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Abstract Cancer cells exist in a complex ecosystem with numerous other cell types in the tumor 
microenvironment (TME). The composition of this tumor/TME ecosystem will vary at each anatomic 
site and affects phenotypes such as initiation, metastasis, and drug resistance. A mechanistic under-
standing of the large number of cell-cell interactions between tumor and TME requires models that 
allow us to both characterize as well as genetically perturb this complexity. Zebrafish are a model 
system optimized for this problem, because of the large number of existing cell-type-specific drivers 
that can label nearly any cell in the TME. These include stromal cells, immune cells, and tissue resi-
dent normal cells. These cell-type-specific promoters/enhancers can be used to drive fluorophores 
to facilitate imaging and also CRISPR cassettes to facilitate perturbations. A major advantage of the 
zebrafish is the ease by which large numbers of TME cell types can be studied at once, within the 
same animal. While these features make the zebrafish well suited to investigate the TME, the model 
has important limitations, which we also discuss. In this review, we describe the existing toolset for 
studying the TME using zebrafish models of cancer and highlight unique biological insights that can 
be gained by leveraging this powerful resource.

Introduction
Cancers are recognized to resemble ecosystems composed of both tumor and microenvironmental 
components (Joyce and Pollard, 2009). The tumor microenvironment (TME) is especially important 
for clinically relevant endpoints such as drug resistance and metastasis, the major causes of cancer 
mortality. The TME itself is composed of a highly heterogeneous collection of cells, proteins, and 
soluble factors that can all affect tumor phenotypes. Adding to this complexity is the long-range 
communication between the tumor and distant parts of the body through secreted factors such as 
hormones, cytokines, and extracellular vesicles (Peinado et al., 2017). This idea of cancer as a ‘whole 
body’ problem is not new but is difficult to study.

A major challenge is developing models that both reflect the complexity of the human TME and 
also facilitate its investigation. The mouse remains the mainstay for such studies, given the wide range 
of genetic tools, tumor models, and established protocols. The major strengths of mouse models 
include the close homology to human disease and the ability to express transgenes in both an induc-
ible and tissue-specific manner (Hill et al., 2021). Despite its strengths, the mouse remains a chal-
lenging model to perturb the TME at large scale, since it often requires breeding of multiple alleles 
to study one or two genes in specific TME cell types. For example, modeling loss of function in the 
microenvironment would require generating a floxed allele in an established mouse model of cancer 
(i.e. BRAF;PTEN mouse model of melanoma [Dankort et  al., 2009; Dhomen et  al., 2009] or the 
KRAS;TP53 model of pancreatic cancer [Hingorani et al., 2003], etc.) and then crossing with a Cre 
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driven by a microenvironment-specific promoter. Recent advances in mouse technologies, including 
ES-cell-derived ‘SpeedyMice’ (Premsrirut et al., 2011) and electroporation-based models (Leibold 
et al., 2020) circumvent some of these issues, but the mouse is still not optimized for large-scale 
experimentation given the cost of each individual animal. Additionally, high-resolution in vivo imaging 
in the mouse remains highly specialized (Patsialou et al., 2013) and is difficult to achieve at the single 
cell level. Organoid models have received increased attention due to their ability to model both 
intratumor heterogeneity as well as interactions with specific cell types in the TME (Neal et al., 2018) 
but are largely limited to studying one or two TME cell types. These limitations can make addressing 
specific questions related to the TME difficult or even impractical. In Table  1, we summarize the 
advantages and disadvantages of different cancer models in investigating the TME.

In recent years, the zebrafish (Danio rerio) has evolved as a new model organism in cancer biology 
(White et al., 2013). Zebrafish are small (2–5 cm) tropical fish that share 70% of their genome with 
humans, and more than 80% of disease-associated genes are conserved (Patton et al., 2021). Its 
major strengths are that it is easy to genetically manipulate at large scale and is highly optimized for 
in vivo imaging. It is also amenable to chemical screens, allowing for identification of bioactive small 
molecules. Up until now, the fish has been primarily used to investigate cell-intrinsic effects of onco-
genes and tumor suppressors, although it is increasingly being used to look at the TME. In its most 
straightforward manifestation, cell-type-specific promoter/enhancers are used to drive oncogenes, 
and these constructs are used to create transgenic animals that develop tumors. Although most of 
these cell-type-specific drivers were initially isolated for use in developmental biology studies, they 
were repurposed for use in these transgenic cancer models. The first clear example of this was a 
transgenic animal in which the T-cell-specific rag2 promoter was used to drive the MYC oncogene 
(Langenau et al., 2003), which resulted in T-cell leukemia in the animals. Along the same lines, the 
melanocyte-specific mitfa promoter was used to drive BRAFV600E (the most frequently mutated gene in 
human melanoma) and those animals developed melanoma that closely resemble the patient disease 
(Patton et al., 2005). This same mitfa promoter fragment has been widely utilized in modifier screens 
on top of BRAFV600E to drive expression of novel melanoma oncogenes such as SETDB1 (Ceol et al., 
2011), SOX10 (Kaufman et al., 2016), and GDF6 (Venkatesan et al., 2018) in melanocytes. This 
mitfa promoter has been used to drive Cas9 to inactivate genes specifically in melanocytes, such as 
SPRED1, an important tumor suppressor in mucosal melanoma (Ablain et al., 2018). Beyond leukemia 
and melanoma, transgenic zebrafish have been used to model a wide variety of cancer types ranging 
from rhabdomyocarcoma to hepatocellular carcinoma, and their details can be found in other reviews 
(Hason and Bartůněk, 2019; McConnell et al., 2021; White et al., 2013). In addition to transgenic 
models, the zebrafish has also extensively been used as a model for tumor cell transplantation. This 
can be done at both larval/embryonic stages (prior to the development of adaptive immunity) as well 
as adult stages (which need to be immuncompromised due to immune rejection). This can be done 
using either zebrafish-derived (Heilmann et al., 2015) or human-derived cell lines (Yan et al., 2019).

Despite the tremendous advances in cell-intrinsic modeling of cancer, relatively less attention has 
been paid to the TME. However, the zebrafish is well poised for such studies (Figure 1) due to its ease 
of genetic manipulation in a cell-type-specific manner combined with excellent in vivo imaging. Most 
components of the TME are conserved between zebrafish and humans, although there are important 
exceptions which we discuss below. In this review, we describe the technologies unique to zebrafish 
that will help disentangle the complexity of the TME and facilitate a deeper understanding of its role 
in the pathogenesis of cancer.

Table 1. Comparison of animal models in investigating the TME.

Model 
organism

Clinical 
relevance

Scale of cell-cell 
interactions

Ease of imaging cell-
cell interactions

Drug screening 
throughput

Scalability of genetic 
perturbation

Mouse High High Low Low Low

Organoid High Low Medium High Medium

Zebrafish Medium High High
Medium (adult)-
High (embryo) High

Flies Low High High High High

https://doi.org/10.7554/eLife.69703
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Imaging the tumor/TME interaction in zebrafish
The ability to visualize how cancer cells interact with various cells in the TME is perhaps one of the 
major strengths of the model. Here we describe the different features that facilitate high-quality 
imaging in zebrafish.

Size and numbers
The ease of high-quality imaging stems from its small size (4 mm–12 mm in embryos/larvae and ~2–5 cm 
in adults) and optical transparency (Singleman and Holtzman, 2014). This is especially true when 
studying cancer using embryonic/larval models, but many of the same principles can be applied to 
optically translucent adults such as casper, as discussed below. The smaller size makes it possible 
for an entire zebrafish embryo/larvae to be placed on a confocal and multi-photon microscope. The 
ability to image an entire animal at single-cell resolution enables investigation of not just local micro-
environmental interactions but also distant ‘whole body’ interactions (Loveless et al., 2020). This is 
particularly important for understanding the contribution of the TME to metastasis, which is classically 
separated into at least four steps: intravasation from the primary site, circulation in blood stream, 
extravasation at distant sites, and outgrowth at those sites (Gupta and Massagué, 2006). Each of 
these steps is typically studied using very different model systems, since they are occurring at different 
scales: whereas intravasation might occur at the single-cell level (and might be studied using complex 
mouse intravital imaging), outgrowth represents the collection of many thousands of cells and can be 
studied at the whole-animal level (using methods such as bioluminescence/IVIS) (Gómez-Cuadrado 
et al., 2017; Hill et al., 2021). In contrast, the zebrafish can be used to image and quantify each of 
these steps in a single animal, since it is highly amenable to standard epifluorescence microscopy (for 
many cells), confocal microscopy (for single cells), and lightsheet microscopy (even now including 

Figure 1. Cancer techniques in zebrafish. These include both transgenic and transplantation methodologies. While many of these techniques have 
been applied to the cancer cell itself, they are readily adaptable to the study of the microenvironment.

https://doi.org/10.7554/eLife.69703
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whole embryo and adult animals). Given their small size and transparency, most questions related to 
cell-cell interactions can be captured using epifluorescence and confocal microscopy, although more 
specialized methods, such as two photon, second harmonic generation, light sheet, and micro-CT, are 
also possible, and their applications and technical advantages have been summarized by Loveless 
et al., 2020.

Beyond imaging, the smaller size of the zebrafish provides additional advantages for characterizing 
the TME. Spatial transcriptomics is a new RNA-sequencing technology that provides spatial resolu-
tion to gene expression and has already provided key insights into cancer-TME interactions (Longo 
et al., 2021). In contrast to mouse models, an entire adult zebrafish section can fit on a slide used for 
spatial transcriptomics thereby enabling investigation not just of local interactions but whole-body 
interactions. In a BRAFV600E model of melanoma, spatial transcriptomics paired with single-cell RNA-
sequencing (scRNA-seq) identified a distinct ‘interface’ cell state in both tumor and TME cells where 
they are in physical contact with one another. This cell state is associated with upregulation of cilia 
genes, and its function is an area of investigation (Hunter et al., 2021).

In addition to spatial transcriptomics, the smaller size of the zebrafish makes it feasible to work 
with hundreds or thousands of animals for an experiment and increases the statistical rigor in a way 
that is not feasible in mice. Zebrafish embryos can be placed in a 96-well plate for chemical screening 
(Patton et al., 2021), and 1 liter of space can house many more fish than mice. A single breeding pair 
can yield hundreds of embryos in contrast to approximately a dozen offspring in mice. Therefore, a 
major advantage of doing these studies in zebrafish, as opposed to mice, comes down to numbers: 
many different donor cells can be used, and many different genes or drugs can be tested (either as a 
candidate approach or in a screening approach) (Fazio et al., 2020).

Optical transparency
Most zebrafish imaging has traditionally been done during the embryonic and larval stages, since 
those young animals are naturally transparent. A natural use of the fish at this stage is for cell trans-
plantation. In the larval xenograft assay, fluorescently labeled cancer cells are transplanted into the 
circulation of the developing animal. If cells in the TME are labeled in a different color, then a very high-
resolution view of tumor/TME interaction can be obtained with this assay. Numerous examples using 
this assay exist that have yielded both mechanistic and clinically relevant information. For example, the 
human RhoC gene was engineered into a variety of human cancer cell lines and then transplanted into 
fli1a-GFP (green fluorescent protein) transgenics, which revealed that these cells ‘open up’ the vascu-
lature via secretion of VEGF, which ultimately allows them to invade into new tissues (Hoeppner et al., 
2015). This larval xenograft assay can also be used to study metastasis and drug response, such as the 
anti-VEGF molecule bevacizumab using PDX (patient-derived xenograft) models (Rebelo de Almeida 
et al., 2020). A xenograft of melanoma cells co-cultured with lymphatic endothelial cells revealed an 
increase in distant cancer cell dissemination in zebrafish (Pekkonen et  al., 2018). By coupling this 
assay with cell ablation approaches, the role of certain cell types such as macrophages has been shown 
to be required for tumor angiogenesis, a key component of tumor growth (Britto et al., 2018). This 
model has recently been extended into patient ‘avatars’ to investigate responses to specific drugs in 
vivo (Fazio et al., 2020; Fior et al., 2017). Using two matched patient-derived colorectal cancer cell 
lines from the primary tumor as well as a lymph node metastasis in a larval xenograft assay, a recent 
study revealed how cancer cells from the same patient generate different TMEs through differential 
recruitment of neutrophils and macrophages, resulting in opposing implantation kinetics. Subsequent 
scRNA-seq indicated IFN/Notch vs IL10 signaling in mediating subclonal selection of escaper cells, 
pointing to a role for innate immunity (Póvoa et al., 2021). Numerous other examples of using this 
larval xenograft assay exist, and there are some major advantages to this assay compared to mouse 
xenografts (Pascoal et al., 2020). The assay is very rapid, can usually be readout in 1–5 days post-
transplant, and is easily amenable to single-cell imaging. In addition to transplant assays, transgenic 
cancer models have also been used at this early developmental timepoint to investigate the direct 
interaction of innate immune cells with cancer cells and mechanisms of pro-tumoral growth. Important 
discoveries from these models include the tumorigenic consequences of the wound-associated recruit-
ment of neutrophils, the ability of innate immune cells to promote tumor invasion through proteo-
lytic breaching of the basement membrane, and the pro-tumoral effects of leukocyte-derived PGE2 
(Antonio et al., 2015; Feng et al., 2012; Feng et al., 2010; van den Berg et al., 2019).

https://doi.org/10.7554/eLife.69703
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While these embryonic/larval assays are useful, they are not without limitations. In particular, adap-
tive immunity (i.e. T and B cells) as well as stromal cells are key components of the TME that are 
not present in embryos and arise later in adulthood (Minchin and Rawls, 2017; Page et al., 2013; 
Trede et al., 2004). Recognizing that these studies would be enhanced if they could be done in adult 
animals, we previously developed a more optically transparent strain of zebrafish called casper that is 
amenable to adult imaging (White et al., 2008). We initially used this line for allograft experiments, 
in which the donor tumor cells were derived from a transgenic zebrafish (i.e. ZMEL1-GFP cells), which 
allowed us to identify a requirement for endothelin (EDN3) signaling from the TME in melanoma cell 
dissemination (Kim et al., 2017). However, these adult fish still have limitations as well, since they 
still need to be irradiated to eliminate adaptive immunity. Nonetheless, they can be highly useful 
for studying cancer cells in an adult animal. Toward that end, adult immunocompromised casper fish 
have now been generated, such that xenograft studies using human cancer cell lines or PDXs can also 
be performed (Yan et al., 2019). This has been used for drug studies, revealing the efficacy of PARP 
inhibitors and DNA-damaging agents in rhabdomyosarcoma, and responses to immune therapies as 
well. We are now also using casper for transgenic approaches such as transgene electroporation into 
adult zebrafish (TEAZ; discussed below), allowing for better evaluation of both tumor and TME with 
intact immune systems and other components of the TME. While it is clear that adult imaging is not 
as high-throughput as embryonic/larval imaging, it is still entirely feasible for most zebrafish labs to 
accomplish this without sophisticated equipment.

Continuous live imaging
The combination of small size and optical transparency also enables continuous live imaging. In mice, 
high-resolution live imaging typically requires sacrificing the animal or utilizing highly specialized 
techniques that are often invasive (Stoletov et al., 2007). In contrast, zebrafish embryos/larvae in 
particular are ideal for imaging cell-cell interactions for hours or even days. The power of continuous 
imaging is highlighted by a recent study showing metastatic tumor cell clusters composed of diver-
gent cell states cooperating with one another to promote melanoma metastasis. By isolating cell lines 
enriched for one state vs another and transplanting them into embryos, continuous confocal imaging 
demonstrated extravasation of circulating tumor cell clusters with invasive cells on the leading edge 
and proliferative cells following. Continuous high-resolution imaging in combination with facile trans-
genesis was essential to identify the transcription factor TFAP2 as the major regulator of these diver-
gent cell states (Campbell et al., 2021). Similarly, live imaging of xenografts in zebrafish embryos was 
used to investigate the role of hemodynamic flow forces in the arrest, adhesion, and extravasation of 
circulating tumor cells finding that low flow vessels favor tumor cell arrest, but high flow favors endo-
thelial remodeling that permits efficient extravasation (Follain et al., 2018).

A toolbox of cell-type-specific drivers in zebrafish that can be used to 
study the TME
Broadly speaking, any cell type within the body can be considered to be part of the TME, depending 
on the exact tumor type. For example, in melanoma, the tumors largely arise in melanocyte precur-
sors, which are surrounded by the normal resident cells of the skin – keratinocytes, fibroblasts, and 
adipocytes (Golan et al., 2015; Kaur et al., 2016; Zhang et al., 2018). These seemingly normal resi-
dent cells all play roles in shaping tumor phenotypes such as proliferation and invasion. The crosstalk 
between TME cells and tumor cells is likely to be bidirectional, in that each cell will undergo changes 
when next to each other. For example, it is now well understood that normal fibroblasts take on new 
transcriptional characteristics to become ‘cancer-associated fibroblasts’ (Sahai et al., 2020); similarly, 
‘tumor-associated macrophages’ can be altered in the presence of a tumor to take on either pro or 
anti-tumorigenic properties (Quail and Joyce, 2017). One still unresolved question is how this repro-
gramming occurs. Soluble factors like TGF-beta from stromal cells can enact broad transcriptional 
rewiring of recipient tumor cells, but there are likely other metabolic or cell-cell mechanisms that 
epigenetically rewire the tumor cell as well. For example, LIF is known to enact epigenetic changes to 
convert fibroblasts into CAFs (cancer-associated fibroblasts) (Albrengues et al., 2015), and pancre-
atic stellate cells can be reprogrammed by Vitamin D (Sherman et al., 2014). Recent advances in 
scRNA-seq, ATAC-seq, and spatial transcriptomics will continue to add nuance to these studies, since 
it will become clearer how both the TME and the tumor get altered over time and space. The general 

https://doi.org/10.7554/eLife.69703


 Review article﻿﻿﻿﻿﻿﻿ Cancer Biology

Weiss, Lumaquin-Yin, Montal et al. eLife 2022;11:e69703. DOI: https://doi.org/10.7554/eLife.69703 � 6 of 22

importance of resident cell types, whether normal or altered by the tumor cells, opens up the possi-
bility of studying and perturbing them in much greater detail, which offers many new therapeutic 
opportunities.

In order to facilitate the study of these diverse cell types, we have developed a comprehensive 
database of cell-type-specific promoters or enhancers that have been published by the zebrafish 
community (Figure  2 and Supplementary file 1). Cell-type-specific promoter/enhancers allow for 
labeling of the cell type of interest (by using the promoter to drive expression of a fluorophore), or for 
manipulation of gene expression within the desired cell population (by expressing cell-type-specific 
Cas9, cDNAs, or ablation cassettes). A few examples of TME cells readily labeled in zebrafish trans-
genics are shown in Figure 3. Most of these have been studied during embryogenesis, and whether 
all of them will faithfully work in adults is still unknown, although anecdotal experience (i.e. mitfa, 
krt4, fli1a, etc.) shows this to be the case. Although comprehensive compendium of mutant zebrafish 
strains, expression patterns, and reagents are already available on open source platforms, such as 
ZFIN (https://zfin.org), there is currently no such list of promoters/enhancers. We are proposing to use 
this resource and directly apply it to a comprehensive in vivo analysis of the TME.

The majority of these cell-type-specific promoter/enhancers were originally studied in the context 
of developmental biology. For example, as mentioned above, a promoter fragment of the mitfa gene, 
which is specific to melanocytes, was used to drive GFP, allowing for visualization of when and where 
melanocytes are specified during embryogenesis (Lister et al., 1999). Many other skin promoters 
have been identified: krt4 for superficial keratinocytes (Ju et al., 1999), tp63 for basal keratinocytes 
(Eisenhoffer et  al., 2017; Lee et  al., 2014), and plin2 for adipocytes (Zhang et  al., 2018). The 
blood system has many promoters that allow for imaging and isolation of specific cell types: cd79 for 
B-cells (Liu et al., 2017), lck/rag2 for T-cells (Jessen et al., 2001; Langenau et al., 2004; Langenau 

Figure 2. The cell types that have existing transgenic reporters in zebrafish. The specific promoter/enhancers driving expression in each of these cell 
types are shown in Supplementary file 1.

https://doi.org/10.7554/eLife.69703
https://zfin.org
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and Zon, 2005), and mpeg1 for macrophages (Ellett et  al., 2011). These transgenically marked 
cells can be isolated and manipulated in the same way that in mammalian systems cocktails of anti-
bodies can be used in flow cytometry to isolate those same cells. A broadly useful promoter has 
been fli1a, which marks the endothelial cells lining blood vessels and has been widely used in many 
developmental and regenerative studies due to its high specificity and strong expression (Lawson 
and Weinstein, 2002). The nervous system is another area that has seen great development of such 
promoters. Multiple neuronal subtypes have been appropriately marked by promoters such as gsx1 
(general neuronal), vglut2a (glutaminergic neurons), gad1b (GABAergic neurons), among many others 
(Satou et al., 2013). The list of such promoters continues to grow and includes cells from virtually 
every organ, including the GI tract, the liver, the eye, the endocrine system, reproductive organs, and 
the heart. However, while the database features an impressive set of cell-type-specific promoters, 
certain cell-type-specific promoters are so far missing, including for natural killer cells, implicated as 
antitumorigenic seemingly a major contributor of controlling metastatic dissemination (Chan et al., 
2020; Ilander et al., 2017; Lakshmikanth et al., 2009).

Our ability to identify new promoter/enhancers for even rare cell types or cell states will continue 
to increase. scRNA-Seq has provided a tremendous amount of insight into not only distinct cell 
‘types’ but also cell ‘states’, which are marked by distinct transcriptional programs (Farrell et  al., 
2018). In both development and cancer, some of these cell types or states can be rare, making them 
very difficult to study in vivo. This data from the scRNA-seq can be used to select genes whose 
expression is likely to be representative of that particular cell type or cell state of interest. This can 
be tested by cloning promoter fragments for that gene and then determining whether it faithfully 
marks the cell state of interest. However, despite the tried and true method of cloning promoter or 
enhancer fragments to drive transgenic cassettes, or using BAC-transgenic fragments (Suster et al., 
2011), advances in CRISPR genome editing are likely to eventually replace this method by directly 
knocking in transgenic cassettes of interest at the endogenous locus (Auer et al., 2014; Welker et al., 
2021; Wierson et al., 2020). Beyond the known promoter/enhancer regions cloned by the zebrafish 
community, a recent exciting advance comes from the international DANIO-CODE consortium (Bara-
nasic et al., 2022), which has comprehensively cataloged ~140,000 cis-regulatory regions in zebrafish 
development, many of which will mark specific cell types and states. Another interesting resource to 
expand this repertoire is random insertional screens (Balciunas et al., 2004). In this case, transposable 
elements containing basal promoters driving GFP or a Gal4-UAS construct are randomly inserted into 
the genome, and then fish with potentially interesting GFP expression patterns are isolated and the 
insertion site sequenced (Abe et al., 2011). Such an approach can lead to identification of cell types 
having unexpected biological specificity. For example, a recent study using this approach identified 

Figure 3. Illustrative examples of transgenic zebrafish reporters for specific cell types relevant to the microenvironment. Examples shown include the 
keratinocytes (marked by krt4-GFP), lipid droplets, and adipocytes (marked by a plin2:tdTomato fusion), and the blood vessel/melanoma interface 
(marked by the flk1-RFP and mitfa-GFP reporter, respectively). See Supplementary file 1 for a full list of references for these and other lines. Second 
panel is reproduced from Figure 1D in Lumaquin et al., 2021.

© 2021, Elsevier. Third panel is adapted from Figure 4F in Campbell et al., 2021. It is not covered by the CC-BY 4.0 licence and further reproduction 
of this panel would need permission from the copyright holder.

https://doi.org/10.7554/eLife.69703
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a neuronal subpopulation of cells essential for fear conditioning (Lal et al., 2018). It is not hard to 
imagine using this screen to find promoters for rare cell types or cell states, as long as one knows what 
they are looking for.

While most cell types are conserved from zebrafish to humans, there are notable exceptions, such 
as gills vs lungs, lymphatics without lymph nodes, and hematopoietic stem cells (HSC) contained 
within the kidneys (referred to as kidney marrow) as opposed to bone marrow. Because lung, lymph 
node, and bone marrow metastases are common metastatic sites in human cancer (Chaffer and Wein-
berg, 2011), this is an important limitation of the zebrafish, and investigating the TME interactions 
for these particular metastatic sites may be better suited in other models. Despite these differences, 
the zebrafish equivalent of these structures still has the potential to provide immense insight into 
tumor-TME interactions. The gills like lungs are sites of oxygen exchange and contain many of the 
same cell types, including alveolar epithelial type I cells (called pavement cells in fish), goblet cells, and 
neuroepithelial cells (Cadiz and Jonz, 2020). Both lungs and gills are also important sites of barrier 
immunity where zebrafish have been used to study the developmental origins of tissue-resident 
macrophages (Lin et al., 2020) and also gill/lung regeneration (Cadiz and Jonz, 2020). Furthermore, 
the zebrafish has become a well-established model to investigate lymphangiogenesis and the HSC 
niche (Flores et al., 2010; Wattrus and Zon, 2018). Pharmacogenetic screens in zebrafish have iden-
tified inhibitors of tumor lymphangiogenesis (Astin et al., 2014), and embryo transplant assays have 
been used to model bone marrow metastasis (Paul et al., 2019; Sacco et al., 2016). Furthermore, 
zebrafish have a brain and liver and therefore investigating the tumor-TME interactions at these other 
common metastatic sites are well suited for modeling in zebrafish.

Genetically perturbing the TME
While imaging-based approaches are important, the true power of the zebrafish will be brought to bear 
via perturbation experiments. To really move this approach forward, we must alter these genes not 
only in tumor cells, but in specific TME cell types as well, which is where the available cell-type-specific 
promoters become important. This translates to at least three different approaches – overexpression 
of specific genes, knockout/knockdown of specific genes, or ablation of the entire cell type of interest. 
For overexpression, the most straightforward way to do this is via cDNA cassettes. For example, 
increased expression of a growth factor such as endothelin under a keratinocyte-specific promoter 
like krt4 or tp63 would be expected to promote the growth of melanoma cells, as has been shown in 
mouse studies (Benaduce et al., 2014). For knockout or knockdown, CRISPR is clearly the technology 
of choice. Competing technologies such as TALENs or ZFNs are too cumbersome for routine use, 
and RNAi approaches have generally failed in zebrafish. In contrast, CRISPR has been widely adopted 
by the zebrafish community with great success (Hwang et al., 2013). Although initially used mainly 
during development to achieve global knockout (Burger et al., 2016) (by injecting Cas9/sgRNAs into 
single cell embryos), the recent development of tissue-specific CRISPR plasmids allows for cell-type-
specific in vivo gene editing (Ablain and Zon, 2016). These plasmids allow incorporation of diverse 
cell-type-specific promoters to drive Cas9 on one side of the vector, while the other side of the 
vector contains a U6 promoter driving an sgRNA of interest. This was first applied by using the gata1 
promoter to drive Cas9 (Ablain et al., 2015), which drives expression in red blood cells, to knockout 
the gene urod, known to be important in heme synthesis. By injecting this into single-cell embryos, 
they were able to recapitulate the phenotype of a known global mutant of urod, but now in a cell-
type-specific manner. Similarly, the MASERATI plasmid has been used to knockout genes specifically 
in melanocytes to generate melanomas (Ablain et al., 2018). Another transient approach based on 
the injection of chemically modified synthetic gRNAs into embryos of transgenic fish expressing Cas9 
in a lineage-specific matter based on the GAL4/UAS system showed promising results in gene editing 
of zebrafish neutrophils and macrophages and could be in principle extended to other cell types of 
interest (Isiaku et al., 2021). With many newer CRISPR systems now available one can perform unique 
genetic edits in different TME cell types simultaneously (Liu et al., 2019). Furthermore, greater cell 
type specificity can be achieved with anti-CRISPR, which can protect cell types from unwanted genetic 
editing (Nakamura et al., 2019). CRISPR could also be exploited for overexpression and silencing 
(rather than knockout) using CRISPRa or CRISPRi (Gilbert et al., 2014), although this has minimally 
been tested in fish so far. Finally, entire TME cell types can also be ablated using a wide variety of abla-
tion cassettes driven by these same cell-type-specific TME promoters. Many such systems have been 
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tested in fish including the nitroreductase (Curado et al., 2008; Pisharath et al., 2007) and diphtheria 
toxin (Wan et al., 2006) systems.

The zebrafish also offers a diverse set of genetic tools that enable conditional and inducible overex-
pression, CRISPR editing, and cell ablation, similar to those established in mice. For conditional over-
expression, an estrogen receptor variant (ERT2) has been fused to the GAL4 transcriptional activator. 
By driving the ERT2-GAL4 under the control of a TME-specific promoter and a cDNA under a UAS 
promoter, one can drive overexpression of a gene of interest in both a cell-type-specific and tempo-
rally controlled manner through the addition of tamoxifen (Akerberg et al., 2014). A similar system 
using a GAL4 ecdysone receptor fusion (GAL4-EcR) has also been reported (Esengil et al., 2007). 
Other conditional overexpression systems successfully utilized in zebrafish include the mifepristone-
inducible LexPR system (Emelyanov and Parinov, 2008) as well as TET-inducible systems (Knopf 
et al., 2010). Although these inducible systems have been reported, they are unfortunately not as 
reliable as they are in mouse transgenics and therefore are not as commonly used in zebrafish models. 
For knockout studies, Cre-Controlled CRISPR (3 C) has been reported whereby expression of Cas9 
requires removal of a lox-stop-lox cassette under the regulation of a tissue-specific CreERT2, thereby 
making CRISPR editing both spatially and temporally controlled. In addition to controlling Cre activity 
with tamoxifen, the authors in this study also used a heat inducible promoter hsp70l to induce the 
expression of Cas9, further increasing the temporal control and specificity of editing (Hans et al., 
2021). Compared to mouse models, the utilization of temporal/inducible genetic tools is still a work 
in progress. However, given the ease of genetic manipulation and the abundance of TME-specific 
promoters, the zebrafish is well suited for investigating the role of the TME in cancer progression.

Technologies to make it scalable and predictable: non-germline 
approaches
This confluence of many different cancer models with many different TME perturbations opens 
exciting opportunities to dive deeply into these interactions. However, a major goal of doing this 
in zebrafish, as opposed to mice, is that we can generate much higher throughput and scalability. 
As alluded to above, knocking out one to two genes in the TME is important, but in an ideal world, 
we would like to be able to knockout many genes – perhaps dozens or hundreds – in the TME very 
rapidly. A roadblock to doing this is germline transmission. In traditional genetic alleles, the perturba-
tion of interest is passed through the germline to generate so-called ‘stable’ lines. While this germ-
line approach is routinely applied for a focused study of a small number of genes, scaling up to a 
larger number of genes would involve time-consuming breeding of animals over multiple genera-
tions, which is not really feasible. This challenge has been addressed by advances in non-germline 
(i.e. somatic) genetic approaches in the zebrafish. Again taking a page from developmental biology, 
the initial non-germline approaches involved F0 or ‘crispant’ approaches. In this case, ribonucleop-
rotein complexes composed of recombinant Cas9 plus synthetic sgRNAs were complexed together, 
injected into single-cell zebrafish embryos, and the resultant F0 animals were directly screened for 
phenotypes of interest (Burger et al., 2016). More sgRNAs per gene have been found to achieve a 
phenotype of more than 90% in a study investigating cardiomyocyte development (Wu et al., 2018). 
The MASERATI system described above uses the same logic – mosaic expression of the plasmid leads 
to knockout in some but not all cells, but is sufficient to drive a phenotype. In the cancer setting, such 
non-germline, mosaic F0 approaches have been very important in identifying oncogenes (i.e. SETDB1 
and CRKL) (Ceol et al., 2011; Weiss et al., 2022) and tumor suppressors (i.e. SPRED1) (Ablain et al., 
2018) and can be used to test effects in thousands of animals per experiment, a major benefit of the 
zebrafish system. Beyond the ability to quickly generate a large number of transgenic animals, this 
approach also enables the generation of genetically complex models with simultaneous integration 
and expression of overexpression cassettes, CRISPR systems, and fluorescent reports. For example, 
in a study investigating a rare subtype of melanoma, called acral melanoma, the authors used up to 
seven genetic constructs simultaneously (Weiss et al., 2022), providing enormous flexibility in inves-
tigating the role of a given gene.

In a typical mosaic F0 experiment, the plasmid is injected into a single-cell embryo, and then one 
waits several months for the animals to grow up for the tumors to stochastically emerge over a long 
period of time. There is no way to know when each individual animal will develop a tumor, which can 
range from weeks to years. Moreover, because the plasmid is mosaically expressed, it is impossible 
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to easily track metastasis: the appearance of many tumors in one fish could be due to either multiple 
primary tumors, or alternatively a single tumor that then metastasized to new locations. To address 
this, but still maintain the advantages of non-germline transmission, our lab recently developed an 
electroporation-based approach called TEAZ (Callahan et  al., 2018). This approach bypasses the 
single-cell embryo injection entirely, and instead microinjects the plasmids of interest into the adult 
tissue of interest followed by a brief electroporation. This system generates melanomas under the 
mitfa promoter using essentially the same plasmids described above (Callahan et al., 2018). The fish 
develop these tumors precisely at the electroporation spot and nowhere else, making it both predict-
able and amenable to tracking progression and metastasis. We recently demonstrated the utility of 
TEAZ for metastasis in a screen in which we tested genes gleaned from human transcriptomic data-
sets (Suresh et al., 2022). This showed a specific role for the cholesterol transporter GRAMD1B as a 
bonafide metastasis suppressor. Because these non-germline alleles could be generated so quickly, 
this further demonstrates the utility of zebrafish for such screens.

Bypassing germline transmission solves a major problem (time) but creates a whole new set of 
challenges. Because each individual animal expresses the plasmids differently than the next animal, 
the onset of phenotypes will vary widely. This can largely be overcome by using a large enough cohort 
such that any ‘signal’ outweighs the ‘noise’ in terms of phenotype. Another issue is copy number. 
When we express plasmids mosaically, we have little control over how many copies integrate into 
the genome, where they integrate, and how well these copies are expressed. The development of 
‘landing spots’ such as that developed using the AAVS1 locus in ES cells (González et al., 2014) or 
attP/aTTB system in Drosophila (Knapp et al., 2015) and explored in zebrafish (Mosimann et al., 
2013) would help this issue tremendously.

But perhaps the biggest challenge in these non-germline approaches will be efficiency of manipu-
lating the TME cells. When we manipulate the tumor cell itself by manipulating oncogenes or tumor 
suppressor genes, efficiency is not a major issue because Darwinian selection will allow any clone with 
even a slight evolutionary advantage to take over and grow out. Thus, even a single cell with the right 
combination of genetic alterations (i.e. a cDNA for BRAFV600E and an sgRNA against p53) will expand 
massively over time. But this is not true for cells in the TME. When we use mosaic embryo injections 
or TEAZ to label or manipulate a TME cell type, there is no particular advantage to that cell. Thus, 
the number of cells that are initially labeled is of paramount importance. If we can solve the efficiency 
problem, an ongoing challenge, it is not hard to envision that we could now use mosaic embryo injec-
tions or TEAZ to perturb the TME using specific promoters for each cell type, along with cDNA or 
CRISPR approaches.

Capturing the evolutionary history of the TME
The challenge of unraveling the multifaceted relationships of the TME in part stems from the bidi-
rectionality of cell-cell communication and the interdependency of multiple cell types or cell states in 
establishing a particular tumor phenotype. Numerous studies have demonstrated how cancer cells can 
reprogram neighboring fibroblasts (cancer-associated fibroblasts) or macrophages (tumor-associated 
macrophages), and that these cells in turn can promote tumor proliferation, invasion, and metastasis 
(Pathria et al., 2019; Sahai et al., 2020). In order to prove the reprograming of these particular TME 
components, lineage tracing experiments are critical. In mice, this has traditionally been performed 
using Cre-lox systems, controlling a fluorophore with the Cre under the control of a tissue-specific 
promoter (Wagner and Klein, 2020). This has been expanded to include multiple combinations of 
fluorophores, known as Brainbow, for increased cell resolution (Livet et al., 2007). The zebrafish has 
similar technologies available, such as the GFP-mCherry ‘Switch fish’ (Mosimann et  al., 2011) or 
‘zebrabow’, which have a few or multiple fluorophores under the control of a tissue-specific Cre (Pan 
et al., 2013).

While these technologies are helpful for establishing developmental and lineage relationships 
among a few or dozens of cells, they are not capable of doing so for an entire organism. Recent tech-
nologies such as scGESTALT and LINNAEUS utilize the combination of scRNA-seq and CRISPR editing 
to simultaneously increase the resolution of barcoding to thousands of cells as well as transcription-
ally profiling their cell state along a particular developmental lineage (Wagner and Klein, 2020). 
scGESTALT has the advantage of capturing multiple developmental timepoints, which improves 
the temporal nature of establishing lineage relationships (Raj et  al., 2018). Both scGESTALT and 
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LINNAEUS were first implemented in zebrafish given the ease of genetic manipulation (Raj et al., 
2018; Spanjaard et al., 2018). One can envision utilizing these technologies to systematically profile 
the reprogramming of all the components of the TME (not just one or two cell types) through multiple 
timepoints in tumor progression.

In addition to elucidating the lineage relationships of various TME components with barcoding, 
characterizing the functional consequences of heterotypic interactions in a systemic and unbiased 
manner is critical for elucidating the role of the TME in tumor progression. These newer cell tracing 
techniques (Figure  4) include Labeling Immune Partnerships by SorTagging Intercellular Contacts 
(LIPSTIC; Pasqual et al., 2018), SynNotch (Toda et al., 2018), mCherry-Niche (Ombrato et al., 2019), 
or G-baToN (Tang et al., 2020). SynNotch involves using a modified Notch ligand expressed and 
receptor that activates expression of a gene of interest after the receptor-expressing cell population 
has a direct cell-cell interaction with the ligand-expressing cell population. This technique has been 
used to improve the specificity and activity of CAR T cells in solid tumors (Hou et al., 2021). It has 
also been utilized to target Wnt activity in a model of zebrafish hepatocellular carcinoma (Wang et al., 
2021). LIPSTIC utilizes a bacterial sortase-A that can tag molecularly tag predefined cell-cell interac-
tions of interest and can be analyzed via flow cytometry ex vivo (Pasqual et al., 2018). mCherry-Niche 
is a labeling strategy whereby cancer cells overexpress a cell permeable mCherry fluorophore which is 
then taken up by neighboring TME cells that can be characterized in an unbiased manner (Ombrato 
et al., 2019). Lastly, G-baToN similarly relies on nanobody-directed fluorescent protein transfer to 
identify heterotypic cell-cell interactions (Tang et al., 2020). Although these were developed in mice, 
in principle they could be adapted for use in zebrafish. These technologies offer the exciting prospect 
of identifying unexpected cell-cell interactions. Given the unique imaging capabilities of the zebrafish, 
it can serve as a model to investigate the nature of a particular cell-cell interaction across space and 

Figure 4. Emerging technologies that can be applied to track tumor/tumor microenvironment (TME) cell communication in zebrafish. LIPSTIC (Labeling 
Immune Partnerships by SorTagging Intercellular Contacts) utilizes the Staphylococcus aureus transpeptidase sortase A (SrtA) that can transfer peptides 
with LPXTG motifs to proteins containing five N-terminal glycine residues (G5) (Pasqual et al., 2018). By fusing SrtA to a ligand in a donor cell type and 
G5 to the cognate receptor of a receiver cell type, addition of LPETG marks the recipient G5-expressing cell. synNotch (synthetic Notch) is a versatile 
system in which a donor cell expresses a ligand or antigen, such as surface GFP, and the receiver cell expresses a chimeric receptor consisting of an 
extracellular sensing module such as an anti-GFP nanobody, a Notch core, and an intracellular transcription factor (Morsut et al., 2016). When the 
sensing module of the receiver cell is activated by interaction with the donor cell, the Notch core is cleaved leading to release of a transcription factor, 
such as Gal which can then activate downstream UAS reporters. G-baToN (GFP-based Touching Nexus) similarly utilizes surface GFP expression on a 
donor cell and anti-GFP nanobody expression on a receiver cell (Tang et al., 2020). Interaction of surface GFP with the anti-GFP nanobody leads to 
endocytosis and transfer of the GFP from the donor cell to the receiver cell, allowing for downstream analysis. mCherry-niche overexpresses a soluble 
and lipid permeable form of mCherry in donor cells, which is then acquired by neighboring receiver cells (Ombrato et al., 2019). By expressing 
mCherry-niche in GFP+ cancer cells, they can be distinguished from GFP - microenvironment cells that receive mCherry.
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time and then simultaneously use CRISPR or overexpression cassettes to functionally perturb these 
interactions.

Future applications, and limits, of studying the TME in zebrafish
Our understanding of the ways in the TME can influence tumor phenotypes is continuing to expand. 
The explosion of interest in immunotherapy, a very TME-centered approach to cancer, has led to new 
and exciting explorations of the ways in which targeting of the TME can have meaningful effects for 
patients. Below, we highlight several areas in which the zebrafish models are especially well suited 
to help address fundamental questions in tumor/TME biology and discuss the limitations using this 
model.

Heterotypic interactions between tumor cells and TME cells
One implication of the tumor/TME pairing is that heterotypic cell-cell interactions between tumor 
and TME cells may contribute to some tumorigenic phenotypes. This can occur via secreted factors 
or via direct cell-cell contact. The precedent for this is in part again provided by the developmental 
biology literature. Contacting cells can form cell-cell junctions which play critical roles in many aspects 
of development (i.e. axis elongation, gastrulation, and limb budding). Cells can form these contacts 
through multiple mechanisms including adherens junctions which are formed and remodeled during 
development (Cavey and Lecuit, 2009) and can regulate cell fate specification (Barone et al., 2017). 
In addition, cell-cell contact is needed to maintain intrinsic directionality of cell migration as seen in 
migrating prechordal plate cells during gastrulation (Dumortier et al., 2012). It is clear that cancer 
cells co-opt and utilize many of these same mechanisms when tumor cells meet TME cells. In glioblas-
toma cell lines, contact with mesenchymal stem cells causes increased expression of proteases that 
enhances cancer cell invasion (Breznik et al., 2017). Metastatic human colorectal cancer cells home 
to the perivascular niche where endothelial cells can secrete factors promoting the cancer stem cell 
phenotype (Lu et al., 2013). Metastatic melanoma cells that invade within the subcutaneous tissue are 
adjacent to adipocytes which can directly transfer fatty acids to melanoma cells and promote prolifer-
ation and invasion (Zhang et al., 2018). The embryonic/larval xenotransplant approach, or adult xeno-
transplant approach in immune-compromised fish, can be used to study these types of interactions at 
high resolution and high scale. However, one major disadvantage of these transplant-based studies 
is that the animals do not have a fully intact immune system, which is critical since these immune cells 
are central to tumor biology. Transgenic animals, which can be generated in high numbers in fish, help 
solve this problem, but there are still a limited number of studies that have specifically perturbed the 
TME in this setting. This can be a major area for growth.

Metastasis and the TME
There are several reasons why the zebrafish is a novel model for understanding the contribution of 
the TME to metastasis. It is of interest that xenograft and allograft models readily metastasize in the 
zebrafish, yet transgenic tumors do so at a much lower rate. The reasons for this are likely both tech-
nical and biological. Mosaic transgenics make it difficult to discern multifocal primaries versus metas-
tases. More importantly, most of the available zebrafish transgenics rely on one to three oncogenes/
tumor suppressors, whereas metastasis often requires either more complex genetics and/or epigen-
etic evolution. It is likely that newer multiplexed transgenics will develop metastasis spontaneously, 
as has been seen in the mouse. Despite these caveats, as mentioned above, multi-scale imaging of 
the entire metastatic cascade is possible in zebrafish (i.e. from single cells to whole animals). For 
example, both intravasation and extravasation require cells to traverse the endothelial cell layer of 
blood vessels, which can be readily imaged using transgenic reporters such as the fli1a-GFP line 
(Lawson and Weinstein, 2002). Survival in circulation is tightly linked to the redox state of the tumor 
cell, which is influenced by nutrient availability within the TME, and reporters for NAD/NADH or redox 
state could be used to assess the mechanisms of success or failure of extravasation (Hung et al., 
2011; Zhao et al., 2016). Outgrowth is often regulated by interaction with immune cells, which can 
be imaged using the rag2-GFP (Langenau et al., 2004) or mpeg1-GFP (Ellett et al., 2011) trans-
genic lines. In some organs, survival and outgrowth are mediated by local factors in that new TME, 
such as the role of plasmin as an endogenous stromal suppressor of brain metastasis, which can be 
overcome by cancer cell expression of serpins (Valiente et al., 2014). As the number of relevant TME 
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cells continues to be identified through single cell and spatial transcriptomic methods, we can then 
manipulate specific genes in those TME cells through transgenesis (cDNA or CRISPR) and identify the 
most relevant mechanisms. Finally, metastasis is increasingly recognized to occur in part through tran-
scriptional, epigenetic, and metabolic reprogramming of the tumor cell, rather than genetic changes 
in the tumor cell. The zebrafish allows us to rapidly test many combinations of these genes, which are 
important since each individual gene itself often only has subtle/modest effects, and instead it is the 
network of genes in the cell that promote overall metastatic phenotypes.

One of the most important, yet poorly understood aspects of metastasis relates to organ tropism. 
Advances in understanding this question have largely come from transplanting human cells into immu-
nocompromised mice, and then continuously selecting cells that are home to certain organs such as 
lung or liver. Other approaches have involved using syngeneic mouse tumor cells to avoid immu-
nocompromised conditions (van der Weyden et  al., 2017). Despite the power of this approach, 
transplantation of cells in this manner is largely a readout of engraftment and does not recapitulate 
all of the canonical steps of this complex process. In this regard, transgenic approaches offer advan-
tages, since they allow metastasis to happen more gradually and likely more closely recapitulates 
what happens in patients. Using zebrafish models of cancer which can then be coupled with the TME 
promoter/enhancer reporters can yield new insight into the mechanisms by which those resident TME 
cells promote or retard each step of metastasis. For example, imaging of liver hepatocytes using a 
fabp10-GFP (Her et al., 2003) could give insight into how these cells play roles in establishment of 
liver metastases.

The immune TME
Given the broad interest in immuno-oncology, it is not possible here to review all of the ways in 
which the zebrafish can contribute to this field. While there have been numerous studies using the 
fish for this purpose (as discussed above, i.e. Antonio et al., 2015; Britto et al., 2018; Póvoa et al., 
2021; van den Berg et al., 2019; Wang et al., 2015), this is still a developing field when compared 
to mouse or even organoid models. One reason for this is that most human and mouse studies take 
advantage of antibody cocktails to both analyze and isolate relevant immune cells. In contrast, many 
if not most of these cell-surface antibodies do not work in the fish system. But in the past few years, 
there has been a concerted effort to identify the repertoire of immune cells in the zebrafish (Moore 
et al., 2016), and several new and exciting transgenic lines have been developed that allow us to 
circumvent the need for antibodies. Transgenes marking CD4+ T-regulatory cells (Kasheta et  al., 
2017), T cells (Langenau et  al., 2003), B-cells (Burroughs-Garcia et  al., 2019; Liu et  al., 2017), 
macrophages, and neutrophils (Gray et al., 2011) are all widely available and could easily be crossed 
into the existing cancer models in fish or used to make de novo tumors with techniques such as 
tumor cell transplantation, transgenesis, or TEAZ. This would open up exciting new possibilities in 
applying the zebrafish not only to understanding immunobiology in cancer, but using it for drug or 
genetic screens to find new immunotherapies that would be hard to screen for in mice. Examples of 
these approaches are starting to emerge, such as imaging of T-cell-based therapies with single-cell 
resolution (Yan et al., 2021). Despite this potential, it still remains unknown whether the repertoire of 
zebrafish immune cells responds to things like neoantigens in the same way as mammalian models. 
For screening and imaging purposes, the fish may offer some advantages over mice, but validation of 
their human relevance will require validation in mammalian tissues.

Drug therapy and the TME
Advances in both targeted and immunotherapy approaches have dramatically altered our approach to 
treating cancer. Despite these improvements, the majority of patients with metastatic disease die from 
their disease, which is primarily due to drug resistance. In the case of molecularly targeted therapy, 
this is in part due to the influence of the TME. For example, a mainstay of therapy for advanced 
melanoma is combination therapy with BRAF/MEK inhibitors, but resistance develops rapidly to this 
combination. Several TME-specific mechanisms have been shown to contribute to drug resistance in 
cancer. Stromal secretion of HGF, the ligand for the c-MET receptor, is an important cause of such 
resistance (Straussman et al., 2012). The TME can also regulate tumor growth via complex interplay 
amidst TME cell types. A recent study showed that aged fibroblasts in the TME secrete fatty acids 
which can be taken up by both the tumor cells and immune cells in the TME, both of which contribute 
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to resistance to BRAF/MEK inhibitors (Alicea et al., 2020). Blockade of this fatty acid uptake via inhi-
bition of the fatty acid transporter FATP overcame this resistance, highlighting how targeting the TME 
offers new therapeutic interventions. Thus, a coordinated interplay between multiple TME factors and 
cell types induces resistance.

The zebrafish as a model offers a real opportunity to dissect these intricate mechanisms in vivo. For 
example, gene expression profiling of the TME around resistant tumor cells could reveal candidates 
which can then be genetically tested in a systematic fashion using the promoter constructs described 
above. Furthermore, high throughput chemical screens (Kaufman et al., 2009) can be used to iden-
tify novel approaches to targeting tumor-TME interactions and genetic dependencies underlying the 
acquisition of resistance. The primary advantage of the zebrafish in drug discovery is the ability to 
do high throughput chemical screens in a living whole-animal system. Because multiple zebrafish 
embryo/larvae can fit in a 96-well dish, embryos and larvae are especially apt for chemical screening of 
hundreds to thousands of compounds at a time. Compounds are absorbed through the water by the 
gills of the embryo, making drug delivery technically very simple (Letrado et al., 2018; Zhang et al., 
2015). Examples in which the zebrafish have led to clinically relevant human drug trials are beginning 
to increase. Recent reviews (Cully, 2019; Patton et al., 2021) highlight numerous examples of drugs 
that were initially discovered in zebrafish models but then went to humans. For example, ProHema, 
a PGE2 derivative, was shown to promote HSC expansion in fish (North et al., 2007), then in human 
cord blood transplants (Goessling et al., 2011), and is now being tested in a Phase II trial for the 
treatment of leukemia and graft versus host disease. Adult PDX and xenograft models of rhabdomyo-
sarcoma in zebrafish have led to the identification of olaparib plus temozolomide (Yan et al., 2019) 
now being tested in a Phase I clinical trial.

Despite the immense potential of chemical screening in zebrafish, most of these approaches have 
targeted the tumor cell itself rather than the TME specifically. We speculate that this is primarily due 
to the adult onset of most tumor models, which makes unbiased chemical screens more difficult in 
adults when compared to treating embryos. But this has been rapidly improving, in which adults can 
be drug treated through multiple routes, such as dissolving drug in water, oral gavage (Dang et al., 
2016), food pellets (Lu and Patton, 2022), intratumoral injection, retro-orbital injection (Pugach 
et al., 2009), and intraperitoneal injection, but this is still not as high throughput as the embryonic 
assay.

While many bioactive compounds have conserved activity between fish and humans, there are 
some cases of drugs demonstrating species specificity to humans or fish (e.g. differences in ligand 
specificity for estrogens and anti-estrogens), there are other cases where zebrafish more effectively 
predict drug toxicity than in mouse models (thalidomide) (Asnake et al., 2019; Letrado et al., 2018; 
Patton et al., 2021). While TME-centered chemicals will be discovered through screens in zebrafish, 
it will take mammalian models to turn these into drugs with favorable pharmacokinetic/pharmacody-
namic properties.

Conclusions
The cancer field is rapidly moving away from the idea of tumor cells acting in cell autonomous ways. 
Both the TME and host response play instructive roles in shaping tumor cell behavior and affecting 
therapy and patient outcome. Studying this complex ‘whole body’ physiology cannot be accomplished 
by any one model, whether that is human, mice, fish, flies, or other emerging model organisms. Here 
we present a rationale for using the zebrafish as a powerful system to functionally interrogate the 
TME using imaging, genetic, and screening approaches. We can capitalize on many existing cell-type-
specific promoters to leverage new and exciting non-germline transgenic approaches and make this 
more rapid and highly scalable. This new understanding will allow us to ultimately identify new thera-
peutic vulnerabilities aimed at interrupting the tumor/TME crosstalk.
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