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Abstract

Cell transplantation and engraftment into immunodeficient mice has revolutionized our
understanding of regenerative biology and cancer. Research conducted with these models has
identified stem and progenitor cells in multiple tissue types and organs, and facilitated key
discoveries in cancer biology. Despite the great utility of mice for cell transplantation studies, the
high cost of these animals limits their applicability in high-throughput in vivo studies. Moreover,
direct imaging of cellular processes at high resolution is challenging with furred rodents, requiring
surgical construction of imaging windows to gain optical access to internal organs and use of
complex intravital microscopy.
In the past decade, the zebrafish has emerged as a promising model for transplantation
studies. Their high evolution conservation with human, high fecundity and whole-body
transparency are ideal attributes for large-scale transplantation studies. In a quest to develop
immune compromised zebrafish models for optimized cell transplantation, we used multiple
genome editing methods to create mutations in genes that regulate T, B and Natural Killer cell
functions, including rag2 (recombination activating gene 2), prkdc (protein kinase, DNA-activated,
catalytic polypeptide), and jak3 (Janus kinase 3), leading to variable defects in innate and
adaptive immunities which largely recapitulates human pathology. Capitalizing on the optical
transparency of these mutant lines created in the casper background, we also developed
methods to perform allograft transplantation of zebrafish tumor cells into immunodeficient
recipients, and directly visualized dynamic restructuring of tumor-associated neovascularization,
emergence of tumor cell heterogeneity, micro-metastatic melanoma dissemination, and
competition between genetically-defined leukemia clones. From these studies, we discovered
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that clonal dominance could emerge stochastically in T-cell acute lymphoblastic leukemia as a
result of dynamic competition between clones, lending new cell biological insights into how
human leukemia acquire elevated growth potential and dominate at relapse.
In summary, my work has developed immune deficient zebrafish as a powerful new tool
to dissect the behavior of engrafted tumor cells at single cell resolution in live animals. Our longterm goal is to develop zebrafish models that allow robust engraftment of xenograft
transplantation of human cells to facilitate large-scale drug screening with patient-derived
xenografts (PDX) at affordable costs.
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Chapter 1. Introduction

The early days of medical transplantation

To replace a diseased part of the human body with a healthy organ or tissue has long
th

been imagined by physicians and scientists. In the 17 century, attempts were made to transfuse
1

blood from sheep in human to rescue those suffering hemorrhage ; however, this practice was
th

banned due to severe adverse reactions, which were frequently fatal to patients. The 20 century
2

saw remarkable advances in successful and durable allograft transplantation in humans . In the
1930s, Y.Y. Voronoy in Ukraine attempted the first transplantation of a human kidney from a
2

cadaver in another patient, who unfortunately died of graft rejection after two days . Around the
3

same time, J.B. Brown noted that skin grafts between identical twins were well tolerated .
Convinced that genetic identity permits tolerance of allograft tissue, D. Hume and colleagues from
4

Boston carried out the first successful renal transplantation between identical twins in 1954 .
Soon after, J.E. Murray in Boston utilized the first chemical immunosuppressant (azathioprine) to
condition a transplant recipient patient, who successfully tolerated a renal allograft that remained
4

functional for 17 months . Furthermore, J. Hamburger from Paris, France applied whole-body
irradiation to patients to suppress the immune system, and achieved successful renal
transplantation from unrelated donors that remained functional for more than twenty years

5, 6

.

Within a century, transplantation of human organs and tissues has been transformed from a
desperate measure with meager success rates, to routine procedures that save thousands of
lives annually.
In the pursuit for successful, safe and durable transplantation in modern medicine,
scientific leaps have been made in defining mechanisms of rejection and enabling durable long7

term engraftments, including ABO and Rh typing (K. Landsteiner) , mechanisms of acquired
8

immune tolerance (P. Medawar) , and the discovery of the major histocompatibility complex
9

(MHC) (B. Benacerraf, J. Dausset and G. Snell) . Today, research efforts are being made to
further understand the complex and intrinsic mechanisms by which the immune system functions,
improving the long-term functionality of engrafted organs and tissues, managing graft-versus-host
and host-versus-graft diseases, and harnessing the immune system to combat malignancies.
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Early transplantation research in laboratory settings

Many of the concepts that were applied clinically to optimize tissue and organ
engraftment came from insights gleaned through laboratory-based discoveries. For example,
developmental biologist H. Spemann and his doctoral student H. Mangold performed seminal
work in 1924 to successfully allograft transplantation between areas of developing salamander
embryos. Taking advantage of the different pigmentation of donors and recipients, they traced the
fate of transplanted cells, uncovering that donor cells from certain areas of the developing embryo
were able to “organize”, “self-regulate” and re-wire the entire region surrounding the graft to
ultimately specify dorsal-ventral and anterior-posterior patterning, regardless of the location in
10

which it was engrafted . This work, granted the Nobel Prize in 1935, transformed how biologists
think of the hierarchy of developing cells and tissues, and continued to influence contemporary
research on the molecular basis of inductive cues that regulate development.
Transplantation using amphibian species also yielded additional insights into immunology
and developmental biology. Different amphibian species mount a spectrum of immune reactions
11

to allografted tissues and organs . Salamanders, renowned for their regeneration capacities,
have weaker histocompatibility barriers and take more than a year to reject vital organ allografts
including hearts, gonads, pituitaries and eyes. However, more phylogenetically advanced
Ranidae frogs mount acute rejection to skin and organ allografts comparable to those in
mammals caused by release of strong histocompatibility antigens. These observations led to an
interesting hypothesis that higher species may have “traded off” regeneration capacities for more
12

sophisticated immune systems, forming a research area of vivid debate .
In the 1910s, J.B. Murphy pioneered xenograft transplantation of human tissues into the
developing chick embryo

13, 14

. When grafted with human tumors onto its chorioallantoic

membrane, chick embryos responded by robust vascular formation, permitting successful
engraftment of the human tumor tissue. Many scientist followed suit and further developed the
chick embryo into a robust transplantation platform. In 1940s to 1950s, C.P. Dagg et al. carried
out serial transplantation of human tumor tissues into developing chick embryos and performed
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15

one of the first in vivo drug screens with engrafted human tumor cells . In the 1950s, V.
Hamburger and R. Levi-Montalcini conducted their Nobel Prize-winning work describing that
mouse sarcoma cells, when engrafted in the spinal and sympathetic ganglia of chick embryos,
secreted “diffusible agents” and promoted proliferation, differentiation and regeneration of the
nervous system

16-18

. Their work laid the foundation for research on how growth factors alter the

nervous system. In 1967, M. Abercrombie utilized the chick embryos for transplantation of normal
and malignant cells and observed two types of proliferative behavior. While normal cells were
able to inhibit growth upon contact of adjacent cells, tumor cells did not. Failure of “contact
inhibition” by tumor cells later became known as a hallmark of cancer

19-21

. In the 1980s, L.

Ossowski and others utilized chick embryos to assay metastasis of transplanted tumor
tissues

22,23

. Today, with advances in intravital imaging and methods for genetic manipulation, the

chick embryo continues to be widely used as a platform for vertebrate biology in cancer and
24

cardiovascular research .
Extensive cell transplantation approaches have been taken with other vertebrate
organisms including teleost fish and rodent species to elucidate the mechanisms of immune
rejection. In 1955, S.L. Allen sought to clarify the linkage relations of genes involved in the
production of histocompatibility antigens to other known genes on the same chromosome. By
evaluating the engraftment of reciprocally transplanted tumor cells arising in two mouse genetic
backgrounds, he resolved the order of the MHC gene H-2 cluster genes with adjacent genes on
25

chromosome 19 . Using similar approaches, in the 1960-1970s, K.D. Kallman conducted a
series of research transplanting fins, scales, spleens and liver in a teleost fish species,
Xiphophorus maculatus, to estimate the number, location and functions of MHC loci. He
concluded that a large number of MHC loci existed in fish, and that they acted in additive
fashion

26-28

29

. From the 1980s on, D. De Luca , N.W. Miller

30

and C.J. Secombes

31

independently

used monoclonal antibodies to identify heterogeneous lymphocytes populations - B cells (Ig+
lymphocytes) and T cells (Ig- lymphocytes) - in teleost fish. N.W. Miller and L.W. Clem further
investigated the phenomenon of proliferation by mixed lineages of peripheral blood leucocytes
upon allogeneic simulation in catfish, and concluded that T cells are primarily responsible for such
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30

response . K. Hashimoto et al. in 1990 first identified the sequence for the common carp class II
MHC by Polymerase Chain Reaction (PCR), using primers designed on conserved motifs in
32

human, mouse and chicken MHC complex loci . In 2001, T.N. Cardwell et al. demonstrated that
a gene in class II MHC loci played an important role in the rejection of transplanted scales in the
Gila topminnow (Poeciliopsis occidentalis), a phenomenon conserved in higher species including
33

mammals . With improved availability of reagents and refined sequencing methods, current
studies have focused on identifying polymorphisms and genetic organization of histocompatibility.
Transplantation approaches in laboratory animals played instrumental roles in identifying
key genes involved in histocompatibility and defining important functions of the immune system in
rejection and tolerance. Rapid development in understanding the science behind transplantation
has called for versatile animal models and controlled experimentation that cannot be carried out
with human patients due to ethical reasons. Researchers soon realized the value in utilizing
inbred or immunodeficient animals to engraft tissues and cell types, interrogating complex
biological processes, which do not happen on plastic dishes. The emergence of genetically
identical and immune compromised animal models would transform the way biological functions
of genes, cells, tissues and organs are investigated in a whole living organism.

Mouse models for transplantation research

The albino mice BALB/c strain is the first widely used inbred syngeneic strain for
transplantation. H.J. Bagg established the strain in 1913; from 1920 onwards, it was
systematically inbred for 26 generations over 15 years to produce progeny that are 99%
34

genetically identical . The Jackson laboratory has facilitated its distribution across the world in
the following decades. Many researchers were delighted to be able to perform allograft
transplantations with minimized technical hurdles, and implemented experimental designs not
possible before. In 1969, S. Kit induced tumor formation by subcutaneous inoculation of SV40transformed mouse kidney cells in the BALB/c strain. He noted that tumors were only induced by
st

th

these cells in the 71 passage but not the 26 passage, lending important insights into cell
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35

transformation and tumorigenesis . In 1972, S.C. Rockwell successfully derived a murine
36

mammary tumor cell line by serially implanting the primary tumor arising in the BALB/c strain .
While the BALB/c mice enabled unlimited transplantation abilities within the same murine
strain, a new model suitable for accepting donor cells from across the species and genetic
background barriers was much desired. In order to achieve this, the host model must not be able
to mount immune rejections to grafts of unmatched histocompatibility. Immunodeficient animals
were ideal models to fulfill this need.
Discovery of mice with severe combined immunodeficiency (SCID) was serendipitous. In
1962, N.R. Grist in Glasgow, Scotland discovered a mutant laboratory mouse strain that lacked
fur (“nude”). A null mutation in the FONX1 gene resulted in thymic ablation and absence of
mature T cells in nude adult animals

37-39

. Due to T cell immune deficiency in these mutant

animals, they could engraft tissue from other species. For example, S. Asano and colleagues
40

successfully performed serial transplantation of a human lung tumor into the nude mice . S.
Habu et al. utilized the nude mice to investigate the function of Natural Killer (NK) cells in tumor
41

growth in vivo . Investigators later discovered a number of other immunodeficient strains carrying
spontaneous mutations resulting in severe immune deficiencies. The Scid strain mice

42

have

mutations in the PRKDC (Protein Kinase, DNA-Activated, Catalytic Polypeptide) gene, while
additional mice strains had mutations in RAG1 (Recombination Activating Gene 1)
(Recombination Activating Gene 2)

44

43

and RAG2

which are required for T and B cell rearrangement. Mice

were also identified that had truncation of the IL2RG (Interleukin-2 Receptor Gamma) gene,
resulting in disrupted receptor function and blockage of cytokine signaling that caused defects in
45

T and B cell maturation . The NOD (Non-Obese Diabetic) strain, developed by S. Makino and
46

colleagues in Japan , lacks MHC expression and exhibits autoimmunity. Importantly,
crossbreeding of the NOD strain mice with other immunodeficient strains (Prkdc

scid

and Il2rg

tm1Wjl

)

created functional disruption in complementary innate and adaptive immune cell types. These
NOD-SCID-gamma (NSG) mice lack mature T and B cells, and have defects in dendritic cells,
47

macrophages and NK cells . They have now become the golden standard for cell transplantation
assays

47-49

.
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Over the years, immunodeficient mouse models have been extensively utilized to
investigate virtually every aspect of biology. For example, with their close evolutionary kinship to
human, immunodeficient mice have been used for modeling human primary immune deficiencies,
a class of devastating conditions often caused by monogenic mutations that predispose patients
to opportunistic infections, autoimmunity and cancer

50, 51

. To identify the causal genetic

mutations, J.D. Thomas, W.E. Paul and colleagues from the National Institutes of Health
discovered that X-linked immunodeficiency in mice was caused by the Bruton's
agammaglobulinemia tyrosine kinase (Btk) gene, implicating the function of this gene in human X52

linked immunodeficiency . To date, more than 150 mutated genes have been identified to cause
53

variable immunodeficiencies in human . Cell transplantation into immunodeficient mice has also
been utilized to elucidate the functions of the human hematopoietic system. In 1988, J.M.
McCune et al. transplanted human fetal liver hematopoietic cells and human fetal thymus into the
54

SCID-hu mice to study the maturation of T cells and B cells in the peripheral circulation . E.
Traggiai et al. studied development of the human adaptive immune system in detail by xeno55

transplantation of human cord blood cells into mice . D.E. Mosier and D.B. Wilson took this
method one step further to provide a feasible experimental system for studying the response of
56

human immune system to viral infections .
The deepening of our understanding of the heterogeneity of tumor cell populations led to
the discovery of “tumor-initiating cells”, a phenotypically distinct population within the tumor that
are capable of self-renewing, replenishing multiple lineages and initiating unchecked proliferation,
which could be functionally assayed upon transplantation into immunodeficient mice

57, 58

. In their

landmark paper of 2007, N. Barker, H. Clevers and colleagues defined the Lgr5+ stem cells in the
59

intestinal epithelium . The exceptional pluripotency of single Lgr5+ stem cells were evident by
their ability to restore normal structure and function to damaged mouse colon upon
60

61

transplantation , and to regenerate functional mammary glands in serial transplantations .
Furthermore, immunodeficient mouse models engrafted with human tumors have become a
standard assay for characterization of human tumor progression and metastasis

62-64

. In recent

years, advances in high-resolution intravital microscopy (IVM) have allowed direct visualization of
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“hallmarks of cancer” in mice engrafted with tumors. Processes that have been visualized include
65

66

tumor-induced angiogenesis and blood flow , tumor cell migration and metastasis , and cancer
67

stem cell plasticity . Last but not least, SCID mouse models have become indispensable in
preclinical testing of drug efficacy and pharmacokinetics

68-70

, bridging translation of new therapies

into the clinic.
Immune compromised mouse models have become longstanding, invaluable tools to
immunology, cancer biology and regenerative medicine. Nevertheless, utilization of immune
compromised mouse models comes with several disadvantages. Mouse colonies are costly to
procure and maintain, as the rearing of immunodeficient mice requires aseptic housing
conditions. Although bioluminescence approaches have been developed for mouse models to
measure tumor growth, fluorescence imaging in furred rodents at single-cell resolution has been
challenging, requiring surgical construction of imaging windows to gain accessibility to the internal
71

tissues and organs of a living animal . Yet, phenotypic variability of engrafted tumors between
animals is a known issue

72, 73

, potentially compromising the validity of experiments conducted

with a limited number of animals. In comparison, the zebrafish is renowned for its capacity
74

empowering large-scale experiments testing efficacy of drug and drug combinations in vivo .
Developing versatile methods in the zebrafish would open new opportunities to study
regeneration and cancer in the context of transplantation.

Transplantation approaches in the zebrafish

The zebrafish (Danio rerio) is a vertebrate model organism that shares remarkable
75

conservation with human and mice, especially within the blood system . The ex vivo
development of transparent zebrafish embryos has made this organism an exceptional model for
developmental biology

76, 77

. Optical transparency and high fecundity of this species also make it

an ideal platform for transplantation, yet cancer and normal cell transplantation approaches using
immune deficient fish had not been widely reported prior to our work.
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We and others have utilized the zebrafish as a model for cancer. Overexpression of
oncogenic drivers in the zebrafish have been used to induce several types of tumors, including
leukemia
87

78-80

81

, rhabdomyosarcoma , melanoma

, pancreatic tumors

86, 88-90

82-84

85

, neuroblastoma , hepatocellular carcinoma

86,

, and more, many of which faithfully recapitulate the histopathology

and molecular underpinnings of human disease.
The zebrafish have a well-developed immune system that comprises both adaptive and
innate immunity, akin to that observed in human and mice

91-93

. Therefore, in order to achieve

efficient allograft and xenograft transplantation, a number of methods have been exploited to
abrogate rejection of grafted tissue. Most commonly, a sub-lethal dose of γ-irradiation is applied
to the recipient fish two days prior to transplantation

93, 94

. This method allows transient

engraftment lasting 3-4 weeks in the host animal, after which the immune system recovers and
initiates rejection of the graft. Transplantation into irradiated optically transparent casper strain
zebrafish

94

has enabled researchers to perform in vivo tracking of engrafted tissue in a non-

invasive manner. Notably, P. Li and colleagues from the L.I. Zon laboratory conducted a chemical
screen using this approach and identified molecules in the epoxyeicosatrienoic acids family that
95

enhance embryo hematopoiesis and adult marrow engraftment . C.K. Kaufman et al. were able
to utilize the system to visualize engraftment of a single neural crest cell that could initiate tumor,
96

which over time progressed into a full-blown melanoma .
Alternatively, the host fish immune system can be chemically ablated with
immunosuppressants, including glucocorticoids (e.g. dexamethasone), which kills T and B cells.
97

The host immune system will then be dampened to allow cell transplantation . Treatment of fish
embryos with dexamethasone can have enduring effects into adulthood, causing severely
98

impaired immunity . However, utilization of this method is limited, as glucocorticoids treatment
98

causes impaired wound healing in zebrafish leading to premature death . Continued
glucocorticoid treatment is also not economically feasible for long-term studies in adult zebrafish.
99

Additionally, glucocorticoids are commonly used for treatment of leukemia , hindering its
application in engrafting liquid tumors.
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Interestingly, several spontaneous fish mutants with severely impaired hematopoietic
system have been discovered, and proven to accept allogeneic transplantations without the need
for pre-conditioning. Five “bloodless” embryonic lethal zebrafish mutants were identified through
large-scale chemical mutagenesis efforts in late 1990s to early 2000s. From these, D. Traver
discovered that the gata1-/- “bloodless” mutants could engraft a normal, multi-lineage
hematopoietic system following engraftment of whole kidney marrow cells from unmatched
donors

100

. This work successfully visualized the homing and engraftment of transplanted

hematopoietic stem cell (HSC) population in real time. I. Hess, T. Boehm and colleagues reported
an unexpected finding that homozygous mutant zebrafish carrying a missense mutation in the cmyb allele (Ile181Asn) lacked definitive hematopoiesis, and that transplantation of fluorescently
labeled hematopoietic stem cell and progenitor populations restored normal immune function to
the recipient mutant animals

101

.

In order to achieve stable and long-term maintenance of the graft, J. de Jong et al.
explored the possibility of transplantation using immune-matched zebrafish. The majority of
zebrafish class I MHC genes reside on chromosome 19. Matching donor and recipients at this
locus resulted in significant increase in cell engraftment and percentage donor chimerism in the
recipient animals

102

. However, wide application of this method has not become routine due to

logistical challenges inherent in MHC matching of the zebrafish, an organism that comprised
many more genomic loci than of mouse and human.
Other ways of generating histocompatible zebrafish to allow allogeneic transplantations
were implemented, including systematic inbreeding. In order for a strain to be considered
isogenic, at least 20 generations of sibling in-crossing is required. Considering an average fourmonth reproduction cycle in the zebrafish, this process would take six to seven years to complete.
However, the fecundity of the progenies steadily decreased over time, making such effort largely
unsuccessful

103

.

In 1981, G. Streisinger et al. took a different approach to generate syngeneic zebrafish.
They were able to create homozygous diploid fish carrying only the maternal genome by applying
pressure to developing early embryos

104

. However, these fish were challenging to maintain due to
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their high mortality and highly biased sex ratio. The original line has thus become extinct. In 2010,
S. Revskoy from Northwestern University repeated the effort and successfully generated several
homozygous diploid clonal zebrafish lines, including the CG1 strain, which is currently actively
86

maintained and utilized . The CG1 syngeneic strain has since been adopted by many
laboratories in the community, and have successfully engrafted multiple types of tissue

86, 105

. Our

laboratory benefited tremendously from the utilization of the CG1 line for transplantation. This
syngeneic model enabled us to implement high-throughput limiting dilution transplantation using
thousands of zebrafish, providing critical insights into the behavior of rare tumor cell populations.
For example, J.S. Blackburn et al. conducted a transplantation experiment implanting single
leukemia-propagating cells into nearly six thousand CG1 zebrafish, and linked increased
leukemia progression to Akt pathway activation

106

. E.Y. Chen et al. conducted a thousand-animal

in vivo drug screen on zebrafish engrafted with fluorescently labeled embryonal
rhabdomyosarcoma (ERMS), identifying compounds that target the RTK pathway to actively
suppress tumor growth

107

.

Another method to circumvent immune rejection is transplantation into embryos. The
adaptive immune cells develop in the zebrafish by four days post fertilization (dpf), yet take three
to fours weeks to mature and become capable of mounting an immune response

93, 108

.

Capitalizing on this window of defective adaptive immune function, allograft and xenograft cells
have been engrafted to recipient fish and persisted for up to 7 days. These experiments allow
analysis of proliferation and migration of tumor cells in the live fish. Many researchers were able
to investigate key aspects in cancer biology using this larval transplantation approach. B.E.
Snaar-Jagalska and colleagues in the Netherlands conducted experiments with transgenic
zebrafish strains with fluorescent vasculature labeling to address the contribution of tumor stroma
in promoting cancer cell-induced angiogenesis and spreading

109

. J. Berman and colleagues in

Canada successfully utilized xenograft transplantation of fluorescently labeled human tumor cells
into zebrafish larva to identify a key gene in promoting sarcoma cell migration

110

. B. Kaur, C.E.

Beattie and colleagues from Ohio conducted a drug screen by orthotopic xenograft experiments
with human glioblastoma cells into the brain of larval zebrafish, from which they identified
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temozolomide and bortezomib that successfully decreased tumor burden

111

. Despite the utility of

short-term larval transplantation assays for investigation of tumor cell behavior in vivo, due to the
small size of the recipient animal, only a small number of cells (100-200 cells) can be injected,
making assessment of long-term tumor growth and true metastasis difficult.
In order to reach the full potential of the zebrafish model as a robust and versatile cell
transplantation platform, immune compromised zebrafish strains needed to be developed. Efforts
to induce mutations in the zebrafish genome and disrupt genes essential for the development of
adaptive and innate immune system were first made in the 2000’s using ENU-induced reversegenetic screens in the Netherlands (the Hubrecht Institute) and the United Kingdom (D.L.
Stemple and colleagues). From these screens, several mutant lines with point mutations in the
rag1 (recombination activating gene 1) gene were identified (hu1999, sa32518, and t26683). The
rag1/2 genes facilitate T and B cell rearrangement and are required for lymphocyte maturation
and function. Therefore, disruption of the normal function of rag1 gene resulted in severe
decreases in mature T and B cells in the mutant zebrafish
human

113

112

, matching the phenotypes seen in

43

and mice .

In the early 2010’s, advances in the realm of genome editing including mutagenesis by
zinc-finger nucleases (ZFNs)

114

, transcription activator-like effector nucleases (TALEN)

clustered regularly interspaced short palindromic repeats (CRISPR)

117-119

115, 116

, and

brought about a

revolution in biology. We were now equipped with the essential tools to knock out key genes
responsible for regulating adaptive and innate immunity in the zebrafish. My dissertation research
sought to develop and characterize immunodeficient zebrafish lines with genetic knockout in
regulatory genes that control development and function of T, B, and NK cells, and to optimize
these lines for allograft and xenograft cell transplantation.
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Chapter 2. Optimized cell transplantation using adult rag2 mutant zebrafish

Attributions

Dr. Langenau conceived the project to develop immunodeficient zebrafish by targeted
genetic disruption of key genes in adaptive and innate immunity. J.S. Blackburn and F.E. Moore
performed zinc finger nuclease mutagenesis and identified the founder rag2

E450fs

mutant fish. S.A.

Martinez and N.S. Abdelfattah optimized the genotyping strategy for rag2 mutant zebrafish. N.S.
Abdelfattah and I characterized the histological and molecular pathologies in the mutant fish,
performed allograft transplantation experiments with normal and malignant zebrafish tissues, and
analyzed the results. J.N. Berman and R.S. Liwski (Dalhousie University, Halifax, Canada)
offered consultation on histological assessment of mutant blood cell lineages. R. Lobbardi, I.M.
Tenente, M.S. Ignatius, J.C. Moore and Y. Houvras (Weill Cornell Medical College, New York)
provided donor zebrafish tumors, and contributed to the discussion.
N.S. Abdelfattah, J.S. Blackburn, Dr. Langenau and I co-authored a research article
entitled “Optimized cell transplantation using adult rag2 mutant zebrafish” (Tang Q., Abdelfattah
N.S., Blackburn J.S. and Langenau D.M. et al., Nature Methods, 2014). Excerpts from this article
are included in this chapter.
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Abstract

Cell transplantation into adult zebrafish has lagged behind mouse due to the lack of
immune compromised models. Here, we report homozygous rag2

E450fs

mutant zebrafish that have

reduced numbers of functional T and B cells but are viable and fecund. Mutant fish engraft
zebrafish muscle, blood stem cells, and cancers. rag2

E450fs

mutant zebrafish is the first immune

compromised zebrafish model that permits robust, long-term engraftment of multiple allogeneic
tissues and cancer.
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Cell transplantation of human and mouse cells into immune compromised mice has
greatly enhanced our understanding of stem cell function, regeneration, and cancer. However,
transplantation experiments in mice are expensive, routinely utilize small cohorts of animals, and
engraftment is often difficult to visualize directly. By contrast, large-scale cell transplantation of
fluorescent blood and cancer cells into syngeneic and irradiated zebrafish has now become
routine

94, 120-125

. However, these approaches require that donor cells are from the same strain of

syngeneic zebrafish or that the recipient immune system is transiently ablated by whole body γirradiation two days prior to transplantation. Irradiated recipients eventually recover their immune
system by 20 days post-irradiation and kill engrafted cells

120, 121, 124

, making long-term

engraftment studies difficult. To date, immune compromised zebrafish have not been developed
as a universal recipient for allograft cell transplantation.
Capitalizing on recently developed gene inactivation methods using genome
engineering

126

, zinc finger nucleases were engineered to target the plant homeodomain (PHD) of

the zebrafish recombination activating gene 2 (rag2) at similar residues commonly mutated in the
human Omenn syndrome

127, 128

(Figure 1a). Mutations in residues of the PHD domain disrupt the

RAG2 protein interaction with trimethylated histone H3 to alter chromatin accessibility and to
partially impair V(D)J recombination in vivo

129

. Omenn syndrome is an autosomal recessive

severe combined immunodeficiency (SCID) that results in impaired T and B cell receptor
rearrangement leading to reduced numbers of functionally mature lymphocytes in human patients.
A mutant zebrafish line was generated in the AB-strain background and contained a frame-shift at
amino acid E450 that resulted in premature termination (designated rag2
Heterozygous rag2

E450fs

E450fs

; Figure 1b).

mutant fish were incrossed and raised to adulthood. Animals

were genotyped at 3 months of age, revealing expected Mendelian ratios (146: wild-type, 265:
heterozygous, and 129: rag2

E450fs

homozygous mutant). rag2

E450fs

mutant fish were similar in size

to heterozygous and wild-type sibling animals, survived fin clip, and remained healthy for >6
months when raised under standard laboratory conditions. Homozygous rag2

E450fs

mutant

zebrafish could reproduce, albeit at reduced fecundity when compared with heterozygous sibling
fish. Histological analysis of 90-day-old rag2

E450fs

mutant zebrafish revealed a striking reduction
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in thymic T cells and an altered thymic architecture including reduced numbers of epithelial cells
with preponderance of adipocytes (n = 5 of 6 mutant animals, Figure 1c,d). This thymic
involution is commonly observed in T cell deficient lines of mice

43

and was not detected in wild-

type siblings (n = 6, p=0.008, Fisher’s exact test). Analysis of whole kidney marrow revealed that
adult homozygous rag2

E450fs

zebrafish contained all blood cell lineages (Figure 1e,f); however,

quantification revealed a striking 75% reduction in lymphocytes of rag2

E450fs

mutant zebrafish

(Figure 1g). Transcript expression for mature B and T cell markers was reduced in rag2

E450fs

mutant marrow, including immunoglobulin m (igm), lymphocyte-specific protein tyrosine kinase
(lck), t-cell receptor alpha (tcra) and t-cell receptor beta (tcrb) (Figure 1h). By contrast, rag1
transcript levels were not reduced in the marrow of mutant animals, suggesting that early B cell
precursors were not altered in rag2

E450fs

mutant zebrafish (Figure 1h). Homozygous rag2

E450fs

mutants did not exhibit expression differences for myeloperoxidase (mpx) and l-plastin (lcp1),
suggesting that neutrophils, monocyte, macrophages, and other cell lineages were not altered in
rag2

E450fs

mutant zebrafish (Figure 1h).

To directly evaluate the impact of the rag2

E450fs

mutation on mature T and B cells, whole

kidney marrow cells were also assessed for tcrb and igm rearrangements
rag2

E450fs

122, 130

. Homozygous

mutant fish lacked tcrb rearranged T cells (n = 7, Figure 1i), while the B cell immune

repertoire was reduced in 3 of 7 animals tested. Thus, the rag2

E450fs

mutation results in the

production of a hypomorphic protein with reduced receptor recombination, leading to lack mature
T cells and a variable reduction of functionally diverse B cells.
Immune compromised mice, including those deficient in Rag2, have been successfully
used for adoptive transfer of mouse and human cells. Yet, immune compromised adult zebrafish
have not been developed that permit engraftment of a range of cells and tissues. Indeed, the first
example of targeted gene knock out in zebrafish was the rag1-deficient fish

130

. rag1-mutant fish

lack all mature T and B cells, but have not been widely used for cell transplantation approaches
likely due to reduced viability of adult fish and failure to thrive following fin clip and genotyping.
To assess if hypomorphic, rag2-deficient zebrafish were amenable to cell transplantation, we first
assessed if hematopoietic stem cell engraftment was enhanced in rag2
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E450fs

mutant lines.

Specifically, rag2

E450fs

mutant and wild-type sibling adults were sub-lethally irradiated with 10 Gy

irradiation to clear the hematopoietic stem cell niche. Animals were transplanted two days after
5

irradiation treatment by intra-peritoneal injection with 3x10 whole kidney marrow cells from
unrelated ubiquitin-EGFP donor zebrafish (Figure 2a)
siblings engrafted blood cells (n = 10), while all rag2

131

. As expected, none of the wild-type

E450fs

mutant fish exhibited robust, multi-

lineage blood cell engraftment that persisted past 45 days post-transplantation (dpt, n = 6), a full
25 days after immune rejection is normally initiated in wild-type, irradiated recipient fish (Figure
2b,c, p=0.0002, Fisher’s exact test)

121, 124

. Engrafted rag2

E450fs

homozygous mutant fish also

commonly exhibited GFP+ circulating cells by 30 dpt. These data show that hypomorphic
rag2

E450fs

can robustly engraft hematopoietic cells from unrelated donors.

To assess the broad utility of the model for engraftment of regenerative tissues,
fluorescently labeled muscle cells from adult ubi-EGFP transgenic fish were transplanted by
4

intramuscular injection into non-irradiated recipient animals (5x10 cells/fish, 2 µl/animal). Muscle
cell viability was >85% following disassociation and single cell preparation. Remarkably, GFP+
muscle fibers were readily detected in all rag2

E450fs

mutant animals by 30 dpt (n = 3 of 3) but not

in wild-type siblings (n = 4; p=0.03, Fisher’s exact test; Figure 2d,e). Fluorescent fibers persisted
in rag2

E450fs

mutant fish for up to 60 dpt. Histological analysis revealed that GFP+ muscle fibers

were viable, contained muscle striations, and were indistinguishable from recipient muscle tissue.
We next wanted to verify the specificity of our results using a muscle-specific, fluorescent
transgenic line. Muscle cells were isolated from the dorsal musculature of alpha-actin-RFP
transgenic fish

132

5

and injected into the dorsal musculature of recipient fish (2.5x10 cells/fish).

Again, robust engraftment of fluorescent muscle was only observed in homozygous rag2

E450fs

mutant fish by 30 dpt (n = 5 of 5, Figure 2f), but not heterozygous or wild-type siblings (n = 5
animals/genotype assessed, p=0.008, Fisher’s exact test). These data show that homozygous
rag2

E450fs

mutant fish can engraft cells even in the absence of preconditioning with low-dose

irradiation.
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Figure 1. rag2

E450fs

mutant zebrafish lack mature T cells and have a reduced B cell

repertoire. (a) Human RAG2 protein with known SCID mutations denoted. Arrow denotes ZFN
target region. (b) Nucleotide (top) and protein sequence (bottom) for the rag2

E450fs

mutation.

Yellow denotes ZFN target sites, blue nucleotide additions, gray nucleotide deletions, and arrow
amino acid change at E450. Underlining shows amino acid sequence following frame shift with
termination amino acid numbered. (c,d) Thymus sections of 90-day-old wild-type (c) and
rag2

E450fs

mutant zebrafish (d). Red dashed lines denote thymus (left). Right panels are magnified

views of boxed regions with adipocytes (A) and vacant thymic epithelium (E) shown. (e,f) Whole
kidney marrow cytospins of wild-type (e) and rag2

E450fs

zebrafish (f) with lymphocytes (black

arrows), erythrocytes (magenta arrows) and granulocytes (cyan arrows) denoted. Scale bars are
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Figure 1 (Continued)
200 µm (c,d – left); 50 µm (c,d – right); 20 µm (e,f). (g) Cell counts from cytospins performed on
whole kidney marrow. Error bars represent ± 1 standard deviation, p < 0.05 by Student’s t-test.
(h) Gene expression analysis of whole kidney marrow cells. Error bars represent standard error
of the mean, p < 0.05 by Student’s t-test. (i) PCR analysis for tcrb and igm rearrangement of
whole kidney marrow cells from wild-type (wt) and rag2

Figure 2. rag2

E450fs

E450fs

zebrafish. Negative control (neg).

mutant fish engraft hematopoietic and muscle stem cells. (a) ubi-EGFP

transgenic donor fish. (b-c) Wild-type (b) or homozygous rag2

E450fs

recipient fish (c) transplanted

with GFP-labeled marrow and imaged at 45 days post-transplantation. Fluorescent image of
whole fish (left) with engraftment rates noted. Flow cytometry (middle) and cytospin analysis
(right) of whole kidney marrow from donor (a) and recipient fish (b-c). FACS sorted GFP+ cells
are shown for cytospin analysis in c. Lymphocytes (black arrows), red blood cells (magenta
arrows), granulocytes (cyan arrows). (d-e) Fluorescent image of wild-type (wt) and rag2

E450fs

mutant fish engrafted with muscle cells from ubi-EGFP transgenic fish imaged at 30 days posttransplantation. (f) rag2

E450fs

fish engrafted with muscle cells from alpha-actin-RFP transgenic

fish at 30 days post-transplantation. Engraftment rates for d-f are shown on magnified image
panels to the right. Scale bars are 2 mm.
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We next wanted to assess the utility of our model to engraft a diversity of transgenic
zebrafish cancers including T-cell acute lymphoblastic leukemia (T-ALL), embryonal
rhabdomyosarcoma (ERMS), and melanoma. Specifically, primary Myc-induced T-ALL was
generated in a mixed Tubingen/AB-strain background

78, 133

and transplanted into the peritoneal

cavity of recipient animals (Figure 3a,e,i). Homozygous rag2

E450fs

mutant fish robustly engrafted

T-ALL by 30 dpt even in the absence of prior immune suppression by γ-irradiation (n = 2 of 2,
5

1x10 cells/fish, Figure 3i). By contrast, heterozygous and wild-type siblings failed to engraft TALL (n≥7 per genotype, p<0.03, Fisher’s exact test, Figure 3e). Similar results were observed
5

using three serially passaged T-ALL from syngeneic CG1-strain zebrafish (1x10 cells/fish). In
total, 39 of 39 rag2

E450fs

mutants engrafted T-ALL arising from CG1-strain fish while 0 of 22 wild-

type siblings engrafted leukemia (p<0.0001, Fisher’s exact test, Figure 3b,f,j), suggesting that
engraftment is not restricted to zebrafish strain or major histocompatibility complex (MHC)
matching between fish. Homozygous rag2
fluorescently labeled kRAS

G12D

E450fs

mutant zebrafish also successfully engrafted

-induced ERMS generated in both the CG1 and AB-strain
4

6

background (n = 4 independent tumors analyzed, 1x10 -1x10 cells/fish). In total, 24 of 27
homozygous rag2

E450fs

mutant zebrafish engrafted ERMS

81

while 0 of 7 wild-type siblings

engrafted disease (p<0.0001, Fisher’s exact test, Figure 3c,g,k). Finally, melanomas that harbor
a tp53 mutation and over-express both mitfa and BRAF
rag2

E450fs

cells/fish)

V600E

could successfully engraft into
5

mutant zebrafish but not wild-type siblings (n = 4 tumors analyzed, 5x10 -1x10
82, 134

. In total, 25 of 25 homozygous rag2

E450fs

6

mutant fish engrafted melanoma while 0

of 16 wild-type siblings engrafted disease (p<0.0001, Fisher’s exact test, Figure 3d,h,l). No
instances of tissue rejection or tumor regression were observed in engrafted rag2
(n = 104), showing that homozygous rag2

E450fs

E450fs

mutant fish

mutant zebrafish can robustly engraft cells from a

diversity of genetic backgrounds and even in the absence of preconditioning of recipient animals
with γ-irradiation.
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Figure 3. Engraftment of zebrafish tumors into rag2

E450fs

mutant fish. (a-d) Donor tumors

used in cell transplantation studies. dsRED-labeled Myc-induced T-ALL arising in TuAB strain
fish (a), zsYellow-labeled T-ALL from CG1-strain fish (b), GFP-labeled embryonal
rhabdomyosarcoma (ERMS) from CG1-strain fish (c), and mitfa and BRAF

V600E

induced

melanoma arising in p53-deficient nacre strain fish (d). Merged bright-field and fluorescent
images of wild-type (e-h) or rag2

E450fs

mutant fish (i-l) at 30 days post-transplantation. Images of

whole kidney marrow sections (e,i), peripheral blood cytospins (f,j), and skeletal muscle (g,k,h,i).
Red blood cells denoted by magenta arrows and renal tubules white arrows (e). Scale bars in fish
images are 2 mm and histopathology images are 25 µm (e,i), 20 µm (f,j), and 50 µm (g,k,h,l).

Our experiments highlight the use of hypomorphic rag2

E450fs

mutant fish as the first

universal recipient for allograft cell transplantation into adult fish, ushering in a new era of largescale cell transplantation studies to directly visualize and assess stem cell self-renewal within
normal tissues and clonal heterogeneity, therapeutic responses, and growth in cancer.

22

	
  

Materials and Methods

Animal use and creation of hypomorphic rag2

E450fs

mutant zebrafish

Zebrafish studies were approved by the Massachusetts General Hospital Subcommittee
on Research Animal Care, under protocol #2011N000127.
rag2

E450fs

mutant zebrafish were created using the previously described Zinc Finger

Nuclease (ZFN) pair that targeted the PHD domain of the zebrafish rag2 gene

135

. Specifically,

RNA was prepared for each ZFN arm and microinjected into AB strain zebrafish (500 ng/ml). F0
injected animals were raised to adulthood and single male by female matings performed.
Resultant progeny were arrayed into 96-well plates and genomic DNA extracted (n = 12 individual
embryos per cross). Polymerase Chain Reaction (PCR) was performed using forward primer (5’ACTGCTCTAGTTGCAATTCCT-3’) and reverse primer (5’- AGCTGGGGTCATCTTCAGT-3’) to
produce a 585 base pair (bp) PCR amplicon. The PCR cycle parameters were 1) denaturation:
94°C for 30 sec., 2) annealing: 54°C for 30 sec., and 3) elongation: 68°C for 45 sec., repeated for
35 cycles. PCR samples were purified and sent for Sanger sequencing. From this analysis, one
line was identified with a rag2 frame shift mutation that starts at amino acid E450 and results in a
premature stop codon mutation (designated rag2
allele designation of rag2
heterozygous rag2

E450fs

Genotyping of rag2

The rag2

fb101

in this manuscript with an official ZFIN.org

). F1 progenies were subsequently raised to adulthood and

fish identified by genotyping.

E450fs

E450fs

E450fs

mutant zebrafish

mutant line is best maintained through heterozygous incrossing and

produces progeny at the expected Mendelian ratios. The rag2

E450fs

allele introduces a de novo

XcmI site, allowing for restriction enzyme mediated identification of the mutant allele. Specifically,
adult 2 to 4 month-old fish were fin clipped and genomic DNA prepared using the modified
HotSHOT method

136

. Individual genomic DNA was diluted ten-fold and 2 µl used in a standard
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25 µl volume PCR using Taq DNA Polymerase (New England Biolabs, Cat# M0273L) with
forward primer (5’-ACTGCTCTAGTTGCAATTCCT-3’) and reverse primer (5’AGCTGGGGTCATCTTCAGT-3’) to produce a 585 base pair (bp) PCR amplicon. The PCR cycle
parameters are 1) denaturation: 94°C for 30 sec., 2) annealing: 54°C for 30 sec., and 3)
elongation: 68°C for 45 sec., repeated for 35 cycles. For enzymatic digestion, 15 µl of nonpurified PCR reaction was combined with 0.3 µl XcmI + 2 µl 10X NEB buffer 2.1 + 2.7 µl water.
The 20 µl reaction was incubated at 37°C for ≥4 hrs. Enzymatic digestion was visualized by
electorphoresis on a 2% Tris-Acetate-EDTA (TAE) agarose gel containing ethidium bromide.
Wild-type fish produced a single band at 585 bp. Heterozygous rag2

E450fs

fish produced three

bands at 585, 372 and 212 bp due to digestion of the mutant allele, with the two higher molecular
weight bands being most distinctive. Homozygous fish produced two bands at 372 and 212 bp.

Characterization of the rag2

E450fs

mutant line

Histological analysis of the thymus of adult fish (Figure 1c,d) was completed as
79

previously described . For hematopoietic lineage quantification (Figure 1g), cytospins of whole
kidney marrow from both rag2

E450fs

mutant fish and wild-type siblings were reviewed by clinical

hematopathologists. At least five 400x magnification fields were analyzed per slide and > 200
cells counted per animal. Sample identification was blinded during counts and genotype only
revealed after cell counting was completed. Two-tailed Student’s t-test analysis was performed to
assess changes in relative numbers of each blood cell lineage between wild-type and rag2

E450fs

mutant fish. Quantitative real-time PCR (Figure 1h) and nested PCR for tcra and igm
rearrangements (Figure 1i) were completed. Two-tailed Student’s t-test analysis was performed
to assess expression differences in hematopoietic marker genes using quantitative PCR (Figure
1h). A threshold of p ≤ 0.05 was considered significant for two-tailed Student’s t-test.
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Generation of transgenic zebrafish cancers

T-ALL and ERMS were created by co-injection of either rag2-Myc or rag2-kRAS

G12D

along with fluorescent reporters under the same promoter into one-cell stage animals
respectively, which have been previously described
;Tg(mitfa:BRAF

V600E

133

-/-

. Tg(mitfa:GFP);mitfa ;tp53

-/-

) melanoma bearing fish were generated as previously described

82, 134

.

Whole kidney marrow transplantation

Donor ubi-EGFP fish were euthanized by Tricaine overdose (Tricaine-S, Western
Chemical Inc.,). Kidney tissue was dissected, placed into a 1.5 ml Eppendorf tube containing 100
µl of suspension solution (0.9X PBS + 5% FBS), and manually pipetted ≥20 times using a 1 ml
pipette tip. The kidney tissue suspension was filtered through a 40 µm strainer (Fisher Scientific,
Cat# 352340). Total number of viable cells was calculated by Trypan blue (Life Technologies,
Cat# 15250061) staining and hemocytometer counts. Cells were centrifuged at 1,000 x g for 10
minutes and then resuspended in desired volumes for cell transplantation. Recipient fish were
preconditioned with 10 Gy γ-irradiation (Cs137), 2 days prior to transplantation. Recipient fish
were transplanted with viable kidney marrow cells injected into the peritoneal cavity using a 26s
gauge Hamilton 80366 syringe (Sigma-Aldrich, 20779).
Whole kidney cell engraftment was assessed using whole body epi-fluorescence imaging
(Olympus stereo microscope model MVX10, Olympus DP72 microscope digital camera, DP2BSW software version 2.2), direct visualization of circulating cells within the tail vasculature
beginning at 20 days post-transplantation (dpt), and/or FACs. FACs of kidney marrow was
completed in the presence of propidium iodide (PI) to exclude dead cells. The GFP+ cell fraction
was isolated from the marrow of engrafted rag2

E450fs

preparation.
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fish and analyzed following cytospin

Muscle cell transplantation

Dorsal musculature of donor ubi-EGFP or α-actin-RFP fish was excised from Tricaine
overdosed animals. Specifically, the dorsal musculature of the tail posterior to the anus was
harvested for muscle transplantation. The muscle tissue was combined from 10-12 animals and
mechanically disassociated by maceration by repeated dicing using a razor blade for 5 minutes
on a 10 cm petri dish containing 500 µl of suspension solution (0.9X PBS + 5% FBS). Samples
were then supplemented with 5 ml of 0.9X PBS + 5% FBS and a 5 ml serological pipette was
used to suspend the homogenized tissue by repeated pipetting ≥30 times. Cells were then filtered
through a 40 µm cell strainer and washed with 5 ml of 0.9X PBS + 5% FBS. Total number of
viable cells was calculated by Trypan blue staining and hemocytometer counts. Cells were then
centrifuged at 1,000 x g for 10 minutes and resuspended in desired volumes prior to
transplantations. No irradiation preconditioning was used prior to transplantation of muscle cells
into rag2

E450fs

mutant fish. Muscle cell transplantations were completed by injecting 2 µl of donor

cell preparation into the dorsal musculature on the left side of the recipient fish, using a 26s
gauge Hamilton 80366 syringe.
Engraftment was assessed by visualization of fluorescently labeled muscle fibers using
epi-fluorescence imaging at 10, 20, 30, 45, and 60 dpt. Engraftment of ubi-EGFP muscle fibers
were confirmed by immunohistochemistry on section slides using an anti-EGFP antibody (JL-8,
Living Colors, Cat# 632381). Viability of the muscle fibers was confirmed by the absence of
cleaved Caspase-3 expression (Cell Signaling, Cat# 9664) and TUNEL staining (customized
Millipore S7100 kit, Specialized Histopathology and TMI Core at Dana-Farber Cancer Institute).

Cancer cell transplantation

Donor fish with T-ALL, ERMS and melanoma from different transgenic backgrounds were
euthanized by Tricaine overdose. Animals were imaged using epi-fluorescence microscopy and
tumor cells isolated as previously described

137

. Specifically, tumors were excised from diseased
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animals and placed in 500 µl of 0.9X PBS + 5% FBS on a 10 cm petri dish. Single-cell
suspensions were obtained by maceration of tissue with a razor blade followed by manual
pipetting to disassociate cell clumps. Cells were filtered through a 40 µm filter, centrifuged at
1,000 x g for 10 minutes, and resuspended at the correct volume in a total volume of 5 µl per
recipient fish for cell transplantation. Cell viability ranged from 58% to 66% assessed by PI
staining and FACS analysis of ERMS tumor cells. 5 µl of tumor cells were transplanted into the
peritoneal cavity of each recipient fish using a 26s Hamilton 80366 syringe. No irradiation
preconditioning was utilized for tumor cell transplantations outlined in this work.
Tumor engraftment was assessed at 10, 20, 30, and 45 dpt by epi-fluorescence
microscopy. Recipient fish were sacrificed when moribund or at 45 days post-transplantation for
animals that failed to engraft disease (wild-type). A subset of transplanted animals were
photographed, and either 1) fixed in 4% paraformaldehyde for sectioning or 2) peripheral blood
samples were collected for cytospins and histological examination.

Statistics

When possible, cell transplantation experiments were completed using ≥3 animals per
arm to facilitate analysis using the Fisher’s exact test. Cytospin analysis shown in Figure 1e-g
was reviewed by clinical hematopathologists. Genotype was only revealed after cell counting
was completed. Two-tailed Student’s t-test analysis was performed to assess changes in relative
numbers of each blood cell lineage between wild-type and rag2

E450fs

mutant fish (Figure 1g), and

expression differences in hematopoietic marker genes using quantitative PCR (Figure 1h).
Fisher’s exact tests were performed to assess differences in adult thymus phenotypes between
wild-type and rag2

E450fs

mutant fish (Figure 1c,d), engraftment rates of whole kidney marrow and

muscle transplantations between genotypes (Figure 2), and tumor cell transplantations (Figure
3). A threshold of p ≤ 0.05 was considered significant for all statistical tests.
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Chapter 3.
Imaging tumor cell heterogeneity following cell transplantation
into optically clear immunodeficient zebrafish

Attributions

Dr. Langenau and I conceived the project to create optically clear immunodeficient
zebrafish for high-resolution intravital imaging. I created the transparent, fluorescently-labeled
immunodeficient zebrafish strain, designed and performed the transplantation and imaging
experiments, analyzed the data, and wrote the manuscript with input from all lab members. J.C.
Moore, J.S. Blackburn, M.S. Ignatius, I.M. Tenente, M.N. Hayes, E.G. Garcia, N. Torres Yordan,
S. He, A.T. Look (Dana-Farber Cancer Institute, Boston), C. Bourque and Y. Houvras (Weill
Cornell Medical College, New York) contributed reagents and zebrafish donors bearing specific
cancers.
I was the first author of a research article “Imaging tumour cell heterogeneity following
cell transplantation into optically clear immune-deficient zebrafish” (Tang Q. et al., Nature
Communications, 2016). Excerpts from this article are included in this chapter.
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Abstract

Cancers contain a wide diversity of cell types that are defined by differentiation states,
genetic mutations, and altered epigenetic programs that impart functional diversity to individual
cells. Elevated tumor cell heterogeneity is linked with progression, therapy resistance, and
relapse. Yet, imaging of tumor cell heterogeneity and the hallmarks of cancer has been a
technical and biological challenge. Here, we develop optically clear immune compromised
rag2

E450fs

(casper) zebrafish for optimized cell transplantation and direct visualization of

fluorescently labeled cancer cells at single cell resolution. Tumor engraftment permits dynamic
imaging of neovascularization, niche partitioning of tumor-propagating cells in embryonal
rhabdomyosarcoma, emergence of clonal dominance in T-cell acute lymphoblastic leukemia, and
tumor evolution resulting in elevated growth and metastasis in BRAF

V600E

-driven melanoma. Cell

transplantation approaches using optically clear immune compromised zebrafish provide unique
opportunities to uncover novel biology underlying cancer and to dynamically visualize cancer
processes at single cell resolution in vivo.
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The conversion of phenotypically normal cells into malignant cells is often associated with
acquired “hallmarks of cancer” including elevated growth potential, suppression of cell death
pathways, development of new vascular networks to feed the growing tumor, and acquired cell
motility that lead to invasion and metastasis

138, 139

. Despite our increased understanding that

cancer is driven by molecular changes that convert normal cells into malignant cells, it has
become well recognized that not all cancer cells are created equal. For example, the process of
clonal evolution that is responsible for initiating cancer is also a critical driver of intra-tumoral
heterogeneity that is constantly arising throughout the lifespan of a cancer cell

140

. This

heterogeneity provides a rich diversity of cell types and mutations on which natural selection can
act, ultimately leading to a subset of cancers that elevate metastatic potential and therapy
resistance

141-143

. Despite our newly found ability to genetically map individual mutations that are

acquired during tumor cell evolution and progression

144-146

, it is been difficult to directly visualize

how these mutations affect tumor growth in live animals. Access to optically clear animal models
would permit the dynamic visualization of the cancer hallmarks and provide unprecedented
access to dissect the molecular underpinnings of cancer progression at single cell resolution.
Over the past two decades, the field of cancer research has been empowered by
intravital microscopy (IVM) in mouse models

71, 147

. Refined imaging tools, including confocal,

multi-photon and light sheet microscopy, have now been applied to a wide range of cancers to
facilitate the discovery of underlying mechanisms that drive cancer growth in vivo. For example,
Kedrin and colleagues have utilized photoactivatable fluorescent proteins and cell lineage tracing
to visualize the tumor cell niche in mammary carcinoma. These studies uncovered that cells
adjacent to the vasculature drive invasion and metastasis

148

. Using similar approaches,

Calabrese et al. discovered that Nestin+ brain tumor stem cells reside in a perivascular niche

149

.

Metastasis has also been observed using IVM. For instance, a single extravasated C26
colorectal cancer cell has been shown to proliferate and produce highly mobile pre-metastatic
66

lesions in the liver . Sophisticated fluorescent labeling techniques, including cell lineage tracing
using Confetti and Brainbow constructs

150, 151

, have now been successfully integrated with high-
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resolution microscopy to visually dissect intra-tumoral heterogeneity. For example, Zomer and
colleagues utilized the Confetti strategy to label individual mammary tumor cells, and performed
proof-of-concept experiments to show that tumor stem cells can become alternatively active or
quiescent during tumor development

67

. Despite these successes, challenges presented by the

opacity of furred rodents, and the requirement for invasive surgical implantation of imaging
windows have limited the application of IVM. Furthermore, requirements of imaging through predefined windows often prohibit simultaneous observation of tumor cells from the primary and
metastatic sites within the same animal.
Zebrafish have been developed as a robust model of human cancer and have now been
widely used for visualizing cancer processes in live animals. Our group has used fluorescent
transgenic approaches to label embryonal rhabdomyosarcoma (ERMS) cells based on
differentiation status. Using these approaches, we have been able to dynamically visualize tumor
cell heterogeneity in vivo, identifying the existence of a molecularly defined tumor-propagating
cell that expresses myf5:GFP and other differentiated cell types that express myogenin and drive
invasion

123

. Others have utilized cell transplantation into irradiated, optically clear casper strain
94

adult zebrafish to visualize melanoma invasion , and conversion of T-lymphoblastic lymphoma
into leukemia

152

. Importantly, these initial successes utilized cell transplantation into either

syngeneic strains of zebrafish or irradiated recipient animals that only transiently dampen immune
responses. Using genome editing approaches
rag2

E450fs

126

, our group has recently developed homozygous

zebrafish. These fish are viable as adults, have deficiencies in T and B cells, and

enable robust engraftment of fluorescently labeled zebrafish tumor cells from a wide range of
cancers and strains of zebrafish
studies, the rag2

E450fs

153

. Despite the utility of the rag2

E450fs

model for cell engraftment

mutation was created on the pigmented AB-strain and thus it has been

difficult to image tumor cells at single cell resolution in engrafted animals.
Here, we create transparent casper strain, rag2

E450fs

mutant zebrafish and utilize these

animals for transplantation studies to image heterogeneity and various “hallmarks of cancer”.
Specifically, confocal imaging permits the dynamic visualization of tumor-propagating cells
(TPCs) in embryonal rhabdomyosarcoma (ERMS) and the emergence of clonal dominance in T-
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cell acute lymphoblastic leukemia (T-ALL). Serial imaging studies also detail the evolution of
metastasis in a subset of BRAF

V600E

-driven melanomas and facilitate the direct visualization of

micro-metastatic disease. Our work provides a universal transplantation model for imaging
cancer cell processes, opening new avenues for visualizing the functional consequences of
cancer cell heterogeneity and clonal evolution at single cell resolution in the zebrafish.

Results

Engraftment of allogeneic tumors

We have previously reported the production of lymphocyte deficient rag2

E450fs

mutant

zebrafish that engraft a wide variety of normal and malignant zebrafish cells (ZFIN allele rag2
153

fb101

. However, these initial studies utilized pigmented, AB-strain zebrafish, making it difficult to

directly visualize tumor cells at high resolution in vivo. To facilitate imaging of cancer in live
zebrafish, the rag2

E450fs

mutation was bred into the casper background - a transparent zebrafish
94

that lacks melanocytes and iridophores . As expected, rag2

E450fs

(casper) zebrafish efficiently
78

85

engrafted fluorescently-labeled T-cell acute lymphoblastic leukemia (T-ALL) , neuroblastoma ,
embryonal rhabdomyosarcoma (ERMS)

81, 123

, and melanoma

82, 134

(Figure 4). Tumors derived

from CG1, AB and nacre strain zebrafish engrafted efficiently into rag2

E450fs

(casper) zebrafish

and did not require matching at the major histocompatibility complex (MHC) or pre-conditioning
with γ-irradiation. Importantly, engrafted tumors exhibited similar histology as donor tumors
(Figure 4). As has been reported previously for AB-strain wild-type transplant recipients

153

,

tumors failed to engraft into unconditioned casper-strain animals that have an intact rag2 locus.
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)

Figure 4. Zebrafish cancers engraft into homozygous rag2

E450fs

(casper) animals.

Donor animals shown in the left two panels while transplant recipients are to the right. (a)
ZsYellow-labeled Myc-driven T-ALL from the syngeneic CG1 background, (b) EGFP-labeled
neuroblastoma from AB background, (c) mCherry-labeled kRAS
background, and (d) BRAF

V600E

G12D

-driven ERMS from CG1

-/-

-induced melanoma arising in tp53 nacre background. Tumor

cells were transplanted intra-peritoneally (a,b,d) or intra-muscularly (c) into both rag2
and rag2

E450fs

E450fs

(AB)

(casper) recipient fish. Merged brightfield and fluorescent images are shown at 30

days post transplantation (dpt). Cytospins of leukemia cells and hematoxylin and eosin (H&E)
stained sections of the tumor tissue are shown. Scale bars equal 5 mm in whole animals images,
20 µm for cytospins shown in panel a, and 50 µm for histology sections shown in b-d.
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Visualizing the dynamics of tumor neovascularization

Neovascularization is an important hallmark of cancer and has been imaged in a variety
of cancers

123, 154, 155

. To assess the utility of adult rag2

E450fs

(casper) fish for imaging

neovascularization in the transplantation setting, GFP-labeled BRAF
melanoma cells

134

V600E

-/-

, tp53 amelanotic

were implanted into the dorsal musculature of 3-month-old rag2

E450fs

(casper)

5

fish (5x10 cells in 2 µl per animal). Because engraftment was initially limited to the dorsal
musculature, melanomas developed adjacent to the skin epidermis. Neovascularization could be
directly visualized by confocal microscopy following injection of crimson quantum dots

156

into the

blood stream at 25 days post-transplantation (dpt) (Figure 5a, n = 8 animals). Crimson quantum
dots were chosen because they excite in far-red wavelengths and can be easily differentiated
from other fluorescent proteins used to label tumor cells in this study, including AmCyan, GFP,
ZsYellow, DsRED, and mCherry. To further refine imaging of neovascularization within solid
tumors, we next created flk1:mCherry; rag2

E450fs

(casper) fish with fluorescently labeled
5

vasculature. Animals were injected intra-muscularly with GFP-labeled melanoma (5x10 cells in
2 µl per animal). Following successful engraftment at the site of injection, vessels were readily
visualized by confocal microscopy (100x magnification, 105.71 µm = 10 z-stacks, n = 4 animals,
Figure 5b). Finally, we have been able to visualize how neovascularization changes over time
within the same animal, which results in the creation of dense vascular networks associated with
ERMS growth (100x magnification, 223.64 µm = 10 z-stacks, Figure 5c,d). Together, these
experiments demonstrate the ease and utility of imaging neovascularization in solid tumors using
the rag2

E450fs

(casper) fish.
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Figure 5. Imaging neovascularization in rag2

E450fs

(casper) zebrafish engrafted with

fluorescently labeled melanoma and ERMS. (a) GFP-labeled, amelanotic melanoma implanted
into rag2

E450fs

(casper) fish (n = 8 animals) and imaged following intravascular injection of crimson

quantum dots (Qtracker® 655). Whole animal images to the left and confocal images to the right
(100x magnification, 100-200 µm z-stack). Quantum dot fluorescence has been pseudo-colored
white. (b) GFP-labeled, amelanotic melanoma implanted into flk1:mCherry; rag2

E450fs

(casper)

transgenic zebrafish (n = 4 animals). (c-d) GFP-labeled ERMS engrafted into flk1:mCherry;
rag2

E450fs

(casper) transgenic zebrafish (n = 5 animals) and serially imaged over time (c, 13 dpt

and d, 21 dpt). White arrowheads denote the site of intra-muscular injection of tumor cells. Scale
bars equal 5 mm in whole animal images and 200 µm in confocal images.

Imaging ERMS heterogeneity at singe cell resolution

We next wanted to dynamically visualize tumor cell heterogeneity at single cell resolution
using a transgenic model of kRAS

G12D

81

-driven ERMS . We have previously created primary

ERMS in triple transgenic myf5:GFP; myogenin-H2b:mRFP; mylpfa:lyn-cyan zebrafish, which
enables the labeling of tumor cells based on differentiation status

123

. To achieve direct imaging of

heterogeneous tumor cell populations in adult zebrafish, we engrafted these fluorescent
transgenic ERMS by intra-muscular injection into 3-month-old adult flk1:mCherry; rag2
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E450fs

5

(casper) strain zebrafish (4x10 cells in 2 µl per animal, Figure 6a,b). Confocal microscopic
imaging revealed that GFP-labeled tumor-propagating cells (TPCs) and AmCyan-labeled
differentiated cells were largely confined to distinct regions of the tumor (100x magnification,
Figure 6c, left panel), consistent with previous reports

123

. Remarkably, the vasculature transects

areas of regional tumor cell heterogeneity. We have also noted that in this particular case,
juxtaposition of specific ERMS cell subtypes near vascular beds was not observed. Higher
magnification imaging of areas enriched with differentiated ERMS cells revealed the presence of
myf5:GFP+ TPCs, albeit at reduced numbers when compared with other regions of the tumor
(400x magnification, Figure 6c, right panel). Our data suggest that ERMS cells largely reside in
regionally defined niches based on differentiation status and are not anatomically confined by
proximity to vessels. The combination of fluorescent transgenic labeling of tumor cell
subpopulations and subsequent cell transplantation will be important for defining how niche
topology is established and ultimately influences continued tumor growth in ERMS and a wide
range of cancers.

Detailing emergence of clonal dominance in T-ALL

We next wanted to use our model to dynamically visualize the functional consequences
of tumor cell heterogeneity and emergence of clonal dominance in T-ALL. It is well known that
human leukemias and myelomas are oligoclonal at diagnosis; however relapse is often driven by
emergence of an underrepresented clone contained within the primary malignancy

157-161

. We

have previously created Myc-induced T-ALLs that express a variety of fluorescent proteins and
then used cell transplantation to create T-ALLs derived from single leukemia cells

106

. Using these

monoclonal T-ALLs, our experiments sought to dynamically visualize how individual T-ALL clones
grow when combined together, testing the hypothesis that inherent functional differences
between cells drive the emergence of clonal dominance.

37

	
  

Figure 6. Resolving tumor cell heterogeneity in ERMS at single cell resolution
following engraftment into flk1:mCherry; rag2

E450fs

(casper) zebrafish. (a) Epi-fluorescent

images of primary ERMS in a 32-day-old myf5:GFP; myogenin-H2b:mRFP; mylpfa:lyn-cyan triple
transgenic zebrafish. (b) Epi-fluorescent images of flk1:mCherry; rag2

E450fs

(casper) recipient fish

engrafted intra-muscularly with fluorescently labeled ERMS at 28 dpt (n = 4 animals). (c)
Confocal image with mCherry-labeled vasculature outlined by white dashed lines (left, 100x
magnification). Higher magnification of boxed region (right, 400x magnification). Myosinexpressing, differentiated cells (diff.) and less frequent myf5:GFP+ tumor-propagating cells (TPC)
denoted by arrowheads. Scale bar equals 2 mm in a, 5 mm in b, 100 µm (c, left panel), and 25
µm (c, right panel).

First, we assessed the kinetics of leukemia regrowth in clones that exhibited wide
differences in leukemia-propagating cell (LPC) frequency and latency. Specifically, we mixed
equal numbers of AmCyan, ZsYellow, and DsRED-labeled cells isolated from three independent
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4

T-ALLs (Figure 7a-c). Following transplantation into the dorsal musculature (3.3x10 of each
5

clone, 1.0x10 total cells per recipient animal), engrafted fish were imaged by confocal
microscopy at 14 and 25 dpt. Consistent with our expectations, ZsYellow-labeled T-ALL cells with
the highest LPC frequency and fastest growth out-competed the other clones at each of the time
points analyzed, making up 48.7% of the leukemia by 14 dpt and 72.3% by 25 dpt (Figure 7d,e).
These data suggest that clonal dominance can result from inherent functional differences
between clones.

Figure 7. Emergence of T-ALL clonal dominance due to inherent functional
differences between clones. (a) Donor animals engrafted with monoclonal T-ALL arising in the
CG1 background. (b-c) Monoclonal T-ALLs were implanted into syngeneic CG1 strain fish and
assessed for LPC frequency by limiting dilution cell transplantation (b) or latency of regrowth (c).
T-ALLs have significantly different LPC frequency and latency, with p-values noted on each panel.
(d-e) Confocal imaging of engrafted rag2

E450fs

(casper) fish at 14 dpt (d) and 25 dpt (e). White

arrow denotes site of injection and imaging. Pie chart shows the relative proportion of each
fluorescent clone contained within an individual animal. Scale bars equal 5 mm in whole animal
images and 50 µm in confocal images.
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We next wanted to examine emergence of clonal dominance in T-ALL that had similar
LPC frequency and growth kinetics, exploring the notion that clonal dominance may also emerge
stochastically in vivo. For example, Lgr5+ intestinal crypt stem cells exhibit a pattern of neutral
drift, ultimately resulting in regional dominance of a single clone within each villus

162

. In the

cancer setting, elegant cell lineage tracing experiments have confirmed that clonal drift can impart
regional dominance of Lgr5+ intestinal crypt stem cells in mouse intestinal adenomas

163

. To

assess if clonal drift may also account for dominance of T-ALL clones over time, T-ALL clones
that had similar growth rates and LPC frequencies were transplanted into recipient rag2
4

E450fs

5

(casper) fish (3.3x10 of each clone, 1.0x10 total cells per recipient animal). Despite these
leukemias having similar growth rates, latency, and LPC frequencies (Figure 8a-c), the
AmCyan+ clone was consistently outcompeted over time, comprising only 9.8±6.4% of the
leukemia by 22 - 24 dpt (Figure 8d,e). By contrast, the remaining leukemia contained both
mCherry+ and ZsYellow+ cells and in some instances dominance of one clone prevailed (Figure
8f, n = 16 animals).
In order to rule out the potential effects of fluorescent labeling may have on the
proliferation of leukemia cells, we repeated the same experiment with another combination of
AmCyan, ZsYellow and mCherry T-ALL clones that also shared similar LPC frequency and
latency. Interestingly, with this combination, the ZsYellow-labeled cells was reproducibly
outcompeted by the AmCyan- or mCherry-labeled cells, with dominance of these latter clones
being observed in animals over time (n = 13 animals total, 2 independent experiments, Figure 9).
We conclude that clonal dominance can result from inherent genetic and epigenetic differences
between different tumor clones, which had not been revealed using traditional limiting dilution cell
transplantation approaches that only analyze the growth of individual clonal populations of cells.
Moreover, our experiments provided additional evidence that neutral stochastic drift can account
for emergence of clonal dominance over time.
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Figure 8. Visualizing the emergence of clonal dominance in Myc-induced T-ALL. (a)
Donor animals engrafted with monoclonal T-ALL arising in the CG1 background. (b-c)
Monoclonal T-ALLs were implanted into the syngeneic CG1 strain fish and assessed for LPC
frequency by limiting dilution cell transplantation (b) or latency of regrowth (c). P-values are noted
within each panel. Not significant (ns). (d-e) Confocal imaging of engrafted rag2

E450fs

(casper)

fish at 10 dpt (d) and 23 dpt (e). White arrow denotes site of injection, which is the location for
confocal imaging. (f) Relative proportions of each fluorescent clone contained within leukemia
from individual engrafted animals (n = 16 animals). Imaging was completed on the same animals
at 10-13 dpt and 22-24 dpt. The ZsYellow+ clone dominates leukemia regrowth in animals #1-#3
while mCherry+ dominates in animals #13-16. Scale bars equal 5 mm in whole animal images
and 50 µm in confocal images.
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Figure 9. Emergence of clonal dominance among three similar T- ALL clones. (a)
Donor animals engrafted with monoclonal T-ALL arising in the CG1 background. (b-c)
Monoclonal T-ALLs were implanted into syngeneic CG1 strain fish and assessed for LPC
frequency by limiting dilution cell transplantation (b) or latency of regrowth (c). T-ALLs have
similar LPC frequency and latency, with p-values noted on each panel. (d-e) Confocal imaging of
engrafted rag2

E450fs

(casper) fish at 15 dpt (d) and 21 dpt (e). White arrow denotes site of injection

and imaging. (f-g) Relative proportions of each fluorescent clone contained within individual
engrafted animals quantified by fluorescence area within confocal images (f) and manual cell
counts (g). Scale bars equal 5 mm in whole animal images and 50 µm in confocal images.
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Tumor evolution and metastasis in melanoma

Metastasis is a major clinical challenge for those diagnosed with melanoma and is
associated with poor prognosis

164, 165

. Not all cancer cells can enter the circulation and seed new

areas of tumor growth, suggesting that heterogeneity and continued clonal evolution likely drive
metastasis in a large subset of cancers

166

. Yet, to date zebrafish models of bona fide metastatic

progression have not been fully described. In order to recapitulate metastasis in adult zebrafish,
we first transplanted melanoma cells retro-orbitally into the recipient rag2

E450fs

(casper) fish.

Robust engraftment was observed at the site of injection, followed by local infiltration into
structures adjacent the gill, head kidney, and kidney marrow (Figure 10a,b). Yet, with a stringent
definition of metastasis, we could not document a single case where metastasis originated from
hematogenous spread or was delineated by growth clearly separated from the primary site.
To further refine methods to assess metastatic spread, we next injected GFP-labeled,
BRAF

V600E

-/-

, tp53 melanoma cells into the dorsal musculature of rag2

E450fs

(casper) zebrafish,

reasoning that infiltration into muscle would be clearly distinguished from seeding of distant sites
within the visceral organs. Using this approach, three out of six primary melanomas
metastasized to structures near the thymus and head musculature that were clearly distinct from
the primary lesion (Figure 10c). In total, 8 of 58 engrafted animals harbored distant metastasis by
30 days post-transplantation. Metastatic growth was easily quantified over time following serial
imaging of the same animal (Figure 10d). GFP+ metastatic lesions were independently
confirmed by histopathological analysis for morphology, pigmentation, and anti-GFP
immunohistochemistry on section (Figure 10e). Using similar approaches, we have also
dynamically visualized metastatic tumor growth in neuroblastoma and ERMS, suggesting this
approach will likely be broadly useful for assessing the kinetics of metastatic colonization and
growth in a wide range of solid tumors.

43

	
  

Figure 10. Visualizing melanoma invasion and metastasis following engraftment
into rag2
BRAF

E450fs

V600E

(casper) mutant fish. (a) Invasion assays using retro-orbital transplantation of a
-/-

, tp53 pigmented melanoma. White arrow denotes the site of injection. Green arrow

denotes spread to the kidney marrow that is contiguous with primary tumor growth that has arisen
adjacent to the eye. Histological examination confirmed the presence of pigmented melanoma
cells at the site of injection (b, left panels) and contiguous with the trunk kidney (b, right panels).
(c) Metastasis assays using implantation of non-pigmented, GFP-labeled melanoma cells into the
dorsal musculature of rag2

E450fs

(casper) recipient fish. White arrow denotes the site of injection.

Yellow arrow denotes site of distal metastasis. (d) Quantification of metastatic growth as
assessed by epi-fluorescence microscopy over time. (e) Hematoxylin and eosin stained sections
of the same animal imaged in panel c, confirming metastatic growth of melanoma adjacent to the
thymus (top panels) and confirmed by anti-GFP immunostaining on section (bottom panels).
Scale bars equal 5 mm for whole animal images, 2 mm in images of heads, 1 mm in 40x
histological images; 300 µm in 100x histological images; and 100 µm in 400x histological images.
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We next wanted to assess how metastatic potential may change in the same tumor over
time and whether serial passaging of individual melanomas could result in phenotypic changes,
including increased aggression, invasion, and acquisition of metastatic characteristics.
Specifically, two non-metastatic BRAF
into the dorsal musculature of rag2

V600E

E450fs

-/-

, tp53 melanomas at the 1° passage were implanted

(casper) zebrafish and animals assessed for local

engraftment, invasion and metastatic growth following serial passaging. Sectioning and
microscopic analysis confirmed that early passaged melanomas were not metastatic and tumors
were confined to the site of injection (Figure 11a). Following serial passaging, one melanoma
lost pigmentation, had significantly accelerated growth, and harbored metastatic lesions (7
passages, total 134 days in vivo, Figure 11b,c). With this particular tumor, GFP+ lesions were
found to have metastasized to the mesonephric trunk kidney by 6 dpt, which eventually spread to
the regions adjacent to the thymus and head kidney by 12 dpt (n = 4 of 4, p=0.003, two-tailed
Fisher’s exact test). Confocal imaging revealed seeding of GFP-labeled cells to distal sites within
the tail of the recipient fish, suggesting the formation in micro-metastatic lesions adjacent to
flk1:mCherry-labeled vasculature (n = 2, Figure 11d). Our experiments confirm that not all
melanoma cells have metastatic capacity and that evolution of metastatic potential occurs in
melanoma, consistent with that have been reported for human melanoma

167, 168

. In total, our

model provides a dynamic imaging platform to visualize the tropism of metastasis.
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Figure 11. Assessing metastatic potential and the functional consequences of
tumor evolution in melanoma. (a-b) Serial imaging of engrafted GFP-labeled melanoma
implanted into adult rag2

E450fs

(capser) mutant fish. The 1° transplant was pigmented (a) while the

7° transplanted melanoma had lost pigmentation (b). Number of animals with metastatic growth is
noted (*p=0.003, Fisher’s exact test comparing 1° and 7° transplant). White arrow indicates the
site of injection. Yellow and red arrows denote sites of distal metastases. Histological staining
(H&E and anti-GFP) of distal metastasis is shown in the right panels. (c) Quantification of tumor
growth at the site of engraftment over time. (d) Confocal imaging of micro-metastatic lesions
found adjacent to the tail vasculature of flk1:mCherry; rag2

E450fs

(casper) recipient fish engrafted

with 7° transplant melanoma. Yellow arrows denote micro-metastatic lesions. Scale bars equal 5
mm for whole animal images in a-b, 2 mm for histology shown in a-b, and 200 µm in d.
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Discussion

Imaging cancer cell heterogeneity and the hallmarks of cancer in live animals has been a
challenge. Many investigators have developed imaging modalities and complex surgical
approaches in rodent models to gain optical access to developing tumors. These approaches
often require implantation of imaging windows for repeated high-resolution IVM

71, 147

. Using these

experimental platforms, investigators have successfully imaged several hallmarks of cancer,
including migration

169

, intravasation

170

, extravasation

as responses to chemotherapies in vivo

173

171

, invasion

172

and metastasis

66, 148

, as well

. In hope of bypassing the need for surgical

intervention and overcoming the limitation of visualizing cancer cells only within predetermined
imaging windows, we engrafted fluorescently labeled cancers into optically clear immune
compromised zebrafish and directly imaged tumors using confocal microscopy. Engraftment of
fluorescent cancers into the rag2

E450fs

(casper) zebrafish has facilitated the direct visualization of

single cancer cells, functional differences between tumor cell clones, and several hallmarks of
cancer including acquisition of elevated growth potential, development of new vascular networks,
and acquired cell motility leading to invasion and metastasis.
The functional consequences of tumor cell heterogeneity have only recently begun to be
explored using IVM, and a number of interesting and unexpected tumor cell behaviors have been
revealed. For example, our group has utilized fluorescent transgenic approaches to label ERMS
cells based on muscle differentiation status. Our experiments uncovered that differentiated ERMS
cells seed new areas of growth, followed by slow moving, less-differentiated myf5+ tumorpropagating cells, challenging the notion that cancer stem cells drive invasion and metastasis

123

.

Imaging approaches have not been limited to analysis of primary tumors. Rather, Chapman and
colleagues have used xenograft cell transplantation of human melanoma cells into larval
zebrafish to assess the effects of intra-tumoral heterogeneity on growth. They found that tumors
with high invasive capacity could confer migratory potential to poorly invasive cell types

174

.

Moreover, the poorly invasive cells could also enhance colonization by aggressive melanomas
when co-implanted into larval fish, suggesting cell-cell cross-talk and collaborative signaling
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networks can enhance migratory and invasive behavior between melanoma subclones. Using
differential labeling of human melanoma cells with GFP and mCherry, these authors were able to
dynamically image these processes in live engrafted fish. Here, we performed proof-of-concept
experiments to assess the utility of rag2

E450fs

(casper) zebrafish for visualizing engraftment of

heterogeneous ERMS cells in live animals. For example, we directly visualized niche partitioning
based on differentiation status using fluorescent labeled ERMS cells. These niches are not
anatomically confined by proximity to vessels, in contrast to what has been observed in
osteosarcoma

175

and brain tumors

149, 176

where cancer stem cells lie in unique niches adjacent

vessels. Furthermore, cell transplantation into orthotopic sites in the rag2

E450fs

(casper) zebrafish

permitted imaging of cells at single cell resolution in live animals. We envision that similar
strategies will likely aid in assessing stromal cell contributions to tumor growth. In total, our cell
transplantation and imaging approaches will likely facilitate efforts in defining how niche topology
is established and ultimately influences continued tumor growth.
Evidence for continued clonal evolution and selection following treatment has now been
seen in a wide range of human cancers. For example, human leukemias and myelomas are
oligoclonal at diagnosis; however, relapse is commonly driven by an underrepresented clone
contained within the primary malignancy

157-161

. Similar dynamics of heterogeneity has also been

observed in solid tumors. For example, triple-negative breast cancers (TNBCs) are comprised of
heterogeneous clones that harbor a wide spectrum of mutations that can change from the time of
diagnosis to relapse

177, 178

. Altering frequencies of specific clones have also been observed

during tumor progression in pancreatic cancer

179, 180

and brain tumors

181

. Elegant cell lineage

tracing experiments in mice have shown experimentally that stochastic clonal drift can contribute
to regional dominance of Lgr5+ intestinal crypt stem cells in mouse intestinal adenomas

163

; yet it

is unclear if this pattern applies to a wider array of cancer subtypes. Here, we have
experimentally recreated tumor cell heterogeneity by implanting equal numbers of fluorescently
labeled T-ALL clones into the rag2

E450fs

(casper) zebrafish. By competing these T-ALL clones

together, we find that one clone was consistently outcompeted over time despite having equal
self-renewal potential and overall growth kinetics. Our data suggest that subtle functional
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variations can exist within clones that may not be uncovered using traditional cell transplantation
assays that assess tumor regrowth of only single clones, likely underestimating differences in
latency and LPC frequency. Alternatively, clones may actively suppress the growth of other
clones and/or secrete factors to enhance growth of only related cells. This interpretation is
consistent with recent findings in breast cancer where paracrine factor signaling from one clone
can alter growth of unrelated clones within the tumor

182

. Taken together, these in vivo competition

experiments have uncovered interesting and potentially new biology which could not have been
discovered using traditional limiting dilution cell transplantation approaches, facilitating the
dynamic emergence of clonal dominance within the same animal overtime.
Metastasis can be experimentally assessed in mouse models by engrafting tumor cells
into the vasculature and then identifying metastatic lesions at necropsy. Alternatively, luciferase
bioluminescent imaging and non-invasive, whole-body imaging methods have also been
developed, including computed X-Ray tomography (CT), positron emission tomography (PET),
and magnetic resonance imaging (MRI). These imaging modalities are limited to detection of
tumors that are 200 micrometers in diameter, expensive, and largely inaccessible to many
laboratories
rag2

E450fs

183-185

. Here, we have optimized cell transplantation into adult, immune-deficient

(casper) zebrafish in order to dynamically visualize tumor cell migration, invasion and

metastasis at high resolution. We performed cell transplantation of fluorescently labeled zebrafish
tumor into the optic vessels and dorsal musculature, establishing that metastatic progression is
best assessed following injection into the dorsal musculature. Furthermore, we have been able to
visualize the dissemination of micro-metastatic lesions to sites adjacent to the tail vasculature in
flk1:mCherry; rag2

E450fs

(casper) zebrafish using simple confocal imaging. Finally, using serial

transplantation, we were able to evolve melanomas with high metastatic potential, providing a
novel platform for identifying driver mutations that are specifically correlated with progression. We
envision that facile genetic approaches including transgenesis and genetic knock-out using
CRISPR/Cas9 will quickly make zebrafish the choice experimental model for assessing gene
pathways that modulate tumor progression and metastasis, especially in the transplantation
setting.
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Methods

Zebrafish studies were approved by the Massachusetts General Hospital Subcommittee
on Research Animal Care (protocol #2011N000127).

Creation of rag2

rag2
(rag2
-/-

fb101

E450fs

E450fs

(casper) homozygous mutant zebrafish

(casper) homozygous mutant zebrafish were created by crossing rag2
94

) mutant fish into the casper background . Animals were maintained as rag2

E450fs

E450fs/+

;

-/-

roy ; miftfa lines and in-crossed to generate triple mutant animals. Resulting progeny were fin
clipped and genotyped using the same method as we previously published

153

. Specifically,

genomic DNA was extracted using the Hotshot method described by Meeker et al.

136

, and

subjected to polymerase chain reaction (PCR) using forward (5’-ACTGCTCTAGTTGCAATTCCT3’) and reverse primer (5’-AGCTGGGGTCATCTTCAGT-3’). PCR was completed using 94 °C
denaturation for 30 seconds, 54 °C annealing for 30 seconds, and 68 °C elongation for 45
seconds (35 cycles). PCR amplified products were then incubated at 37 °C overnight with XcmI,
which created a single cut in the mutant allele. Finally, DNA products were resolved either on a
2% agarose gel or using the Qiaxcel genotyping system. For neovascularization studies,
flk1:mCherry transgenic fish

186

were crossed with rag2

E450fs

(casper) fish and in-crossed to create

compound mutant animals.

Tumor creation and cell transplantation into zebrafish

Primary and serially passaged tumors were derived from established transgenic zebrafish
models. For example, T-ALLs were created by co-microinjection of linearized rag2:cMyc and
fluorescent transgenic reporters into one-cell stage CG1 fish
created by co-microinjection of linearized rag2:kRAS
stage CG1 fish

133

. GFP-labeled ERMS were

and rag2:GFP transgenes into one-cell

; double-fluorescent ERMS were created by microinjection of linearized
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G12D

105, 106

rag2:kRAS

G12D

into one-cell-stage stable transgenic myf5:GFP; mylpfa:mCherry CG1 fish

123

.

Triple-fluorescent transgenic ERMS were created by microinjecting the linearized rag2:kRAS

G12D

transgene into one-cell stage stable transgenic myf5:GFP; myogenin-H2b:mRFP; mylpfa:lyn-cyan
zebrafish in the AB background. Melanomas were created by over-expression of MiniCoopREGFP in the embryos of Tg (mitfa:BRAF
-/-

-/-

tp53 ; alb zebrafish

134

V600E

-/-

-/-

); mitfa ; tp53 or Tg (mitfa:BRAF

V600E

-/-

); mitfa ;

, and were a kind gift from the Houvras laboratory. The official ZFIN

-/-

designation for the tp53 zebrafish line is zdf1

M214K

, originally reported by Berghmans et al.

187

.

85

Neuroblastomas were a kind gift from the Look laboratory .
Cell transplantation experiments utilized both male and female rag2

E450fs

(casper)

homozygous mutant zebrafish. Recipient animals were transplanted at 2 to 4 months of age.
Tumor cell transplantations were completed by intra-peritoneal, intra-muscular and retro-orbital
injections

188-190

. Intra-muscular and retro-orbital injections were completed using microinjection of

2-3 µl of cell suspension. Recipient fish were scored for tumor engraftment, growth, invasion or
metastasis by epi-fluorescent microscopy every 3 - 4 days until 30 dpt or when animals were
moribund.

Confocal imaging of neovascularization and micro-metastasis

rag2

E450fs

(casper) animals were engrafted with GFP-labeled ERMS or melanoma. To

visualize tumor vasculature, animals were injected with Quantum dot 655 reagent (Qtracker®
655, 405-615 nm excitation, 655 nm emission, 2.0 µM, Life Technologies Cat# Q21021MP).
Specifically, animals were injected with freshly prepared 1:3 diluted reagent (1 volume Qtracker®
655 solution diluted in 2 volumes of 0.9x PBS, yielding a final concentration of 0.66 µM) using a
26S gauge Hamilton syringe (4 µl injected intra-peritoneally, and 2 µl directly into the dorsal
aorta). After 30 minutes, animals were anesthetized using 168 mg/L Tricaine (MS-222, pH=7.5)
and placed onto a 12.0 mm glass bottom imaging plate (Thermo Scientific, Cat# 150680). Under
anesthesia, motor functions of the animal were greatly reduced and operculum movements were
significantly slowed. Each animal was imaged under anesthesia for 1 - 2 minutes, allowing
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enough time for z-stack imaging or multi-position single plane imaging using confocal microscopy.
To ensure optimal survival of the adult zebrafish being imaged, anaesthetized animals were
simply laid down on the side in the imaging dish, with the tumor facing towards the lens. No
agarose embedding of the sample was used. Imaging was completed using an inverted Zeiss
LSM 710 confocal microscope. For neovascularization and micro-metastasis imaging, z-stack
imaging at 100x magnification was achieved with a 10x objective (NA=0.45, coverglass
thickness=0.17 mm, working distance=2.0 mm). Image series were acquired in the ZEN software
(single pass point scanning at ~10 µm per step over 100-200 µm distances). Fluorescent imaging
was completed using the following settings: GFP: Excitation=488 nm, Emission=503-528 nm;
mCherry / mRFP: Excitation=561 nm, Emission=602-624 nm; Qtracker® 655: use AlexaFlour647
setting, Excitation=633 nm, Emission=638-755 nm. Laser intensity percentage were set to be
between 10% and 20% depending on the brightness of the fluorescent labels used. The “Best
Signal” option in the “Smart Setup” was used for easy modulation of the gating of each color. For
imaging fluorescent combinations, gate settings were manually adjusted to avoid overlap of
fluorescent signals. For z-stack images, planes were merged based on maximum intensity in Fiji
(ImageJ). After imaging, fish were immediately transferred into recovery tanks that contained
fresh system water, and later returned to the facility.

Confocal imaging of heterogeneity in ERMS and T-ALL

Multicolor confocal fluorescence imaging was completed in both ERMS and T-ALL.
Specifically, in ERMS and T-ALL we simultaneously imaged using three-color combinations
including AmCyan (Excitation=458 nm, Emission=472-508 nm), GFP (Excitation=488 nm,
Emission=493-586 nm), ZsYellow (Excitation=514 nm, Emission=521-547 nm), DsRED
(Excitation=561 nm, Emission=575-703 nm), and mCherry/mRFP (Excitation=561 nm,
Emission=602-623 nm). Laser intensity percentage was set to be 18%. For imaging at single cell
resolution, 400x magnification was achieved with a 40x water emersion objective (NA=1.3,
coverglass thickness=0.14-0.19 mm, working distance=0.62 mm for 0.17 mm coverglass). The
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“Best Signal” option in the “Smart Setup” was used for easy modulation of the gating of each
color. For T-ALL, proportions of each clone were quantified in the Fiji (ImageJ) software by
measure of area covered by each fluorescent color, or manual cell counts. Both quantification
methods produce consistently similar results.

Histological examination

Tumor histology was performed on animals as previously described

153

. Briefly, animals

were fixed in 4% paraformaldehyde (PFA), embedded in paraffin, and step sectioned. Adjacent
slides were stained with hematoxylin and eosin (H&E) or anti-GFP (Living Colors® Monoclonal
Antibody JL-8, Clontech, 1:1000 dilution).

Statistical Methods

Leukemia propagating cell frequencies were calculated using the extreme limiting dilution
analysis software (http://bioinf.wehi.edu.au/software/elda/). Differences in the LPC frequency
were reported with a 95% confidence interval. Differences of latency were assessed by log-rank
(Mantel-Cox) tests. In the melanoma evolution experiments, increased metastatic potential was
assessed by Fisher’s exact test, comparing the number of animals with metastatic disease at 1°
transplant with those found after 7° transplant.
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Chapter 4.
Single-cell imaging of normal and malignant cell engraftment
into optically clear prkdc-null SCID zebrafish

Attributions

Dr. Langenau conceived the project to develop immunodeficient zebrafish by targeted
genetic disruption of key genes in adaptive and innate immunity. I identified the prkdc
mutants; J.C. Moore identified the jak3

P369fs

D3612fs

mutants. J.C. Moore performed Kaplan-Meier survival

analysis, histological assessment of mutant morphology, and investigated the defected V(D)J
recombination in prkdc mutants. J.C. Moore and N. Torres Yordan engrafted normal and
malignant zebrafish tissue into prkdc and jak3 mutant fish. I performed xenograft transplantation
into the prkdc mutant zebrafish, and utilized confocal microscopy to visualize muscle regeneration
and leukemia clonal competition in vivo. Single-cell transcriptome analysis was performed and
analyzed by F.E. Moore. RNA sequencing and analysis was performed by A. Anselmo and R.I.
Sadreyev (Massachusetts General Hospital, Boston). E.G. Garcia, R. Lobbardi, A.
Ramakrishnan, and D.L. Marvin contributed reagents and animals.
I was the second author of a research article entitled “Single-cell imaging of normal and
malignant cell engraftment into optically clear prkdc-null SCID zebrafish” (Moore J.C., Tang Q. et
al., Journal of Experimental Medicine, 2016). Excerpts from this article are included in this
chapter.
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Abstract

Cell transplantation into immunodeficient mice has revolutionized our understanding of
regeneration, stem cell self-renewal, and cancer; yet models for direct imaging of engrafted cells
has been limited. Here, we characterize zebrafish with mutations in recombination activating gene
2 (rag2), DNA-dependent protein kinase (prkdc), and janus kinase 3 (jak3). Histology, RNA
sequencing, and single-cell transcriptional profiling of blood showed that rag2 hypomorphic
mutant zebrafish lack T cells, whereas prkdc deficiency results in loss of mature T and B cells
and jak3 in T and putative Natural Killer cells. Although all mutant lines engraft fluorescently
labeled normal and malignant cells, only the prkdc mutant fish reproduced as homozygotes and
also survived injury after cell transplantation. Engraftment into optically clear casper, prkdcmutant zebrafish facilitated dynamic live cell imaging of muscle regeneration, repopulation of
muscle stem cells within their endogenous niche, and muscle fiber fusion at single-cell resolution.
Serial imaging approaches also uncovered stochasticity in fluorescently labeled leukemia
regrowth after competitive cell transplantation into prkdc mutant fish, providing refined models to
assess clonal dominance and progression in the zebrafish. Our experiments provide an optimized
and facile transplantation model, the casper, prkdc mutant zebrafish, for efficient engraftment and
direct visualization of fluorescently labeled normal and malignant cells at single-cell resolution.
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Introduction

Allogeneic cell transplantation into mice has advanced our understanding of stem cell
self-renewal, regeneration, and cancer. For example, hematopoietic stem cells were purified and
then assessed for long-term allogeneic engraftment studies

191

, and muscle satellite cells were

identified for possible therapy for regenerative muscle disorders

192

. In the setting of cancer,

allogeneic cell transplantation studies have been integral for assessing tumorigenicity
metastatic cancer growth

195

193, 194

and

. The generation of immune-compromised genetic models like DNA-

activated catalytic peptide (Prkdc, SCID) knockout mice have now become a standard model for
assessing tissue engraftment potential

196

. Prkdc mutant mice have impaired non-homologous end

joining (NHEJ) DNA repair, preventing V(D)J receptor recombination and, subsequently, the
production of mature T and B cells

42, 197

. When Prkdc loss is coupled with the interleukin receptor

2 gamma chain (Il2rγ)–null mutation, which ablates Natural Killer (NK) cell function, cellular
47

engraftment is vastly improved . Similarly, compound Prkdc; Janus kinase 3 (Jak3)–deficient
mice lack both adaptive and NK cell immunity

198, 199

. Both models are capable of extremely high

allogeneic engraftment rates and have been used in xenograft transplantation assays to assess
47

cancer progression, metastasis, and therapy responses in vivo . Despite the utility of these
models for engrafting non–immune-matched tissues, murine models are expensive and require
complex imaging modalities for direct in vivo imaging of engrafted tissue, making single-cell
71

visualization difficult .
Zebrafish are a powerful experimental model for cell transplantation studies. For
example, normal and malignant tissues can be engrafted into gamma-irradiated
dexamethasone-treated

200

or syngeneic adult recipients

105, 201

121

,

. Development of optically clear

casper zebrafish has further optimized the direct visualization of fluorescently labeled cells into
engrafted animals

94, 95, 152, 202, 203

. Despite the proven utility of these approaches, chemical and γ-

irradiation ablation of the immune system is only temporary, preventing durable long-term
engraftment of tissues

105, 200

. Moreover, transplantation into syngeneic animals is limited to donor

cells derived from these same isogenic lines, preventing the wider adoption of these models
201

. To begin to address these limitations, we have recently developed rag2
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E450fs

86, 105,

homozygous

mutant zebrafish that can engraft allogeneic tissues from multiple donor strains
rag2

E450fs

153, 203

. Though the

model is an important conceptual advance in zebrafish transplant technology, it is not

optimal. For example, homozygous casper, rag2

E450fs

mutant zebrafish do not breed and the line

must be maintained through heterozygous in-crossing

203

. Because the rag2

E450fs

mutation is

hypomorphic, these fish only lack T cells and have variable B cell defects that differ greatly
between fish, likely impacting engraftment potential within individual animals

153

. Finally, these

animals develop gill inflammation and likely autoimmunity, which would be predicted based on the
similarity of rag2

E450fs

truncation allele with human mutations that cause Omenn syndrome and

result in variable immune deficiency, autoimmunity, and inflammation

153, 204

. Therefore, the

development of new immune-comprised zebrafish models will be required to advance transplant
biology in the zebrafish.
Here, we develop new immune-deficient zebrafish models that are optically clear and
have more complete immune deficiencies that affect T, B, and presumptive NK cells. The prkdc
and jak3 mutant fish are similar to transplant models currently used in the mouse, yet provide
new opportunities to dynamically visualize engraftment at single-cell resolution and answer
important questions in muscle regeneration and tumor cell heterogeneity. These new zebrafish
lines, especially the prkdc-null, casper zebrafish, will transform our ability for direct, live animal
imaging of self-renewal, cell state transitions, regeneration, and the hallmarks of cancer at singlecell resolution in the allogeneic transplantation setting.

Results and discussion

Generation and cellular characterization of immune-compromised zebrafish models

In a concerted effort to expand available immune compromised zebrafish models that
exhibit differential immune deficiencies and have elevated engraftment potential, we generated
zebrafish with truncating mutations in the jak3 and prkdc genes (Figure 12a,b) using transcription
activator-like effector nucleases (TALENs)

135, 205

. A jak3 mutant line was identified that harbored a

10-nt deletion and an 18-nt addition, resulting in a frame shift at proline residue 369 and leading
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to a premature stop codon. The resulting truncated jak3

P369fs

protein is predicted to lack the SH2

and kinase domains, and is therefore likely functionally null (Figure 12a, jak3

P369fs

mutants).

Similar truncation mutations in humans are found at amino acid residues 408 and 565, leading to
JAK3 loss-of-function and reductions in T and NK cells

206

. We also identified prkdc mutant

zebrafish that harbor an 8-nt deletion, causing a frame shift at aspartic acid residue 3612 and
resulting in the formation of a premature stop codon (Figure 12b, prkdc

D3612fs

mutants). Similar

mutations have been reported in SCID mice and lead to the production of a truncated protein that
lacks catalytic activity

197

. Because PRKDC is required for NHEJ DNA repair, mice with truncation

mutations in PRKDC fail to efficiently recombine T and B cell immune receptors, and thus, lack
functionally mature T and B cells

42, 207

. Although we predict that both the jak3

P369fs

and prkdc

D3612fs

alleles result in truncated protein products, we cannot exclude the possibility that loss-of-function
phenotypes could be caused in part by nonsense-mediated mRNA decay. The jak3
prkdc

D3612fs

P369fs

and

mutant zebrafish were outcrossed twice into the casper background to minimize the

likelihood of carrying off-target mutations and to take advantage of the superior imaging
94

accessibility afforded by this optically clear zebrafish background .
Mutant zebrafish lines were assessed for differences in survival and fecundity. rag2
jak3

P369fs

, and prkdc

D3612fs

E450fs

,

casper heterozygous fish were individually in-crossed. Resulting

progeny survived in Mendelian ratios without morphological defects to three months of age
(Figure 12c). However, after routine tail fin clip genotyping, all jak3

P369fs

homozygous mutants

died within just one to two days (n = 44 animals), whereas all wild-type, rag2
fish survived well after this procedure (wild-type, n = 70; rag2
increase survival of jak3

P369fs

E450fs

E450fs

, n = 82; prkdc

, and prkdc

D3612fs

D3612fs

, n = 71). To

homozygous fish, we refined a method for genotyping using DNA

obtained from one to three scales isolated from the lateral flank of anesthetized fish. This
approach led to less injury and increased survival rates to ∼95% in jak3

P369fs

homozygous mutant

animals after genotyping (n = 50 of 53). All three homozygous mutant lines were assayed for
long-term survival after genotyping. The jak3

P369fs

one year after scale genotyping, whereas rag2

homozygous mutant fish survived well for up to

E450fs

and prkdc

D3612fs

mutant fish had elevated

morbidity after tail fin clip genotyping, peaking at six to nine months of age (Figure 12c). We
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observed no qualitative difference in longevity after fin clip or scale genotyping for rag2
prkdc

D3612fs

E450fs

and

mutants. Immunodeficient mice also have elevated mortality when compared with

normal mice, similar to what is reported for our mutant zebrafish. Pairwise matings revealed that
only the prkdc

D3612fs

mutant zebrafish could reproduce and generate viable homozygous progeny

(n = 18 of 24 matings). In contrast, homozygous rag2

E450fs

and jak3

P369fs

fish in the casper

background failed to reproduce (n > 25 matings/line).
To better understand the immune phenotypes of homozygous mutant zebrafish, we next
performed a detailed cellular and molecular characterization of blood cell development. Rag2,
Jak3, and Prkdc mutant mice and humans have common defects in thymic T cell maturation
209

44, 207-

. As expected, all three mutant zebrafish lines had significantly smaller thymi, along with a

concomitant reduction in T lymphocytes when compared with both wild-type and heterozygous
siblings (Figure 12d-h). We next assessed mutant zebrafish for deficiencies in blood cell lineages
found in the kidney marrow, the site of hematopoiesis in adult zebrafish. Using a recently
developed Fluidigm microfluidics system that can accurately quantify blood cell defects based on
single cell transcriptional analysis using lineage-specific quantitative PCR primers, we have
previously demonstrated that immune deficiency observed in rag2

E450fs

the lack of T lymphocytes with no effect on overall numbers of B cells
that jak3

P369fs

and prkdc

D3612fs

mutants are caused by

210

. Here, we demonstrate

mutants also have a loss of mature T cells in the marrow (Figure

12i-l; p < 0.0001). Single-cell transcriptional analysis also revealed that prkdc

D3612fs

mutant fish

lacked mature B cells (Figure 12i,l; p < 0.001), whereas B cells were present in both the
rag2

E450fs

and jak3

P369fs

mutant marrow (Figure 12i,k). These data are consistent with mouse and

human studies, where PRKDC mutations result in ablation of T and B cells

42, 211

. Gene expression

analysis, hierarchical clustering, and principle component analysis (PCA) independently
confirmed blood cell defects in all three mutant lines (Figure 12i-l).
JAK3 deficiency results in impaired T and NK cell development in both mouse and
human patients

212, 213

. JAK3 is a critical downstream regulator of IL2Rγ, is required in both T and

NK cells to regulate STAT5 signaling and is required for maturation of these cells

214

. Single-cell

Fluidigm transcriptional analysis revealed that presumptive NK cells comprise <1% of wild-type
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whole kidney marrow cells, and thus are difficult to quantify using this approach

210

. We therefore

performed RNA sequencing analysis on the whole kidney marrow of 3-month-old wild-type and
homozygous mutant zebrafish to assess loss of well-known T, B, and NK cell marker gene
expression. This analysis identified lineage-restricted genes that were specifically lost in each
mutant line. For example, T cell marker genes (lck, cd4, cd8, foxp3, tcrb, and zap70), B cell
marker genes (pax5, cd37, cd79, and igh), and presumptive markers for NK cells (prf1
homologues, gzma, il2rb, irfb, and jak3) were down-regulated in specific mutants (Figure 12m).
Down-regulated genes found in each mutant line were compared for overlap with gene sets found
in the Molecular Signatures Database (MsigDB)

215

, providing independent and unbiased

assessment of loss of specific blood cell types (Figure 12n,o). This analysis confirmed losses of
both T and B cells in prkdc

D3612fs

mutant fish (Figure 12n). In contrast, jak3

P369fs

mutant fish

specifically lacked T and NK cell signatures and had impaired JAK/STAT signaling (Figure 12o).
Expression of NK-lysins was not differentially regulated in the marrow of either prkdc
jak3

P369fs

mutant fish, suggesting that NK-like cells identified by our group

210

D3612fs

or

may be retained in

these animals. In summary, our analysis uncovered a striking loss of expected gene signatures in
each mutant, with a majority of the most significantly associated gene sets defining lineagerestricted and functional gene pathways associated with T, B, and NK cell defects. Collectively,
our studies show a remarkable similarity in the immune cell defects present in immune-deficient
zebrafish and those found in mouse and humans, underscoring the high conservation of gene
programs that regulate T, B, and NK cell development and their function throughout vertebrate
evolution.

Functional characterization of prkdc

D3612fs

homozygous mutant zebrafish

PRKDC is an integral component of the DNA repair complex and is specifically required
for NHEJ. Subsequently, Prkdc-null mice have a reduced immune receptor repertoire resulting
from failed V(D)J receptor recombination

207

. To characterize the impact of the prkdc

D3612fs

mutation on V(D)J recombination, we assayed t cell receptor β (tcrb) and immunoglobulin heavy
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chain (igm) rearrangements from blood cells isolated from the whole kidney marrow. prkdc

D3612fs

mutant zebrafish exhibited near complete absence of tcrb and igm rearrangements when
compared with wild-type fish (Figure 13a). For those rare instances where recombination events
were detected in mutant prkdc

D3612fs

fish, rearrangement products were sequenced (n = 3 out of

13 animals total). Sequencing revealed a striking loss of immune cell repertoire in prkdc

D3612fs

mutant fish, with each band representing only a single clone. In contrast, a wide range of
recombined receptor rearrangements were detected from amplified products isolated from wildtype fish (Figure 13b). Similar results have been reported for PRKDC-deficient mice, with these
animals having a leaky SCID phenotype resulting in the production of rare B and T cell clones
and detectable serum IgG levels

216

. Collectively, these results confirm the molecular defect

accompanying the loss of T and B cells in prkdc

D3612fs

mutant fish is caused by impaired receptor

recombination.
Mice with PRKDC deficiency have impaired DNA repair and are exquisitely sensitive to γirradiation. Specifically, mice deficient in PRKDC die after irradiation as a result of failed DNA
repair, loss of blood stem and progenitor cells, and eventual anemia
prkdc

D3612fs

121

. Thus, we assessed if

mutant fish were more sensitive to ionizing radiation-induced DNA damage. 3-month-

old wild-type and prkdc
(10 Gy)

217

D3612fs

mutant zebrafish were exposed to a sub-lethal dose of γ-irradiation

. By 12 days after irradiation, all wild-type fish and heterozygous mutant fish were alive

(n = 29 fish/genotype). In contrast, homozygous mutant prkdc

D3612fs

animals developed

progressive pallor and died within 12 days after irradiation (n = 28; p < 0.0001, Log-rank statistic;
Figure 13c). Histological analysis revealed that both prkdc

D3612fs

and wild-type fish had reduced

whole kidney marrow cellularity by 3 days after irradiation (Figure 13d,e). prkdc

D3612fs

mutant

animals continued to have reduced marrow cellularity past 3 days after irradiation, resulting in
elevated apoptosis of hematopoietic cells when assessed by activated Caspase-3 staining. These
fish developed fatal anemia by 10 days after irradiation (Figure 13e,g). In contrast, wild-type fish
recovered marrow cells by 7 days after irradiation (Figure 13d,f). We conclude that blood cells
from prkdc

D3612fs

mutant zebrafish are defective in NHEJ, preventing both immune receptor

rearrangement and DNA repair after γ-irradiation.
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Figure 12. Characterization of rag2

E450fs

, jak3

P369fs

, and prkdc

D3612fs

mutant zebrafish.

(a,b) Genetic mutations created for jak3 and prkdc. Capital letters show TALEN-binding sites.
Green lowercase letters denote additions and red hyphens represent deletions. Dots indicate
truncation mutations found in human (red) and mouse (green) SCID. (c) Kaplan-Meier survival
analysis for wild-type and mutant zebrafish lines (rag2

E450fs

, n = 17; jak3

P369fs

, n = 12; prkdc

D3612fs

,

n = 12; casper wild-type, n = 12; *, p < 0.0001 survival compared with wild-type survival, Log-rank
test). (d) Quantification of thymus size in mutant and wild-type fish (*, p < 0.028, Student’s t-test;
n ≥ 5 animals per group analyzed). (e-h) Hematoxylin and eosin–stained sections of thymus from
90-day-old wild-type (e), rag2

E450fs

(f), jak3

P369fs

(g), and prkdc

D3612fs

(h) mutant zebrafish; yellow

dashed lines denote thymus (n ≥ 5 animals per group analyzed). Bars equal 25 µm. (i-l)
Quantification of blood cells contained in the marrow as assessed by Fluidigm single-cell
quantitative PCR (i) and visualized by principal component analysis (PCA) (j-l). Significant
reductions in T cells are denoted by red asterisks (p = 0.0001) and B cells by blue asterisk (p =
0.001; Fisher’s exact test, n = 72, 138, and 145 cells analyzed in wild-type, jak3
prkdc

D3612fs

P369fs

, and

mutant fish, respectively; cells were combined from the marrow of two fish in each

analysis). Blood cell lineages are denoted by open ovals in j-l. (m) Venn diagram showing
overlap of selected down-regulated genes identified after RNA sequencing of the whole kidney
marrow of jak3

P369fs

, prkdc

D3612fs

, and rag2

E450fs

mutants (n = 3 fish analyzed/genotype). Gene

expression is relative to wild-type marrow (>2-fold change; FDR < 0.05, Benjamini-Hochberg
test). (n,o) Molecular pathways down-regulated in prkdc
-4

marrow. GSEAsig FDR ≤ 6.33 × 10 for each analysis.
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D3612fs

(n) and jak3

P369fs

(o) mutant

Figure 12 (Continued)
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Figure 13. prkdc

D3612fs

mutants have defective V(d)J receptor recombination and

develop anemia after low-dose γ-irradiation. (a) PCR analysis for tcrb and igm rearrangement
of whole kidney marrow cells from wild-type (wt) and prkdc

D3612fs

zebrafish. N.C., negative control.

tcrb transcripts specific to the variable (V) and constant (C) regions are noted with band size to
the right. Analysis of eef1a1l1 ensured equal loading and was a positive control. (b) Percentage
of different immune receptor recombined clones found in the asterisk-labeled bands in a (n > 19
individual clones sequenced). Each color represents a different clone found in the marrow. (c)
Kaplan-Meier survival analysis for wild-type, heterozygous (het.), and homozygous prkdc
mutant zebrafish lines after 10 Gy γ-irradiation (wild-type, n = 29; het, n = 29; prkdc
*, p < 0.0001 comparing prkdc
of wild-type (d) and prkdc

D3612fs

D3612fs

D3612fs

D3612fs

, n = 28;

to wild-type survival, Log-rank test). (d,e) Histological section

mutant (e) whole kidney marrow at the indicated times after 10 Gy

γ-irradiation (n ≥ 6 animals assessed/genotype). dpi, days post irradiation. Yellow arrowheads
denote nests of hematopoietic cells. (f,g) Activated Caspase-3 staining of wild-type (f) and
prkdc

D3612fs

mutant (g). Black arrowheads denote apoptotic blood cells. Bars = 50 µm.
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Immune compromised zebrafish models accept allogeneic transplants

Given that homozygous rag2

E450fs

, jak3

P369fs

, and prkdc

D3612fs

mutant fish have variable

immune deficiencies, we next wanted to assess each line for their ability to engraft allogeneic
cells isolated from a wide range of tissues and genetic backgrounds. We first assessed
engraftment of α-actin-RFP–labeled zebrafish muscle. As expected, wild-type zebrafish did not
engraft fluorescently labeled muscle cells when implanted into the dorsal musculature (Figure
14a-d). In contrast, fluorescent muscle engraftment was robust in all three homozygous mutant
lines tested, with durable engraftment lasting beyond 30 days post-transplantation (dpt; Figure
14c,d). Importantly, engraftment into these models did not require matching at the MHC or
immune suppression with γ-irradiation or dexamethasone.
We next wanted to assess rag2

E450fs

, jak3

P369fs

, and prkdc

D3612fs

mutant fish for their utility

in engrafting cancer cells. As expected, homozygous mutant fish efficiently engrafted a wide array
of fluorescently labeled cancers arising in various backgrounds (Figure 14e-m). These included
Myc-induced T cell acute lymphoblastic leukemia (T-ALL; Figure 14e-g), kRAS
embryonal rhabdomyosarcoma (ERMS; Figure 14h-j), and BRAF

V600E

G12D

-induced

, p53-deficient melanoma

(Figure 14k-m). Importantly, engrafted tumors exhibited similar histology as donor tumors
(Figure 14g,j,m). In addition, T-ALL and ERMS could be serially transplanted from engrafted
recipient fish into new prkdc

D3612fs

injury studies, homozygous jak3

homozygous hosts. As may have been expected based on our

P369fs

mutant fish did not tolerate intra-peritoneal transplantation of

tumor cells, with 51 of 87 homozygous jak3

P369f

mutant fish dying immediately after the

procedure. In contrast, engraftment of tumor cells into the peritoneum of either rag2
prkdc

D3612fs

E450fs

or

mutant fish was well tolerated. Collectively, these results show that all three zebrafish

mutant lines can accept allogeneic cells from unrelated donor animals without preconditioning,
confirming both immunodeficiency and utility as a cellular transplantation model.
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Figure 14. Immunodeficient zebrafish efficiently engraft fluorescently labeled
normal and malignant tissues. (a,b) Brightfield and fluorescent images of α-actin-RFP
transgenic donor fish, respectively. (c,d) Merged fluorescence and brightfield images of α-actinRFP muscle transplanted wild-type and mutant fish at 10 dpt (c, genotypes indicated) and a
magnified view of the boxed region at 30 dpt (d). Merged (e, f, h, and i) and brightfield (k,l)
images of donors and recipient mutant zebrafish with tumors. (e-g) GFP-labeled Myc-induced TALL arising in donor CG1-strain fish. (h-j) mCherry- labeled ERMS from donor CG1-strain fish.
(k-m) BRAF

V600E

-induced melanoma arising in tp53-deficient nacre-strain donor fish. Tumor

engraftment shown at 30 dpt in indicated genotypes. (g, j, and m) Representative tumor histology
from prkdc

D3612fs

animals by cytospin (g) and sectioning (j,m). Arrows show pigmented melanoma

cells in m. Number of animals with successful engraftment are shown in the bottom right corner of
images. *, p < 0.05, Fisher’s exact test comparing engraftment of tumors into mutant versus wildtype fish. Bars: (a-c, e, f, h, k, and l) 1 cm; (d) 0.25 cm; (g, j, and k) 50 µm.
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Given the utility of prkdc

D3612fs

mutant zebrafish for engrafting allogeneic tissues and

cancers, we next assessed their ability to accept mouse and human tumor xenografts. Despite
optimizing long-term survival of mutant fish at up to 36°C and observing initial implantation of
fluorescently labeled tumor cells at the site of injection, human melanoma, triple-negative breast
cancer, and pancreatic adenocarcinoma cells all regressed and were rejected by the immune
system by 7 dpt (n = 36; Figure 15). Engraftment was not enhanced by addition of matrigel or
implantation of tumor cells with cancer-associated fibroblasts. We believe the failure to robustly
engraft human and mouse cells likely reflected rejection by innate immune cells retained in
prkdc

D3612fs

mutant fish. For example, we have recently identified a novel population of NK-lysin

blood cells that likely define an innate NK-like cell population
cells are retained in prkdc

D3612fs

210

+

. These and other innate immune

mutant fish and may elicit rejection of mouse and human

xenografts. This expectation is based on mouse studies where NK and innate immune cells are
retained in PRKDC-null mice

218

. We posit that additional compound mutant lines that ablate both

the innate and adaptive immune systems will be required to achieve robust and sustained
xenograft cell transplantation into adult zebrafish. Moreover, it is also likely that refined cell
transplantation approaches and delivery of human growth factors will be required for optimized
xenograft growth in vivo.
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Figure 15. Human cancer xenografts are rejected in prkdcD3612fs mutant zebrafish.
(a,b) Merged brightfield and epifluorescence images of human tumor cells transplanted into
prkdcD3612fs mutant zebrafish. (a) Wild-type (top) and prkdc

D3612fs

homozygous mutant zebrafish

4

(bottom) transplanted with 6x10 human melanoma cells (MM383, GFP-labeled) and imaged at
the indicated time points after transplantation. (b) prkdc

D3612fs

homozygous mutant zebrafish

4

transplanted with 7.8x10 human triple negative breast cancer (TNBC) cell line (MDA-MB-231,
mCherry-labeled) with equal number of matched cancer-associated fibroblasts (CAF; GFPlabeled). Fish were imaged at the indicated time points. Arrows denote site of injection for tumor
cell transplantation. Number of animals with engraftment at each time point is shown in the
bottom right corner of images. Note auto-fluorescence in the gastrointestinal tract of recipient
zebrafish was caused by diet.
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Imaging engraftment at single-cell resolution in homozygous prkdc

D3612fs

zebrafish

Allogeneic transplantation studies provide novel functional assays to assess stem cell
self-renewal

191

, tumorigenicity of specific cell types

193, 194

vivo drug efficacy studies for regeneration and cancer
prkdc

D3612fs

, and powerful models for performing in

219, 220

. Our analysis has uncovered that

mutant zebrafish are likely the best engraftment model for allogeneic transplantation

of the three immune-deficient zebrafish lines presented here. This comes from analysis of high
fecundity as homozygous mutants, ability to survive after injury and transplantation, and lack of
both T and B cells. Despite the well-established allogeneic transplantation models in mice that
are commonly used to assess important questions in regenerative medicine and cancer, it has
been difficult to image engraftment of cells at single-cell resolution. Building on the optical
transparency of the prkdc

D3612fs

(casper) mutants, we next wanted to assess the model for the

ability to visualize fluorescent cell engraftment at single-cell resolution in live animals, attempting
to answer fundamental questions in muscle regeneration and in defining roles for clonal
competition in leukemia progression.
Initially, we visualized muscle cell heterogeneity, repopulation of individual satellite cells
into their endogenous niche, and timing of regeneration after engraftment. Muscle cells were
isolated from 60-day-old myf5-GFP, mylpfa-mCherry double-transgenic fish and engrafted into
the dorsal musculature of prkdc

D3612fs

mutant zebrafish (Figure 16a). Serial imaging of engrafted

fish revealed two prominent modes of fiber regeneration. For example, 86.7% of regenerating
fibers expressed only the mylpfa-mCherry transgene between 4 and 12 dpt, suggesting that
differentiated myosin-expressing myoblasts resident in donor cell preparation drove regeneration
+

(n = 189 of 218 fibers; n = 14 animals analyzed). In some instances, single myf5-GFP progenitor
cells engrafted into recipient fish, taking up residence adjacent injured muscle, and drove
regeneration of fibers (Figure 16b). When combined with our observation that ∼14% of early
forming regenerative fibers expressed both mCherry and GFP (Figure 16c, left), we conclude
+

that myf5-GFP progenitor cells contribute to a small fraction of regenerative fibers, with
persistence of GFP being seen in early differentiated fibers but lost with time (Figure 16c, right).
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+

Fully regenerated fibers largely lacked myf5-GFP progenitor cells adjacent to muscle fibers,
suggesting that most donor cells differentiated into fusion-competent myoblasts and contributed
to fiber regeneration without replenishing the satellite cells. These data are consistent with reports
that satellite and muscle precursor cells become active after isolation from muscle and have
limited regenerative capacity after engraftment into recipient mice

221

. Our data provided evidence

that muscle regeneration after injury follows in a highly coordinated and hierarchically organized
differentiation cascade, with dormant progenitor cells from the donor population becoming
reactivated, situating themselves near the damaged tissue of target, and reinitiating muscle
developmental programs to construct nascent muscle fibers. The ability to visualize this process
in an organism known for its facile large-scale in vivo drug screening will provide unprecedented
opportunities to discovering therapeutics that restore and enhance muscle regeneration, with
implications in clinical intervention of muscular dystrophy and exercise-related muscle injuries.
We next wanted to dynamically visualize the relative contribution of engrafted muscle
progenitors and myoblasts to fiber fusion and creation. Here, we performed competitive
engraftment studies using muscle cells isolated from juvenile (60-day-old) mylpfa-mCherry and
mylpfa-zsYellow transgenic zebrafish donors and injected equal numbers of muscle cells of each
color into the dorsal musculature of prkdc

D3612fs

4

mutant zebrafish (1 × 10 cells per color/fish;

Figure 16d). After engraftment for 8 to 14 days, we observed that most reconstituted fibers
expressed a single fluorescent protein, with myoblast fusion contributing to regeneration in only 9
of 151 fibers analyzed (n = 14 animals; Figure 16e). These data suggest a model of muscle
repair whereby single myoblasts fuse with existing injured fibers to restore muscle integrity. This
model is supported by studies in mice and flies, but has not been proven at single-cell resolution
in live animals over time

222, 223

. Alternatively, it is also possible that single muscle stem cells

reinitiate muscle fiber formation from first expanding a myoblast population locally, with these
cells ultimately dominating the regeneration process and creating new muscle fibers in the
zebrafish, akin to what has been recently described for embryonic muscle regeneration in
zebrafish

224

. In total, our work provided new insights and novel experimental models for directly

imaging muscle regeneration in live animals.
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Figure 16. Visualizing fluorescent muscle cell regeneration at single-cell resolution
in engrafted prkdc
prkdc

D3612fs

D3612fs

mutant zebrafish. (a) Brightfield and fluorescent merged image of a

mutant fish engrafted with myf5-GFP; mylpfa-mCherry double transgenic skeletal

muscle cells at 8 dpt. (b) Confocal images of the same engrafted animal at 4 and 8 dpt. myf5GFP+ muscle progenitor cells (white arrows) appear by 4 dpt and are positioned adjacent to a
double-transgenic GFP+ and mCherry+ fiber by 8 dpt. (c) Merged confocal images of a myf5GFP; mylpfa-mCherry muscle fibers at 12 dpt (left); the fibers eventually expressed only mCherry
by 70 dpt (yellow arrow). (d,e) prkdc

D3612fs

engrafted zebrafish with muscle cells isolated from

mylpfa-zsYellow and mylpfa-mCherry transgenic donors. Whole animal image (left) with site of
engraftment noted by a white arrow and high magnification confocal images (right, merged and
single fluorescent confocal stacks are shown). Double fluorescently labeled muscle fiber denoted
by white arrow. (e) Quantification of single and double fluorescently positive fibers in all animals
analyzed (n = 13). Bars equal (a,d, inset) 2 mm; (b) 50 µm; (c,d, rightmost panel) 200 µm.

It is well known that human T-ALLs are oligoclonal at diagnosis; however, progression
and relapse are often driven by emergence of an underrepresented clone contained within the
primary leukemia

157

. The role that stochasticity has in governing emergence of clonal dominance

has gone unstudied, largely because this process has been difficult to study experimentally due
to the lack of robust models and the inability to serially assess animals over time. To visualize this
process in live fish, we mixed equal numbers of AmCyan, zsYellow, and mCherry-labeled T-ALL
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with similar growth kinetics and leukemia-propagating cell frequencies when grown individually in
syngeneic fish

106

recipient prkdc

. These cell mixtures were injected into the dorsal musculature of optically clear

D3612fs

4

5

mutants (3.3 × 10 of each clone, 1 × 10 total cells per recipient animal).

Engrafted fish were imaged by confocal microscopy at 9 and 26 dpt. At 9 dpt, the three clones
were present in roughly equal numbers (Figure 17, top panels; n = 5); however, by 26 dpt,
leukemias had become dominated by a single fluorescent clone (Figure 17, bottom).
Remarkably, domination by all three clones was observed in individual recipient fish (Figure 17,
bottom), supporting a model that clonal dominance can emerge as a consequence of neutral
stochastic drift. Similar clonal drift and stochastic emergence of dominant clones has been
documented in intestinal crypt stem cells

151

and mouse intestinal adenomas

163

. Our results show

that clonal dominance can evolve stochastically in rapidly growing leukemias that have similar
growth rates and self-renewal/stem cell activity, suggesting differential activity of individual
leukemia-propagating cells in driving growth over time. Collectively, our work provides
unprecedented access to dynamically visualize clonal dominance, and cancer progression at
single-cell resolution in engrafted prkdc

D3612fs

(casper) mutant zebrafish, which will be broadly

useful for assessing clonal evolution and progression in a wide array of non-malignant tissues
and cancers.
In summary, our work has detailed the remarkable genetic and functional conservation of
T, B, and NK cell differentiation programs between zebrafish, mice, and humans. We provided a
novel, optimized, and facile allogeneic transplantation model, the casper, prkdc

D3612fs

mutant fish,

for efficient engraftment and direct visualization of fluorescently labeled normal and malignant
cells at single-cell resolution. This model will be invaluable for the dynamic live-cell imaging of
regeneration and the hallmarks of cancer at single-cell resolution, including tumor heterogeneity,
metastasis, neovascularization, and clonal evolution.
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Figure 17. Imaging the emergence of clonal dominance in Myc-induced T-All at
single-cell resolution in engrafted prkdc

D3612fs

mutant zebrafish. (a-e) Equal numbers of

fluorescently labeled T-ALL cells were engrafted into the dorsal musculature of prkdc

D3612fs

5

(casper) mutant fish (1 × 10 cells/clone). Images were taken at 9 dpt (top) and 26 dpt (bottom).
Whole animal imaging showing brightfield and epi-fluorescence in three color channels (left, site
of injection indicated by white arrows) and confocal images for engraftment at site of injection
(right). (f) Quantification of relative T-ALL clone proportions found within individual animals at the
site of injection. Bars equal (epifluorescence images) 5 mm; (confocal images) 50 µm.
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Materials and methods

Creation of jak3

P369fs

and prkdc

D3612fs

homozygous mutant zebrafish

All zebrafish experiments were completed with IACUC approval from the Massachusetts
General Hospital (2011N000127). Jak3

P369fs

previously described injection strategies

135

mutant zebrafish were made using TALENs and

. The prkdc

D3612fs

mutant was made using TALENs

made by the University of UTAH Health and Sciences Genetic Mutation and Detection Core as
previously described

205

. Specifically, RNA was prepared for each TALEN arm and microinjected

into AB or casper zebrafish. F0-injected animals were raised to adulthood, and single male-byfemale matings performed. 12 resultant progeny from each cross were arrayed into 96-well plates
and genomic DNA was extracted. PCR amplification of the target sites was performed, and
amplicons were sent for Sanger sequencing. From this analysis, one mutant line for each gene
was identified. F1 progeny were subsequently raised to adulthood, and heterozygous fish were
−/−

identified by genotyping. Heterozygous mutant AB fish were bred to casper zebrafish (roy ;
−/− 94

mitfa ) , resultant progeny were genotyped, and heterozygous mutants were identified and incrossed to produce triple homozygous animals.

prkdc

D3612fs

genotyping

The prkdc

D3612fs

allele introduces a de novo HinfI site, allowing for restriction enzyme–

mediated identification of the mutant allele. Specifically, anesthetized 2 to 4-month-old fish had 1–
3 scales removed using fine forceps. Genomic DNA was prepared using the modified HotSHOT
method

136

by placing the clipped fin in 25 µl of 50 mM NaOH, boiling at 95°C for 20 min, and

neutralizing with 2.5 µl 1 M Tris buffer (pH 8.0). 2.5 µl of genomic DNA were used in a standard
25-µl volume PCR using Taq DNA polymerase (New England BioLabs) with forward (5’CAGGACTGGTGGGATGAGGT-3’) and reverse (5’-CATAGCATATCAGAATTTTGGGCTT-3’)
primers to produce a 207-bp PCR amplicon. The PCR cycle parameters were (i) denaturation,
94°C for 30 s; (ii) annealing, 53°C for 30 s; and (iii) elongation, 68°C for 25 s; these steps were

75

	
  

repeated for 35 cycles. For enzymatic digestion, 15 µl of non-purified PCR reaction were
combined with 0.3 µl HinfI (New England Biolabs)+ 2 µl 10× NEB buffer CutSmart (New England
Biolabs) plus 2.7 µl water. The 20-µl reaction was incubated at 37°C for 1–2 h. Enzymatic
digestion was visualized by electrophoresis on a 2.5% Tris-acetate-EDTA (TAE) agarose gel
containing ethidium bromide or Qiaxcel Screening cartridge (QIAGEN). After HinfI digestion, wildtype fish produced two bands at 183 and 24 bp. Heterozygous prkdc

D3612fs

fish produced four

bands at 183, 107, 68, and 24 bp as a result of digestion of the mutant allele. Homozygous
mutant fish produced bands at 107, 68, and 24 bp.

jak3

P369fs

genotyping

The jak3

P369fs

allele removes a natural EcoNI site found within the wild-type site, allowing

for restriction enzyme–mediated identification of the mutant allele. Specifically, anesthetized 2 to
4-month-old fish had 1–3 scales removed using fine forceps. Scales were placed in 25 µl 50 mM
NaOH solution, boiled at 95°C for 20 min, and neutralized with 2.5 µl 1 M Tris buffer (pH 8.0)

136

.

2.5 µl of genomic DNA were used in a standard 25-µl volume PCR using Taq DNA polymerase
(New England BioLabs) with forward (5’-TTCAAACCCTGACAGACGCCCTTT-3’) and reverse (5’AGGAATGGACTAGGATGTGTCCCA-3’) primers. The PCR cycle parameters were (i)
denaturation, 94°C for 30 s; (ii) annealing, 68°C (−0.4°C/Cycle) for 30 s; and (iii) elongation, 68°C
for 45 s, repeated for 35 cycles. For enzymatic digestion, 15 µl of non-purified PCR reaction were
combined with 0.6 µl EcoNI (New England Biolabs) plus 2 µl 10× NEB buffer CutSmart (New
England Biolabs) plus 2.4 µl water. The 20-µl reaction was incubated at 37°C for ≥3 h. Enzymatic
digestion was visualized by electrophoresis on a 2.5% TAE agarose gel containing ethidium
bromide or Qiaxcel Screening cartridge (QIAGEN). After EcoNI digestion, wild-type fish produced
two bands at 111 and 110 bp. Heterozygous jak3

P369fs

fish produced three bands at 229, 111, and

110 bp as a result of digestion of the mutant allele. Homozygous mutant fish are undigested and
produce one band at 229 bp.
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Thymus histology and size quantification

Thymus histology was performed as previously described

153

. In brief, 3-month-old fish

were sacrificed and fixed in 4% paraformaldehyde, embedded in paraffin, and step sectioned.
Slides were stained with hematoxylin and eosin by the Specialized Histopathology Services at
Massachusetts General Hospital. Thymus sections were imaged at 200× magnification using an
Olympus BX41 compound microscope. Images were imported into Fiji (ImageJ; National
Institutes of Health) and the thymus was traced using the Freehand Selection tool and area
quantified. The mean area of thymi (n ≥ 5) were graphed and standard error of the mean (SEM)
were indicated. Significance was calculated by Student’s t-test.

Receptor rearrangements

RNA was extracted from the whole kidney marrow and made into cDNA using
SuperScript III Reverse transcription (Invitrogen). tcrb and igm targets were amplified using
nested PCR primers as previously described

153

. The first PCR used 2 ng cDNA and was

performed using a standard 25-µl reaction with Choice TaqBlue Mastermix (Denville Scientific).
PCR cycle parameters were (i) denaturation, 94°C for 45 s; (ii) annealing, 56°C for 30 s; and (iii)
elongation, 72°C for 1 min; these steps were repeated for 35 cycles. In the nested PCR, 1 µl of
the first PCR was combined in a 25 µl reaction using the same polymerase and the inner set of
primers. The cycling parameters are identical to the first reaction, except repeated for 25 cycles.
The final products of this nested PCR reaction are visualized on a 2% TAE agarose gel
containing ethidium bromide. Gel bands were excised and DNA isolated using Zymoclean Gel
DNA recovery kit (Zymo Research). DNA was cloned into the pGEM-T vector (Promega) using
the manufactures protocol, transformed into DH5α cells, selected on Carbenicillin, and then
sequenced.

77

	
  

prkdc

D3612fs

irradiation

3-month-old fish were irradiated with10-Gy γ-irradiation (Cs137) in 60-mm dishes,
sacrificed at the indicated time points, fixed in 4% paraformaldehyde, embedded, sectioned and
HE stained as above. Adjacent slides were assessed by immunohistochemistry for cleaved
Caspase-3 (Cell Signaling Technology). Kidney sections where imaged at 400× on an Olympus
BX41 compound microscope.

Whole kidney marrow gene expression as assessed by RNA sequencing

Wild-type, rag2

E450fs

, jak3

P369fs

, and prkdc

D3612fs

kidneys were dissected and placed into

350 µl of QIAGEN RLT buffer (supplemented with 1% v/v 2-Mercaptoethanol; Bio-Rad
Laboratories). Whole RNA was isolated using the RNAeasy Mini kit (QIAGEN) following the
manufacturer’s recommended protocol, including on-column DNA digestion with RNase-free
DNase (QIAGEN). Total RNA isolated from three animals for each genotype was subjected to
rRNA depletion using RiboZero kit (Illumina), followed by NGS library construction using
NEBNext Ultra Directional RNA Library Prep kit for Illumina (New England Biolabs) using 15
cycles of PCR amplification. Experiments were performed in triplicate for wild-type, rag2, prkdc,
and jak3 mutants. Sequencing was performed on an Illumina HiSeq 2500 instrument, and reads
were mapped to the Danio rerio reference genome (Zv9 build) using STAR

225

, resulting in a mean

of 18 million aligned pairs of 50-bp reads per animal kidney sample. Read counts over transcripts
were calculated using HTSeq v.0.6.0

226

based on the most current Ensembl annotation file for

Zv9. Differential expression analysis was performed using EdgeR package (version 3.8.6)

227

based on the criteria of >2-fold change in expression value and false discovery rates (FDR;
Benjamini-Hochberg Test) <0.05.
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Whole kidney marrow single-cell isolation and quantitative PCR using the Fluidigm
BioMark HD platform

Cell extraction, sorting, gene expression reactions, quantification, and analysis were
performed as previously described
3-month-old jak3

P369fs

and prkdc

210

. Specifically, whole kidney marrow was isolated from 2.5 to

D3612fs

homozygous mutants, placed in 5% FBS/1xPBS, triturated

by pipet, and filtered through 35-mm cell strainer. Single-cells were sorted into 96-well plates
using FACSAria Fusion Cell Sorter (BD), with each well containing 5 µl of lysis buffer. Plates
were heated at 65°C for 90 s to lyse cell membranes. cDNA was made by the addition of
Fluidigm Reverse Transcription Mix (Fluidigm). Next, samples were pre-amplified using gene
target specific nested outer primers (166 nM) and 10x PreAmp Master Mix (Fluidigm).
Unincorporated primers were removed by exonuclease treatment (New England Biolabs).
Samples were then diluted by the addition of 36 µl of 1xTE. Each well now contained 50 µl of preamplified cDNA that was ready for qPCR using the Fluidigm BioMark HD. Samples were
prepared for qPCR by combining 3 µl of pre-amplified cDNA sample with 3.5 µl 2× SSo Fast
EvaGreen Supermix with low ROX (Bio-Rad Laboratories), 0.35 µl 20× DNA Binding Dye Sample
Loading Reagent (Fluidigm), and 0.15 µl water. After priming, the 96.96 Dynamic Array Chip for
Gene Expression (Fluidigm), 5 µl of 96 separate inner primer pairs (5 µM) and 5-µl samples were
loaded onto the Dynamic Array Chip and mixed in the Fluidigm IFC controller HX. Dynamic Array
Chip was then loaded into the Fluidigm BioMark HD following the manufacturer’s protocol.
Thermal cycling was completed using protocol GE 96 × 96 PCR melt v2.pcl.

Statistical analysis and display of single-cell data

Ct values were recovered from the BioMark HD. The quality threshold was set to 0.65,
and a linear derivative as baseline correction was used. Using SINGuLAR, a limit of detection
was set to the Ct of 28; expression was calculated using default settings. Sample wells that failed
to express housekeeping genes (eef1a1l1 and actb1) or other lineage-specific markers were
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deemed lacking cell content and were eliminated from further analysis. Unsupervised hierarchical
clustering was performed using SINGuLAR software from Fluidigm. jak3

P369fs

and prkdc

D3612fs

single-cell samples were combined and compared with the datasets generated previously

210

and

lineage assignments were made following hierarchical clustering. The hierarchical clustering,
three-dimensional principal component analysis (PCA) was also generated using the SINGuLAR
R package, with limit of detection set to the Ct of 28.

Muscle and tumor cell transplantation in zebrafish

Muscle and tumor cell isolation and transplantation were performed as previously
described

153, 189

. In short, tissues were isolated from donor fish following Tricaine (Western

Chemical) overdose. Tumors were excised from dissected fish and placed into 500 µl of 0.9x
PBS + 5% FBS on a 10-cm Petri dish. Single-cell suspensions were obtained by maceration with
a razor blade, followed by manual pipetting to disassociate cell clumps. Cells were filtered
through a 40-µm filter (Falcon), centrifuged at 1,000 x g for 10 min, and resuspended to the
5

desired volume. For zebrafish tumor cell transplantation, 5-µl suspension containing 10 –10

6

tumor cells were injected into the peritoneal cavity of each recipient fish using a 26s Hamilton
80366 syringe. For high-resolution confocal imaging of muscle and T-ALL engraftment, 1 µl cell
suspension containing desired amount of donor cells were injected intramuscularly into the
anesthetized recipient fish using a 33-gauge needle (Hamilton). Cellular engraftment was
assessed at 10, 20, and 30 dpt by epi-fluorescence microscopy. Recipient fish were sacrificed
when moribund or at ≥30 dpt. Animals engrafted with donor tissue were then subjected to either
(i) fixation in 4% paraformaldehyde for sectioning or (ii) isolation of peripheral blood for cytospins
and histological examination.
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Confocal imaging of multicolored cellular engraftment in recipient zebrafish

Imaging was performed using an inverted LSM 710 confocal microscope (Zeiss).
Recipient prkdc

D3612fs

mutant zebrafish were anesthetized using 168 mg/l Tricaine (Western

Chemical) before being placed onto a 12-mm glass-bottom dish (Thermo Fisher Scientific) with a
small amount of the Tricaine solution to allow slow breathing. Images were taken under the
acquisition mode using color combinations including AmCyan (excitation, 458 nm; emission, 472–
508 nm), zsYellow (excitation, 514 nm; emission, 521–547 nm), and mCherry (excitation, 561 nm;
emission, 602–623 nm). The Best Signal option in the Smart Setup was used to achieve strict
separation of different color channels. Laser intensity percentage was set with respect to the
intensity of each fluorescent marker used, between 10 and 18%. For imaging of muscle fiber
regrowth, 100× magnification was achieved with a 10× objective (NA, 0.45; coverglass thickness,
0.17 mm; working distance, 2.0 mm), and 200× magnification with a 20× objective (NA, 0.80;
coverglass thickness, 0.17 mm; working distance, 0.55 mm). For T-ALL competition, 400×
magnification was achieved with a 40× water emersion objective (NA, 1.3; coverglass thickness,
0.14–0.19 mm; working distance, 0.62 mm for 0.17 mm coverglass). The proportion of T-ALL
clones was quantified in the Fiji (ImageJ) software by measuring the area covered by each
fluorescent color, which accurately estimate fluorescence cell number
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.

Chapter 5: Concluding discussion and future directions

Summary of dissertation research

Loss of key cell types responsible for innate and adaptive immunity result in primary
immune deficiencies in vertebrate animals. To date, more than 150 mutated genes have been
identified to cause variable immunodeficiency syndromes in human. In the past few decades,
mouse models harboring mutations in key immune regulatory genes have been instrumental in
discovering pathogenic mechanisms underlying immune deficiency, as well as providing a robust
platform for transplantation research. Transplantation approaches can be used to assess normal
and malignant cell proliferation, self-renewal, homing, migration, and responses to therapy in
vivo. Despite the great utility of mice for xenograft studies, immune compromised mice are
expensive, prone to infection and require special housing facilities. Moreover, it is difficult to
directly image cellular engraftment at single cell resolution, necessitating surgical construction of
imaging windows and utilization of complex imaging infrastructure including high-resolution
intravital microscopy.
Building on the unique attributes of the zebrafish model for transplantation, including
small size, reduced cost, and optical clarity, we created immunodeficient zebrafish for
transplantation of normal and malignant allogeneic tissues. For example, a hypomorphic mutation
in the PHD domain of rag2 gene led to differential effects on V(D)J recombination in T versus B
cells, with the former being more severely affected, consistent with the phenotype of human
patients with Omenn syndrome with similar underlying genomic mutations. We went on to
employ TALEN-mediated mutagenesis strategies to create mutations in the prkdc and jak3
genes. Both mutants demonstrated striking conservations with the human lymphocyte
pathologies.
Immunodeficient zebrafish models allow engraftment of a wide range of normal and
malignant allogeneic tissues. Using the optically clear, rag2- and prkdc-deficient zebrafish, we
were able to dynamically assess the “hallmarks of cancer” and to define a wide array of novel cell
behaviors at single cell resolution in adult, living zebrafish. We developed methods to directly
visualize tumor-associated neovascularization, tumor-propagating cells in a pediatric muscle
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sarcoma, micro-metastatic melanoma dissemination, and clonal competition in leukemia. We
discovered that clonal dominance could emerge stochastically in T-cell acute lymphoblastic
leukemia as a result of dynamic competition between clones, lending new cell biological insights
into the mechanisms underlying human leukemia relapse.
In summary, we developed immunodeficient zebrafish models that enable allogeneic
transplantation of zebrafish tissues, providing a powerful tool to assess primary
immunodeficiencies and offering unprecedented visual access to dissect the behavior of
engrafted tumor cells at single cell resolution in live animals. A complete list of immunodeficient
zebrafish we developed and characterized can be found in Table 1.
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Table 1. Summary of immunodeficient zebrafish lines.

Future goals: immunodeficient zebrafish for xenograft transplantation

The long-term goal of this project is to create immunodeficient zebrafish models allowing
engraftment of human and mouse tissues, creating “zebrafish avatars of human cancer” for use in
large-scale drug screening efforts with patient-derived xenografts (PDX). Working towards this
direction, we have recently utilized CRISPR-Cas9 mutagenesis to create a new compound
mutant zebrafish that have frameshift mutations in both the protein kinase, DNA-activated,
catalytic polypeptide (prkdc) and interleukin-2 receptor gamma a (il2rga) (Figure 18a). Adult
prkdc-/-, il2rga-/- mutant fish exhibited severe immune deficiencies characterized by loss of the
normal thymic structure (Figure 18a) and dramatic decreases in both adaptive (T and B cells)
and innate (putative NK cells) immune cells (Figure 18b). We developed a protocol to supply
nutrients essential for human cell growth to the recipient zebrafish, which allowed robust
engraftment and proliferation of multiple tumor cell lines from mouse and human origins in the
prkdc-/-, il2rga-/- zebrafish by intra-peritoneal transplantation (Figure 19 and Table 2).
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Figure 18. prkdc-/-, il2rga-/- double mutant zebrafish exhibit severe
immunodeficiency involving adaptive and innate immunity. (a) Schematic of TALENmediated mutagenesis in the il2rga gene. Black triangles indicate known human mutations in the
IL2RG gene. Red arrow points to the TALEN target site. (b) Left and right TALEN binding sites
are highlighted in red. Note that a 13-nucleotide deletion causes open reading frameshift at amino
acid Y91, creating a premature stop codon and leading truncation of the protein. (c) Hematoxylin
and eosin stain of hisological sections of the thymus from wild-type, single mutant and double
mutant zebrafish. Panels to the right show higher magnification views of areas demarcated by red
rectangles. Black arrow points to normal thymus structure (inverted T shape) in the wild-type
animals, which was largely diminished in prkdc-/- and il2rga-/- single mutants, and completely
obliterated in the prkdc-/-, il2rga-/- compound mutants. Scale bars equal 1 mm (left panels) and
0.25 mm (right panels). (d) Relative expression level of immune cell markers assesed by
quantitative PCR (qPCR) analysis of bulk whole kidney marrow (n = 4 biological replicates for
each genotype). Error bars = standard error of the mean (S.E.M.); * p < 0.05; ** p < 0.01 by
Student’s t-test. (e) Top down-regulated gene sets identified after RNA sequencing of the bulk
whole kidney marrow of mutants (n = 3 fish analyzed/genotype). Gene expression is normalized
to wild-type marrow (>2-fold change; FDR < 0.05, Benjamini-Hochberg test).
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Figure 18. (continued)
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Figure 19. prkdc-/-, il2rga-/- double mutant zebrafish robustly engraft a subset of
human and mouse cancers. prkdc-/-, il2rga-/- recipient animals were injected with fluorescently
(GFP) labeled human or mouse cells with matrigel. Yellow arrows indicate the site of injection.
Recipient animals were housed post-transplantation in a 35-37°C aquarium system with water
containing sea salt, human essential amino acids and non-essential amino acids, vitamins,
energy sources including glucose and pyruvate, antibiotics, and antimycotic compounds, buffered
to pH = 7.40 by sodium bicarbonate. Tumor engraftment and proliferation was visualized in
individual recipients by epi-fluorescence microscopy over time. Hematoxylin and eosin stain on
paraffin sections of the tumor graft showed representative tumor histology. Scale bar equals 0.1
mm.
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Table 2. Engraftment rates of multiple human and mouse cell lines in the prkdc-/-,
il2rga-/- mutant fish. A tumor cell line is considered successfully engrafted in the recipient
animal when the fluorescence in the tumor graft surpasses that of day 0 after transplantation in
each individual recipient animal, at the end of assessment. Tumor grafts may also be retained (>
10% but < 100% fluorescence compared to day 0) or rejected (fluorescence drop to below 10% at
the end of assessment) in the prkdc-/-, il2rga-/- recipients.
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There are many opportunities to improve mammalian cell engraftment efficiency in
immunodeficient zebrafish. Firstly, difference in the position of mutations within the targeted gene
can cause impaired functionality in the protein to various degrees. For example, we attempted
utilizing genome editing methods to target the zebrafish foxn1 gene at two different positions near the ATG start codon, or near lysine 220, both of which resulted in frameshift mutations
presumably leading to truncation of the protein. However, the K220 mutant zebrafish exhibited far
more pronounced T cell impairment than the ATG mutant zebrafish. Secondly, genes that
function in the same pathway can have differential effects on signal transduction when knocked
out. For example, cytokine signaling through the common gamma chain/JAK3/STAT axis is
indispensable to normal lymphocyte development. Genetic mutations in factors downstream of
il2rg genes – for example, jak3 - can be exploited to incur T and NK cell deficiencies. Preliminary
data from our lab suggest the prkdc-/-, jak3-/- mutant zebrafish exhibited more severe T cell, B
cell and NK cell immunodeficiency, and accepted engraftment of human tumor cell lines that were
rejected by prkdc-/-, il2rga-/- mutant fish, making this combination of mutations a more effective
model for human cell xenograft studies.
Another direction is to enhance the availability of growth factors to proliferating human
tumor cells, in order to sustain long-term engraftment. Studies have revealed extensive genetic
and epi-genetic heterogeneity that exist across solid tumors

142, 228-230

. The diverse cell populations

within the tumor microenvironment define differential functionality to promote tumor growth and
invasion by a number of mechanisms, including secreting factors that regulate key signaling
pathways

182, 231

, promoting angiogenesis

after chemotherapy

157, 234

232

, evading immune surveillance

233

, and driving relapse

. In recent years, cancer-associated fibroblasts (CAFs) have been

increasingly appreciated as a key player in the tumor microenvironment

235-237

. In tumor types with

a substantial residence of CAFs in the tumor mass, CAF-specific protein signatures are valuable
in predicting treatment outcome

238

. A number of reports implicate the role of cancer-associated

fibroblasts in promoting cancer proliferation and invasion

236, 239

. Preliminary data by M. Ligorio et

al. suggest that pancreatic ductal adenocarcinoma cells co-cultured with CAFs derived from the
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same patient exhibit elevated levels of FGF and VEGF signaling (Q.T. personal communication).
Thus, we consider co-injection of and tumor cells a promising way to improve engraftment
efficiency and promote tumor cell proliferation in immunodeficient zebrafish.
While acute rejections of xenograft tissues are mediated by lymphocyte recognition of
non-self epitopes and production of antibodies against the graft, cellular xenograft rejection
involves cells of innate immune identities

240

. Macrophages have been implicated in both

processes and may function as “harbingers” to T cell activation

241

. Furthermore, macrophages

and monocytes are implicated in promoting solid tumor invasion and migration by inducing
“metastatic microenvironment” in liver cancers

242

. In order to ascertain the level of infiltration by

innate immune cell types in the xenografted tumor mass in zebrafish hosts, we performed
fluorescent immunohistochemistry using antibodies against zebrafish mpeg1 and mpx proteins to
probe for presence of macrophages and neutrophils, respectively. Extensive infiltration of both
macrophages and neutrophils is observed in wild-type zebrafish injected with human tumor cells.
In contrast, prkdc-/-, il2rga-/- double mutant had a mildly diminished population of macrophages
present within the tumor mass (Figure 20a), but virtually no infiltration of neutrophils (Figure
20b). This observation points us to a direction of enhancing xenograftment by macrophage
elimination.
We noticed a tendency of better xenograft performance by human melanoma and
sarcoma cells in comparison with tumor types from the gastrointestinal tract when engrafting into
immunodeficient zebrafish. This led us to speculate the role of extensive metabolic rewiring
through HIF1α, Myc and MITF activation in melanoma

243

, which allowed tumor cells to adapt to

low nutrient and oxygen microenvironments within the hyper-proliferative tumor. We envision that
mechanisms that drive constituent HIF1α activation, for example, if included in the
transplantation, could promote mammalian cell growth in the zebrafish.
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Figure 20. Macrophage and neutrophil infiltrations inside tumor grafts of prkdc-/-,
il2rga-/- double mutant zebrafish. Immunohistochemistry using a rabbit polyclonal antibody
against zebrafish mpeg1 (a) and mpx (b) revealed a mildly diminished presence of mpeg1expressing macrophages (red arrows, upper panels), as well as complete ablation of infiltrating
neutrophils (red arrows, lower panels) inside the engrafted tumor in prkdc-/-, il2rga-/- recipients.
GFP-labeled mouse melanoma B16-F10 cells (green arrows) are notably absent in the wild-type
recipient due to complete rejection of the graft. Note that DAPI stains for nuclei from both
engrafted mouse cells (big nuclei, white arrows) and the surrounding zebrafish cells (small
nuclei).
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One of the natural extensions of this work is to systematically transplant human cells to
large cohorts of adult immunodeficient zebrafish to facilitate drug screens in vivo. We are actively
undertaking efforts to investigate the effect of poly adenosine diphosphate (ADP) ribose
polymerase (PARP) inhibitors in conjunction with DNA damaging agents against Ewing
sarcoma

244

cell lines in our zebrafish xenograft model. We hope to discover innovative

combinatorial therapies with decreased cytotoxicity.
In the future, we envision our engraftment platforms will be useful for small hairpin RNA
(shRNA) or CRISPR-Cas9 mutagenesis-based genetic screens using human cancers. For
example, barcoded pools of lentivirus targeting oncogenes or putative tumor suppressors can be
infected in tumor cell lines. When transplanted into immunodeficient zebrafish, competition
among clones carrying various genetic mutations could result in survival and dominance by
certain clones and loss of others. The identities associated with the winning clones and genes
lost in the analysis could inform the investigation of the roles of key genes in tumor aggression
and identification of new therapeutic targets.
We believe that the immunodeficient zebrafish has tremendous potential to become an
ideal transplantation platform for patient-derived xenograft tissues and cells, facilitating largescale, precision therapeutic screens in vivo. The immunodeficient zebrafish models behold great
promise in enfranchising the next era of cancer research discovery.
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