [147]. Hence, modelling how human
cancers that are native to these organs stimulate cancer-associated angiogenesis in their
primary tumor site microenvironment, remains challenging. This is further exacerbated by
the requirementrof lower temperatures (35 °C) to maintain zebrafish transplanted with
human caneer cells that require an optimal temperature of 37 °C and not forgetting that the
normal temperature for zebrafish maintenance is 28 °C [51]. This can be crucial as human
cancer cells may behave differently depending on their incubation temperature and
therefore potential drugs identified under these conditions may not be clinically relevant

[83].
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Secondly, the primary method for drug exposure for drug screens using zebrafish
embryos/larvae involves drug bathing, which does not permit samples with low water
solubility to be effectively tested. To this end, zebrafish embryos/larvae are well tolerant to
various organic solvents such as the most commonly used DMSO (up to a concentration of
1%), allowing samples that are soluble in these organic solvents to be tested [52]. Another
limitation of drug bathing is the presence of the chorion in early stage embryos (pre-3 dpf),
which may.act.as.a protective barrier against high molecular weight drugs [9,74,75,79]. This
can be mitigated.by either dechorionating the embryos before drug treatment or via direct
injection of the drug of interest into the circulatory system, however, these methods can
significantly delay the screening process. Interestingly, it had been shown that DMSO at a
concentration of 2 0.1% decreases the barrier function of the zebrafish chorion while DMSO
at a concentration of 0.01% had no effects [75]. This shows value of DMSO co-treatment
when using zebrafish embryos with chorion for drug screens. Also noteworthy, not all
chemicals delivered through bathing can be taken up by the zebrafish embryo due to the
ATP-binding_cassette (ABC) transporter activity of Abcb, member 4 (Abcb4), a functional
zebrafish orthologue of mammalian ABCB, member 1 (ABCB1) protein, which acts as a
cellular toxicant transporter that confers resistance of embryos to ABCB1 substrates [38].

Third,«development of subintestinal vessels do not require several key pro-
angiogenic factors as mentioned above [46]. Hence, these molecules may not stimulate
tumor-assaciated angiogenesis in subintestinal vessels, potentially giving rise to false
negative hits.when conducting anti-angiogenic screens using this site. Further studies are
needed to investigate whether human cancer cells overexpressing these angiogenic factors
are able tostimulate tumor-associated angiogenesis in subintestinal vessels.

Fourth,"Whether the molecular mechanisms involved in lymphatic specification are
conserved in zebrafish still remains controversial and consequently, drugs modulating this
process may not be easily identified using zebrafish. Orthologues of lymphatic genes
involved in mammalian lymphatic specification, for instance proxla [163], prox1b [32],
nuclear receptor subfamily 2, group F, member 2 (nr2f2) [4] and SRY (sex determining region
Y)-box 18 (sox18) [20] have all been shown to be required for zebrafish thoracic duct
development using morpholino-mediated knockdown followed by Iymphatic
characterization of morphant larvae. However, several studies using zebrafish mutant larvae

essentially demonstrated that these aforementioned genes are likely not required for

This article is protected by copyright. All rights reserved



thoracic duct development [141,146]. The studies that use zebrafish mutants are more
conclusive as morpholino-mediated knockdown are more sensitive to off target side effects
[82]. Although a recent study counter argues this by showing that lymphatic endothelial cell
number within the thoracic duct is reduced in proxla mutant larvae and that maternally
deposited Proxla was likely the cause of the mild phenotype observed in the proxlamg
mutant larvae used in the study conducted by Van Impel and colleagues [85], further studies
are nevertheless.required to determine the true role of these lymphatic genes in the
zebrafish. Itissimportant to note though that mechanisms involved in lymphatic sprouting
and migration have been shown to be highly conserved in zebrafish [84,107] and thus, this
still remains a_reliable platform for identifying anti-lymphangiogenic drugs that affect
lymphatic sprouting and migration.

Finally, lymph node lymphangiogenesis cannot be modelled in zebrafish, essentially
as lymph nodes have yet to be identified. In contrast, in human there are ~600 lymph nodes
and are all'fully characterized [164] and pertinently, in a disease state, tumor cells are now
known to stimulate lymph node lymphangiogenesis even before metastasizing and this can
result in increased tumor metastasis to distant sites [56,59,60]. Hence, the zebrafish model
is severely limited to identify drugs that might target this important process. The
development.of various transgenic zebrafish that label lymphatics (see Table 1), antigen
presenting cells [36,48,126,150,157], and T- and B-cells [90,91,115] should encourage future
studies oniinvestigating whether a functional lymph node likely develops and is present, in

juvenile and_adult zebrafish, respectively.

Future directions

DeéspiteVarious limitations as mentioned above, the zebrafish model possess unique
features that make it an ideal complementary model to experimental mouse models. For
example, the zebrafish model can enable the simultaneous study of developmental and
tumor-associated’ angiogenesis. The ability to distinguish drugs that can target tumor-
angiogenesis, but not developmental angiogenesis in a relatively short time is a very
powerful and unique advantage of using the zebrafish model [11]. Not only does this allow
identification of drugs that potentially have minimal side effects but may also result in the
identification of those hits that target pathways outside of the VEGFR-2 pathway, essential

component for developmental angiogenesis in zebrafish. This is particularly important as
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majority of clinically approved anti-angiogenic drugs focus on VEGFR-2 pathway inhibition
and cancer patients treated with these drugs, as mentioned above, have been reported to
develop resistance [13,43]. Therefore, future work could focus on identifying drugs that
target compensatory angiogenic pathways and mechanisms to improve effectiveness of
currently available anti-angiogenic therapies.

Although tumor-associated angiogenesis models are well established in zebrafish,
whether, cancer, xenotransplantation in zebrafish also induces tumor-associated
lymphangiogenesis is currently unknown. To this end, we have shown in a recent study that
by inducing inflammation using 2,4,6-trinitrobenzenesulfonic acid (TNBS), stimulated
macrophage-dependent inflammatory lymphangiogenesis in the intestinal lymphatic vessels
in embryonic/ zebrafish [113], demonstrating the utility of the zebrafish for investigating
pathological lymphangiogenesis. As discussed above, a lack of a well characterized lymph
nodes and the controversies surrounding the molecular basis involved in lymphatic
specification in zebrafish, currently limits our ability to model tumor-associated
lymphangiogenesis in this vertebrate system. Regardless, a zebrafish model of tumor-
associated lymphangiogenesis can hold great value in identifying potential therapeutic hits
that can specifically target tumor-associated lymphatic sprouting and migration and in
elucidating__differences in molecular mechanisms between tumor-associated and
developmental lymphangiogenesis. Hence, future work focusing on establishing tumor-
associated dymphangiogenesis models in larval/juvenile/adult zebrafish using established
xenotransplantation protocols and lymphatic zebrafish transgenic lines should be
encouraged.

Tumor intravasation and extravasation into and from tumor-associated vasculature
representsan“important event in tumor metastasis [122]. However, compared to tumor-
associated "(lymph)angiogenesis, the molecular mechanisms involved in these important
processes are not well elucidated. This is partly due to the lack of models that allow robust
in vivo analysis®enabling real time monitoring of these events. Due to the optical
transpareney, of zebrafish embryos and the availability of vascular transgenic lines, the
zebrafish xenotransplantation platform has been successfully used to study all different
stages of metastatic processes in blood vessels [23,103,135,140,162]. This unique
opportunity should be utilized to screen for drugs that can inhibit these important processes

and to further understand their molecular mechanisms. For example, a recent study by
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Chen and colleagues showed that 1) orthotopic xenotransplantation of mouse SJmRBL-8
retinoblastoma cells into 2 dpf zebrafish embryos results in the formation of tumor clusters
around the blood vessels attached to the lens (hyaloid vessels), and 2) Sunitinib treatment
and morpholino-mediated vegfaa knockdown attenuates retinoblastoma invasion and
metastasis“in_this model [23]. This suggests anti-angiogenic treatment as an attractive

therapeutic option for retinoblastoma in human patients.

Conclusion

New and emerging tools and technologies such as the CRISPR/Cas9 system [68],
various cancer xenotransplantation models [147], and the development of many vascular-
specific transgenics [85,112] are continuously expanding the capabilities of the zebrafish
model as a“drug discovery platform. As of now, majority of anti-(lymph)angiogenic screens
in zebrafish focus on developmental (lymph)angiogenesis but future work should
incorporate all of the above to identify drugs that are more relevant to human tumor-
associated ‘(lymph)angiogenesis. Pre-clinical testing using widely used mammalian cancer
models will"eontinue to be a gold standard in the drug discovery field. However, with the
recent emergence of human cancer patient-derived tissue/cell xenotransplantation in
zebrafish [8,12,103,118,152], and the generation of transparent and immunocompromised
mutant zebrafish line that readily enable cancer cell xenotransplantation into juvenile fish
[140], we foresee the zebrafish model playing a bigger role as an excellent complementary

model in not only drug discovery but in pre-clinical drug evaluations as well.
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Table 1: Promoter genes used in generating transgenic lines for vascular research

tgGenes Transgenic line examples Vascular endothelial expression Other expression sites References
cdh5 TgBAC(cdh5:GAL4FF)™ % Blood vessels [17]
etv2 Tg(etsrp:EGFP)C” Blood vessels Neural tube [117]
flila Tg(flila: EGFP)" Blood and lymphatic vessels Myeloid cells, neural crest cells and | [93,123]
Tg(flila: nNEGFP)** muscle
flt1 TG(-0.8flt1:RFP)"">333 Blood vessels with strong arterial [16,62]
Tg(flt1: YFP)"4624 expression
flt4 TgBAC(flt4; Citrine)™”** Initially marks all blood vessels but [62,146]
Tg(flt4:YFP)h”4881 expression becomes progressively
restricted to the veins from 26 hpf.
Lymphatic vessels
kdrl (flk1) Ta(kdrl:EGFP)*** Blood vessels Endodermal pouches [66,73]
Tq(kdrl: RFP)'™
lyvelb Tg(-5.2lyvelb:DsRed)""! Lymphatic vessels and primary veins [112]
Tg(=5.2lyve1b:EGFP)"**°
proxla TgBAC(proxla:KalTA4-4xUAS- Lymphatic vessels and lymphatic Lens, retina, liver, neuromasts and [34,85,146]

Edb:unctagRFP)"™
TgBAC(prox1a:Citrine)***

precursor cells on the posterior

cardinal vein

myotome
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SAGFF27¢C

SAGFF27C;UAS:GFP

Lymphatic vessels

Hematopoietic cells, neurons

[16]

stabl

TgBAC(stabl:YFP) 443

Lymphatic vessels and primary veins

[61]

BAC: Bacterial artificial chromosome, cdh5: Cadherin 5, DsRed: Discosoma sp. Red fluorescent protein, EGFP: Enhanced green fluorescent

protein, etv2:ets variant, flila: Fli-1 proto-oncogene, ETS transcription factor a, flt1: Fms-related tyrosine kinase 1/vascular endothelial growth

factor 1, flt4: Fms-related tyrosine kinase 4/ vascular endothelial growth factor 3, kdrl : Kinase insert domain receptor like/vascular endothelial

growth facton2, lyvelb: Lymphatic vessel endothelial hyaluronic receptor 1b, nEGFP: Nuclear EGFP, proxla: Prospero homeobox 1a, RFP: Red

fluorescent'protein, stabl: Stabilin 1, YFP: Yellow fluorescent protein.
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Table 2: Novel anti-(lymph)angiogenic drugs with in vivo anti-cancer property identified

using zebrafish

Compound Molecular target Cancer Phenotype Reference
Barbigerone isolated from | AKT, FAK, MAPK | Murine B16-F10 Inhibits ISV [160]
Tephrosia barbigera melanoma cell and dorsal
line anastomotic
vessel
development,
melanoma-
associated
angiogenesis
and disturbs
vessel
annulation in
fins
Closantel VEGFR Human HepG2 Inhibits ISV [173]
hepatocellular and SIV
carcinoma cell development
line, human
PANC-1
pancreatic
carcinoma cell
line, human
Hela cervical
carcinoma cell
line, human
Ramos Burkitt’s
lymphoma cell
line
Deoxypodophyllotoxin AMPK Human SGC- Inhibits ISV [153]
from from Anthriscus 7901 gastric development
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sylvestris

cancer cell line

DHFR-F56 chimeric

protein

PI3K-AKT

Human HT-29
colorectal
adenocarcinoma
and BGC-823
gastric
carcinoma cell

lines

Inhibits SIV

development

[171]

DMH1

BMP

A549 human
lung
adenocarcinoma
cell line and
MMTV-PyVmT
transgenic mice
for human
metastatic

breast cancer

Inhibits SIV

development

[46,53,54,64,114]

Furanodiene isolated

AKT, PIK3R1, ERK | Human MDA- Inhibits ISV [101,138,170]
from Curcuma wenyujin MB-231 breast development
cancer and Hela
cervical cancer
cell lines
Gul029 Not investigated Human PC3 Inhibits ISV [11]
prostate cancer | development
cell line
Kaempferol VEGFR-2/3 Human MDA- Inhibits PL and [6]
MB-231 breast D
cancer cell line development
Nordy VEGF*® secretion Glioma stem Inhibits glioma [161]

cells from

human U87 cell

stem cell-

associated
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line angiogenesis
Noreremophilane 11 VEGFR-2 Human MDA- Inhibits SIV [108]
MB-231 breast development
cancer and breast
cancer
associated-
angiogenesis
Quercetin (micelle= VEGFR-2, ERK Various cancers | Inhibits ISV, DA [158,167]
encapsulated quercetin) including and PCV (reviewed in
melanoma, development [45])
oesophageal,
ovarian, liver
and breast
cancers
Raddeanin A iselated VEGFR-2 Human HCT-15 Inhibits ISV [49]
from Anemone‘raddeana colon development
adenocarcinoma
Recombinant pretéin HB- VEGF-A Human Colo- Inhibits SIV [102]
002.1 205 colon development
adenocarcinoma
and A549
human lung
adenocarcinoma
cell lines
Rosuvastatin Not investigated Human PPC-1 Inhibits ISV [151]
prostate cancer | development
cell line
SKLB1002 VEGFR-2 Murine B16-F10 Inhibits ISV [165]

melanoma, 4T1
mammary

cancer and CT26

development
and

melanoma-
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colon carcinoma

associated

glioblastoma
and HCT-116
colon cancer cell

lines

development

cell lines angiogenesis
SKLB329 VEGFR1/2/3, Human Hep G2 Inhibits ISV [169]
FGFR2, SRC and SMMC7721 | development
hepatocellular
carcinoma cell
lines
SKLB646 SRC/RAF/VEGFR2 | Human MDA- Inhibits ISV [168]
MB-231, MDA- development
MB-435 triple
negative breast
cancer cell lines
3,4’,5-trans- VEGFR-2 Various cancers Inhibits ISV [3] (reviewed in
Trimethoxestilbene including development [1])
prostate, lung,
colon, liver and
breast cancers
YLT1962 VEGFR-2 Human U-251 Inhibits ISV [159]

AKT: Protein:kinase B, AMPK: 5’ adenosine monophosphate-activated protein kinase, BMP:

Bone morphogenetic protein, DA: Dorsal aorta, ERK: extracellular signal-regulated kinase,

FAK: Focal adhesion kinase, FGFR: Fibroblast growth factor receptor, ISV: intersegmental

vessel, MAPK: Mitogen-activated protein kinase, PCV: Posterior cardinal vein, PIK3R1:

Phosphatidylinositol 3-kinase regulatory subunit alpha, PI3K: Phosphoinositide 3-kinase, PL:

Parachordal lymphangioblast, RAF: RAF proto-oncogene serine/threonine-protein kinase,

SIV: Subintestinal vessel, SRC: SRC proto-oncogene, non-receptor tyrosine kinase, TD:

thoracic duct, VEGFR: Vascular endothelial growth factor receptor,
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Figure 1;WVascular development and quantification in zebrafish

(A) Lateral image of the Tg(flila:EGFP)’* transgenic at 72 hpf showing the locations of ISV,
SIV and PL. (B) Lateral image of the Tg(lyvelb:dsRed2)™*! transgenic at 6 dpf showing the
location of the TD. (C-F') Lateral images of the ISV (purple) in the Tg(flila:EGFP)’* transgenic
at 30 hpf (€;D)*and 48 hpf (E,F) treated with either 0.5% DMSO (C,E) or 20 uM sunitinib
malate (DjF)‘anditheir respective schematic images (C -F'). Only ISV located on the right side
of the fish are coloured ‘inarld F'. ISV development can be quantified by eit her
determining the 'proportion of fully developed and mature ISVs (black asterisks) or by
calculating the average lengths of the ISVs (measured as depicted by black dotted arrows).
Treatmentywith 20 uM sunitinib malate at 16 hpf results in impaired ISV development at
both 30 and 48 hpf (D-D',F-F’). (G-H') Lateral images of the SIV (purple) in the
Tg(flila:EGFP)’* transgenic at 72 hpf treated with either 0.5% DMSO (G) or 20 uM sunitinib
malate (H) and their respective schematic images (G’,H’). SIV development can be quantified

by either counting the number of interconnecting vessels (marked with black asterisks),
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guantifying the size of the SIVs (measured as shown by green dotted lines) or by counting
the number of vascular compartments within the SIVs (marked with numbers). Treatment
with 20 uM sunitinib malate at 16 hpf results in impaired SIV development at 72 hpf (H,H’).
(I-)') Lateral images of the PL (purple) in the Tg(flila:EGFP)’* transgenic at 54 hpf treated
with either 0.5% DMSO (l) or 15 uM sunitinib malate (J) and their respective schematic
images (I',JY). PL development can be quantified by counting the number of somites (black
dotted arrows).with PLs (as marked with black asterisks). Treatment with 15 uM sunitinib
malate at 24shpf.results in a lack of PL development at 54 hpf (J,J). (K-L') Lateral images of
the TD (pufple) in the Tg(lyvelb:DsRed2)™®" transgenic at 6 dpf treated with either 0.5%
DMSO (K) or 15 uM sunitinib malate (L) and their respective schematic imagesL(K TD

development/can be quantified by either counting the number of somites (black dotted
arrows) with complete TD (as marked with black asterisks) or by counting the number of
lymphatic endothelial cells within the zebrafish TD (marked with numbers). Treatment with
15 uM sunitinib malate at 24 hpf results in a lack of TD development at 6 dpf
(L,L").Fluorescentsimages were taken using either the Olympus MVX10 fluorescent
microscope orz stacks 5 um apart using the Olympus I1X81 fluorescent microscope and were
processed using Imagel [121]. DA, dorsal aorta; DLAV, dorsal longitudinal anastomotic
vessel; DLLV,.dorsal longitudinal lymphatic vessel; DMSO, dimethyl sulfoxide, dpf, days post-
fertilisation; ISLV, intersegmental lymphatic vessel; ISV, intersegmental vessel; PCV,
posterior cardinal vein; PL, parachordal lymphangioblast; SIV, subintestinal vessel; TD,

thoracic duct..Scale bars: 100 um.
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