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Abstract
For decades, cell biologists and cancer researchers have taken advantage of non-murine species to increase our 
understanding of the molecular processes that drive normal cell and tissue development, and when perturbed, 
cause cancer. The advent of whole-genome sequencing has revealed the high genetic homology of these organ-
isms to humans. Seminal studies in non-murine organisms such as Drosophila melanogaster, Caenorhabditis 
elegans, and Danio rerio identified many of the signaling pathways involved in cancer. Studies in these organ-
isms offer distinct advantages over mammalian cell or murine systems. Compared to murine models, these three 
species have shorter lifespans, are less resource intense, and are amenable to high-throughput drug and RNA 
interference screening to test a myriad of promising drugs against novel targets. In this review, we introduce 
species-specific breeding strategies, highlight the advantages of modeling brain tumors in each non-mammalian 
species, and underscore the successes attributed to scientific investigation using these models. We conclude with 
an optimistic proposal that discoveries in the fields of cancer research, and in particular neuro-oncology, may be 
expedited using these powerful screening tools and strategies.
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Our understanding of the origins of human brain tumors 
has advanced considerably in the era of molecular biology 
and advanced genomics.1,2 Compared to other areas of 

cancer research, however, the field of neuro-oncology has 
seen less headway due to challenges such as: overcoming 
the blood-brain barrier (BBB), drug-efflux pumps, brain  
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tumor location precluding gross total resection, the com-
plex brain tumor micro-environment, and the paucity of re-
liable pre-clinical models.3,4

Murine models of human brain tumors are the workhorse 
of the modern neuro-oncology laboratory, and they have been 
instrumental in elucidating the biology of human brain tumors, 
identifying new therapeutic targets, and evaluating the effec-
tiveness of novel treatments. While these models offer a pow-
erful, reproducible, and sustainable system for studying human 
cancers, they also have several limitations. Chief among 
these include the reliance on immunodeficient mice, the use 
of human brain tumor implants or cell lines within a murine-
based system, and the failure to recapitulate intratumoral het-
erogeneity within genetically engineered mice.3 Furthermore, 
mouse colonies are resource-intensive, requiring substantial 
cost and time investment, tedious experimental protocols, and 
lengthy ethical approval processes.3,5 Consequently, alternate 
model systems that enable high-throughput investigation are 
needed to ensure the rapid advancement of preclinical discov-
eries in the contemporary neuro-oncology era.

Simpler and more genetically tractable model organ-
isms such as Drosophila  melanogaster (Drosophila), 
Caenorhabditis  elegans (C.  elegans), and Danio  rerio 
(Zebrafish) represent valuable alternatives to mouse 
models. In recent years, a resurgence of interest in non-
murine modeling has led to the identification of new 
genes, therapeutic targets, and technologies for high-
throughput genetic and chemical manipulation.

Advantages of Modeling Brain Tumors 
in Non-Mammalian Species

Multiple cancer models have been generated and valid-
ated using non-murine organisms. Notably, the use of 
non-murine species to model human brain tumors has 
several advantages over mammalian models (Fig. 1).  
The functional conservation of genes and pathways, 
coupled with powerful genetics and cell biology techniques 
makes D. melanogaster, C. elegans, and D. rerio invaluable 
in vivo systems to model human brain cancers.6–8 These or-
ganisms share a high degree of evolutionary conservation 
with the human genome.6–10 In addition, D. melanogaster 
and D.  rerio share physiological characteristics with hu-
mans, including the development of discrete organ systems 
and representation of the BBB, making them advantageous 
for the generation of brain tumor models.7,11 Despite the 
differences in glial cell specification for the myelination 
process, there is considerable homology between the mor-
phology, function, and progenitor cell development and 
differentiation of neural and glial cells of these species and 
vertebrates.12–14 These biological similarities enable investi-
gation of the tumor and its microenvironment, while their 
simplicity facilitates tracking of tumor development and di-
rect drug delivery.

Additionally, the maintenance of these organisms is 
comparatively inexpensive and less resource-intensive 
compared to complex animal models. Furthermore, 
D. melanogaster, C. elegans, and D. rerio all have high fe-
cundity and undergo rapid sexual maturation.15 Not only 
does this expedite large-scale, high-throughput screening, 

it also allows for rapid genetic crosses and the develop-
ment of transgenic models that are typically time-con-
suming to establish in mammalian models. Here, we 
describe these three model organisms and their feasibility 
in understanding the molecular underpinnings of various 
human brain tumors.

Drosophila melanogaster

The fruit fly, D.  melanogaster, is the most impactful and 
robust biological model system to inform our under-
standing of modern genetics and development over the 
past 100 years. The remarkable genetic similarity between 
Drosophila and humans, with up to 75% of disease-related 
human genes having homologs in the fly genome, ensures 
that D. melanogaster biology will continue to accelerate our 
understanding of human diseases for years to come.7

D. melanogaster as a Model for Cancer

Several features of D.  melanogaster have been ex-
ploited to investigate various hallmarks of cancer. 
Williams and colleagues used the single-hit model 
of cancer to investigate the relationship between 
neurofibromin and the Ras signaling pathway, leading 
to a greater understanding of tumor initiation.16–19 In 
colorectal cancer, Drosophila was paramount in the 
discovery that Rb can act as an oncogene through its 
repression of E2F1 resulting in the unsuppressed ac-
tivity of the β-catenin signaling pathway.20 Additionally, 
the Drosophila CNS houses six types of glia which 
share developmental and functional characteristics 
with mammals.12 Although a recent entry into the field 
of oncology, the foundational genetic discoveries in 
D. melanogaster have been instrumental in our under-
standing of human brain tumors.21

Life Cycle

D. melanogaster has a considerably short life cycle, com-
pleting a revolution in approximately 10  days (Fig. 2).  
Drosophila has a total of three larval stages, called “in-
stars,” each associated with distinct morphological and 
behavioral characteristics which progress through se-
quentially over 72 -96-hour period. At the end of the 
third instar, the larva migrates away from its source of 
food and initiates the process of pupariation. During the 
pupal stage, organism-wide structural degradation (his-
tolysis) and tissue changes trigger metamorphosis into 
the adult fly, which forms one week later at the time of 
eclosion.22

Breeding and Genetic Manipulation Strategies

As in all breeding strategies, flies must be selected for 
the intended phenotypic markers that correspond to 
the underlying genotype of interest. Mating schemes 
must, therefore, be carefully designed to ensure that 
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the intended progeny is produced with the correct gen-
otype, often after a series of sequential crosses (Fig. 
3A).15,22

Perhaps one of the greatest strengths of D. melanogaster 
as a model is the capacity to interrogate the function of 
any gene through forward or reverse genetics, typically 
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Fig. 1 Comparison of brain tumor models in different species.
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achieved through large-scale unbiased screens to identify 
genetic aberrations that augment the cancer process in 
question.23 A useful technique to manipulate gene expres-
sion in Drosophila is the FLP recombinase/FLP recognition 
target (FLP/FRT) system, which has been widely used to ei-
ther activate or inactivate genes or cause somatic recom-
bination in homologous chromosomes.24 Genes flanked 
by FRT are excised by the FLP enzyme. To add additional 
control, FLP can be placed under a regulatory element or 
it can be indirectly coupled to the genomic enhancer using 
the Gal4/Upstream Activating Sequence (UAS) system. 
Pagliarini and Xu used the expression of activated Ras 

(UAS- RasV12) to induce benign tumor growth in the larval 
brain, visualized using a fluorescent tag.25,26

One of the most common D. melanogaster ectopic expres-
sion systems is the yeast-derived Gal4/UAS system, which 
has generated a myriad of transgenic Drosophila lines (Fig. 
3B).27 Since Gal4 binds exclusively to UAS, only target genes 
bearing a fused UAS will be activated. The spatiotemporal ex-
pression pattern is additionally regulated through the addi-
tion of silencer genes like Gal80 (which represses Gal4 when 
co-expressed) as well as through the use of combination 
strategies such as clustered regularly interspaced short palin-
dromic repeats/CRISPR-associated protein 9 (CRISPR/Cas9).
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Fig. 2 D. melanogaster life cycle. Drosophila completes a life cycle revolution in approximately 10 days at 25°C. Upon fertilization, the em-
bryo completes initial cleavage, blastulation, gastrulation, and hatches into its larval form in 24 h. This is followed by three larval stages, instars, 
each associated with distinct morphological and behavioral characteristics. Under optimal growth conditions, the larva migrates away (wan-
dering 3rd instar) from its source of food and initiates pupariation. As a pupa, the larva undergoes histolysis which triggers metamorphosis into the 
adult fly.
  



 722 Shahzad et al. Modeling human brain tumors in non-mammalian species

  

A B

C

D E

Female

Female

Female

Female
Female

Male
Male

Male

Male

Driver line Responder line

W

W

w

W
W

W

W

w

w

Y

Y

Y

F1 F1

P

P

GAL4

GAL4

GAL4

Tissue specific
promoter

UAS

UAS

GENE/RNAi

GENE/RNAi

Expression or knockdown of target gene

Early larva
(1st instar)

i. Drug screen ii. 72 - 96 hours iii. Brain dissection iv. Immunoflorescene/
confocal microscopy(Larva feed on food/drug

mixture) (Volumetric analysis)

Late larva
(3rd instar)
brain tumor

Abbreviations

* - optic lobes
B - brain

VG - ventral ganglion
PN - peripheral nerves

PNVG VG

PN

PN

*
*

B

B

B B*

*

50 μm 50 μm

Fig. 3 The utility of Drosophila in brain tumor research. (A) Illustrative cross between a male and female Drosophila on the heterosomal 
1st/X chromosome for mutant recessive allele w (white eyes) and dominant wild-type allele W (red eyes). Mendelian inheritance is observed. F1 
progeny maintain a 1:1 proportionality of dominant and recessive sex-linked alleles yielding 50% heterozygous and 50% hemizygous recessive. (B) 
Simplified transgenic cross between a tissue specific Gal4 expressing construct and a UAS expressing construct upstream of the gene of interest. 
In the F1 progeny, Gal4 binds and activates the UAS enhancer to transcribe downstream genes. Expression of the gene of interest will reflect the 
tissue specific expression of Gal4. (C) Drug/small molecule screening platform. (i) Early 1st instar larvae are placed into 96 well plate with larval food 
mixed with a chemical compound of interest. (ii) Larvae consume drug-food mixture over 72–96 h and enter late 3rd instar stage. (iii) Late 3rd instar 
larvae undergo central nervous system extraction. (iv) Volumetric analysis/drug response can be microscopically evaluated. (D) Non-transformed 
confocal microscopy (above) and representative illustration (below) of wild-type Drosophila central nervous system with fluorescent UAS-red 
fluorescent protein reporter. (E) Transformed transgenic (DP110CAAX and dEGFRλ) glioma model as imaged by confocal microscopy (above) with rep-
resentative illustration (below). Note hypertrophic brain and ventral ganglion reflecting hyperproliferative Drosophila glia.
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Drug Screening and Discovery Strategies

One of the most promising uses of D.  melanogaster to 
model brain tumors is its recent emergence as a tool for 
drug discovery and high-throughput drug screening.28,29 
Provided that drug targets are evolutionarily conserved, 
Drosophila drug screening platforms can be used as 
proof of principle in vivo systems to screen panels of 
putative antineoplastic drugs.30 A  schematic of the ex-
perimental workflow we use is shown (Fig. 3C). Using 
Drosophila brain tumor models as a drug-screening 
tool has advantages over in vitro drug screens, namely 
the ability to witness novel whole-system drug effects, 
trialing multiple drug-delivery methods, and to help de-
lineate anti-neoplastic effects versus toxic effects of can-
didate compounds.

Brain Tumor Models

Glioma Models

Because of the high degree of conservation between the 
human and Drosophila homologs of phosphoinositide-3 
kinase (PI3K) and epidermal growth factor receptor (EGFR), 
Read and colleagues developed the repoGal4-glial specific 
model of constitutively active, overexpressed, PI3K/EGFR 
(DP110CAAX and dEGFRλ).31 This model recapitulates prolif-
eration and disordered growth signaling resulting in ne-
oplastic glia of the bilateral lobes and ventral nerve cord 
that is detectable as early as the first instar stage of de-
velopment (Fig. 3D-E). As a foundational model of glioma, 
multiple versions and adaptations of the Read et al. repo-
Gal4 driven PI3K/EGFR model was generated to examine 
specific malignant processes including, but not limited 
to: ion channels,32 tumor metabolism,33 potentially thera-
peutic pathometabolic pathways,34 and signaling pathway 
convergence between WNT β-catenin and EGF.35 We previ-
ously used a Gal4/UAS transgenic line that overexpresses 
the fly homologs of human PI3K and EGFR in glial cells to 
model glioma in Drosophila.33 In this study, Drosophila 
with overexpressed PTEN-induced kinase 1 (PINK1) local-
ized to glial cells resulted in a reduced proliferative pheno-
type versus controls, indicating a novel role of PINK1 as a 
suppressor of glioma growth.33

Activating genetic alterations in the B-Raf proto-
oncogene (BRAF) is common in low-grade gliomas 
(LGGs), so we generated a BRAF Drosophila LGG model 
by expressing constitutively active Raf (RafGOF) in the glia 
cells.32 FGFR-TACC (transforming acidic coiled-coil con-
taining protein) gene fusions are frequent in human can-
cers and are found in 3% of GBM cases.36 We generated 
a Drosophila model by expressing patient-derived FGFR3-
TACC3 in the glia cells.37 In RafGOF-, FGFR3-TACC3-, and 
DP110CAAX; dEGFRλ-driven Drosophila gliomas, we showed 
that all tumors develop tissue stiffening, a physical hall-
mark of human gliomas,38 and that the mechanosensitive 
ion channel Piezo increases tumor tissue stiffness and 
proliferation.32

Finally, Drosophila has also been used to model glial mi-
gration and invasion. Through overexpression of orthologs 

of PDGFR/VEGFR, FGFR1, and insulin-receptor genes Pvr, 
htl, and Inr respectively, Witte and colleagues were able 
to model increased migratory and neoplastic glia in the 
Drosophila brain.39

Medulloblastoma Models

Current models of medulloblastoma in Drosophila use 
transgenic lines that induce abnormal embryologic devel-
opment in pathways such as Sonic Hedgehog (SHH) and 
WNT.40  These transgenic Drosophila are used in the context 
of loss-of-function or gain-of-function screens, epigenetic 
discovery, and large dataset bioinformatic analyses.21,40,41

Caenorhabditis elegans

C. elegans is a free-living soil nematode first described by 
Sydney Brenner as a simple metazoan model.42 It is a trans-
parent, self-fertilizing hermaphrodite with a short life cycle 
and a simple genome, consisting of only five pairs of auto-
somes and one pair of sex chromosomes. The body of the 
worm consists of 959 somatic cells and lacks a respiratory 
and circulatory system, but has a nervous system com-
prised of 302 neurons and fifty-six glial cells.13,43 It feeds 
on bacteria such as Escherichia coli (E. coli) and can be cul-
tivated in liquid culture or on agar plates, which makes it 
easy and inexpensive to grow in large numbers.42,44 Since 
its introduction for biological research, it has been exten-
sively utilized as a model organism for neural development.

C. elegans as a Model for Cancer

In 1998, C. elegans became the first metazoan to have a 
completely sequenced genome,10 where approximately 
52.6% of human protein-coding genes have known 
orthologs in C.  elegans,45 and 40–75% of human dis-
ease genes have been predicted to have homologs in the 
C.  elegans genome.46 In addition, many biological pro-
cesses such as cell signaling, apoptosis, cell polarity, me-
tabolism, and aging, are conserved between human and 
C. elegans.47

Indeed, the use of C.  elegans as a model organism in 
cancer research has yielded important insights into biolog-
ical processes known to be dysregulated in cancer, such 
as cell cycle progression, invasion and migration, growth 
factor signaling, apoptosis, and genome instability, among 
others.48,49 As one example, C. elegans was used to dem-
onstrate that apoptosis was a genetically programmed sui-
cide process, which helped elucidate the in vivo function of 
the anti-apoptotic gene BCL2 in development and cancer.50

Life Cycle

The life cycle of C. elegans is composed of a period of em-
bryogenesis, followed by post-embryonic development 
consisting of four larval stages (~3 days), and then finally, 
adulthood (Fig. 4). The hermaphrodite embryo hatches 
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with approximately 558 nuclei,43,51 and by the end of em-
bryogenesis, the main body plan of the worm is estab-
lished. In unfavorable growth circumstances (e.g., high 
population density, shortage of food, or high temperature), 
the worm may enter a non-developmental hibernation 
phase known as Dauer (L2d), which allows the worm to live 
up to 4 months in harsh conditions.43,51

Breeding Strategies

C.  elegans follows an androdioecious breeding system 
where hermaphrodites can either self-fertilize or mate with 
males. A single hermaphrodite can produce approximately 
300 progeny by self-fertilization, and over 1000 progeny 
when mated with a male. Sex determination is based upon 
the number of X-chromosomes, with hermaphrodites pos-
sessing two (X/X), whereas males have only one (X/O). 
While it is true that all offspring are genetically similar to 
each other, it is important to note that only 0.1–0.2% of 
progeny are males.43

Modeling Cancer in C. elegans

C. elegans lacks a complex segmented brain similar to the 
vertebrates. Instead, its nervous system is comprised of a 
bundle of neurons and glial cells, with just fifty-eight of the 
neurons residing in the head.52 In addition, four of the ce-
phalic glia wrap their processes around the nerve ring, akin 
to how the BBB isolates neurons in the vertebrate brain.13 
Although brain tumor models in C. elegans do not exist in 
the traditional sense, it is possible to model the conserved 
driver pathways to study the effects on different hallmarks 
of cancer.

One of the defining characteristics of cancer is cell cycle 
dysregulation causing uncontrolled cellular proliferation. 
In C.  elegans, the Ras/mitogen-activated protein kinase 
(MAPK) pathway plays a role in regulating cell prolifera-
tion, differentiation, and various cell fate decisions. The 
insulin growth factor-1 (IGF-1) dependent activation of the 
MAPK cascade induces vulval development and gener-
ates a hyperproliferative multivulva (Muv) phenotype.53,54 
Ablation of the daf-2 (IGF1R) gene can suppress the Muv 
phenotype of let-60 (Kirsten Rat Sarcoma [KRAS]) gain-of-
function (gf),54 as well as hypersensitivity to irradiation-
induced apoptosis in the germline of let-60(gf) mutants.53 
In addition, daf-18 (Phosphatase and tensin homolog 
[PTEN]) negatively regulates MAPK signaling to control 
vulval development as well as neuroblast cell divisions in 
the worm.55 The high degree of functional conservation of 
these pathways in C.  elegans provides opportunities for 
exploiting the powerful genetics of this organism to under-
stand mechanisms by which Ras and PTEN collaborate to 
control cell fate decisions.

In glioblastoma (GBM), PTEN loss occurs in around 
40–50% of primary cases,4 whereas receptor tyrosine ki-
nase/Ras/PI3K pathway is activated in 88% of all gliomas.1,4 
In the worm, the Ras signaling pathway regulates vulva cell 
specification. Increased activity of Ras signaling causes ec-
topic induction of vulva precursor cell fates that result in a 
Muv phenotype56 (Fig. 5A). Our lab has generated a let-60 

(KRAS); daf-18 (PTEN) double mutant model of glioma, 
which enhances the Muv phenotype of let-60(gf) to approx-
imately 100%. We also introduced a cdh-3::GFP transgene, 
which is expressed in the vulva,57 into the daf-18(lf) and let-
60(gf) double mutant strain to easily distinguish the Muv 
phenotype by fluorescence microscopy (Fig. 5B-C). The 
combination of activated let-60 (KRAS) and loss of daf-18 
(PTEN) offers a genetically tractable animal model to study 
synergy between the most commonly altered signaling 
pathways in gliomas.

RNAi Screening and Potential Target Discovery 
Strategies in C. elegans

Extensive RNAi screens have been performed in a variety 
of C. elegans mutants, which have generated a large repos-
itory of functional data to help understand detailed gene 
function in more complex organisms.58 RNAi screens can 
be performed by feeding the worms E.  coli expressing 
double-stranded RNA (dsRNA) that targets a specific 
C.  elegans gene then visualizing effects on numerous 
phenotypes, such as Muv (Fig. 5D).58 The availability of 
reagents and the ease of performing the whole organism 
RNAi screens have made C. elegans an attractive model for 
modeling human diseases.59–61 Our lab recently performed 
a whole-genome siRNA screen of the daf-18(lf); let-60(gf) 
double mutants, which uncovered several genes that po-
tently suppress their Muv phenotype (Shahzad et al., un-
published data). Not only do these targets have human 
orthologs, but these genes are also dysregulated in GBM, 
indicating the utility of using C. elegans to identify poten-
tial therapeutic targets.

C.  elegans is also useful for small molecule discovery. 
Drug screens involving target validation can be per-
formed through agar-based assays with live worms to vis-
ualize morphology or locomotion.48,62 Alternatively, high 
throughput drug screens can be performed using either a 
drug sprayer or a microplate reader, which can use both 
live or immobilized worms.48,63 Despite certain limitations 
such as intestinal drug uptake inefficiency, C. elegans is an 
economic and rapid system in the drug discovery pipeline 
before testing candidates in the complex and costly verte-
brate model systems.

Danio rerio

Zebrafish (D.  rerio) has emerged as a robust model 
for studying vertebrate development and disease, 
investigating physiological effects, as well as for high 
throughput drug and genetic screens. Zebrafish are a 
small tropical aquatic species that shares considerable 
genetic homology with humans.15 Approximately 71.4% 
of human genes have at least one zebrafish orthologue 
and 82% of genes associated with human diseases have 
a zebrafish counterpart.9 Major organs including the heart, 
pancreas, liver, and gastrointestinal tract are developmen-
tally and functionally comparable to humans.11 In addi-
tion, mechanisms of glial and neural development as well 
as their functions are highly conserved.14 Lastly, genetic 
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manipulation to create transgenic zebrafish models is ef-
ficient, underscoring their potential for modeling human 
brain tumors.15,64

D. rerio as a Model for Cancer

Zebrafish models of cancer have led to numerous discov-
eries over the last decade.11 The transparent embryos and 
larvae permit visualization of tumor initiation and pro-
gression with high-resolution microscopy techniques.65 
Using lineage-specific transgenic models or xenotrans-
plantation of patient-derived tumor cells, zebrafish 
provide many unique opportunities to investigate the 
etiology of brain tumor progression with efficiency and 
precision.66

Life Cycle

Zebrafish embryos are generated through ex-utero fertilization. 
Within 30 minutes, a single cell embryo has begun to develop 
over a large yolk cell, and by 6 hours, gastrulation is underway65 
(Fig. 6A). By 3–4 days, hatching of the larvae occurs and em-
bryogenesis comes to an end, marked by the protruding mouth 
stage.67 Larval development lasts approximately 6 weeks, as 
the animal undergoes pigmentation, fin growth, and scale 
development, resulting in the juvenile morphology, followed 
by sexual maturation that is completed by approximately 
3 months.67 Normalization of the zebrafish life cycle, particu-
larly in the laboratory setting, is highly dependent on external 
factors including temperature, hypoxia, diet, and fish density.67 
The ability to regulate these factors provides an additional layer 
of control over developmental progression.67,68
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Breeding & Genetic Manipulation Strategies

Zebrafish are a cost-effective model, as a single breeding 
pair can lay up to 200–300 eggs/week and requires little 
space and maintenance. Uniquely, they exhibit sexual 
dimorphism whereby their sex is not obviously deter-
mined by heteromorphic chromosomes, but rather is 

highly dependent on environmental cues including tem-
perature, food, and rearing density.68 Peak sexual matu-
rity is maintained between six months to one year of age, 
during which zebrafish can continuously spawn at an op-
timal breeding frequency of every 10 days.69 A secondary 
breeding method involves mixing female spawned eggs 
with male sperm that has been treated with ultraviolet 
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radiation to produce haploid zebrafish with or without the 
desired mutation and can be used for identifying candidate 
mutant phenotypes and genetic interactions in cancer.70

Additionally, DNA, RNA, and/or protein can be micro-
injected into externally fertilized embryos for transient 
or permanent manipulations and is a simple yet robust 
method for functional genetic analysis in an intact verte-
brate system.11,15,71 Furthermore, with the emergence of 
CRISPR/Cas9 technologies, researchers can readily gen-
erate targeted loss-of-function or gain-of-function alleles 
to recapitulate disease-specific alterations.72

Drug Screening and Drug Discovery Strategies

Using zebrafish models of cancer, several high throughput 
drug screens have been performed to streamline 
chemotherapeutic discovery.73,74 Drug screening is extremely 
efficient given that zebrafish can absorb soluble chemical 
compounds directly from water, and screening can be per-
formed in multi-well format (Figure 6B).11 For example, White 
and colleagues utilized mitf:BRAF(V600E);tp53-/- zebrafish to 
identify dihydroorotate dehydrogenase as an effective com-
pound in abrogating melanoma growth, a finding that was 
translatable in vitro to human cells and to mouse models.73

Brain Tumor Models

Over the last decade, zebrafish has emerged as an effective 
system for modeling human brain cancers.66,75–77 Because 
of the transparent nature of zebrafish embryos and larvae, 
tumors are monitored in real-time to assess tumor cell in-
filtration and the microenvironment, key aspects of glioma 
biology.78–80 Another important consideration for modeling 
CNS tumors in zebrafish is the integrity of the BBB, which is 
critical to drug testing methodologies.70,81 Jeong et al. per-
formed the extensive functional analysis to validate the BBB 
in zebrafish as robust compared to higher vertebrates.70 
Interestingly, Fleming et al. have shown that the BBB does 
not completely form until 15  days post fertilization, which 
allows for experimentation with and without the BBB, if de-
sired.81 Lastly, the development of the cortex and cerebellum 
have been well studied in zebrafish. Key transcriptional regu-
lators have been identified and a diversity of tissue specific 
transgenic promoters are available, which enables modeling 
cancers of known cellular origin.66,75–77

Genetic Models

Multiple genetic models of human brain cancer have 
been generated using zebrafish that differ based on their 
location, potential cell of origin, and methodology. Jung 
et al. were the first to demonstrate that cerebellar specific 
gliomagenesis was possible in zebrafish by utilizing a ptf1-
driven activated AKT.76 Subsequently, it was found that 
somatic inactivation of Rb leads to medulloblastoma-like 
tumors arising in the zebrafish cerebellum that have been 
classified as primitive neuroectodermal tumors based on 
their location and histopathological features.82

Similarly, Ju and colleagues validated a role for onco-
genic Ras signaling in gliomagenesis by expressing human 
KRASG12V under the control of the zebrafish gfap and krt5 

promoters, resulting in CNS tumors and neoplasms re-
sembling nerve sheath tumors, respectively.66 Using these 
models, the MAPK/ERK kinase (MEK) inhibitor U0126 was 
identified as an inhibitor of abnormal phenotypes associ-
ated with KRAS over-expression,66 revealing a novel plat-
form for chemical screens for inhibitors of Ras signaling in 
glioma and beyond.

Mayrhofer et al. also developed a robust model of GBM, 
using both somatic and germ-line Gal4/UAS approaches 
to express Harvey Rat Sarcoma viral oncogene homolog 
(HRAS)V12 from a zic4 enhancer, leading to the develop-
ment of lesions in the telencephalon, ventricles, and di-
encephalon.83 In the future, it will be interesting to utilize 
zebrafish transgenic and mutant models like those de-
scribed to explore tumor initiation, clonal expansion, and 
invasion within an endogenous tumor microenvironment.

Transplant Models

Transplantation of human brain tumor cells into zebrafish 
is an easy and effective strategy for direct visualization 
of tumor cell engraftment, growth, and metastasis. Eden 
et  al. utilized a retrovirus strategy to over-express Erb-
B2 Receptor Tyrosine Kinase 2 - Red Fluorescent Protein 
(ERBB2-RFP) in neural stem cells isolated from mice fol-
lowed by orthotopic xenotransplantation into zebrafish 
larvae.84 Resulting tumors recapitulated major phe-
notypic and histological markers including pleomor-
phic cell morphology, high mitotic rate (Ki67+ve), and 
neovascularization. Importantly, the metastatic poten-
tial seen in mice was retained in a proportion of the fish, 
providing a novel and high-throughput platform to study 
drivers of metastasis in vivo.84 More recently, GBM patient-
derived xenografts (PDXs) have been characterized using 
zebrafish hosts.85–87 Neurospheres engrafted into the mid-
brain of zebrafish embryos were able to recapitulate the 
heterogeneity of GBM tumors, including Sox2+ tumor 
stem cells,85 and models like this have been utilized for 
high-throughput testing of common chemotherapy agents 
to discern factors involved in drug resistance and metas-
tasis.85–87 For example, Zeng et al. were able to identify a 
novel nitrogen-based DNA crosslinking small chemical 
called TNB, that traversed the BBB and inhibited xenograft 
establishment.86 Similarly, validation of targets identified 
in vitro, such as MutT homolog 1 (MTH1) inhibition, could 
be validated in vivo using zebrafish PDX models.88

Models of ependymoma (EPRTBDN-RFP, EPEPHB2-RFP) and 
choroid plexus carcinoma (Tp53flx/flx;Rbflx/flx;PTENflx/flx;CRE-
RFP) xenotransplantation have also been generated using 
zebrafish.84 Ependymoma xenografts had histological simi-
larities to patient biopsies, including pseudorosettes, while 
choroid plexus carcinoma models expressed the highly 
specific transthyretin receptor.84 Altogether, xenograft ap-
proaches in zebrafish reveal conserved tumor cell dynamics 
compared to what is seen in rodents and the future can be 
harnessed for large-scale drug screening approaches in vivo.

Limitations of Non-Mammalian Species

It is important to note a few limitations of using non-
mammalian species to model brain tumors. The first is 
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the lack of a complex segmented nervous system similar 
to humans, which may prevent accurate modeling of the 
environmental niche during xenotransplantation.23,43,64 
However, the lack of complex anatomy also provides 
a clean canvas for investigating aspects of sufficiency 
and necessity, as well as the tumor cell of origin.67 The 
second disadvantage is the duplication of genes within 
the genome of non-mammalian species. Although there 
is much homology with humans, there is also redun-
dancy due to genetic duplication during evolutionary di-
vergence. This has resulted in the sub-functionalization 
of genes and can complicate gene discovery or trans-
genic modeling.11,23,44 Furthermore, the smaller size of 
these species may pose technical challenges when per-
forming intricate experimental procedures. Nonetheless, 
the potential to conduct experiments at a large scale in a 
cost-effective manner is tantamount to their success as 
tools for oncological investigation.

Conclusions and Future Directions

With the high evolutionary conservation of human 
genes in model organisms like D.  melanogaster, 
C. elegans, and D.  rerio, coupled with their advanced 
forward and reverse genetics methods, it is now 
easier than ever to construct meaningful models of 
multigenic diseases like cancer. Worms, flies, and 
zebrafish offer rapid and reliable screening tools to 
probe and query the underlying genetic alterations of 
a variety of human brain tumors and can function as 
a powerful drug development pipelines. Importantly, it 
is cost effective and quick to engineer multiple cancer-
relevant mutations into these animals to identify ge-
netic vulnerabilities by screening methods that can be 
validated in murine models that more accurately mimic 
human brain cancers. The study of neuro-oncology in 
these organisms is a rapidly evolving field that has al-
ready demonstrated great promise. Future work using 
these organisms to develop in vivo brain tumor models 
will add powerful arsenal to the established murine 
and cell-based systems for elucidating the intricacies 
of these neoplasms and will add a strong foundation to 
the drug discovery pipeline and pre-clinical testing. It 
is our strong belief that information derived from such 
studies in non-mammalian species will continue to 
yield better understanding of targetable mechanisms 
that can be rapidly translated to shorten the journey 
towards more effective therapies for patients with 
brain tumors.
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