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  Prelude: Cancer  and Zebrafi sh   

    Cancer and Its History 

 Cancer is the second leading cause of death in the United States after heart disease 
and claimed the lives of approximately 585,000 Americans in 2014. In total, nearly 
1.7 million people will be diagnosed with cancer in the United States this year and 
approximately 14.1 million worldwide. Although cancer rates increase with 
advanced age, many cancers arise in children, adolescents, and young adults. 
Moreover, distinct cancer subtypes are uniquely found within specifi c age classes, 
ethnicity, gender, and regions of the world—avowing that cancer can touch the life 
of anyone. 

 Cancer arises when cells within the body acquire uncontrolled growth. Cancer is 
not a single disease, but rather a heterogeneous compilation of diseases that are 
defi ned by the anatomical location within the body, the cells within a specifi c organ 
system that are transformed, and, more recently, by the expression of oncogenic 
driver mutations. These abnormal, malignant cells eventually seed distant sites, 
leading to metastatic spread and destruction of organs, tissues, and impairment of 
normal body function. 

 The Egyptians were the fi rst to document the existence of cancer around 1600  BC , 
with our modern notions of cancer, including its name, being derived from 
Hippocrates around 400  BC.  Termed “carcinos,” a Greek work for crab, Hippocrates 
studies were limited to external evaluation of tumors and largely focused on detail-
ing the rapid growth of masses that were commonly associated with the establish-
ment of vascular networks that predominate in solid tumors. To Hippocrates, these 
vessels looked like the sprawling and long legs of a crab, hence the coining of 
“carcinos” for these diseases. Celsus later translated “carcinos” into Latin around 
the time of Christ, defi ning these growths as “cancer” and cancer swelling as 
“carcinoma.” 

 Rudimentary treatments were initially used to treat cancer before the 1900s, 
which largely focused on excising the cancer mass and ridding the body of black 
humors through bloodletting. Not surprisingly, cancer was nearly universally lethal 
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prior to 1900. However, over the past century, we have waged a signifi cant battle in 
the war on cancer. Using chemotherapy, radiation, and surgery, oncologists had suc-
cessfully defeated many pediatric cancers by the middle of this century that for the 
fi rst time led to long-term and durable cures. These initial successes were largely 
confi ned to pediatric cancer patients and eventually paved the way for novel thera-
pies in adults. To date, we have seen some successes in the treatment of subsets of 
adult cancers. Yet, despite these initial wins, the battle to suppress and kill cancer 
continues. Industrialization, obesity, changes in diet, and increased life expectancy 
have invariably led to increased cancer rates, erasing many perceived gains in our 
war on cancer. Moreover, as more patients survive cancer, the long-term effects of 
therapy have become an enormous clinical challenge—fueling elevated rates of sec-
ondary cancer, mental cognition effects, and sterility. Despite many advances made 
over the last century, it is clear that cancer will continue to be a public health prob-
lem and its study will predominant the scientifi c arena for years to come.  

    The Modern View of Cancer 

 Cancer is increasingly viewed as a disease driven by genetic mutation and which 
ultimately leads to the acquisition of targeted changes within affected cells. These 
genetic lesions impart new phenotypic changes including elevated growth, ability to 
recruit vasculature, suppression of cell death, growth factor independence, therapy 
resistance, and metastasis. Initial studies have identifi ed dominant oncogenic driv-
ers, classically defi ned as tumor suppressor genes and oncogenes. Tumor suppres-
sors are defi ned by inactivation of a specifi c gene through deletion, inactivating 
point mutations, early gene termination, or gene silencing due to methylation or 
epigenetic regulation. Oncogenes are amplifi ed, overexpressed, or acquire genetic 
mutations to enhance and/or provide new function to a specifi c gene. Oncogenes are 
ideal drug targets since they are highly expressed in tumors and many are required 
for continued tumor growth. For example, Herceptin is an antibody with potent 
antitumor activity in HER2-amplifi ed breast cancer, and antiestrogen therapies have 
led to durable responses in ER+ disease. More recently, novel therapies have now 
been developed to target specifi c activating mutations including those in EGFR- 
mutant lung cancer, BCR-ABL fusions in acute myelogenous leukemia, and BRAF 
in melanoma. Yet other classic oncogenes including MYC and RAS have been dif-
fi cult to target directly. 

 To date, targeted therapies have become a powerful tool for treating a subset of 
cancers. Yet for others including lung adenocarcinoma and melanoma, cancer is 
now viewed as a chronic disease that requires constant surveillance to identify new 
resistance mutations. These evolved tumors are then treated with second- and third- 
generation targeted therapies. It is clear that the next few years will continue to 
witness the emergence of a wide range of drugs that target the most prevalent, recur-
rent mutations in cancer. Yet for rare and underrepresented oncogenic driver muta-
tions, it will be diffi cult to match clinically available drugs with actionable targets. 
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Finally, the promise of targeted therapy will likely rely on combinatorial approaches 
that also utilize chemotherapy, radiation, and immunotherapy. 

 Building on these initial successes in targeted therapy and improvements in 
sequencing technologies, the 2010s have been defi ned by identifying predisposing 
oncogenes and tumor suppressors in a wide range of cancer subtypes, attempting to 
defi ne patient-specifi c mutations and couple them with novel, targeted therapies. 
These studies have uncovered that many cancers and subtypes of disease often 
mutate the same dominant oncogenes and tumor suppressors including tyrosine 
kinases, RAS, MYC, and P53. Moreover, it has become increasingly recognized 
that not all cancers are alike and will require personalized therapy approaches to kill 
cancer. Such approaches require detailed understanding of each person’s cancer and 
uncovering the genetic vulnerabilities in the molecular pathways that drive sus-
tained tumor growth. This new appreciation of cancer identifi es increasingly smaller 
subsets of “cancers,” with treatment no longer exclusively defi ned by standard 
assignment based on cell of origin or anatomical location of the primary tumor. 

 Cancer subtype-specifi c mutations are common and are often confi ned to only a 
small fraction of human tumors. These infrequent mutations often converge on 
common underlying molecular pathways to drive transformation, with many of 
these same pathways being critically important for normal development. In an era 
of whole genome sequencing, a plethora of genes have now been identifi ed that are 
mutated in cancer and yet are found in only a small fraction of patients. Our ency-
clopedia of possible oncogenic driver mutations now numbers thousands of genes, 
yet defi ning the role of these genes in cancer and if they are in fact oncogenic drivers 
rather than passenger mutations is an ever-increasing problem for cancer biologists. 
Moreover, defi ning how best to exploit these rare mutations for targeted therapy 
remains a challenge, especially for the pharmaceutical industry where only 1 % of 
drugs entering the clinical evaluation pipeline go on to receive FDA approval, with 
an estimated cost of over one billion dollars to bring a new drug to market. 

 In parallel to genetic studies that have identifi ed a litany of mutations found in 
human cancer, cancer researchers have increasingly focused on reeducating the host 
immune system to attack and kill cancer cells. Immunotherapy is a burgeoning area 
of research that has exploded on the scene over the last decade. From developing 
novel antibodies to CTLA4, PD-1, and PD-L1 to stimulate T-cell killing of tumor to 
engineering CAR T cells from a patient’s own blood cells that recognize tumor- 
specifi c antigens and effectively mount an immune attack, it is clear that immuno-
therapy will continue to revolutionize patient care and treatment in the coming 
years. Yet, sadly, cancer is highly mutable and ever-changing. Thus, it is inevitable 
that a subset of tumors will acquire resistance mechanisms to immunotherapies, 
requiring continued treatment with second-line targeted therapies and combination 
drug treatments. 

 Intratumoral heterogeneity and clonal evolution in cancer are also now widely 
recognized as a major clinical challenge. Again whole genome sequencing and 
large-scale analysis of individual cancer cells have uncovered a wide diversity of 
genetic mutations found within clones. This intratumoral heterogeneity provides a 
larger pool of cells on which Darwinian evolution can occur, providing a rich 
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 diversity of ways that cells evade therapy and drive progression. Discovering how 
individual cells and pathways drive cancer evolution will remain a challenge to our 
fi eld for years to come.  

    Zebrafi sh Models of Cancer 

 Animal models of cancer, especially mouse models, have been invaluable to our 
understanding of human cancer. Aided by targeted gene inactivation, gene replace-
ment technologies, and conditional transgenic approaches, mouse models of cancer 
have become increasingly sophisticated and accurately mimic many of the under-
pinning of human disease. Most notably, mice have been integral in defi ning the 
underlying genetic mutations that drive cancer initiation, progression, and therapy 
responses. Beyond the use of genetically engineered mouse models of cancer, 
immunocompromised mice have fast become a reliable and useful tool to study 
human cancer growth in vivo. For example, mice can effi ciently engraft a wide 
range of human cancers and engrafted animals studied for responses to chemother-
apy. Such approaches have transformed our understanding of human cancer and 
provided systematic approaches to identify drugs and combination therapies for the 
treatment of cancer. 

 Yet, mouse models are not the only animal models of cancer. For example, ele-
gant models of cancer exist in  Drosophila, C. elegans , and fi sh. For example, fl ies 
have been studied for defects that lead to growth defects in the eye, imaginal discs, 
and hemolymph. Moreover, transgenic approaches can be used to drive oncogenes 
in developing tissue, most notably the use of PAX7-FKHR in fl y models of prema-
lignant alveolar rhabdomyosarcoma.  C. elegans  have also been used for assessing 
cancer processes, most notably the outgrowth of uveal tissues. These invertebrate 
models offer many advantages including genetic screening tools, short generation 
time, and facile manipulation of animals; yet tumors do not, by and large,  recapitulate 
disease found in humans, and many organ systems are not found in these animals. 
By contrast, fi sh have emerged as a powerful model of cancer, mimicking many of 
the classic cancer phenotypes and molecular ontogeny as found in their human 
counterpart cancers. The fi rst models of cancer in fi sh included chemical- and car-
cinogen-induced tumors, while the fi rst genetic fi sh model of cancer was melanoma 
in the platyfi sh,  Xiphophorous . Building on the unique attributes afforded to fi sh 
models, many laboratories have now developed zebrafi sh, medaka, and other 
piscine cancer models that transgenically overexpress oncogenes and/or harbor 
inactivating mutations in tumor suppressors. Moreover, many laboratories are 
working toward the goal of implanting human cancers into immunodefi cient zebraf-
ish—prior to establishment of a fully formed immune system by 21 days of life. 

 Zebrafi sh have dominated in the arena of using fi sh to study cancer, in large part 
to the powerful genetic and developmental tools available and the long history of 
using zebrafi sh for genetic screens. Zebrafi sh have many attributes that make them 
ideal models for the study of cancer. Most importantly, zebrafi sh cancers are 
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 molecularly and histopathologically similar to human disease, a prerequisite for 
modeling cancer processes in any animal model. Zebrafi sh are also small, allowing 
rearing of tens of thousands of animals in a relatively small space and permitting 
economy of scale at reduced costs when compared with mouse models. Zebrafi sh 
also exhibit high fecundity with each female mating weekly and capable of produc-
ing 100–200 eggs per week. Zebrafi sh are optical clear during early larval develop-
ment, and genetic strains have been produced that allow direct visualization of 
organs in nonpigmented,  Casper -strain fi sh. Capitalizing on the optical translucency 
of zebrafi sh, facile transgenic approaches have been used to track cancer cells over 
time and to dynamically visualize cancer processes in vivo. Such approaches are 
severely limited in mouse models of cancer. Finally, zebrafi sh are a robust model for 
drug discovery and large-scale in vivo drug screening. 

 This book will help defi ne the unique attributes of using the zebrafi sh and other 
piscine cancer models for discovering important cancer pathways and drugs for the 
treatment of human disease. This volume will cover the use of zebrafi sh for onco-
gene and tumor suppressor discovery, chemical genetic approaches, genomics, epi-
genetics, cancer imaging, and cell transplantation. Sections of this book will outline 
how the zebrafi sh will be useful for characterizing the long list of possible onco-
genic drivers identifi ed by whole genome sequencing of human cancer and defi ne 
the importance heterogeneity has in cancer evolution. These contributed chapters 
represent a cross-section of our community and defi ne the contribution of promi-
nent laboratories working in this area. Latter chapters will provide detailed analysis 
of the state of the fi eld concerning specifi c zebrafi sh cancer models including T-cell 
leukemia, rhabdomyosarcoma, liver and pancreatic cancer, melanoma, neuroblas-
toma, germ cell tumors, and malignant peripheral sheath tumors. A chapter is dedi-
cated to defi ning the development and use of alternative piscine models of cancer. 
This book is the most comprehensive work published to date detailing the use of 
fi sh to study cancer and provides a much-needed resource to defi ne the powerful 
attributes of this model system. 

 I thank our chapter contributors for their unique insights and time dedicated to 
making this project a success. I am particularly indebted to my colleagues at Dana-
Farber Cancer Institute, Children’s Hospital Boston, Massachusetts General 
Hospital Boston, and Harvard Medical School for the rich environment I have 
grown up in as a cancer biologist over the past 15 years. I also thank those bold 
scientists in my laboratory who continue to wonder, search, and strive to fi nd new 
understanding of human cancer including my past and present fellows, Drs. Myron 
Ignatius, Eleanor Chen, Madeline Hayes, Jessica Blackburn, Finola Moore, John 
Moore, and Riadh Lobbardi; my PhD and master’s students, Ines Tenente, Elaine 
Garcia, Qin Tang, and Manon de Waard; technical staff, Karin McCarthy, Ashwin 
Ramakrishnan, Aleksey Molodtsov, Ryan Clagg, Sarah Martinez, Sali Liu, and 
Aubrey Raimondi; and undergraduate researchers and interns too numerous to list. 
I thank my wife Brenna and two children Daniel and Derek for their constant sup-
port and my mother, Diana Langenau, and the late Clarence Yount and Doris 
Langenau who defi ne to me what it means to live a full and happy life as a cancer 
survivor. I thank the patients, their loved ones, and advocates for their continued 
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support of cancer research, especially in the  pediatric cancer arena including but not 
limited to Alex’s Lemonade Stand Foundation for Childhood Cancer, St. Baldrick’s 
Foundation, Live Like Bella Foundation, Cure4Cam, and QuadW Foundation. 
Finally, I thank Fiona Sarne and Joy Bramble from Springer who have provided 
vision and guidance in compiling and editing this book.   

     David         Langenau     
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      Uncharted Waters: Zebrafi sh Cancer Models 
Navigate a Course for Oncogene Discovery                     

       Craig     J.     Ceol      and     Yariv     Houvras    

    Abstract     Over a decade has elapsed since the fi rst genetically-engineered zebraf-
ish cancer model was described. During this time remarkable progress has been 
made. Sophisticated genetic tools have been built to generate oncogene expressing 
cancers and characterize multiple models of solid and blood tumors. These models 
have led to unique insights into mechanisms of tumor initiation and progression. 
New drug targets have been identifi ed, particularly through the functional analysis 
of cancer genomes. Now in the second decade, zebrafi sh cancer models are poised 
for even faster growth as they are used in high-throughput genetic analyses to elu-
cidate key mechanisms underlying critical cancer phenotypes.  

  Keywords     Zebrafi sh   •   Cancer   •   Transgenic   •   Ras   •   BRAF   •   p53  

      Introduction 

 It has been less than 40 years since pivotal work established that defects in our own 
genes are a major cause of cancer (reviewed in [ 1 ]). Thanks to The Cancer Genome 
Atlas and other cancer sequencing studies we now have comprehensive catalogs of 
genetic changes across major cancer types. These databases have revealed new 
oncogenes and tumor suppressor genes as well as polygenic signatures that are 
sometimes shared across different types of cancers. Yet, these catalogs are in many 
ways a beginning. Functional studies of recurrently mutated genes are critical in 
determining the mechanisms by which any new cancer genes are involved in tumori-
genesis. In many cases, genes are mutated at a frequency that borders on the edge of 

        C.  J.   Ceol      (*) 
  Program in Molecular Medicine and Department of Molecular, Cell and Cancer Biology , 
 University of Massachusetts Medical School ,   368 Plantation Street ,  Worcester , 
 MA   01605 ,  USA   
 e-mail: Craig.Ceol@umassmed.edu   

    Y.   Houvras      (*) 
  Departments of Surgery and Medicine ,  Weill Cornell Medical College , 
  1300 York Avenue ,  New York ,  NY   10065 ,  USA   
 e-mail: yah9014@med.cornell.edu  

mailto:Craig.Ceol@umassmed.edu
mailto:yah9014@med.cornell.edu


4

signifi cance, and for these genes it will be important to study the relevance to tumor 
progression. Other types of genetic changes—recurrent copy number variation and 
chromosomal aberrations—do not always nominate single genes, and follow- up 
studies are necessary to pinpoint the genes that are critical for promoting tumorigen-
esis. Lastly, while genome sequences are undoubtedly a boon to cancer research, a 
great deal of tumor progression is not addressed by sequence, and complementary 
approaches are required to identify and understand causative mechanisms. 

 Animal models have played a key role in deconstructing tumor progression. 
Over the past decade zebrafi sh have emerged as an innovative model that is particu-
larly well suited for functional genetic studies in cancer, especially as it pertains to 
oncogene discovery. As a model system zebrafi sh possess multiple unique attributes 
may be harnessed for cancer research. Using zebrafi sh, large-scale genetic screens 
are possible. In addition, the zebrafi sh is optically transparent, enabling real-time 
and longitudinal studies of cancer cells in an intact microenvironment. Drug treat-
ments are straightforward, and libraries of drugs can be screened for compounds 
that affect tumor-relevant phenotypes. This review highlights transgenic zebrafi sh 
models of oncogene-induced solid tumors, with an emphasis on how the unique 
attributes of zebrafi sh as an experimental system have been and can be applied to 
cancer research.  

    Zebrafi sh Cancer Models 

 A major reason why zebrafi sh was originally adopted and continues to grow as a 
model system is the conservation of tissues and organs with higher vertebrates. 
Zebrafi sh vasculature, heart, bone, blood, liver, kidney, pancreas, intestine, thyroid, 
skin, thymus, and gonads share anatomic organization, cellular makeup, and devel-
opmental origins with their mammalian counterparts. This conservation of tissues 
and organs led Langenau, Look, and colleagues, to test whether expression of a well 
characterized oncogene,  c - myc , could lead to neoplastic phenotypes in zebrafi sh. 
Transgenic expression of  c - myc  under control of a lymphocyte specifi c promoter led 
to T-cell lymphoblastic leukemia in zebrafi sh, in a landmark paper published in 
2003 [ 2 ]. Subsequent studies demonstrated that bcl-2 overexpression confers pro-
tection from radiation induced apoptosis in this model [ 3 ], and examined clonal 
evolution after transplantation of single T-ALL cells into recipient zebrafi sh [ 4 ]. 
These studies demonstrate that transgenic cancer models in zebrafi sh may recapitu-
late human disease, and lead to genetic and phenotypic insights. Since the initial 
model of leukemia was created in zebrafi sh, multiple diverse solid tumor models 
have been described (Table  1 ). These include models of rhabdomyosarcoma, liver 
cancer, pancreatic cancers, neuroblastoma, melanoma and others (reviewed in [ 4 , 
 53 ]). These transgenic models have been created with a range of tissue specifi c 
promoters, disease relevant oncogenes, and tumor suppressors. Tumor phenotypes 
arising in zebrafi sh cancer models often bear striking similarity to human cancer 
histopathology, and reveal conserved changes in gene expression and critical 
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signaling and developmental pathways. These models have been used to perform 
chemical-genetic screens [ 8 ,  22 ], examine migration and metastasis in vivo [ 7 ,  54 , 
 55 ], and identify cooperating genetic lesions that contribute to tumor initiation and 
progression [ 19 ,  24 ,  50 ].

   Some basic knowledge about transgenic zebrafi sh cancer models emerges from 
the body of work produced over the past decade. Critical to the success of zebrafi sh 
models has been the identifi cation of tissue specifi c promoters. The developmental 
biology community has built a deep resource of whole mount in situ patterns in 
early development [ 56 ,  57 ], which can be used to identify genes with tissue restricted 
expression. With the maturation of the zebrafi sh genome sequence, candidate pro-
moters can be rapidly cloned and tested using fl uorescent reporters. Selection of 
appropriate oncogenes may be guided by knowledge of the specifi c human disease. 
Activating mutations in canonical oncogenes, such as RAS-G12V/D, overexpres-
sion of wild-type oncogenes, such as c-myc, and expression of fusion proteins aris-
ing after translocation, such as TEL-AML1 [ 11 ], have all been successfully utilized 
to model cancer in zebrafi sh. Several tumor suppressor mutants have been charac-
terized in zebrafi sh, including pten and nf1 [ 45 ,  58 – 61 ]. The most experience is with 
a zebrafi sh p53 point mutant (M214K) that was generated using chemical mutagen-
esis [ 44 ]. This is a loss-of-function mutation and zebrafi sh harboring this mutation 
spontaneously develop malignant peripheral nerve sheath tumors (MPNSTs). 
Multiple cancer models have utilized this p53(lf) mutant to demonstrate cooperativ-
ity with oncogenes. In the zebrafi sh melanoma model, for example, expression of 
BRAF(V600E) in melanocytes only leads to melanoma on a p53 mutant back-
ground [ 17 ]. Transgenic tools in zebrafi sh are aided by the relative simplicity of 
microinjection at the 1 cell stage and the embryo’s rapid developmental program. 

 Building on this basic toolkit of transgenic tools, some investigators have added 
even more sophisticated approaches. Expression of Cre and other recombinases has 
been utilized to achieve temporal control over oncogene induction [ 5 ,  51 ,  62 ]. A 
zebrafi sh heat-shock promoter has been employed to allow external warming to 
activate specifi c genes, including oncogenes or Cre [ 5 ]. Transplantation has been 
increasingly used in zebrafi sh to address questions related to cell autonomy and 
tumor initiating cell populations. Initial tumor models in zebrafi sh utilized trans-
plantation to demonstrate that tumors possessed tumor-initiating potential in suble-
thally irradiated recipients [ 2 ,  63 ]. These approaches have advanced to a point where 
engraftment after single cell transplantation is possible [ 4 ] and where immunocom-
promised  rag  mutant hosts are available [ 64 ]. Pathway specifi c reporters have been 
created to monitor the activity of TGF-B, Notch, Bmp, and Shh during tumor devel-
opment [ 37 ]. Transgenic zebrafi sh cancer models may be employed in chemical 
screens to identify small molecule inhibitors of particular pathways or lineages [ 8 , 
 22 ]. Because zebrafi sh are optically clear as embryos, and various pigment mutants 
have been developed for adult studies [ 65 ], imaging tumor development over time 
offers signifi cant advantages in understanding tumor initiation and progression. 

 Transgenic approaches to model cancer in zebrafi sh are progressing rapidly 
thanks to recent breakthroughs in CRISPR/Cas9 technology. Prior to CRISPR/Cas9 
and other genome editing technologies the only reliable way to generate loss-of- 
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function mutations in desired genes was to perform ENU mutagenesis and screen 
large pools of animals to identify a random mutation in a gene of interest. While this 
approach was successful and generated several important mutants, CRISPR/Cas9 is 
signifi cantly less resource intensive. Although genome editing in zebrafi sh using 
CRISPR/Cas9 is still being optimized, soon it will likely be routinely possible to 
edit and recombine into the fi sh genome to create specifi c changes in protein coding 
genes, examine the importance of regulatory regions, and introduce protein tags for 
immunoaffi nity purifi cation or immunofl uorescence. Tissue specifi c expression of 
Cas9 has already been utilized to restrict genome editing to specifi c lineages and 
organs [ 66 ]. These approaches will revolutionize zebrafi sh cancer models as we 
gain the ability to alter any nucleotide sequence in the genome in any cell type. 

 Tumors arising in zebrafi sh cancer models share many histopathologic features 
with human cancers. Tumors are often highly vascular, and fl uorescent lines that 
label the vascular endothelium have been used to study the process of tumor angio-
genesis. Many tumors, such as the melanomas and pancreatic adenocarcinomas are 
highly invasive [ 26 ,  34 ]. Models of metastasis are being actively developed, aided 
by the development of a nearly transparent adult zebrafi sh,  casper . Tumors display 
cytopathologic features consistent with high grade neoplasms, such as a high 
nuclear to cytoplasmic ratio, nuclear pleomorphism, and frequent mitotic fi gures. 
In characterizing the melanoma model we have worked closely with expert human 
pathologists, which has been essential in understanding the similarities between the 
human disease and the zebrafi sh model. Further efforts to expand the use of anti-
bodies for immunostaining may identify tumor and pathway specifi c markers that 
are shared across species. 

 Zebrafi sh cancer models have shown conservation of the mechanisms involved 
in tumor initiation and progression. Oncogenes and tumors suppressors that drive 
cancer formation in humans act similarly in zebrafi sh models.  BRAF ( V600E ) is a 
major oncogene in human melanoma and can drive melanoma formation in zebraf-
ish in cooperation with a p53 loss of function mutation [ 17 ]. Expression of 
BRAF(V600E) alone in melanocytes leads to fi sh nevi, a benign lesion character-
ized by oncogene induced senescence. This is similar to human nevi that also harbor 
a high frequency of BRAF(V600E) mutations. NF1 mutations predispose patients 
to peripheral and central nervous system tumors, and additional abnormalities 
involving neural crest, neural tube and mesoderm-derived tissues [ 67 ]. Loss-of- 
function mutations in the two zebrafi sh NF1 orthologs synergize to cause a similar 
spectrum of defects, in particular peripheral nerve sheath tumors and gliomas [ 45 ], 
to those prevalent in NF1 patients. 

 Gene expression studies from zebrafi sh cancer models have revealed activation 
of conserved pathways between fi sh and human cancers. Langenau, Zon and col-
leagues created a rhabdomyosarcoma model by expressing activated  Ras   G12D   in 
muscle tissue [ 46 ]. Expression profi les of these tumors were most similar to human 
embryonal rhabdomyosarcomas, which are commonly driven by  RAS  mutant 
 oncogenes, and less similar to alveolar rhabdomyosarcomas, which arise from fork-
head transcription factor translocations but not  RAS  mutations. In broader compari-
sons, the zebrafi sh rhabdomyosarcoma profi les were used to defi ne a core gene 
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signature that is shared by human pancreatic and other cancers that have  RAS  muta-
tions. Using a similar approach, Gong and colleagues created a liver tumor model 
by inducibly expressing the  MYC  oncogene under the control of the hepatocyte- 
specifi c  fabp10  promoter [ 27 ]. Gene expression profi les of liver tumors were 
obtained, and they most closely matched profi les of human hepatocellular carcino-
mas, which are often driven by high levels of  MYC . Together these studies have 
established that cancer models created in zebrafi sh recapitulate key signaling path-
ways and gene expression patterns found in human tumors. 

 We acknowledge that there are some limitations to modeling cancer in zebrafi sh. 
For example, zebrafi sh do not possess lung or mammary tissues. In these cases it 
may be possible to study lung and breast tumors using xenotransplantation. 
Alternatively, it is possible that some related tissues may be appropriate surrogates. 
For example, we are unaware of a zebrafi sh prostate organ, yet highly specifi c pros-
tate epithelial genes are conserved in zebrafi sh, leading us to speculate that there 
may be urogenital cells with conserved function amenable to disease modeling. In 
some cases key tissue specifi c tumor suppressors are conserved in zebrafi sh, for 
example, the breast-ovarian cancer susceptibility genes, BRCA1 and BRCA2 have 
zebrafi sh orthologs. Genetic perturbation of these genes may reveal essential 
insights into their function in ovarian cells, for example. Some zebrafi sh organs 
exhibit differences in cellular organization or tissue architecture that may infl uence 
the range of possible tumor phenotypes. It is vital for scientists modeling cancer in 
zebrafi sh to collaborate with human pathologists expert in the specifi c disease in 
order to defi ne specifi c histologic features that are conserved across species.  

    Beyond Model Building: What Have We Learned? 

 In recent years, a transition has occurred from building zebrafi sh cancer models to 
using these models to understand aspects of disease. These studies focus on a range 
of genetic, molecular and cellular defects in cancers. A theme of many studies has 
been their application of unique features of the zebrafi sh toward cancer biology. 
Below we highlight several of these studies and, with each, describe the topic of study 
and how attributes of the zebrafi sh were leveraged to enable novel discoveries. 

    Identifying Relevant Cancer Genes: Somatic Cell Genetics 

 With the appropriate design, genetic analyses can be performed in the somatic cells 
of zebrafi sh. A major advantage of somatic cell genetics is that it forgoes the time 
and space-consuming breeding schemes involved in manipulating germline- 
transmitted mutations or transgenes. Somatic cell genetic approaches often create 
distinct genetic modifi cations (e.g. integrations, shRNA knockdowns, indels) in 
many different cells of a single animal [ 68 – 70 ]. Therefore, in a single animal many 
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different genetic perturbations can be sampled. Because of the prolifi c nature and 
ease of transgenesis of zebrafi sh, many different individuals, along with different 
cells in an individual, can be used to probe distinct genetic modifi cations. 
Furthermore, transgenic methods in zebrafi sh are relatively uncomplicated, espe-
cially as compared with higher vertebrates, such as the mouse. These approaches 
may utilize CRISPR/Cas9 to perform loss-of-function studies [ 66 ], or they may 
harness tissue specifi c promoters to express transgenes in specifi c cell lineages or 
organs [ 20 ]. Because of the prolifi c nature, ease of transgenesis, and ability to 
manipulate somatic cells of zebrafi sh, a major strength of these approaches is that 
each animal may possess multiple different genetic perturbations, and thus a range 
of phenotypes can be effi ciently characterized. 

 Somatic cell genetics has been applied in the zebrafi sh to deconstruct the effects 
of copy number changes in human melanoma. Melanomas and other solid tumors 
have rampant gene copy number variation. Certain regions of the genome are recur-
rently copy number varied, and recurrently amplifi ed regions often contain onco-
genes whereas recurrently deleted regions contain tumor suppressors. However, 
determining which genes in a recurrently varied interval are involved in tumorigen-
esis can be challenging, especially when the interval is large and contains many can-
didate genes. To test candidate genes in a recurrently varied interval, Ceol, Houvras 
and Zon developed a transgenic approach in somatic cells in which melanocytes 
were generated in animals without the need for germline transgenesis [ 19 ]. In this 
system, a wild-type  mitfa  minigene was introduced into melanocyte-defi cient  mitfa  
mutants. The  mitfa  minigene acts cell autonomously, so every rescued melanocyte 
contained the minigene. An analysis of copy number alterations in human melanoma 
was used to select candidate melanoma oncogenes residing in genomic regions that 
are recurrently amplifi ed [ 71 ]. Candidate melanoma oncogenes were coupled to the 
 mitfa  minigene so they too were expressed in rescued melanocytes. Rescued melano-
cytes were generated on a  mitfa ( lf ) background that also contained the  BRAF   V600E   
oncogene and a  p53  loss-of-function mutation, and the effect of a candidate gene on 
melanoma onset was measured. One gene in the recurrently amplifi ed interval, 
 SETDB1 , accelerated tumor onset and increased melanoma cell invasion.  SETDB1  
encodes a histone methyltransferase, and its amplifi cation likely acts to bypass onco-
gene-induced senescence and alter expression of Hox and other genes. In support of 
the work done in zebrafi sh, genome-wide associated studies of melanoma patients 
have also implicated  SETDB1  as important in melanoma  susceptibility [ 72 ,  73 ], and 
as an essential gene and potential drug target in a murine model of leukemia [ 74 ]. 

 Somatic cell genetics has also been used to defi ne putative cancer genes through 
mutagenesis. McGrail, Essner and colleagues adapted a system, previously devel-
oped in the mouse [ 75 ], to mobilize mutagenic transposons in zebrafi sh somatic 
cells [ 76 ]. Fish with tumors in different tissues were isolated, and transposon inte-
gration sites identifi ed through ligation-mediated PCR. Many of the genes with 
transposon integrations were also sites of integration in mouse cancer studies, pri-
oritizing this group of genes for further investigation. In such studies, common sites 
of integration are critical in defi ning new cancer genes, and the large number of 
tumor-bearing fi sh that can be isolated makes this a powerful approach.  
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    Interactions Between Tumor Genes: Combinatorial Genetics 

 The complexity of solid tumor genomes leads to a challenging question: how do the 
different genes altered in a given tumor interact to drive tumor progression? One 
way to answer this question is through combinatorial genetics, that is, testing the 
different alterations alone and in combination with each other. Zhu and Look 
adopted this approach to determine the role of  ALK  mutations in neuroblastoma 
pathogenesis [ 50 ]. A subset of neuroblastomas are driven by  MYCN  amplifi cations, 
and activation of  ALK , either by gain-of-function mutation or amplifi cation, is fre-
quently associated with  MYCN  amplifi cation [ 77 ]. Overexpression of  MYCN  in the 
zebrafi sh peripheral sympathetic nervous system (PSNS) led to neuroblastomas, 
although these tumors arose with partial penetrance and late onset. Most of the cells 
that experienced  MYCN  overexpression were eliminated via apoptosis, with only a 
fraction surviving and giving rise to tumors. When an activated  ALK  variant was 
co-expressed with  MYCN , more PSNS cells survived, neuroblastoma penetrance 
was increased and onset was accelerated. Thus, activated  ALK  appears to synergize 
with  MYCN  by preventing the  MYCN -induced cellular death in peripheral sympa-
thetic neurons, enabling neuroblastoma initiation. 

 Combinatorial genetics have also been used to probe the role of the MITF tran-
scription factor in melanoma. MITF is the key regulator of melanocyte cell fate, and 
its activity is altered in human melanomas. Lister, Patton and coworkers used a 
temperature-sensitive allele of  mitfa , the zebrafi sh MITF ortholog, to determine its 
role in melanoma initiation and progression [ 21 ]. This temperature-sensitive allele 
was bred with a transgenic strain expressing the  BRAF   V600E   melanoma oncogene in 
melanocytes.  BRAF   V600E   transgenic animals never developed melanomas. However, 
partial  mitfa  activity, created by holding  mitfa  temperature-sensitive mutants at an 
intermediate temperature, synergized with  BRAF   V600E   to cause melanoma formation. 
The reason for this synergism is unclear, but it was suggested that partial levels of 
 mitfa  hold cells in a progenitor-like state where they are more able to serve as cells 
of origin for tumors. Remarkably, the authors also utilized the mitfa temperature- 
sensitive allele to demonstrate that established melanomas regress when mitf activ-
ity is abrogated. Together these studies highlight how rapid breeding and ease of 
transgenesis can be leveraged for multigenic cancer studies in zebrafi sh.  

    Deconstructing Tumor Genomes: Evolutionary Distance 

 Completion of the zebrafi sh genome has facilitated broad comparative genomic 
studies between zebrafi sh and man [ 78 ]. Cancer genomes exhibit signifi cant aberra-
tions manifested as copy number variation, focal amplifi cations and deletions, 
translocations, and aneuploidy. These alterations have also been identifi ed in zebraf-
ish cancer models. Freeman, Lee, and colleagues described the fi rst bacterial artifi -
cial chromosome (BAC)-based platform for studying copy number alterations in 
zebrafi sh [ 79 ]. This approach led to the identifi cation of copy number changes in 
zebrafi sh rhabdomyosarcomas, T-ALLs, and melanomas. Subsequent studies using 
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microarray-based approaches confi rmed that zebrafi sh MPNSTs also exhibit a high 
degree of aneuploidy [ 80 ]. Rudner and colleagues examined copy number altera-
tions across several T-ALL models in zebrafi sh and identifi ed a set of genes that was 
amplifi ed in both zebrafi sh and human ALLs [ 81 ]. The authors found signifi cant 
overlap in genes between aggressive zebrafi sh T-ALLs and T-ALL samples from 
patients with poor clinical outcomes. Yen, White, and colleagues performed DNA 
sequencing from zebrafi sh melanomas and identifi ed recurrent amplifi cation of a 
gene encoding the catalytic subunit of protein kinase A, suggesting cooperativity 
with BRAF V600E  and p53 loss of function [ 18 ]. These studies demonstrate that 
genomic aberrations are also common in zebrafi sh cancers and point to pools of 
genes that are altered in tumors across species as being enriched for cancer drivers 
(Fig.  1 ). Indeed genes subject to conserved copy number changes have been impli-
cated as tumor drivers in both MPNST and rhabdomyosarcoma models [ 82 ,  83 ].

       Mechanistic Study of Cancer Genes: Functional Study 
in Early Development 

 Forward genetic screens have played a key role in establishing zebrafi sh as a 
 preeminent model organism for studying vertebrate development [ 84 ]. Many path-
ways involved in development are critically deregulated during tumorigenesis as 
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  Fig. 1    Conservation and comparative genomics. ( a ) Evolutionary relationship between zebrafi sh, 
mouse and humans. Mice and humans share a last common ancestor 90 mya, whereas zebrafi sh 
and humans diverged 420 mya. ( b ) Comparative genomics of copy number changes in cancer. 
Syntenic dispersal between humans and zebrafi sh can be used to winnow candidate oncogenic 
drivers present in regions of copy number variation (CNV)       
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cancer cells acquire properties such as unlimited self-renewal, invasion, metastasis, 
and altered metabolism. Zebrafi sh studies have identifi ed developmental regulators 
in many cell and organ-specifi c contexts, and increasingly these regulators have 
been identifi ed as important in cancer contexts. Using insertional mutagenesis, 
Sadler and colleagues identifi ed uhrf1 as a regulator of liver development and 
regeneration [ 85 ]. Uhrf1 encodes a protein essential for maintenance of DNA meth-
ylation. Remarkably, overexpression of human UHRF1 using a liver-specifi c trans-
gene led to dose dependent hypomethylation, senescence, and reduction in liver size 
in zebrafi sh [ 30 ]. When UHRF1 was overexpressed on a p53 heterozygous back-
ground a majority of animals developed hepatocellular carcinomas. The authors 
demonstrated a correlation between UHRF1 levels and disease recurrence after sur-
gery and survival in patients with hepatocellular carcinoma. These studies illustrate 
the close relationship between genes critical for organ development and pathways 
that are deregulated during tumorigenesis. 

 Additional studies have highlighted relationships between developmental signal-
ing pathways and tumor progression. Topczewska, Hendrix, and colleagues trans-
planted human melanoma cells into zebrafi sh embryos and identifi ed a phenotype 
consistent with ectopic secretion of nodal, a TGF-β family ligand [ 86 ]. Subsequent 
experiments found that melanoma cells produced abundant nodal activity, which 
promoted melanoma cell invasion via SMAD2/3 signaling. Schiavone, Argenton, 
and colleagues focused on the activities of multiple developmental signaling path-
ways in a model on pancreatic adenocarcinoma [ 37 ]. They used live imaging to 
monitor TGF-β, Notch, Bmp, and Shh pathways during tumor progression in vivo. 
This study and others illustrate how investigating developmental regulators can illu-
minate important pathways in cancer biology.  

    Further Leveraging of Zebrafi sh for Cancer Research: 
What Does the Future Hold? 

 The fi rst decade of transgenic approaches to model cancer in zebrafi sh was charac-
terized by remarkable innovation and scientifi c progress. Now, in the second decade 
challenges at hand are to address the many questions raised by cancer genomics 
studies and, beyond questions raised by sequence, solve fundamental issues in can-
cer biology that are best studied with intact tumors in vivo. Zebrafi sh cancer models 
hold signifi cant promise in identifying key pathways, novel drug targets, and eluci-
dating mechanisms of tumorigenesis. Clearly, the advent of CRISPR/Cas9 genome 
editing offers signifi cant technical capability to perform reverse genetics more effi -
ciently, and in a tissue-restricted manner. Inducible Cas9 and the ability to precisely 
recombine in the fi sh genome may herald a golden age of zebrafi sh transgenics, in 
which it is possible to alter any base in the genome. These approaches will allow 
researchers to examine the consequences of an edited oncogene in its native genomic 
context, perhaps even in a cell type restricted manner. The pace of innovation and 
discovery using zebrafi sh transgenic tools to study fundamental problems in cancer 
biology is likely to experience continued signifi cant growth.      

C.J. Ceol and Y. Houvras



15

  Acknowledgments   We sincerely apologize to those colleagues whose work was not included in 
this review. Funding for this effort was supported in part by the NIH (R01AR063850 to C.C.), the 
Department of Defense (CA120099 to C.C.), the Kimmel Scholar Award to C.C., and the American 
Cancer Society Research Scholar Award to C.C.  

   References 

    1.    Varmus HE (1984) The molecular genetics of cellular oncogenes. Annu Rev Genet 
18:553–612  

      2.    Langenau DM, Traver D, Ferrando AA, Kutok JL, Aster JC, Kanki JP, Lin S, Prochownik E, 
Trede NS, Zon LI et al (2003) Myc-induced T cell leukemia in transgenic zebrafi sh. Science 
299:887–890  

     3.    Langenau DM, Jette C, Berghmans S, Palomero T, Kanki JP, Kutok JL, Look AT (2005) 
Suppression of apoptosis by bcl-2 overexpression in lymphoid cells of transgenic zebrafi sh. 
Blood 105:3278–3285  

       4.    Blackburn JS, Liu S, Wilder JL, Dobrinski KP, Lobbardi R, Moore FE, Martinez SA, Chen EY, 
Lee C, Langenau DM (2014) Clonal evolution enhances leukemia-propagating cell frequency 
in T cell acute lymphoblastic leukemia through Akt/mTORC1 pathway activation. Cancer Cell 
25:366–378  

      5.    Langenau DM, Feng H, Berghmans S, Kanki JP, Kutok JL, Look AT (2005) Cre/lox-regulated 
transgenic zebrafi sh model with conditional myc-induced T cell acute lymphoblastic leuke-
mia. Proc Natl Acad Sci U S A 102:6068–6073  

    6.    Feng H, Langenau DM, Madge JA, Quinkertz A, Gutierrez A, Neuberg DS, Kanki JP, Look AT 
(2007) Heat-shock induction of T-cell lymphoma/leukaemia in conditional Cre/lox- regulated 
transgenic zebrafi sh. Br J Haematol 138:169–175  

     7.    Feng H, Stachura DL, White RM, Gutierrez A, Zhang L, Sanda T, Jette CA, Testa JR, Neuberg 
DS, Langenau DM et al (2010) T-lymphoblastic lymphoma cells express high levels of BCL2, 
S1P1, and ICAM1, leading to a blockade of tumor cell intravasation. Cancer Cell 18:353–366  

      8.    Gutierrez A, Pan L, Groen RW, Baleydier F, Kentsis A, Marineau J, Grebliunaite R, Kozakewich 
E, Reed C, Pfl umio F et al (2014) Phenothiazines induce PP2A-mediated apoptosis in T cell 
acute lymphoblastic leukemia. J Clin Invest 124:644–655  

    9.    Chen J, Jette C, Kanki JP, Aster JC, Look AT, Griffi n JD (2007) NOTCH1-induced T-cell 
leukemia in transgenic zebrafi sh. Leukemia 21:462–471  

    10.    Blackburn JS, Liu S, Raiser DM, Martinez SA, Feng H, Meeker ND, Gentry J, Neuberg D, 
Look AT, Ramaswamy S et al (2012) Notch signaling expands a pre-malignant pool of T-cell 
acute lymphoblastic leukemia clones without affecting leukemia-propagating cell frequency. 
Leukemia 26:2069–2078  

     11.    Sabaawy HE, Azuma M, Embree LJ, Tsai HJ, Starost MF, Hickstein DD (2006) TEL-AML1 
transgenic zebrafi sh model of precursor B cell acute lymphoblastic leukemia. Proc Natl Acad 
Sci U S A 103:15166–15171  

    12.    Zhuravleva J, Paggetti J, Martin L, Hammann A, Solary E, Bastie JN, Delva L (2008) MOZ/
TIF2-induced acute myeloid leukaemia in transgenic fi sh. Br J Haematol 143:378–382  

    13.    Forrester AM, Grabher C, McBride ER, Boyd ER, Vigerstad MH, Edgar A, Kai FB, Da’as SI, 
Payne E, Look AT et al (2011) NUP98-HOXA9-transgenic zebrafi sh develop a myeloprolif-
erative neoplasm and provide new insight into mechanisms of myeloid leukaemogenesis. Br 
J Haematol 155:167–181  

    14.    Deveau AP, Forrester AM, Coombs AJ, Wagner GS, Grabher C, Chute IC, Leger D, Mingay 
M, Alexe G, Rajan V et al (2015) Epigenetic therapy restores normal hematopoiesis in a 
zebrafi sh model of NUP98-HOXA9-induced myeloid disease. Leukemia 29:2086–2097  

    15.    Gjini E, Mansour MR, Sander JD, Moritz N, Nguyen AT, Kesarsing M, Gans E, He S, Chen S, 
Ko M et al (2015) A zebrafi sh model of myelodysplastic syndrome produced through tet2 
genomic editing. Mol Cell Biol 35:789–804  

Uncharted Waters: Zebrafi sh Cancer Models Navigate a Course for Oncogene Discovery



16

    16.    Balci TB, Prykhozhij SV, Teh EM, Da’as SI, McBride E, Liwski R, Chute IC, Leger D, Lewis 
SM, Berman JN (2014) A transgenic zebrafi sh model expressing KIT-D816V recapitulates 
features of aggressive systemic mastocytosis. Br J Haematol 167:48–61  

      17.    Patton EE, Widlund HR, Kutok JL, Kopani KR, Amatruda JF, Murphey RD, Berghmans S, 
Mayhall EA, Traver D, Fletcher CD et al (2005) BRAF mutations are suffi cient to promote 
nevi formation and cooperate with p53 in the genesis of melanoma. Curr Biol 15:249–254  

     18.    Yen J, White RM, Wedge DC, Van Loo P, de Ridder J, Capper A, Richardson J, Jones D, Raine 
K, Watson IR et al (2013) The genetic heterogeneity and mutational burden of engineered 
melanomas in zebrafi sh models. Genome Biol 14:R113  

      19.    Ceol CJ, Houvras Y, Jane-Valbuena J, Bilodeau S, Orlando DA, Battisti V, Fritsch L, Lin WM, 
Hollmann TJ, Ferre F et al (2011) The histone methyltransferase SETDB1 is recurrently 
amplifi ed in melanoma and accelerates its onset. Nature 471:513–517  

     20.   Iyengar S, Houvras Y, Ceol CJ (2012) Screening for melanoma modifi ers using a zebrafi sh 
autochthonous tumor model. J Vis Exp. e50086  

     21.    Lister JA, Capper A, Zeng Z, Mathers ME, Richardson J, Paranthaman K, Jackson IJ, Patton 
EE (2014) A conditional zebrafi sh MITF mutation reveals MITF levels are critical for mela-
noma promotion vs. regression in vivo. J Invest Dermatol 134:133–140  

      22.    White RM, Cech J, Ratanasirintrawoot S, Lin CY, Rahl PB, Burke CJ, Langdon E, Tomlinson 
ML, Mosher J, Kaufman C et al (2011) DHODH modulates transcriptional elongation in the 
neural crest and melanoma. Nature 471:518–522  

    23.    Dovey M, White RM, Zon LI (2009) Oncogenic NRAS cooperates with p53 loss to generate 
melanoma in zebrafi sh. Zebrafi sh 6:397–404  

     24.    Michailidou C, Jones M, Walker P, Kamarashev J, Kelly A, Hurlstone AF (2009) Dissecting 
the roles of Raf- and PI3K-signalling pathways in melanoma formation and progression in a 
zebrafi sh model. Dis Model Mech 2:399–411  

    25.    Anelli V, Santoriello C, Distel M, Koster RW, Ciccarelli FD, Mione M (2009) Global repres-
sion of cancer gene expression in a zebrafi sh model of melanoma is linked to epigenetic regu-
lation. Zebrafi sh 6:417–424  

     26.    Santoriello C, Gennaro E, Anelli V, Distel M, Kelly A, Koster RW, Hurlstone A, Mione M 
(2010) Kita driven expression of oncogenic HRAS leads to early onset and highly penetrant 
melanoma in zebrafi sh. PLoS One 5, e15170  

     27.    Li Z, Zheng W, Wang Z, Zeng Z, Zhan H, Li C, Zhou L, Yan C, Spitsbergen JM, Gong Z 
(2013) A transgenic zebrafi sh liver tumor model with inducible Myc expression reveals con-
served Myc signatures with mammalian liver tumors. Dis Model Mech 6:414–423  

    28.    Nguyen AT, Emelyanov A, Koh CH, Spitsbergen JM, Lam SH, Mathavan S, Parinov S, Gong 
Z (2011) A high level of liver-specifi c expression of oncogenic Kras(V12) drives robust liver 
tumorigenesis in transgenic zebrafi sh. Dis Model Mech 4:801–813  

    29.    Nguyen AT, Emelyanov A, Koh CH, Spitsbergen JM, Parinov S, Gong Z (2012) An inducible 
kras(V12) transgenic zebrafi sh model for liver tumorigenesis and chemical drug screening. 
Dis Model Mech 5:63–72  

     30.    Mudbhary R, Hoshida Y, Chernyavskaya Y, Jacob V, Villanueva A, Fiel MI, Chen X, Kojima 
K, Thung S, Bronson RT et al (2014) UHRF1 overexpression drives DNA hypomethylation 
and hepatocellular carcinoma. Cancer Cell 25:196–209  

    31.    Evason KJ, Francisco MT, Juric V, Balakrishnan S, Lopez Pazmino Mdel P, Gordan JD, Kakar 
S, Spitsbergen J, Goga A, Stainier DY (2015) Identifi cation of chemical inhibitors of beta-
catenin-driven liver tumorigenesis in zebrafi sh. PLoS Genet 11, e1005305  

     32.    Lu JW, Yang WY, Tsai SM, Lin YM, Chang PH, Chen JR, Wang HD, Wu JL, Jin SL, Yuh CH 
(2013) Liver-specifi c expressions of HBx and src in the p53 mutant trigger hepatocarcinogen-
esis in zebrafi sh. PLoS One 8, e76951  

    33.    Liu W, Chen JR, Hsu CH, Li YH, Chen YM, Lin CY, Huang SJ, Chang ZK, Chen YC, Lin CH 
et al (2012) A zebrafi sh model of intrahepatic cholangiocarcinoma by dual expression of hepa-
titis B virus X and hepatitis C virus core protein in liver. Hepatology 56:2268–2276  

     34.    Park SW, Davison JM, Rhee J, Hruban RH, Maitra A, Leach SD (2008) Oncogenic KRAS 
induces progenitor cell expansion and malignant transformation in zebrafi sh exocrine pan-
creas. Gastroenterology 134:2080–2090  

C.J. Ceol and Y. Houvras



17

     35.    Liu NA, Jiang H, Ben-Shlomo A, Wawrowsky K, Fan XM, Lin S, Melmed S (2011) Targeting 
zebrafi sh and murine pituitary corticotroph tumors with a cyclin-dependent kinase (CDK) 
inhibitor. Proc Natl Acad Sci U S A 108:8414–8419  

    36.    Provost E, Bailey JM, Aldrugh S, Liu S, Iacobuzio-Donahue C, Leach SD (2014) The tumor 
suppressor rpl36 restrains KRAS(G12V)-induced pancreatic cancer. Zebrafi sh 11:551–559  

      37.    Schiavone M, Rampazzo E, Casari A, Battilana G, Persano L, Moro E, Liu S, Leach SD, Tiso 
N, Argenton F (2014) Zebrafi sh reporter lines reveal in vivo signaling pathway activities 
involved in pancreatic cancer. Dis Model Mech 7:883–894  

    38.    Yang HW, Kutok JL, Lee NH, Piao HY, Fletcher CD, Kanki JP, Look AT (2004) Targeted 
expression of human MYCN selectively causes pancreatic neuroendocrine tumors in trans-
genic zebrafi sh. Cancer Res 64:7256–7262  

    39.    Neumann JC, Chandler GL, Damoulis VA, Fustino NJ, Lillard K, Looijenga L, Margraf L, 
Rakheja D, Amatruda JF (2011) Mutation in the type IB bone morphogenetic protein receptor 
Alk6b impairs germ-cell differentiation and causes germ-cell tumors in zebrafi sh. Proc Natl 
Acad Sci U S A 108:13153–13158  

    40.    Neumann JC, Dovey JS, Chandler GL, Carbajal L, Amatruda JF (2009) Identifi cation of a heri-
table model of testicular germ cell tumor in the zebrafi sh. Zebrafi sh 6:319–327  

    41.    Gill JA, Lowe L, Nguyen J, Liu PP, Blake T, Venkatesh B, Aplan PD (2010) Enforced expres-
sion of Simian virus 40 large T-antigen leads to testicular germ cell tumors in zebrafi sh. 
Zebrafi sh 7:333–341  

    42.    Ju B, Chen W, Spitsbergen JM, Lu J, Vogel P, Peters JL, Wang YD, Orr BA, Wu J, Henson HE 
et al (2014) Activation of Sonic hedgehog signaling in neural progenitor cells promotes glioma 
development in the zebrafi sh optic pathway. Oncogenesis 3, e96  

    43.    Ju B, Chen W, Orr BA, Spitsbergen JM, Jia S, Eden CJ, Henson HE, Taylor MR (2015) 
Oncogenic KRAS promotes malignant brain tumors in zebrafi sh. Mol Cancer 14:18  

     44.    Berghmans S, Murphey RD, Wienholds E, Neuberg D, Kutok JL, Fletcher CD, Morris JP, Liu 
TX, Schulte-Merker S, Kanki JP et al (2005) tp53 mutant zebrafi sh develop malignant periph-
eral nerve sheath tumors. Proc Natl Acad Sci U S A 102:407–412  

      45.    Shin J, Padmanabhan A, de Groh ED, Lee JS, Haidar S, Dahlberg S, Guo F, He S, Wolman 
MA, Granato M et al (2012) Zebrafi sh neurofi bromatosis type 1 genes have redundant func-
tions in tumorigenesis and embryonic development. Dis Model Mech 5:881–894  

     46.    Langenau DM, Keefe MD, Storer NY, Guyon JR, Kutok JL, Le X, Goessling W, Neuberg DS, 
Kunkel LM, Zon LI (2007) Effects of RAS on the genesis of embryonal rhabdomyosarcoma. 
Genes Dev 21:1382–1395  

    47.    Leacock SW, Basse AN, Chandler GL, Kirk AM, Rakheja D, Amatruda JF (2012) A zebrafi sh 
transgenic model of Ewing’s sarcoma reveals conserved mediators of EWS-FLI1 tumorigen-
esis. Dis Model Mech 5:95–106  

    48.    Burger A, Vasilyev A, Tomar R, Selig MK, Nielsen GP, Peterson RT, Drummond IA, Haber 
DA (2014) A zebrafi sh model of chordoma initiated by notochord-driven expression of 
HRASV12. Dis Model Mech 7:907–913  

    49.    Chu CY, Chen CF, Rajendran RS, Shen CN, Chen TH, Yen CC, Chuang CK, Lin DS, Hsiao 
CD (2012) Overexpression of Akt1 enhances adipogenesis and leads to lipoma formation in 
zebrafi sh. PLoS One 7, e36474  

      50.    Zhu S, Lee JS, Guo F, Shin J, Perez-Atayde AR, Kutok JL, Rodig SJ, Neuberg DS, Helman D, 
Feng H et al (2012) Activated ALK collaborates with MYCN in neuroblastoma pathogenesis. 
Cancer Cell 21:362–373  

     51.    Le X, Langenau DM, Keefe MD, Kutok JL, Neuberg DS, Zon LI (2007) Heat shock-inducible 
Cre/Lox approaches to induce diverse types of tumors and hyperplasia in transgenic zebrafi sh. 
Proc Natl Acad Sci U S A 104:9410–9415  

    52.    Ju B, Spitsbergen J, Eden CJ, Taylor MR, Chen W (2009) Co-activation of hedgehog and AKT 
pathways promote tumorigenesis in zebrafi sh. Mol Cancer 8:40  

    53.    White R, Rose K, Zon L (2013) Zebrafi sh cancer: the state of the art and the path forward. Nat 
Rev Cancer 13:624–636  

    54.    Chapman A, Fernandez del Ama L, Ferguson J, Kamarashev J, Wellbrock C, Hurlstone A 
(2014) Heterogeneous tumor subpopulations cooperate to drive invasion. Cell Rep 8:688–695  

Uncharted Waters: Zebrafi sh Cancer Models Navigate a Course for Oncogene Discovery



18

    55.    Ignatius MS, Chen E, Elpek NM, Fuller AZ, Tenente IM, Clagg R, Liu S, Blackburn JS, 
Linardic CM, Rosenberg AE et al (2012) In vivo imaging of tumor-propagating cells, regional 
tumor heterogeneity, and dynamic cell movements in embryonal rhabdomyosarcoma. Cancer 
Cell 21:680–693  

    56.    Ruzicka L, Bradford YM, Frazer K, Howe DG, Paddock H, Ramachandran S, Singer A, Toro 
S, Van Slyke CE, Eagle AE et al (2015) ZFIN, the zebrafi sh model organism database: updates 
and new directions. Genesis 53:498–509  

    57.    Thisse B, Thisse C (2014) In situ hybridization on whole-mount zebrafi sh embryos and young 
larvae. Methods Mol Biol 1211:53–67  

    58.    Choorapoikayil S, Kuiper RV, de Bruin A, den Hertog J (2012) Haploinsuffi ciency of the genes 
encoding the tumor suppressor Pten predisposes zebrafi sh to hemangiosarcoma. Dis Model 
Mech 5:241–247  

   59.    Croushore JA, Blasiole B, Riddle RC, Thisse C, Thisse B, Canfi eld VA, Robertson GP, Cheng 
KC, Levenson R (2005) Ptena and ptenb genes play distinct roles in zebrafi sh embryogenesis. 
Dev Dyn 234:911–921  

   60.    Faucherre A, Taylor GS, Overvoorde J, Dixon JE, Hertog J (2008) Zebrafi sh pten genes have 
overlapping and non-redundant functions in tumorigenesis and embryonic development. 
Oncogene 27:1079–1086  

    61.    Padmanabhan A, Lee JS, Ismat FA, Lu MM, Lawson ND, Kanki JP, Look AT, Epstein JA 
(2009) Cardiac and vascular functions of the zebrafi sh orthologues of the type I neurofi broma-
tosis gene NFI. Proc Natl Acad Sci U S A 106:22305–22310  

    62.    Park JT, Leach SD (2013) TAILOR: transgene activation and inactivation using lox and rox in 
zebrafi sh. PLoS One 8, e85218  

    63.    Taylor AM, Zon LI (2009) Zebrafi sh tumor assays: the state of transplantation. Zebrafi sh 
6:339–346  

    64.    Tang Q, Abdelfattah NS, Blackburn JS, Moore JC, Martinez SA, Moore FE, Lobbardi R, 
Tenente IM, Ignatius MS, Berman JN et al (2014) Optimized cell transplantation using adult 
rag2 mutant zebrafi sh. Nat Methods 11:821–824  

    65.    White RM, Sessa A, Burke C, Bowman T, LeBlanc J, Ceol C, Bourque C, Dovey M, Goessling 
W, Burns CE et al (2008) Transparent adult zebrafi sh as a tool for in vivo transplantation 
analysis. Cell Stem Cell 2:183–189  

     66.    Ablain J, Durand EM, Yang S, Zhou Y, Zon LI (2015) A CRISPR/Cas9 vector system for tis-
sue-specifi c gene disruption in zebrafi sh. Dev Cell 32:756–764  

    67.    Cichowski K, Jacks T (2001) NF1 tumor suppressor gene function: narrowing the GAP. Cell 
104:593–604  

    68.   Livshits G, Lowe SW (2013) Accelerating cancer modeling with RNAi and nongermline 
genetically engineered mouse models. Cold Spring Harb Protoc 2013  

   69.    van Lohuizen M, Verbeek S, Scheijen B, Wientjens E, van der Gulden H, Berns A (1991) 
Identifi cation of cooperating oncogenes in E mu-myc transgenic mice by provirus tagging. 
Cell 65:737–752  

    70.    Zender L, Xue W, Zuber J, Semighini CP, Krasnitz A, Ma B, Zender P, Kubicka S, Luk JM, 
Schirmacher P et al (2008) An oncogenomics-based in vivo RNAi screen identifi es tumor sup-
pressors in liver cancer. Cell 135:852–864  

    71.    Lin WM, Baker AC, Beroukhim R, Winckler W, Feng W, Marmion JM, Laine E, Greulich H, 
Tseng H, Gates C et al (2008) Modeling genomic diversity and tumor dependency in malig-
nant melanoma. Cancer Res 68:664–673  

    72.    Amos CI, Wang LE, Lee JE, Gershenwald JE, Chen WV, Fang S, Kosoy R, Zhang M, Qureshi 
AA, Vattathil S et al (2011) Genome-wide association study identifi es novel loci predisposing 
to cutaneous melanoma. Hum Mol Genet 20:5012–5023  

    73.    Macgregor S, Montgomery GW, Liu JZ, Zhao ZZ, Henders AK, Stark M, Schmid H, Holland 
EA, Duffy DL, Zhang M et al (2011) Genome-wide association study identifi es a new mela-
noma susceptibility locus at 1q21.3. Nat Genet 43:1114–1118  

    74.    Shi J, Wang E, Milazzo JP, Wang Z, Kinney JB, Vakoc CR (2015) Discovery of cancer drug 
targets by CRISPR-Cas9 screening of protein domains. Nat Biotechnol 33:661–667  

C.J. Ceol and Y. Houvras



19

    75.    Dupuy AJ, Akagi K, Largaespada DA, Copeland NG, Jenkins NA (2005) Mammalian mutagen-
esis using a highly mobile somatic Sleeping Beauty transposon system. Nature 436:221–226  

    76.    McGrail M, Hatler JM, Kuang X, Liao HK, Nannapaneni K, Watt KE, Uhl JD, Largaespada 
DA, Vollbrecht E, Scheetz TE et al (2011) Somatic mutagenesis with a Sleeping Beauty trans-
poson system leads to solid tumor formation in zebrafi sh. PLoS One 6, e18826  

    77.    Cheung NK, Dyer MA (2013) Neuroblastoma: developmental biology, cancer genomics and 
immunotherapy. Nat Rev Cancer 13:397–411  

    78.    Howe K, Clark MD, Torroja CF, Torrance J, Berthelot C, Muffato M, Collins JE, Humphray S, 
McLaren K, Matthews L et al (2013) The zebrafi sh reference genome sequence and its rela-
tionship to the human genome. Nature 496:498–503  

    79.    Freeman JL, Ceol C, Feng H, Langenau DM, Belair C, Stern HM, Song A, Paw BH, Look AT, 
Zhou Y et al (2009) Construction and application of a zebrafi sh array comparative genomic 
hybridization platform. Genes Chromosomes Cancer 48:155–170  

    80.    Zhang G, Hoersch S, Amsterdam A, Whittaker CA, Lees JA, Hopkins N (2010) Highly aneu-
ploid zebrafi sh malignant peripheral nerve sheath tumors have genetic alterations similar to 
human cancers. Proc Natl Acad Sci U S A 107:16940–16945  

    81.    Rudner LA, Brown KH, Dobrinski KP, Bradley DF, Garcia MI, Smith AC, Downie JM, 
Meeker ND, Look AT, Downing JR et al (2011) Shared acquired genomic changes in zebrafi sh 
and human T-ALL. Oncogene 30:4289–4296  

    82.    Chen EY, Dobrinski KP, Brown KH, Clagg R, Edelman E, Ignatius MS, Chen JY, Brockmann 
J, Nielsen GP, Ramaswamy S et al (2013) Cross-species array comparative genomic hybridiza-
tion identifi es novel oncogenic events in zebrafi sh and human embryonal rhabdomyosarcoma. 
PLoS Genet 9, e1003727  

    83.    Zhang G, Hoersch S, Amsterdam A, Whittaker CA, Beert E, Catchen JM, Farrington S, 
Postlethwait JH, Legius E, Hopkins N et al (2013) Comparative oncogenomic analysis of copy 
number alterations in human and zebrafi sh tumors enables cancer driver discovery. PLoS 
Genet 9, e1003734  

    84.    Haffter P, Granato M, Brand M, Mullins MC, Hammerschmidt M, Kane DA, Odenthal J, van 
Eeden FJ, Jiang YJ, Heisenberg CP et al (1996) The identifi cation of genes with unique and 
essential functions in the development of the zebrafi sh, Danio rerio. Development 123:1–36  

    85.    Sadler KC, Krahn KN, Gaur NA, Ukomadu C (2007) Liver growth in the embryo and during 
liver regeneration in zebrafi sh requires the cell cycle regulator, uhrf1. Proc Natl Acad Sci U S 
A 104:1570–1575  

    86.    Topczewska JM, Postovit LM, Margaryan NV, Sam A, Hess AR, Wheaton WW, Nickoloff BJ, 
Topczewski J, Hendrix MJ (2006) Embryonic and tumorigenic pathways converge via Nodal 
signaling: role in melanoma aggressiveness. Nat Med 12:925–932  

   87.    Liu S, Leach SD (2011) Screening pancreatic oncogenes in zebrafi sh using the Gal4/UAS 
system. Methods Cell Biol 105:367–381    

Uncharted Waters: Zebrafi sh Cancer Models Navigate a Course for Oncogene Discovery



21© Springer International Publishing Switzerland 2016 
D.M. Langenau (ed.), Cancer and Zebrafi sh, Advances in Experimental 
Medicine and Biology 910, DOI 10.1007/978-3-319-30654-4_2

      The Toolbox for Conditional Zebrafi sh 
Cancer Models                     

       Marie     Mayrhofer      and     Marina     Mione    

    Abstract     Here we describe the conditional zebrafi sh cancer toolbox, which allows 
for fi ne control of the expression of oncogenes or downregulation of tumor suppres-
sors at the spatial and temporal level. Methods such as the Gal4/UAS or the Cre/lox 
systems paved the way to the development of elegant tumor models, which are now 
being used to study cancer cell biology, clonal evolution, identifi cation of cancer 
stem cells and anti-cancer drug screening. Combination of these tools, as well as 
novel developments such as the promising genome editing system through CRISPR/
Cas9 and clever application of light reactive proteins will enable the development 
of even more sophisticated zebrafi sh cancer models. Here, we introduce this grow-
ing toolbox of conditional transgenic approaches, discuss its current application in 
zebrafi sh cancer models and provide an outlook on future perspectives.  

  Keywords     Cancer models   •   Cre/lox   •   Gal4/UAS   •   Heat shock   •   Inducible systems   
•   ER/tamoxifen   •   Tet-On   •   Transgenic methods   •   Zebrafi sh  
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of plasmid backbone was reported in: A precise in-frame integration of exogenous DNA mediated 
by CRISPR/Cas9 system in zebrafi sh, by Hisano Y, Sakuma T, Nakade S, Ohga R, Ota S, Okamoto 
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  CRY2-CIB1    Cryptochrome 2—Cryptochrome-Interacting Basic helix-loop-helix   
  DBD    DNA-Binding Domain   
  Dox    Doxycycline   
  EcR    Ecdysone Receptor   
  ER    Estrogen Receptor   
  GE    Genome Editing   
  GFP    Green Fluorescent Protein   
  GR    Glucocorticoid Receptor   
  gRNA    Guide RNA   
  HCC    Hepatocellular Carcinoma   
  HSE    Heat Shock Element   
  HSF    Heat Shock Factor   
  LOV    Light, Oxygen and Voltage Domain   
  miR-shRNA    Fusion construct between micro RNA and short hairpin RNA   
  MPD    Myeloproliferative Disorder   
  MPNST    Malignant Peripheral Nerve Sheath Tumor   
  NHEJ    Non-Homologous End Joining   
  PAM    Protospacer Adjacent Motif   
  PhyB-PIF    Phytochrome B—Phytochrome Interacting Factor   
  PR    Progesterone Receptor   
  RFP    Red Fluorescent Protein   
  RMCE    Recombinase Mediated Cassette Exchange   
  rtTA    Reverse Tetracycline Transactivator   
  shRNA    Short Hairpin RNA   
  SSR    Site Specifi c Recombinase   
  TALEN    Transcription Activator-Like Effector Nucleases   
  T-ALL    T-cell Acute Lymphatic Leukemia   
  tetO    Tetracycline Operator   
  tetR    Tetracycline Repressor   
  TrpR    Tryptophan Repressor   
  tTA    Tetracycline Transactivator   
  UAS    Upstream Activating Sequence   
  UVR8    UV-resistance locus 8   
  ZFN    Zink Finger Nucleases   

         Introduction 

 As a vertebrate, the zebrafi sh spontaneously develops tumors and together with its 
fast, transparent and ex utero embryonic development attracted the attention of 
researchers as a disease model organism [ 1 ]. The fi rst cancer studies used chemi-
cals and induced mainly liver and intestinal tumors in zebrafi sh [ 2 – 4 ]. Shortly 
after, the fi rst stable transgenic zebrafi sh line was generated in 1988 [ 5 ]. However, 
due to diffi culties with stable germline transmission and silencing of the integrated 
transgenes it took several years to establish reliable transgenic protocols [ 6 ]. 
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Thereby, application of endonucleases such as the meganuclease I-SceI and trans-
posases, including Sleeping Beauty or the tol2 system, improved the transgenic 
effi ciency and stability. Especially, the  medaka  derived tol2 system, developed by 
Kawakami, greatly improved transgenesis as it integrates mostly single copies 
through a cut- and- paste mechanism without rearrangement or modifi cation at the 
target site [ 7 ]. Its unbiased integration into nearly any genomic site and reliable 
expression of integrated transgenes made transgenesis in zebrafi sh easy, fast, effi -
cient and stable [ 7 ]. 

 A straight forward method to model a specifi c cancer type in zebrafi sh is to gener-
ate transgenes with oncogenes placed directly under the control of a tissue specifi c 
promoter. However, strong oncogenes will induce deleterious effects that may lead to 
lethality before the fi sh reach sexual maturity thus impeding the generation of stable 
lines. To overcome this drawback and to improve spatial and temporal control over 
oncogene expression, a toolbox of conditional transgenic approaches has been estab-
lished in the zebrafi sh that provides the potential to (1) perform isolated gene analysis 
in specifi c tissues or cell type subsets, (2) determine the time point of gene expression 
onset and (3) offset and (4) control the strength of oncogene expression. The bipartite 
Gal4/ UAS  system facilitated the development of a wide range of aggressive cancer 
models [ 8 – 13 ] as it allows for independent inheritance of tissue specifi city through 
Gal4 in one parental line and silent oncogenes in the second parental line. Other 
conditional approaches include the Cre/ lox  system, that generates stable recombina-
tion events but that in zebrafi sh still suffers of ineffi cient activity leading to a mosaic 
pattern [ 14 ,  15 ], and temporal control systems such as the  heat shock promoter , the 
tetracycline dependent Tet-On and Tet-Off system or chemically inducible hormone 
receptors that can be activated or inactivated upon external stimuli. 

    Spatial Control 

 Genetic methods for restricting the expression of oncogenes to a specifi c tissue or 
cell type are typically based on the use of tissue specifi c promoters. Several systems 
have been developed that increase fl exibility, including the possibility of turning 
oncogene expression on and off. Importantly, conditional transgenic approaches 
allow maintenance of lines, which are embryonic-lethal because of embryonic 
activity of the promoter. These include the Gal4/ UAS  system and its derivatives, the 
site specifi c recombinases (CRE/ lox  system & Co) and more recently, genome edit-
ing through CRISPR/Cas9. 

    The Gal4/UAS System 

 The Gal4/ UAS  system is one of the fi rst conditional transgenic methods applied to 
zebrafi sh [ 16 ]. This binary system, derived from the yeast  Saccharomyces cerevisia,  
consists of the transcriptional activator Gal4 that controls gene expression through 
its DNA-binding motif,  UAS  (Upstream Activating Sequence) (Fig.  1a ) [ 17 ]. 
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  Fig. 1    The Gal4/ UAS  system and its variants enable cell type specifi c oncogene expression. ( A ) 
Schematic of the Gal4/ UAS  system applied to a 5 dpf larva melanocyte ( box ): tissue specifi c gene 
expression is enabled through promoter dependent Gal4 expression ( orange oval ) which, upon 
binding to  UAS  in the same cell, activates expression of a  UAS  driven transgene such as green fl uo-
rescent protein (GFP) leading to fl uorescent protein production ( green stars ). ( B – D ) Expression of 
Gal4 under tissue specifi c promoters allows for  UAS  controlled GFP expression in different tissues 
as indicated by  white arrows : melanocytes ( kita:Gal4 ,  B ), endothelial cells ( fl i1:Gal4 ,  C ) and 
brain ( zic:Gal4 ,  D ) while  UAS  controlled expression of the oncogene  HRAS   G12V   in these lines 
induces formation of melanoma ( B’ ), leukemia ( C’ ) and glioma ( D’ ). ( E ) Inhibition of Gal4 activ-
ity can be mediated by Gal80 which binds to the activation domain (AD) of Gal4. ( F ) In the fusion 
protein Gal4-VP16, the AD of Gal4 is exchanged with a VP16 variant ( pink triangle ) disabling 
Gal80 mediated Gal4 inhibition while increasing the transcriptional activity of Gal4. ( G ) Increased 
transgene expression is achieved by application of up to 5  UAS  repeats, while a much higher copy 
number reduces transcription effi ciency. Systems similar to Gal4/ UAS  include the Q-system ( H ) 
and the TrpR/ tUAS  system ( I ) composed of the transactivator ( pink oval ) QF/TrpR and the 
upstream activation sequence ( yellow rectangle )  QUAS / tUAS , respectively. The QF can be inhib-
ited by QS ( blue half circle ). ( J ) As these systems do not cross-react they can be combined in one 
model to study cell non-autonomous effects for example by expressing Gal4 and QF under differ-
ent cell type specifi c promoters to elucidate the effect of disabled Notch-signaling (through expres-
sion of dominant-negative suppressor of hairless,  grey rectangle ) in B-cells, and assess the effect 
on oncogenic behavior of T-cells.  Abbreviations :  AD  activation domain,  DBD  DNA-binding 
domain,  DNSuH  dominant negative suppressor of hairless,  GFP  green fl uorescent protein,  UAS  
upstream activating sequence       
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To achieve tissue specifi c gene expression, the gene of interest is placed down-
stream of the  UAS  motif and the transcriptional activator Gal4 is expressed under 
the control of a tissue specifi c promoter. As the  UAS  motif is exclusively active in 
presence of Gal4, the gene of interest will be expressed exclusively in the tissue 
where the chosen promoter is active. Separate integration of the two components in 
an activator line (Gal4) and an effector line ( UAS -gene x) allows for silent inheri-
tance of the gene of interest and its conditional activation only in double transgenic 
offsprings from crosses between activator and effector lines. A third component of 
this system that has been adopted for further control is the Gal4 inhibitor Gal80. 
Gal80 binds and inhibits the activating domain of Gal40 and thus inhibits expres-
sion of the  UAS  controlled gene (Fig.  1e ) [ 18 ,  19 ].

   The Gal4/ UAS  system has been used in a variety of organisms including plants 
[ 20 ], drosophila [ 21 ], xenopus [ 22 ] and mice [ 23 ]. Scheer and Campos-Ortega were 
the fi rst to apply it to zebrafi sh [ 16 ]. They developed activator lines that express the 
full-length Gal4 gene under control of one of the two ubiquitous promoters SV40/
thymidine kinase ( svtk ) or carp β-actin and effector lines that express an active form 
of the Notch1 receptor under  UAS  control. Double transgenic offspring from crosses 
between the stable transgenic activator and effector lines expressed the  myc- 
notch1a:intra  in the same regions where Gal4 was expressed and thus confi rmed 
that Gal4 can regulate the expression of a  UAS  controlled gene. Still the system 
suffered from low gene induction, low transgenic effi ciency and variegated/mosaic 
expression. Several alterations of the constructs and discoveries of new techniques 
have improved the system and made it widely used in zebrafi sh. Specifi cally, the 
discovery of the transposase Tol2 from  medaka  revolutionized the genomic integra-
tion of transgenes and reduced the mosaic and variegated expression pattern of the 
Gal4 system and facilitated its rapid development. 

 Further optimization of the system aimed to increase Gal4 activity through 
fusion of the Gal4 DNA-binding domain (DBD) with a strong transcriptional acti-
vation domain (AD). Intensive efforts have been undertaken to optimize the tran-
scriptional AD from the VP16 protein of the herpes simplex virus. In a fi rst attempt 
the Gal4-DBD was fused to the full-length VP16 [ 24 ,  25 ] which improved the 
strength of the  UAS  induction and maintained the promoter activity on Gal4 expres-
sion but also revealed massive toxic effects refl ected in developmental defects and 
high embryonic lethality [ 26 ,  27 ]. These effects were thought to appear due to a 
phenomenon called “squelching” [ 28 ,  29 ]. VP16, as one of the most potent activa-
tion domains known, interacts with a number of transcriptional components and 
thus through a titration effect can lead to non-specifi c inhibition of transcription 
[ 28 ]. Therefore, to reduce toxicity several modifi cations were developed to reduce 
toxicity while keeping Gal4 activity as strong as when it is combined with full- 
length VP16. Such attempts include the fusion with the truncated form VP16 413–470  
that lacks the last 20 amino acids important for its transcriptional activity. Albeit it 
is less active than full length VP16, VP16 413–470  still induces developmental defects. 
Asakawa et al. used an even smaller fragment of VP16 containing the 12 amino 
acids 436–447 and an N-terminal prolin [ 30 ,  31 ]. Two copies fused to Gal4 (Gal4FF) 
allowed suffi cient and safe Gal4 expression while a further increase in copy num-
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bers would increase Gal4 effi ciency but also leads to side effects [ 32 ]. Using GFP 
(green fl uorescent protein) and the newly developed Gal4FF, Kawakami et al. [ 33 ] 
generated a large library of diverse gene trap and enhancer trap lines which are 
published and available to the zebrafi sh community under the name zTrap (see 
Box  1  for web sites). Distel et al. applied a third version of the VP16 AD, called 
TA4 [ 24 ]. It contains three copies of VP16 436–447  but two of them with weakening 
mutations in the position 442, a position crucial for its function [ 34 ,  35 ]. A Kozac 
sequence before the Gal4 and a β-globin intron positioned 3′ of TA4 improves the 
translation of the mRNA and gives the construct the new name KalTA4GI. This 
construct generates robust non-deleterious and non-variegated transactivation in a 
variety of lines [ 34 ]. 

 Unfortunately, the use of the Gal4 inhibitor Gal80 to modulate the activity of 
Gal4 is limited by the modifi cations imposed to Gal4 to increase its effi ciency. As 
Gal80 targets the C-terminal AD of Gal4 [ 19 ], which is missing in the Gal4-VP16 
fusion variants, it is unable to bind and inhibit Gal4 activity in the vast majority of 
existing activator lines (Fig.  1f ) [ 36 ,  37 ]. In alternative to VP16, the carboxyl termi-
nal AD of the protein NFkB p65 was shown to signifi cantly improve Gal4 activity 
with only minor toxic effects, but this combination has not been used by the zebraf-
ish community [ 32 ]. 

 To further optimize the binary Gal4/ UAS  system, the UAS promoter has been 
tested for its effi ciency according to the number of  UAS  repeats. Thereby, a nearly 
linear dose effect was observed when increasing the  UAS  number from 1 to 5 (19.5 
times stronger) repeats while further increase to 10 or even 14 repeats again reduces 
effects to a level comparable to 4 repeats (Fig.  1g ) [ 34 ]. One drawback of the system 
is the gene silencing occurring over time through methylation probably due to the 
high  GC  content of the  UAS  sequence and the use of high copy numbers. Indeed, 
comparison of 4x UAS  with 14x UAS  showed that low copy number  UAS  constructs 
are less vulnerable to methylation induced silencing [ 38 ]. 

 Since its development the Gal4/ UAS  system has been used for a variety of diverse 
zebrafi sh studies ranging from studies on early developmental processes to investi-
gation of organization and function of individual brain structures [ 39 – 42 ]. 

 The high fl exibility of the Gal4/ UAS  system has promoted a number of cancer 
studies in zebrafi sh. In our lab, different cancer models have been established that 
utilize the same  UAS  controlled oncogene  HRAS   G12V   fused to  GFP , but depend on 
different Gal4 lines. Gal4 expression under control of the  kita  or  fl i1  promoter for 
example induces development of melanoma [ 9 ] or leukemia [ 43 ], respectively. 
Remarkably, while the melanoma model develops aggressive tumors already in 
20 % of 1 month old double transgenic fi sh, most of them survive to fecundity, 
which allows to keep the line in a double transgenic state [ 9 ]. The developing mela-
nomas resemble the human phenotype not only histologically through infi ltrative 
behavior and polyploid nuclei but also immunologically through expression of 
human melanoma markers such as Tyrosinase, Melan-a, s100 and HMB45. 
The double transgenic larvae are also characterized by a hyperpigmentation pheno-
type at 3 dpf, which make them ideal for chemical screens. The leukemia model 
instead is highly lethal in double transgenic larvae and requires tol2 mediated 
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mosaic integration of the oncogene construct in somatic cells to allow development 
of leukemia in juveniles [ 43 ]. In larvae the disease is characterized by prominent 
expansion of the caudal hematopoietic tissue and disruption of the vascular system 
and in adults appears through an increased number of immature cells and arrest of 
myeloid maturation in kidney marrow. Applying the same  GFP  fused  HRAS   G12V   
oncogene, two further studies established novel cancer models. Burger and col-
leagues describe the fi rst chordoma model through Gal4/ UAS  controlled  HRAS   G12V   
expression under the notochord prominent promoter  tiggywinkle hedgehog  ( twhh ) 
which shows histological features comparable to the human disease [ 13 ]. We also 
describe the fi rst tissue specifi c glioma model in zebrafi sh based on  HRAS   G12V   
expression under control of the  zic4  enhancer [ 11 ]. Expressing the oncogene exclu-
sively in the dorsal central nervous system of double transgenic larvae induces an 
increased number of dedifferentiated neural cells and increased brain size due to 
hyper proliferation, which leads to early lethality. Juvenile tumor carriers, generated 
through somatic oncogene expression, reveal massive telencephalic tumors resem-
bling human malignant glioma. In another glioma study, Ju et al describe the induc-
tion of malignant brain tumors in zebrafi sh by expression of mCherry fused 
 KRAS   G12V   under two different neural promoters,  krt5  and  gfap  [ 44 ]. While both 
models develop brain tumors in about 50 % of fi sh at 1 year of age, tumor type and 
histology are different with the  krt5  promoter inducing mostly MPNST (malignant 
peripheral nerve sheath tumor)—tumors and  gfap  promoter mainly tumors of the 
brain parenchyma. These studies using the same oncogenic line reveal the diverse 
impacts the same oncogene can have on different cell types (Fig.  1b–d ). The avail-
ability of many diverse Gal4 lines and tested oncogenic constructs therefore allows 
to screen the existing libraries for new driver lines suitable for cancer modeling. 

 Additionally, the same GAl4 line can be used to study the effects of different 
oncogenes on cancer type/progression. In a pancreas cancer model the oncogenic 
Ras variant  KRAS   G12V   was placed under  UAS  control and induced by Gal4 under 
control of the  ptf1a  promoter. While this promoter activates gene expression in the 
cerebellum, hindbrain and pancreas, double transgenic  KRAS   G12V   expressing fi sh 
developed only pancreatic cancer [ 10 ]. Overexpression of another oncogene (domi-
nant active Akt) under the  ptf1a  promoter instead leads to glioma development in 
nearly  1 / 3  of double transgenic 6 months old fi sh [ 12 ]. The  ptf1a:Gal4  line was fur-
ther used to evaluate different  KRAS  mutants for their oncogenic potential through 
injection of the constructs into one-cell stage  pft1a:GAL4  carriers [ 45 ]. From the 12 
mutant  KRAS  forms used, all the 7 variants found in human pancreatic cancer also 
induced pancreatic cancer in zebrafi sh, while only 1 of the 5 mutant  KRAS  forms 
found in human non-pancreatic cancers was able to induce pancreatic cancer in 
zebrafi sh [ 45 ]. While confi rming the similarity between zebrafi sh and human onco-
genic processes, this study also revealed that the Gal4/ UAS  system is suitable to 
screen the oncogenic potential of different mutant proteins in a tissue specifi c man-
ner. The possibility to apply different transgenes to the Gal4 line directly through 
injection into one-cell stage Gal4 carriers obviates the generation of large numbers 
of stable transgenic lines, although the expression of the transgenes will be mosaic 
and therefore differences are diffi cult to interpret. 
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 The Gal4/ UAS  system can also be utilized for gene interaction studies. In a cross-
ing intensive approach the pancreas cancer model has been tested in mutant back-
ground lines for the ribosomal proteins rpl36 -/- , rpl23a -/-  or rpl36 -/- /rpl23a -/-  which 
showed that rpl36 but not rpl23a functions as haploinsuffi cient tumor suppressor 
[ 46 ]. By far easier is the co-expression of different transgenes. In an activator line 
driving Gal4 expression under the cytokeratin promoter  krt4 , Ju et al. investigated 
the oncogenic effect of  UAS  controlled mutant  sonic hedgehog  (SHH) and  mutant 
AKT1  (myrhAkt1) [ 8 ]. While neither of them alone induce tumors, injection of 
double transgenic carriers  krt4:Gal4, UAS:SHH  with the construct  UAS:myrhAKT1  
at one-cell stage led to development of diverse tumor types in the trunk, the eye and 
the head region that were identifi ed as spindle cell sarcoma, rhabdomyoma, ocular 
melanoma, myoma, astrocytoma and glioblastoma. This latter study illustrates the 
strength of the Gal4/ UAS  system for easy and fast combined directed gene expres-
sion studies without the need of long and costly transgenic approaches, besides the 
promiscuity of the  krt4  promoter. 

 Site directed gene silencing instead still remains an obstacle in zebrafi sh. Help 
may come from a technique tested by Dong et al. [ 47 ]. Through combination of 
inhibitory short hairpin RNA (shRNA) with the backbone of the micro RNA  miR- 
30  they generated a stable transgenic line (miR-shRNA), which is able to inhibit 
translation through mRNA degradation. Similar approaches have been described 
using artifi cial microRNAs [ 48 ], but have not yet been exploited in zebrafi sh. 
Controlled by a  UAS  promoter, these effects on mRNAs can be directed to specifi c 
cells or tissues [ 47 ]. While these methods have not been tested in zebrafi sh cancer 
studies yet, they have the potential to revolutionize model development as it not 
only accomplishes gene silencing, but also allows for spatial and temporal control 
of gene silencing. A schematic representation of the GAL4/ UAS  system (and its 
derivatives) applied to zebrafi sh cancer models is depicted in Fig.  1 .  

    Gal4/UAS Alternative Systems 

 Two alternative systems to Gal4/ UAS  have been tested in zebrafi sh that promise to 
undergo less silencing and will increase transgenic potential as they are not interact-
ing with the Gal4/ UAS  system (Fig.  1h, j ). The TrpR/ tUAS  system [ 49 ] and the 
Q-system [ 50 ] are derived from  Escherichia coli  and the fungus  Neurospora crassa , 
respectively. Due to a lower  CG  content in their UAS sequences both systems are 
less vulnerable to methylation induced silencing than the Gal4/ UAS  system. In a 
pioneering zebrafi sh study the wildtype tryptophan repressor (TrpR) and two 
mutants with 5x (T81M) and 11x (T81A) reduced transcriptional activity have been 
tested [ 49 ]. While no silencing occurred over four generations, TrpR appeared toxic 
to zebrafi sh larvae when expressed under strong promoters, thus requiring further 
optimization steps. In addition to the transcription factor (QF) and its binding site 
( QUAS ) the Q-system includes a repressor (QS) which itself can be inhibited in 
some organisms by quinic acid [ 51 ,  52 ]. However, while QF and  QUAS  are func-
tional in zebrafi sh, effi cient inhibition of the system could only be achieved through 
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injection of  QS mRNA  in embryos [ 50 ]. Stable effective QS expression instead 
could not be achieved, probably due to titration effects. Thus, the functionality of 
quinic acid has not been tested in zebrafi sh. As both systems have been generated 
through the Gateway cloning system they can easily be adapted to different needs 
and thus provide a novel platform for transgenic zebrafi sh models. 

   Site Specifi c Recombinases 

 Site specifi c recombinases (SSR) allow for site specifi c genome manipulation. 
Currently, three main systems are used for site specifi c recombination: the Cre/ loxP , 
Flp/ frt  and phiC31 system, plus the newly discovered Dre/ rox -system. While the 
Cre, Flp and Dre are similar and recombine between a pair of identical sites, the 
phiC31 system recombines between two different sites. However, all these systems 
allow for three different reactions: excision, insertion and inversion.   

    The Cre/lox System 

 The Cre/lox system relies on the 343 amino acid long Cre recombinase of the bac-
teriophage P1 that catalyzes site specifi c recombination between two 34 bp long 
 loxP  (locus of cross-over in P1) or simply  lox  sites. The  lox  sites consist of an asym-
metric 8 bp spacer that determines site orientation and is fl anked by two 13 bp 
inverted repeats, to which Cre binds [ 53 ]. By manipulating the orientation of two 
 lox  sites, Cre functionality can be controlled in the way that head-to-tail orientation 
induces almost irreversible insert excision, while head-to-head orientation leads to 
insert inversion. As after inversion the two  lox  sites still reside in  cis , this reaction 
is reversible and thus ineffi cient (Fig.  2a, b, d ).

   Different variants of the wildtype  loxP  sites exist, which increase the effi ciency 
and fl exibility of the system and allow for more sophisticated transgenic approaches 
such as orientation coordinated “recombinase-mediated cassette exchange” 
(RMCE) or stable insert inversion through the “fl ip-excision” (FLEx) approach or 
the inverted-repeat method that depends on two partly mutated  lox  sites (reviewed 
in [ 54 ,  55 ]). This set of techniques made the Cre/ lox  system the fi rst widely used 
transgenic approach in fl y [ 56 ], mice [ 57 ] and mammalian cell cultures [ 58 ]. 

 In zebrafi sh the Cre/ lox  system was fi rst tested for its excision ability. In 2005 
Pan et al. applied  Cre mRNA  to one-cell stage eggs of a transgenic zebrafi sh line 
expressing  lox  fl anked GFP, which leads to strong mosaic GFP reduction through 
excision of the GFP sequence from the zebrafi sh genome [ 59 ]. Few years later Liu 
et al. proved that the Cre/ lox  system can also be applied for gene inversion in zebraf-
ish, although with very low effi ciency [ 60 ]. Using the LE (left excision)/RE (right 
excision) mutant sites  lox71  and  lox66 , respectively, they showed that a  lox66  
fl anked  RFP  (red fl uorescent protein) coding sequence can be integrated into a sta-
ble single-site  lox71  line through co-injection of  Cre mRNA  and the vector  pZk-
lox66RFP . Shortly after, it was shown that—just as in mouse—Cre can be stably 
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  Fig. 2    Site specifi c recombinases (SSRs) enable cell type specifi c stable transgene integration. ( A ) 
The group of available SSR systems comprises the proteins Cre ( blue shape ), Flp ( pink shape ) and 
Dre ( green shape ) that target pairs of the respective sites  lox ,  frt  and  dre  ( small shapes with cor-
responding colors ), and the protein phiC31 ( violet shape ) that recombines between  attP  and  attB  
sites transforming them into nonreactive  attL  and  attR  sites. ( B – E ) To recombine, all SSRs require 
a pair of target loci in close proximity and catalyze different reactions depending on loci orienta-
tion. ( B ,  C ) Excision and insertion of fragments between target sites in head-to-tail orientation can 
be catalyzed reversibly by Cre/Flp/Dre ( B ) or irreversibly by phiC31 ( C ). ( D ,  E ) Inversion of frag-
ments between target sites in head-to-head orientation can be catalyzed reversibly by Cre/Flp/Dre 
( D ) or irreversibly by phiC31 ( E ). ( F ,  H ) Smart combination of different mutants of loci of the 
same SSR system allow for enhanced reaction control. ( F ) A promising application example for 
zebrafi sh cancer studies is the  ubi:zebrabow  line that encodes the three fl uorescent proteins RFP 
( red ), CFP ( blue ) and YFP ( yellow ) fl anked by pairs of the mutant  lox2272  sites ( white triangles ) 
and the wildtype  loxP  sites ( blue triangles ) in head-to-tail orientation. Cre can either be inactive, 
labeling cells in  red , or can be active and induce recombination between pairs of homologous  lox  
sites, labeling cells and their respective clones either in  blue  ( RFP  excision,  blue rectangles with 
blue halo ) or  yellow  ( RFP  and  CFP  excision,  yellow rectangles with yellow halo ). ( G ) Tail region 
of a 2 dpf  ubi:zebrabow  larva injected with the ubiquitous Cre expressing plasmid  CMV:Cre. 
Insets  show single channel expression (RFP, CFP and YFP) of the boxed melanocyte. ( H ) An 
example for the application of the zebrabow tool to study tumor origin by injecting  UAS  controlled 
Cre into crosses between the  ubi:zebrabow  and a  ptf1a:Gal4 ,  UAS:loxSTOPloxKRAS   G12V   line 
(Gal4 expression in the pancreas and  UAS  controlled oncogenic  KRAS  which must be activated by 
Cre dependent excision of the  STOP  codon) that would allow to distinguish different tumor clones 
in a somatic pancreas cancer model. Calibration bar: 25 μm.  Abbreviations :  CFP  cyan fl uorescent 
protein,  dpf  days post fertilization,  RFP  red fl uorescent protein,  SSR  site specifi c recombinase, 
 UAS  upstream activating sequence,  YFP  yellow fl uorescent protein,  ubi  ubiquitin promoter       
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expressed under specifi c promoters in zebrafi sh without signifi cant toxic effects 
[ 61 ,  62 ] which allows for promoter dependent tissue and time specifi c onset of Cre 
expression in this organism. 

 Despite these promising results until today only few groups developed cancer 
models using the Cre/ lox  system. The fi rst group to apply it for cancer modeling was 
Langenau et al. in order to develop their early lethal,  c-Myc  dependent T-ALL 
(T-cell acute lymphatic leukemia) model into a stable transgenic line [ 15 ]. Briefl y, 
this model depends on the construct  rag2-EGFP-mMyc  that drives expression of 
 mouse c-Myc  under the  rag2  promoter and leads to GFP labeled,  m-Myc  expressing 
T-lymphocytes. These fi sh develop clonal lymphoblastic leukemia that expresses 
the human T-ALL oncogenes  tal1/scl  and  Imo2  and can be transplanted into irradi-
ated recipients. Due to its aggressiveness the fi sh die before reaching sexual matu-
rity, and studies on the model require injections of the transgene, which leads to 
variability in integration. To overcome this hurdle, Langenau et al. generated a 
stable line expressing a modifi ed construct containing the  loxP  fl anked red fl uores-
cent protein  dsRED  between the  rag2  promoter and  GFP . Without Cre this line 
expresses  rag2 -controlled  dsRed , while  Cre mRNA  injection mediates  dsRed  exci-
sion and allows  GFP  and  m-Myc  expression as well as development of leukemia 
even though with much reduced frequency compared to the Cre/ lox  independent 
version of this model. In another study Seok et al. used the Cre/ lox  system to inves-
tigate the ability of oncogenic  KRAS   G12V   under control of the  nestin  promoter to 
cause brain tumors, but instead found that activation of  KRAS   G12V   expression through 
injection of  Cre mRNA  only induces neural cell differentiation, apoptosis or brain 
edema which leads to early lethality [ 63 ]. 

 Besides conditional tumor induction, the Cre/ lox  system also proved its value for 
detailed lineage tracing [ 64 ,  65 ], which is especially interesting for studies on tumor 
clones. The so called zebrabow line is derived from the mouse Brainbow model [ 66 , 
 67 ] and is based on a construct that contains a promoter, the three red, blue and yel-
low fl uorescent proteins  RFP ,  CFP  and  YFP , respectively and pairs of  lox2272  and 
 loxP  sites spanning the fi rst or the fi rst two fl uorescent proteins, respectively [ 68 ]. 
In this way Cre/ lox  activity leads to different excision events and allows only one 
fl uorescent protein to be expressed per recombination event, hence, enabling dif-
ferentiation between cells belonging to different clones. Further variability is added 
through copy numbers as each copy can add a different color to the cells increasing 
color variability in the tissue. Therefore, hetero- or homozygosity of the fi sh severely 
infl uences cell labeling (Fig.  2f, g ). Pan et al. generated two zebrabow lines. The 
fi rst line known as  ubi:zebrabow  uses the  ubi  promoter, established by Mosimann 
et al. [ 69 ], to label cells during all stages of development. The second line known as 
 UAS:zebrabow  uses the Gal4 specifi c promoter sequence  UAS , hence allowing tis-
sue specifi c cell labeling. This latter line may be a valuable tool in zebrafi sh cancer 
studies to examine tumor heterogeneity, clone development and progression and 
decision fate in metastatic models [ 70 ]. Examples of the fl exibility of the CRE/ lox  
system are shown in Fig.  2 .  
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    The Flp/frt System 

 The Flp/ frt  system derived from  Saccharomyces cerevisiae  is highly comparable to 
the Cre/ lox  system in terms of recognition sites and functionality (Fig.  2a, b, d ). The 
recombinase Flp (fl ipase) recognizes 34 bp sequences, called  frt  ( f lp  r ecognition 
 t arget). Even though they have a similar design to the  lox  sites, these  frt  sites are 
inert to Cre, which allows simultaneous application of both systems in a line, thus 
enhancing transgenic fl exibility. As the best activity of Flp is achieved at around 
30 °C, an enhanced version (FLPe) was developed which retains its activity at 
higher temperatures, useful for applications in mammals [ 71 ]. The Flp/ frt  system 
has been intensively used over a long time in drosophila, where it is an established 
tool (reviewed in [ 72 ,  73 ]) and in the mouse both alone [ 74 ,  75 ] and in combination 
with the Cre/ lox  system [ 76 ,  77 ]. Only in 2011 it was tested in zebrafi sh through an 
excision experiment to proof its functionality in this model organism [ 78 ]. Since 
then Cre/Flp combination tools have been developed allowing highly sophisticated 
gene expression control. The FlipTrap was developed by Trinh et al. as a novel tool 
for fl uorophore labeling of endogenous proteins for analysis without the bias of 
overexpression approaches [ 79 ]. For their study, they generated a library of about 
170 FlipTrap lines (see Box  1  for web site). The plasmid to label endogenous pro-
teins contains the yellow fl uorophore  Citrine  fl anked by splice acceptor and donor 
sequence instead of initiation and stop codon and an adjacent inverted  mCherry  
sequence. Both sequences are embedded in two heterologous pairs of  lox  sites that 
allow simultaneous Cre induced excision of citrine and inversion and hence activa-
tion of  mCherry , which results in truncated  mCherry  labeled endogenous proteins. 
 Frt  sites fl anking the construct allow for exchange of the construct at the very same 
locus. The FT1 vector developed by the Chen lab allows conditional sequential 
activation and inhibition of gene expression [ 80 ,  81 ]. The Tol2 based vector com-
bines both Flp and Cre sensitivity by strategically fl anking a gene and a fi ve repeat 
stop sequence with pairs of heterotypical  lox  and  frt  sites so that Cre and Flp activity 
in either order can invert the gene and so activate or inactivate its expression. 
Dependent on the expression pattern of Cre and Flp this allows for (1) tissue spe-
cifi c or general knock-out experiments followed by tissue specifi c rescue or, if the 
construct is initially integrated in active orientation, it allows for (2) tissue specifi c 
or general rescue followed by tissue specifi c knock-out. Even though none of these 
systems has been used so far in cancer studies, they illustrate the gain in fl exibility 
obtained through combination of SSR systems and may serve as inspiration for the 
development of more sophisticated zebrafi sh cancer models.  

    The Dre/rox System 

 A third recombination system is the Dre/ rox  system, which has recently been dis-
covered in the phage D6, related to bacteriophage P1 (Fig.  2a, b, d ). It recognizes 
sequences called  rox , which resemble  lox  sites in size, sequence and structure but 
are not compatible with Cre. Equally, also Dre does not function on  lox  sites [ 82 ]. 
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Until now this system has been tested in embryonic stem cells and mouse [ 83 ,  84 ], 
and also in zebrafi sh, where it proved its fl exibility and compatibility with the Cre 
system [ 85 ]. Thus, it provides an additional tool for SSR dependent conditional trans-
genesis allowing for more sophisticated lineage labeling and gene expression control, 
for example through intersection of partially overlapping promoter activities.  

    The phiC31 System 

 The phiC31 integrase system offers highly specifi c spatial control over any trans-
gene integration. It is derived from the PhiC31 bacteriophage, which uses it to inte-
grate its genome into the  Streptomyces  chromosome. The recombination is highly 
specifi cally performed between the  attP  site of the phage and the  attB  site of the 
 Streptomyces  and requires no cofactors [ 86 ]. Successful recombination results in 
hybrid  attL  and  attR  sites. As these are incompatible with phiC31 the reaction is 
irreversible and provides a unique characteristic over the reversible reactions cata-
lyzed by Cre and Flipase (Fig.  2a, c, e ). This makes the phiC31 integrase preferable 
for transgene insertion strategies. Only recently, a recombination directionality fac-
tor has been found which allows reversion of the reaction when combined to the 
phiC31 integrase [ 87 ]. Of note, despite the nomenclature is the same, the phiC31 
system sites are different from the  attP  and  attB  sites of the lambda phage-derived 
Gateway system and thus, are not interacting with those. 

 Since its discovery, the phiC31 system has been applied to various eukaryotic 
systems including human cells [ 88 ], mouse [ 89 ], drosophila [ 90 ] and frog embryos 
[ 91 ]. In these, it was established as an advantageous system for site directed inser-
tional transgenesis, while in mice and humans pseudo- attP  sites in the genome com-
plicate the application of phiC31 in these models [ 92 ]. Indeed, gene function analysis 
in transgenics suffers from unpredictable integration sites of diverse transgenes 
making quantitative and qualitative analyses diffi cult and labor intensive. With the 
phiC31 system, comparable transgenic lines can easily be generated. Well- 
characterized transgenic lines with a single  attP  site integration can be used to inte-
grate different transgenes into a predefi ned region to compare them under similar 
genomic conditions. This facilitates for example comparison between native and 
mutant proteins. Further, as it naturally recombines sequences of 100 kb, the phiC31 
integrase sets basically no limit to insert size allowing a wide range of applications. 

 Despite its success in other organisms, its functionality in zebrafi sh has fi rst been 
shown in 2010 [ 93 ,  94 ]. As in other model organisms, the phiC31 integrase also 
proved its advantage for comparative transgene analyses. After Lu et al. [ 93 ], also 
Lister showed that phiC31 is generally active in zebrafi sh and able to excise inserts 
fl anked by  attP  and  attB  sites [ 93 ,  94 ]. Hu et al. proposed a method for RMCE in 
zebrafi sh through phiC31 [ 95 ]. Using a tol2 construct they expressed  attP  fl anked 
 GFP  under a tissue specifi c promoter and could exchange it with an  attB  fl anked 
 mCherry . A drawback however is the relatively low effi ciency of phiC31 integrase 
in genomic approaches. Another approach described by Mosimann et al. aims 
to establish single-insertion zebrafi sh lines that harbor only one  attP  site [ 96 ]. 
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They developed three functional lines with single  attP  integration sites of which 
they characterized two with homogenous gene expression. Using the  phiC31 mRNA  
inserts as large as 8 kb fl anked by  attB  sites could be inherited. They showed that 
for at least four generations the signal is stable appearing with the same intensity 
among all larvae of a clutch. Similarly, Roberts et al. confi rmed the site specifi city 
of phiC31 mediated transgene integration as well as a low rate of unspecifi c integra-
tion. This leads to the conclusion that the fi delity of the recombination is high [ 97 ]. 
Further development of this system has been applied in a medaka study by 
Kirchmaier et al. who constructed an elegant example for the combination of the 
phiC31 system with the Cre/ lox  system to integrate different genes and promoters 
at specifi c sites and described a fl uorescence based control mechanism for effi cient 
recombination [ 98 ]. This system allows for directed gene integration into a pre-
defi ned locus through the phiC31 integrase, while fl uorescence confi rms successful 
integration. In a second step, the lox sites allow for locus cleanup removing fl uores-
cent proteins and promoters and leaving only the insert behind [ 98 ]. 

 To summarize, during the last 5 years, the phiC31 system has been developed as 
a powerful tool for highly controlled spatial transgenesis, which may improve com-
parison between gene effects independently of integration site but also allows the 
study of enhancer and promoter characteristics. Its ability to integrate constructs of 
yet unlimited size adds additional value to this system. However, in order to gain 
full use of the phiC31 integrase system, more  attP  site single-insertion zebrafi sh 
need to be developed and characterized. Here, the novel discovery of the CRISPR/
Cas9 system could be used to develop designer lines. Also concentration dependent 
toxicity [ 95 ] could be reduced and activity improved through modifi cations of the 
phiC31 integrase as it has been already done for the mouse.  

    Conditional Cancer Gene Manipulation Through Genome Editing 

 Genome editing includes a range of methods for targeted genome manipulation. 
Combination of an engineered nuclease containing a sequence specifi c DBD with a 
generic DNA cleavage module enables highly locus specifi c knock-out and knock-
 in of individual genes. This provides a great advantage over timely limited knock- 
down methods such as morpholinos or mRNA injections and unspecifi c mutagenesis 
through chemicals or radiation. The three main systems applied are known under 
the acronyms ZFN, TALEN and CRISPR/Cas9. 

 Zink-fi nger nucleases (ZFNs) were the fi rst genome editing tool applied to 
zebrafi sh in 2008 [ 99 ]. Only 3 years later the discovery of the transcription activator- 
like effector nucleases (TALENs) provided a new and more effi cient tool for tar-
geted zebrafi sh mutagenesis [ 100 ,  101 ]. Both ZFNs and TALENs rely on 
protein-DNA interaction with relatively restrictive combinations between grouped 
amino acids and nucleotides. For detailed information we refer the readers to the 
many excellent reviews published on these methods [ 102 – 105 ]. Both ZFNs and 
TALENs effectively allow genome manipulation through mutation, but also dele-
tions and insertions and are even applied for therapeutic approaches to combat HIV/
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AIDS currently in clinical trials [ 106 ]. However, reports of deletions or insertions 
of cancer-related genes using ZFNs or TALENs in zebrafi sh are lacking, thus testi-
fying the complexity in tool design, and restricting their use to experienced labs. 

 The clustered, regularly interspaced, short palindromic repeats (CRISPR)/
CRISPR associated (Cas) system (CRISPR/Cas) provides a great alternative to 
ZFNs and TALENs as it relies on Watson-Crick base pairing instead of the poten-
tially less specifi c protein-DNA interaction [ 106 ]. The CRISPR/Cas system can be 
found in many bacteria and archaea as an adaptive immune system against viral 
infection where it integrates viral DNA into the CRISPR loci as so called proto-
spacer. The protospacers are recognized through their PAM sites ( p rotospacer  a dja-
cent  m otif), which fl ank them at their 5′ or 3′ end as  GGN  or  NGG , where  N  stands 
for any nucleotide. At the second infection, protospacers are transcribed into  CRISPR 
RNA  (crRNA), which anneals to  transactivating crRNA  (tracrRNA) that in combina-
tion with the endonuclease Cas specifi cally digests foreign DNA sequences. The 
CRISPR/Cas system II is the system of choice as it is the only of the three known 
CRISPR/Cas systems that requires only a single Cas endonuclease (Cas9) [ 107 ]. 

 Since its fi rst application in mammalian cells in 2013 [ 108 ,  109 ], it has already 
been applied to a variety of species including plants [ 110 ], mice [ 111 ,  112 ], rats 
[ 113 ], rabbits [ 114 ], goats [ 115 ], pigs [ 116 ] and zebrafi sh [ 117 ,  118 ], to name some. 
The main advantage of the CRIPSR/Cas9 system lies in its simple design. It relies on 
two components (1) a ~20 bp long guide RNA ( gRNA ) sequence, encoding the 
sequence of the target and (2) the Cas9 which can be applied either as protein or as 
mRNA. The Cas9 endonuclease contains two enzymatic activities that cleave the 
complementary and non-complementary strands, allowing Cas9 to induce double 
strand breaks in any target sequence [ 107 ] (Fig.  3a ). Thus, for transgenesis only the 
 gRNA  needs to be designed. In zebrafi sh the CRISPR/Cas9 system is applied by 
injection of a  gRNA  and the  Cas9 mRNA  from  Streptococcus pyogenes  into one-cell 
stage embryos and reveals high effi ciency for knock-out of single genes (70–90 % 
[ 117 – 119 ]), as well as for simultaneous knock-out of multiple genes which allows 
analysis of both single and combinatorial knock-out effects already in the F0 genera-
tion. Through injection of two different  gRNA s and  Cas9 mRNA  even huge chromo-
somal deletions are possible [ 120 ]. To reduce mutation events the knock-out 
effi ciency can also be titrated through varying RNA concentrations [ 118 ]. As the 
mutations are inherited to the next generation the CRISPR/Cas9 system allows to 
generate stable knock-out lines with a fast and easy protocol [ 121 ]. While off-target 
effects have been found to appear in only few cases, still deeper investigation is 
required [ 119 ]. However, the system displays variable effi ciencies for different 
genomic targets with some genes yielding effects in <1 % of injected embryos [ 117 , 
 118 ,  122 ]. To optimize the CRISPR/Cas9 system, a zebrafi sh codon-optimized ver-
sion of Cas9 (zCas9) was constructed and fl anked with nuclear localization signals 
that showed a superior performance compared to wildtype and human optimized 
Cas9 [ 118 ,  123 ]. Application of different Cas9 variants from other prokaryotes or 
generated through mutation may lead to further improvements in effi ciency and 
specifi city. The  gRNA  sequence is especially important for specifi c and directed Cas9 
activity and can be optimized by various means [ 122 ]. For design and specifi city 
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  Fig. 3    CRISPR/Cas9 facilitates genome manipulation on demand. ( A ) Schematic of CRISPR/
Cas9 technology applied to zebrafi sh. For Cas9 dependent genome editing the  gRNA  and  Cas9 
mRNA  are injected into one-cell stage embryos, where the  Cas9 mRNA  is translated into Cas9 
protein and together with the  gRNA  transported into the cell nucleus. In the nucleus the  gRNA  binds 
the corresponding DNA sequence which allows Cas9 to digest the DNA at the adjacent  PAM  
sequences and induce a double strand break through its two enzymatic activities (scissors). The 
cell can repair this damage through different mechanisms that allow various applications ( B – D ). 
( B ) Through Non-Homologous End Joining (NHEJ) the double strand break is repaired by random 
integration of nucleotides (boxes with  A ,  T ,  G  or  C ) which often induces a frame shift and gener-
ates abnormal and mostly non-functional proteins. ( C ) Coinjection of gRNA and  Cas9 mRNA  with 
small single stranded DNA (ssDNA) allows strand repair through homology-dependent recombi-
nation which leads to the integration of a desired small sequence such as a  stop codon  ( green box ) 
to generate a truncated protein, tags of human infl uenza hemagglutinin ( HA ) ( blue box ) to allow 
easy protein detection, or target sites for SSRs such as  lox ,  frt ,  rox  or  attP  ( yellow boxes ) to allow 
to use this line for site specifi c integration of constructs into a defi ned locus. ( D ) Co-injection of 
 gRNA  and  Cas9 mRNA  with a plasmid encoding a bait sequence ( yellow oval ) and a gene ( green 
rectangle ) allows strand repair through homology-independent recombination and insertion.  gRNA  
dependent linearization of the plasmid at the bait sequence allows its integration into the genomic 
DNA at the site of  gRNA  induced double strand break resulting in expression of a transgene under 
an endogenous promoter.  Abbreviations :  A  adenine,  C  cytosine,  G  guanine,  gRNA  guide RNA,  HA  
human infl uenza hemagglutinin,  NHEJ  non-homologous end joining,  PAM  protospacer adjacent 
motif,  ssDNA  single strand DNA,  SSR  site specifi c recombinase,  T  thymidine       
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testing several freely available software tools have been developed (see Box  1  for 
web sites) to enable even inexperienced labs to implement the CRISPR/Cas9 system 
in their daily routine.

   Besides successful knock-out, also knock-in strategies have been developed with 
the CRISPR/Cas9 system (Fig.  3b–d ). Homology directed recombination through 
injection of single strand DNA together with  gRNA  and  Cas9 mRNA  allows inser-
tion of short fragments of ~50 bp such as  loxP  or  HA  tags into the zebrafi sh genome 
but frequently leads to inverted or partial insertion [ 119 ,  123 ]. Homology- 
independent knock-in methods instead, make use of an insert fl anked by one or two 
 gRNA  target sites (baits) as double strand DNA or as plasmid [ 124 – 126 ]. As plas-
mid DNA is less toxic than linearized DNA, it can be used at higher concentrations 
for more effi cient integration [ 125 ]. In several studies, integration effi ciencies of 
20–30 % have been reached in the F0 generation with inheritance to the next genera-
tion by 10 % of carriers [ 124 – 126 ]. A step-by-step protocol for homologous- 
independent knock-in is available from Auer and colleagues [ 127 ]. 

 While none of the genome editing approaches has been used to generate zebrafi sh 
cancer models, yet, they have so far found their application in gene function analyses 
[ 128 ,  129 ] and disease modeling [ 130 – 132 ]. Hence, we propose that genome editing 
systems provide a valuable tool for detailed analysis of tumor suppressor genes. With 
the CRISPR/Cas9 system, the zebrafi sh research community now gained a fl exible, 
cheap and easy tool to generate mosaic knock-out or lines on demand which shall 
improve the analysis of otherwise diffi cult to investigate tumor suppressor genes.   

    Temporal Control 

 Timing of oncogene expression or inactivation of tumor suppressors may be critical 
in cancer modeling, as it may trap specifi c cell types which are more capable of 
cancer initiation. In addition, duration of oncogenic stimuli or withdrawal from 
oncogene expression may reveal the strength of oncogene addiction at different 
stages of tumor progression. Therefore, systems for temporal control of expression 
of oncogenes or tumor suppressors have been developed in zebrafi sh. Some of these 
systems will also allow spatial control, or may be used in combination with spatial 
control methods. The most popular systems for temporal control of gene expression 
are listed below. 

    Heat Shock Promoters 

 Control of gene expression through temperature regulation has been achieved in 
zebrafi sh thanks to promoters of heat shock proteins [ 133 ]. Understandable, this 
approach is diffi cult in mammals due to their tight regulation of body temperature 
[ 134 ]. In poikilotherm organisms instead, such as the zebrafi sh, temperature con-
trollable systems have become widely implemented. The zebrafi sh  heat shock pro-
moter 70l  is a 1.5 kb sequence that contains tandem arrays of 5 bp DNA 
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consensus-sequences named heat shock elements (HSE). The transcription factor to 
activate the HSE is called heat shock factor (HSF). At physiological temperatures 
HSF is bound in a protein complex containing the protein hsp90. Increase in tem-
perature forces the proteins in the complex to change their conformation and release 
HSF to bind and activate the HSE [ 135 ,  136 ]. While its application in zebrafi sh is 
easy and straight forward, it also holds a signifi cant drawback. Besides its activation 
through a lot of stressors such as toxins or starvation, it is also active during early 
development [ 137 ]. However, this did not impede its wide use in zebrafi sh models. 
The  heat shock promoter  has been used instead of ubiquitous promoters to drive 
general gene expression as well as in combination with laser irradiation for tight 
local expression control to study gene function, search for transcription enhancers 
and for lineage labeling (reviewed in [ 138 ]). 

 Also cancer models have been generated in zebrafi sh based on the  heat shock 
promoter . Due to its easy timely controllable induction, the  heat shock promoter  
allows for development of stable lines that encode otherwise lethal oncogenes. The 
induction of  HRAS   G12V   expression during larval stages induces hyperproliferation 
and cellular senescence [ 139 ], similar to the expression of oncogenic  HRAS  in human 
fi broblasts [ 140 ]. Additionally, the  heat shock promoter  has been used to construct 
inducible leukemia models. Yeh and colleagues expressed the human oncogenic 
fusion protein AML1-ETO under control of the  heat shock promoter 70l  [ 141 ]. 
Activation of this oncogene in larvae resulted in a lack of circulating blood cells 
despite an intact cardiovascular system, accumulation of immature hematopoietic 
blast cells, and gene expression comparable to the myeloid leukemia in human with 
upregulation of  lmo1 ,  hoxa9  and  hoxa10  and downregulation of  cmyb ,  gata  and  scl . 
Remarkably, injection of  scl mRNA  and treatment with the drug Trichostatin A could 
partially rescue the  AML1-ETO  induced phenotype which makes the line suitable for 
drug screens. Shen et al. developed a line that expresses the oncogene  Mycn  and the 
fl uorescence protein  GFP  under control of a sequence of bicistronic  HSE  [ 142 ]. 
Already one single heat shock at larval stage induces the development of leukemia 
like lesions that are characterized by leukemia typical changes in blood cell popula-
tions to more immature types and upregulation of  scl  and  lmo2 , genes that have also 
been found upregulated in human leukemia. Additionally, heat shocked fi sh have a 
signifi cantly reduced life span (9.5 months compared to 2.5 years in adults) and even 
at 8 months show a similar histopathology as the 2 month old juveniles. 

 A model for Ewing sarcoma, a malignant tumor characterized as small-round- 
blue cell tumor, depends on  heat shock promoter  controlled expression of the human 
EWS-FLI1, a fusion oncoprotein of the 5′ transactivation domain of EWS and the 
3′ Ets domain of FLI-1 [ 143 ]. Induction of this construct in a p53-/- background 
through a heat shock at 50 % epiboly induces development of solid tumors, leuke-
mia like tumors and malignant peripheral nerve sheath tumors with the typical his-
tology of small, round, blue cells similar to human Ewing’s sarcoma and mouse 
models, which could also be transplanted. 

 Besides  heat shock promoters  also heat sensitive splicing has been described. An 
example is the  mitf   vc7   mutant which allows inactivation of  mitf  at temperatures 
above 28 °C. This variant has been used in a melanoma model to elucidate the func-
tion of  mitf  in melanoma development [ 144 ].  
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    Hormones 

 Hormone dependent activation of transgenes depends on so called nuclear recep-
tors. A large group of steroid and thyroid receptors, which are located in the cyto-
plasm, upon ligand binding translocate to the nucleus where they bind specifi c 
genomic regions through their DBD and function as transcription factors. The 
homodimeric functional steroid receptors estrogen receptor (ER), progesterone 
receptor (PR) and glucocorticoid receptor (GR) are the most frequently used ones 
for conditional transgenic approaches. To utilize their hormone specifi city, the 
ligand-binding domain is fused to a transcription factor of interest thus rendering 
the activity of the transcription factor hormone dependent [ 145 ]. To activate the 
ligand-binding domains of ER, PR and GR the most frequently applied hormone 
analogs are tamoxifen, mifeprestone (also known as RU486) and dexamethasone, 
respectively. While mifeprestone and dexamethasone are directly effective, tamoxi-
fen is a prodrug, which is metabolized to 4-hydroxy-tamoxifen (4-OHT) through 
the liver enzyme CYP 450 2D6. 

 In the zebrafi sh, 4-OHT can be applied directly to the water to avoid irregulari-
ties due to enzymatic interactions and reduce variations in dose response curves. In 
different studies it was shown to reliably control gene expression in a dose  dependent 
manner and without measurable leakiness [ 146 ,  147 ]. In a further evolution of the 
 rag2  controlled leukemia model developed in the lab of T. Look [ 15 ] the c Myc  
oncogene is fused to the ligand binding domain of ER [ 147 ]. This allows for condi-
tional activation of the oncogenic effect of  cMyc  through application of 4-OHT 
which leads to development of fully established T-ALL already after 5 weeks of 
treatment, while withdrawal of 4-OHT blocks  cMyc  activity and leads to apoptosis 
of cancer cells. The untreated siblings instead do not develop blood abnormalities. 
Also in an in vitro study of a zebrafi sh derived liver cell line transfected with ER 
bound Raf1 only cells treated with 4-OHT showed hyperactivation of the MEK- 
ERK cascade and increased proliferation in cell culture as well as after transplanta-
tion while untreated cells showed no alterations [ 146 ]. The other two systems, 
namely PR/mifeprestone and GR/dexamethason, are also functional in zebrafi sh 
[ 85 ,  148 ]. As all three systems are not cross reacting [ 85 ], they allow for simultane-
ous or sequential activation of different target genes and thus add enormous fl exibil-
ity in transgenic zebrafi sh cancer models.  

    Tet-On/Tet-Off 

 The Tet-system is derived from  Escherichia coli , where it controls expression of 
genes mediating tetracycline resistance. Its activity is controlled through the tet- 
Repressor (tetR), which is reactive to tetracycline or its more stable derivative dox-
ycycline (Dox). Through fusion of tetR to the activation domain of VP16 the Dox 
controlled transactivator (tTA) is generated. In absence of Dox tTA binds specifi -
cally to tetracycline operator (tetO) sequences and activates transcription from min-
imal promoters adjacent to tetO. As tTA is inhibited through Dox binding, this 
system is called Tet-Off [ 149 ]. The Tet-On system instead relies on a mutant 
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transactivator (rtTA) with four substituted amino acids and is physiologically inac-
tive. It can bind and activate the tetO element only upon Dox binding [ 150 ]. This 
system is mostly preferred for gene silencing and controlled activation of gene 
expression [ 151 ] as it circumvents problems that may arise with the Tet-Off system 
such as slow withdrawal of Dox from the organism and thus delays in induction of 
gene expression. The Tet-On system has been applied to many different organism 
including plants [ 152 ], drosophila [ 153 ], mice [ 154 ,  155 ] and zebrafi sh. However, 
in the fi rst studies the system appeared leaky, which hampered its further use [ 156 ]. 
Through viral mutagenesis, variants have been designed with increased stability 
and reduced leakiness [ 157 ]. One of them is the Tet-On Advanced (rtTA2 S -M2), 
which was achieved through random mutation of the tetracycline repressor gene 
and screening for alleles with reverse binding properties. Additionally, the VP16 
activation domain is replaced with a minimal activation domain (12 amino acids 
long) and a coding sequence optimized for expression in human cells [ 158 ]. These 
changes make rtTA2 S -M2 10 times more sensitive to Dox than rtTA, while it has 
severely reduced background activity and is more stable in eukaryotic cells. 
However, as in zebrafi sh some background activity is measureable, a fusion system 
has been developed. Binding of rtTA to the ligand binding domain of GR or the 
ecdysone receptor (EcR’) from the silkworm ( Bombix mori ) allows for additional 
control through dexamethasone or tebufenozide, respectively [ 148 ]. Both hormone 
systems reduce leakiness to undetectable levels. While dexamethasone at higher 
concentrations may deplete T-cells [ 159 ], side effects of tebufenozide are not 
known. Additionally, the EcR’ bound rtTA system exhibits higher sensitivity which 
makes it preferable. 

 In zebrafi sh cancer studies, the basic rtTA system has been suffi cient. The ini-
tially Gal4/ UAS  based glioma model from Ju and colleagues [ 44 ] was also adapted 
for conditional oncogene expression through transversion to the Tet-On system. 
Expression of rtTA under either of the promoters  krt5  and  gfap  and control of the 
mCherry fused  KRAS   G12V   oncogene through a tetO allowed for analysis of early 
effects and thus for chemical treatment approaches [ 44 ]. Additionally, different 
Tet-On dependent liver cancer models have been generated with oncogenes 
expressed under the control of the liver specifi c promoter  fabp10 . The most 
aggressive model depends on conditional expression of  Xmrk , the  Xiphophorus  
derived mutant form of the epithelial growth factor receptor (EGFR) [ 160 ] and 
leads to hepatocellular carcinomas (HCC) already after 3 weeks of treatment 
accompanied by diminished growth and increased lethality, while withdrawal of 
Dox leads to a complete rescue after only 4 weeks. A less severe model relies on 
overexpression of  Myc  [ 161 ], a gene, often amplifi ed and associated with bad 
prognosis in human HCC. While it can lead to induction of liver tumors with gene 
expression profi les comparable with human HCC and mouse models, it shows less 
malignancy than models depending on expression of X mrk  or  KRAS   G12V  . However, 
this can be an advantage, as  Myc  expression can generate a sensitized background 
that allows to discovery and evaluate new, yet undetermined oncogenes in HCC. 
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In a different approach the Tet-On system was used to investigate the complicated 
relationship between oncogenic  kras  and  rhoA  [ 162 ]. Through Dox dependent 
 co-expression of both  kras   G12V   and wt, dominant active (DA) or dominant negative 
(DN)  rhoA , Chew et al. [ 162 ] found that  rhoA  has an inhibitory effect on the onco-
genic effects of  kras   G12V  . This underlines the fl exibility of the Tet-On system for 
gene interaction studies.  

    Optogenetics 

 Optogenetic tools only emerged during the last 10 years. Nonetheless, optogenetics 
gained tremendous interest and has been established in a wide range of organisms. 
In a broad defi nition optogenetics is the science of genetic encoding of light-gated 
proteins for targeted control of cellular behavior, which has been shown to provide 
a superior tool for precise spatial and temporal control of stimulation or inhibition 
of cellular activities. However, optogenetics is often restricted to the application of 
light-sensitive microbial membrane proteins which can be classifi ed into the two 
groups of “optogenetic activators” (light sensitive channels and pumps) and “opto-
genetic sensors” (fl uorescent proteins that sense Ca 2+  concentrations or membrane 
potentials). Mainly applied in neuroscience and cardiac studies, optogenetic acti-
vators and sensors have intensively furthered our understanding in these fi elds. 
Especially the zebrafi sh, as a transparently developing organism, provides easy 
application of optogenetic activators and sensors [ 163 – 165 ]. However, as this sub-
set of optogenetic tools provides only limited benefi t for cancer research it will not 
be further discussed in this chapter. The interested reader is referred to recent 
reviews [ 166 – 170 ]. 

 Another branch of optogenetics makes use of a range of light-sensitive non- 
channel proteins to spatiotemporally control cell signaling pathways and gene tran-
scription (reviewed in [ 171 ]). Among the most frequently applied protein systems 
are (1) the LOV (light, oxygen and voltage) domain, a small domain that reacts to 
blue light (450 nm) and requires the cofactor fl avin mononucleotide (FMN), ubiq-
uitously expressed in mammalian cells and zebrafi sh, (2) the PhyB (phytochrome 
B)—PIF (phytochrome interacting factor) system, a binary system that heterodi-
merizes through red light (650 nm) and dissociates through infrared light (750 nm), 
(3) the CRY2 (cryptochrome 2)-CIB1 (cryptochrome-interacting basic helix-loop- 
helix) system that heterodimerizes under blue light exposure and (4) the UVR8 
(UV-resistance locus 8), a small molecule that forms homodimers which dissociate 
under UV-light. These tools allow a broad range of applications. The LOV domain 
can be used to mask protein domains and release them upon blue light illumination, 
allowing for example light-induced apoptosis in a caspase7-LOV human cell model 
[ 172 ] or light-induced protein degradation when fused to a transgenic protein 
capped with degrons, small sequences that induce protein degradation [ 173 ]. In 
another mammalian study UVR8 fusion proteins have been used to study secretion 
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processes. As UVR8 forms dimers, it leads to protein aggregation in the endoplas-
matic reticulum, which prevents further secretion. Only upon UV-light exposure 
UVR8 dissociates allowing further traffi cking of the protein [ 174 ]. Protein localiza-
tion can also be affected through both, the PhyB-PIF and the CRY2-CIB1 system, 
which allows close and direct control over cell signaling pathways. By anchoring 
PhyB or CIB1 to the cell membrane and fusing PIF or Cry2 to a membrane active 
protein, activation or inhibition of for example the mitogen-activated protein kinase 
(MAPK) signaling pathway [ 175 ] or the phosphatidylinositol 3-kinase (PI3K) sig-
naling pathway [ 176 ,  177 ] is possible. To control gene transcription, the AD and the 
DBD of the transcription activator Gal4 can be fused to either component of the 
PhyB-PIF [ 178 ] or CRY2-CIB1 [ 179 ] system. Light-induced fusion of the systems 
allows dimerization of the AD and DBD and activates Gal4 dependent gene expres-
sion. In drosophila, a model of CRY2-CIB1 controlled Cre activation allows for 
highly specifi c neural cell labeling [ 180 ]. 

 Besides their application in a wide range of organisms, optogenetic non-channel 
proteins have also been used in zebrafi sh. Currently evaluated systems include the 
CYP2-CIB1 controlled Gal4 activation [ 179 ] and a single-protein transcription 
regulator that uses the fast cycling LOV containing protein EL222 which addition-
ally contains a helix-turn-helix (HTH) DBD that is covered by the LOV domain in 
the dark to prevent DNA binding [ 181 ]. In both systems gene expression is acti-
vated through exposure of target cells to blue light. Thereby, the strength of gene 
expression can be regulated through intensity and length of laser exposure, which 
allows fi ne tuning of the target gene. Another interesting light sensitive protein 
tested in zebrafi sh is the KRed (killerRed), an optogenetically activatable inducer of 
reactive oxygen species [ 182 ]. Several lines of tissue specifi c KRed expression are 
provided on the line database ZETRAP2.0 [ 183 ] that may be helpful in elucidating 
the role of oxidative stress in cancer development or cure. 

 In summary, optogenetics provides a tool with high spatial, temporal and dose 
control with broad applications in zebrafi sh due to the transparent nature of its early 
developmental stages. Several studies in mammalian systems manipulating poten-
tial cancerous pathways (MAPK, PI3K) through optogenetic techniques promise to 
be valuable also for cancer models in the zebrafi sh. Additionally, bipartite systems 
such as the CYP2-CIB1 system, which has already been tested in zebrafi sh, offer 
the chance to target distinct subpopulations of cells through expression of both com-
ponents under promoters with intersectional activity. This would for example allow 
to elucidate effects of different subpopulation of hematopoietic cells on leukemia 
development at different ages. However, as expression dependent systems such as 
Gal4 activation would rely on continues light exposure, more stable tools such as 
the Cre system should be implement for zebrafi sh studies to achieve stable onco-
genic activity while implementing the red light dependent PhyB-PIF system would 
allow for more versatile combination studies such as studies on tumor clone compe-
tition or consecutive oncogene expression. 
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       Combination Examples from Zebrafi sh 

 The diversity of available conditional transgenic systems already provides high fl ex-
ibility in stage, tissue and cell type specifi c gene expression control. Smart combina-
tion of spatial regulation systems under control of different gene regulatory elements 
enables precise regulation of endogenous and exogenous gene expression in primar-
ily spatial but also temporal manner. Temporal regulation systems instead allow for 
fl exible gene expression independent of native gene expression timing. However, 
for many studies, such as evaluation of oncogene effects at different stages, high 
fl exibility is required for both, spatial and temporal control of gene expression. In 
such cases, limitation to either of these control techniques would require intensive 
cloning and crossing workload. Thus, the combination of spatial control with tem-
poral control systems is an important step in order to unleash the full potential of the 
large set of conditional transgenic approaches already established in zebrafi sh. 

     Box 1: Webtools 
  Databases for conditional transgenic lines  

  Gal4/UAS  
 zTrap (  http://kawakami.lab.nig.ac.jp/ztrap/    ) 
 Distel & Köster (  http://www.helmholtz-muenchen.de/en/idg/groups/neuro-
imaging/lines_distel/    ) 

  SSR  
 CreZoo (  https://crezoo.crt-dresden.de/crezoo    ) 
 FlipTrap (  http://www.fl iptrap.org/static/index_new.html    ) 

  Optogenetics  
 ZETRAP2.0 (  http://plover.imcb.a-star.edu.sg/    ) 
  Webtools for genome editing through CRISPR/Cas9  

  Software for gRNA design  
 E-CRISP (  http://www.e-crisp.org/E-CRISP/designcrispr.html    ) 
 CRISPR Design (  http://crispr.mit.edu/    ) 
 Cas9 Design (  http://cas9.cbi.pku.edu.cn/    ) 
 CHOPCHOP (  https://chopchop.rc.fas.harvard.edu    ) 
 CRISPRdirect (  http://crispr.dbcls.jp/    ) 
 ZiFiT Targeter (  http://zifi t.partners.org/ZiFiT/    ) 

  Software to search for gRNA target sites  
 Cas-OFFinder (  http://www.rgenome.net/cas-offi nder/    ) 
 GGGenome (  http://GGGenome.dbcls.jp/    ) 
 CasOT (  http://eendb.zfgenetics.org/casot/    ) 
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    Temporal Control of SSRs 

 Since the fi rst application of SSRs in zebrafi sh transgenesis, Cre & co have inten-
sively been developed and combined in order to increase fl exibility in gene expres-
sion manipulation. Thereby, the early combination with temporal control 
mechanisms boosted their improvement and increased their application fi eld. One 
of the fi rst attempts was to set the expression of Cre-GFP fusion proteins under 
control of a  heat shock  promoter [ 184 ]. This study not only confi rmed the function-
ality of Cre in zebrafi sh, but additionally showed that it is not toxic when expressed 
systemically and can be induced through a rise in temperature. However, as the  heat 
shock promoter  is not exclusively heat sensitive but also active during early zebraf-
ish development, leakiness was observed. This did not prevent its use in inducible 
cancer models. 

 Taking advantage of the heat shock controllable Cre activity Feng et al. further 
improved their zebrafi sh model of acute T-cell leukemia [ 14 ]. This model relies on 
a line encoding the construct  rag2-LoxP-dsRED2-LoxP-EGFP-mMyc  and was pre-
viously activated through injection of  Cre mRNA . Crossing the line with a  hsp:Cre  
line [ 14 ] allows for controlled induction of oncogene expression at different larval 
stages which leads to development of T-ALL in 81 % of heat shocked larvae in 
contrast to the injection approach (13 %) thereby showing that Cre expression from 
chromosomal integration is far more effective than from mRNA injection. Despite 
the positive outcomes, the leakiness of the  heat shock promoter  also leads to few 
problems. Thus, it also causes leukemia in 13 % of non-heat shocked fi sh and the 
attempt to produce a line encoding both, the Cre and the  lox  constructs, reveals 
reduced aggressiveness of the developing leukemia already in the third generation. 
This occurs most likely due to Cre induced loss of copy numbers during the breed-
ing through the leaky  heat shock promoter  and thus requires continued control of 
the double transgenic line. Instead keeping both constructs in separate lines helps 
to overcome this problem. The leukemia model of Forrester and colleagues uses the 
same heat shock inducible system to conditionally activate expression of the human 
leukemia associated gene  NUP98-HOXA9  under the promoter  spi1  [ 185 ]. Despite 
its expression in myeloid cells, central nervous system and musculature, they found 
exclusively myeloid proliferative like malignancies in 23 % of 19–23 months old 
fi sh. In another zebrafi sh cancer model the oncogene  KRAS   G12D   is expressed ubiq-
uitously under the  β-actin  promoter using the construct  β-actin-LoxP-EGFP-pA- -
LoxP-KRAS   G12D   [ 186 ]. Through crossing with a  hsp:Cre  line [ 14 ], oncogene 
induction can be timely controlled which leads to increased lethality and develop-
ment of hyperplasia and multiple tumor types including skeletal muscle tumors, 
myeloproliferative disorder (MPD), intestinal epithelial hyperplasia and rarely 
malignant peripheral nerve sheath tumors. Also in this line, background expression 
of Cre can be observed which leads to tumor development in non-heat shocked fi sh 
but at later time points and with lower frequency than in their heat shocked sib-
lings. The MPD developed in this model is not only transplantable, forming the 
same disease in irradiated recipients but can also be induced through resection of 
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hematopoietic kidney cells from non-heat shocked double transgenic adults and 
transplantation after heat shock into irradiated recipients. Hence, both models 
proved that despite the leakiness, control of Cre expression through a  heat shock 
promoter  improves survival of oncogene carriers and allows for time controlled 
induction of oncogene expression. Additionally, it enables easy transplantation 
studies with freshly induced tumor cells. 

 As the leakiness of the heat shock-Cre system provides severe limitations, more 
reliable methods have been developed. In contrast to the  heat shock promoter , 
fusion of Cre with the estrogen receptor ER T2  leads to permanent Cre expression, 
but strictly tamoxifen dependent Cre activity in the nucleus [ 187 ]. Thereby, Cre 
activity can also be titrated in a concentration dependent way but must be tested for 
each  CreER   T2   line separately. Until now the tamoxifen inducible Cre system has 
been successfully applied for developmental studies, mainly for imaging approaches 
[ 188 ,  189 ]. Additionally, a large number of existing  CreER   T2   lines offers application 
of this system also for cancer studies. Since its establishment several  CreER   T2   lines 
have been developed with different global or tissue specifi c  CreER   T2   expression 
pattern. Hans et al. developed two different  pax2a  dependent lines that express 
 CreER   T2   (1) at the prospective diencephalon of the developing forebrain and (2) at 
the future rhombomere 3 and 5 of the hindbrain anlage, respectively. The 
 ubi:CreER   T2   line [ 69 ] instead allows general induction of Cre activity at any stage 
which makes it preferable over most general promoters used such as  XlEef1a1  
(strongest expression during gastrulation and midsomitogenesis) [ 187 ],  β-actin  
(low expression in erythrocytes, fi ns) [ 96 ,  190 ]. These and many more  CreER   T2   
expressing lines have been compiled in the database CreZoo (see Box  1  for web 
site), a large library that contains over 30 different tissue and cell specifi c  CreER   T2   
expressing lines together with well organized molecular and expression data [ 191 ]. 
This database provides a great platform for cancer screen studies when combined 
with a corresponding set of lox lines for Cre- mediated recombination of tumor sup-
pressors or oncogenes. 

 Another hormone dependent control mechanism relies on the progesterone ana-
log mifeprestone. As it does not cross interact with the tamoxifen receptor ER T2  
both systems can be used in combination enhancing complexity of transgenic 
approaches. In zebrafi sh this system has been tested by Park et al. who combined 
the tamoxifen inducible  CreER   T2   with the mifeprestone inducible  DrePR  to the sys-
tem TAILOR ( t ransgene  a ctivation and  i nactivation through  lox  and  rox ) [ 85 ] which 
not only proved the functionality of both systems in zebrafi sh but also their compat-
ibility. Hence, it can be used for time controlled activation and inactivation of gene 
expression as well as for sequential transgene activation through  lox  and  rox . Thus, 
it provides additional fl exibility for SSR dependent conditional transgenesis which 
will not only improve cell lineage tracing, temporal and spatial gene expression 
control through intersection of partially overlapping promoter activities, but may 
also facilitate mimicking of consecutive events in cancer development through pre-
cise and independent activation or inhibition of oncogenes or tumor suppressor 
genes, respectively.  
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    Temporal Control of the Gal4/UAS System 

 The Gal4/ UAS  system has proved its value in a variety of cancer studies [ 8 – 10 ,  43 , 
 45 ,  192 ]. Although no cancer model in zebrafi sh applied temporally controllable 
Gal4/ UAS -systems yet, several other studies revealed the advantageous characteris-
tics of temporally controllable Gal4/ UAS  as they allowed studying gene transcrip-
tion effects at later time points of development. Coupling Gal4 to the  heat shock 
promoter  allows to activate Gal4 expression in the whole organism fast and easy 
through an incubation at 38 °C for 30 min or spatially restricted through laser expo-
sure [ 193 ,  194 ]. 

 Several heat shock controlled Gal4 lines that have been developed by Asakawa 
and Kawakami can be found in the zebrafi sh line database zTrap [ 195 ]. However, 
 heat shock promoters  driving Gal4 expression exclude the use of tissue specifi c 
promoters, possess leakiness and permit only limited control of expression kinetics. 
Hormone bound Gal4 expression instead retains the possibility of tissue specifi c 
Gal4 expression and provides dose dependent kinetic control. While glucocorticoid 
receptor regulated Gal4 has already been published in 1998 [ 196 ], further applica-
tions were only described in 2013 using ER T2  fused Gal4 [ 197 ,  198 ]. In these lines, 
tamoxifen could induce Gal4 expression in larvae (already 3–4.5 h post treatment) 
and in adults. Even though slight leakiness was observed, tissue specifi c Gal4 
expressing lines could be generated and allowed to study for example tissue specifi c 
effects of elevated Notch expression on notochord development. 

 The Gal4/ UAS  system has also been combined with optogenetic tools. Placing 
optogenetic activators and sensors under the  UAS  promoter allowed Umeda et al. to 
take advantage of existing Gal4 lines and to control channel protein expression in 
specifi c neural cell types [ 199 ]. Non-channel protein systems such as the  CRY2- CIB1 
instead have been used to control Gal4 activity through fusion of the Gal4 compo-
nents AD and DBD to CRY2 and CIB1, respectively which allows for light con-
trolled Gal4 activation through light induced fusion of the two components [ 179 ]. 

 Besides combination with temporal control tools, the Gal4/ UAS  system has also 
been connected with the Cre/ lox  system such as in the promising zebrabow model 
developed by Pan and colleagues. In this model  lox  fl anked fl uorescent proteins are 
under  UAS  control which allows Gal4 dependent tissue specifi c expression in con-
trast to the ubiquitously expressing  ubi:zebrabow  line [ 68 ]. 

 Another combination of several tools is referred to as MAZe ( M osaic  A nalysis in 
 Ze brafi sh) [ 200 ,  201 ]. This system combines a heat shock controlled Cre and a pro-
moter controlled Gal4 which is inhibited by a  loxP  fl anked stop codon. As the  heat 
shock promoter  activates Cre only ineffi ciently, this combination results in mosaic 
expression of Gal4 which allows studies on sparse somatic cells or in a highly 
restricted spatial control of target gene activation by laser induced heat shock. 
Together with the previously descried Gal4 combination tools and the wide range 
of  UAS  encoding effector lines and constructs available, this system could provide 
new possibilities for detailed studies on somatic expression of oncogenes.  
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    Mifeprestone/LexPR 

 The mifeprestone inducible LexPR system allows both temporal and spatial control 
of gene expression. Similar to the Gal4/ UAS  system, the LexPR system consists of 
a transactivator, which can be set under tissue specifi c promoter control but addi-
tionally functions only upon binding of mifeprestone, and an operator that controls 
expression of a subsequent gene. The transcription factor LexPR is a fusion of the 
DBD of the bacterial  LexA  protein, a truncated ligand binding domain of the human 
progesterone receptor and the AD of the human p65 protein. The operator promoter 
LexOP consists of a synthetic  LexA  operator fused to the minimal 35S promoter 
from Caulifl ower Mosaic Virus [ 202 ]. 

 Emelyanov and Parinov were the fi rst to adopt and test this system in zebrafi sh 
[ 202 ]. For a proof of principle, they developed a line containing both, the LexPR 
transactivator and the gene of interest under control of the LexOP. In this line they 
showed that the LexPR system is not toxic to zebrafi sh, allows tight control of gene 
expression without basal expression, can reliably and concentration dependent be 
turned on by mifeprestone and turned off again through withdrawal of mifeprestone 
by easily moving fi sh into fresh water. Mifeprestone itself was tested to be not toxic 
in larvae at concentrations suffi cient for target gene expression and to be applicable 
to adult females to gain maternal expression in embryos. Additionally, mifeprestone 
is a relatively cheap drug and safe to use due to the low concentrations required for 
system activation [ 202 ]. Using a two line system composed of a driver line that 
express the transactivator LexPR and an effector line encoding the LexOP con-
trolled gene of interest, Emelyanov and Parinov also demonstrated the possibility to 
control gene expression in trans, to control expression of two independent genes in 
the same line and to effi ciently express oncogenic  KRAS  under the cytokeratin 
 promoter  krt8  which caused strong developmental abnormalities. One drawback of 
the system, as observed also in other binary gene expression system, is the diversity 
in expression strength not only between larvae of the same clutch but also between 
cells of the same larva, thus caution is required with quantitative analyses. Nguyen 
et al. took advantage of the system to timely control oncogene expression in a 
zebrafi sh liver cancer model using an activator line expressing LexPR under control 
of the promoter  fabp10  and an effector line expressing  kras   G12V   under LexOP con-
trol [ 203 ]. This approach allowed not only to recapitulate the phenotype of the pre-
vious not-inducible model [ 204 ] but also to delay the oncogene expression to 1 
month of age at which 100 % of fi sh treated with 2 μM mifeprestone developed 
tumors after 1 month of treatment, while lower concentrations induced tumors later 
and less frequently. Additionally, the reversibility of the system allowed investiga-
tors to turn off  kras   G12V   expression and demonstrated oncogene addiction of tumors. 
As the LexPR and the Gal4 system do not cross react, it is possible to combine them 
in the same line to develop more sophisticated models [ 202 ]. 

 Table  1  shows an updated list of cancer models developed through conditional 
methods in zebrafi sh.
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   Table 1    Application of the conditional transgenic toolbox in zebrafi sh cancer models   

 Spatial 
control 

 Temporal 
control  Cancer  Promoter  Oncogene  References 

 Gal4/UAS  –  Melanoma   kita    GFP-HRAS   G12V    [ 9 ] 
 Gal4/UAS  –  Leukemia   fl i.1    GFP-HRAS   G12V    [ 43 ] 
 Gal4/UAS  –  Chordoma   twhh    GFP-HRAS   G12V    [ 13 ] 
 Gal4/UAS  –  Glioma   zic1/4    GFP-HRAS   G12V    [ 11 ] 
 Gal4/UAS  –  Glioma   ptf1a    marhAKT1  

  GFP-RAC   G12V   
 [ 12 ] 

 Gal4/UAS  –  Glioma   krt5  
  gfap  

  mCherry-KRAS   G12V    [ 44 ] 

 Gal4/UAS  –  Pancreas   ptf1a    GFP-KRAS   mut    [ 10 ,  45 , 
 192 ] 

 Gal4/UAS  –  Multiple   krt4    smoa1-GFP  
  myrhAKT1  

 [ 8 ] 

 Cre  – or 
 Heat Shock 

 Leukemia 
(T-ALL) 

  rag2    GFP-mMyc   [ 14 ,  15 ] 

 Cre  Heat Shock  MPN   spi    NUP98-HOXA9   [ 185 ] 
 Cre  Heat Shock  Multiple   b-actin    KRAS   G12D    [ 186 ] 
 –  Heat Shock  Leukemia   hsp70    AML1-ETO   [ 141 ] 
 –  Heat Shock  Leukemia 

like lesions 
  hse    Mycn   [ 142 ] 

 –  Heat Shock  Ewing’s 
sarcoma 

  hsp70    EWS-FLI1   [ 143 ] 

 –  Tet-On (Dox)  Glioma   krt5  
  gfap  

  mCherryKRAS   G12V    [ 44 ] 

 –  Tet-On (Dox)  Liver   fabp10    Xmrk   [ 160 ] 
 –  Tet-On (Dox)  Liver   fabp10    Myc   [ 161 ] 
 –  Tet-On (Dox)  Liver   fabp10    GFP-kras   G12V   

  mCherry-rhoA  (WT) 
  mCherry-rhoA   G14V   (DA) 
  mCherry-rhoA   T19N   (DN) 

 [ 162 ] 

 –  Tamoxifen  Leukemia 
(T-ALL) 

  rag2    mMyc-ER   [ 147 ] 

 –  Tamoxifen  Liver 
(zebrafi sh 
liver cell line) 

  deltaRaf1-ER   [ 146 ] 

 LexPR  Mifeprestone  Liver   fabp10    GFP-kras   G12V    [ 203 ] 

  Collection of available cancer models in zebrafi sh that are based on conditional transgenic meth-
ods stating the conditional methods applied, the type of cancer induced and the promoter and 
oncogene used 
  Abbreviations :  DA  dominant active,  DN  dominant negative,  Dox  doxycycline,  MPN  myeloprolif-
erative neoplasia,  T-ALL  T-cell acute lymphatic leukemia,  WT  wildtype  
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         Future Perspectives 

 The development of conditional transgenic approaches in zebrafi sh is already offer-
ing a broad variety of tools for diverse expression controls. Moreover, new tools are 
continuously developed adding even more fl exibility to the already large tool box, 
including the Gal4/ UAS  analog systems TrpR/ tUAS  and QF/ QUAS , the novel gene 
silencing  shRNA-miRNA , the dre/ rox  system, CRISPR/Cas9 knock-in system and 
optogenetic approaches. Additionally, the possibility of a synergistic application of 
the large variety of tools will expand exponentially the repertoire of conditional 
approaches in zebrafi sh cancer models. For example, the CRISPR/Cas9 system is a 
promising easy tool to generate  attP  landing sites at desired loci either in non- coding 
regions with limited effect on adjacent genes or directly adjacent to enhancers or in 
coding regions in order to generate a library of lines that allows locus independent 
comparison of gene activities, enhancer studies or endogenous gene labeling/dis-
ruption, respectively. Additionally, these  attP  sites can be used to integrate sequences 
encoding for (1) stable or reversible, (2) light, hormone or heat tunable (3) single or 
multicomponent systems. Current studies in zebrafi sh using mi-siRNA also promise 
to achieve targeted silencing of genes at will [ 47 ]. Thus, the fi eld of zebrafi sh cancer 
studies will soon make full use of an immense set of tools for controlling gene 
expression specifi cally in organs, tissues, cells or time, or all at once.     
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      Approaches to Inactivate Genes in Zebrafi sh                     

       John     M.     Parant      and     Jing-Ruey     Joanna     Yeh    

    Abstract     Animal models of tumor initiation and tumor progression are essential 
components toward understanding cancer and designing/validating future therapies. 
Zebrafi sh is a powerful model for studying tumorigenesis and has been successfully 
exploited in drug discovery. According to the zebrafi sh reference genome, 82 % of 
disease-associated genes in the Online Mendelian Inheritance in Man (OMIM) data-
base have clear zebrafi sh orthologues. Using a variety of large-scale random muta-
genesis methods developed to date, zebrafi sh can provide a unique opportunity to 
identify gene mutations that may be associated with cancer predisposition. On the 
other hand, newer technologies enabling targeted mutagenesis can facilitate reverse 
cancer genetic studies and open the door for complex genetic analysis of tumorigen-
esis. In this chapter, we will describe the various technologies for conducting genome 
editing in zebrafi sh with special emphasis on the approaches to inactivate genes.  

  Keywords     CRISPR   •   Cas9   •   Zinc fi nger nuclease   •   Transcription activator-like 
effector nuclease   •   Mutagenesis   •   Zebrafi sh   •   Genome engineering   •   Cancer   •   Gene 
targeting   •   Homologous recombination  

      Non-targeted Methods 

    Chemical Mutagenesis by  N -Ethyl- N -Nitrosourea (ENU) 

 Forward genetic screen has been a fruitful approach for discovering new biological 
pathways. While primarily utilized by non-vertebrate organisms like yeast,  C. ele-
gans  or  Drosophila , zebrafi sh provides a unique vertebrate model in which near 
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saturation, forward genetic screens can be achieved [ 1 ]. ENU ( N -ethyl- N - nitrosourea) 
is an alkylating agent commonly used to mutate zebrafi sh and causes A to T transver-
sions and AT to GC transitions, as well as other less frequent nucleotide alterations. 
By soaking an adult male zebrafi sh (referred to as a G0 fi sh) in a non-toxic dose of 
ENU, mutations are randomly generated in the germ stem cells, which can be passed 
down to the offspring (often referred to as F1). Importantly, while the G0 fi sh carry 
mosaic germline mutations, the F1 offspring carry heterozygous mutations, and each 
F1 fi sh is unique for the mutations it contains. A number of approaches have been 
developed to determine the recessive phenotypes of these mutations including tradi-
tional F3 genetic screen, F2 haploid screen and F2 early pressure gynogenetic dip-
loid screen (Fig.  1 ).

   As shown in Fig.  1 , with the traditional F3 genetic screen, F2 families are gener-
ated from the unique F1 animals, such that 50 % of the F2 population will be het-
erozygous for a mutation contained in the F1. By breeding a number of F2 pairs (~8 
pairs) to generate F3 animals, all possible homozygous phenotypes derived from 
mutations within this family can be observed in different F3 clutches. In principle, 
by screening a large number of F2 families, all potential genes involved in a particu-
lar phenotype can be identifi ed. While this approach is schematically straightfor-
ward and does not require any special technique, it does require a signifi cant fi sh 
space which can be inhibitory to small labs. Thus, two innovative screening meth-
ods have been developed as described below. 

 The haploid screen takes advantage of the fact that UV-treated sperms can fertil-
ize eggs from a F1 female without providing genomic equivalents to the egg, 
thereby generating haploid F2 animals that contain only 1N of DNA from the 
maternal genome (Fig.  1 ). Importantly, haploid zebrafi sh embryos can survive well 
up to 3 days post-fertilization (dpf) allowing for phenotypic analysis prior to this 
time. The key advantage to this method is that phenotypic analysis can be achieved 
from the progeny of the F1 population, hence requiring considerably less fi sh space 
than a F3 screen. For example, 20 F1 fi sh (equivalent to one housing tank) screened 
by haploid is comparable to 20 F2 families (equivalent to 40–60 housing tanks) 
screened through a traditional F3 screen. Nonetheless, the caveats to this approach 
are that the process is mildly laborious, the female must survive the egg squeezing 
procedure, and there are a number of underlying cellular defects not well under-
stood occurring in these haploid embryos [ 2 ,  3 ]. 

 The Early Pressure (EP) gynogenetic diploid screen is an offshoot of the haploid 
screen, however following fertilization with UV-treated sperm, the egg is placed 
under pressure, not allowing the second polar body to extrude, resulting in a 2N 
embryo which in concept is homozygous for one of the two sets of maternal chro-
mosomes (Fig.  1 ). In reality, meiotic recombination can occur during this process, 
creating heterozygosity near the telomere but homozygosity near the centromere; 
therefore this screen primarily identifi es recessive phenotypes from centromeric 
mutations [ 4 ]. Importantly, a large number of these 2N gynogenetic embryos are 
viable and can be raised to adulthood. Compared to the other two screening meth-
ods, clear advantages of this type of screen are not only that the screen can be per-
formed directly from the F1 animals, but also that it is not limited to phenotypes in 
<3 dpf window (e.g. adult screen can be performed). However, this procedure can 
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  Fig. 1    Depiction of the different genetic screening methods as well as a targeted screening method 
called Targeting Induced Local Lesions IN Genomes (TILLING). Amongst all of these genetic 
screens, adult male zebrafi sh (G0) are exposed to ENU mutagen. Mutations induced in the germ 
cells can be propagated into the next generation through breeding to a wild-type female, producing 
an F1 offspring. Each F1 offspring contains unique mutations only found in that F1. In the tradi-
tional F3 recessive genetic screen (scheme marked in  black letters ), in order to generate additional 
animals with the F1 mutations, these animals are bred to a wild-type animal thus producing off-
spring in which half will be heterozygous for any individual mutation. By crossing these F2 ani-
mals, 25 % of the offspring (F3) will be homozygous for a mutant allele. Alternatively, haploid 
embryos can be generated by in vitro fertilization (IVF) of eggs from a female F1 with UV-treated 
sperms, which can fertilize but not contribute DNA content, thereby generating 50 % of embryos 
that are recessive for a F1 derived mutation (scheme marked in  blue letters ). Screening these 
embryos for cancer phenotypes alleviates the need to generate and maintain F2 families. However, 
these embryos develop normally until 3 dpf, therefore limited to early embryonic screens. An 
extension of the haploid screen is the early pressure-derived gynogenic diploid screen in which the 
fertilized eggs from the haploid procedure are exposed to high pressure (scheme marked in  magenta 
letters ). This procedure prevents the second polar body from extruding, hence a gynogenic diploid 
embryo is generated which will be homozygous for a maternal allele. Importantly these diploid 
embryos can be raised to adults. Finally, examples of assays for cancer-related phenotypes that 
have been conducted are shown at the bottom in the  green text box . For TILLING (scheme marked 
in  orange letters ), genomic DNA is isolated from large cohorts of F1 adult fi sh, each harboring a 
unique collection of mutations. In this approach, fi rst a PCR amplicon across a genomic region of 
interest (ROI) is generated from each of these F1 genomic DNA samples. Utilizing a variety of 
mutation detection methods described in this chapter, F1 animals containing novel mutations are 
identifi ed and ultimately bred to generate a cohort of heterozygous animals for further analysis       
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be quite laborious, and there are low penetrant phenotypic inconsistencies not well 
understood, but most likely due to disruption of maternal/paternal imprinting. 

 One of the initial efforts to use forward genetics to understand cancer was dem-
onstrated by the Zon lab, utilizing a haploid F2 embryonic genetic screen to identify 
mutants with proliferation defects. From this screen, two cell cycle mutants,  bmyb  
and  separase , were identifi ed based on the aberrant staining of phospho-histone H3 
(pH3), a marker of M-phase cells. Indeed, it was later found that both homozygous 
mutants display mitosis abnormality and heterozygous adults are predisposed to 
cancer, emphasizing the usefulness of an embryonic screen for adult cancer predis-
position [ 5 ,  6 ]. In addition, an F3 embryonic genetic screen conducted in the Yost 
lab, which focused on identifying mutants defi cient in irradiation-induced apopto-
sis, discovered a p53 mutant zebrafi sh that was also predisposed to early tumor 
onset [ 7 ]. In another embryonic genetic screen, the Cheng lab designed an elegant 
gynogenic diploid genetic screen in which they looked for mutants that had increased 
rates of genomic instability, a hallmark of cancer. From this screen, 12 mutants 
called  genome instability  ( gin ) were identifi ed, and spontaneous tumors were 
observed in all  gin  heterozygous fi sh lines [ 8 ]. These examples demonstrate how 
well designed embryonic screens of cancerous traits can be used to identify cancer 
predisposing genes. 

 Alternatively, due to the small size and ease of maintenance, true unbiased adult 
cancer screen can also be performed to identify cancer predisposition genes. While 
a large-scale F1 adult genetic screen for tumor predisposition has yet to be demon-
strated, the Amatruda lab was able to identify a genetic mutant that was predisposed 
to early onset germ cell tumors in adult fi sh [ 9 ]. This model demonstrates the entic-
ing potential of an adult zebrafi sh cancer screen.  

    Insertional Mutagenesis by Retroviruses 

 In the early days ENU mutagenesis was the most effective method for mutating 
zebrafi sh genes, however mapping the ENU-derived mutation was burdensome. In 
1996, pioneering work from the Hopkins lab established that high-titer mouse ret-
roviruses could be used as a germline mutagen in zebrafi sh (Fig.  2a, b ) [ 10 ]. The 
Hopkins group utilized this approach to generate a collection of 315 retroviral inser-
tion mutant lines in which homozygotes were embryonic lethal prior to 5 dpf. These 
embryonic lethal mutants were identifi ed through a breeding scheme similar to an 
ENU F3 screen. However, unique to this approach because of the retroviral inser-
tion tag, the exact insertion site within the genome could be identifi ed through 
inverse PCR methods. Therefore, the causative genes for all 315 embryonic lethal 
lines were identifi ed and represented the largest mutant collection in which all the 
mutated genes were known [ 11 ]. Interestingly, the retrovirus has an unclear prefer-
ence for the 5′ ends of genes encompassing promoters and early exons or introns, 
which allows for a useful tool to mutate genes (Fig.  2c ). Follow-up from the Burgess 
lab, assessing a large unbiased cohort of insertions established that a majority of 
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  Fig. 2    Insertional mutagenesis. ( a ) Transgenic insertions are generated by injecting transposase 
mRNA plus transposable plasmid DNA into the 1 cell egg, while retroviral insertions are generated 
by injecting high-titer retroviruses into the 1000-cell stage embryos. Ultimately an adult F0 chime-
ric animal is generated, in which breeding scheme similar to ENU (Fig.  1 ) can be used to identify 
F2 dominant phenotypes or F3 recessive phenotypes. ( b ) While many insertions are in extragenic 
regions of the genome, some disruptive insertions are located in exons or introns of genes. 
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viral insertions were in intron 1 of genes, and that 80 % of intron 1 insertions 
knocked down gene transcript levels by 80 % [ 12 ]. These observations have been 
expanded to establish the “Zebrafi sh Insertion Collection” aimed at providing the 
community with over 3000 gene insertions (  http://research.nhgri.nih.gov/ZInC/    ) 
[ 13 ,  14 ]. Many of these gene insertions have been deposited to the Zebrafi sh 
International Resource Center (  http://zebrafi sh.org/home/guide.php    ), providing a 
useful resource for mutant alleles.

   While initial work from the Hopkins collection focused on embryonic pheno-
types, they subsequently monitored the heterozygous mutant lines for cohorts that 
displayed decreased survival or apparent tumor formation. In this same collection, 
12 lines developed early onset tumor [ 11 ]. Surprisingly, 11 of the 12 tumor-prone 
lines contained mutations in ribosomal proteins. While ribosomal stress has long 
been associated with tumorigenesis, zebrafi sh served as the fi rst animal model to 
proof its importance in tumorigenesis [ 15 ]. The other line that developed tumors 
had a mutation in the gene responsible for human cancer disorder neurofi bromin 2 
(NF2), thus becoming a zebrafi sh model of NF2 [ 11 ]. 

 While clearly a powerful approach for phenotypic screens, especially consider-
ing the rapid insertion identifi cation, retrovirus-induced mutagenesis is not practical 
for the average sized lab since the mutation rate is much lower than ENU, therefore 
requiring more F2 families. Furthermore, this approach, like ENU, does not allow 
one to choose where the gene disruption occurs or the degree to which the gene is 
knocked down. While these insertions are rarely complete knockouts, they provide 
a unique resource for weak/knock-down alleles for research.  

Fig. 2 (continued) The exonic insertions are ideal in that they disrupt the open reading frame of the 
gene and create a null allele. The intronic insertions are more variable and their ability to disrupt a 
gene is dependent on the type of vector employed. ( c ) Retroviral insertions in early introns can 
often reduce the mRNA levels for the inserted gene. While not completely clear of the mechanism, 
it is likely through promoter repression or improper splicing into the integrated DNA. ( d ) A pro-
moter trap is designed such that an exogenous splice acceptor sequence inserted within an intron 
will hijack the endogenous transcript and produce a fused mRNA containing the GFP cDNA, which 
may be identifi ed through microscopy. The clear advantage of this system is that GFP expression in 
strongly correlative with insertion into a gene. The disadvantage is that positive identifi cation of 
insertion depends on the spatial and temporal expression of the endogenous promoter. ( e ) The Gene 
Breaker design incorporates a promoter trap with a ploy A trap. The poly A trap is designed such 
that a ubiquitous promoter drives transcription of a GFP mRNA that is unstable since it does not 
have a poly A sequence. However when inserted into an intron of a gene the splice donor sequence 
after the GFP can hijack, following splicing into the endogenous transcript, the endogenous poly A 
sequence thereby providing stability to the GFP mRNA and ultimately GFP expression. The advan-
tage of this system is that identifying insertion events by GFP expression does not depend on the 
expression pattern of the endogenous promoter. ( f ) The conditional trap can use the promoter trap 
or the Gene Breaker design, but importantly these cassettes are fl anked by either Lox or FRT sites 
in the opposite orientation such that when Cre or Flp is expressed the insert may be inverted. When 
inverted the splice acceptor no longer disrupts the endogenous transcript. Importantly expression of 
the Cre or Flp again will invert the construct making it disruptive again. By using spatial or tempo-
ral control of the recombinase conditional rescue or knockout can be achieved       
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    Insertional Mutagenesis by Transgenes 

 Transgene insertion is an attractive alternative to retrovirus-based insertional muta-
genesis due to the increased cargo size, fl exible design, and lack of need for cell cul-
ture to produce viral titers. Traditionally naked DNA injection approaches in zebrafi sh 
were very ineffi cient and not feasible for genetic screens. However, the application of 
transposon-based insertions, through Sleeping Beauty (SB) or tol2 transposon sys-
tems opened up the door for transgene insertion-mediated mutagenesis [ 16 ,  17 ]. 
These transposon systems allowed for high numbers of single copy insertions, result-
ing in high mutagenic rates. Since this chapter focuses on gene disruption, we will not 
discuss enhancer trap or other less deleterious transgenic constructs. 

 The fi rst gene trap approach utilized the tol2 system to insert a splice acceptor- 
GFP- polyA construct randomly into the zebrafi sh genome [ 18 ]. This approach, also 
known as a promoter trap, exploited the trapped gene promoter and splicing machin-
ery to generate GFP expression (Fig.  2d ). Gene trap effi ciencies were very high in 
that approximately 50 % of F0 fi sh, derived from tol2 transposition, produced GFP- 
positive F1 progeny. Meanwhile, as expected, a majority of the mapped GFP- 
positive insertions were within intragenic regions. While establishing a proof of 
principle for transgenic insertion-based mutagenesis, early studies showed that gene 
knockdown was often incomplete and did not consistently result in loss-of-function 
phenotypes [ 18 ,  19 ]. In addition, only insertions into genes that are expressed dur-
ing early embryogenesis can be identifi ed through this approach. Subsequently, an 
optimized “gene-breaking” vector was generated using a more profi cient splice 
accepter and polyA termination sequence, to more effectively truncate the endoge-
nous gene product (Fig.  2e ). In addition, this vector contains a polyA trap for ubiq-
uitous GFP expression, which allows for identifi cation of all gene insertions 
irrespective of if the gene is active during embryogenesis. From this system, 10 % 
of injected embryos produced a germline polyA trap event (denoted by ubiquitous 
GFP expression) and of these 14 % produced a homozygous phenotype [ 20 ,  21 ]. 
Both SB and tol2 delivery systems seem to produce similar effi ciencies [ 19 ]. Further 
improvements by the Chen and Ekker labs have made these insertions conditional, 
because they are gene-disrupting only when inserted in one of the two orientations. 
By design, the orientation of the integrated DNA may be reversed using CRE or 
FLP recombinase (Fig.  2f ) [ 21 ,  22 ]. Only a few examples of genetic screens have 
been derived from these transgenic insertions [ 23 ], however they are good resource 
for knockout alleles and the only resources for conditional genetic mutants in 
zebrafi sh to date (  http://kawakami.lab.nig.ac.jp/ztrap/    ;   http://zfi shbook.org/    ). 

 The key attraction to this approach is the technical amenability to almost all 
zebrafi sh labs and the relative easiness in mapping the insertion loci, although the 
latter has become less signifi cant due to the advances in Next-Generation sequenc-
ing (NGS). Due to the abilities to customize the insertion vectors and make the 
mutations reversible, insertional mutagenesis by transgenes certainly stands out to 
be an advantageous platform for innovatively designed experiments.   

Approaches to Inactivate Genes in Zebrafi sh

http://kawakami.lab.nig.ac.jp/ztrap/
http://zfishbook.org/


68

    Targeted Methods 

    Targeting Induced Local Lesions IN Genomes (TILLING) 

 TILLING was fi rst described for identifi cation of mutations in  Arabidopsis thaliana  
in 2000, however quickly became adopted in many organisms, including zebrafi sh as 
the ideal mutation generation and identifi cation approach [ 24 – 26 ]. The concept is to 
screen through individual genomic DNA samples from a large cohort of ENU/EMS 
(ethyl methanesulfonate)-derived F1 animals to identify an individual that contains 
a mutation that either alters a key amino acid or generates a premature stop codon in 
the desired gene (Fig.  1 ) .  The detection methods for these mutations have evolved 
from denaturing high performance liquid chromatography (DHPLC) analysis [ 24 ], 
then CEL1 heteroduplex endonuclease followed by electrophoresed using LI-COR 
IR 2  gel analyzer [ 27 ], to high-throughput NGS of the whole exome of F1 animals 
[ 28 ]. After examining 1673 exomes using NGS, it was found that the frequency of 
non-sense and disruptive splice site mutations was approximately 10 per exome. 

 While this approach is advantageous for identifying gene specifi c knockouts, the 
TILLING technology was not very amenable to most individual labs. Therefore two 
main TILLING centers evolved—the FHCRC Zebrafi sh TILLING project (  https://
webapps.fhcrc.org/science/tilling/    ) and the Sanger Zebrafi sh Mutation Project 
(  http://www.sanger.ac.uk/Projects/D_rerio/zmp/    ). Eventually, the Wellcome Trust 
Sanger Institute took it upon itself the mission to identify at least one gene- disrupting 
mutation in every zebrafi sh gene. Presently the project is at 45 % null-mutation 
coverage (11,892 of 26,206 protein-coding zebrafi sh genes;   http://www.sanger.
ac.uk/Projects/D_rerio/zmp/    ) [ 28 ]. TILLING mutants are available from various 
zebrafi sh stock centers (  http://zebrafi sh.org/home/guide.php    ;   http://www.ezrc.kit.
edu/    ). Looking forward, while initially the rate of identifying a gene-disrupting 
mutation in a gene, where such a mutation had not been previously identifi ed, was 
high (10 per F1), this rate has declined dramatically as more exomes were sequenced. 
This decline may be caused by a combination of several factors including: (1) satu-
ration of the discovery limit, in that by random chance there will be an increasing 
proportion of previously identifi ed null alleles; (2) small-sized genes are less likely 
to be mutated by random chance; (3) mutagenic hotspot/coldspot effects of chemi-
cal mutagenesis; and (4) some sequences have a lower mutagenic potential. 

 The Plasterk group was the fi rst to apply this TILLING technology to identify 
novel zebrafi sh mutant alleles [ 26 ,  29 – 31 ]. Among tumor suppressor genes, in 
2005, a p53 missense mutant zebrafi sh derived from TILLING was the fi rst zebraf-
ish tumor suppressor gene mutant, which developed early onset tumors and initiated 
zebrafi sh as a useful model for cancer studies [ 29 ]. Subsequently in 2006, a 
TILLING-derived mutant heterozygous for the  adenomatous polyposis coli  ( apc ) 
gene was demonstrated to develop adenomas in the intestine, which now serves as 
a zebrafi sh model of familial adenomas polyposis (FAP) [ 30 ]. The teleost linage 
underwent a duplication event such that there are two  phosphatase and tensin 
homolog  ( PTEN ) orthologs— ptena  and  ptenb , in zebrafi sh. Mutations in both of 
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these genes have been identifi ed by TILLING. In mice, loss of  PTEN  leads to early 
embryonic lethality [ 32 ,  33 ]. Double homozygous pten-null zebrafi sh are also 
embryonic lethal. Interestingly, homozygous deletion of  ptenb  alone is viable, how-
ever adults have early onset tumor, suggesting through this gene duplication the 
embryonic and tumor suppressor roles of PTEN can be separated [ 34 ]. Human 
hereditary non-polyposis colon cancer (HNPCC) is caused by germline mutations 
in various key mismatch repair genes [ 35 – 40 ]. Truncated mutations in 3 of the 
HNPCC genes—MLH1, MSH2, and MSH6, have also been found by 
TILLING. Homozygous mutant zebrafi sh in either one of these three genes devel-
oped tumor at an early age, establishing a zebrafi sh model of HNPCC [ 41 ]. In sum, 
TILLING was the fi rst technology that established zebrafi sh as an animal model for 
targeted gene inactivation and identifi cation of specifi c tumor suppressor genes. 
Despite these successes, when compared to the newer technologies such as engi-
neered endonucleases, one of the key disadvantages of TILLING is that a researcher 
cannot choose the type or location of the mutation.  

    si/shRNA 

 RNA interference (RNAi) using small interfering RNA (siRNA) or short hairpin 
RNA (shRNA) was a technological revolution of the 2000s. In concept a 20–22 nt 
double stranded RNA molecule, either supplied directly or generated by the Dicer- 
mediated cleavage of double stranded RNA or microRNA, can specifi cally target 
homologous sequences in endogenous mRNA and prevent post-transcriptional pro-
tein production [ 42 ]. The beauty of this system in studying tumorigenesis is that one 
can create various degrees of knockdown dependent on the amount of RNAi pres-
ent, as well as the potential to have temporal or spatially restricted expression of the 
RNAi. While this RNAi technology was found very effective in multiple animal 
systems, it was less effective in zebrafi sh. However when incorporated into an 
endogenous zebrafi sh microRNA structure, like miR30, a number of labs were able 
to achieve as high as 75 % knockdown with certain sequences [ 42 – 44 ]. While entic-
ing, a majority of target sequences derived less than 50 % knockdown which is not 
generally desirable. To our knowledge this technology has not been applied to can-
cer predisposition studies. However, partial knockdown of genes that are homozy-
gous null lethal or in theory conditional knockdown would be an attractive 
application of this technology.  

    Engineered Endonuclease (EEN) Approaches 

 Undoubtedly, the most versatile and effi cient approaches to modify the sequence of 
any predetermined target gene are the methods utilizing engineered endonucleases 
(EENs). EENs are designed to induce double-strand DNA breaks (DSBs) only at 
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their user-specifi ed genomic target sites. Thereafter, several types of genetic 
 modifi cations may be generated simply by the work of the cellular DNA repair 
machineries. For example, the non-homologous end joining (NHEJ) mechanism can 
often result in a small random insertion or deletion (indel) at the cut site [ 45 – 53 ]. 
Since this is the predominant DSB repair mechanism during early embryonic devel-
opment in zebrafi sh, EENs are mostly used to introduce frameshift or knockout 
mutations [ 54 ]. Nonetheless, EEN-induced DSBs can also facilitate the generation 
of many other types of genetic modifi cations, such as precise point mutations, tar-
geted knock-in or even long-range chromosomal alterations. The use of EENs in 
those applications will be discussed later in this chapter. 

 To date, all three major types of EENs that have been applied to the mammalian 
cells have also been successfully implemented in the zebrafi sh system. These are 
zinc-fi nger nucleases (ZFNs), transcription activator-like effector nucleases 
(TALENs) and clustered regularly interspaced short palindromic repeats (CRISPR) 
RNA-guided Cas9 nucleases (CRISPR/Cas) [ 55 – 58 ]. In the following sections, we 
will discuss what they are, their effi ciencies, how to make them, and how to choose 
an approach based on the user’s need. Essentially, all EENs are introduced into 
1-cell stage zebrafi sh embryos by microinjection of in vitro-transcribed, EEN- 
coding mRNAs. It is very common for a skilled person to inject hundreds of 
embryos in one morning. Thus, this is a fairly high-throughput process.  

    EEN: Zinc-Finger Nucleases (ZFNs) 

 ZFNs are the fi rst class of EENs that can confer customizable DNA recognition 
specifi cities (Fig.  3a ) [ 59 ]. These artifi cial restriction enzymes contain a tandem 
array of Cys2-His2 zinc fi nger motifs, one of the most common types of DNA rec-
ognition motifs utilized by the eukaryotes [ 60 ,  61 ]. While each fi nger motif binds to 
approximately 3 bps of DNA, an extended array of 3–6 fi nger motifs gives a ZFN 
the ability to recognize 9–18 bps of DNA [ 48 ,  51 ,  62 ]. In addition, ZFNs contain a 
nuclease domain of the  Fok I enzyme. The  Fok I nuclease domain cleaves DNA out-
side of the enzyme recognition sequence, so itself is sequence-independent and can 

Fig. 3 (continued) The N-terminus of the TAL repeat domain (represented by  blue hexagons ) can 
recognize a “T” nucleotide. Both homodimeric and heterodimeric FokI nuclease domains have been 
used in TALENs. ( c ) CRISPR/Cas9 is a programmable RNA-guided nuclease system. The 5′ end of 
the guide RNA (represented by a  curvy blue line ) forms base-complementary interactions with its 
target DNA, while the 3′ end of the guide RNA interacts with the Cas9 nuclease (represented by a 
 blue bi-lobular shape ). Cas9 has two nuclease activities and can create a DSB at its target site. ( d ) 
Cas9 nickase is the Cas9 D10A mutant that can cut only one strand of DNA. Thus, paired nickases 
can be used to generate DSBs, which can be >1000-fold more specifi c than wild-type Cas9. ( e ) FokI-
dCas9 is a dimeric RNA-guided  Fok I nuclease. It is the fusion product of a  Fok I nuclease domain and 
dCas9, a Cas9 D10A and H840A double mutant devoid of any DNA cleavage activity. Thus, FokI-
dCas9 can bind to a DNA target via a guide RNA, but it cuts DNA using its  Fok I nuclease domain. 
It has been shown that FokI-dCas9 has lower off-target mutation frequencies than Cas9 nickase       
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  Fig. 3    Types of customizable engineered endonucleases (EENs). ( a ) Zinc fi nger nucleases (ZFNs) 
are EENs consisting of a zinc fi nger DNA-binding domain and a  Fok I nuclease domain. The DNA- 
binding domain generally contains 3–6 zinc fi nger motifs (represented by  purple  and  blue cylin-
ders ). The nuclease domains of a pair of ZFNs (represented by  orange right-angled shapes ) must 
dimerize before creating a double-strand DNA break (DSB). Although wild-type  Fok I contains a 
homodimeric nuclease domain, obligatory heterodimeric  Fok I nuclease pairs have also been devel-
oped. ( b ) Transcription activator-like effector nucleases (TALENs) are EENs consisting of a TAL 
repeat DNA-binding domain and a  Fok I nuclease domain. Each TAL repeat (represented by a  red , 
 yellow ,  green  or  blue cylinder ) binds to a specifi c DNA nucleotide, namely “A”, “T”, “C” or “G”. A 
TALEN generally contains 15–17 TAL repeats where the last repeat is shorter than all the other ones. 
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be combined with any type of DNA-binding domains [ 59 ]. Meanwhile, the  Fok I 
nuclease domain normally functions as a dimer, meaning that DNA cleavage will 
not occur unless two ZFNs simultaneously bind to their genomic target sites near 
each other in a correct orientation and dimerize. Thus, EENs composed of this 
nuclease domain have to work as pairs [ 63 ,  64 ]. To reduce unwanted DNA-binding 
activities resulted from ZFN homodimers, modifi cations have been made to the 
nuclease domain, creating various obligatory heterodimeric pairs. Some of these 
heterodimeric nuclease domains have later become popular platforms for not only 
ZFN but also TALEN constructions [ 65 – 67 ].

   The Cys2-His2 zinc fi nger motif has a ββα confi guration where seven amino 
acids in the α helix can make direct contact with DNA [ 68 ]. Therefore, man-made 
fi nger motifs possessing new DNA binding specifi cities may be identifi ed from 
screening combinatorial libraries containing randomized sequences in the α helix 
[ 69 ,  70 ]. Even so, it was soon realized that zinc fi nger motifs naturally have higher 
affi nities to G-rich sequences and less affi nities to sequences without any G. In 
addition, zinc fi nger motifs also interact with a neighboring base outside of their 
3-bp recognition sequences, displaying context dependence [ 68 ]. Later, several zinc 
fi nger selection and construction methods, including oligomerized pool engineering 
(OPEN), context-dependent assembly (CoDA) and modular assembly using two 
fi nger archives, were developed, enabling users to make potentially high quality 
ZFNs for their target sites [ 47 ,  71 – 73 ]. 

 In 2008, two pioneering studies concurrently demonstrated that engineered 
ZFNs induced high rates of indel mutations at the intended genomic target sites in 
zebrafi sh [ 46 ,  49 ]. Moreover, they showed that ZFN-induced mutations were effi -
ciently transmitted through the germ line, producing targeted mutant zebrafi sh lines. 
Since then, the use of EENs has become an integral component of targeted genome 
editing in zebrafi sh. 

 After the initial proofs of concept, ZFN construction methods quickly became 
highly sought-after [ 74 ]. Subsequently, ZFNs created using various platforms as 
mentioned above were tested for their effi ciencies in zebrafi sh and found varying 
degrees of success, similar to what have been shown in human cells [ 47 ,  72 ,  73 ,  75 , 
 76 ]. Overall, the ZFN technology inevitably faces several limitations, such as a nar-
row targeting range and poor modularity, hindering the use of ZFNs in any high- 
throughput approach [ 77 ]. Thus, after the introduction of the more effi cient and 
robust TALEN platform, interests in ZFNs have rapidly declined.  

    EEN: Transcription Activator-Like Effector Nucleases (TALENs) 

 Transcription activator-like (TAL) effectors are the virulence proteins used by 
 Xanthomonas , a genus of pathogenic bacteria in plants, to control host gene tran-
scription. It was discovered in 2009 that these proteins had evolved a simple, modu-
lar DNA recognition system where each DNA-binding module, or TAL repeat, 
recognizes one DNA nucleotide. All TAL repeats consist of 32–35 almost identical 
amino acid sequences. However, two variable amino acids at position 12 and 13, 
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termed repeat-variable diresidue (RVD), determine the DNA binding specifi city 
[ 78 ,  79 ]. For example, TAL repeats that have RVD sequence NI, NG, HD and NN 
will bind to A, T, C and G, respectively. To date, customized TAL effector nucleases 
(TALENs) composed of a TAL repeat domain and a  Fok I nuclease domain have 
been shown to induce high rates of mutations in their intended target sites in a wide 
variety of model systems including zebrafi sh (Fig.  3b ) [ 80 – 84 ]. 

 In 2011, Miller et al. identifi ed an effi cient TALEN framework based on TALE13 
of  Xanthomonas axonopodis  [ 85 ]. Specifi cally, they found that shortening the TAL 
repeat domain to N∆152/C63 signifi cantly increased the nuclease activity. In 2011, 
using this basic framework, two studies independently demonstrated that modularly 
assembled TALENs could effi ciently target endogenous zebrafi sh genes [ 83 ,  86 ]. 
The TALEN construction platform used by Sander et al. can be obtained through the 
nonprofi t organization Addgene (  https://www.addgene.org/talengineering/    ) [ 83 ]. Its 
associated protocols can be found on the TALengineering website (http://www.
talengineering.org). Overall, this TALEN framework has shown effectiveness in  C. 
elegans , zebrafi sh, rats, human somatic cells and human pluripotent stem cells [ 80 , 
 82 – 85 ,  87 ,  88 ]. Other TALEN frameworks have also been shown to work well in 
plants, zebrafi sh,  Xenopus  and pigs, such as the ones originally developed by the 
Voytas group based on PthXo1 of  Xanthomonas oryzae  and later modifi ed by other 
groups using a truncated TAL repeat domain (N∆152/C63) [ 89 – 93 ]. TALEN con-
struction kits for these platforms are also available through Addgene (  https://www.
addgene.org/talen/    ). 

 In addition, several studies have provided important insights into various compo-
nents in a TALEN framework that may enhance its effi ciencies. For example, it has 
been shown that TALENs with 15–17 TAL repeats can produce high success rates 
and effi ciencies in human cells and in zebrafi sh, whereas TALENs with smaller num-
bers of TAL repeats are more likely to elicit cytotoxicity [ 80 ,  82 ,  83 ]. In addition, 
differences in the  Fok I nuclease domain used in the TALEN framework may also 
affect its effi ciency. For example, Cade et al. showed that replacing a homodimeric 
 Fok I nuclease domain with a heterodimeric  Fok I nuclease domain could in some 
cases increase TALEN activities [ 80 ]. On the other hand, it was found that the Sharkey 
version of  Fok I nuclease domain severely reduced TALEN activities in zebrafi sh [ 94 ]. 
Moreover, in the original TALEN architecture described by Miller et al., which was 
made publicly available by Joung and colleagues through Addgene, non-RVD varia-
tions were incorporated in the TAL repeats to reduce DNA sequence repetition and 
increase DNA stability [ 85 ]. Interestingly, Sakuma et al. later found that non-RVD 
variations in the TAL repeats could indeed enhance TALEN activities [ 95 ]. 

 The TALEN technology offers high effi ciencies, success rates and can be applied 
on a large scale. TALEN construction may be completed within a few days to a 
couple of weeks manually or by automation. In addition, due to their robust activi-
ties, TALENs have facilitated the generation of the fi rst targeted, precise sequence 
modifi cations in zebrafi sh via homology-mediated DNA repair mechanisms [ 89 , 
 96 ]. These strategies and applications will be discussed later. Nonetheless, it is still 
costly and takes some efforts to engineer customized TALENs for each target site 
of interest. In this regard, the CRISPR/Cas technology is even cheaper, easier to 
implement, and may provide even more versatile utilities.  
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    EEN: RNA-Guided Cas Nucleases 

 The identifi cation of a customizable RNA-guided site-specifi c nuclease system is 
considered by many one of the greatest discoveries in the twenty-fi rst century [ 97 ]. 
Its potential applications and impacts may extend beyond basic science, modern 
medicine, biotechnology and agriculture. A  c lustered  r egularly  i nterspaced  s hort  p al-
indromic  r epeats (CRISPR) RNA-Cas, which stands for  C RISPR- a ssociated  p rotein, 
(CRISPR-Cas) system, can be found in approximately 40 % and 90 % of all 
sequenced bacterial and archaeal genomes, respectively. It is an adaptive defense 
mechanism for degrading alien DNAs. The CRISPR RNA (crRNA), composed of a 
variable “spacer” region and a short constant region, forms a complex with a trans-
acting RNA (tracrRNA) and the Cas protein. Once the spacer of a crRNA binds to a 
foreign DNA due to sequence complementation, Cas is activated, resulting in a dou-
ble-strand DNA break and eventually the destruction of the foreign DNA [ 98 – 100 ]. 

 Among all CRISPR/Cas systems characterized to date, the DNA recognition sys-
tem of Cas9 of  Streptococcus pyogenes  (SpCas9) seemed to be both simple and 
adaptable [ 100 ]. Thus, in 2012, Jinek et al. showed that artifi cial single guide RNA 
(sgRNA), which is a chimera of crRNA and tracrRNA, could be used to direct the 
SpCas9 nuclease activities toward user-specifi ed target sequences in vitro [ 101 ]. 
After this fi rst demonstration, fi ve follow-up studies quickly established the suc-
cessful use of engineered SpCas9 and sgRNA for targeted mutagenesis in human 
cells, bacteria and zebrafi sh [ 102 – 106 ]. Since then, customized sgRNA/Cas9 have 
also successfully targeted genes in mice, rats,  C. elegans ,  Drosophila , pigs, goats, 
rice,  Arabdopsis  and yeast, bringing highly effi cient and sometimes unprecedented 
genome editing capabilities to a wide variety of experimental model organisms, 
crops and livestock (Fig.  3c ) [ 107 – 120 ]. 

 Customizable sgRNA/Cas9 construction kits successfully used in various zebraf-
ish studies can be obtained through Addene (  https://www.addgene.org/CRISPR/
cut/    ) under a separate section for “Zebrafi sh”. It should be noted that human codon- 
optimized Cas9 (plasmid JDS246) has been found to be more effective than SpCas9 
(plasmid MLM3616) in zebrafi sh [ 104 ,  121 ]. In zebrafi sh, engineered sgRNA/Cas9 
can sometimes induce mutation rates reaching nearly 100 % [ 104 ,  122 – 124 ]. 
Meanwhile, the overall success rate is roughly 75–85 % based on two recently 
 published large-scale evaluations, although about a quarter of them may have rela-
tively low effi ciencies (<5 %) [ 124 ,  125 ]. Interestingly, these two studies also found 
a similar trend suggesting that target sites with higher GC contents were more likely 
to have high effi ciencies compared to target sites with lower GC contents, although 
a high GC content by itself did not guarantee a success in inducing mutations. 

 To generate high rates of mutations in a developing embryo or to create a knock-
out zebrafi sh line, both sgRNAs and the Cas9-coding mRNAs are often transcribed 
in vitro and co-injected. However, in vitro transcribed sgRNAs can also be mixed 
in with purifi ed Cas9 protein and then co-injected [ 124 ]. Both of these methods will 
ensure ubiquitous expression of the sgRNA/Cas9 complex within an embryo. 
However, in some cases, when investigating the roles of tumor suppressor genes, 
local or tissue-specifi c knockout strategies may be particularly useful if a candidate 
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gene happens to be essential during early embryonic development. Several strate-
gies for creating conditional knockouts using sgRNA/Cas9 have been employed in 
murine models. For example, a sgRNA and Cas9 expression vector can be intro-
duced locally and directly into somatic tissues via injection or viral particles [ 126 , 
 127 ]. Alternatively, Cas9 can be integrated in an animal as a transgene and con-
trolled by a conditional promoter [ 128 ]. Conceivably, similar strategies may also be 
applicable to zebrafi sh. For example, DNA or RNA may be introduced to zebrafi sh 
adults or larvae by in vivo electroporation or local injection [ 129 – 132 ]. Alternatively, 
zebrafi sh cells may be isolated, electroporated  ex vivo , and then transplanted back 
into adult zebrafi sh [ 133 ,  134 ]. It should also be a fairly straightforward process to 
generate transgenic Cas9 zebrafi sh controlled by a tissue-specifi c or an inducible 
promoter. Although in zebrafi sh such an example has not been reported at the time 
this manuscript is prepared, we expect that various types of conditional approaches 
will soon become available to the zebrafi sh research community.  

    Choosing a EEN Platform Based on User’s Need 

 Engineered TALENs and sgRNA/Cas9 can both be highly effi cient, hence which 
method to choose between these two can be based on user’s preference and other 
considerations, such as the target site frequency, the nuclease specifi city and the 
need of targeting multiple genes at once. 

 First, TALENs are superior to sgRNA/Cas9 in terms of target site selection. A 
full target site for a TALEN pair should have a 5′-T and a 3′-A, but there can be a 
range of distances between them. It has been suggested that the theoretical targeting 
frequency based on random DNA sequences is three TALENs for every bp of DNA 
[ 56 ,  122 ]. On the other hand, the theoretical targeting frequency for sgRNA/Cas9 is 
one in every eight bps [ 122 ]. This is because a sgRNA target site has to be immedi-
ately followed by a sequence called protospacer adjacent motif (PAM). This 
sequence is specifi c to each Cas protein. For SpCas9, the PAM sequence is NGG, 
although it may also have some activities when PAM is NNGG or NNAG. 

 Second, regarding the nuclease specifi cities, some sgRNAs have reported high 
off-target activities, more so than TALENs have [ 135 ,  136 ]. However, several 
groups have come up with different strategies to mitigate this potential problem. For 
example, Cas9 nickases are Cas9 proteins that can cut only one but not both strands 
of DNA. Thus, only paired Cas9 nickases that successfully target sequences near 
each other and cleave two different strands of DNA can induce NHEJ and indel 
mutations (Fig.  3d ) [ 137 ,  138 ]. In addition, leveraging the necessity of dimerization 
for  Fok I nuclease activities, dCas9 (catalytically inactive Cas9)-FokI fusion pro-
teins have also been created to reduce potential off-target effects from monomeric 
Cas9 (Fig.  3e ) [ 139 ,  140 ]. Interestingly, it has also been shown that off-target activi-
ties can sometimes be reduced by 5000-fold or more simply by shortening the 
spacer region of a sgRNA from 20 to 17 bps [ 141 ]. Certainly, for germline muta-
tions in zebrafi sh, a few outcrosses should quickly segregate intended mutations 
from any unlinked off-target mutations. 
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 Third, sgRNA/Cas9 is far superior to TALENs in regards to multiplexing. 
Similar to what has been shown in human cells and mouse models, multiple sgRNAs 
targeting different genes can be co-injected into a zebrafi sh embryo, inducing muta-
tions in all target genes effectively. Thus, combining with the impressive imaging 
power and the adaptability to high-throughput approaches of various zebrafi sh can-
cer models, a facile method for simultaneously targeting two or more candidate 
genes such as sgRNA/Cas9 promises to enable rapid assessment of cooperating 
mutations in cancer.   

    Applications of EENs in Addition to Inactivating Genes 

    Genome Engineering Using Homology-Dependent DNA 
Repair Mechanisms 

 Importantly, EENs can facilitate the generation of various types of genome modifi ca-
tions in addition to indel mutations (Fig.  4a ). In mice, genome engineering using 
embryonic stem cells and homologous recombination (HR) has been the standard 
method for creating targeted mutations in the last two decades. However, in early 
zebrafi sh embryos, the basal level of HR seems to be too low to be useful for this 
purpose. Nonetheless, it has been shown that the rate of HR can be enhanced by 
EENs in human cells and several model organisms (Fig.  4b ) [ 142 – 145 ]. The fi rst suc-
cessful example of gene targeting by HR in zebrafi sh generated a GFP knockin allele 
of  tyrosine hydroxylase  ( th ) using a TALEN pair targeting the  th  gene and a targeting 
vector containing two <1-kb DNA fragments homologous to the sequences fl anking 
the genomic cut site [ 96 ]. Later, via a systematic evaluation of several different target-
ing vector confi gurations, Shin et al. proposed the guidelines for an effi cient HR strat-
egy in zebrafi sh, such as the optimal lengths of homologous arms [ 146 ]. Interestingly, 
the authors also found that linearization of a targeting vector, especially when it was 
linearized at the shorter homologous arm, could increase HR effi ciencies. On the 
other hand, in another study, Irion et al. used a circular donor DNA containing two 
sgRNA target sites so that it can be linearized in vivo [ 147 ]. In both studies, around 
10 % of the injected animals transmitted the modifi ed alleles containing either a 

Fig. 4 (continued) enhance the effi ciencies of this approach. ( c ) A DSB can also promote small but 
predetermined sequence alterations in the presence of single stranded oligodeoxynucleotides 
(ssODN) containing ~20–30 base pairs of homologous arms to a target locus. In zebrafi sh, the end 
results of this approach can be precise but are sometimes a mix of predetermined sequence altera-
tions and random indels near the DNA break. ( d ) Targeted integration in a homology-independent 
manner may be achieved at high rates at EEN target sites. Linearization of the donor construct 
in vivo by EENs (represented by a scissor cutting the plasmid DNA) can signifi cantly enhance the 
effi ciencies of this approach. ( e ) Long-range DNA deletions, inversions or even chromosomal 
translocations may be induced by EENs at medium to low effi ciencies       
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  Fig. 4    Genome editing approaches enabled by engineered endonucleases (EENs). ( a–e )  Red lines  
indicate random sequence alterations.  Thick black lines with gray dashes  represent genomic DNA 
sequences.  Thick blue lines  represent pre-designed insertions, while  thin blue lines  represent vec-
tor DNA. ( a ) Random insertions or deletions (indels) may be introduced at an EEN-induced 
double- strand DNA break (DSB) via an error-prone DNA repair mechanism called non-homology 
end joining (NHEJ). ( b ) A DSB can promote targeted sequence exchange with a DNA donor con-
struct via homologous recombination. This method can generate long insertions/deletions and 
other sequence alterations in a predetermined manner. Some data suggest that linearization of the 
donor construct in vivo by EENs (represented by a scissor cutting the plasmid DNA) can further 
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fl uorescent gene knockin or a single nucleotide polymorphism (SNP) exchange. 
Indeed, this method will be very useful for creating almost any type of sequence 
modifi cations, from point mutations to long and complicated gene engineering.

   Alternatively, a short but predetermined sequence modifi cation may be gener-
ated using EENs and a short single stranded oligodeoxynucleotides (ssODN) as the 
donor DNA (Fig.  4c ). This method will require only ~20–30 bp homologous arms 
and eliminate the need of constructing a large targeting vector. It is to be noted that 
although this method is homology-dependent, the exact DNA repair mechanism 
under this circumstance is still unclear. Moreover, in contrast to what have been 
observed in human cells, where ssODN almost always induces faithful sequence 
changes, in zebrafi sh the end products are often accompanied with random indels in 
addition to the changes introduced by ssODN. Nonetheless, sequence modifi cations 
such as a point mutation and small insertions such as a loxP site or a protein tag 
have been successfully introduced to zebrafi sh with this strategy [ 89 ,  122 ,  148 ]. 
Interestingly, Gagnon et al. has also used this strategy to insert a sequence that con-
tains a stop codon in all three possible reading frames in order to ensure the outcome 
will be a nonsense mutation [ 124 ].  

    Genome Engineering Using Homology-Independent 
DNA Repair Mechanisms 

 Targeted integration in a homology-independent manner can also be achieved in 
zebrafi sh using EENs (Fig.  4d ). Auer et al. showed that a DNA fragment as large as 
>5 kb could be effi ciently inserted into genomic loci targeted by sgRNA/Cas9. They 
also found that a circular donor DNA, which became linearized in vivo by sgRNA/
Cas9, induced less cytotoxicity and gave rise to a better targeting effi ciency com-
pared to a donor DNA linearized in vitro [ 149 ,  150 ]. Sometimes a donor DNA is 
integrated as concatemers, which can still occurs when a donor DNA with homolo-
gous arms is used [ 146 ,  150 ]. Germline transmission of an in-frame targeted inser-
tion has been observed in ~10 % of the F 0  animals without any pre-selection. 
However, if the goal is to create a fl uorescently tagged protein, the injected animals 
can be pre-screened by their fl uorescence and which may increase the chance of 
identifying a founder.  

    Genome Engineering of Long-Range DNA Deletion 
or Inversion 

 Long-range DNA deletions or inversions in zebrafi sh may be generated using two 
pairs of ZFNs, TALENs or multiplexing sgRNA/Cas9 (Fig.  4e ) [ 151 ,  152 ]. 
Deletions less than 70 kb can be generated effi ciently, for which germline transmis-
sion has been observed in 1–15 % of the F 0  animals. Inversions and larger deletions 
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up to several megabase pairs are less frequent [ 151 ]. Using EENs to induce a long- 
range DNA deletion will be very useful when investigating the functions of tan-
demly duplicated genes and non-coding RNAs, as well as the generation of balancers 
alleles for stock maintenance and genetic screens.   

    Summary 

 Zebrafi sh has proven to be an advantageous model organism for cancer studies for 
various reasons. To name a few, zebrafi sh require less space, providing more statis-
tical power to cohort tumor analysis, and are more economical compared to mice. 
In addition, zebrafi sh cancer models may enable high-throughput experimentation, 
chemical screening and facile real-time live imaging analyses that cannot be done 
as easily if using mouse models. While oncogenic transformation can be modeled 
through transgenesis, developing cancer models of tumor suppressor genes requires 
genomic alterations of the endogenous genes. Historically reverse genetic has been 
technically challenging in zebrafi sh. Nevertheless, forward genetic screens have 
identifi ed various zebrafi sh cancer models of known human tumor suppressor genes 
and have shed light on the roles of cancer-causing mutations that were not known 
previously. Currently, TILLING in zebrafi sh has generated an invaluable, publicly 
available collection of zebrafi sh mutants in nearly half of the protein-coding genes. 
Using the approaches discussed in this chapter, conditional knockouts and targeted 
mutations in any gene-of-interest may be generated in zebrafi sh. Due to the high 
effi ciencies of the CRISPR/Cas system, and ease in generating complex genetic 
lines, collaborating mutations in cancer may be dissected rapidly in zebrafi sh. In 
the future, dCas9 tethered to other functional protein domains may help understand 
the roles of epigenetic regulation in cancer. In closing, the wealth of genetic and 
cancer focused tools, advanced technologies, and applied chemical biology has 
pushed cancer research using the zebrafi sh model system to the forefront, and will 
continue to facilitate the fi ght against cancer.     
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      Tumor Suppressors in Zebrafi sh: 
From TP53 to PTEN and Beyond                     

       Jeroen     den     Hertog    

    Abstract     Zebrafi sh are increasingly being used to study cancer. Almost all tumor 
types have been found in zebrafi sh. However, tumor incidence is relatively low and 
tumors develop late in life. Functional inactivation of tumor suppressors is a crucial 
step in cancer progression and more and more tumor suppressor genes are being 
studied in zebrafi sh. Most often tumor suppressors have been inactivated by reverse 
genetics approaches using targeted disruption. However, some tumor suppressor 
mutants were identifi ed by forward genetic screens for mutants with a particular 
phenotype. Some of the latter genes had not been recognized as tumor suppressors 
yet. Similarly, a screen for genes that suppress tumor formation in zebrafi sh in vivo 
led to the identifi cation of a novel tumor suppressor gene. In this review, I will pro-
vide an overview of what the zebrafi sh has taught us about tumor suppressors.  

  Keywords     Tumor suppressor   •   Zebrafi sh   •   tp53   •   pten   •   apc   •   vhl  

      Introduction 

   A tumor suppressor gene, or antioncogene, is a gene that protects a cell from one step on the 
path to cancer. When this gene mutates to cause a loss or reduction in its function, the cell 
can progress to cancer, usually in combination with other genetic changes (wikipedia). 

   Oncogenic activation of proto-oncogenes, for instance by mutation or overexpres-
sion of cancer driver genes promotes tumorigenesis. However, in the formation of 
human cancers, the loss of a tumor suppressor gene may be more important than the 
gain of an oncogene [ 1 ,  2 ]. Over the years, a large number of tumor suppressor 
genes have been identifi ed in human cancer and often little is known about the cel-
lular, biological or biochemical function of these genes. The zebrafi sh is an excel-
lent experimental model to assess gene function in vivo and zebrafi sh is increasingly 
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being used to model human disease [ 3 ], including cancer [ 4 ]. Particularly the advent 
of reverse genetics in zebrafi sh has facilitated the study of tumor suppressors and 
many tumor suppressors have since been inactivated in zebrafi sh, often resulting in 
developmental defects and/or enhanced tumor susceptibility.  

    TP53 

  tp53  is the most frequently mutated tumor suppressor in human cancers. More than 
50 % of all solid tumors harbor mutations in  tp53  that inactivate TP53 protein func-
tion. TP53 has been described as the “guardian of the genome”, because it induces 
cell cycle arrest or apoptosis upon various types of cellular stresses, thus maintain-
ing the integrity of the genome [ 5 – 7 ]. DNA damage and other stressors induce post-
translational TP53 protein stabilization, resulting in cell cycle arrest due to 
TP53-mediated transactivation of  p21  cyclin-dependent kinase inhibitor or to apop-
tosis in a transcription-dependent or -independent manner [ 8 ]. Loss of functional 
TP53 therefore can result in defective DNA repair and a reduced apoptotic response 
and hence to accumulation of more mutations in oncogenesis. 

 The TP53 protein is conserved in zebrafi sh (48 % at the amino acid level over the 
full length protein compared to human TP53) [ 9 ] and target selected gene inactiva-
tion led to the identifi cation of several  tp53  mutants, two of which have missense 
mutations in orthologous residues as found in human cancer cells (N168K and 
M214K) [ 10 ]. Both mutants fail to transactivate the  p21  response element in SAOS-2 
cells, demonstrating that these missense mutations functionally inactivate TP53. 
Incrosses of heterozygous  tp53  N168K  or  tp53  M214K  mutant fi sh result in normal sized 
clutches of embryos with Mendelian distribution of wild type, heterozygous and 
homozygous embryos. Development of the heterozygous and homozygous  tp53  
mutant embryos is normal and also viability and fertility of these fi sh is indistin-
guishable from wild type fi sh. Yet, homozygous  tp53  M214K  mutant zebrafi sh embryos 
are resistant to γ-irradiation-induced apoptosis, consistent with TP53 loss of func-
tion. The TP53 N168K  mutant protein turns out to be temperature-sensitive, like the 
human mutant protein in the orthologous residue. At the permissive temperature 
(28 °C), the  tp53  N168K  allele behaves like wild type, whereas at 37 °C, the non- 
permissive temperature,  tp53  N168K  becomes resistant to γ-irradiation-induced apopto-
sis. Cell cycle analysis demonstrated that the G1 checkpoint in the  tp53  M214K  mutant 
embryos is defective upon γ-irradiation, which is associated with a lack of upregula-
tion of downstream targets, including  p21  and  mdm2  [ 10 ]. All in all, the  tp53  M214K  
mutant embryos display the hallmarks of cancer cells lacking functional TP53. 

 Mouse mutants lacking functional TP53 protein are highly susceptible to tumor 
formation [ 11 ,  12 ]. In zebrafi sh, 28 % of the homozygous  tp53  M214K  mutant fi sh spon-
taneously develop tumors between 8 and 16.5 months of age. The majority of these 
tumors are diagnosed as malignant peripheral nerve sheath tumors (MPNSTs) [ 10 ]. 
This is surprising because MPNSTs are rare in humans and are not observed in mouse 
models lacking functional TP53 [ 12 ]. The difference in spectrum of spontaneous 
tumor formation between mammals and zebrafi sh remains to be determined [ 9 ]. 
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 Whereas the spontaneous tumors in  tp53  mutant zebrafi sh are predominantly 
MPNSTs, a broad spectrum of tumors has been identifi ed in  tp53  mutant zebrafi sh 
upon expression of a range of oncogenes or cancer drivers. The fi rst driver that was 
reported is BRAF V600E  [ 13 ]. This mutation is commonly detected in human nevi and 
melanoma. Expression of BRAF V600E  in wild type zebrafi sh melanocytes using the 
 mitfa  promoter induces nevi in ~10 % of the adult fi sh, but no melanoma. Expression 
of BRAF V600E  in melanocytes of  tp53  mutant fi sh induces nevi in 13.6 % of the ani-
mals, of which almost half progressed to malignant melanoma. The difference in 
fates of BRAF V600E -expressing melanocytes between wild type and  tp53  mutant 
zebrafi sh illustrates the tumor suppressive role of TP53 in wild type zebrafi sh. 
Histologically, zebrafi sh melanoma is highly similar to human melanoma, thus 
establishing the zebrafi sh as a melanoma model [ 13 ]. 

 Similar to expression of BRAF V600E , expression of oncogenic NRAS Q61K  under 
the control of the  mitfa  promoter in wild type zebrafi sh also results in spots of 
hyperproliferative melanocytes from 3 to 4 weeks of age onwards. Malignant mela-
noma is not observed in these fi sh. However, expression of NRAS Q61K  in homozy-
gous  tp53  mutant zebrafi sh results in malignant melanoma in 100 % of the cases. 
Interestingly, melanoma is also enhanced in  tp53  heterozygous mutants and geno-
typing is indicative of  tp53  loss-of-heterozygosity in the tumors. Interestingly, com-
parison of the gene expression patterns from human melanomas to melanomas from 
 tp53  mutant zebrafi sh expressing NRAS Q61K  indicates a striking similarity, confi rm-
ing that zebrafi sh is a good model for human melanoma [ 14 ]. 

 NRAS acts upstream of BRAF in the RAS/MAPK signaling pathway and acti-
vating mutations in either NRAS or BRAF are identifi ed in 95 % of human melano-
mas [ 15 ,  16 ]. Therefore, it is perhaps not surprising that expression of mutant 
BRAF V600E  or NRAS Q61K  in melanocytes leads to melanoma in zebrafi sh. However, 
mutations in  tp53  are rare in human melanoma and the observation that melanoma 
occurs in a  tp53  mutant, but not wild type zebrafi sh, suggests that TP53 has a strong 
protective role. Moreover, the relatively late onset of melanoma—8 months in 
BRAF V600E  expressing fi sh [ 13 ] and 10 weeks in NRAS Q61K  expressing fi sh [ 14 ]—
suggests that additional mutations are required in the  tp53  mutant background to 
proceed to malignant melanoma. 

 Whereas the role of TP53 in protection against malignant melanoma is clear in 
the BRAF V600E  and NRAS Q61K  expressing zebrafi sh described above, expression of 
oncogenic HRAS G12V  in melanocytes under the control of the  kita  promoter induces 
malignant melanoma in the presence of functional  tp53  [ 17 ]. The difference may be 
due to higher expression of HRAS G12V  from the  kita  promoter than NRAS Q61K  from 
the  mitfa  promoter, to differences in the cell specifi city of the  mitfa  and  kita  promot-
ers, or to differences in signaling of the oncogenic RAS paralogs, HRAS G12V  and 
NRAS Q61K . 

 In this respect it is noteworthy that expression of oncogenic KRAS G12D  in wild 
type zebrafi sh also induces tumors in the presence of functional TP53. KRAS G12D  
expression under the control of the  rag2  promoter, driving expression in satellite 
cells and myoblasts within skeletal muscle, induces tumors that resemble embryo-
nal rhabdomyosarcoma [ 18 ].  Tp53  mutations are associated with a subset of embry-
onal rhabdomyosarcomas in humans [ 19 ] and expression of KRAS G12D  in 
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homozygous  tp53  mutant embryos induces a signifi cant increase in the incidence 
of embryonal rhabdomyosarcoma [ 18 ], demonstrating that inactivation of  tp53  
cooperates with oncogenic activation of KRAS in the formation of embryonal 
rhabdomyosarcoma. 

 Whereas tissue-specifi c expression of KRAS G12D  cooperates with loss of TP53 
function in embryonal rhabdomyosarcoma formation, several other factors induce 
hepatocellular carcinoma in  tp53 -negative zebrafi sh. Liver-specifi c expression of 
the Hepatitis B virus X antigen (HBx) using the  l-fabp  promoter in wild type zebraf-
ish causes steatosis, fi brosis and glycogen accumulation, but not tumor formation. 
Only in the  tp53 -negative background hepatocellular carcinoma is observed, which 
is accompanied by upregulation of  src  expression and activation of the Src tyrosine 
kinase signaling pathway. Interestingly, expression of exogenous Src in  tp53 - 
negative zebrafi sh also induces hepatocellular carcinoma, suggesting that upregula-
tion of  src  expression is the mechanism underlying HBx-induced hepatocellular 
carcinoma in mutant zebrafi sh lacking functional TP53 [ 20 ]. 

 Unlike HBx, which induces hepatocellular carcinoma in  tp53  mutant, but not 
wild type zebrafi sh, liver-specifi c,  fabp10  promoter-driven expression of UHRF1 
(Ubiquitin-like with PHD and RING fi nger domains 1), an essential regulator of 
DNA methylation that is highly expressed in many cancers, induces hepatocellular 
carcinoma by itself in wild type zebrafi sh. However, the tumor incidence is enhanced 
in heterozygous  tp53  mutant zebrafi sh from 50 % to 87 % and in one case, the tumor 
type was distinct, suggesting that  tp53  does suppress tumor formation and may have 
a role in the spectrum of tumors caused by UHFR1 overexpression [ 21 ]. 

 Well-differentiated liposarcoma is yet another tumor type in which TP53 is 
involved in humans. The majority (91 %) of tumors that are observed in response to 
expression of myristoylated Akt2, a constitutively active form of Akt2, in mesen-
chymal cells ( rag2  promoter) display hallmarks of well-differentiated liposarcoma. 
TP53 suppresses tumor formation, because expression of myristoylated Akt2 
induced tumors in 8 % of wild type zebrafi sh, 6 % of  tp53  heterozygous fi sh and 
29 % of  tp53  homozygous mutants. Akt2 is a kinase that acts downstream of 
phosphatidylinositol- 3kinase in a signaling pathway that promotes cell survival and 
proliferation. The link of Akt signaling to well-differentiated liposarcoma is novel 
and may provide new leads to combat these tumors [ 22 ]. 

 Not only expression of oncogenic proteins in the  tp53  mutant background 
induces tumors, but also the additional loss of another tumor suppressor in the  tp53  
mutant background leads to tumor formation in zebrafi sh.  Early mitotic inhibitor 1 , 
 emi1 , is essential for genomic stability and the human homolog of  emi1  may have a 
function in leukemia. Zebrafi sh mutants with a proviral insertion in  emi1  that 
impairs its function display widespread developmental defects from 20 hpf onwards 
[ 23 ]. Whereas  tp53  mutant zebrafi sh develop MPNST tumors at a relatively low 
incidence, compound  tp53  mutants that also harbor an inactivating proviral inser-
tion in  emi1  display a signifi cant increase in MPNST formation. These results pro-
vide evidence that  emi1  is a tumor suppressor in  tp53  mutant zebrafi sh [ 24 ]. 

  TSC1  and  TSC2  are two other tumor suppressor genes and loss of function muta-
tions in  TSC1  and  TSC2  in humans are associated with tuberous sclerosis complex, 
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a genetic disorder that is characterized by multi-organ hamartomas, i.e. benign 
tumors. mTORC1 signaling is elevated in patients that lack functional TSC1 or 
TSC2. Mutant zebrafi sh harboring a nonsense mutation in the  tsc2  gene that trun-
cates the Tsc2 protein and impairs its function display increased cell size in the 
brain and liver and these mutants are not viable beyond the larval stage [ 25 ]. 
Whereas  tsc2  mutants do not develop cancer, compound heterozygous  tsc2 /homo-
zygous  tp53  mutants display enhanced incidence of malignant tumors, evidenced 
by large sarcomatous tumors in multiple organs, compared to  tp53  homozygous 
mutants [ 26 ]. Therefore, loss of functional  tp53  is a genetic change that may be 
required for tuberous sclerosis complex to progress to malignancy on the one hand 
and in humans, loss of a single allele of  TSC1  or  TSC2  in a  TP53 -negative back-
ground may lead to severe forms of cancer too. Interestingly, treatment with the 
mTORC1 inhibitor rapamycin led to a rapid reduction in tumor size [ 26 ], suggest-
ing that  TP53  negative tumors that are heterozygous for mutations in  TSC1  or  TSC2  
may be treatable with rapamycin. 

 Human cancers that are associated with mutations in the tumor suppressor 
 BRCA2  (breast cancer 2) often also have mutations in  TP53 . BRCA2 is a compo-
nent of the DNA repair machinery and mutations in  BRCA2  perturb double-strand 
DNA break repair, resulting in chromosomal aberrations. Target selected gene inac-
tivation led to the identifi cation of a nonsense mutation in the zebrafi sh gene encod-
ing  brca2  that results in a Glutamine 658 to Stop mutation and hence to a severely 
truncated Brca2 protein that is not functional. Incrosses of heterozygous  brca2  Q658X  
mutants result in Mendelian ratios of wild type, heterozygous and homozygous 
 brca2  mutants. Homozygous  brca2  Q658X  mutants are viable and at sexual maturity, 
all homozygous mutants are phenotypically male. At 10–16 months of age, 31 % of 
the homozygous  brca2  Q658X  mutants develop testicular neoplasia, consistent with 
the notion that  brca2  is a tumor suppressor gene. Compound  brca2 / tp53  mutants 
display an accelerated onset of tumor formation, compared to homozygous  tp53  
mutants. Interestingly, tumor onset in  tp53 -negative heterozygous and homozygous 
 brca2  mutants is similar. The majority of tumors are MPNSTs, but also some ovar-
ian tumors are observed [ 27 ]. Interestingly, resequencing indicates loss-of- 
heterozygosity of both tumor suppressor genes in malignant tumors from zebrafi sh 
with heterozygous mutations in both  brca2  and  tp53  [ 28 ]. 

 In humans, loss of TP53 is also known to cooperate with neurofi bromin 1 (NF1). 
Human neurofi bromatosis type 1 patients develop benign peripheral nerve sheath 
tumors and hyperpigmented skin lesions, caused by dominantly inherited mutations 
in NF1. These patients are predisposed to develop malignancies, including juvenile 
myelomonocytic leukemia, glioma and MPNSTs. Zebrafi sh have two  nf1  genes, 
 nf1a  and  nf1b , and genetic models have been generated by target selected gene 
inactivation as well as using Zn-fi nger nuclease technology. Zebrafi sh lacking func-
tional Nf1 display overproliferation of oligodendrocyte progenitor cells and these 
larvae do not live beyond 10 days post fertilization. Zebrafi sh that retain a single 
wild type  nf1  allele are viable and fertile and these fi sh do not develop tumors until 
18 months of age. However, compound zebrafi sh mutants lacking functional Tp53 
and Nf1b that retain a single wild type  nf1a  allele show a marked acceleration in 
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tumor onset and increase in tumor penetrance, compared to zebrafi sh mutants lack-
ing TP53 that are wild type for  nf1a  and  nf1b . The observed brain tumors display 
hallmarks of diffuse high-grade gliomas, whereas the other tumors are consistent 
with MPNSTs [ 29 ]. 

 Although  TP53  is the most frequently mutated tumor suppressor in human can-
cer, spontaneous tumor formation in  tp53  mutant zebrafi sh occurs relatively late 
with relatively low penetrance and the resulting tumors are predominantly a rela-
tively rare tumor type, MPNST. Several tumor drivers have been expressed in  tp53  
mutant zebrafi sh and compound mutants have been generated lacking functional 
Tp53 and other tumor suppressors, resulting in accelerated tumor onset, enhanced 
tumor penetrance and broadening of the tumor spectrum. Future analysis of addi-
tional tumor drivers and tumor suppressors that cooperate with loss of functional 
Tp53 in tumor formation in zebrafi sh will enhance our understanding of the role of 
Tp53 in tumorigenesis and may provide new leads how to combat cancer in humans.  

    PTEN 

 PTEN is the second most frequently mutated tumor suppressor gene in human can-
cer [ 30 ,  31 ]. Many different types of cancers have missense and/or nonsense muta-
tions in PTEN [ 32 – 34 ]. Moreover, missense mutations have been identifi ed in 
human syndromes that render carrier patients more prone to cancer [ 35 – 37 ]. Mouse 
models lacking functional PTEN are not viable beyond embryonic day 8.5 and het-
erozygous mice are tumor-prone [ 38 – 40 ]. In fact, a reduction of PTEN protein lev-
els in mouse models by as little as 20 % already enhances tumor susceptibility [ 41 ]. 

 Many functions have been ascribed to PTEN at the cellular and biochemical 
level [ 42 ]. However, PTEN is best known for its lipid phosphatase activity. PTEN 
dephosphorylates phosphatidylinositol(3,4,5)trisphosphates and is selective for the 
3-position [ 43 ,  44 ]. Therefore, PTEN antagonizes phosphatidylinositol-3kinase and 
loss of PTEN results in hyperactivation of Akt (also known as PKB) [ 45 ,  46 ]. 
Further downstream signaling leads to enhanced cell survival and proliferation and 
hence, PTEN acts as a tumor suppressor gene. 

 The zebrafi sh genome harbors two  pten  genes,  ptena  and  ptenb  [ 47 ,  48 ]. Both 
 pten  genes encode functional Pten protein with lipid phosphatase activity, selective 
for the 3-position of phosphatidylinositol-polyphosphates. The two zebrafi sh  pten  
genes are broadly expressed during embryonic development. Using target-selected 
gene inactivation, nonsense mutations were identifi ed in each of the two  pten  genes, 
well upstream of the catalytic site. No functional Ptena or Ptenb protein is expressed 
in homozygous  ptena  or  ptenb  mutants, respectively. Homozygous  ptena  or  ptenb  
single mutants do not display developmental defects and are viable and fertile, indi-
cating functional redundancy between Ptena and Ptenb [ 48 ]. 

 Whereas developmental defects are not observed in  ptena  or  ptenb  single 
mutants, homozygous  ptenb  mutant adults spontaneously developed eye 
tumors from 7 to 18 months of age at a relatively high incidence (33 %). 
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Immunohistochemistry demonstrated that the highly proliferative regions in these 
tumors displayed elevated levels of phospho-Akt, indicative of Akt activation [ 48 ]. 
Ocular tumors are extremely rare in wild type zebrafi sh and also in homozygous 
 ptena  mutant adult zebrafi sh, these eye tumors are never observed. Following sev-
eral rounds of outcrossing, the ocular tumors in homozygous  ptenb  mutant zebraf-
ish were not observed anymore. This may be due to the loss of an enhancer of the 
eye tumor phenotype in the  ptenb  mutant background, or to the gain of a suppressor 
of the phenotype. The identity of the supposed enhancer or suppressor remains 
elusive currently. 

 Ocular tumors are not observed in homozygous  ptenb  single mutants anymore. 
However, tumors are observed in compound  ptena/ptenb  mutants that retain a sin-
gle wild type allele, i.e.  ptena+/-ptenb-/-  and  ptena-/-ptenb+/-  adult zebrafi sh. In a 
cohort of 294  ptena+/-ptenb-/-  adults 10.2 % develop tumors in the fi rst year of 
their life. Often the tumors are located close to the eye and pathological analysis 
indicates that the tumors consist of endothelial cells that form blood vessels that are 
actually fi lled with blood. These tumors are diagnosed as hemangiosarcomas [ 49 ]. 
Immunohistochemistry and immunoblotting demonstrates that these tumors display 
elevated Akt signaling. Why these hemangiosarcomas predominantly develop close 
to the eye remains to be determined. Under normal conditions, a meshwork of blood 
vessels,  rete mirabile , is located close to the eye. This may result in production of 
high levels of proliferative signals for endothelial cells locally. In addition, due to 
lack of three of the four  pten  alleles, proliferative signaling in response to external 
signaling is already enhanced in  ptena+/-ptenb-/-  mutants. Together, high levels of 
signals and elevated intracellular signaling may lead to unusually enhanced endo-
thelial cell proliferation and thus to tumor formation close to the eye [ 49 ]. It is 
noteworthy that  pten  mutant zebrafi sh are much less susceptible to tumor formation 
than mice. Double heterozygous mutant zebrafi sh ( ptena+/-ptenb+/- ), lacking 50 % 
pten expression, do not show an increase in spontaneous tumor formation [ 48 ,  49 ], 
whereas a 20 % reduction in PTEN expression in mouse mutants already enhances 
tumor susceptibility [ 41 ]. 

 Despite the lack in enhanced spontaneous tumor formation in  pten  double het-
erozygous fi sh [ 48 ,  49 ], partial loss of pten does affect tumorigenesis in a model for 
T cell acute lymphoblastic leukemia (T-ALL) [ 50 ]. Guttierrez et al. expressed a 
fusion protein of the MYC oncogenic transcription factor and the estrogen receptor 
(MYC-ER) in the thymus under the control of the rag2 promoter. Treatment of these 
fi sh with ligand, 4-hydroxytamoxifen (4HT), from 5 days post fertilization onwards 
leads to fully penetrant T-ALL starting at 5 weeks post fertilization. Subsequent 
removal from 4HT leads to MYC downregulation after 4 days and to tumor regres-
sion in wild type zebrafi sh due to apoptosis. Ligand-induced MYC-ER activation 
does not accelerate the onset of T-ALL in double heterozygous  ptena+/-ptenb+/-  
zebrafi sh. However, tumor regression following removal from 4HT is reduced from 
69 % in wild type zebrafi sh to 10 % in  ptena+/-ptenb+/-  zebrafi sh [ 50 ]. Therefore, 
mutation of  pten  promotes loss of MYC oncogene dependence in T-ALL. 

  Pten  double heterozygous fi sh and even mutant zebrafi sh that retain a single wild 
type  pten  allele are viable and fertile. However, complete loss of functional Pten is 
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lethal around 6 days post fertilization. Double homozygous embryos display pleio-
tropic defects that are consistent with enhanced proliferation and survival. These 
developmental defects are largely rescued by microinjection of synthetic mRNA 
encoding Ptena or Ptenb at the one-cell stage, or by treatment of the embryos with 
the phosphatidylinositol-3kinase inhibitor, LY294002 [ 48 ]. Double mutant embryos 
display hyperbranching of blood vessels from 3 days post fertilization onwards, sug-
gesting that endothelial cells are particularly sensitive to loss of functional Pten. This 
is consistent with the observation that  pten  mutant adult zebrafi sh develop heman-
giosarcomas. Interestingly, double homozygous zebrafi sh embryos express elevated 
levels of  vegfaa , encoding a ligand for VEGFRs that have crucial roles in endothelial 
cell proliferation [ 51 ]. Therefore, hyperbranching in  pten  mutant embryos may be 
caused by elevated VEGFR signaling because of enhanced levels of signal on the 
one hand and an increase in signaling due to the lack of Pten on the other. 

 In mammals, PTEN reportedly has an important role in many biological pro-
cesses, including hematopoiesis. In homozygous double mutant zebrafi sh embryos 
lacking functional Pten, the number of hematopoietic stem and progenitor cells 
(HSPCs) is enhanced at 4 days post fertilization, consistent with enhanced prolif-
eration in these cells. These HSPCs engage in all blood cell lineages, demonstrating 
that the commitment to differentiate is not impaired. Yet, fully mature blood cells 
are not observed, indicating that differentiation is blocked in embryos lacking func-
tional Pten [ 52 ]. Similarly, increased numbers of myeloid cells are detected in  pten  
mutant embryos, which are however immune-defi cient [ 53 ]. Strikingly, inhibition 
of phosphatidylinositol-3kinase signaling at relatively late stages restores terminal 
differentiation of hematopoietic cells [ 52 ]. Taken together, loss of functional Pten 
results in enhanced proliferation of HSPCs and an arrest in terminal differentiation 
of progenitor cells. 

 Pten mutant zebrafi sh that retain a single wild type allele spontaneously develop 
tumors, hemangiosarcomas. Whether other tumor suppressors or cancer driver 
genes cooperate with the loss of Pten in tumor formation has not been addressed yet. 
Insight into which genes cooperate with  pten  in zebrafi sh tumor formation is highly 
interesting and will lead to fundamental insights into the function of the tumor sup-
pressor,  pten , which may provide the fi rst step to combat cancer that is associated 
with loss of PTEN in human cancer.  

    APC 

 Adenomatous polyposis coli (APC) mutations are common in colorectal cancer. 
 APC  was found to be mutated in familial adenomatous polyposis syndrome in 
humans and in these patients, somatic mutation of the second allele leads to colorec-
tal cancer [ 54 ]. APC has a central role in inhibition of Wnt/β-Catenin signaling. 
Truncation of APC by mutation leads to accumulation of nuclear β-Catenin and to 
constitutive further downstream signaling [ 55 ]. Mouse models lacking functional 
APC fail to complete gastrulation and heterozygous  Apc  mutant mice progressively 
develop intestinal tumors [ 56 ]. 
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 In zebrafi sh, a nonsense mutation was identifi ed in  apc  by target selected gene 
inactivation. This mutation is located in the equivalent of the mutation cluster region 
in human APC. Heterozygous  apc  mutant zebrafi sh develop normally and they are 
viable and fertile. Unlike mice lacking functional APC, homozygous  apc  mutant 
zebrafi sh complete gastrulation. Yet,  apc  mutant zebrafi sh are embryonic lethal at 
3–4 days post fertilization and these embryos display multiple developmental 
defects, of which the cardiac defects, cardiac edema, smaller eyes, and body curva-
ture are most prominent. That these developmental defects are due to loss of func-
tional Apc was confi rmed by another mutant with a nonsense mutation in  apc  
upstream of the mutation cluster region that was identifi ed in an independent for-
ward genetic screen. The hearts in homozygous  apc  mutants fail to loop properly and 
form excessive endocardial cushions [ 57 ]. Moreover, detailed analysis of the brain 
in developing embryos indicated that loss of Apc function impaired maintenance of 
local brain organizers and established brain subdivisions [ 58 ]. Whereas heterozy-
gous  apc  mutant fi sh are viable and fertile, aged fi sh (>15 months of age) spontane-
ously develop neoplasias in the liver (18 %) and intestine (12 %). This is rarely (3 %) 
observed in siblings (liver neoplasia was observed in a single age- matched sibling) 
[ 59 ]. Whereas homozygous  apc  mutant zebrafi sh are embryonic lethal, they never-
theless provide an attractive model to test genetic cofactors and inhibitors. Transient 
expression of active KRAS G12D  in homozygous  apc  mutant zebrafi sh embryos 
enhanced intestinal cell proliferation [ 60 ], and inhibition of mTORC1 partially res-
cued the early developmental defects in zebrafi sh embryos that lack functional Apc 
[ 61 ]. Further analysis of the  apc  model will provide leads for therapeutic interven-
tion in cancer that is associated with loss of this prominent tumor suppressor.  

    VHL 

 Complete loss of the von Hippel-Lindau (VHL) tumor suppressor in heterozygous 
 VHL  patients by inactivation of the remaining allele in somatic cells predisposes 
these patients to the development of highly vascularized tumors and cysts in many 
organ systems [ 62 ]. VHL protein has a role in the adaptive response of cells to 
hypoxia. VHL is an E3 ubiquitin ligase and regulates hypoxia inducible factor 
(HIF) protein levels. Mouse  Vhl  knockouts die in utero around embryonic day 11.5–
12.5 due to hemorrhagic lesions in the placenta [ 63 ]. Two zebrafi sh lines with non-
sense mutations in  vhl  were identifi ed by target selected gene inactivation. 
Transheterozygotes lack detectable Vhl protein levels and are larval-lethal at 8–11 
days post fertilization.  Vhl  mutant embryos display a systemic hypoxic response 
and a marked increase in the number of red blood cells (polycythemia), reminiscent 
of the Chuvash form of Polycythemia (CP) that is observed in human patients with 
a R200W missense mutation in the extreme C-terminus of the VHL protein. It is 
noteworthy that CP patients are not predisposed to cancer and likewise, heterozy-
gous  vhl  mutant zebrafi sh do not spontaneously develop tumors [ 64 ]. Whereas the 
 vhl  mutant zebrafi sh model does not develop tumors, it has been used successfully 
to model hypoxia, a central modulator of cellular physiology in cancer [ 65 ,  66 ].  
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    Ribosomal Proteins 

 Heterozygous mutant zebrafi sh lines with viral insertions were generated in the 
course of a large-scale insertional mutagenesis screen and were screened for early 
mortality and tumor development later in live. Twelve lines were identifi ed with 
enhanced tumor incidence and most tumors that were identifi ed were diagnosed as 
MPNSTs. One line had an insertion in  nf2 , an established tumor suppressor gene, 
and surprisingly, all other lines had viral insertions in genes encoding ribosomal 
proteins ( rp s), suggesting that these  rp  genes are haploinsuffi cient tumor suppressor 
genes [ 67 ]. MPNSTs from heterozygous zebrafi sh with viral insertions in  rp s 
encode wild type TP53, but express very low to undetectable levels of TP53 protein. 
This, together with the notion that  tp53  mutant zebrafi sh spontaneously develop 
MPNSTs suggests that lack of TP53 protein may be the underlying mechanism for 
MPNST formation in the  rp  mutant lines [ 68 ]. 

  Rpl36  and  rpl23a  are two of the genes encoding ribosomal proteins that were 
identifi ed in the viral insertion screen above. Recently,  rpl36 , but not  rpl23a , was 
confi rmed to act as a tumor suppressor in pancreatic cancer. Expression of KRAS G12V  
in early pancreatic progenitor cells ( ptf1a  promoter) of heterozygous  rpl36  mutant 
fi sh increases pancreatic epithelial cell proliferation, accelerates tumor progression 
and decreases survival compared to wild type sibling controls, demonstrating that 
 rpl36  acts as a haploinsuffi cient tumor suppressor [ 69 ]. 

 A mutation in  rps29  was identifi ed in an independent forward genetic screen for 
hematopoietic mutants. Zebrafi sh embryos lacking functional Rps29 have less 
hematopoietic stem cells and display craniofacial defects, which is reminiscent of 
Diamond-Blackfan anemia in human patients that is associated with mutations in 
ribosomal proteins. Mutation of  tp53  almost completely rescues the developmental 
defects observed in  rps29  mutants [ 70 ]. Apparently, loss of Tp53 protein mediates 
MPNST formation in heterozygous rp mutants on the one hand and  tp53  mediates 
developmental defects caused by loss of Rps29 on the other.  

    Other Tumor Suppressors 

 Next to the tumor suppressor genes described above, several more have been 
knocked out in zebrafi sh by reverse genetics approaches, some tumor suppressor 
mutants were identifi ed in forward genetic screens and a candidate tumor suppres-
sor was identifi ed in a screen for genes that suppressed tumor formation. 

  LKB1  is a tumor suppressor that encodes a serine/threonine kinase. Inactivating 
mutations in  LKB1  cause Peutz-Jeghers syndrome, an autosomal disorder character-
ized by multiple hamartomas and abnormal pigmentation of mucus membranes and 
predisposition to gastrointestinal cancers. Zebrafi sh mutants that lack functional 
Lkb1 develop normally up to 5 days post fertilization, but die at 7–8 days post fer-
tilization. The  lkb1  mutant larvae exhibit a high metabolic rate and display a starva-
tion response, but no increase in tumor susceptibility is reported in heterozygous 
 lkb1  mutant zebrafi sh [ 71 ]. 
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 Somatic loss-of-function mutations of the ten-eleven translocation 2 gene ( TET2 ) 
are frequently observed in human myelodysplastic syndrome.  TET2  encodes a 
methylcytosine oxidase that has an important role in demethylation of DNA in CpG 
islands. Zn-fi nger nuclease technology was used to inactivate  tet2 . Homozygous 
 tet2  mutant zebrafi sh embryos do not display hematopoietic defects during embry-
onic development. Adult fi sh lacking Tet2 are viable and fertile, but develop pro-
gressive myelodysplasia, resulting in myelodysplastic syndrome at 2 years of age, 
which is highly reminiscent of myelodysplastic syndrome in humans due to loss of 
functional TET2 [ 72 ]. 

 The  lgl  gene was originally identifi ed as a tumor suppressor in  Drosophila . A 
mutation in its zebrafi sh ortholog,  pen / lgl2 , was identifi ed in a forward genetic screen. 
Homozygous  pen / lgl2  mutant embryos show overgrowth of endothelial cells, which 
is dependent on erbB signaling, and die at 4–5 days post fertilization and hence tumor 
formation cannot be assessed in homozygous  pen / lgl2  mutant zebrafi sh [ 73 ]. 

  Space cadet  is a mutant that was identifi ed in a forward genetic screen for 
mutants with defective locomotor behavior and is caused by a nonsense mutation in 
the retinoblastoma susceptibility gene,  rb1 , a well-known tumor suppressor gene. 
Biallelic mutations in  RB1  cause intraocular childhood retinoblastoma. Zebrafi sh 
 rb1  mutants display defects in retinotectal tract development and visual function, 
resulting from a delay in cell cycle exit of retinotectal ganglion cells and initial 
failure of their axons to exit the retina, thus leading to optic nerve hypoplasia [ 74 ]. 

 A forward genetic screen for mutants with defects in cilia function led to the 
identifi cation of  hu255H , a mutant that lacks motile cilia in the nose and neural tube. 
Positional cloning led to the identifi cation of Leucine-rich repeat containing protein 
50 ( lrrc50 ) as the affected gene. Homozygous  lrrc50  mutants are larval- lethal [ 75 ]. 
Heterozygous  lrrc50  mutants are viable and fertile and are highly susceptible to the 
formation of seminomas. Loss-of-heterozygosity was observed in 44 % of tumor 
samples, which correlated with tumor progression. It turns out that  LRRC50  muta-
tions are associated with seminomas in humans as well. This fi nding, together with 
the zebrafi sh data justifi es the recognition of  LRRC50  as a tumor suppressor [ 76 ]. 

 In search of novel tumor suppressors, 19 chromatin factors were selected for 
further analysis. As described above, expression of KRAS G12D  under the control of 
the  rag2  promoter induces embryonal rhabdomyosarcoma formation [ 18 ]. To test 
for tumor suppressing activity, each of the 19 selected chromatin factors was co- 
expressed with KRAS G12D  and tumor formation was assessed. One of the chromatin 
factors, SUV39H1, signifi cantly suppressed tumor formation. Interestingly, 
SUV39H1 has a role in senescence and data in Oncomine is consistent with 
SUV39H1 being a tumor suppressor in humans [ 77 ]. Hence, this approach success-
fully led to the identifi cation of a novel tumor suppressor gene, SUV39H1.  

    Conclusion 

 Zebrafi sh is maturing as a cancer model. Mutants lacking prominent tumor suppres-
sor genes have been derived and some of these spontaneously develop tumors while 
others require additional mutations. It is noteworthy that the onset of spontaneous 
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tumor formation is relatively late in some of the models, suggesting that additional 
mutations are required. Complete loss of activity of many tumor suppressors is not 
compatible with life and leads to embryonic or larval lethality. This provides insight 
into the developmental and cell biological function of these tumor suppressors. In 
addition, this provides an opportunity to screen for genes or chemical compounds 
that rescue these developmental defects and/or embryonic lethality. Despite all the 
work that has been done to date, there is room for discovery of tumor suppressor 
genes and cooperation between tumor suppressors as well as between tumor suppres-
sors and cancer driver genes and—perhaps more importantly—for development of 
means of therapeutic intervention, for which the zebrafi sh is an ideal model system.     
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    Abstract     Chemical genetics is the use of small molecules to perturb biological 
pathways. This technique is a powerful tool for implicating genes and pathways in 
developmental programs and disease, and simultaneously provides a platform for 
the discovery of novel therapeutics. The zebrafi sh is an advantageous model for 
in vivo high-throughput small molecule screening due to translational appeal, high 
fecundity, and a unique set of developmental characteristics that support genetic 
manipulation, chemical treatment, and phenotype detection. Chemical genetic 
screens in zebrafi sh can identify hit compounds that target oncogenic processes—
including cancer initiation and maintenance, metastasis, and angiogenesis—and 
may serve as cancer therapies. Notably, by combining drug discovery and animal 
testing, in vivo screening of small molecules in zebrafi sh has enabled rapid transla-
tion of hit anti-cancer compounds to the clinic, especially through the repurposing of 
FDA-approved drugs. Future technological advancements in automation and high-
powered imaging, as well as the development and characterization of new mutant 
and transgenic lines, will expand the scope of chemical genetics in zebrafi sh.  

  Keywords     Chemical screen   •   Chemical genetics   •   Zebrafi sh   •   Cancer   •   Drug 
 discovery   •   Therapeutics  

      Introduction 

 Chemical genetics is the use of small molecules to perturb biological pathways. 
Target-based and phenotype-driven chemical screens can elucidate mechanisms of 
developmental programs and signal transduction pathways, and simultaneously 
identify novel therapeutic drugs. Chemical screens may be designed with a 
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target- based approach, in which libraries of compounds are assayed in vitro for 
activation or inhibition of a known molecular target. Chemical hits identifi ed to act 
on a specifi c target can then be evaluated in vivo. In a phenotype-driven chemical 
screen, small molecules are used to disrupt signal transduction pathways in vitro or 
in vivo, causing aberrant phenotypes. Targets of chemical hits can then be identifi ed 
using biochemical and chemoinformatic techniques. Forward phenotype-driven 
genetic screening of large small molecule libraries is a powerful tool for implicating 
previously unidentifi ed genes and pathways in disease. 

 While cell-based and biochemical small molecule screens have proven success-
ful in identifying novel therapeutics, these methods often fail in vivo validation. For 
example, compounds can induce a quantifi able response in vitro, but are highly 
toxic or possess poor pharmaco-properties in vivo. Similarly, compounds may fail 
to elicit a detectable response in vitro, but cause a signifi cant, robust response 
in vivo due to the presence of niche microenvironments or complex physiological 
signaling networks within the organism. For these reasons, the use of in vivo animal 
models enables more precise detection of physiologically relevant events and, in 
parallel, evaluations of drug effi cacy and toxicity. 

 The zebrafi sh,  Danio rerio , has been established as an indispensable in vivo 
model for chemical genetics and offers many benefi ts over traditional in vitro 
screening approaches. Genetic conservation of biological pathways between zebraf-
ish and humans promotes the identifi cation of clinically relevant drugs. High fecun-
dity makes the zebrafi sh amenable to large-scale chemical screening, with females 
producing up to 300 embryos per week. Embryos develop  ex utero  on a scale of 
days, allowing for rapid screening. The aqueous environment of development is 
well-suited for chemical solubilization for high-throughput drug delivery and offers 
temporal control of pathway perturbation. Finally, embryo transparency enables 
visualization of all developmental stages and facilitates the detection of aberrant 
phenotypes. Taken together, the zebrafi sh has many advantages that can be scaled 
and optimized for chemical genetic screening. 

 The fi rst high-throughput forward chemical genetic screen assayed 1100 syn-
thetic small molecules to investigate vertebrate development and identify novel 
compounds that regulate embryogenesis [ 1 ]. Most importantly, the use of whole 
zebrafi sh embryos enabled researchers to simultaneously assess the effect of each 
small molecule on all developmental pathways. The screen identifi ed several com-
pounds that modulate development of the central nervous system, the cardiovascular 
system, the neural crest, and the ear [ 1 ]. Since this pioneering study, in vivo chemi-
cal screens using zebrafi sh have been utilized to study vertebrate development [ 2 –
 5 ], behavior [ 6 ], and disease [ 7 – 10 ]. Notably, in vivo chemical screening using 
zebrafi sh has been instrumental in identifying novel cancer therapeutics [ 11 – 16 ]. 

 This chapter outlines the general principles of chemical screening, with a focus 
on screen design, advantages of the zebrafi sh system, and future technologies to 
overcome current limitations. In addition, we highlight the important contribution 
of chemical genetics to cancer research, profi ling three chemical screens performed 
in zebrafi sh to identify genes involved in oncogenic pathways and to discover novel 
melanoma and T-cell acute lymphoblastic leukemia (T-ALL) therapies.  
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    Chemical Genetic Screens 

    Experimental Workfl ow 

 The workfl ow of in vivo small molecule screens using zebrafi sh embryos (Fig.  1 ) is 
straightforward and highly customizable to the scientifi c investigation. A small- scale 
trial screen is fi rst performed with a limited number of embryos and compounds to 

  Fig. 1    Chemical screening workfl ow. ( a ) Developmentally synchronous embryos generated from 
adult zebrafi sh are collected and healthy embryos are arrayed into a multi-well format. ( b ) Chemicals 
are added to the multi-well plate at a specifi ed dilution, and removed after the appropriate incubation 
period. ( c ) The embryos from individual wells are scored for the specifi ed phenotypic endpoint       
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optimize experimental parameters. The number of embryos, choice of chemical 
library, timing and duration of chemical exposure, chemical concentration, and 
embryonic stage are important variables that require optimization [ 17 – 20 ].

   In a full-scale screen, a large number of viable, developmentally synchronous 
embryos are fi rst collected. This can be achieved through the setup of numerous 
individual breeding cages, typically containing 5 fi sh: 3 females per 2 males. 
Alternately, up to 200 adult zebrafi sh fi sh can be bred  en masse  using a specialized 
breeding vessel, producing up to 10,000 developmentally synchronous embryos 
within minutes [ 21 ]. Viable embryos are selected and re-distributed into individual 
wells of a transparent multi-well plate. Plate format ranges from 12- to 1536-well, 
with 96-well being the most commonly used. 

 Embryo array is followed by chemical exposure, and parameters to consider 
include choice of chemical library, timing and duration of exposure, chemical con-
centration, and general toxicity. Chemicals libraries range in size from 10 to 50,000 
compounds and come in three varieties: commercial vendor, natural product, and 
synthetic. The most commonly used libraries are the LOPAC collection of bioac-
tives and the Chembridge DIVERSetE collection of synthetic compounds. Bioactive 
libraries, a subset of commercial vendor libraries, offer the advantage of well- 
annotated chemicals and pathway/protein targets, which are helpful in determining 
the activity of a compound. In general, compounds are added no earlier than 6 h 
post-fertilization (hpf), also known as the 50 % epiboly stage, and removed within 
24 h to minimize toxicity. Chemicals must be added when a specifi c targeted pro-
cess or biological pathway is active, so understanding the developmental context is 
essential when designing the window of chemical exposure. Compound concentra-
tions range from 1 to 100 mM, with 10 and 20 mM dilutions being the most fre-
quently assayed. Compounds can be added to wells by hand for small-scale screens 
or using a liquid-dispensing robot, such as the TECAN robot (Tecan, Durham, NC) 
or Scicline ALH3000 liquid robot handler (Caliper Life Sciences, Waltham, MA), 
for large-scale screens. 

 Following chemical exposure, embryos are evaluated for phenotypic alterations, 
which can include morphological abnormalities and complex molecular changes 
detectable via fl uorescence imaging or secondary biochemical assays. Typically, 
chemical screens investigating oncogenic pathways have utilized transgenic zebraf-
ish lines and detected chemical hits by scoring embryos for alterations in cell state. 
Assessing changes in cell state requires a secondary assay, such as in situ  hybridization 
(ISH) to detect RNA expression or immunohistochemistry to detect protein expres-
sion. Fluorescence-based microscopy may be used to observe reporter genes. 

 Chemical hits are re-screened for validation, often to assess optimal concentra-
tions via dose responses. Validated hits are further studied to identify protein targets 
and mechanisms of action, using the chemical structure and binding profi les, if 
available. Candidate-based identifi cation has been the favored approach and typi-
cally involves the use of annotated bioactive libraries, chemoinformatic analysis, 
and/or genetic studies. Annotated bioactive libraries are frequently used for screen-
ing because they contain information about the pathway and protein targets of small 
molecules. If the target of a small molecule is unknown, chemoinformatic analysis 
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can be employed to identify structurally similar compounds with known activities. 
Alternately, the chemical of interest can be tagged with a magnetic bead, such that 
its endogenous bioactivity is unaltered, and isolated for the identifi cation of binding 
partners via biochemical assays and computer simulations. Finally, genetic studies 
can be used to elucidate the activity of a compound. For example, gene expression 
can be measured by microarray analysis, real-time PCR (RT-PCR), or ISH, while 
candidate genes can be knocked down in an attempt to phenocopy the effect of the 
small molecule.  

    Advantages of In Vivo Small Molecule Screening 
Using a Zebrafi sh Model 

 The zebrafi sh offers a host of advantages for high-throughput small molecule 
screening, including translational appeal, high fecundity, and a unique set of devel-
opmental characteristics that support chemical treatment, genetic manipulation, and 
phenotype detection. High-quality genome sequencing and a complete annotation 
of zebrafi sh protein-coding genes have revealed that 71.4 % of human genes have at 
least one zebrafi sh ortholog, and, reciprocally, that 69 % of zebrafi sh genes have at 
least one human ortholog [ 22 ]. Notably, the conservation of functional domains, a 
category that includes drug-binding targets, nears 100 % [ 23 ]. In a study that assayed 
23 compounds known to cause QT prolongation in humans, 22 compounds tested 
positive in zebrafi sh, underscoring a high conservation of drug responses [ 24 ]. 
Similarly, toxic reactions in zebrafi sh, including teratogenic effects [ 25 – 27 ], are 
comparable to those in mammalian models [ 28 ]. Conservation of carcinogenic 
effects has also been supported [ 29 ,  30 ]. Taken together, genetic similarities between 
zebrafi sh and humans and comparable responses to chemical treatment between 
zebrafi sh and mammalian models provide a promising translation of newly identi-
fi ed therapeutic compounds into the clinic. 

 The simultaneous screening of thousands of small molecules requires a large 
number of viable, developmentally synchronized embryos. Females are typically 
capable of producing 100–300 embryos per week. Multiple matings through the 
setup of numerous breeding cages, therefore, can amass a suffi cient number of 
embryos for large-scale screens. However, independent mating of breeding pairs 
can result in a fi nal pool of mildly asynchronous embryos and requires a large 
amount of space and input of time. The invention of a specialized breeding vessel, 
the iSpawn (Fig.  2 ), has effectively eliminated these obstacles [ 21 ]. While maintain-
ing a small fi ngerprint of 2.92 ft 2 , the vessel provides a platform for the simultane-
ous mating of nearly 200 fi sh within a short window of time, resulting in spawning 
rates of up to 860 embryos per minute and a collection count of nearly 10,000 
highly developmentally synchronous embryos [ 21 ]. Embryo collection and equip-
ment setup and breakdown are more effi cient compared to conventional breeding 
methods, allowing large-scale screens to be completed in a period of weeks as 
opposed to months [ 21 ].
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   External development of embryos in an aquatic environment provides the critical 
advantage of screening small molecules in vivo and affords a variable of temporal 
control not previously possible with classical genetic mutagenesis studies. Small 
molecules are easily solubilized in water and absorbed through the skin and gills 
where, once internal, they are subject to metabolic modifi cations. Indeed, exposure 
of some compounds to an active metabolic pathway has proven vital for effi cacy. 
Murphey and colleagues screened 16,320 small molecules in zebrafi sh for mitotic 

  Fig. 2    The iSpawn is a specialized breeding tank designed to collect thousands of developmen-
tally synchronous embryos. Approximately 200 adult zebrafi sh can breed in the shallow environ-
ment created by the mesh divider. Upwards of 10,000 embryos can be collected at the base of the 
vessel in minutes       
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inhibitors and found 14 novel compounds with cell cycle activity that, despite 
numerous screens in mammalian cell lines using the same chemical library, were 
previously unidentifi ed [ 31 ]. 

 In addition to enabling metabolic activation of small molecules, in vivo screen-
ing using zebrafi sh affords other benefi ts over cell-based screening, without com-
promising the magnitude of assayed libraries. Use of the entire organism enables 
exposure of small molecules to all biological pathways, rather than to a subset of 
pathways specifi c to a single cell line. This advantage has been especially important 
in forward phenotype-based screens, where the pathways and genes targeted by a 
small molecule are initially unknown. Similarly, use of an intact organism to screen 
compounds allows for the expression of phenotypes resulting from the interplay of 
multiple pathways, cell–cell interactions, and cell-niche interactions. 

 The  ex utero  development of transparent embryos facilitate visual assessment of 
broad phenotypic changes during chemical screening. Early chemical screens uti-
lized wild type (WT) embryos and visually scored abnormalities ranging from devel-
opmental delays to deformities in the central nervous and cardiovascular systems [ 1 ]. 
Subsequently, the system was expanded to study cardiac function [ 24 ,  32 ], regenera-
tion [ 4 ,  33 ], and animal behavior [ 6 ,  34 ]. For example, the photomotor response 
(PMR) is a behavior-based phenotypic endpoint that measures animal activity in 
response to light stimulation. Assessing the PMR in 36 hpf zebrafi sh embryos 
exposed to a large library of chemical compounds revealed complex behavioral pat-
terns and identifi ed novel psychotropic drugs [ 6 ,  34 ]. Another chemical screen per-
formed in zebrafi sh identifi ed bradycardia-inducing drugs, which later were shown 
to cause QT prolongation in humans [ 24 ]. Finally, a chemical screen of 2000 bioac-
tive compounds revealed 17 chemicals that inhibit fi n regeneration in zebrafi sh 
embryos and elucidated key pathways involved in vertebrate tissue regeneration [ 4 ]. 

 In recent years, chemical genetic screening has grown in complexity due to the 
characterization of mutant zebrafi sh lines, making it possible to identify chemical 
inhibitors of mutant phenotypes through chemical suppressor screens. Stern and 
colleagues—full study featured below—utilized  crash&burn  ( crb ), a cell cycle 
arrest mutant, to identify oncogenic genes [ 35 ]. Chemical screening in a polycystic 
kidney disease mutant ( pkd2 ) background identifi ed inhibitory functions for histone 
deacetylase inhibitors trichostatin-A and valproic acid in kidney cyst formation 
[ 36 ]. Finally, chemical screening in  breakdance  ( kcnh2 ) mutants revealed two com-
pounds, fl urandrenolide and 2-methoxy- N -(4-methylphenyl) benzamide (2-MMB), 
that rescue long QT cardiac phenotypes [ 9 ]. 

 The development of transgenic zebrafi sh lines has similarly expanded the scope 
of chemical genetic screens by incorporating readouts detectable by advanced 
microscopy. Transgenic manipulation can specifi cally label physiological struc-
tures, cellular lineages, and mature cell types. For example, the fi rst chemical screen 
to identify anti-angiogenic compounds utilized the Tg( VEGFR2 : GRCFP ) fl uores-
cent transgenic line [ 37 ]. Additionally, Tg( fl i : EGFP ) and Tg( fl k : EGFP ) are com-
mon transgenic lines that fl uorescently label the complete vasculature, and have 
been used in chemical screens to identify modulators of cardiovascular develop-
ment [ 38 ,  39 ] and anti-angiogenic compounds [ 11 ]. Another transgenic fl uorescent 
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reporter, Tg( lyve1 : egfp )  nz150  , labels lymphatic vessels through the expression of 
lymphatic vessel endothelial hyaluronan receptor 1, and has been used to identify 
FDA-approved drugs with anti-lymphatic activity [ 16 ]. Finally, transgenic lines 
may mark specifi c cell lineages or types. Tg( lck : EGFP ), which labels T-cells, 
enabled the discovery of Lenaldekar as a novel and selective anti-leukemic com-
pound [ 13 ]. Future developments in zebrafi sh transgenesis, including the expansion 
of tissue specifi c lines and use of temporally controllable promoters, will contribute 
to the growing fi eld of in vivo phenotype-based chemical genetics. 

 In vivo screening of molecules also provides important information on pharma-
codynamics, pharmacokinetics, and toxicity, effectively combining drug discovery 
and animal testing. Bridging the gap between discovery and therapy has proven 
particularly fruitful through the screening and repurposing of FDA-approved drugs. 
For example, Gutierrez et al.—full study featured below—performed a screen in 
zebrafi sh to identify compounds amongst a library of FDA-approved drugs with 
activity against T-ALL. Perphenazine, an antipsychotic, was found to induce apop-
tosis in T-ALL cells through dephosphorylation of protein phosphatase 2A (PP2A) 
[ 15 ]. Similarly, White and colleagues—also featured below—identifi ed lefl unomide, 
an FDA-approved anti-arthritis drug [ 40 ], as a novel melanoma therapeutic [ 12 ]. 

 An important advantage of the zebrafi sh model system that is manifested in 
many elements of high-throughput chemical screening is economy: of funds, time, 
and space. Zebrafi sh are relatively inexpensive to house and maintain compared to 
mammalian models, and only a small number of adult fi sh are required to produce 
thousands of embryos. Development of the iSpawn has reduced the amount of 
equipment needed to amass a large volume of embryos, as well as the input of time 
necessary for setup, collection, and breakdown [ 21 ]. Small embryo size—approxi-
mately 1 mm in diameter—conveniently allows molecules to be screened in small, 
multi-well plate format, economizing on both space and the cost of chemical com-
pounds. Finally, the marriage of drug discovery and toxicological testing with use 
of an in vivo model is an effi cient use of time and funds and provides a platform for 
rapid translation into the clinic.  

    Limitations and Future Directions of Small Molecule 
Screening in Zebrafi sh 

 The fi eld of chemical genetics in zebrafi sh will continue to expand in the coming 
years due to the myriad of genetic and developmental characteristics that make the 
zebrafi sh system an excellent model for high-throughput chemical screening. While 
current technologies allow for a diversity of chemical screen designs, technological 
advancements in automated embryo handling and imaging will overcome current 
limitations and greatly expand the breadth and depth of the fi eld. 

 Traditionally, the process of collecting, sorting, and arraying embryos into a 
multi-well format has been a time intensive task, representing a major bottleneck in 
high-throughput workfl ow. The introduction of robots that remove dead embryos, 
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as well as selectively sort a specifi ed number of embryos into multi-well plates has 
recently attenuated this obstacle. For example, the Complex Object Parametric 
Analyzer and Sorter, COPAS (Union Biometrica, Holliston, MA), can selectively 
sort a desired number of embryos into individual wells, while simultaneously elimi-
nating dead embryos. Another automated system, the ZebraFactor, is capable of 
fi lling a 96-well plate within 11 min [ 41 ]. Systems that both dechorionate and sort 
embryos are also available for use [ 42 ], effectively reducing the burden of time 
placed on researchers. In addition to automated embryo sorting and arraying, more 
complex systems that integrate fl uorescence-based technologies similar to fl uores-
cent activated cell sorting (FACS) capabilities will be useful for future experiments 
(Union Biometrica). 

 Other limitations include constraints regarding chemical compounds. Screening 
of small molecules in vivo using zebrafi sh necessitates that compounds are readily 
soluble in water and easily absorbed by the skin and gills, thereby eliminating water 
insoluble chemicals as potential hits. For example, a study screening 23 drugs 
known to cause cardiotoxicity in humans resulted in 4 of 5 false negative results in 
zebrafi sh due to poor absorption. Drug effi cacy of false negatives was confi rmed by 
microinjection [ 24 ]. Thus, the hydrophilicity of compounds is an important consid-
eration when designing a screen, and large-scale delivery of insoluble or imperme-
able compounds remains an obstacle. Further, compound permeability may be 
affected by the genetic background of the fi sh, and may vary from clutch to clutch. 
For this reason, it is benefi cial to pool embryos prior to plate distribution. 

 The developmental stage of embryos can have a signifi cant effect on the effi cacy 
of a compound. For example, the epidermal layers of larvae and adults are less per-
meable to small molecules than the embryonic epidermal layer. Small molecules in 
larvae and adults are primarily taken up through the gills, rather than absorbed 
through the skin, and are thus subjected to different metabolic environments. 
Depending upon the developmental stage assayed, differences in drug distribution 
throughout the whole organism and in cell environment exposure can affect chemi-
cal activity and may lead to inconsistent results. Future chemical screens in adult 
zebrafi sh may require extensive characterization of pharmacodynamics and phar-
macokinetics properties as a proof-of-principle. 

 Fluorescence imaging is a common endpoint for chemical screening, and the 
development of more powerful, automated, high-content imaging machines will pro-
vide a platform for improved embryo image acquisition. Fluorescent-based reporters 
rely on microscopes for signal detection, and a limitation includes the inability to 
visualize fl uorescent expression in deep tissues. A benefi t of high- powered confocal 
imaging is its ability to image deep tissues within the embryo. However, embryo 
orientation and positioning, time required for image acquisition, and the ability to 
uniformly analyze images remain challenges. Currently, researchers are developing 
microfl uidics-based technologies, such as the Vertebrate Automated Screening 
Technology (VAST) Bioimager, that properly orient embryos such that imaging can 
be processed in a uniform, high-throughput manner [ 43 – 45 ]. The development of 
specifi c molds using 3-D printing technology can also aid in uniform positioning of 
embryos [ 46 ,  47 ]. Most importantly, the development of automated imaging methods 
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will not only alleviate the burden of time that accompanies manual scoring, and but 
also improve upon the error rate attributed to human judgment. 

 Generally, high-throughput screening has remained challenging in juveniles and 
adults. The largest hurdle in using adult zebrafi sh in chemical studies is the diffi -
culty of controlling drug delivery. Directly solubilizing chemicals into water for 
passive transport into the gills can be expensive and limits dosage control. Current 
techniques of drug administration in adults generally require anesthesia and include 
invasive approaches, such as retro-orbital injections [ 48 ], intraperitoneal injections 
[ 49 ], and oral gavage [ 50 ]. Therefore, current technologies render high-throughput 
and long-term drug administration a challenge in adult zebrafi sh. 

 The pigmentation of adult zebrafi sh also presents an obstacle, as phenotypes are 
less easily detected. The creation of a transparent adult zebrafi sh devoid of all pig-
ment has addressed this issue to enable the visualization of internal phenotypes and 
organs [ 51 ]. The  casper  mutant, named for it’s ‘ghost-like’ transparent phenotype, 
has laid the groundwork for future studies, including suppression screens utilizing 
transgenics and fl uorescently-labeled tumor cells to identify anti-cancer and anti- 
metastatic drugs. From an economic standpoint, maintenance of adult zebrafi sh 
requires more resources. Increased size of adults notably necessitates a greater 
space for drug delivery—compared to the compact multi-well plates used for 
embryos—and thus larger volumes of compound. Unlike early-stage embryos, 
adult fi sh must be anesthetized prior to visualization and manipulation. The creation 
of a high-throughput method for imaging up to 30 unanesthetized adult fi sh in mul-
tiple fl uorescent channels, however, is alleviating this burden [ 52 ]. 

 Indeed, many researchers have opted to screen for embryonic markers, forgoing 
the availability of adult models, to circumvent the logistical obstacles associated 
with screening adults. However, a study in fi n regeneration has revealed the feasibil-
ity of screening adults, albeit with a relatively limited number of compounds [ 33 ]. 
Similarly, Chen and colleagues performed a secondary transplant screen in adult 
zebrafi sh to identify compounds that inhibit embryonal rhabdomyosarcoma growth 
[ 53 ]. 12 hits from a large-scale screen that tested the effects of nearly 40,000 com-
pounds on human embryonal rhabdomyosarcoma cell differentiation were com-
bined with 83 compounds previously identifi ed as having anti-RAS activity [ 14 ] for 
the adult screen [ 53 ]. The study indicates that adult screens may be more feasible as 
a follow-up to in vitro and in vivo embryonic screens performed on a larger scale.   

    Chemical Genetics and Cancer 

    Use of Chemical Genetics in Zebrafi sh to Identify Cancer 
Therapies 

 Cancer is a complex and heterogeneous disease that often involves the interaction of 
multiple signaling pathways. Chemical genetics offers an unbiased, broad- spectrum 
approach to identify molecules that interact with active oncogenic pathways, and to 
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discover novel cancer therapies. The zebrafi sh is a valuable in vivo model for trans-
lational oncology [ 54 – 56 ] due to its adaptability in transgenesis [ 57 – 59 ], genome-
editing [ 60 – 64 ], transplantation [ 65 ,  66 ], and imaging. Since the spontaneous 
development of cancer in the zebrafi sh is rare, transgenic cancer models are used to 
genetically and histopathologically mimic human cancers in the zebrafi sh. To date, 
a high-throughput screening approach has been used to identify targeted treatments 
for melanoma, leukemias (including AML and T-ALL), rhabdomyosarcoma, and 
prostate cancer (Table  1 ). Small molecule screens have also been employed to fi nd 
inhibitors of events related to cancer metastasis, including angiogenesis and lym-
phangiogenesis; cell cycle aberrations; and oncogenic pathways, including Ras, 
Hedgehog, and Wnt/b-catenin (Table  1 ).

   The reactivation of developmental programs that can accompany oncogenesis 
makes the zebrafi sh an attractive model for cancer studies. Embryos modeling 
cancer- initiating events have been used for high-throughput screens, economizing on 

    Table 1    Cancer-related chemical genetic screens in the zebrafi sh   

 Phenotype  Zebrafi sh  Scoring method  References 

 Angiogenesis  Tg(VEGFR:GRCFP)  Fluorescence imaging  [ 37 ] 
 Angiogenesis   Tg ( fl k1 : EGFP )  Fluorescence imaging  [ 11 ,  67 ] 
 Angiogenesis   Tg ( fl i - 1a : EGFP ) y1   Fluorescence imaging  [ 10 ] 
 Cell cycle   Crash and burn  ( crb ) mutant  IHC  [ 35 ] 
 Cell cycle  Wild type  and crb  mutant  IHC  [ 31 ] 
 Embryonal 
rhabdomyosarcoma 

 CG1-strain transplant 
recipient of ERMS 
cells from Tg(mylz- 2mCherry;
rag2:kRAS G12D ) 

 Fluorescence imaging  [ 53 ] 

 Hedgehog signaling   Tg ( Gli - GFP )  Fluorescence imaging  [ 26 ,  28 ] 
 Infl ammation  Tg(BACmpx:GFP) and 

Tg(lysC:DsRed2) 
 Fluorescence imaging  [ 69 ] 

 Infl ammation  Tg(zlyz:EGFP)  Fluorescence imaging  [ 70 ] 
 Leukemia (T-ALL)  Tg(rag2:MycER;rag2:dsRed2) 

in nacre background +4OHT 
 Fluorescence imaging  [ 15 ] 

 Leukemia (T-ALL)   Tg ( lck : EGFP )  Fluorescence imaging  [ 13 ] 
 Acute myelogenous 
leukemia (AML) 

  Tg ( hsp : AML1 - ETO )  ISH  [ 71 ] 

 Lymphangiogenesis  Wild-type  ISH  [ 16 ] 
 Melanoma  Wild-type  ISH  [ 12 ] 
 Pancreatic 
differentiation/Notch 
signaling 

 Tg(Tp1:hmgb1-mCherry ih11 ; 
pax6b:GFP ulg515 ) 

 Fluorescence imaging  [ 72 ] 

 Prostate cancer   Tg ( fl k1 : EGFP )  Fluorescence imaging  [ 11 ] 
 Rhabdomyosarcoma/
RAS signaling 

  Tg ( hsp70 - HRAS   G12V  )  ISH  [ 14 ] 

 Wnt/β-catenin 
signaling 

 Wild-type  Morphology, 
dorsoventral patterning 

 [ 73 ] 
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time, space, and funds. For example, Le and colleagues ectopically expressed RAS 
during embryogenesis to investigate possible mechanisms at play in tumorigenesis. 
Using transgenic  hsp70 - HRAS   G12V   embryos to screen for chemical suppressors of 
RAS signaling, two compounds were identifi ed that subsequently had anti-tumor 
activity in both a zebrafi sh model of rhabdomyosarcoma and a human cell line of 
rhabdomyosarcoma [ 14 ]. More simply, small molecules can be used to inhibit onco-
genic pathways already active during development. Hao et al. used wild-type 
embryos to identify small molecule inhibitors of the Wnt pathway [ 73 ]. Hits were 
determined by a straightforward morphological phenotype, specifi cally dorsoventral 
patterning [ 73 ]. The screen identifi ed a small molecule, Windorphen, that selectively 
killed human cancer cells with aberrant Wnt signaling, including colon and prostate 
cancer cells [ 73 ]. 

 The developing zebrafi sh embryo has been useful for identifying targeted ther-
apies against cancer stem cells, a small population of quiescent, tumorigenic cells 
that contribute to metastasis and relapse. Screening in vivo avoids the diffi culties 
of purifying these rare cells and culturing them in vitro. Using  Tg ( hsp : AML1 -
 ETO ) embryos, Yeh and colleagues screened a library of small molecules to iden-
tify novel compounds that inhibit the oncogenic effects of AML1-ETO (AE) on 
multipotent hematopoietic progenitor cells [ 74 ]. Nimesulide, a selective COX-2 
inhibitor, effectively antagonized AE activity [ 74 ] and was subsequently shown to 
inhibit the initiation and progression of xenograft tumors [ 10 ]. 

 Here, we highlight three chemical genetic screens in zebrafi sh with an emphasis 
in elucidating cancer mechanisms and identifying novel cancer therapies. The fi rst 
study features a chemical suppressor screening strategy to identify novel cell cycle 
molecules and pathways involved in cancer progression [ 35 ]. The second study 
illustrates the power and promise of repurposing FDA-approved drugs for cancer 
therapy with a rapid translation into the clinic [ 12 ]. Finally, the third highlights the 
value of genetic manipulation in the zebrafi sh model, through the use of inducible 
oncogenes and fl uorescent reporters, in identifying novel T-ALL therapies [ 15 ].  

    Chemical Screen to Identify Genes Involved 
in Oncogenic Pathways 

 Identifying and understanding genes involved in cancer formation can aid in the 
development of targeted therapies. In 2005, Shepard and colleagues performed a 
zebrafi sh forward genetic screen to identify novel genes involved in cancer forma-
tion and identifi ed the crash&burn ( crb ) mutant. This  crb  mutant exhibited signs of 
mitotic arrest due to an observable increase in mitotic and apoptotic cells and fur-
ther molecular characterization of the  crb  phenotype identifi ed a splice-donor muta-
tion in the  bymb  gene that resulted in decreased cyclin B1 expression, mitotic arrest, 
and genomic instability [ 8 ]. In a follow-up investigation, Stern and colleagues 
employed a zebrafi sh-based chemical suppressor screening strategy to identify 
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novel molecules that interact with the  bmyb  pathway. In 16 weeks, thousands of 
zebrafi sh embryos were spawned from heterozygote  crb  mutant parents, arrayed 
into a 384-well microplate, and treated with chemicals from the DIVERSetE library 
of 16,320 compounds (ChemBridge Corp). 

 To identify chemicals that interact with the  bmyb  pathway, the authors used 
whole embryo immunohistochemistry to assay for mitotic cells. A serine-10- 
phosphorylated histone 3 (pH3) antibody was used, as histone H3 is phosphory-
lated on serine 10 from late G2 to early M phase and dephosphorylated during 
anaphase. The chemical screen identifi ed a single chemical that suppressed the  crb  
mutant phenotype of mitotic arrest without having any mitotic effect in WT 
embryos. Stern and colleagues resynthesized the compound; validated the chemi-
cal structure and potency based on liquid chromatography, mass spectrometry, and 
nuclear magnetic resonance spectra; and named the chemical suppressor persyn-
thamide. In Fig.  3a , WT, heterozygote (Het), and mutant (Mut)  crb  embryos are 

  Fig. 3    Persynthamide suppresses mitotic accumulation in  crb  mutants. ( a ) Persynthamide abro-
gates mitotic accumulation in  crb  mutants as demonstrated by pH3 immunohistochemistry. ( b ) 
Quantifi ed levels of persynthamide-mediated chemical suppression. ( c ) Chemical structure of syn-
thesized chemical, persynthamide. Stern HM, Murphey RD, Shepard JL, Amatruda JF, Straub CT, 
et al. (2005) Small molecules that delay S phase suppress a zebrafi sh bmyb mutant. Nature chemi-
cal biology 1(7):366–370       
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stained for pH3 to quantify mitotic accumulation in the presence of the chemical hit 
persynthamide. The genotype was validated via restriction fragment length 
 polymorphism. Figure  3b  quantifi es pH3-positive cells in the tails of 24 hpf 
embryos, and emphasizes the suppressive capacity of persynthamide, the chemical 
structure of which is depicted in Fig.  3c . Treatment with persynthamide restored 
additional  crb  mutant phenotypes, such as deformed head morphology, cell death, 
and polyploidy.

   This screen highlights the power of chemical screening in zebrafi sh. The rapid 
development of zebrafi sh embryos, coupled with high fecundity, enabled research-
ers to screen 16,320 chemicals within 16 weeks. The chemical suppressor screen 
performed in  crb  heterozygous mutants identifi ed a novel chemical compound that 
interacts with the  bmyb  pathway. The report demonstrates the advantages of using 
mutant zebrafi sh lines, chemical suppression of mutant phenotypes, and the elucida-
tion of molecular characterization of cell-cycle mutants. The high degree of genetic 
conservation between zebrafi sh and humans, particularly the conservation of cell- 
cycle- related genes, allowed for a meaningful approach to study the mechanism of 
cell-cycle lethal mutant phenotypes.  

    Chemical Screen to Identify Melanoma Therapies 

 A major advantage of in vivo chemical screening is the ability to simultaneously 
assess drug effi cacy and toxicity, and thus translate chemical hits with therapeutic 
promise more rapidly into the clinic. Using zebrafi sh embryos, White and col-
leagues performed a large-scale chemical screen and identifi ed a novel function of 
an FDA-approved drug in the treatment of melanoma. 

 To better understand the events of melanoma initiation, White and colleagues 
investigated the potential interaction between the  BRAF ( V600E ) activating onco-
gene, the most commonly mutated gene in human melanoma [ 75 ], and developmen-
tal transcriptional programs. Transgenic zebrafi sh expressing human  BRAF ( V600E ) 
driven by the melanocyte-specifi c promoter  mitf  develop tumors at an accelerated 
rate when crossed with  p53  -/-  mutants. Adult tumor cells aberrantly express the neu-
ral crest progenitor  crestin , suggesting a return of tumorigenic melanocytes to a 
multipotent, neural crest progenitor state and implicating BRAF(V600E) in main-
taining that state. It was hypothesized that events taking place in Tg( mitf : BRAF ( V6
00E )); p53  -/-  embryogenesis, namely the overlap between BRAF expression and 
active neural crest transcriptional programs, would mimic the initiating events of 
melanoma. 

 Based on the prediction that chemicals effective in suppressing neural crest 
progenitors would also be effective treatments for melanoma, a large-scale screen 
was performed using zebrafi sh embryos. 2000 compounds were tested in wild-
type embryos. After treatment, embryos were fi xed for a secondary ISH assay to 
evaluate  crestin  expression. One compound of unknown function, NSC210627, 
strongly reduced  crestin  expression. Using the chemoinformatic approach, 
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NSC210627 was found to have a similar structure to brequinar, a known 
dihydroorotate dehydrogenase (DHODH) inhibitor [ 76 ], and inhibited DHODH 
activity in vitro. Lefl unomide, another DHODH inhibitor and FDA-approved anti-
arthritis drug [ 40 ], phenocopied NSC210627 in vivo and was used in future 
studies. 

 The effects of lefl unomide were further characterized in vivo and in vitro. 
Embryos treated with lefl unomide lacked melanocytes at 36–48 hpf, and exhibited 
a nearly complete lack of melanocyte progenitors at 24 hpf (Fig.  4a, b ). Treatment 
of a human melanoma cell line with A771726, the active metabolite of lefl unomide, 
decreased proliferation in a dose-dependent manner. Jointly treating melanoma 
cells with A771726 and the BRAF(V600E) inhibitor PLX4720 had a synergistic 
effect in suppressing proliferation. A similar effect was observed in a mouse xeno-
graft model, with joint treatment resulting in nearly complete tumor regression in 
40 % of animals.

   By selectively expressing oncogenic BRAF(V600E) in zebrafi sh melanocytes, 
White and colleagues were able to mimic melanoma initiation in embryos. Modeling 
melanoma onset in the zebrafi sh embryo provided a platform for a large-scale 
in vivo chemical screen aimed at identifying novel compounds that could suppress 
the neural crest. This study underscores zebrafi sh as a powerful model for drug 
discovery through large-scale in vivo chemical screening. By effectively combining 
drug discovery and animal testing and, further, by repurposing FDA-approved 
drugs, novel therapies can be rapidly translated into the clinic. Shortly after lefl uno-

  Fig. 4    Lefl unomide suppresses neural crest development. ( a ) Lefl unomide, a DHODH inhibitor, 
reduces  crestin  expression by in situ hybridization. ( b ) Lefl unomide causes an absence of pigmented 
melanocytes. White RM, Cech J, Ratanasirintrawoot S, et al. (2011) DHODH modulates transcrip-
tional elongation in the neural crest and melanoma. Nature 471:518–22. doi:   10.1038/nature09882           
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mide was implicated in the suppression of melanoma, it jointly entered clinical tri-
als with a FDA-approved BRAF(V600E) inhibitor.  

    Chemical Screen to Identify T-ALL Therapies 

 As in melanoma, a chemical genetic approach in zebrafi sh has recently proven fruit-
ful in identifying novel T-ALL therapies through the repurposing of phenothiazines, 
a class of FDA-approved antipsychotics. Gutierrez and colleagues notably devel-
oped a fl uorescence-based screen using inducible  rag2 : dsRed2 ; rag2 : MYC - ER ; mitfa  
transgenic zebrafi sh. The study highlights the advantage of genetic manipulability 
afforded by the zebrafi sh model system in large-scale chemical screening. 

 In an attempt to identify novel T-ALL therapies, Gutierrez and colleagues per-
formed two screens in tandem: an in vivo screen in zebrafi sh and an in vitro screen 
in human T-ALL cells. Of note, a fl uorescent reporter,  dsRed2 , was introduced into 
a previously established MYC-induced T-ALL zebrafi sh model [ 15 ,  65 ,  69 ] to pro-
vide a straightforward platform for phenotype detection. Four libraries—including 
4880 FDA-approved drugs, drug-like small molecules, and natural products—were 
screened in  rag2 : dsRed2 ; rag2 : MYC - ER ; mitfa  transgenic zebrafi sh larvae at 3 days 
post-fertilization (dpf). Larvae were simultaneously induced with 4- hydroxytamoxifen 
to activate the MYC-ER fusion protein. Chemicals were scored at 7 dpf for the abil-
ity to selectively kill MYC-overexpressing thymocytes, with either a complete loss 
of fl uorescence or weak fl uorescence constituting a hit (Fig.  5a ). Perphenazine, an 
FDA-approved phenothiazine antipsychotic, qualifi ed as a chemical hit (Fig.  5b ) 
and was validated in a secondary screen by dose response.

   Concurrently, the Broad Institute bioactives chemical library collection of 3194 
compounds—including 2108 compounds from the in vivo screen—were assayed in 
KOPT-K1 cells, a NOTCH1-dependent T-ALL line. Compounds were evaluated for 
synergistic suppression of growth in combination with gamma-secretase inhibitors, 
which selectively target the NOTCH pathway. Perphenzine, again, scored as a top hit. 

 Follow-up studies revealed that perphenazine could suppress established tumors 
in zebrafi sh and T-ALL growth in culture in a Notch-independent manner by induc-
ing mitochondrial apoptosis. Using ligand-affi nity chromatography and mass spec-
trometry, protein phosphatase 2A (PP2A) was identifi ed as a direct target of 
perphenazine. PP2A was proven to mediate the anti-leukemic effect of perphenazine 
through rapid dephosphorylation of substrates involved in oncogenic pathways, 
such as AKT, ERK, p70S6K, MYC, and BAD. Further, knockdown of PP2A sub-
units by shRNA was suffi cient to impair the anti-leukemic effect of perphenazine. 

 The discovery of novel anti-leukemic activity by perphenazine that is Notch- 
independent holds great promise for the clinic, especially for patients in poor prog-
nosis groups. While the high doses of perphenazine required to reach therapeutic 
benefi t remain an obstacle in cancer treatment, the identifi cation of PP2A as an 
important anti-leukemic agent will enable the development of new, targeted treat-
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  Fig. 5    Perphenazine has anti-T-ALL activity in vitro and in vivo. ( a ) The chemical screen design 
utilizes a 4-hydroxytamoxifen inducible fl uorescent reporter in a transgenic zebrafi sh to visualize 
MYC-overexpressing thymocytes. ( b ) Perphenazine causes a decrease in MYC-overexpressing 
thymocytes in 7 dpf zebrafi sh larvae, as detected via fl uorescence imaging. Gutierrez A, Pan L, 
Groen RW, et al. (2014) Phenothiazines induce PP2A-mediated apoptosis in T cell acute lympho-
blastic leukemia. J Clin Invest 124:644–55. doi:   10.1172/JCI65093           
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ments. Notably, the ease of genetic manipulation in zebrafi sh—including the abili-
ties to model T-ALL in vivo by selectively and conditionally over-expressing MYC 
in thymocytes, to introduce fl uorescent reporters, and to assess relative fl uorescent 
expression in a high-throughput manner—facilitated the identifi cation of perphen-
azine amongst thousands of assayed compounds.   

    Conclusion 

 Chemical genetics is a powerful technique for identifying genes and biological 
pathways involved in development and disease, including cancer. The zebrafi sh sys-
tem has been critical to the expansion of chemical genetics, as an economic, geneti-
cally malleablele model that is amenable to high-throughput, forward genetic, 
phenotype-driven screening. Importantly, in vivo large-scale chemical screening 
provides a platform for discovering novel therapies and translating them rapidly to 
the clinic. Future developments in automating large-scale high-throughput work-
fl ow, improving imaging technology for more sensitized phenotype detection, and 
expanding the current assemblage of zebrafi sh disease models will continue to 
advance the fi eld.     
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      Genomic Approaches to Zebrafi sh Cancer                     

       Richard     M.     White     

    Abstract     The zebrafi sh has emerged as an important model for studying cancer 
biology. Identifi cation of DNA, RNA and chromatin abnormalities can give pro-
found insight into the mechanisms of tumorigenesis and the there are many tech-
niques for analyzing the genomes of these tumors. Here, I present an overview of 
the available technologies for analyzing tumor genomes in the zebrafi sh, including 
array based methods as well as next-generation sequencing technologies. I also dis-
cuss the ways in which zebrafi sh tumor genomes can be compared to human 
genomes using cross-species oncogenomics, which act to fi lter genomic noise and 
ultimately uncover central drivers of malignancy. Finally, I discuss downstream 
analytic tools, including network analysis, that can help to organize the alterations 
into coherent biological frameworks that can then be investigated further.  

  Keywords     Zebrafi sh   •   Cancer   •   Next-generation sequencing   •   RNA-seq   
•   Oncogenomics  

      An Introduction to Zebrafi sh Cancer Models 

 The past decade has seen an explosion in the number of available zebrafi sh cancer 
models [ 1 ]. These range from transgenic overexpression of dominant acting onco-
genes, to inactivation of tumor suppressor genes, and carcinogen induced tumors. 
One of the major advantages of performing cancer studies in zebrafi sh is that they 
can be easily manipulated with genetic tools, and the advent of CRISPR methods 
[ 2 ] will only continue to accelerate this process. In addition, the optical clarity of the 
developing larvae or adult  casper  strain [ 3 ] allows for in vivo imaging studies that 
would be prohibitive in typical murine models. 

 Regardless of the mode of oncogenesis, all of these tumors recapitulate certain 
aspects of human tumorigenesis in much the same way that mouse models do, albeit 
at a greater speed and with a larger number of available animals to study. For example, 
zebrafi sh models of BRAF-driven melanoma strongly resemble human melanoma at 
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the histological level [ 4 ], and in some ways, more so than mouse models do because 
zebrafi sh melanocytes are embedded in the dermal-epidermal junction like they are 
in humans. But in other respects, zebrafi sh models of cancer are divergent from 
human tumors, in the sense that they are generally less aggressive than many human 
cancers once metastasized. This may be in part due to the fact that most fi sh cancers 
are initiated with only a few genes, whereas most human cancers harbor hundreds to 
thousands of mutations, copy number changes, and structural rearrangements [ 5 ]. 

 In order to continue improving the existing fi sh models, we must develop methods 
for interrogating the genomes of these tumors to discern where the similarities, and 
differences, occur compared to human tumors. Such information will be invaluable 
in taking full advantage of the genetic and optical strengths of the zebrafi sh system in 
a manner that complements what is available in murine, fl y and human cancer mod-
els. The purpose of this review is to discuss methods for genomic analysis of zebraf-
ish tumors, with a particular eye towards a comparison to human cancer genomics.  

    Cancer Genomics: A Primer 

 The term “cancer genomics” has evolved to mean any approach which uses large- 
scale methods to interrogate DNA, RNA, protein, chromatin or other molecules 
within tumor tissue. In its earliest iterations, technologies such as PCR and Sanger 
sequencing were used to analyze protein coding mutations found in the exons of 
pancreatic cancer [ 6 ]. With the advent of “next-generation” technologies such as the 
Illumina HiSeq platform (see below for more details), the ability to query large 
numbers of tumor genomes has become feasible from both a time and cost stand-
point, and has led to a rapid increase in the number of such studies. 

 Because of the recognition that producing high quality genomic analyses of many 
tumors is complex and requires a great deal of expertise, several consortia have been 
formed to enable quality control and scalability. In the United States, this has taken the 
form of The Cancer Genome Atlas (TCGA,   http://cancergenome.nih.gov/    ) which has 
aimed to characterize several thousand tumor-normal genome pairs from nearly every 
malignancy. The TCGA is strongly complemented, and in some cases subsumed, by 
international efforts such as the International Cancer Genome Consortium (ICGC, 
  https://icgc.org/    ) and the Cancer Genome Project at the Wellcome-Trust Sanger 
Center (  https://www.sanger.ac.uk/research/projects/cancergenome/    ). Together, these 
and other efforts have begun to yield conclusive genomic data for most cancers, and 
publications documenting their successes are beginning to appear in the literature. 

 The initial phase of the TCGA effort began in 2005, and focused on gliobastoma, 
lung and ovarian cancer, which rapidly moved into phase II in 2009 for other 
tumors. The vast majority of these early efforts centered on whole-exome sequenc-
ing, in order to identify recurrent or unique mutations in the protein coding regions. 
However, more recently, at least three other technologies have been incorporated 
into the TCGA effort: array CGH (typically using Affymetrix SNP 6.0 chips), 
RNA-seq (both mRNA and miRNA) as well as reverse phase protein array (RPPA). 
Together, these datasets for a given individual tumor are analyzed using so-called 
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“integrative landscape” analyses, in order to try and give a picture of the entire array 
of molecular changes present in a patient’s tumor. 

 The responsibility for each piece of the project is spread out across different 
centers, including those responsible for tumor acquisition, sequencing itself, infor-
matics, analysis and downstream studies. For this reason, within each tumor type, 
as the data from each of these subprojects is collected, there is an embargo placed 
on the publication of the data until all members agree to a fi nal, consortium publica-
tion from the TCGA. An illustrative example of such an approach is provided by the 
recent TCGA-sponsored publication for cutaneous melanoma [ 7 ]. In this manu-
script, they describe an integrated DNA, RNA and protein analysis of 333 tumors, 
which were derived from 331 patients. The majority of these samples came from 
“regional” lymph node metastases, which are typically the most accessible to clini-
cians. Such accessibility is an important caveat for all large-scale sequencing stud-
ies in humans, since investigators are largely limited to what is practically available. 
For 199 of the samples, they were able to complete six types of analysis: whole- 
exome sequencing, DNA copy-number profi ling, mRNA-sequencing, miRNA 
sequencing, DNA methylation profi ling, and RPPA protein analysis. They also 
selectively used whole-genome sequencing and locus-specifi c PCR/Sanger sequenc-
ing of the TERT promoter for some samples. They then used an algorithm called 
iCluster [ 8 ], a platform for integrating disparate datasets to defi ne the molecular 
subtypes of tumors, along with integrated pathway analysis to identify the major 
molecular alterations present in each subtype. From this, they could identify four 
major genomic subtypes of melanoma (BRAF, RAS, NF1, triple-negative), along 
with a transcriptomic subclassifi cation into immune, keratin or MITF-low types. 
Interestingly, this analysis was also coupled with survival data on the patients, 
which implicated a new subtype of melanoma, based on immune markers, with a 
better prognosis. Perhaps most importantly, this landmark study also provides 
numerous new pathways and genes to explore in subsequent studies, some of which 
(e.g. KIT) may be therapeutically targetable with existing drugs. Outside of mela-
noma, the collection of TCGA “Pan-Cancer” datasets [ 9 ] allows for a broad sweep 
of mutational processes across tumor types, which revealed a core set of 127 genes 
that were altered across tumor types, spanning from well-known pathways like 
Wnt, to novel ones like histone modifi cations, splicing and metabolism. The num-
ber of such analyses is growing every month. 

 One particular challenge that many of these studies have highlighted are the 
remarkably diverse ways that tumors can genomically achieve the “hallmarks” of 
cancer such as avoidance of apoptosis. It is apparent that while major “drivers” such 
as RAS and BRAF are key for many tumors, there is an increasingly “long tail” of 
genomic alterations which may endow tumor cells with competitive advantages. 
In the classic defi nition of signifi cant genes in cancer, most analyses have defi ned 
“driver” events as those that occur recurrently across tumors from different patients, 
and those falling below that cutoff as “passengers”. Of course, this is somewhat 
arbitrary and based on statistical likelihood, taking into account the overall muta-
tional burdens/patterns in a given tumor type. But it is also possible that many 
genes deemed a “passenger” at the population level may indeed be a driver in that 
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individual patient. Adding to this complexity is the recent fi nding that subclones that 
make up a small percentage of a given tumor (e.g. those expressing IL11) can have 
dramatic cell non-autonomous effects on tumor growth [ 10 ]—in a typical genomic 
analysis, these would likely fall below thresholds for signifi cance, yet they are 
essential for the overall success of the tumor. In addition, the extremely high muta-
tional burden of some tumors makes it extremely diffi cult to assess which of those 
changes are truly important for tumor growth. Examples of these include UV-related 
melanomas, smoking-related lung cancers, as well as tumors defi cient for DNA 
proofreading mechanisms such as those with POLD or POLE mutations [ 11 ]. 

 It is in unraveling the complexity of human cancer genomics that the zebrafi sh 
may prove the most useful. In its simplest iteration, one can envision using a “cross- 
species” oncogenomics approach, in which the genomic landscape of a zebrafi sh 
cancer can be directly compared to that of the corresponding human tumor to fi nd 
things in common between the two. In essence, this is a fi ltering approach, with the 
logic being that any alteration present in both species is likely to be a true driver 
event. It is designed to narrow down large potential genomic alterations into some-
thing manageable that can then be tested using focused downstream experiments. 
Other variations of this theme are cases in which lists of candidate alterations from 
human tumors can be tested, singly or in combination, using transgenic fi sh models 
[ 12 ]. All of these approaches will be discussed in more detail below, but it is fi rst 
important to understand what has been done so far in zebrafi sh cancer genomics, 
and what tools are needed for such studies.  

    Zebrafi sh Cancer Genomics 

 A number of studies have now used a smattering of these technologies to interrogate 
zebrafi sh tumor models. Most of the published methods have relied upon chip- based 
technologies, but an increasing number are now using next-generation sequencing. 
It is likely that nearly all future studies will use these newer technologies.  

    Chip-Based Approaches 

    Array CGH 

 Array-based comparative genomic hybridization (aCGH) is a method where two 
different fl uorescently labelled DNA samples can be hybridized to a chip that has a 
large array of complementary DNA fragments [ 13 ]. The labelled DNA will bind to 
its cognate target sequences present on the chip, and everything else washed away. 
Because it is generally done as a competition between two sources of DNA (i.e. 
tumor and normal DNA), each spot on the chip can then be scanned to calculate the 
relative fl uorescence signal between the two samples. What is spotted onto the chip 
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is up to each individual user, but usually it is a portion of the genome either from 
PCR arrays, BAC clones, cDNA clones, or in some cases small fragments of the 
entire genome. The level of resolution of aCGH depends entirely upon how much of 
the genome is spotted onto the chip, and how big each fragment is. aCGH is the gold 
standard for identify copy number alterations (CNAs) in tumor samples. More 
recently, investigators have achieved the same or better resolution that aCGH using 
SNP arrays, in which the fragments of DNA on the chip represent hotspots of single 
nucleotide polymorphisms—because those are common in the genome, they give an 
overall reasonable view of copy number changes, albeit not quite as a very dense 
aCGH chip. Although both aCGH and custom SNP arrays are available for the 
zebrafi sh genome, the majority of studies thus far have utilized the aCGH platform. 

 Using a BAC aCGH [ 14 ], three types of zebrafi sh tumors were analyzed for copy 
number changes: melanoma, rhabdomyosarcoma, and T-cell leukemia. Several areas 
of common, recurrent amplifi cation and deletion were seen across the three tumor 
types, but several unique abnormalities, ranging from 1 to 28 copy number changes, 
were seen for individual tumors of each type. For the melanoma samples, fi ve par-
ticular BACs were seen to be amplifi ed in half the samples, suggesting some degree 
of positive selection for this region. Because this BAC array did not have very high 
resolution, it was not possible to discern which genes were specifi cally amplifi ed in 
these samples, but several potentially important genes are contained within the 
region spanned, including EP300, PIM3, COL4A2, KIT, MITF and BRAF. Similar 
reports have utilized aCGH techniques for malignant peripheral nerve sheet tumors 
(MPNSTs) [ 15 ,  16 ], KRAS driven rhabdomyosarcoma [ 17 ], and T-cell ALL [ 18 ].  

    RNA Microarrays 

 Conceptually similar to aCGH, chip technologies have been also extensively applied 
to analysis of RNA. In this case, RNA is reverse transcribed to yield fl uorescently 
labelled cDNA fragments, which are then hybridized to a chip containing comple-
mentary sequences. The intensity of the fl uorescent spot can be inferred to be pro-
portional to the amount of RNA species present in the original sample. Most studies 
tend to enrich the input RNA for mRNA, using either polyA priming or ribodeple-
tion methods to eliminate ribosomal RNAs which make up the vast bulk of total 
RNA. A key aspect of this technology is what spots are placed on the chip. In the 
most widely used platform, the Affymetrix Zebrafi sh 1.0 chip, this primarily con-
sisted of cDNAs that were derived from expressed sequence tag (EST) libraries. 
This chip has 14,900 transcripts, which covers much but certainly not all of the 
zebrafi sh transcriptome, which is estimated at over 25,000 genes. Other arrays are 
available, including an updated one from Affymetrix (although not commercially 
available) and an Agilent array containing 21,000 (v1) to 43,000 (v2–3) transcripts. 
One issue with all arrays, which is not unique to any particular technology, are the 
limitations in annotations of the transcripts. In part, this is related to the fact that 
some zebrafi sh transcripts do not have orthologues in other, especially mammalian, 
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species. In other cases, the annotation diffi culties are related to the genome-wide 
duplication that occurred in teleost evolution, making it diffi cult to map short oligo-
nucleotide with confi dence to a particular genome region. 

 Despite these limitations, microarrays have been the most widely used genomic 
technology in zebrafi sh cancer. One of the earliest attempts at this was using 
carcinogen- induced models of hepatocellular carcinoma in fi sh [ 19 ], in which they 
compared the tumor transcriptome to that of normal liver. This revealed a surpris-
ingly large set of dysregulated transcripts—over 2300—which corresponded to 
1920 human orthologs. The authors then used the technique of Gene Set Enrichment 
Analysis (GSEA) to compare the zebrafi sh HCC signature to human cancer [ 20 ]. 
GSEA is an extremely important technique for performing cross-species genomic 
comparisons. In short, it is a statistical method that takes in two sets of data. First, 
the user provides all of the expression data, for all genes and all samples, for a given 
genomic dataset (i.e. tumor versus normal RNA). Second, the user provides a list of 
genes that represents a state they might be interested in (i.e. genes associated with 
Wnt signaling). GSEA then uses a ranking algorithm to determine if members of a 
given gene set occur near the top or bottom ranking of a dataset, providing an 
Enrichment Score and associated p-values. GSEA is perhaps the most powerful 
statistical tool available to determine if fi sh genes are similarly enriched in human 
cancer genesets, especially when it is combined with the massive database of gen-
esets available from the MSigDB database. MSigDB is essentially a collection of 
curated genesets representing thousands of phenotypic states, cancer and otherwise. 
Using GSEA, the authors were able to show that zebrafi sh HCC is not only enriched 
in human cancer in general, but most strongly in human HCC. The particular genes 
that formed this enrichment between the two species belonged to the Wnt/beta- 
catenin pathway and MAP kinase pathway. The implication of their fi nding is that 
these two pathways are so central to the biology of HCC that they are conserved 
across cancers that arise in species separated by millions of years of vertebrate evo-
lution. As both of these pathways are under intense investigation for therapeutic 
targeting (i.e. IWR1 for Wnt, trametinib for MAP kinase), these types of studies can 
lead to meaningful translational outcomes. 

 A similar approach was taken for a KRAS-induced rhabdomyosarcoma (RMS) 
model [ 21 ]. Unexpectedly, expression of KRAS under the rag2 promoter led to 
muscle tumors in the fi sh. These tumors were then profi led using Affymetrix arrays 
(compared to normal muscle) and compared to human RMS subtypes, which 
revealed that the fi sh tumors were more similar to the embryonal, but not alveolar, 
types of human RMS. This is of key importance, since previous studies had not yet 
linked RMS to RAS activation, although this is now widely recognized to be the 
case in human disease. Interestingly their data also pointed out a core “RAS” signa-
ture that was not confi ned to RMS, but also found in pancreatic ductal 
 adenocarcinoma, a truly RAS driven tumor. These data point out how the fi sh may 
yield unexpected pathway alterations that have strong relevance to the human coun-
terpart, even in some cases before human genomics have made that apparent. 
Similar types of analyses have been performed for other induced models of HCC, 
including a KRASV12 [ 22 ], xmrk [ 23 ] and RAF [ 24 ]. 
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 Our group has used comparative profi ling of zebrafi sh and human melanoma to 
identify specifi c developmental signatures common to the two species [ 25 ,  26 ]. 
Human melanoma sequencing has revealed two dominant genetic events: BRAF 
and NRAS mutations. Both of these have been used to create transgenic melanoma 
models, in which the mutated human gene (e.g. BRAF V600E  or NRAS Q61K ) is driven 
under the melanocyte specifi c mitfa promoter [ 27 ]. In the context of a p53 -/-  back-
ground [ 28 ], all of the animals develop easily visible tumors, which were then pro-
fi led again using Affymetrix arrays. Two types of analysis were done with these 
datasets. First, we compared the fi sh tumors to human melanoma, nevi and normal 
skin, which showed a striking conservation of genes expressed in both species. 
Taking this a step further, we then asked which of the genes contained in the mela-
noma signature were enriched in genes normally expressed during neural crest or 
melanocyte development, since melanoma is known to be a “lineage addicted” can-
cer [ 29 ,  30 ]. We obtained the list of neural crest genes using the publically available 
ZFIN server (  http://www.zfi n.org    ), which provides a rich dataset of tissue specifi c 
expression during multiple stages of development. This analysis revealed a strong 
enrichment of the neural crest geneset in both fi sh and human melanomas, provid-
ing a rationale for a subsequent chemical screen we performed to identify small 
molecule suppressors of this neural crest signature. This screen ultimately identifi ed 
lefl unomide, a small molecule inhibitor of the metabolic enzyme dihydroorotate 
dehydrogenase (DHODH), which acts to suppress transcriptional elongation of neu-
ral crest genes and is now being tested as a therapeutic in human melanoma [ 25 ].   

    Next-Generation Sequencing Approaches 

 Although chip-based approaches will continue to play a role in all forms of cancer 
genomics, especially in regards to copy number changes, it is clear that the vast bulk 
of data for the foreseeable will be generated using 2nd or 3rd generation sequencing 
platforms. Until fairly recently, most DNA or RNA sequencing was confi ned to a 
relatively small number of samples, in which a PCR step or other form of DNA 
isolation was performed, followed by Sanger dideoxy chain termination sequenc-
ing. This technology generally produces short sequencing runs of 300–700 base-
pairs, and can be automated as found in instruments such as the ABI3730, a 
workhorse of many early sequencing projects. This and related technologies were 
used to perform the initial drafts of the human genome using shotgun approaches 
[ 31 ,  32 ]. A somewhat heroic effort using similar technology provided the fi rst draft 
of a human cancer genome. Vogelstein and colleagues PCR amplifi ed all the exons 
from a series of breast and colorectal cancers [ 33 ,  34 ] and then used the ABI3730 
sequencers to delineate all of the coding mutations in these tumors. 

 By the early 2000s, it was clear that much higher throughput sequencing tech-
nologies were need not only for cancer genomes, but for genomics in general. 
A discussion of the evolution of sequencing technology is beyond the scope of this 
review, but summaries of this can be found elsewhere [ 35 ]. In short, most modern 
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cancer genomic studies have begun to use so-called “massively parallel”, short- 
fragment sequencing as typifi ed by machines such as the Illumina GAII/HiSeq/
MiSeq, SOLID and Roche 454 platforms. Although each individual piece of DNA 
sequenced is only 50–500 bp long, the machine can generate millions of these 
“reads” in parallel and relatively rapidly, which allows for near complete coverage 
of a genome in about a day. These technologies were brought to bear in cancer 
genomics by the Wellcome-Trust Sanger Center, who published the fi rst “whole- 
genome sequence” of a human cancer in 2010 [ 36 ]. Using the Illumina GAII plat-
form, Stratton and colleagues sequenced a human melanoma cell line along with 
matched normal cells (COLO829 and COLO829BL). In the melanoma, they identi-
fi ed over 33,000 somatic mutations, along with ~900 insertion/deletion events and 
51 structural rearrangements. Only a small subset (292 of 33,345 mutations) were 
found in protein coding regions, highlighting that the exome sequencing approach 
will only capture a very limited landscape of cancer genomic changes. Since that 
time, thousands of human cancers have been sequenced either by exome sequencing 
or by whole-genome sequencing using the Illumina and related platforms. More 
recently, so-called “third generation” sequencing technologies have come on board, 
including platforms from PacBIO, Oxford Nanopore and IonTorrent. The major 
advantage of these newer systems are the dramatically longer read lengths, which 
can range up to 10,000 bases or more. This will massively improve the throughput 
and accuracy of genomic efforts not only in human cancer, but especially in model 
organisms such as zebrafi sh where genome alignment of small read fragments still 
remains a computational challenge.  

    Exome Sequencing of Zebrafi sh Cancers 

 In order to understand how zebrafi sh cancers compare to human cancers, our group 
undertook an effort to perform a large scale exome sequencing project in collabora-
tion with the Sanger Institute [ 37 ]. We used melanoma as a prototype, because it 
had a particular advantage in terms of cross-species comparisons. In human mela-
noma, the mutational burden is very large, as mentioned above, primarily because 
of the high background rate of UV damage. It is believed that most of those muta-
tions are of little functional consequence. In contrast, transgenically engineered 
zebrafi sh melanomas have essentially no UV exposure, allowing for a direct com-
parison between the two species to fi nd the most likely true drivers. In this sense, 
the fi sh mutations act as a “fi lter” on the human mutations. 

 We performed whole-exome capture on a series of 53 transgenic zebrafi sh mela-
nomas, along with matched normal tissue from that animal. Most of the tumors 
were of the mitf-BRAF V600E ;p53 -/-  variety, with the rest being mitf-NRAS Q61K ;p53 -/- . 
Several of the fi sh had additional candidate “driver” events built into the transgenic 
(e.g. SETDB1), in order to determine how increasing complexity of the transgenic 
affected the ultimate tumor genome. For each animal, tumor and normal DNA were 
isolated, and the exonic DNA was captured using the Zebrafi sh Agilent All Exon 
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SureSelect technology. The captured DNA was sequenced using a variety of next- 
generation technologies, including the Illumina GAIIx, HiSeq and Roche 454 plat-
forms. The sequences reads were mapped to the Zv9 reference genome using the 
standard Burrows-Wheeler Algorithm. Several types of analyses were then per-
formed: (1) mutations were called using the CaVEMan, SomaticSniper, and String 
Graph Assembler algorithms, (2) insertion/deletions (indels) identifi ed through 
Pindel, (3) copy number variants (CNVs) were called using the ASCAT algorithm. 
Because the zebrafi sh genome has a relatively high number of germline SNPs (com-
pared to humans), it is absolutely essential that normal DNA is sequenced alongside 
tumor for all zebrafi sh studies. Otherwise, simply using the zebrafi sh reference 
genome as the determinant of “normal” is fraught with problems and will give an 
exceptionally high false positive rate. 

 From the 53 tumors, a total of 403 point mutations were identifi ed, along with 13 
indels and 991 copy number variants. It is striking that, on average, a median of four 
exonic mutations per tumor was found. This is in stark contrast to UV-related cuta-
neous human melanoma, which has a median of 171 coding point mutations. 
However, the fi sh melanomas are much more in line with non-UV acral human 
melanomas, which have a median of 9 coding mutations per tumor. The predomi-
nant mutational signature were C > T transitions, the same that is found in 
UV-induced melanomas, which may indicate an underlying process favoring this 
substitution in melanoma, even in the absence of UV exposure. In at least one 
tumor, there were microclusters of mutations reminiscent of “kataegis”, a phenom-
enon seen in human cancer yielding localized regions of hypermutation thought to 
arise from a single event [ 38 ]. Interestingly, few if any of the mutations in the fi sh 
were recurrent across individual fi sh, suggesting that either they are not important 
driver events, or that each fi sh harbors its own unique set of drivers. For the copy 
number changes, there were more consistent recurrent events, particularly a large 
175 kb amplicon on chromosome 3 which occurred in 10/53 tumors. This region 
has several potentially interesting genes (i.e. prkascaa, samd1), several of which are 
being followed up as potentially important genes in melanoma. 

 One particularly striking outcome from this experiment was the tremendous 
degree of heterogeneity between the tumors. The vast genetic heterogeneity of 
human cancer is increasingly recognized [ 39 – 41 ], which confounds many analyses 
of which changes are important across populations but also within that individual 
patient. Conceptually, we had envisioned that transgenically engineered fi sh in rea-
sonably homogeneous genetic backgrounds would harbor much less somatic varia-
tion between animals, but the exact opposite was found. For example, although the 
median mutation burden was four exonic mutations per tumor, the range of 
 mutations varied from 0 to over 40. In fact, over half of the total mutations found in 
the entire study were identifi ed in just 8 of the 53 tumors. Although copy number 
changes did show some degree of recurrence, here too there was tremendous hetero-
geneity. The reasons for this heterogeneity remain unclear, but a clue to this may be 
found in the observation that there is an inverse relationship between the number of 
“initiating” drivers and the subsequent number of somatic events. In other words—
the more transgenes you start with, the fewer subsequent mutations you ultimately 
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fi nd in the tumor. It may also be due to the possibility that fi sh tumors are more 
driven by copy number, rather than mutational, events. Considering both the human 
and zebrafi sh data, it is clear that heterogeneity in cancer has a complex underpin-
ning, the mechanisms of which remain to be identifi ed. 

 From these results, it is fair to ask whether genomic sequencing of zebrafi sh 
cancer is justifi ed given the expense and computational resources required. The 
answer to this depends in part on what the goals of such projects are. From a basic, 
mechanistic standpoint, it is likely that deeper interrogations of mutational process 
in tumors from fi sh and humans will help us to understand how specifi c mechanisms 
of genome integrity impact tumorigenesis. For example, a cross-species compari-
son of the relative impact of mutations versus copy number variants could be read-
ily approached in the fi sh, and yield answers to why in humans, mutation and copy 
number variation seem to be somewhat mutually exclusive mechanisms of tumori-
genesis [ 42 ]. Other questions that can be uniquely addressed in fi sh cancer genom-
ics are mechanisms of processes like kataegis, which has been suggested to be due 
to AID-type events. Perhaps the most interesting way that the fi sh models can be 
used is to try and gain an understanding of where tumor heterogeneity comes from. 
Although this was initially a somewhat surprising fi nding from our study, it also 
points out that we truly do not understand the origins of genetic heterogeneity and 
how it relates to tumor progression. Transgenic and CRISPR models could help 
reveal the underlying mechanisms of these poorly understood events. Whether the 
fi sh can be used for more translational, actionable, “fi ltered” list of genes remains to 
be determined, but the data thus far indicates that for these more clinically relevant 
questions, the fi sh can be used to: (1) model potential lists of candidate DNA muta-
tions/CNVs that arise from human TCGA data, as has been described using the 
miniCoopR system [ 12 ,  43 ], or (2) identify conserved pathways across species 
using RNA-seq approaches.  

    RNA-Sequencing of Zebrafi sh Cancer 

 As mentioned above, the vast majority of transcriptional profi ling of zebrafi sh 
tumors has been done using microarray, chip based technologies. But as 2nd and 
3rd generation sequencing technologies come down in price, and the informatics 
become more straightforward, it is likely that nearly all such studies will migrate to 
RNA-seq in the near future. 

 Our own group has used the zebrafi sh BRAF V600E  melanomas to compare the 
performance of RNA-seq vs. the Affymetrix array platform (unpublished observa-
tions). In this experiment, we took total RNA and then split it to be used for either 
technology. The preparation for RNA-seq involves enrichment of mRNA, depletion 
of ribosomal RNA (very important for RNA experiments), reverse transcription into 
cDNA, and then fragmenting of the cDNA into small fragments. Adapters for a 
given sequencing platform are then ligated (in our case, the Illumina HiSeq2000 
platform) in preparation for a sequencing “run”. For most applications, read lengths 
of 50 bp is adequate, although the longer 100 bp or more reads will improve 
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mapping (see below for more details on this). The sequences were then aligned using 
Burrows-Wheeler Algorithm, and transcript assembly and differential expression 
accomplished with a series of algorithms: TopHat, Cuffl inks and Cuffdiff [ 44 ]. There 
are innumerable algorithms for doing similar types of analyses of RNA-seq data. 
The relative transcript abundances for each sample are calculated based on the num-
ber of “reads” aligning to a particular region of protein-coding genomic sequence, 
and are normalized to the total amount of RNA present in a given sample. 

 In general, we found that the melanoma data from the two approaches was very 
similar, especially for the more well-expressed genes. One major difference between 
the technologies is the vastly greater amount of information that can be extracted 
from the RNA-seq. In the chip-based approaches, the most you can generally learn 
about a gene is the expression of a fragment (usually a 3′EST) of the gene. In some 
more advanced chips, which contain all of the exons, you can discern information 
about alternative splicing/exon usage. But in RNA-seq, this data about splicing is 
immediately apparent and a standard part of the analytic pipelines, because in this 
case one will receive all of the information about which part of a transcript is actu-
ally being expressed. This can actually cause some degree of computational head-
aches, because it can make it challenging to come up with a single number that 
represents the “expression” level of a given gene. In other words, is it better to 
“average” the total number of reads for all exons in a given transcript, or is it better 
to “sum” the total number of reads for all exons in that transcript? For situations in 
which your two samples use the same exons, either approach is fi ne, but in cases 
where one sample strongly uses one exon over another, this can cause a misrepre-
sentation of the actual biology. The analysis of alternative splicing is a major advan-
tage of RNA-seq compared to microarrays. Other more recent RNA-seq advances 
have included the capacity for calling underlying DNA mutations (inferred from the 
RNA reads), RNA editing events, strand-specifi c transcription, microRNA profi l-
ing, and long noncoding RNA analyses (lncRNA). 

 A recent study from Gong [ 23 ] used RNA-seq to analyze hepatocellular carcino-
mas that arise as a result of transgenic expression of xmrk in the liver. They also 
profi led the tumors during regression phases. This revealed a similar expression 
pattern to that seen in a human subtype of HCC (S2) characterized by high Myc 
expression and enhanced proteasome, antigen processing, p53 and cell cycle path-
ways. The signature of the regressing tumors was characteristic of an immune 
response, which is typical of EGFR expression seen in human HCC treatment.  

    A Practical Guide to Zebrafi sh Cancer Genomics: 
The Nuts and Bolts 

    Pre-experiment Planning: The Most Important Step 

 Because of the rapidity with which many of the above discussed technologies have 
moved, it is important to determine when, if and how to use them for analyzing a 
zebrafi sh tumor model. In my experience, the single most important factor in a 
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zebrafi sh cancer genomics project is planning the experiments before the money 
gets spent. This involves three people: (1) the person doing the lab work on the 
zebrafi sh tumor, who will (hopefully) know what genomic question they are inter-
ested in, (2) a person from the genomics facility who will be doing the actual 
sequencing, and (3) a bio-informatician capable of analyzing the resulting data. I 
cannot emphasize enough how important it is to have a conversation with #2 and #3 
long before a pipette is picked up. The genomics facility will almost always have 
key information about a technology you are interested in, exactly what your sam-
ples need to look like, how to assess quality of your samples, what type/number of 
“reads” you will need to do, what machine should be used for the sequencing, 
should you multiplex your samples, the effect of batch variation, and the fi le for-
mats they are capable of producing. Similarly, the informatician is essential for 
telling you how “deep” your coverage should be for your given question, is it better 
to do single end vs. paired end reads, what machines are going to be better than oth-
ers, stranded vs. nonstranded reads, how to assess quality of the genomics facility 
output, how are they going to be able to access the giga or terabytes of data that you 
produce, what types of algorithms they feel comfortable running, are they willing to 
develop custom algorithms, do they feel comfortable working with zebrafi sh (as 
opposed to mammalian) datasets. Together, the genomics core and informatician 
will provide you with the most important framework for understanding if your 
experiment is likely to work, how much it will cost, and how long it will take. In 
general, the informatics takes longer than one might assume: informaticians are in 
extremely high demand at this time, and often spread across many projects, and 
very few have experience working with the zebrafi sh genome. Getting this right in 
the beginning will have tremendous benefi t down the road, as developing a good 
relationship with a genomics facility and an informatician will then allow subse-
quent projects to move much more rapidly.   

    Sample Preparation/Requirements 

 Whether you are sequencing, DNA, RNA or chromatin, one of the fi rst questions 
that always comes up is “how much do I need”? There is no straightforward answer 
to this, in part because it depends on what you are trying to achieve. For most tech-
niques, somewhere around 1 μg of purifi ed nucleic is plenty, but this is probably 
overkill for many projects. For DNA based approaches, 1 μg will allow you to do 
exome or whole-genome approaches with ease, but we have also had success with 
as little as 100 ng (or less in many cases). RNA and ChIP can be even more forgiv-
ing, as many facilities can handle sample inputs as low as 1 ng. One issue that will 
come up with these low input amounts is whether to perform a round of whole- 
genome amplifi cation prior to library preparation. Some of the newer amplifi cation 
methods (e.g. NuGEN Ovation) produce far less bias that older methods, so for 
samples with very low input (i.e. less than 1 ng) it is preferable to perform 
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amplifi cation rather than put in a very small amount to the sequencer that is unlikely 
to work. As long as all the samples in a given experiment are handled the same way 
(i.e. amplifi ed or not) it is generally ok, because they will be internally controlled. 

 Another issue that often comes up regards library preparation. The purifi ed DNA 
or RNA must be made compatible with the particular sequencer you plan to use (i.e. 
an Illumina library prep is not compatible with a IonTorrent prep, etc). This can 
involve the addition of adapters for that particular sequencer, as well as barcodes if 
one is multiplexing samples. Nearly all labs can prepare libraries themselves, since 
it involves a fairly straightforward set of molecular techniques and the protocols are 
well published. However, one thing we now consider is the cost-benefi t ratio of 
doing the library preps ourselves versus within the genomics facility. Although at 
fi rst glance, it may seem more cost effi cient to just do it yourself (and then use for 
core facility to just run the sequencer), often this is not the case: many core facilities 
have automated equipment for library prep that reduces the per sample cost, and 
increases the likelihood of success. But this will clearly depend upon the facilities 
available at a given institution, so it is hard to generalize. One recent development 
has been the availability of large-scale private genomic facilities, allowing for “out-
sourcing” of a great deal of the work to these highly specialized groups. For exam-
ple, we have worked with the New York Genome Center (a consortium amongst 
many different academic labs,   http://www.nygenome.org/    ) and found this to be a 
very effi cient and cost-effective way to complete projects. Innumerable other pri-
vate companies (i.e. Genewiz, Axeq, Illumina themselves) allow you to send your 
samples to them and they are highly expert at library prep. In all cases, it is essential 
to perform some type of Quality Control (QC) step before and after preparing librar-
ies. An initial fi rst step is to analyze your sample on a Nanodrop or Qubit type of 
device, to get a sense of concentration and integrity. Beyond that, many facilities 
will also run devices like the Bioanalyzer (for RNA) to check things like ribosomal 
RNA bands (as a refl ection of total RNA integrity).  

    How Much Sequencing? 

 An important consideration in these approaches is how “deep” do you want to 
sequence, meaning how much coverage of my sample do I want? One way of mak-
ing this calculation is to determine what “X” coverage you want. This is a common 
nomenclature in the genomics fi eld, which basically works out to “how many times 
do I want a given basepair of DNA to be read by the sequencer”. So, if we state “this 
sample was sequenced to a depth of 40X”, that simply means that, on average, each 
basepair of interest was covered by at least 40 “reads”. This is clearly an average: 
because the DNA on the sequencer is generally randomly fragmented, a given read 
may cover a particular segment of the genome better or worse than another. Some 
regions will wind up covered at 100X, and some at 10X, and some at 0X. But the 
more sequencing you do, the deeper your average coverage will become. 
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 An example is illustrative. Let’s say you wanted to sequence the entire genome 
of a given cancer sample to 40X coverage. The fi sh genome is approximate 1.4Gb 
of DNA, so to cover every basepair at 40X, you would need (1.4 × 10 9  × 40) = 56 × 10 9  
bp of sequence. If your sequencing facility is going to generate 100 bp, paired-end 
reads (so each read generates 200 bp of usable sequence), then the total number of 
“reads” you would need, theoretically = (56 × 10 9  bp)/(200 bp) = 280 × 10 6  reads. But 
in reality you need probably 2–3X that amount, because many reads will not prop-
erly align to the genome (either because of errors or because of contamination with 
microbial constituents of most tissues) and not all reads will be of suffi cient quality 
to be usable. In our own group, we recently performed whole-genome sequencing 
on a tumor:normal matched pair, and to generate ~40X coverage for each required 
about 750 × 10 6  reads per sample, or a total of 1500 × 10 6  reads for the two samples. 
Given the current capacities of Illumina 2500–4000 series machines, which gener-
ate somewhere between 200–350 × 10 6  reads per lane, this would require about six 
to eight Illumina lanes. 

 It is for these reasons that exome-seq or RNA-seq are much more common than 
whole-genome approaches. Because the protein coding genes only make up ~2 % of 
the genome [ 45 ], that means to get 40X coverage of the coding genes would only 
require 2 % as much sequencing. On a practical level, exome sequencing is typically 
done to much greater depths than 40X, often in the range of 100X to 1000X. This is 
because the main function of exome sequencing is to identify, with high confi dence, 
mutations, and that often requires sequencing depths to greater than 40X. So, for 
things like mutation calling, there is a trade-off: whole-genome sequencing gives 
you a broader swath of the genome, but at lower depth, so you can only confi dently 
call the most highly signifi cant mutations. Exome sequencing gives you a small 
amount of the genome, but because you can go much more deeply, it is easier to call 
mutations that even occur at low allelic frequencies. For RNA-seq, the goal is usu-
ally not mutation calling—most experiments are done simply for differential 
expression. In that case, usually 20–40 × 10 6  reads per sample is adequate. Given a 
per lane capacity of 200–300 million reads, that makes multiplexing of RNA-seq 
samples extremely cost-effective compared to microarrays.  

    Basic Informatics: Raw Data to Primary Outputs 

 As mentioned above, most zebrafi sh cancer genomics projects will strongly benefi t 
from an experienced bio-informatician, who can implement the algorithms typically 
used for analyzing next-generation data. Recently, there has been a community 
effort to make these tools more accessible to biomedical researchers through the 
Galaxy web portal (  https://galaxyproject.org/    ) or Genepattern server (  http://www.
broadinstitute.org/cancer/software/genepattern/    ). Galaxy and Genepattern are pow-
erful and relatively simple ways to run many of the algorithms discussed below, but 
it is still essential to have someone with experience act as a “check” on these 
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analysis, since they will not give much information as to whether a given algorithm 
is appropriate—it will simply run it for you using an intuitive, web-based interface. 
A brief overview of some of the basic tools will be provided here. 

 The data output from the Illumina and other platforms is generally in FASTQ 
format, which is essentially a text fi le where each line contains the data from an 
individual “read” from the sequencer. An example is shown here:

   @SEQ_ID  
  GATTTGGGGTTCAAAGCAGTATCGATCAAATAGTAAATCCATTTGTTCAA

CTCACAGTTT  
  !''*((((***+))%%%++)(%%%%).1***-+*''))**55CCF>>>>>>CCCCCCC65    

 The top line contains the basepairs that were called by the machine, and the bot-
tom line are the quality characters assigned to each of those, using a nomenclature 
specifi c to each platform. This format allows the subsequent algorithms to assign 
confi dence to any given sequence using the quality metric, which is important for 
mapping them to the genome. 

 Once you have a collection of FASTQ fi les (each sample gets its own), these are 
then used as input into a “mapper” or “aligner”, which attempts to align each read 
to its appropriate place in the genome. From an informatics standpoint this is the 
critical step, and in the zebrafi sh is especially challenging due to the less-well devel-
oped genome (compared to humans), an increased number of gene duplications 
(which make it hard to discern where a given 50 bp read “belongs”) and an increased 
number of SNPs (which make it hard to discern if the read really belongs in that 
spot). There are many different mapping algorithms, but a common one for map-
ping DNA-seq reads is BWA (Burrows-Wheeler Algorithm). For mapping RNA- 
seq reads, a common one is the Bowtie/Tophat combination [ 46 ], since this allows 
not only for mapping of the sequence itself, but it also takes into account splice 
junctions where a given RNA read is likely to span two exons. These algorithms 
take in FASTQ fi les and produce fi les in the SAM/BAM format, which are essen-
tially the sequence reads along with their genomic positions. 

 Following mapping of the reads, the next set of algorithms depends entirely upon 
what the question is. For detecting mutations in DNA, the TCGA has implemented 
a set of algorithms that are bundled into a pipeline called “Firehose” (  http://gdac.
broadinstitute.org/    ), primarily developed at the Broad Institute. Firehose itself is 
composed of several underlying algorithms including GATK [ 47 ] and MuTect [ 48 ], 
which try to determine whether a given basepair is different than the reference 
genome. Let us assume you have two samples—tumor and normal. You will gener-
ate FASTQ fi les for those, then map them to the genome to produce a BAM fi le of 
aligned reads. GATK will then take in the BAM fi les and determine if each basepair 
is different from the reference genome, and MuTect will then take in that data and 
determine if the tumor has a statistically different basepair than the matched normal 
sample. It will then generate a list of mutations in the VCF fi le format, which is 
essentially a list of what the basepair in the tumor is, compared to the normal sample 
along with the reference genome. 
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 Mutation calling is not an either/or. It is a statistical argument as to whether a 
tumor sample has a higher likelihood of differing from the reference genome com-
pared to the normal sample. An example: let us take a hypothetical chromosome 
position 3:1875678. At that position, let’s assume that both the tumor and normal 
generated 100X coverage (e.g. 100 reads). Now let’s say those reads are: tumor 
(G = 99, A = 1), normal (G = 1, A = 99) and the reference genome at that posi-
tion = A. In that case, it is likely that the tumor has a mutation at that position, and 
the single “A” in the tumor sample is either a sequencing error or normal tissue 
contamination. But now let’s say the reads are: tumor (G = 80, A = 20), normal 
(G = 3, A = 97) and the reference genome at that position = A. Is that position mutated 
in the tumor, or is it actually just heterozygous or contaminated with normal DNA? 
MuTect and related algorithms try to determine the statistical likelihood of muta-
tion, taking these factors into account, but outside of very clear examples where the 
allelic frequencies are close to 100 %, it can be a diffi cult judgment to make. 

 For detecting differential gene expression from RNA, again there are many algo-
rithms, but some commonly used pipelines include Cuffdiff (  http://cole-trapnell- 
lab.github.io/cuffl inks/cuffdiff/    ) and DeSeq (  http://bioconductor.org/packages/
release/bioc/html/DESeq.html    ). Here, the process is again to map all of the reads to 
the genome, and then generate a number which represents the level of expression of 
a given gene. The most commonly used one is FPKM, which stands for Fragments 
Per Kilobase of transcript per million mapped reads. Calculation of FPKM is essen-
tially a normalized view of transcription for that given gene, and can be used to then 
compare across samples using statistical methods such as False Discovery Rate 
(FDR). Similar to a microarray analysis, the output from this analysis typically 
gives both a fold-change (tumor compared to normal) as well as a p-value and cor-
rected q-value (typically from the FDR calculation). Genes can then be stratifi ed by 
the user to determine what level of signifi cance is most meaningful to them, i.e. a 
q < 0.05, a q < 0.01, etc. Similar to DNA-seq, there is no “either/or” for signifi -
cance—it is simply a level of signifi cance you feel comfortable with.  

    Downstream Analyses: Secondary Informatics Tools 
to Assign Meaning to the Data 

 All of the primary outputs from sequencing projects, whether they be DNA, RNA, 
or ChIP based, will ultimately generate a list of genomic fragments that are different 
between tumor and normal. Some of these differences will be in genes themselves, 
some will be in noncoding RNAs, promoters, enhancers, intergenic regions, UTRs, 
etc. It is tempting to initially just look at a list of these, especially ones in genes, and 
try to make a biological story from these lists. But this can be challenging to do 
when that list contains thousands of genes or regions, and so a large number of 
downstream tools have been developed to try and connect these fi ndings to the 
broader biological literature. In fact, one can argue that individual investigators 
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should be very cautious in looking at lists of genes and interpreting it without some 
type of secondary analysis, since the inherent biases we all have (based on our prior 
knowledge) can skew the meaning to be found in these large datasets. For this rea-
son, it is important to use secondary tools with some statistical power to connect the 
data. 

 Pathway analysis is a common method to try and determine if your list of genes 
or regions are somehow connected to each other. Some commonly used ones are 
DAVID (  http://david.abcc.ncifcrf.gov/    ), KEGG (  http://www.genome.jp/kegg/    ), 
GO/Gene Ontology (  http://geneontology.org/    ), GREAT (  http://bejerano.stanford.
edu/great/public/html/    ) and IPA (Ingenuity Pathway Analysis,   http://www.ingenu-
ity.com/products/ipa    ). IPA is particularly useful for zebrafi sh studies, since it will 
allow you to directly input zebrafi sh annotations, and then cross-reference that to 
data from other species on pathways. IPA is especially good at incorporating in not 
only the gene name, but also the level of signifi cance for that particular gene in your 
dataset (i.e. q-value or fold-change). It will output a discrete set of “canonical” path-
ways altered in your dataset (i.e. Wnt/beta-catenin signaling or PI3K signaling, etc), 
and give you a corresponding p-value to determine how likely it is that your dataset 
is truly enriched in that pathway. IPA uses a combination of automated and manual 
curated pathways to connect genes to each other, and provides the level of evidence 
for those associations. It also includes a unique tool called “Upstream Regulatory 
Analysis”, which attempts to statistically predict what upstream factors may have 
been responsible for a given gene expression signature (i.e. EGFR signaling might 
produce a given gene expression signature in lung cancer cells, etc.). The combina-
tion of pathway analysis plus upstream regulator analysis often leads to testable, 
discrete hypotheses that can then be tested in the laboratory. IPA a proprietary prod-
uct that is continuously updated, and many academic institutions have subscrip-
tions. Other tools like DAVID can provide somewhat similar data, and although not 
quite as comprehensive, it is free and very straightforward to implement. 

 As mentioned above, Gene Set Enrichment Analysis (GSEA) is another key tool 
for both pathway analysis as well as cross-species comparisons. It is a free tool 
provided by the Broad Institute (  http://www.broadinstitute.org/gsea/index.jsp    ), and 
once one has mastered the unique fi le formats, it is very straightforward to run using 
its Java-based applet. The most powerful aspect of GSEA is that it is deeply con-
nected to the MSigDB database (  http://www.broadinstitute.org/gsea/msigdb/index.
jsp    ), essentially a curated list of gene expression signatures encompassing nearly all 
biological states of interest (i.e. a signature of lung cancer, a signature of MAP 
kinase pathway, etc). For this reason, you can take a given dataset that emerges from 
a zebrafi sh study, and then use GSEA to compare it to the entire MSigDB database 
to fi gure out what your sample is most similar to. GSEA provides a statistically rich 
output that includes p-values, false discovery rates, and a unique score called an 
“Enrichment Score” which provides a convenient way to gauge how similar your 
dataset is to another one from the literature. The GSEA applet also produces publi-
cation quality visualization tools, especially Enrichment Plots that have become 
widely used in the literature and are easy to interpret. 
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 In many cases, it will be important to compare a zebrafi sh cancer dataset to what 
is known about human cancer. GSEA can be used for this, but some specifi c tools 
focusing on human cancer can be especially powerful here. The cBIO Portal (  http://
www.cbioportal.org/    ) is a publically available tool for accessing all of the TCGA 
project data, which very cleanly shows all of the mutation, copy number, mRNA 
and phosphoproteomic data available for each tumor type. The input to the cBio 
Portal is human gene names, so zebrafi sh IDs will need to be converted to human 
orthologs using tools such as DRSC (  http://www.fl yrnai.org/cgi-bin/DRSC_ortho-
logs.pl    ) or Ensembl/Biomart (  http://www.ensembl.org/biomart/    ). Another useful 
tool for human cancer data is Oncomine (  https://www.oncomine.org/    ), which has 
collected massive numbers of RNA expression profi les (either microarray or RNA- 
seq) along with a smattering of copy number and DNA-seq datasets. Oncomine is 
very good for querying one gene very deeply across human cancers, and determin-
ing how that gene is altered in those tumors. It is available as both a free and pro-
prietary product (with enhanced features). A unique resource for protein data is the 
Human Protein Atlas (  http://www.proteinatlas.org/    ), which is attempting to deter-
mine protein expression of every gene in the genome across both normal and can-
cerous tissues. They provide detailed data about each antibody they are using, 
along with validation status. They also provide photomicrographs of each sample, 
and a statistical measure of enrichment of a given protein in a given condition. 
Similar to Oncomine, it is very useful for deeply probing a particular gene for its 
role in human cancers.  

    Summary and Perspective 

 As the pace of studies using zebrafi sh as a cancer model has accelerated, so too has 
the pace of human cancer genomics. The major challenge over the next decade will 
be to determine how zebrafi sh cancer models can integrate with what is being done 
in human cancer such that the fi sh provides a truly unique tool in dissecting various 
aspects of tumorigenesis. It is nearly impossible to do this without some baseline 
interrogation of zebrafi sh cancer genomics, whether that be at the DNA, RNA, pro-
tein or epigenetic levels. The tools that have been developed for human cancer 
genomics can usually be applied without too much diffi culty to zebrafi sh cancer 
genomics, and the number of tools that allow for cross-species oncogenomics contin-
ues to grow. The information presented here is meant to be a starting point for those 
interested in this interface between the two species, and what tools can be used to 
leverage the particular strengths of each system. These tools will continue to evolve, 
enabling fertile collaborations between the zebrafi sh and human cancer biologists.     
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    Abstract     The past decade has witnessed a remarkable advancement of the zebraf-
ish model in cancer research. With the rapid development of genomic tools, it is 
increasingly feasible to perform genome-wide analyses to identify changes associ-
ated with cancer in a wide array of model organisms. These genomic tools, particu-
larly transcriptomic analyses using DNA microarray and RNA sequencing platforms, 
have now become widely used in zebrafi sh cancer models to uncover novel biology 
and common molecular pathways underlying hepatocellular carcinoma, intrahe-
patic cholangiocarcinoma, melanoma, embryonal rhabdomyosarcoma (ERMS), T 
cell acute lymphoblastic leukemia (T-ALL), Ewing’s sarcoma and glioma. An 
important fi nding from these studies is the high similarity and conservation of 
molecular pathways that underlie cancer in complementary zebrafi sh models and 
their human counterparts. Finally, these transcriptomic tools have also proven effec-
tive in the development and the validation of specifi c assays for chemical compound 
screening. In the future, other genomic tools, such as epigenetic, proteomic and 
metabolomic tools will likely be incorporated into zebrafi sh cancer studies, further 
refi ning our understanding of cancer.  
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      Introduction 

 The zebrafi sh has become an increasingly popular model in cancer research. 
Zebrafi sh develop cancer following chemical exposure to known carcinogens. 
Moreover, genetic models have now been developed to overexpress known human 
oncogenes and/or inactivate tumor suppressor genes [ 1 ,  2 ]. The zebrafi sh model has 
many advantages over mouse models of cancer, including reduced cost, optical clar-
ity, and increased statistical power owing to the large number of fi sh that can be 
used for in vivo analyses. Zebrafi sh are also an easily accessible experimental model 
to functionally test “cancer drivers” discovered from human malignancy. Thus, it is 
not surprising that many studies used the zebrafi sh model for oncogene/pathway 
identifi cation using systematic transgenic screening, cross-species genomic and 
transcriptomic comparison, tumor transplantation, in vivo live cell imaging, xeno-
graft of human cancer cells, and forward genetic screening. 

 Zebrafi sh cancer were fi rst generated using chemical carcinogens, with fi sh devel-
oping a wide array of cancers that were morphologically and histopathologically 
similarity to human cancer [ 3 ,  4 ]. Following on these studies, Langenau and Look 
developed the fi rst zebrafi sh transgenic cancer model, describing a model of MYC-
induced T cell leukemia in zebrafi sh [ 5 ]. Together, these studies nucleated interest in 
using the zebrafi sh as a cancer model that has expanded remarkably over the past 
decade. Molecular analyses of transcriptomes have been now been conducted in a 
wide range of cancers, uncovering remarkable molecular pathway conservation 
between zebrafi sh and human cancers. These cross-species transcriptomic analysis 
have now been completed in hepatocellular carcinoma (HCC), melanoma, rhabdo-
myosarcoma and other cancers, rendering the zebrafi sh model as a valid tool for 
modeling human cancer [ 6 – 8 ]. Such molecular profi ling provides detailed insights 
into cancer mechanisms and has been applied for therapeutic drug discovery. 

 In this chapter, we will focus on the current status of transcriptomic analyses in 
zebrafi sh cancer research and its use in uncovering molecular and drug pathways 
in cancer.  

    Principles of Transcriptomic Data Analysis 

 Global transcriptomic can be generated using DNA microarrays or RNA Sequencing 
(RNA-seq). Microarray technology is based on designed probes which can hybridize 
labeled RNA or cDNA with high specifi city. For microarray studies, one can use 
either in-house customized spotted arrays or commercial in situ synthesized arrays 
like the Affymetrix GeneChip ® . The imaging signal of RNA hybridization to specifi c 
probes is then used to generate expression data following computational processing of 
scanned images and assigning intensity scores. This approach has been discussed in 
detail previously [ 9 – 11 ]. Microarrays are relatively inexpensive when compared to 
RNA-Seq. However, they are limited by a priori knowledge of which genes are to be 
assessed. Moreover, detection range is also limited by high background and saturation 
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of signal at individual spotted probes. In contrast, RNA-Seq has no reliance on the 
prior knowledge of transcripts or genes to be assessed and RNA quantifi cation has no 
arbitrary upper limit of detection. RNA-Seq also has the added advantage of identify-
ing sequence variants, alternate gene splicing and post- transcriptional modifi cations 
[ 12 ]. Here, we provide a brief description of the principles and the tools commonly 
used for analysis of RNA-Seq data, including functional analyses and annotation. 
Figure  1  summarizes the workfl ow of these analyses.

  Fig. 1    Flow chart of transcriptomic analyses. Each step is described in section “Principles of 
Transcriptomic Data Analysis”       
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      Primary Analysis of RNA-Seq Data 

 High-throughput sequencing platforms like Illumina and SOLiD are commonly 
used for RNA-Seq [ 12 ]. The sequencing of RNA produces millions of short reads 
which need to be fi rst assembled and annotated for gene expression analyses. Since 
a well-annotated genome sequence is available for zebrafi sh [ 2 ], the reads are 
aligned to the reference genome using splice aware aligners like TopHat2 [ 13 ,  14 ] 
or STAR [ 15 ]. Ready-to-use genome indices and annotation fi les for the latest 
zebrafi sh assembly (Zv9) are freely available at Illumina iGenomes (  http://support.
illumina.com/sequencing/sequencing_software/igenome.html    ). 

 Gene expression is then quantifi ed by counting the number of sequence reads 
aligned to annotated genes (or transcripts if looking for alternate splicing). The 
count data is normalized across samples to account for biases like library size and 
gene length. Statistical analyses are then applied to the normalized expression data 
and differential expression (DE) for specifi c genes is obtained. The Poisson distri-
bution has formed the basis of RNA-Seq data modeling and makes the assumption 
that the expression of a majority of the transcripts remains unchanged in experimen-
tal verses control experiments [ 16 ]. However, the Poisson distribution often under-
estimates true biological variability and generally underestimates sampling error. To 
account for this biological variability, most new packages for DE analysis such as 
DESeq2 [ 17 ,  18 ] and edgeR [ 19 ] use variations of the negative binomial distribu-
tion, which is an extension of the Poisson distribution. The list of differentially 
expressed genes and top expressed genes are then analyzed further for functional 
relevance and annotation.  

    Functional Analysis and Biological Insights 

 The output of high-throughput data analysis, be it RNA-Seq, microarray, epigenetics 
or proteomics, is a list of genes or proteins of interest that are associated with a 
particular phenotype. These genes of interest (GOI) need to be deconstructed to fi nd 
biological patterns and deregulated molecular pathways. Many approaches have 
now been developed to aid in inferring functional signifi cance of generated gene 
lists, which we discuss below. 

  Functional Gene Set Analysis     
 This approach breaks down the list of GOI into sets of genes sharing biological 
function. This strategy is dependent on previously defi ned biological classifi cation 
of genes into functionally-annotated sets. For example, the Gene Ontology (GO) 
classifi cation uses three attributes: cellular components, molecular function and 
biological process. Overrepresentation or enrichment of GOI in any one set sug-
gests participation in that particular biological mechanism [ 20 ,  21 ]. The gene set 
information is taken from various sources such as GO annotation [ 22 ], pathway 
databases like MSigDb [ 23 ], KEGG [ 24 ] and Reactome [ 25 ]. These fi rst generation 
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tools take input of GOI which have met certain threshold values (e.g. FDR [false 
discovery rate] of 10 % and twofold change cutoff) and then tests for over- or under- 
representation of gene sets in the input list. Examples of overrepresentation analysis 
tools are GOstat [ 26 ], DAVID [ 27 ] and WebGestalt [ 28 ,  29 ].  

 The second generation of functional annotation tools include functional class 
scoring (FCS) approaches which rank GOI based on gene expression within a given 
sample. This approach removes the arbitrary threshold generally used by the fi rst 
generation tools and takes into consideration that gene effects on the phenotype are 
often not only due to large gene expression changes [ 20 ,  21 ]. One popular approach 
is Gene Set Enrichment Analysis (GSEA), which yields an enrichment score for 
gene sets overrepresented at the top or bottom of a ranked gene list [ 30 ]. GSEA uses 
an easy graphical and command line interface and is one of the most popularly used 
functional analysis tools. Other FCS approaches include GAGE [ 31 ], GlobalANCOVA 
[ 32 ] and sigPathway [ 33 ]. 

 Despite the utility of FCS approaches to associate gene expression changes with 
functional anotation, these methods often ignore pathway topology, such as the 
position of genes in a pathway and their interactions. For instance, genes may be 
involved in several pathways with different roles, and upstream genes are more 
likely to cause signifi cant changes than downstream genes. Incorporating such 
information is a major challenge for the fi eld and has resulted in the development of 
third generation pathway-topology based tools. These approaches treat pathways as 
graphs with genes forming the nodes and their interaction forming connections 
between different nodes. These analyses incorporate additional factors such as posi-
tion of the gene in the pathway, types of interactions, number of interactions, and 
perturbation factors [ 20 ,  34 ]. SPIA [ 34 ] and Pathway-Express [ 35 ] are tools for 
these analyses. 

  Literature Associated Analysis     
 This is an information extraction based approach that identifi es direct associations 
between genes which have been identifi ed from the published literature. This method 
often extracts information based on both co-occurrence of genes/proteins mentioned 
in literature and sophisticated natural language processing algorithms that infer rela-
tionship between the genes/proteins [ 36 ]. These interactions and functional annota-
tions are integrated and then curated by experts in the fi eld. Examples include 
Ingenuity Pathway Analysis (IPA ® ,   www.qiagen.com/ingenuity    ) and STRING [ 37 ], 
which integrates the gene associations with genomic and proteomic data.  

  Expression Correlation Analysis     
 Another approach to organizing data is by clustering genes with similar expression 
patterns. This clustering has been shown to be effective in grouping genes with 
similar function together [ 38 ]. Various algorithms are available for clustering [ 38 , 
 39 ]. In hierarchical clustering, the genes are grouped based on similarity in expres-
sion, producing a dendrogram with hierarchical clusters. This can be time consum-
ing and for a large list of genes k-means clustering or self-organizing maps (SOM) 
are often used. K-means clustering divides the genes into a fi xed number of clusters 
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based on an average expression vector. SOM additionally arranges similar clusters 
as neighbors [ 40 ]. Some software which use clustering algorithms include TMeV, 
GeneSpring, and Eisen Cluster [ 41 ,  42 ].  

 Recent co-expression analysis makes use of network theory. Co-expression net-
works can reveal hubs in a network and evolutionary conserved gene interactions 
which are vital for survival and hence have not been perturbed across experimental 
conditions. This approach is useful to identify candidate biomarkers or even thera-
peutic targets. Weighted gene correlation network analysis (WGCNA) is an exam-
ple of this approach and is popularly used tool [ 43 ].   

    Current Status of Zebrafi sh Cancer Transcriptome Research 

 There is a large body of published literature on using the zebrafi sh as a cancer 
model, but only a handful of these studies have incorporated transcriptomic analy-
ses to uncover global transcriptional changes and molecular pathway perturbations 
found in cancer. Table  1  summarizes a subset of these studies that have been pub-
lished to date.

      Conservation of Tumor Transcriptomes Between 
Zebrafi sh and Human 

 It has been long recognized that zebrafi sh tumors have a great similarity with human 
cancers based on histology and many of the key genes involved in carcinogenesis are 
also conserved in both sequence and function [ 58 ]. However, the extent of molecular 
conservation between zebrafi sh and human tumors remained unclear until the fi rst 
microarray-based transcriptomic analysis was performed on chemically- induced 
zebrafi sh liver tumors [ 7 ]. In this study, a gene set consisting of 2315 gene features 
(representing 1861 zebrafi sh Unigene clusters) was obtained through comparison of 
gene expression profi les of zebrafi sh liver tumor with normal liver. By mapping the 
zebrafi sh unigenes to human orthologs and using GO annotations, it was confi rmed 
that differentially expressed genes in zebrafi sh liver cancer were similarly involved in 
the deregulation of cell cycle/proliferation, apoptosis, DNA replication and repair, 
metastasis, cytoskeletal organization, protein synthesis, and liver-specifi c functions, 
just like human liver cancers [ 44 ]. These zebrafi sh microarray data were further com-
pared with human data from four cancer types (liver, gastric, prostate and lung) and it 
was found that zebrafi sh liver tumors were more similar to human liver cancers than 
to other tumor types. Additional comparisons also indicated a striking similarity 
between cancer progression in zebrafi sh and human. Altogether, these data provided 
the fi rst comprehensive molecular evidence to support the modeling of human cancer 
using zebrafi sh and laid a foundation for transcriptomic studies in a wide range of 
zebrafi sh cancer models. 
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   Table 1    Transcriptomic studies in zebrafi sh tumor models   

 Type of tumor  Platform  Signifi cance  Reference 

 Chemical carcinogen 
induced liver tumor 

 Microarray  The fi rst report for global 
conservation of gene expression 
between zebrafi sh and human 
liver cancers 

 [ 7 ,  44 ] 

  KRAS   G12D   driven 
embryonal 
rhabdomyosarcoma 
(ERMS) 

 Microarray  Conservation of molecular 
signature of zebrafi sh and human 
ERMS and classifi cation of 
different types of ERMS 
generated by different promoters 
to express KRAS G12D  from 
different stages of muscle 
development 

 [ 8 ,  45 ,  46 ] 

 Malignant peripheral 
nerve sheath tumors in 
 rp  +/−  mutants 

 Microarray  Demonstration of MPNST tumor 
caused by  rp  mutation and  p53  
mutation sharing similar 
signaling pathways 

 [ 47 ] 

  kras   v12   driven hepatocellular 
carcinoma (HCC) 

 Microarray  Report of different pathways 
being turned on in different 
stages of  kras -caused liver 
tumors 

 [ 48 ] 

  BRAF   V600E   driven 
melanoma in  p53   −/−   
mutants 

 Microarray  Identifi cation of conserved gene 
signature in  SETDB1 - 
overexpressing melanoma in 
zebrafi sh and human 

 [ 6 ] 

  BRAF   V600E   driven melanoma 
in  p53   −/−   mutants 

 Microarray  Discovery of a conserved set of 
genes in neural crest precursors 
and melanoma for drug screening 

 [ 49 ] 

 HBx and HCP induced 
intrahepatic 
cholangiocarcinoma 

 RNA-seq  Revealed the importance of 
TGF-β1 in HBx- and HCP- 
induced ICC development 

 [ 50 ] 

 EWS-FLI1 oncoprotein 
driven Ewing’s sarcoma 

 Microarray  Identifi cation of conserved genes 
in Ewing’s sarcoma between 
zebrafi sh and human 

 [ 51 ] 

  RAS  driven embryonal 
rhabdomyosarcoma 
(ERMS) 

 Microarray  Cross-species comparison of 
transcriptomes of ERMS for 
identifi cation of readout genes 
for drug screening 

 [ 52 ] 

 Tet-on inducible  Myc  
driven HCC 

 RNA-seq  Identifi cation of common 
signature genes of Myc-induced 
HCCs from zebrafi sh, mice and 
human 

 [ 53 ] 

  Smoa1  driven glioma  Microarray  Transcriptomic profi ling of 
retinal tumors 

 [ 54 ] 

 Tet-on inducible  xmrk  
driven hepatocellular 
carcinoma 

 RNA-seq  Identifi ed distinct immune 
responses in tumor progression 
and regression 

 [ 55 ] 

(continued)
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 The molecular conservation of zebrafi sh tumors with human tumors has also 
been observed in oncogene-induced liver tumors using transgenic zebrafi sh. In the 
past few years, our group has generated several inducible liver tumor models by 
using the Tet-On or mifepristone-inducible transgenic approaches to target expres-
sion of specifi c oncogenes to hepatocytes including  kras   v12   [ 59 ,  60 ],  xmrk  (fi sh co- 
ortholog of human epidermal growth factor receptor [EGFR]) [ 61 ] or  Myc  [ 53 ]. 
HCC was induced in all of these oncogene expressing transgenic lines. Transcriptomic 
analyses of these different liver tumors has now been performed and compared with 
human HCC [ 57 ]. Our work uncovered that all of the three oncogenic models cor-
relate highly with very advanced HCC. Interestingly, there were only 21 commonly 
up-regulated genes found in all three oncogenic models; and yet, these same 21 
genes also showed the highest correlation with very advanced human HCC, sug-
gesting their potential as novel molecular biomarkers of disease progression. We 
have also compared our zebrafi sh transcriptomic data with ten published human 
microarray data sets and found that  xmrk ,  kras  and  Myc  gene signatures signifi -
cantly correlated with 30.8 %, 24.8 % and 25.6 % of HCC clinical samples respec-
tively. Overall, 47.2 % of human HCCs share at least one of the three gene expression 
signatures identifi ed in zebrafi sh; providing evidence that we have successfully 
modeled nearly half of human HCCs.  

    Transcriptomic Analyses of Zebrafi sh Liver Cancers 
for Biological Insights 

 Transcriptomic analysis is a powerful tool for delineating important biological path-
ways in tumorigenesis. In particular, cross-species comparison at the transcriptomic 
level frequently reveals important biological pathways and common biological 
events that underlie cancer. Using this approach, we have uncovered that carcinogen- 
induced liver tumors [ 7 ] deregulate the Wnt-β-catenin and Ras-MAPK pathways, 
which are also frequently upregulated in human liver cancers. This has been con-
fi rmed using the constitutive  kras   v12  -induced transgenic liver tumor model [ 48 ]. 
Further transcriptomic analyses of  kras   v12  -induced liver tumors also revealed impor-
tant signaling pathways associated with different stages of liver tumors, e.g. p53 in 

Table 1 (continued)

 Type of tumor  Platform  Signifi cance  Reference 

  UHRF1  driven HCC in 
 p53   −/−   mutants 

 RNA-seq  Identifi cation of deregulated 
genes in the  UHRF1  driven 
HCC model 

 [ 56 ] 

 Comparison of three types 
of HCCs induced by  kras   v12  , 
 xmrk  and  Myc  

 RNA-seq  Demonstrating that each 
oncogene-driven zebrafi sh 
HCC model represents a subset 
of human HCCs 

 [ 57 ] 
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hyperplastic liver (HL); TLR-NFκB, JAK-STAT, insulin-IGF and TGFβ in HCC; 
and Raf-MEK-ERK, PI3K-AKT, Wnt–β-catenin, VEGF and complement cascade 
in both HL and HCC. Further analysis of the transgenic  Myc -induced tumor model 
using RNA-Seq analyses indicated that ribosome proteins are overwhelmingly 
upregulated in these liver tumors [ 53 ], consistent with previous reports that MYC is 
the key regulator of ribosome gene expression and protein translation [ 62 ]. 
Interestingly,  Myc -induced zebrafi sh liver tumors also share a remarkable gene 
expression similarity with Myc-induced liver tumor models in mice [ 53 ]. 

 The  Xmrk -induced HCC zebrafi sh model has also been analyzed at the transcrip-
tomic level [ 55 ], and was found to closely resemble the human HCC S2 prolifera-
tion subtype, which is characterized by activation of a Myc signature [ 63 ]. An 
interesting feature of this inducible transgenic line was tumor regression following 
oncogene inactivation in established tumors (upon removal of the chemical inducer 
for transgene expression). When the transcriptomic profi ling was performed on 
regressing zebrafi sh liver tumors and compared with human HCC progression data 
sets, including cirrhotic, low grade dysplastic nodules (LGDN), high grade dysplas-
tic nodules (HGDN), very early (veHCC), early (eHCC), advanced (aHCC) and 
very advanced HCC (vaHCC) [ 64 ], it was found that the regressing tumors had a 
reversed profi le compared to human HCC progression. For example, the 1-week 
regressing tumors (R1) shared the highest resemblance with human LGDN/cir-
rhotic liver and the 2-week regressing tumors (R2) correlated with cirrhotic liver, 
while the  xmrk -induced tumors had the highest resemblance with human vaHCC. The 
change in transcriptomic patterns was also consistent with histological observation 
that the liver phenotype gradually reverted to normal histology. GSEA analyses 
revealed that there are fi ve signifi cantly up-regulated pathways found in HCC: (1) 
antigen processing and presentation, (2) amino sugar metabolism, (3) cell cycle, (4) 
proteasome and (5) P53 pathway. Remarkably almost all proteasome genes were 
upregulated ( N  = 36), including both the regulatory and core part of the 26S protea-
some, immunoproteasome and chaperon regulators. The expression of these genes 
decreased in both R1 and R2 regressing tumors, indicating that this pathway played 
important roles in maintaining HCC state. In addition, R1 regressing tumors had 
up-regulation of cell cycle and antigen processing and presentation pathways, 
whereas R2 showed signifi cant up-regulation of cell communication and antigen 
processing/presentation. It is interesting that antigen processing and presentation 
pathway was altered in all three stages, HCC, R1 and R2, and that there were differ-
ent immune responses in established HCC and regressing tumor. These observa-
tions have now been validated histologically, with low levels of lymphocytes being 
observed in HCC samples, while infi ltration of eosinophils was prominent in R2 
samples. Both macrophages and neutrophils were also increased in HCC and 
regressing tumors, suggesting that immune cells actively participated in both pro-
gression and regression of liver tumors and might play different roles depending on 
tumor stage. 

 Hepatocarcinogenesis in human is quite diverse in terms of the genes and molec-
ular pathways that drive tumor growth and progression [ 65 ]. In zebrafi sh, over- 
expression of many genes (alone or in combination) can induce liver tumors 
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including  kras ,  Myc ,  xmrk ,  edn1 ,  src ,  HBx ,  UHRF1  [ 48 ,  53 ,  55 ,  56 ,  59 – 61 ,  66 ]. 
RNA-Seq and transcriptomic comparison of the zebrafi sh liver tumors induced by 
 xmrk ,  Myc  and  kras  revealed quite distinct sets of deregulated biological pathways 
[ 57 ]. All tumors show signifi cant deregulation of most of the cancer hallmarks 
elaborated by Hanahan and Weinberg [ 67 ].  xmrk  mainly upregulated pathways 
involved in evading growth suppressors and avoiding immune destruction, which 
included activating cell cycle, promoting RNA transcription, up-regulating protea-
some and altering immune properties.  Kras  provided tumor cells with the ability of 
self- sustaining proliferation by up-regulating EGFR, Raf-MEK-ERK, PI3K-AKT- 
mTOR and GSK3 signaling pathways, consistent earlier microarray gene expression 
studies using a different  kras  transgenic zebrafi sh HCC model [ 48 ].  Myc  mainly 
up-regulated translation and proteolysis to assist tumor cells in evading growth sup-
pressors, and also up-regulated the VEGF pathway to potentially induce angiogen-
esis. Pathways in reprogramming of energy metabolism as well as in normal liver 
function (e.g. blood factors, amino acid metabolism, detoxifi cation and xenobiotic 
metabolism, fatty acid metabolism, bile synthesis, etc) were generally down- 
regulated in all three liver tumor models but the down-regulation in the  Myc  model 
was less apparent than the other two models (Fig.  2 ).

   Recently, we have also completed transcriptomic comparisons of zebrafi sh liver 
tumors induced by a single oncogene ( xmrk  or  Myc ) or by expression of both onco-
genes, with the latter tumors showing accelerated hepatocarcinogenesis and a more 
severe tumor phenotype when compared to either single oncogene-induced tumor 
models. Based on differentially expressed genes from these tumors, biological path-
way analysis showed that pathways deregulated in the  Myc/xmrk -induced liver 
tumors were also largely deregulated in the  Myc  and  xmrk  single transgenic tumors. 
Among the commonly up-regulated pathways, most of them showed more signifi -
cant up-regulation in the double transgenic tumors than in single transgenic tumors 
(Fig.  3a ). Interestingly, the pathways with opposite changes in the two single 
oncogene- induced liver tumors appeared to be counterbalanced in the double trans-
genic tumors (Fig.  3b ).

   Zebrafi sh models of HCC have also been generated by transgenic overexpression 
of human  UHRF1 , a gene required for DNA methylation and DNMT1 degradation. 
Transcriptomic gene expression studies uncovered a high molecular conservation of 
this model with human HCC [ 56 ]. In this model, high level expression of  UHRF1  
caused DNA hypomethylation, triggered Tp53-mediated senescence in the liver, 
and resulted in a “microliver” phenotype in 5-dpf (day post-fertilization) larvae. 
RNA-Seq analysis uncovered down-regulation of proliferation associated genes 
including  ccnd1  and  myc , and up-regulation of  tp53  and its target genes. However, 
by 8 dpf, senescence was signifi cantly decreased in  UHRF1  transgenic fi sh with up 
to 70 % of the fi sh developing HCC by just 20 days of life. The reduction in senes-
cence did not appear to be due to the re-establishment of DNA methylation or trans-
gene silencing. Moreover, loss of one copy of  tp53  also resulted in increased tumor 
incidence, indicating that Tp53 had a role in both senescence and tumor onset. The 
same mechanism appeared to be present in human HCCs since there was a signifi -
cant correlation between  UHRF1  overexpression,  TP53  mutation and genome integ-

X. Huang et al.



157

rity, while genome-wide DNA hypomethylation was also present in most HCCs. A 
unique zebrafi sh liver cancer model has been recently reported that develops intra-
hepatic cholangiocarcinoma (ICC) following transgenic co-expression of hepatitis 
B virus X gene (Hbx) and hepatitis C virus core protein gene in hepatocytes [ 50 ]. 

  Fig. 2    Deregulated pathways in the three oncogene transgenic liver tumors. Up- and down- 
regulated pathways in each zebrafi sh transgenic HCC model were analyzed by GSEA.  Red  and 
 green  indicate up-and down-regulation, respectively. The color legend for assessing FDR is shown 
to the left.  Grey  denotes pathways that were unchanged. The up-regulated pathways were assigned 
into seven cancer hallmark categories according to Hanahan and Weinberg [ 67 ] and down- 
regulated pathways were classifi ed based on liver metabolism. This fi gure was published previ-
ously in PLoS One [ 57 ]       
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  Fig. 3    Synergistic and counteractive pathway effects in the  Myc / xmrk  double transgenic zebrafi sh 
liver tumor model when compared to the single transgenic tumors. ( a ) Pathway synergy in genes 
co-regulated by  Myc  and  xmrk . Forty-four canonical pathways were up-regulated in both  Myc - and 
 xmrk -induced zebrafi sh liver cancer. Thirty-two of them showed a more signifi cant up-regulation 
in the double transgenic  Myc / xmrk  liver cancer model. ( b ) Counteractive effects of pathways oppo-
sitely regulated by  Myc  and  xmrk . Pathways that were oppositely regulated in  Myc  and  xmrk  single 
transgenic models were counterbalanced in double transgenic tumors and thus, did not show any 
signifi cant change       
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Transcriptomic analyses of the ICC model revealed a common set of genes up-reg-
ulated in both zebrafi sh and human ICCs. Further pathway analyses indicated a role 
of TGFβ pathway in tumorigenesis in this model, which was subsequently validated 
experimentally.  

    Transcriptomic Analyses of Zebrafi sh Cancer Models 
in Discovery of Novel Molecular Pathways 

 Transcriptomic analyses has now been widely applied to several other zebrafi sh 
tumors. In a mosaic transgenic zebrafi sh model of  KRAS   G12D  -induced embryonal 
rhabdomyosarcoma (ERMS) [ 8 ], two highly conserved gene signatures were iden-
tifi ed following comparison of zebrafi sh and human ERMS. One gene signature 
was associated with tumor-specifi c and tissue-restricted gene expression in human 
ERMS and the other was specifi cally associated with RAS activity. This latter fi nd-
ing indicated that the RAS pathway was the dominant oncogenic driver in human 
ERMS. In subsequent studies, DNA constructs with different oncogenes, promot-
ers and reporters (e.g.  rag2-KRASG12D ,  rag2-dsREDexpress ,  myogenin-H2B-
RFP ,  myogenin-H2B-Amcyan , and  mylz2-lyn-cyan ) were microinjected singly or in 
combination into zebrafi sh embryos at the one-cell stage and various ERMS sub-
populations with different fl uorescence labels were obtained [ 45 ]. Through fl uores-
cence-activated cell sorting (FACS) and microarray gene expression studies, it was 
revealed that these different subpopulations had signifi cant differences in gene 
expression and mimicked satellite cell and myoblast differentiation states found 
during normal muscle regeneration. One additional similarity identifi ed between 
zebrafi sh and human ERMS was the compartmentalization of ERMS cell types 
based on myogenic transcription factor expression and differentiation status within 
the tumor. In vivo imaging studies went on to uncover that the myogenin positive 
ERMS cells were highly migratory. In a more recent study, zebrafi sh rhabdomyo-
sarcoma (RMS) has been generated by expressing oncogenic  KRAS   G12D   in different 
stages of muscle development by using different promoters, including  cdh15  and 
 rag2  promoters to drive gene expression in muscle progenitors, and  mylz2  promoter 
to drive expression in differentiating myoblasts [ 46 ]. Histopathological examina-
tion revealed that the oncogene driven by  cdh15  and  rag2  promoters resulted in 
tumors with a less differentiated phenotype than those driven by  mylz2  promoter. 
At molecular level, the  rag2 - and  cdh15 -driven tumors were more similar to each 
other than to the  mylz2  tumors. The zebrafi sh RMS gene signatures were then com-
pared to human RMS tumors by GSEA and it was found that  mylz2  tumors best 
represent the well-differentiated human RMS while the  rag2  tumors recapitulate 
the undifferentiated subtypes. Ingenuity Pathway Analysis (IPA) further revealed 
differential regulation of glycolysis and Pten (phosphatase and tensin homolog) 
signaling pathways between  myzl2  and  rag2  tumors, indicating that changes in 
metabolism might be an underlying cause of distinct tumor subtypes. 
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 A transgenic  Tg(mitfa:BRAF   V600E   )/p53(lf)  zebrafi sh melanoma model has been 
used to directly test human candidate genes for accelerating melanoma [ 6 ]. A novel 
human gene,  SETDB1 , was found to be amplifi ed in human melanoma. When 
SETDB1 was overexpressed in the zebrafi sh melanoma model, tumors showed 
more invasive features. Microarray analyses revealed a gene signature consisting of 
69 human orthologs down-regulated in  SETDB1  overexpressing melanomas and 
this gene signature was inversely correlated with  SETDB1  expression in 93 human 
melanoma short-term cultures and cell lines, suggesting the conserved role of this 
gene in both zebrafi sh and human melanomas. Chromatin immunoprecipitation 
sequencing (ChIP-Seq) was then performed in order to identify the direct targets of 
SETDB1. As a result, SETDB1 was found to methylate histone H3 on lysine 9 
(H3K9) and its overexpression was likely to increase the activity of the H3K9 meth-
yltransferase complex, causing changes in target specifi city. In a related study using 
the same zebrafi sh transgenic model [ 49 ], microarray gene expression analysis was 
performed on human melanoma tissue and it was found that the majority of human 
melanomas expressed the neural crest marker  sox10 , thus, these tumor cells still 
possess progenitor-like features. 

 A zebrafi sh model for Ewing’s sarcoma has been established using the human 
 EWS-FLI1  fusion oncogene under the control of either the zebrafi sh  hsp70  or the 
 β-actin  promoters [ 51 ]. In the  tp53  mutant background, a portion of transgenic fi sh 
develop small round blue cell tumors (SRBCTs). Despite the histopathological sim-
ilarity of SRBCT to Ewing’s sarcoma, gene expression profi ling of this tumor 
revealed only a small set of overlapping genes with human Ewing’s sarcoma. 
Among the six commonly up-regulated genes,  NKX2-2 ,  MYC ,  MAPT ,  SALL2 , 
 PADI2  and  POU3F1 ,  NKX2-2  were identifi ed as important downstream targets of 
EWS-FLI1. These observations indicated that this zebrafi sh SRBCT model had bio-
logical relevance to human Ewing’s sarcoma, thus providing a new way to study the 
function of  EWS-FLI1  fusion oncogene. 

 Transcriptomic analysis has also been used to aid the characterization of molecu-
lar pathways in other transgenic models. One example is the transgenic glioma 
model where tumors are induced by transgenic expression of  smoothened  in neural 
progenitor cells [ 54 ]. In this model, retinal dysplasia and retinal tumors developed 
in adults. Microarray gene expression comparison between gross eye tumors and 
age-matched control eyes identifi ed 1901 differentially expressed genes, including 
upregulated tumor-associated genes that regulate cell cycle and the Hedgehog path-
way genes including  gli1  and  gli2a . KEGG (Kyoto Encyclopedia of Genes and 
Genomes) pathway analyses also revealed signifi cant upregulation of cancer-related 
pathways such as those for carcinoma, glioma and small-cell lung cancer. 

 Transcriptomic analysis has also played an important role in classifying and 
identifying similar tumor types in the zebrafi sh [ 47 ]. One example was the confi r-
mation of malignant peripheral nerve sheath tumors (MPNSTs) in ribosomal pro-
tein ( rp ) mutated zebrafi sh, which appeared histologically similar to MPNST that 
developed in  p53   M214K/M214K   fi sh and were confi rmed to share similar gene expres-
sion as assessed by transcriptomic analyses. Gene expression profi les using micro-
array gene expression showed that MPNSTs arising from either  rp  mutation or  p53  
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mutation were closely related to one another. Further experiments revealed that 
although  p53  RNA remains intact in  rp  mutants,  p53  mRNAs fail to be translated 
into functional protein. Since p53 has been involved in most human cancers, this 
study raises the need for careful examination of p53 protein translation in evaluation 
of carcinogenesis. 

 In sum, these transcriptome-based molecular analyses have demonstrated the 
amazing conservation of global gene expression profi les and molecular mechanisms 
found in zebrafi sh and human cancer, thus providing further confi dence for future 
application of the zebrafi sh model in cancer research. These studies have laid a solid 
foundation for future comparative transcriptomic studies between experimental 
zebrafi sh cancer models and human malignancy.  

    Transcriptomic Analyses in Chemical Screening for Drug 
Discovery 

 Transcriptomic analysis has become a powerful tool in drug discovery and develop-
ment, particularly in the zebrafi sh model which has emerged as an excellent plat-
form for high-throughput chemical screens. One prominent example used the 
zebrafi sh  Tg(mitfa:BRAF(V600E)  melanoma model to screen for potential anti- 
melanoma drugs [ 49 ]. In this study, microarray analysis was fi rst used to compare 
gene expression profi les between transgenic zebrafi sh embryos and melanoma. This 
analysis identifi ed a common gene signature that comprised 123 genes and included 
embryonic neural progenitor markers such as  crestin ,  sox10  and  ednrb , and melano-
cyte markers such as  tyr  and  dct . This suggested that melanoma cells are likely 
multipotent and similar to neural crest progenitors. Thus, a hypothesis was pro-
posed that chemical suppressors of neural crest progenitors would identify common 
drugs that were also effective against melanoma. After screening 2000 chemicals, 
lefl unomide, an inhibitor of dihydroorotate dehydrogenase (DHODH), was identi-
fi ed to reduce expression of  sox10  and  dct  in embryos. Microarray analyses further 
confi rmed that this small molecule down-regulated 49 % of the genes up- regulated 
in the common 123-gene signature, and largely comprised genes found in neural 
crest cells. Further test using lefl unomide and its derivative (A771726) on neural 
crest stem cells (NCSCs) indicated a prominent role in suppressing self- renewal of 
this target cell population. A771726 was able to decrease cell proliferation in a 
dose-dependent manner in human melanoma cell lines, similar to the results 
obtained with shRNA knock-down of DHODH. Combination treatment of lefl uno-
mide and PLX4720 (BRAF V600E  inhibitor) resulted in suppressed human melanoma 
growth in xenotransplantation mouse models. In total, this study demonstrated the 
power of transcriptomic analyses to guide and to develop drug screening assays. 
Importantly, these fi ndings have resulted in a Phase I/II clinical trial using 
Vemurafenib and Lefl unomide for the treatment of human melanoma (  http://clini-
caltrials.gov/ct2/show/study/NCT01611675    ). 
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 Another example of developing drug screening approaches based on transcrip-
tomic analyses came from assessing the similarity of RAS signaling in embryonic 
development with transgenic zebrafi sh models of  KRAS   G12D  -induced embryonal 
rhabdomyosarcoma (ERMS). Specifi cally, heat shock inducible transgenic 
 Tg(hsp70-HRAS   G12V   )  embryos were compared with wild-type embryos following 
heat shock [ 52 ]. Of the genes identifi ed in this comparison, genes up-regulated in 
 HRAS   G12V   expressing animals were classifi ed as “cancer” and were always ranked 
fi rst in the “diseases and disorders” group, ahead of “developmental disorder” and 
“organismal injury and abnormalities”, suggesting that the heat-shock induced RAS 
expression in embryos activated common oncogenic pathways. To identify down-
stream readout genes for use in chemical screening, commonly up-regulated genes 
are identifi ed in comparing (1)  Tg(hsp70-HRAS   G12V   )  embryos, (2) zebrafi sh 
 KRAS   G12D  -induced ERMS, (3) human ERMS, (4) human pancreatic cancer and (5) 
RAS-infected HMECs. From this analysis,  dusp6 (mkp3) , a target of the FGF (fi bro-
blast growth factor) signaling pathway and a negative regulator of Erk1/2 (Mapk3/1), 
was identifi ed as the top readout gene for use in a chemical screen. With these 
experimental tools developed, among 2896 bioactive compounds screened, 31 
exhibit complete suppression of  dusp6  expression. After further validation and 
assessment of the heat shock effect, 18 compounds are verifi ed as specifi c inhibitors 
of the RAS pathway. The tumor inhibitory potential of these compounds was further 
tested in zebrafi sh ERMS and two chemicals, PD98059 (MEK inhibitor) and tosyl 
phenylalanyl chloromethyl ketone (TPCK, chymotrypsin-like serine protease inhib-
itor) were found to signifi cantly delay tumor growth without affecting the gross 
morphology of the zebrafi sh. Further experiments demonstrated that these two com-
pounds synergistically inhibited tumor progression in both zebrafi sh ERMS and a 
human rhabdomyosarcoma cell line that has a  NRAS   Q61H   mutation.   

    Future Perspectives 

 Thus far, global gene expression and pathway discovery in zebrafi sh cancer models 
have been entirely based on transcriptomic analyses using microarray and RNA-Seq 
platform technologies. With the completion of zebrafi sh genome sequencing and 
the ever improving gene annotation, comparative genomic analyses with human 
counterparts has become increasingly feasible and accurate. Now is the time to 
expand the frontier of genomic studies of cancer biology in zebrafi sh cancer models 
by incorporating other omic tools for epigenetic studies, proteomic and metabolo-
mic profi ling. These omic tools will enable a more holistic view of cancer and better 
utilization of zebrafi sh cancer models. 

  Cancer Transcriptomics for Alternative Splicing and microRNAs     So far, tran-
scriptomic studies have focused mainly on assessing RNA expression levels, with 
little information being provided on splice variant usage and/or micro-RNA expres-
sion in zebrafi sh cancer models. Up to 94 % of human genes are alternatively spliced 
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and alternative splicing plays important roles in diverse cellular functions, including 
proliferation, apoptosis, metabolism and metastasis [ 68 ]. In the zebrafi sh, alterna-
tive splicing has important roles in regulating embryonic development [ 69 ,  70 ]; yet, 
systematic study of alternative splicing through RNA-Seq remains in its infancy, 
especially in the cancer setting. Thus, there will be an obvious need to systemati-
cally investigate alternative splicing in zebrafi sh cancer models. Another defi ciency 
of current transcriptomic analyses in the zebrafi sh model is the lack of profi ling of 
microRNAs, which have been discovered two decades ago and have been linked to 
many diseases including cancer [ 71 ]. Similar to the mRNA transcriptome, 
microRNA expression profi les have proven to be a valid cancer classifi er as well as 
a cancer prognostic indicator [ 71 ]. Moreover, body fl uids often contain microRNAs 
and can be used for biomarkers and cancer diagnosis [ 72 ]. Interestingly, microRNA 
could also function in cancer metastasis through both intra- [ 71 ] and inter-cellular 
mechanisms [ 73 ]. MicroRNAs play essential roles during zebrafi sh development 
[ 74 ], but their functions in zebrafi sh cancer is still poorly understood. Therefore, 
systematic study of microRNA profi ling and function in zebrafi sh cancer models 
would greatly facilitate our understanding concerning the roles of microRNA’s in 
human malignancy.  

  Cancer Epigenomics      Although the roles of genomic changes in carcinogenesis 
have been well recognized, increasing evidence has indicated the importance of 
epigenetic changes as drivers of cancer growth and progression [ 75 ]. In the zebraf-
ish, there are few reports on the role of epigenetics in cancer. To date, only one early 
report has examined CpG DNA methylation in promoter regions in carcinogen-
induced zebrafi sh HCC [ 76 ], indicating conservation of altered DNA methylation 
between zebrafi sh and human HCCs. Now various epigenomic analyses have been 
applied to developmental analyses in zebrafi sh, including identifi cation of histone 
modifi cations [ 77 – 79 ] and DNA methylation [ 80 – 82 ]. Therefore, these epigenetic 
tools will surely be applied to future studies in zebrafi sh cancer models.  

  Cancer Proteomics     Proteomics in the zebrafi sh model is a relatively new research 
topic, but has been broadly applied to the study of embryonic development, tissue 
composition, and toxicological responses [ 83 – 87 ]. Proteomic analyses have been 
intensively applied in human cancer studies [ 88 ]. Proteomic technologies are gener-
ally classifi ed as discovery-based and targeted-based. Discovery-based proteomics 
makes use of two-dimensional gel-electrophoresis (2-DE) and/or liquid chromatog-
raphy–mass spectrometry (LC–MS) coupled with fl uorescence-labeling (Difference 
Gel Electrophoresis [DIGE]), stable-isotope-labeling (e.g., Isobaric tag for relative 
and absolute quantitation [iTRAQ]) or stable-isotope labeling by amino acids in cell 
culture [SILAC]. Label-free approaches can also be used for the identifi cation and 
quantifi cation of proteins, variants, post-translational modifi cations, and protein- 
protein interactions. Targeted-based proteomics refers to multiple reaction monitor-
ing- MS (MRM-MS) or similar technologies for the quantifi cation of proteins of 
interest in complex samples, such as serum or plasma. It often couples with stable- 
isotope labeled internal standards and sample depletion/enrichment approaches to 
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achieve higher accuracy, reproducibility and sensitivity, and has been widely used 
as a validation tool for discovery-based proteomics studies. In a recent report [ 89 ], 
sodium deoxycholate-based extraction buffer with heat denaturation was found to 
be the most effective approach for extracting proteins from complex tissues of the 
zebrafi sh and liver tumors. This new protocol has identifi ed a total of 4790 proteins, 
the highest number by using shotgun proteomics approach with 2D liquid chroma-
tography. With this discovery, proteomics approaches will likely be conducted in a 
wide array of zebrafi sh tumors and tissues to yield valuable data for further 
analyses.  

  Cancer Metabolomics     Cancer metabolism is now widely recognized as a cancer 
hallmark [ 67 ]. Although cancers have different oncogenic drivers and use different 
molecular pathways for transformation, one common feature of all cancers is the 
rewiring of metabolic pathways to increase biomass and provide energy to rapidly 
dividing cells. Similar to “oncogene addiction”, “metabolic addiction” is likely a 
major driver of cancer growth [ 83 ]. Many metabolic enzymes are targetable by 
small molecules for drug development [ 83 ]. However, there is an apparent limitation 
of RNA based analyses for metabolic pathways as many of the metabolic enzymes 
are not regulated at the transcriptional level. Thus, metabolomic tools will be critical 
for further validating fi ndings from transcriptomic and proteomic analyses. Whole 
organism [ 90 ], tissue specifi c [ 86 ] and metabolite specifi c metabolomics [ 91 ] tech-
niques have been developed in the zebrafi sh model. Several groups have identifi ed 
novel aspects of disease metabolism regulation such as fatty acid-fuelled matrix 
metalloproteinase production in leukocyte migration during infl ammation [ 87 ] as 
well as small molecule modulation of specifi c metabolic pathways including gluco-
neogenesis [ 92 ]. Application of metabolomics to zebrafi sh cancer models, along 
with comparison to human cancer data sets, will likely provide new insights into 
cancer metabolism and identifi cation of conserved therapeutic targets in cancer.      
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      Zebrafi sh Discoveries in Cancer Epigenetics                     
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    Abstract     The cancer epigenome is fundamentally different than that of normal 
cells. How these differences arise in and contribute to carcinogenesis is not known, 
and studies using model organisms such as zebrafi sh provide an opportunity to 
address these important questions. Modifi cations of histones and DNA comprise the 
complex epigenome, and these infl uence chromatin structure, genome stability and 
gene expression, all of which are fundamental to the cellular changes that cause 
cancer. The cancer genome atlas covers the wide spectrum of genetic changes asso-
ciated with nearly every cancer type, however, this catalog is currently uni- 
dimensional. As the pattern of epigenetic marks and chromatin structure in cancer 
cells is described and overlaid on the mutational landscape, the map of the cancer 
genome becomes multi-dimensional and highly complex. Two major questions 
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remain in the fi eld: (1) how the epigenome becomes repatterned in cancer and (2) 
which of these changes are cancer-causing. Zebrafi sh provide a tractable in vivo 
system to monitor the epigenome during transformation and to identify epigenetic 
drivers of cancer. In this chapter, we review principles of cancer epigenetics and 
discuss recent work using zebrafi sh whereby epigenetic modifi ers were established 
as cancer driver genes, thus providing novel insights into the mechanisms of epigen-
etic reprogramming in cancer.  

      Major Questions Surrounding the Cancer Epigenome: 
Answers from Zebrafi sh 

 The genetic landscape of cancer cells is dramatically different from normal cells. 
Mutations, chromosomal losses, gains and rearrangements have been described for 
virtually every type of cancer in humans [ 1 ,  2 ]. Advances in sequencing technology 
in the past decade have provided an exquisitely detailed view of the cancer genome 
in humans, and these have been used to identify candidate driver genes in nearly 
every type of cancer. Documenting the cancer cell epigenome is more complex, as 
epigenetics is infl uenced by DNA modifi cations, namely methylation and hydroxy-
methylation on cytosines, histone variants and histone modifi cations. Moreover, 
epigenetic modifi cations are clustered, and are infl uenced by underlying DNA 
sequence variations. Thus, integrating the mutational and epigenetic landscapes to 
generate a comprehensive genetic map of cancer to identify key regions that con-
tribute to carcinogenesis remains a major goal of the fi eld. In particular, sorting 
through these complex catalogs to identify features that cause or sustain malignancy 
requires tractable in vivo systems to allow functional assessment of candidates. 
Since epigenetic marks are well conserved in vertebrates, zebrafi sh represent an 
excellent system for such studies. 

 Those studying cancer epigenomics are addressing similar questions as those 
studying the cancer genome, including: (1) How does the epigenome get restruc-
tured in cancer cells? (2) Are there epigenetic signatures that can be used diagnosti-
cally or for identifying specifi c tumor sub-classes? (3) Which epigenetic changes 
contribute to tumorigenesis and, for those that are carcinogenic, what is the underly-
ing mechanism by which these cause cancer? As with mutational analysis, epigen-
etic profi ling of cancer cells has documented millions of differences compared to 
their normal counterparts. Importantly, many of these are conserved in zebrafi sh 
tumors [ 3 – 5 ]. The functional annotation of epigenetic differences between normal 
and cancer cells requires in vivo models. As many such epigenetic signatures are 
conserved in zebrafi sh, they has proven to be an excellent system to complement the 
more commonly use models [ 6 ]. 

 Epigenetics is implicated in nearly every aspect of embryonic development and, as 
such, has been heavily investigated by developmental biologists using zebrafi sh. 
These studies are now being extended to the study of cancer. Work using zebrafi sh has 
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recently identifi ed epigenetic modifi ers which impact melanoma [ 7 ],  hepatocellular 
carcinoma (HCC) [ 5 ], myelodysplastic syndrome (MDS) [ 8 ] and rhabdomyosarcoma 
[ 9 ]. Here, the fundamental principles of epigenetic modifi cations and their relation-
ship to cancer are discussed using zebrafi sh as a model organism.  

    The Complexity of the Epigenetic Code 

 Epigenetics is an umbrella term referring to factors that infl uence chromatin struc-
ture, which in turn regulate chromosome structure, permanent gene silencing and 
tissue-specifi c patterns of gene expression. The basic functional unit of chromatin 
structure is the nucleosome whereby active (euchromatin) and inactive (heterochro-
matin) domains dictate access of proteins that further modify the epigenome, medi-
ate DNA replication and drive transcription. Many features of the cancer cell 
phenotype can arise from changes in the epigenome, and indeed, it is speculated that 
the marked differences in gene expression of malignant cells refl ects the massive 
changes in their epigenome. As cancer cells are typically defi ned by the suppression 
of checkpoints that monitor DNA replication, DNA damage and cell cycle progres-
sion, it is possible that a monitoring system for epigenome integrity is another one 
of the checkpoints missing in cancer cells [ 10 ,  11 ]. 

 Epigenetic modifi cations are added and removed by chromatin-modifying 
enzymes in a dynamic and tightly regulated fashion without impacting the underly-
ing nucleotide sequence of the DNA (Fig.  1 ). Epigenetic control of gene activity and 
overall chromatin structure operates on three levels: DNA, histone proteins, and the 
nucleosome. Interplay between permissive and repressive domains dictate differen-
tial gene expression profi les and maintain a central, functional role during differen-
tiation and development. Most notably, zebrafi sh research on the developmental 
functions of epigenetic modifi ers has led to discoveries of the importance of epi-
genetics in fate decisions, gene expression patterning, and zygotic genome activation 
[ 12 – 18 ]. For instance, a large screen using morpholinos to knock down the expres-
sion of 425 chromatin modifi ers in zebrafi sh embryos identifi ed a distinct subset of 
modifi ers that regulate erythroid cell formation and another that was important for 
hematopoietic stem and progenitor cells [ 19 ]. This demonstrates that multiple epi-
genetic modifi ers are required for cell fate decisions and differentiation.

   Historically, studies in cancer epigenetics have focused on differences of single 
epigenetic modifi cations at the gene regulatory region of a gene of interest—such as 
a tumor suppressor or a key oncogene—and have correlated these marks with gene 
expression. This has lead to the conclusions that there is a causative relationship 
between the mark under study and the expression level of the gene. However, as 
genome-wide techniques advance, it is clear that the relationship can work both 
ways (i.e. gene expression levels can infl uence the epigenetic landscape of the gene) 
and that the infl uence of single epigenetic marks is balanced by the conformation of 
the region as a whole. For instance, chromatin is not simply open or closed, but 
instead there are also intermediate states where epigenetic marks that are cataloged 
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as repressive co-exist with marks that are associated with gene activation. Such 
“poised” genes are thus held in a repressed, but not completely closed, state that can 
rapidly be triggered when the signal arrives. Moreover, epigenetic marks have been 
shown to act at a distance [ 20 ]. Thus, the path forward for understanding how epi-
genetic modifi cations impact cancer gene expression should incorporate multiple 
epigenetic marks and a wide-angle view of the genomic region of interest. 

 Epigenetic readers and writers recognize and target DNA and histone modifi ca-
tions and the erasers remove these marks. The best-studied modifi cations of DNA 
and histones are predominantly mediated through writers such as methyltransferase 
enzymes (both DNA- and histone-methyltransferases; DNMTs and HMTs, respec-
tively), histone demethylases, histone acetyltransferases (HATs), and histone 
deacetylases (HDACs). Furthermore, incorporating histone variants in place of the 
canonical histones can impact gene expression, chromatin structure, and can defi ne 

  Fig. 1    Epigenetic modifi cations are conserved in zebrafi sh. Representation of the basic structure 
of the nucleosome composed of 147 base pairs of DNA wrapped around an octamer of histone H3/
H4 and histone H2A/H2B dimmers. The core histone proteins have long N-terminal tails that 
extend out from the core particle that is rich in basic amino acid residues, lysine (K) and arginine 
(R), which can be extensively modifi ed in a reversible, covalent manner. Lysine residues that are 
mono-, di-, or tri- methylated on histone H3 and H4 that are characterized in zebrafi sh have been 
indicated and are conserved across species including H3K4, H3K9, H3K27, H3K36, and H4K20. 
H3 lysine methylation elicits different transcriptional and structural responses depending on chro-
matin context and the residues that are modifi ed. Histone acetyl marks have also been indicated 
and are associated with euchromatic regions amenable to gene transcription. Cytosine residues in 
DNA can be methylated in a CpG dinucleotide context throughout the genome by DNA methyl-
transferases (DNMT), which is a conserved process across vertebrate species and plants. DNA 
methylation is typically associated with irreversibly silenced regions in heterochromatin. 
Methylation of DNA can be reversed passively or actively through oxidation of the methyl mark. 
TET family enzymes carry out active de-methylation. Extensive DNA methylation profi ling of the 
zebrafi sh has been performed in a number of studies       
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specialized regions of the chromatin. Readers of the epigenetic code serve to target 
the writers and erasers and serve as a link between DNA and histone modifi cation 
to generate a complex and overlapping set of modifi cations across the genome. 
DNA methylation is present in all vertebrates, yeast [ 21 ] and plants, but not in com-
monly used invertebrate animal models. Moreover, the factors that modify DNA are 
well conserved from humans to zebrafi sh, and make zebrafi sh an ideal model to 
study DNA methylation. Histones are over the most highly conserved proteins in 
vertebrates and conserved from human to zebrafi sh [ 22 ] and the epigenetic marks 
that regulate them are also well conserved. Thus far, all histone modifi cations 
described in humans that have been investigated in zebrafi sh have been identifi ed, 
and the readers and writers that mediate these modifi cations are well conserved in 
zebrafi sh (Fig.  1  [ 23 ]). 

 Genome-wide expression studies have documented that the expression pattern of 
chromatin modifi ers is dramatically altered in malignant cells (Fig.  2 ). Interestingly, 
while some of genes show similar expression changes across cancer types, others 
appear more specifi c. For instance, expression of Dnmt1 and Uhrf1, which are the 
key components of the DNA methylation machinery, are elevated across cancer 
types while TET2, a gene involved in cytosine de-methylation, is down-regulated 
primarily in leukemia (Fig.  2 ). Moreover, as chromatin modifi ers are largely regu-
lated by their interacting partners and pre-existing epigenetic modifi cations can 
direct whether the writers are able to make changes at each locus, altered expression 
of a single modifi er may be less important than the combinatorial changes for mul-
tiple members of a complex.

      DNA Methylation 

 Methylation of cytosine (5-mC) when it is paired with a guanine residue (i.e. CpG) 
is a critical mechanism of X-chromosome inactivation, imprinting, silencing repeats 
and transposons and heterochromatin formation [ 24 – 28 ]. Additionally, many stud-
ies implicate DNA methylation in transcriptional repression of differentially 
expressed genes, however whether DNA methylation is suffi cient for fi ne-tuning 
gene expression is controversial [ 25 ]. The most heavily methylated regions of the 
genome are in intragenic regions, which are largely composed of repetitive 
sequences, transposable elements and the regions of the chromosome that give it 
structure (i.e. the centromeres and telomeres). Methylation of these regions is 
thought to provide an irreversible mechanism of repression and the ability to form 
higher order chromatin structure. Additionally, gene bodies are heavily methylated 
and this typically corresponds to actively transcribed genes [ 24 ], however, it the 
function of this region of DNA methylation is not clear [ 25 ]. An excellent graphical 
overview of DNA methylation has recently been published [ 29 ]. 

 Methyl groups are transferred from S-adenosyl- l -methionine (SAM) to cytosine 
by DNMTs. DNMT1 has been extensively studied across species: it preferentially 
methylates hemimethylated CpG dinucleotide sequences generated during DNA 
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  Fig. 2    Epigenetic modifi ers discovered as cancer genes in zebrafi sh show unique expression pat-
terns in human cancers. Oncomine expression analysis for each of the key DNA and histone modi-
fying enzymes that have been discovered in zebrafi sh to play a role in cancer. Expression of each 
gene was monitored across a series of cancer samples compared to normal counterparts and their 
expression levels (high =  red ; low = blue) are indicated. Expression thresholds were set with a fold 
change of 2 or greater, p value <0.001; gene rank in the top 10 % of deregulated genes and       
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replication, and is thus considered the maintenance methyltransferase. This role has 
been confi rmed in zebrafi sh through studying  dnmt1  mutants [ 11 ,  30 ,  31 ] and in 
mutants that cannot generate suffi cient SAM [ 32 ]. DNMT3A and 3B, however, ini-
tiate methylation of those regions that were previously unmethylated (i.e. de novo 
DNA methylation), which is best studied in imprinted genes, which zebrafi sh do not 
appear to have. While DNMT1 can bind DNA [ 33 ], it is not very effi cient at target-
ing CpG sites. This is signifi cantly improved accomplished by the  U biquitin-like 
with P H D and  R ING  F inger domains  1  (UHRF1) which recognizes hemimethylated 
CpG sequences during DNA replication and directly recruits DNMT1 to facilitate 
DNA methylation [ 34 ,  35 ]. 5mC is removed by the Ten-eleven translocation (TET) 
proteins, which convert 5mC to 5-hydroxymethyl cytosine [ 36 ]. 

 Patterns of DNA methylation are dramatically different between cancer cells 
and their normal counterparts. In non-transformed cells, approximately 2–8 % of 
the genome is methylated. Certain regions of the genome contain high frequencies 
of CpG sites, which are termed CpG Islands (CGIs). CGIs occur in approximately 
50 % of promoters of human genes and are largely un-methylated, while CpG sites 
in gene bodies and intergenic regions are mostly methylated. DNA methylation is 
thought to act as a repressive epigenetic mark and it was fi rst described as a mecha-
nism to assure that some regions of the genome are always maintained in a tran-
scriptionally inactive state such retrotransposable elements [ 37 ] repeat sequences 
[ 38 ] imprinted genes [ 27 ] and centromeric and pericentromeric regions [ 39 ]. Most 
malignant cells have less DNA methylation than their normal counterparts, and this 
is largely attributed to loss of methylation at these regions which are typically 
heavily methylated. 

 Clusters of CpGs are found in some gene promoters (i.e. CpG islands), but meth-
ylation in these gene regulatory regions is largely absent in normal cells. Never-the- 
less, CpG island methylation patterns has received the most attention in the fi eld. 
This is largely based on the hypothesis that since DNA methylation is required for 
silencing those regions that are typically heavily methylated, then DNA methylation 
in gene regulatory regions must also lead to formation of ‘closed’ chromatin struc-
tures rendering the underlying sequence inaccessible to transcription factors and 
RNA polymerase II. The fi nding that the promoters of some tumor suppressors are 
hypermethylated in cancer cells has fueled much of the study on DNA methylation 
as a mechanism of regulating gene expression in favor of promoting cell prolifera-
tion and transformation. However, although there are several clear examples where 
DNA methylation is inversely correlated with the expression of nearby genes, many 
studies also show that methylation in promoter regions can also be positively cor-
related with gene expression [ 40 – 43 ]. Moreover, since DNA methylation and other 
epigenetic modifi cations may act at a distance [ 20 ], it may be that the focus on dif-
ferential methylation of CpG islands may be too narrow. 

 DNA methylation is frequently found to be co-localized with repressive histone 
modifi cations and histone variants, and thus it may also perform an instructive role 
for the recruitment of other chromatin modifi ers to promote gene repression and 
higher order chromatin structure. Thus, in some cases, the correlation of DNA 
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methylation in the regulatory regions of repressed genes may refl ect the placement 
of DNA methylation side by side with other epigenetic marks that play a bigger role 
in the repression. In such cases, DNA methylation may serve a supportive role. 
Indeed, a recent study whereby the TET1 hydroxylase was targeted to methylated 
regulatory regions of specifi c genes to specifi cally demethylated these loci. In most 
cases tested, only modest demethylation was achieved and while demethylation of 
some sites signifi cantly increased gene expression, this was not a universal fi nding 
[ 44 ]. While this exciting study is the fi rst to show that reducing DNA methylation in 
specifi c promoters can increase gene expression, it is clear that other factors provide 
important and even dominant regulatory roles. 

    DNA Methylation in Zebrafi sh 

 Zebrafi sh mutants in the key genes regulating DNA methylation all have DNA 
hypomethylation, including S-adenosylhomocysteine hydrolase [ 32 ],  dnmt1  [ 11 , 
 30 ,  31 ] and  uhrf1  [ 11 ,  45 ]. Additionally,  tet2  mutants show a loss of 5-HmC [ 8 ,  46 ], 
illustrating that the machinery that mediates the methylome is highly conserved. 

 Methylation patterning of the zebrafi sh genome is a highly dynamic process dur-
ing development of the organism. In a very similar manner to mammals, zebrafi sh 
sperm is hypermethylated compared to its oocyte counterpart, which is then rapidly 
demethylated upon fertilization [ 47 ]. Following fertilization, the DNA methylation 
levels of the 1- to 2- cell stage of the zygote are lower then what is initially observed 
in the oocyte mediated by a wave of DNA demethylation [ 47 ]. De novo DNA meth-
ylation resets DNA methylation levels to levels seen in terminally differentiated 
tissues during the mid-blastula transition and in gastrula [ 47 – 49 ]. Next, a wave of 
DNA demethylation and remethylation occur during somitogenesis [ 49 ] and tissue 
specifi c DNA methylation patterns being established and maintained as cells dif-
ferentiate. However, the evidence in support of DNA methylation as a biochemical 
system that regulates gene expression during early development through pro-
grammed methylation and demethylation patterns are correlative, at best [ 14 ,  50 ]. 
Therefore, the functional signifi cance of the dynamic changes in DNA methylation 
remains unclear, and is under intense investigation. 

 In summary, the DNA methylome can be re-patterned during differentiation and 
transformation. The global loss of DNA methylation during carcinogenesis is seen 
across cancer types, but the mechanism leading to the demethylation of the cancer 
genome has not been established. Since DNA methylation impacts the interaction 
between DNA and histones within nucleosomes and promotes higher order chroma-
tin formation, it clearly contributes to gene expression however, it does not appear 
to be the major mechanism that resets the transcriptome to favor cancer-promoting 
genes and suppress tumor suppressors. Instead, loss of DNA methylation can result 
in euchromatinization of the genome, which promotes chromosomal translocations, 
breaks, transposon activation and could thus serve as a major mechanism driving 
genomic instability.   
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    Histone Modifi cation 

 Histones can be post-translationally modifi ed in a number of ways, including acetyla-
tion, methylation, ubiquitination, and phosphorylation. A large majority of these 
post-translational modifi cations occur on the unstructured N-terminal tails of the core 
histones, which are rich in basic amino acid residues lysine (K) and arginine (R), 
which confer a positively charged surface that extends out from the nucleosome and 
interacts with the negatively charged DNA (Fig.  1 ). The abundance of lysine and 
arginine residues on the N-terminal tails also make the core histone proteins amena-
ble to post-translational modifi cation by epigenetic enzymes and complexes to mod-
ify the local nucleosome structure. In turn, epigenetic modifi cation of the core histone 
proteins can serve to recruit transcriptional repressors and activators to specifi c loci 
or maintain a baseline quiescent state. Here, we review the major types of histone 
modifi cations and focus on those that have been specifi cally shown to play a promi-
nent role in cancer using zebrafi sh. 

    Histone Methylation 

 Histone methylation directly impacts chromatin structure and gene transcription. 
Lysine (K) and arginine (R) residues along the N-terminal tails of the core histones 
are methylated by histone methyl transferases (HMTs). The histone methylome is 
extremely complex, as amino acids can be bi or tri methylated, and the various com-
binations of the methylated residues ultimately dictate chromatin state. The well- 
established correlations between some histone methyl marks and gene expression 
allows the categorization of these marks as “activating” or “repressive”. For instance, 
trimethylation of H3 on lysine 4 (H3K4Me3) is associated with actively transcribed 
genes and the di- and tri- methylation of lysine 9 of H3 (H3K9me2/3) is correlated 
with heterochromatin formation and suppression of gene transcription. Interestingly, 
a recent study found that SMYD3, a methyltransferase for K3K4Me3, promoted 
invasion of human tumor cells transplanted into zebrafi sh embryos. This was attrib-
uted to the induction of a metalloproteinase which aids tumor cell mobility [ 51 ]. 
H3K9 methylation is mediated by a number of proteins, including SETDB1 and 
SUV39H1, which are evolutionarily conserved and expressed in zebrafi sh [ 7 ,  9 ,  23 , 
 52 ]. In addition to these, several other epigenetic marks also display a similar distri-
bution across the zebrafi sh and mammalian genome [ 17 ,  45 ,  53 ]. Suv39h1 has been 
shown to cooperate with Dnmt1 to regulate the terminal differentiation of the intes-
tine, exocrine pancreas, and the retina during zebrafi sh development [ 52 ]. 
Furthermore, Rai et al. demonstrated that H3K9me3 is also positively correlated 
with levels of DNA methylation in heterochromatic regions of the genome. It is 
thought that these two marks can collaborate to maintain genes in a repressed state 
[ 54 ]. Histone methyltransferases have been implicated in a wide range of cancers 
[ 55 ] and we discuss how zebrafi sh have been used to identify functional roles for 
SETDB1 and SUV39H1 in cancer. 
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 Methylation of H3K27 is another well-studied epigenetic mark that is commonly 
incorporated into gene promoters and is mediated by Polycomb group proteins, 
namely the PRC2 complex [ 56 ]. High levels of H3K27Me3 were identifi ed in 
zebrafi sh [ 3 ] and in humans [ 57 ]. On its own, H3K27me3 is typically associated 
with silenced genes and is thus seen as a repressive mark. However, H3K27 tri- 
methylation is also associated with ‘bivalent’ transcriptional states. Promoter 
regions marked with H3K4me3 and H3K27me3 are thought to adopt these ‘biva-
lent’ states where transcription is primed and RNA polymerase II occupancy is 
permitted, yet the gene remains inactive. 

 Histone methylation plays a critical role during embryonic development. 
Patterning of histone methylation regulates zygotic genome activation in zebrafi sh 
[ 13 ,  14 ,  17 ,  58 ,  59 ]. Histone methylation directly infl uences nucleosome dynamics 
and stability and serves as a platform for the specifi c recruitment of transcription 
factors and remodeling complexes. Mounting evidence supports the crosstalk 
between DNA methylation and histone methylation. H3K4me3 is negatively cor-
related with DNA methylation, while H3K9me3 is signifi cantly and positively cor-
related with DNA methylation. This direct cooperation indicates that a very fi ne 
tuned epigenetic signaling network regulates cell function.  

    Histone Phosphorylation, Acetylation and Histone Variants 

 Histone core particles can be phosphorylated and acetylated. Phosphorylation of ser-
ine, threonine, and tyrosine residues has been found to be critical in regulating chro-
matin condensation during mitosis, gene expression, and DNA repair. For instance, 
H3S10 phosphorylation in some contexts, promotes chromatin de- compaction to 
facilitate transcription, whereas during mitosis H3S10 phosphorylation is critical for 
chromatin condensation [ 60 ,  61 ]. Phosphorylation of the histone variant H2A.X 
marks areas of DNA damage and double-stranded breaks to facilitate the DNA repair 
pathway. This has been shown as a robust marker of DNA damage in mammalian 
and zebrafi sh cells [ 62 ]. It illustrates the complexity of the histone code, where the 
context can dictate the impact of the modifi cation. 

 Lysine acetylation is a conserved, reversible, and highly regulated post- 
translational modifi cation of core histone proteins that is mediated by HATs. The 
availability of multiple target sites enables stepwise regulation of acetylation allow-
ing for the fi ne-tuning of chromatin remodeling mediating gene transcription. 
Histone deacetylation is mediated by HDACs. A large body of work has demon-
strated that, most commonly, acetylated histones lead to an open chromatin confi gu-
ration and thus HDAC recruitment serves to promote heterochromatin formation. 

 Histone acetylation is dynamically regulated during zebrafi sh embryogenesis 
[ 63 – 67 ]. H3K9ac levels were high at 24 h post fertilization (hpf), but rapidly 
diminished by 48 and 72 hpf [ 68 ], suggesting that this mark may play a regulatory 
role during early embryogenesis, further supported by fi ndings of failed develop-
ment in Hdac defi cient embryos [ 64 – 67 ,  69 ]. Histone acetylation has also been 
linked to maintenance of genomic integrity and DNA repair and the acetylation 
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and  de- acetylation of histones has long been a targeted focus of cancer therapies 
[ 70 ] as disrupted histone acetylation dynamics have been associated with a number 
of cancers. 

 There are a large number of highly comparable forms of histones that are col-
lectively defi ned as ‘histone variants’. These variants can be incorporated into the 
nucleosome, replacing their canonical counterpart, resulting in changes in struc-
tural regions of the chromatin, gene expression, response to genotoxic events, 
genomic stability, and DNA repair. Furthermore, a growing body of evidence has 
demonstrated that histone variants can play critical roles during cancer develop-
ment. Particularly in plants, the DNA wrapped in nucleosomes tends to be more 
methylated, suggesting that the position of the nucleosome infl uences the methy-
lome pattern [ 71 ]. 

 The concept of the ‘histone code’ indicates that the sum of histone modifi cations 
at a specifi c locus during a particular cellular process dictates nucleosome structure. 
Indeed, both developmental biologists and cancer biologists are now utilizing to a 
more complicated, but likely more accurate, model whereby the sum of the histone 
marks, DNA marks, associated co-factors, and transcription factors that creates a 
chromatin microenvironment which can either repress, induce or poise genes for 
expression. Studying the overlapping roles of covalent epigenetic marks with his-
tone variant deposition to profi le the epigenomic landscape of various cancers is a 
daunting, but important goal that has recently been tackled by the Roadmap 
Epigenomics Consortium who have generated a reference epigenome for 111 
tumors [ 72 ]. The conservation of epigenetic marks and mechanisms of carcinogen-
esis from humans to zebrafi sh makes this an accessible and tractable model to study 
cancer epigenomics.    

    Common Epigenetic Changes in Cancer: Mechanisms 
and Questions 

 As the fi eld of cancer epigenomics evolves, common themes are emerging. In nearly 
every cancer type, DNA methylation is reduced genome-wide (i.e. global DNA 
hypomethylation) yet in the same tumors that display global DNA hypomethyl-
ation, specifi c loci can be hypermethylated [ 73 ]. The use of ChIPSeq, histone array 
platforms and nucleosome positioning analysis (i.e. ENCODE) on tumor samples is 
yielding a rich encyclopedia of the integrated epigenome of over a 100 cancers [ 72 ]. 
Exciting discoveries combining both in silico analysis and in vivo functional studies 
using model organisms have begun to sift through the differences to uncover mecha-
nisms by which key epigenetic modifi ers contribute to cancer formation. In particu-
lar, experiments using the power of zebrafi sh genetics have demonstrated that two 
key epigenetic marks—DNA methylation and H3K9Me3—are functionally rele-
vant to hepatocellular carcinoma (HCC), myelodysplastic syndrome (MDS), mela-
noma and rhabdomyosarcoma. These are reviewed below. 
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    The Cancer Methylome: Causes, Consequences 
and Insight from Zebrafi sh 

 It has long been established that the global DNA methylation is signifi cantly reduced 
in cancer cells [ 73 ]. This was fi rst observed using techniques that monitor whole 
genome 5mC levels [ 74 ] which serves as an assay for methylation levels on the most 
heavily methylated and abundant regions of the genome: introns, gene bodies and 
intragenic regions containing repeats and transposons. However, those regions that 
are thought to serve regulate gene expression, such as those for imprinted genes [ 75 ] 
and CpG islands in differentially regulated genes do not infl uence the signal derived 
from global assessment of 5mC levels. More sophisticated approaches to monitor 
the cancer methylome has confi rmed that it is the intragenic regions which are less 
methylated in cancer cells and, in some cases, the regulatory regions of specifi c 
genes within the same tumor become hypermethylated [ 73 ]. While it is clear that 
genome-wide approaches that allow locus specifi c resolution or base pair resolution 
provide the most comprehensive perspective of the cancer cell methylome, the 
mechanism by which and the signifi cance of global DNA hypomethylation in can-
cer are not well understood. 

 Studies using zebrafi sh have both confi rmed the loss of methylation in tumors 
[ 4 ] and have highlighted that proteins which modify the methylome are cancer 
genes [ 5 ]. Moreover, while it is well established that loss of DNA methylation can 
promote cancer-causing events, such as genome instability (Fig.  3 ), the mechanism 
of this is not yet clear. Three major questions in the fi eld are: (1) How is DNA meth-
ylation lost during transformation (2) How does altering the mechanism impact 
cancer? (3) What is the mechanism of DNA methylation mediated carcinogenesis? 
Here, we describe how recent studies using zebrafi sh have provided the answers to 
these questions.

   Loss of DNA methylation can occur via a passive mechanism, whereby methyla-
tion of a cytosine is not maintained after DNA replication, or via active demethyl-
ation either by the TET proteins which convert 5mC to 5-hydroxymethylcytosine 
(5hmC), or by spontaneous deamination followed by the repair of the deaminated 
cytosine [ 49 ]. TET2 mutation is found in patients with MDS [ 76 ] and it has been 
proposed that loss of TET2 reduces 5hmC which thereby promotes a more “stem- 
like” fate by suppressing the expression genes that promote differentiation. One 
study that used morpholinos to transiently knockdown  tet1 ,  tet2  and  tet3  in zebrafi sh 
embryos found that this caused anemia associated with the loss of genes that pro-
mote erythropoiesis, such as  scl ,  gata1  and  cmyb . This was associated with a moder-
ate increase in the 5mC levels on a few CpG sites in the promoters of these genes 
[ 46 ], suggesting that the failure to convert 5mC to 5hmC resulted in the suppression 
of these genes. Another study using gene editing techniques to mutate  tet2  in zebraf-
ish demonstrated reduced 5hmC levels in the kidney, the site of hematopoiesis in 
zebrafi sh. Similar to the phenotype of  tet1 ,  2  and  3  morphant embryos [ 46 ],  tet2  
mutation was associated with a marked decrease in the number of erythrocytes cou-
pled with an increase in myelomonocytes by 11 months, leading to the  development 
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of myelodysplasia in 2 year old fi sh [ 8 ]. While these interesting and clinically rele-
vant studies suggest that blocking Tet activity can reduce the expression of pro- 
differentiation genes due to retention of DNA methylation marks in their promoters, 
it is possible that the loss of 5hmC could affect erythrocyte development and MDS 
by other mechanisms, as 5hmC also can directly affect gene expression [ 77 ]. 

 Work in zebrafi sh has identifi ed a second mechanism by which DNA methyla-
tion is actively removed. In an elegant study that capitalized on the power of 
zebrafi sh genetics, Rai et al. demonstrated that Aid/Apobec deaminates 5mC, and 
then Mbp and Gadd45a recognize and excise this aberrant nucleotide [ 49 ]. 
Inappropriate activation of this demethylation program occurs in zebrafi sh intesti-
nal epithelial cells that lack Apc, a key tumor suppressor in colon cancer. Loss of 
Apc leads to hypomethylation and upregulation of genes controlling intestinal cell 
differentiation, including  tcf  family members, and the downregulation of the path-
way that generates retinoic acid, a key driving factor for intestinal cell differentia-
tion. This was shown to be mediated by the failure of Apc mutant cells to activate 
the Aid/Apobec demethylase program. They conclude that DNA methylation is 
retained in the regulatory region of genes that keep intestinal cells undifferentiated 
[ 78 ], which could lead to cancer. It is interesting to speculate that demethylation by 
Aid/Apobec could be one mechanism contributing to DNA hypomethylation in 
colon and gastric cancer [ 79 ]. 

  Fig. 3    Proposed mechanisms by which DNA hypomethylation contributes to cancer. Schematic 
depicting several pathways by which hypomethylation of the genome can contribute to cancer 
development. Loss of CpG methylation can lead to general genomic instability and mutation or 
de-repress typically silenced oncogenes and tumor promoting factors       
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 It has been proposed that DNA hypomethylation gives rise to cancer through a 
variety of mechanisms (Fig.  3 ). These include activation of retrotransposons, facili-
tating chromosome breaks due to loss of heterochromatin, activation of imprinted 
genes, and deregulation of gene expression. Many of these changes cause genomic 
instability, a leading cause of transformation. Which of these mechanisms contrib-
ute to cancer, and whether they vary by cancer type, remains to be determined. 

    UHRF1 Overexpression as a Mechanism of Genome Hypomethylation 
and HCC Formation 

 Our work on DNA methylation as a mechanism of carcinogenesis suggests another 
mechanism of DNA hypomethylation which relies on passive removal during cell 
division. This, we propose, is mediated by overexpression of UHRF1 [ 5 ]. UHRF1 
overexpression emerged out of the sea of cancer transcriptome analyses as a com-
mon feature of many types of cancer (see Fig.  2  and [ 80 – 87 ]). This suggested that 
UHRF1 might be a conserved mechanism of carcinogenesis across cancer types. 

  uhrf1  mutation causes a small liver in zebrafi sh embryos [ 11 ,  88 ] and haploinsuf-
fi ciency reduces liver regeneration in adult zebrafi sh [ 88 ]. We thus tested the 
hypothesis that overexpressing human UHRF1 in zebrafi sh hepatocytes would 
cause HCC. We found that high UHRF1 levels increased destabilization of Dnmt1, 
potentially due to its E3 ubiquitin ligase activity [ 89 ,  90 ], and delocalized Dnmt1 
away from the chromatin, resulting in global DNA hypomethylation. This pheno-
type was accompanied by p53 mediated senescence of hepatocytes, a tumor sup-
pressive mechanism that, when overcome, leads to HCC in nearly all fi sh younger 
than 20 days old. Analysis of human HCC samples revealed elevated levels of 
UHRF1 and a general downregulation of the p53 senescence program, as predicted 
by fi ndings in zebrafi sh. Moreover, in a classical transformation assay using NIH-3 
T3 cells, UHRF1 overexpression was shown to cooperate with another senescence- 
inducing oncogene, Ras, to mediate transformation. These data indicate that UHRF1 
is an epigenetic modifi er that acts as an oncogene in HCC and, given its widespread 
overexpression in a range of cancers types, it may also function as an oncogene in 
other cancers. Moreover, since high levels of UHRF1 paradoxically caused DNA 
hypomethylation, it is possible that this is a mechanism by which DNA methylation 
is lost in cancer cells.    

    Histone Methyltransferases Discovered as Cancer Genes 
Using Zebrafi sh 

 There are multiple histone methyltransferases which target the same residue for 
methylation, for instance, both SETDB1 and SUV39H1 mediate H3K9 trimethyl-
ation, and it is unclear how these two proteins that perform a similar function 
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achieve specifi city. Interestingly, each of these enzymes have a unique expression 
profi le across cancer types (Fig.  2 ) and have been implicated in distinct cancers. For 
instance, down regulation of SETDB1 is observed in metastatic lung cancer [ 91 ], 
yet overexpression of SUV39H1 has been reported in HCC [ 92 ]. This suggests that 
the functional similarity between these two HMTs may become more distinct 
depending on cancer type. 

    SETDB1 

 SETDB1 was identifi ed as the fi rst epi-oncogene in zebrafi sh through a screen for 
genes that cooperate with the most common mutations in melanoma, activating 
BRAF and loss of p53 [ 7 ]. These mutations are found in nearly 25–60 % of melano-
mas and a previous study demonstrated that they cooperate to cause melanoma in 
zebrafi sh [ 93 ]. Since melanomas carry more mutations than virtually any other 
tumor type likely due to the life-long exposure of melanocytes to UV induced DNA 
damage and there is a high variability in tumor latency, even after these mutations 
occur, it has been proposed that cooperating mutations are important for tumor 
onset. A common hypothesis in cancer genomics is that amplicons which are con-
served across tumors harbor oncogenes or other genes required for tumor survival. 
Chromosome 1q21 is commonly amplifi ed in melanoma [ 94 ], hence the authors 
selected 17 genes in the 1q21 region to screen for their capacity to increase tumor- 
induced mortality in zebrafi sh engineered to have melanocytes with deleted p53 and 
overexpressed activated BRAF. Of these, only SETDB1 overexpression increased 
the incidence of melanoma from 53 to 94 % and decreased survival by nearly half. 
Importantly, mutant versions of SETDB1 that lack MT activity were not cancer 
promoters in this system, implicating H3K9Me3 in this phenotype. Since human 
melanoma cells transfected with SETDB1 show signifi cant enrichment of SETDB1 
on the regulatory regions of genes that are expressed at low levels, but not on those 
that are upregulated in this system, it is assumed that SETDB1 mediates gene 
repression through H3K9Me3 deposition. However, they report the unanticipated 
fi nding that a subset of the presumed SETDB1 target genes in human cells were not 
marked by H3K9Me3 in cells overexpressing SETDB1, suggesting that this epigen-
etic mark alone cannot account for the mechanism by which the genes that are 
bound by SETDB1 become repressed. Since SETDB1 has recently been reported to 
exist in a complex with SuV39H1 and other factors [ 95 ], there is a possibility that 
SETDB1 is primarily required for increased targeting of the HMT complex to 
H3K9. Moreover, catalytically inactive SETDB1 was still able to associate with the 
HMT complex without any reduction in H3K9me3 and drive the onset of melanoma 
[ 7 ]. This raises the interesting possibility that all of the cancer causing effects of 
SETDB1 overexpression in melanoma may not be all mediated through its function 
as an H3K9 methyltransferase.  
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    SUV39H1 

 Another of the H3K9 methyltransferases, SUV39H1, was found to repress rhab-
domyosarcoma formation in the zebrafi sh [ 9 ]. Furthermore, SUV39H1 has been 
implicated in promoting a number of other cancers including HCC [ 92 ], however, 
the study in zebrafi sh was the fi rst to demonstrate the oncogenic potential of this 
important epigenetic regulator. In humans, activating mutation in a ras-pathway 
gene is common in rhabdomyosarcomas, and overexpressing activated KRAS in 
zebrafi sh muscle stem cells causes a high incidence of tumors with an onset prior 
to 20 days post fertilization (dpf) with over 50 % lethality by 2 months of age 
[ 96 ]. These tumors in zebrafi sh share many common genetic features with human 
rhabdomyosarcomas [ 97 ], making this a useful model for translational studies on 
this cancer type. Albacker et al. evaluated human RMS samples to identify chro-
matin modifi ers that were commonly overexpressed, and then used zebrafi sh to 
assay the impact of overexpressing 19 of these modifi ers on the survival of zebraf-
ish overexpressing KRAS G12D  in muscle cells. Only SUV39H1 overexpression 
imparted a survival advantage compared to controls expressing KRAS G12D  plus 
GFP. Gene expression analysis revealed that cell cycle regulator genes were sup-
pressed in the samples expressing SUV39H1 and KRAS G12D  compared to 
KRAS G12D  alone [ 9 ]. Interestingly, the effects of SUV39H1 were observed prior 
to any tumor formation, as early as 7 dpf. It remains unclear whether the suppres-
sion of these genes is mediated by enhanced H3K9Me3 deposition in their regula-
tory regions, and the effect of SUV39H1 overexpression on the epigenetic 
landscape has yet to be determined. 

 All of the H3K9 MT proteins—SETDB1 SUV39H1, G9a and GLP—have been 
identifi ed in a complex [ 95 ] raising the possibility that they may work together or 
co-regulate to control H3K9Me3 domains. However, the mechanism of loci selec-
tion for H3K9 methylation by individual methyltransferases has not been identi-
fi ed. Interestingly, overexpression of both SETDB1 and human SUV39H1 was 
also capable of promoting melanoma in the zebrafi sh system, and a mutant of 
SETDB1 lacking methyltransferase activity was not a pro-cancer gene [ 7 ]. This 
indicates that H3K9 methylation is pro-tumorigenic in this cancer type, however, 
since only SETDB1 is overexpressed in human melanoma (Fig.  2 ), it suggests that 
some feature of SETDB1 specifi cally provides a selective advantage for melanoma 
cells (Table  1 ).

   With the tools in hand to manipulate the expression of these and other MTs in 
several zebrafi sh cancer models, it will be possible to assess their impact on gene 
expression and on other epigenetic marks. The ability to dissect both their  individual 
and combinatorial effect on chromatin structure will further contribute to under-
standing the formation of melanoma [ 7 ] and rhabdomyosarcoma [ 9 ], in addition to 
other cancers where these genes are overexpressed.   
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    Dissecting the Cancer Epigenome: Benefi ts 
and Limitations of Zebrafi sh 

 The ability to interrogate the epigenome has been transformed over the past decade 
with the advent of next generation sequencing (NGS) technologies. Additionally, 
using histone modifi cations and DNA methylation patterns as biomarkers for diag-
nosing diseases has generated new opportunities for the use of epigenome data. 
Typically, increasing resolution requires a trade off in genome coverage. An array 
of techniques for both genome-wide and locus specifi c analysis of specifi c epigen-
etic marks as well as for the accessibility of the DNA, refl ecting open chromatin 
have been optimized and are used routinely in mammalian systems. Most of these 
approaches have been established in early embryos [ 4 ,  116 ] however, using samples 
composed of heterogeneous cells, such as whole embryos at post-cleavage stages of 
development or of tissues containing both cancer cells and the normal cells that 
surround the tumors can complicate analysis, because it is diffi culty to assign the 
cellular origin of peaks in the sequencing data. To circumvent this, separating dif-
ferent tissue types requires the ability to label and isolate cells of interest, which is 
feasible using transgenic zebrafi sh expressing fl uorescent proteins in the cell type 
of interest (Table  2 ).

   Since the structure of epigenetic marks are not species specifi c, many of the 
reagents to probe these marks can be used across phyla. Indeed, several histone 
marks [ 3 ,  4 ,  58 ,  128 ] and 5mC [ 14 ,  17 ,  48 ] have been profi led in zebrafi sh embryos 
and in tumors [ 3 ,  5 ]. However, antibody resources in zebrafi sh are a limitation in the 
fi eld, fi nding antibodies that recognize endogenous chromatin modifi ers in zebrafi sh 
to perform chromatin immunoprecipitation (ChIP) and other studies are a chal-
lenge. There are alternative approaches that can be applied to zebrafi sh samples to 
yield exciting and informative perspectives on the epigenome. Here, we review 
some of the common approaches in epigenomic analysis and discuss their applica-
bility to zebrafi sh samples. 

    Methylome Analysis 

 Approaches for analyzing the methylome are numerous, and selection is based on 
cost, sample volume and downstream application, all of which are important con-
siderations when using zebrafi sh. Genome-wide base pair resolution is the most 
informative of all the approaches, but it is also the most costly and often the most 
diffi cult to obtain, since mapping reads that are comprised entirely of repeat 
sequences is an informatic challenge [ 129 ], and this is confounded when mapping 
to the zebrafi sh genome, which is not as well assembled as the human or mouse. An 
alternative is the use of arrays, which provide a quick and relatively affordable 
means to investigate a subset of the genomic regions that are pre-selected, and the 
read out is as simple as a spreadsheet with relative—but not actual—values in 
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methylation levels for each locus. On the other end of the spectrum is the use of 
methylation-sensitive restriction enzymes. The range of approaches used to investi-
gate DNA methylation and hydroxymethylation and their applicability to zebrafi sh 
samples is presented in Table  3 .

   Briefl y, DNA methylation analyses can be subdivided into those that focus on 
locus-specifi c vs. genome-wide assessment (with varying resolutions for each) and 
the ability to obtain base pair resolution compared to global genomic DNA methyla-
tion status. For a list of techniques for assessing DNA methylation status please 
refer to detailed reviews [ 129 ,  132 ,  133 ] and Table  3 . 

 Identifying whether a cytosine is methylated or unmethylated in the genome 
relies on the mutagen, bisulfi te, which converts any unmethylated cytosine to an 
uracil, but 5mC is protected and remains a C. Thus, sequencing bisulfi te converted 
DNA will provide information about the methylation status of each cytosine. PCR- 
based DNA methylation analyses are the most common way of assessing locus 

   Table 2    Chromatin modifi ers implicated in cancer and their analogous zebrafi sh models   

 Chromatin 
modifi er 

 Human 
cancers 

 Zebrafi sh 
cancer model 

 Mechanism of 
carcinogenesis 
in fi sh  References 

 UHRF1  Multiple  HCC  Senescence 
escape, genomic 
instability 

 Cui et al. (2014) 
[ 117 ], Mudbhary 
et al. (2014) [ 5 ] 

 DNMT1  Multiple  No  Unknown  Li et al. (2010) [ 118 ], 
Chen et al. (2006) 
[ 119 ], Xu et al. 
(2010) [ 120 ] 

 DNMT3a/b  AML, 
melanoma 

 No  Unknown  Im et al. (2014) 
[ 121 ], Nguyen et al. 
(2002) [ 109 ] 

 TET2  Leukemia  Myelodysplasia  Unknown  Gjini et al. (2015) 
[ 8 ], Scourzic et al. 
(2015) [ 122 ] 

 EZH2  Prostate, 
HCC, 
myeloma 

 No  Unknown  Chinaranagari et at. 
(2014) [ 110 ], Hung 
et al. (2014) [ 123 ] 

 SETDB1  Melanoma  Melanoma  Cooperation 
with BRAFV 600E  

 Ceol et al. (2011) [ 7 ] 

 SUV39H1  HCC, gastric 
colorectal, 
breast 

 Rhabdo- 
myosarcoma 

 Cyclin B1 
repression 

 Albacker et al. 
(2013) [ 9 ], Cai et al. 
(2014) [ 124 ], Chiba 
et al. (2013) [ 92 ], 
Khanal et al. (2013) 
[ 125 ] 

 G9a  Squamous cell 
carcinoma, 
glioma 

 No  Unknown  Tao et al. (2014) 
[ 126 ], Zhong et al. 
(2015) [ 127 ] 
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specifi c methylation patterns and are routinely used in research using zebrafi sh. 
They fall into two categories; methylation specifi c PCR (MSP) and bisulfi te 
sequencing PCR (BSP). Methylation status of specifi c loci can be presented as total 
methylation at that locus or as percent methylation for a particular CpG dinucleotide 
at a specifi c position. The utility and advantage of locus specifi c assessment of DNA 
methylation patterns is counterbalanced by the fact that methylation changes are not 
isolated events but phenomenon that occur across the entire genome. 

 Genome-wide analysis of specifi c base pairs or loci is provided by array and 
sequencing platforms. Affi nity enriched microarrays provide a detailed, genome- 
wide look at certain parts of the genome such as promoters, gene bodies, CpG 
islands and shores, and have the advantage of being customizable. MeDIP uses an 
antibody to 5mC to bind the methylated regions of the genome and then precipitate 
them using the standard approaches for chromatin immunoprecipitation (ChIP). 
The precipitated DNA can then be used for microarray or sequencing. The advan-
tages of using MeDIP for arrays are cut short by the inherent limitation of the array 
design. Although high-throughput sequencing can eliminate array based design 
biases it still faces the shortcomings associated with MeDIP such as mapping diffi -
culty (see the section “Overcoming Limitations of the Zebrafi sh Model”), low cov-
erage and the fact that ChIP only identifi es those regions that are enriched for 5mC, 
but does not indicate the actual methylation status of CpGs in this region. 

 The most recent development in DNA methylation analysis, sequence-based pro-
fi ling, couples bisulfi te conversion with NGS. Since no enrichment is required for 
this method, all regions of the genome are equally represented and single base pair 
resolution can be achieved. This technology, however, is still costly and often such 
depth is unnecessary if one wishes to focus primarily on CpG rich regions. RRBS is 
one method that utilizes NGS with methylation enrichment and bisulfi te conversion. 
Since RRBS features a digestion step with MspI, which recognizes CpGs, it ensures 
that the sample is enriched for those dinucleotides after size selection and PCR 
amplifi cation. The amount of required input DNA is also a lot less for RRBS than 
some of the other methods, which makes this ideal for working with small sized 
samples such as zebrafi sh tissues or tumors. However, it is important to note that 
even though the frequency of CpG dinucleotides is more common in zebrafi sh 
genome relative to human or mouse [ 131 ], there are fewer MspI restriction sites and 
thus less enrichment of CpG high regions for these samples. 

 WGS of bisulfi te converted DNA provides the most amount of information, how-
ever, this is a challenge, as it requires 1–5 μg of starting genomic material [ 73 ]. 
Amounts such as these can be diffi cult to obtain from zebrafi sh tissues or tumors 
unless samples are pooled. In addition, NGS based approaches often take many 
weeks to months to carry out, produce many gigabytes of data and require sophisti-
cated analytic ability that is not available to all laboratories. Finally, the relative cost 
is an important consideration: ranging from a few 100 dollars to analyze hundreds 
of samples by methylation restriction digestion to several 1000 dollars for NGS of 
a single WGS sample. Therefore, while these approaches are powerful, it is impor-
tant to balance the drive to obtain an omics-level perspective of all data with the 
ability to generate large sample sizes quickly using zebrafi sh.  
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    Histone Modifi cations, Variants and Nucleosome Positioning 

 Detecting the presence and absence of certain histone marks and positions of 
nucleosomes on chromatin can lend insight into the development and nature of dif-
ferent cancers. Immunofl uorescence and Western blotting can give a general over-
view of histone variant abundance and epigenetic marks since these are well 
conserved in zebrafi sh and most commercially developed antibodies for histone and 
DNA modifi cations cross react with zebrafi sh. Thus, analyzing global levels of his-
tone marks or variants are good fi rst approach methods. However, often times it is 
necessary to know how certain histone marks change across the genome, or how 
they change at specifi c loci, where these techniques fall short. 

 ChIP can be used to analyze changes in histone modifi cations as they relate to 
certain regions of the genome, such as promoters or enhancers. ChIP relies on the 
idea that histones and DNA are close enough in proximity to become covalently 
linked. Briefl y, cells undergo formaldehyde cross-linking and sonication to fragment 
their DNA. An antibody recognizing the PMT of choice is used to immuno- precipitate 
the sample followed by cross-link reversal. The freed DNA can then undergo NGS 
(ChIP-seq) or microarray analysis (ChIP-chip) to determine which genomic regions 
were enriched for that PMT. ChIP-seq can be easily applied to zebrafi sh and a meth-
ods paper—“Fish and ChIPs”—has been recently published [ 116 ]. 

 Nucleosome positioning is another useful epigenetic marker when looking at the 
cancer genome. Nucleosome occupancy is a critical factor in determining chromatin 
structure and density and is thus strongly linked to the balance between hetero- and 
euchromatin and DNA methylation [ 71 ]. Methods for studying nucleosome posi-
tioning, such as MNAse digestion or DNAse hypersensitivity assay, take advantage 
of enzymes that are able to cut DNA on nucleosome barren regions thus generating 
short fragments that can be subjected to sequencing and mapped to specifi c loci. 

 Additional insights can be gained by combining epigenomics data with previ-
ously reported mRNA expression profi les. Databases, such as ENCODE, allow 
researchers to overlay genome-wide epigenetic interrogations with expression pro-
fi les to gain a better understanding of gene regulation. However, such large-scale, 
genomic collections are still in their early phases, with limited sample data.  

    Overcoming Limitations of the Zebrafi sh model 

 Although many epigenetic techniques have been successfully coupled with the 
zebrafi sh model, there are still several limitations that must be overcome before the 
fi sh system can rival the current mammalian standards. The small size of zebrafi sh, 
which enables high-throughput genetic screens, becomes problematic when trying 
to collect a suffi cient amount of sample to carry out genome-wide epigenome inter-
rogations. Obtaining suffi cient genomic DNA from a larval liver is impossible and 
thus calls for pooling of samples. This can limit research applications—for example, 
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pooling samples is acceptable for assessing liver development, where it is presumed 
that there is low animal-to-animal variability in hepatoblasts, but becomes unaccept-
able for assessing tumors, which are inherently heterogeneous even within a single 
animal. Since it is unlikely that the size of the zebrafi sh will increase in the near 
future, resolution to this problem depend on enhancing the sensitivity of techniques 
used to generate epigenetic data. 

 A second problem stems from the limited annotation of the zebrafi sh genome. 
This, coupled with the generation of short DNA fragments from NGS makes it dif-
fi cult to map repetitive elements to correct positions in the genome. Only ~30 % of 
the zebrafi sh library generated from RRBS maps to unique sites in the genome—the 
rest maps to multiple regions [ 131 ]. Incomplete annotation results in “orphaned” 
data that could contain potentially useful information but cannot be accessed with-
out knowing its genomic address. It is anticipated that the continual efforts to 
improve the annotation and assembly of the zebrafi sh genome—the tenth version of 
the assembled genome was just released (GRCz10;   http://www.sanger.ac.uk/
resources/zebrafi sh/genomeproject.html_    )—and advances in bioinformatics 
approaches and tools for mapping will overcome this limitation.   

    Clinical Impacts and Future Perspectives 

 The cancer genomic landscape is complex, and dissecting the functional relevance 
of complex genetic and epigenetic changes in cancer cells requires in vivo systems. 
Zebrafi sh provide an excellent system to carry these out, as all epigenetic marks 
investigated to date are conserved in zebrafi sh, and the mechanism for genome edit-
ing and tissue specifi c over-expression is straightforward, as demonstrated by many 
of the studies reviewed here. Moreover, the ability to carry out epigenetic analysis 
is improving in this system, which provides a unique opportunity to sort the genome- 
wide data obtained from human tumors into a relevant framework. As the ability to 
screen drugs for effi cacy in zebrafi sh tumor models advances [ 6 ,  134 ], this provides 
a tractable system to not only identify important cancer genes and pathways, but 
also to screen for drugs that will halt cancer.     
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      Lymphatics, Cancer and Zebrafi sh                     

       Jonathan     W.     Astin      and     Philip     S.     Crosier    

    Abstract     Many solid tumors are known to metastasize through the lymphatic 
 vasculature. This process is facilitated by the generation of new lymphatic vessels 
(tumor lymphangiogenesis) and also by the remodelling of existing lymphatics. 
Together these processes enable the spread of tumor cells to distant sites. Currently 
our understanding of tumor lymphangiogenesis has been informed from mouse 
tumor models and from studies of developmental lymphangiogenesis. Since the dis-
covery of  bona fi de  lymphatic vessels in zebrafi sh in 2006, zebrafi sh have become a 
well-established model of developmental lymphangiogenesis. The attributes that 
make zebrafi sh such an important model of blood vessel development—the ability 
to live image developing vessels, genetic tractability and the conserved nature of 
development—also make fi sh an attractive model of lymphatic vessel development. 
In particular, zebrafi sh have made important contributions to our understanding of 
the processes of lymphatic vessel sprouting from veins and the mechanisms by 
which lymphatic precursors remodel into mature vessels. To date, zebrafi sh have 
not been used to directly model tumor lymphangiogenesis. In this chapter we will 
summarise the contributions zebrafi sh have made to our understanding of lymphan-
giogenesis and investigate the possibilities of combining zebrafi sh transgenic can-
cer lines or tumor transplantation models with existing lymphatic reporter lines, 
which could provide valuable insights into the process of tumor-induced lymphan-
giogenesis. In addition the utility of using the zebrafi sh lymphatic model as a plat-
form to screen and develop novel anti-lymphatic therapeutics will also be 
discussed.  
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      Introduction to the Lymphatic System 

 The lymphatic vasculature is a hierarchical set of vessels that functions to regulate 
tissue fl uid homeostasis within the body. Interstitial fl uid and protein (lymph) that 
escapes from blood capillaries is absorbed by specialised blind-ended lymphatic 
capillaries; these capillaries are highly permeable vessels, with little to no basement 
membrane or support cells, which are attached to the extracellular matrix by spe-
cialised elastic fi laments called anchoring fi laments. In contrast to the blood vascu-
lature, the lymphatic system transports fl uid unidirectionally with lymph being 
transported from the lymphatic capillaries, through progressively larger pre- 
collecting and collecting lymphatic vessels before being returned to the blood circu-
lation through lymphovenous connections. Unlike lymphatic capillaries, the 
collecting vessels are sheathed with contractile smooth muscle cells, which help to 
drive the fl ow of lymph. Collecting vessels also contain specialised valves that 
ensure that lymph fl ows back to the veins. In mammals all the lymph from the legs 
and the left side of the body is returned to the largest collecting vessel, the thoracic 
duct, while the right lymphatic duct collects the lymph from the rest of the body [ 1 ]. 

 In addition to maintaining fl uid homeostasis, the mammalian lymphatics also 
play key roles in immune responses with leukocytes, antigens and antigen present-
ing cells all being transported through lymphatic vessels. Lymph nodes are wired 
into lymphatic collecting vessels and enable the interaction between antigens con-
tained in the lymph and lymphocytes present in the lymph nodes. Finally, special-
ised lymphatic capillaries in the intestinal villi, called lacteals, are key for the 
absorption of long-chain fatty acids released by enterocytes. 

 The lymphatic system develops from the blood vasculature in a process termed 
lymphangiogenesis. Florence Sabin fi rst proposed the currently accepted mechanism 
of lymphangiogenesis in 1902, in which she suggested that the lymphatic vessels arise 
from lymph sacs that bud from the veins [ 2 ]. More recent lineage tracing experiments 
in mice have confi rmed the venous origin of lymphatic vessels [ 3 ]. The fi rst lymphatic 
endothelial cells (LEC) bud from the veins at embryonic day 10 in mice (embryonic 
week 6–7 in humans) and migrate away to form lymph sacs. By E14-15 these lymph 
sacs have remodelled and the fi rst lymphatic vessel networks are observed. 

 Lymphatic vessels are present in all vertebrates, including birds, amphibians and 
fi sh and are present in most vascularised tissues in the body, the exception being the 
central nervous system. Unlike blood vessels, there appears to be a large amount of 
morphological divergence in different vertebrate lymphatic networks [ 4 ]. Historical 
studies suggest that fi sh lack both lymph nodes and lymphatic valves [ 5 ] and recent 
studies of the zebrafi sh lymphatic system have so far supported these earlier fi nd-
ings, although more investigation into the structure of adult fi sh lymphatics needs to 
be conducted to confi rm this. It is possible that the differences in adapting to an 
aquatic compared with a terrestrial environment might account for the divergence 
in the morphology between mammalian and fi sh lymphatics. Nevertheless, despite 
these differences, it is clear that the process of lymphangiogenesis is largely 
 conserved between mouse and zebrafi sh.  
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    Zebrafi sh Lymphatic Anatomy 

 Studies in the eighteenth century demonstrated that fi sh contain a lymphatic network 
[ 5 ], however, the fi rst evidence of a lymphatic system in zebrafi sh was not provided 
until 2006. In these studies the zebrafi sh thoracic duct was described using the 
 fl i1a:egfp  transgenic line which expresses GFP in all endothelial cells [ 6 – 8 ]. Functional 
assays confi rmed that zebrafi sh lymphatics are able to absorb and transport interstitial 
fl uid back to the veins while electron microscopy revealed that the developing tho-
racic duct consists of a thin layer of endothelial cells with anchoring fi lament-like 
structures [ 8 ]. Since then, more zebrafi sh lymphatic reporter lines have been devel-
oped (Table  1 ). Most of these lines also label venous endothelial cells as well as other 
non-vascular tissues; because of this, lymphatic reporters are often combined with 
additional transgenic reporters for blood endothelial cells to allow the lymphatics to 
be identifi ed (for example,  fl i1a:egfp;kdrl:mcherry  or  lyve1b:dsred;kdrl:egfp ). Using 
these compound transgenics, the entire lymphatic vessel network has been mapped in 
embryonic zebrafi sh up to 15 days post fertilisation (dpf). Three lymphatic vascular 
beds have been described: the trunk lymphatics (which include the thoracic duct), the 
facial lymphatics and the intestinal lymphatics [ 9 ].

    Table 1    Zebrafi sh transgenic lines with expression in lymphatic vessels   

 Lymphatic reporter line  Expression pattern  Reference 

  Tg(fl i1a:egfp)   y1    Highly expressed pan-endothelial line—expressed 
in both lymphatic and blood vessels. Non-vascular 
expression in neural crest derived tissues in the head 

 [ 7 ] 

  Tg(stab1  BAC  :yfp)   Expressed in veins and lymphatics. Expression 
relatively weak 

 [ 34 ] 

  Tg(sagff27c;uas:egfp)   Expressed in trunk lymphatics, weak expression in 
PCV. Non- vascular expression in many tissues 
including the intestine, lens and cardiac muscle 

 [ 10 ] 

  Tg(-5.2lyve1b:egfp)   nz150   
  Tg(-5.2lyve1b:dsred)   nz101   

 Expressed in major axial veins and lymphatics. 
Weak non- vascular expression in fi ns. GFP fi rst 
observed in PCV and CV from 30 hpf, DsRed 
expression weak until 48 hpf 

 [ 9 ] 

  Tg(-6.6fl t4:YFP)   hu4881    Expression in DA, PCV and ISVs at 24 hpf. 
Expression becomes weak from 48 hpf 

 [ 29 ] 

  Tg(fl t4   BAC   :YFP)   [ 31 ] 
  Tg(fl t4   BAC   :mCitrine)   hu7135    Expressed in blood vessels initially, becomes 

increasingly venous from 26 hpf and by 5 dpf 
has a similar expression pattern to  lyve1b  

 [ 11 ] 

  Tg(prox1a   BAC   :KalTA4;
4xUASE1b:unctagRFP)   nim5   

 Expressed in a number of non-vascular tissues such 
as the myotome, liver, neuromasts, lens and retina. 
Expressed in both arterial and venous vessels 
before 24 hpf. Vascular expression becomes 
restricted to venous cells by 32 hpf and is 
lymphatic-specifi c by 5 dpf 

 [ 22 ] 
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   Currently the trunk lymphatic network is by far the most extensively studied [ 4 ] 
(Fig.  1 ). Here, lymphatic vessel development is linked to the process of secondary 
(venous) sprouting (SS) from the posterior cardinal vein (PCV). At this stage of 
development the dorsal aorta (DA), intersomitic vessels (ISVs) and the PCV have 
already formed by vasculogenesis and primary angiogenesis. At 36 h post fertilisa-
tion (hpf) SSs from the PCV migrate dorsally—half of these will anastomose with 
ISVs to form a venous connection but the other half will become the precursors of 
the trunk lymphatic network [ 10 ]. These lymphatic precursors continue migrating 
dorsally before turning to align with the horizontal myoseptum. Here they become 
completely detached from the PCV and are termed parachordal lymphangioblasts 
(PLs). They subsequently migrate either dorsally or ventrally along the arterial ISVs 
to form the trunk lymphatic network, which by 5 dpf consists of the thoracic duct 
(TD), intersomitic lymphatic vessels (ISLVs) and the dorsal longitudinal lymphatic 
vessels (DLLVs). Both the TD and the DLLV form from the bidirectional fusion of 
vessel fragments along their lengths. In the posterior part of the trunk, the thoracic 
duct is a single vessel but splits into a left and right branch towards the anterior, 
mimicking the bifurcation observed in the DA and PCV [ 11 ].

   The facial lymphatics develop initially from a single lymphatic sprout that 
forms at 36 hpf from the CCV and migrates anteriorly along the primary head sinus 
(PHS). Here, other lymphangioblast populations delaminate from the PHS, and 
later from an unidentifi ed vein(s) near the ventral aorta called the ventral aorta 
 lymphangioblast—VAL (Fig.  1 ). These lymphangioblasts add to the tip of the grow-
ing FLS and drive migration towards the jaw. By 4 dpf the facial lymphatics consist 
of three vessels. The FLS matures into the lateral facial lymphatic (LFL); the major 
facial lymphatic vessel that grows along the PHS before turning under the eye, 
while the medial facial lymphatic (MFL) and the otolithic lymphatic vessel (OLV) 
sprout from the LFL at approximately 3 dpf. By 5 dpf additional lymphatics form 
along the brachial arteries, known as the brachial lymphatics (LAAs). At this stage 
the initial connection to the CCV is lost and the facial lymphatics form a connection 
to the left and right thoracic duct via a new vessel termed the jugular lymphatic ves-
sel (JLV) [ 9 ]. The connection between the lymphatic and venous networks has not 
been described in zebrafi sh but is thought to be located at the anterior end of the TD, 
near where the JLV joins, as anatomical examination of lymphatic vessels in other 
teleosts suggest that this is the site of lymphovenous connection in fi sh [ 12 ]. 

  Fig. 1    Development of the zebrafi sh facial and trunk lymphatics. Schematic diagram highlighting 
the development of the zebrafi sh facial ( left ) and trunk ( right ) lymphatic networks.  CCV  common 
cardinal vein,  LDA  lateral dorsal artery,  DA  dorsal aorta,  PCV  posterior cardinal vein,  ISV  interso-
mitic vessel,  DLAV  dorsal longitudinal anastomotic vessel,  FLS  facial lymphatic sprout,  PHS  pri-
mary head sinus,  SS  secondary sprout,  PCeV  posterior cerebral vein,  VAL  ventral aorta 
lymphangioblast,  PL  paracordal lymphangioblast,  LFL  lateral facial lymphatic,  AA  brachial arter-
ies,  vISV  venous intersomitic vessel,  MFL  medial facial lymphatic,  OLV  otolithic lymphatic vessel, 
 LAA  brachial lymphatic vessels,  JLV  jugular lymphatic vessel,  TD  thoracic duct,  ISLV  intersomitic 
lymphatic vessel,  DLLV  dorsal longitudinal lymphatic vessel       
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 The fi rst intestinal lymphatics are observed at 4 dpf and initially form two asym-
metric networks either side of the intestine (left and right intestinal lymphatics) [ 9 ]. 
In addition, two supraintestinal lymphatic vessels form either side of but ventral to 
the PCV and these two paired vessels form connections to the thoracic duct by 7 dpf 
[ 13 ]. As the intestinal network matures, the left and right lymphatics become 
 interconnected by the growth of intestinal sprouts from both networks, these form a 
web-like network of vessels over the intestinal bulb by 15 dpf [ 9 ]. Unlike the trunk 
and facial lymphatics, the origin and mechanism of development of the intestinal 
lymphatics is still unknown and it also unclear what, if any, role these lymphatics 
may play in dietary fat absorption in the fi sh.  

    Developmental Lymphangiogenesis 

    Lymphatic Specifi cation 

 Lymphatic endothelial cell (LEC) specifi cation is the fi rst step in lymphatic vessel 
development. In the mouse this requires the activity of the SOX18, PROX1 and 
COUP-TFII transcription factors. During the early steps of lymphatic specifi cation, 
the expression of SOX18, a member of the SOXF family of transcription factors, 
becomes restricted to the dorsolateral wall of the cardinal vein and activates the 
transcription of  prospero homeobox protein 1  ( Prox1).  PROX1 is considered the 
master regulator of mammalian lymphatic cell fate and is necessary not only for 
specifying endothelial cells to a lymphatic fate but also for maintaining LEC iden-
tity [ 14 – 16 ]. The orphan nuclear receptor transcription factor COUP-TFII is specifi -
cally expressed in veins and also has a role in lymphatic specifi cation, but unlike 
PROX1 is not required for maintenance [ 14 ,  17 ]. While  Sox 18, Prox1  and  Coup- 
TFII  are clearly essential for mammalian lymphatic development, the mechanisms 
of LEC specifi cation are still unclear in zebrafi sh. Zebrafi sh contain two paralogs of 
 Prox1  but double mutant  prox1a  and  prox1b  fi sh display only a modest reduction of 
lymphatic cells [ 11 ] suggesting that it is not essential for lymphatic specifi cation. 
The same study has also shown that  sox18  and  coup-TFII  mutants, both predicted to 
be loss-of-function alleles, have normal lymphatic development. However the 
potential contribution of maternal transcripts and in the case of  sox18,  genetic com-
plementation by other SoxF family members [ 18 ,  19 ], could also account for the 
lack of phenotypes observed. 

 Despite their apparent lack of mutant phenotype, there is evidence that the 
Sox18/Prox1/Coup-TFII signalling axis may still have roles in zebrafi sh LEC speci-
fi cation. Both  prox1a  and  prox1b  are expressed in the PCV during LEC specifi ca-
tion and are also expressed in sprouting lymphangioblasts [ 8 ,  20 ] with  prox1a  
becoming enriched in LECs over VECs by 5 dpf [ 8 ,  21 ]. Furthermore, a study 
identifying bone morphogenetic protein 2 (BMP2) signalling as a negative regulator 
of LEC specifi cation in zebrafi sh and mouse stem cells, has implicated  prox1a  as 
the key gene in this process, with the expression of  prox1a  negatively regulated by 
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Bmp2 signalling [ 22 ]. Expression of  coup-TFII  in the PCV and PLs is regulated by 
 sox18  and  sox7  while morpholino silencing of  coup-TFII  results in a reduction of 
both  lyve1  and  prox1a  transcripts in the trunk [ 23 ,  24 ]. 

 Induction of LEC fate in zebrafi sh appears to require Notch signalling, as loss of 
either  delta-like ligand 4  ( dll4 ) or  notch 1b  causes almost all SS to become vISVs, 
suggesting they have adopted a blood vessel fate. However an alternative explana-
tion for the increase in vISVs is that Notch signalling is necessary for the migration 
of LECs to the horizontal myoseptum and in the absence of Notch activity, SSs that 
are unable to migrate and form PLs instead anastomose with ISVs [ 25 ]. In mam-
mals, the role of Notch signalling in lymphatic fate specifi cation is less clear with 
several confl icting studies being reported. A mouse knockout of canonical Notch 
signalling ( Rbpj ) in  Tie2 -expressing lymphatic precursors had no effect on LEC 
induction [ 17 ], whereas loss of  Notch1  in  Prox -1 expressing lymphatic precursors 
revealed that it was a negative regulator of lymphatic cell fate and lymphangiogen-
esis [ 26 ,  27 ]. Taken together, these data reveal a complex picture underlying LEC 
specifi cation and more research is required to fully elucidate the signalling path-
ways responsible for determining lymphatic fate decisions in zebrafi sh.  

    Lymphatic Sprouting and Migration 

 Despite the uncertainty surrounding LEC fate specifi cation in fi sh, the process of 
lymphatic sprouting from veins is highly conserved with vascular endothelial growth 
factor receptor 3 (VEGFR3) signalling being essential for all lymphatic sprouting in 
both zebrafi sh and mice [ 4 ]. In mice,  Vegfr3  expression is upregulated in LECs 
through PROX1 activity [ 28 ] while the ligand, VEGFC is expressed in the surround-
ing mesenchyme. The binding of the extracellular VEGFC protein to VEGFR3 acti-
vates downstream signalling, resulting in migration and proliferation of LECs from 
the vein. In fi sh this process is conserved as Vegfr3 (also known as Flt4) is expressed 
in lymphatic cells and is essential for all lymphatic vessel development [ 9 ,  29 ]. 
Similarly, zebrafi sh Vegfc is expressed in the mesenchyme and blood vessels adja-
cent to Vegfr3-expressing cells and is essential for trunk and intestinal lymphatic 
development [ 6 ,  30 – 33 ], while knockdown of the Vegfr3 signalling axis prevents 
secondary sprouting from the PCV and the formation of the FLS from the CCV [ 9 ]. 
Interestingly, the facial lymphatics appear to be able to grow in the absence of Vegfc, 
due to the expression of another Vegfr3 ligand, Vegfd in the head [ 30 ]. 

 A forward genetic screen, looking for lymphatic null mutants in the zebrafi sh, 
identifi ed collagen and calcium binding EGF domains 1 (Ccbe1), a novel compo-
nent of the Vegfr3 signalling axis [ 34 ]. Ccbe1 mutant zebrafi sh display no lym-
phatic sprouting and consequently lack lymphatic vessels. Subsequently it was 
shown that mutations in human CCBE1 result in Hennekam syndrome, a rare auto-
somal recessive primary lymphedema disorder [ 35 ]. The molecular identifi cation of 
a human lymphatic disorder through zebrafi sh research was instrumental in estab-
lishing the fi sh as a model of mammalian lymphatic development. Genetic epistasis 
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studies in the fi sh have shown that  ccbe1  and  vegfc  genetically interact [ 36 ] and an 
in vitro study has shown that CCBE1 is indirectly required for the proteolytic 
 cleavage of VEGFC to its active form [ 37 ]. It is thought that  ccbe1  expression pro-
vides additional spatiotemporal control of Vegfr3 activity during lymphatic sprout-
ing and in support of this, the spatiotemporal expression pattern of  ccbe1  in the 
zebrafi sh trunk correlates with the path of migrating lymphangioblasts [ 34 ]. 

 In mice, VEGFR3 signalling activates a number of downstream pathways that 
lead to cell migration and proliferation. These include the RAS/MAPK/ERK path-
way and the PI3K/AKT/mTOR pathway. In fi sh, the role of these pathways in lym-
phatic vessel development has not yet been determined. However, chemical 
inhibition of mTOR or MAPK does block lymphatic vessel development suggesting 
conservation in VEGFR3 signalling between fi sh and mammals [ 38 ,  39 ]. 

 Genetic studies in the fi sh have led to the identifi cation of two LEC-expressed 
genes with roles in lymphangioblast migration. The fi rst,  arap3 —a GTPse activat-
ing protein with known roles in cell migration, was shown to mediate LEC migration 
in both zebrafi sh and mice and is thought to act downstream of the VEGFC/VEGFR3 
pathway [ 40 ]. The second,  polycystic kidney disease 1a  ( pkd1a ), a zebrafi sh ortho-
logue of PKD1 that is commonly mutated in autosomal dominant polycystic kidney 
disease, was shown to be required for the migration of lymphangioblasts following 
sprouting from the veins. Loss of PKD1 in mouse LECs results in defective dermal 
lymphatic morphogenesis and branching [ 21 ,  41 ]. Further work is required to eluci-
date the pathways modulated by PKD1 during lymphangioblast migration but it 
appears to affect the polarity and adherens junctions of migrating LECs.  

    Guidance of Lymphatic Vessels 

 As LECs migrate from the veins to form mature vessels they are known to interact 
with surrounding tissues and use them as “guides” to help them migrate correctly. 
The majority of this work has been conducted in the zebrafi sh and has implicated 
both blood vessels and neurons as key tissues involved in the guidance of lymphatic 
vessel precursors. 

 Studies have shown that many mammalian lymphatic vessels align closely to 
blood vessels [ 42 ,  43 ]. Initial observations of lymphatic anatomy in the zebrafi sh 
trunk noted that there was a high degree of congruence between ISLVs and arterial 
ISVs (aISVs). Live imaging confi rmed that migrating parachordal lymphangio-
blasts associate with arterial ISVs and that loss of this arterial substrate in the 
 kdrl   hu5088   mutant causes defective PL migration [ 10 ]. Further studies have linked 
chemokine signalling to this process where a chemokine ligand ( cxcl12b)  expressed 
in arterial cells helps to drive the migration PLs along aISVs through the signalling 
of chemokine receptors Cxcr4a and 4b expressed in the lymphangioblasts [ 44 ]. 
Later in development,  cxcl12b  expression in the dorsal aorta (DA) as well as 
 cxcl12a  expression in the PCV is thought to guide lymphangioblasts between these 
two blood vessels to mediate the formation of the TD [ 44 ]. However, the trunk 
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lymphatic defects observed in chemokine mutants are not completely penetrant, 
 suggesting that other signalling pathways are also involved in the cellular interplay 
between lymphatics and blood vessels. One additional candidate is Notch signalling 
as knockdown of the Notch ligand  dll4  not only results in reduced numbers of LECs 
but also disrupts the migration of lymphangioblasts along aISVs [ 25 ]. Surprisingly, 
chemokine signalling does not appear to have a role in the formation of the facial 
lymphatics and the guidance cues utilised in the formation of these lymphatics 
remain to be determined [ 30 ]. 

 It has been noted that while many zebrafi sh lymphatic vessels align with arterial 
vessels, some intestinal lymphatic vessels align with veins (the SIL with the PCV), 
while some facial lymphatic vessels (OLV, anterior-LFL, MFL) do not appear to 
align with any blood vessels at all [ 9 ]. One example of a non-vascular lymphatic 
guidance tissue is motoneurons. As PLs migrate into the horizontal myoseptum they 
migrate along a set of rostral primary motoneuron axons and associated secondary 
motoneuron axons that extend along the horizontal myoseptum. Genetic or physical 
ablation of the neurons prevents the migration of PLs and leads to defects in trunk 
lymphatic vessel development [ 45 ,  46 ] but further work is required to uncover the 
molecular signals that drive lymphangioblast migration along motoneurons. 

 Taken together, these observations suggest that there is still much to learn about 
the signalling pathways and tissues underlying the guidance of developing lym-
phatic vessels. However, zebrafi sh are perhaps the best model to investigate this and 
have already shown us that developing lymphatic vessels utilise different guidance 
tissues depending on their location and that some lymphangioblasts (the PLs for 
example) may interact with different tissues during vessel formation.   

    Tumor Lymphangiogenesis 

 The importance of the lymphatic vasculature in metastasis is underlined by cancer 
staging and treatment, with the dissemination of tumor cells to regional lymph 
nodes a major criterion for staging the progression of many solid tumors such as 
carcinomas of the breast, colon, prostate and also melanoma [ 47 ,  48 ]. It has been 
estimated that over 80 % of solid tumors metastasize, at least partially, through the 
lymphatic vasculature [ 49 ]. 

 The growth of new lymphatic vessels into and around a tumor, a process termed 
tumor-induced lymphangiogenesis, is thought to be an important step in cancer 
metastasis. The increase in lymphatic vessel density in the tumor has been proposed 
to facilitate the metastatic spread of cancer cells, as it has been correlated with an 
increased incidence of lymph node metastases and a consequential decrease in 
patient survival in many cancers [ 49 ,  50 ]. In addition, more recent studies indicate 
that existing lymphatic vessels both proximal and distal to the tumor are remodelled 
to facilitate the metastatic spread of tumor cells. Such remodelling includes the 
enlargement of lymphatic vessels [ 51 ,  52 ] as well as lymphangiogenesis in the 
tumor draining lymph nodes [ 53 ,  54 ].  
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    Tumor-Induced Lymphangiogenesis 

 During tumorigenesis, both the tumor cells and the various cells that make up the 
tumor microenvironment produce pro-lymphatic growth factors that can promote 
lymphatic vessel growth from existing lymphatic vessels. This growth includes 
both the proliferation and migration of LECs. In general two types of lymphatic 
vessels are observed in tumors, lymphatic vessels within tumors (intratumoral) and 
lymphatic vessels that surround the tumor (peritumoral) [ 55 ]. It is thought that intra-
tumoral vessels do not greatly contribute to metastasis as they appear to be col-
lapsed [ 56 ]. Instead the peritumoral lymphatics are thought to facilitate metastasis. 

 As with developmental lymphangiogenesis, the major driver of tumor-induced 
lymphangiogenesis is the VEGFR3 signalling pathway [ 57 ]. Both VEGFC and 
VEGFD are known to promote tumor lymphangiogenesis and lymphatic-mediated 
metastases in mouse models [ 53 ,  57 ,  58 ] and blockade of VEGFR3 signalling inhib-
its these processes [ 59 – 62 ]. VEGFC and VEGFD expression is observed in many 
human tumors [ 63 – 65 ] and can be secreted by the tumor cells or by the immune 
cells and fi broblasts in the tumor stroma [ 66 ]. Furthermore, it has been shown that 
both ligands can induce the enlargement of existing lymphatic vessels that surround 
the tumor [ 51 ,  52 ,  67 ] and have also been linked to structural changes in the tumor- 
draining lymph nodes that help provide a niche for metastatic cancer cells [ 53 ,  68 ]. 

 While the role of VEGFR3 signalling in tumor lymphangiogenesis is relatively 
well defi ned, there are other pathways involved in this process. VEGFA is known to 
induce tumor lymphatics and increase lymph node metastases in some mouse mod-
els [ 54 ] but is not able to consistently induce tumor lymphatics, suggesting its role is 
somewhat context dependent [ 57 ]. In addition other non-VEGF signalling pathways 
can also contribute towards tumor lymphatic growth and remodelling. For example, 
fi broblast growth factor 2 (FGF2) is known to complement VEGFC- induced lym-
phatic vessel growth and lymphatic mediated metastasis [ 69 ]. In addition, the obser-
vation that platelet derived growth factor (PDGF) receptor is expressed on tumor 
lymphatics has led to the suggestion that PDGF signalling may help to drive prolif-
eration and specifi cation of LECs [ 70 ]. Other growth factors such as epidermal 
growth factor (EGF) [ 71 ], erythropoietin [ 72 ], angiopoietin [ 73 ,  74 ] and adreno-
medullin [ 75 ] have also been shown to promote tumor lymphatic vessel growth.  

    Insights from Zebrafi sh Developmental Lymphangiogenesis 

 To date, zebrafi sh have been primarily used to study developmental lymphangio-
genesis, with little focus on tumor lymphatics. Nevertheless, by contributing to our 
understanding of how lymphatic vessels grow normally, zebrafi sh research has indi-
rectly aided our understanding of tumor lymphangiogenesis. In the future, more 
lymphatic-focused genetic and chemical zebrafi sh-based screens may help to reveal 
novel therapeutic strategies to prevent lymphatic-mediated metastasis. 
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    Genetic Screens 

 A zebrafi sh forward genetic screen has already led to the identifi cation of a number 
of novel mammalian lymphatic genes, including  Ccbe1 , a modulator of VEGFR3 
signalling that could be a new target with which to inhibit tumor lymphangiogenesis 
[ 34 ]. There is the potential for further genetic screens to isolate other genes and 
pathways involved in lymphatic vessel growth and remodelling that could be poten-
tially targeted in tumorigenesis.  

    Drug Screens 

 As lymphangiogenesis does not normally occur in adult tissues, it has been pro-
posed that targeting tumor lymphangiogenesis in patients with solid tumors should 
be well tolerated. In support of this, loss of VEGFR3 signalling in adult mice does 
not appear to affect normal lymphatic vessel function [ 76 ]. Current strategies to 
block tumor lymphangiogenesis are focused around the VEGFR3 pathway with 
various neutralising antibodies used against VEGFR3, VEGFC and VEGFD as well 
as soluble dominant negative forms of VEGFR3. Many of these have shown prom-
ise in preclinical studies and have progressed to Phase I clinical trials [ 57 ]. In addi-
tion, a number of small molecule inhibitors of VEGFR signalling have been 
developed, primarily against VEGFR2, to prevent neo-angiogenesis. Many of these 
inhibitors also display activity against VEGFR3 and could therefore be used as anti- 
lymphatic agents. However, while many of these approaches have shown promise 
in pre-clinical trials there is increasing evidence that blockade of the VEGFR3 path-
way is not able to prevent all tumor lymphangiogenesis and metastasis and there is 
a need to identify compounds that can act outside of this pathway [ 57 ]. 

 Zebrafi sh present a well established biological system for conducting small mol-
ecule screens. As an in vivo model, zebrafi sh have clear advantages to existing cell- 
based lymphatic sprouting assays [ 77 ] and there is an opportunity to develop the 
lymphatic zebrafi sh model as a platform to identify and develop novel anti- lymphatic 
compounds [ 78 ]. We recently conducted the fi rst zebrafi sh-based anti-lymphatic 
drug screen in which the Prestwick Chemical library, containing 1120 mainly 
 FDA- approved compounds, was assessed for the ability to inhibit developmental 
lymphangiogenesis in zebrafi sh embryos [ 79 ]. Three classes of anti-lymphatic com-
pounds were isolated from this screen which include kaempferol, a natural product 
found in plants, lefl unomide, an inhibitor of pyrimidine biosynthesis, and cinnari-
zine and fl unarizine, members of the type IV class of calcium channel antagonists. 
Of note, a murine in vivo lymphangiogenesis Matrigel plug assay showed that all 
three compounds were able to inhibit lymphatic vessel growth in mammals, show-
ing that zebrafi sh are a viable platform for the identifi cation and development of 
mammalian anti-lymphatic compounds. 
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 One advantage of using zebrafi sh in chemical screens is that analysis of the lym-
phatic defect induced by the drug can help determine which pathway it is targeting. 
For example, kaempferol was found to completely inhibit secondary sprouting in 
zebrafi sh embryos, a phenotype identical to when the Vegfr3/Vegfc/Ccbe1 pathway 
is inhibited, suggesting it could be a novel inhibitor of this pathway. Further analy-
sis showed that kaempferol was able to inhibit human VEGFR2 and VEGFR3 with 
an IC 50  in the same range as the doses used in zebrafi sh embryos. Kaempferol was 
also able to reduce the density of tumor-associated lymphatic vessels as well as the 
incidence of lymph node metastases in a metastatic breast cancer xenograft model. 
Clearly there is an opportunity for more chemical screens to be conducted either 
with other chemical libraries to identify more compounds with anti-lymphatic activ-
ity or as a tool to develop and refi ne existing anti-vascular compounds.   

    Zebrafi sh Genetic Cancer Models 

 While the process of tumor lymphangiogenesis is clearly an important step in the 
metastatic spread of many types of cancer, our understanding of this process is cur-
rently limited to analysis of fi xed tissue sections from mouse and human tumors. 
While transgenic lymphatic reporter lines have been developed in mice [ 80 ], due to 
the technical diffi culty of long-term imaging mouse tumors, there is very little 
in vivo data on the process of tumor lymphangiogenesis. This presents a knowledge 
gap which zebrafi sh lymphatic models may be able to address. One approach would 
be to combine a lymphatic reporter line with an existing zebrafi sh transgenic model 
of cancer. Perhaps the area with best potential is melanoma, as human melanoma is 
well known to metastasize through the lymphatic system, with tumoral lymphatic 
density prognostic for lymph node metastasis and overall survival [ 50 ,  81 – 83 ]. 
Genetic models of melanoma exist in the fi sh, which use either the BRAF V600E  [ 84 ], 
NRAS Q61K  [ 85 ] or HRAS G12V  [ 86 ,  87 ] oncogenes driven by a melanocyte specifi c 
promoter. When the BRAF V600E  or NRAS Q61K  lines were crossed with a  p53  mutant, 
both oncogenes were able to induce melanoma by early adulthood. Importantly 
these zebrafi sh tumors were not only histologically similar to their human counter-
parts but they also display considerable overlap in their gene expression profi le to 
human melanomas [ 85 ]. 

 By crossing a lymphatic reporter (see Table  1 ) into one of these melanoma mod-
els it may be possible to observe tumoral lymphatic growth in a zebrafi sh tumor. 
One diffi culty with this model is that many melanoma tumors are highly pigmented 
which may make visualisation of the tumor vasculature diffi cult. Another consider-
ation is that with all of these melanoma models, distant metastases were not 
observed, with local invasion the predominant form of cancer cell spread. This 
observation, coupled with the lack of lymph nodes in adult fi sh means that zebrafi sh 
are probably only suitable for modelling the effects of the primary tumor on the 
lymphatic vasculature. 
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 Outside of melanoma, the human cancers with the best association with tumoral 
lymphatics and metastasis are lung, breast and colon cancer; obviously breast and 
lung cancer are diffi cult to model in fi sh and as yet a colorectal cancer model has yet 
to be developed. However there are a number of pancreatic [ 88 ,  89 ], neuroblastoma 
[ 90 ] and liver cancer [ 91 ,  92 ] models in fi sh which may be useful to observe tumoral 
lymphatic growth, as advanced human forms of these cancers are known to spread 
to lymph nodes, suggesting a lymphatic component to their invasion.  

    Tumor Transplantation 

 Zebrafi sh have increasingly been utilised as a host for xenografting mammalian can-
cer cells in order to understand the processes of tumor angiogenesis [ 93 ,  94 ] tumor 
cell extravasation [ 95 ,  96 ] and migration, and metastasis [ 97 ]. One advantage of 
tumor transplantation techniques over genetic models is the high penetrance and rapid 
progression of tumor formation. In addition, the embryonic grafts enable high-resolu-
tion analysis of tumor-endothelial cell interactions that are currently not possible in 
mouse xenografts and are technically challenging in adult fi sh models. This technique 
has the potential to be extended into the fi eld of tumor lymphangiogenesis and could 
provide the ability to visualise the remodelling of host lymphatics to the tumor. 

 The majority of xenograft studies have been undertaken in zebrafi sh embryos, 
which do not have a fully intact immune system, allowing the transplantation of 
mammalian cells. Xenograft experiments have also been conducted in juvenile fi sh 
using dexamethasone as an immunosuppressant [ 96 ]. Techniques for allografting 
zebrafi sh tumors back into host animals have been developed for many zebrafi sh 
cancers including melanoma [ 84 – 86 ,  98 ]. The advantage of these tumors is that 
they are able to grow in their preferred temperature as opposed to mammalian xeno-
grafts which must be grown in sub-optimal temperatures, as zebrafi sh embryos are 
not viable at 37°. In addition, two recent advances allow the generation of zebrafi sh 
transplanted tumors without the need for immunosuppression; the fi rst is the devel-
opment of isogenic zebrafi sh lines which allow the allografting of clonal cells into 
syngenic hosts [ 99 – 101 ], the second is the creation of an immunocompromised 
 rag2  mutant that can tolerate the long term engraftment of tumor cells isolated from 
genetically diverse zebrafi sh [ 102 ]. 

 We have shown that injection of human breast cancer cells (MDA-MB-231) into 
the perivitelline space of 2 dpf embryos was able to induce ectopic  lyve1 -expressing 
vessels into the xenograft (Fig.  2 ), suggesting that at least the process of lymphatic 
sprouting into tumors could be modelled in this assay [ 30 ]. The majority of these 
vessels appear to sprout from existing veins including the CCV and sub intestinal 
vein (SIV). These vessels were responsive to Vegfc and Vegfd, with xenografts 
expressing either of these pro-lymphatic ligands, displaying a higher degree of  lyve1-
 positive vascularisation than xenografts expressing a vector control. However these 
neo-vessels also express the blood vessel marker  kdrl  and it remains to be deter-
mined whether these vessels are venous blood vessels or immature lymphatic vessels 
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that have residual  kdrl  expression following their migration from the vein (Fig.  2 ). 
While this assay shows promise as a model of tumor lymphangiogenesis, it is limited 
in that mammalian tumor grafts only persist in embryos for 3–4 days which may 
insuffi cient time for the formation of  bone fi de  tumor lymphatic vessels. Because of 
this, other techniques such as the transplantation of cancer cells into immunocom-
promised fi sh, or conducting allograft studies using fi sh cancer cells, may be better 
suited for longer-term engraftment and the modelling of tumor lymphangiogenesis.

       Future Directions 

 Zebrafi sh are increasingly becoming a valuable model of developmental lymphan-
giogenesis. The ability to live image lymphatic vessel growth makes zebrafi sh an 
important tool in identifying the molecular pathways that drive lymphatic vessel 

  Fig. 2    Human breast cancer xenografts expressing  vegfc  or  vegfd  can induce ectopic  lyve1 - positive 
vessels in zebrafi sh embryos. ( A–C ) Confocal images of human breast cancer cells (MDA-MD-231) 
labelled with cell tracker green xenografted into  lyve1:dsRed  embryos and imaged at 5 dpf. ( A ) 
MDA-MD-231 cells transfected with vector only ( B ) MDA-MD-231 cells transfected with zebraf-
ish  vegfc  ( C ) MDA-MD-231 cells transfected with zebrafi sh  vegfd.  ( A′–C′ ) Confocal images of 
the  lyve1:dsred  vessels only. Cancer cells in  green ,  lyve1  in  magenta. Dotted lines  represent the 
boundary of the xenograft. The xenografts expressing either  vegfc  or  vegfd  are able to induce more 
ectopic  lyve1 -positive sprouts from the CCV than the control xenografts.  CCV  common cardinal 
vein. Image reproduced from Astin et al. ,  (2014) Development 141: 2680–2690       
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development. There are still many areas of lymphangiogenesis that remain unclear, 
such as how lymphatic precursors are specifi ed in the fi sh, how lymphangioblasts 
remodel to form an entire network and what guides lymphatic vessel growth in dif-
ferent tissues. Importantly this research may lead to the identifi cation of novel ther-
apeutic targets of tumor lymphangiogenesis. 

 Currently zebrafi sh are underutilised as a model of tumor lymphangiogenesis. 
However, there is potential in combining existing transgenic and tumor transplanta-
tion models with lymphatic reporter lines, which could provide valuable insights 
into the process of tumor-induced lymphangiogenesis. Proof-of-principle studies 
have shown that zebrafi sh are a viable model for the identifi cation of novel mam-
malian anti-lymphatic compounds and there is opportunity for more refi ned zebraf-
ish drug screens to be used to identify and develop more compounds to help prevent 
tumor lymphangiogenesis and metastasis.     
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      In Vivo Imaging of Cancer in Zebrafi sh                     

       Myron     S.     Ignatius     ,     Madeline     Hayes     , and     David     M.     Langenau    

    Abstract     Zebrafi sh cancer models have greatly advanced our understanding of 
malignancy in humans. This is made possible due to the unique advantages of the 
zebrafi sh model including ex vivo development and large clutch sizes, which enable 
large-scale genetic and chemical screens. Transparency of the embryo and the cre-
ation of adult zebrafi sh devoid of pigmentation ( casper ) have permitted unprece-
dented ability to dynamically visualize cancer progression in live animals. When 
coupled with fl uorescent reporters and transgenic approaches that drive oncogene-
sis, it is now possible to label entire or subpopulations of cancer cells and follow 
cancer growth in near real-time. Here, we will highlight aspects of in vivo imaging 
using the zebrafi sh and how it has enhanced our understanding of the fundamental 
aspects of tumor initiation, self-renewal, neovascularization, tumor cell heteroge-
neity, invasion and metastasis. Importantly, we will highlight the contribution of 
cancer imaging in zebrafi sh for drug discovery.  

  Keywords     Zebrafi sh   •   Cancer   •   Imaging   •   Self-renewal   •   Cancer stem cells  

      Introduction 

 Over a decade ago, preeminent cancer researchers Dr. Douglas Hanahan and 
Dr. Robert Weinberg proposed a set of features termed “The Hallmarks of Cancer” 
that drive the progression of normal cells to malignant transformation [ 1 ]. This 
originally included six traits, including limitless replicative potential, sustained 
angiogenesis, tissue invasion and metastasis, apoptosis evasion, and growth factor 
independence. Subsequently, it became apparent that malignant transformation 
enables additional capabilities including the ability to evade the immune system and 
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the deregulation of metabolic pathways to promote tumor growth [ 2 ]. Cancer imaging 
in live animals has provided a unique window to directly visualize many of these 
aspects of tumor biology. Although mouse models of cancer remain the mainstay 
for modeling human tumors, they are not optimal for in vivo imaging mainly due the 
fact that special imaging windows are required to visualize cancers through the 
opaque skin of the mouse. 

 Imaging individual tumor cells in transgenic zebrafi sh models has signifi cantly 
enhanced our understanding of cancer biology. A number of unique characteristics 
make zebrafi sh particularly suitable for in vivo imaging. Embryonic, larval and 
 casper  adult zebrafi sh are transparent facilitating imaging at single cell resolution 
[ 3 ,  4 ]. Large clutch sizes and substantially lower husbandry costs provide a platform 
for chemical-genetic screening of primary tumors and xenograft transplantation 
into zebrafi sh embryos [ 5 ,  6 ]. Moreover, when coupled with genome editing using 
TALEN and CRISPR nuclease technologies [ 7 ,  8 ], the mutational and genetic het-
erogeneity present in individual patients can now be modeled in live animals. 
Finally, imaging protocols are well established, for example confocal, spinning 
disc, and two-photon microscopy have been elegantly used to image developmental 
processes including cell movements in embryogenesis [ 9 ,  10 ], vascular develop-
ment [ 11 ,  12 ], and the emergence of hematopoietic stem cells from the dorsal aorta 
[ 13 – 15 ]. Similar techniques are now being widely applied by zebrafi sh cancer 
researchers to directly observe cancer initiation and progression. 

 Importantly, zebrafi sh models of cancer closely mimic their human counterparts, 
making studies in zebrafi sh highly relevant. The utility of zebrafi sh in research was 
initially highlighted in 1996 by the publication of an entire edition of the journal 
Development, which systematically catalogued mutant phenotypes obtained from 
forward genetic screens [ 16 ]. Over the next decade, careful characterization of these 
mutants identifi ed key genes regulating a large spectrum of  biological process, most 
of which are conserved in humans. Similar mutagenesis approaches were also used 
to generate cancer in zebrafi sh and in the early 2000s the ability to rapidly generate 
transgenic zebrafi sh allowed oncogenes to be expressed in specifi c cell types along 
with fl uorescent transgenes. In 2003, Langenau, Look and colleagues used a trans-
genic approach to express mouse c-Myc fused with GFP in lymphocyte precursors 
and generated a model of myc-induced T-cell acute lymphoblastic leukemia (T-ALL) 
[ 17 ]. Subsequently, transgenic oncogene expression and/or tumor suppressor inacti-
vation have been widely used to generate a variety of cancer types in the zebrafi sh 
[ 24 ,  25 ,  26 ,  30 ,  31 ,  44 ,  58 – 64 ]. For example, p53-defi cient fi sh develop malignant 
peripheral nerve sheath tumors (MPNSTs) while PTEN-inactivation leads to ocular 
tumors [ 18 ,  19 ]. 

 A wide variety of zebrafi sh tumor models have been generated including embryo-
nal rhabdomyosarcoma (ERMS), melanoma, liver cancer, malignant peripheral 
nerve sheath tumors (MPNSTs), Ewing’s Sarcoma, T-cell acute lymphoblastic leu-
kemia (T-ALL), neuroblastoma, pancreatic cancer and chordoma. Transplantation of 
fl uorescent labeled human and zebrafi sh tumors into recipient zebrafi sh have been 
performed, followed by imaging of transplanted recipients for a wide variety of cancer-
associated phenotypes. The generation of both clonal and immune-compromised 

M.S. Ignatius et al.



221

zebrafi sh that can accept transplanted tumor cells has greatly enhanced the ability to 
study tumor biology in vivo [ 20 ,  21 ]. 

 In the following sections, we will discuss the signifi cance of imaging zebrafi sh 
tumors to assess tumor initiation, self-renewal, neovascularization, invasion, metas-
tasis, interaction with the microenvironment, and tumor cell heterogeneity. 
Importantly, we will highlight how these approaches have formed the basis of drug 
screens to identify compounds that reduce tumor incidence and growth.  

    Imaging Tumor Initiation 

 Zebrafi sh cancer models have been used extensively to study tumor initiation, with 
direct observation providing unique insight into the cell of origin, the tissue micro-
environment, as well as the dynamics of tumor onset and growth. The fi rst fl uores-
cent zebrafi sh cancer was generated by expressing mouse  cMYC  fused to the green 
fl uorescent protein (GFP) in developing lymphocytes using the  rag2  promoter [ 17 ]. 
Serial imaging of leukemic animals revealed that T-ALLs initiate in the thymus by 
21 days of life, form thymic masses and expand locally into the gills, olfactory bulb, 
and structures in the head. Cells eventually infi ltrate the kidney marrow and dissemi-
nate widely, causing morbidity by 90 days of life. Additional work went on to show 
that this model accurately recapitulates the molecular underpinnings of human 
T-ALL, mimicking a common and treatment resistant variant of human T-ALL that 
express SCL and LMO2. Importantly, this model has now been widely used to 
uncover important biology of human T-ALL, much of which has centered on fl uo-
rescent imaging platforms to assess leukemia growth in live animals [ 22 ,  23 ].

   Since the initial publication of GFP-labeled zebrafi sh T-ALL, it has now become 
common practice to label cancer cells in zebrafi sh models using fl uorescent trans-
genic approaches. For example, in a mifepristone-inducible transgenic model of 
RAS driven liver cancer, malignancy can be visualized by the co-expression of 
GFP. Activation of RAS results in hyperplasia after a week of induction and tumor 
formation after approximately 4 weeks [ 24 ]. Similarly, cancer initiation can be visu-
alized in a RAS driven zebrafi sh model of pancreatic cancer where oncogenic 
 kRAS   G12V   is expressed by the  ptf1a  promoter [ 25 ]. In this model, oncogenic  kRAS   G12V   
does not affect the specifi cation of pancreatic cells but rather prevents cells from 
undergoing differentiation [ 25 ]. Live imaging of cancer has also been reported in 
zebrafi sh models of neuroblastoma, where the zebrafi sh MYCN oncogene is driven 
by the  dopamine-β-hydroxylase  promoter in sympathetic neuronal precursors [ 26 ]. 
Tumor initiation can be visualized in vivo when MYCN expression is coupled with 
a fl uorescent GFP reporter. Tumors in this model arise at approximately 8 months 
of age and tumor initiation is fi rst detected when MYCN-expressing sympathetic 
neuron precursors fail to undergo apoptosis. By tracking early stages of tumor ini-
tiation, researchers have discovered that mutant anaplastic lymphoma kinase (ALK) 
can accelerate time to tumor onset in this model [ 26 ], revealing the utility of imag-
ing tumor onset for pathway discovery in cancer initiation. Similar approaches have 
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also been used in zebrafi sh models of melanoma, malignant brain tumors, glioma, 
and chordoma [ 4 ,  27 – 30 ]. Thus, the zebrafi sh is particularly well suited for imaging 
tumor initiation at a macroscopic level, which has been further bolstered through 
use of optically-clear  casper  adult zebrafi sh [ 4 ]. 

 It is also possible to directly visualize initiation and stages of tumor growth at sin-
gle cell resolution. This perhaps has been best described using the transgenic zebrafi sh 
model of kRASG12D-driven embryonal rhabdomyosarcoma (ERMS) where the  rag2  
promoter drives expression of activated human kRAS G12D  (Fig.  1 ). The truncated 
6.5 kb  rag2  promoter leads to transgene expression within the mononuclear compart-
ment of developing muscle due to uncovering of a myoD binding site. Furthermore, it 
has been shown that co-injection of multiple linearized DNA plasmids into one-cell 
zebrafi sh embryos results in co-integration and co-expression of transgenes [ 22 ]. This 
technique enables the co-expression of oncogenes and/or fl uorescent reporters to label 
ERMS cells based on their differentiation status [ 31 – 33 ]. To image initiation in 
ERMS, our group created tumors that express a combination of three fl uorescent 
reporter proteins, labeling the tumor propagating cell component with myf5-GFP, the 
mid-differentiated tumor cells with myogenin-H2B-RFP, and the more terminally dif-
ferentiated cells with mylz2-lyn-cyan [ 32 ] (Fig.  1 ). Live animal imaging revealed that 
early stage tumors consist of an expansion of single myf5- GFP+/myogenin-H2B-
RFP-negative/mylz2-lyncyan-negative cells that occupy the normal muscle cell niche 
[ 32 ]. These cells proliferate and give rise to more differentiated cell types that eventu-
ally take over the myotome compartment [ 32 ]. We visualized ERMS cells invading 
the neighboring muscle, reorganizing the normal muscle architecture and replacing it 
with malignant cells [ 32 ]. Interestingly, we found that the ERMS cell subtypes are not 
uniformly distributed, but rather localized in distinct niches occupied by either tumor 
propagating cells or more differentiated cell types [ 32 ] (Fig.  1 ).

   In the future, zebrafi sh models will commonly be used to follow the birth of cancer 
and the earliest events in tumor formation. Outstanding questions in the fi eld about how 
pre-tumorigenic fi elds of cells acquire changes to become fully transformed will be 
imaged at single cell resolution greatly enhancing our understating of human cancer.  

    Imaging Neovascularization and Extravasation 

 The ability to recruit vasculature for tumor growth is one of the hallmarks of cancer 
formation and can be dynamically imaged in zebrafi sh. Zebrafi sh develop a struc-
turally characteristic network of blood vessels by 2-days post-fertilization and sev-
eral fl uorescent transgenic lines are available that mark the vasculature including 
 fl i1-EGFP  [ 11 ],  mtie2-GFP  [ 34 ], and  fl k1-EGFP  [ 35 ]. The use of zebrafi sh to fol-
low angiogenic recruitment and remodeling by tumor cells is well established. First 
studied in tumor xenograft studies performed in early embryos, Nicoli et al. demon-
strated that fl uorescent-labeled tumorigenic mouse aortic endothelial cells that 
overexpress FGF2 could engraft into 2-day-old transgenic  VEGFR2:G-RCFP  
embryos. Remarkably, FGF2 stimulated new vessel growth which could be dynami-
cally visualized over time [ 36 ]. Lee et al. also used imaging approaches to study the 
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  Fig. 1    Imaging tumor initiation in embryonal rhabdomyosarcoma. ( A ) Schematic of the experi-
mental design showing the fl uorescent color combination used for fl uorescently labeling trans-
genic ERMS. ( B ) A 15 day old larval zebrafi sh that developed triple fl uorescent-labeled ERMS. 
( C ) Merged confocal image of the  boxed region  shown in B at 250X magnifi cation showing 
 heterogeneity at cellular magnifi cations. ( D ) Control  Tg(myf5-GFP)  transgenic animals injected 
with  myogenin-H2B-RFP  and  mylz2-lyn-cyan  have few  myf5-GFP+  satellite cells adjacent muscle 
fi bers. ( E – G ) Representative images of ERMS-affected zebrafi sh labeled with  myf5-GFP, 
myogenin- H2B-RFP  and  mylz2-lyn-cyan  at tumor initiation (stage 1) and progression (stage 2 and 3). 
( H ) Late stage ERMS from a triple fl uorescent-labeled zebrafi sh imaged at 100x magnifi cation. 
( I ,  J )  Boxed regions  in H imaged at higher magnifi cation showing distinct tumor regions that con-
tain either differentiated tumor cells or ERMS-propagating cells. Scale bars are 500 μm in ( B ); and 
50 μm in ( C – J ) (Ignatius et. al., Cancer Cell 2012)       
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effects of hypoxia on neo-vascularization using murine T241 fi brosarcoma cells 
[ 37 ]. Tumor cells migrated from the primary site of transplantation only under 
hypoxic conditions, which was associated with increased vascularization adjacent 
engrafted human cancer cells [ 37 ]. This hypoxia-induced migration could be mim-
icked by overexpression of a hypoxia-regulated angiogenic factor, while inhibition 
of VEGF-receptor signaling abrogated the dissemination of tumor cells [ 37 ].

   The Klemke laboratory has performed incredibly detailed analyses of neovascu-
larization at single cell resolution to map the cellular behavior of metastatic human 
cancer cells. Using xenotransplantation of fl uorescently labeled human cancer cells 
into 30-day-old dexamethasone-treated  fl i1-EGFP  transgenic zebrafi sh [ 38 – 40 ], 
they showed that adenocarcinoma MDA-435 cells could induce vessel remodeling 
4 days following transplantation [ 38 ] (Fig.  2 ). Remarkably, imaging showed that 
new vessels arose from preexisting vessel surfaces [ 38 ]. Importantly, MDA-435 
cells engineered to secrete human VEGF displayed an increased propensity to 
induce vessel “sprouting” [ 38 ]. These remodeled vessels displayed unusual vari-
ability in both their shape and thickness [ 38 ], revealing the conservation of impor-
tant angiogenic factors between zebrafi sh and mammals. In this study, MDA-435 
cells were also engineered to stably over-express RhoC and time-lapse imaging 
revealed that RhoC-expressing cells were more invasive and displayed increased 
membrane protrusions [ 38 ]. This activity contributed to local invasion of MDA-435 
cells into surrounding tissue of the host animal and together with VEGF, could 
induce cellular extrusions and extravasation into the lumen of fl i1-EGFP labeled 
vessels [ 38 ]. This data suggested that RhoC amplifi cation in certain cancer cells 
contributes to tumor cell extravasation by increasing membrane protrusions capable 
of penetrating VEGF-induced vessels. The same model was subsequently used for 
the characterization of other genes linked to the metastatic process including  Twist  
and  Integrin β1 (ITGB1)  [ 40 ]. Overexpression of Twist signifi cantly increased the 
percentage of cells that could extravasate into fl i1-EGFP labeled vessels, whereas 
silencing of  ITGB1  reduced the number of tumor cells entering vessels [ 40 ]. Like 
RhoC, integrin- dependent extravasation could be dynamically visualized and was 

  Fig. 2    Imaging neovascularization and extravasation in larval zebrafi sh. ( A ) Merged confocal 
reconstruction of engrafted human MDA-435 dsRed-labeled cells in the body wall between the 
intersegmental vessels ( arrows ) of  Tg(fl i1:EGFP)  fi sh, 4 dpi. ( B ) Three-dimensional reconstruc-
tion of single invading MDA-435 cell. ( C ) Three-dimensional reconstruction of single invading 
HT1080 cell. Scale bars  A  = 200 μm, and  B ,  C  = 20 μm (Stoletov et al., PNAS 2007)       
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 associated with increased membrane protrusions and remodeling of vascular 
endothelium and cytoskeleton [ 40 ]. 

 Imaging neovascularization has now been extended to both primary and trans-
planted tumors including T-ALL and ERMS [ 32 ,  45 ]. These studies have provided 
important insights into the dynamic nature of angiogenesis and extravasation, 
developing valuable tools for the identifi cation and understanding of clinical mark-
ers to predict invasive potential in human cancer.  

    Assessing Self Renewal and Functional Heterogeneity in Cancer 

 Cancer cells can make more of themselves through the process of self-renewal. Self-
renewal is often confi ned to a small subset of molecularly-defi ned tumor  propagating 
cells (TPCs) that drive continued tumor growth and ultimately initiate relapse. 
Traditionally, TPCs have been isolated using antibodies to cell surface  proteins and 
fl uorescent activated cell sorting; however, antibodies for zebrafi sh proteins, espe-
cially cell surface proteins, are severely limited, making it diffi cult to identify func-
tionally important tumor cell subpopulations using traditional techniques. Rather, 
fl uorescent reporters when expressed in a tissue and lineage restricted manner, can 
often reliably label tumor cell subpopulations, analogous to cell surface antibody 
markers. For example, to study cancer cell self-renewal in zebrafi sh ERMS, 
kRASG12D-induced ERMS were generated where all tumor cells were labeled with 
dsRED while differentiated cells expressed  alpha-actin-GFP  [ 31 ]. Using this 
approach, early progenitor populations were confi ned to the dsRED+/GFP-negative 
fraction [ 31 ]. These cells expressed early muscle stem cell markers including  myf5 , 
 cmet , and  mcadherin  and could engraft robustly into irradiated recipient fi sh [ 31 ]. By 
contrast, the dsRED+/GFP+ mature ERMS cell subfractions had signifi cantly reduced 
tumor propagating potential [ 31 ]. Building on these observations, we and others have 
refi ned the cancer stem cell population in ERMS using syngeneic  myf5-GFP/mylz2-
mCherry  transgenic zebrafi sh [ 32 ,  46 ]. Moreover, use of limiting dilution cell trans-
plantation in syngeneic zebrafi sh identifi ed a  myf5 - positive cell population that was 
unique in its ability to engraft when transplanted into syngeneic host animals, with an 
average of 1 in 146 cells capable of reinitiating tumors in recipient animals [ 32 ]. In 
contrast, more differentiated  myosin -positive cells were unable to engraft [ 32 ], sug-
gesting that ERMS follows the traditional cancer stem cell model.

   The ability to differentially label tumor-propagating cells in zebrafi sh ERMS 
has also been used to determine the effects of chemical-genetic perturbations on 
self- renewal. For example, Chen et al. showed that GSK3 inhibitors decreased the 
numbers of myf5-GFP+/mylz2-mherry-negative TPCs through activating the 
WNT/β-catenin pathway to ultimately induce differentiation [ 33 ]. GSK3-inhibitors 
also suppressed ERMS growth and diminished self-renewal capacity in vivo [ 33 ]. 
GSK3-inhibitors dramatically reduced self-renewal of human ERMS in vitro and 
curbed ERMS cell growth [ 33 ], indicating a conserved function for this pathway in 
modulating ERMS self-renewal. Thus, this approach reveals an intriguing potential 
for GSK3 inhibitors as therapies for treating ERMS. 
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 Blackburn et al. also recently defi ned new ways to assess tumor propagating 
potential in fl uorescent-labeled T cell leukemia using an unbiased cell transplanta-
tion assay [ 41 ] (Fig.  3A-C ). Specifi cally, large-scale cell transplantation experiments 
were completed using fl uorescently-labeled T-ALL cells engrafted into recipient fi sh 
as single cells [ 41 ]. This approach allowed for assessment of functional differences 
between clones and when coupled with large-scale limiting dilution cell transplanta-
tion experiments, leukemia propagating cell (LPC) number could be directly assessed 
[ 41 ]. By performing serial transplantation of leukemias, the authors were also able to 
follow how mutations are amassed with time and impact functional changes in leu-
kemic cells [ 41 ]. These experiments allowed direct visualization of the effects of 
clonal evolution on growth, LPC frequency, and therapy responses [ 41 ]. This work 
uncovered that primary T-ALLs are heterogeneous and contain clones with different 
self-renewal and aggression properties [ 41 ]. Rare clones contained in the leukemia 
continued to amass new genetic and epigenetic changes that increased self-renewal 
and growth potential [ 41 ]. 50 % of aggressive clones acquired Akt pathway activa-
tion, confi rming previous observations linking the AKT pathway to outcome in 
human patients [ 42 ]. Importantly, by comparing pre and post evolved leukemias, we 
are now identifying new drivers of progression, self-renewal and growth. 

 Tumor cell heterogeneity can also be assessed using fl uorescently labeled human 
cells and engrafting cells into embryos prior to maturation of the acquired immune 
system at 2 days of life. For example, Chapman and colleagues transplanted inva-
sive and non-invasive human melanoma cell lines and dynamically visualized tumor 
growth in larval fi sh [ 43 ]. This work uncovered that non-invasive melanoma cells 
can co-invade new areas of tumor growth only when grown with invasive melanoma 
cells [ 43 ] (Fig.  3D-E ). This work also revealed that the invasive melanoma altered 
their mode of invasion when co-cultured with non-invasive cancer cells, switching 
from protease independent to metaloprotease dependent migration [ 43 ], suggesting 
that heterogeneous tumor cell populations are not isolated entities but can interact 
with each other to promote growth. Importantly, using differential labeling of tumor 
cell fractions, this work opens new and exciting methods to compete tumor cells 

Fig. 3 (continued) Representative fl uorescent images of animals following 28 days of engraftment 
are shown. ( B ) Animals were transplanted with 25 LPCs of dsRED-positive clone 11.2 (1:78 LPC 
frequency, 88 days latency) and 25 LPCs of GFP-positive clone 4.3 (1:246 LPC frequency, 28 days 
latency). Representative images of whole fi sh and confocal images of T-ALL cells harvested at 15 
days and 45 days post-transplantation. The percentages of dsRED-positive and GFP-positive cells 
at 15 days and 45 days were analyzed by fl ow cytometry. Data are represented as ± SE (n = 4–7 
transplant recipients per time-point). ( C ) In an independent competition assay, 25 LPCs from clone 
1.3 (zsYellow-positive, 1:13 LPC frequency, 58 days latency) were competed with 25 LPCs from 
clone 5.1 (amCyan-positive, 1:184 LPC frequency, 30 days latency), and analyzed as in ( B ). Scale 
bars, whole-mount zebrafi sh = 5 mm and confocal images = 40 μm. ( D ,  E ) Assessing functional 
heterogeneity of human melanoma cell cells engrafted into embryos alone or in combination. ( D ) 
Homogeneous melanoma cell line xenografts into zebrafi sh embryos imaged at 1 ( upper ) and 4 
days ( lower ) post transplantation. WM266-4 cells ( green ) are invasive and 501mel cells ( red ) are 
non-invasive ( E ) Engraftment of both WM266-4 and 501mel results in invasion of both cell types. 
Xenografts were imaged at 1 ( upper ) and 4 dpi ( lower ).  Arrows  indicate directions of invasion 
(Blackburn et al., 2014; Chapman et al., Cell Reports 2014)       
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  Fig. 3    Assessing functional heterogeneity in cancer. ( A – C ) Individual leukemic cells arising in 
Myc-induced T-ALL have marked differences in LPC frequency and latency. ( A ) Syngeneic CG1 
fi sh were transplanted with 25 LPCs from various leukemic clones and assessed for time to leukemia 
onset (n = 8–10 animals transplanted per individual clone). *denotes signifi cant differences in latency 
between clones that have low ( upper left panel ) or high ( lower left panel ) LPC frequencies (<0.001). 
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against one another and dynamically visualize effects on growth, migration, and 
metastatic progression in live fi sh. 

 Taken together, these studies highlight how imaging assays in zebrafi sh can effec-
tively be used to dissect important pathways that drive functional differences between 
tumor cells and provides assessable models to visualize tumor heterogeneity in live 
animals. In the future, we expect that self-renewal and heterogeneity in zebrafi sh 
tumors will become increasingly observed at single cell resolution where differential 
labeling may allow for the real-time visualization of symmetric versus asymmetric cell 
divisions in TPCs that sustain tumor growth. Additionally, effective use of new lineage-
tracing technologies will allow for the analysis of single cell fates in evolving tumors.

       Imaging Invasion and Metastasis 

 Invasion and metastasis are associated with poor prognosis in a large fraction of 
human malignancies. Metastasis is characterized by the vascular dissemination of 
cancer cells from the primary malignancy to other parts of the body. The visual 
impenetrability of many mammalian cancer models have made characterization of 
cell migration and metastasis challenging and often, only accessible by end-point 
analysis of moribund animals. Yet, cancer progression is a highly dynamic process, 
and it is therefore a unique advantage of the zebrafi sh that invasion and metastasis 
can be visualized in real time. 

 Several zebrafi sh cancer models have been used to study invasion (Fig.  4 ). For 
example, kRASG12D-induced ERMS exhibit local invasion into the musculature and 
wider dissemination to the marrow, liver, and gut [ 31 ,  32 ]. Melanomas are also highly 
locally invasive and spreading is commonly seen in zebrafi sh tumor models. For exam-
ple, melanomas can be induced by 7 months of life in zebrafi sh by expressing the 
human BRAF(V600E) in melanocyte precursors of  tp53  mutant zebrafi sh [ 44 ]. 
Building on this model, White et al. developed cell transplantation assays to assess 
tumor invasion in irradiated, optically clear,  casper  strain zebrafi sh [ 4 ]. Using this 
approach, allograft transplantation of fi ve million primary zebrafi sh melanoma cells 
resulted in robust tumor engraftment at the site of injection and subsequent invasion 
into local tissues [ 4 ]. 

 Lymphomas often progress to leukemia. This process is associated with dissemi-
nation of transformed cells from the thymus into the blood stream and colonization 
of the marrow. Zebrafi sh transgenic models when coupled with dynamic live cell 
imaging of fl uorescent cancer cells has allowed unprecedented access to visualize 
these cell state transitions in live animals (Fig.  4G-L ). For example, Feng et al. was 
able to visualize the differences in T-cell lymphoblastic lymphoma (T-LBL) and 
leukemia in live fl uorescent transgenic zebrafi sh [ 45 ]. Feng et al. found that  bcl2  
collaborated with  myc  to accelerate time to T-LBL, but also paradoxically inhibited 
intravasation and dissemination of tumor cells throughout the animal [ 45 ]. 
Intravasation was directly assessed by confocal microscopy in live animals 6 days 
post engraftment of dsRED labeled malignant cells in  fl i-EGFP casper  transgenic 
fi sh [ 45 ]. These authors went on to show that  bcl2  blocks intravasation through 
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  Fig. 4    Imaging invasion and metastasis in embryonal rhabdomyosarcoma and T cell lymphoma. 
( A – E ) Still image of a multiphoton movie recording of a stage 3 ERMS arising in  myf5-GFP/
myogenin- H2B-RFP  transgenic zebrafi sh revealing that myf5-GFP+ TPCs are less migratory than 
differentiated ERMS cells that express myogenin. ( B ,  C ) Magnifi ed view of the  boxed region  
showing  myf5-GFP+  ( B ) or  myogenin-H2B-RFP+  ERMS cells ( C ). ( D ,  E ) Tracks of cell move-
ments over the 6.7 h observation period. The same areas are shown as in panels  B  and  C , respec-
tively. ( F ) Mean track velocities of representative myf5-GFP+ and myogenin-H2B-RFP+ cell 
types contained within the tumor mass. ( G – L ) Assessing a role for Bcl2 in T cell lymphoma. ( G – I ) 
dsRED2-expressing lymphoma cells ( H ) from the  Myc;Cre  fi sh intravasate into  fl i1 -EGFP-labeled 
vasculature ( M ) of the transplant host ( fl i1-EGFP;Casper ) by 6 days post-transplantation 
(see  arrowheads  in  I ); ( J – L ) In contrast, dsRED2-expressing lymphoma cells ( K ) from the 
 Myc;Cre;bcl-2  fi sh fail to intravasate vasculature ( L ) of the transplant hosts by 6 days post- 
transplantation (compare panel  I  with  L ). Scale bar for  A  = 50 μm  B ,  C  =15 μm and  G – L  = 10 μm 
(Ignatius et al., Cancer Cell 2012; Feng et al., Cancer Cell 2010)       

modulating  S1P1/ICAM1 -mediated cell adhesion [ 45 ], suggesting a role for cell-
cell interactions in limiting spread away from the site of origin. Finally, using tumor 
cell transplantation and co-injection of an SP1 inhibitor, the authors identifi ed that 
SP1 inhibition restored invasive potential to T-LBL cells [ 45 ]. 

 Invasion assays have also been performed using human and murine tumor xeno-
grafts into 2-day-old fi sh. For example, Rouhi and colleagues have engrafted 
fl uorescent- labeled human cells into  fl i1:EGFP  transgenic zebrafi sh to assess the 
effects of hypoxia on angiogenesis and cell migration [ 47 ]. Using this approach, 
RIOK3 (Right Open reading frame kinase 3) was identifi ed as a target of hypoxic 
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exposure and was activated in a HIF1α-dependent manner [ 48 ]. Live cell imaging 
revealed that RIOK3 localized to distinct cytoplasmic aggregates in normoxic cells 
and were redistribed to the leading edge following hypoxia in cancer cells [ 48 ]. This 
redistribution was mediated by actin cytoskeleton reorganization [ 48 ]. Importantly, 
depletion of RIOK3 in human mammary adenocarcinoma cells (MDA-MB-231) 
resulted in reduced cell migration in cell culture and blunted cancer dissemination 
following engraftment into either the zebrafi sh and mouse animal models [ 48 ]. In 
total, these fi ndings uncovered RIOK3 as a critical factor in maintaining actin cyto-
skeletal organization, migration and invasion in the context of hypoxia-driven 
metastasis. Using similar transplant techniques, Stoletov et al. have visualized 
extravasation of human breast adenocarcinoma (MDA-MB-435, MDA-MB-231), 
human fi brosarcoma (HT1080), and human colon adenocarcinoma (SW480, SW620) 
cells in  fl i1-EGFP  transgenic embryos [ 38 ,  40 ]. These studies have uncovered prom-
inent roles for  β-1-integrin  in local remodeling of the blood vessels, which facilitates 
intravasation of cancer cells into new sites of tumor colonization [ 40 ].

   Coupling invasion assays with automated imaging, the effects of genetic or 
chemical manipulations on tumor cell migration can be also be quantifi ed. For 
example, Ghotra et al. have used DiL-labeling of human cancer cells and transplan-
tation into 2-day-old  casper  fl i1-EGFP embryos to assess dissemination of cancer 
cells from the initial site of injection [ 49 ,  50 ]. Using this system, the authors identi-
fi ed SYK kinase and SIRT1 as critical factors in prostrate cancer cell metastasis and 
tumor growth in Ewing Sarcoma, respectively [ 50 ,  51 ]. In summary, invasion and 
migration can be easily and dynamically visualized in vivo in zebrafi sh and can be 
used to uncover novel biology underlying these processes.  

    Imaging Tumor, Stromal Cell and Immune Cell Interactions 

 Transformed tumor cells grow in an environment replete with immune and stromal 
cell populations. These non-cancerous cells are not passive bystanders but actively 
promote or repress tumor growth. Immune cell based treatments are an exciting new 
therapeutic approach in the clinic, however there remains a need to develop in vivo 
systems to directly visualize tumor and immune cell interactions. Zebrafi sh share 
many of the same innate and adaptive immune cells including T, B, and likely NK 
cells that are found in mice and humans, suggesting the fi sh will provide many new 
insights into immune modulation of cancer growth in vivo. 

 The innate immune system is well characterized in zebrafi sh and multiple groups 
have contributed to our understanding of the origin and properties of these impor-
tant cell types [ 52 ]. For example, Feng et al. used fl uorescent transgenic reporter 
lines to label different innate immune cells and study tumor cell interactions [ 53 , 
 54 ]. They showed that HRAS transformed melanocytes activate tumor-associated 
neutrophils and macrophages in a hydrogen peroxide–dependent manner. Blocking 
this interaction reduced tumor growth, suggesting that innate immune cells provide 
trophic factors (for example, PGE2) to promote tumor growth [ 54 ] (Fig.  5 ). 
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 It is also possible to study interactions of human tumor cells with the host stromal 
cells. For example, Wang et al. introduced human ovarian and mouse lung carci-
noma cells into  fl i1 :EGFP transgenic zebrafi sh embryos and found that co- 
transplantation of tumor-associated macrophages (TAMs) enhanced metastasis [ 55 ]. 
In this report, the authors were able to visually capture TAMs binding and entering 
the blood stream together with tumor cells [ 55 ], again highlighting the unique ability 
to visualize a role for the immune system in cancer using zebrafi sh. Importantly, this 
type of analysis could have only been achieved using fl uorescent transgenic 
approaches, optically transparent zebrafi sh, and live animal imaging.  

    Imaging Screens for Drug Discovery 

 Zebrafi sh imaging screens are particularly useful for drug discovery, as they provide 
a robust in vivo platform for fast and cost effective analysis of drugs on specifi c 
cellular phenotypes. In this regard, it is important to note that over the past 20 years 
phenotypic screening has far outperformed targeted drug discovery approaches. 
One of the major reasons for this is that screening in animal models can easily pre-
dict drug toxicity and side effects early on in the discovery process, preventing later 
and more expensive phases of drug development. Using zebrafi sh, the Peterson 
laboratory has become a leader in using chemical genetic screens to identify poten-
tial therapeutics for the treatment disease, including cancer. For example, Yeh, 
Peterson and colleagues were the fi rst to describe a transgenic model of AML1- 
ETO (AE)—the most common chromosomal translocation product associated with 
acute myelogenous leukemia (AML). Using these heatshock-inducible transgenic 
lines, they found that the histone deacetylase inhibitor Trichostatin A reduced the 
accumulation of granulocytic cells associated with AE in zebrafi sh embryos [ 56 ]. 
The Yeh laboratory also found that AE induced cyclooxygenase (COX)-2 and 
β-catenin signaling in zebrafi sh embryos and human cells [ 57 ]. Remarkably, nime-
sulide, a selective COX-2 inhibitor dramatically inhibited growth of human AML1- 
ETO+ acute myelogenous leukemia cells in mouse xenografts [ 57 ], providing 
preclinical validation for using COX-2 inhibitors for the treatment of AML. 

  Fig. 5    (continued) Imaging tumor and immune cell interactions in melanoblasts and goblet cells 
that express V12RASeGFP. ( A ) Still confocal image of the trunk epidermis (region indicated by 
schematic) from a movie of a control  Tg(kita:GalTA4, UAS:eGFP, LysC:DsRed)  larva. ( B ) DIC 
image of a skin laser wound in the same region of the trunk as the transformed cells in ( C ).  Boxed 
region  is a confocal image of the wound highlighting that LysC:DsRed + cells are recruited to the 
wound. ( C ) Equivalent still image from a movie similar to ( A ) but from a  Tg(kita:GalTA4, 
UAS:V12RASeGFP, LysC:DsRed)  larva. ( D – F ) Superimposition of DsRed + tumor cell profi les, 
labeled in  orange , from all time frames of an 80-min time-lapse movie of ( D ) control, ( E ) wounded, 
and ( F ) V12RAS+ larvae, revealing cumulative footprints ( orange ). ( G – I ) as for ( D – F ) with tracks 
of all the LysC:DsRed + immune cells that migrated within the fi eld of view of the movies superim-
posed onto a single movie still. ( J ) Quantifi cation of the numbers of LysC:DsRed + immune cells 
that migrate through the imaging fi elds of control, V12RAS+, and wounded larvae. ( K ) As for ( J ) 
but quantifi cation of the cell meandering index for each of these conditions. ** p  < 0.01; *** p  < 0.001. 
Scale bars  =  48 μm for all the images. In all images larvae are 4-dpf (Feng et. al., PlosBiology, 2010)       
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 Ridges et al. also used a chemical screen to identify drugs that kill fl uorescent- 
labeled  lck :EGFP+ thymocytes, with the hope of identifying drugs that kill T-ALL 
(Fig.  6 ). 4 day old- zebrafi sh were incubated in drugs for 2 days and then assessed 
for effects on T cell growth [ 23 ]. In total, this screen assessed the effi cacy of 26,000 
different compounds for killing T cells in live fi sh [ 23 ]. From this work, Lenaldekar 
(LDK) emerged as the top hit and was subsequently tested in the myc-induced model 
of T-ALL, leading to durable reductions in leukemia growth in vivo [ 23 ]. LDK was 
also found to kill human T-ALL cells in vitro and in vivo in mouse xenograft studies. 
LDK exhibited exquisite selectivity for killing only thymocytes and T-ALL cells, 
and had no impact on normal HSCs [ 23 ]. Mechanistically, LDK led to dephosphory-
lation of members of the PI3 kinase/AKT/mTOR pathway and affected cell cycle 
progression [ 23 ]. Using a similar approach, Gutierrez et al. screened chemical librar-
ies for compounds that kill fl uorescently labeled T cells that co-express both dsRED 
and cMyc. Perphenazine was found to potently kill MYC-overexpressing thymo-
cytes and proved to be a potent agonist of protein phosphatase 2A (PP2A) [ 58 ]. 
Human T-ALL cells treated with perphenazine exhibited suppressed cell growth and 
dephosphylation of PP2A targets both in vitro and in vivo [ 58 ], indicating a thera-
peutic potential for the phenothiazine class of drugs in treating patients with T-ALL. 

 Visual screening approaches have also been used to identify chemical modi-
fi ers of solid tumors. For example, White et al. performed a chemical screen to 
identify drugs that kill neural crest cells and melanoma [ 28 ]. From this work, 

  Fig. 6    Zebrafi sh larval drug screen identifi es anti-leukemia compounds.  Tg(lck:EGFP ) transgenic 
zebrafi sh have T cells labeled with EGFP. Loss of EGFP expression was used to screen a small 
molecule library. ( A ) Lateral view of 5 day-post-fertilization (dpf) normal  Tg/lck:EGFP  larva ( yel-
low arrowhead  lck-EGFP +  thymus). ( B – D ) Schematic of experimental design; ( B ,  C ) Three larvae 
were treated in 96-well plates, DMSO (vehicle) and dexamethasone (Dex, positive control). ( C ) 
Fluorescence emission was evaluated after 48 h of drug treatment ( D ) no effect/normal fl uorescence 
(inert compounds) and toxic effect (2029 compounds). Of 26,400 compounds screened, 21 com-
pounds potently killed immature T cells including, Lenaldekar (LDK), a compound that eliminates 
immature T cells in developing zebrafi sh without affecting the cell cycle in other cell types (Ridges 
et al., Blood 2012). LDK killed human T-ALL cells in vitro and in xenograft studies not shown       
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dihydroorotate (DHODH) inhibitors were identifi ed as potent inhibitors of mela-
noma growth in human cell lines and in xenograft studies [ 28 ]. Lefl unomide, a 
DHOH inhibitor, has now entered clinical trials in human melanoma. In our labora-
tory, we performed a targeted screen to identify drugs that curb ERMS growth by 
specifi cally reducing the myf5-GFP+ TPCs that drive continued tumor growth and 
relapse [ 33 ]. In total, 13 compounds were found to inhibit tumor growth in trans-
plant recipient fi sh [ 33 ]. These compounds included inhibitors of HDAC, GSK3, 
and MEK [ 33 ]. This screen assessed drug effects both on in vivo growth and TPCs 
through differential labeling of tumor cells using fl uorescent transgenic reporters 
[ 33 ]. In total, fl uorescent imaging techniques have proven useful in identifying 
drugs with effi cacy in killing human cancers.  

    Future of Imaging in Cancer in Zebrafi sh 

 Given the rapid advances in imaging cancer in zebrafi sh, we believe that research 
using this model will be used both to discover fundamental aspects involved in 
tumor initiation and growth, while providing an in vivo platform for early phases of 
drug discovery. Many of the hallmarks of cancer proposed by Hanahan and 
Weinberg can be visualized in live zebrafi sh including tumor initiation, self- 
renewal, invasion and metastasis, neovascularization and heterogeneity [ 60 ]. 
Interactions between tumor cells and their microenvironment, including stromal 
and immune cell components, can also now be readily imaged using zebrafi sh can-
cer models. As highlighted in this chapter, several aspects make imaging in zebraf-
ish particularly useful to modeling human disease. Cancer cells grow in a specifi c 
niche or microenvironment and important cellular interactions between tumor and 
stromal cells can be visualized directly in vivo. It is thought that cancer cells can 
modify their microenvironment to promote survival and growth; however, the 
nature of many of these interactions including the self-renewing tumor propagating 
cells and the stromal and/or immune cells, are currently unknown. Thus, zebrafi sh 
primary and transplant tumor models will be critical for understanding many envi-
ronmentally specifi c cellular and molecular mechanisms regulating tumor growth. 

 It is becoming increasing clear that human tumors are exceedingly heteroge-
neous. While many tumor models in mice and zebrafi sh are generated by single 
oncogene expression and/or tumor suppressor loss, whole genome and exome 
sequencing of human tumors has identifi ed large combinations of co-occurring 
mutations. Therefore, the coupling of imaging in zebrafi sh with genome editing 
technologies including TALENs and CRISPR/CAS tools should enable the creation 
of tumors that better refl ect combinatory mutations found in patients. These preci-
sion models of human cancer will be valuable for use in chemical-genetic screens, 
while at the same time aid in understand the consequences of combinations of both 
genetic and/or epigenetic changes on tumor biology. 

 Importantly, imaging zebrafi sh embryos and larvae is increasingly becoming 
automated, which promises to improve the reproducibility of data collection and 
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to increase the number of assays that can be performed for chemical-genetic 
screening. For this reason, imaging-based drug screening in zebrafi sh is an area of 
expected growth. Drug screening with zebrafi sh is substantially cheaper and can 
predict drug toxicity early on during the discovery process. In conclusion, imaging 
cancer in zebrafi sh will continue to play an important role in defi ning mechanistic 
insights into cancer and identifying novel therapies to treat human malignancy for 
years to come.     
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      Imaging Cancer Angiogenesis and Metastasis 
in a Zebrafi sh Embryo Model                     
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    Abstract     Tumor angiogenesis and metastasis are key steps of cancer progression. 
In vitro and animal model studies have contributed to partially elucidating the mech-
anisms involved in these processes and in developing therapies. Besides the improve-
ments in fundamental research and the optimization of therapeutic regimes, cancer 
still remains a major health threatening condition and therefore the development of 
new models is needed. The zebrafi sh is a powerful tool to study tumor angiogenesis 
and metastasis, because it allows the visualization of fl uorescently labelled tumor 
cells inducing vessel remodeling, disseminating and invading surrounding tissues in 
a whole transparent embryo. The embryo model has also been used to address the 
contribution of the tumor stroma in sustaining tumor angiogenesis and spreading. 
Simultaneously, new anti-angiogenic drugs and compounds affecting malignant cell 
survival and migration can be tested by simply adding the compound into the water 
of living embryos. Therefore the zebrafi sh model offers the opportunity to gain more 
knowledge on cancer angiogenesis and metastasis in vivo with the fi nal aim of 
 providing new translational insights into therapeutic approaches to help patients.  

  Keywords     Angiogenesis   •   Extravasation   •   Metastasis   •   Tumor infl ammation   •   In 
vivo imaging  

      Introduction 

 Tumor angiogenesis and metastasis are hallmarks of cancer and often associate with 
poor patient prognosis [ 1 ]. Current therapeutic regimes are based on anti- angiogenic 
drugs and inhibitors designed to target highly proliferative cancer cells. In vitro and 
in vivo models have been crucial to understand tumor induced vessel growth and 
cancer cell dissemination, however, although progress has been made, metastatic 
cancer remains a leading cause of death. Therefore it is necessary to establish new 
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models in order to further elucidate molecular mechanisms of tumor angiogenesis 
and metastatic spreading, with the ultimate goal of developing more effi cient cures. 

 The zebrafi sh has emerged as a powerful tool to study tumor biology and several 
models have been established [ 2 ,  3 ]. Carcinogen induced neoplasia has been used to 
study liver and pancreatic tumors, intestine adenocarcinoma, chondrosarcoma, spin-
dle cell sarcoma [ 4 – 7 ] and germ cell tumors upon ENU-induced mutagenesis [ 8 ]. 
Transgenic zebrafi sh of specifi c tumor types have been developed for T cell acute 
lymphoblastic leukemia (T-ALL) [ 9 ], kRAS-induced Rhabdomyosarcoma [ 10 ], 
pancreatic adenocarcinoma [ 11 ], RAS-induced liver cancer [ 12 ] and melanoma 
[ 13 ]. Moreover, the visualization of tumor progression and transplants in zebrafi sh 
adults is greatly facilitated by the casper mutant, where the double mutation in  nacre  
and  roy  result in the absence of melanocyte and iridophores giving adult zebrafi sh 
transparent skin [ 13 ]. Younger zebrafi sh have also contributed in better understand-
ing of cancer, mainly using xenotransplantation techniques [ 14 ]. The transparency 
of the embryo, quickly developing outside of the mother, and the availability of 
reporter and mutant lines, make the zebrafi sh embryo an excellent in vivo model for 
phenotype assessment of engrafted human tumors. The implantation of human can-
cer cells is possible without rejection of the graft, due to the absence of the adaptive 
immunity in the early stages of development (a fully mature immune system is 
complete in 3–4 weeks-old-juveniles) [ 15 ]. The temporal separation between the 
innate and adaptive arms of the immune system also bears the advantage of follow-
ing the interaction between tumor cells and myeloid cells and to understand how 
their cross-talk might be supportive for tumor progression. Orthotopic transplanta-
tion has also been recently reported, allowing analysis of tumors in their environ-
ment of origin [ 16 ,  17 ]. Findings in the embryo have been confi rmed in chemically 
immune-suppressed 30-day-old juveniles, and could be extended to the immuno-
compromised Rag2 −/−  mutants [ 18 ], currently suitable for allograft engraftment of 
adult skeletal muscle, blood cells and transgenic models of cancer [ 19 ]. 

 The use of fl uorescence stereo and confocal microscopy, two-photon and second 
harmonic generation (SHG) has provided qualitative and quantitative information 
on tumor behavior on a single cell and whole organism level. High and low resolu-
tion imaging of tumor and stroma cells allow the visualization of cell-cell interac-
tion and analysis of tumor burden, also upon drug treatment. 

 In this chapter we focus on the use of the zebrafi sh xenotransplantation model to 
study tumor angiogenesis and metastasis, additionally evaluating the contribution 
of the immune system. The role of the microenvironment is also highlighted in 
transgenic models of early malignant transformation.  

    Tumor Angiogenesis 

    The Process, the Models and the Therapies 

 Angiogenesis is the process of new blood vessel formation, starting from pre- 
existing vasculature and occurring in physiological as well as pathological condi-
tions [ 20 ]. It is tightly regulated by the balance between anti- and pro-angiogenic 
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factors, especially during embryogenesis, wound healing and the female reproduc-
tive cycle [ 1 ]. When the balance is skewed towards pro-angiogenic events the so 
called “angiogenic switch” occurs, leading to vessel growth and consequent enrich-
ment of the vascular network. Angiogenesis is regulated by several signaling mol-
ecules such as vascular endothelial growth factor (VEGF), basic fi broblast growth 
factor (bFGF), platelet-derived growth factor (PDGF), placenta growth factor 
(PGF), hepatocyte growth factor or scatter factor (HGF or SF), pro-angiogenic che-
mokines and cytokines, as well as angiopoietins [ 21 ]. Until now, VEGF has been 
the major target of investigation. VEGF family members, VEGF-A,-B,-C,-D,-E and 
-F, together with PGF, are differentially coupled to correspondent receptors like 
VEGFR-1 (Flt-1), -2 (Kdr) and -3 [ 22 ]. Generally, endothelial cells express VEGF 
receptors and start the angiogenic process upon VEGF sensing, through fi lopodia 
extension. Accordingly, endothelial cells at the front edge, called “tip” cells, begin 
to migrate, after degradation of the surrounding extracellular matrix (ECM) by 
metalloproteases (MMPs). The tip cells are consequently followed by the “stalk” 
cells, which keep contact with the mother vascular trunk and undergo duplication to 
further create the lumen of the forming vessel [ 23 ,  24 ]. First reported by Caduff 
et al., 1986 and then renamed by Burri and Tarek in 1990, intussusceptive angio-
genesis is an alternative form of angiogenesis, where endothelial cell proliferation 
is substituted by vessel intraluminal growth. The process is fast (within minutes to 
hours) and it is believed to occur in tumors simultaneously to canonical vessel 
sprouting, leading to enhanced vascular perfusion [ 25 – 27 ]. 

 Angiogenesis is one of the hallmarks of cancer and takes place to sustain uncon-
trolled growth, which often leads to a hypoxic state and consequent higher need of 
oxygen and nutrients. The VEGFR signaling is initiated during hypoxia, a condition 
that primarily results in the activation of HIF1α (Hypoxia inducible factor 1α) [ 28 , 
 29 ]. VEGF can be secreted by either tumor cells, or stroma cells, such as platelets, 
erythrocytes and leukocytes. In particular, tumor associated macrophages (TAMs), 
which are often recruited to the tumor mass through the CSF-1/CSF1R axis, play a 
tumor-supportive role, by producing MMPs and VEGF, to facilitate endothelial cell 
attraction and proliferation, together with a plethora of chemokines for the activa-
tion of tumor invasion [ 30 ]. Furthermore, so called “resident” macrophages local-
ized along blood vessels have been reported to promote tumor cell intravasation 
[ 31 ]. TNFα secreted by these myeloid cells has been associated with higher perme-
ability of the vascular wall, in a 3D microfl uidic model [ 32 ,  33 ]. The formation of a 
vascular network infi ltrating a tumor mass can support tumor growth and facilitate 
the metastatic cascade. The link between angiogenesis and metastasis and the 
 possibility of an anti-angiogenic approach for tumor suppression was fi rst proposed 
by Folkman in 1971 [ 34 ]; since then, several models to study (tumor) angiogenesis 
have been established and anti-angiogenesis drugs have been developed and tested 
for anti-cancer therapies. 

 In vitro models to study endothelial cell proliferation, differentiation and migration, 
together with co-culture systems, offer the advantage of high reproducibility, easy 
handling and quick experimental assessment. However, endothelial cells are often qui-
escent in vivo and the immortalization in culture likely alters physiological responses. 
The use of primary lines is possible, but long-term analysis of these cultures is not 
possible since physiological characteristics are lost after passage in culture [ 35 ]. 
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 Microvessel modifi cations, including the function of the neighboring non- 
endothelial cells, can be studied using ex vivo organ cultures, embedded in the 
matrix. These are practically simple and low cost systems, where angiogenesis is 
examined outside the context of infl ammation. Yet, standardized quantifi cation is 
limited with this method [ 35 ]. 

 In vivo experimental models offer the opportunity to study mechanisms, kinetics 
and dynamics in the context of a complex organism. In the case of angiogenesis, the 
chorioallantoic membrane (CAM) of a chicken embryo is used without rejection of 
the graft [ 36 ,  37 ]. As this is a relatively easy and low cost assay that allows drug 
testing to be completed. The high complexity of vascularization in this model can 
make it diffi cult to identify vessel formation. As developmental angiogenesis goes 
on until day 11, it is also not always easy to distinguish whether vessel sprouts are 
a treatment response or alteration of a physiological process [ 35 ]. 

 The use of rodent models allows assessment of tumor angiogenesis in mammals. 
Although it is relatively easy to visualize subcutaneous xenograft induced angio-
genesis, orthotopic transplantations are preferred, due to known differences in 
microenvironment contributions to tumor behavior. Although this resembles a more 
natural environment, transplantations in the same organ of tumor origin have the 
disadvantage that the experimental readout is assessed mainly on fi xed material and 
application of live imaging techniques to monitor angiogenesis are limited. 
Moreover, other systems have been developed such as implantation of sponges and 
polymers, corneal angiogenesis assays, dorsal air sac model and chamber assay, all 
reviewed in detail in Staton et al. [ 35 ]. 

 Currently tumor inhibition via angiogenesis targeting has been achieved with the 
development of drugs that belong to the classes of monoclonal antibodies (bevaci-
zumab, cetuximab, trastuzumab, panitumumab), tyrosine kinase inhibitors (axitinib, 
cabonzantinib, pazopanib, regorafenib, sorafenib, sunitinib, vandetanib) and mTOR 
targeting compounds. Anti-angiogenic therapies are often prescribed in combina-
tion with other anti-cancer medicines, in order to limit the onset of drug resistance. 
Even though targeting angiogenesis has registered positive outcomes, there are 
many limitations. Recurrence, for example, occurs when the therapy is suspended, 
in spite of the fact that an initial inhibition was manifested. Increased incidence of 
metastasis has also been reported, together with other side effects, such as bleeding, 
thrombosis, hypertension, proteinuria, leukopenia and hyperthyroidism [ 38 ]. As 
previously mentioned, drug resistance is another limiting factor for successful anti- 
angiogenic therapies, which has been related to both VEGF dependent and indepen-
dent mechanisms, as well as linked to the infl uence of the surrounding tumor 
microenvironment. Therefore the application of combination therapies is a valid 
option and is currently in use clinically. Interestingly, development of drug delivery 
systems using nanotechnologies are in development and might allow circumvention 
of side effects, improving patient prognosis [ 39 ]. Considering the limitations of 
anti-angiogenic approaches, there is a need to identify new bio-markers of angio-
genesis as well as models to assess drug effi cacy and development of resistance. 
Additionally, verifying the effect of the anti-angiogenic therapy on different stages 
of tumor progression will be critically important [ 21 ].  
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    Imaging Tumor Angiogenesis in Zebrafi sh Embryo 

 The zebrafi sh embryo model has the potential to be a translational system to study 
tumor angiogenesis. The transparency of zebrafi sh embryos and the availability of 
reporter lines with fl uorescent vascular system [ 40 ] allow easy intravital imaging of 
blood vessels sprouting towards engrafted tumor cells of human or mouse origin. 
Other supporting cells, like pericytes [ 41 ] fi broblasts, circulating erythrocytes [ 42 ] 
and immune cells [ 43 ,  44 ] are present and it is possible to visualize these cells using 
tissue-specifi c fl uorescent transgenic fi sh. 

 Originally described by Nicoli and colleagues in 2007, FGF2-T-MAE cells, an 
immortalized murine aortic endothelial cell line, were engrafted into the perivitellin 
space of 48 h post fertilization (hpf) zebrafi sh embryo. The perivitellin space is 
between the yolk syncytial layer and the periderm (Fig.  1a, b ). Remarkably, engraft-
ment resulted in tumor angiogenesis that could be dynamically imaged using fl uo-
rescent reporters that label the vasculature [ 45 ]. Specifi cally, cells were mixed with 
Matrigel and then engrafted in VEGFR2:G-RCFP. Growth of zebrafi sh blood ves-
sels from the sub-intestinal vein plexus (SIV) was observed after 24–48 h of engraft-
ment. The assay allowed for the assessment of tumor-induced angiogenesis over a 
short time window. It is a more rapid approach compared to other systems, such as 
the CAM assay, the murine and rabbit cornea methods and the xenografts in rodents. 
Moreover, anti-angiogenic compounds could be easily tested by either premixing 
the inhibitors with the cell suspension or adding it directly into the water. Importantly, 
blood vessels surrounding the tumor graft expressed endothelial markers and their 
sprouting was inhibited by morpholino-mediated VEGFR knockdown [ 46 ]. Using 
this assay, the angiogenic properties of FGF2 were demonstrated. Injection of the 
recombinant growth factor stimulated SIV complex growth while inhibition using 
SU5402 antagonized growth [ 47 ].

   A wide range of tumor cell types can be used in embryo assays. Zhao et al. 
engrafted the melanoma line B16 and the murine colon carcinoma CT26, in the 
abdominal perivitellin space, close to the opening into the heart cavity. Tumor 
growth was accompanied by clear vessel sprouting that was visualized to 6 days post 
implantation (dpi). While the overexpression of VEGF165 in the B16 line resulted in 
longer vessel length, increased branching, and larger diameter of neo- vessels, the use 
of a specifi c inhibitor against VEGFR2 abolished their growth [ 48 ]. In these experi-
ments, sprouting occurred from the surrounding vascular network. By contrast van 
der Ent et al. showed that Ewing’s sarcoma cell lines EW3, EW7, L1062, SKNMC, 
TC32 were able to induce growth directly from the SIV complex when engrafted 
into 2 days-post-fertilization (dpf) zebrafi sh embryo [ 49 ]. A similar response was 
observed for another Ewing sarcoma cell line, A673 (Fig.  1c ). Neuroendocrine 
tumors have been shown to induce vessel attraction from the SIV and common car-
dinal vein (CCV) towards cancer cells engrafted in the perivitellin space [ 50 ]. 

 Tumor induced angiogenesis has also been observed when human cancer 
cells were engrafted in the hindbrain ventricle and in the yolk sac of zebrafi sh 
embryos [ 51 ]. 
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 As previously described, angiogenesis can occur as a result of local low oxygen 
tension, which results in the activation of HIF signaling to induce the transcription 
of downstream targets, including VEGF. Systemic hypoxia enhanced local invasion, 

  Fig. 1    Induction of 
angiogenesis by murine 
and human tumor cells. In 
the zebrafi sh embryo, the 
reorganization of the host 
vasculature towards cancer 
cells allows the study of 
tumor induced 
angiogenesis. 
Xenoengraftment of tumor 
cells is performed by 
implantation into the 
perivitellin space of a 
2-day-old zebrafi sh 
embryo ( a ,  c ), with 
fl uorescently traceable 
blood vessels 
(Tg(fl i1a:EGFP) y1  ( a ,  c ); 
Tg(kdrl:EGFP) s843  [ 96 ] 
( b )). As the perivitellin 
layer surrounds the yolk, 
the implantation at this site 
was done in the cavity 
between the yolk and the 
trunk for MAE-FGF2 ( a ) 
or at the bottom of the yolk 
for Ewing sarcoma, A673 
( c ). SIV response occurred 
upon both engraftments. 
Sites of implantation are 
indicated in ( b ). In ( d ) a 
schematic representation 
of the angiogenic process 
is shown       
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distant migration from the engraftment site and increased infi ltration of blood 
 vessels, when zebrafi sh embryos, inoculated with murine fi brosarcoma, were 
exposed to 7.5 % oxygen level for up to 72 h. The same aggressive phenotype was 
present upon VEGF overexpression. On the other hand, inhibition of tumor volume, 
minimization of tumor foci and reduction of vascularization in the primary tumor 
mass were obtained via anti-angiogenic treatment, using Sunitinib, a multi-targeted 
tyrosine kinase inhibitor, and VEGFR2 morpholino knockdown [ 52 ]. 

 Cancer cells have been successfully engrafted into the perivitellin space, yolk 
sac and hindbrain. Engraftment into each of these sites has resulted in dynamic 
visualization of angiogenesis, especially in the context of engrafted tumor cells that 
aggregate, mimicking a primary tumor mass. Additionally, the growth of blood ves-
sels has been reported in the case of tumor aggregates distantly localized from the 
implantation site. These distal growths arise following inoculation of tumor cells 
directly in the blood circulation. Tobia et al. have shown that murine melanoma 
B16-BL6, stably expressing DsRed protein, induced the formation of a microvascu-
lar network both at the metastatic and engraftment sites [ 53 ]. 

 Vasculogenesis, the formation of blood vessels starting from endothelial cell 
precursors, was induced by human tumor cells inoculated in the Duct of Cuvier 
(Fig.  2a ). The process started 6 h after engraftment, while a complex vascular net-
work formed during the following days. As the primary tumor mass expanded, dif-
ferent stages of vascularization could be visualized and distinguished. After 
initiation, vessel remodeling occurred between 12 and 18 h post implantation (hpi), 
followed by connection formation at 1 dpi, network establishment at 2 dpi and 
fi nally lumenization, with initiation of blood fl ow, at 3 dpi (Fig.  2b, c ). A detailed 
microscopic analysis, using confocal laser scanning microscopy (CLSM), revealed 
altered and tortuous structural composition of the newly induced vessels, compared 
to the physiological architecture of zebrafi sh vessels. Treatments with VEGFR 
inhibitors (KRN633 and Sunitinib) resulted in the reduction of microvessel density 
and tumor size. A possible effect of VEGFR inhibition on vessel integrity was 
excluded via microangiography and immunohistochemistry, using an antibody 
against the tight junction protein ZO-1 [ 54 ].

   The ability to study tumor-induced angiogenesis using intravital imaging has 
allowed testing of alternative anti-angiogenic compounds. Most studies can be 
completed by simply adding the drug into the water and changing drug daily. Non- 
water- soluble drugs can also be used, but require a carrier. For instance, the packag-
ing of the fl avonoid Quercetin or the fungal metabolite Chetomin in polymeric 
micelles permitted the delivery of drug to engrafted embryos and exhibited potent 
antitumor effects [ 55 ,  56 ]. Furthermore, inhibition of MDA-MB-231 or B16-F10 
induced angiogenesis could be suppressed by packaging of LY294002 in nanopar-
ticles which were delivered via injection in the embryos [ 57 ]. The distribution of 
nanoparticles or other carrier system to tumor cell masses often relies on the 
enhanced permeability and retention (EPR) effect on cancer vessels [ 58 ,  59 ]. 
Current research aims to design targeted delivery systems of anti-cancer drugs. 
These methods will allow targeted delivery based on recognizing tumor antigens. 
Moreover, slow chemical release mechanisms will likely reduce toxicity and 
increase effi cacy in target cell killing [ 60 ].  
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  Fig. 2    Vessel network formation following tumor engraftment. Implantation of red fl uorescent 
tumor cells into the duct of Cuvier leads to tumor cell circulating with the blood of a 2-day-old 
Tg(fl i1a:EGFP) y1  zebrafi sh embryo. Tumor masses are supported by blood vessels ( a ). The forma-
tion of the tumor vascular network starts with the recruitment of endothelial cell precursors (angio-
blasts) which, upon interaction with the tumor cells, are oriented and form capillaries. Vessel 
connection subsequently occurs until a complex network has formed ( b ). 3D reconstruction of fi g-
ures in He et al. [ 54 ] are shown in the panel in ( b ). In ( c ) the steps of vasculogenesis are illustrated       
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    Extravasation Dynamics Occur Upon Tumor-Endothelial Cell 
Interactions 

 The interaction between tumor cells and endothelium is not restricted to angiogen-
esis and vasculogenesis. These interactions are also crucial during the metastatic 
process where tumor cells traveling in the blood extravasate and colonize secondary 
organs. It is likely that endothelial cells of the vascular wall exert roles in tumor cell 
survival as cells transit through the vessel and subsequently extravasate at distant 
sites. Intravital imaging in transparent transgenic zebrafi sh embryos, has revealed 
key aspects of the extravasation dynamics [ 61 ]. Tumor cells engrafted in the peri-
cardium were found in the blood circulation, the head and the tail regions at 3–5 hpi. 
The comparison of different cell lines revealed the correlation between extravasa-
tion and high metastatic potential. Tumor cells in the intersegmental vessels (ISVs) 
required adaptation inside the narrow compartment of the capillaries. Contrary to 
trapped beads, cancer cells clearly showed a more active behavior, characterized by 
extension of protrusions, anatomical adjustment to vessel diameter and intravascu-
lar migration upon interaction with endothelial cells. Pressure on the endothelium 
and concomitant fl attening allowed tumor cell migration against the blood fl ow, 
leading to the hypothesis that cancer cells “scan” the endothelium, and extravasate 
at a favorable site. Therefore the capability of tumor cells to extravasate into sur-
rounding tissues is greatly infl uenced by their adhesive features. When contacted by 
tumor cells, the endothelium actively responded by increasing the thickening of the 
vessel wall, culminating in a single endothelial cell clustered around an arrested 
tumor cell. The migration outside the blood vessels was found to correlate to the 
expression of candidate genes like Twist, VEGFA and integrin β1. The process 
could be either dependent or independent on the integrin. For example, blocking 
integrin β1 resulted in reduction of extravasation in MDA cells expressing VEGF, 
but not in MDA cells which had higher levels of Twist. A central role for the integ-
rin β1 was also elucidated by assessing active clustering of endothelial cells around 
tumor cells. VEGFA expressing cancer cells induced quick movements of endothe-
lial cells, in an integrin β1 dependent fashion. On the other hand, MDA-Twist cells, 
able to interact with the endothelium in a integrin β1 independent manner, did not 
cause thickening of the vessel wall or rapid aggregation of endothelial cells. Hence, 
the authors conclude that malignant cells arrested in the vasculature, create contact 
with vessels by integrin β1. This signaling results in endothelium changes that facil-
itate the extravasation process. While no increase in number of endothelial cells was 
found, the number of endothelial junctions increased in the ISVs. Extravasation of 
tumor cells could also occur independently of integrin β1 and was associated with 
Twist over expression. This processes was mediated in part by ROCK kinase modu-
lation and associated changes in the cytoskeleton. Inhibition of ROCK by Y27632 
lead to a dramatic decrease in Twist-dependent extravasation [ 61 ]. 

 When tumor cells extravasate and invade the tissues, different types of move-
ment can take place. Tumor cells can move directionally as single cells through use 
of invadopodia. However, cells can also exhibit amoeboid cell movement either in 
single cells or collective cells. Ameboid cells have a characteristic round shape, are 
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small size and form numerous blebs and commonly overexpress RhoC [ 62 ]. In this 
study, co-implantation of tumor cell lines with and without overexpression of RhoC 
were used to assess whether the small GTPase could play a role in the secretion of 
specifi c cytokines and soluble factors to alter cell movements and infl uence inva-
sion phenotypes. RhoC enabled tumor cells to intravasate by extending long fi lopo-
dia into the vessel lumen. This process only occurred after VEGF secretion and 
vascular opening [ 62 ].   

    Metastasis 

    Dynamics, Models and Drug Treatments 

 Metastasis is a leading cause of death in cancer patients. Metastasis formation is a 
multistep process. Tumor cells initially disseminate from the primary malignant 
lesion by invading surrounding tissue and then entering the blood or the lymphatic 
circulation through a process called intravasation. Secondary organ sites are colo-
nized following extravasation of tumor cells from the vessels into the target site. It 
is not surprising that these metastatic steps lead to dynamic changes in tumor cells 
including modulation of tumor cell survival and growth, ultimately culminating in 
the formation of micro- and macrometastasis. In order to initiate the fi rst-step of 
local invasion, cancer cells minimize cell-to-cell adhesion. This usually occurs by 
loss of E-cadherin and increased expression of N-cadherin and vimentin. This shift 
in use of adhesion molecules favors cell migration and is a hallmark of the epithe-
lial-to-mesenchymal transition (EMT). EMT is characterized by alterations in cell 
morphology, from epithelial to fi broblastic shape [ 63 ]. The TGFβ signaling path-
way is a key regulator of this process and the transcription factors Snail, Slug, Zeb 
1/2 and Twist are often overexpressed [ 64 ]. The EMT has been well established for 
epithelial tumors, but a similar process that promotes cell migration and cell state 
changes in mesenchymal tumors is unknown [ 1 ]. Invasion is usually initiated in 
malignant cells localized at the edges of a tumor mass and is associated with the 
degradation of the surrounding matrix by secreted enzymes. These proteolytic 
enzymes are produced by both cancer cells and stromal cells, including recruited 
blood cells. This process not only allows break down of cell-cell adhesions required 
for migration, but also leads to activation of cytokines and growth factors that are 
trapped in the ECM [ 1 ]. 

 The colonization step is carried out by tumor cells that have survived the hostile 
blood circulation and extravasate into distal sites and tissues. Whilst in the vascular 
bed, tumor cells are shielded by aggregating platelets [ 65 ] and can proliferate in the 
lumen [ 1 ]. Platelets contribute to the interaction between tumor cells and endothe-
lium, favoring adhesion and extravasation [ 66 ]. When compared to diapedesis, the 
multistep mechanism that leads to recruitment of immune cells to infl amed tissues 
from the blood circulation, cancer cell extravasation might be instead a “clumsy” 
process, that facilitates in part the breakdown of the endothelium [ 67 ]. Following 
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extravasation, adaptation to the new microenvironment is necessary for successful 
metastatic growth. In the case of epithelial tumors, the mesenchymal to epithelial 
transition (MET) precedes the establishment of micrometastasis. Interestingly, 
tumors that have metastasized are able to undergo the reseeding process, sometimes 
localizing back to the original organ (self-seeding) [ 68 ]. Metastasis can arise years 
after the primary lesion has been diagnosed and surgically removed or pharmaco-
logically treated. Mechanisms of dormancy seem to be primarily responsible. 
Preferential location of metastasis associates with the organization of the cardio- 
circulatory system in 66 % of tumors, while in 20 % of the circumstances the local 
microenvironment plays a major role; in the residual 14 %, secondary tissues hijack 
the colonization, even though highly perfused [ 67 ]. 

 In 1889 physician Stephen Paget formulated the “seed and soil” theory as expla-
nation for tropism of metastasis. He postulated that tumor cells disseminate widely 
throughout the body, but can only metastasize to supportive environments [ 69 ]. The 
main caveat in the theory is the diffi culty in explaining the very low incidence of 
bilateral tumors (e.g. breast and kidney cancers). Hostile tissues might accommo-
date malignancy in specifi c circumstances, such as infl ammation. Moreover, sec-
ondary locations can be colonized, upon release of chemoattractants. Chemokine 
signaling seems to play a cardinal role; particularly the CXCL12/SDF1 gradient 
facilitates the seeding of tumor cells expressing the correspondent receptor CXCR4, 
through a directional cell migration event, known as chemotaxis [ 70 ]. In addition, 
tumors release exosomes, that might facilitate organ tropism for metastasis, have an 
effect on immunoediting and EMT [ 71 ]. 

 The heterogeneity of cancer has made it thus far diffi cult to unravel the biologi-
cal mechanisms underlying metastasis in different tumor types. It has been shown 
for breast and prostate cancers that the tendency to home to the bone relates to their 
interactions with osteoblasts and osteoclasts respectively. In particular, once in the 
bone, metastatic breast cancer cells re-utilize a mechanism that is activated during 
lactation. Production of the parathyroid hormone-related peptide (PTHrP) induces 
the exposure on the osteoblast cell membrane of the substrate RANKL (receptor 
activator for NF-κB ligand); this molecule binds RANK on osteoclasts, resulting in 
their activation. Functional osteoclasts demineralize the bone, which leads to release 
of calcium, needed during lactation, degradation of ECM and release of growth fac-
tors, supporting tumor growth [ 67 ]. 

 Current understanding of metastatic spread has been achieved with the use of 
animal models. A common method to monitor metastasis formation in rodents uses 
bioluminescence imaging, which is useful for assessing tumor spread to secondary 
sites, but is limited by resolution. It is also possible to introduce imaging windows 
on organs in the abdomen [ 72 ] and perform live imaging up to a month, as has been 
done to study tumor angiogenesis, by injecting FITC-dextran and using dorsal skin-
fold windows [ 73 ]. Moreover cranial windows allow imaging of metastasis to the 
brain and have been used to follow angiogenesis [ 74 ]. Imaging windows have also 
been placed on lungs, but imaging has been technically diffi cult due to the respira-
tory rhythm [ 75 ]. Liver exteriorization showed angiogenesis in colorectal cancer 
metastasis [ 76 ] and ex vivo lung imaging has highlighted the role of the myeloid 
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cells in tumor cell extravasation and metastasis [ 77 ]. These methods are limited by 
the challenge of balancing the imaging of a complex and possibly long process with 
the survival of the animal and does not allow simultaneous visualization of coloni-
zation in different sites. All applications are more diffi cult when tumors arise or 
metastasize in deeper tissues [ 33 ]. 

 Current therapies to treat cancer are mainly surgery, chemotherapy, radiother-
apy, hormone-based treatments for specifi c tumor types and targeted therapies, 
when available. As previously discussed, combination therapies are often better 
approaches to limit resistance development, which normally occurs due to the pres-
ence of resistant subclones or alterations in the tumor microenvironment (TME). 
Most drugs currently in use work by disrupting the cell cycle and the genome integ-
rity, hence causing systemic long-term side effects. By contrast, targeted therapy is 
now widely applied in the clinic, where the consideration of patient specifi c muta-
tions allows optimal treatment. Therapies that target the tumor microenvironment 
(TME) are also under active development. Reprogramming of TAMs is a promising 
future therapeutic strategy [ 78 ]. 

 Although the cellular steps leading to metastasis are known (invasion, intravasa-
tion, dissemination through circulation, extravasation, micrometastasis, coloniza-
tion and macrometastasis), the molecular mechanisms responsible for each of them 
are poorly understood and new approaches as well as new therapies are needed.  

    Imaging Tumor Invasion, Foci Formation and Dissemination 
in the Zebrafi sh Embryo Model 

 Xenograft engraftment of tumor cells into optically clear zebrafi sh has allowed 
dynamic visualization and new mechanistic insights into the processes by which can-
cer cells migrate, colonize local tissues, and disseminate throughout the rest of the 
body. Several implantation sites of tumor cells have been described in zebrafi sh embryo 
[ 14 ]. Engraftment in the yolk sac of 2-day-old zebrafi sh embryo avoids disruption of 
organ development. In 2006, Haldi and colleagues showed that human metastatic mel-
anoma cells WM-266-4 migrated from the yolk to other tissues in the embryo and 
formed masses in neighboring organs, like intestine, liver and pancreas [ 51 ]. 

 An automated method has now been developed to quantify tumor cell migration 
and dissemination in the whole body. Using confocal imaging, very similar patterns 
of tumor cell dissemination were revealed in zebrafi sh as in the mouse model. 
Importantly, this work showed that similar metastatic processes were observed in a 
wide range of cancers including prostate, breast and colorectal cancers [ 79 ]. Using 
the xenograft zebrafi sh experimental platform, a role for the non-tyrosine kinase 
(SYK) in advanced prostate cancer was discovered. Inoculation of prostate cell line 
PC3-M-Pro4 luc transduced with shRNA against SYK, resulted in less bone metas-
tasis and less disseminated tumor foci both in mouse and zebrafi sh. Pharmacological 
inhibition of SYK also resulted in a suppressed tumor growth both in vitro and when 
grown in the zebrafi sh xenograft model [ 80 ]. 
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 Quantifi cation of tumor burden in the whole organism has also led to important 
fi ndings concerning Ewing sarcoma. A diverse migration pattern was identifi ed fol-
lowing engraftment of several sarcoma lines into embryos and juvenile zebrafi sh. 
Using chemical treatment with Nutlin-3a and YK-4-279, p53 could be stabilized 
and inhibit tumor growth in vivo [ 49 ]. Furthermore, p53 acetylation, required to 
destabilize the interaction with the ubiquitinase MDM2, was preserved. Cell cycle 
was also arrested when the activity of the deacetylases SIRT 1/2 was impaired, 
using tnv-6. Thus, the TC-252 Ewing sarcoma cell line, with high levels of SIRT 
1/2, failed to migrate and to proliferate upon tnv-6 treatment in vivo [ 81 ]. 

 Another advantage of the zebrafi sh embryo model is the ability to apply com-
pounds directly to the water and assess drug effi cacy on tumor burden, while also 
monitoring possible side effects on embryo development. As an example, a pharma-
cological approach was designed to target uveal melanoma. A set of cell lines 
derived from primary tumor and metastasis from the same patients was used. The 
employment of experimental drugs affecting Src signaling (dasatinib), histone 
deacetylase activity (quisinostat) and neddylation pathway (MLN-4924) resulted in 
reduction of tumor proliferation and migration [ 82 ]. 

 As described so far, there are many pathways and mechanisms that contribute to 
the invasive properties of tumor cells. Additionally, using zebrafi sh as a model for 
cancer biology has uncovered the importance of communication between cells to 
facilitate invasion. For example, the simultaneous implantation of two melanoma 
cell lines, highly invasive WM-2664 and less invasive 501mel has shown that co- 
culture will lead to increased invasion of less migratory 501mel cells in larval zebraf-
ish. Metalloproteases (MMP) and deposition of extracellular matrix (ECM) and 
fi bronectin fi bers had roles in mediating this cooperative invasive mechanism. 
WM-2664 expressed higher levels of MMPs, compared to the less aggressive 501mel 
cell line. Inhibition of MMP function in WM-2664 cells by siRNA resulted in reduced 
cooperative invasion but had no effect on migration of these cells when implanted 
singly. These data suggest that the most aggressive cell line normally invades through 
mechanisms which are independent from the MMP function. Interestingly, deposi-
tion of collagen and fi bronectin fi bers increased in the graft derived of both cell types 
but was not seen in tumors arising from only WM-2664 cells. These data again 
strongly suggest cross-talk between the two cell populations [ 83 ]. 

 Currently one of the main challenges for cancer biologist is to understand the 
mechanisms of cancer recurrence following therapy. Mechanisms of drug resis-
tance are believed to be mainly associated with the survival of often quiescent tumor 
initiating cells (TICs). These cells are also commonly called tumor propagating 
cells and have stem cell-like properties that drive self-renewal and continued tumor 
growth. The zebrafi sh embryo model has been used to evaluate TICs in prostate 
cancer. TICs were isolated from both cell lines and primary patient tumors based on 
their preferential high adherence to plating on collagen and laminin. The highly 
adherent cells had increased levels of the stem cell markers CD44 and α2β1 integrin 
and showed augmented expression of CD133 when grown as spheroids. TICs were 
labelled with quantum dots (QD) and inoculated into zebrafi sh embryos. Remarkably, 
TICs formed localized tumor masses at the site of injection and could migrate to 
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other tissues including the brain. Tumor cells engrafted in the zebrafi sh maintained 
their TIC features, as their isolation and re-implantation lead to the formation of 
new tumors when serially engrafted into embryos or juvenile zebrafi sh [ 84 ]. 

 The role of the stem cell pool in glioblastoma invasion has also been investigated 
in the zebrafi sh xenograft model. Glioblastoma is the most common tumor of the 
central nervous system and is a very aggressive type of cancer. U87-RFP cells could 
engraft into 2 dpf embryos and appeared to intravasate and then widely disseminate 
through the vasculature. The more invasive glioblastoma cells were positive for the 
stem cell marker CD133. Moreover, pre-sorted CD133 +  glioblastoma U87 cells 
showed higher migratory properties, compared to CD133 −  cells. Interestingly, the 
presence of CD133 +  cells correlated with an elevated expression of zebrafi sh MMP9 
and MMP2. MMP9 inhibitor treatment resulted in reduced U87 aggressiveness, 
suggesting a key role of the host ECM in infl uencing tumor behavior [ 85 ]. Rampazzo 
and colleagues also evaluated roles for stem cells in glioblastoma multiforme 
(GBM). For example, they showed the interplay between Hif1α, Wnt and Notch 
signaling could lead to neuronal differentiation of glioblastoma multiforme (GBM) 
stem-like cells following engraftment into the brain of zebrafi sh embryos [ 86 ]. 
Further xenograft studies revealed a novel mechanism by which GBM undergoes 
cell death. This work defi ned that GBM cells die by a catastrophic vacuolization 
with formation of macropinosomes that was not linked to apoptosis or autophagy. 
The delivery of Vacquinol-1, belonging to a class of small molecules originally 
designed for malaria, resulted in successfully induction of cell death in GBM cells 
and prolongation of rodent survival. Similar results were seen in xenografts grown 
in larval zebrafi sh where Vacquinol-1 inhibited growth of tumor-like masses and 
suppressed infi ltration into the brain. These fi ndings may lead to new therapies that 
target quiescent tumor cells with stem cell like features [ 87 ].  

    Imaging Micrometastasis Formation in a Zebrafi sh 
Xenograft Model 

 The formation of micrometastasis can be studied upon tumor cell injection directly 
into the blood circulation following injection into the Duct of Cuvier or CCV [ 54 ]. 
Circulating tumor cells travel in the blood and later localize at the end of the circula-
tory loop, where the dorsal aorta (DA) turns into the caudal vein (CV). Depending 
on the cell line, single cell or collective invasion of the surrounding tissues can 
occur. Tumor cells often accumulate at the end of the tail and proliferate, both inside 
and outside the blood vessels. In some cases, the linear structure of the endothelium 
(Fig.  3a ) is lost and a visible enlargement of the vein (Fig.  3b ) occurs due to vessel 
obstruction by accumulating and proliferating tumor cells (Fig.  3c, d ). The ability of 
tumor cells to leave the blood fl ow and colonize the tissue of the local tail fi n is an 
active process and is not observed in all cell lines [ 54 ,  88 ].

   As previously noted, the epithelial-to-mesenchymal transition (EMT) is an impor-
tant process, responsible for a more invasive and aggressive behavior of cancers. 
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Evidence from the zebrafi sh model have contributed to our understanding of how the 
TGFβ pathway participates in promoting the invasive phenotype of human tumor 
cells. Ectopic expression of murine mSnail and mSlug in H-Ras transformed 
MCF10AT (M-II) led to a shift from collective to single cell invasion motility pat-
tern, in in vitro 3D spheroid assay as well as in zebrafi sh embryo. The invasive phe-
notype appeared at 3 dpi and was fully developed at 5 dpi where >55 % of the larvae 
showed signs of disseminated tumor cells. This represents more than tenfold increase 
in number of embryos developing tail metastasis (>30 cells) as has been observed for 
tumor cells overexpressing one of the two TGFβ related transcription factors. 
Therefore Snail and Slug are involved in the metastatic process, promoting single 
cell invasion [ 89 ]. Inhibition of invasion and metastasis was also addressed using 
chemical inhibitors of TGFβ type I receptor kinase, namely SB-431542 and 
LY-294002. Breast cancer cell lines were exposed to these drugs for 24 h prior to 
implantation into embryos. Following engraftment, animals were administered drug 
every other day until 6 dpi. Upon activation of the TGFβ signaling pathway, phos-
phorylation of Smad2 and dimerization with Smad4 occurred. This was consequent 
with migration of the Smad complex into the nucleus. The pharmacological treat-
ment with the TGFβ type I receptor kinase inhibitor impaired the phosphorylation of 

  Fig. 3    Tumor cells modify the vascular lumen. Circulating tumor cells form a tumor clog and 
interact with the inner endothelial layer of the vessel, in proximity of the circulatory loop at the end 
of the tail. The regular vessel structure in a Tg(kdrl:EGFP) s843  embryo ( a ) is compared with a 
thickened vein in ( b ), where MDA-231-B DsRed tumor cells pressure the endothelium ( c ). Tumor 
cell aggregate can be visualized by bright fi eld imaging ( d ). Scale bar: 50 μm       
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Smad2 and at the same time the invasive phenotype of the breast cancer cell lines. 
Moreover, reduction of the metastatic phenotype was seen upon genetic and chemi-
cal inhibition of Smad4 by either RNA interference or siRNA. The link between the 
TGFβ signaling and metalloprotease (MMP) activity was also considered, as inhibi-
tion of MMP2/9 has been found to correlate with diminished breast cancer invasion 
and was dependent on TGFβ signaling. The use of a MMP2/9 inhibitors and general 
MMP inhibitors like Galardin or Ilomastat led to reduction in cell migration in the 
zebrafi sh embryo model. By contrast, activation of the TGFβ signaling pathway led 
to a remarkable increase in invasion most likely by effecting paracrine communica-
tion. In vitro assays demonstrated human tumor cells respond to zebrafi sh TGFβ. 
Luciferase experiments showed that Smad 3/4 induction occurred in breast cancer 
cell lines upon stimulation with zTGFβ. Zebrafi sh Smad2 was phosphorylated and 
translocated into the nucleus of zebrafi sh cells, upon addition of human TGFβ in the 
culture medium [ 88 ]. These data suggest a cross talk of signaling between zebrafi sh 
host cells and xenografted human cells is likely in live animals and important for 
regulating cell motility. 

 The zebrafi sh embryo represents a powerful tool to visualize and scrutinize 
micrometastasis formation for different tumor types. It is also possible to compare 
the behavior of tumor lines in vivo and relate that to their classifi ed level of malig-
nancy. The xenogeneic engraftment of a panel of human breast cancer cell lines has 
indeed supported such a theory. For example, implantation of the triple negative 
breast carcinoma line MDA-MB-231 resulted in invasion of the tail fi n after 12 h 
after hematologic cell inoculation. Metastasis was found in 54 % of the larvae 
engrafted with MDA-MB-231 cells A similar phenotype was found upon implanta-
tion of high grade carcinoma MCF10CA1a.cl1 or M4 breast cancer cells which 
have been shown to be high metastatic in other cancer models. By contrast, normal 
breast epithelial cells MCF10A or M1 and pre-malignant cells MCF10AT1k.cl2 or 
M2 exhibited limited invasive ability [ 88 ]. Interestingly, aggressive MDA-MB-231 
mainly colonized the caudal hematopoietic tissue (CHT) (Fig.  4a ) as single cells 
(Fig.  4a , left and c). Similar behavior was observed for MAE-T-FGF2 (Fig.  4b ) and 
melanoma lines (Fig.  4d ). M4 breast lines disseminated as collective cells (Fig.  4a , 
right and e) and were localized between the blood vessels. We also observed collec-
tive cell invasion and extravasation using the prostate cell line PC3-Pro-4 (Fig.  4f ) 
and the Ewing sarcoma line A673 (Fig.  4g ). Diversity in malignant behavior was 
also shown by He et al. ,  2012 where tumor cells differently formed micrometastasis 
in the tail fi n and were able to induce vascularization and localized tumor growth. 
FGF2-T-MAE cells induced angiogenesis in 97 % of the larvae and tumor invasion 
in 32.8 % of animals. 4T1 mouse breast cancer cells were highly angiogenic, but 
less invasive, while human MDA-MB-231 did not lead to new vessel formation but 
displayed tumor metastasis in almost 50 % of the larvae. The opposite behavior was 
recorded for human prostate cancer cell line PC3, with 25 % of angiogenesis and no 
invasion in the tail region. Finally, mouse endothelial cells MAE and immortalized 
zebrafi sh lines ZF4 and PAC2 did not have effects on vascularization, localized 
tumor growth or tumor invasion and micrometastasis [ 54 ]. Taken together, these 
studies suggest that invasion is an active process and can be studied in zebrafi sh, 
which represent a powerful tool to gain more knowledge on tumor metastasis.
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  Fig. 4    Single cell and collective invasion lead to tumor micrometastasis formation. Human tumor 
cell lines were engrafted in the blood circulation of 2-day-old zebrafi sh embryo and micrometas-
tasis occurred in the CHT region. Schematic in ( a ) show single ( left ) and collective ( right ) tumor 
invasion in the CHT ( red box ). Tissue colonization occurred upon single cell invasion in the case 
of MAE-FGF2 ( b ), MDA-MB-231 ( c ) and melanoma ( d ) or collective invasion in PC3-Pro-4 ( f ). 
Growth of tumor cells in between blood vessels was also observed for M4 ( e ) and Ewing sarcoma 
A673 ( g ). Tumor cells were engrafted in Tg(fl i1a:EGFP) y1  ( b – f ) or Tg(kdrl:mCherry) [ 97 ] ( g )       
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       Zebrafi sh Neutrophils and Macrophages Support Metastatic 
Spreading 

 The dual role of the immune system in cancer biology has been addressed using the 
zebrafi sh xenotransplantation model. Accumulation of neutrophils and macro-
phages occurs both at the implantation site (duct of Cuvier) as well as in the micro-
metastic region (Fig.  5 ), adjacent to the CHT, site of hematopoiesis and analogue of 
the fetal liver, during mammalian development [ 90 ].

   To study the role of the innate immunity in the formation of experimental micro-
metastasis, a morpholino knockdown approach was employed. Two doses of Pu1/
Spi1 morpholino were used to selectively block the development of only macro-
phages (1 mM) or both neutrophils and macrophages (2 mM). While impairing the 
development of the only macrophage population did not have any effects on metas-
tasis formation by FGF2-T-MAE, the inhibition of both myeloid cell fractions 
resulted in a clear inhibition of tumor invasion. Our data led to the conclusion that 
macrophages play a major role in tumor vascularization, while neutrophils are pri-
marily responsible of tumor metastasis. The physiological movement of neutrophils 
in the tail fi n was studied using the reporter line  Tg(mpx:GFP)   il114   [ 43 ] and already 

  Fig. 5    Tissue colonization by tumor cells is accompanied by immune cell migration. Metastatic 
breast cancer cell line MDA-231-B stably expressing DsRed protein is implanted in the blood 
circulation of 2-day-old Tg(fl i1a:EGFP) y1  zebrafi sh embryo and showed single cell invasion of the 
tail fi n at 4 dpi ( a ,  b ). The site of invasion is infi ltrated by L-Plastin +  immune cells ( b ). ( c ) is a 
bright fi eld image of ( b )       
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in absence of cancer cells it was found that these immune cells have tendency to 
randomly migrate in and out of the caudal hematopoietic tissue. During their trans-
migration, neutrophils create paths in ECM, modifying the collagen structure. 
Neutrophils trajectories were visualized with video time-lapse and the deformation 
of the collagen fi bers was analyzed using two-photon confocal microscopy and sec-
ond harmonic generation (SHG) microscopy. The presence of tumor cells in the 
region of transmigration did not affect neutrophil motility, instead the random 
migration created an ideal environment for tumor cell invasion. It was therefore 
possible to conclude that neutrophils are involved in the preparation of the meta-
static niche. Inhibition of neutrophil migration was achieved by immunosuppres-
sion through beclomethasone and resulted in reduced tumor invasion, while 
increased metastatic potential was observed upon β-APN (β-aminopropionitrile) 
treatment, which diminished the collagen fi bers and led to an enhanced neutrophil 
migration. No effects on macrophage behavior were observed, supporting the 
hypothesis that neutrophils are the main players in the metastatic process. 
Interestingly, the formation of experimental micrometastasis was found to be 
enhanced when VEGFR inhibitor treatment was applied in order to reduce angio-
genesis at the primary tumor site. A diminished tumor vasculature was accompa-
nied by lower macrophage number and change in cell shape, with a blockage of 
migration. On the other hand, the number of neutrophils was the same, but the 
VEGFR inhibition caused increased neutrophil motility from the CHT to the tail fi n 
and vice versa, hence promoting tumor cell invasiveness. Restoration of normal 
neutrophil motility after VEGFR signaling alteration was reached by beclometha-
sone treatment and normal tumor metastasis was re-established. The role of infl am-
mation in tumor invasion was also analyzed and the metastatic process was 
compared to wound-healing mechanism. Wounding of the tail fi n showed a decrease 
in tumor metastasis, perhaps due to higher phagocytic activity of immune cells. 
Parallels between tumor and wound-associated infl ammation have been made, but 
immune cells might activate a different response towards tumor cells, supportive of 
tumor angiogenesis and metastasis, in the absence of wound-related infl ammation 
and characterized by anti-tumor properties in case of tissue damage [ 54 ]. 

 The interaction between tumor cells and associated macrophages and how the 
cross talk infl uences tumor behavior in terms of dissemination and metastatic 
potential have been visualized in transparent zebrafi sh embryos. Tumor cells and 
macrophages from mouse and human origin have been labelled with transient cell 
tracker dyes (DiI and DiD respectively) and co-injected in the perivitellin space of 
2-day- old zebrafi sh embryos, with fl uorescent blood vessels. Only upon co-injec-
tion with tumor associated macrophages (TAMs), cancer cells displayed an aggres-
sive phenotype, characterized by intravasation and formation of cell aggregates, 
distantly from the engraftment site, at 4 dpi. Development of tumor foci from T241 
cells occurred in presence of macrophages isolated from Lewis lung carcinoma 
(LLC) cells, engineered to overexpress IL6 and TNFα cytokines. Exclusively in the 
latter case, cancer cells co-localized with macrophages. The same results were 
obtained upon injection of macrophages, differentiated from bone-marrow derived 
monocytes, exposed in vitro to the same cytokines. It was found that only M2 and 
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not M1 macrophages were able to support tumor dissemination. First T241 fi bro-
sarcoma cells were engrafted together with F4/80 + PDL1 + M1 or F4/80 + CD206 + M2 
macrophages isolated from mouse LLC tumors, then the co-injection was per-
formed with primary bone marrow monocytes differentiated towards M1, via LPS 
and IFNy stimulation or skewed towards M2 phenotype using IL4, IL10 and TGFβ. 
Only in presence of isolated M2 macrophages or M2 differentiated monocytes, 
intravasation and formation of single tumor foci was observed. Moreover, T241 
cells were associated to the macrophages with M2 characteristics. The clinical rel-
evance of the fi nding was underlined by isolation of macrophages from different 
human tumor tissues and co-injection with human cancer cells. The ovarian tumor 
cell line OVCAR8 displayed a more aggressive behavior, when co-injected with 
macrophages derived from metastatic human endometrial cancer. Macrophages 
associated to a non-metastatic form of cancer did not contribute to the OVCAR8 
spreading in zebrafi sh. 

 In this way, the zebrafi sh embryo model has allowed the visualization on a whole 
organism level of important dynamics of the early steps of tumor metastasis and the 
role of macrophages, specifi cally with a M2 phenotype, in worsening cancer spread-
ing and consequent patient prognosis [ 91 ].  

    Myeloid Cells Provide Trophic Signals and Sustain Early 
Phases of Malignant Transformation in Zebrafi sh Transgenic 
Models 

 The role of the microenvironment in cancer biology, particularly myeloid cells, has 
been also addressed in the context of zebrafi sh transgenic models to study tumor 
initiation. Parallels in the response of the innate immune system towards wounds 
and transformed cells have been made. Neutrophils and macrophages often associ-
ate with transformed cells through fi lopodia extension and cytoplasmic tethering. 
Similar interactions are found in stromal cells at wound sites. Immune cells appeared 
to display an anti-tumor behavior, as neutrophils broke off membrane parts belong-
ing to transformed cells, while macrophages were able to activate phagocytic mech-
anisms. On the other hand, immune cell recruitment showed important contributions 
in transformed cell proliferation, which was prevented in Pu1 morphants. Hydrogen 
peroxide (H 2 O 2 ) was identifi ed as a trigger that regulated leukocyte accumulation to 
transformed cell as well as damaged tissues [ 92 ]. The recruitment of immune cells 
and their accumulation around transformed cells resemble the acute and chronic 
phase of infl ammation at wounds, suggesting a comparison between cancer and 
never-healing-lesions. Leukocytes sustained tumor cell growth, providing trophic 
signals like prostaglandin PGE 2 . Interestingly, inhibition of the COX-2 enzyme, 
involved in the cascade synthesis of PGE 2 , limited transformed cell growth, linking 
the administration of aspirin, belonging to the non-steroidal anti-infl ammatory class 
of drugs (NSAID), to reduced tumor incidence [ 93 ]. 
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 The recruitment of immune cells, mainly neutrophils, to transformed cells has 
been found to be regulated also by the chemokine signaling, particularly the IL8- 
CXCR2 axis. The outcome of the interaction between neutrophils and transformed 
cells, expressing activated HRas (HRas V12 ), was the induction of epithelial to mes-
enchymal transition (EMT). Snail, slug and vimentin were up-regulated in HRas V12+  
cells, while mmp9 and slug were down-regulated in a  Tg (mpx:mcherry, Rac2   D57N   )  
background, characterized by impaired neutrophil motility towards wounds [ 94 ]. 
Macrophages were also detected in the transformed cell area, but no effect on 
EMT was detected, when their development was impaired as a result of irf8 mor-
pholino knockdown. 

 The CXCL8-CXCR2 axis has been proposed as signaling pathway that mediates 
neutrophil attraction towards transformed cells and regulates the EMT process. 
HRas V12+  cells were found to express IL8 and were surrounded by a lower number 
of neutrophils when CXCR2 signaling was impaired in the host via receptor knock-
down. Moreover CXCR2 signaling inhibition led to a reduced expression of the 
EMT markers. Interestingly, neutrophil recruitment and the EMT activation were 
also affected when CXCR2 was inhibited exclusively in the transformed cells [ 95 ].   

    Conclusions 

 The zebrafi sh embryo model greatly facilitates the study of key mechanisms of 
cancer progression and therefore complements already established in vivo systems 
to study tumor angiogenesis and metastasis. It contributes to the fi eld of tumor biol-
ogy by revealing live tumor-stroma cell interactions and dynamic live cell imaging 
of tumor development in a whole organism. Imaging of single cell interactions is 
relatively easy and allows the visualization of the angiogenic process as well as 
early and late steps of metastasis formation. Zebrafi sh represent a promising model 
to unravel molecular mechanisms that orchestrate metastatic spreading and offers 
the opportunity to develop new therapeutic strategies.     

  Acknowledgments   The authors would like to thank A.H. Meijer for scientifi c discussion and 
P.M. Elks for critical reading of the chapter. The work was supported by the Netherlands 
Organization for Scientifi c Research (TOP GO Grant: 854.10.012).  

   References 

        1.    Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next generation. Cell 
144(5):646–674  

    2.    Amatruda JF, Shepard JL, Stern HM et al (2002) Zebrafi sh as a cancer model system. Cancer 
Cell 1(3):229–231  

    3.    Amatruda JF, Patton EE (2008) Genetic models of cancer in zebrafi sh. Int Rev Cell Mol Biol 
271:1–34  

Imaging Cancer Angiogenesis and Metastasis in a Zebrafi sh Embryo Model



260

    4.    Lam SH, Wu YL, Vega VB et al (2006) Conservation of gene expression signatures between 
zebrafi sh and human liver tumors and tumor progression. Nat Biotechnol 24(1):73–75  

   5.    Mizgireuv IV, Revskoy SY (2006) Transplantable tumor lines generated in clonal zebrafi sh. 
Cancer Res 66(6):3120–3125  

   6.    Spitsbergen JM, Tsai HW, Reddy A et al (2000) Neoplasia in zebrafi sh (Danio rerio) treated 
with 7,12-dimethylbenz[a]anthracene by two exposure routes at different developmental 
stages. Toxicol Pathol 28(5):705–715  

    7.    Spitsbergen JM, Tsai HW, Reddy A et al (2000) Neoplasia in zebrafi sh (Danio rerio) treated 
with N-methyl-N′-nitro-N-nitrosoguanidine by three exposure routes at different develop-
mental stages. Toxicol Pathol 28(5):716–725  

    8.    Neumann JC, Dovey JS, Chandler GL et al (2009) Identifi cation of a heritable model of tes-
ticular germ cell tumor in the zebrafi sh. Zebrafi sh 6(4):319–327  

    9.    Langenau DM, Traver D, Ferrando AA et al (2003) Myc-induced T cell leukemia in transgenic 
zebrafi sh. Science 299(5608):887–890  

    10.    Langenau DM, Keefe MD, Storer NY et al (2007) Effects of RAS on the genesis of embryonal 
rhabdomyosarcoma. Genes Dev 21(11):1382–1395  

    11.    Park SW, Davison JM, Rhee J et al (2008) Oncogenic KRAS induces progenitor cell expansion 
and malignant transformation in zebrafi sh exocrine pancreas. Gastroenterology 
134(7):2080–2090  

    12.    Santoriello C, Defl orian G, Pezzimenti F et al (2009) Expression of H-RASV12 in a zebrafi sh 
model of Costello syndrome causes cellular senescence in adult proliferating cells. Dis Model 
Mech 2(1-2):56–67  

     13.    White RM, Sessa A, Burke C et al (2008) Transparent adult zebrafi sh as a tool for in vivo 
transplantation analysis. Cell Stem Cell 2(2):183–189  

     14.    Konantz M, Balci TB, Hartwig UF et al (2012) Zebrafi sh xenografts as a tool for in vivo stud-
ies on human cancer. Ann N Y Acad Sci 1266:124–137  

    15.    Lam SH, Chua HL, Gong Z et al (2004) Development and maturation of the immune system 
in zebrafi sh, Danio rerio: a gene expression profi ling, in situ hybridization and immunological 
study. Dev Comp Immunol 28(1):9–28  

    16.   Jo DH, Son D, Na Y et al (2013) Orthotopic transplantation of retinoblastoma cells into vitre-
ous cavity of zebrafi sh for screening of anticancer drugs. Mol Cancer 12  

    17.   Eden CJ, Ju B, Murugesan M et al (2014) Orthotopic models of pediatric brain tumors in 
zebrafi sh. Oncogene  

    18.    Tang Q, Abdelfattah NS, Blackburn JS et al (2014) Optimized cell transplantation using adult 
rag2 mutant zebrafi sh. Nat Methods 11(8):821–824  

    19.   Tenente IM, Tang Q, Moore JC et al (2014) Normal and malignant muscle cell transplantation 
into immune compromised adult zebrafi sh. J Vis Exp 94  

    20.    Carmeliet P, Jain RK (2000) Angiogenesis in cancer and other diseases. Nature 
407(6801):249–257  

     21.    Gacche RN, Meshram RJ (2014) Angiogenic factors as potential drug target: effi cacy and limi-
tations of anti-angiogenic therapy. Biochim Biophys Acta 1846(1):161–179  

    22.    Ferrara N, Gerber HP, LeCouter J (2003) The biology of VEGF and its receptors. Nat Med 
9(6):669–676  

    23.    Gerhardt H, Golding M, Fruttiger M et al (2003) VEGF guides angiogenic sprouting utilizing 
endothelial tip cell fi lopodia. J Cell Biol 161(6):1163–1177  

    24.    Wilkinson RN, van Eeden FJM (2014) The zebrafi sh as a model of vascular development and 
disease. Prog Mol Biol Transl Sci 124:93–122  

    25.    Caduff JH, Fischer LC, Burri PH (1986) Scanning electron-microscope study of the develop-
ing microvasculature in the postnatal rat lung. Anat Rec 216(2):154–164  

   26.    Burri PH, Tarek MR (1990) A novel mechanism of capillary growth in the rat pulmonary 
microcirculation. Anat Rec 228(1):35–45  

    27.    Hlushchuk R, Makanya AN, Djonov V (2011) Escape mechanisms after antiangiogenic treat-
ment, or why are the tumors growing again? Int J Dev Biol 55(4-5):563–567  

C. Tulotta et al.



261

    28.    Germain S, Monnot C, Muller L et al (2010) Hypoxia-driven angiogenesis: role of tip cells and 
extracellular matrix scaffolding. Curr Opin Hematol 17(3):245–251  

    29.    Bertout JA, Patel SA, Simon MC (2008) The impact of O2 availability on human cancer. Nat 
Rev Cancer 8(12):967–975  

    30.    Goswami S, Sahai E, Wyckoff JB et al (2005) Macrophages promote the invasion of breast 
carcinoma cells via a colony-stimulating factor-1/epidermal growth factor paracrine loop. 
Cancer Res 65(12):5278–5283  

    31.    Wyckoff JB, Wang Y, Lin EY et al (2007) Direct visualization of macrophage-assisted tumor 
cell intravasation in mammary tumors. Cancer Res 67(6):2649–2656  

    32.    Zervantonakis IK, Hughes-Alford SK, Charest JL et al (2012) Three-dimensional microfl uidic 
model for tumor cell intravasation and endothelial barrier function. Proc Natl Acad Sci U S A 
109(34):13515–13520  

     33.    Fein MR, Egeblad M (2013) Caught in the act: revealing the metastatic process by live imag-
ing. Dis Model Mech 6(3):580–593  

    34.    Folkman J (1971) Tumor angiogenesis: therapeutic implications. N Engl J Med 
285(21):1182–1186  

       35.    Staton CA, Reed MW, Brown NJ (2009) A critical analysis of current in vitro and in vivo 
angiogenesis assays. Int J Exp Pathol 90(3):195–221  

    36.    Vogel HB, Berry RG (1975) Chorioallantoic membrane heterotransplantation of human brain 
tumors. Int J Cancer 15(3):401–408  

    37.    Ribatti D (2014) The chick embryo chorioallantoic membrane as a model for tumor biology. 
Exp Cell Res 328(2):314–324  

    38.    Verheul HM, Pinedo HM (2007) Possible molecular mechanisms involved in the toxicity of 
angiogenesis inhibition. Nat Rev Cancer 7(6):475–485  

    39.    Estanqueiro M, Amaral MH, Conceicao J et al (2015) Nanotechnological carriers for cancer 
chemotherapy: the state of the art. Colloids Surf B Biointerfaces 126:631–648  

    40.    Lawson ND, Weinstein BM (2002) In vivo imaging of embryonic vascular development using 
transgenic zebrafi sh. Dev Biol 248(2):307–318  

    41.    Wang Y, Pan L, Moens CB et al (2014) Notch3 establishes brain vascular integrity by regulat-
ing pericyte number. Development 141(2):307–317  

    42.    Traver D, Paw BH, Poss KD et al (2003) Transplantation and in vivo imaging of multilineage 
engraftment in zebrafi sh bloodless mutants. Nat Immunol 4(12):1238–1246  

     43.    Renshaw SA, Loynes CA, Trushell DM et al (2006) A transgenic zebrafi sh model of neutro-
philic infl ammation. Blood 108(13):3976–3978  

    44.    Ellett F, Pase L, Hayman JW et al (2011) mpeg1 promoter transgenes direct macrophage- 
lineage expression in zebrafi sh. Blood 117(4):e49–e56  

    45.    Nicoli S, Presta M (2007) The zebrafi sh/tumor xenograft angiogenesis assay. Nat Protoc 
2(11):2918–2923  

    46.    Nicoli S, Ribatti D, Cotelli F et al (2007) Mammalian tumor xenografts induce neovasculariza-
tion in zebrafi sh embryos. Cancer Res 67(7):2927–2931  

    47.    Nicoli S, De Sena G, Presta M (2009) Fibroblast growth factor 2-induced angiogenesis in 
zebrafi sh: the zebrafi sh yolk membrane (ZFYM) angiogenesis assay. J Cell Mol Med 
13(8B):2061–2068  

    48.    Zhao C, Wang X, Zhao Y et al (2011) A novel xenograft model in zebrafi sh for high-resolution 
investigating dynamics of neovascularization in tumors. PLoS One 6(7), e21768  

     49.    van der Ent W, Jochemsen AG, Teunisse AF et al (2014) Ewing sarcoma inhibition by disrup-
tion of EWSR1-FLI1 transcriptional activity and reactivation of p53. J Pathol 233(4):415–424  

    50.    Vitale G, Gaudenzi G, Dicitore A et al (2014) Zebrafi sh as an innovative model for neuroen-
docrine tumors. Endocr Relat Cancer 21(1):R67–R83  

     51.    Haldi M, Ton C, Seng WL et al (2006) Human melanoma cells transplanted into zebrafi sh 
proliferate, migrate, produce melanin, form masses and stimulate angiogenesis in zebrafi sh. 
Angiogenesis 9(3):139–151  

Imaging Cancer Angiogenesis and Metastasis in a Zebrafi sh Embryo Model



262

    52.    Lee SL, Rouhi P, Dahl Jensen L et al (2009) Hypoxia-induced pathological angiogenesis medi-
ates tumor cell dissemination, invasion, and metastasis in a zebrafi sh tumor model. Proc Natl 
Acad Sci U S A 106(46):19485–19490  

    53.    Tobia C, Gariano G, De Sena G et al (2013) Zebrafi sh embryo as a tool to study tumor/endothelial 
cell cross-talk. Biochim Biophys Acta 1832(9):1371–1377  

         54.    He S, Lamers GE, Beenakker JW et al (2012) Neutrophil-mediated experimental metastasis is 
enhanced by VEGFR inhibition in a zebrafi sh xenograft model. J Pathol 227(4):431–445  

    55.    Wu Q, Deng S, Li L et al (2013) Biodegradable polymeric micelle-encapsulated quercetin sup-
presses tumor growth and metastasis in both transgenic zebrafi sh and mouse models. Nanoscale 
5(24):12480–12493  

    56.    Wu Q, Li G, Deng S et al (2014) Enhanced antitumor activity and mechanism of biode gradable 
polymeric micelles-encapsulated chetomin in both transgenic zebrafi sh and mouse models. 
Nanoscale 6(20):11940–11952  

    57.    Harfouche R, Basu S, Soni S et al (2009) Nanoparticle-mediated targeting of phosphatidylinositol-
3-kinase signaling inhibits angiogenesis. Angiogenesis 12(4):325–338  

    58.    Matsumura Y, Maeda H (1986) A new concept for macromolecular therapeutics in cancer 
chemotherapy: mechanism of tumoritropic accumulation of proteins and the antitumor agent 
smancs. Cancer Res 46(12 Pt 1):6387–6392  

    59.    Torchilin V (2011) Tumor delivery of macromolecular drugs based on the EPR effect. Adv 
Drug Deliv Rev 63(3):131–135  

    60.    Brambilla D, Luciani P, Leroux JC (2014) Breakthrough discoveries in drug delivery technolo-
gies: the next 30 years. J Control Release 190:9–14  

     61.    Stoletov K, Kato H, Zardouzian E et al (2010) Visualizing extravasation dynamics of meta-
static tumor cells. J Cell Sci 123(Pt 13):2332–2341  

     62.    Stoletov K, Montel V, Lester RD et al (2007) High-resolution imaging of the dynamic 
tumor cell vascular interface in transparent zebrafi sh. Proc Natl Acad Sci U S A 104(44):
17406–17411  

    63.    Wells A, Chao YL, Grahovac J et al (2011) Epithelial and mesenchymal phenotypic switchings 
modulate cell motility in metastasis. Front Biosci (Landmark Ed) 16:815–837  

    64.    Yang J, Weinberg RA (2008) Epithelial-mesenchymal transition: at the crossroads of develop-
ment and tumor metastasis. Dev Cell 14(6):818–829  

    65.    Quail DF, Joyce JA (2013) Microenvironmental regulation of tumor progression and metasta-
sis. Nat Med 19(11):1423–1437  

    66.    Gay LJ, Felding-Habermann B (2011) Contribution of platelets to tumour metastasis. Nat Rev 
Cancer 11(2):123–134  

      67.    Weinberg RA (2007) The biology of cancer. Garland Science, New York  
    68.    Comen E, Norton L, Massague J (2011) Clinical implications of cancer self-seeding. Nat Rev 

Clin Oncol 8(6):369–377  
    69.    Paget S (1989) The distribution of secondary growths in cancer of the breast. 1889. Cancer 

Metastasis Rev 8(2):98–101  
    70.    Vandercappellen J, Van Damme J, Struyf S (2008) The role of CXC chemokines and their 

receptors in cancer. Cancer Lett 267(2):226–244  
    71.    Vella LJ (2014) The emerging role of exosomes in epithelial-mesenchymal-transition in can-

cer. Front Oncol 4:361  
    72.   Ritsma L, Steller EJA, Beerling E et al (2012) Intravital microscopy through an abdominal 

imaging window reveals a pre-micrometastasis stage during liver metastasis. Sci Transl Med 
4(158)  

    73.    Zhou ZN, Boimel PJ, Segall JE (2011) Tumor-stroma: in vivo assays and intravital imaging to 
study cell migration and metastasis. Drug Discov Today Dis Models 8(2-3):95–112  

    74.    Kienast Y, von Baumgarten L, Fuhrmann M et al (2010) Real-time imaging reveals the single 
steps of brain metastasis formation. Nat Med 16(1):116–122  

    75.    Wagner WW Jr (1969) Pulmonary microcirculatory observations in vivo under physiological 
conditions. J Appl Physiol 26(3):375–377  

C. Tulotta et al.



263

    76.    Tanaka K, Morimoto Y, Toiyama Y et al (2012) In vivo time-course imaging of tumor angio-
genesis in colorectal liver metastases in the same living mice using two-photon laser scanning 
microscopy. J Oncol 2012:265487  

    77.    Qian BZ, Li J, Zhang H et al (2011) CCL2 recruits infl ammatory monocytes to facilitate 
breast-tumour metastasis. Nature 475(7355):222–225  

    78.    Klemm F, Joyce JA (2015) Microenvironmental regulation of therapeutic response in cancer. 
Trends Cell Biol 25:198–213  

    79.    Ghotra VP, He S, de Bont H et al (2012) Automated whole animal bio-imaging assay for 
human cancer dissemination. PLoS One 7(2), e31281  

    80.    Ghotra VP, He S, van der Horst G et al (2015) SYK is a candidate kinase target for the treat-
ment of advanced prostate cancer. Cancer Res 75(1):230–240  

    81.    Ban J, Aryee DN, Fourtouna A et al (2014) Suppression of deacetylase SIRT1 mediates tumor- 
suppressive NOTCH response and offers a novel treatment option in metastatic Ewing sar-
coma. Cancer Res 74(22):6578–6588  

    82.    van der Ent W, Burrello C, Teunisse AF et al (2014) Modeling of human uveal melanoma in 
zebrafi sh xenograft embryos. Invest Ophthalmol Vis Sci 55(10):6612–6622  

    83.    Chapman A, Fernandez del Ama L, Ferguson J et al (2014) Heterogeneous tumor subpopula-
tions cooperate to drive invasion. Cell Rep 8(3):688–695  

    84.    Bansal N, Davis S, Tereshchenko I et al (2014) Enrichment of human prostate cancer cells with 
tumor initiating properties in mouse and zebrafi sh xenografts by differential adhesion. Prostate 
74(2):187–200  

    85.    Yang XJ, Cui W, Gu A et al (2013) A novel zebrafi sh xenotransplantation model for study of 
glioma stem cell invasion. PLoS One 8(4), e61801  

    86.    Rampazzo E, Persano L, Pistollato F et al (2013) Wnt activation promotes neuronal differen-
tiation of glioblastoma. Cell Death Dis 4, e500  

    87.    Kitambi SS, Toledo EM, Usoskin D et al (2014) Vulnerability of glioblastoma cells to cata-
strophic vacuolization and death induced by a small molecule. Cell 157(2):313–328  

      88.    Drabsch Y, He S, Zhang L et al (2013) Transforming growth factor-beta signalling controls 
human breast cancer metastasis in a zebrafi sh xenograft model. Breast Cancer Res 15(6):R106  

    89.    Naber HP, Drabsch Y, Snaar-Jagalska BE et al (2013) Snail and Slug, key regulators of TGF- 
beta- induced EMT, are suffi cient for the induction of single-cell invasion. Biochem Biophys 
Res Commun 435(1):58–63  

    90.    Chen AT, Zon LI (2009) Zebrafi sh blood stem cells. J Cell Biochem 108(1):35–42  
    91.    Wang J, Cao Z, Zhang XM et al (2015) Novel mechanism of macrophage-mediated metastasis 

revealed in a zebrafi sh model of tumor development. Cancer Res 75(2):306–315  
    92.    Feng Y, Santoriello C, Mione M et al (2010) Live imaging of innate immune cell sensing of 

transformed cells in zebrafi sh larvae: parallels between tumor initiation and wound infl amma-
tion. PLoS Biol 8(12), e1000562  

    93.    Feng Y, Renshaw S, Martin P (2012) Live imaging of tumor initiation in zebrafi sh larvae 
reveals a trophic role for leukocyte-derived PGE(2). Curr Biol 22(13):1253–1259  

    94.    Deng Q, Yoo SK, Cavnar PJ et al (2011) Dual roles for Rac2 in neutrophil motility and active 
retention in zebrafi sh hematopoietic tissue. Dev Cell 21(4):735–745  

    95.    Freisinger CM, Huttenlocher A (2014) Live imaging and gene expression analysis in zebrafi sh 
identifi es a link between neutrophils and epithelial to mesenchymal transition. PLoS One 
9(11), e112183  

    96.    Jin SW, Beis D, Mitchell T et al (2005) Cellular and molecular analyses of vascular tube and 
lumen formation in zebrafi sh. Development 132(23):5199–5209  

    97.    Wang Y, Kaiser MS, Larson JD et al (2010) Moesin1 and Ve-cadherin are required in endothe-
lial cells during in vivo tubulogenesis. Development 137(18):3119–3128    

Imaging Cancer Angiogenesis and Metastasis in a Zebrafi sh Embryo Model



265© Springer International Publishing Switzerland 2016 
D.M. Langenau (ed.), Cancer and Zebrafi sh, Advances in Experimental 
Medicine and Biology 910, DOI 10.1007/978-3-319-30654-4_12

      Allograft Cancer Cell Transplantation 
in Zebrafi sh                     

       John     C.     Moore      and     David     M.     Langenau    

    Abstract     Allogeneic cell transplantation is the transfer of cells from one individual 
into another of the same species and has become an indispensable technique for 
studying development, immunology, regeneration and cancer biology. In experi-
mental settings, tumor cell engraftment into immunologically competent recipients 
has greatly increased our understanding of the mechanisms that drive self-renewal, 
progression and metastasis in vivo. Zebrafi sh have quickly emerged as a powerful 
genetic model of cancer that has benefi ted greatly from allogeneic transplantation. 
Effi cient engraftment can be achieved by transplanting cells into either early larval 
stage zebrafi sh that have not yet developed a functional acquired immune system or 
adult zebrafi sh following radiation or chemical ablation of the immune system. 
Alternatively, transplantation can be completed in adult fi sh using either clonal syn-
geneic strains or newly-generated immune compromised zebrafi sh models that have 
mutations in genes required for proper immune cell function. Here, we discuss the 
current state of cell transplantation as it pertains to zebrafi sh cancer and the avail-
able models used for dissecting important processes underlying cancer. We will 
also use the zebrafi sh model to highlight the power of cell transplantation, including 
its capacity to dynamically assess functional heterogeneity within individual cancer 
cells, visualize cancer progression and evolution, assess tumor-propagating poten-
tial and self-renewal, image cancer cell invasion and dissemination and identify 
novel therapies for treating cancer.  
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      Introduction 

 The ability to perform allogeneic cell transplantation has profoundly impacted our 
understanding of stem cell biology and cancer. Allogeneic transplantation is the 
transfer of cells, organs or tissues from one individual into another of the same spe-
cies. Nearly a century ago, Spemann and Mangold pioneered the use of allogeneic 
transplantation in embryonic salamanders to demonstrate the inductive properties of 
the vertebrate organizer [ 1 ]. Around the same time, Little developed mouse strains 
that allowed effi cient engraftment of tumors between animals, thereby initiating an 
entirely new approach to understanding cancer processes and identifying malignant 
cells [ 2 ]. The culmination of allogeneic transplantation occurred with the fi rst suc-
cessful kidney transplant between human twins [ 3 ], which proved the procedure 
could have not only profound effects on our understanding of disease but also the 
potential for clinical applications. Following successful organ transplantation, hema-
topoietic stem cell transplantation was shown to be an effective treatment for radia-
tion-induced immune cell ablation and a durable cure for hematological malignancies 
[ 4 ,  5 ]. Today, cellular transplantation remains an indispensable research tool in the 
fi elds of development, immunology, regeneration and cancer biology. Transplantation 
studies have become the gold standard for identifying stem and progenitor cells in 
various tissues and assessing regenerative capacity. More specifi cally, tumor cell 
engraftment has become a powerful experimental platform for revealing the mecha-
nistic intricacies of self-renewal, homing, migration and malignancy in vivo. 

 The zebrafi sh has a number of qualities that make it an excellent transplantation 
model for understanding cancer’s cellular and molecular mechanisms. Zebrafi sh pro-
duce externally fertilized, transparent embryos that greatly facilitate high- throughput 
chemical and genetic screens. These screens, when coupled with high- content imag-
ing, can be used to study developmental and/or oncogenic processes. Additionally, 
zebrafi sh are highly fecund, yielding large numbers of donor and recipient fi sh for 
transplantation experiments. The ability to genetically manipulate zebrafi sh through 
knockdowns, knockouts and transgenesis has greatly enhanced our ability to create 
and characterize new cancer models. To date, there are a myriad of chemically- and 
genetically-induced zebrafi sh cancer models, including T and B cell leukemia [ 6 – 8 ], 
Acute Myeloid Leukemia [ 9 ], melanoma [ 10 – 12 ], neuroblastoma [ 13 ], malignant 
peripheral nerve sheath tumors [ 14 – 16 ], liver tumors [ 17 ,  18 ], pancreatic tumors [ 17 , 
 19 – 21 ], germ cell tumors [ 22 ] and sarcoma [ 23 ]. Importantly, these models are 
derived by manipulating oncogenes and tumor suppressors found in human cancers. 
Zebrafi sh tumors share histopathologic and molecular similarity to human cancers 
[ 10 ,  23 – 25 ], highlighting the evolutionarily conserved programs that drive malig-
nancy in vertebrates. The transplantability of zebrafi sh cancers has enabled this 
model to serve as a robust platform for probing mechanisms of initiation, clonal 
evolution, metastasis, relapse and self-renewal in a variety of tumor sub-types. 

 In this chapter, we will discuss the models and techniques currently being used 
for allogeneic cancer cell transplantation in the zebrafi sh. We will also explore how 
tumor cell transplantation allows us to dissect certain cancer processes that would be 
impossible to study with other model organisms. Lastly, we will look to the future of 
transplantation techniques in the zebrafi sh and outline ongoing challenges.  
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    Zebrafi sh Allogeneic Transplantation Models 

 Because it actively scans for and neutralizes foreign cells, the vertebrate immune 
system is the biggest challenge to transplantation approaches in the zebrafi sh. The 
zebrafi sh has fully functional innate and adaptive immune systems by 21 days of 
life [ 26 ,  27 ]. Thus, long-term transplantation studies spanning into adulthood 
require immune-suppression and/or histocompatible tolerance. Research in the 
mouse has pioneered allogeneic transplantation techniques, including inbreeding to 
genetic homozygosity resulting in syngeneic mouse strains, chemical immunosup-
pression, radiation-induced immunosuppression and genetic ablation to modify 
immune cell function. Allogeneic transplantation techniques in the zebrafi sh have 
also taken advantage of these and other approaches, each of which has its own 
strengths and disadvantages, which are discussed below and highlighted in Fig.  1 .

      Embryonic Transplantation 

 Cellular transplantation into embryonic and larval-stage zebrafi sh is a useful way to 
study cancer because the larval fi sh are relatively transparent and lack competent 
adaptive immune systems until 3 weeks post fertilization [ 28 ]. Larval fi sh are most 
often used for xenotransplanting human and mouse cancer cell lines and provide an 
accessible platform for visualizing complex behaviors including engraftment, neo- 
vascularization, proliferation, migration and therapeutic response. Embryonic 
transplantation into zebrafi sh has several benefi ts beyond immune competency. The 
embryos are small in size, thereby facilitating high-throughput chemical screens 
using automated bio-imaging and allows the direct visualization of cellular pro-
cesses [ 29 ,  30 ]. However, growth kinetics and tumor stage must be considered when 
transplanting into larval zebrafi sh. For example, the human melanoma line C8161-
RFP engrafts when injected into blastula-stage zebrafi sh embryos but does not form 
tumors [ 31 ]. In contrast, the WM-266-4 human melanoma cell line forms visible 
tumors by 7 days post injection when transplanted into the 2-day-old yolk sack of 
zebrafi sh embryos [ 32 ]. 

 One of the fi rst reported allogeneic transplantation into larval zebrafi sh was a 
Myc-transgenic T-cell acute lymphoblastic leukemia (T-ALL) [ 6 ]. T cells were gen-
erated to transgenically express GFP fused in frame with the mouse  c - Myc  gene 
under control of the zebrafi sh  rag2  promoter. T-ALL developed after 30 days of life 
and could be transplanted into the sinus venous of non-immune matched, 2-day-old 
embryos. Of the 25 fi sh that engrafted T-ALL by 5 dpf, only one developed leukemia 
by 44 days post injection, a result that indicated the fi sh were not likely fully toler-
ized to engrafted cells. Subsequent experiments engrafting solid tumors into 2-day 
old fi sh also suggested innate immunity plays an important role in clearing engrafted 
tumor cells (Ignatius and Langenau, unpublished observation). In addition to low 
engraftment rates, transplantation into larval zebrafi sh has other distinct disadvan-
tages. The small size of larval-stage zebrafi sh prevents the engraftment of large num-
bers of cancer cells, with most studies engrafting only 25–100 cells/fi sh [ 33 ]. 
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In mice, >1 × 10 6  cells are usually required to generate palpable tumors [ 34 ], which 
raises concerns that embryo transplantation experiments may not directly study 
long-term engrafting tumor propagating cells. Moreover, analyzing the full comple-
ment of immune cell interactions within the tumor microenvironment is impossible 
with larval-stage engraftment because fi sh lack functional T and B cells. Fortunately, 
some of these problems have been overcome by the development of immunologi-
cally tolerant adult transplantation models.  

  Fig. 1    Allogeneic cell transplantation approaches utilized in zebrafi sh       
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    Cell Transplantation Following Immunosuppression 

 Allogeneic cancer cell engraftment into adult zebrafi sh can be completed following 
immune suppression using either γ-irradiation or dexamethasone treatment. In a 
technique pioneered by Traver et al., zebrafi sh were treated with graded doses of 
γ-irradiation to identify a single sub-lethal radiation dose of 20–25 Gy, which results 
in immune suppression and 90 % survival [ 35 ]. These experiments went on to dem-
onstrate that hematopoiesis is reinitiated by 12 days post-irradiation, and the mar-
row is fully restored by 20 days post irradiation. These studies were the fi rst to show 
that irradiation can lead to immune suppression in the zebrafi sh and made possible 
engraftment of both hematopoietic and cancerous tissues [ 6 ,  35 ,  36 ]. One major 
pitfall of this approach is that once the immune system recovers, by 20 days post 
transplantation, it kills engrafted cells, thereby preventing long-term analysis of 
cancer cell engraftment [ 36 ]. Alternatively, the immune system can be chemically 
ablated using the steroidal compound dexamethasone before cancer cell engraft-
ment. For example, the Klemke group has shown that human tumor cells engraft 
into 25–35 day old zebrafi sh continually dosed with dexamethasone [ 37 ]. 
Dexamethasone treatment ablates T and B cells and can effectively kill T cells in 
larval zebrafi sh [ 38 ,  39 ]. Immune ablation with dexamethasone is effective for solid 
tumor transplantation approaches but not lymphoid leukemias [ 39 ,  40 ]. 

 The strategies detailed above utilize cancer cell engraftment following transient 
ablation of the immune system, which presents several problems. Firstly, the immune 
system recovers following γ-irradiation and causes rejection. Thus, long- term analy-
ses of tumor growth in engrafted fi sh is not possible [ 35 ,  36 ]. Secondly, ineffi cient 
immune system ablation and subsequent recovery kills tumor cells, resulting in vast 
underestimation of tumor-initiating cell frequency [ 36 ]. Further, outbred and poly-
morphic zebrafi sh strains are differentially sensitivity to γ-irradiation, adding vari-
ability and complicating data analysis. For example,  casper  strain zebrafi sh lack 
γ-irradiation absorbing melanophores and are much more sensitive to γ-irradiation. 
Adult caper-strain zebrafi sh do not survive following γ-irradiation doses of 25 Gy. 
The absence of an immune cell response following γ-irradiation also precludes the 
study of tumor/immune cell interactions and prevents the screening of immunologi-
cally-mediated therapeutic compounds. Despite their numerous disadvantages, irra-
diation and chemical ablation of the immune system allow effi cient engraftment of 
cancers from non-immune-matched fi sh. This is crucial because many zebrafi sh 
tumor models are not derived from clonal, syngeneic zebrafi sh lines, and engraft-
ment into immune-matched zebrafi sh is neither widely used nor feasible for most 
laboratories at this time [ 41 ].  

    Clonal (Syngeneic) Zebrafi sh Models 

 Streisinger et al. reported the fi rst vertebrate clone through parthenogenesis, for-
ever solidifying the zebrafi sh as a genetic model three decades ago [ 42 ]. The 
Revskoy laboratory has since applied similar in vitro fertilization and heat shock 
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techniques to create clonal, syngeneic zebrafi sh [ 17 ,  43 ,  44 ]. Cancers arising in 
syngeneic donors can be directly transplanted into a sibling recipient without elic-
iting an immune response or regression. Importantly, transplanting into syngeneic 
donors precludes the need for irradiation or dexamethasone pre-conditioning [ 36 ]. 
Developing a clonal zebrafi sh line starts with in vitro fertilization using 
UV-inactivated sperm. The eggs are then subjected to heat shock prior to the fi rst 
cell division in order to prevent cytokinesis and produce gynogenic diploid ani-
mals that can be raised to adulthood. Later eggs are harvested from adult gyno-
genic diploid females and in vitro fertilized with UV-irradiated sperm followed by 
heatshock. The resulting progeny are genetically identical and can be maintained 
by incrossing siblings or backcrossing to founder females [ 17 ]. Remarkably, a 
subset of clonal fi sh lines are viable and fertile, and genetically similar enough to 
allow high-throughput serial transplantation of various tumors [ 36 ,  43 ,  44 ]. The 
Revskoy laboratory, for example, initially demonstrated the utility of using clonal 
zebrafi sh lines by serially transplanting  N -nitrosodiethylamine-induced primary 
hepatic and pancreatic carcinomas into syngeneic recipient fi sh [ 44 ]. These lines 
have been invaluable for quantifying self-renewal potential and long-term 
 engraftment [ 24 ,  36 ,  40 ,  45 – 48 ]. 

 Because the donor and recipient have fully competent, matched immune sys-
tems, tumor transplantation using syngeneic zebrafi sh facilitates long-term tumor 
engraftment and allows researchers to analyze interactions between immune cells 
and tumor microenvironment. In addition, large-scale high-throughput transplanta-
tion into adults or embryos affords a convenient and robust platform for in vivo 
chemical and genetic screens. Moreover, the successful transplantation of 
fl uorescently- labeling cancers allows unparalleled access to visualize tumor pro-
cesses in vivo. Nevertheless, the approach is far from ideal: only tumors made in 
clonal zebrafi sh lines will readily transplant into related recipients, and the limited 
number of lines prevents the research community from adopting the approach more 
broadly [ 17 ,  24 ,  36 ,  40 ,  43 – 48 ].  

    Immune Compromised Transplantation Models 

 Immune compromised mice are commonly used to engraft normal and malignant 
cells. The fi rst model utilized for cell transplantation was the nude mouse, which har-
bors a point mutation in the  Forkhead box N1  ( Foxn1 ) gene [ 49 ,  50 ]. Foxn1 is required 
for thymic epithelium function and is critical for T cell maturation. This mutation 
caused concomitant loss of T-cell differentiation and consequently inhibited the adap-
tive immune response [ 51 ]. However, because nude mice retain limited T cell func-
tion, especially as they mature, this model is only partially immune compromised. To 
create mice that completely lack T and B cell-mediated adaptive immunity required 
the removal of functional  Recombination activation gene 1 / 2  ( Rag1  and  Rag2 ) 
or  Protein Kinase ,  DNA - Activated ,  Catalytic Polypeptide  ( Prkdc ,  SCID ) [ 52 – 54 ]. 
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These genes are required to V(D)J recombination and the production of functional T 
and B cell receptors. To date, no one genetic mutation has resulted in ablation of both 
the adaptive and innate immune system. Thus, compound mutants have been created 
that lack T, B, and NK cells. Currently, the most immune defi cient mouse is the  NSG  
( N OD.Cg-prkdc  s cid Il2r g  tm1Wjl ) model with mutations in three genes [ 55 ]: the Non-
Obese Diabetic (NOD) mutation exhibits multiple immunophenotypes including 
defects in the hemolytic complement system; the  Prkdc  mutation effectively abro-
gates T and B cells by stopping non-homologous end joining repair required for V(D)
J recombination; the  interleukin 2 receptor ,  gamma  ( Il2rg ) mutation prevents NK-cell 
maturation. Combining these mutations within a single animal eliminates both innate 
and adaptive immune response. Allogeneic transplantation and xenotransplantation 
into the NSG model has quickly become the preferred model to test tumor malignancy 
and assess new therapeutic strategies in human cancer, now widely considered an 
obligatory step in pre-clinical modeling studies. Transplantation into genetically 
immune compromised mice has reached a maturity only now being realized in the 
zebrafi sh. For example, new models of immune compromised zebrafi sh (ICZ) are fast 
becoming available, largely due to the development of facile genome editing 
approaches [ 56 – 66 ]. 

 There are several zebrafi sh mutants with impaired immune cell function, but 
few have been used for cell transplantation [ 27 ]. In fact, the fi rst targeted muta-
tion created in zebrafi sh was the  recombinant activating gene 1  ( rag1 ) [ 67 ]. This 
mutation was identifi ed from ENU-mutagenized progeny and Targeting Induced 
Local Lesions in Genomes (TILING). The zebrafi sh  rag1  mutant contains a frame 
shift mutation causing a premature stop codon that impairs receptor recombina-
tion and T and B cell function. However, the mutant line proved diffi cult to main-
tain and consequently is not widely used as a transplantation model. Another 
mutation involves the  v - myb avian myeloblastosis viral oncogene homolog  (myb) 
gene, which is a transcription factor required for defi nitive hematopoiesis and 
maintenance of hematopoietic stem cells [ 68 ]. Zebrafi sh  myb  mutants are anemic 
and die 2–3 months post-fertilization, but they can be readily transplanted with 
allogeneic hematopoietic stem cells without the need for pre-conditioning [ 69 ]. 
Immune system reconstitution with wild type hematopoietic stem and progenitor 
cells can rescue the early lethality phenotype. Although these fi sh are clearly 
immune defi cient, their usefulness in cancer cell transplantation as adults is lim-
ited by death resulting from marrow failure and anemia. Cancer engraftment 
studies using early embryonic or larval stage transplantation in this line have yet 
to be reported. 

 Our group recently used Zinc-Finger nucleases to create mutants in the  rag2  loci 
[ 70 ]. We engineered mutations into the plant homeodomain (PHD), causing a frame 
shift mutation that resulted in a premature stop codon. Mutations in the PHD domain 
disrupt the ability of Rag2 to gain access to the chromatin and partially impair V(D)
J recombination in vivo [ 71 ], thus preventing T and B cell maturation. The zebrafi sh 
 rag2   E450fs   mutation produces a hypomorphic protein that results in loss of T cells and 
a variable reduction in differentiated B cells, yet  rag2   E450fs   mutant zebrafi sh are still 
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viable and fertile. The  rag2   E450fs   mutant zebrafi sh robustly engraft both normal and 
malignant cells without the need for immunosuppressive preconditioning or MHC 
matching [ 70 ,  72 ]. For example, primary T-ALL, rhabdomyosarcoma (RMS) and 
melanoma engraft following injection into the peritoneal cavity (see Fig.  2a–d ). 
Importantly, homozygous  rag2   E450fs   mutants can be reared under normal laboratory 
conditions, and engrafted tumors do not regress over time. Despite these lines util-
ity, we also clearly need to continue refi ning transplantation models. For example, 
combining NK defi cient lines with animals that lack an adaptive immune system 
will likely provide even better models for engrafting both zebrafi sh and mammalian 
cells. Moreover, our initial work created  rag2   E450fs   mutant fi sh in the pigmented, AB 
strain, which mostly precludes tracking single cancer cells in vivo. Creating the 
second generation of optically clear immune compromised lines will likely be 
invaluable for tracking invasion, metastasis, stem cell function and therapy responses 
in vivo at single cell resolution [ 73 ].

  Fig. 2    Engraftment of zebrafi sh tumors into immune-compromised  rag2   E450fs   mutant zebrafi sh. 
Donor tumors used for cell transplantation ( left panels ). Wild-type and  rag2   E450fs   mutant recipient 
animals 30 days after cell transplantation ( three right panels ). ( a ) dsRED-labeled  Myc -induced 
T-ALL arising in TuAB strain fi sh, ( b ) zsYellow-labeled T-ALL from CG1-strain fi sh, ( c ) GFP- 
labeled embryonal rhabdomyosarcoma (ERMS) from CG1-strain fi sh and ( d )  mitfa  and  BRAF   V600E   
induced melanoma arising in  p53 -defi cient  nacre  strain fi sh. Transplanted tumor histology ( a – d , 
 extreme right panels ), images of whole kidney marrow sections ( a ), leukemia cytospins ( b ) and 
tumor cell infi ltrates into skeletal muscle ( c ,  d ). Scale bars in fi sh images are 2 mm, and histopa-
thology images are 25 μm ( a ), 20 μm ( b ) and 50 μm ( c ,  d ). Figure modifi ed from [ 70 ]       
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        Understanding Cancer Processes Through Allogeneic Cell 
Transplantation 

 Numerous zebrafi sh allogeneic transplantation studies have helped increase our 
understanding of the cellular and genetic mechanisms driving tumor progression 
while also providing a platform for drug discovery. Allogeneic cell transplantation 
experiments have been predominantly performed in adult transplant recipient fi sh. 
Broadly speaking, carefully executed transplantation experiments can increase our 
knowledge of the cellular and molecular mechanisms of malignant disease. 
Experimental considerations and detailed protocols for processing and transplant-
ing normal and malignant cells into adult fi sh have been published elsewhere [ 45 , 
 72 ,  74 ,  75 ], but an abridged workfl ow can be found in Fig.  3a–e .

      Allogeneic Cell Transplantation to Establish Tumorigenicity 

 The most common use for zebrafi sh cell transplantation is to study malignancy, 
which is defi ned in part by tumorigenic cells ability to grow in secondary recipients 
The fi rst published transgenic zebrafi sh cancer model used the lymphocyte-specifi c 
 rag2  promoter to express a GFP fusion with the mouse  c - myc  gene [ 6 ]. These trans-
genic animals developed T-cell acute lymphoblastic leukemia (T-ALL) that initiated 
in thymic T cells, spread to the marrow and extended to the periphery. Importantly, 
leukemic cells isolated from these fi sh readily engrafted into irradiated recipients. 
T-ALL cells were fi rst visualized in engrafted fi sh at the site of injection and were 
then observed spreading throughout the peritoneal cavity. Transplanted leukemia 
cells also homed to the thymus while retaining the phenotypic characteristics of the 
donor cells. Similarly, a transgenic zebrafi sh expressing TEL-AML1 oncogenic 
fusion resulted in B cell acute lymphoblastic leukemia, which also demonstrated 
serial transplantability [ 8 ]. Melanomas, rhabdomyosarcoma, neuroblastoma, hepa-
tocellular carcinomas and pancreatic carcinoma have all been engrafted into irradi-
ated donor animals, as well as into syngeneic and immune compromised fi sh [ 44 , 
 48 ,  70 ,  76 ]. These experiments validate that tumors are fully transformed rather than 
premalignant lesions or hyperproliferative disorders. These assays have shown that 
myeloproliferative disorders are unable to serially transplant into recipient fi sh [ 77 ]. 
Moreover, zebrafi sh Notch-induced leukemias contain multiple pre-malignant 
clones that cannot be serially transplanted into recipient fi sh [ 24 ]. In total, cell trans-
plantation has been an important tool for assessing tumorigenicity.  

    Progression and Evolution 

 Cancer progression from a benign hyperplasia to a malignant growth is a complex 
and stochastic process involving genomic instability and/or epigenetic changes. 
Heterogeneous cancer cell populations continue to amass mutations and undergo 
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  Fig. 3    Protocol for 
allogeneic cancer cell 
transplantation into adult 
recipient zebrafi sh. ( a ) 
Remove tumor from donor 
zebrafi sh. ( b ) Mechanically 
homogenize the tumor 
using repeated mincing 
with a razorblade in the 
presence of 5 % FBS in 0.9 
X PBS cell suspension 
buffer. ( c ) Filter the cell 
suspension through a 
45 μM cell strainer, and 
then perform cell counts. 
Centrifuge the cell 
suspension at 1000×g for 
10 min and re-suspend in 
suspension buffer to the 
desired cell concentration. 
( d ) Transplant tumor cells 
using a 26-gauge Hamilton 
syringe. Cells can be 
implanted from bulk tumor 
or isolated by fl uorescent 
activated cell sorting 
(FACS). ( e ) Recipient 
animals are screened for 
engraftment ( e ). Figure 
modifi ed from [ 72 ]       
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Darwinian selection in a process termed clonal evolution [ 78 ,  79 ]. Genetic lesions that 
enhance fi tness are ultimately propagated, culminating in a tumor comprised of genet-
ically distinct clones. Evolution happens throughout tumor progression and selects for 
distinct traits depending on tumor stage and treatment [ 80 ]. For example, in early 
stages mutations that confer proliferative or anti-apoptotic advantage would provide 
tumor cell survival advantage, whereas in later stages lesions that provide increased 
invasiveness or therapy resistance would lead to continued survival and progression. 

 Using a syngeneic zebrafi sh model of Myc-induced T-ALL and high-throughput 
cell transplantation, our group engrafted zebrafi sh T-ALLs from a single T-ALL cell 
[ 36 ,  45 ]. In concert with large scale-limiting dilution cell transplantation approaches, 
we estimated the frequency of leukemia propagating cells (LPCs) both in bulk leu-
kemia and leukemias generated in recipient fi sh from single cells (see Fig.  4a–c ). 
These studies proved that the percentage of leukemia propagating cells was much 
higher than previously predicted [ 36 ]. Expanding on these initial studies, we sought 
to test functional heterogeneity and evolution in the transplant setting. Using 16 dif-
ferent primary T-ALL, we generated 47 monoclonal T-ALL by transplanting single 
cells into 1200 adult syngeneic animals. Engrafted leukemia where derived from a 
single leukemia cell, confi rmed by TCRβ clonality assays and array CGH studies. 
Leukemias that developed from the same primary malignancy were functionally 
distinct, having different LPC frequency, latency and in vivo drug responses. 
Remarkably, continued serial transplantation of the clones into over 5000 adult 
zebrafi sh allowed us to demonstrate that a subset of cells acquired additional driver 
mutations culminating in more aggressive T-ALLs. Subsequent studies demon-
strated that 50 % of the evolved clones had acquired AKT signaling pathway activa-
tion, which had not previously been implicated in expanding leukemia propagating 
cell numbers but is a signaling pathway with known prognostic value [ 81 ]. Using a 
similar approach, Frazer et al. also demonstrated heterogeneity in transplanted 
T-ALL, and they identifi ed amplifi ed and deleted genes associated with increased 
aggression [ 82 ]. The ability to cost-effectively perform high-throughput zebrafi sh 
cell transplantation studies will help uncover novel oncogenic drivers. Moreover, 
functionally annotating tumors generated from single cells complexed with whole-
genome deep sequencing will likely uncover genetic changes that impart novel 
functions to individual cancer cells.

       Tumor Propagating Cells and Self-Renewal 

 A subset of cancer cells have the ability to self-renew and drive continued tumor 
growth, whereas other cell types neither proliferate nor sustain tumor growth. These 
cancer-driving tumor cells are commonly called tumor-propagating cells (TPCS) 
and are responsible for initiating metastasis and relapse. TPCs have the unique 
capacity to produce more of themselves, akin to self-renewal found in normal stem 
cells, but also generate more specialized cell types that often make up the signifi cant 
bulk of the tumor mass. Prevailing theories on tumor cell heterogeneity describe a 
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sequential differentiation program that starts with a self-renewing stem cell-like 
population called the cancer stem cell (CSC). The CSC model implies that targeting 
the stem cell population alone will have therapeutic effi cacy. The stochastic model, 
on the other hand, suggests that all cells within a tumor have the capacity to self- 
renew, meaning all tumor cells must be killed to prevent reoccurrence. How cancers 
generate cancer cell self-renewal likely varies by cancer and cell type. Thus, experi-
mental models are necessary to defi ne which models apply to specifi c cancers and 
more importantly, what molecular programs drive self-renewal of TPCs [ 83 ]. 
Limiting dilution cell transplantation is the gold standard for identifying and quan-
tifying TPCs found within a malignancy; in the zebrafi sh, this method has helped 

  Fig. 4    Assessing intratumoral heterogeneity and clonal evolution using single-cell tumor trans-
plantation. ( a ) Single cells from a heterogeneous primary tumor can be isolated by FACS and 
transplanted by intra-peritoneal injection into immune competent adult recipients. Each color in 
this fi gure represents a different clone within the primary tumor. Monoclonal tumors derived from 
single-cell engraftment can be assessed for changes in latency ( b ) or tumor-propagating cell num-
bers following serial passaging ( c ). Tumor-propagating cells frequency can be assessed by 
limiting- dilution cell transplantation, in which varying doses of cells, such as 10, 100 and 1000 
cells, are transplanted into recipient animals. The frequency of tumor-propagating cells is calcu-
lated based on the ratio of animals that develop a tumor compared to the total number transplanted 
at each dose. Tumor-propagating cell (TPC). Figure modifi ed from [ 97 ]       
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reveal important cellular and molecular mechanisms driving self-renewal and, 
 ultimately, cancer relapse. 

 The Langenau lab developed a well-characterized model of KRASG12D induced 
embryonal rhabdomyosarcoma (ERMS), a muscle malignancy that is both histo-
logically and molecularly similar to human disease [ 23 ]. Building on this work, 
Ignatius et al. used well-known muscle-specifi c transgenic reporter lines that faith-
fully recapitulate endogenous gene expression and fl uorescently-labeled ERMS 
cells based on muscle differentiation status to identify a molecularly defi ned TPC 
that exclusively drove continued tumor growth when engrafted into syngeneic 
recipient fi sh [ 48 ]. The  myf5 - GFP +/ mylz2 - mCherry - negative  TPCs express cMet, 
mCadherin and myf5, all markers of activated satellite cells. The  myf5 - GFP  + / mylz2 - 
 mCherry  −  ERMS cell population is more proliferative than the differentiated  mylz2 - 
 mCherry  + ERMS cell types. Furthermore, when ERMS cell subpopulations were 
FACS purifi ed by fl ow cytometry into four populations (GFP + /mCherry − , GFP + /
mCherry + , GFP − /mCherry +  and GFP − /mCherry − ), only the  myf5 - GFP  + / mylz - 
 mCherry  −  single positive cell population could propagate disease when serially 
transplanted (see Fig.  5a–l ). These studies indicate that ERMS follows the cancer 
stem cell model and highlights the utility of allogeneic transplantation studies to 
functionally differentiate between heterogeneous tumor cell populations. Additional 
work by our group used this model to identify novel drugs that curb growth by spe-
cifi cally killing and/or differentiating TPCs [ 47 ].

       Imaging Cancer Cell Invasion and Dissemination 

 Metastatic cancer is the hardest to treat and has exceedingly poor prognosis. 
Understanding the intrinsic cellular and micro-environmental mechanisms that con-
tribute to tumor dissemination throughout the body continues to remain a challenge 
that necessitates new models. The ability to make transplantable fl uorescent trans-
genic zebrafi sh models has given researchers an important avenue to study meta-
static processes. Developing the transparent  casper  adult zebrafi sh overcame one of 
the key technical hurdles for imaging cancer invasion and metastasis [ 76 ]. For 
example, White et al. transplanted pigmented melanoma cells into irradiated recipi-
ent  casper  fi sh and were able to assess engraftment and proliferation without sacri-
fi cing the animal (see Fig.  6a ) [ 76 ]. They were also able to track local tumor invasion 
by serially imaging the same animal over time (see Fig.  6a ). Reports from the White 
lab have since described new genetic models of GFP-labeled melanoma that suggest 
serially transplanted melanomas demonstrate distinct distal growth akin to metasta-
sis and may provide a new experimental platform for understanding cancer cell 
invasion, spread and dissemination in the zebrafi sh [ 84 ].

   One of the fi rst steps involved in tumor dissemination is entrance into the blood 
stream, which the tumor completes by passing through the basal membrane of the 
vasculature in a process called intravasation. Using  casper ,  Tg ( fl i : egfp )  Y1   transgenic 
fi sh that have fl uorescent labeled vasculature, Feng et al. were able to identify a 
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  Fig. 5    Embryonal rhabdomyosarcoma contains a molecularly defi ned tumor propagating cell that 
expresses myf5-GFP. ( a ) Schematic of cell transplantation approach. Briefl y, kRASG12D-induced 
ERMS were created in myf5-GFP/mylz2-mCherry CG1-strain transgenic fi sh. Unsorted cells were 
implanted into secondary recipients to expand the tumor cell numbers, and fl uorescent ERMS 
subpopulations were isolated by FACs and introduced into tertiary recipient fi sh. ( b – d ) A primary 
ERMS arising in a clonal syngeneic myf5-GFP/mylz2-mCherry transgenic zebrafi sh (35 dpf). 
 Broken black line  denotes tumor area. ( e – g ) Engraftment of unsorted ERMS cells into syngeneic 
secondary recipient animal. ( h – k ) FACS plots of fl uorescent-labeled ERMS cells isolated from 
secondary recipient fi sh following two rounds of FACS. ( l – n ) Transplantation of myf5-GFP + /
mylz2-mCherry −  FACs sorted ERMS cells into tertiary transplant animals leads to robust tumor 
engraftment ( n ). Hematoxylin- and eosin-stained sections ( c ,  f  and  m ) and FACS ( d ,  g  and  n ) of 
primary and serially passaged ERMS. Scale bars, 2 mm (for  b ,  e  and  l ) and 100 mm (for  c ,  f  and  m ). 
Figure modifi ed from [ 48 ]       
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mechanism by which T-lymphoblastic lymphoma (T-LBL) progresses to the more 
aggressive and malignant T cell acute lymphoblastic leukemia (T-ALL) [ 85 ]. These 
studies showed that overexpression of the  b - cell lymphoma 2  ( bcl2 ) gene, when co- 
expressed with c-myc, accelerated malignant thymocyte transformation by sup-
pressing MYC-induced apoptosis. However, lymphocytes remained trapped in an 
expanded thymus and were unable to undergo intravasation (see Fig.  6b–g ). In this 
case intravasation was blocked by elevated expression of Sphingosine-1-phosphate 
receptor 1(S1P1) and Intercellular Adhesion Molecule 1(ICAM1), which together 
led to leukemia cells increasing homeotypic adhesion and failing to transit into the 
vasculature. These observations were extended to patient samples and helped defi ne 
the cellular and molecular differences between human T-LBL and T-ALL. 
Additionally, this research revealed that progression from T-LBL to T-ALL requires 
weakened intercellular adhesion prior to intravasation and dissemination. 

 Tumor invasion and metastasis require seeding new areas and establishing niches 
that will sustain tumor growth, but the mechanisms controlling these processes are 
poorly understood. Using the kRASG12D-indcued ERMS model described above, 

  Fig. 6    Imaging cancer dissemination and intravasation. ( a ) mitf-NRAS-GFP;p53 −/−  driven mela-
noma cells were transplanted into irradiated  casper  adults. Repeated imaging of the same fi sh over 
a 1 month period showed gradually increased tumor volume without needing to sacrifi ce the recipi-
ent animals. ( b – d ) dsRED2-expressing lymphoma cells from  Myc ; Cre expressing  fi sh ( c ) intrava-
sate into EGFP-labeled vasculature ( b ) of the transplant recipient ( fl i1 - EGFP ;  casper ) by 6 day 
post-transplantation (see  arrowheads  in  d ). ( e ,  f ) In contrast, dsRED2-expressing lymphoma cells 
( f ) from the  Myc ;  Cre ;  bcl - 2  fi sh fail to intravasate into the vasculature ( e ) of the transplant recipi-
ents by 6 days post-transplantation (compare panel  g  with  d ). Note aggregates of the  Myc ;  Cre ; 
 bcl - 2  lymphoma cells in panels  f  and  g . Scale bar for panels  b – g  = 10 μm. Panel ( a ) was originally 
published in [ 76 ]. Panels  b – g  were originally published in [ 85 ]       
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Ignatius et al. were able to image niche partitioning using lineage-specifi c  transgenic 
reporter fi sh in both primary and transplanted embryonal rhabdomyosarcoma 
(ERMS) [ 48 ]. The same team demonstrated that myf5-GFP+ tumor-propagating 
cells are regionally confi ned within the tumor and are characteristically slow mov-
ing yet highly proliferative. Remarkably, these myf5-GFP+ TPCs could not intrava-
sate and circulate in the blood stream. The differentiated, myogenin-positive ERMS 
cells, by contrast, lacked proliferative capacity and could not make tumors when 
engrafted into recipient fi sh. Yet, these highly migratory myogenin+ ERMS cells 
were the fi rst cell types to seed new areas of tumor growth. Only after colonization 
by the differentiated cells did myf5+ TPCs migrate into the newly forming tumor. 
These data indicate that non-tumor-propagating cells, which often make up the bulk 
of a tumor, likely have important supportive roles in both maintaining the primary 
tumor microenvironment and serving as pioneer cells that seed new tumor growth 
areas. Although, the above experiments were predominantly completed in primary 
tumor bearing fi sh, the same imaging approaches would likely be effective at track-
ing tumor cell behavior in the transplant setting.  

    Chemical Screens 

 In 2000, Peterson et al. demonstrated for fi rst time that zebrafi sh could be used in 
chemical screens by simply adding chemicals to the water and treating fi sh in 
96-well plates [ 29 ], cementing the zebrafi sh as an important tool for drug discovery. 
Since then, over 60 different chemicals screens have been performed in the zebraf-
ish with developmental, behavioral, metabolic, proliferative, regenerative, and 
cancer- based endpoints [ 86 ]. Here, we highlight a number of important chemical- 
based screening experiments relevant to cancer and the use allogeneic transplanta-
tion as a fundamental assay for assessing drug effi cacy (highlighted in Fig.  7a, b ).

   Mizgirev and Revskoy were the fi rst to establish that zebrafi sh and human tumors 
respond similarly to clinically relevant cancer drugs. Using the Myc-induced T-ALL 
model, the researchers generated T-ALL in clonal CG2-strain zebrafi sh [ 6 ,  43 ]. 
These fi sh developed fl uorescently-labeled leukemia that could robustly engraft into 
5-day-old CG2 larvae. Transplanted larvae developed T-ALL rapidly and become 
moribund just 5 days after transplantation, yet larval fi sh treated with vincristine and 
cyclophosphamide exhibited increased life span. This work showed that current 
clinical chemotherapies effectively curb tumor growth in zebrafi sh models. 
Moreover, this line of experiments showed that high-throughput  transplantation in 
the zebrafi sh is feasible and can be coupled with in vivo drug screens to identify 
anti-cancer compounds. 

 Our group recently performed two independent drug screens to identify drugs 
that suppress kRASG12D-induced ERMS. First, embryos expressing the 
 Tg ( hsp70 : HRAS   G12D  ) transgene were heat shocked in the presence of 2896 indivi-
dual small molecules that were assessed for their ability to inhibit Ras pathway 
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activation [ 87 ]. In a separate high-content imaging screen of 38,000 novel 
 compounds and 47 % of the FDA-approved chemotoxic drugs (~2500 drugs), we 
identifi ed compounds that induce terminal differentiation of human ERMS cells 
[ 47 ] Compounds identifi ed in these screens were then evaluated for suppressing 
tumor growth in zebrafi sh transplanted with RAS-induced ERMS. Our analysis 
identifi ed several classes of compounds, the most promising being Glycogen syn-
thase kinase 3 (GSK3) inhibitors. Treating ERMS-bearing zebrafi sh with GSK3 
inhibitors activated the WNT/β-catenin pathway and resulted in suppressed ERMS 
growth, depleted tumor propagating cells, reduced self-renewal and terminal tumor 
cell differentiation. These fi ndings were surprising because WNT/β-catenin signal-
ing was largely considered an oncogenic driver in cancer [ 88 ,  89 ]. 

 Cancer is a disease that commonly reinitiates developmental signaling path-
ways to drive malignant transformation and sustained tumor growth. Thus, it is 
not surprising that a number of studies have used embryonic phenotypes to screen 
for drugs that alter cell states or modulate cancer/developmental pathways. 
For example, the Zon group performed a chemical screen to identify suppressors 
of neural crest progenitor specifi cation in larval zebrafi sh [ 90 ]. They identifi ed 
inhibitors of the metabolic enzyme dihydroorotate dehydrogenase (DHOD) that 

  Fig. 7    Chemical genetic approaches to identify anti-cancer drugs in zebrafi sh. ( a ) Schematic of 
embryonic/larval based chemical screen. Progeny from adult transgenic zebrafi sh are placed in a 
library of chemical compounds. Embryos are screened for loss of a specifi c cellular lineage demar-
cated by fl uorescence transgene. An alternative approach is to screen for specifi c morphological 
defects representing known signaling pathway perturbation or for changes in gene expression fol-
lowing whole-mount by in situ hybridization. Compounds that inhibit embryonic phenotypes are 
then assessed for effi cacy in curbing tumor growth in vitro and in vivo. ( b ) Chemical screening for 
cancer phenotypes in transplant recipient fi sh. Single cell zebrafi sh are injected with oncogenic 
transgenes to induce a primary tumor, which is then isolated and transplanted into hundreds of 
immune competent recipient fi sh. These secondary tumor-bearing fi sh are then treated with a 
library of compounds to test anti-tumor effi cacy. Hit compounds are then assessed for additional 
therapeutic value in human cell lines and patient-derived xenografts in mice       
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suppressed early neural crest gene expression in melanocytes by regulating tran-
scriptional elongation. Remarkably, DHOD inhibitors had little effect on other 
cell lineages. Lefl unomide, an FDA-approved DHOD inhibitor currently pre-
scribed to treat rheumatoid arthritis [ 91 ], inhibits human melanoma cells in vitro 
and in vivo in mouse xenograft assays [ 90 ]. Lefl unomide is now in clinical trials 
for melanoma treatment. In another example, Ridges et al. used the  lck :EGFP 
transgenic zebrafi sh line to screen ~26,000 compounds that inhibit normal T cell 
development, with the hope of identifying drugs that kill both normal and malig-
nant T cells [ 92 ]. The screen showed that lenaldekar, a drug that dephosphorylates 
members of the PI3 kinase/AKT/mTOR pathway, eliminated immature T cells in 
the developing zebrafi sh and selectively killed human hematopoietic malignan-
cies, including primary T-ALL. The drug also inhibited human T-ALL xenograft 
growth without substantial toxicity to the mouse. Both of the studies described 
above illustrate the potential of fi nding effective therapeutic compounds by 
screening early embryonic phenotypes. Using complementary strategies, the Yeh 
group showed that PGE2 inhibitors potently suppress AML-ETO-driven leukemia 
and suppress the growth of xenografted AML when introduced into mice [ 93 ]. 
Although these examples did not utilize allogeneic transplantation in zebrafi sh to 
test chemical effi cacy in suppressing cancer growth, one could easily devise a 
primary or secondary chemical screen that uses allogeneic transplantation to study 
chemical effects directly on engrafted cancer.   

    Current Challenges, Future Directions, and Conclusions 

 One major hurdle to cell transplantation being more widely adopted is the lack of 
experimental models. Clonal syngeneic lines are currently only being used by a 
handful of labs and are notoriously hard to maintain. With support from the Offi ce 
of the Director at the NIH, our group has utilized genome-editing approaches to 
develop and characterize a library of immune compromised zebrafi sh models. These 
models are now being methodically assessed for immune cell dysfunction and supe-
rior allogeneic engraftment potential. The publication of the  rag2   E450fs   mutant lines 
demonstrated that these recipient fi sh can engraft a wide range of cancer types. In 
order to expand this approach’s accessibility and utility, we are currently character-
izing mutants in  DNA - dependent protein kinase  ( prkdc ),  janus kinase 3  ( jak3 ), 
 interleukin 2 receptor gamma  ( Il2rg ),  zeta - chain  ( TCR )  associated protein kinase 
70  ( zap70 ) and  forkhead box N1  ( foxn1 / nude ). Mutations in these genes are known 
to have immune defi cient phenotypes in both humans and mouse. An additional 
benefi t of having multiple genetically-defi ned transplantation models is the ability 
to test how the lack of a particular immune cell type affects cancer initiation, pro-
gression and metastasis. For example,  prkdc  mutants have a complete loss of dif-
ferentiated T and B cells, whereas the  rag2  mutant is hypomorphic with complete T 
cell loss and variable B cell loss. It is possible that comparing tumor growth between 
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these two recipient models may reveal how B cells combat tumorigenicity. 
Developing casper-strain, immunocompromised zebrafi sh will provide unprece-
dented capacity for dynamically visualizing the hallmarks of cancer in optically 
clear engrafted zebrafi sh. We recently created  casper  strain,  rag2   E450fs   mutant zebraf-
ish that engraft fl uorescently- labelled zebrafi sh cancer cells, thereby providing opti-
cal access to visualize cancer cell heterogeneity in embryonal rhabdomyosarcoma 
(ERMS), the emergence of clonal dominance in T-cell acute lymphoblastic leu-
kemia (T-ALL) and the evolution of metastatic potential in zebrafi sh melanoma 
models. Remarkably, these approaches provide single cell resolution of fl uorescent-
labelled cancer cells in vivo [ 73 ]. Finally, the experimental attributes and innovative 
tools available to zebrafi sh researchers will likely establish ICZ models as the next- 
generation, low-cost, high-throughput transplantation platform for engraftment of 
both allogeneic and mammalian cells. We envision that a subset of ICZ models will 
effi ciently engraft patient derived cancers, and zebrafi sh avatars will be used to 
evaluate therapeutic effi cacy of new drugs and will help stratify patients into open 
current clinical trials. These screening strategies have the potential to revolutionize 
personal medicine and clinical trial design. 

 Marrying new technologies available for developmental zebrafi sh studies with 
cell transplantation approaches outlined above is sure to provide new insights into 
cancer and its progression. For example, the zebrabow cell lineage tracing system 
will likely allow exquisite dissection of tumor cell heterogeneity in both primary 
and transplanted tumors at single cell resolution [ 94 ]. Additionally, dynamic live 
cell imaging of blood cell types in cancer will likely help defi ne how immune cells 
regulate tumor growth. These approaches will necessarily require both engraftment 
into syngeneic zebrafi sh lines that have fully functional immune systems and blood 
cell labeling using fl uorescent transgenic reporters. For example, blood lineage- 
specifi c transgenics like  tg ( mpx : eGFP ),  tg ( mpeg1 : eGFP ), and Tg(lck:eGFP) could 
be used to clarify neutrophil, monocyte/macrophage and T lymphocyte behaviors in 
cancer growth in the transplantation setting [ 39 ,  95 ,  96 ]. Finally, the CRISPR/Cas9 
genome editing technologies can now be employed for tissue modifi cation to create 
tumors that even more accurately mimic human cancer [ 66 ]. These models will 
greatly benefi t from the cell transplantation approaches outlined here.     
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    Abstract     Animal xenografts of human cancers represent a key preclinical tool in 
the fi eld of cancer research. While mouse xenografts have long been the gold stan-
dard, investigators have begun to use zebrafi sh ( Danio rerio ) xenotransplantation as 
a relatively rapid, robust and cost-effective in vivo model of human cancers. There 
are several important methodological considerations in the design of an informative 
and effi cient zebrafi sh xenotransplantation experiment. Various transgenic fi sh 
strains have been created that facilitate microscopic observation, ranging from the 
completely transparent  casper  fi sh to the Tg( fl i1:eGFP ) fi sh that expresses fl uores-
cent GFP protein in its vascular tissue. While human cancer cell lines have been used 
extensively in zebrafi sh xenotransplantation studies, several reports have also used 
primary patient samples as the donor material. The zebrafi sh is ideally suited for 
transplanting primary patient material by virtue of the relatively low number of cells 
required for each embryo (between 50 and 300 cells), the absence of an adaptive 
immune system in the early zebrafi sh embryo, and the short experimental  timeframe 
(5–7 days). Following xenotransplantation into the fi sh, cells can be tracked using 
in vivo or ex vivo measures of cell proliferation and migration, facilitated by fl uo-
rescence or human-specifi c protein expression. Importantly, assays have been 
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developed that allow for the reliable detection of in vivo human cancer cell growth 
or inhibition following administration of drugs of interest. The zebrafi sh xenotrans-
plantation model is a unique and effective tool for the study of cancer cell biology.  

  Keywords     Zebrafi sh   •   Xenotransplant   •   Xenograft   •   Cancer   •   Model organism  

      Introduction to Xenotransplantation 

 Human cancer research is inherently impacted by the obvious ethical and technical 
constraints concerning the use of human or other large animals in a research setting. 
It is for this reason that cancer research relies heavily on the use of model organisms 
for experimental purposes. One classical example of an experiment that necessitates 
the use of a model organism is xenotransplantation. Xenotransplantation is defi ned 
as the transfer of material isolated from one species into another [ 1 – 3 ]. In a cancer 
research or drug discovery context, this normally translates into the transplantation 
of human cancer cells into a smaller organism. It is important to note, then that 
xenotransplant models are not an animal model of disease, but rather a human-in- 
animal model of disease that offers both unique advantages and challenges in com-
parison with other model types. The following chapter will summarize the current 
state of the fi eld concerning human cancer xenotransplantation in the zebrafi sh 
( Danio rerio) . 

 Historically, the mouse has been viewed as the “gold standard” for xenotrans-
plantation experiments [ 1 ,  2 ] for a number of reasons. Firstly, the mouse is a rela-
tively small and easy to care for animal, with moderate husbandry requirements. 
Secondly, there is a high degree of genetic similarity between the human and the 
mouse, at approximately 85 % [ 4 ]. Mouse transplant experiments also benefi t 
from the fact that the mouse shares the presence of most anatomical features with 
the human that may be relevant to cancer studies, such as the breast pad or the 
testes [ 1 ,  2 ]. In typical xenograft experiments, 0.5–1 million human tumor cells, 
either derived from a primary patient tissue sample or from a cell line, are injected 
subcutaneously into a mouse. The mice are then monitored for health and visible 
or palpable signs of tumor burden. This process is lengthy, requires a relatively 
large number of human tumor cells, and is hindered by the fact that it is can 
be diffi cult to detect or image small numbers of cells within a mouse (e.g. 
micrometastases). 

 Mouse xenograft experiments also require immunocompromised animals, as nor-
mally the mouse immune system would reject the human cells, obviating tumor 
studies when the adaptive immune system is intact. To avoid immune rejection, typi-
cally murine xenograft experiments employ severely immunodefi cient (severe com-
bined immunodefi cient (SCID) or nude) mice [ 1 ]. Since the advent of these mice, 
other transgenic mice have been created that may represent a superior xenograft 
recipient than the traditional NOD/ scid -related mice [ 5 – 8 ]. For example, the NOD/
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LtSz- scid IL2Rγ   null   (NSG) mouse have a defi ciency in the common cytokine receptor 
 γ- chain, causing a lack of B, T and natural killer (NK) cells [ 5 ]. It has been shown 
that human acute myeloid leukemia (AML) cells transplanted into NSG mice have 
more effi cient engraftment and more rapid disease progression than in other immu-
nocompromised strains [ 6 ]. Since human cancer is treated within the context of a 
generally intact immune system and in particular, leukemia engraftment may require 
cytokines not provided by the host mouse, the relevance of murine xenograft experi-
ments in immunocompromised mice can be called into question. Therefore, some 
investigators have begun to supplement the xenograft recipients with constitutively 
expressed cytokines, to more closely mimic the human environment, or “humanize” 
the mice in leukemia studies [ 9 ,  10 ]. Similarly, for solid tumor studies, transfer of 
cancer-associated fi broblasts or stroma along with tumor cells can functionally 
“reconstruct” a species-specifi c tumor niche [ 11 ]. 

 Despite the applicability of the mouse in human cancer xenograft being chal-
lenged, its utility has been demonstrated through its moderate ability to predict can-
cer drug effectiveness in Phase II clinical trials [ 3 ,  12 ]. Nonetheless, the fact remains 
that the majority of drugs that show a chemotherapeutic effect in a pre-clinical set-
ting ultimately fail once they enter human trials. Improvements to the current 
murine xenograft model have been suggested, such as drastically increasing the 
number of cell lines tested, fully understanding the pharmacology of the compound 
tested, and using primary patient tumors as transplantable material [ 1 ]. Unfortunately, 
due to the fi nite budget and working capacity of most laboratories and pharmaceuti-
cal companies, coupled with the challenges associated with imaging small numbers 
of human cells within a living mouse, these recommendations may be diffi cult to 
put into practice [ 13 ]. 

 While great strides have been realized in both the screening for and treatment of 
human cancer, improvements need to be made in order to facilitate the transfer of 
knowledge from basic science to the clinical setting. It is clear that xenograft exper-
iments will likely remain a fi xture in cancer research for the foreseeable future. It is 
for this reason that the classical models used in pre-clinical research constantly need 
to be reassessed and revamped in order to increase the relevance and utility of xeno-
graft experiments. Ultimately, the sobering reality is that no animal model will be 
able to substitute for actual human trials. However, by employing multiple animal 
models such as zebrafi sh in addition to mice, the likelihood of success in human 
trials could be much greater if evolutionary conserved drug-tumor interactions 
between species can be identifi ed.  

    Why Zebrafi sh? 

 The zebrafi sh,  Danio rerio,  was fi rst used in a formal research setting in the early 
1980s. The zebrafi sh emerged as a model organism primarily in the fi eld of devel-
opmental biology, largely due to its external fertilization, rapid and external 
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development and optical clarity [ 8 ,  14 – 16 ]. The use of the zebrafi sh in cancer 
research is a more recent phenomenon that evolved following a 1982 study that 
demonstrated the development of neoplasms in zebrafi sh exposed to carcinogens, 
such as N-nitramines [ 17 ]. In retrospect, the use of an animal model typically 
employed for developmental studies in cancer research now seems intuitive, as can-
cer is recognized as a pathology resulting from hijacked developmental pathways. 

 There are several important features of the zebrafi sh that lend it to cancer 
research, and more specifi cally, to xenotransplantation experiments. First and fore-
most, the zebrafi sh possesses striking genetic conservation to humans, estimated at 
approximately 70 % similarity [ 4 ]. To put this in context, zebrafi sh are roughly as 
similar to mice as they are to humans [ 8 ] and in fact, even epigenetic marks regulat-
ing conserved genes between these species are also highly conserved [ 18 ]. 
Additionally, there are several characteristics of the zebrafi sh that render its hus-
bandry costs lower than that of mice or other small rodents, including lower space 
requirements, more offspring per breeding pair, rapid maturation, and lower main-
tenance requirements [ 13 – 15 ]. Zebrafi sh are known to develop spontaneous neo-
plasms at a low incidence rate, for example, pancreatic ductal adenocarcinomas [ 15 , 
 19 ]. Neoplasms can also be induced intentionally in an experimental setting through 
administration of various compounds, including ethylnitrosourea [ 20 ]. Of impor-
tance and speaking to the fi delity of the zebrafi sh for modeling human disease, the 
histology of these tumors is quite similar to those found in humans [ 19 ]. Relevant 
for the use of fi sh for xenotransplantation studies, the zebrafi sh does not develop a 
functional adaptive immune system until approximately 30 days post fertilization 
(dpf), making immunosuppression in young embryos unnecessary, while also 
enabling the opportunity to examine innate and adaptive waves of the immune sys-
tem separately [ 21 ]. Zebrafi sh are also optically transparent for the fi rst portion of 
their life, as they begin developing visible pigment cells at 48 hpf, facilitating 
microscopic imaging. Finally, multiple transgenic and mutant zebrafi sh lines have 
been created that greatly facilitate fi xed and live microscopy, including the  casper  
mutant line that is optically transparent by virtue of lacking melanophores and iridi-
phores [ 38 ]. The use of these transgenic lines in xenotransplantation experiments 
will be discussed in more detail later in this chapter.  

    Early Reports of Xenografts in the Zebrafi sh: 
The Birth of a Model 

 The fi rst study of transplantation of human cells into the zebrafi sh was published in 
2005 by Lee et al. who injected human melanoma cells into blastula stage zebrafi sh 
embryos [ 22 ]. This study was prompted by the realization that metastatic melanoma 
cells possess many molecular markers of de-differentiated, plastic cell types [ 22 , 
 23 ]. It was thought that an unknown signal could allow these cells to transition into 
epithelial cells, possibly transiently suppressing their cancerous phenotype, as had 
been previously demonstrated in mice [ 24 ]. Thus, in this study, between 1 and 100 
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cells from the human C8161-RFP metastatic cutaneous melanoma cell line were 
transplanted into the blastodisc region of wild type zebrafi sh embryos ranging from 
3.5 to 4.5 h post-fertilization (hpf). For comparison, the same number of fi broblasts 
and melanocytes were transplanted in a similar manner. The embryos were main-
tained at 31 °C (an intermediate temperature between the 28 °C ideal for the zebraf-
ish and the 37 °C that is optimal for human cells) and tracked for several days by 
fl uorescence microscopy. The cells survived in the embryos, and by 5 dpf, were 
found in the head, trunk, and sometimes in the tail region of the fi sh. Notably, there 
were no visible tumors in these fi sh, even at 3 months old. Both the melanocytes and 
fi broblasts were also able to live in the embryo, albeit they had signifi cantly less 
migration and dispersal throughout the animal. This is an important observation for 
two reasons. The fi rst is that this study proves that both tumor stroma and the tumor 
itself can be xenografted, opening up the possibility of exploring tumor-stromal 
interactions using the fi sh. Secondly, these results led Lee et al. to conclude that there 
was an environmental signal present in the zebrafi sh embryo that suppressed the 
malignant phenotype of the melanoma cells, and that this would be an ideal system 
to study the effects of the extracellular environment on cancer cell behavior [ 22 ]. 

 Once this innovative model was published, other groups began xenotransplant-
ing multiple cancer cell types of various tissue origin into zebrafi sh embryos, often 
without a clear idea of what host or tissue factors might be required for engraftment 
or if suitable orthopic sites existed in the fi sh (e.g. no suitable orthotopic sites exist 
in the fi sh for lung, mammary and prostate cancer xenografts). As researchers soon 
found out, there are many experimental variables that can infl uence this type of 
experiment. Haldi et al. were the fi rst group to publish several aspects of the trou-
bleshooting process for zebrafi sh xenotransplantation [ 25 ]. This study was also the 
fi rst group to use 48 hpf embryos as the host for injection. This group believed that 
this time point was less likely to allow for passive diffusion of xenotransplanted 
cells, as gastrulation is complete and the main body plan of the animal has been 
formed. They went on to label WM-266-4 human melanoma cells and CCD-1092Sk 
normal human fi broblasts with Cm-DiI, a lipophilic fl uorescent cell stain, and inject 
them into either the yolk sac, hindbrain ventricle, or the circulation of the zebrafi sh 
embryos. This group determined a set of parameters that they believed to be optimal 
for zebrafi sh xenograft experiments, namely: the use of albino zebrafi sh embryos to 
facilitate microscopy, 48 hpf embryos as the host, the yolk sac as the optimal site for 
injection of 50–100 cancer cells, and 35 °C as the optimal temperature to maintain 
engrafted embryos. Additionally, this group was the fi rst to attempt quantifi cation of 
the proliferation of xenografted cells within the fi sh. They were able to dissociate 
the engrafted fi sh to approximate single cell suspensions, fi x the cells, and visually 
count the number of stained human cancer cells at 1 day and 4 days post injection 
(dpi). The comparison of number of cells on day 1 with the number of cancer cells 
counted on day 4 provided a rough estimate of cell proliferation, which could be 
used to determine the approximate in vivo doubling time [ 25 ]. Our group later 
refi ned this technique for use in drug-tumor response studies by employing semi- 
automated quantifi cation, cytospins and the use of human-specifi c antigens for 
immunocytochemical detection and enumeration of tumor cells [ 30 ,  35 ]. 
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 Another pivotal development in the zebrafi sh xenotransplantation experiment 
fi eld was carried out by Marques and colleagues [ 26 ]. This study was the fi rst to use 
primary patient material as the transplanted tissue. They labeled small samples from 
pancreas, colon and stomach adenocarcinomas, and non-cancerous tissue from the 
same resected sample with Cm-DiI, and used a glass transplantation needle to force 
a section of tissue ~1/5 the size of the yolk sac into the yolk. The successfully xeno-
grafted fi sh were then monitored by live laser scanning confocal microscopy. Human 
cancer cells were seen migrating out of the injection area at 12 h post injection (hpi), 
and some micrometastases appeared 24 hpi. This study defi ned a micrometastasis as 
the presence of daughter cells in the zebrafi sh at 3 dpi, and invasion/migration as at 
least 5 cells outside the yolk sac and within the zebrafi sh. This study also employed 
several different transgenic zebrafi sh lines as the host organism for xenograft. The 
homozygous  cloche  mutant fi sh (cloche  −/− , described in [ 27 ]), that lacks a functional 
vascular system was used to demonstrate that the observed invasion of PaTu-8988-T 
pancreatic cancer cells into wild-type host tissue was reliant on an intact circulatory 
system, as cloche  −/−  fi sh did not show any invasion of the same cells. Transgenic 
 Tg(fl i1::eGFP)  zebrafi sh that expresses GFP within the endothelial cells of the vas-
culature [ 28 ], were exploited to demonstrate the dissemination of fl uorescently 
labeled Ras-transformed epithelial cells throughout the zebrafi sh embryo. The 
 Tg(fl i1::eGFP)  zebrafi sh has since been used to demonstrate angiogenic responses 
to human tumor xenografts in the zebrafi sh embryo and to study interactions between 
tumors and the existing vasculature [ 29 ], and will be discussed in detail later. 

 Subsequent studies have used hosts from different genetic backgrounds, devel-
opmental stages, diverse locations of injection, variable numbers of and type of 
human cancer cells, and variable methods of post-xenograft observation [ 25 ,  26 , 
 29 – 35 ]. While the reasons for some of these procedural divergences will be made 
clear in later sections of this chapter, a summary of procedural details from pub-
lished xenograft studies can be found in Table  1 .

       Xenotransplantation Methodological Considerations 

    Host Selection 

 Choice of the zebrafi sh strain to serve as the xenograft recipient is a key initial con-
sideration. While the earliest transplantation experiments employed wild-type or 
albino zebrafi sh, this was likely due to the restricted availability or existence of the 
multiple transgenic and mutant zebrafi sh lines available today [ 22 ,  25 ]. 

 While zebrafi sh embryos are transparent, older zebrafi sh are opaque, due to their 
characteristic stripes. These stripes are made up of pigment cells: black melano-
phores, refl ective iridophores and yellow xanthophores [ 36 ]. In 2008, White et al. 
crossed two established mutant fi sh lines,  nacre , which exhibits a total loss of mela-
nocytes [ 37 ] and the  roy orbison  line, exhibiting a loss of iridophores to create the 
 casper  zebrafi sh line [ 38 ]. The  casper  fi sh is completely transparent throughout 
adulthood, with macroscopically visible organs, large black eyes, and is functionally 
and reproductively normal. Indeed, observations of single and groups of transplanted 
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hematopoietic stem/progenitor cells (HSPCs) were made with a resolution of 5 μm 
at a maximum depth of approximately 88 μm with a Zeiss confocal microscope [ 38 ]. 
Since its creation, the  casper  strain has been used extensively for xenotransplanta-
tion work, as it is an organism ideally suited to microscopy, optically transparent 
with little autofl uorescence, allowing for the visualization of fl uorescently tagged 
cancer cells in vivo, without needing to sacrifi ce the fi sh [ 29 ,  30 ,  35 ,  39 ,  40 ]. 

 Fluorescent reporter fi sh lines can be crossed to the  casper  fi sh, creating a virtu-
ally limitless combination of fi sh strains, some examples of which can be seen in 
Fig.  1 .  Tg ( fl i1::eGFP ), with fl uorescent vasculature have incredible potential for 
imaging the interactions between the fi sh vasculature and the engrafted tumor, or 
possible angiogenesis, and will be discussed further later [ 25 ,  29 ,  31 ,  32 ,  41 – 44 ]. 
Other reporter lines label components of the immune system, which in this context 
facilitates the real-time visualization of the interaction between the immune system 
and transplanted tumors, an active and complex area of cancer research [ 45 ]. Some 
examples of these reporter lines include, but are not limited to  Tg ( mpx::eGFP ), 
expressing fl uorescent neutrophils [ 46 ]; Tg( mpeg::eGFP ), with GFP expression in 
monocytes and macrophages [ 47 ]; and  Tg ( cd41::eGFP ), with fl uorescent platelets 
[ 48 ]. Some studies have used tail wounding, and subsequent quantifi cation of neu-
trophilic infi ltration as a measure of infl ammatory immune response, a model that 
could lend itself to investigations of neutrophil-tumor interactions [ 46 ]. 
 Tg ( mpx::eGFP ) zebrafi sh were used to show that neutrophil migration within the 
fi sh caused collagen matrix deformation, which the authors argue subsequently 
allowed for the infi ltration of tumor cells at this location [ 49 ].

   In addition to the imaging potential offered by fl uorescently tagged transgenic 
fi sh, there are other transgenic zebrafi sh lines that can be considered as the xeno-
graft host. Advances in the fi eld of genomic editing, both for knock-in and knock- 
out of genes of interest, have facilitated the investigation into gene function in both 
cell-based and in vivo models. Recently, clustered regularly interspaced palin-
dromic repeats (CRISPR)/Cas9 technology has signifi cantly simplifi ed genome 
editing in the zebrafi sh, and has been reviewed at length elsewhere [ 50 ,  51 ]. The 
potential impact of this technology on xenograft experiments should not be under-
stated, making it possible to investigate the effects of a certain gene on the engraft-
ment, proliferation and migration of human cancer cells. With this technology, it 
will be possible to modify the microenvironment of the tumor, by creating a CRISPR 
fi sh, or the cell itself, with the creation of a CRISPR-modifi ed cell line. Additionally, 
knock-in technology would allow researchers to “humanize” the zebrafi sh, by add-
ing in requisite factors, such as cytokines, receptors or other growth factors, as has 
been done in mouse models [ 10 ,  52 ].  

    Donor Material Type and Pre-treatment 

 Successful xenotransplantation experiments require careful selection of both the 
host and the donor materials. The choice of donor material, normally human 
 cancer cells or tumor tissue, is usually predetermined by the goals of the study. 
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Many xenograft studies employ commercially available cell lines, derived from a 
multitude of cancer types [ 8 ]. Some of the many cell lines that have been successfully 
xenografted into zebrafi sh include: PaTu8988-S and PaTu8988-T pancreatic tumor 
cells [ 26 ]; YD10B and HSC-2 human oral squamous cell carcinoma cells [ 53 ]; vari-
ous leukemia cell lines including K562, Jurkat and NB4 [ 30 ,  35 ,  54 ]; MDA-MB-435 

  Fig. 1    Fluorescently labeled transgenic fi sh strains facilitate in vivo microscopy. ( a ) Bright fi eld 
image of a 48 h post-fertilization (hpf)  casper  embryo, representative of brightfi eld images of 
embryos depicted in  b – d , ( b ) Fluorescent image of  Tg ( fl i::egfp/casper ) embryo at 48 hpf, exhibiting 
fl uorescent vasculature, ( c ) Fluorescent image of  Tg ( myl7::egfp/casper ) embryo at 48 hpf, depicting 
specifi c fl uorescence of the cardiomyocytes in the heart, ( d ) Fluorescent image of  Tg ( mpx::egfp/
casper ) embryo at 48 hpf, demonstrating fl uorescence in neutrophils. 5X magnifi cation       
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human breast cancer cells, HT1080 fi brosarcoma cells, B16 melanoma cells [ 29 ]; 
TC32 Ewing sarcoma cells [ 55 ]; and SK-N-AS neuroblastoma cells (unpublished 
observation). Additional examples can be found in Table  1 . 

 One of the benefi ts of xenotransplantation is the ability to compare the relative 
growth and migratory potential of the human cells in the in vitro system to their 
behavior in vivo ,  as has been previously done for the doubling time for human 
melanoma and leukemia cells [ 25 ,  30 ] .  This comparison is signifi cantly more robust 
than similar experiments in mice, as it is very diffi cult to accurately assess the rate 
of tumor growth in the mouse. Another advantage of using established cell lines for 
xenograft donor material is the relative ease with which they can be obtained, cul-
tured, and manipulated. Cell lines can easily be modifi ed with either transient or 
stable transfection of gene of interest prior to engraftment. Conversely, cells can be 
treated with either targeted small-interfering RNA (siRNA) or small hairpin RNA 
(shRNA) in order to transiently or more permanently knockdown a particular gene 
prior to transplantation. For example, an siRNA screen originally identifi ed ribo-
somal s6 kinase 1 (RSK1) as a potential regulator of lung cancer metastasis, a fi nd-
ing that was supported when siRNA-mediated knockdown of RSK1 signifi cantly 
enhanced the migration of lung cancer cells in a zebrafi sh xenograft model [ 56 ]. A 
similar approach was also used to demonstrate the knockdown of the LIM kinases 
LIMK1 and LIMK2 could signifi cantly inhibit the invasion and metastatic potential 
of pancreatic cell lines in the zebrafi sh [ 57 ]. A recent example exemplifi es the 
advantages of this technique. Ewing family tumor cells (TC-32) were xenografted 
into the yolk sac of 48 hpf  casper  embryos. Knockdown of the Y-box binding pro-
tein 1 (YB-1) prior to their injection resulted in signifi cantly impaired cell  migration, 
in comparison with the parental TC-32 cells, fi ndings that were recapitulated in a 
murine sub-renal capsule xenograft model [ 55 ,  58 ]. 

    Primary Patient Samples 

 Xenotransplantation experiments may also employ primary patient-derived sam-
ples as the donor material [ 26 ,  35 ,  54 ]. The use of primary samples from cancer 
patients is an important step for xenograft experiments. Throughout the fi eld of 
cancer research, studies are critiqued for their use of commercially available cells 
lines, as results gleaned from experiments from these cell lines do not always cor-
relate with those found in primary cancers [ 8 ]. There are several main reasons 
proposed for these inconsistencies. First, the long-term maintenance of cell lines 
in a set of conditions may inadvertently select for a subset of cells best suited to 
the constant environment, while cells in a tumor would be exposed to a microen-
vironment that varies both spatially and temporally. Second, cell lines do not cap-
ture the heterogeneity that exists within a given cancer. Lastly, genetic evolution 
within a given tumor or cancer will not be replicated by the possible genetic drift 
of a cell line over time [ 8 ,  59 ]. While cells from cell lines can easily be expanded, 
primary patient material is exceptionally diffi cult to obtain, and expensive to store. 
In this respect, the zebrafi sh presents a distinct advantage over murine xenograft 
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experiments, as zebrafi sh xenografts require only a fraction of the number of cells 
that would be needed for a similar mouse experiment (approximately 50–200 
cells/zebrafi sh vs. 0.5–1 million cells/mouse). Additionally, if the zebrafi sh 
embryo is used as a host, immune suppression is unnecessary, as the embryo does 
not have a fully developed adaptive immune system until approximately 30 dpf, as 
will be discussed further below [ 21 ]. 

 Several leukemia studies have used primary patient material in zebrafi sh xeno-
graft experiments. Leukemia is a relatively easily accessible cancer to obtain for 
xenograft studies. Blood and bone marrow are collected from patients at the time of 
diagnosis and at certain intervals during treatment for clinical purposes. With the 
appropriate ethical approval, some of this material can then be transferred to the 
laboratory and stored in liquid nitrogen until the time of the experiment. For exam-
ple, blast cells that were separated from peripheral blood from patients with acute 
myeloid leukemia (AML) and injected into the posterior cardinal vein (PCV) of the 
48 hpf embryo survive until 6 dpi, whereas CD34 + hematopoietic cells derived from 
human cord blood rapidly disappear [ 54 ]. In a study from our research group, cells 
isolated from bone marrow aspirate samples from patients with T-cell acute lympho-
blastic leukemia (T-ALL) proliferated in zebrafi sh embryos over several days [ 35 ]. 

 Solid tumors are more challenging to model in a xenograft experiment, as they 
are normally more diffi cult to harvest or obtain and need to be dissociated into 
smaller fragments to physically implant in the host. Diagnostic biopsy samples are 
small, with little residual tissue for research purposes following necessary diagnos-
tic studies. Furthermore, the biopsy sample may be fairly heterogeneous from a 
tissue point of view containing both malignant and surrounding normal cellular 
elements. Nonetheless, human pancreas, colon and stomach carcinomas have been 
successfully xenografted into zebrafi sh embryos [ 26 ]. In this particular study, tissue 
fragments were implanted whole by manually forcing them into the yolk sac using 
a transplantation needle, and following dissociation to a single cell suspension. 
Similar results were obtained with each technique, with evidence of micrometasta-
ses at 24 hpi in the liver and intestines at 3 dpi [ 26 ]. Interestingly, this group also 
compared non-invasive pancreatitis tissue xenografts with those from infi ltrating 
pancreatic adenocarcinoma, and found that only the latter invaded the embryo [ 26 ].  

    Distinguishing Human from Zebrafi sh Cell Populations 

 An additional factor to consider when xenografting human cancer cells into zebrafi sh 
is the method by which the human cells will be distinguished from cells belonging to 
the fi sh host. Cell membrane stains, such as Cm-DiI, PKH, or CMTMR have been 
used extensively due to their bright fl uorescence, ease of use and applicability for 
primary patient samples [ 25 ,  26 ,  30 ,  35 ,  57 ,  58 ]. While these stains technically have 
in vivo staining persistence for up to 100 days, they invariably become more dilute as 
cells divide and proliferate in the fi sh. Thus, some investigators have favored the use 
of stably-transfected cell lines for xenotransplantation [ 22 ,  29 ,  32 ,  34 ,  60 ]. However, 
a recent report from our group confi rms that the measured proliferation rates of 
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human leukemia cells xenografted in the zebrafi sh are equivalent regardless of 
whether the cells were stained with Cm-DiI or stably expressing GFP [ 35 ]. Another 
way to identify human cells in the fi sh is to take advantage of proteins and cellular 
properties not conserved between humans and zebrafi sh. For example, the gene 
encoding the promyelocytic leukemia (PML) tumor suppressor does not exist in 
zebrafi sh but is present in all human cells [ 35 ,  39 ,  61 ]. As a result, the subnuclear 
domains formed by the PML protein, known as PML bodies [ 61 ,  62 ] are only present 
in human cells from the xenografted tumor. Thus, following dissociation of the xeno-
grafted embryo to single cells, immunohistochemistry against PML bodies, or any 
other non-conserved protein, allows for specifi c identifi cation of human cells [ 35 ]. 
Cell surface molecules such as glycoproteins, unique to human cells may also be 
utilized for tumor cell identifi cation and isolation. Using commercially available anti-
bodies for specifi c human cell surface antigens, column based and/or magnetic fi eld 
based separation techniques can be used to sequester human tumor cells from host 
cells post tissue dissociation. SEP systems such as the EasySEP TM , offer the ability to 
pass antibody labeled samples through a magnetic fi eld where positively selected 
cells are retained in the fi eld while negative cells can be removed from the liquid 
suspension. Both cell enrichment and depletion kits can be used to isolate select cell 
populations from mixed samples. Once separated, many properties of the tumor cells 
can be examined post-transplant including apoptosis, proliferation rate, DNA damage 
and other cell modifi cations, without physical interference from the host tissue/cells. 
Our group has begun using these enrichment and depletion targeted magnet based 
kits to isolate human sarcoma and leukemia cells from dissociated human cell and 
zebrafi sh cell sample mix and to date have observed partial recovery of these injected 
cells. Further optimization is needed to increase the effi ciency of this technique. 

 Fluorescent activated cell sorting (FACS) may also be applied to separate human 
cells from fi sh tissue post-dissociation as in most xenotransplantation experiments 
human cells have been pre-labeled with a temporary lipophilic dye or permanently 
labeled by fl uorescent protein transfection before transplantation. Like magnetic- 
based cell sorting, the use of FACS to sort and isolate tumor cells from fi sh cells 
populations may require large volumes of sample for adequate recovery. Tumor 
xenograft volume corresponds to a very small portion of the total cell number 
achieved through embryonic dissociation and increasing the sample size of xeno-
transplanted fi sh may overcome this hurdle.   

    Developmental Time Point 

 As previously mentioned, past studies have used embryos at various developmental 
stages for xenograft experiments, some of which are summarized in Table  1 . The 
fi rst reported zebrafi sh xenograft study transplanted approximately 100 metastatic 
cutaneous melanoma cells into the blastodisc region of a 3.5–4.5 hpf embryo [ 22 ]. 
The authors reported migration and survival of the cancer cells up to 5 dpf. In com-
parison, injected fi broblasts and melanocytes survived, but did not migrate to the 
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same extent as the cancer cells. The unexpected lack of tumor formation led the 
authors to conclude that there were environmental signals present in the zebrafi sh 
embryo that effectively suppressed the metastatic phenotype of the melanoma cells. 
Several studies that use zebrafi sh embryos at this time point comment on the lack of 
developmental defects that occurred in fi sh injected with cancer cells [ 22 ,  60 ]. By 
contrast, Topczewska et al. reported ectopic outgrowths or axial duplication when 3 
hpf embryos were injected with the aggressive human melanoma cell line C8161 
[ 34 ]. These authors concluded that the observed malformations were caused by 
Nodal secretion of the xenotransplanted cancer cells. Thus, there is somewhat con-
fl icting evidence on the ability of injected cancer cells to induce developmental 
defects. The location of injection and cancer cell type seem to infl uence the capabil-
ity of human cancer cells to induce abnormalities, as the less aggressive C81-61 
melanoma cells did not induce ectopic outgrowths in this same study [ 34 ]. While 
this early embryonic time point obviously benefi ts from the ability to observe pos-
sible developmental effects from cancer cell xenotransplantation, the possibility of 
confounding phenotypic features as a result of this poorly understood phenomenon 
also hampers the experimental design of studies using blastula-stage embryos. 

 The vast majority of available zebrafi sh xenotransplantation studies use 48 hpf 
embryos. The fi rst advantage of using 48 hpf embryos in xenograft experiments is 
that at this point, the body plan of the fi sh is relatively established. The vasculature 
has largely been mapped and the organ systems are somewhat developed. Therefore, 
at this stage there is less of a chance of inducing developmental defects in the fi sh 
that could confound the experiment. At this time point, the embryos are still young 
enough that they have not yet developed an adaptive immune system, which avoids 
problems of xenograft rejection [ 21 ]. Two day old embryos also possess a large 
yolk sac, facilitating the safe injection and accommodation of a larger number of 
cancer cells [ 39 ]. Another benefi t of using embryos at this time point is that most of 
their nutrition is derived from the yolk sac, meaning that the embryos do not require 
feeding. This is important for two reasons, namely that it reduces husbandry require-
ments and also eliminates a possible variable of food variety and quantity. Embryos 
at this age are also more resistant to drug treatments than younger fi sh, enabling 
drug treatments at an increased range of doses. 

 Adult fi sh are larger and more mobile than their embryonic counterparts, mean-
ing that they require more space. They also require more husbandry, including regu-
lar feeding and breeding. Another obstacle in the use of adult zebrafi sh for 
xenotransplantation studies is the presence of an adaptive immune system. Similar 
to challenges faced in mouse xenograft experiments, zebrafi sh that are >30 dpf will 
have an intact adaptive immune system that results in transplant rejection [ 21 ]. 
Various methods can be used to immunosuppress zebrafi sh. For example, 1 month 
old zebrafi sh were treated with 10 μg/ml dexamethasone for 2 days prior to experi-
mentation [ 29 ]. These methods result in an immune suppressed fi sh that permit the 
survival and proliferation of human MDA-435 cells for ~13.5 days following injec-
tion into the peritoneal cavity of the fi sh, after which the fi sh succumb to their tumor 
burden. Another technique that can be used to impede the zebrafi sh immune system 
is the sublethal irradiation of the fi sh prior to injection. Studies suggest that 20–25 Gy 
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is tolerated by approximately 90 % of the fi sh, and tumors can engraft 2 days post 
irradiation at a dose of 20 Gy [ 63 ]. This method can also be used on embryos as 
young as 6 dpf. Stoletov et al. discovered that a single dose of irradiation at 15 Gy 
would ablate the T cells of fi sh aged 6–30 dpf [ 29 ]. However, it should be noted that 
the immune system of these fi sh recovers approximately 20 days post- irradiation, so 
long-term studies cannot rely on this method of immune ablation alone [ 63 ,  64 ]. 

 There have been several attempts to create transgenic zebrafi sh strains that would 
facilitate transplantation. For allograft transplantation techniques, Mizgireuv and 
Revskoy created two strains of homozygous diploid clonal zebrafi sh that can be 
used to transplant any tissue type, including an induced tumor, between fi sh [ 65 ]. 
However, this method does not enable xenograft cell engraftment. Recently, genome 
editing approaches have aided in the creation of immunocompromised fi sh, akin to 
the SCID or NSG mouse strains discussed previously [ 5 ,  6 ,  64 ]. An example of this 
approach is the use of the zinc-fi nger nuclease genetic engineering technology to 
create a  RAG2   E450fs   mutant zebrafi sh line. We contributed to studies demonstrating 
that these mutant zebrafi sh have low levels of B and T cells, allowing animals to 
accept allografts [ 64 ]. Yet, to date, these lines have not been assessed for the ability 
to engraft human tissues or cancer. It is likely that more immunocompromised fi sh 
strains will become available in the coming years, as zebrafi sh genetic engineering 
technology begins to catch up to the technology available for mice.  

    Injection Location 

 The location of injection within the embryo is a fundamental aspect of xenograft 
experiments. Orthotopic injection is defi ned as the transplantation of cells or a tis-
sue into its native anatomic location. However, due to some of the anatomical dif-
ferences between zebrafi sh and humans, orthotopic xenotransplantation is not 
always possible, such as with breast, lung, or prostate cancer cells. Thus, xenotrans-
plantation experiments in zebrafi sh are frequently heterotopic, where the donor tis-
sue location is not the same as the host’s recipient location. However, studies have 
injected cancer cells into a variety of locations in the zebrafi sh embryos, including 
the blastodisc region, the yolk sac, the hindbrain ventricle, and into the circulation 
via the duct of Cuvier (studies summarized in Table  1 ). The choice of location for 
injection is intrinsically linked to the developmental stage of the fi sh due to the 
rapid development of the embryos, which can result in dramatic changes in body 
plan and organ structure within the fi rst few hours and days post-fertilization. For 
example, the yolk sac is completely reabsorbed by the embryo within 6–7 days 
post-fertilization, preventing injection to this site in embryos older than 7 days. 

 The yolk sac is the most common location for injection. There are several main 
reasons for this, many of which were highlighted by Haldi et al. The yolk sac was 
deemed the ideal injection site as it allowed a higher burden of cancer cells than the 
hindbrain ventricle, is an acellular and partly avascular environment that is unlikely 
to support passive cell transport, and the nutrient-rich setting is supportive of 
cell proliferation [ 25 ], fi ndings we recently confi rmed for sarcoma cells [ 55 ]. 
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Another benefi t of the yolk sac location is the relatively large site for injection. This 
makes it signifi cantly easier to manually transplant a suffi cient number of cells for 
engraftment. In comparison, the hindbrain ventricle is small. Additionally, several 
studies have reported diffi culties surrounding the survivability of fi sh following 
hindbrain ventricle injection [ 25 ,  41 ]. Our group has developed a novel transpha-
rangeal hindbrain ventricle injection technique that facilitates engraftment and sur-
vivability of the embryos following injection (unpublished observation). Further 
work on the refi nement of this technique will likely lead to the use of this technique 
for the xenotransplantation of gliomas and other central nervous system tumors.  

    Post-Xenotransplant Observation and Applications 

    Drug Screening 

 The mouse is typically considered to be the “gold standard” for preclinical drug 
testing, however, the zebrafi sh represents a valuable complementary tool for the 
preclinical testing of cancer compounds, as the use of fi sh will likely shorten the 
experimental timeline, reduce cost, and decrease the quantity of compound required. 
Several small-molecule drug screens have yielded important fi ndings that reach 
beyond the cancer fi eld. An example was the discovery by Peterson et al. that sev-
eral compounds have an effect on the development of the central nervous system of 
the fi sh, causing increases in the size of the hindbrain ventricle, and other unusual 
features [ 66 ]. Another example from the cancer fi eld involved a small-molecule 
screen using zebrafi sh embryos that identifi ed several compounds that previously 
were not known to possess cell cycle modifying activity [ 67 ]. 

 The zebrafi sh xenograft model has signifi cant potential as a tool in the process of 
drug discovery and pre-clinical evaluation [ 30 ,  35 ,  39 ,  53 ,  54 ]. In comparison with 
mice, the small size of the zebrafi sh means that experiments require signifi cantly 
less drug per animal, which may be especially important given the diffi culty and 
costs associated with obtaining large quantities of experimental chemicals [ 39 ]. 
Additionally, the aquatic environment of the zebrafi sh means that many drugs 
(depending on solubility) can be added directly to the embryo water and absorbed 
through the fi sh, avoiding the burden of administering drug to each individual ani-
mal [ 39 ,  68 ]. If the drug in question is not soluble in water, it can either be diluted 
with a vehicle such as dimethyl sulfoxide (DMSO), and added to the water, or 
injected directly into the fi sh [ 39 ]. Another advantage is the ease with which drug 
toxicity can be evaluated in the zebrafi sh. Embryos can be arrayed in 96-well plates 
and treated with increasing concentrations of the drug in question and observed to 
monitor toxicity [ 30 ,  35 ]. In our group, as a starting point we typically keep the 
concentration of the drug used for experiments below 50 % of the maximum toler-
ated dose determined in toxicity assays [ 30 ,  35 ,  39 ]. It is absolutely essential to 
determine the toxicity curve for each compound before embarking on xenograft 
studies, as the effective dose to inhibit cancer growth within the zebrafi sh can range 
from 1 to 20X the concentration required in vitro. Following completion of toxicity 
curves, xenografted zebrafi sh can be exposed to the appropriate concentration of 
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drug and observed over time for cancer progression, in terms of cell proliferation, 
migration and angiogenesis. 

 In order for drug treatment to be a realistic option, long-term and severe side 
effects need to be minimized as much as possible. Recently, in collaboration with the 
Peterson laboratory, we established a zebrafi sh model of doxorubicin-induced car-
diotoxicity in order to screen for cardioprotective agents [ 69 ]. The malate dehydro-
genase inhibiting agent, visnagin was identifi ed as a potential cardioprotectant and 
administered in the water at a dose of 20 μM. Human T-immunophenotype acute 
leukemia cells (Jurkat) were fl uorescently labeled with Cm-DiI, injected into the 
yolk sac of 48 hpf embryos, and analyzed for cell proliferation following treatment 
with doxorubicin and visnagin. The chemotherapeutic effect in both fi sh and subse-
quently in mouse breast cancer xenografts was unaffected by the co- administration 
of visagnin with doxorubicin [ 69 ]. The zebrafi sh xenograft model served as a critical 
in vivo tool to determine that reduced cardiotoxic adverse effects of current thera-
pies could be achieved while preserving the cytotoxic effect of the drug treatment on 
the cancer cells in question. This study demonstrated for the fi rst time the utility of 
zebrafi sh xenotransplantation studies for examining drug effi cacy and safety.  

    Proliferation 

 There have been several attempts to quantify the in vivo proliferation of human 
cancer cells within the zebrafi sh [ 25 ,  30 ,  35 ,  60 ]. Our group has developed a highly 
reproducible and robust ex vivo method for quantifi cation of tumor proliferation 
that has been verifi ed in drug treatment experiments [ 30 ]. Briefl y, cancer cells are 
labeled with a membrane dye and injected into the yolk sac of 48 hpf  casper  
embryos, an example of which can be seen in Fig.  2 . On the fi rst and fourth days 
following injection, groups of 15–20 fi sh are dissociated into a single cell suspen-
sion using collagenase, dropped onto slides, imaged, and an in silico program like 
ImageJ (NIH, Bethesda, MD) is used to count the average number of fl uorescent 
cancer cells per embryo (Schematic in Fig.  3 ; [ 30 ]). This method has been used suc-
cessfully with a number of different cancer types. Notably, the proliferation experi-
ments in this study were able to demonstrate molecularly targeted selectivity, 
whereby xenografted chronic myelogenous leukemia cells responded to imatinib 
mesylate, while acute promyelocytic leukemia cells responded to all-trans retinoic 
acid [ 30 ]. Additionally, an adaptation of this ex vivo proliferation assay has been 
used to evaluate the response of primary patient T-ALL samples to several drugs. 
Remarkably, this approach allowed the rapid identifi cation of γ-secretase inhibitor 
susceptibility of one patient’s leukemia [ 35 ]. This response to treatment observed in 
the zebrafi sh xenotransplantation assay suggested a potential mutation in the 
NOTCH signaling pathway, which was later confi rmed to be a gain-of-function 
mutation in  NOTCH  by Sanger sequencing [ 35 ]. Due to the short one-week time-
frame of the zebrafi sh xenotransplantation assay, it has the potential to inform treat-
ment decisions for patients, possibly bringing the fi eld closer to the reality of 
personalized medicine.
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        Migration 

 In addition to the growth and division of cancer cells, their dissemination through 
the body is a subject of interest for further investigation, as up to 90 % of cancer- 
related deaths are due to cancer spread, or metastasis [ 70 ]. In addition to the prolif-
eration of human cancer cells in the zebrafi sh, many studies report the migration of 
cells from the site of injection to a secondary location [ 25 ,  26 ,  43 ,  71 ]. Our group 
has established a xenograft cell migration experiment that requires few supplemen-
tary materials or technology. In short, 48 hpf  casper  embryos are injected with 
50–200 Cm-DiI-stained cancer cells in the yolk sac. The embryos are placed at 
28 °C to recover for 1 h, then transfered to 35 °C for the remainder of the experi-
ment. The embryos are examined using a fl uorescent microscope at 24 hpi, and 

  Fig. 2    Lung cancer cells survive in 48 hpf embryos, proliferate, and spread throughout the fi sh over 
4 days. A549 lung carcinoma cells are fl uorescently labelled with CMTMR-Orange CellTracker, 
then manually injected into the yolk sac of 48 h post-fertilization (hpf)  casper  embryos. Approximately 
150–200 cells are injected per embryo. One day post injection (dpi), embryos are screened for the 
presence of a consistently sized bolus of cells in the yolk sac. Selected fi sh are maintained at 35 °C 
incubator for the duration of the experiment. ( a ) Brightfi eld-RFP fl uorescent overlay image of a 
representative xenotransplanted fi sh at 1 dpi (72 hpf). Note the presence of a round group of fl uores-
cent human cancer cells in the centre of the yolk sac. ( b ) Corresponding brightfi eld-RFP fl uorescent 
overlay image of the same fi sh at 4 dpi (6 days post fertilization (dpf)). Note that the fl uorescent 
cancer cells have disseminated throughout the fi sh, and appear to have proliferated       
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embryos are only selected if they have a consistent-sized bolus in the middle of the 
yolk sac and they do not have any visible cancer cells in the tail of the embryo. Fish 
are observed and imaged daily, and counted as “positive” for migration when there 
are more than 6 cancer cells observed beyond the cloaca of the embryo, extending 
to the tip of the tail (Fig.  3 ). Using this method, we were able to show that the YB-1 
transcription/translation factor is an important player in the migration of sarcomas, 
data that was then recapitulated in murine xenografts [ 55 ].  

    Angiogenesis 

 The optical clarity and predictable development of the vasculature of the zebrafi sh, 
coupled with the availability of transgenic fi sh with fl uorescent blood vessels, can 
signifi cantly enhance the study of real-time tumor-vasculature interactions [ 31 ]. 
Angiogenesis is a normal part of development, when blood vessels form to deliver 
oxygen and nutrients to developing tissues. It has been well-documented that tumors 
hijack the process of angiogenesis to deliver nutrients and to enable cancer cells to 
extravasate cells from the primary tumor and metastasize [ 41 ,  44 ]. Several reports 

  Fig. 3    Cell proliferation and migration can be examined and quantifi ed in xenotransplanted 
embryos in either the presence or absence of drug treatment. ( a ) Human cells are fl uorescently 
labeled and transplanted into the yolk sacs of ( b ) 48 h post-fertilization (hpf) zebrafi sh embryos. ( c ) 
Positive transplants are confi rmed before ( d ) the initiation of drug evaluation. ( e ) Engrafted cells are 
assessed in vivo for effects on cell proliferation and migration. ( f ) Findings in zebrafi sh xenografts 
may infl uence prioritization of further drug testing and/or inform choice of patient treatments       
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have demonstrated that the zebrafi sh xenograft model is valuable in the study of 
angiogenesis and/or neovascularization [ 25 ,  29 ,  31 ,  32 ,  41 ,  43 ,  72 ]. Xenotransplantation 
of several cancer types into zebrafi sh, including melanoma, breast adenocarcinoma, 
and pancreatic cancer has been shown to induce recruitment of nearby endothelial 
cells and form vessels [ 25 ,  29 ,  32 ]. This experimental approach can be used to identify 
molecular factors involved in the angiogenic response. For example, knockdown of 
LIMK1 and LIMK2 in pancreatic cancer cell lines signifi cantly reduced angiogenesis 
following xenotransplantation [ 43 ]. Several reports have also highlighted the poten-
tial for this high-throughput, relatively inexpensive, pre-clinical xenograft model to 
investigate the potential anti-angiogenic effects of certain drugs [ 7 ,  39 ,  44 ,  72 ].    

    Looking Forward: A Place for Zebrafi sh Xenografts 
in Cancer Research 

 Although there are advantages and disadvantages to the use of xenotransplantation 
studies, they will likely remain a fi xture in cancer research for the foreseeable 
future. Zebrafi sh xenograft experiments are an inexpensive, relatively high- 
throughput, and extremely rapid counterpart to similar studies in other model organ-
isms. We argue that the use of zebrafi sh and other vertebrate animal models such as 
the mouse, increases the likelihood that drug-treatments found to be effective across 
evolutionarily distant models would have a strong possibility of being conserved in 
humans. The use of human tumor xenotransplantation in zebrafi sh has proven to be 
a versatile and highly reproducible technique being adopted by numerous research 
groups. More enticingly, zebrafi sh xenotransplantation is potentially applicable as a 
personalized medicine strategy by allowing the drug sensitivity of a patient’s tumor 
to be determined in a clinically actionable timeframe. The discovery of a NOTCH 
pathway mutation in a young patient with T-ALL was made possible through the 
response of the primary patient sample in vivo in the zebrafi sh embryo to γ-secretase 
inhibitor [ 35 ]. This is just one example highlighting the potential for these xeno-
transplantation experiments to inform patient stratifi cation and treatment. Collection 
of these types of samples occurs routinely for clinical purposes, so within a week, 
this entire experiment could be completed with a selection of possible chemother-
apy drugs. This result, in particular, highlights the main benefi ts that the zebrafi sh 
xenograft model possesses over similar experiments in the mouse model, namely 
the small number of donor cells required for tumor engraftment and the optical clar-
ity of the fi sh, facilitating microscopic observations. 

 Zebrafi sh xenotransplantation of human cancer cells continues to gain accep-
tance by the wider cancer community as a robust platform for in vivo validation of 
in vitro fi ndings related to the contribution of oncogenic factors and drug responses. 
As the cost of clinical trials continues to increase, mandating the judicious selection 
of validated biological targets and selective therapies, the zebrafi sh xenograft model 
will fi nd its place in the preclinical pipeline, by providing a rapid, reliable and cost- 
effective means to prioritize next steps in cancer therapy evaluation.     
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    Abstract     Zebrafi sh embryos can be obtained for research purposes in large numbers 
at low cost and embryos develop externally in limited space, making them highly 
suitable for high-throughput cancer studies and drug screens. Non-invasive live 
imaging of various processes within the larvae is possible due to their transparency 
during development, and a multitude of available fl uorescent transgenic reporter lines.  
 To perform high-throughput studies, handling large amounts of embryos and larvae 
is required. With such high number of individuals, even minute tasks may become 
time-consuming and arduous. In this chapter, an overview is given of the develop-
ments in the automation of various steps of large scale zebrafi sh cancer research for 
discovering important cancer pathways and drugs for the treatment of human dis-
ease. The focus lies on various tools developed for cancer cell implantation, embryo 
handling and sorting, microfl uidic systems for imaging and drug treatment, and 
image acquisition and analysis. Examples will be given of employment of these 
technologies within the fi elds of toxicology research and cancer research.  
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      Introduction 

 The use of zebrafi sh in cancer research has become increasingly widespread, and 
different models have been developed for a variety of cancer types. In initial models, 
tumor development was induced by the exposure of embryos, larvae or adult fi sh to 
carcinogens, giving rise to hepatic, mesenchymal, neural and epithelial neoplasms 
[ 1 – 3 ]. Then, with improvement of techniques to generate transgenic animals, 
Langenau et al. developed the fi rst transgenic cancer model in zebrafi sh, in which 
expression of murine  mMyc  in lymphoid cells drove the onset of leukemia [ 4 ]. Other 
transgenic cancer models followed [ 5 – 15 ], such as activated human  BRAF   V600E   lead-
ing to invasive melanoma formation in p53-defi cient fi sh [ 7 ], or an embryonic model 
for rhabdomyosarcoma induced by activated human  RAS  [ 9 ]. In addition to trans-
genic models, xenotransplantation models were developed, and tumors cells from a 
range of cancer types and species were shown to be able to proliferate, migrate and 
induce neovascularization [ 16 – 24 ]. In these models, cells can be implanted at differ-
ent stages, from blastula and later embryonic stages to (immunosuppressed) adults, 
as well as in different sites, like the yolk, Duct of Cuvier [ 25 ], perivitelline space 
[ 17 ] or brain cavity [ 26 ]. In addition to xenotransplantation with cancer cells of 
human or murine origin, allotransplantation with cells from transgenic zebrafi sh 
cancer models or zebrafi sh transformed cells have been performed [ 27 ,  28 ]. 

 Many papers highlight the opportunity provided by these animals to perform 
large-scale chemical screens in aid of fi nding novel anti-cancer drugs. Before gain-
ing ground as a model for cancer, zebrafi sh embryos were used in screens identify-
ing small molecules affecting development [ 29 ], and immersion of embryos in 
compounds is now an established technique for treatment [ 30 ,  31 ]. With the devel-
opment of various cancer models in zebrafi sh, performing screens with large librar-
ies of compounds to fi nd improved treatment strategies for patients is a logical next 
step. However, performing large scale screens can be a labor-intensive, monoto-
nous task, and automation of different steps of the process would both increase 
speed, precision and reproducibility of results. 

 Automated systems for injection, compound treatment, imaging and data analy-
sis are being developed. Many of these new systems are designed with zebrafi sh 
embryos in mind, not adults, so the main application will be for engraftment mod-
els, or transgenic models where there is a distinct phenotype in larval stages. Here, 
we will provide an overview of the advances in automation regarding each stage of 
cancer research in zebrafi sh embyos and larvae.  

    Automated Microinjection Systems 

 Microinjection is an indispensable technique in zebrafi sh research, with many appli-
cations. Microinjection is used for generation of transgenic lines, mutant lines (using 
the TALEN or CRISPR/Cas9 system), transient gene knock-down (using morpholi-
nos, siRNA or antibodies), transient gene overexpression (by mRNA injection), 
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infection studies (by injection of microbes) and cancer cell engraftment. Most of 
these injections are performed in embryos up to 16 cell stage, and currently available 
automated injection systems are designed with this stage in mind. At these early 
stages, the yolk cell is the largest cell in the embryo, and compounds injected there 
will be taken up by neighboring cells. However, with the rapid development that 
embryos are undergoing, injections have to be performed at a high rate, to ensure 
proper uptake by all the cells of the embryo. 

 Two automated injection systems for zebrafi sh were reported in 2007. In the fi rst 
system, published by Wang et al., embryos were positioned using a 5 × 5 vacuum- 
based holding grid [ 32 ]. Using image recognition software, different structures in 
the embryos could be recognized, and the site of injection was determined based on 
this information. In this fi rst injection system, 25 embryos were injected per 
2- minute run, with an accuracy of 99 %. The second injection system, published by 
Hogg et al., was primarily designed for injection of south-African clawed frog 
 Xenopus laevis  oocytes, but the application for zebrafi sh microinjections was also 
shown [ 33 ]. Here, embryos were placed in commercially available 96-well micro-
plates with conical wells, and the site of injection was based on the spacing between 
wells. This negated the need for image capturing and recognition software. The 
setup had a plunger-driven injection system, which allowed automated cleaning and 
refi lling of the injection needle, making it possible to inject up to seven different 
solutions. Up to 600 injections could be performed per hour. 

 In 2011 Carvalho et al. published an automated injection system that, in addition 
to being suitable for gene disruption injection in early-stage embryos, could also be 
applied to inject pathogens such as  Mycobacterium marinum  into the yolk of 
embryos of up to 1024-cell stage [ 34 ]. In this injection system, embryos were posi-
tioned in an agarose grid with a honeycomb pattern of hemispherical wells, and the 
site of injection was based on the consistent spacing between the wells (Fig.  1a ). 
The freshly cast agarose grid could be designed according to the experiment in 
mind, with a variety in number of wells for small or large scale experiments, or 
multiple small grids of wells to distinguish groups of embryos injected with differ-
ent compounds or parameters (Fig.  1b ). With a built-in camera, the volume of the 
injected droplet could be calibrated on-screen, and easily adapted during the run of 
the experiment, if desired. With this robotic injection method, the authors showed 
that embryos could be infected with  M. marinum  bacteria at a rate of 2000 embryos 
per hour. This high rate of infection makes it an attractive tool for high-throughput 
screens. Furthermore, successful morpholino injection at one to two cell stage has 
been described in this system, as well as the possibility to perform gene knockdown 
by injection of antibodies or CRISPR/CAS constructs, and generating transgenic 
lines by DNA injection [ 35 ]. For additional details, we refer to publications by 
Veneman et al. that provide for an overview of the setup [ 36 ] and its application in 
 Staphylococcus epidermidis  infection studies [ 37 ].

   The possibilities for performing cancer research in zebrafi sh by manual xeno-
transplantation has been shown in a large number of papers. Therefore the applica-
bility of an automated injection system for cancer cell xenografts was also 
investigated. An overview paper by Spaink et al. reports that cells of a number of 
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different cancer types could be successfully injected into the yolk of embryos 
between 2 and 4 h post-fertilisation (hpf) (Fig.  1c ) [ 35 ]. Osteosarcoma cells (from 
the SJSA-1 cell line), cutaneous melanoma (Mel57), and prostate cancer cells (PC3 
and LNCap) were all found to proliferate and in several cases shown to disseminate 

  Fig. 1    High-throughput injection platform for zebrafi sh embryos. ( a ) Schematic representation of 
the injection platform described by Carvalho et al. [ 34 ]. Embryos are positioned into an agarose- cast 
grid of hemispherical wells. The agarose grid is cast on a glass slide, the size of a well plate. A needle 
fi lled with cancer cells, mounted above the agarose plate, is computer-controlled to deliver one or 
multiple injections per embryo. A camera mounted beneath the agarose plate is used in calibrating 
the parameters of injection at the beginning of the experiment. The motorised stage moves between 
injections, positioning each embryo beneath the stationary needle. ( b ) Example of agarose cast grid 
in different forms: the  dark gray areas  show a grid-pattern when multiple injection parameters are 
used, or different compounds are injected.  Each dark gray square  holds 100 embryos. The  light and 
dark gray areas  combined can hold up to 1024 embryos. Grid-molds for holding up to 2580 embryos 
are available. ( c ) Embryo injected with cancer cells ( magenta ), 30 min after implantation       
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at 6 days post-injection (dpi) and onwards. The injection system operated largely in 
the same manner as described by Carvalho et al., with only a few adaptations to 
injection parameters. Due to the larger size of tumor cells when compared to bacte-
ria, needles with a larger opening were used for these injections. Additionally, the 
larger tumor cells tended to sediment in the needle more rapidly, and clump together, 
which could cause needle clogging. A higher concentration of 14 % polyvinylpyr-
rolidone- 40 (PVP-40) carrier solution PVP was used to prevent this from happen-
ing. With these two changes, successful implantation rates were 80–90 %, and 
showcases the suitability of the system for high-throughput applications. Some 
optimization of injection parameters may have to be performed for each cancer cell 
line to be injected. In addition, it is recommended to exclude the possible effects of 
the embryonic developmental program on the cancer cells injected at this stage [ 38 ]. 
Furthermore, it was shown that some cancer cell types do not exit the yolk after 
implantation at early embryonic stages although the proliferate very rapidly. 

 Thus far, the described automated injection systems are primarily used to achieve 
injections into the yolk cell of early stage embryos. However, when looking at can-
cer cell engraftment models established in zebrafi sh, often engraftment takes place 
in the yolk of older embryos from two days post fertilization. At this point, the 
embryos are less fragile, and thus more likely to survive higher numbers of engrafted 
cells. As well as tolerating larger volumes, another key difference of older stages is 
that it is also possible to engraft in compartments other than the yolksac. Engraftment 
into the bloodstream is achieved via injection into the Duct of Cuvier [ 25 ] or the 
heart cavity, and enables following extravasation processes and micrometastases 
formation. For studying angiogenesis, an engraftment model of cancer cells into the 
perivitelline space (PVS) close to the subintestinal vessel complex has been 
described [ 17 ]. The PVS was also used as an implantation site in a recent publica-
tion by the group of Prof. Y. Cao, which studies the effect of tumor associated mac-
rophages in the tumor microenvironment on intravasation and metastasis formation 
[ 39 ]. The effect of the zebrafi sh microenvironment on Glioblastoma multiforme 
cells was investigated by performing injections to the midbrain/hindbrain boundary 
[ 26 ]. In infection studies, injection of bacteria in the hindbrain have been performed 
to study macrophage recruitment [ 40 – 42 ], and injection of bacteria into the otic 
vesicle induce macrophage and neutrophil recruitment [ 43 ]. Similar injections could 
be of use in investigation of leukocyte recruitment in cancer research. However, a 
limiting factor into achieving successful automation of these types of injections is 
the inter-individual variations in body shape of the embryos. As the injections men-
tioned in this paragraph are largely high-precision maneuvers  concerning minute 
structures, the slightest deviation in injection site or depth will result in a failed 
engraftment. Furthermore, with the loss of radial symmetry during embryonic 
development, positioning of the embryos is also a more time-consuming process. 

 A system for performing these kinds of injections was recently published by the 
group of Prof. M.F. Yanik [ 44 ]. This systems positions zebrafi sh larvae in an array 
of hydrogel droplets, using a microfl uidic dispensing system. Each droplet contains 
one larva, which can be orientated in either a dorsal orientation by several pulses of 
mechanical vibration (eliciting the ‘startle’ response), or in the lateral orientation by 
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addition of an anesthetic to the hydrogel. After orientation of the embryos, the 
hydrogel will solidify after a brief period of cooling. Using a high-speed camera and 
image-recognition software, the position of each embryo within a droplet is identi-
fi ed and can be zoomed in on. The eyes and posterior-anterior axis serve as refer-
ence coordinates to determine the site of implantation with a front-loaded 
micropipette. This system achieved a success rate between 84 % and 93 % of 
implanting 4 dpf larvae in different orientations in a variety of organs such as fore-
brain, midbrain, ventricles, eyes, heart and liver. 

 Another aspect to consider when aiming to perform high-throughput screens, is 
the amount of embryos needed. Variation of response, loss of individual embryos 
during the experiment, and the intention to use multiple concentrations per com-
pound means that tens of thousands of reproducibly injected embryos are needed to 
screen a typical compound library. While the robotic injection systems described 
above will allow these reproducible injections, acquiring such numbers of uni-
formly staged embryos is the fi rst necessary step. Commonly, to acquire embryos at 
the same developmental stage, single couples of zebrafi sh are placed in small tanks 
in which a spacer is placed between the female and male. This spacer prevents the 
fi sh from spawning, and is only removed once spawning is desired. Setting up these 
types of crosses when very large amounts of eggs are required, is laborious and 
takes up large amounts of time and space. A solution for these problems was pre-
sented in a paper by Addato et al., which describes development of a large breeding 
vessel, in which 180 zebrafi sh can be place at a time [ 45 ]. In the breeding vessel, 
females and males are separated until the desired spawning time, when the researcher 
removes the barrier separating the fi sh. Subsequently, eggs can be harvested at mul-
tiple time intervals from the bottom of the vessel. In this way, in a relatively short 
time, around 8000 eggs were collected on average.  

    Embryo-to-Plate Dispensing Systems 

 Commonly, drug testing in zebrafi sh is performed in 96- or 384- well plates. In 
these plates, individual embryos can be treated with small volumes of compound to 
be taken up from the water in which they are immersed. Benefi ts of this set up are 
that the required volumes are relatively small, and liquid handling robots for these 
standardized plates are commercially available, having been previously developed 
for cell culture systems. Furthermore, embryos may be imaged directly in the plates 
in which they receive compound treatment. Confocal microscopy is possible in 
plates with an optical bottom, or sideview plates in which prisms allow viewing 
embryos from two different angles [ 46 ]. 

 Manually fi lling these plates with embryos is a laborious undertaking in large 
drug screens. Various systems have been developed to automate the dispensing of 
embryos to well plates, and are described in the following paragraphs. 

 Pfriem et al. developed a fi sh sorting system intended for dispensing embryos 
from a Petridish to a well plate that works by taking a photograph of a plate with 
anaesthetized embryos (hatched or unhatched), and analyzing this image to determine 

W. Ent et al.



321

coordinates of each embryo [ 47 ]. They are then subsequently taken up from the 
Petridish via a pipette tip, whilst a built-in sensor detects if the embryos are indeed 
aspirated. The same sensor is able to detect if the aspirated embryo is living or coagu-
lated. Living embryos are transferred to the well plate, either of 96- or 384- well for-
mat. As no fl uorescent screening step is incorporated, the simple design may be 
cheaper than other available embryo sorters. Notably, this fi sh sorting system is com-
patible with other robots performing a variety of different tasks, in a ‘modular cube’ 
system. This modular design allows the addition or removal of parts, dependent on 
the design and needs of the researcher. 

 A similar system is described by Mandrell et al., where a 4-axis  S elective  C ompliant 
 A ssembly  R obot  A rm (SCARA, Denso Inc.) picks up 5–6 hpf embryos from a Petridish 
based on coordinates obtained from a photograph [ 48 ]. Here, the distinction between 
living and dead embryos is made based on rapid analysis of the same photographic 
record. Living, semi-transparent embryos are taken up with the pipette mounted on 
the SCARA. Dead embryos will appear bright white and will not be aspirated. 

 In addition to such ‘pick-and-place’ devices, other fl ow-based sorting systems 
are available. One such system is the COPAS from Union Biometrica [ 49 ]. This 
‘ C omplex  O bject  P arametric  A nalyzer and  S orter’ takes up embryos from a reser-
voir in the system, and leads them through tubing past a sensor measuring the time- 
of- fl ight (to get an indication of length), the optical density (to get an indication of 
thickness), and the presence and intensity of fl uorescent signal within the embryos. 
By gating the parameters, the system can deposit the embryos in well plates of vari-
ous formats, or discard them if they do not confi rm to defi ned factors. Since it is 
possible to analyze the intensity and presence of fl uorescent signal, this system can 
be employed to perform selection based on the presence and amount of fl uorescent 
tumor cells. This can be particularly useful in combination with an automated injec-
tion system, to separate the embryos implanted with suffi cient amounts of cancer-
ous cells from those with little to no cells. 

 Another fl ow-based system, called the ZebraFactor, was described by Graf et al. 
[ 50 ]. The ZebraFactor consists of two devices working in sync. The CellSorter unit 
uses a static and a sliding ring to create a circular fl uidic channel in which suspended 
embryos are caught via drag and friction forces. Cameras placed to visualize a part of 
the channel can be used to observe and sort the embryos. Single embryos are pushed, 
by redirection of the buffer, into the WellPlateFeeder. This second unit will dispense 
the embryos in wells of a 96-well plate. This setup makes use of light barriers to 
control opening and closing of various valves, to ensure correct embryo placement.  

    Microfl uidic Systems 

 The ability to automate the dispense of embryos in micro titer plates is a great boon 
to zebrafi sh research. But the well plate format is not always the ideal experimental 
set up. When analysis of the embryos requires a staining procedure, a multitude of 
washing steps are involved. Such steps are not easily carried out in the well plate 
format. An alternative are microfl uidic systems, or  L ab- O n- C hip (LOC) devices. 
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These devices have been designed to perform rapid fl uid perfusion, and to allow 
in-device imaging. A number of devices are designed to generate a continuous 
fl owthrough of fresh medium, which aids in the survival of embryos when they are 
kept in low volumes of medium. 

 An in-depth explanation of the rationale of design and mechanics of LOC devices 
for zebrafi sh handling can be read in the papers by Khoshmanesh et al. [ 51 ] and 
Akagi et al. [ 52 ], from the group of Dr D. Wlodkovic. In short, PDMS chips bonded 
to microscope slides are designed to have a small fl uidic channel in which embryos 
are loaded. The channel goes past an array of interconnected embryo traps. When 
embryos (within their chorions) are introduced into this channel via the inlet of the 
LOC device, hydrodynamic forces cause the docking and immobilization of 
embryos at these traps, whilst allowing remaining embryos to pass. After loading 
the chip with embryos, drugs or dyes can be completely perfused through the sys-
tem via the inlet and outlet in a matter of minutes, without disrupting the positioned 
embryos. The internal volume of the described LOC device in these papers was 
under 1 ml, highlighting the small amounts of fl uids necessary. As the devices are 
made with microscopic glass slides, in-device microscopy can be performed for 
easy imaging and analyzing of the embryos. 

 As a proof of concept, Akagi et al. performed an on-chip angiogenesis assay 
[ 52 ]. After loading transgenic  TG(fl i1:EGFP)  embryos with fl uorescent vasculature 
into the chip, they are perfused by eggwater with either vehicle control, or Tivozanib, 
a VEGFR inhibitor effectively inhibiting angiogenesis. The development of inter-
segmental bloodvessels could be monitored in the array for a period of 48 h. In 
follow-up papers, the group of Wlodkovic describe a further developed LOC device 
(Fig.  2a ) [ 53 ,  54 ]. The new design includes a small suction channel connected to 
each well, to increase immobilization effi ciency via combined gravitational sedi-
mentation and low-pressure suction forces. Additionally, the chips are fi tted out 
with an integrated electronic automation interface, and include an automated stage 
and fl uorescent microscope. This integrated LOC device allows automated loading 
of embryos, liquid perfusion control, microenvironment maintenance, and fl uores-
cent imaging of embryos over time.

   Other presented LOC devices have their own unique features. The device 
described by Zheng et al. [ 35 ,  55 ] (Fig.  2b ) is a device where the embryos are loaded 
manually into the open wells of the chip. What makes this an interesting system is 
that actuator-regulated monolithic valves are present in the channels leading into 
and out of each individual well of the chip. This allows for rapid, automated aspira-
tion and reperfusion of the wells. This LOC device was used to demonstrate the 
ability to monitor effects of drug treatment on the cancer-associated hedgehog path-
way and vasculature development [ 55 ]. Both this study and that of Akagi et al. [ 52 ] 
show that it is possible to investigate cancer-related processes in these LOC devices, 
with only very small amounts of compound necessary. 

 In the device presented by Wielhouwer et al. [ 56 ], embryos are manually loaded 
into the wells of a chip, where a constant fl ow-through of medium is attained via the 
presence of multiple in- and out-let channels. Furthermore, this chip has integrated 
heating channels, making it possible to maintain stable temperature gradients on a 
small scale. 
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  Fig. 2    Microfl uidic devices for imaging or compound treatment purposes  Arrows  indicate the 
direction of fl owthrough. ( a ) Schematic representation of the cross-section a microfl uidic device 
described by Wang et al. [ 54 ]. Embryos are loaded at the inlet through the main channel, along 
which embryo traps are present. Each embryo trap is connected via a small channel to a suction 
channel underneath. Via combined gravitational sedimentation and low-pressure suction forces, 
embryos are immobilized in the embryo traps. In this LOC device, embryos can be imaged from 
above. The array was integrated in a platform with an electronic interface regulating automated 
embryo immobilization, culture, treatment and time-resolved image acquisition. ( b ) Schematic 
representation of the cross-section of one well of a microfl uidic device described by Zheng et al. 
[ 55 ]. In this device, consisting of 24 wells of 40 μl, each well is open and embryos are loaded from 
above. Channels feeding into the wells have actuator-controlled monolithic valves, which open and 
close independently from eachother as old medium is removed ( upper panel ) and fresh medium is 
added ( lower panel ). ( c ) Schematic representation of an microfl uidic array, described by Zhu et al. 
[ 57 ]. In this device, embryos are immobilized via combined gravitational sedimentation and low-
pressure suction forces. As suction channels are positioned on the side of the embryo traps, imaging 
can be performed in both upright- and inverted imaging setups. The whole array is the size of a 
96-well plate, and can contain 252 embryos. ( d ) Schematic representation of the ZEBRA device 
described by Bischel et al. [ 58 ]. The device employs passive pumping to drive embryos through the 
device. Embryos are trapped in individual channels. Dependant on the manner of loading embryos 
(head-fi rst or tail-fi rst), embryos are trapped allowing side-view or in dorsal/ventral view       

 Another device, described by Zhu et al. [ 57 ] (Fig.  2c ) is an array of multiple 
identical microfl uidic segments, the size of a 96-well plate. It employs combined 
gravitational and suction forces to trap the embryos, and can contain up to 252 indi-
vidual embryos. The suction channels are positioned on the side of each embryo 
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trap, enabling the possibility to image in both upright and inverted microscope 
 settings. As the array is shaped as a conventional 96-well plate, it is compatible with 
automated imaging setups designed for well plates. 

 A limiting feature of the above described LOC devices, is that they are unsuit-
able for embryos older than 72 hpf, as at this time the larvae will break out of their 
chorions. A different microfl uidic device, developed by Bischel et al. (Fig.  2d ), is 
designed for older embryos [ 58 ]. In the  Z ebrafi sh  E ntrapment  B y  R estriction  A rray 
(ZEBRA), embryos are guided through small channels via surface-tension driven 
passive pumping. Depending on whether embryos are loaded head-fi rst or tail-fi rst, 
they will be positioned laying on their side, or dorsal/ventral side facing upward, 
respectively. The design includes small access ports above the location where the 
larvae will be trapped, for an easy and rapid method to add dyes or compounds. This 
device was shown to be suitable for imaging 3–5 dpf larvae without the need for 
agarose embedding, which is time consuming and can impair embryonic develop-
ment due to constriction.  

    Image Acquisition 

 Much of the read-out of zebrafi sh experiments is based on microscopic imaging and 
analysis. Often, embedding in agarose with a low melting-temperature is used to fi x 
embryos and larvae (anaesthetized with tricaine) in position for high-end micros-
copy. In this method, each embryo has to be positioned individually, before the 
agarose solidifi es. This technique is not suited for large-scale experiments. In the 
previous section on microfl uidic devices, the possibility of doing image acquisition 
in the LOC devices has already been discussed. In microtiter plate format, optical 
glass bottom plates allow confocal imaging [ 59 ,  60 ]. As embryos are still quite 
small relative to one well of a 96-well plate, the use of predefi ned imaging coordi-
nates is hampered. Plates can be modifi ed with an array of agarose molds, to restrict 
the space the embryo will occupy [ 61 ]. Additionally, Physical Sciences, Inc. 
(Andover, MA, USA) has manufactured the Sideview Microplate. In this plate, the 
wells are designed as narrow rectangles, so that embryos are limited in their orienta-
tion. Prisms placed adjacent to the wells allow imaging the embryos from the side 
of the well as well as the bottom. In a microscope with an automated stage, com-
plete 96-well plates of consistently oriented embryos can be imaged with minimal 
effort of the investigator. Alternatively, if embryo orientation within the well is not 
fi xed, microscopes are developed with integrated detection software to locate and 
recognize the orientation of the embryo [ 62 ]. 

 A fl ow-based device, called the  V ertebrate  A utomated  S creening  T echnology 
(VAST, Fig.  3a ) [ 63 ,  64 ], similarly takes up anesthetized embryos from a suspen-
sion cup or plate and leads them through tubing past a sensor. When an embryo is 
detected, the water fl ow is adjusted and eventually stopped so that the embryo is 
positioned in a glass capillary mounted under a microscope. This capillary is 
immersed in water and has a similar refractive index as water, making microscopy 
with high numeric aperture water dipping objectives possible. Motors drive the 
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  Fig. 3    Automated imaging using Vertebrate Automated Screening Technology (VAST). ( a ) 
Schematic representation of the  V ertebrate  A utomated  S creening  T echnology (VAST) setup. 
Briefl y, embryos are taken up from a well plate (or bulk receptacle) and guided through tubing past 
a sensor. As an embryo is detected by the sensor, fl uid fl owthrough stops or is reverted, until the 
embryo is positioned in a glass capillary mounted beneath a microscope. Two stepper motors on 
either end of the capillary can cause it to rotate, allowing the embryo to be imaged from multiple 
sides. After imaging, fl uid fl owthrough is reinitiated, and the embryo is guided to a bulk receptacle. 
( b ) Example of images taken in the VAST setup, using a 2x objective. Bright-fi eld and fl uorescent 
overlays of fi xed 6 dpi  TG(fl i1:EGFP)  embryo (vasculature in  green ) implanted with breast-cancer 
cells (MDA-MB-157,  red ) are shown at multiple angles. ( c ) Example of images taken in the VAST 
setup, using a 4x objective. Bright-fi eld and fl uorescent overlays of fi xed 6 dpi embryo implanted 
with prostate-cancer cells (PC3-Pro4,  red ) are shown at multiple angles       
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rotation of the capillary, so that the embryo within can be imaged from any angle. 
In this system, optic manipulations and even laser microsurgery can be performed 
[ 63 ], before the embryo is deposited in a bulk receptacle. Figure  3b  shows low- 
magnifi cation imaging of an 8 dpf zebrafi sh larvae engrafted with MDA-MB-157 
breast cancer cells, imaged from multiple angles. Figure  3c  shows high- magnifi cation 
imaging of an 8 dpf zebrafi sh larvae engrafted with PC3-Pro4 prostate cancer cells, 
imaged from multiple angles.

       Non-image Based Data Acquisition 

 In various experimental setups, the fi nal read-out of the assay is based on the pres-
ence or change in amount of fl uorescence. Often, this is quantifi ed post-experiment 
from microscopic images. However, this is not a necessity. In the section dealing 
with embryo-to-plate dispensing devices, the COPAS system has already been men-
tioned. As each individual embryo passes the beams of various lasers, excitation 
levels can be measured and recorded. This information is used in the selection and 
sorting of embryos during dispensing, but can be of equal use to analyze the differ-
ence in presence of various fl uorescent markers in post-treatment groups. In this 
setup, no actual images of the embryos are generated as they pass through the sys-
tem. However, there is a profi le generated, showing the outline of the embryo in 
combination with the fl uorescence signal. This could be used to detect where the 
fl uorescent signal is located within the embryo body, and determine how much dis-
tance there is between the site of injection (yolk) and metastases (tail). 

 For high-throughput reporter-based assays in zebrafi sh, a tool called ARQiv 
( A utomated  R eporter Quantifi cation  i n  v ivo) was presented by Walker et al. [ 65 ] 
ARQiv does not use image analysis, but quantifi es the presence and intensity of fl uo-
rescent signal directly using a microplate reader. By eliminating microscopy from the 
process, higher throughput levels can be achieved than in other systems. The system 
was demonstrated to allow detection of inter-individual variation of expression of sev-
eral reporters. ARQiv was shown to detect cell loss, although cell regeneration could 
not be as robustly measured. Furthermore, as the process is rapid and non-invasive, 
alterations of expression levels can be followed within individual embryos over time.  

    Image Analysis 

 In development and toxicology research, alterations in phenotype of the embryo is 
an important readout. For this purpose, automated image analysis software pack-
ages designed for recognizing various structures within the embryo are now avail-
able [ 61 ,  66 – 69 ]. 

 To assess fl uorescent tumor cell burden in zebrafi sh, several different analysis pro-
grams are available, each with unique attributes. Pixel-counting programs are avail-
able and are a useful tool to quickly determine differences in fl uorescent (tumor cell) 
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burden. With this type of analysis, care needs to be taken that the detected fl uorescent 
signal indeed comes from the tumor cells within the fi sh, and not from debris which 
may be visible in the background of an image. A way to reduce the interference of 
non-relevant signal, is to use recognition software to fi nd the zebrafi sh body, and only 
count fl uorescent signal within this area of the image [ 70 ]. Pixel- counting is a rapid 
analysis tool, but provides no information on the migration capabilities of cancer cells 
within the zebrafi sh. 

 An automated image analysis tool specifi cally designed for analyzing cancer cell 
engraftment models in zebrafi sh, was presented by Ghotra et al. [ 60 ] Here, a macro 
is able to detect the body of the larvae, no matter in which orientation the image was 
taken, and the fl uorescent tumor cell burden within. Based on the body plan of the 
larva and its tumor cell burden, the site of implantation is determined. For each 
individual tumor cell cluster, the size and migration distance away from the site of 
implantation is determined (Fig.  4 ).

  Fig. 4    Automated image analysis tool. ( a ) Schematic of embryos imaged in glass-bottom 96-well 
plate. Based on a macro written for Image-Pro Analyzer software (Media Cybernetics, USA) 
which determines the body axis of the larva based on signal of the green fl uorescent channel, all 
images are rotated so that the body axes of all larvae align. ( b ) In the correctly re-orientated 
images, the same macro uses the red fl uorescent signal to identify all tumor cell foci. Simultaneously, 
based on the larval body axes, the site of implantation (SOI) is determined (indicated by a  yellow 
X ,  top panel ). Of each larva, the number of tumor cell foci, the size and intensity, and the distance 
of migration away from the SOI is recorded. The coordinates of each tumor cell cluster is plotted 
in a dot plot, where the SOI corresponds to the origin ( lower panel ). ( c ) A Microsoft Excel 
(Microsoft Corporation, USA) based macro is used to summarize data required from all embryos 
in one group ( left panel ), and generates a dot plot ( right panel )       
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   In another program called zebIAT, developed by Annila et al., a body plan is 
mapped to the image of engrafted embryos, and segregated into 12 different tissues/
structures [ 71 ]. ZebIAT can then assess the presence of tumor cells per region. The 
program is not fully automated as of yet, as there is a requirement for manually 
identifi cations of part of the landmarks needed to map all structures. However, this 
software provides useful information on the seeding amount and preference of cells 
to home to certain organs or structures and warrants further development to allow 
analysis of large data sets generated in engraftment screens. 

 One method to quantify the tumor burden, presented by Corkery et al. [ 72 ] does 
not make use of images of whole embryos containing engrafted cells, but images 
fl uorescent cancer cells ex vivo .  For this purpose, engrafted embryos are dissoci-
ated, the cells pelleted and then resuspended in PBS. Images of fl uorescent cells are 
analysed in silico using a semi-automated ImageJ (National Institutes of Health, 
USA) macro, and was shown to allow detecting of difference in proliferation 
between drug- treated and untreated groups. Although not providing information on 
migration or establishment of metastases, the sensitivity of this approach is advan-
tageous for when there are only limited numbers of embryos per group, which is 
likely the case in large-scale drug screens.  

    Concluding Remarks 

 The zebrafi sh is inherently a very suitable model organism for high-throughput 
applications. Adults can be housed relatively cheaply, embryos are produced in 
large numbers, and the external development makes them accessible for various 
kinds of manipulations. Furthermore, multiple well-characterized cancer models 
have been established in zebrafi sh on a smaller scale, ready to be adapted for large 
scale studies. In this chapter, we show the effort that has been made in recent years 
to conduct such studies. Developments in automation has been achieved on all lev-
els of zebrafi sh research, from embryo handling, to manipulation, drug screening, 
data acquisition and analysis. As these various tools are continuously being refi ned, 
we look forward to see how the described tools and methods will aid in taking the 
fi eld of cancer research forward and prove the translation value of discoveries made 
in zebrafi sh for clinical application.     
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    Abstract     Insights concerning leukemic pathophysiology have been acquired in 
various animal models and further efforts to understand the mechanisms underlying 
leukemic treatment resistance and disease relapse promise to improve therapeutic 
strategies. The zebrafi sh ( Danio rerio ) is a vertebrate organism with a conserved 
hematopoietic program and unique experimental strengths suiting it for the investi-
gation of human leukemia. Recent technological advances in zebrafi sh research 
including effi cient transgenesis, precise genome editing, and straightforward trans-
plantation techniques have led to the generation of a number of leukemia models. 
The transparency of the zebrafi sh when coupled with improved lineage-tracing and 
imaging techniques has revealed exquisite details of leukemic initiation, progres-
sion, and regression. With these advantages, the zebrafi sh represents a unique 
experimental system for leukemic research and additionally, advances in zebrafi sh- 
based high-throughput drug screening promise to hasten the discovery of novel leu-
kemia therapeutics. To date, investigators have accumulated knowledge of the 
genetic underpinnings critical to leukemic transformation and treatment resistance 
and without doubt, zebrafi sh are rapidly expanding our understanding of disease 
mechanisms and helping to shape therapeutic strategies for improved outcomes in 
leukemic patients.  
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  Abbreviations 

   4HT    4-hydroxytamoxifen   
  ALL    Acute lymphoblastic leukemia   
  AML    Acute myeloid leukemia   
  B-ALL    B-cell acute lymphoblastic leukemia   
  CLL    Chronic lymphocytic leukemia   
  CML    Chronic myeloid leukemia   
  CRISPR/Cas9    Clustered regularly interspaced short palindromic repeats/

CRISPR-associated protein 9   
  dpf    Days post fertilization   
  EGFP    Enhanced green fl uorescent protein   
  ENU     N -ethyl- N -nitrosourea   
  GFP    Green fl uorescent protein   
  GMP    Granulocyte/macrophage progenitors   
  HOXA9    Homeobox A9   
  HSCs    Hematopoietic stem cells   
  HSCT    Hematopoietic stem cell transplantation   
  ICN1    Intracellular portion of human  NOTCH1    
  LED    Light emitting diode   
  LP    Lymphoid progenitor (cells)   
  LPC    Leukemia-propagating cells   
  LSCM    Laser scanning fl uorescent confocal microscopy   
  MDS    Myelodysplastic syndrome   
  MEP    Megakaryocyte-erythrocyte progenitors   
  MP    Myeloid progenitor (cells)   
  MPN    Myeloproliferative neoplasm   
  NUP98    Nucleoporin 98 kDa   
  PP2A    Protein phosphatase 2   
  Pro-B    Pro-B-lymphocytes   
  Pro-T    Pro-T-lymphocytes   
  RFP    Red fl uorescent protein   
  S1P1    Singhosine-1 phosphate receptor 1   
  SDCM    Spinning disc confocal microscopy   
  TALENs    Transcription activator-like effector nucleases   
  T-ALL    T-cell acute lymphoblastic leukemia   
  TET2    Tet methylcytosine dioxygenase 2   
  TILLING    Targeting induced local lesions IN Genomes   
  T-LBL    T-cell acute lymphoblastic lymphoma   
  ZFNs    Zinc fi nger nucleases   
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        Introduction 

 Leukemias are hematopoietic malignancies commonly subdivided into four major 
types—acute lymphoblastic leukemia (ALL), chronic lymphocytic leukemia (CLL), 
acute myeloid leukemia (AML), and chronic myeloid leukemia (CML)—and other 
less common types, such as hairy cell leukemia and chronic myelomonocytic leuke-
mia [ 1 ]. The incidence (number of new cases per year) of leukemias differs from 
their prevalence (total cases of disease). AML has the highest incidence, but CLL is 
the most prevalent. Although leukemia occurs more frequently in older adults, ALL 
is the most common form of cancer in children and adolescents. Leukemogenic 
processes are generally induced by multiple genetic changes including chromo-
somal translocations, mutations, and deletions [ 2 ,  3 ]. 

    The Genetic Basis of Human Leukemia 

 T-cell acute lymphoblastic leukemia (T-ALL) is characterized by constitutively 
activated NOTCH1 signaling accompanied by deletions of the tumor suppressor 
genes  p16/INK4A  and  p14/ARF  in more than 70 % of cases (Table  1 ). This NOTCH1 
activation is the result of mutations in the  NOTCH1  gene, involving the extracellu-
lar heterodimerization and/or the C-terminal PEST domains [ 13 ], and about 15 % of 
cases are associated with  FBXW7  mutations that reduce the degradation of activated 
NOTCH1 [ 14 ,  15 ]. Additionally, aberrant expression of certain transcription factor 
genes, such as  TAL1/SCL, TAL2, LYL1, BHLHB1, MYC, LMO1,  and  LMO2 , con-
tributes to T-ALL pathogenesis (Table  1 ) [ 4 ]. These transcription factors normally 
remain quiescent during T cell development, but become aberrantly activated dur-
ing T-ALL pathogenesis. Their aberrant expression results from either recurrent 
chromosomal translocations or, in some cases, mutations affecting upstream regula-
tory pathways that can inactivate transcriptional repressor networks or induce aber-
rant transcriptional activation. B-cell acute lymphoblastic leukemia (B-ALL) is 
characterized by aneuploidy or gross chromosomal rearrangements in approxi-
mately 75 % of cases (Table  1 ). Chromosomal rearrangements affecting genes 
related to hematopoiesis, tumor suppression, and tyrosine kinase activity are com-
mon and in combination with further genetic aberrations such as aberrant oncogene 
activation, lead to the leukemic phenotype [ 16 ].

   AML is a genetically complex disease that has historically been sub-classifi ed 
based on both large-scale cytogenetic and individual gene abnormalities [ 17 ]. 
Importantly, knowledge about the mutational status of genes for  FLT3 ,  NPM1 , 
 CEBPA , and  KIT  is helping to refi ne treatment protocols; whereas other mutations—
including  DNMT3A ,  IDH1/2 , and  TET2 —are poised to improve prognostic prediction 
(Table  1 ) [ 18 ]. Though the biological functions of many AML-related genes have been 
detailed [ 17 ], it remains an ongoing effort to assign driver vs. passenger mutations 
(i.e., to distinguish pathogenic driver mutations from coincident alterations). Such 
assignments will allow better defi nition of clinically relevant patient populations. 
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 CLL is a leukemia subtype with high genetic heterogeneity, where the prevalence 
of any given mutation totals only 10–15 % of cases (Table  1 ). However, associated 
gene mutations affect distinct pathways including those of NOTCH signaling, 
mRNA splicing, processing, and transport, and the DNA damage response (Table  1 ) 
[ 8 ]. Despite the quantity of genetic mutations in CLL, their roles in disease initiation 
and progression remain elusive. For instance, Quesada et al. defi ned 78  recurrently 
mutated CLL genes, with particular focus on the splicing factor  SF3B1  [ 19 ]. As in 
T-ALL,  NOTCH1  mutations are found in CLL cases, but it remains unclear whether 

                   Table 1    Summary of genetic alterations in human ALL, AML, CLL, and CML   

 Disease 
 Gene activation, fusion, 
inactivation or mutations  Translocations  Deletions 

 ALL   RB1, WT1, GATA3, CCND2, ETV6, 
RUNX1, EZH2,  
  SUZ12, EED, PHF6, NOTCH1, 
FBXW7, PTEN,  
  NRAS, NF1, JAK1, JAK3, FLT3, 
IL7R, CDKN2A/2B,  
  BCL11B, LEF1, MYC, CDKN1B, 
NUP214-ABL1,  
  TEL-AML1, EML1-ABL1, ETV6-ABL1, 
ETV6-JAK2, BCR-ABL1  

 t(14;21)(q11.2;q22) 
 t(11;14)(p13;q11) 
 t(1;14)(p32;q11) 
 t(1;7)(p32;q34) 
 t(7;7)(p15;q34) 
 t(10;11)(p13;q14) 
 t(11;19)(q23;p13) 
 t(7;14)(q34;q13) 
 t(14;20)(q11;p11) 
 t(6;7)(q23;q34) 
 t(7;19)(q34;p13) 
 t(7;11)(q34;p15) 
 t(7;12)(q34;p12) 
 t(11;14)(p15;q11) 
 t(7;9)(q34;q32) 
 t(7;11)(q34;p13) 
 inv(7)(p15q34) 
 inv(14)(q11.2q13) 
 inv(14)(q13q32.33) 

 del(1p32) 
 del(11p13) 
 del(9q34) 
 del(9p21) 

 AML   IDH2, NRAS, TP53, KRAS, RUNX1, 
NPM1, FLT3,  
  DNMT3A, IDH1, TET2, CEBPA, WT1, 
PTPN11,  
  KIT, MYST3-NCOA2, AML1-ETO, 
NUP98-HOXA9  

 t(15;17) 
 t(8;21)(q22;q22) 
 inv(16)(11q23) 
 inv(8)(p11q13) 

 del(5q) 
 del(7q) 

 CLL   ZMYM3, CHD2, SF3B1, U2AF2, 
SFRS1, XPO1,  
  ATM, TP53, LRP1B, MAPK1, 
MYD88, IGHV,  
  NOTCH1, FBXW7, DDX3X, TLR2, POT1  

 t(14;18)(q32;q21) 
 t(14;19)(q32;q13) 
 t(11;14)(q13;q32) 
 t(17;18)(p11;q11) 

 del(11q22-23) 
 del(17p13) 
 del(13q14) 

 CML   BCR-ABL1, EVI1, RB1, TP53, CDKN2A,  
  ETV6-JAK2  

 t(9;22)(q34;q11) 
 inv(3)(q21q26) 
 t(3;21)(q26;q22) 
 t(15;17)
(q22;q12-21) 

  IKZF1  Δ3–6 

  Information summarized from Van Vlierberghe and Ferrando [ 4 ], Takeuchi et al. [ 5 ] (ALL); 
Cancer Genome Atlas Research [ 6 ] (AML); Wang et al. [ 7 ], Martin-Subero et al. [ 8 ], Baliakas 
et al. [ 9 ] (CLL); Johansson et al. [ 10 ], Rumpold and Webersinke [ 11 ], Mullighan et al. [ 12 ] (CML)  
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these mutations drive leukemogenesis. Larger sample sizes may facilitate the detec-
tion of putative driver mutations affecting smaller patient subsets (2–5 % of cases) 
[ 20 ]. The genetic heterogeneity in CLL has led to the investigation of numerous 
candidate genes and a handful of commonly affected pathways. 

 Unlike CLL, greater than 90 % of CML cases are associated with a unifying 
genetic abnormality known as the Philadelphia chromosome—a specifi c chromo-
somal translocation between the long arms of chromosomes 9 & 22:t(9;22)(q34;q11) 
(Table  1 ) [ 21 ]. This translocation causes the expression and constitutive action of 
the oncogenic tyrosine kinase BCR-ABL1 [ 22 ]. The most common BCR- ABL1 
fusion protein—p210  BCR-ABL  —results from translocation within the break point clus-
ter region (BCR) between exons 12 and 16 on chromosome 22 (Table  1 ). This fusion 
protein activates a number of downstream signaling pathways, including: (a) RAS-
MAPK signaling that transcriptionally upregulates  BCL-2 ; (b) AKT signaling that 
stabilizes MYC and thus increases transcriptional activation of MYC downstream 
targets; and (c) STAT5 signaling that leads to the transcription of  BCL-xL  [ 23 ]. 
Although targeting the BCR-ABL1 fusion protein with the tyrosine kinase inhibi-
tors (e.g., Imatinib) is an effective therapeutic strategy for the management of CML 
during the chronic phase, the disease remains incurable upon progression [ 24 ].  

    Remaining Challenges in Leukemia Treatment 

 Intensifi cation of standard therapeutic agents has improved the clinical outcome in 
many leukemia subtypes. However, 5-year survival rates for leukemia remain low: 
68.8 % for ALL, 24.9 % for AML, 83.1 % for CLL, and 58.6 % for CML [ 1 ]. Among 
adult patients, only 20–30 % with ALL and 30–35 % (younger than 60 years) with 
AML achieve complete remission and are considered cured [ 2 ,  3 ]. These high mor-
talities are resulted from induction failure, disease progression and relapse, and 
toxicities associated with current treatment regimens [ 25 ]. For example, following 
disease relapse, patients with acute leukemia face an extremely poor 5-year sur-
vival rate (~10 %) where treatment intensifi cation often increases toxicity without 
improving outcome [ 26 ]. Direct and indirect toxicological complications include 
anthracycline-related cardiotoxicities, hepatotoxicity, peripheral neuropathy, cen-
tral neurotoxicity, nephrotoxicity, cutaneous toxicity, myelosuppression—leading 
to anemia, thrombocytopenia, neutropenia, and infection—capillary leak syn-
drome, cytokine release syndrome, hypogammaglobulinemia, graft-versus-host 
disease, and veno-occlusive disease [ 26 – 30 ]. The need for more tolerable and tar-
geted therapies is clear. 

 The development of monoclonal antibodies, immunotherapies, cancer vaccines, 
and improvements in hematopoietic stem cell transplantation (HSCT) are contribut-
ing to the more effective management and treatment of human leukemia. Antibody 
therapies are generally more tolerable than traditional chemotherapeutics and remain 
an area of developmental focus despite limited monotherapeutic effi cacy [ 31 ]. Very 
recently, the bi-specifi c T-cell engager monoclonal antibody blinatumomab received 
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approval from the U.S. Food and Drug Administration. Other antibody therapeutics 
in clinical trial includes traditional naked antibodies, immunoconjugates, and immu-
notoxins [ 26 ]. As compared to traditional small molecule drugs, these next-genera-
tion antibody therapeutics are characterized by improved malignant-cell-specifi c 
cytotoxicity [ 31 ]. 

 Immune-based strategies for leukemia treatment represent an area of growing 
research. Cancer vaccines and immunotherapies are currently in clinical trial and 
provide potential means of reducing relapse following chemotherapy and HSCT 
[ 25 ,  32 ]. Small clinical trials for ALL and CLL have demonstrated that patients’ 
own T cells can be genetically engineered (e.g. chimeric antigen receptor-modifi ed 
T cells) to potently eradicate cancer cells by targeting tumor antigens [ 32 – 34 ]. 
Additionally, drugs modifying cancer-related immunosuppression or enhancing 
innate immunity are likely to improve the effi cacy and durability of next-generation 
leukemia treatments [ 1 ]. 

 These advances, both as monotherapies and potentially as combination therapies 
with current standard protocols, promise to signifi cantly advance the treatment of 
leukemia. To fully exploit this potential, research to identify and develop biomark-
ers that can predict drug effi cacies in individual patients is necessary [ 35 ]. Predictive 
biomarkers will be valuable for assessing immunotherapies, particularly as applied 
to cancer vaccinations, where discordant patterns of antibody responses arise from 
even identical treatment regimens [ 36 ]. Unsurprisingly, even targeted therapies are 
not completely effective and are complicated by therapeutic resistance, character-
ized by the expansion of cancer clones lacking expression of the target gene [ 26 ]. 
Therefore, in vivo research using animal models of human leukemia will allow us 
to better understand mechanisms of treatment resistance, advanced disease, and 
treatment toxicities, along with immunopathologies.   

    Conservation of Zebrafi sh Hematopoietic Program 

 The zebrafi sh ( Danio rerio ) is a freshwater fi sh with unique characteristics, includ-
ing high fecundity, rapid development, transparency, and closer homology to 
humans than invertebrates. Zebrafi sh hematopoiesis is highly conserved, making it 
well suited to study both normal hematopoiesis and malignant transformation [ 37 –
 39 ]. As in mammals, the cellular components of zebrafi sh blood are produced and 
replenished by distinct yet overlapping waves of primitive and defi nitive hemato-
poiesis [ 37 ,  40 ,  41 ]. Beginning 12 h post-fertilization (hpf), primitive erythropoiesis 
occurs in the intermediate cell mass and myelopoiesis initiates in the anterior lateral 
mesoderm. Defi nitive hematopoiesis begins around 26 hpf when hemogenic endo-
thelial cells give rise to hematopoietic stem cells (HSCs) in the ventral wall of the 
dorsal aorta—a structure within the aorta-gonad-mesonephros [ 42 ,  43 ]. These 
HSCs then migrate to secondary hematopoietic compartments: the caudal hemato-
poietic tissue (an intermediate site of hematopoiesis comparable to the liver of 
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mammals), the thymus (an organ where T lymphocytes mature), and the kidney 
marrow (equivalent to mammalian bone marrow). HSCs in the kidney subsequently 
give rise to all hematopoietic lineages (erythroid, myeloid, and lymphoid) through-
out the life of the fi sh (Fig.  1 ).

   Since 1963, and especially during the past two decades [ 44 ], signifi cant knowl-
edge of the molecular mechanisms underlying blood cell development has been 
acquired through investigations of gene inactivation and/or heritable mutations in 
zebrafi sh [ 45 ,  46 ]. Indeed, the genetic programs governing zebrafi sh blood cell devel-
opment are highly conserved. Critical transcription factors such as Gata2, Scl (Tal1), 

  Fig. 1    Schematic overview of zebrafi sh defi nitive hematopoiesis.  Green arrow lines  indicate the 
myeloid lineage and  blue arrow lines  indicate the lymphoid lineage. Transcription factors impli-
cated in hematopoiesis are shown next to each cell type and those associated with mutations, 
chromosomal abnormalities, or misexpression in leukemia are shown in  red. HSC  hematopoietic 
stem cells,  CMP  common myeloid progenitor,  CLP  common lymphoid progenitor,  GMP  granulo-
cyte/macrophage progenitors,  TEP  thrombocyte and erythroid progenitor,  Pro-B  pro-B- 
lymphocytes,  Pro-T  pro-T-lymphocytes       
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Lmo2, Myb, and Runx1 control the self-renewal and differentiation of HSCs in 
zebrafi sh and mammals alike (Fig.  1 ) [ 46 ,  47 ]. Similarly, progenitor cell development 
is fi nely tuned by the expression of a number of specifi c transcription factors and 
regulators. For instance, the expression of  pu.1  ( spi1 ) and  cebp 1  control the fate of 
granulocyte/macrophage progenitors (GMP) (Fig.  1 ) [ 48 – 50 ]. The transient expres-
sion of Rag1 and Rag2 recombinases promotes the maturation of T and B lympho-
cytes (Fig.  1 ) [ 51 ]. To ensure proper blood cell development, the expression of these 
genes must be tightly regulated and their aberrant expression often leads to differen-
tiation arrest and malignant transformation. 

 Following the elucidation of these blood cell regulators, their promoter regions 
were isolated and characterized, thereby allowing the generation of transgenic 
zebrafi sh lines expressing fl uorescent reporter genes and oncogenes implicated in 
hematopoietic malignancy. The use of multiple transgenic fl uorescent reporter sys-
tems (e.g. green fl uorescent protein [GFP], enhanced GFP [EGFP], and red fl uores-
cent protein [RFP]) has facilitated the visualization and study of specifi c cell 
lineages and the monitoring of leukemic initiation and progression in live zebrafi sh 
[ 41 ,  45 ]. To date, transgenic lines of all three hematopoietic lineages have been 
generated: (a)  gata1:dsRed2  for erythrocytes [ 52 ]; (b)  pu.1:GFP  for myeloid pro-
genitor cells [ 50 ],  mpo:GFP  for neutrophils [ 53 ],  lyzC:dsRed2  and  mpeg:GFP  for 
macrophages [ 54 ]; and (c)  lck:EGFP  for the T cell lineage exclusively [ 55 ], and 
 rag1:GFP  and  rag2:GFP  for both B and T cells [ 56 ,  57 ]. Additionally, the avail-
ability of  CD41:GFP  transgenic fi sh has facilitated the isolation of HSCs on the 
basis of GFP intensity, where low GFP intensity identifi es HSCs and medium or 
high intensity identifi es thrombocytes [ 58 ,  59 ]. In summary, investigations utilizing 
these transgenic and mutant fi sh have provided important insight into normal hema-
topoiesis and malignant transformation (detailed in the section “Leukemia Modeling 
and Mechanistic Insights”).  

    Technological Advances Enabling the Experimental 
Tractability of Zebrafi sh 

 In the last decade, researchers have developed and optimized multiple methodologies 
for the zebrafi sh, making this system particularly amenable to experimental manipu-
lations. Improvements in transgenic techniques have enabled the misexpression of 
various oncogenes in blood lineages, while ongoing mutagenesis efforts within the 
zebrafi sh community have generated a large collection of mutants, facilitating for-
ward genetic screens and identifi cation of mutations modifying leukemic pheno-
types. Moreover, the ability to precisely edit the zebrafi sh genome has facilitated the 
study of tumor suppressor inactivation in relation to leukemogenesis. Finally, the 
transparency and optical clarity of zebrafi sh embryos and the adult  Casper  strain—so 
called for its ghost-like appearance [ 60 ]—allow the tracking of leukemic cell behav-
ior at single-cell resolution, in real time, without surgical intervention. 
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    Transgenesis and Mutagenesis 

 The application of meganuclease I-SceI- or Tol2-mediated transgenesis has been 
shown to signifi cantly improve rates of germ-line integration as compared to con-
ventional transgenesis with linear-DNA injection (16–50 % vs. 1–5 %) [ 61 ,  62 ]. 
The ability to effi ciently generate transgenic zebrafi sh in the injected (F0) genera-
tion represents a major advantage over other animal models, where the generation 
of stable transgenic animals typically requires two to three generations before 
these new lines can be used experimentally. The development of conditional trans-
genesis (e.g. Cre/lox-regulated, tamoxifen-regulated, GAL4-UAS-regulated, and 
tetracycline- inducible systems) has provided further capacity to enable the expres-
sion of oncogenes and tumor suppressors with spatial and temporal specifi city 
[ 63 – 66 ]. Moreover, the ability to deliver two to three transgenic constructs into the 
same cell through co-injection is particularly useful. Co-injection facilitates the 
identifi cation of transgenic fi sh by the activity of a fl uorescent reporter construct 
alongside the transgene of interest, enabling the selection of fi sh with positive 
transgene expression [ 67 ]. Additionally, the co-expression of multiple transgenes 
of interest in the same cells enables the dissection of multiple genetic pathways in 
the leukemic context [ 67 ,  68 ]. These improvements in transgenic techniques have 
led to the generation of various zebrafi sh leukemia models and the functional study 
of candidate leukemogenic genes (detailed in the section “Leukemia Modeling and 
Mechanistic Insights”). 

 While zebrafi sh transgenesis enables the misexpression of exogenous genes in a 
specifi c cell lineage, mutagenesis can effect enhanced expression, dominant- 
negative effects, and/or the inactivation of an endogenous gene throughout the 
entire organism. With UV irradiation, chemicals (e.g.  N -ethyl- N -nitrosourea 
[ENU]), viruses, and transposons (e.g. Tol2) as mutagens, high-throughput muta-
genesis projects have generated large collections of zebrafi sh mutants, including 
blood mutants, over the past two decades [ 69 ,  70 ]. These mutant fi sh represent a 
rich resource for investigators working to identify mutations capable of modifying 
leukemic onset and progression. A recent genetic suppressor screen utilizing a col-
lection of insertional mutants led to the identifi cation of dihydrolipoamide 
S-succinyltransferase as an important contributor to Myc-induced T-ALL patho-
genesis (Anderson and Feng, 2015, personal communications). Targeting Induced 
Local Lesions in Genomes (TILLING) combines the use of a chemical mutagen 
(e.g. ENU) with a single-base-mutation screening technique. With advances in 
whole-genome sequencing, TILLING-by-sequencing (Illumina) has been devel-
oped to rapidly identify single-nucleotide changes and thus signifi cantly speed the 
screening process. This technique has led to the identifi cation of multiple mutants 
affecting blood development, including the  rag1   R797stop   and  pu.1   G242D   mutants (Fig.  1 ) 
[ 71 ,  72 ]. The  rag1   R797stop   mutant is defective in V(D)J recombination and fails to 
generate mature T and B cells [ 72 ]. The  pu.1    G242D   mutant results in reduced Pu . 1 
activity and increased granulocytes with patterns comparable to human AML [ 71 ].  
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    Gene Inactivation and Genome Editing 

 Gene inactivation is the preferred method for the functional study of tumor suppres-
sors in the leukemic context. Although antisense morpholino oligonucleotides have 
been used for gene knockdown in zebrafi sh, they are susceptible to undesirable off- 
target effects and their transience is unsuited to studies in larval or adult fi sh [ 73 ]. 
Small hairpin RNA gene inactivation is effective in embryos [ 74 ]; however, its feasi-
bility in adult fi sh remains to be proven. The zebrafi sh community has successfully 
adapted multiple genome editing techniques, including zinc fi nger nucleases (ZFNs), 
transcription activator-like effector nucleases (TALENs), and clustered regularly 
interspaced short palindromic repeats/CRISPR associated protein 9 (CRISPR/Cas9) 
technologies, enabling site-directed mutagenesis and precise single-base genome edit-
ing [ 75 – 77 ]. The Langenau group successfully applied TALENs to generate 
 rag2   E450fs   mutants with reduced numbers of mature T and B cells [ 78 ,  79 ]. Both 
 rag1   R797stop   and  rag2   E450fs   mutant fi sh are immunocompromised and provide excel-
lent tools for the long-term engraftment of various tissues and leukemic cells [ 72 ,  78 ]. 
With effi ciencies comparable to ZFNs and TALENs, the CRISPR/Cas9 system pro-
vides an adaptable, simple, and rapid method to generate loss-of- function alleles by 
targeting open reading frames [ 76 ]. Because leukemia is a heterogeneous disease, 
often involving the simultaneous misexpression of oncogenes and the inactivation of 
tumor suppressors, the ability to genetically manipulate the zebrafi sh genome easily 
and precisely makes zebrafi sh particularly well suited for modeling human leukemia.  

    Improved Imaging Techniques 

 Given the optical clarity of embryos and the transparency of adult  Casper  fi sh, the 
zebrafi sh is an excellent model for tracking the movement of normal or malignant 
blood cells with live-cell imaging [ 80 ]. Fluorochrome labeling of each blood cell 
lineage enables researchers to monitor leukemic initiation, dissemination, and 
regression with a fl uorescent microscope in real time. The most commonly used 
fl uorochrome is GFP, though blue fl uorescent protein (e.g., lyn-Cyan), zsYellow, 
mCherry, and dsRed2 are available as well. To track fl uorescent tumor cells, 
researchers fuse GFP or EGFP to an oncoprotein of choice; examples include 
EGFP-mMYC [ 81 ], EGFP-TEL-AML1 [ 82 ], EGFP-ICN1 [ 83 ] ,  and MYST3/
NCOA2-EGFP [ 84 ]. However, this strategy is limited by the fact that, in some 
cases, fast degradation of the oncogene can weaken the GFP signal. Additionally, 
the fl uorochrome tag may adversely affect oncogene functionality and/or subcellu-
lar localization [ 80 ]. To avoid these pitfalls, co-injection is used to independently 
drive the expression of both the oncogene and the fl uorescent protein with separate 
transgenic constructs within the same cells [ 67 ,  68 ]. 

 Stereomicroscopy is broadly applied for the imaging and dissection of fl uores-
cently labeled tissues in zebrafi sh. However, stereomicroscopes are limited to imag-
ing fi sh individually. Moreover, it is diffi cult to acquire an image of the entire adult 
fi sh, even at low magnifi cation. To facilitate high-throughput screening and scoring 
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of zebrafi sh, the Langenau group developed a light emitting diode (LED) fl uores-
cent macroscope system [ 85 ,  86 ]. This LED fl uorescent macroscope is cost effec-
tive and capable of simultaneously imaging up to 30 fi sh within a petri dish. 
Additionally, LED macroscopy can differentiate fi ve different fl uorochromes and is 
suited to the real-time imaging and time-lapse video recording of live fi sh. A draw-
back of LED macroscopy is its reduced sensitivity, limiting detailed imaging of 
small tumors and single circulating cells. 

 Laser scanning confocal microscopy (LSCM) is a powerful technology with 
increased optical resolution and contrast. Laser light is focused on a single point 
within a defi ned focal plane, eliminating noise from other planes and reducing 
image distortions. Fluorescent scanning of multiple focal planes can be recon-
structed as a z-series overlay and mapped in three dimensions onto a zebrafi sh ana-
tomical atlas. Sabaawy et al. used LSCM to image  EGFP-TEL1-RUNX1  expression 
in adult fi sh [ 82 ]. Zhang et al. demonstrated the ability to track and count circulating 
blood cells in adult zebrafi sh via the combination of LSCM and in vivo fl ow cytom-
etry [ 87 ]. Disadvantages of LSCM scanning include its rate of acquisition (each 
pixel is acquired individually) and high levels of laser exposure, often causing tis-
sue photobleaching and phototoxicity. By contrast, spinning disc confocal micros-
copy (SDCM) utilizes a disc with different pinhole apertures, allowing the 
acquisition of multiple pixels simultaneously, thereby decreasing laser exposure. 
Although the resolution of SDCM is not as good as that of LSCM, its imaging is 
signifi cantly faster, thereby limiting photobleaching and phototoxicity. 

 Signifi cant progress has been made in improving the tractability of zebrafi sh for 
the modeling and mechanistic elucidation of leukemogenesis. With the increasing 
sophistication and expansion of genetic techniques and imaging modalities, the 
zebrafi sh has proven its experimental utility in disease research alongside both 
murine models and cell culture systems.   

    Leukemia Modeling and Mechanistic Insights 

 As previously described, zebrafi sh have unique advantages that make them espe-
cially suited to the investigation of hematopoietic malignancies. To date, investiga-
tors have generated zebrafi sh models of T-ALL, B-ALL, and AML that can be 
experimentally manipulated to elucidate both the molecular and genetic compo-
nents of leukemic transformation, progression, and maintenance. 

    Disease Modeling 

    T-ALL 

 Multiple zebrafi sh T-ALL models have been generated during the past 12 years. The 
fi rst model was developed via transgenesis in the Look laboratory. In this T-ALL 
model, the murine  c-Myc  gene ( mMyc ) was fused to  EGFP  to drive the expression 
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of the EGFP-mMyc fusion protein under the lymphocyte-specifi c  rag2  promoter 
(Tables  1  and  2 ) [ 81 ]. This model provides the capacity to monitor the dissemina-
tion of tumor cells in a live vertebrate organism under a fl uorescent microscope. 
However, high mortality rates among these heavily diseased leukemic fi sh preclude 
their fecundity. To overcome this, Langenau et al. developed a Cre/lox-regulated 
conditional system in which  EGFP-mMyc  expression is controlled by Cre-mediated 
recombination of the  loxP-dsRed2-loxP  cassette upon  Cre  mRNA injection (Table  2 ) 
[ 64 ]. This technique allows the maintenance of tumor-free  rag2:loxP-dsRed2-loxP-
EGFP-mMyc  transgenic fi sh in the absence of  Cre  expression.

   This conditional T-ALL model was further improved by outbreeding it 
with  hsp70:Cre  transgenic fi sh, generating  rag2:loxP-dsRed2-loxP-EGFP-
mMyc;hsp70:Cre  double-transgenic fi sh (Fig.  2 ) [ 88 ]. Following heat-shock treat-
ment at 3 days post fertilization (dpf), T-ALL developed in over 81 % of 
double-transgenic fi sh around 120 dpf. In addition to this Cre/lox-regulated condi-
tional T-ALL model, Gutierrez et al. developed a tamoxifen-regulated zebrafi sh 
model of T-ALL [ 63 ]. In this model, 4-hydroxytamoxifen (4HT) treatment induces 
human MYC activation and T-ALL development in lymphocytes, and withdrawal 
of 4HT results in apoptosis and tumor regression (Fig.  3a, c ). In addition to these 
 MYC- induced T-ALL models, Chen et al. developed a zebrafi sh model of T-ALL by 
overexpressing the intracellular portion of human  NOTCH1  ( ICN1 ) under the  rag2  
promoter (Table  2 ) [ 83 ]. Constitutive murine Akt2 activation in lymphocytes also 
promotes T-ALL development with low penetrance in zebrafi sh (Table  2 ) [ 63 ]. In 
addition to transgenic T-ALL models mentioned above, Frazer et al. used ENU- 
mediated mutagenesis to identify three mutants— hrk ,  slk,  and  otg —developing 
genetic heritable T-ALL in the background of  lck:EGFP  transgenic fi sh [ 92 ] 
(Table  2 ). The gene identity of these mutations is currently under investigation.

        B-ALL 

 Modeling B-ALL in zebrafi sh has proven challenging. Mysteriously, oncogene 
overexpression driven by the  rag2  promoter in both T and B lineages only leads to 
T-ALL development [ 63 ,  64 ,  81 ,  83 ,  88 ]. Despite multiple attempts in different 
laboratories using various oncogenes and promoters, the only zebrafi sh model of 
B-ALL generated to date is by overexpressing the  TEL-AML1  fusion gene under 
ubiquitous promoters. The t(12, 21)(p13;q22)  TEL-AML1 (ETV6-RUNX1)  chromo-
somal translocation is the most common genetic rearrangement in childhood cancer, 
presenting in 25 % of pediatric pre-B ALL (Table  1 ) [ 102 ]. Sabaawy et al. overex-
pressed the human  TEL-AML1  gene under the  elongation factor ,  β-actin , or  rag2  
promoters in an attempt to determine the cellular origin and molecular pathogenesis 
of  TEL-AML1 -induced B-ALL (Table  2 ) [ 82 ]. Interestingly, B-ALL arises in trans-
genic fi sh only when  TEL-AML1  is expressed under ubiquitous promoters, but not 
when expressed under the lymphocyte-specifi c  rag2  promoter. Leukemia develop-
ment in these fi sh is associated with B cell differentiation arrest, loss of  TEL  expres-
sion, and an elevated Bcl-2/Bax ratio. Long disease latency (8–12 months) and low 
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tumor penetrance (3 %) in this model indicate the necessity of compound genetic 
alterations for B cell transformation. Thus,  TEL-AML1  transgenic fi sh are useful for 
genetic screens to identify cooperating mutations that may accelerate B-ALL devel-
opment in the context of  TEL-AML1  expression.  

    AML and Other Myeloid Malignancies 

 The only AML model currently available was developed by the Delva group and is 
based on the inv(8)(p11q13) chromosomal abnormality (Tables  1  and  2 ) [ 84 ]. This 
chromosomal translocation fuses two histone acetyltransferase genes— MYST3  and 
 NCOA2 —together. Expression of the  MYST3-NCOA2  fusion gene under the  pu.1  
( spi1 ) promoter led to AML development in 2 of 180 F0 mosaic fi sh at 14 and 26 
months of life, respectively, with characteristics including an extensive invasion of 
myeloid blasts in the kidney. This study demonstrated the oncogenic potential of the 
 MYST3-NCOA2  fusion gene resulting from the inv(8)(p11q13) chromosomal abnor-
mality within an in vivo animal model. 

 In addition to the AML model described above, a number of zebrafi sh transgenic 
lines have been generated via the exploitation of additional genetic abnormalities 
in AML. Interestingly, instead of developing AML, these transgenic lines have 

  Fig. 2    The Cre/lox-regulated T-ALL model in zebrafi sh. ( a ) Schematic of the  hsp70:Cre  and 
 rag2:loxP-dsRed2-loxP-EGFP-mMyc  constructs. ( b – g ) Overlay of brightfi eld and fl uorescence 
image of T cells expressing either dsRed2 and/or EGFP-mMyc shows T-LBL/T-ALL develop-
ment in double transgenic  rag2:loxP-dsRed2-loxP-EGFP-mMyc;hsp70:Cre  fi sh, with no ( red  
only) or incomplete ( red  +  green ) excision of  loxP-dsRed2-loxP  cassettes. ( a – g ). (Republished 
with permission from Wiley-Blackwell) [ 88 ]       

 

Zebrafi sh Models of Human Leukemia: Technological Advances and Mechanistic Insights



350

developed myeloproliferative neoplasm (MPN) or myelodysplastic syndrome 
(MDS), disorders with potential to progress to AML. The Look laboratory recently 
generated a zebrafi sh model of MDS through inactivation of the tumor suppressor 
Tet2 via TALENs [ 101 ].  TET2  encodes a DNA methylcytosine oxidase that is 
essential for demethylating DNA within genomic CpG islands [ 103 ].  TET2  loss-of-
function mutations were found in multiple myeloid malignancies, including MDS, 
MPN, AML, and CML (Table  1 ) [ 104 ]. Notably, hematopoiesis in  tet2  homozygous 
mutants is normal throughout embryogenesis and larval development, whereas pro-
gressive clonal myelodysplasia arises in aged adult fi sh. 

  Fig. 3     pten  haploinsuffi ciency promotes loss of MYC transgene dependence. ( a ,  c ) One represen-
tative  rag2:MYC-ER; rag2:GFP  double-transgenic  pten –wild-type zebrafi sh, shown at time of 
T-ALL onset ( a ) and 3 weeks after removal from 4HT ( c ). ( b ,  d ) Representative  rag2:MYC-ER; 
rag2:GFP  double-transgenic zebrafi sh that harbored heterozygous mutations of both  ptenA  and 
 ptenB , shown at time of T-ALL onset ( b ) and 3 weeks after removal from 4HT ( d ). Bar, 1 mm. ( e ) 
Quantitation of T-ALL phenotypes after 4HT removal, based on  pten  genotype. Number of fi sh 
with T-ALL analyzed per genotype:  ptenA  +/+,  ptenB  +/+,  n  = 39;  ptenA  +/+,  ptenB  +/−,  n  = 12; 
 ptenA  +/−,  ptenB  +/+,  n  = 22;  ptenA  +/−,  pten B +/−,  n  = 10. ( f ) Western blot analysis for phosphory-
lation of S6 ribosomal protein, a marker of Akt pathway activation, in sorted T-ALL cells from 
fi ve different  rag2:MYC-ER pten –wild-type zebrafi sh in which T-ALL progressed despite MYC 
downregulation. Units for the molecular mass markers shown are in kD. (Republished with per-
mission from The Rockefeller University Press) [ 63 ]       
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 One example of modeling MPN is the  AML1-ETO  transgenic fi sh generated by 
the Peterson group (Table  2 ) [ 94 ]. The AML1-ETO fusion protein results from the 
t(8;21)(q22;q22) chromosomal translocation in AML (Table  1 ). Patients expressing 
the  AML1-ETO  fusion gene exhibit an accumulation of granulocytic precursors in 
the bone marrow and peripheral blood [ 105 ]. Similarly, expressing the human 
 AML1-ETO  gene under the  hsp70  promoter redirects myeloerythroid progenitor 
cells to the granulocytic cell fate, leading to the expansion of granulocyte precursors 
in transgenic  AML1-ETO  embryos. This change is accompanied by a loss of  gata1  
expression and an elevated  pu.1  expression in myeloerythroid progenitor cells. This 
zebrafi sh model has been utilized to discover  AML1-ETO- induced oncogenic sig-
naling and to screen for compounds that exert anti-leukemic effects (see the section 
“Drug Discovery & Small Molecule Screens”). 

 An MPN model in  NUP98-HOXA9  transgenic fi sh was developed in the Berman 
laboratory [ 96 ]. The NUP98-HOXA9 fusion protein is formed by translation of the 
5′ region of nucleoporin 98 kDa ( NUP98 ) on human chromosome 11 in frame to the 
3′ coding sequence of homeobox A9 ( HOXA9 ) on human chromosome 7 (Table  1 ) 
[ 96 ,  106 ]. Forrester et al. utilized Cre/lox recombination to conditionally express 
the human  NUP98-HOXA9  gene under the  pu.1  promoter (Table  2 ) [ 96 ]. Their 
study demonstrated that  NUP98-HOXA9  expression impaired hematopoiesis, lead-
ing to an expansion of myeloid precursors [ 96 ]. Within 19–23 months, 23 % of fi sh 
developed MPN. The  NUP98-HOXA9  transgenic fi sh represents yet another tool for 
drug discovery and investigation of the pathogenesis of MPN. See Table  2  for 
details on other zebrafi sh MPN models [ 71 ,  93 ,  97 ,  100 ].   

    Mechanistic Insights 

 The availability of these models has allowed investigators to study the genetic basis 
of leukemia, from disease initiation to progression and drug resistance. Importantly, 
the molecular mechanisms underlying zebrafi sh leukemogenesis are strikingly sim-
ilar to those in humans, providing a unique opportunity to utilize the imaging and 
genetic advantages intrinsic to zebrafi sh for continued insights into human disease. 
In this subsection, we will discuss several advances made by investigations of 
zebrafi sh leukemia models in conjunction with other experimental systems. 

    Genetic Similarities Between Human Disease and Zebrafi sh Models 
of Leukemia 

 As studies utilizing genome-wide approaches in zebrafi sh models emerged over the 
past few years, it became clear that gene expression signatures and genetic altera-
tions in zebrafi sh models of leukemia are comparable to those in humans. Langenau 
et al. analyzed Myc-induced T-ALL cells in zebrafi sh and found that these cells 
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upregulate  scl  and  lmo2  oncogenes, resembling a major subtype of human T-ALL 
[ 64 ,  107 ]. Rudner et al. performed comparative genomic hybridization with Myc- 
induced zebrafi sh T-ALL cells obtained from transplanted fi sh, aiming to identify 
the recurrent genomic changes underlying disease relapse [ 108 ]. When zebrafi sh 
data were compared to a cohort of 75 published human T-ALL databases, 893 genes 
(67 %) were found to overlap between fi sh and human T-ALL. Blackburn et al. 
performed gene expression profi ling analysis on zebrafi sh T-ALL cells induced by 
activated Notch1 signaling [ 109 ]. A cross-comparison between zebrafi sh and 
human T-ALL microarray data revealed a conserved T-ALL signature shared 
between fi sh and human leukemia. Together, these studies support that zebrafi sh 
and human leukemia—particularly T-ALL—are driven and controlled by shared 
oncogenic pathways.  

    The NOTCH-MYC Axis 

 The NOTCH signaling pathway plays an indispensable role in hematopoiesis and T 
cell development [ 110 ]. Activating NOTCH1 mutations were discovered in both 
human and murine T-ALL samples [ 13 ,  111 ]. In zebrafi sh, overexpression of human 
 ICN1  in the lymphocyte lineage leads to the activation of NOTCH1 downstream 
genes (e.g.,  her6  and  her9 ) and T-ALL development [ 83 ]. Long latency and low 
penetrance of tumor development in this model indicates the requirement of addi-
tional cooperating mutations for leukemic transformation together with the acti-
vated NOTCH1 signaling. The oncogenic role of  MYC  in the lymphoid lineage was 
fi rst suggested by clinical observation of the translocation of  MYC  into the immuno-
globulin heavy chain locus (Eμ) in human Burkitt lymphoma cells [ 112 ,  113 ]. 
Subsequently, researchers generated a transgenic  Eμ:Myc  murine model in which B 
cell lymphoma rapidly arose, demonstrating MYC’s oncogenic effect in vivo [ 114 ]. 
In zebrafi sh, overexpression of the human  MYC  or murine  Myc  gene under the con-
trol of the  rag2  promoter leads to the rapid development of T-ALL but not B-ALL 
(Table  2 ) [ 63 ,  64 ,  81 ,  88 ]. This rapid MYC-driven T-ALL development was later 
connected to the activation of NOTCH1 signaling as MYC was identifi ed to be a 
direct transcriptional target of NOTCH1 in mammals [ 13 ,  115 – 119 ]. These studies 
established the important role of NOTCH and MYC in T-ALL pathogenesis. 
Different from its effect in mammals, Notch activation in zebrafi sh does not tran-
scriptionally induce  myc , thus providing a unique system to study NOTCH or MYC 
signaling independent from each other [ 109 ].  

    The PTEN-PI3K-AKT Pathway 

 Initial investigations of PTEN-PI3K-AKT signaling in T-ALL cells began after dis-
covering that NOTCH1 inhibition by γ-secretase is only sensitive in a subset of 
T-ALL cell lines [ 120 ]. Palomero et al. elucidated the mechanisms that confer resis-
tance of T-ALL cells to γ-secretase inhibition, leading to the discovery of NOTCH1’s 
regulation of  PTEN  expression [ 116 ]. Loss-of-function  PTEN  mutations confer the 
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resistance of T-ALL cells to the inhibition of NOTCH1 signaling due to activation 
of PI3K-AKT signaling. 

 Gutierrez et al. employed their zebrafi sh  rag2:MYC-ER  transgenic fi sh to inves-
tigate genetic factors that are required for T-ALL maintenance [ 63 ]. In this model, 
tamoxifen treatment activates MYC signaling to encourage leukemogenesis. 
Subsequent removal of tamoxifen inactivates MYC, after which T-ALL cells 
undergo apoptosis rapidly in the absence of MYC (Fig.  3a, c ). Importantly, when 
 pten  loss-of-function mutations are introduced into these fi sh, T-ALL cells no lon-
ger undergo apoptosis; instead, the disease progresses independently of MYC acti-
vation (Fig.  3b, d, e ). This result can be explained by MYC’s ability to transcriptionally 
repress  PTEN,  so that PTEN upregulation following MYC inactivation is a key 
mediator of T-ALL regression in this context. Notably, AKT pathway activation 
downstream of PTEN signaling is suffi cient for leukemic maintenance and progres-
sion despite inactivation of the  MYC  transgene (Fig.  3f ). This work highlights the 
importance of the PTEN-PI3K-AKT pathway in MYC-independent disease mainte-
nance, identifying mechanisms used by drug resistant T-ALL cells in the context of 
PTEN loss or AKT activation.  

    Escape of Leukemia Cells from Apoptosis 

 On the road to malignant transformation, cells must dampen the apoptotic response 
triggered by oncogenic stress. Acquired mutations, chromosomal deletions, and 
gene transcriptional repression or overexpression are a few means that cancer cells 
utilize to escape apoptosis (Table  1 ) [ 121 ]. Decades ago, using the murine  Eμ:Myc  
model noted above, researchers learned the importance of  Bcl-2  overexpression and 
suppression of the Arf-P53 apoptotic pathway in Myc-mediated transformation 
[ 122 ,  123 ]. As in mammals,  bcl-2  overexpression in zebrafi sh dramatically acceler-
ates Myc- or NOTCH1-induced tumor onset in the T cell lineage [ 83 ,  89 ]. Moreover, 
in a zebrafi sh model of B-ALL, an elevated Bcl-2/Bax ratio was observed in B-ALL 
cells overexpressing the  TEL-AML1  fusion gene [ 82 ]. This evidence underscores 
the importance of escaping apoptosis during zebrafi sh T and B cell transformation. 
Surprisingly, the zebrafi sh does not appear to have an  arf  locus as evidenced by a 
recent study demonstrating that P53 inactivation does not impact T-ALL onset [ 90 ]. 

 Combining the analysis of a tamoxifen-regulated T-ALL model with human 
T-ALL cell lines, Reynolds et al. identifi ed repressed expression of  BIM  (a pro- 
apoptotic BCL2 family member) in both human and zebrafi sh T-ALL cells, allow-
ing them to escape apoptosis [ 91 ]. The repressed  BIM  expression is mediated by 
 MYC  overexpression, as MYC downregulation upon tamoxifen removal restores 
 bim  expression in zebrafi sh T-ALL cells, promoting apoptosis and tumor regression 
in vivo. Alternatively, AKT activation can lead to the suppression of  BIM  expres-
sion. When human T-ALL cells were treated with MYC or PI3K-AKT pathway 
inhibitors,  BIM  expression was upregulated and subsequently promoted T-ALL cell 
apoptosis. These results indicate that the identifying molecular mechanisms that 
leukemic cells use to escape apoptosis, and restoration of these apoptotic pathways 
(e.g. BIM-mediated apoptosis), represents a promising therapeutic approach.  
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    Genetic Basis of T-LBL Dissemination to T-ALL 

 T-ALL and T-cell acute lymphoblastic lymphoma (T-LBL) have distinct clinical 
presentations. T-ALL is defi ned by a bone marrow biopsy with a composition of 
≥30 % T-lymphoblasts, while T-LBL is defi ned by a mediastinal mass where <30 % 
of blasts are in circulation. Feng et al. utilized a Cre/lox-regulated T-ALL model in 
combination with clinical patient sample analyses to investigate the molecular and 
cellular mechanisms underlying the progression of T-LBL to T-ALL (Figs.  2  and  4 ) 
[ 88 ,  89 ]. Interestingly, when  bcl-2  was overexpressed in this Myc-induced T-ALL 
model, despite the rapid onset of the malignant transformation, the disease remained 
localized and failed to disseminate, compared to fi sh expressing  Myc  alone. They 
demonstrated that both human and zebrafi sh T-LBL cells with increased BCL2 lev-
els possess a distinct cellular phenotype including impaired vascular invasion, met-
abolic stress, and autophagy. This T-LBL phenotype results from elevated levels of 
singhosine-1 phosphate receptor 1 (S1P1) and intercellular adhesion molecule 1, 
promoting homotypic cell-cell adhesion and blocking intravasation of tumor cells. 
Treatment with the S1P1-antagonist W146 promotes intravasation of  bcl-2 - 
overexpressing T-LBL cells in zebrafi sh (Fig.  4 ). Moreover, AKT activation 

  Fig. 4    The selective S1P1 antagonist W146 promotes intravasation of  bcl-2 -overexpressing T-LBL 
cells in vivo. ( a ) Schematic drawing of the experimental strategy. ( b – g ) Confocal images of EGFP-
labeled blood vessels ( b ,  e ), dsRed2-labeled lymphoma cells ( c ,  f ), and the merged images of a 
vehicle-treated ( d ; n = 29) and a W146-treated transplanted animal ( g ; n = 18) demonstrate that W146 
treatment promotes intravasation of  bcl-2 -overexpressing lymphoma cells ( arrowheads ) in vivo 
(cf.  g  to  d ). Note that W146 treatment also inhibited the in vivo formation of lymphoma cell aggre-
gates (cf.  f  to  c ). Scale bar for ( b )–( g ), 10 mM. (Republished with permission from Elsevier) [ 89 ]       
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overcomes this intravasation blockade and promotes the rapid dissemination of 
T-LBL to T-ALL. This work elucidated the molecular events underlying the pro-
gression of T-LBL to T-ALL, and helped to explain clinical disparities between 
these two disease entities.

       Lineage-Specifi c TEL-JAK2 Action 

 The human  TEL  ( ETV6 )- JAK2  fusion gene results from translocations between 
 JAK2  (9p24) and  TEL  (12p13) in cases of T-ALL and CML (Table  1 ) [ 124 ]. In 
T-ALL cells, this translocation fuses exon 5 of  TEL  with exon 9 of  JAK2 , whereas 
the translocation in CML cells fuses exon 5 of  TEL  with exon 12 of  JAK2  [ 124 ] .  To 
better understand the role of  TEL-JAK2  translocation in leukemogenesis, Onnebo 
et al. generated transgenic fi sh expressing the zebrafi sh  tel-jak2  fusion genes, mim-
icking different leukemic variants of human  TEL-JAK2  fusion genes [ 125 ]. 
Interestingly, T-ALL-derived  tel-jak2  signifi cantly perturbed lymphopoiesis. 
Conversely, CML-derived  tel-jak2  led to more myelopoiesis-associated defects. 
This experimental evidence supports the idea that TEL-JAK2 exerts lineage- specifi c 
oncogenic effects.    

    Leukemia Transplantations 

 Tumor transplantations are important techniques for understanding the pathophysi-
ology of cancer. Given their high fecundity and unique imaging advantages, zebraf-
ish make excellent transplantation models. Zebrafi sh tumor cells have been 
transplanted (i.e. allotransplantation, or transplanted from one zebrafi sh to another) 
to quantify leukemia-propagating cells (LPC) and dissect the molecular mecha-
nisms underlying LPC self-renewal and drug resistance [ 86 ,  126 ]. Moreover, human 
leukemia cell lines or patient cells can be transplanted into zebrafi sh embryos to 
generate various xenograft models (i.e., transplanted from one species to another), 
providing effi cient in vivo tools for screening novel anti-leukemic therapeutics and 
determining compound effi cacy and toxicity. 

    Syngeneic Transplantation and Assessing LPC Function 
in Zebrafi sh T-ALL 

 Although zebrafi sh transplantation experiments started as early as the 1990s [ 127 ], a 
major hurdle in their broader application was the need for immunosuppression. 
Recipient fi sh are often subjected to γ-irradiation to ablate immune cells, experienc-
ing high rates of mortality due to immunosuppression-related complications. To over-
come this limitation, Smith et al. generated a Myc-induced T-ALL model in syngeneic 
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zebrafi sh (CG1 strain), allowing the transplantation of T-ALL cells into immune-
matched CG1 sibling fi sh without the need for immunosuppression [ 86 ]. This method 
enabled investigators to quantify the frequency of LPC using limiting- dilution cell 
transplantation in zebrafi sh. Their research demonstrated that T-ALL can be initiated 
from a single cell, and such LPCs are abundant in T-ALL despite differences in their 
individual tumor-initiating potential. While this research was based on T-ALL, the 
same strategy can be applied to other zebrafi sh cancer models. Identifi cation of can-
cer stem cells such as LPCs and elucidation of molecular mechanisms underlying 
their self-renewal may reveal therapeutic strategies directed against disease relapse.  

    The NOTCH1 and AKT Signaling in LPC 

 To rapidly assess the functional role of two to three genes in F0 fi sh without the 
need for stable transgenic fi sh, Langenau et al. established a co-injection strategy to 
introduce multiple transgenes into one-cell-stage embryos, permitting transgenes to 
synergize for tumorigenesis [ 68 ]. Combining the co-injection strategy with limiting- 
dilution cell transplantation, Blackburn et al. determined the effects of NOTCH1 
signaling on the self-renewal of LPCs [ 109 ]. Utilizing a zebrafi sh Notch1 defective 
in its ability to transcriptionally activate Myc, they demonstrated that NOTCH1 can 
expand pre-leukemic clones; however,  NOTCH  signaling does not increase the 
overall frequency of LPCs, either alone or in collaboration with  MYC . These results 
suggest that the main function of  NOTCH  signaling in T-ALL is to promote the 
proliferation of premalignant T cells, of which only a small number acquire addi-
tional mutations and become LPCs. 

 To identify mutations driving leukemic clonal evolution and intratumoral hetero-
geneity, Blackburn et al. performed a cell transplantation screen based on pheno-
typic differences among leukemic clones (Fig.  5 ) [ 126 ]. Using this approach, after 
serial clonal selection, they identifi ed AKT activation in leukemic cells with ele-
vated LPC frequency. Indeed, enforced AKT activation increased LPC frequency 
by enhancing mTORC1 activity and shortened tumor latency by promoting MYC 
stability. However, MYC stabilization alone was not suffi cient to promote LPC fre-
quency. AKT activation promoted treatment resistance, and this resistance could be 
overcome by the combined treatment of an AKT inhibitor and dexamethasone. 
These results indicate that continuous selection in T-ALL cells promotes clonal evo-
lution and disease progression, and that clonal selection can occur before therapeu-
tic intervention.

       Zebrafi sh Xenograft Models of Human Leukemia 

 Xenograft models are widely applied in rodents to investigate tumor proliferation 
and drug sensitivity. Zebrafi sh embryos are particularly suited for xenografting 
given the following: (a) zebrafi sh lack a mature adaptive immune system until 
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4 weeks post-fertilization [ 128 ], allowing transplantation without the need for 
immunosuppression; (b) zebrafi sh are optically transparent and, as with injected 
cells, can be specifi cally labeled with various fl uorochromes, allowing visualiza-
tion of in vivo cell-cell interactions; and (c) zebrafi sh are highly fecund and inex-
pensive to maintain, permitting high-throughput drug discovery screening. Since 
2011, researchers have been transplanting human leukemia cell lines and primary 
leukemic cells into zebrafi sh embryos (48 hpf) to screen novel compounds and to 
assay drug effi cacy and toxicity for preclinical validation (see the section “Drug 
Discovery & Small Molecule Screens”).   

    Drug Discovery & Small Molecule Screens 

 Drug discovery and development is a time-consuming and expensive process, in 
some instances costing upwards of $1 billion over 10–15 years as a drug progresses 
from early target identifi cation through clinical trials and market approval [ 129 ]. 
Current techniques in drug discovery allow researchers to generate an enormous 
number of potential targets for further development, but correctly identifying 

  Fig. 5    Clonal evolution drives intratumoral heterogeneity and can lead to increased LPC 
Frequency. ( a ) A schematic of the cell transplantation screen designed to identify phenotypic dif-
ferences between single leukemic clones. ( b ,  c ) Schematic of results from primary T-ALL #1 ( b ) 
and T-ALL #9 ( c ). *Denotes a signifi cant increase in LPC frequency from monoclonal primary to 
secondary transplant (p = 0.02). **Denotes a signifi cant increase in LPC frequency from monoclo-
nal primary transplant T-ALL compared with tertiary transplanted leukemia (p < 0.0001). Clones 
are color coded based on Tcrβ-rearrangements. (Republished with permission from Elsevier) [ 126 ]       
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‘hits’—compounds that will ultimately prove successful in clinical trials—continues 
to pose enormous challenges. Mammalian and invertebrate animal models are often 
used in this screening process, but mammals are costly and cumbersome, and inver-
tebrates are less physiologically relevant to humans. Therefore, non- mammalian ver-
tebrate systems combining high-throughput whole-organism testing and rapid 
phenotypic selection—with the added benefi t of preliminary toxicological readout—
holds obvious appeal for improving time- and cost-effi ciency. Zebrafi sh are compat-
ible with such a system; they share useful physiological characteristics with mammals; 
their small embryos and juveniles permit multiplex techniques; and their adequately 
developed organs allow toxicities to be identifi ed early during screening [ 130 ]. 
Zebrafi sh drug screens can be performed with chemical libraries utilizing wild-type, 
mutant, transgenic, or xenografted zebrafi sh embryos. Recent advances using zebraf-
ish transgenic and xenograft models of leukemia are discussed as follows. 

    Small Molecule Screens Using Transgenic Leukemia Models 

 Chemical library screening for leukemic research began in 2010 when a zebrafi sh 
Myc-induced T-ALL model demonstrated its capacity to recapitulate clinical 
responses to approved therapeutics (e.g. cyclophosphamide, vincristine, and pred-
nisolone) as observed in humans [ 131 ]. Since then chemical library screening has 
been applied to zebrafi sh leukemia models including an AML model and multiple 
T-ALL models [ 95 ,  132 ,  133 ]. 

 Yeh et al. performed one of the fi rst chemical library screens with a transgenic 
line aiming to model AML [ 95 ]. Their model expressed an oncogenic AML driver 
of hematopoietic differentiation termed AML1-ETO, a fusion protein resulting 
from the t(8;21) translocation (Table  1 ). The investigators hypothesized that inhibi-
tion of the self-renewal ability of hematopoietic stem cells could provide a comple-
mentary therapy to the inhibition of cell proliferation (a common approach of AML 
therapy). As described earlier (Table  2 ), the oncogenic AML1-ETO fusion protein 
was expressed under the  hsp70  promoter in homozygous fi sh outcrossed with wild- 
type fi sh. Their screen utilized fi ve heterozygous embryos per well in 96-well plates 
collectively treated with the SPECTRUM compound library—comprised of drugs 
(60 %), natural products (25 %), and other bioactive components (15 %). Plates 
were heat shocked to induce AE expression within embryos, thereafter assayed for 
phenotypic change. Notably, use of the  hsp70  promoter resulted in false-positive 
hits when select screening agents interfered with proteins related to the heat shock 
response; the authors suggest using a different promoter to avoid this pitfall. 
Follow-up study with their lead hit—the COX-2 inhibitor nimesulide—identifi ed a 
previously unknown role for COX-2 and β-catenin in AE-mediated hematopoietic 
differentiation. Specifi cally, nimesulide antagonizes the effects of AML1-ETO on 
hematopoietic differentiation by interrupting the COX-2 dependent β-catenin sig-
naling pathway [ 95 ]. Therefore, future studies might aim to manipulate COX-2 or 
β-catenin signaling in AML patients with AE-associated pathology. 
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 Whereas Yeh et al. performed chemical screening with a library of characterized 
compounds, Ridges et al. performed the fi rst embryonic zebrafi sh screen using a 
library of compounds with unknown activity [ 95 ,  133 ]. Lacking a model manifesting 
T-ALL during embryogenesis, Ridges et al. used a sequential approach by identify-
ing compounds with activity against immature zebrafi sh T cells—with the idea that 
these cells are most similar to leukemic T lymphoblasts—and thereafter validated 
hits for anti-neoplastic effect in an adult zebrafi sh Myc-induced T-ALL model. Their 
lead hit—lenaldekar—affects the PI3 kinase/AKT/mTOR pathway and shows selec-
tive activity against malignant hematopoietic cell lines and primary leukemias [ 133 ]. 

 Motivated by the need for NOTCH-independent therapeutics, Gutierrez et al. 
modifi ed a tamoxifen-regulated MYC-induced T-ALL model in a fl uorescence- 
based screen using dsRed2 expression in thymocytes as a screen read-out (Fig.  6 ) 
[ 81 ,  132 ]. With the ability to select for embryos expressing MYC and to image the 
intensity of their thymic dsRed2 fl uorescence, they identifi ed perphenazine in a 
screen of FDA-approved compounds. Interestingly, in a complementary cell line 
screen, perphenazine was identifi ed for its synergy with NOTCH inhibitors [ 132 ]. 
Perphenazine is best-known as an inhibitor of dopamine receptor signaling, but the 
biologic target mediating its anti-leukemic effect appeared to be unrelated to any of 

  Fig. 6    Zebrafi sh screen for small molecules that are toxic to MYC-overexpressing thymocytes. 
( a ) Primary screen design. ( b ) Hits from the primary screen.  Arrow  denotes the result obtained 
with perphenazine ( c ). Representative images of DMSO (control) or perphenazine treated zebraf-
ish larvae. ( d ) Dose response curve from secondary screen of perphenazine, with six zebrafi sh 
larvae treated per concentration. Drug doses higher than 10 μM induced general toxicity (not 
shown). Error bars = SD. (Modifi ed and republished with permission from American Society for 
Clinical Investigation) [ 132 ]       
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its known molecular targets. Using a novel proteomics approach, the tumor sup-
pressor protein phosphatase 2A (PP2A) was found to be a target of perphenazine 
that is activated by perphenazine binding. Their data provided evidence that activa-
tors of PP2A (e.g. perphenazine) in combination with NOTCH-dependent therapeu-
tics might provide an effective T-ALL therapy [ 132 ].

       Leukemic Xenograft Models in Drug Discovery 

 When transgenic zebrafi sh models for particular leukemias are unavailable for 
screening, zebrafi sh xenograft models are an alternative and have moved into the 
mainstream since early studies in 2011 [ 134 ]. Creating these models involves a labor-
intensive xenografting procedure, requiring the manual injection of cells prior to 
experimental manipulation. Pruvot et al. were the fi rst to establish zebrafi sh xeno-
graft models of human leukemia for drug discovery [ 134 ]. After performing zebraf-
ish xenografting, the investigators aimed to identify drug-induced decreases in 
leukemic burden. When fl ow cytometry could not provide suffi cient sensitivity to 
quantify cell proliferation, human  L32  and hypoxanthine-guanine phosphoribosyl-
transferase gene expression was measured as a correlate of drug-induced change in 
leukemic burden. In an effort to improve this quantifi cation, Corkery et al. developed 
a methodology to enzymatically dissociate drug-treated embryos followed by a semi-
automatic quantifi cation of fl uorescence intensity using a semi-automated macro 
(Image J) [ 135 ]. In this way, leukemic cells could be quantifi ed directly. Such studies 
have provided proof-of-principal and validated the utility of zebrafi sh xenograft 
models for small molecule screening and anti-leukemic drug discovery [ 134 ,  135 ]. 

 Further advancing the applicability of zebrafi sh xenografting, Zhang et al. vali-
dated a model for the identifi cation of therapeutics targeting leukemic stem cells 
(LSCs), motivated by the clinical persistence of this population following even 
complete cytogenetic responses in CML [ 136 ,  137 ]. Their method required LSC- 
xenografted embryos and utilized a novel, highly automated fl uorescence-imaging 
process to determine both cancer cell proliferation and cell migration, reducing 
labor and increasing throughput. Though only selective clinical therapeutics were 
tested (e.g. imatinib, dasatinib, parthenolide, etc.), their screen recapitulated these 
drugs’ inhibition of LSCs in zebrafi sh xenograft models—as previously evidenced 
by both in vitro and murine studies—thus validating their methodology for future 
anti-LSC drug discovery. 

 The utility and impact of zebrafi sh-based drug discovery is growing each year. 
The validation of leukemic zebrafi sh models and their ability to identify lead com-
pounds like lenaldekar promote further study and methodological development. 
Although thousands of compounds were screened in the studies discussed above, 
their setups were largely manual and their execution required years of work. High- 
throughput, fully automated robotic methods are in development and promise to 
automate the selection, placement, and injection of zebrafi sh embryos with DNA 
and cancer cells, among other desired materials [ 138 – 140 ].   
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    Summary & Future Perspectives 

 Since the birth of the fi rst zebrafi sh model of leukemia (T-ALL) in 2003 [ 81 ], zebraf-
ish have contributed greatly to leukemia research. Multiple different zebrafi sh lines 
have been generated to model various human leukemias and pre-leukemic diseases, 
including T-ALL, B-ALL, AML, MPN, and MDS. The ease with which the zebraf-
ish can be genetically modifi ed and subsequently imaged has allowed investigators 
to elucidate the molecular mechanisms of leukemogenesis, as well as leukemic pro-
gression and maintenance. In fact, investigation of zebrafi sh models of leukemia has 
signifi cantly improved our understanding of leukemogenesis. Examples of the 
advances include: (a) knowledge of a shared genetic signature between human and 
zebrafi sh T-ALL; (b) the importance of NOTCH and MYC in T-ALL pathogenesis 
[ 13 ,  63 ,  64 ,  81 ,  83 ,  88 ,  115 – 119 ]; (c) the contribution of the PTEN-PI3K-AKT path-
ways to T-ALL drug resistance in the context of MYC- independent disease [ 63 ]; (d) 
BIM-mediated apoptosis as an avenue for therapy [ 91 ]; (e) genetic factors underly-
ing T-LBL to T-ALL dissemination [ 89 ]; and (f) the expression of disease-specifi c 
fusion proteins [ 125 ]. The development of syngeneic transplantation has allowed 
functional assessment of LPCs in zebrafi sh, and a transplantation-based screen has 
elucidated the role of AKT in LPC clonal evolution and treatment resistance [ 86 , 
 126 ]. Exploiting high-throughput capabilities of the zebrafi sh system, investigators 
have performed small molecule screens and identifi ed multiple agents with anti-
leukemic activity, including nimesulide, lenaldekar, and perphenazine [ 95 ,  132 , 
 133 ]. These advances in zebrafi sh modeling and disease studies have helped to over-
come initial skepticism concerning their utility in cancer research, establishing an 
important biomedical role for this humble organism. 

 Moving forward, much additional research can be done using the zebrafi sh. Most 
zebrafi sh models of leukemia recapitulate human T-ALL, and although models of 
pre-B-ALL and AML exist, they have only limited utility. Multiple models of MPN 
and MDS have been generated, but these fi sh fail to develop AML. This is likely 
due to single genetic manipulation in these zebrafi sh lines, whereas multiple genetic 
alterations are required for leukemogenesis in humans. Given technological 
advances, it is now possible to simultaneously manipulate multiple genes within the 
same cell lineage. We anticipate new zebrafi sh models of leukemia—including 
T-ALL, B-ALL, AML, CLL, and CML—will be generated through the use of both 
transgenic and genome editing technologies, resulting in the overexpression of 
oncogenes and the inactivation of tumor suppressors. These new models will pro-
vide important mechanistic insight into leukemic initiation and progression. Despite 
scientists’ current capacity to conduct successful small molecule screening with 
zebrafi sh embryos, the process remains limited by the necessity to manually deposit 
embryos into multiple wells, as well as the number of embryos that can be manually 
injected when xenograft models are required. Future automation and standardiza-
tion of these procedures will enable truly high-throughput small molecule screen-
ing, which could eventually contribute to personalized medicine. For example, 
ex vivo screening of an individual patient’s leukemia samples could be applied in a 
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zebrafi sh xenograft model for the testing of multiple drugs and drug combinations, 
and the readout would inform clinicians on measures of both drug potency and tox-
icity, improving therapy selection on a case-by-case basis. 

 Zebrafi sh have been welcomed into the oncological research community for their 
usefulness in delineating factors contributing to tumorigenesis and treatment resis-
tance, as well as for identifying novel agents for experimental therapeutics. However, 
due to their evolutionary distance from humans, results from zebrafi sh models require 
further validation in mammalian models, particularly as candidate therapeutics 
approach clinical development. Moreover, gene duplication and functional redun-
dancy within the zebrafi sh genome pose challenges for gene  inactivation studies, and 
antibody production in zebrafi sh remains daunting due to surface glycosylation mod-
ifi cation of proteins. Despite these limitations, maximizing their strengths in combi-
nation with the use of mammalian systems, zebrafi sh will make waves in an ocean of 
unexploited oncological knowledge, especially in leukemic research.     
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      Zebrafi sh Rhabdomyosarcoma                     

       Michael     Phelps      and     Eleanor     Chen    

    Abstract     In vivo models of Rhabdomyosarcoma (RMS) have proven instrumental 
in understanding the development and progression of this devastating pediatric sar-
coma. Both vertebrate and invertebrate model systems have been developed to 
study the tumor biology of both embryonal (ERMS) and alveolar (ARMS) RMS 
subtypes. Zebrafi sh RMS models have been particularly amenable for high- 
throughput studies to identify drug targetable pathways because of their short tumor 
latency, ease of ex vivo manipulation and conserved tumor biology. The transgenic 
KRASG12D-induced ERMS model allows for molecular and cellular characteriza-
tion of distinct tumor cell subpopulations including the tumor propagating cells. 
Comparative genomic approaches have also been utilized in zebrafi sh ERMS to 
identify conserved candidate driver genes. Recent advances in zebrafi sh genome 
engineering have further enabled the ability to probe the functional signifi cance of 
potential driver genes. Using the unique strengths of the zebrafi sh model organisms 
with the wealth of cellular and molecular tools currently available, zebrafi sh RMS 
models provide a powerful in vivo system for which to study RMS tumorigenesis.  

  Keywords     Zebrafi sh   •   Rhabdomyosarcoma   •   Model organism   •   Cancer   •   Chemical 
genetics  

      Introduction 

 Rhabdomyosarcoma (RMS) is the most common soft tissue malignancy in the 
 pediatric population and recapitulates many of the phenotypic and biological features 
of embryonic skeletal muscle. Based on histologic characterization, RMS falls into 
two major subtypes—embryonal and alveolar. Embryonal rhabdomyosarcoma 
(ERMS) is the most common subtype, accounting for approximately 60 % of all child-
hood RMS cases. Alveolar rhabdomyosarcoma accounts for approximately 25 % of 
all cases. The remaining cases of RMS are either unclassifi ed or undifferentiated [ 1 ]. 
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Treatment for the disease includes surgical resection, chemotherapy or radiation. 
Clinical outcomes for ARMS patients are inferior in comparison to ERMS. However, 
the prognosis for patients with high-risk features or metastasis remains dismal 
 regardless of subtype, with 5-year survival rates of 17 % and 30 % for recurrence and 
metastasis, respectively [ 2 ]. 

 The majority of ARMS cases are characterized by a chromosomal translocation 
event that results in the fusion gene of either  PAX3-FOXOA1  or  PAX7-FOXOA1  [ 3 ]. 
In contrast to ARMS, ERMS shows a wide range of genetic features. ERMS has fre-
quent allelic loss in chromosomal region 11p15, with this genetic interval harboring 
a number of imprinted genes implicated in oncogenesis, such as  H19 ,  IGF2  and 
 CDKN1C  [ 4 ,  5 ]. Depending on the study, up to 35 % of ERMS cases harbor activating 
point mutations in  HRAS ,  KRAS , or  NRAS  [ 6 – 8 ]. Mutations in the RAS/NF1 pathway 
are associated with intermediate- to high-risk rhabdomyosarcomas, indicating a more 
aggressive clinical course for the ERMS cases with activating RAS mutations [ 6 ]. 
Several human syndromes are associated with high frequency of RMS formation, 
including Li-Fraumeni (germline  TP53  mutations) [ 9 ], Costello (germline  HRAS  
mutation) [ 10 ] and Gorlin syndrome (germline  PTCH1  mutations) [ 11 ], highlighting 
the crucial role of a number of tumor suppressor genes in regulating RMS initiation. 

 A variety of vertebrate and invertebrate genetic models have been developed to 
study the tumor biology of rhabdomyosarcoma. For example, Keller et al. created a 
ARMS transgenic mouse model by introducing a conditional knock-in allele, 
 Pax3:Fkhr , in  Myf6 -expressing cells in skeletal muscle. Inactivating mutations in 
 Trp53  or  Cdkn2a  in this model were able to accelerate tumorigenesis [ 12 ]. A 
Drosophila transgenic model of ARMS was created by conditionally expressing 
human  PAX-FKHR  in myofi bers [ 13 ]. In this model, nucleated cells that formed from 
syncytial myofi bers showed invasive behavior with spread to the central nervous 
system, mimicking the malignant behavior of human ARMS cells. A series of condi-
tional mouse ERMS models have similarly been created to assess the cell of origin 
for ERMS [ 14 ]. In these mice, ERMS can arise from  Myf5  or  Myf6 -expressing mus-
cle stem cells and down-stream myogenic precursors, with tumor onset around 150–
200 days of age. The penetrance was increased in the presence of  Trp53  homozygous 
inactivating mutations with or without conditional haploinsuffi ciency of  Ptch1 , indi-
cating the important role of p53 and Sonic Hedgehog pathways in ERMS tumorigen-
esis. In the study by Hatley et al., a conditional transgenic model of ERMS was 
created by activating the Hedgehog pathway in adipocytes through a constitutively 
active  smoothened  allele, indicating that RMS can also arise from non-skeletal mus-
cle cell lineages [ 15 ]. Most recently, a study by Tremblay et al. showed that condi-
tional expression of a constitutively active form of YAP in  Myf5 - expressing skeletal 
muscle or activated satellite cells is suffi cient to induce ERMS [ 16 ]. While mouse 
transgenic RMS models provide invaluable insights into pathogenesis of RMS, in 
particular the cell of origin, high-throughput in vivo and ex vivo studies to identify 
potential driver genes or targetable pathways are not feasible in these systems. 

 In contrast to other vertebrate disease model systems, zebrafi sh are amenable to 
large-scale genetic screens due to their fecundity, the ease of ex vivo manipulation 
from embryonic stage to adulthood, short latency for tumor development, and bio-
logical and pathologic characteristics similar to human malignancies and disease. In 
a zebrafi sh transgenic model of kRAS-induced rhabdomyosarcoma [ 17 ], the tumor 
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exhibits morphologic features resembling the human counterpart, such as spindle cell 
morphology and occasional nests of primitive round blue cells (Fig.  1a, b ). The pres-
ence of cross striations in a subset of tumor cells further supports that ERMS cells 
show incomplete myogenic differentiation. Zebrafi sh ERMS demonstrates locally 
aggressive behavior with the capacity to spread to adjacent organs. Up to 40 % of 
kRAS-induced zebrafi sh develop externally visible tumors by 40 days of life when 
injected at one-cell stage with a DNA expression construct containing a muscle-asso-
ciated promoter driving expression of the human constitutively active kRASG12D 
oncogene [ 17 ]. The time point of tumor onset (7–10 days post- fertilization) is rapid 
compared to other vertebrate RMS models (e.g. 7–12 months in mouse models). 
Expression profi ling and bioinformatics approaches have demonstrated conserved 
molecular signatures between zebrafi sh RMS and embryonal subtype of human RMS 
(Fig.  1c ) [ 17 ], suggesting that the same molecular pathways are utilized in both 
human and fi sh to drive malignant transformation in ERMS.

   This chapter will highlight studies that make use of the conserved and tractable 
features of zebrafi sh as a disease model system and as a discovery tool to reach 
important insights into the tumor biology of RMS and identify potential targetable 
pathways for novel treatment options.  

  Fig. 1    Zebrafi sh ERMS is similar to human ERMS. ( a ,  b ) H&E images of zebrafi sh ( a ) and 
human ( b ) ERMS, showing similar morphologic features. ( c ) Heat map representation of microar-
ray expression profi ling studies in zebrafi sh ERMS, human ERMS, ARMS and normal skeletal 
muscle. Panel  C  is taken from the study by Langenau et al. [ 17 ]       
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    Transgenic Approaches to Characterize Tumor Cell 
Subpopulations in RMS 

    Characterizing the Tumor-Propagating Population 

 Cancer stem cells or tumor-propagating cells (TPCs) are defi ned on the basis of 
their ability to propagate and differentiate to give rise to the heterogeneous progeny 
of the tumor. These cells are capable of self-renewal, which is the process by which 
stem cells divide to sustain the pool of undifferentiated cells. The TPCs have been 
isolated in a variety of hematologic malignancies and solid tumors such as breast 
and brain (glioblastoma multiforme). The self-renewal capacity of these tumors has 
been demonstrated through limiting dilution and transplantation experiments [ 18 –
 21 ]. These cells showed marked resistance to conventional chemotherapy regimens, 
mediated by a combination of intrinsic and acquired properties such as low prolif-
erative rate, effi cient DNA repair, overexpression of multidrug-resistance-type 
membrane transporters and protection by the tumor microenvironment (niche) [ 22 ]. 
Development of targeted therapies against the TPCs could potentially improve sur-
vival for cancer patients with advanced or relapsed disease. 

 Embryonal rhabdomyosarcoma is composed of heterogeneous tumor cell popula-
tions at various stages of differentiation due to aberrant myogenesis [ 23 ,  24 ]. In the 
zebrafi sh transgenic model of kRASG12D-induced rhabdomyosarcoma, tumor cell 
subpopulations at early to late stages of myogenic differentiation can be labeled with 
transgenic fl uorescent reporter proteins driven by various myogenic promoters [ 25 ]. 
By expression profi ling,  myf5 -GFP+/ mylz -mCherry negative-cells express activated 
satellite cell markers such as  myf5 ,  cmet  and  m-cadherin . By contrast,  myf5 -
GFP+/ mylz2 - mCherry + and  myf5 -GFPnegative/ mylz2 -mCherry + cells express mid- 
and late-differentiation markers, respectively. To defi ne the TPC population in ERMS, 
each tumor cell subpopulation was isolated by Fluorescence Activated Cell Sorting 
(FACS) and subjected to limiting dilution and serial tumor cell transplantation analysis 
in syngeneic (or genetically identical)  myf5 -GFP,  mylz2- mCherry transgenic zebrafi sh 
(Fig.  2 ) [ 25 ]. By limiting dilution analysis (transplanting 1000, 100 and 10 sorted 

Fig. 2 (continued)  Green : myf5-GFP+/mylz2-mCherry-negative cells;  yellow : myf5-GFP+/
mylz2-mCherry + cell and  red : myf5-GFP-negative/mylz-mCherry + cells. For limiting dilution, 
1000, 100 and 10 cells are transplanted into syngeneic recipients (at least n = 6–10 per group). 
Engraftment frequency is subsequently monitored up to 60 days post-transplantation. For serial 
transplantation, tumor cell subpopulations can be sorted by FACS and transplanted into syngeneic 
recipient fi sh. The process can be reiterated. ( b – g ) myf5-GFP+/mylz2-mCherry-negative tumor 
cells show the characteristic feature of TPCs by their capacity to selfrenew in serial transplantation 
experiments. ( b ,  c ) A primary ERMS arising in syngeneic myf5-GFP/mylz2 - mCherry transgenic 
zebrafi sh (35 dpf). ( d ,  e ) Engrafted fl uorescent-labeled ERMS in a syngeneic secondary recipient 
animal when transplanted with unsorted primary ERMS cells. ( f ,  g ) myf5-GFP +/ mylz2-mCherry-
negative cells isolated from a secondary-transplant tumor induce ERMS in tertiary transplant ani-
mals. Panels  b – g  are taken from the study by Ignatius et al. [ 25 ]       
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  Fig. 2    Validation of the TPCs in ERMS by serial and limiting dilution transplantation. ( a ) Schematic 
of serial and limiting dilution transplantation experiments to assess self-renewal capacity of tumor 
cells. Primary tumor cells are fi rst expanded in secondary syngeneic recipient fi sh. The tumor is 
subjected to FACS sorting to isolate distinct tumor cell subpopulations based on fl uorescence. 
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cells), the  myf5 -GFP+/mylz2-mCherry-negative cells retain ERMS propagating poten-
tial, whereas more differentiated cell populations that express  mylz2 -mCherry do not 
induce tumors. Serial transplantation and histological analysis demonstrate the capac-
ity of myf5-GFP+/mylz2-mcherry negative cells to generate tumors that recapitulate 
features of primary tumors, confi rming that the tumor-propagating potential is con-
fi ned to this ERMS cell subpopulation. Interestingly, as the molecular profi le of  myf5 -
GFP+ cells (upregulate expression of  myf5 ,  cmet,  and  m-cadherin ) resembles that of 
activated satellite cells, which are the key source of regenerated muscle cells upon 
injury, the pathways driving muscle regeneration likely play a role in tumorigenesis of 
ERMS. Thus, the identifi cation of the tumor propagating cell (TPC) population in the 
zebrafi sh ERMS model has strong translational implication. As the TPCs are thought 
to be the cell population responsible for disease relapse and treatment resistance in a 
variety of cancer types, the transgenic model of ERMS can be used as a drug discovery 
tool (see below) to identify drugs with the capacity to target the TPCs.

       Characterizing Cellular Behavior of Tumor Cell 
Subpopulations In Vivo 

 In vivo imaging of ERMS tumor cells in zebrafi sh revealed dynamic reorganization of 
tumor cell subpopulations during tumor growth, identifying distinct cellular features 
pertaining to each tumor cell subpopulation. During zebrafi sh ERMS tumor growth, 
tumor cells eventually become compartmentalized depending on their differentiation 
status. Immunohistochemical analysis of human ERMS tumors also demonstrates 
discrete regions of  Myogenin -positive cells. By contrast, human ARMS show diffuse 
myogenin expression on immunohistochemistry, suggesting that regional division of 
tumor cells based on their myogenic differentiation status is specifi c to ERMS. To 
further characterize the regional behaviors of ERMS tumor cells, time- lapse imaging 
in zebrafi sh showed that the  Myogenin -positive cells are more migratory compared to 
 myf5 -positive cells as they seed the tumor front during tumor growth, exhibit more 
dynamic local movement compared to  myf5 -positive cells and have been observed to 
enter the vasculature [ 25 ]. In human ERMS, >80 % myogenin expression on immuno-
histochemistry correlates with poor clinical outcome. The in vivo fi ndings in zebrafi sh 
ERMS suggest that the more dynamic and migratory behavior of myogenin positive 
cells likely contribute to the invasive behavior of ERMS tumor cells. This may explain 
why positive myogenin expression is a poor clinical prognostic indicator.   

    Chemical Screen to Identify Druggable Targets in ERMS 

 Zebrafi sh has become a powerful tool for drug and pathway discovery due to the 
high conservation of key molecular pathways and tractable features for large-scale 
ex vivo manipulations. Three independent chemical screens have been performed in 

M. Phelps and E. Chen



377

zebrafi sh to identify key pathways regulating tumorigenesis of ERMS. Work by Le 
et al. identifi ed common RAS-driven pathways in embryogenesis and rhabdomyo-
sarcoma development by assessing the effect of small molecules on the change in 
expression of Ras downstream target genes [ 26 ]. In this study embryos derived 
from a transgenic line harboring a heat-shock promoter-driven HRASG12V were 
subjected to heat shock and treated with a library of small molecules. Expression 
change of  dusp6 , a downstream target gene, was assessed using in situ hybridiza-
tion. The tumor suppressive effect of lead compounds from the embryonic screen, 
TPCK and PD98059, which are inhibitors of S6K1 and MEK, respectively, was 
demonstrated in the zebrafi sh model of kRAS-induced ERMS. The lead compounds 
also inhibited growth of human ERMS cell lines in vitro, further demonstrating 
their therapeutic potential in treatment of human ERMS. 

 ERMS is characterized by an arrest in myogenic differentiation and uncontrolled 
proliferation [ 23 ,  24 ]. Work by Chen et al. described a large-scale chemical screen 
to identify drugs that induce differentiation of ERMS cells in vitro as well as sup-
press tumor growth in vivo [ 27 ]. In this study, an initial screen of approximately 
40,000 compounds was performed in human ERMS RD cell line to identify lead 
compounds that can induce terminal myogenic differentiation of ERMS cells. A 
secondary large-scale transplant screen was performed in zebrafi sh to assess the 
effect of the 95 lead compounds on tumor growth in vivo. This was performed by 
transplantation of fl uorescent-labeled tumor cells into 5–6 week-old syngeneic 
recipient fi sh. Engrafted tumor fi sh were treated with each compound in 6-well 
plates for 7 days including a treatment holiday. Tumor volume change was deter-
mined by quantitative imaging analysis (Fig.  3 ). One class of lead compounds is 
GSK inhibitors, which are known to inhibit the activity of GSK3, resulting in stabi-
lization of β-catenin and activation of the canonical WNT pathway. Treatment of 
ERMS-bearing zebrafi sh with GSK3 inhibitors resulted in suppressed tumor growth 
through activation of the WNT/β-catenin pathway. Analysis of tumor cell subpopu-
lations by quantitative FACS revealed depletion of the TPCs and expansion of the 
more differentiated tumor cells. GSK3 inhibitors also reduced zebrafi sh ERMS 
tumor self-renewal capacity in vivo. To demonstrate the conservation of Wnt/β- -
catenin pathway in modulating ERMS self-renewal, the same study showed that 
activation of the canonical WNT/β-catenin pathway also signifi cantly reduced self- 
renewal capacity of human ERMS cells in vitro. As activation of canonical WNT 
pathway tends to play oncogenic roles in many cancers such as colorectal cancer 
[ 28 ,  29 ], this study identifi ed an unconventional tumor suppressive role for the 
canonical WNT/β-catenin pathway in regulating differentiation and self-renewal of 
ERMS. In addition, as the WNT/β-catenin pathway also plays an essential role in 
embryonic myogenesis [ 30 ], this study also implicates de-regulation of embryonic 
pathways in ERMS.

   Epigenetic changes, inheritable alterations in gene expression without changes in 
DNA sequence, play an essential role in driving a variety of cancer events. Little is 
known about chromatin-modifying factors in RMS. Several studies have implicated 
the role of Polycomb group and SWI/SNF chromatin modifying complex [ 31 ,  32 ]. 
The study by Albacker et al used an injection-based overexpression screen in the 
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kRAS-driven ERMS zebrafi sh model to assess the role of 19 chromatin- modifying 
factors in RMS tumor formation [ 33 ]. In the study, 3 DNA constructs including 
 rag2 -kRASG12D, a chromatin-modifying gene and a fl uorescent reporter driven by 
a muscle-specifi c promoter were co-injected into zebrafi sh embryos at 1-cell stage. 
The expression of a fl uorescent protein enabled monitoring of tumor formation 
in vivo. Construction of tumor-free survival curves revealed chromatin- modifying 
genes that either enhance or suppress RMS tumor formation compared to control 
fi sh. From the study, SU39H1, a histone 3-lysine 9 methyl transferase, was identifi ed 
as a potent tumor suppressor of RMS in tumor initiation. The study demonstrates the 

  Fig. 3    Use of a chemical screen to identify lead compounds that suppress ERMS tumor growth in 
live zebrafi sh. ( a ) Schematic of a chemical screen completed in zebrafi sh transplanted with 
fl uorescent- labeled ERMS. Pretreatment images for vehicle control, DMSO ( b ) and a lead com-
pound, sunitinib ( c ), with corresponding post-treatment images ( d  and  e , respectively). Scale bar 
equals 2 mm. The fi gure is adapted from the study by Chen et al. [ 27 ]       
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feasibility of targeting epigenetic modifi ers in ERMS as a potential therapeutic 
option. As an epigenetic change can induce global change in genetic expression, 
downstream genes and pathways will also be potential therapeutic targets.  

    Comparative Genomics to Identify Conserved Genetics 
Drivers in ERMS 

 Recurrent genomic amplifi cations and deletions are key clinical prognostic indi-
cators in a signifi cant subset of cancers and frequently result in aberrant activation 
of oncogenic events. The technology of array comparative genomic hybridization 
(aCGH) allows for global assessment of copy number aberrations (CNAs) 
throughout cancer genomes [ 34 ]. RMS, similar to many cancers, is characterized 
by inconsistent genomic gains and losses, including whole or partial chromosome 
arms [ 35 – 39 ], the major challenge is to distinguish driver genes from passenger 
events (Table  1 ).

   Array CGH technology has been demonstrated to be a useful tool for identifying 
conserved genomic regions within CNAs in zebrafi sh tumor models. The initial 
BAC-based aCGH platform with 286 BAC clones, enriched for orthologous 
sequences of human oncogenes and tumor suppressors, revealed signifi cant genomic 
imbalances in zebrafi sh models of melanoma, T-cell lymphoblastic leukemia 
(T-ALL) and RMS [ 40 ]. The zebrafi sh activated BRAF-induced melanoma model, 
showed a higher number of genomic imbalances including gains and losses per 
individual (6–28) compared to the Myc-induced T-ALL and Ras-induced RMS 
zebrafi sh models. However, the low-resolution of this platform precludes identifi ca-
tion of candidate driver genes. High-resolution aCGH platforms were subsequently 
applied to zebrafi sh models of Malignant Nerve Sheath Tumor (MPNST) and 
T-ALL to identify conserved genomic regions that are also amplifi ed or deleted in 
human disease [ 41 ,  42 ]. In the aCGH study of the kRASG12D-induced RMS 
zebrafi sh model [ 43 ], Cy5 labeled-DNA from 20 independent primary tumors was 
hybridized against Cy3 labeled-DNA of matched normal skeletal muscle onto a 
custom 400 k CGH microarray Agilent platform (Fig.  4a ). The results showed pre-
dominantly CNA gains compared to losses with 19 recurrent gene-containing 
regional gains and 2 losses in at least 3 zebrafi sh ERMS tumors (Fig.  4b–d ). The 
recurrent CNA gains are mapped to 21 homologous regions in the human genome 
with 18 of these regions also showing gains in human ERMS. As a proof of princi-
ple, 6 candidate driver genes identifi ed from the genic regions were assessed for 
their oncogenic roles in human ERMS cell lines. Four of the genes, CCND2, 
HOXC6, PLXNA1 and VEGF, show conserved function in the pathogenesis of 
ERMS. Aberrant upregulation of VEGF expression also correlates with poor  clinical 
outcome in human ERMS patients. This study demonstrates that the small and con-
served CNAs in zebrafi sh ERMS genomes allow easy identifi cation of novel driver 
genes essential for pathogenesis of ERMS.
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  Fig. 4    Array Comparative Genomic Hybridization (aCGH) reveals cancerspecifi c chromosomal 
abnormalities in zebrafi sh ERMS. ( a ) Schematic of processing ERMS tumors for aCGH. Primary 
zebrafi sh tumors are established by microinjecting a human kRASG12D expression construct and 
a fl uorescent reporter construct, which facilitates tracking of tumor cells in vivo. Tumors 
and matched normal skeletal muscle are isolated at day 40–50 post-injection. To perform aCGH, 
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       Application of Genome Engineering Technology 
to Characterize the Function of Driver Genes in RMS 

 The ability to study the function of key tumor specifi c genes is rapidly improving 
with recent advancements in genome engineering technology. Genome engineer-
ing using DNA sequence specifi c endonucleases such as zinc fi nger nucleases 
(ZFNs), transcription activator-like effector nucleases (TALENs) and Cas9 enable 
direct modifi cation of endogenous loci, by introducing DNA double strand breaks 
(DSBs) in target regions of the genome. DNA double strand breaks can then be 
repaired through non-homologous end joining (NHEJ) or through homology 
directed repair. Non-homologous end joining can be used to knockout endogenous 
genes since the error-prone repair process often lead to insertions or deletions 
(indels). These indel mutations can introduce frameshifts in the coding sequence 
which result in premature truncation of the protein during translation [ 44 ]. If a 
homologous template is supplied during DNA repair, directed genome modifi ca-
tions, such as transgene insertions or gene corrections, can also be produced by 
homology directed repair [ 45 ]. 

 Zinc fi nger and TALEN nucleases consist of a fusion between programmable 
DNA binding proteins (zinc fi nger and TALE, respectively) and the Fok1 nuclease. 
DNA DSBs are targeted to specifi c genome locations by modifying the DNA bind-
ing domain of each zinc fi nger of TALE DNA binding protein. Since the Fok1 
nuclease functions as a dimer, both ZFNs and TALENs must be designed in pairs in 
order to effectively cleave double stranded DNA. This paired nuclease requirement 
enhances target sight specifi city but also limits the fl exibility to target multiple 
genome locations. Several studies have demonstrated the successful use of the 
ZFNs and the TALENs to target driver genes essential for various aspects of tumor 
progression in mouse tumor models or human cancer cell lines [ 46 – 52 ]. These tools 
have also been used to model large scale chromosomal rearrangements and dele-
tions [ 49 ,  50 ]. Despite the use of ZFNs and TALENs in mammalian cancer systems 
their use in zebrafi sh cancer models is limited [ 53 ,  54 ]. 

Fig. 4 (continued) Cy5- labeled genomic DNA (gDNA) isolated from a tumor is hybridized to 
Cy3-labeled genomic DNA isolated from matched normal muscle onto a custom-made 400 K 
zebrafi sh CGH platform (Agilent). Array image scans are extracted and imported into a copy 
 number analysis software program (e.g. Nexus) to determine copy number aberrations (CNAs). 
( b ) Summary of common gene-containing CNA gains ( green ) and losses ( red ) in 20 animals exam-
ined. Only recurrent CNAs found in ≥ 3 samples are shown. The height of each bar correlates with 
the frequency of each aberration. Detailed view of regional gains for  vegfa  on chromosome 4 ( c ), 
 ccnd2a  on chromosome 25 ( d ). Panels  b – d  are taken from the study by Chen et al. [ 43 ]       
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 In contrast to ZFNs and TALENs, the recently developed CRISPR/Cas9 genome 
engineering technology has several key advantages, particularly in the ability of 
rapidly design and clone targeting constructs. The strength of the CRISPR/Cas9 
system lies in its use of small, easily produced RNA templates (guide RNAs; gRNA) 
that guide targeting of the Cas9 nuclease (for review; [ 55 ,  56 ]). Since Cas9 is able 
to cleave both strands of DNA with high effi ciency only one protein is needed to 
create targeted DNA DSBs. This fl exibility enables multiplex genome engineering 
by expressing one Cas9 nuclease and multiple gene-targeting gRNAs [ 57 ,  58 ]. 
CRISPR/Cas9 technology has been used to produce mouse cancer models of lung 
adenocarcinoma [ 59 ,  60 ], non-small cell lung cancers [ 61 ], and liver tumors [ 62 ] 
through tumor suppressor knockout or homology directed oncogene engineering. 
While the use of the CRISPR/Cas9 technology to study gene functions in zebrafi sh 
cancer models is only beginning to be explored, it is rapidly becoming the method 
of choice for genome engineering studies in zebrafi sh [ 63 – 69 ]. 

 The KRASG12D-induced zebrafi sh model of ERMS is a particularly powerful 
system for which to employ CRISPR/Cas9 to study gene function in cancer, due to 
its rapid tumor onset. To test the feasibility of assessing function of a modifying 
gene in the KRASG12D model of ERMS, the tumor suppressor, p53 ( tp53 ) was 
targeted using the CRISPR/Cas9 system (unpublished data). Briefl y, a single gRNA 
was designed against a conserved exon of  tp53  near the 5′ end of the coding sequence 
(Zifi t; [ 70 ]). To target  tp53  in the zebrafi sh ERMS model, single cell stage embryos 
were microinjected with 3 muscle-specifi c (r ag2  promoter) constructs expressing 
(1) the Cas9 nuclease and  tp53 -targeting gRNA, (2) the KRASG12D oncogene and 
(3) a fl uorescent reporter. For comparison, a separate cohort of embryos is co-
injected with a Cas9 expression construct lacking a  tp53  targeting gRNA. Both 
cohorts of fi sh are monitored for tumor development every 3–4 days for a total of 30 
days (starting approximately 10 days post-fertilization). Validation of successful 
 tp53  targeting in zebrafi sh ERMS tumors is determined by a T7-endonuclease assay, 
which detects the presence of indel mutations [ 56 ,  71 ]. We have observed a shorter 
tumor latency and more aggressive tumor growth in the  tp53  gRNA-injected cohort 
(unpublished data, see Fig.  5  for experimental schematic). These results suggest the 
feasibility of targeting tumor suppressor genes in ERMS using the CRISPR/Cas9 
technology. This technology could likely be applied to other zebrafi sh cancer 
models by modifying the tissue specifi city of Cas9- mediated gene targeting.

       Discussion and Future Directions 

 The zebrafi sh KRAS-induced model of ERMS shows high conservation to the 
human disease. The short tumor latency and ease of ex vivo manipulations allows 
for high-throughput chemical genetic screens to identify novel and essential drug-
gable pathways. An aCGH study in ERMS has also identifi ed candidate driver 
genes that may play a crucial role in ERMS tumorigenesis. The recent application 
of genome engineering technology, in particular the CRISPR-Cas9 technology, rep-
resents an unprecedented approach to study endogenous gene function in zebrafi sh 
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cancer models such as that of ERMS. Using current genome engineering technol-
ogy to understand the wealth of data obtained from the chemical genetic screens and 
aCGH experiments in zebrafi sh ERMS models hold promise for creating new trans-
lational therapies for treatment of RMS cancer.     
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  Fig. 5    Utility of CRISPR-Cas9 genome engineering technology to study tumor suppressor gene 
function. ( a ) Schematic of a microinjection experiment to produce primary tumor-bearing zebraf-
ish with or without  tp53  gene targeting. A DNA cocktail containing a U6 promoter-driven tp53 
gRNA cassette and a rag2 promoter-driven Cas9 cassette, rag2-KRASG12D and rag2-dsRed (fl uo-
rescent reporter) is injected into zebrafi sh embryos at 1-cell stage. For comparison, a separate 
cohort of embryos is injected with a similar cocktail containing a nontargeting Cas9 control vector. 
( b ) Injected fi sh are monitored for tumor onset, frequency and growth kinetics. An example of 
Kaplan-Meier analysis assessing tumor-free survival of injected fi sh. Targeting of a tumor sup-
pressor gene, e.g. tp53, is expected to decrease tumor-free survival. ( c ) An example of a T7 endo-
nuclease assay to assess the presence of Cas9-mediated tp53 targeting. PCR products from 
amplifi cation of targeted genomic region are digested with T7 endonuclease. The DNA heterodu-
plex containing Cas9-induced indel mutations will be cleaved into two bands as visualized on an 
agarose gel or bioanalyzer       
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      Baiting for Cancer: Using the Zebrafi sh 
as a Model in Liver and Pancreatic Cancer                     

       Katie     L.     Hwang     and     Wolfram     Goessling    

    Abstract     Liver and pancreatic cancers are amongst the leading causes of cancer 
death. In recent years, genetic and chemical approaches in zebrafi sh have elucidated 
cellular and molecular mechanisms of liver and pancreatic cancer formation and 
progression. In this chapter, we review the recent approaches and advances in the 
fi eld to study both hepatocellular carcinomas and pancreatic cancer.  

  Keywords     Liver development   •   Liver cancer   •   Pancreas development   •   Pancreas 
cancer   •   Zebrafi sh   •   Transgenesis   •   Mutations  

      Introduction 

 Liver and pancreatic cancers are amongst the leading causes of cancer death. They 
both represent a global health problem and carry poor prognoses with limited thera-
peutic options. In the United States alone, over 80,000 new cases will be diagnosed 
and approximately 65,000 patients will die of these cancers each year [ 1 ]. 
Unfortunately, improved methods for early detection and advanced treatments to 
substantially alter the outcome are still lacking. Given the low survival rates and 
increasing incidences of these cancers, investigation into the molecular mechanisms 
underlying their pathogenesis is critical for the development of better diagnostics 
and effective therapies. 
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 The liver and pancreas are non-luminal organs of the gastrointestinal system and 
coordinate whole-body metabolism. The liver is predominantly composed of hepa-
tocytes, which regulate a multitude of complex metabolic reactions, detoxify and 
secrete exogenous compounds, synthesize serum proteins and lipids, and produce 
bile salts [ 2 ]. Hepatocytes work in concert with other cells in the liver, including 
biliary epithelial cells (cholangiocytes), which line the biliary ducts and modify bile 
by secretion and absorption of ions. The pancreas, in contrast, functions as both an 
endocrine and exocrine gland, and as a result, has more specialized cell types that 
align to these specifi c functions [ 2 ]: hormone-producing cells are arranged into 
islets of Langerhans and include glucagon-secreting alpha cells, insulin-producing 
beta cells and delta cells, which secrete somatostatin. The exocrine pancreas, 
though, is dedicated to aiding digestion and is composed of acinar cells that secrete 
digestive zymogens into clustered ducts that eventually deliver these enzymes to the 
small intestine. 

 While the functions of these mature epithelial cells of liver and pancreas are 
extremely specialized, these cells develop from a common population of endoder-
mal progenitors. Not only does the liver and pancreas share a developmental origin 
but they also undergo similar early developmental morphogenic steps of budding 
into the surrounding mesenchyme, rapid growth and vascularization, and eventual 
differentiation into biliary networks [ 3 ]. While the intrahepatic biliary network 
develops from hepatocyte precursors, the extrahepatic biliary system and the gall-
bladder develop from pancreatic precursors [ 4 – 6 ]. Intriguingly, cancers of the liver 
and pancreas often share characteristics dependent on their developmental origins 
and can be specifi ed by their resemblance to their specialized cellular types [ 7 ]. 

 Primary liver tumors can be divided into those arising from the hepatocytes 
(hepatocellular carcinoma, HCC) and those arising from the intrahepatic bile ducts 
(cholangiocarcinoma, CC). Shared risk factors, including viral hepatitis, cirrhosis, 
diabetes and alcohol consumption, as well as the existence of a subset of mixed 
histological HCC/CC tumors raises the possibility of a common molecular or cel-
lular origin of both cancers [ 8 ]. Similarly, in the pancreas, tumors of the pancreatic 
ductal epithelium or pancreatic adenocarcinoma (PDAC), which comprise the vast 
majority (~85 %) of pancreatic tumors, have been linked to extrahepatic biliary 
tumors, gallbladder tumors, and ampullary cancers [ 7 ]. As these structures share a 
common embryonic origin, it raises the question of whether cancers originating 
from these organs also share molecular or cellular commonalities. In order to better 
understand tumorigenesis, the study of organogenesis and stem/progenitor cells 
could provide important insights into the signaling pathways central to cancer.  

    Zebrafi sh as a Model 

 Many of the processes that control stem cell proliferation, differentiation, and cell 
fate decisions are involved in embryonic organ development and establishment of 
progenitor cell populations. However, pathological perturbations of these pathways 
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can lead to tumorigenesis. It is therefore critical to study these fundamental signal-
ing pathways to understand development, regeneration and carcinogenesis. The 
zebrafi sh,  Danio rerio , offers an ideal model for the study of this intersection 
between development and cancer in the liver and pancreas. 

 Well established as an excellent model for vertebrate development and organo-
genesis, the zebrafi sh provides a number of powerful advantages. First, they have a 
high fecundity and a single mating pair can produce a few hundred embryos per 
week; secondly, embryos grow rapidly  ex utero  and are optically transparent allow-
ing for ease in visualization during development; and thirdly, they share conservation 
of vertebrate organs, including the liver and pancreas (Fig.  1 ). In zebrafi sh, the epi-
thelial cells of the liver are similarly comprised mainly of hepatocytes with cholan-
giocytes forming the biliary networks [ 9 ,  10 ]. However, unlike its mammalian 
counterparts, hepatocytes are not arranged into hepatic lobules with the traditional 
hexagonal plates of hepatocytes arranged around a central vein and each corner con-
taining a portal triad consisting of a hepatic artery, portal vein and bile duct [ 11 ]. 
Rather, the portal veins, hepatic arteries, and biliary ducts of the zebrafi sh are distrib-
uted throughout the liver. The zebrafi sh is also uniquely advantageous for studying 
liver progenitor populations and development as the embryonic liver is not a site of 
hematopoiesis as it is in mammals, allowing for the study of developmental defects 
without complications from anemia or early lethality [ 12 – 15 ]. The zebrafi sh pan-
creas is similarly comprised to that of its mammalian counterparts with both exocrine 

  Fig. 1    Zebrafi sh gastrointestinal organ anatomy. Window dissection of an adult zebrafi sh is shown 
displaying the gastrointestinal organs of the zebrafi sh. The liver is comprised of mainly hepatocytes, 
biliary ductal cells, and endothelial blood vessels. The pancreas is composed of islets (endocrine 
function), which contain hormone-secreting cells, and acini (exocrine function), which contain aci-
nar and ductal cells. These cellular makeups are well conserved between the zebrafi sh and human       
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and endocrine specialized epithelial cells [ 16 ,  17 ]. While the zebrafi sh does not have 
a discrete pancreas, exocrine acinar cells that share similar functions and histological 
features to their mammalian counterparts form alongside the intestinal tract [ 9 ]. 
Islets that contain hormone-secreting cells, including alpha cells, beta cells, delta 
cells, and epsilon cells, are characteristically structured similar to mammalian islets 
of Langerhans and are intimately linked to the vasculature. The zebrafi sh is not only 
similar at the cellular level but also at the genetic level as approximately 70 % of 
human genes have zebrafi sh orthologs, and forward-mutagenesis screens have iden-
tifi ed a number of conserved genes that correlate to human disease loci [ 18 – 20 ].

   The zebrafi sh as a model for cancer has emerged more recently as it was recog-
nized that carcinogens could cause increased tumorigenesis in the background of 
low spontaneous cancer formation [ 21 ]. These multiple tumor types showed tre-
mendous histopathological similarities to human malignancies. With the advent of 
transgenic technologies, the usage of the zebrafi sh as a model for cancer has rapidly 
demonstrated its powerful and complementary advantages as a tool to study cancer 
biology [ 22 ,  23 ]. Here, we explore the zebrafi sh models that have been developed 
to study liver and pancreatic cancer and the insights they have provided into these 
lethal malignancies.  

    Liver Cancer 

    Chemically Induced Models 

 Historically, the fi sh has been recognized as a barometer of the health of the envi-
ronment, as it was observed that they form neoplasms resulting from chemical con-
tamination. Following the expansion of organic chemical synthesis in the 1940s, 
increases in epithelial tumors in the fi sh, especially liver and skin tumors, rose expo-
nentially. Armed with this knowledge, researchers in 1975 exposed zebrafi sh to 
carcinogenic compounds and induced hepatoadenomas, cholangiomas, hepatocel-
lular carcinomas and cholangiocarcinomas, thereby demonstrating that the zebraf-
ish offered a wide opportunity for cancer research [ 24 ]. Since then, the effects of 
other chemicals, especially dimethyl benzanthracene (DMBA) and  N -methyl- N’ -
nitro- N -nitrosoguanidine (MNNG) on tumor formation have been extensively stud-
ied. Exposure of zebrafi sh fry (21 days post fertilization) with DMBA for 24 h and 
examined at one year resulted in hepatic tumors in 30 % of treated zebrafi sh [ 25 ]. 
Similarly, MNNG mainly targeted the liver in zebrafi sh and resulted in hepatocel-
lular adenoma, hepatocellular carcinoma, cholangioadenoma and cholangiocarci-
noma [ 26 ]. Histologically, these tumors greatly resembled human malignancies 
with atypical nuclear morphology and increased mitoses (Fig.  2 ).

   With the availability of the zebrafi sh genome, Lam and colleagues compared 
gene-expression profi les of these hepatic tumors to see if they resembled their 
human counterparts at the molecular level [ 27 ]. DMBA-induced liver tumors were 
isolated and RNA expression was compared to normal liver tissue by microarray 
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analysis. Gene ontology analysis showed that many genes involved in cell cycle, 
proliferation, apoptosis, DNA replication and repair, cytoskeletal organization, 
 protein synthesis, and metastasis were deregulated in the tumor samples. More spe-
cifi cally, alterations in the Wnt and Ras pathways were noted, which are also highly 
deregulated in human liver cancer. Furthermore, in the DMBA-induced zebrafi sh 
liver tumors, a range of tumor severity was observed histologically. Comparison of 
zebrafi sh liver tumors stratifi ed by grade to human liver tumors classifi ed by clinical 
stage revealed an expression signature of 132 genes that correlated with tumor pro-
gression in both zebrafi sh and human liver tumors. In high-grade tumors, these 
genes were associated with markers of de-differentiation with decreased liver spe-
cifi c genes and increased markers of cellular proliferation and metastasis. These 
similarities at the histopathological and genetic levels suggest that the mechanisms 
underlying hepatic carcinogenesis might be similar in zebrafi sh and humans. 

 Further support of this conservation has been seen at the epigenetic level. 
Frequently in human tumors, global DNA hypomethylation is found leading to tran-
scriptional activation and genomic instability [ 28 ,  29 ]. Further, regions of hyper-
methylation have been observed in cancer cells leading to silencing of tumor 
suppressors and DNA repair genes [ 30 ,  31 ]. To examine DNA promoter methylation 
in zebrafi sh hepatocellular carcinomas generated by DMBA exposure, genomic 
regions 1.5 kb upstream to 1 kb downstream of the transcriptional start site were 
probed utilizing a CpG island tiling array and DNA methylation precipitation [ 32 ]. 
Here, they found the vast majority of differentially methylated regions in the zebraf-
ish hepatocellular carcinomas were hypomethylated, similar to human hepatocellu-
lar carcinoma [ 33 ]. Deeper examination of the genes hypomethylated in zebrafi sh 
hepatocellular carcinoma and human hepatocellular carcinoma revealed shared 
pathways that were altered in both methylation and gene expression, including those 
especially involved in cellular proliferation, energy production, and anti- apoptosis. 

  Fig. 2    Zebrafi sh liver and liver cancer histology. Histology of human and zebrafi sh hepatocellular 
carcinoma display tremendous similarities. ( a ) Human hepatocellular carcinoma and ( b ) zebrafi sh 
hepatocellular carcinoma induced by DMBA exposure display altered cellular morphology, dys-
plastic nuclei, and increased mitoses. Picture of human hepatocellular carcinoma courtesy of Dr. 
Jason Hornick, Brigham and Women’s Hospital       
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These results underscore the conservation between zebrafi sh and human liver cancers 
and highlight the potential to apply comparative genomics and  epigenomics to dis-
cover newly deregulated genes that have previously not been associated with liver 
cancer and strengthen the association of molecular pathways central to liver cancer.  

    Transgenic Models 

 While chemical carcinogenesis has provided great insights into liver cancer biology 
and the conservation of zebrafi sh and human liver tumor signal pathways, limita-
tions have included slow onset of neoplasms and heterogeneous tumor populations. 
Alternatively, transgenic approaches in the zebrafi sh can be readily utilized with the 
development of transposon-mediated transgenesis at a fraction of the cost of trans-
genic mice [ 34 ]. With the increasing effi ciency of this technology and the identifi ca-
tion of the hepatocyte specifi c promoter of  liver fatty acid binding protein  ( lfabp,  
also known as  fabp10a ), oncogenes could be specifi cally expressed in the liver [ 35 ]. 
In human liver cancers, Kras signaling is uniformly upregulated, and a subset of 
these tumors having activating Kras mutations [ 36 ,  37 ]. By driving an eGFP-fused 
oncogenic Kras (Kras V12 ) under the control of the  lfabp  promoter in zebrafi sh, 
tumors formed in more than half of high-expressing stable transgenics [ 38 ]. Gross 
morphology showed tanned nodules that on histopathological analysis exhibited 
features of human hepatocellular carcinoma, including nuclear abnormalities and 
cellular disorganization. However, in these high-expressing oncogenic Kras trans-
genics, mortality was extremely high with 70 % of fi sh dying by 30 days post fertil-
ization (dpf) with greatly enlarged livers, and all fi sh dying by 90 dpf. In a 
lower-expressing oncogenic Kras transgenic line, zebrafi sh survived past 90 dpf 
and displayed moderate liver hyperplasia in 36 % of fi sh at that time. At 6 months 
of age, hepatocellular adenocarcinoma was observed in 22 %, and by 9 months, 
26 % of transgenics showed malignant hepatocellular carcinoma with a subset 
showing tumor invasion into surrounding blood vessels and internal organs. This 
model of rapid onset and aggressive formation of hepatocellular carcinoma as well 
as a model of slower progression to hepatocellular carcinoma allowed for analysis 
at the molecular level of pathways involved in hepatocellular carcinoma advance-
ment. Microarray and gene set enrichment analyses revealed a conserved hepatocel-
lular carcinoma and a liver cancer progression gene signature between zebrafi sh and 
humans. For example, zebrafi sh hepatocellular carcinoma livers displayed activa-
tion of NFkB, JAK-STAT, IGF, TGFb, MAPK/ERK, PI3K-AKT, WNT, VEGF, 
and complement signaling pathways, consistent with human hepatocellular carci-
noma and specifi c to oncogenic Ras gene signatures. In contrast, the zebrafi sh with 
hyperplastic livers showed a gene signature unique in its activation of the p53 
senescence pathway similar to human liver dysplasia. 

 While these studies provided insights into the progression of hepatocellular car-
cinoma and more generally, the zebrafi sh as a model of hepatic-specifi c oncogene 
expression, they were not able to address the mechanisms behind hepatocellular 
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adenoma or carcinoma initiation due to the variability of tumor onset and early 
lethality in high-expressing oncogenic transgenics. In order to address this limita-
tion, the Gong lab utilized a mifepristone-inducible LexPR system to conditionally 
express eGFP-Kras V12  in the liver [ 39 ]. Here, the liver-driver line transcribed the 
LexPR activator under the control of the  lfabp  promoter. In the presence of mife-
pristone, the LexPR activator bound to the LexA operator, which was placed 
upstream of the fusion Kras oncogene ( LexA:eGFP-Kras   V12  ). Most importantly, uti-
lizing an inducible model allowed for a dynamic, in vivo study to understand the 
role of oncogenes in tumor initiation and progression. In transgenic zebrafi sh with 
both the liver driver and inducible oncogenic Kras ( lfabp:LexPR; LexA: eGFP- 
Kras   V12  ), that were treated with mifepristone beginning at 1 month of age, 100 % 
developed hepatic hyperplastic lesions within 1 week of induction and progressed 
to hepatocellular carcinoma after 4 weeks. Prolonged exposure to mifepristone led 
to the formation of hepatoblastoma in mixed hepatocellular carcinoma as well as 
increasing invasiveness. Intriguingly, removal of mifepristone resulted in tumor 
regression and fi brotic lesions at the focal tumor region, indicating an addiction to 
oncogenic Kras for continuous tumor growth. Downstream targets of Ras, such as 
the ERK and AKT pathways, were upregulated during liver tumor progression and 
reduced in regressed hepatocellular carcinoma fi sh with no levels detectable in the 
fi brotic lesions. To follow this observation, the authors tested whether inhibitors 
targeting the ERK or AKT pathways could inhibit the hyperplastic growth seen in 
the mifepristone-induced Kras fi sh. Suppression of liver growth in the transgenic 
larvae was achieved with modest success with approximately half displaying “nor-
mal” liver size when targeting either pathway alone. Improved results were seen 
when both pathways were inhibited simultaneously. While this study did not address 
whether inhibition of the ERK and AKT pathways could prevent tumor initiation or 
tumor progression, this raised an important possible connection between an early 
larval phenotype of enlarged liver growth and liver cancer and whether this could 
be exploited to identify novel inhibitors of abnormal liver growth. 

 Taking advantage of this early larval response to oncogenic Kras expression and 
the transparency of the larval zebrafi sh, the effect on the tumor microenvironment 
with induced Kras expression in hepatocytes was examined [ 40 ]. In this study, they 
investigated the response of neutrophils to the oncogenic expressing hepatocytes as 
neutrophils have been implicated in both pro-tumoral and anti-tumoral functions 
[ 41 ,  42 ]. By crossing their inducible oncogenic Kras zebrafi sh with transgenic 
zebrafi sh that label neutrophils with DsRed under the control of the lysozyme c ( lyz ) 
promoter, they were able to measure in vivo and in real time the recruitment of 
tumor associated neutrophils (TANs). Upon treatment with mifepristone at 3 dpf, 
neutrophils in the liver began to increase by 8 h post induction (hpi), which pre-
ceded hepatic hypertrophy. Chemical inhibition of neutrophil activity and genetic 
knockdown of the  gscfr  gene, which thereby blocked differentiation of myeloid 
precursors into neutrophils, resulted in decreased hepatomegaly. Further, chemical 
inhibition of neutrophils decreased proliferation of hepatocytes and decreased his-
topathological characteristics of early hepatocellular carcinoma initiation, including 
cellular disorganization and nuclear changes. Gene expression analysis of induced 
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Kras hepatocytes showed signifi cant upregulation of  tgfβ1a,  as well as decreased 
expression of  tnfα  and  infγ,  consistent with cancer-related infl ammation and a pro- 
tumor microenvironment as seen in human hepatocellular carcinoma. TANs iso-
lated by fl uorescence activated cell sorting (FACS) showed a pro-tumorogenic 
expression profi le with upregulation of  il1b , which promotes early cancer angiogen-
esis, and downregulation of anti-tumor cytokines. Together, these results suggest a 
role for neutrophils in early oncogenic growth and transformation but more impor-
tantly highlight the strengths of utilizing the zebrafi sh to study the interaction 
between oncogenic cells and their microenvironment. 

 Inducible expression models of other major liver oncogenic pathways, EGFR 
and Myc, have been created in a comparable transgenic approach, but rather than 
being inducible by mifepristone, were doxycycline inducible using the Tet-ON sys-
tem [ 43 ,  44 ]. Doxycycline induction provides the potential advantage of less off- 
target transcriptomic effects as it was found in the livers of mice that the constitutive 
expression of the tetracycline-controlled trans-activator resulted in fewer gene 
expression alterations than the mifepristone-controlled trans-activator [ 45 ]. In these 
Tet-ON systems, the reverse tetracycline-controlled transactavator (rtTA) is specifi -
cally driven in hepatocytes by the  lfabp  promoter ( lfabp:rtTA) . In the presence of 
doxycycline, the rtTA can bind the tetracycline-responsive promoter element (TRE), 
which then drives expression of the oncogene of interest. In human hepatocellular 
carcinoma, EGFR is overexpressed in 40–70 % of tumors and its early upregulation 
in preneoplastic lesions suggests an early role for EGFR in hepatocellular carci-
noma initiation [ 46 ,  47 ]. Li and colleagues found that upon induced expression of 
Xmrk, a naturally occurring mutated fi sh isoform of EGFR that is continuously 
activated, enlarged livers rapidly formed both at the juvenile and adult stages. 
Histological examination at 3 weeks post treatment initialization found hepatocel-
lular carcinoma uniformly throughout the livers with 100 % penetrance and charac-
teristic pleomorphism, disrupted cellular organization, and nuclear abnormalities. 
While the presence of hepatocellular carcinoma features were present throughout 
the liver, downstream EGFR targets, such as phosphorylated Erk (p-Erk) and Stat5 
(p-Stat5) showed heterogenous expression. Upon withdrawal of doxycycline at 1 
week, these tumors displayed increased proliferation and apoptosis and by 2 weeks 
had regressed with histology showing features of hepatocellular adenoma/hyperpla-
sia. By 4 weeks of doxycycline withdrawal, the livers had reverted to normal mor-
phology and histology. Intriguingly, re-introduction of doxycycline resulted in 
accelerated hepatocellular carcinoma formation, suggesting the livers were primed 
for transformation. This model, similar to that of the inducible oncogenic Kras, 
indicated oncogene addiction to Xmrk for tumor growth. In addition, it illustrated 
that even with a single oncogenic initiator, there are mechanisms to form heteroge-
neous cellular populations within the tumor. A similar doxycycline inducible Myc 
model showed hepatomegaly after 4 days of doxycycline treatment starting at 3 dpf. 
Treatment of the transgenic zebrafi sh at the fry stage resulted in enlarged abdomens 
following doxycycline treatment after only 2–3 weeks of treatment [ 44 ]. However, 
these livers were mainly transformed into hyperplasia as well as hepatocellular 
adenoma but rarely formed hepatocellular carcinoma. Whole transcriptome analysis 
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found a conserved gene signature with other Myc hepatocellular carcinoma models 
in mice. While the zebrafi sh model mainly formed hepatic adenomas with Myc 
overexpression, the zebrafi sh gene signature correlated best with advanced forms of 
human hepatocellular carcinoma, suggesting Myc could be essential for progression 
but requires other molecular events to initiate cellular transformation. 

 As human hepatocellular carcinoma is extremely heterogeneous, the overlap of 
these different inducible models’ expression signatures with human tumors is a 
powerful way to identify critical genes involved in tumor initiation and progression. 
Transcriptomic analysis of tumors from the inducible Kras, XMRK or Myc models 
by RNA-sequencing revealed three distinct gene signatures and sets of deregulated 
biological pathways with all three correlating with human hepatocellular carcino-
mas that were advanced or very advanced [ 48 ]. Interestingly, 21 genes were upreg-
ulated and 16 genes were downregulated in all three transgenic models. When 
compared to human hepatocellular carcinomas, 27 of these genes were similarly 
deregulated in more than half of patients and some have been previously implicated 
in hepatocarcinogenesis. However, the majority of these genes represented new 
genes not previously associated with liver cancer and represent novel mechanisms 
and potential therapeutic targets. Further study of the role of these genes is needed 
to determine whether these deregulated genes are central to liver cancer formation 
and aggressiveness. 

 The zebrafi sh also provides a unique model to address in vivo the role of previ-
ously unknown oncogenic genes on tumorigenesis. For example, elegant work by 
Sadler and colleagues utilized a transgenic model to overexpress ubiquitin-like with 
PHD and RING fi nger domains 1 (UHRF1), an essential regulator of DNA methyla-
tion, in hepatocytes specifi cally to address the role of UHRF1 in hepatocellular car-
cinoma [ 49 ], directly connecting in vivo models to clinically-relevant events in 
patient samples. While global DNA hypomethylation is recognized in human hepa-
tocellular carcinoma, the mechanism by which this is achieved has remained elu-
sive. UHRF1 is a highly intriguing candidate, as overexpression in zebrafi sh at high 
levels resulted in atypical cells resembling hepatocellular carcinoma. 

 These studies demonstrate that transgenic approaches can lead to a rapid onset of 
liver cancer in zebrafi sh that mimics the cellular and signaling events observed in 
human liver cancer, thereby providing additional insight into the mechanisms of 
disease pathogenesis.  

    Mutant Models 

 The power of the zebrafi sh model not only lies in its ability to analyze comparative 
genomic alterations but its ability for large-scale genetic screens to identify initia-
tors and drivers of tumorigenesis in vivo. Forward genetic screens have been well 
established in the zebrafi sh since the 1980s focusing on chemical mutagenesis to 
identify genes that are critical in development [ 50 ,  51 ]. Currently, with the rapidly 
advancing abilities of genome-wide sequencing, chemical or viral mediated 
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mutagenesis to identify genes that predispose tumor formation are even more fea-
sible [ 52 ]. Screens utilizing both embryonic phenotypes as well as general proper-
ties of cancer, such as cellular proliferation, have been performed to identify novel 
genes involved in cancer susceptibility. One such example was an ENU screen for 
mutants that demonstrated increased genomic instability, a hallmark of cancer [ 53 ]. 
To test this, the researchers utilized the theory behind Knudson’s two-hit hypothe-
sis, in which a single locus involved in retinal pigment color ( golden ) could act as a 
proxy for genomic stability. Heterozygotes for the  golden  locus were exposed to 
ENU and mutants that showed a second “hit” causing a light-colored eye phenotype 
were then identifi ed. In 12 mutants that demonstrated this increased genomic insta-
bility, all showed a higher propensity for cancer, and one of the most penetrant lines, 
 gin -10, showed almost a tenfold increased rate of spontaneous tumor formation. 
Tumors of epithelial and stromal origins were found, with the most common being 
adenocarcinomas, especially intestinal, pancreatic, and liver. Many of these muta-
tions are still awaiting identifi cation; however, this study provided an important link 
between forward based screening in the zebrafi sh based on an embryonic phenotype 
that acted as a marker for a cancer property and adult formation of tumors. 

 Targeted identifi cation of induced genetic lesions has also led to the identifi ca-
tion of known tumor suppressors mutants, namely  p53  and  APC . Mutants of  p53  
showed increased propensity for forming peripheral nerve sheath tumors [ 54 ]. 
Further, an identifi ed mutant of  APC , which resulted in activated Wnt/β-catenin 
signaling, showed defects in liver development [ 55 ,  56 ]. Additionally,  APC  hetero-
zygous mutants spontaneously develop digestive tract neoplasias, including hepatic 
and pancreatic carcinomas [ 57 ]. These studies highlight the homology between 
human cancers and the zebrafi sh as a tool to model tumor suppressor functions. 
Excitingly, more studies investigating the role of tumor suppressors in cancer using 
the zebrafi sh as a model are on the horizon with the advent of targeted genome- 
editing technologies. Previously, the zebrafi sh has been limited in the ability to 
directly knockout specifi c genes. With genome-editing tools, such as zinc-fi nger 
nucleases (ZFNs), transcription activator-like effector nucleases (TALENs) and 
clustered regularly interspaced short palindromic repeats (CRISPR) and the 
CRISPR-associated proteins (Cas), there is a new ability to induce targeted muta-
tions or insertions into the germline for inheritable genetic modifi cations. This 
opens many possibilities to silence tumor suppressors and other genes and to inves-
tigate their role in tumorigenesis.  

    Pancreatic Models 

 While chemically induced carcinogenesis has provided many great insights into 
liver cancer biology, limitations of low frequency and slow onset of neoplasms has 
plagued zebrafi sh models of pancreatic cancer, in which treatment with DMBA or 
MNNG of zebrafi sh fry resulted in less than 2 % occurrence of pancreatic tumors. 
Alternatively, transgenic approaches in the zebrafi sh can be readily utilized with the 
development of transposon-mediated transgenesis. In order to determine whether a 
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transgenic approach could be applied to pancreatic cancer in the zebrafi sh, the Look 
lab developed a transient transgenic zebrafi sh in which the oncogene, MYCN, was 
expressed under the control of the promoter  myod  which targets gene expression in 
the pancreatic neuroendocrine β cells in addition to neurons and myocytes [ 58 ]. 
These transgenic zebrafi sh developed neuroendocrine tumors between 3 and 6 
months of age, and they closely resembled that of human pancreatic neuroendocrine 
carcinoma at the histological level with high cytoplasmic/nuclear ratios, distinct 
nucleoli, and decreased amounts of eosinophilic cytoplasm. Further, these tumors 
overexpressed insulin, a characteristic feature of human pancreatic neuroendocrine 
tumors. This established that transgenic tools could be used to direct tumor develop-
ment in the pancreas. 

 In order to determine whether stable transgenic zebrafi sh could be used to drive 
exocrine pancreatic tumor formation, Leach and colleagues developed a transgenic 
zebrafi sh model ( ptf1a:eGFP- KrasG12V ) in which an oncogenic Kras, Kras G12V , 
fused to eGFP was expressed under the control of the  ptf1a  regulatory elements 
through BAC recombineering. This drove expression of the fusion oncoprotein in 
pancreatic progenitor cells as well as the retina, hindbrain, and spinal interneurons 
[ 59 ]. In human PDACs, more than 90 % have mutations in Kras and is believed to 
be the earliest genetic alteration as it has been found in low-grade pancreatic lesions 
[ 60 – 62 ]. Targeting of mutant Kras G12D  or Kras G12V  to the murine pancreas is suffi -
cient to initiate pancreatic intraepithelial neoplasia, which is well established to 
progress to invasive PDAC with long latency, similar to that of human PDAC [ 62 –
 68 ]. Utilizing the transgenic zebrafi sh  ptf1a:eGFP- Kras   G12V  , 32 % of zebrafi sh at 6 
months of age had small (<8 mm) focal pancreatic lesions and 10 % showed larger 
(>8 mm) or diffuse/multifocal lesions. By 9 months of age, two-thirds of the trans-
genic zebrafi sh had widespread foci that on histologic expression showed character-
istic features of malignancy with aggressive invasion and propensity for metastasis. 
These tumors also displayed a heterogenous array of PDAC subtypes such as acinar 
cell carcinoma, ductal adenocarcinoma, and mucinous adenocarcinoma, similar to 
those found in humans. While mouse studies were able to establish that Kras is criti-
cal for initiation for PDAC, it was unknown the exact nature of the effect of Kras 
mutation on cellular events. In order to address this, the authors utilized the trans-
genic model of pancreatic cancer to examine the effect of mutant Kras expression 
on pancreatic progenitor cells and pancreatic development. In the transgenic 
 ptf1a:eGFP-Kras   G12V   zebrafi sh, pancreatic precursor cells showed decreased expres-
sion of the enzyme carboxypepitdase A (CPA), a marker of exocrine differentiation 
in comparison to the control transgenic zebrafi sh ( ptf1a:eGFP ) that expressed eGFP 
driven by the  ptf1a  promoter. Furthermore, observation at 96 hpf showed there was 
a heterogeneous distribution of the eGFP-positive cells that erroneously retained 
expression of the fusion protein in  ptf1a:eGFP-Kras   G12V   zebrafi sh whereas the con-
trol transgenics showed normal labeling of CPA and appropriate silencing of  ptf1a  
driven eGFP expression. Together, this suggested that oncogenic Kras expression in 
pancreatic progenitors prevents normal exocrine differentiation. This established 
that a transgenic model of pancreatic cancer was achievable in the zebrafi sh with a 
reproducible high rate of pancreatic cancer and provided a new platform to probe 
the mechanism of mutant Kras expression on pancreatic cancer initiation. 
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 To gain further insight into the other signaling pathways of pancreatic cancer, 
Liu and Leach utilized a Gal4/UAS transgenic system to both transiently and sta-
bly express eGFP-Kras G12V  downstream of a 14xUAS element ( UAS:eGFP-
Kras   G12V  ) [ 69 ]. When crossed to the  ptf1a:Gal4-VP16  transgenics, in which 
Gal4-VP16 expression is driven by  ptf1a  regulatory elements, oncogenic Kras is 
again expressed in the developing exocrine pancreas. These stable transgenics 
develop pancreatic tumors as early as 2 months post fertilization and by 5 months, 
around 50 % of fi sh have pancreatic tumors. A similar model, in which a UAS ele-
ment was placed upstream of an eGFP-fusion oncogenic Kras, Kras G12D , was uti-
lized to examine in vivo signaling pathways at initiation and tumor progression 
[ 70 ]. This was accomplished by injecting the  UAS:eGFP-Kras   G12D   construct into 
mCherry fl uorescent reporter lines outcrossed to the  ptf1a:Gal4-VP16  lines. 
In these transient transgenics, Notch signaling was confi rmed to be upregulated 
during tumor onset followed by TGFβ/Smad3 pathway upregulation, as had been 
previously demonstrated in human pancreatic cell lines. This demonstrated that 
transgenic zebrafi sh cancer models, coupled with fl uorescent zebrafi sh lines, 
can be utilized to examine in vivo the crosstalk of signaling pathways activated at 
various stages of tumor progression.   

    Future Directions 

 With the establishment of these models and advances in the genomic technologies, 
the zebrafi sh is at the breakthrough point of cancer biology that will enable it to 
provide unique and tremendous insights into the understanding, prevention, and 
treatment of liver and pancreatic cancers (Fig.  3 ). The ability to specifi cally express 
oncogenes in liver and pancreatic tissues in transgenic fi sh has driven the fi eld for-
ward and has provided a strong foundation for effi cient tumorigenesis. However, 
with these rapidly expanding advances in transgenic approaches, which provide 
crucial insights into oncogene functions, other questions regarding the role of tumor 
suppressors remain. With the maturation of genome editing technology, new uses of 
its functions are coming to light. For example, the ability to target multiple genes 
simultaneously with CRISPR-Cas has recently been described [ 71 ,  72 ]. Additionally, 
CRISPR-Cas technology has allowed for tissue specifi c gene inactivation in the 
zebrafi sh [ 73 ], which could provide unique advantages in the study of tumor sup-
pressors in the liver and pancreas specifi cally. This provides the ability to introduce 
multigenic changes in a single fi sh or even a single tissue, which would more accu-
rately recapitulate cancer as tumors carry thousands of mutations. With the scal-
ability of the zebrafi sh, the ability to apply multiplex gene targeting could provide a 
powerful tool to better understand the complexities of the cancer genome as it is yet 
unclear which of these are causal versus passenger mutations. Furthermore, many 
of the precise genes responsible for increased cancer susceptibility, especially for 
pancreatic cancer, remain unknown. It has been estimated that 10 % of PDAC is a 
result of familial inheritance, and of these, 20 % have been associated with a known 
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  Fig. 3    Modeling liver and pancreatic cancer in the zebrafi sh. ( a ) The zebrafi sh provides an ideal 
model for testing candidate genes contributing to increased cancer susceptibility from GWAS 
studies and families with high cancer predisposition. Comparative genomic and transcriptomic 
analysis of human and zebrafi sh cancers further identifi es core pathways and genes altered in 
hepatic and pancreatic cancers. ( b ) With the cost-effective advantage of the zebrafi sh, genetic 
models of these candidate genes can be effi ciently created. Embryonic related cancer phenotypes, 
such as hepatomegaly, can be utilized to screen genetic modifi ers of these pathways. ( c ) The small 
size of zebrafi sh embryos and the ability to produce thousands of embryos in addition to the avail-
ability of small molecule libraries provides an ideal model for chemical screens to inhibit the 
embryonic cancer-related phenotype. ( d ) Transcriptomic and metabolomic analysis of genetically 
modifi ed embryos can provide insights into the mechanisms underlying cancer initiation. 
( e ) Maturation of embryos to adults allows for in vivo imaging of neoplastic growth and clonal 
expansion. Additionally, genomic, transcriptomic, and metabolomic analysis of tumors will pro-
vide powerful insights into the mechanisms of cancer pathogenesis       
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genetic syndrome such as BRCA2 and CDKN2A [ 74 ]. Additionally, genome wide 
association studies (GWAS) have identifi ed potential genomic variants that confer 
risk of spontaneous pancreatic cancer [ 75 ,  76 ]. The zebrafi sh may prove to be the 
optimal model to test these cancer susceptibility genes with its cost effectiveness 
and ability to target multiple genetic changes concurrently.

   Genomic engineering is not only capable of introducing mutations but also inser-
tions, which could facilitate the introduction of fl uorescent proteins into endoge-
nous loci for the generation of reporter lines as well as loxP sites for Cre based 
recombination [ 77 – 79 ]. These are enticing options as the zebrafi sh provides an opti-
mal model for in vivo imaging and lineage tracing. Incorporation of loxP sites to 
permanently activate or inactivate genes with fl uorescent labeling could provide the 
necessary tools for long-range lineage tracing to follow the cells that arise and 
whether these cells return to a more de-differentiated state. As tumors are com-
prised of a heterogeneous cell population with clones of cells arising from dominant 
cell populations, capturing the lineage of specifi c these lines would be insightful for 
our basic understanding of cancer progression and to target better therapies to the 
different cell populations. Already in the context of development and regeneration, 
multi-color labeling through the Brainbow technology (Zebrabow) has been insight-
ful [ 80 ,  81 ]. The Zebrabow line is engineered to contain multiple copies of the 
Brainbow transgene construct, which consists of a ubiquitin promoter that drives 
expression of three fl uorescent proteins: RFP, CFP and YFP. Each copy of the 
transgene only expresses one of these three proteins by the use of Cre-recombination 
at unique Lox sites, and due to stoichiometric recombination and combinatorial 
expression, cells can be individually labeled a distinct color. Excitingly, this allows 
for multi-lineage cell tracing as clones of the initially recombined progenitor cells 
inherit the same stoichiometric colors. Further, the availability of immunocompro-
mised zebrafi sh, defective in  rag2  now enables elegant transplantation studies that 
can further elucidate proliferation and metastatic potential of individual tumor cells 
[ 82 ]. It is therefore a logical next step to apply these technologies to tumor growth 
and regression in zebrafi sh models of liver and pancreatic cancer. 

 To further identify genes that are capable of enhancing or preventing cancer 
initiation or progression, it is critical that we utilize the unique advantages of the 
zebrafi sh in large-scale forward genetic screens. The zebrafi sh is exceptionally 
positioned for modifi er screens, especially with early cancer phenotypes as has been 
demonstrated in the inducible models of hepatocellular carcinoma. This can be 
accomplished through ENU mutagenesis of male zebrafi sh that are cancer suscep-
tible, by either overexpression or deletion of the gene of interest, and then bred to 
female zebrafi sh that are similarly cancer susceptible. Identifi cation of mutations 
that result in enhancement or repression of the cancer phenotype can then be identi-
fi ed through sequencing. This can provide tremendous insight into pathways that 
have not been previously associated with the cancer gene of interest. Alternatively, 
transposase based methods, such as with the Sleeping Beauty transposon, could be 
utilized to disrupt somatic genes and thereby identify novel genes that are involved 
in tumorigenesis [ 83 ]. 
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 While the focus of the majority of current studies has been on the transcriptional 
effects of oncogenes and tumor suppressors, it is important that we broaden our 
investigation outside of transcriptional and genomic changes alone. One area that 
has been re-recognized as essential for tumor formation and progression is cellular 
metabolism. It has become clear that many key oncogenic signaling pathways con-
verge to modulate tumor cell metabolism to support their growth and survival. 
Untapped in zebrafi sh cancer models, advances in metabolomics and metabolic fl ux 
analysis coupled with high-throughput sequencing data and computational power 
could provide important insights into how cancer cells balance the catabolic 
demands to support proliferation with the anabolic demands of macromolecule syn-
thesis. Already, metabolic profi ling of alcoholic fatty liver in zebrafi sh has shown 
excellent homology to that of humans as it detected altered TCA cycle and fatty 
acid metabolism [ 84 ]. The zebrafi sh is also amenable to in vivo fl ux analysis to 
measure production and consumption rates of metabolites since zebrafi sh embryos 
are able to absorb small, isotope labeled molecules during embryogenesis [ 85 ]. 
With the ability to conduct in vivo and high-throughput screens, the zebrafi sh is a 
complementary system for cellular metabolism studies that could provide greater 
understanding of the complexities underlying tumorigenesis. 

 The most formidable attribute of the zebrafi sh, though, is its ability to identify 
potential cancer therapeutics in large-scale chemical screens in vivo. Uniquely 
suited for high-throughput assays, zebrafi sh can generate thousands of embryos per 
day, especially with the use of mass-mating systems [ 86 ]. With the identifi cation of 
embryonic phenotypes in some of the current cancer models, testing a high number 
of small molecules in a high-content fashion is feasible [ 87 – 89 ]. However, addi-
tional studies to examine the effects of chemicals identifi ed in embryonic tumor 
models on tumors in adult zebrafi sh are currently necessary to fully link these 
embryonic phenotypes to cancer initiation and progression. The full advantage of 
these unbiased chemical screens, though, will allow for a more encompassing 
approach to identify many mechanisms of tumor growth and metastasis, including 
genetic, epigenetic, and metabolic mechanisms as well as the interplay between the 
tumor and its microenvironment. 

 The zebrafi sh is now reaching the cusp of technological advances and establish-
ment as a cancer model that will allow for its strengths and potential to contribute 
uniquely to the fi eld of cancer biology. With the usage of chemical carcinogens, 
transgenics, and mutants, zebrafi sh provide a wide arsenal to probe mechanisms 
underlying liver and pancreatic cancers. Continued discovery with large-scale 
screens will provide guidance and focus into the investigation of molecular path-
ways driving these tumors. The zebrafi sh offers a promising and complementary 
model to identifying central pathways and targets that should ultimately provide 
tremendous insights into cancer prevention and treatments.     
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      Focusing the Spotlight on the Zebrafi sh 
Intestine to Illuminate Mechanisms 
of Colorectal Cancer                     

       Viola     H.     Lobert     ,     Dmitri     Mouradov     , and     Joan     K.     Heath    

    Abstract     Colorectal cancer, encompassing colon and rectal cancer, arises from the 
epithelial lining of the large bowel. It is most prevalent in Westernised societies and 
is increasing in frequency as the world becomes more industrialised. Unfortunately, 
metastatic colorectal cancer is not cured by chemotherapy and the annual number of 
deaths caused by colorectal cancer, currently 700,000, is expected to rise. Our 
understanding of the contribution that genetic mutations make to colorectal cancer, 
although incomplete, is reasonably well advanced. However, it has only recently 
become widely appreciated that in addition to the ongoing accumulation of genetic 
mutations, chronic infl ammation also plays a critical role in the initiation and pro-
gression of this disease. While a robust and tractable genetic model of colorectal 
cancer in zebrafi sh, suitable for pre-clinical studies, is not yet available, the identi-
fi cation of genes required for the rapid proliferation of zebrafi sh intestinal epithelial 
cells during development has highlighted a number of essential genes that could be 
targeted to disable colorectal cancer cells. Moreover, appreciation of the utility of 
zebrafi sh to study intestinal infl ammation is on the rise. In particular, zebrafi sh 
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provide unique opportunities to investigate the impact of genetic and environmental 
factors on the integrity of intestinal epithelial barrier function. With currently avail-
able tools, the interplay between epigenetic regulators, intestinal injury, microbiota 
composition and innate immune cell mobilisation can be analysed in exquisite 
detail. This provides excellent opportunities to defi ne critical events that could 
potentially be targeted therapeutically. Further into the future, the use of zebrafi sh 
larvae as hosts for xenografts of human colorectal cancer tissue, while still in its 
infancy, holds great promise that zebrafi sh could one day provide a practical, pre-
clinical personalized medicine platform for the rapid assessment of the metastatic 
potential and drug- sensitivity of patient-derived cancers.  

  Keywords     Zebrafi sh   •   Intestinal epithelium   •   Colon cancer   •   Colorectal cancer   • 
  WNT signalling   •   Intestinal permeability   •   Microbiota   •   Infl ammatory bowel disease  

       Overview 

 Colorectal cancer comprises colon cancer and rectal cancer. It is a highly heteroge-
neous disease and pathologists have recognised, on the basis of morphology and 
anatomical location, that there are at least two major sub-types [ 1 ]. This anatomical 
heterogeneity has now been afforded a molecular explanation as a result of analysis 
of gene expression data collected by The Cancer Genome Atlas (TCGA) Network 
[ 2 ]. As well as genetic factors, a range of environmental factors also contribute to 
the onset and progression of colorectal cancer. It is perhaps therefore not surprising 
that this has been a challenging disease to model effectively in zebrafi sh. The most 
direct attempt at a genetic model employed Targeting Induced Local Lesions in 
Genomes (TILLING) to identify a line of zebrafi sh harbouring a nonsense mutation 
in the mutation cluster region (mcr) of the colorectal cancer suppressor gene,  apc  
(adenomatous polyposis coli) [ 3 ]. In humans, such mutations encode truncated APC 
proteins, which release the brakes on WNT signalling and generate a pro- proliferative 
phenotype. Zebrafi sh inheriting two mutant  apc   mcr   alleles die during larval develop-
ment; however, adult zebrafi sh heterozygous for the  apc   mcr   allele develop intestinal 
cancer with low frequency and prolonged latency [ 4 ]. This relative lack of pene-
trance may be due to the failure of the  apc  locus to undergo loss of heterozygosity 
(LOH) as occurs in most human colorectal tumours. While adult zebrafi sh have yet 
to yield a reliable genetic model of intestinal cancer, many novel insights relevant to 
colorectal cancer have come from analyses of larvae. These include studies that 
have adopted intestinal organogenesis as a surrogate for colorectal tumour growth. 
Crucial to this approach has been the identifi cation of mutants with defects in intes-
tinal development as the zebrafi sh larva prepares to undergo transition from endo-
trophic to exotrophic nutrition. Notably these mutants exhibit markedly reduced 
intestinal epithelial cell production between 48 and 72 h post-fertilisation (hpf). The 
cloning of intestinal mutants appears to be a fruitful approach to discovering genes 
that are relevant to colorectal cancer since the expression of many of the underlying 
mutated genes are dysregulated in human colon tumours (reported herein). It is 
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plausible that some of the genes identifi ed in this way will prove to be attractive 
targets for novel therapeutic approaches to combating this deadly disease. Finally, 
zebrafi sh are proving a very effective model for discoveries relating to infl ammatory 
bowel disease, a major susceptibility factor in colorectal cancer, and in understand-
ing the contribution of the gut microbiota to intestinal cell proliferation, intestinal 
permeability and infl ammation.  

    The Prevalence of Colorectal Cancer 

 Colorectal cancer is one of the world’s major cancer killers. In 2012, it accounted 
for almost 10 % of the global cancer incidence and was the fourth most common 
cause of cancer death worldwide [ 5 ]. After lung cancer and prostate cancer, colorec-
tal cancer is the third most common cancer in men and in women it is the second 
most common cancer after breast cancer. Nearly 700,000 people in the world died 
of colorectal cancer in 2012. Its incidence is most prevalent in countries with high 
levels of industrialisation, including Europe and the Americas, where it is the third 
most common cancer. Due to ongoing refi nements in diagnosis and treatment, 
almost 60 % of all colorectal cancer patients in the United States and the United 
Kingdom will still be alive 5 years after diagnosis (73 % for rectal cancer). However, 
the odds are much worse if the cancer has already spread to the lymph nodes, or 
beyond, at the time of diagnosis.  

    Treatment of Colorectal Cancer 

 Surgery remains the fi rst line of treatment for colorectal cancer and is very success-
ful if the cancer is caught early. Chemotherapy is frequently administered before 
surgery to shrink the cancer before an operation, and is also given after surgery if 
the cancer has spread to the lymph nodes. In patients with advanced colorectal can-
cer, where the cancer has spread to another organ (typically the liver), the treatment 
options are limited and 5 year survival rates are grim (6 %). Targeted monoclonal 
antibody-based drugs that are designed to block processes that are highly active in 
colorectal cancer, such as angiogenesis and cell proliferation, are attractive in the-
ory but generally only help a small proportion of patients. Approved drugs include 
bevacizumab (Avastin) targeted to the pro-angiogenesis factor, vascular endothelial 
growth factor (VEGF), and cetuximab (Erbitux) and panitumumab (Vectibix), tar-
geted to the epidermal growth factor receptor (EGFR) pathway. However, even in 
the best scenarios, survival is only extended by a few months for patients with meta-
static disease. Radiation therapy is rarely used in colon cancer, but it is a routine part 
of treating rectal cancer, especially if the cancer has penetrated the wall of the rec-
tum and reached neighbouring lymph nodes. There is a pressing need to identify 
more effective therapies to treat patients with metastatic disease.  
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    The Genetic Basis of Colorectal Cancer 

 Colorectal cancer, like all cancers, is not a single disease. It has been appreciated for 
a long time that there are at least two major pathways leading to colorectal cancer, 
and these are distinguished by their different anatomical locations, pathological fea-
tures and molecular signatures [ 2 ]. A very large majority of patients with sporadic 
colorectal cancer (~90 %) harbour mutations in the last exon of  APC , and these 
generally encode truncated APC proteins that lack key domains required for APC to 
carry out its key tumour suppressor functions. Inherited recessive mutations in  APC  
underlie the autosomal dominant polyposis syndrome known as familial adenoma-
tous polyposis (FAP), which accounts for less than 1 % of all colorectal cancer. 

 In 1990, Eric Fearon and Bert Vogelstein proposed that the acquisition of muta-
tions in  APC  is the primary event in colorectal tumorigenesis [ 6 ]. In their seminal 
publication, they coupled the sequence of pathological changes that occurs as an 
initiating lesion progresses from a benign adenomatous polyp to an invasive adeno-
carcinoma with the gradual accumulation of genetic alterations. As well as muta-
tions in specifi c genes such as  APC  and  KRAS , they also highlighted the importance 
of chromosomal losses at 18q and 17p, regions that we now know contain the 
tumour suppressor genes,  SMAD2 ,  SMAD4  (18q) and  TP53  (17p). Loss of APC 
gives rise initially to benign lesions with adenomatous or villous morphology that 
primarily arise in the distal colon (Fig.  1 ). This scheme has acquired more detail 
over the years, but the overarching paradigm, that of the gradual accumulation of 
mutations in proto-oncogenes and tumour suppressor genes, remains intact. What 
has emerged, however, is appreciation that even though this route is the dominant 
or “conventional” route to colorectal cancer, it is not the only one. The recognition 
that not all primary lesions exhibit the same polyp morphology, and the strong pre-
ponderance for certain sub-types of lesions and tumours to appear in the proximal, 
rather than the distal, colon was recognised several years ago [ 1 ,  7 ]. This has now 
been backed up by molecular evidence demonstrating that these tumours share a 
distinctive aetiology [ 2 ,  8 ]. Thus, the currently accepted view is that there are two 
main sub-types of colorectal cancer: hypermutated and non-hypermutated. The 
most common tumours are non-hypermutated and are characterized by mutations in 
 APC ,  KRAS ,  TP53 ,  PIK3CA ,  FBXW7 ,  SMAD4 ,  TCF7L2  and  NRAS . These non- 
hypermutated tumours typically arise from lesions with dysplastic morphology that 
adopt a villus architecture as the adenoma increases in size. They are microsatellite 
stable (MSS) and exhibit high chromosome instability (CIN), see Fig.  1 .

   Hypermutated tumours are much less frequent than non-hypermutated tumours 
and have a separate aetiology. They account for approximately 16 % of all sporadic 
colorectal cancer cases and can be divided into three major sub-types. The biggest 
sub-type accounts for up to 75 % of hypermutated tumours and exhibits the  C pG 
 i sland  m ethylator  p henotype (CIMP). Hypermutated tumours are also found in 
patients with hereditary non-polyposis colon cancer (HNPCC) or Lynch syndrome, 
a rare condition that accounts for 1–3 % of all colorectal cancer. In both instances, 
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tumours generally appear in the right side of the colon (proximal colon), and 
exhibit impaired expression of mismatch repair proteins and, as a consequence, 
exhibit microsatellite instability (MSI). Whereas Lynch syndrome patients harbour 
germline mutations in either  MLH1 ,  MLH3 ,  MSH2 ,  MSH3 ,  MSH6  and  PMS2 , 
which encode mismatch repair proteins, sporadic mismatch repair tumours arise 
most frequently as a result of methylation of the promoter of the gene encoding 
 MLH1  [ 9 ]. Unlike the rare HNPCC tumours, which originate as conventional ade-
nomatous polyps, sporadic CIMP tumours are associated with acquisition of a 
mutant form of  BRAF  ( BRAF   V600E  ) and the occurrence of fl attened polyps with a 
distinctive morphology known as sessile serrated precursor lesions [ 1 ,  7 ]. CIMP 
tumours are generally more invasive and have a worse prognosis than CIN tumours. 
The striking differences in morphology that exist between CIMP lesions emanating 

  Fig. 1    The two major pathways to sporadic colorectal cancer. The progression from normal 
colonic epithelium to a malignant colorectal carcinoma occurs through either of two major path-
ways. In 85 % of cases, the conventional “adenoma-to-carcinoma” sequence is followed. The pro-
cess is initiated by inactivation of the  APC  tumour suppressor gene, resulting in dysplastic 
(adenomatous) morphology, and abnormal architecture that becomes more villus as the adenoma 
increases in size. Mutations in  KRAS  and loss of heterozygosity at 18q, containing the  SMAD2  and 
 SMAD4  genes, and 17p, containing the  TP53  gene, are required for progression of an adenoma to 
an adenocarcinoma. In 80 % of cases, chromosome instability (CIN), resulting in further chromo-
somal gains, losses and rearrangements, occurs as the tumours progress, resulting in a poorer 
prognosis. The “serrated neoplasia” sequence occurs in approximately 10 % of cases of sporadic 
colorectal cancer. Sessile serrated adenomas harbour activating  BRAF  ( BRAF   V600E  ) mutations and 
exhibit CpG island methylation at specifi c loci (CIMP). Progression to adenocarcinoma is associ-
ated with  MLH1  promoter hypermethylation resulting in reduced mismatch repair (MMR) func-
tion, which is manifested by microsatellite instability (MSI). Sessile serrated adenomas show 
distinctive serrated luminal outlines, and the adenocarcinomas are frequently highly mucinous. 
These images are a kind gift of Dr Michael Christie, Department of Pathology, Royal Melbourne 
Hospital, Parkville, Victoria 3050, Australia       
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in the proximal colon, and conventional lesions arising in the distal colon, are 
thought to be related to their different developmental origins (the proximal large 
intestine develops from the embryonic midgut and is supplied by the superior mes-
enteric artery, the distal large intestine forms from the embryonic hindgut and is 
supplied by the inferior mesenteric artery), exposure to patterning genes, and a 
changing landscape of environmental mutagens and gut microbiota. 

 Recently, about 25 % of hypermutated tumours (4 % of total colorectal cancer) 
were found to constitute another sub-category. These are MSS, lack  BRAF  mutations, 
CIMP or  MLH1  methylation and are distinguished by the presence of somatic, proof-
reading-impaired, variants of  POLE  or  POLD1 , which encode subunits of DNA poly-
merases ε and δ, respectively [ 10 ]. The reduced fi delity of their proof- reading function 
generates an elevated rate of base pair mutations. In this case, as in Lynch syndrome, 
the colorectal cancer precursor lesions are conventional adenomas. Why these hyper-
mutated tumours pursue the conventional adenoma- adenocarcinoma sequence, while 
the hypermutated CIMP tumours (hypermethylation of  MLH1  in combination with 
 BRAF   V600E  ) follow the sessile serrated pathway, is not yet understood. 

 As if not complicated enough already, our understanding of colorectal tumori-
genesis seems destined to get more elaborate by the application of proteogenomic 
approaches to assign molecular profi les. A recent study asserted that the level of a 
specifi c mRNA in a colon tumour sample is not an accurate guide of the level of the 
corresponding protein [ 11 ]. Moreover, using proteomics, the same authors recog-
nised fi ve rather than three, molecular signatures of colon cancer in the TCGA 
cohort, and while two of these overlapped with the ‘microsatellite instability/CIMP’ 
transcriptome subtype, they exhibited distinct mutation, methylation and protein 
expression patterns that were associated with different clinical outcomes [ 11 ]. 
Another potential complication to the use of molecular profi ling to defi ne clinically 
relevant cancer sub-groups stems from the fact that every colon tumour sample 
contains some degree of stromal tissue. Thus any colon carcinoma transcriptome 
encompasses mRNA signals not only from cancer cells but also from stromal cells 
that intrinsically display mesenchymal characteristics. Therefore assigning behav-
iours such as epithelial-to mesenchymal-transition (EMT) to epithelium-derived 
cancer cells on the basis of transcriptome analysis overlooks the possibility that 
these signatures may emanate from the stromal cells in the cancer sample, rather 
than the cancer cells themselves [ 12 ]. 

 In summary, colorectal cancer is a complex genetic disease with multiple aeti-
ologies. In view of the interplay of genetic and environmental factors, one would 
expect it to be a formidable disease to recapitulate in a model organism. However, 
given the need for better therapies for advanced colorectal cancer, many pre-clinical 
rodent models of colorectal cancer have been generated [ 13 ], and while these mod-
els rarely attain the propensity of colorectal cancer to metastasise, many have been 
very useful. This therefore raises the question of how zebrafi sh can complement 
mouse models to achieve better outcomes for patients with colorectal cancer. 
Happily, a number of studies have already shown that the well-known attributes of 
zebrafi sh can be exploited to deliver novel insights that are relevant to the causes 
and treatment of this disease.  
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    The Adult Zebrafi sh Intestine Has Many Features in Common 
with the Mammalian Small Intestine 

 Michael Pack and colleagues (University of Pennsylvania) were the fi rst to provide 
a detailed morphological analysis of the adult zebrafi sh intestine [ 14 ]. This revealed 
that whereas in mammals, the gastrointestinal tract is an extremely long and convo-
luted tube comprising four conspicuous organs: the oesophagus, stomach, small 
intestine and colon, the adult zebrafi sh intestine achieves the essential functions of 
digestion, nutrient absorption and metabolic homeostasis with a simple tapered tube 
folded into three sections (Fig.  2 ). In particular, the zebrafi sh intestinal tract lacks a 
stomach and there is also no caecum, which in mammals provides a clear demarca-
tion between the small intestine and the large intestine/colon. Instead, the regionali-
sation of the adult zebrafi sh intestine is more gradual. A large proportion of it, 
encompassing the intestinal bulb, mid-intestine and the rostral portion of the poste-
rior intestine exhibits a morphology highly reminiscent of the mammalian small 
intestine [ 14 ]. Only the caudal portion of the posterior intestine, comprising a short 
distal segment (pale green in Fig.  2 ), manifests a distinctive unfolded morphology. 
That this segment may play a role akin to the mammalian colon in zebrafi sh is sug-
gested by ultrastructural analysis of this part of the intestine in a closely related 

  Fig. 2    The zebrafi sh intestine is a simple tapered tube that is folded into three sections. Schematic 
diagram of the mature zebrafi sh intestine showing three segments [ 37 ]: the intestinal bulb ( orange ), 
the mid-intestine ( purple ) and the posterior intestine ( green ). The intestinal bulb contains a large 
lumen, and its epithelial lining is thrown into elaborate folds, reminiscent of mammalian villi. The 
mid-intestine has shorter, broader villi and the most caudal part of the posterior intestine ( pale 
green ) completely lacks epithelial folds. Gene expression in the intestinal bulb and mid-intestine 
closely parallels that of the mammalian small intestine, including expression of  villin ,  fabp2 , 
 apoa1  and  apoa4  [ 16 ], indicating roles in protein and lipid absorption [ 14 ]. Meanwhile the poste-
rior intestine expresses genes including aquaporin 3  (aq3p)  indicating function in water absorption 
and cathepsin L ( ctls1 ) involved in extracellular matrix degradation.  oe  oesophagus       
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stomach-less freshwater teleost, the tench ( Tinca tinca ). Transmission electron 
micrographs of this region show that the enterocytes contain a large mitochondrial 
population and numerous invaginations of the plasma membrane, consistent with a 
function in water and ion transport [ 15 ].

   The wall of the mature zebrafi sh intestine comprises four layers: the intestinal 
epithelium lining the lumen, the underlying supporting layer of connective tissue 
known as the lamina propria (which together with the epithelium constitutes the 
mucosa), the muscularis externa (circular and longitudinal smooth muscle) and the 
outermost protective squamous epithelial layer called the serosa [ 14 ]. All but the 
most distal part of the zebrafi sh intestinal epithelium is elaborated into capacious 
folds that protrude into the lumen of the intestine and thereby increase the surface 
area over which nutrients can be absorbed. These irregular ridges are analogous to 
the fi nger-like projections or villi of the mammalian small intestine and look very 
similar in cross section [ 14 ,  16 ]. 

 The morphological characterisation of the zebrafi sh intestine can now be com-
bined with a molecular understanding due to a gene expression study from Zhiyuan 
Gong and colleagues (National University of Singapore). This group dissected the 
intestine into seven contiguous segments and used microarray analysis to analyse 
gene expression along its entire length [ 16 ]. These datasets, designated S1–S7, were 
subjected to cross-species gene set enrichment analysis, which revealed that a large 
anterior section of the zebrafi sh intestine (S1–S4) had a similar transcriptome to the 
human small intestine, S5 was a transition zone, S6 more closely resembled the 
caecum and rectum, and S7 showed similarities to the rectum exclusively. The con-
cept that zebrafi sh can digest their food without an acidic compartment was rein-
forced by the absence of expression of genes encoding gastric-specifi c proteins such 
as gastrin and pepsinogen; indeed, these genes are not present in the zebrafi sh 
genome [ 16 ]. Moreover, no section was unequivocally colon-like in nature and 
indeed segments S1–S5 expressed some genes characteristic of human colon and 
rectum, suggesting that at least some functions of the colon may be conducted all 
along its length. Overall, these studies suggest that an aquatic fresh water organism 
like zebrafi sh does not require a highly specialised organ, analogous to the mam-
malian colon, to conserve water.  

    The Intestinal Stem Cell Compartment in Zebrafi sh 

 Mammalian intestinal stem cells have been the focus of intense study over the last 
two decades, largely because of the possibility that they may correspond to “cancer- 
initiating cells” in colorectal cancer [ 17 ]. In mammals, these multipotent stem cells 
and their highly proliferative daughter/transit amplifying cells reside at the bottom 
of goblet-shaped invaginations that penetrate into the submucosa to form gland-like 
units, known as the crypts of Lieberkühn. However, there is no comparable protec-
tive niche in the zebrafi sh intestinal epithelium. Instead, the intestinal stem cells 
occupy positions at the base of the folds [ 14 ,  18 ]. These locations are very similar 
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to the inter-villus pockets that exist transiently during mammalian intestinal organo-
genesis and are the residence of stem cells prior to the formation of crypts during 
post-natal development [ 19 ]. Formation of inter-villus pockets and villi in mam-
mals is controlled by epithelial cell-cell signalling through the WNT, NOTCH and 
EPH/EPHRIN signalling pathways; notably, these developmental pathways are all 
strongly implicated in colorectal tumorigenesis [ 19 ,  20 ]. As in mammals, intestinal 
epithelial cell production in zebrafi sh is regulated and maintained by Wnt signalling 
[ 21 ,  22 ] and the transcription factor Tcf4 appears to be the main Wnt effector in the 
zebrafi sh intestine [ 23 ]. Cells migrate from the base of the inter-villus pockets to the 
tips of the folds and tissue homeostasis is maintained by the shedding of epithelial 
cells upon reaching this location. In mammals, this orderly behaviour is disrupted 
by mutations in genes encoding components of the WNT signalling pathway, 
including  APC ,  CTNNB1  and  AXIN2,  leading to excessive cell production and the 
formation of adenomas. Readers interested in a detailed discussion of the properties 
and behaviours of mammalian intestinal stem cells and their mutated progeny will 
fi nd no shortage of excellent reviews [ 24 ,  25 ].  

    Spontaneous Zebrafi sh Intestinal Cancer Is Rare 

 A recent retrospective analysis of wild type fi sh submitted to the Zebrafi sh 
International Resource Center (ZIRC) for pathological assessment over the last 10 
years revealed that spontaneous intestinal neoplasia occurred in 195 zebrafi sh, or 
2 % of the total fi sh submitted to the service [ 26 ]. Fish were submitted from 18 
facilities in the United States and other countries, though most of the lesions 
occurred in fi sh submitted by one facility, emphasising an important role played by 
the environment on the incidence of intestinal tumours in laboratory zebrafi sh. 
Tumours arose in both males and females at a similar frequency and generally 
occurred in zebrafi sh greater than one year of age. The lesions were mainly adeno-
carcinomas or small cell carcinomas and were generally not apparent prior to dis-
section. Intestinal chordomas, a rare type of tumour not seen in mammals, were also 
observed in aged zebrafi sh [ 27 ]. Thus spontaneous intestinal tumours in zebrafi sh 
are not a common occurrence over the lifetime of laboratory zebrafi sh. Therefore to 
facilitate the study of intestinal cancer in zebrafi sh, researchers have used various 
approaches to increase the frequency of tumours.  

    Chemical and Infl ammation-Induced Intestinal Cancer 

 Jan Spitsbergen (Oregon State University) and colleagues have pioneered the use of 
chemical carcinogens to manipulate cancer incidence in zebrafi sh. Zebrafi sh at 
developmental and adult stages may be exposed to carcinogens dissolved in the 
water or provided in the diet. When it occurs, intestinal neoplasia in zebrafi sh is 

Focusing the Spotlight on the Zebrafi sh Intestine to Illuminate Mechanisms…



420

generally located in the anterior portion of the intestine predominantly at the junction 
between the distal oesophagus and the intestinal bulb, in the intestinal bulb proper or 
in the region of the hepatopancreatic duct (ampulla of Vater) where it connects with 
the intestine. The polycyclic aromatic hydrocarbon 7,12-Dimethylbenz[ a ]anthra-
cene (DMBA) is a prototypical PAH carcinogen that is frequently found in polluted 
environments. It is thought to contribute to the development of cancer upon exposure 
to cigarette smoke, urban air pollution and coal combustion. Embryos (60 hpf) and 
fry (21 days post-hatching) were exposed to aqueous DMBA at doses up to 1 and 
5 ppm (mg/L), respectively, for a period of 24 h and then analysed 1 year later in the 
case of the treated embryos and 9 months later in the case of the fry. Juvenile zebraf-
ish (2 months post-fertilization) were exposed to DMBA at concentrations up to 
1000 ppm in their diet for a period of 4 months followed by a further 3 months on a 
normal diet prior to analysis [ 28 ]. Neoplasia incidence was highest in the fry exposed 
to DMBA (66 %). Most of the tumours arose in the liver but tumours were also found 
in the intestine, pancreas, thyroid and testis [ 28 ]. In 1 year old zebrafi sh exposed to 
DMBA at 60 hpf there was an overall 18 % incidence of neoplasia and again the main 
target organ was the liver. In 9 month old zebrafi sh exposed to DMBA as juveniles, 
the overall incidence of neoplasia was 16 %, with the intestine being the primary 
target organ of neoplasia, observed in 6 % of DMBA-treated fi sh [ 28 ]. In a similar 
study, exposure of juvenile zebrafi sh (8 weeks post-hatching) to the most carcino-
genic PAH, dibenzo[a,l]pyrene (DBP), at concentrations up to 100 ppm for 4 weeks, 
did not result in a higher incidence of neoplasia in 11 month old fi sh, compared to 
untreated zebrafi sh [ 29 ]. Exposure of embryos, fry and juveniles to the experimental 
mutagen,  N -methyl- N ′-nitro- N -nitrosoguanidine (MNNG), gave similar results to 
DMBA [ 30 ]. Embryos and fry exposed to aqueous MNNG developed neoplasia sev-
eral months later, but fi sh exposed to MNNG as juveniles (2 months post- hatching) 
did not. These studies demonstrate that zebrafi sh appear to become refractory to 
tumour development in response to carcinogen exposure as they become older. 

 Contamination of food by afl atoxin B1 (AFB1), produced mainly by the fungi 
 Aspergillus fl avus  and  Aspergillus parasiticus , is a common problem in tropical and 
subtropical regions. Absorption of this toxin occurs through the gastrointestinal and 
respiratory tracts, and is highly carcinogenic and/or toxic to mammals. Exposure of 
2 month old zebrafi sh to AFB1 resulted in intestinal hyperplasia and dysplasia [ 31 ] 
which did not progress to neoplasia by the end of the experiment, see Fig.  3  (cour-
tesy of Jan Spitsbergen). Intestinal neoplasia was found at a higher incidence in 
laboratory colonies infested with the nematode parasite,  Pseudocapillaria tomen-
tosa , which commonly infects cyprinid fi sh [ 32 ]. Worms penetrate the epithelium 
and lamina propria of the intestine and produce varying degrees of infl ammation 
ranging from mild to severe, which in 10 % of cases (2 out of 19 infected fi sh exam-
ined) is coincident with intestinal neoplasia [ 32 ]. Not surprisingly, the combination 
of  Pseudocapillaria tomentosa  infection and exposure to DMBA appears to increase 
the frequency of intestinal neoplasia [ 28 ]. Interestingly, experiments with DMBA 
and MNNG that were carried out in rainbow trout resulted in much higher inci-
dences of neoplasia. The reason for the higher incidence of tumours in rainbow 
trout, either spontaneous or in response to carcinogens and pathogens, may be due 
to the fact that unlike zebrafi sh, rainbow trout continue to grow throughout life [ 29 ].
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       Zebrafi sh Containing Germ-Line Mutations in  apc  

 As mentioned previously, mutation of the adenomatous polyposis coli ( APC ) gene 
is the critical event in the initiation of “conventional” colorectal cancer. With this in 
mind, a line of zebrafi sh harbouring an ENU-induced point mutation within the  apc  
mutation cluster region (mcr), encoding a truncated Apc protein predicted to consti-
tutively activate Wnt/β-catenin signalling, was identifi ed using TILLING ( apc   mcr  ) 
[ 3 ]. Zebrafi sh harbouring two recessive  apc   mcr   mutations died between 72 and 96 
hpf due to multiple defects including a prominent cardiac malformation [ 3 ]. 
Heterozygous  apc   mcr   mutant fi sh developed intestinal and liver tumours, but latency 
was long (14 months) and penetrance was weak (12 %) [ 4 ]. However, this latency 
decreased to 6 months if the mutant fi sh were exposed to the carcinogen DMBA, 
with penetrance increasing to 35 % [ 4 ]. 

 David Jones and colleagues (University of Utah) used  apc   mcr   mutant larvae to 
reveal non-canonical (i.e. independent of β-catenin) roles for  apc  during zebrafi sh 
intestinal development that may be relevant to colorectal tumorigenesis [ 33 ,  34 ]). 
 apc   mcr   larvae exhibit diminished expression of intestinal cell markers such as  fabp2 , 
concomitant with reduced levels of retinol dehydrogenase l1  (rdhl1 ) and retinoic 
acid (RA) [ 35 ]. They also express abnormally high levels of C-terminal binding 
protein ( ctbp1 ), a transcriptional co-repressor that is more highly expressed in ade-
noma samples from human FAP patients, compared to uninvolved colonic tissue 
[ 35 ]. Restoration of  apc  or targeted knockdown of  ctbp1  in  apc   mcr   zebrafi sh embryos 
using morpholino oligonucleotides restored expression of  rdh1l , as well as markers 
of intestinal differentiation. This suggests that Apc supports RA biosynthesis and 
intestinal differentiation by negatively regulating the levels of CtBP1. In subsequent 
papers, the authors envisioned a intricate mechanism to explain these fi ndings. In 
their model, mutations in  apc  indirectly suppress  rdhl1  transcription via a complex 
containing CtBP1, Lef1 and several other negative regulators [ 36 ]. Next, as a result 
of reduced RA production, genes such as  pou5f1  (encoding the pluripotency factor, 

  Fig. 3    Zebrafi sh intestinal hyperplasia induced by afl atoxin B1. ( a ). Hyperplasia at the junction of 
the oesophagus and intestine in Florida wild type zebrafi sh fed 100 ppm afl atoxin B1 (AFB1) for 9 
months (from 2 months to 11 months of age).  Arrows  indicate regions of hyperplasia and dysplasia. 
( b ) At an intermediate level of magnifi cation, disorganized acinar structures lined by hyperplastic 
and dysplastic epithelial cells are evident ( arrows ). ( c ) At higher magnifi cation, nests of dysplastic 
cells can be seen within the lamina propria, intermingled with chronic infl ammatory cells ( arrows ) 
[ 31 ]. These images are a kind gift of Dr Jan Spitsbergen, DVM, Ph.D., Fish Disease Research 
Group, Department of Microbiology, Oregon State University, Corvallis, OR 97331, USA       
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Oct4) and  cebpβ  are de-repressed, in turn promoting the transcription of compo-
nents of the DNA demethylase machinery. Finally, the demethylation of genes such 
as  aldh  and  hoxd13  block cell fate decisions and preserve intestinal epithelial cells 
in an undifferentiated state [ 36 ]. This mis-fating of intestinal cells due to changes in 
the methylation landscape as a result of  apc  loss, suggests a plausible mechanism to 
drive colorectal tumorigenesis [ 34 ] that warrants further investigation. 

 Despite success in modelling other human cancers, as yet we do not have a 
robust genetic model of colorectal cancer in zebrafi sh [ 37 ]. Future work to correct 
this defi ciency is likely to involve combining mutations in  apc  and other tumour 
suppressor genes such as  tp53 , with transgenes encoding oncogenic versions of 
genes such as  kras  and  braf , which are commonly associated with the human condi-
tion. In the meantime, zebrafi sh researchers have identifi ed many innovative and 
fruitful ways to address important questions relevant to colorectal cancer, as 
described below.  

    Xenografts of Human Colon Tumour Cells 

 Many researchers have transplanted human tumour cells into wild type and un- 
pigmented zebrafi sh (such as the  casper  mutant) at various stages of development 
as well as during adulthood to provide a simple and rapid approach to studying the 
pro-angiogenic behaviour of tumour cells, their invasion and metastasis [ 38 ,  39 ]. 
This is particularly feasible to do at embryonic and larval stages because zebrafi sh 
up to 3 weeks old lack an adaptive immune system, allowing tumour cells to be 
transplanted into healthy embryos and larvae without fi rst suppressing their immune 
system. Generally, a few hundred cells are microinjected into a variety of anatomi-
cal sites including the yolk sac, perivitelline space, hindbrain ventricle and blood-
stream depending on developmental stage. In a few days tumour cells develop 
masses which frequently disseminate and form metastases. If the tumour cells are 
fl uorescently labelled their behaviour can be followed in real time, without the need 
to fi x and sacrifi ce the animals. 

 Not surprisingly, this general approach has been exploited to study the behaviour 
of cell lines derived from colon carcinoma and patient-derived colonic tumour cells. 
In one study it was shown that the relative metastatic ability of colorectal cancer cell 
lines in vitro and in in vivo mouse models was recapitulated in zebrafi sh. Thus 
SW620 cells which show highly invasive behaviour in standard in vitro transwell 
assays were found to disseminate widely in zebrafi sh larvae. In contrast, HT29 
cells, which are not invasive in vitro, did not disperse at all [ 40 ]. This close correla-
tion between the known metastatic potential of cells and their in vivo behaviour in 
zebrafi sh creates opportunities to evaluate not only whether primary patient-derived 
tumours contain metastatic cells, but also whether their metastatic behaviour can be 
manipulated using inhibitors of signalling pathways. This type of analysis holds 
great promise to deliver valuable information regarding the potential of an individ-
ual patient’s tumour to respond to available therapies in a highly timely fashion. 
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However, such aspirations are yet to be realised and, to our knowledge, only one 
study has utilised tissue derived from a patient’s primary colon tumour [ 41 ]. In this 
case, small explants of a single colon tumour were transplanted into the yolks of 80 
individual zebrafi sh embryos at 48 hpf. Of the 66 successful transplants, 29 of them 
(44.4 %) demonstrated invasive behaviour [ 41 ]. Unfortunately, whether this patient 
went on to develop colon tumour metastases was not reported. In the same study, 
explants of normal colonic tissue from the same patient and two benign polyps from 
other patients showed no spreading behaviour. This is an exciting area but many 
more studies will be required before the zebrafi sh is recognised as a preclinical 
personalized medicine platform that is more practical than immunocompromised 
mice for the rapid assessment of the metastatic potential and drug-sensitivity of 
patient-derived xenografts.  

    The Developing Zebrafi sh Intestine as a Surrogate 
for Colon Cancer 

 Many genes that are highly active during development are down-regulated in adult-
hood. A notable exception to this is the frequently elevated or aberrant expression of 
developmental genes in cancer. Embryogenesis and cancer share many characteris-
tics, including rapid proliferation, apoptosis, cell migration, angiogenesis, epithelial- 
to-mesenchymal transition (EMT) and mesenchymal-to-epithelial transition (MET). 
Pre-eminent examples of genes that fi t this paradigm encode components of the 
WNT/β-catenin pathway, including  APC ,  AXIN ,  GSK3β ,  CTNNB1 ,  TCF4 , which 
play fundamental roles in intestinal development and are frequently mutated in 
colorectal cancer. As a result, therapeutic targeting of WNT/β-catenin signalling has 
attracted considerable attention in the context of cancer [ 42 – 44 ]. This encouraged us 
to try to identify novel targets for colorectal cancer therapies using a forward genetics 
approach to discovering genes required for intestinal development in zebrafi sh. 

 Previously, we and others have described the morphological events that shape the 
normal zebrafi sh intestinal epithelium [ 14 ,  45 ,  46 ]. These accounts explain how a 
thin, unstructured ribbon of endoderm at 26 hpf is converted into a fully functional 
intestine ready for exotrophic nutrition by 126 hpf. Between 26 hpf and 76 hpf, 
bromodeoxyuridine incorporation analysis indicates that the intestinal endoderm is 
the most proliferative tissue in the developing organism [ 45 ,  47 ]. As a result of this 
vigorous cell production, the rostral intestine enlarges to form a compartment with 
a wide lumen known as the intestinal bulb (Fig.  4a ). From 96 hpf the epithelium 
starts to elaborate folds and the proliferating cells become progressively restricted 
to regions between the bases of the folds. That this orderly development of the intes-
tinal epithelium is amenable to genetic disruption is illustrated by the mutant,  fl otte 
lotte  ( fl o ) (Fig.  4b ), one of the fi rst intestinal mutants to be collected [ 48 ]. Here the 
underlying mutant gene is  ahctf1 , which encodes a nuclear protein, Elys, required 
for nuclear pore assembly [ 47 ,  49 ]. This mutant was amongst the fi rst to demon-
strate that an apparently tissue-specifi c phenotype can be generated by disrupting an 
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  Fig. 4    Development of the intestinal epithelium in zebrafi sh mutants. ( a ) The development of the 
zebrafi sh intestine, shown at 100 hpf, is not perturbed in larvae carrying two mutant  tp53  alleles 
( tp53   zdf1/zdf1   [ 39 ]). In the expanded rostral region known as the intestinal bulb (ib), the intestinal 
epithelium ( white arrow ) is thick and elaborated into folds. ( b ) In contrast, the intestinal epithe-
lium in  fl otte lotte , also on the  tp53   zdf1/zdf1   background, is thin and unfolded refl ecting a net loss of 
epithelial cells, due to Tp53-independent apoptosis [ 47 ,  49 ]. The underlying mutation in  fl otte lotte  
resides in the  ahctf1  gene, encoding the Elys protein, which is indispensable for nuclear pore 
assembly [ 47 ,  49 ].  L  liver,  sb  swim bladder,  y  yolk. ( c ,  d ) Transverse sections (200 μm) through 
the intestinal bulb of a  sycorax  larva and wild type sibling at 120 hpf incubated with rhodamine 
phalloidin to stain F-actin ( red ) and Hoechst 33342 to stain DNA ( blue ).  sycorax  was identifi ed in 
the Liver plus  screen conducted in the Stainier laboratory at the University of California, San 
Francisco [ 51 ]. Unlike the monolayer of columnar cells evident in the wild type sibling ( c ), the 
intestinal epithelium in  sycorax  ( d ) has adopted a multi-layered morphology. The dysplastic intes-
tinal epithelial cells in  sycorax  ( arrows ) are smaller, cytoplasm poor and no longer in contact with 
the basement membrane ( arrowheads ). Images were acquired by Drs Adam Parslow ( fl otte lotte ) 
and Elizabeth Christie ( sycorax ), who characterised these two mutants during their PhD studies at 
the University of Melbourne       
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essential cellular gene. Close inspection revealed that nuclear pore formation was 
perturbed in several discrete regions in  fl o  mutant larvae, including the eye and optic 
tectum, tissues that are also highly proliferative at 72 hpf.

   Because of the relatively late development of the zebrafi sh intestine and its deep 
internal position compared to more prominent tissues such as the eye, brain, heart 
and somites, only a handful of mutants with abnormal intestinal phenotypes were 
identifi ed in the large scale ENU mutagenesis screens that were conducted in Boston 
and Tübingen in the early nineties [ 48 ,  50 ]. To expand this small collection we par-
ticipated in the Liver plus  screen conducted in the laboratory of Didier Stainier, then at 
the University of California, San Francisco [ 51 ]. This 3-generation ENU mutagene-
sis screen was performed on the gutGFP background ( Tg(Xla.Eef1a1:GFP; s854Tg ) 
which expresses GFP in the digestive organs from 24 hpf, greatly facilitating the 
identifi cation of mutants with defects in liver, pancreas and intestinal morphogenesis 
[ 45 ,  52 – 54 ]. Our specifi c aim was to discover genes that are indispensable for the 
growth and division of intestinal epithelial cells during development and we expected 
this approach to lead us to genes that are dysregulated in colorectal cancer. We col-
lected a dozen mutants where the intestinal epithelial cells exhibit growth arrest or 
apoptosis. Of the eight genes we have cloned so far, most belong to a group of essen-
tial cellular genes that have been coined ‘information processing’ genes with func-
tions in processes such as transcription, rRNA processing [ 55 ], pre-mRNA splicing 
[ 56 ], and nuclear pore formation [ 47 ]. Alongside our work, several other laboratories 
have cloned and characterised intestinal mutants (see Table  1 ) and many of them 
display similar morphological characteristics and ontology terms as ours. For exam-
ple, as well as our mutant in  pwp2h  [ 55 ], mutations in  bms1l  [ 57 ],  rbm19  [ 46 ] and 
 tbl3  [ 58 ] disrupt ribosome biogenesis. Pre-mRNA splicing is impaired in our  rnpc3  
mutant [ 56 ] as well as in the  ddx46  mutant [ 59 ]. Nuclear pore assembly is impaired 
by mutations in  ahctf1/elys  [ 47 ,  49 ] and  nup107 , and the transcription of 5S ribo-
somal RNA, tRNAs and other small RNAs is disrupted by mutation in  polr3b  [ 60 ].
   To determine whether these so-called ‘information processing’ genes are relevant to 
colorectal cancer, we analysed the expression of their human orthologues in COAD 
(colon adenocarcinoma) data retrieved from The Cancer Genome Atlas (TCGA). As 
we had hypothesised, many of the genes are up-regulated in colon cancer (see pink 
columns in Table  1 ). Similar results were obtained for rectal cancer (data not shown), 
suggesting that as well as being required for normal intestinal development, these 
genes are also crucial for colorectal cancer. This raises the question of whether 
drugs targeting transcription, nuclear pore formation or splicing could selectively 
arrest the growth or induce the death of colorectal cancer cells. In this regard, it is 
perhaps worth noting that in all instances where it has been attempted, the striking 
intestinal phenotypes are not rescued in mutants also carrying two mutant  tp53  
alleles ( tp53   zdf1/zdf1   [ 61 ]) [ 47 ,  49 ]. For example, the high level of apoptosis seen in the 
intestinal epithelium of  fl o  larvae is not dependent on Tp53 activation (Fig.  4b ). This 
may suggest that drugs designed to block nuclear pore formation in highly prolif-
erative cells would still be effective in killing human tumours carrying  TP53  muta-
tions. Of the essential cellular processes mentioned above, the one that has attracted 
most attention as a therapeutic target in cancer is ribosome biogenesis [ 62 ]. However, 
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     Table 1    The mutated genes underlying the phenotypes in published zebrafi sh intestinal mutants 
are frequently dysregulated in colon cancer         

  For gene expression analysis, normalized gene level RNA-Seq expression data from Colon ade-
nocarcinoma (COAD) was retrieved from The Cancer Genome Atlas (TCGA, level 3 data contain-
ing RNA-Seq by Expectation-Maximization quantifi cation) portal for tumour and paired normal 
samples. Expression values were compared between tumour and normal in a paired and unpaired 
analysis. (P): paired analysis with 41 matched samples of normal and tumour, (U): unpaired analy-
sis with unpaired 41 normal and 461 tumour samples. All fold changes presented have an adjusted 
p-value < 0.05. Genes are up-regulated in colon cancer denoted by pink, down-regulated by blue  

Zebrafish 
gene 
symbol/
allele

Human 
gene 
symbol

Mutant 
name

Defects (all defects are for zebrafish carrying two 
mutant alleles unless otherwise stated)

Molecular 
process affected

Gene expression in colon 
cancer

Reference

ahctf1s871, 

ti262c
AHCTF1 flotte lotte 

(flo)
Smaller intestine, liver, pancreas, craniofacial 
complex and eyes

Nuclear pore 
formation

Upregulated by 1.2 fold (P); 
1.4 fold (U)

[47, 49]

apchu745 APC apcmcr Cardiac valve malformation
apcmcr/+: intestinal and liver tumours

Increased Wnt 
signalling, 
retinoic acid 
production

Downregulated by 2.1 fold 
(P); 2 fold (U)

[3, 4, 33, 
35]

ascl1at25215 ASCL1 pituitary 
absent 
(pia) 

Absence of secretory cells in intestine, decreased 
intestinal motility

Notch signalling Downregulated by 1.9 fold 
(P); 2.5 fold (U)

[101, 102]

bms1lsq163 BMS1 bms1l Smaller intestine, liver and pancreas Ribosome 
biogenesis

Upregulated by 1.4 fold (P); 
1.5 fold (U)

[57]

cdipthi559Tg CDIPT cdipt IBD symptoms: apoptosis of goblet cells, abnormal 
mucus secretion, bacterial overgrowth and 
leucocyte infiltration

Phosphatidylinosi
tol synthesis

Unchanged [74]

cftr pd1048 CFTR cftr Disrupted Kuppfer’s vesicles and lumen expansion Impaired fluid 
secretion

Unchanged [103]

ddx46hi2137Tg DDX46 morendo 
(mor)

Smaller intestine, liver, pancreas and brain Pre-mRNA 
splicing 

Upregulated by 1.1 fold (P); 
1.2 fold (U)

[59]

diexf hi429Tg C1orf107 def Smaller intestine, liver and pancreas Activates tp53 Upregulated by 1.7 fold (P); 
1.8 fold (U)

[104, 105]

dld tr233 DLL1 after eight 
(aei)

Excessive production of secretory cells Notch signalling Downregulated by 1.1 fold 
(P); 1.3 fold (U) 

[18]

espl1cz280 ESPL1 cease &
desist 
(cds)

Intestinal adenomas in mutants treated with the 
mutagen MNNG?

Spindle defect, 
mitotic 
checkpoint delay

Upregulated by 2 fold (P); 
2.1 fold (U) 

[106]

mib1ta52b MIB1 mindbomb 
(mib)

Excessive production of secretory cells E3 ubiquitin 
ligase essential 
for Notch 
signalling

Downregulated by 1.2 fold 
(P); 1.1 fold (U)

[107]

mst1t34230 MST1 msp Intestinal inflammation and goblet cell 
activation/mucin production

Signalling in 
macrophages

Upregulated by 4.5 fold (P); 
3.9 fold (U)

[75]

myh11m498 MYH11 meltdown 
(mlt)

Intestinal cysts in the posterior intestine (invasive 
intestinal epithelial cells)

Smooth muscle 
integrity 

Reduced expression in MSI 
colon cancer[64]; Down-
regulated by 18.9 fold (P); 
21 fold (U)

[63, 108]

nup107tsu068

Gt
NUP107 nup107 Smaller intestine, liver, pancreas, craniofacial 

complex, eyes
Nuclear pore 
assembly

Upregulated by 1.8 fold (P) 
1.9 fold (U)

[109]

polr3bm74 POLR3B slim jim 
(slj)

Smaller intestine, liver, pancreas and retinae Transcription Unchanged [60]

prkcim567, 

m129
PRKCI heart and 

soul (has)
Multiple lumens in the intestine, defects in retina, 
neural tube

Maintenance of 
adherens 
junctions

Unchanged [110]

ptbp1ap50ada PTBP1 brom bones 
(brb)

Compromised secretory goblet cell differentiation, 
hyper-proliferation, enhanced apoptosis

Notch signalling Upregulated by 1.5 fold (P); 
1.4 fold (U)

[111]
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we showed that intestinal epithelial cells in  pwp2h  mutants respond to ribosomal 
stress by inducing autophagy, which prolonged their survival [ 55 ]. Therefore to 
induce cell death effi ciently may require targeting both ribosome biogenesis and 
autophagy in some cancer contexts. 

 Another intestinal mutant with a phenotype highly relevant to colorectal cancer 
is  meltdown (mlt) , which harbours an activating mutation in the ATPase domain of 
smooth muscle myosin heavy chain ( myh11 ) [ 63 ]. In  mlt , smooth muscle architec-
ture surrounding the posterior intestine is disrupted, allowing intestinal epithelial 
cells to invade the surrounding mesenchyme and form cysts [ 63 ]. Consistent with 
this, mutations that recapitulate the activating  myh11  mutation have been identifi ed 
in colon cancer patients [ 64 ]. Counter-intuitively, gene expression analysis revealed 
that  MYH11  is markedly down-regulated in mismatch repair colon tumours com-
pared to control tissue [ 64 ]. In this sub-set of colon cancer patients, reduced expres-
sion is caused by defective replication of a mononucleotide repeat of 8 cytosines in 
the  MLH1  coding sequence, leading to frame-shift mutations and potentially 
nonsense- mediated decay. We also observed reduced  MYH11  gene expression in 
our own analysis of colon cancer transcriptomes (blue column in Table  1 ), suggest-
ing that perturbations in  MYHL1  gene expression may play different roles in colon 
cancer development depending on the genetic make-up of the tumour and whether 
the mutations arise in the cancerous epithelial cells or stromal cells. Perhaps not 
surprisingly, zebrafi sh intestinal mutants rarely show increased cell production or 
invasive behaviour. An unpublished example is  sycorax , where we observed a 
multi-layered intestinal epithelium comprising many small dysplastic cells, many of 
which were not attached to the basement membrane (see Fig.  4c, d ). Connecting the 
phenotype of this mutant to its genotype promises to reveal further insights into the 
genetic control of intestinal development that are relevant to colorectal cancer.  

pwp2hs450, 

s927
PWP2 titania (tti) Smaller intestine, liver, pancreas and eyes Ribosome 

biogenesis
Upregulated by 1.3 fold (P); 
1.3 fold (U)

[55]

rbm19fw07g RBM19 nil per os 
(npo)

Smaller intestine, liver and pancreas Ribosome 
biogenesis [112]

Upregulated by 1.6 fold (P); 
1.6 fold (U)

[46]

rnpc3s846 RNPC3 caliban 
(clbn)

Smaller intestine, liver, pancreas, lens Minor class 
splicing

Unchanged [56]

sec13sq198 SEC13 sec13 Smaller intestine, liver and pancreas COPII function Upregulated by 1.5 fold (P); 
1.3 (U)

[113]

smohi1640Tg SMO smoothened 
(smo)

Impaired lumen formation Rab11 trafficking Unchanged [114]

stk11hu1960 STK11 lkb1 Lack of intestinal folding Regulation of 
metabolism

Unchanged [115]

tbl3cz26 TBL3 ceylon 
(cey)

Reduced hematopoietic stem and progenitor cells 
(HSPCs), retina, exocrine pancreas, intestine, and 
jaw cartilage

Cell cycle 
regulation

Upregulated by 2.4 fold (P); 
1.7 fold (U)

[58]

tcf2hi2169Tg HNF1B tcf2 Multiple lumens in the intestine, pronephric cysts Regulator of 
claudin-15 
expression

Downregulated by 1.6 fold 
(P); 1.6 fold (U)

[116, 117]

vps51p9emcf ANGPT2 fat-free 
(ffr)

Defective lipid absorption Altered vesicular 
trafficking

Upregulated by 2.5 fold (P); 
2.7 fold (U)

[118]

Table 1 (continued)
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    Zebrafi sh Infl ammatory Bowel Disease 

 The term infl ammatory bowel disease (IBD) encompasses a number of human dis-
orders characterised by infl ammation of the digestive tract and associated tissues, 
including Crohn’s disease (CD) and ulcerative colitis (UC). IBD patients, including 
UC and CD patients, are associated with an increased risk of developing colorectal 
cancer, far above community wide incidence [ 65 – 67 ]. UC and CD are increasing in 
prevalence in Europe and North America and genome-wide association studies 
have identifi ed many loci associated with CD and UC susceptibility [ 68 – 72 ]. 
In particular, SNPs near  UHRF1 ,  DNMT1 , and  DNMT3a  suggest that alterations in 
epigenetic modifi er genes may lead to IBD. Of these,  uhrf1  has now been fi rmly 
implicated as a result of a study in zebrafi sh [ 73 ]. Here, intestinal epithelial cells of 
 uhrf1  mutant larvae were found to express increased levels of Tnfa resulting in 
innate immune cell recruitment, shedding and apoptosis of epithelial cells and 
impaired intestinal barrier function [ 73 ]. It was further demonstrated that  uhrf1  
plays a role in restraining levels of Tnfa production in zebrafi sh intestinal epithelial 
cells by methylating the  tnfa  gene promoter [ 73 ]. This study provides the fi rst direct 
indication that loss of epigenetic repression of  TNF  expression in the intestinal epi-
thelium may contribute directly to the onset of IBD. 

 In addition to  uhrf1 , two more zebrafi sh mutants exhibit pathologies reminis-
cent of IBD. Mutation in  cdipt , which encodes CDP-diacylglycerol–inositol 
3- phosphatidyltransferase, a highly conserved enzyme responsible for synthesis of 
intracellular phosphatidylinositol, causes goblet cell apoptosis, abnormal mucous 
secretion, bacterial overgrowth and leucocyte infi ltration [ 74 ]. Several genome- 
wide association studies have identifi ed the genes encoding macrophage- 
stimulating protein (MSP) and its receptor RON as possible susceptibility factors 
in IBD.  mst1  (encodes Msp) mutant zebrafi sh develop spontaneous intestinal 
infl ammation over time. From 14 to 28 weeks post-fertilisation,  mst1 -defi cient 
zebrafi sh exhibit intestinal eosinophilia, increased intestinal expression of infl am-
matory marker Mmp9, increased mucin production and a prolonged and elevated 
infl ammatory response to intestinal damage [ 75 ]. 

 Larval zebrafi sh exposed to the haptenizing agent 2, 4, 6-trinitrobenzene sulfonic 
acid (TNBS) display impaired intestinal homeostasis and infl ammation reminiscent 
of human IBD [ 76 – 78 ]. Salient features include disrupted intestinal fold architec-
ture, recruitment of leukocytes into the lamina propria, a marked induction of pro- 
infl ammatory cytokines, including Tnfa, and activation of the extracellular matrix 
degrading enzyme, matrix metalloproteinase 9 (Mmp9). Goblet cell number and 
mucin production are also increased. The intestinal infl ammation is dependent on 
the presence of microbiota and Toll-like receptor signalling [ 78 ], and is ameliorated 
by antibiotic and anti-infl ammatory drug treatments [ 76 ,  77 ]. Intestinal infl amma-
tion can also be induced in zebrafi sh larvae using dextran sodium sulphate (DSS) or 
by infection with  Salmonella enterica  injected into the yolk sac [ 77 ]. DSS and 
TNBS induce a similar pathology except that, in contrast to TNBS, DSS causes a 
decrease in the number of goblet cells and reduced production of mucin, features 
more reminiscent of UC than CD [ 79 ,  80 ]. 
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 As mentioned above, chronic intestinal infl ammation strongly predisposes to 
colorectal cancer [ 81 ]. Yi Feng, Paul Martin and colleagues were amongst the fi rst 
to exploit the translucency and genetic tractability of zebrafi sh larvae to explore in 
detail the involvement of infl ammatory cells at the very time of cancer initiation, 
when transformed cells fi rst arise in tissues. They recognised that while acute 
infl ammation mediated by the innate immune system plays a crucial role in wound 
repair or in response to other insults that are detrimental to tissue homeostasis, 
chronic, subclinical levels of infl ammation (so-called “smouldering” infl ammation) 
can predispose to cancer. In elegant studies, they demonstrated that skin goblet 
cells, transformed with a fl uorescently labelled, oncogenic version of human  RAS  
( RAS   G12V  ) use H 2 O 2  production to recruit and activate host leukocytes from the very 
early stages of tumour development [ 82 ]. The host immune cells then reciprocate by 
providing the early transformed cells with a trophic signal (prostaglandin E2) that 
promotes their rapid expansion [ 83 ]. These experiments, which may be interesting 
to repeat with intestinal epithelial cells carrying an  apc   mcr   mutation and the  RAS   G12V   
transgene, suggest an explanation for why the long-term use of low doses of non- 
steroidal anti-infl ammatory drugs, such as aspirin, appears to be effective in reduc-
ing colorectal cancer onset at the early stages of cancer initiation [ 84 ,  85 ]. 

 Infl ammation-associated colorectal cancer has been recapitulated in mice by 
exposing them to the colonic mutagen, azoxymethane (AOM), which induces muta-
tions in genes encoding components of the WNT signalling pathway, most notably 
 CTNNB1 , in combination with DSS provided in the drinking water [ 86 ]. Much 
higher numbers of colonic tumours are produced with DSS, compared to treatment 
with AOM alone. While similar studies in adult zebrafi sh have not been attempted 
so far, we would expect that treatment of  apc   mcr/+   zebrafi sh with TNBS or DSS 
would increase the frequency of intestinal cancers and reduce their latency.  

    The Role of the Microbiota in IBD and Colorectal Cancer 

 The role of the intestinal microbiota is to assist in the digestion of food that would 
otherwise be inaccessible, control the growth of pathogenic bacteria and educate the 
host immune system [ 87 ]. The microbiota of the human gastrointestinal tract is 
made up of a vast number of microorganisms including viruses, fungi and protozo-
ans. However, the majority of the intestinal microbiota comprises bacteria. They 
reside in the intestinal lumen or are associated with the outer “loose” layer of 
mucous on the mucosal surface. The inner adherent mucous layer is largely devoid 
of bacteria and provides a physical barrier that separates them from the underlying 
intestinal epithelial cells. Upon disruption of this barrier, the infi ltration of bacteria 
evokes an immune response that over the long term can contribute to infl ammatory 
bowel disease, obesity and colorectal cancer. Dysbiosis refers to a shift in the com-
position of the intestinal microbiota, from a healthy to a potentially pathogenic 
state. This can be brought on by certain diets, including those involving frequent 
consumption of red meat, antibiotics or mucosal injury, any of which can pave the 
way for the growth of opportunistic pathogens. 
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 Impaired epithelial barrier function is a prominent feature in both CD and 
UC. The intestinal barrier is maintained by a number of interacting components, 
notably, production of mucus and anti-microbial peptides, epithelial integrity 
through cell-cell adhesion complexes and innate immune responses. When the 
mucus layer is compromised in IBD, the intestinal epithelium becomes more per-
meable and is exposed to the microbiota. This triggers activation of Toll-like recep-
tors upon ligation of microbe-associated molecular patterns (MAMPs) that are 
shared by many microorganisms. Next, the adaptor molecule, MyD88, which acts 
as a central node of infl ammatory pathways, couples activation of Toll-like recep-
tors with the death domain containing kinase, IL-1R-associated kinase (IRAK) ,  
leading to activation of nuclear factor-kappa B (NFκB), and ultimately transcription 
of pro-infl ammatory cytokines such as TNF. The laboratories of John Rawls (Duke 
University) and Karen Guillemin (University of Oregon) have developed a number 
of elegant assays to demonstrate that this pathway is active in zebrafi sh [ 88 – 90 ] and 
that the response to microbiota is similar between zebrafi sh and mice [ 91 ]. These 
include a practical and reliable microgavage method to deliver diverse materials, 
including live microorganisms and secreted microbial factors and toxins, directly to 
the intestinal lumen of zebrafi sh larvae [ 92 ]. This method is also useful to deliver 
fl uorescently labelled dextran to the intestinal lumen to assess the integrity of intes-
tinal barrier function. Only if the intestinal barrier is breached does the fl uorescence 
appear in extra-intestinal sites such as the vasculature and intersomitic spaces. 
Other zebrafi sh-specifi c tools offering considerable utility to this fi eld include the 
 Tg(mpeg-EGFP   gl122   /mCherry   gl123  ) [ 93 ] and  Tg(mpx-GFP)   i114   [ 94 ] transgenic lines to 
visualise the recruitment of macrophages and neutrophils, respectively, and a new 
 TgBAC(tnfa:GFP)  line to monitor spatiotemporal dynamics of  tnfa  expression [ 73 ]. 

 Colonisation of the zebrafi sh intestine by microorganisms occurs at hatching [ 95 ] 
and, by 96 hpf, when the digestive tract is a continuous open tube with access to the 
outside world, bacteria are observed in the mouth, pharynx, oesophagus and intesti-
nal bulb [ 95 ]. Studies with germ-free zebrafi sh showed that the microbiota is required 
for proper intestinal development, including epithelial proliferation and cell fate 
determination [ 91 ,  95 ]. In particular, the secretory cell lineages, both enteroendocrine 
cells and goblet cells, are less abundant in the intestinal epithelium of germ-free 
zebrafi sh compared to conventionally reared animals. Changes in the expression of 
genes involved in metabolism and innate immunity are also observed [ 87 ,  88 ,  91 ], 
alongside reduced numbers of intestinal-associated immune cells [ 89 ], immature pat-
terns of glycan expression and altered gut motility [ 95 ]. These changes can be 
reversed by introducing a complex microbiota at later stages of development or, to a 
lesser extent, by exposure of germ-free zebrafi sh to heat-killed preparations of the 
microbiota or bacterial lipopolysaccharide [ 95 ]. Subsequent analysis revealed that 
microbial activation of Toll-like receptors/MyD88, was required alongside Wnt sig-
nalling for normal intestinal epithelial cell proliferation [ 21 ]. These observations sug-
gest a mechanism whereby the microbiota may play a direct role in tumorigenesis. 

 To explore the dynamics of early microbial colonization of the zebrafi sh gut, 
germ-free larval zebrafi sh (5 dpf) were inoculated with EGFP-expressing  Aeromonas 
veronii  (an abundant species in the zebrafi sh gut), by introducing the bacteria into 
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fl asks containing free-swimming larvae. Using light sheet fl uorescence microscopy 
to obtain three-dimensional images spanning the full width of the intestine, coloni-
sation of the intestine by the fl uorescent bacteria could be monitored in real time 
[ 96 ]. Individual bacteria were visible in the gut after one hour, and 8 h later a large 
bacterial population had formed. It was noted that growth did not occur homoge-
neously throughout the gut but was preferentially localized in particular regions, 
and the growth rate of aggregated bacteria was considerably higher than that of 
independently growing bacteria. 

 On the basis of molecular phylogeny (16S rRNA gene sequence comparisons), it 
was determined that the gut microbiota of laboratory-reared zebrafi sh is similar in 
composition to that of zebrafi sh collected recently from their natural habitat [ 97 ], 
suggesting that zebrafi sh have a core microbiome that is actively conserved. 
Moreover, when zebrafi sh are reared in germ-free conditions and colonised with 
bacteria harvested from the mouse intestine, the recipient fi sh respond by gradually 
reverting it back to the bacterial composition characteristic of their species [ 87 ]. 

 Recently, He and colleagues showed that changes in the intestinal microbiota occur 
when larval zebrafi sh are exposed to TNBS [ 98 ]. As mentioned above, TNBS disrupts 
the intestinal epithelium and induces infl ammation reminiscent of human IBD. Using 
denaturing gradient gel electrophoresis, DNA sequencing and PCR, the authors were 
able to characterise the intestinal microbiota dysbiosis induced by TNBS. They 
showed that enterocolitis severity was signifi cantly correlated with an increased pro-
portion of Proteobacteria (especially Burkholderia) and a decreased proportion of 
Firmicutes (Lactobacillus group). The authors proposed that reversing such dysbiosis 
may be a viable option for reducing the incidence and severity of human IBD. 

 Moreover, recent studies in genetically engineered mice have linked host- specifi c 
bacteria, infl ammation and intestinal barrier defects with site-specifi c tumour devel-
opment [ 99 ,  100 ]. This study demonstrated that the interplay between host genetics, 
microbial location and tumour geography gives rise to tumours in the caecum 
exhibiting a distinctive sessile, serrated morphology (Fig.  1 ). These associations are 
likely to be relevant to the development of sessile serrated tumours in humans, 
which frequently occur in association with  BRAF   V600E   mutations and on the right 
side of the colon. Thus a picture is emerging whereby the composition and activity 
of resident microbes in different parts of the intestinal tract play crucial roles in 
shaping not only healthy metabolic networks but also disease states like IBD and 
colorectal cancer. No doubt these concepts will stimulate further fruitful investiga-
tion in zebrafi sh.  

    Summary 

 Zebrafi sh are providing several productive avenues for colorectal cancer research. 
Already a range of non-oncogene targets has been suggested by studies that adopted 
the rapidly developing zebrafi sh intestinal epithelium as a surrogate tissue for 
colorectal tumours. The exciting prospect of being able to inhibit essential 
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non- oncogenes to cripple rapidly proliferating cancer cells, while at the same time 
sparing normal cells, is worthy of investigation in synthetic lethality screens. Other 
major strengths of the model reside in the ability to dissect the relationships between 
integrity of intestinal epithelial barrier function, microbiota composition and infl am-
mation in predisposing to cancer. Further progress in this area would be greatly 
facilitated by the generation of robust and reproducible genetic models of zebrafi sh 
intestinal cancer that can be readily induced in a short time-frame. This aim is now 
greatly simplifi ed by the arrival of versatile and accessible reverse genetic technolo-
gies such as Transcription Activator-Like Effector Nucleases (TALENs) and 
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPRs). The valid-
ity of the ensuing models will require testing by histological analysis and careful 
comparisons of gene expression profi les in zebrafi sh and human tumours. Suitably 
apt models will surely have the potential to deliver novel colorectal cancer drugs by 
providing a platform for high throughput chemical screens.     
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      Zebrafi sh Melanoma                     
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    Abstract     Melanoma skin cancer is a potentially deadly disease in humans and has 
remained extremely diffi cult to treat once it has metastasized. In just the last 10 
years, a number of models of melanoma have been developed in the zebrafi sh that 
are biologically faithful to the human disease and have already yielded important 
insights into the fundamental biology of melanoma and offered new potential ave-
nues for treatment. With the diversity and breadth of the molecular genetic tools 
available in the zebrafi sh, these melanoma models will continue to be refi ned and 
expanded upon to keep pace with the rapidly evolving fi eld of melanoma biology.  

  Keywords     Zebrafi sh   •   Melanoma   •   Cancer models   •   Transgenics   •   Drug discovery  

   Even among the many intractable cancers in solid tumor oncology, melanoma has 
remained one of the most challenging diseases to treat. While very treatable in its 
earliest stages with surgical excision (cure rates are >90 % for Stage I disease), 
melanomas have a troubling habit of metastasizing early or recurring years after a 
primary lesion has long been thought cured [ 1 ]. Once metastatic, the survival rates 
for patients have remained grim with median survival on the order of months and 
were essentially unchanged for over 30 years [ 2 ]. Only recently have a number of 
new treatments transformed the melanoma fi eld into a rapidly changing area of 
oncology where both targeted therapies and immune modulatory agents have rede-
fi ned the approaches to treatment (see below). 

 The relationship between melanoma and sun exposure (i.e. UV irradiation) 
seems clear but remains complicated [ 3 ,  4 ]. Epidemiological studies have estab-
lished a link between melanoma risk and childhood blistering sunburns [ 5 ] among 
other risk factors including fair skin/light hair and number/type of nevi [ 6 ]. Recent 
next generation sequencing studies of human melanoma tumors have verifi ed a 
UV-associated mutation pattern (predominant C- > T transitions) in melanoma 
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encompassing relevant driver mutations [ 7 ] and have shown that melanoma has 
among the highest mutation rates of any cancer [ 8 ]. Still, the most frequent drivers 
of cutaneous melanoma (mutations producing the  BRAF   V600E   variant, accounting for 
~60 % and assorted RAS-family mutations, accounting for a further ~20 %) do not 
result from an apparent UV signature [ 9 ]. 

 Prior to 2011, only two agents were FDA approved for metastatic melanoma: 
dacarbazine, a cytotoxic chemotherapy, with low response rates and only short term 
effectiveness [ 10 ], and IL-2, an immune stimulatory agent with low response rates 
but rare long term responses [ 11 ]. The recent revolution in treatments has arisen in 
two areas. First, tyrosine kinase inhibitors targeting the  BRAFV   600E   mutation (vemu-
rafenib, dabrafenib) [ 12 ,  13 ] and a more downstream component of the  MAP  kinase 
pathway,  MEK  (trametinib) [ 14 ], produce high response rates in the proper setting, 
but eventually all fail as resistance emerges. Second, immune modulatory agents in 
the form of humanized monoclonal antibodies have been developed that effectively 
activate the immune response by blocking pathways that normally restrain it by tar-
geting CTLA-4-bearing T-Cells (ipilimumab) [ 15 ,  16 ] or the PD-1 receptor (pembro-
lizumab, nivolumab) [ 17 ,  18 ]. Response rates were initially modest for these agents 
but have continued to climb with the newer combinations and more optimized dosing 
schedules, and the length of responses can be quite signifi cant [ 19 ]. Side effects from 
an unrestrained immune response are frequent and can be substantial in the form of 
autoimmune phenomenon (e.g. infl ammatory bowel disease, rashes, hypophysitis, 
among many others) [ 15 – 19 ]. Overall, the progress has been remarkable, and in a 
very short time, has completely altered the way metastatic melanoma is treated. 

 With these fundamentals of melanoma biology and modern treatment in mind, 
this chapter will bring the zebrafi sh onto the scene. 

    Enter the Zebrafi sh 

     BRAF   V600E   

 In a truly foundational work, Patton et al. generated the fi rst  BRAF   V600E  -dependent 
cancer model in any organism by expressing the human  BRAF   V600E   oncogene in 
zebrafi sh under the control of the melanocyte-specifi c  mitfa  promoter [ 20 ]. This 
 BRAF   V600E   mutation had been discovered to be common in melanoma [ 21 ], likely 
encompassing >50 % of cases [ 9 ]. In an otherwise wild type background, these 
 mitfa:BRAF   V600E   transgenic zebrafi sh developed melanocyte overgrowths analogous 
to human nevi, which contain the  BRAF   V600E   mutation in nearly all cases in humans. 
Crucially, when placed in the context of a  p53  mutant background, the zebrafi sh 
developed melanomas that were highly invasive and transplantable. At that time, 
the inactivation of  p53  was not known to be frequently associated with melanoma, 
but more recent sequencing of human melanomas has further validated the involve-
ment of the  p53  pathway in melanomagenesis [ 4 ,  7 ]. This early model has proven to 
be a work-horse of the fi eld, being used in several subsequent signifi cant publica-
tions to be described later in the chapter [ 22 – 25 ].  
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    N-RAS 

 The next most frequent oncogenic driver mutations in melanoma also target the 
MAP kinase pathway but through  RAS  activation (~20 % of cases), most frequently 
through  N-RAS  [ 9 ]. Taking a similar approach to Patton and colleagues, Dovey 
et al. generated two independent transgenic zebrafi sh lines with the  mitfa  promoter 
driving human  N-RAS   Q61K   with an N-terminal  EGFP  fusion [ 26 ]. Expression of this 
oncogene led to hyperpigmentation throughout the body of the animals, and once 
again in the context of a  p53  mutation, these fi sh invariably developed aggressive 
melanoma lesions that were invasive and transplantable into irradiated zebrafi sh 
hosts. Not only did these tumors have the histologic appearance of melanoma, but 
gene expression analysis using microarrays and the then newly-described technique 
of gene set enrichment analysis (GSEA) [ 27 ] showed a signifi cant correlation of 
upregulated genes between the zebrafi sh and human melanomas. 

 Together, these  BRAF  and  N-RAS  zebrafi sh transgenic models embody the pri-
mary oncogenic drivers for nearly 80 % of human cutaneous melanoma cases.  

    H-RAS 

 Although less frequently seen in melanoma,  H-RAS  mutations have been described 
[ 9 ]. By taking advantage of a  kita- driven  GalTA4  gene trap line, Santoriello and 
colleagues were able to express oncogenic  H-RAS   GV12   in melanocytes (referred to 
here as  kita/H-RAS   GV12   double transgenics) [ 28 ]. The  kit  gene had long been known 
to play a role in melanocyte biology with mouse mutants having decreased to absent 
melanocyte formation depending on the specifi c  Kit  mutation [ 29 ]. Similarly,  kita  
inactivation in the zebrafi sh  sparse  mutant results in the lack of early adult melano-
cytes and an aberrant stripe pattern, and the  kita  gene was shown to be expressed in 
melanocyte precursors [ 29 ]. 

 In the  kita/H-RAS   GV12   double transgenics, embryos were already found to have 
excess melanocytes by 3 days post fertilization (dpf), most notably on the top of the 
head. By 2 weeks of age, nearly all juvenile fi sh developed hyperpigmented caudal 
fi ns, and by 3 months, ~20 % developed histologically invasive melanoma. 
Interestingly in this model, the presence of a  p53  mutation was not required for 
melanoma formation, although breeding the  p53  mutation onto the  kita/H-RAS   GV12   
double transgenic zebrafi sh resulted in accelerated melanoma growth. In addition, 
when an  mitf:Gal4VP16  was instead used to control  H-RAS   GV12   expression, the 
embryonic hyperpigmentation phenotype and the penetrance of melanoma forma-
tion were decreased, raising the intriguing possibility that differences in the cell-of- 
origin for the  mitfa  versus the  kita  transgenics might underlie these differences. 
 H-RAS  levels were higher in the  kita  model when compared to the  mitfa  model, 
complicating fi rm conclusions on this point. 

 In a follow-up report aimed at looking at the cell of origin for these melanomas, the 
authors mated the  kita/H-RAS   GV12   double transgenics into the zebrafi sh  picasso  mutant, 
an  erbB3b  mutant that lacks or has much reduced adult melanocyte stem cells [ 30 ]. 
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These fi sh still developed melanoma tumors at a rate similar to the  erbB3b  wild type 
counterparts, although the tumors were smaller. This suggests that the cell of origin for 
the tumors arises in an  erbB3b- independent manner, perhaps most provocatively from 
a different population of stem/progenitor cells than the bulk of adult melanocytes that 
appear to depend on  erbB3b  signaling.   

    Putting the Models to Good Use 

 Among its greatest strengths as a vertebrate model are the zebrafi sh’s high fecun-
dity, rapid embryonic development, and signifi cant genetic manipulability. 
Combining these assets with the excellent melanoma models described above has 
led to a number of signifi cant advances in the melanoma fi eld. 

    Separating the Wheat from the Chaff: Identifying Accelerators 
of Melanomagenesis 

 Cancer genomic data continues to accumulate at an astounding rate, spurred on by 
relatively inexpensive next generation sequencing platforms. Melanoma is one of 
the most genomically complex cancers, but even with less genomically complicated 
tumors [ 8 ], identifying relevant driver or accelerator mutations (i.e. those that func-
tionally contribute to the development and growth of a tumor) as opposed to pas-
senger events (i.e. mutations that happen to be present in an expanding clone, but do 
not have functional consequences) remains a fundamental challenge. 

 Ceol, Houvras, and colleagues took on this challenge by developing an elegant 
transgenic screening tool to apply to the  mitfa:BRAF   V600E   melanoma model [ 22 ]. By 
examining a large set of human melanoma cell lines and short-term tumor cultures, 
the authors developed a list of genes present in a recurrently amplifi ed region of 
chromosome 1q21 that were also overexpressed at the mRNA level. To test the abil-
ity of each of the 17 genes in question to alter melanoma onset, the authors cloned 
each test gene into their novel transgenic vector termed  miniCoopR.  This vector 
contained two key elements: (1) an  mitfa  minigene made up of the  mitfa  promoter, 
ORF, and 3′ UTR and (2) the  mitfa  promoter driving the test gene. The  mitfa  
minigene produces functional Mitfa protein, and thus can rescue a  mitfa  null cell 
that is destined to form a melanocyte in an otherwise  mitfa  null, or  nacre/na , zebraf-
ish. When combined with the  p53  mutant/ mitfa:BRAF   V600E   model developed by 
Patton et al and bred onto the  mitfa  null background, a  miniCoopR- rescued melano-
cyte can then go on to form a melanoma (see Figs.  1  and  2 ). By linking the  mitfa  
minigene in  cis  to the test gene in the  miniCoopR  vector, all melanocytes that form 
will also contain the test gene, and the effect of this gene on melanoma formation 
can then be directly assessed.
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    Among the genes tested, one gene,  SETDB1 , a H3K9 methyltransferase, was 
found to accelerate melanoma onset from 19 weeks for control fi sh ( miniCoopR  with 
 EGFP  as the test gene) to 12 weeks. The  SETDB1- associated tumors were particu-
larly aggressive, with even premalignant melanocytes showing loss of oncogene- 
induced senescence character as assayed by SA-β-Gal. Gene expression and ChIP-Seq 
analysis showed alterations in expression of genes in the  HOXA  cluster with associ-
ated changes in  SETDB1  binding and H3K9 methyl marks that correlated with levels 
of  SETDB1  expression. Finally, another gene,  SUV39H1 , that complexes with 
 SETDB1  as a H3K9 methyltransferase was also found to accelerate melanoma onset. 

  Fig. 1    Modeling melanoma in the zebrafi sh. ( a ) A wild type adult zebrafi sh demonstrating the 
normal stripe pattern which incorporates the darkly pigmented, punctate melanocytes that are 
readily visible on the body and fi ns. ( b ) An  mitfa , or  nacre , mutant zebrafi sh that lacks the black 
melanocytes and associated stripes. This fi sh is also  p53 −/−  and contains the  mitfa:BRAF   V600E   
transgene that leads to melanoma formation when melanocytes are present. ( c ) A F0 transgenic 
zebrafi sh that shares the genetic background with the fi sh in panel ( b ) ( mitfa −/−; p53 −/−; 
mitfa:BRAF   V600E   / mitfa:BRAF   V600E  ) but has been injected with the  miniCoopR  vector containing the 
 mitfa  minigene. Note the mosaic rescue of pigmented melanocytes on the fi sh, and the early forma-
tion of two raised melanoma tumors ( arrows , head and dorsal fi n)       
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 From a disease modeling perspective, this study is exceptional in testing a sig-
nifi cant number of genes in a de novo tumor model and identifying a new accelera-
tor of melanoma formation. As Ceol and colleagues state, this required the production 
and observation of ~3000 transgenic animals; such an approach would not be fea-
sible in other vertebrate models. For the cancer biology fi eld, this paper further 
highlights the importance of chromatin modifi ers, particularly  methyltransferases, 
in controlling melanoma formation and may represent a druggable enzymatic activ-
ity with therapeutic relevance in melanoma. 

 In a separate paper the following year, Ceol, Houvras, and Zon used the  mini-
CoopR  system to contribute functional in vivo data to a story about the loss of 
5-hydroxymethylcytosine (5-hmC) in melanoma [ 24 ]. The lead authors had identi-
fi ed an alteration in the 5-hmC mark as melanocytes (high 5-hmC) became mela-
noma (low 5-hmC). By cloning the  IDH2  gene into  miniCoopR,  which would tend 
to increase 5-hmC levels, Ceol and colleagues found that melanoma onset was 
signifi cantly delayed as compared to control  miniCoopR;EGFP  and that the  IDH2  
tumors were smaller and less invasive than controls. These data supported the 

  Fig. 2    Histology of 
zebrafi sh melanoma from 
the  p53/BRAF   V600E   model. 
( a ) Large tumor forming 
below the scale ( arrow ) on 
the caudal peduncle. Note 
the variable presence of 
brown/black pigmentation 
in the highly pleomorphic 
tumor cells. ( b ) Another 
view showing the highly 
invasive nature of the 
melanoma tumor below the 
skin (scales marked with 
 arrows ) as it infi ltrates and 
disrupts the muscle fi bers 
(asterisk ‘*’ marking one 
fi ber) of the underlying 
tissue       
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functional relevance of altering the 5-hmC chromatin mark in melanomagenesis, 
and the approach once again demonstrated the utility of being able to test a candi-
date gene in a de novo tumor model.  

    Repurposing a Drug: A Chemical Inhibitor of Neural Crest 
and Melanoma 

 Publishing simultaneously with the  SETDB1  story, White and colleagues analyzed 
the gene expression signatures of  p53  mutant/ mitfa:BRAF   V600E   embryos and mela-
nomas [ 23 ]. Among the core of 123 overlapping upregulated genes in both settings, 
the authors noted a number of neural crest stem cell and melanocyte genes ( crestin, 
sox10,  and  ednrb  and  tyr  and  dct , respectively), leading them to infer that the mela-
nomas had readopted aspects of neural crest identity. Indeed, the expression of 
 EDNRB  and  SOX10  are frequent features of human melanomas [ 23 ]. Following this 
line of thought, chemicals that inhibit neural crest identity might also inhibit mela-
noma formation and growth. Among vertebrate models, the zebrafi sh uniquely 
allows for the high-throughput in vivo testing of chemical modifi ers of relevant 
biological processes, particularly those that can be assayed in embryos. 

 Using this chemical genetic approach, White et al. screened wild type zebrafi sh 
embryos for loss of neural crest formation, as assayed by in situ for the neural crest 
marker gene  crestin  at 24 hpf [ 31 ,  32 ], after treatment with a library of bioactive 
compounds beginning at 50 % epiboly. After screening ~2000 chemicals, they 
focused on several inhibitors of the pyrimidine biosynthesis enzyme DHODH and, 
in particular, on a FDA-approved drug lefl unomide used in the treatment of rheuma-
toid arthritis. Treatment of embryos with lefl unomide abrogated formation of neural 
crest and its derivatives including melanocytes and glial cells. Combining low dose 
lefl unomide treatment with heterozygous loss of  spt5 , a component of the transcrip-
tional elongation machinery, synergized to reproduce the  spt5  null phenotype, indi-
cating a defect in transcriptional elongation was responsible for the effect of 
lefl unomide. This was further supported by ChIP-Seq for RNA  POL2  showing less 
 POL2  enzyme present in the body of genes than near the transcriptional start site, 
indicating an elongation defect. Perhaps most beautifully, lefl unomide was found to 
inhibit growth of the A375 melanoma cell line both in culture and in mouse xeno-
grafts. Combining lefl unomide with the  BRAF  inhibitor vemurafenib was also syn-
ergistic in its effect, suggesting a clear therapeutic angle for human testing using 
two FDA approved drugs. 

 Once again, the  p53 / mitfa:BRAF   V600E   model proved useful both in clarifying a 
fundamental feature of melanoma (i.e. the re-expression of neural crest progenitor 
genes) and for developing a solid lead for targeting this characteristic for therapeu-
tic benefi t. Whether or not lefl unomide proves to be the optimal agent for treating 
human melanoma, the principle that inhibiting the pyrimidine biosynthetic pathway 
or transcriptional elongation uncovers a particular sensitivity of neural crest and 
melanoma will remain a valuable fi nding.  
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    Relationship Status: It’s Complicated—Mitf and Melanoma 

 The transcription factor  mitfa  is required for melanocyte formation in zebrafi sh, as 
are the corresponding human and mouse  MITF  orthologues. The function of  MITF  
in melanoma formation and tumorigenicity has remained complex with  MITF  levels 
varying widely among different melanomas and with apparent context-dependent 
relationships in how increased/decreased amount of  MITF  favor or disfavor tumor 
growth [ 33 ]. In one of the more recent and unique zebrafi sh melanoma studies, 
Lister et al make powerful use of a temperature sensitive  mitfa  allele, termed  mit-
fa   vc7  , to analyze the effect of altering  mitfa  activity on  de novo  melanoma formation 
[ 25 ]. The authors fi rst mated this  mitfa   vc7   allelle into the  p53/mitfa:BRAF   V600E   back-
ground. As expected, melanocytes and tumors did not form in zebrafi sh grown at 
the restrictive higher temperature (28 °C) where  mitfa  activity is lost due to a splic-
ing defect [ 34 ]. Surprisingly, melanoma tumors formed at the permissive tempera-
ture (<26 °C), even in the absence of an accompanying  p53  mutation unlike in the 
original single  mitfa:BRAF   V600E   transgenics. The authors found that tumors arising 
in the hypomorphic  mitfa  background expressed lower levels of the melanocyte dif-
ferentiation markers  dct  and  tyr  but higher levels of  c-met  as compared to  p53/
mitfa:BRAF   V600E   tumors, leading them to propose that perhaps the lower  mitfa  activ-
ity of the  ts  allele holds melanocytes in a less differentiated state that is more prone 
to transformation. The hypomorph  mitfa  tumors typically regressed when the fi sh 
were shifted to the higher restrictive temperature, and then recurred when returned 
to the permissive temperature, indicating that a tumor initiating population survives 
at the restrictive temperature or the tumor incompletely regressed. 

 This study beautifully provides a genetic proof that  mitfa  activity is required to 
maintain melanomas, further supporting efforts to inhibit  MITF  as a melanoma treat-
ment. Provocatively, this study also indicates that “low dose”  mitf  activity may actu-
ally be dangerous and, in itself, oncogenic in the context of a  BRAF   V600E   melanocyte.  

    Engineered, but Genetically Complex Tumors 

 As described earlier in the chapter, forcing expression of the human oncogenes 
 BRAF   V600E   or  NRAS   Q61K   in melanocytes using the  mitfa  promoter in a  p53  mutant 
zebrafi sh leads to melanoma formation. Might other genetic alterations recurrently 
arise in tumors arising in these tumor models? This was the question that Yen and 
colleagues set out to address when they sequenced the complete exomes of 53 inde-
pendent zebrafi sh primary melanomas [ 35 ]. They identifi ed 403 point mutations 
and 13 insertions/deletions, an apparently substantial number for a non-UV exposed 
setting. They did fi nd one 175 kb segment on Chr 3 that was amplifi ed in 10 tumors, 
although this region was not readily corroborated by human data. Interestingly, the 
 tert  gene was amplifi ed in 4 tumors in line with its frequent promoter mutation in 
human melanoma (~90 % of tumors) that leads to increased expression. 
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 While this initial study did not identify new oncogenic events in these melanoma 
models, it did highlight that a signifi cant number of genomic alterations occur dur-
ing tumor formation, even when the system is prepped to produce cancer. Further, 
the authors were able to overcome the relatively outbred genetic character of the 
zebrafi sh to perform such an analysis, which bodes well for future analyses using 
the model. Going forward, perhaps assaying a larger number of tumors will tease 
out more recurrent mutational events, or if resources were to allow, performing 
whole genome sequencing might identify noncoding mutations that alter gene 
expression (e.g. enhancer mutations).   

    Frontiers 

 In a relatively short time, the zebrafi sh melanoma fi eld has contributed important 
insights into the basic biology of melanoma and cancer and has offered novel guid-
ance on potential new therapeutic approaches. As the fi eld continues to grow, we 
should consider where and how further contributions can be made. 

  Additional Melanoma Oncogenes     As described in a recent large-scale genomics 
paper on human cutaneous melanoma, four major subtypes of cutaneous melanoma 
exist:  BRAF, RAS, NF1,  and triple wild-type tumors [ 9 ]. With  BRAF  and  RAS  mod-
els in hand, developing an  NF1 -dependent model could be revealing, as would test-
ing even infrequently mutated potential drivers found in the triple wild-type class 
(e.g.  GNAQ/11, KIT, CTNNB1,  and  EZH2 ). The zebrafi sh fi eld has thus far focused 
on cutaneous melanoma, and these potential  GNAQ/11  (for uveal) [ 36 ,  37 ] and  KIT  
(for acral/mucosal) [ 38 ] transgenics could also broaden the available models for 
noncutaneous melanoma subtypes.  

  Loss of Function Mutations     The CRISPR/Cas9 gene targeting technology has been 
successfully applied in the zebrafi sh to inactivate genes of interest [ 39 – 41 ]. Applying 
this technology in the zebrafi sh melanoma model seems ideal to test loss of function 
candidates that may alter disease onset and/or progression.  

  Immune Function     The function of the immune system in engineered zebrafi sh mel-
anomas has been largely unexplored. With immune modulatory drugs becoming the 
cornerstone of melanoma and potentially other solid tumor therapies [ 42 ], a thor-
ough analysis of immune function in zebrafi sh tumors will be instructive and, per-
haps, essential in connecting the model to the human disease.  

  Tumor Initiation, Progression, and Metastasis     One major advantage of genetically 
engineered tumor models is the relatively synchronous development of  de novo  
tumors as compared to the essentially spontaneous formation of cancer in humans. 
With the ability to generate very large cohorts of animals coupled with the acces-
sibility for sampling and visualization of cutaneous melanoma, the zebrafi sh should 
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be a prime candidate for longitudinal analysis of tumors from initiation through 
metastasis (or local invasion, see Fig.  2 ). To further interrogate the stage at which a 
gene of interest functions, the tools describe here, including the  miniCoopR  system, 
traditional mutants, or CRISPR/Cas9-generated alleles, would clearly apply.  

  Transplantation Models     A number of important models have been developed for 
transplantation studies that allow for improved visualization of transplanted cells 
(e.g. transparent, pigment-free  Casper  zebrafi sh) [ 43 ] or reduced immune responses 
(e.g.  rag2  mutants) [ 44 ]. Ideally, immunologically matched recipient zebrafi sh 
would be paired with melanoma-bearing donors to remove confounding effects of 
simple tissue rejection and complications from conditioning regimens, such as 
irradiation.  

 The progress in the zebrafi sh melanoma fi eld to date has been substantial, and the 
community should look forward to continued exciting advances as the newest com-
ponents of the zebrafi sh molecular genetic toolbox are applied.     
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    Abstract     Neuroblastoma, an important developmental tumor arising in the 
 peripheral sympathetic nervous system (PSNS), accounts for approximately 10 % 
of all cancer-related deaths in children. Recent genomic analyses have identifi ed a 
spectrum of genetic alterations in this tumor. Amplifi cation of the  MYCN  oncogene 
is found in 20 % of cases and is often accompanied by mutational activation of the 
 ALK  (anaplastic lymphoma kinase) gene, suggesting their cooperation in tumor ini-
tiation and spread. Understanding how complex genetic changes function together 
in oncogenesis has been a continuing and daunting task in cancer research. This 
challenge was addressed in neuroblastoma by generating a transgenic zebrafi sh 
model that overexpresses human  MYCN  and activated  ALK  in the PSNS, leading to 
tumors that closely resemble human neuroblastoma and new opportunities to probe 
the mechanisms that underlie the pathogenesis of this tumor. For example, coex-
pression of activated  ALK  with  MYCN  in this model triples the penetrance of neuro-
blastoma and markedly accelerates tumor onset, demonstrating the interaction of 
these modifi ed genes in tumor development. Further,  MYCN  overexpression induces 
adrenal sympathetic neuroblast hyperplasia, blocks chromaffi n cell differentiation, 
and ultimately triggers a developmentally-timed apoptotic response in the hyper-
plastic sympathoadrenal cells. In the context of  MYCN  overexpression ,  activated 
ALK provides prosurvival signals that block this apoptotic response, allowing con-
tinued expansion and oncogenic transformation of hyperplastic neuroblasts, thus 
promoting progression to neuroblastoma. This application of the zebrafi sh model 
illustrates its value in rational assessment of the multigenic changes that defi ne 
neuroblastoma pathogenesis and points the way to future studies to identify novel 
targets for therapeutic intervention.  

        S.   Zhu      (*) 
  Department of Biochemistry and Molecular Biology ,  Cancer Center and Center 
for Individualized Medicine, Mayo Clinic ,   Rochester ,  MN   55902 ,  USA    
 e-mail: Zhu.shizhen@mayo.edu   

    A.   Thomas Look      (*) 
  Department of Pediatric Oncology ,  Dana-Farber Cancer Institute, Harvard Medical School , 
  Boston ,  MA   02115 ,  USA   
 e-mail: thomas_look@dfci.harvard.edu  

mailto:Zhu.shizhen@mayo.edu
mailto:thomas_look@dfci.harvard.edu


452

  Keywords     Zebrafi sh   •   Animal model   •   Neuroblastoma   •   Neural crest   •   MYCN   
•   ALK   •   Transgenesis   •   Functional genomic  

      Introduction 

 Neuroblastoma is the most common extracranial solid tumor diagnosed during the 
fi rst year of life, accounting for 10–13 % of all deaths due to pediatric cancer [ 1 – 3 ]. 
It arises from incompletely committed primordial neural crest cells that usually gen-
erate the adrenal medulla and sympathetic neural ganglia [ 4 ]. Sixty-fi ve percent of 
these tumors occur in the abdomen, often in the adrenal medulla, while others 
develop in the paraspinal sympathetic ganglia (5 %). The remainder of tumors arise 
from the sympathetic ganglia in the chest (~20 %), head/neck (~5 %), and pelvis 
(~5 %) [ 5 ]. Neuroblastoma displays remarkable heterogeneity, including diverse 
clinical responses to therapy, ranging from an overall survival rate exceeding 90 % 
for low- or intermediate-risk patients who receive standard or no treatment to a 
mortality rate greater than 50 % for high-risk patients who receive intensive multi-
modal therapy [ 1 ]. As a malignant childhood tumor, neuroblastoma is driven by 
aberrant growth- and differentiation-dependent molecular pathways that usurp the 
controls of normal organogenesis and development, leading to the transformation of 
primitive sympathoadrenal neural crest cells. Understanding the cellular and molec-
ular basis of neuroblastoma pathogenesis is therefore key to the development of 
innovative therapeutics that target neuroblastoma cells while sparing healthy tissue, 
in contrast to the indiscriminate effects of intensive chemotherapy and ionizing 
radiation. This task, although formidable, has yielded considerable ground to stud-
ies with human cell culture systems and animal models. The challenge now is to 
translate the accumulating molecular fi ndings in neuroblastoma into effective tar-
geted therapy. This chapter reviews the essential cells of origin and molecular fea-
tures of neuroblastoma, and illustrates how the zebrafi sh is being used to model 
complex combinations of genetic alterations in this tumor, thus establishing the fi sh 
as a critical tool for future research.  

    Neuroblastoma Cell Biology 

 Neuroblastoma is an embryonal tumor of the PSNS [ 6 ,  7 ]. The cell of origin is 
thought to be a developing and incompletely committed precursor cell derived from 
the sympathoadrenal lineage of neural crest [ 4 ,  8 ], a transient structure in develop-
ing vertebrate embryos, sometimes referred to as the fourth germ layer, that arises 
at the interface between the epidermal and neural ectoderm [ 9 ]. This transient, mul-
tipotent, and migratory population of cells give rise to different cell types, including 
neurons and glia of the autonomic and sensory nervous systems, neuroendocrine 
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chromaffi n cells in the adrenal medulla, pigment cells, Schwann cells, and cells of 
the craniofacial skeleton [ 9 – 13 ]. A subset of neural crest cells within the trunk 
region of neural tube is determined to be the sympathoadrenal lineage, which gen-
erates the sympathetic neurons, chromaffi n cells and the intermediate small 
intensely fl uorescent cells that are intermediate type of cells between sympathetic 
neurons and chromaffi n cells [ 14 – 17 ]. Upon induction of BMP (bone morphoge-
netic protein) and Wnt (wingless-type MMTV integration-site family)-dependent 
signaling, produced at the border between future neural and nonneural ectoderm 
[ 18 – 20 ], the neural crest progenitor cells located at the dorsal region of the neural 
tube delaminate and undergo an epithelial-to-mesenchymal transition (EMT), sub-
sequently migrating via a ventrolateral pathway to the dorsal aorta [ 9 ]. Once they 
reach the dorsal aorta, these neural crest cells receive the signals from the dorsal 
aorta, such as BMPs 2/4/7 [ 21 ,  22 ], and begin to acquire their catecholaminergic 
features as sympathoadrenal progenitors and turn on the expression of a variety of 
transcription factors including,  MASH-1/CASH-1  (the mammalian/chicken achaete-
scute homolog) [ 23 ,  24 ],  Phox2a/b  (paired-like homeobox 2a/b) [ 25 ],  HAND2  
(heart and neural crest derivatives expressed 2) [ 26 ,  27 ],  Gata2/3  (GATA binding 
protein 2/3) [ 28 ,  29 ] and  tfap2a  (transcription factor AP-2 alpha) [ 30 ,  31 ], which 
interact in a complex regulatory network to ultimately induce the expression of 
components of the catecholaminergic synthetic machinery, e.g.,  Th  (tyrosine 
hydroxylase) and  Dβh  (dopamine β-hydroxylase) [ 32 – 34 ]. These sympathoadrenal 
progenitors then further differentiate into either sympathetic neurons that form a 
chain along the spine or chromaffi n cells that migrate to the adrenal medulla [ 21 , 
 35 – 37 ] (see Fig.  1 ).

   How and when the adrenal chromaffi n cells and sympathetic neurons are segre-
gated during embryogenesis has been a long-standing question. Accumulating evi-
dence from detailed lineage studies in developing chicken embryos and specifi c 
gene manipulation in avian, zebrafi sh and mouse models has suggested that sympa-
thetic neurons and chromaffi n cells are derived from common progenitor cells [ 3 , 
 17 ,  38 ,  39 ]. Earlier study from chick has found that the sympathoadrenal progenitor 
cells in a defi ned region along the anteroposterior body axis (the level of somites 
18–24 in chick embryos, which is the “adrenomedullary level”) can give rise to 
both sympathetic neurons and chromaffi n cells [ 38 ]. Recent single cell electropora-
tions of a GFP-encoding plasmid into the neural crest located at the dorsal midline 
of E2 chick neural tubes at the adrenomedullary level revealed that the labeled 
GFP- positive cell can be detected in both sympathetic ganglia and adrenal glands, 
further supporting the notion that sympathetic neurons and adrenal chromaffi n cells 
share a common progenitor in the neural tube [ 17 ]. Furthermore, Takahashi’s group 
has recently demonstrated that the BMPs secreted from dorsal aorta induce the 
expression of stromal cell-derived factor-1 ( SDF1 , a chemokine, also called 
 CXCL12 ), and Neuregulin 1 [ NRG1  of the epidermal growth factor ( EGF ) family] 
in the para- aortic mesenchyme, which in turn attracts the sympathoadrenal progeni-
tors to migrate to the dorsal aorta region [ 3 ]. This group also showed that both  BMP  
and  NRG1-ErbBs  signaling pathways are critical for the segregation of the sympa-
thetic neurons and chromaffi n cells and are required for attracting the chromaffi n 
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cells to the target region, adrenal gland [ 3 ]. Thus, the dorsal aorta acts as a morpho-
genetic signaling center that coordinates sympathoadrenal neural crest cells migra-
tion and cell lineage segregation. However, whether the mechanisms underlying 
the transformation of sympathoadrenal cells in the ganglia and adrenal medulla are 
same and why neuroblastoma arises in the adrenal medulla at a higher frequency 
(60 %) than in the sympathetic ganglia (~20 % in chest, ~5 % head/neck, and ~5 % 
in pelvis) [ 5 ] remains unanswered.  

  Fig. 1    Differentiation of cells of the peripheral sympathetic nervous system (PSNS). Cells at the 
dorsal region of the neural tube undergo an epithelial-to-mesenchymal transition [(EMT) ( red 
population )], delaminate from the neural tube ( orange ), and migrate ventrally to the aorta ( green ), 
where they are commonly referred to as the sympathoadrenal progenitors ( blue  and  purple ). From 
the aortic region, the cells then migrate to the developing adrenal gland (AP) to become chromaffi n 
cells or differentiate to become sympathetic ganglia (SG). As cells begin to differentiate as sym-
pathetic ganglia, they upregulate neural markers while chromaffi n cells upregulate proteins found 
in the adrenal gland [ 8 ]. Genes either demonstrated or thought to be involved in PSNS develop-
ment [ 27 ,  35 ,  140 ] are listed on the fi gure near the step(s) they promote.  Abbreviations :  A  aorta,  AP  
adrenal primordial,  NC  notochord,  NT  neural tube,  SG  sympathetic ganglia. This fi gure is repro-
duced from ref [ 8 ]       
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    Genetic Alterations in Neuroblastoma 

 Many genes that are important for the normal development of PSNS have been 
found to be mutated, deleted, amplifi ed or aberrantly expressed in neuroblastoma 
through various mechanisms. Familial neuroblastoma is rare, accounting for only 
1–2 % of all cases of this tumor [ 40 – 42 ]. Genetic alterations in two genes,  PHOX2B  
and  ALK,  have been identifi ed in ~80 % of hereditary neuroblastomas.  PHOX2B , 
which encodes a homeodomain transcription factor, was the fi rst candidate predis-
position gene identifi ed in neuroblastoma [ 41 ,  43 ]. As a master regulator of devel-
opment of the autonomic nervous system, the PHOX2B protein drives differentiation 
of neural crest progenitors to sympathetic neurons [ 44 ]. Mutations of this gene 
cause aberrant differentiation of the sympathoadrenal lineage of neural crest, lead-
ing to neurocristopathies, such as Hirschsprung disease [ 45 ], and neuroblastoma 
[ 41 ,  43 ,  46 ]. In the absence of  Phox2b , autonomic neurogenesis is completely abol-
ished in mice [ 25 ,  47 ]. In zebrafi sh, aberrant  PHOX2B  expression, mediated by 
either overexpression of neuroblastoma-associated frameshift dominate-negative 
mutant  PHOX2B  (676delG [ 41 ] or K155X [ 48 ]) or knockdown of endogenous 
 phox2b , causes an arrest in the normal maturation of sympathetic neurons and 
inhibits retinoic acid-induced differentiation [ 49 ]. These accumulated undifferenti-
ated sympathetic neuronal progenitors may increase the susceptibility to secondary 
mutations that could ultimately lead to neuroblastoma [ 49 ]. 

 The most commonly mutated gene associated with familial neuroblastoma is 
anaplastic lymphoma kinase ( ALK ), found in ~75 % of hereditary cases [ 40 ,  50 – 53 ]. 
It encodes a receptor tyrosine kinase and was originally identifi ed as a fusion pro-
tein with nucleophosmin in cases of anaplastic large cell lymphoma [ 54 ]. ALK is 
preferentially expressed in the central and peripheral nervous system [ 55 ], where it 
plays a critical role in neuron differentiation [ 56 ], sympathetic neuron development 
and survival of migratory neural crest cells [ 57 ]. Knock-in mice expressing the most 
frequent germline mutation,  ALKR1275Q , develop enlarged sympathetic ganglia 
and, in the context of  MYCN  overexpression [ 58 ], early onset of multifocal neuro-
blastoma, emphasizing the role of germline  ALK  mutations in neuroblastoma 
predisposition. 

 Over the last two decades, many chromosomal and molecular abnormalities 
have been identifi ed in neuroblastoma and used for risk assignment and to predic-
tion of disease outcome. The most important of these is amplifi ed  MYCN , the hall-
mark of high-risk neuroblastoma with a poor prognosis.  MYCN  amplifi cation 
(defi ned as  > 10 gene copies at chromosome band 2p24) is found in approximately 
20 % of neuroblastoma cases and is more common in patients with advanced-stage 
disease and a poor outcome [ 59 ]. This alteration is signifi cantly associated with 
1p36 loss of heterozygosity (LOH), and is found in approximately 25–35 % of pri-
mary neuroblastomas [ 60 ]. By contrast, chromosome 11q deletions (identifi ed in 
15–22 % of primary neuroblastomas) are often found in high-stage tumors without 
 MYCN  amplifi cation and with intact chromosome 1p [ 61 ]. Partial chromosome 17q 
gain is the most common genetic aberration, occurring in approximately 80 % of 
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neuroblastoma regardless of  MYCN  status [ 62 ,  63 ]. Deletion of chromosome 3p is 
found in neuroblastoma patients with an older age at diagnosis, and is often associ-
ated with 11q loss, without  MYCN  amplifi cation or 1p deletion [ 64 ,  65 ]. 

 In an effort to improve understanding of the molecular basis of neuroblastoma 
and to identify novel tumor marker genes for diagnosis and druggable targets for 
improved therapy, different groups of investigators have examined more than 400 
neuroblastoma cases by integrative genomic analyses over the last two decades. In 
those studies,  ALK , the most important predisposition gene found in hereditary 
neuroblastoma, was identifi ed as the most frequently mutated gene in cases of spo-
radic high-risk neuroblastoma (8–10 % of total cases) [ 40 ,  50 ,  51 ,  66 – 68 ].  ALK  
mutations were found in 10.9 % of  MYCN -amplifi ed tumors, while  F1174  muta-
tions, the most common of the  ALK  somatic mutations, were overrepresented in 
 MYCN -amplifi ed tumors [ 52 ], suggesting that these two oncogenes may collabo-
rate in neuroblastoma pathogenesis. Indeed, transgenic animal models overex-
pressing  MYCN  and aberrantly activated  ALK  developed neuroblastomas that 
faithfully recapitulated the features of high-risk neuroblastoma [ 69 – 71 ]. We have 
used a zebrafi sh model to show that activated  ALK  expression synergizes with 
 MYCN  by blocking a developmentally timed apoptotic response that typically 
occurs in  MYCN -overexpressing sympathoadrenal precursors [ 70 ], opening the 
way for analysis of other oncogenes that potentiate the activity of  MYCN  during 
neuroblastoma pathogenesis, a research avenue that will be discussed in detail later 
in this chapter. 

 Additional mutations were identifi ed in a study by Meyerson’s and Maris’ groups 
of 240 high-risk neuroblastoma cases diagnosed in patients over 18 months of age 
with widely disseminated tumors [ 66 ]. These investigators used a combination of 
whole-exome, whole genome and transcriptome sequencing to identify the most 
frequently mutated genes, including the protein tyrosine phosphatase  PTPN11  
(2.9 %), the RNA helicase  ATRX  (2.5 %),  MYCN  (1.7 %), and  NRAS  (0.83 %) [ 66 ] 
(Fig.  2 ). In a whole-genome sequence analysis of 87 neuroblastomas of all stages, 
Versteeg’s group found chromothripsis, defi ned as structural defects characterized 
by local shredding of chromosomes, in 18 % of high-stage neuroblastomas [ 67 ]. 
These structural alterations recurrently affected genes involved in neuronal growth 
cone stabilization, such as  ODZ3 ,  PTPRD  and  CSMD1  [ 67 ]. Furthermore, muta-
tions in the genes involved in  Rac/Rho  signaling-mediated neuritogenesis, such as 
 ATRX ,  DLC1 ,  ARHGAP10 , and  TIAM1  were identifi ed, further suggesting defects 
in neuritogenesis in neuroblastoma [ 67 ]. In addition, Sausen and colleagues uncov-
ered recurrent mutations or focal deletions of the chromatin-remodeling genes 
 ARID1A  and  ARID1B  in 11 % of cases that were associated with early treatment 
failure and decreased survival [ 72 ]. Taken together, these integrative genomic stud-
ies have shown that neuroblastoma harbors very few recurrent somatic mutations 
despite its marked genetic heterogeneity.

   Finally, genome-wide association studies (GWAS) have identifi ed additional 
genes and pathways that contribute to neuroblastoma pathogenesis, but with low 
penetrance, suggesting that they are not suffi cient by themselves to induce tumor 
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formation. Several predisposing single-nucleotide polymorphisms (SNPs) within 
or adjacent to certain genes have been found, to be associated with a signifi cant 
risk of neuroblastoma. These include genes encoding the LIM-domain-only 1 pro-
tein ( LMO1 ) [ 73 ], BRCA1-associated RING domain 1 ( BARD1 ) [ 74 ], FLJ22536 
[ 75 ], dual-specifi city phosphatase 12 ( DUSP12 ) [ 44 ], hydroxysteroid (17 beta) 
dehydrogenase 12 ( HSD17B12 ) [ 44 ], DEAD-box polypeptide 4 ( DDX4 ) [ 44 ], 
interleukin 31 receptor A ( IL31RA ) [ 44 ], long intergenic non-protein-coding RNA 
340 ( LINC00340 ) [ 76 ], ankyrin repeat-containing E3 ubiquitin protein ligase 1 
( HACE1 ) [ 77 ], and lin28 homologue B ( LIN28B ) [ 77 ]. Overexpression of  Lin28b  
in the sympathetic adrenergic lineage of genetically engineered mice can induce 
neuroblastomas by decreasing  let-7  miRNA expression and increasing MYCN 
protein expression [ 78 ]. Although intriguing, the functional roles of these GWAS-
identifi ed genetic alterations in neuroblastoma pathogenesis remain elusive, and 
will require additional study in robust animal model systems to elucidate 
mechanisms.  

  Fig. 2    Genetic variation in neuroblastoma. Comparison of clinical and genomic data ( rows ) for 
240 cases of neuroblastoma ( columns ). The data sources and sequencing technology were whole- 
exome sequencing (WES) from whole-genome amplifi cation (WGA;  light purple ), WES from 
native DNA ( dark purple ), Illumina whole-genome sequencing (WGS;  green ) and Complete 
Genomics WGS ( yellow ).  Striped blocks  indicate that cases were analyzed by different approaches. 
The clinical variables included gender (male,  blue ; female,  pink ) and age ( brown spectrum ). Copy 
number alterations refer to ploidy measured by fl ow cytometry (with hyperdiploid defi ned as a 
DNA index >1) and clinically relevant copy number alterations derived from sequence data. 
Signifi cantly mutated genes are those with statistically signifi cant mutation counts given the back-
ground mutation rate, gene size and expression in neuroblastoma. Germline denotes genes with 
signifi cant numbers of germline variants or loss-of-function cancer gene variants in their cohort. 
DNA repair refers to genes that may be associated with an increased mutation frequency in two 
apparently hypermutated tumors. Predicted effects of somatic mutations are color coded according 
to the legend.  MYCN amp  MYCN amplifi cation. This fi gure is reproduced from ref [ 66 ]       
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    Animal Models of Neuroblastoma 

 Translating the genetic and epigenetic alterations that have come to light in neuro-
blastoma will require careful selection of animal models that capture the complex 
nuances of human cancer development, especially those with the potential to cata-
lyze treatment advances. Several issues are important for choosing an appropriate 
animal model for the study of neuroblastoma and other cancers. (1) Are the physiol-
ogy and genetic make-up of the candidate animal model comparable to those of 
humans? (2) Are the techniques required for transgenesis and gene knockout or 
knockin readily available and effi cient? (3) Do the induced tumors develop in a 
reasonable time? (4) Can tumor development or progression be monitored in a reli-
able and straightforward manner? (5) Do tumors in the animal model recapitulate 
the features of tumors in patients, such as anatomic localization, histology and 
immunohistochemistry? (6) Can the genetically modifi ed animals be produced in 
large numbers? (7) Is the genetically modifi ed animal amenable to pharmacologic 
studies and large-scale drug screening? 

 Initially, in vivo models of neuroblastoma were developed by xenografts of 
human tumor cells in either immunosuppressed animals or syngeneic rodent 
models [ 6 ]. In the late 1990s, Weiss and colleagues developed the fi rst transgenic 
mouse model of neuroblastoma by overexpressing human  MYCN  in the PSNS 
under control of the tyrosine hydroxylase ( TH ) promoter [ 79 ]. The  TH  promoter 
is active in migrating neural crest and this enzyme catalyzes the reaction in 
which L-tyrosine is hydroxylated in the meta position to obtain L-3,4-
dihydroxyphenylalanine (L-DOPA), which is the rate limiting step in the produc-
tion of catecholamines in the sympathetic ganglia and adrenal gland, sites where 
neuroblastoma often arises [ 80 ]. Overexpression of  MYCN  under control of the 
 TH  promoter induces neuroblastoma formation in the sympathetic ganglia of 
transgenic mice but not the adrenal gland [ 79 ]. Tumor onset in this context can be 
accelerated by heterozygous loss of either of two tumor suppressor genes,  NF1  or 
 RB1 , in compound transgenic mice overexpressing  MYCN , suggesting that altera-
tions of these genes collaborate with  MYCN  to contribute to neuroblastoma 
pathogenesis [ 79 ]. Since then, a number of murine neuroblastoma models have 
been developed, including those in which mutationally activated  ALK  is expressed 
under control of the  TH  promoter [ 71 ],  LIN28B  is conditionally overexpressed 
under control of the  Dβh  promoter [ 78 ] or mutant  ALK  is expressed under control 
of the endogenous  ALK  promoter in a knockin mouse [ 58 ] (see Table  1 ). In addi-
tion, immune-defi cient mice bearing a highly pretreated, recurrent  MYCN -
amplifi ed primary human tumor have been used to determine the antiangiogenic 
effi cacy of NVP-BEZ235, a clinical PI3K inhibitor, in vivo [ 81 ]. For more 
detailed coverage of this topic, readers are referred to a more comprehensive 
review of genetically engineered murine models of neuroblastoma by Chesler 
and Weiss [ 82 ].
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       Zebrafi sh Cancer Models 

 The teleost zebrafi sh ( Danio rerio ) has been used as a model organism for studies 
of vertebrate embryogenesis since the 1960s and was fi rst applied to the study of 
tumor pathogenesis in 1982 [ 83 – 85 ]. Several unique advantages, such as ease of 
maintenance, small body size, and high fecundity, make the zebrafi sh a robust 
model for large-scale forward genetic screens to identify mutations that confer aber-
rant phenotypes [ 84 ]. The optical transparency of zebrafi sh embryos is another key 
feature supporting their use for cancer research, as it allows in vivo imaging to 
monitor tumor development in real time [ 83 ], an application that is relatively diffi -
cult in rodents [ 86 ]. Recent comparative genomics analysis of the zebrafi sh refer-
ence genome (Zv9) has revealed that zebrafi sh possess 26,206 protein-coding genes, 
71 % of which have human orthologues [ 87 ,  88 ]. Among the human disease- 
associated genes listed in the Online Mendelian Inheritance in Man (OMIM) data-
base, 82 % can be related to at least one zebrafi sh orthologue [ 87 ,  88 ], suggesting 
that the key genes and pathways involved in human cancer are conserved in the fi sh. 

   Table 1    Animal models of neuroblastoma   

 Model  Type  Gene  Location of tumor  References 

  TH-MYCN   Transgenic 
mouse 

 Human  MYCN   Multifocal tumors in 
sympathetic ganglia 

 [ 79 ] 

  DβH-MYCN; 
DβH-ALK 
F1174L  

 Transgenic 
zebrafi sh 

 Human  MYCN  and 
human 
 ALKF1174L  

 Adrenal and locally 
invasive 

 [ 70 ] 

  TH-MYCN; 
TH-ALK   F1174L   

 Transgenic 
mouse 

 Human  ALK   F1174L    Multifocal tumors in 
sympathetic ganglia 
or adrenals, locally 
invasive 

 [ 71 ] 

  LSL-Lin28b; 
Dbh-iCre  

 Conditional 
transgenic 
mouse 

 Mouse  Lin28b   Multifocal tumors in 
sympathetic ganglia 
or adrenals 

 [ 78 ] 

 Xenografts in 
immune-defi cient 
mice 

 Orthotopic or 
xenograft 

  MYCN -amplifi ed 
primary human 
tumor (SFNB-06) 

 Orthotopic xenografts 
of primary tumors in 
kidney capsule 

 [ 81 ] 

  TH-MYCN ; TH- 
Cre ;  Caspase 8  

 Conditional 
knockout 
mouse 

 Mouse  Caspase 8   Multifocal tumors in 
sympathetic ganglia 
and bone marrow 
metastasis 

 [ 83 ] 

  LSL-MYCN ; Dbh- 
iCre  

 Conditional 
transgenic 
mouse 

 Human  MYCN   Adrenal and 
sympathetic ganglia 

 [ 84 ] 

  TH-MYCN ;KI 
 Alk   R1279Q   or KI 
 Alk   F1178L   

 Knock-in 
mouse 

 Mouse  ALK    R1279Q   
and mouse  ALK  
  F1178L   

 Multifocal tumors, 
locally invasive 

 [ 58 ] 
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Consequently, the fi sh has been used successfully to model diverse types of human 
cancers, including T-cell acute lymphoblastic leukemia (T-ALL) [ 89 ,  90 ], myeloid 
malignancies [ 91 ,  92 ], neuroblastoma [ 70 ], melanoma [ 93 ,  94 ], rhabdomyosarcoma 
[ 95 ,  96 ], Ewing’s sarcoma [ 97 ], hepatocellular carcinoma [ 98 ], and pancreatic car-
cinoma [ 99 ].  

    Transgenic Zebrafi sh Model of Neuroblastoma 

 Deciphering the molecular basis for neuroblastoma formation in the PSNS has 
eluded investigators for many years. To approach this fundamental issue, we fi rst 
sought to develop a model system in which different oncogenes of interest could be 
specifi cally overexpressed in the PSNS. After isolating a 5.2 kb promoter fragment 
upstream of the coding sequence of the zebrafi sh  dβh  gene, which encodes the rate- 
limiting enzyme for noradrenalin synthesis, we demonstrated that this promoter can 
faithfully drive expression of enhanced green fl uorescent protein (EGFP) in the 
sympathetic ganglia and interrenal gland (IRG), the zebrafi sh analogue of adrenal 
gland, in a stable transgenic zebrafi sh [ 70 ]. By overexpressing the human  MYCN  
oncogene under control of the  dβh  promoter [ 70 ], we were then able to generate the 
fi rst zebrafi sh model of neuroblastoma. The resultant tumors closely resembled 
human neuroblastomas histologically, immunohistochemically and ultrastructur-
ally, with tumors arising in the IRG, which corresponds to the site of neuroblastoma 
origin in approximately half of all patients with this disease [ 70 ]. (See Table  2  for 
comparison of the zebrafi sh model to mouse models of neuroblastoma with  MYCN  
overexpression)

   The value of the zebrafi sh as a model system for coexpressing oncogenes that 
appear to play key roles in neuroblastoma pathogenesis is best illustrated by studies 
to demonstrate interactions between MYCN and other oncoprotein. For example, 
we and others have shown that F1174 mutations of the  ALK  gene are the most 
prevalent somatic activating mutations in  MYCN -amplifi ed neuroblastomas, sug-
gesting close collaboration between these genes during tumorigenesis [ 52 ]. To test 
this hypothesis, we developed a stable transgenic zebrafi sh line that overexpresses 
the human  ALK F1174L  oncogene under control of the  dβh  promoter. Overexpression 
of activated  ALK  alone was not suffi cient to drive tumorigenesis within the fi rst 
6-month monitoring period. By contrast, coexpression of activated  ALK  with  MYCN  
greatly potentiated the development of neuroblastoma, as demonstrated by a three-
fold increase in disease penetrance and a markedly accelerated tumor onset as com-
pared with that in the  MYCN -only transgenic fi sh (Fig.  3 ).

   Further analyses showed that  MYCN  overexpression blocks chromaffi n cell dif-
ferentiation and increases the number of Hu pan-neuronal marker-positive sympa-
thoadrenal progenitor cells in the IRG at 5 weeks of age (Fig.  4 ). Moreover,  MYCN  
overexpression triggered a developmentally-timed apoptotic response in hyperplas-
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   Table 2    Comparison of zebrafi sh and mouse models of  MYCN -overexpressing neuroblastoma   

 Feature 

  MYCN - 
overexpressing 
zebrafi sh [ 70 ]   MYCN -overexpressing mouse [ 79 ,  100 ] 

 Transgenic construct   Dβh-EGFP- MYCN  
[ 70 ] 

  TH-MYCN  [ 79 ]   LSL-MYCN & 
Dβh-iCre  [ 100 ] 

 Transgene expression  Direct expression of 
 EGFP-MYCN  
fusion gene in the 
PSNS of zebrafi sh 
under control of the 
 dβh  promoter 

 Direct expression of 
 MYCN  gene in the PSNS 
of mouse under control of 
the rat  TH  promoter 

  Cre -conditional 
expression of 
 MYCN  gene in the 
 Dβh -expressing 
cells in mouse 

 Location of tumor  Interrenal gland, the 
zebrafi sh analogue 
of adrenal gland 

 Thoracic paraspinous and 
abdominal tumors 

 Superior cervical 
ganglion, the 
adrenals or the 
celiac ganglion 

 Penetrance of tumor in 
heterozygous animals 

 17 % by 6 months 
of age 

 20 % at 6 months in 
C57B6/J strain, 70 % in 
the 129 × 1/SvJ strain 
background 

 76 % in a mixed 
C57/Bl6/129 × 1/
SvJ strain 
background 

 Pathology of tumor  Small, 
undifferentiated, 
round-tumor cells 
with 
hyperchromatic 
nuclei, often 
forming nests 

 Small round blue cells 
with varying degrees of 
neuronal differentiation 

 Small, round blue 
cells typical for 
neuroectodermal 
tumors 

 Ultrastructural feature  Appearance of 
neurosecretory 
granules 

 Appearance of synapse 
formation and 
neurosecretory granules 

 Appearance of 
neuronal 
structures, 
including 
neurosecretory 
vesicles 

 Immunohistochemistry  Positive for 
neuroblastoma 
markers, TH, and 
neuronal markers, 
Synaptophysin 
(Syn) and HU 

 Positive for the neuronal 
markers, Syn and 
neuron-specifi c enolase, 
and sympathoadrenal 
progenitor marker, 
Phox2b [ 101 ] 

 neuroblastoma- 
specifi c markers, 
neural cell 
adhesion 
molecule, TH and 
Ncam1 

 Tumor metastasis  No metastasis 
within 6 months of 
age (unpublished 
work) 

 Microscopic metastases 
to liver, lung or 
lymphatics, kidney, 
ovary, testes, brain and 
muscle 

 Local invasion 

 In vivo tumor imaging  Tumor are 
expressing green 
fl uorescent protein 

 Ultrasound [ 102 ], 
luciferase (in E2F1-Luc/
TH-MYCN double 
transgenic animals) 
[ 103 ], MRI, PET and 
 131I -MIBG [ 104 ] 

 Bioluminescence 
imaging 

(continued)
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tic neuroblasts as they attempted to differentiate into chromaffi n cells at 5.5 weeks 
of age (Fig.  5 ). In a small subset of  MYCN -overexpressing fi sh, the  sympathoadrenal 
cells managed to survive and to accumulate additional genetic alterations that coop-
erated with MYCN to contribute to neuroblastoma transformation but with a longer 
latency period and lower penetrance (17 %; Figs.  3b  and  6 ) than seen with  ALK  
coexpression. Importantly, in transgenic fi sh overexpressing both  MYCN  and acti-
vated  ALK,  the kinase provides a cell survival signal that blunts the developmentally 
timed apoptotic response in  MYCN -overexpressing neuroblasts, allowing continued 
expansion and oncogenic transformation of hyperplastic neuroblasts, which leads to 
an earlier onset and increased penetrance of neuroblastoma (56 %; Figs.  5  and  6 ) 
[ 70 ]. Hence, use of a zebrafi sh model system enabled us, for the fi rst time, to uncover 
a mechanism (synergistic interplay between aberrantly expressed  MYCN  and acti-
vated  ALK ) that fi gures prominently in neuroblastoma pathogenesis.

Table 2 (continued)

 Feature 

  MYCN - 
overexpressing 
zebrafi sh [ 70 ]   MYCN -overexpressing mouse [ 79 ,  100 ] 

 Cellular mechanism of 
tumorigenesis 

 Hyperplasia of 
sympathoadrenal 
precursor cells in 
the interrenal gland 
at 5 weeks and 
subsequent 
apoptosis of these 
cells 

 Hyperproliferative 
microfoci within 
periadrenal and 
paraspinal sympathetic 
ganglia [ 101 ] and 
resistant to apoptosis 
[ 105 ] 

 Hyperplasia in the 
adrenal medulla 

 Cooperating genes  Activated  ALK , 
 LMO1 , activated 
 SHP2 ,  GAB2 , and 
 NF1  loss 
(unpublished work 
from Zhu and Look 
lab) 

 Loss of  NF1  [ 79 ],  RB  
[ 79 ],  p53  [ 103 ], and 
 Caspase 8  [ 106 ], 
activated  ALK  [ 71 ] 

 Not tested 

 Drug response  JQ1 (unpublished 
work) 

 Front line 
chemotherapeutics 
(cyclophosphamide, 
cisplatinum, doxorubicin, 
irinotecan, 
temozolomide, and 
etoposide) [ 102 ,  103 , 
 107 – 109 ], steroids 
(dexamethasone), 
anti-vascular/
antiangiogenic agents, 
novel small-molecules 
[ 81 ,  107 ,  110 – 112 ], and 
JQ1 [ 113 ] 

 JQ1 [ 100 ] 
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  Fig. 3    Activated ALK accelerates disease onset and increases the penetrance of MYCN-induced 
neuroblastoma. ( a )  Top left , control transgenic fi sh,  dβh-EGFP  (DβH);  Bottom left ,  MYCN  trans-
genic fi sh with  EGFP -expressing tumor ( arrow ) in the interrenal gland at 8 months postfertiliza-
tion (mpf);  Top right ,  ALKmut  stable transgenic fi sh expressing the  ALK F1174L  transgene;  Bottom 
right ,  MYCN;ALKmut  compound transgenic fi sh with  EGFP -expressing tumor ( arrow ) in the 
interrenal gland at 10 weeks postfertilization. Scale bar represents 1 mm. ( b ) Cumulative fre-
quency of neuroblastoma in stable transgenic zebrafi sh by Kaplan-Meier analysis.  WT  wild-type. 
This fi gure is modifi ed from ref [ 70 ]       

 

Neuroblastoma and Its Zebrafi sh Model



464

  Fig. 4     MYCN  overexpression causes Hu + cell hyperplasia in interrenal gland. ( a ) Sagittal sections 
through the interrenal gland of transgenic fi sh overexpressing control  EGFP  [( DβH ),  top panels )], 
 MYCN-EGFP  [( MYCN ),  middle panels ), and  MYCN-EGFP  plus  ALK F1174L  [ MYCN;ALK ), 
 lower panels ) at 5 weeks postfertilization (dorsal up, anterior left). EGFP,  green ; Hu,  magenta ; 
TH,  red . Representative sections through the interrenal gland in  DβH  fi sh contain three to fi ve 
GFP+/Hu+/TH + sympathetic neuroblasts ( arrows ) and many GFP+/Hu-/TH+ chromaffi n cells 
( arrowheads ). Hu + cell numbers increase in  MYCN  and  MYCN;ALK  fi sh ( brackets ), and can be 
GFP+ and TH+.  Dotted lines  indicate the head kidney (HK) boundary. Scale bar represents 20 mm. 
( b ) Numbers of Hu + interrenal gland cells in  DβH ,  ALK ,  MYCN , and  MYCN;ALK  transgenic fi sh 
at 5 and 7 weeks. Mean numbers of Hu + cells were compared by the two-tailed Wilcoxon signed- 
rank test. This fi gure is modifi ed from ref [ 70 ]       
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  Fig. 5    ALK inhibits a developmentally-timed apoptotic response triggered by  MYCN  overexpres-
sion in the interrenal gland [ 70 ]. ( a ) Sagittal sections through the interrenal gland of transgenic fi sh 
overexpressing  MYCN-EGFP  [( MYCN ),  top panels ] and  MYCN-EGFP  plus  ALK F1174L  
[ MYCN;ALK ),  bottom panels ] transgenic fi sh at 5.5 weeks postfertilization (wpf; dorsal up, ante-
rior left). Hu,  green ; activated Caspase-3,  red . Hu+, activated Caspase-3+ apoptotic cells were 
detected in the  MYCN  transgenic fi sh ( arrowheads ).  Dotted lines  indicate the head kidney (HK) 
boundary. Scale bars represent 10 mm. ( b ) Numbers of apoptotic Hu + interrenal gland cells in the 
 DβH ,  ALK ,  MYCN , and  MYCN;ALK  fi sh at 5.5 wpf. Mean numbers of transgenic fi sh at 5.5 wpf 
with apoptotic Hu + cells in the interrenal gland were compared with the two-tailed Fisher’s exact 
test. This fi gure is modifi ed from ref [ 70 ]       
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         Mosaic Transient Transgenic Approach to the Study 
of Neuroblastoma in Zebrafi sh 

 The fi nding that activated  ALK  collaborates with overexpressed  MYCN  in neuro-
blastoma pathogenesis in our stable transgenic animals, generated by breeding of 
 MYCN -only with one  ALK F1174L -only stable transgenic line, raised concern 
over possible founder effects in our transgenic lines, and whether overexpression 
of wild-type  ALK  ( ALKwt ) might have interacted with  MYCN  during tumorigen-
esis. Thus, we transiently overexpressed either activated human  ALK  or human 
 ALKwt  by coinjection of  dβh-ALK F1174L  and  dβh-mCherry  constructs, 

  Fig. 6    Model for the collaboration of MYCN and activated ALK in neuroblastoma pathogenesis. 
 Left , results of overexpressing  MYCN  alone in the peripheral sympathetic nervous system (PSNS) 
under control of the  dbh  promoter.  Right , results of overexpressing both  MYCN  and activated  ALK  
in the PSNS under control of the  dbh  promoter. During normal adrenal gland development in 
zebrafi sh, sympathoadrenal progenitor cells derived from pluripotent neural crest cells migrate to 
the adrenal gland and differentiate to the chromaffi n cells. Fully differentiated chromaffi n cells 
lose expression of Hu, a pan-neural marker. When  MYCN  is overexpressed in the PSNS, the dif-
ferentiation of chromaffi n cells is blocked and neuroblast hyperplasia is induced at 5 weeks of age. 
These hyperplastic neuroblasts fail to differentiate and undergo developmentally-timed apoptosis 
at 5.5 weeks in  MYCN  transgenic fi sh. Only a subset of neuroblasts survive in a small percentage 
of  MYCN -expressing fi sh, when they eventually form tumors at a low penetrance rate (17 %) and 
after a prolonged latency. When activated  ALK  is coexpressed with  MYCN , there is no effect on 
MYCN-blocked chromaffi n cell differentiation and MYCN-induced neuroblast hyperplasia. 
Rather, ALK provides prosurvival signals that block the MYCN-induced apoptotic response, 
allowing continued expansion and oncogenic transformation of hyperplastic neuroblasts, thus 
leading to early onset of neuroblastoma and increased disease penetrance.  Hu  pan neural marker, 
 TH  tyrosine hydroxylase, sympathoadrenal lineage marker.  dβh  dopamine-beta-hydroxylase, sym-
pathoadrenal lineage marker       
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 dβh-ALKwt  and  dβh-mCherry  constructs or a  dβh-mCherry  only construct into the 
one-cell stage of transgenic fi sh overexpressing  MYCN  [ 70 ]. Since we have shown 
that this coinjection strategy results in cointegration of injected DNA into the fi sh 
genome, with coexpression of the two transgenes as mosaics in a subset of cells 
in 50 % of the injected embryos [ 100 ], the expression of  mCherry  serves as a use-
ful marker for the coexpression of  ALK  in tissues of the mosaic primary injected 
animals. In these experiments, mosaic transient overexpression of  ALK F1174L  in 
 MYCN  transgenic fi sh recapitulated the acceleration of tumor onset observed in 
the stable transgenic fi sh overexpressing both  ALK F1174L  and  MYCN , while the 
transient overexpression of  ALKwt  did not appear to collaborate with overex-
pressed  MYCN  to induce neuroblastoma (Fig.  7 ). These results demonstrate that 
activated ALK cooperates with  MYCN  overexpression to accelerate the onset of 
neuroblastoma, regardless of the integration site in individual mosaic animals. 
Hence, we feel confi dent that our mosaic transient transgenic approach could be 
used to rapidly and effi ciently examine the effects of coexpressing candidate 
oncogenes in primarily injected fi sh, thus eliminating the excessive time and labor 
typically involved in the breeding and identifi cation of  ALK -expressing stable 
transgenic fi sh.

   Mosaic transgenesis offers another unique advantage over stable transgenesis. In 
stable transgenic animals, the transgenes are integrated into the genome of every 
single cell in the body and are heritable from generation to generation [ 101 ]. 
However, many cancers arise from genetic alterations in somatic cells instead of 
inherited mutations in germ cells [ 102 ]. Thus, the mosaic pattern of transgene inte-
gration in the primary injected fi sh and the mixed genotypes within cell populations 
of individual mosaic transgenic fi sh would better recapitulate the somatic defects 
found in patients and would avoid the artifi cial positional effect due to a single 
insertion site in a stable transgenic line. 

 Together, these observations support the future use of mosaic transgenesis as a 
rapid means to evaluate the collaborative, potentially synergistic relationships 
among multiple oncogenes in a high-throughput manner, a challenge that has been 
diffi cult to meet with conventional animal models, including rodents. Indeed, 
mosaic transgenesis had been successfully applied in transgenic zebrafi sh to iden-
tify genes that suppress the activated RAS-induced initiation of rhabdomyosarcoma 
[ 100 ] or modify the radiation sensitivity of MYC-induced T-cell acute lymphoblas-
tic leukemia [ 100 ]. Langenau and colleagues [ 89 ] have also demonstrated that com-
bining the coinjection approach with a heat-shock-inducible transgenic method 
allow the induction of transgene expression by heat shock in the primary injected 
fi sh, and this should be very useful in exploring the cooperative roles of oncogenes 
in tumor progression, as it permits gene expression to be turned on after the primary 
tumor is established.  
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  Fig. 7    Mosaic expression of activated ALK accelerates the onset of MYCN-induced neuroblas-
toma. ( a ) Time of onset of neuroblastoma in  MYCN  transgenic fi sh or wild-type ( WT ) fi sh coin-
jected with the following DNA constructs: ( 1 )  dβh-ALKF1174L  and  dβh-mCherry  (mosaic  ALKmut );
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    Zebrafi sh Models in Neuroblastoma Research: 
Future Prospects 

    Accessing the Cooperative Contributions of Multiple 
Genetic or Epigenetic Alterations to Neuroblastoma 
Pathogenesis 

 One of the greatest needs in future research of neuroblastoma is a versatile, robust 
system for rapidly assessing the cooperative contributions of genetic or epigenetic 
alterations to tumor initiation and spread. We submit that the zebrafi sh model could 
meet this challenge, by generating critical information on the interplay among as 
many as three or more concurrently expressed oncogenes, enabling us to identify 
signaling conduits that are true drivers of oncogenesis and therefore optimal tar-
gets for therapeutic intervention. Another major challenge will be to modify the 
transgenic strategy to accommodate any genomic or epigenetic alteration that 
could play a role in the neoplastic process, rather than limiting its use to mutations 
that affect only protein-coding genes that are overexpressed, gained or amplifi ed. 
Recently, improved genome editing techniques, such as transcription activator-like 
effector nucleases (TALENS) [ 103 ,  104 ] and clustered, regularly interspaced short 
palindromic repeat (CRISPR)-associated (Cas) systems [ 105 ] have become widely 
used to more rapidly and effi ciently modify endogenous genes in various types of 
cells and organisms. These techniques should allow us to target candidate 
tumor suppressors (such as  CHD5 ,  ATRX ,  ARID1A ,  ARID1B  and  PTPRD ) and 
to effi ciently modify genome sequences (by generating large chromosome dele-
tions, such as those syntenic to human 1p or 11q loss, or by introducing disease-
associated SNPs) in the zebrafi sh model system, as a means to better understand 
the mechanism(s) underlying the contributions of genomic or epigenetic altera-
tions to neuroblastoma pathogenesis.  

Fig. 7 (continued) ( 2 )  dβh-ALKWT  and  dβh-mCherry  (mosaic  ALKWT ); or ( 3 )  dβh-mCherry  
alone (mosaic  mCherry ). The difference between tumor onset by 9 weeks postfertilization (wpf) 
in the  MYCN  fi sh coinjected with  dβh-ALKF1174L  and  dβh-mCherry  ( MYCN ; mosaic  ALKmut ) 
and that in the  MYCN  line coinjected with  dβh-ALKWT  and  dβh-mCherry  ( MYCN ; mosaic 
 ALKWT ) or  dβh- mCherry  alone ( MYCN ; mosaic  mCherry ) is signifi cant at the p = 0.002 and 
p = 0.007 respectively, by two-tailed Fisher’s exact test. ( b )  EGFP  and  mCherry  double positive 
tumors arose in the  MYCN  fi sh coinjected with  dβh - ALKF1174L  and  dβh - mCherry  constructs 
( MYCN ; mosaic  ALKmut ) at 7 weeks of age. Neuroblastomas were not identifi ed in the  MYCN  
fi sh coinjected with  dβh-ALKWT  and  dβh - mCherry  or  dβh - mCherry  alone at 7 weeks, or in any 
of the siblings that did not inherit the  MYCN  transgene and were injected with either the  ALKWT  
gene or the  ALKF1174L  gene. Scale bars, 1 mm. This fi gure is modifi ed from ref [ 70 ]       
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    Large-Scale Forward Genetic Screen to Identify Novel Driver 
Genes in Neuroblastoma Initiation and Progression 

 Like many other pediatric cancers, including glioblastoma, acute lymphoblastic 
leukemia, medulloblastoma, and rhabdoid tumor, high-risk neuroblastoma harbors 
a very low frequency of recurrent somatic mutations [ 66 ,  106 ]. The alterations in 
copy number or regulatory polymorphisms appear to be driving this tumor, but the 
regions of chromosome gain or loss are so large that it is diffi cult to specifi cally 
implicate the critical oncogenes and tumor suppressors that lie within these regions. 
This has lent considerable impetus to large-scale forward genetic screening efforts 
to identify new neuroblastoma driver genes that might have been missed by stan-
dard integrative genomic studies. Over the past decade, various types of forward 
genetic approaches have been applied successfully in the zebrafi sh to uncover genes 
that are important for normal development and tumorigenesis, such as  N -ethyl- N - 
nitrosourea (ENU)-based chemical mutagenesis [ 107 – 111 ], retrovirus-based inser-
tional mutagenesis [ 112 ] and transposon-based insertional mutagenesis [ 113 ]. 
Specifi cally, the transposon-based mutagenesis strategy has been demonstrated in 
mice to be an effective, powerful and nonbiased tool for discovering driver genes in 
various types of cancers [ 114 – 117 ]. In zebrafi sh, the somatic mutagenesis mediated 
by the  Sleeping Beauty  (SB)  T2/Onc  transposon system under control of the ubiqui-
tous carp  ß-actin  promoter, also resulted in tumor formation in ~10 % of adult 
zebrafi sh. Many mutated genes identifi ed in these fi sh tumors were similar to those 
involved in human and mouse cancers [ 113 ]. Thus, transposon-mediated somatic 
mutagenesis approaches in zebrafi sh could provide a valuable and high-throughput 
tool for identifi cation of genes and signaling pathways that not only drive neuro-
blastoma formation, but also act as genetic modifi ers that collaborate with known 
neuroblastoma oncogenes, such as  MYCN  and activated  ALK , to promote tumor 
initiation, progression or metastasis.  

    Dissecting Cellular and Molecular Mechanisms Underlying 
Neuroblastoma Metastasis 

 About half of all neuroblastoma patients, especially those over 18 months of age 
with amplifi ed copies of the  MYCN  oncogene, present with evidence of widespread 
metastatic tumor at diagnosis [ 7 ,  118 ]. Current treatments for disseminated neuro-
blastoma are limited by their toxicity and inability to eradicate distant metastases; 
however the lack of a precise understanding of the multistep cellular and molecular 
pathogenesis of this complex tumor has impeded most efforts to devise safe and 
effective therapy for this early complication. Zebrafi sh are emerging as an attractive 
model system for the study of tumor metastasis, largely due to (1) the superior 
imaging properties of optically transparent zebrafi sh tissues [ 119 ,  120 ]; (2) the ease 
of transplantation of fl uorescent dye-labeled or fl uorescence-expressing human or 
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zebrafi sh tumor cells into either embryos or adult fi sh [ 121 – 124 ]; and (3) the 
 availability of numerous types of transgenic or mutant zebrafi sh lines. These unique 
advantages of the zebrafi sh will enable (1) rapid analysis of the metastatic behavior 
of patient-derived or zebrafi sh-derived primary neuroblastoma cells in engrafted 
zebrafi sh embryos or adult immunocompromised mutant fi sh,  rag2E450fs  [ 122 ]; 
(2) visualization of tumor progression in real-time, including invasion, intravasa-
tion, extravasation and angiogenesis, using transgenic fi sh such as Tg( fl i1 : egfp ) 
[ 125 ] and Tg( fl k1 : mCherry ) [ 126 ] with fl uorescence-labeled blood vessels, or 
mutant  Casper  fi sh lacking pigment cells [ 127 ]; (3) dissection of the interactions of 
tumor cells with host immune cells or local microenvironment, using transgenic fi sh 
Tg( mpx : gfp ) with labeled neutrophils [ 128 ] or Tg( mpeg1 : egfp ) with labeled macro-
phages [ 129 ]; and (4) elucidation of the mechanisms underlying aberrantly 
expressed genes or pathways in multistep neuroblastoma metastasis in vivo by inte-
grating powerful methods of genetic analysis with innovative transplantation 
approaches, a variety of transgenic or mutant zebrafi sh lines (mentioned above) and 
powerful in vivo imaging techniques.  

    Validating Targeted Therapy and Screening for Effective 
Small Molecular Inhibitors of Neuroblastoma 

 Finally, the ultimate goal of neuroblastoma research is to achieve optimal cure rates 
for patients with this devastating disease through a better understanding of tumor 
biology and the development of rational therapeutic strategies. Long-term survival 
rates for high-risk neuroblastoma patients remain less than 40 %, even with inten-
sive use of different combinations of multiagent chemotherapy, surgery, high-dose 
myeloablative therapy with autologous hematopoietic stem cell rescue, and GD2- 
directed immunotherapy [ 1 ]. Efforts to overcome this impasse are focused on the 
genes, proteins and signaling pathways have been implicated in the pathogenesis of 
neuroblastomas. By disabling or otherwise modifying these targets, in combination 
with more conventional treatment approaches, it may be possible to boost cure rates 
and reduce the development of late complications. This potential is illustrated by 
recent successful use of the zebrafi sh to demonstrate the value of “oncogene- 
addition” [ 130 ,  131 ] in the maintenance of hepatocellular carcinoma (HCC). 
Specifi cally, using two different inducible systems, the mifepristone-inducible 
LexPR system [ 132 ] or the tetracycline (Tet)-on/off system [ 133 ], Gong and col-
leagues showed that oncogenes such as activated  KRAS  and  c-MYC  are important 
for both HCC tumor initiation and maintenance, thus providing a rationale for 
molecularly targeted therapies against aberrant  RAS  or  MYC  signaling in HCC 
patients [ 133 ,  134 ]. 

 Further, the zebrafi sh has long been a valuable resource for in vivo chemical 
screening to identify lead compounds that can modulate specifi c biological pro-
cesses without undue toxicity or identify new therapeutic usage for old drugs 
 [ 135 – 137 ]. Some drugs emerging from these screens have been approved by the 
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FDA and are now in clinical trials. This includes lefl unomide for rheumatoid 
 arthritis [ 138 ] and potentially for melanoma [ 83 ], as well as prostaglandin E2 
(PGE2) for ductus- dependent cyanotic congenital heart disease [ 139 ] and for acute 
leukemia after a cord blood stem cell transplant [ 137 ]. Thus, zebrafi sh occupy a 
pivotal position in the future of neuroblastoma research. They not only offer a 
means to determine the requirement for candidate genes in tumor cell survival, and 
thus their importance as targets for therapy, but also enable high-throughput testing, 
refi ning and optimizing novel molecular therapies in preclinical models.   

    Conclusion 

 The unique properties of zebrafi sh have opened new avenues to exploring the 
underlying mechanisms that drive neuroblastoma pathogenesis. The insights gained 
from these studies are expected to facilitate the design and development of novel 
molecular therapeutics for this devastating childhood cancer.     
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      Zebrafi sh Germ Cell Tumors                     

       Angelica     Sanchez      and     James     F.     Amatruda    

    Abstract     Germ cell tumors (GCTs) are malignant cancers that arise from embry-
onic precursors known as Primordial Germ Cells. GCTs occur in neonates, children, 
adolescents and young adults and can occur in the testis, the ovary or extragonadal 
sites. Because GCTs arise from pluripotent cells, the tumors can exhibit a wide 
range of different histologies. Current cisplatin-based combination therapies cures 
most patients, however at the cost of signifi cant toxicity to normal tissues. While 
GWAS studies and genomic analysis of human GCTs have uncovered somatic 
mutations and loci that might confer tumor susceptibility, little is still known about 
the exact mechanisms that drive tumor development, and animal models that faith-
fully recapitulate all the different GCT subtypes are lacking. Here, we summarize 
current understanding of germline development in humans and zebrafi sh, describe 
the biology of human germ cell tumors, and discuss progress and prospects for 
zebrafi sh GCT models that may contribute to better understanding of human GCTs.  

  Keywords     Zebrafi sh   •   Primordial germ cell   •   Germ cell tumor   •   Seminoma   • 
  Non-seminoma  

      Germline Development in Fish, Mouse and Human 

    Primordial Germ Cell (PGC) Specifi cation 

 The earliest cells of the germline lineage are known as Primordial Germ Cells (PGCs). 
PGC specifi cation follows two distinct mechanisms, either preformation or induction, 
depending on the organism. Shortly after fertilization, zebrafi sh embryos, similar to 
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 C. elegans ,  Drosophila  and  Xenopus , contain preformed maternal RNA and proteins 
that are prepackaged in a cytoplasmic nuage, known as a germ plasm [ 1 – 4 ]. The germ 
plasm selectively and transcriptionally silences the expression of somatic genes while 
keeping the PGCs in a primitive pluripotent state. In fl ies and worms, RNA binding 
proteins including Pumilio and Nanos contribute to this repression of somatic fate [ 5 ,  6 ]. 
In zebrafi sh,  nanos  is essential for the development of PGCs [ 5 ]. 

 The identifi cation of the zebrafi sh  vasa  ortholog greatly facilitated efforts to 
understand the development of the zebrafi sh germline [ 7 – 10 ]. Vasa is an RNA heli-
case that was previously shown to be a component of the germline in nematodes, 
fl ies and frogs [ 11 – 14 ]. In zebrafi sh, maternally produced  vasa  mRNA is localized 
to electron-dense material at the cleavage planes of embryos at the 4-cell stage. By 
the 4000-cell stage, four  vasa -positive PGCs can be identifi ed. These will undergo 
several rounds of proliferation to produce a population of 25–50 migrating PGCs 
that will form the gonad [ 7 ,  8 ,  10 ,  15 ]. 

 In contrast to organisms with preformed germline components, in mice and 
humans PGCs are produced in the epiblast through a process known as induction. 
In response to signals produced in the extraembryonic ectoderm and visceral endo-
derm, including Bone Morphogenetic Proteins 2, 4 and 8b [ 16 – 19 ], some of the 
epiblast cells begin to express the marker  Fragilis  (also known as  Mil-1/ Ifi tm3 ), 
signaling their competence to become germ cells [ 18 ,  20 – 26 ]. A few of these 
 Fragilis -expressing cells will begin to express the transcriptional repressor  Prdm1  
(PR-domain-containing protein 1), also known as  Blimp1  (B-lymphocyte-induced 
maturation protein 1) [ 27 ].  Blimp1,  along with  Blimp14,  acts to repress expression 
of somatic genes and maintain expression of pluripotency genes such as  Stella, 
Oct3/4  and  Nanog  [ 20 ,  28 – 36 ].  

    PGC Migration 

 In nearly all metazoans, PGCs arise at sites distant from the future gonad and must 
migrate during embryogenesis to reach the proper location for eventual gonadogen-
esis [ 37 – 40 ]. In contrast to other organisms, zebrafi sh PGCs arise in four random 
locations with respect to the developmental axis of the embryo. The PGCs migrate 
to a series of intermediate targets, converging into bilateral clusters in the preso-
mitic mesoderm, where the gonad will form [ 3 ,  10 ,  15 ,  41 ]. This guided migration 
is orchestrated by an attractant gradient established by somatic expression of 
Stromal-derived factor 1 (sdf1a), also known as CXCL12 [ 42 ,  43 ]. The sdf1a ligand 
interacts with the chemokine receptor cxcr4b expressed on the surface of PGCs [ 42 , 
 43 ]. This homing signal is further fi ne-tuned by the cxcr7 receptor on somatic cells, 
which acts as a repulsive guidance cue [ 44 ]. 

 In mice and other mammals, the newly specifi ed PGCs must travel from the 
primitive streak and localize to the endoderm around stage E7.5 [ 45 ,  46 ]. From E8 
to E9.5 the PGCs migrate through the dorsal mesentery of the hindgut. Upon reach-
ing the level of the gonadal ridges, the PGCs exit the hindgut in bilateral streams to 
populate the gonadal mesoderm [ 37 ,  46 ]. The c-Kit receptor and its ligand, KitL, are 
critical for the migration and survival of PGCs in mice [ 47 – 50 ].  
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    Germ Cell Differentiation 

 Irrespective of the future sex of the animal, germ cells in zebrafi sh initially begin to 
differentiate into oocytes and are in a state known as juvenile hermaphroditism [ 51 ]. 
Upon the start of male germ cell differentiation, oocytes in male zebrafi sh undergo 
apoptosis as the mature male germline emerges [ 52 ]. Characterizations of male sex 
determination factors have identifi ed several genes that are specifi c to the male 
gonads, such as anti-Mullerian hormone ( amh ) and  sox9a  [ 53 – 55 ]. Furthermore, 
 sox9a  was shown to control juvenile hermaphroditism and regulate the transition to 
male fate producing mature sperm [ 56 ]. 

 During gonadogenesis, the number and persistence of germ cells makes impor-
tant contributions to sex determination [ 57 ,  58 ]. Several studies have revealed that 
lower PGC numbers promote male differentiation in zebrafi sh. Loss of  dead end  
( dnd ), an RNA-binding protein that is essential for PGC survival [ 59 ], leads to loss 
of all germ cells and male phenotypic differentiation [ 57 ,  60 ,  61 ]. Similarly, loss of 
function  ziwi , the zebrafi sh  piwi  homolog, leads to reduced numbers of germ cells 
and male phenotypic development [ 62 ]. Remarkably, Dranow and Draper found 
that adult female zebrafi sh depleted of germ cells due to loss-of-function mutations 
in  nanos3  convert to a male phenotype [ 58 ]. They concluded that a germ cell- 
derived signal acts on the somatic gonad to promote female development directly or 
indirectly by repressing male-specifi c gene expression. 

 In mice and other mammals, licensing is the initial step in which germ cells begin 
to differentiate into their respective sex cells dependent on the sex chromosomes 
present in the organism. This licensing event is initiated by the RNA-binding pro-
tein known as Deleted in azoospermia-like (DAZL);  Dazl  mutants no longer express 
sex specifi c markers and do not begin meiosis [ 63 ,  64 ]. During this transition, the 
germ cells are released from their transcriptional repression [ 65 ]. In prenatal males, 
presence of the SRY gene on the Y chromosome regulates expression of Sox9 and 
is necessary for proper male gonadal development and spermatogenesis [ 66 – 68 ]. 
Humans with a heterozygous mutation in  SOX9  develop a bone disorder known as 
campomelic dysplasia that is accompanied by gonadal sex reversal, and XY mice 
with homozygous mutations exhibit ovarian development [ 69 – 71 ]. These studies 
emphasized the importance of proper Sox9 expression in testis development. To 
maintain male identity prenatally, Stra8 (Stimulated by retinoic acid gene 8), an 
enzyme required for meiosis initiation, must be persistently repressed by Cyp26B1 
[ 72 – 74 ]. Postnatally, repression of Cyp26B1 releases repression of Stra8 and allows 
germ cells to respond to retinoic acid, which initiates meiosis [ 72 – 74 ]. The germ 
cells are now able to exit G1/G0 and can then proceed to make mature sperm. 

 As in the fi sh, gonadal sex in mammals appears not to be completely fi xed. The 
transcription factor DMRT1 is required in both somatic cells and germ cells for 
normal male gonadal differentiation [ 75 ,  76 ]. Loss of Dmrt1 in adult Sertoli cells of 
the testis results in transformation of the cells to granulosa cells and transition of the 
gonad to a more ovarian-like phenotype [ 77 ]. Furthermore, forced expression of 
DMRT1 in the ovary reprograms granulosa cells to Sertoli cells, leading to the 
development of structures resembling seminiferous tubules [ 78 ].   
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    Human Germ Cell Tumors 

 In humans ,  GCTs occur in infants, children and young adults [ 79 ] (Fig.  1 ). Both 
childhood and adolescent/adult GCTs are thought to originate from Primordial Germ 
Cells (PGCs). Owing to the pluripotent nature of these cells, GCTs can take on a 
variety of different histologic fates [ 80 ]. GCTs in which the PGCs retain pluripotency 
and do not differentiate are known as seminomas (also called ‘dysgerminomas’ in 
females and ‘germinomas’ when occurring in the CNS). In contrast, GCTs in which 
the cells take on a variety of differentiation states are designated non- seminomas, of 

  Fig. 1    Mammalian spermatogenesis and human germ cell tumor (GCT) histological classifi ca-
tion. The transition of primordial germ cells from embryonic stem cells to gonocytes is facilitated 
by increased expression of germ cell specifi c genes and decreased expression of embryonic pluri-
potency genes. In humans, sex chromosomes dictate the fate of a gonocyte; in the testis self- 
renewing spermatogonial stem cells give rise to progeny that undergo meiosis to produce mature 
sperm. Germ cell tumors arise from primoridal germ cells (PGCs). Type I GCTs are generally seen 
in neonates and young children and include Teratomas and Yolk Sac Tumors. Type II GCTs occur 
in adolescents and adults and may proceed through a carcinoma  in situ  (CIS) precursor (also 
known as Intratubular Germ Cell Neoplasia). CIS cells can give rise to both Seminoma and Non- 
Seminoma, the stem cell component of which is Embryonal Carcinoma (EC). EC may undergo 
somatic differentiation into Teratomas, containing derivatives of ectoderm, mesoderm and endo-
derm. Alternatively EC cells may differentiate into GCTs resembling extraembryonic tissues, such 
as Yolk Sac Tumor and Choriocarcinoma. Mixed tumors containing both seminoma and non- 
seminoma components also occur       
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which embryonal carcinoma is thought to represent the stem cell component. GCTs 
differentiated to somatic cell lineages (endoderm, mesoderm, and ectoderm) are 
known as teratomas. Finally, GCTs may take on extraembryonic differentiation 
resembling the fetal yolk sac (yolk sac tumors) or the placenta (choriocarcinoma).

   The histology of GCTs is similar in both males and females, whether occurring 
in the testis, ovary or extragonadal sites, implying origin from a common precursor 
cell [ 79 ]. However, there are some epidemiologic differences in the incidence of 
different types of GCT. In males there are two peaks of testicular GCT incidence, 
one in early childhood at age 3–4, and a second, much larger peak that begins at 
puberty and is maximal at around age 30. In females, there is an early peak from age 
0–2 representing the incidence of sacrococcygeal teratoma, an extragonadal GCT, 
in newborns and infants. Beginning at age 5–6, the incidence of ovarian GCT 
increases with age, becoming maximal at age 20–25 [ 81 ]. 

 While the overall incidence of GCT (about 12,500 cases/year in the USA) is 
lower than that of common epithelial cancers such as lung, breast and prostate can-
cer, testicular GCT is the most common cancer and the leading cause of cancer 
death in young men [ 79 ]. The incidence of GCT is increasing around the world, for 
unknown reasons [ 81 ]. There are several known risk factors that increase the risk of 
developing testicular germ cell tumors. They include but are not limited to disorders 
of sexual development (DSD), gonadal dysgenesis, cryptorchidism (undescended 
testis), familial background, environmental exposure, and genetic association. 
Familial risk can increase the risk of developing GCT 4-fold in a male with a father 
who had GCT or up to 9-fold in a male whose brother had GCTs. The incidence of 
GCT varies widely in different geographic regions [ 82 ,  83 ], leading to the idea that 
the environment may strongly infl uence risk for testicular GCT. 

 There are also important age-dependent differences in GCT histologic spectrum. 
Type I GCTs occur in infants and children and consist of teratomas and yolk sac 
tumors (YSTs). Type II tumors in adolescents and adults have more diverse histol-
ogy, and include seminomas, non-seminomas or mixed tumors containing both 
seminomatous and non-seminomatous elements. Based on differing epidemiology, 
clinical outcome and histologic spectrum, GCTs in young children may be biologi-
cally distinct from GCTs occurring in older (post-pubertal) populations. 

 This idea is increasingly supported by molecular evidence. Whereas Type I 
tumors show variable Loss of Imprinting (LOI) at loci such as IGF2 and H19, adult- 
type GCTs tend to show complete erasure of imprinting [ 84 ,  85 ]. This result is 
interesting, because it implies that Type I GCTs may arise at an earlier stage of PGC 
development, since PGCs undergo erasure of imprinting during early development, 
and this erasure is largely completed by the end of PGC migration. Cytogenetic data 
consistently show loss of Chromosome 1p and 6q in Type I tumors, while Type II 
tumors also commonly exhibit amplifi cation of Chromosome 12p. More recently, 
studies directly comparing the gene expression patterns of pediatric and adult GCTs 
have demonstrated distinct transcriptional profi les in tumors of similar histology 
arising in different age groups (for example, in yolk sac tumors of children vs. yolk 
sac tumors of adolescent/adults) [ 86 ]. Taken together, these studies support the 
notion that different biological mechanisms may drive childhood and adolescent/
adult germ cell tumorigenesis .  
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 Current cisplatin-based therapy for GCTs cures most patients [ 81 ,  87 ,  88 ], but 
major challenges remain. 15 % of patients have cisplatin-resistant tumors and will 
eventually die of their disease [ 89 ]. Furthermore, there is signifi cant therapy-related 
toxicity in patients treated for GCTs. Late effects in patients treated with cisplatin, 
etoposide and bleomycin (the current fi rst-line regimen for GCT) include pulmo-
nary fi brosis [ 90 ], renal insuffi ciency and salt-wasting [ 91 – 93 ], infertility and hor-
monal changes [ 94 – 98 ], hyperlipidemia [ 99 ,  100 ], Raynaud’s phenomenon [ 91 ,  98 , 
 101 ,  102 ], obesity [ 99 ,  100 ,  103 – 105 ] and neuropathy [ 106 ]. Ototoxicity results in 
signifi cant hearing loss, as assessed by audiogram, in nearly 80 % of patients [ 91 , 
 97 ]. Survivors of GCT treatment have twice the risk of early onset cardiovascular 
disease [ 96 ] and second malignancies [ 107 ,  108 ]. 

 Compared to many other solid malignancies, relatively few somatic mutations 
have been described in GCTs. This lack of knowledge inhibits the development of 
targeted therapy that could provide an alternative or adjunct to standard chemother-
apy. Amplifi cation of Chromosome 12p is a pathognomonic feature of adolescent/
adult GCTs, but no genes in this region have defi nitively been linked to germ cell 
tumorigenesis [ 109 ]. The most commonly reported mutated gene is  KIT , a tyrosine 
kinase growth factor receptor that plays important roles in germ cell development 
[ 110 – 115 ]. Mutations have also been reported in  NRAS  and  KRAS , signaling compo-
nents of the MAP kinase pathway that act downstream of  KIT  [ 116 – 119 ]. Central 
Nervous System GCTs exhibit  KIT  and  RAS  mutations [ 120 ]. Somatic mutations in 
 BRAF , another MAP kinase pathway member, have been associated with cisplatin 
resistance in adult TGCTs [ 121 ]. More recently, exome sequencing of TGCT identi-
fi ed somatic mutations in several genes including  CIITA ,  NEB, PDGFRA ,  WHSC1  
and  SUPT6H  [ 122 ]. A larger study of 42 adult TGCTs identifi ed somatic mutations 
in  CDC27  and mutations in  XRCC2  associated with cisplatin resistance [ 123 ]. To 
date, the mutation spectrum of Type I GCTs has not been reported. 

 A number of genome-wide association studies (GWAS) have been conducted in 
men with TGCT, resulting in the identifi cation of a large number of novel germ cell 
tumor susceptibility loci. In 2009, two groups reported strong linkage of GCT sus-
ceptibility to loci on chromosomes 5, 6 and 12, suggesting roles for  SPRY4  and 
 KITLG , both components of receptor tyrosine kinase signaling, as well as for the 
pro-apoptotic  BAK1  gene [ 124 ,  125 ]. A follow-up study by Turnbull and co- workers 
identifi ed additional susceptibility loci near the  DMRT1 ,  TERT  and  ATF7IP  genes 
[ 126 ]. The studies have subsequently been replicated in other patient populations 
[ 127 – 129 ]. More recently, further GWAS studies have identifi ed new candidate 
GCT susceptibility loci, including genes with potential roles in telomere regulation, 
such as  PITX1 , or germ cell development, such as  TEX14, RAD51C, PRDM14  and 
 DAZL  [ 130 ,  131 ]. 

 Because of the many unresolved issues concerning the causes and biological 
mechanisms of GCTs, and the urgent need to develop and test new treatments, ani-
mal models of GCT are badly needed. However, to date, relatively few models have 
been available. The 129Sv inbred mouse strain was found more than 50 years ago 
to be susceptible to testicular teratoma formation, with spontaneous tumors forming 
in 1–5 % of animals [ 132 ]. Mutations in several genes have been shown to increase 
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the teratoma incidence in 129Sv mice, including  Dead end  [ 133 ] and  Dmrt1 . In fact, 
 Dmrt1 -mutant 129Sv mice develop testicular teratomas at nearly 100 % incidence 
[ 134 ,  135 ]. The teratomas that develop in the 129Sv background strongly resemble 
the Type I testicular teratomas occurring in young boys. However, mouse models of 
seminomas or of non-seminomas other than Type I teratomas have not been 
described. Recent progress suggests that zebrafi sh may be a useful addition to GCT 
models, at least for seminomas.  

    Zebrafi sh Germ Cell Tumor Models 

 During the past several years, several fi sh models have been described with abnor-
mal germline development that recapitulates certain aspects of human germ cell 
tumors. Three of these models were identifi ed using the zebrafi sh, while one was 
identifi ed in Medaka. All of these models demonstrate an inability to undergo 
proper germ cell differentiation and as a result exhibit immature, enlarged testes. 
Three of the models were identifi ed through forward genetic N-ethyl-N-nitrosourea 
(ENU)-based mutagenesis screens while one is a transgenic line. These models can 
serve to provide further insight into human seminomas with the possibility to con-
tribute to our understanding of the human disease. 

 The fi rst fi sh model described was identifi ed in Medaka, following an ENU muta-
genesis screen to uncover genes that are important for germ cell and gonadal devel-
opment [ 136 ]. Morinaga el al identifi ed the  hotei  “hot” mutant fi sh, which was 
initially characterized as having extreme gonadal hypertrophy. The gonads were fur-
ther examined and found to have increased numbers of germ cells that resided in 
disrupted testicular architecture, as well as decreased ability to produce mature sperm 
as compared with their wild-type siblings. The loss of function mutation was mapped, 
by positional cloning, to reside in the anti-Mullerian hormone receptor II ( amhrII ). 
This receptor belongs to the TGF-β/BMP superfamily and in humans is known to 
play a role in Mullerian duct regression in males. The mutation, in exon 9 of  amhrII , 
changes a tyrosine residue in the highly conserved kinase domain to cysteine. 

 Neumann and co-workers used ENU mutagenesis and high-throughput histologic 
screening to identify a line of zebrafi sh that developed testicular germ cell tumors 
(GCTs) with high penetrance (>80 % incidence in homozygotes by 4 months of age) 
(Fig.  2 ). They showed that the mutation is dominantly inherited, and causes the 
development of tumors of primitive, undifferentiated testicular GCTs resembling 
human seminoma (Fig.  3 ). Like human seminomas, the zebrafi sh seminomas were 
sensitive to radiation therapy and underwent apoptosis in response to DNA damage 
[ 137 ]. To identify the molecular nature of the mutation, these investigators devel-
oped a haplotype-mapping panel and, using this technique coupled with further 
high-resolution meiotic mapping, identifi ed a mutation in the Type IB BMP receptor, 
 alk6b/bmpr1bb , as the cause of the zebrafi sh GCTs [ 138 ]. BMPs (Bone Morphogenetic 
Proteins), members of the TGF-β superfamily, play important roles in development 
and differentiation, but had not been linked to GCTs. Neumann et al .  showed that the 
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  Fig. 2    Testicular GCT in bmpr1bb mutant zebrafi sh. Mutants develop GCTs because of impaired 
germ-cell differentiation. Compared with adult wild-type males ( a  and  c ) ( arrowhead : normal 
testis), adult bmpr1bb males display abdominal distension and marked testicular enlargement ( b  
and  d ) ( arrow : testicular tumor). Modifi ed with permission from Neumann et al. (2011)       

  Fig. 3    Zebrafi sh germ cell tumor models exhibit histologic similarity. ( a)  Normal testis. The testis 
consists of cysts or lobules of spermatogenic cells surrounded by a basement membrane and 
somatic cells. Small clusters of spermatogonia are seen adjacent to the basement membrane ( arrow-
heads ). Successive stages of differentiation are also evident, including primary and secondary sper-
matocytes, spermatids and mature spermatozoa. ( b ) Germ cell tumor in a  bmpr1bb  mutant testis, 
showing loss of differentiation and an excess of primitive, spermatogonial-like cells. ( c ) Testicular 
germ cell tumor from the  Tg(fl ck:TAg)  T24 line. Tu: tumor. ( d ) Testicular GCT in a  lrrc50   H255h   fi sh. 
Two magnifi cations of the same tumor shown (largest in insert), with loss of differentiated germ 
cells in the tumor. Scale bars: 50 microns (( a ,  b ) modifi ed with permission from Neumann et al. 
(2011); ( c ) modifi ed with permission from Gill et al. (2010); ( d ) modifi ed from Basten et al. (2013))       
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mutation causes loss of BMP signal transduction, and that BMP signaling is required 
for germ cell differentiation. This work represents the fi rst identifi cation through 
positional cloning of a cancer predisposition mutation in the zebrafi sh.

    To understand the relevance of BMP signaling to human GCTs, Fustino et al. 
profi led the state of the BMP pathway in clinical GCT specimens and showed that 
undifferentiated human GCTs (seminomas and embryonal carcinomas) also lack 
BMP signaling [ 139 ]. This work also identifi ed the miR-200 family of microRNAs 
as modulators of the BMP pathway, providing an explanation for differential BMP 
signaling activity in seminomas vs. yolk sac tumors. Collectively these studies iden-
tifi ed BMP signaling as a key node in GCT differentiation and a promising target 
for novel therapies. 

 The fi rst and only transgenic model of GCTs was identifi ed by Gill et al. In this 
model, the Simian Virus 40 (SV40) T-antigen (TAg) is driven by the lymphocyte 
specifi c tyrosine kinase (lck) promoter from  Fugu . Originally intended as a T-cell 
leukemia model, these fi sh did not manifest thymic malignancies, but rather 
 testicular GCT. By 36 months, about 20 % of the offspring developed tumors [ 140 ]. 
When comparing the tumors with wild type testis, the GCTs were clearly enlarged 
and lacked organized seminiferous tubules. Furthermore, the testicular GCTs were 
predominantly composed of undifferentiated spermatogonial-like germ cells deter-
mined by both sorting the cells by size (FACs) and histological analysis (Fig.  3 ) 
[ 140 ]. Expression patterns of human seminoma specifi c genes were unchanged as 
compared to zebrafi sh wildtype testis. Various RAS genes were also sequenced in 
the zebrafi sh to identify any de novo mutations that could explain the TGCTs in the 
fi sh but none were found. 

 Finally, the most recent GCT model was identifi ed through a forward genetic 
ENU screen. The causative mutation is a nonsense mutation in the leucine-rich 
repeat (LRR)-containing protein  lrrc50  [ 141 ]. Initially, this forward genetic screen 
was performed to identify genes involved in ciliary motility.  lrrc50  mutants develop 
a phenotype resembling that of human primary ciliary dyskinesia (PCD). Early in 
development, the  lrrc50  homozygous mutants develop a curved body axis, dilated 
pronephric ducts, kidney cysts and severe edema, which ultimately results in embry-
onic death at 8 days post-fertilization (dpf) [ 141 ]. Interestingly, heterozygous  lrrc50  
mutants display increased incidence of testicular GCT, suggesting a novel tumor 
suppressor role for lrrc50. 

  lrrc50  heterozygous mutants display a 90 % GCT penetrance in their 2nd and 3rd 
years of life [ 142 ]. Histological analysis of the tumors found that there were severely 
reduced numbers of differentiated germ cells, and most of the cells morphologically 
resembled early spermatogonial cells (Fig.  3 ). These cells also stained positive for 
phospho-histone H3 in single cells unlike the wild type testis, which showed 
reduced staining in clusters. 44.4 % of the tumors examined showed a loss of the 
 lrrc50  wildtype allele, consistent with a role for  lrrc50  as a tumor suppressor. 

 This model is, to date, the only one that found mutations in the respective gene 
in human seminomas [ 142 ]. Basten et al. identifi ed  LRRC50  nonsense mutations in 
two pedigrees with family history of seminomas. In a separate analysis of 38 patients 
with sporadic seminomas, 5 demonstrated heterozygosity for different germline 
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 LRRC50  mutations. The mutations were shown to be functional nulls by their 
inability to complement the lethal larval phenotype of  lrrc50  mutants. These results 
establish  LRRC50  as the fi rst gene specifi cally linked to seminoma predisposition in 
humans. These results prompted an investigation of the possible roles of cilia in 
germ cell development. In a novel fi nding, the investigators demonstrated the pres-
ence of primary cilia in normal spermatogonia and showed that LRRC50 colocal-
izes with the axoneme in spermatogonial stem cells, that its expression is cell 
cycle-regulated and that it colocalizes with condensed chromosomes [ 142 ]. These 
results shed new light on the possible importance of ciliary signaling in germ cell 
development and germ cell tumorigenesis.  

    Summary 

 Germ cell tumors are among the most common cancers of young people, and the 
leading cause of cancer death in young men. The wide age range of incidence and 
histologic diversity of the tumors creates challenges in GCT biology and treatment. 
While some genomic data are now beginning to point to possible molecular origins 
of these tumors, the paucity of representative animal models is an impediment to 
further functional genomic and translational studies. 

 To date the zebrafi sh has proved to be a powerful model for understanding the 
biology of PGC development and migration. While there are important differences 
between human and fi sh germ cells, a number of conserved mechanisms have been 
identifi ed, suggesting that studies in zebrafi sh can contribute importantly to our 
understanding of human germ cell biology. 

 Zebrafi sh models of human germ cell tumors have also begun to make important 
contributions. The studies described above have identifi ed several signaling path-
ways, such as the TGF-β/BMP pathway and cilia-mediated signaling, that are 
directly relevant to human seminomas. The development of seminoma-like tumors 
in fi sh transgenic for the known oncogene SV40 large T, and the response of GCTs 
to DNA-damaging agents, suggests that these models recapitulate important aspects 
of the oncogenic phenotype of human GCTs. 

 There are, however, several important caveats that apply to the current models. 
There is no evidence that these models of GCTs become invasive or malignant, as 
do some examples of human seminomas. To date, true zebrafi sh models of ovarian 
GCT (as opposed to models of impaired maturation of post-meiotic oocytes) have 
not been described. Reverse genetic models that use gain or loss-of-function 
approaches and germ cell-specifi c promoters to test the role of specifi c GCT candi-
date genes, at specifi c developmental stages, remain to be developed. This is a par-
ticularly signifi cant gap in current approaches, because it is likely that the ability of 
germ cells to develop along somatic lineages, as seen in non-seminomas, is limited 
to specifi c stages of development in which germ cells retain some pluripotency. In 
humans, non-seminomas are more resistant to treatment and more likely to metas-
tasize than are seminomas, and are responsible for the majority of deaths from GCT, 

A. Sanchez and J.F. Amatruda



489

emphasizing the need for such models. However, there is reason to be optimistic. 
The great recent progress in the fi eld, with the availability of new promoters, new 
genome editing techniques and increasing information about the genomic landscape 
of human GCT, means that the next few years promise to see great advances in our 
understanding of GCT, and better options for GCT patients.     
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      Malignant Peripheral Nerve Sheath Tumors                     

       Adam     D.     Durbin     ,     Dong     Hyuk     Ki     ,     Shuning     He     , and     A.     Thomas     Look    

    Abstract     Malignant peripheral nerve sheath tumors (MPNST) are tumors derived 
from Schwann cells or Schwann cell precursors. Although rare overall, the inci-
dence of MPNST has increased with improved clinical management of patients 
with the neurofi bromatosis type 1 (NF1) tumor predisposition syndrome. 
Unfortunately, current treatment modalities for MPNST are limited, with no tar-
geted therapies available and poor effi cacy of conventional radiation and chemo-
therapeutic regimens. Many murine and zebrafi sh models of MPNST have been 
developed, which have helped to elucidate the genes and pathways that are dysregu-
lated in MPNST tumorigenesis, including the  p53 , and the  RB1 , PI3K-Akt-mTOR, 
RAS-ERK and Wnt signaling pathways. Preclinical results have suggested that 
new therapies, including mTOR and ERK inhibitors, may synergize with conven-
tional chemotherapy in human tumors. The discovery of new genome editing tech-
nologies, like CRISPR-cas9, and their successful application to the zebrafi sh model 
will enable rapid progress in the faithful modeling of MPNST molecular pathogen-
esis. The zebrafi sh model is especially suited for high throughput screening of new 
targeted therapeutics as well as drugs approved for other purposes, which may help 
to bring enhanced treatment modalities into human clinical trials for this devastating 
disease.  
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      Clinical and Pathologic Features of Malignant Peripheral 
Nerve Sheath Tumors (MPNST) 

 Malignant peripheral nerve sheath tumors (MPNSTs), formerly known as neurofi -
brosarcoma, neurogenic sarcoma, malignant schwannoma, and malignant neuri-
lemmoma, are malignant tumors derived from Schwann cells or Schwann cell 
precursors surrounding peripheral nerves [ 1 ,  2 ]. These tumors have an estimated 
incidence of 1:100,000 in the general population [ 3 ]. Despite their relative rarity, 
these tumors represent 5–10 % of all soft-tissue sarcomas of childhood [ 4 ,  5 ]. 
MPNSTs commonly arise from large and medium sized nerves, with extremity 
tumors representing 33–46 %, truncal tumors 34–41 % and head and neck tumors 
17–25 % of all cases [ 2 ]. Less than 15 % of all MPNSTs are metastatic at initial 
diagnosis, however, MPNST displays a predilection for metastasis to the lungs or 
bone marrow [ 1 ,  2 ]. 

 MPNST is a tumor with a variety of histopathologic appearances. Histologically, 
MPNSTs are pleomorphic, displaying epithelial, glandular or cartilaginous com-
ponents, or alternatively containing heterotopic elements [ 1 ,  2 ]. MPNSTs may 
require differentiation from other similar tumors occurring in similar anatomical 
sites, including fi brosarcoma, rhabdomyosarcoma, malignant triton tumors and 
clear cell sarcoma of soft parts, as well as those that contain cartilaginous or osse-
ous components or differentiation [ 1 ,  2 ]. MPNSTs typically contain myxoid 
stroma, nuclear palisading and tapered nonbranching processes in parallel arrange-
ments, microtubules, neurofi laments and basal lamina [ 2 ]. They may display aber-
rant differentiation, including the presence of rhabdomyoblasts, as found in 
malignant triton tumors, glandular elements as seen in synovial sarcoma or mela-
nocytic elements, as found in pigmented MPNST resembling clear cell sarcoma of 
soft parts [ 2 ]. Histologic studies have demonstrated frequent expression of S100β, 
GFAP, collagen IV, CD57, PGP 9.5, myelin basic protein and keratin 8 and 18 
proteins [ 2 ,  6 ], suggesting a neural/Schwann cell of origin. Furthermore, compara-
tive analyses have demonstrated strikingly different molecular profi les between 
MPNST and fi brosarcoma, rhabdomyosarcoma, malignant triton tumors and clear 
cell sarcoma of soft parts, yielding several molecular markers specifi c for MPNST, 
including  SOX10 , adrenomedullin and others [ 6 – 10 ]. The positive expression of 
these markers has been of key utility in deriving promoters to aid in animal model-
ing of MPNST. 

 Early descriptions revealed that patients with MPNST had exquisitely poor 
outcomes in the absence of complete surgical excision, and that there is a striking 
association between the neurocutaneous syndrome neurofi bromatosis type 1 
(NF1) and MPNST. This second fi nding is fundamental to the biology of MPNST, 
such that MPNST is considered to occur in two independent variations—those 
that are found in the context of patients with neurofi bromatosis, termed “NF1-
associated” and those that are found independent of neurofi bromatosis, termed 
“sporadic” MPNST.  
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    Clinical Management of MPNST 

 The clinical management of MPNST has been recently reviewed [ 11 – 13 ]. 
Importantly, it has been understood since initial studies by D’Agostino et al. in 1963 
that patients with MPNST fared extremely poorly without complete surgical exci-
sion. In their initial study of 24 patients with sporadic MPNST, every patient who 
went on to die displayed incomplete surgical excision of their tumor [ 14 ] (Table  1 ). 

     Table 1    Clinical therapeutic trials for MPNST   

 Study  Sample group  Treatment  Outcome  References 

 D’Agostino 
et al. (1963) 

 24 patients with 
sporadic MPNST 

 Surgery 
+/− chemotherapy 

 12/19 patients with 
only simple surgery 
recurred 

 [ 14 ] 

 D’Agostino 
et al. (1963) 

 21 patients with 
NF1 and MPNST 

 Surgery, 
+/− chemotherapy 

 17/21 patients dead 
(OS: 19 %) 

 [ 15 ] 

 Ducatman 
et al. (1983) 

 109 patients with 
MPNST 

 Surgery, XRT  Relapse of 12 cases 
in sites of former 
XRT 

 [ 16 ] 

 Ducatman 
et al. (1986) 

 120 patients, 62 
with NF1, 13 
post-irradiation 
and 19 metaplastic 

 Surgery, XRT  NF1: 16 % 5 years 
OS 
 Sporadic: 53 % 5 
years OS 

 [ 17 ] 

 Raney et al. 
(1987) 

 24 children with 
MPNST (16/24 
with NF1) 

 Surgery, XRT and 
chemotherapy 

 13 patients with CR, 
total: 46 % OS 

 [ 18 ] 

 DeCou et al. 
(1995) 

 29 patients (11 
with NF1) 

 Surgery, XRT, 
chemotherapy 

 5 years OS: 39% 
 2 years OS with 
resectable lesions 
79 %, without: 22 % 

 [ 4 ] 

 Casanova 
et al. (1999) 

 24 patients with 
MPNST, 7/24 
with NF1 

 Surgery, XRT, 
chemotherapy 

 10 years EFS: 29 % 
 10 years OS: 41 % 
 10 years OS 
(complete excision): 
80 %; 10 years OS 
(partial excision): 
14 % 

 [ 19 ] 

 Carli et al. 
(2005) 

 167 patients with 
MPNST, 17 % 
with NF1 

 Surgery, 
chemotherapy, 
XRT 

 Prognostic factors 
included NF1, 
primary site, size, 
metastases. Trend 
toward a benefi t 
from XRT after 
GTR. Overall 
response to 
chemotherapy in 
group III = 45 % 

 [ 20 ] 

(continued)
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More recent studies have extended these fi ndings, with 80 % of patients treated with 
complete resection surviving at 10 years, compared to 14 % of those with partial or 
no resection [ 19 ]. Importantly, patients with neurofi bromatosis type 1 were noted to 
have an even poorer overall survival [ 14 ,  15 ], a fi nding which was echoed in subse-
quent studies in larger groups of patients [ 17 ,  23 ]. In a meta-analysis involving 
>1800 patients from multiple institutions, the primary risk factors for poorer overall 
survival included the presence of neurofi bromatosis, failure to achieve complete 

Table 1 (continued)

 Study  Sample group  Treatment  Outcome  References 

 Ferrari et al. 
(2007) 

 36 MPNST (all 
NF1), 1 malignant 
triton tumor 

 Surgery, XRT, 
chemotherapy 

 5 years EFS: 19 % 
 5 years OS: 28 % 

 [ 21 ] 

 Furniss et al. 
(2008) 

 32 cases of 
MPNST, 13/32 
NF1, 1/32 NF2 

 Not described  Not described  [ 22 ] 

 Ferrari et al. 
(2011) 

 304 cases of 
non-metastatic, 
unresected 
pediatric NRSTS 
(71 MPNST) 

 Surgery, 
chemotherapy, 
XRT 

 5 years OS for 
MPNST ~40 %, 
with 5 years OS for 
NF1 11.1 % and 5 
years OS for 
sporadic MPNST 
44.7 % 

 [ 23 ] 

 Stucky et al. 
(2012) 

 175 MPNST 
(32 % NF1- 
associated, 68 % 
sporadic) 

 Surgery, 
chemotherapy, 
XRT 

 Poorer OS with 
NF1, tumor >5 cm, 
high grade tumors, 
use of 
chemotherapy, local 
recurrence 

 [ 5 ] 

 Kolberg et al. 
(2013) 

 >1800 cases of 
MPNST in 
meta-analysis 

 Surgery, 
chemotherapy, 
XRT 

 Overall survival of 
patients with NF1 
and sporadic tumors 
is now equilibrating 
to ~40 % 

 [ 3 ] 

 Zehou et al. 
(2013) 

 21 NF1-associated 
MPNST patients 
treated with 
chemotherapy 

 Surgery, 
chemotherapy, 
XRT. All patients 
received 
chemotherapy 

 19/21 patients died  [ 24 ] 

 Fan et al. 
(2014) 

 146 MPNST (17 
NF1-associated, 
129 sporadic) 

 Surgery, XRT, 
chemotherapy 

 MDM2 expression 
correlates with 
tumor recurrence 

 [ 25 ] 

 Bates et al. 
(2014) 

 139 pediatric 
patients with 
MPNST 

 Surgery, XRT  No effect of XRT, 
HR = 0.70 for 
complete excision 

 [ 26 ] 

  Summary of clinical trials and institutional experiences of MPNST.  XRT  external beam radiation, 
 HR  hazard ratio,  MPNST,  malignant peripheral nerve sheath tumor.  NF1  neurofi bromatosis type 1, 
 NF2  neurofi bromatosis type 2,  NRSTS  non-rhabdomyosarcomatous soft-tissue sarcoma,  OS  over-
all survival,  EFS  event-free survival,  GTR  gross total resection,  MDM2  mouse-double minute 2  
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surgical removal, metastases at the time of diagnosis and larger primary tumor size. 
When all patients were taken together, those patients not given chemotherapy 
tended to experience poorer disease-associated survival compared to those not 
given chemotherapy, although this was hypothesized to be a confounder related to 
larger disease burden [ 3 ]. Thus, in the largest of all studies, the role of surgery 
remains an independent predictor of overall survival [ 3 ]. The role surgery plays, 
however, is compromised by the growth of MPNST cells, which invade and erode, 
resulting in local damage, distant metastasis and inoperability due to encasement of 
critical structures.

   In contrast to the clear role of surgery, the evidence for chemotherapy and radia-
tion in the management of MPNST appears mixed. To date, limited evidence exists 
for the use of external beam radiation in modifying the disease course of MPNST, 
although it is commonly utilized as a therapeutic strategy for enhancing local con-
trol post-surgery [ 1 – 3 ]. Unfortunately, radiation therapy is not without negative 
effects, and several studies have described the incidence of secondary malignancies, 
including MPNST, in the radiation fi eld (Table  1 ) [ 4 ,  11 ,  16 ,  18 ]. These data strongly 
indicate judicious use of external beam radiation in the management of MPNST and 
also underscore the necessity for close followup of patients with MPNST, predomi-
nantly those with NF1, who are managed with radiation. 

 Less clear than radiation is the role that chemotherapy may play in the modifi -
cation of MPNSTs (Table  1 ). MPNST is a relatively chemoresistant tumor [ 1 ,  2 ]. 
Evidence suggests that in partially resected or unresectable MPNST, chemother-
apy produces regression in less than 33 % of cases [ 2 ]. In addition, meta-analysis 
indicates that patients given chemotherapy fared worse than those that were not, 
though this response was thought to be related to a greater initial burden of disease 
resulting in the clinical decision to administer chemotherapy [ 3 ]. Moreover, in the 
Italian and German MPNST experience, patients with gross residual disease after 
incomplete resection had an overall response rate of 45 % to chemotherapy, how-
ever, only 2/29 patients displayed complete responses [ 20 ]. Lower response rates 
to chemotherapy are seen in NF1 patients (17.6 %) than in those with sporadic 
disease (55.3 %) [ 20 ] (Table  2 ). Most chemotherapeutic regimens used have 
included combinations of vincristine, cyclophosphamide, actinomycin-D, doxoru-
bicin and ifosfamide [ 1 – 3 ,  19 ]. The agents displaying the most effi cacy in the 
management of MPNST are doxorubicin and cyclophosphamide/ifosfamide, 
although others, including platinum salts have been reported as effective [ 11 ,  20 , 
 24 ]. A molecular rationale for this effect has been described, with some MPNSTs 

  Table 2    Overall response of 
MPNST to chemotherapy is 
reduced in NF1-associated 
MPNST  

 Tumor  Response  No response 

 MPNST (non-NF1)  25  16 
 MPNST (NF1)  2  23 

  Patients with non-metastatic NF1-associated MPNST are 
less likely to respond to chemotherapy than are sporadic 
MPNSTs, though chemotherapy regimens were highly 
variable. p < 0.0001 by Fisher’s exact test. Data derived 
from [ 23 ]  
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displaying  overexpression of topoisomerase II-α, with a relationship to poorer 
overall survival and distant metastasis [ 27 ]. These fi ndings may indicate a further 
role for topoisomerase II-α agents, including epipodophyllotoxins, in therapy of 
selected MPNSTs [ 27 ].

   The late effects of MPNST management include secondary malignancies, der-
matitis, cellulitis, fi brosis, and osteitis related to external beam radiation, as well as 
the risk of relapse due to failure to control local or metastatic disease [ 2 ]. Furthermore, 
there is a risk of deformation of local structures due to surgical excision with wide 
margins, including the risk of damage to critical internal structures. With chemo-
therapy and radiation, there exists a possibility of secondary malignancy, with 
MPNST as the most common secondary tumor, though others, including osteosar-
coma [ 19 ] have been reported. This risk is not limited to MPNST, with studies 
reporting MPNST arising in the radiation fi eld used in the management of patients 
with Hodgkin’s lymphoma and rhabdomyosarcoma [ 4 ]. Thus, current treatment 
modalities for MPNST are limited in effi cacy and have undesirable side effects, 
indicating the necessity to identify new experimentally-validated targets. 

 Newer studies, based on animal models of neurofi bromatosis and MPNST, have 
suggested the use of molecularly-targeted therapeutic agents that target at the level 
of growth factor receptors, or downstream at the level of the phosphatidyl-inositol 
3’OH kinase (PI3K)-AKT-mammalian target of rapamycin (mTOR) or RAS-Raf- 
MEK-ERK signaling axes. These studies have included the farnesyltransferase 
inhibitor tipifarnib [ 28 – 30 ], the mTOR inhibitor everolimus [ 29 – 32 ], the platelet- 
derived growth factor receptor (PDGFR)/c-kit receptor co-inhibitor imatinib [ 29 , 
 30 ,  33 ] and the vascular-endothelial growth factor receptor (VEGFR) inhibitor 
bevacizumab [ 29 ,  30 ,  34 ,  35 ], among others. Furthermore, advanced imaging tech-
nologies have suggested an enhanced methodology for the detection of small 
tumors in high risk populations [ 36 ], which, given the central role of surgical exci-
sion of MPNSTs, will enhance surgical approaches to small tumors prior to their 
malignant degeneration or impinging on critical internal structures and leading to 
deformaties and compromise of organ function. These studies are promising and 
suggest avenues for future exploration and validation in model systems prior to 
entry into clinical trials.  

    Neurofi bromatosis Type 1: An Inherited Tumor- Predisposition 
Syndrome Associated with MPNST 

 The neurofi bromatoses are two genetic tumor predisposition syndromes (NF1, 
NF2) predominantly affecting the nervous system. Neurofi bromatosis type 1 (NF1) 
is an autosomal dominant disorder characterized by learning disabilities, bony dys-
plasias, pigmented lesions of the skin including café-au-lait macules, axillary freck-
ling and lisch nodules of the iris, as well as the development of numerous tumor 
types, including optic glioma, glioblastoma, pheochromocytoma, juvenile 
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monomyelocytic leukemias, as well as neurofi bromas, plexiform neurofi bromas 
and MPNST [ 1 ,  2 ,  37 ]. NF1 is the most common inherited genetic disease affecting 
the nervous system, with an estimated incidence of 1 in 3500 infants [ 37 ]. 

 Neurofi bromatosis type 1 was initially linked to chromosome 17q11, while a 
distinct tumor spectrum disorder termed neurofi bromatosis type 2, with a predis-
position to acoustic neuromas/vestibular schwannomas was linked to chromosome 
22 [ 38 – 40 ]. NF1 is caused by inherited or de novo mutations in the neurofi bromin 
( NF1 ) gene, which encodes a 220 kDa cytoplasmic protein with regions containing 
homology to GTPase-activating proteins (GAPs). NF1 was subsequently identi-
fi ed as a GAP for the  RAS  family of proto-oncogenes, with disruption of  NF1  
implicated in hyperactivation of RAS signaling [ 41 ], and thus, promoting down-
stream oncogenic signaling (reviewed in [ 1 ,  2 ,  13 ,  37 ,  42 ]). Thus, for MPNSTs 
lacking NF1, it has been postulated that inhibiting hyperactivated RAS signaling 
targets may be effi cacious, resulting in numerous preclinical and clinical studies 
investigating the use of farnesyltransferase [ 28 ,  43 ], MEK [ 44 ,  45 ], Ral [ 46 ] and 
mTOR [ 31 ,  45 ,  47 – 49 ] inhibitors in both animal models and human trials of 
MPNSTs with NF1 loss. Activating mutation of RAS are rare in MPNST [ 50 ], 
implicating signaling upstream of RAS, and this has been investigated at the pre-
clinical level, including inhibition of CXCR4 [ 51 ,  52 ], IGF1R [ 53 ], VEGFR [ 54 , 
 55 ], EGFR [ 48 ,  56 ,  57 ], KIT [ 33 ,  58 – 60 ], MET [ 25 ] and ErbB2 [ 56 ,  61 ,  62 ]. NF1 
satisfi es Knudson’s two hit hypothesis for tumor suppressor function, with neo-
plastic lesions arising in patients with NF1 in tissue stem cells that have lost the 
wild-type allele of the NF1 gene [ 38 ,  63 – 65 ]. Furthermore, sporadically develop-
ing MPNSTs not arising in the context of hereditary  NF1  mutations commonly 
display somatically acquired mutations in the NF1 tumor suppressor, further 
strengthening the central role of this gene in MPNST development [ 66 ]. To this 
end, gene expression array experiments comparing sporadic and NF1-associated 
MPNSTs were unable to identify a clear signature differentiating MPNSTs arising 
in these different clinical contexts [ 67 ], suggesting that the gene expression pat-
terns and other properties of MPNSTs are likely to be conserved, whether or not 
they arise in NF1 patients. 

 The risk of MPNST in the general population has been estimated to be 0.001 % 
per lifetime, while in the context of NF1 the estimates are 2–13 % per lifetime [ 2 , 
 17 ]. Furthermore, greater than 50 % of all MPNSTs arise in patients with NF1, sug-
gesting a strong genetic linkage between  NF1  mutations and MPNST generation 
[ 2 ]. MPNST has an earlier age of onset in NF1 patients, with a peak occurrence in 
the 20s–30s, while it tends to occur in patients who have reached their 40s–50s in 
sporadic MPNST [ 17 ]. NF1 patients fared worse than those with sporadic disease 
[ 4 ,  17 ,  19 ], and despite refi nements in surgical techniques, this difference has con-
tinued to persist [ 3 ,  5 ]. Intriguingly, NF1-associated tumors display, on average, a 
higher grade and larger size compared to sporadic tumors, suggesting a role for 
early biallelic loss of  NF1  in driving nuclear atypia and perhaps the survival or 
proliferation of the tumor cells [ 3 ,  5 ,  17 ].  
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    Initiation of MPNST 

 The mechanism by which MPNSTs arise has been extensively queried. Intriguingly, 
individuals with subcutaneous neurofi bromas are three times more likely to have 
internal plexiform neurofi bromas and MPNSTs, and those patients with internal 
plexiform neurofi bromas are twenty-times more likely to develop MPNSTs [ 12 ]. 
This observation has led many to question whether a pre-neoplastic lesion for 
MPNST exists in NF1 patients, and whether this lesion is the plexiform neurofi -
broma. The observation of lesions containing contiguous elements of neurofi broma, 
plexiform neurofi broma and MPNST has further suggested that these lesions may 
lay along a spectrum [ 68 ]. These observations are strengthened by mutational anal-
yses of dermal neurofi bromas, plexiform neurofi bromas and MPNSTs, demonstrat-
ing a gradation of loss of NF1 and the acquisition of  TP53  mutations during the 
progression of these lesions [ 63 ]. 

 In vivo modeling has suggested that the skin-derived precursor cell (SKP cell) 
may represent the dermal neurofi broma cell of origin. While Schwann cells can be 
differentiated from wild-type SKPs [ 69 ], Schwann cells carrying loss of both alleles 
of  NF1  result in focal dermal neurofi bromas [ 70 ]. Further, SKPs derived from  cis-
 NF1    loxp/loxp   ;TP53   loxp/loxp   mice, treated in culture with adeno-CRE-GFP and autolo-
gously implanted into the same mouse result in the generation of GFP-labeled 
MPNSTs [ 71 ]. These data argue strongly for an in vivo niche for the generation of 
the dermal neurofi broma, and for the precursor lesion to the plexiform neurofi -
broma, which functions as the lesion of origin for MPNST [ 2 ]. These data also 
argue for a dysregulation of signaling downstream of RAS as being implicated in 
establishing the initial cell and niche responsible for generating the neoplastic 
lesion in MPNST. The use of the recently defi ned serum marker of transformation, 
adrenomedullin [ 9 ], among other biomarkers [ 7 ,  10 ], may be helpful in identifying 
early MPNST lesions, to further defi ne the timing and localization of transforma-
tion in vivo. These studies and others involving human patients, as well as murine 
and zebrafi sh models of MPNST have led to the model for MPNST generation 
shown in Fig.  1 .

   Furthermore, evidence indicates that the extracellular matrix niche may enhance 
MPNST generation via cell cycle inductive signaling mediated by SDF1α-CXCR4 
interactions on tumor cells [ 51 ,  52 ] and proinfl ammatory states [ 42 ,  51 ,  52 ,  58 ,  72 ]. 
Autocrine SDF1α signaling through CXCR4 receptors expressed on MPNST cells 
induces AKT and inhibits GSK3β signaling, stabilizing β-catenin and driving TCF/
LEF-mediated nuclear transcription and proliferation, which can be suppressed by 
CXCR4 inhibition [ 51 ]. These data mimic studies in other sarcomas [ 73 ,  74 ], and 
strongly indicate that MPNSTs may arise by a combination of cellular transforma-
tion and autocrine/paracrine extracellular matrix-mediated interactions on underly-
ing plexiform neurofi bromas (Fig.  1 ).  
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    Molecular Genetics of MPNST 

 Signifi cant interest has been expressed in identifying key recurrent genomic events 
in MPNSTs that may represent genetic lesions for targeting by novel experimental 
therapeutics. The clear association of MPNST in neurofi bromatosis type 1 patients 
led to the establishment of  NF1  deletions in MPNST tumors [ 39 ,  63 ]. While the 
mutational spectrum in NF1 driving loss of NF1 is variable, including point muta-
tions, splice mutations, small deletions, insertions and duplications, further evalua-
tion has suggested that the roughly 5–10 % of NF1 patients with deletions 
incorporating the entire  NF1  gene are at the highest risk of MPNST development 
[ 75 ]. Intriguingly, as many as 10–15 % of dermal neurofi bromas, 40 % of plexiform 
neurofi bromas and >60 % of MPNST display biallelic LOH of  NF1 , suggesting that 
 NF1  likely functions in the classic Knudson two hit hypothesis manner in MPNST 
tumorigenesis [ 63 ,  65 ] (Fig.  1 ). To this end, ~50 % of sporadic MPNSTs have single 
copy loss of  NF1  [ 76 ,  77 ], though the spectrum of germline mutations in neurofi bro-
matosis patients is distinct from the somatic mutations seen in MPNSTs [ 77 ]. 

 Despite the initial fi ndings that generation of both murine and zebrafi sh models 
of MPNST were associated with mutation of  TP53  [ 64 ,  78 – 81 ], and evidence that 
 TP53  mutations are found in human MPNSTs [ 38 ,  82 ], subsequent focused sequenc-
ing efforts of the exonic sequence of  TP53  has demonstrated a relatively low fre-
quency of inactivating mutations [ 63 ,  83 – 86 ]. Studies have demonstrated that  TP53  
mutations, with subsequent loss of heterozygosity of the gene, are more commonly 
found in sporadic MPNST [ 56 ,  85 ,  86 ]. In contrast, dysregulation of nuclear cell 
cycle control in MPNST appears to be more frequently achieved through the loss of 
the cell cycle controller  p16   INK4a   and the p53 suppressor  p14   ARF  . Studies have 
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  Fig. 1    MPNST is generated from precursors by defi ned genetic events. Skin-derived precursors, 
possibly CD133+ cells, generate neurofi bromas in the context of loss of NF1. Loss of tumor sup-
pressors (PTEN, p53, and p16 INK4A ) in addition to hyper-activation of growth factor receptor sig-
naling, such as EGFR or PDGFR, results in progression of neurofi bromas to plexiform 
neurofi bromas. These may undergo malignant transformation to MPNST. MPNST is supported in 
an ectopic niche by both autocrine and paracrine interactions, including mast cell proinfl ammatory 
signaling       
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 indicated that  p16   INK4a   inactivation occurs in both sporadic and NF1-associated 
MPNST, with homozygous deletion in greater than 50 % of both cases [ 85 ,  87 ]. 
These deletions are not found in matched whole blood [ 88 ] or neurofi bromas [ 89 ], 
but rather only in MPNST, and deletion at 9p21.3 represents the most common copy 
number loss in MPNST tumors [ 90 ]. Loss of  p16   INK4a   protein is found at the same 
frequency as loss of  p14   ARF   and  p15   INK4b  , related cell cycle control genes [ 87 ]. 
Strengthening the role for cell cycle disruption in MPNST is the fi nding that uni-
variate and multivariate analyses demonstrate that loss of  p16   INK4a   or  p14   ARF   corre-
late with poorer overall survival, and loss of all three genes portends the poorest 
prognosis [ 87 ]. Other genomic alterations in  RB1  and  p27   KIP1   are also found in 
MPNST, albeit with signifi cantly lower frequency [ 90 ]. Intriguingly, tumors with-
out previously defi ned RB1 pathway alterations represent only the minority (<10 %) 
of MPNSTs [ 6 ,  88 ]. 

 Evaluation of MPNST for alterations in cell surface receptor tyrosine kinases 
(RTKs) has demonstrated frequent expression of EGFR [ 47 ,  52 ,  65 ,  70 – 73 ], as well 
as others including c-kit [ 33 ,  58 – 60 ], c-met [ 25 ], VEGFR [ 54 ,  55 ], PDGFR [ 33 ,  48 , 
 91 – 93 ], insulin-like growth factor receptor-1 (IGF1R) [ 53 ] and ErbB receptors [ 56 , 
 62 ]. High throughput screening of MPNST cell lines shows that these receptors do 
not commonly display mutational activation [ 50 ], however, some studies have dem-
onstrated amplifi cations of the genomic loci in MPNST [ 56 ,  94 ]. The EGFR, in 
particular, is commonly expressed in high grade areas of MPNST [ 48 ,  67 ,  94 ], 
associated with  TP53  loss [ 95 ], and is hyperactivated in MPNST cells [ 48 ]. Similar 
activation profi les are present for PDGFRs in MPNST, and these receptors appear 
to drive signaling through the Akt-mTOR and RAS-ERK pathways [ 48 ]. No muta-
tions in PI3K, the upstream kinase responsible for linking activated RTKs to AKT 
and RAS pathway activation, have been found in MPNST samples [ 48 – 50 ], despite 
hyperactivation of both of these pathways. Rare activating mutations in N- and 
K-RAS have been identifi ed in sporadic MPNST, with no RAS mutations in NF1- 
associated tumors [ 48 ], refl ecting the fact that loss of NF1 has already activated the 
RAS pathway. A similar spectrum of mutations has been identifi ed for the down-
stream RAS-activated kinase  B-RAF  [ 96 ]. In contrast, loss of  PTEN  expression by 
promoter methylation is a common fi nding in primary MPNST but not neurofi bro-
mas or normal nervous tissue [ 49 ]. It therefore appears that MPNST display dys-
regulation of these downstream pathways by hyperactivated receptor tyrosine 
kinases, with concurrent loss of negative regulation through  PTEN  or  NF1  and, only 
rarely by direct mutational activation of RAS or PI3K themselves in sporadic 
tumors. 

 Higher throughput analyses have been conducted using array-based methodolo-
gies, indicating that MPNST contain complex patterns of karyotypic changes with 
common amplifi cations of  NEDL1, AP3B1, CUL1, SNCAIP, E2F3, CBLV, NMNAT2, 
FER , and less commonly (<50 %), amplifi cations of  ITGA2, SEMA5A, EXT1, 
DLX4/3, OTX2 , and deletions of  CDKN2A/B, FOXD2, NCAM1  and  MKK5  [ 90 ]. 
This analysis demonstrated an average of 12.8 copy number variants per genome, 
with common copy number gains in 1q, 2p, 7, 8, 17q and deletions in 1p, 9p, 10q25, 
11q14-q24, 17q, 20p [ 90 ]. Similar array based subtractive hybridization and array 
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cGH profi les have been constructed in MPNST, demonstrating tumor-specifi c copy 
number variations. These too have displayed loss of the  CDKN2A/B  locus [ 97 ] and 
amplifi cations of the  PDGFRA  and  c-Kit  loci [ 33 ]. 

 Evaluation of RNA expression profi les in MPNST has also been fruitful for the 
defi nition of tractable targets. Early experiments using sequential subtractive 
hybridization between plexiform neurofi bromas and MPNST samples from the 
same patients resulted in the defi nition of numerous targets that were upregulated in 
MPNST, including the known cancer-associated genes  PDGFRA, ITGA6, SPRY2, 
YAP1, HOXB2, MDM4, NBS1, RAD23B, HGF, IGFBP3, MMP13, FOS, EGR1, 
SPARCL1, Hsp90, Hsp40, EIF4E, MEN1,  and  RPL10  [ 91 ]. Furthermore, focused 
chromosome 17 microarray experiments aimed at defi ning genes co-altered with 
 NF1  in MPNST demonstrated upregulation of  TOP2A , the previously mentioned 
 topoisomerase-IIa  gene [ 27 ]. Early microarray based gene expression profi ling 
experiments were unable to identify a clear gene signature differentiating NF1- 
associated and sporadic tumors, highlighting the similarities in transcriptional net-
works and dependency on similar signaling pathways that are present in these 
tumors [ 67 ]. Subsequently, studies identifi ed a conserved signature differentiating 
neurofi bromas, plexiform neurofi bromas and MPNST [ 98 ]. These results were 
extended in microarray based experiments, in combination with high throughput 
insertional mutagenesis screening, to identify three conserved pathways critical to 
MPNST tumorigenesis, the RAS-ERK, PI3K-Akt-mTOR and Wnt-β-catenin path-
ways [ 99 ]. RNA expression experiments comparing tumor and Schwann cell sam-
ples have permitted the defi nition of a signature defi ning MPNSTs, including loss 
of Schwann cell differentiation markers ( SOX10, CNP, PMP22, NGFR ) and induc-
tion of neural crest stem cell markers ( SOX9, Twist1 ) [ 6 ]. Follow up work has per-
mitted these profi les to be used clinically, with SOX10 protein expression being a 
useful histopathologic marker for MPNST, compared to synovial sarcoma [ 8 ], and 
 SOX9  being defi ned as a MPNST biomarker and pro-survival gene [ 10 ]. The pres-
ence of SOX10 expression in MPNST has permitted the Look laboratory to identify 
early precursor lesions to MPNST in vivo by co-expression of GFP under the 
SOX10 promoter (Fig.  2 ). Further markers, including the serum marker adreno-
medullin, have been defi ned in neurofi bromatosis patients as potential markers of 
transformation [ 9 ], though independent validation will be required.

   The defi nition of  TWIST1  as an induced marker in MPNST led to experiments 
defi ning a functional role for this protein in regulation of chemotaxis of MPNST 
cells [ 6 ]. The regulation of  TWIST1  in MPNST has recently come to the forefront, 
based on studies demonstrating dependency on Wnt-β-catenin signaling, and 
involvement in invasion and metastasis of MPNST cells [ 52 ,  99 – 101 ]. The regula-
tion of pro-invasive behaviors is also central to the MPNST phenotype, with studies 
demonstrating common expression of matrix-metalloproteinase-13 (MMP13) in 
MPNST lesions [ 86 ,  91 ]. Intriguingly, MMP13 in this study was strongly linked to 
recurrence of MPNST lesions [ 86 ], indicating a pro-tumorigenic role for this pro-
tein in MPNST. 

 The role of epigenetic mechanisms for tumorigenesis in MPNST has only begun 
to be explored. Evidence indicates that the polycomb repressive complex 2 (PRC2), 
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an oncogenic complex in multiple cancer types, may be specifi cally lost in RAS- 
driven malignancies, including MPNST. Intriguingly, the loss of the PRC2 member 
 SUZ12  cooperates with loss of  NF1  to sensitize tumors to bromodomain inhibitors 
[ 102 ]. The further role that epigenetic mechanisms may play in MPNST remains to 
be explored, including notably, regulation of its genome-wide transcriptional pro-
fi le via changes in histone architecture.  

    Rodent Genetic Models of MPNST 

 Concurrently with the early descriptions of the role of  NF1  in neurofi bromatosis 
and MPNST, the fi rst animal models of MPNST were developed. Two approaches 
to generate MPNST in rodents have been examined, including ENU-mediated 
mutagenesis, implicating mutated  ErbB2  in MPNST tumorigenesis [ 103 ,  104 ], 
though signifi cantly more success has been achieved using targeted modeling of 

  Fig. 2    The Sox10 promoter drives GFP in zebrafi sh MPNST. ( a ) 32 week old  SOX10 : GFP , 
nf1a +/− ; nf1b −/− ; p53 e7/e7  zebrafi sh with an abdominal tumor mass. ( b ) GFP driven by the  SOX10  
promoter is expressed in the tumor allowing the tumor cells to be monitored in vivo (scale 
bar = 1 mm). ( c ) Histopathology of representative MPNSTs stained with hematoxylin and eosin 
reveals patterns of spindle shaped cells with whorling patterns consistent with MPNST. ( d ) 
Magnifi cation of inset from ( c ). Tumors consist of spindle cells that stack into short fascicles, typi-
cally with a whorling pattern. Scale bars: ( c )  black  = 1 mm; ( d )  white  = 50 μm       
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genetic lesions present in human tumors. Initial studies examined the role of  TP53  
in murine MPNST tumorigenesis. While wild-type animals, as mice heterozygous 
for loss of  TP53  did not develop MPNST, instead developing embryonal carcino-
mas and lymphomas, those that were homozygous for loss of  TP53  developed, with 
rarity, MPNST [ 80 ]. 

 More success in deriving MPNST in murine models has been achieved by can-
didate gene disruption (Table  3 ). Based on the fi nding that patients with neurofi bro-
matosis type 1 display mutations or LOH of the  NF1  gene, the Parada and Jacks 
groups developed animal models of MPNST by disruption of the  TP53  and  NF1  
loci [ 78 ,  79 ]. Importantly, biallelic targeted disruption of the  NF1  gene alone is 
embryonic lethal in animal models, with heterozygotes developing hyperplasia of 
sympathetic ganglia, arguing for a neural-associated phenotype in these animals 
[ 64 ,  111 ,  112 ]. This evidence was further extended to a neural phenotype for NF1 
loss in subsequent studies establishing that biallelic astrocytic-specifi c loss of  NF1  
alone results the generation of optic gliomas [ 113 ], with combined astrocytic loss of 
 NF1  and  TP53  resulting in tumors on the continuum from astrocytoma to glioblas-
toma multiforme [ 107 ]. In 1999, Jacks group published that mice chimeric for NF1 
homozygous loss were viable, and the  NF1  −/−  cells resulted in the generation of 

   Table 3    Murine genetic models of MPNST   

 Murine model  Phenotype  References 

  TP53   −/−    MPNST, various 
tumors 

 [ 80 ] 

 ENU mutagenesis  MPNST, ErbB2 
mutation 

 [ 103 ,  104 ] 

  TP53   +/−   ;NF1   −/−    MPNST, various 
sarcomas 

 [ 78 ,  79 ] 

  NF1   −/−    No tumor spectrum  [ 64 ] 
 P0a-Cre;  NF1   loxp/loxp    PLXNF  [ 105 ] 
 Krox20-Cre;  NF1   loxp/loxp    PLXNF, MPNST  [ 72 ] 
  NF1   +/−   ;p16   INK4A−/−    MPNST  [ 105 ] 
 Adeno-Cre;  NF1   loxp/loxp   ; p16   INK4Aloxp/loxp    MPNST  [ 106 ] 
  PTEN   loxp/loxp   ;NF1   loxp/loxp    ;LDL-K-RAS   G12D/+   ; GFAP-Cre  Neurofi bromas, 

MPNST 
 [ 47 ] 

  TP53    loxp/loxp   ;NF1   loxp/loxp  ; GFAP-Cre  Astrocytoma, GBM  [ 107 ] 
  PTEN   loxp/loxp   ;  Dhh-Cre  PLXNF  [ 108 ] 
  NF1   loxp/loxp   ;PTEN   loxp/loxp   ;  Dhh-Cre  MPNST  [ 108 ] 
  Cnp-H-RAS   V12    MPNST  [ 109 ] 
  Cnp-EGFR; PTEN   loxp/loxp   ;Dhh-Cre   MPNST  [ 110 ] 
  Cnp-EGFR; NF1   loxp/loxp   ; PTEN   loxp/loxp   ;Dhh-Cre   MPNST  [ 57 ] 
  Cnp-EGFR; TP53   −/−    MPNST  [ 95 ] 
  Cnp-EGFR; Cnp-Cre;TP53   R270H    MPNST  [ 99 ] 

  Summary of murine genetic models of MPNST.  Cnp  2′,3′-cyclic nucleotide 3′phosphodiesterase , 
Dhh  desert hedgehog,  ENU  ethylnitrosourea,  PLXNF  plexiform neurofi broma,  GBM  glioblastoma 
multiforme  
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plexiform neurofi bromas. Further, crossing these chimeric animals with animals 
with heterozygous loss of  TP53  resulted in reduced overall survival and the genera-
tion of S100-positive tumors consistent with MPNST, in addition to a variety of 
other tumor types, including osteosarcoma, osteosarcoma, fi brosarcoma, rhabdo-
myosarcoma and hemangiosarcoma [ 79 ]. Simultaneously, the Parada group 
described a model of  cis  loss of  NF1  and  TP53  in mice, with a cohort of animals 
developing 77 % sarcomas, 14 % lymphomas and 9 % carcinomas, with rare (3 %) 
neuroblastomas. Of the sarcomas, 61 % were MPNST, 22 % were malignant triton 
tumors, and more rarely leiomyosarcomas, rhabdomyosarcomas and malignant 
fi brous histiocytomas were found, intriguingly mirroring the quandary faced with 
pathologic diagnosis of MPNST in humans [ 2 ]. The plexiform neurofi bromas that 
are seen in  NF1   −/−   mice are mirrored by studies demonstrating that use of the  P0a  
promoter, an early neural crest marker, to drive CRE recombinase expression in 
 NF1   loxp/loxp   animals resulted in the generation of a rare population of non- myelinating 
Schwann cells, which proliferate to form plexiform neurofi bromas [ 105 ,  114 ]. 
Subsequent to these studies, several groups focused on the development of condi-
tional knockout of  NF1  in specifi c cell lineages. Importantly, studies on conditional 
co-inactivation of  TP53  and  NF1  in murine models were initially disappointing, 
with animals with compound  TP53    loxp/loxp   ;NF1   loxp/loxp  animals crossed with CRE- 
expressing animals under the glial-fi brillary acidic protein (GFAP) promoter 
resulted in astrocytoma and glioblastoma multiforme, but not MPNST [ 107 ]. In 
contrast, use of the  KROX20  promoter to drive Cre expression, in combination with 
 NF1   loxp/loxp   animals results in mice with increased penetrance of neurofi bromas [ 72 ]. 
Intriguingly, some plexiform neurofi bromas were also seen, with extensive mast 
cell infi ltration, arguing for a pro-infl ammatory role for the extracellular milieu in 
the neoplastic process of MPNST [ 72 ], a fi nding that has been echoed in subsequent 
studies [ 42 ,  51 ,  52 ,  115 ,  116 ].

   Given the frequent mutational loss of  p16   INK4A   in human MPNST [ 6 ,  85 ,  87 ,  89 ], 
the Morrison group has examined concordant loss of  NF1  and the  p16   INK4A   locus. 
Creation of  NF1   +/−   ;INK4A/ARF   −/−   animals resulted in histologically confi rmed 
MPNST [ 105 ]. Similarly, the Kirsch group has demonstrated that orthotopic injec-
tion of adeno-CRE into the sciatic nerve of  NF1   loxp/loxp   ;INK4A/ARF   loxp/loxp   animals 
results in MPNST formation [ 106 ]. These data indicate that disruption of cell cycle 
control at the level of  p16   INK4a   is suffi cient, in combination with  NF1  loss, to induce 
MPNST and that loss of  p53  is not required for tumorigenesis. 

 In light of the molecular evidence for loss of  PTEN  in human MPNST [ 49 ,  56 ], 
and the presence of an animal model of  GFAP -driven loss of  PTEN  [ 117 ], Gregorian 
et al. set out to develop a  PTEN -dependent model of MPNST. Here, animals with 
 PTEN   loxp/+   ; LDL-K-RAS   G12D/+   crossed with mGFAP-CRE animals developed neuro-
fi bromas, with some animals developing MPNST with an elevated Ki67 index, 
phosphorylated Akt, S6, and ERK1/2 [ 47 ]. Intriguingly, these tumors displayed 
biallelic loss of PTEN, wild type p53 and intriguingly, normal NF1 status, arguing 
for a sporadic model of MPNST [ 47 ]. These data further provided evidence for a 
cell of origin of sporadic MPNST as a Schwann cell precursor or immature Schwann 
cell [ 47 ]. These data were extended by use of the  desert hedgehog  (Dhh) promoter 
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in mice, wherein  Dhh-Cre  animals crossed with  PTEN    loxp/loxp   results in the  generation 
of plexiform neurofi bromas, which progress to peripheral MPNSTs in animals that 
concurrently lose  NF1  [ 108 ]. Intriguingly, the homozygous loss of both  NF1  and 
 PTEN  using either Dhh-CRE or the  2′,3′-cyclic nucleotide 3′phosphodiesterase  
( CNP ) promoter constructs to drive CRE expression concurrently results in high 
grade MPNST with enlarged brachial plexi, dorsal root ganglia and trigeminal 
nerves with intercostal and paraspinal neurofi bromas [ 99 ,  108 ]. Microarray com-
parison of these tumors to purifi ed Schwann cells from human peripheral nerves, 
neurofi bromas and MPNST cell lines and solid tumors displays a high degree of 
concordance between these tumors and  NF1 -associated MPNST [ 108 ]. This data 
echoes the  LDL-K-RAS   G12D/+   murine model, which also develops MPNST in the 
context of  NF1  and  PTEN  loss [ 47 ]. 

 Further models have been developed, again drawing on fi ndings from human 
molecular genetics. Despite a paucity of RAS mutations in human MPNST [ 50 ], the 
common presence of loss of NF1 [ 20 ,  21 ,  63 ,  75 ] and other negative regulators of 
RAS signaling [ 47 – 49 ] indicates that RAS is hyperactivated in MPNST. To this 
end, the Ratner group has generated a transgenic murine model where a hyperacti-
vated RAS (H-RAS G12V ) is driven under the  CNP  promoter, inducing expression in 
the Schwann cell, resulting in MPNST formation. 

 Several lines of evidence have implicated a role for the EGFR in MPNST.  EGFR  
is frequently amplifi ed [ 48 ,  56 ,  67 ,  94 ] and active [ 118 ] in human MPNST [ 48 ,  56 , 
 67 ,  94 ], MPNST induced by loss of  NF1 and p53  express high levels of EGFR [ 61 ]. 
Transgenic expression of EGFR in  NF1  +/− ; p53  +/−  mice results in generation of neu-
rofi bromas with mast cell accumulation and disassociation of non-myelin forming 
Schwann cells, consistent with plexiform neurofi broma formation [ 115 ]. These data 
led the Largaespada group to derive a model of sporadic MPNST by transgenic, 
piggybac-mediated overexpression of  EGFR  under a  CNP  promoter, in combina-
tion with loss of  PTEN  [ 110 ]. By crossing  PTEN    loxp/loxp   animals with  Dhh-CRE  
expressing animals, with piggybac-EGFR overexpression, Keng et al. generated 
animals with combined overexpression of  EGFR  and loss of  PTEN  in Schwann 
cells, resulting in the generation of MPNST [ 110 ]. Importantly, the group went on 
to demonstrate that this is not a species-specifi c phenomenon, as piggybac- mediated 
 EGFR  overexpression, coupled with shRNA-mediated depletion of PTEN in human 
immortalized Schwann cells results in increased proliferation and colony formation 
in vitro [ 110 ]. This model is not solely dependent on  PTEN , as  NF1  loxp/loxp ;Dhh-CRE 
animals crossed with  CNP-EGFR  overexpressing mice also display MPNST forma-
tion [ 57 ]. Further, given the high degree of colocalization in human MPNST 
between EGFR overexpression and loss of  TP53 , the Largaespada group has 
 generated a model of sporadic MPNST with transgenic Cnp-EGFR expression, in 
combination with loss of  TP53  [ 95 ]. These animals uniformly develop GFAP+, 
SOX10+, Nestin + MPNST that displays phosphorylated ERK and Akt [ 95 ]. 

 Recently, an unbiased screen using the sleeping beauty transposon system has 
been performed utilizing  CNP-EGFR  and  CNP-EGFR ; CNP-CRE ; TP53   R270H   mice, 
which develop neurofi bromas and MPNST, respectively, with low penetrance [ 99 ]. 
Transposon insertion in this model resulted in a dramatic increase in neurofi broma 
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and MPNST formation in both models [ 99 ]. The most common sites of disruption 
in this model were  NF1  and  PTEN , validating the model, however numerous other 
potential targets were identifi ed in this screen, many of which are promising candi-
dates for further exploration in other models [ 99 ]. The utility of the sleeping beauty 
screen was exemplifi ed by the identifi cation of  FOXR2  as a potential proto- oncogene 
in the dataset, with overexpression of  FOXR2  in hematopoietic stem cells resulting 
in accelerated xenograft tumorigenesis, and transcription activator-like effector 
nuclease (TALEN)-mediated disruption of  FOXR2  in MPNST cell lines suppress-
ing xenograft growth [ 99 ]. The database produced by this transposition screen will 
prove invaluable in the understanding of the fundamental biology of MPNST, and 
in the defi nition of targets for therapeutic inhibition.  

    Zebrafi sh Genetic Models of MPNST 

 Leading off from evidence implicating  NF1  and cell cycle control in murine models 
of MPNST [ 63 ,  64 ,  78 ,  79 ,  82 ,  111 ], initial models of MPNST in zebrafi sh focused 
on the role of  TP53  disruption. Reports of sporadic schwannoma in laboratory 
strains of zebrafi sh exist [ 119 ], suggesting that the genetic events necessary for 
driving MPNST formation in zebrafi sh may not be embryonic lethal. The fi rst 
model of MPNST in zebrafi sh was developed by the in the early 2000s, when 
zebrafi sh carrying homozygous  TP53   M214K   and  TP53   N168K   mutations were demon-
strated to suppress apoptosis and fail to upregulate p21 after radiation induced DNA 
damage (Table  4 ) [ 81 ]. Importantly, these mutations in zebrafi sh induced MPNST 
with a latency of 8.5 months, and a penetrance of nearly 25 % [ 81 ]. Importantly, as 
detailed earlier, sporadic loss of  TP53  itself [ 82 ], as well as loss of cell cycle control 
through the  TP53  and  RB1  networks [ 63 ,  83 – 86 ,  88 ,  89 ] are seen in human MPNST, 
lending credence to these early models.

   Further modeling has indicated the utility of a retroviral insertional mutagenesis 
approach in zebrafi sh, resulting in the fi nding of multiple mutations in distinct 

   Table 4    Zebrafi sh genetic models of MPNST   

 Zebrafi sh model  Phenotype  References 

  Tp53   M214K/M214K    MPNST  [ 81 ] 
  Tp53   N168K/N168K    MPNST  [ 81 ] 
 Retroviral insertion into RP genes  MPNST  [ 120 ,  121 ] 
 Mutation of MMR genes:  mlh1   −/−   , msh2   −/−   , msh6   −/−    Neurofi bromas, 

MPNST 
 [ 122 ] 

  nf1a   −/−   ;nf1b   −/−    Embryonic lethality  [ 112 ] 
  tp53    M214K/M214K   ;nf1a   +/−   ;nf1b   −/−    or tp53    M214K/M214K   ;nf1a   −/−   ;
nf1b   +/−   

 MPNST  [ 112 ] 

  Summary of zebrafi sh genetic models of MPNST.  MMR  mismatch repair genes,  RP  ribosomal 
protein  
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 ribosomal protein genes leading to MPNST generation [ 120 ]. These data argue that 
disruption of the ribosome by the mutationally-derived loss of one allele may be 
suffi cient for MPNST initiation [ 120 ]. Intriguingly, alterations of RPL10 expres-
sion have been defi ned in screens of human tumors [ 98 ], and zebrafi sh MPNSTs 
demonstrated loss of TP53 protein expression, suggesting that haploinsuffi ciency 
for ribosomal proteins resulting in decreased TP53 protein synthesis may function 
as a further mechanism for tumorigenesis [ 121 ]. The role that ribosomal proteins 
may play in human MPNST remains to be fully elucidated. 

 In the combination loss of function of  NF1  and  TP53  model, generated by the 
Parada group, sarcomas and, specifi cally, MPNST, were identifi ed [ 2 ]. Plexiform 
neurofi bromas are seen in  NF1−/−  mice, as well as in  NF1   loxp/loxp    ; P0a-Cre  animals 
[ 105 ,  114 ], suggesting that NF1 loss alone is suffi cient to drive generation of plexi-
form neurofi bromas. Intriguingly, the Look laboratory found early embryonic 
lethality with complete loss of the  nf1a  and  nf1b  genes in zebrafi sh, along with aber-
rant proliferation and differentiation of oligodendrocyte progenitor cells, dysmor-
phic myelin sheaths and importantly, hyperplasia of Schwann cells [ 112 ]. Further, 
heterozygous loss of  nf1a  and  nf1b , concurrently with mutation of p53 ( nf1a  +/− ; 
 nf1b  −/− ;  p53   e7/e7 ) resulted in accelerated onset and increased penetrance of histologi-
cally confi rmed MPNST in adult fi sh [ 112 ], arguing for similar genetic ontogenies 
between murine, human and zebrafi sh models of MPNST in terms of cooperation 
between loss of NF1 and cell cycle control. These MPNSTs display the typical cell 
whorling histology of human MPNST, with fascicular organization of spindle-like 
cells (Figs.  2 ,  3 , and  4 ). Interestingly, this model is highly penetrant, with individual 
animals displaying multiple synchronous primary tumors (Fig.  3 ). Furthermore, pri-
mary tumors in this model arise in multiple distinct locations, including the abdo-
men (Fig.  2 ), gills, heart, gut, ovary and kidney (Figs.  3  and  4 ). The presence of a 
GFP label in this model results in facile screening for tumor development, which is 
critical given the diverse array of locations these tumors may arise in.

    Several lines of evidence have implicated the role of the  INK4A/B  locus in gen-
eration of murine and human MPNST [ 56 ,  88 ,  89 ,  97 ]. The role that this locus 
plays in zebrafi sh MPNST generation is as of yet unexplored, though the zebrafi sh 
may represent a genetically simple species for the investigation of this problem, 
with recent evidence demonstrating the lack of a  p14   ARF   locus in the zebrafi sh 
genome [ 123 ]. 

 Fundamental to the modeling of human tumorigenesis in the zebrafi sh have 
been experiments comparing the DNA copy number patterns of human and zebraf-
ish MPNSTs derived from the  tp53   M214K   [ 81 ] and ribosomal protein loss models 
[ 120 ], to examine copy number variants overlying genes demonstrating synteny 
and that are either lost or gained in both tumor types [ 124 ]. Cross-species analysis 
resulted in the identifi cation of many previously described MPNST genes, includ-
ing loss of  NF1, merlin (NF2), SMARCB1  and  PTEN , and gain of  CCND2, ETV6, 
HGF, HSF1, KIT, MDM2, MET  and  PDGFR  [ 124 ]. Intriguingly, these results indi-
cate that zebrafi sh and human MPNST display molecular similarities, and that 
these genes may represent evolutionarily conserved candidate cancer drivers for 
MPNST development. 
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 Finally, the role of genome instability in the generation of MPNST has been 
recently queried. Zebrafi sh with homozygous mutations in the DNA mismatch 
repair (MMR) genes  mlh1, msh2  or  msh6  develop masses consistent with 
neurofi broma- MPNST spectrum tumors with a combined frequency of 33 % [ 122 ]. 
The effects of triple homozygous loss of these genes has not, to date, been  evaluated. 
Loss of mismatch DNA repair control applies selective pressure for loss of cell 
cycle checkpoint control, perhaps providing a link for frequent loss of  TP53  and/or 
 RB1  gene or pathway function in the MMR, or so-called, “mutator phenotype” can-
cers [ 125 ,  126 ]. Intriguingly, zebrafi sh with loss of  msh6  do not demonstrate 
enhanced germline mutagenesis with ENU [ 127 ], indicating that there may repre-
sent at least partial compensation in mismatch repair through other zebrafi sh genes. 
These data provide insights into the mechanism of  p53  and  RB1- mediated 
 tumorigenesis via the regulation of genome stability, a key driver event in human 

  Fig. 3    Synchronous MPNSTs arise in the same zebrafi sh. ( a ) Multiple MPNSTs are observed 
within the same nf1a +/− ; nf1b −/− ; p53 e7/e7  zebrafi sh, at the gill and posterior dorsal trunk (scale 
bar = 2 mm). ( b ) Magnifi cation of the gill MPNST ( anterior inset  in ( a )). ( c ) Magnifi cation of 
posterior dorsal trunk MPNST ( posterior inset  in ( a )).  White  scale bar = 50 μm. Cells of both 
MPNST tumors display typical MPNST histology with long serpentine-like nuclei and spindle- 
shaped cells       
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  Fig. 4    Zebrafi sh MPNSTs arise in multiple and distinct anatomic locations. Hematoxylin and 
eosin stains of tissue derived from normal zebrafi sh organs: gill ( a ), heart ( b ), gut ( c ), ovary ( d ), 
and kidney ( e ). Different nf1a +/− ; nf1b −/− ; p53 e7/e7  animals were noted to have MPNSTs arising from 
or invading into these tissues. Panels ( a ) to ( e ) on the  left  show the normal histology of each organ. 
Panels ( a ′)–( e ′) on the  right  illustrate the appearance of MPNSTs in nf1a +/− ; nf1b −/− ; p53  e7/e7  fi sh 
arising from or invading into each tissue type ( black  scale bar = 500 μm;  white  scale bar = 250 μm)       
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tumorigenesis, and provide a model for investigation of the relevance of genome 
instability in MPNST. 

 Future studies in zebrafi sh models of MPNST should aim to further investigate 
candidate key genes in human tumorigenesis, including the EGFR, PDGFR, 
 p16   INK4a   and manipulation of the RAS-ERK and Akt-mTOR pathways. The ease 
with which soluble small molecule inhibitors of protein kinase activity are used in 
zebrafi sh indicate a key ability to conduct large scale studies of potential therapeu-
tic modalities. 

    Therapeutic Targeting in Animal Models 

 In their seminal study, Rahrmann et al. conducted a sleeping beauty screen to iden-
tify in an unbiased manner, the RAS-MEK-ERK and PI3K-AKT-mTOR and Wnt-β 
catenin pathways as being highly activated pathways in MPNST tumorigenesis 
[ 99 ]. Intriguingly, several studies in xenograft models existed to provide evidence 
that core members of these pathways are involved in MPNST tumorigenesis.  

    Receptor Tyrosine Kinase (RTK) Signaling 

 Numerous receptor tyrosine kinases, often implicated in other malignancies, have 
been investigated in MPNST. Evidence indicates that primary MPNST samples 
display elevated expression due to copy number increase of the insulin-like growth 
factor receptor-1 (IGF1R), with inhibition of this receptor resulting in in vitro loss 
of proliferation [ 53 ]. Similar evidence exists for c-Kit [ 33 ,  58 – 60 ], PDGFR [ 33 ,  48 , 
 60 ,  91 – 93 ,  128 ], Met [ 25 ], the VEGFR [ 54 ,  55 ], and Her2/neu/ErbB2 [ 56 ,  61 ] in 
MPNST. 

 The strongest candidate for MPNST-dependent receptor tyrosine kinase signal-
ing is the EGFR. Evidence has long implicated the EGFR in MPNST tumorigene-
sis [ 48 ,  56 ,  94 ,  116 ], with multiple EGFR-overexpressing models developing 
sporadic type MPNST [ 61 ,  110 ,  115 ]. Treatment of MPNST cell lines with the 
EGFR inhibitor gefi tinib results in loss of proliferation [ 53 ], and co-inhibition of 
the EGFR with erlotinib and mTOR with everolimus results in enhanced suppres-
sion of xenograft growth [ 129 ]. The presence of hyperactivated RAS, but not other 
MAPKs results in permissiveness of these tumor cells to oncolytic herpes simplex 
viruses (oHSVs) in vitro [ 130 ]. These fi ndings have been extended to the hyperac-
tivated RAS signaling found in MPNST cells in vitro [ 131 ], and this method has 
been extended to xenograft models of MPNST, demonstrating additivity between 
oHSV infection and erlotinib treatment, resulting in suppression of tumor growth 
and angiogenesis [ 132 ]. 

 Downstream of activated EGFR signaling in MPNST are likely to be numerous 
pathways involved in tumorigenesis. The cooperativity between loss of  PTEN  and 
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overexpression of EGFR in the generation of MPNST in vivo [ 56 ,  110 ] argues 
strongly for dysregulation of the PI3K by removal of suppression and ectopic acti-
vation of its downstream targets, including the Akt-mTOR and RAS pathways. In 
addition, evidence indicates that EGFR may signal through other pathways, includ-
ing the STAT3 pathway, to drive MPNST tumorigenesis [ 57 ]. Clearly, genetic and 
biochemical evidence exists to implicate numerous RTKs in driving the neoplastic 
behaviors of MPNSTs, though a key candidate for therapeutic inhibition remains 
the EGFR.  

    PI3K-Akt-mTOR Signaling 

 Signifi cant evidence has accrued for dysregulation of the PI3K-Akt-mTOR signal-
ing axis in MPNST. Prior to the unbiased identifi cation of this signaling axis as 
being hyperactivated in MPNST [ 99 ], early evidence indicated that expression of 
the negative regulator of PI3K signaling,  PTEN , was lost in primary human [ 48 ,  49 ] 
and animal models of MPNST [ 47 ,  99 ,  108 ,  110 ,  117 ]. Intriguingly, no mutational 
hyperactivation of PI3K or AKT1/2 is found in MPNST [ 48 – 50 ], in contrast to the 
oncogenic mutations that are found in other solid tumors [ 133 ]. 

 Analysis has demonstrated that methylation of the  PTEN  promoter drives down-
regulation of the gene in primary human MPNST, with concomitant hyperactiva-
tion of Akt-mTOR signaling (Fig.  1 ) [ 49 ]. Therapy of MPNST cell lines with 
mTOR inhibitors, regardless of  PTEN  status, results in growth inhibition [ 49 ,  129 ]. 
Early evidence indicated that mTOR inhibition could delay sporadic and NF1- 
associated xenograft growth and vessel permeability, with minor increases in 
growth suppression when co-treated with the EGFR inhibitor erlotinib [ 129 ]. 
Furthermore, co-inhibition of mTOR with rapamycin or everolimus sensitizes 
MPNST cells with loss of  NF1  to proteasomal inhibition with bortezomib [ 31 ]. In 
this study, combinations of everolimus, bortezomib and ionizing radiation further 
enhanced G2/M cell arrest and increased markers of apoptosis in MPNST cells 
in vitro and in xenografts, where an up to 72 % reduction in tumor volume was 
noted with triple therapy [ 31 ]. Similar studies have demonstrated effi cacy of evero-
limus in combination with MEK inhibition in genetically engineered models of NF1 
associated ( Dhh-CRE;NF1   loxp/loxp   ;PTEN    loxp/loxp  ) and sporadic ( Dhh-CRE;PTEN   loxp/

loxp   ;piggybac-EGFR ) MPNST, where, importantly, co-therapy resulted in a lack of 
tumor-acquired resistance mechanisms [ 45 ]. 

 Recently, it has been hypothesized that MPNST cells may display endoplasmic 
reticulum (ER) stress, resulting in an unfolded protein response. Intriguingly, this 
response seems to be mTOR dependent. The Cichowski group has demonstrated 
that enhancement of ER stress with thapsigargin or the clinically active compound 
IPI-504 synergizes with rapamycin to drive MPNST cell death and tumor regression 
in xenograft models [ 134 ]. This manipulation of mTOR is dependent on generation 
of reactive oxygen species/oxidative stress, with similar effects in a K-RAS/p53 

Malignant Peripheral Nerve Sheath Tumors



516

mutant model of non-small cell lung carcinoma [ 134 ], leading the authors to 
 hypothesize that targeting the mTOR-dependent unfolded protein response may be 
a common method of inhibiting RAS-dependent tumors.  

    RAS-MEK-ERK Signaling 

 Given the GAP activity of endogenous NF1 [ 41 ], and the resultant dysregulation of 
RAS in the context of loss of NF1 activity, signifi cant interest has accrued in the 
role of the RAS-MEK-ERK signaling pathway in MPNST. Evaluation of human 
MPNST has indicated that this pathway may be similarly hyperactivated in sporadic 
or NF1-associated MPNST, with pathway activation by loss of NF1 in the latter 
situation, and up to 20 % of sporadic MPNST displaying mutational activation of 
BRAF (V600E) mutation [ 96 ]. Importantly, hotspot mutations of the RAS proteins 
are rarely seen in MPNST [ 50 ], indicating that dysregulation of this pathway is due 
primarily to activation of positive and loss of negative regulators. Intriguingly, the 
tumor-initiating CD133+ subpopulation of primary MPNST tumors displays ele-
vated activity of RAS itself, as well as numerous RAS effector molecules, including 
the MAP kinases ERK, JNK, p38 and RalA [ 135 ]. Moreover, MPNST cell lines 
with documented loss of  NF1  treated with the RAS inhibitor farnesylthiosalicylic 
acid display reduced growth, and similar treatment of nude mice with established 
human MPNST cell line xenografts result in a dose dependent inhibition of tumor 
weight [ 43 ]. These data strongly indicate that manipulation of the RAS signaling 
pathway may be effi cacious in MPNST therapy. 

 Downstream of RAS, however, there exists signifi cant signal spreading. The RAS 
downstream targets MEK, MAF, Ral-A and the Rho-family kinases have both been 
evaluated in MPNST. Inhibition of MEK with the inhibitor PD325901 results in 
delayed tumor growth in the adeno-CRE;  NF1   loxp/loxp   ; INK4A/ARF   loxp/loxp   MPNST 
model [ 106 ], in NF1 loxp/loxp ;Dhh-CRE induced neurofi bromas and in MPNST xeno-
grafts [ 44 ]. Strikingly, this inhibitor reduces phosphorylation of ERK1/2, but has no 
effect on phosphorylated Akt in vitro or in vivo [ 44 ]. This fi nding has led to the 
hypothesis that MEK inhibition may combine with inhibitors of the Akt-mTOR path-
way to provide antitumorigenic activity. To this end, combination of the same MEK 
inhibitor and the mTOR inhibitor everolimus results in synergy in vitro and improves 
activity and delays mortality in the NF1-associated  NF1   loxp/loxp   ;PTEN    loxp/loxp   ;Dhh-
CRE  and the sporadic  PTEN    loxp/loxp   ;Dhh-CRE;Dhh-EGFR  MPNST models [ 45 ]. 

 Despite high levels of interest in MEK inhibition as a downstream target of RAS, 
other RAS targets including RalA are also upregulated in MPNST. The CD133+ 
subpopulation of MPNST primary tumors displayed elevated RalA activation [ 135 ], 
and evidence indicates that MPNST cell lines from murine  NF1   −/−   ;TP53   −/−   tumors, 
compared to nontransformed Schwann cells, display higher levels of activated RalA 
[ 46 ]. Active RalA was both dependent on NF1-GAP activity and required for 
tumorigenesis, as re-expression of the NF1-GTPase regulated domain could 
decrease RalA activation and suppress proliferation, invasion and cell cycle 
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 progression in vitro and in murine xenografts [ 46 ]. These data argue for a role for 
RalA as a RAS target in the generation of MPNST. Similar evidence exists to impli-
cate the Rho-family GTPases as downstream targets in NF1-defi cient MPNST 
tumorigenesis [ 92 ].  

    Wnt-β Catenin Signaling 

 Mounting evidence indicates a role for the Wnt-β catenin signaling pathway in 
MPNST tumorigenesis. Evidence has implicated this pathway through the initial 
description of genomic alterations of the WNT pathway members  IRX2  and  NKD2  
in MPNST samples, but not other soft tissue sarcomas [ 136 ]. Furthermore, loss of 
 Merlin,  the causative gene of neurofi bromatosis type 2 [ 39 ,  137 ], in Schwann cells, 
results in enhanced proliferation that is dependent on increased expression and 
phosphorylation of β-catenin [ 128 ]. Numerous Wnt pathway members are elevated 
in MPNST compared to plexiform neurofi bromas, including, notably, WNT2, 
WNT5, the Wnt receptors FZD1 and FZDB, and the transcriptional effectors LEF1 
and TCF7 [ 101 ]. These expression patterns correlate with induction of the markers 
of epithelial to mesenchymal transition (EMT) TWIST1, SLUG and CDH1 [ 101 ]. 
MPNSTs display extremely high expression of β-catenin and siRNA-mediated 
downregulation of  NF1  results in enhanced β-catenin activity in vitro [ 101 ]. These 
data argue for a functional role for the Wnt-β-catenin pathway in MPNST, perhaps 
in the regulation of invasion and metastasis. These data are further enhanced by data 
indicating that the CD133+ population of primary MPNST cells display enhanced 
invasiveness due, at least in part to increased levels of β-catenin [ 135 ]. β-catenin 
displays increased nuclear localization in MPNSTs derived from the sleeping 
beauty screen [ 99 ] as well as in four independent genetic models of MPNST tumori-
genesis [ 100 ]. The relevance of these fi ndings was further evaluated in a primary 
human tissue microarray, demonstrating elevated β-catenin and target expression in 
a subset of MPNST [ 99 ]. Wnt-β-catenin activity induces cell viability/proliferation 
of human Schwann cells, and shRNA-mediated loss of β-catenin suppresses cell 
viability and xenograft growth in MPNST cell lines [ 100 ]. Finally, Wnt-pathway 
inhibitors synergized with the mTOR inhibitor everolimus in a panel of MPNST 
cell lines, indicating a potential avenue for therapeutic exploration. Together, these 
data highlight the evolving body of literature implicating the Wnt-β-catenin path-
way in MPNST tumorigenesis.  

    Cell Cycle Control 

 As previously discussed, models of MPNST prominently feature disruption of 
either the p53 or Rb signaling axes prominently. Initial models of MPNST required 
disruption of  TP53  at the genetic level [ 80 ,  81 ], with subsequent models utilizing 
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combinatorial loss of  NF1  and  TP53  [ 78 ,  79 ,  112 ]. In light of human data displaying 
disruption of the  INK4A  locus in MPNST [ 85 ,  87 – 89 ], murine models involving 
combinatorial disruption of this locus, in combination with  NF1  [ 105 ,  106 ,  138 ] 
have been generated, which display MPNST formation. Zebrafi sh models involving 
loss of the  INK4A  locus have not been generated, however, with recent data indicat-
ing that zebrafi sh do not contain a  p14   ARF   homolog [ 123 ], disruption of the endog-
enous zebrafi sh  cdkn2b  locus should aid in further physiologically relevant modeling 
of MPNST, given the frequency with which this locus is lost in human MPNST [ 87 , 
 89 ]. Intriguingly, further evaluation by sleeping beauty transposition screening has 
identifi ed numerous genes involved in cell cycle control, including  MYCN ,  CDC27 , 
 CCNY  and  CDK13  as potentially involved in MPNST tumorigenesis [ 99 ]. Further 
evaluation of the results of this screen and evaluation of these targets in MPNST 
should prove illuminating to the fundamental biology of MPNST.  

    Other Implicated Signaling 

 Xenograft and genetic models of MPNST have implicated numerous other targets 
in MPNST tumorigenesis. MPNST derived in the  CNP-H-RAS   G12V   model has indi-
cated a potential role for the aurora-kinase A ( AURKA ) in MPNST [ 109 ]. Comparison 
of these tumors to human tumors demonstrates amplifi cation of  AURKA  in MPNSTs 
[ 109 ]. Intriguingly, shRNA-mediated depletion of AURKA suppresses MPNST 
growth in vitro and targeted small-molecule inhibition of AURKA results in sup-
pression of MPNST cell primary xenograft growth [ 109 ]. In addition to AURKA, 
other targets, including Eyes absent homolog 4 ( EYA4 ) [ 139 ] and  MAF  [ 140 ] have 
been similarly investigated in MPNST genesis.   

    Animal Models Providing Insight into MPNST 
Tumor Initiation 

 In addition to utilization of murine and zebrafi sh models for modeling the disease, 
with the aims of identifying novel targets for therapeutic exploitation in MPNST, 
modeling of these tumors has been effi cacious for defi ning interesting points of 
fundamental biology. The Morrison group has used the  NF1   +/−   ;INK4a/ARF   −/−   
model to explore the fundamental biology of MPNST tumors, defi ning a subpopula-
tion of tumorigenic cells representing a likely stem or progenitor population [ 138 ]. 
Intriguingly, these cells require laminin binding to β1-integrin, highlighting a func-
tion for cell:ECM interactions in these tumors which heretofore had been unknown 
(Fig.  1 ). This interaction was of importance, as exogenous laminin provided clono-
genic advantage for sorted progenitor populations from  NF1   +/−   ;p53   +/−   animals 
which do not produce laminin, but not from  NF1   +/−   ;INK4a/ARF   −/−   mice which pro-
duce high level expression of laminin. These results highlight the role of the matrix 
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in MPNST tumorigenesis, which has previously been suggested to be involved in 
by mast cell infi ltration and induction of infl ammation (reviewed in [ 42 ]). In addi-
tion, it provides a potential new target for exploration in the β1-integrin, and, given 
the role these proteins play in regulation of growth factor and chemokine presenta-
tion to nascent receptors [ 141 ], suggests possible avenues of co-exploration with 
RTK biology. Further, these fi ndings have been extended to the defi nition of CD133 
as a possible marker of MPNST tumor initiating cells [ 135 ], with activation of the 
PI3K-Akt-mTOR, RAS-ERK, and Wnt pathways seen at an even higher level in the 
TICs, compared to whole tumor extracts [ 135 ].  

    Advantages of MPNST Modeling in Zebrafi sh 

 The zebrafi sh  Danio rerio  develops tumors in a variety of tissues. In particular, 
multiple genetic models of MPNST tumorigenesis have been developed [ 81 ,  112 , 
 120 ,  122 ,  142 ], with histologic and genetic comparability to human MPNST 
(Figs.  2 ,  3 , and  4 ). Zebrafi sh MPNST display typical spindle cells and whirling pat-
terns histologically, as well as intra-abdominal localization, similar to human 
MPNST [ 1 ,  2 ] (Fig.  2 ). Studies have indicated that human and zebrafi sh MPNST 
display strong similarities in terms of genomic structure and copy number variation 
[ 124 ]. Furthermore, zebrafi sh MPNST display genomic aneuploidy with near trip-
loidy, a common feature of human MPNST, with syntenic similarities by array 
CGH at the subchromosomal level [ 124 ,  142 ]. 

 One key strength of zebrafi sh models, in contrast to the murine models of 
MPNST, is the relative transparency of the animal. Intriguingly, neural crest lineage 
promoters, such as those for S100 and SOX10, may be used to drive fl uorescent or 
other marker proteins, for the purposes of identifying early precursor lesions to the 
MPNST. This has been accomplished by the Look group through transgenic expres-
sion of SOX10:GFP fusions in zebrafi sh MPNST, resulting in early detection of 
GFP signal in neural crest origin cells as early as 16 hours post fertilization (hpf). 
At this timepoint, GFP is expressed in premigratory and early migrating neural crest 
cells. By 48 hpf, GFP expression is detectable throughout cranial pigment cells, ear, 
branchial arches, oligodendrocytes, Schwann cells, jaw cartilage and pectoral fi ns, 
with subsequent loss of GFP detectability in adult fi sh. Most critically, however, 
GFP is re-expressed in MPNST cells, permitting the direct in vivo monitoring of 
tumor progression (Figs.  2 ,  3 , and  4 ), as well as the ability to  ex vivo  dissociate and 
sort cells by FACS analysis for molecular analysis. These strengths should permit 
future study in zebrafi sh models, as in studies in vitro and in murine models [ 105 , 
 135 ,  138 ], to defi ne the putative tumor initiating cell in zebrafi sh models of 
MPNST. Similar types of study, identifying the cell of origin of other solid tumors, 
such as rhabdomyosarcoma, have been completed in faithful zebrafi sh models of 
cancer [ 143 ], suggesting that this is a tractable model for discovery. The zebrafi sh 
has also been effectively used as a model to identify stem-like cells in other solid 
tumors, such as breast carcinoma, via novel serial xenotransplantation methods 
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[ 144 ,  145 ]. The direct translation of these fi ndings back to human MPNST 
 tumorigenesis has yet to be realized. 

 With the advent of focused genome editing technologies including the Crispr- 
Cas9 system, and the use of TALEN/zinc fi nger nucleases to derive focused gene 
insertions/deletions [ 146 ], as well as targeted mutations in vitro and in vivo [ 112 , 
 146 ,  147 ], and the ability to insert cancer-associated genes under their endogenous 
promoters in vivo [ 148 ], models of MPNST will be made more rapidly, with higher 
fi delity and with enhanced physiologic relevance to human MPNST. With previous 
efforts demonstrating differences in MPNST incidence between variant  NF1  muta-
tion types [ 75 ], it will be increasingly possible to model the fi ndings of future mas-
sively parallel sequencing efforts in human MPNST, in model organisms. Data such 
as these have recently been modeled in vivo in the zebrafi sh, for genome-wide asso-
ciation study predisposition loci in humans (Look AT, Weichert N; personal com-
munication). The zebrafi sh, with its short generation time and ability to identify 
early lesions, combined with the ability to manipulate the genome with ease, repre-
sents an ideal organism for the study of MPNST tumorigenesis, niche behaviors, 
invasion and metastasis. 

 In addition to appropriateness in modeling, the establishment of high fi delity 
zebrafi sh models of MPNST will permit rapid and cost-effective drug screening, to 
identify compounds capable of suppressing tumorigenesis, and those capable of 
repressing growth and metastasis, alone and in combination with standard chemo-
therapy. To this end, the use of a zebrafi sh model of T-cell acute lymphoblastic 
leukemia (T-ALL) has recently resulted in the defi nition of a new class of potential 
therapeutic agents, the perphenazines [ 149 ]. The potential for discovery of novel 
agents for therapeutic suppression of MPNST tumor development and metastasis, 
in addition to evaluation of rational combinations of agents with previously demon-
strated effi cacy in MPNST such as mTOR or ERK inhibitors, modulators of ER 
stress and suppressors of protein translation, alone and in combination with stan-
dardized chemotherapies by high throughput screening in an in vivo model of 
MPNST will aid in the defi nition of high effi cacy combinations for translation into 
human trials.  

    Summary 

 Evidence has suggested that manipulation of specifi c signaling pathways in the 
related schwannomas of neurofi bromatosis type 2, may be tractably treated with 
targeted therapies [ 34 ,  35 ,  150 ]. Similarly, small trials involving focused agents in 
MPNST have begun, with the use of imatinib mesylate to target NF1-associated 
MPNSTs [ 29 ,  30 ,  151 ]. Preclinical testing with combinations of agents targeting the 
RAS-ERK and Akt-mTOR pathways has begun, however, a focused method for 
screening large scale libraries of compounds in vivo ,  as well as variable combina-
tions and concentrations of novel agents alone and in combination with ionizing 
radiation and chemotherapies will be required, in order to optimize therapeutic 
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strategies prior to attempting large scale human clinical trials. As a model organism 
capable of being engineered to develop neural lineage tumors including faithful 
models of MPNST, coupled with organismal relative transparency, and the ability 
to track early tumor development in combination with enhanced abilities to model 
genomic alterations found in primary human tumors, the zebrafi sh is uniquely 
poised to aid in just such an endeavor.     
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      Xiphophorus and Medaka Cancer Models                     

       Manfred     Schartl      and     Ronald     B.     Walter    

    Abstract     Besides recently developed zebrafi sh cancer models, other fi sh species have 
been employed for many years as cancer models in laboratory studies. Two models, 
namely in  Xiphophorus  and medaka have proven useful in providing important clues 
to cancer etiology. Medaka is a complementary model to zebrafi sh in many areas of 
research since it offers similar resources and experimental tools.  Xiphophorus  provides 
the advantages of a natural (“evolutionary mutant”) model with established genetics. 
 Xiphophorus  hybrids can develop spontaneous and radiation or carcinogen induced 
cancers. This chapter describes the tumor models in both species, which mainly focus 
on melanoma, and summarizes the main fi ndings and future research directions.  

  Keywords     Xiphophorus   •   Medaka   •   Melanoma   •   UV   •   Transgenic   •   Hereditary 
cancer   •   Oncogene   •   Tumor suppressor gene   •   Signal transduction  

      Introduction 

 The zebrafi sh represents an extremely valuable model for developmental biology 
and biomedicine and serves a large community of researchers. This chapter deals 
with other fi sh models that are used primarily in cancer research. 

 Naturally the question comes up, why do we need other fi sh models besides 
zebrafi sh and what may be learned from those that cannot be obtained from a simi-
lar study using zebrafi sh? 

 One motivation to study in parallel zebrafi sh and other laboratory fi sh models is 
the complementarity argument. In their evolutionary history teleost fi sh have 
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 undergone a whole genome duplication event leading to the situation wherein 
ancestors of modern day fi sh came to possess two copies of many genes while other 
vertebrates have only one [ 1 – 4 ]. Evolutionary pressures after the fi sh specifi c 
genome duplication served to alter gene expression patterns or protein functions, in 
a way that complemented the expression domains or protein functions of both fi sh 
paralogs to make them equivalent to the single ortholog in the other vertebrates. For 
example, if one gene in mammals is expressed in liver and gut the two separate fi sh 
genes may correspond to this pattern by expressing one copy in the liver and the 
other one in the gut. The evolutionary process leading to this phenomenon has been 
termed subfunction partition or subfunctionalization [ 5 ]. This situation must be 
taken into consideration in studies on the expression and function of such genes. 
When, for example, a mutation in mouse inactivates a gene that has two age depen-
dent expression patterns, one function that is adult organ specifi c (e.g. in liver), and 
also a functional role in early development, it will be impossible to study the liver 
function in such mutants. However, if in fi sh both functions of the single mamma-
lian gene have been partitioned between gene duplicates, then it becomes possible 
to separate both phenotypes. Thus, the teleost whole genome duplication offers 
many new opportunities for deciphering the physiological function of genes that 
may play a role in cancer. Another point emerging from the teleost whole genome 
duplication event is the level of lineage-specifi c duplicate retention (meaning that 
one gene pair is retained and subfunctionalized for instance in the zebrafi sh lineage, 
but not in the other fi sh model lineages – and vice versa) or that duplicate copy A is 
retained and copy B is lost in one lineage while copy B may be the one kept in the 
other lineage. Also, gene function redundancy or compensation mechanisms that 
interfere with gene knockdown and knockout approaches may exist differently in 
zebrafi sh and other fi sh models. Consequently, only the continued availability and 
use of several different fi sh laboratory models will offer the full benefi t of compara-
tive studies that involve duplicate genes. 

 The fi sh tree of life covers a wide phylogenetic distance. The lineages that are rep-
resented by the most commonly used fi sh models diverged around 300 million years 
ago. Differences that have evolved over time can make one model more suitable for 
studying certain aspects of cancer than others and a comparative approach can dissect 
common features from specifi c adaptations that may be less relevant for translating 
results to the human situation. For example, medaka has been shown to be different 
than zebrafi sh in modeling certain diseases, and in some cases able to provide more 
direct translational models to the human condition for diseases such as osteoporosis 
[ 6 ], chemically induced hepatic fi brosis [ 7 ], hypohidrotic ectodermal dysplasia [ 8 ], 
diabetic nephropathy [ 9 ], and chronic mycobacterial infection in tuberculosis [ 10 ].  

    The  Xiphophorus  Cancer Models 

 The  Xiphophorus  cancer models stand for a group of so-called evolutionary mutant 
models [ 11 ,  12 ]. Unlike in the “domesticated” or “engineered” disease models, 
where the condition is evoked either through a mutation (often from high- throughput 
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mutation screens) or by the introduction of a transgene, in the evolutionary models 
the disease genes have evolved in nature. These models provide the possibility to 
study pleiotropy, multigenic inheritance, variable expressivity and variable pene-
trance of phenotypes, because cancer genes come together with their natural genetic 
background. Also, natural environmental infl uences that profoundly modulate a 
phenotype might be diffi cult or impossible to study in laboratory adjusted classical 
fi sh models, since environment-genotype interactions can be easily lost in selective 
breeding. 

  Xiphophorus , like medaka, has a long history as a genetic model. This has moti-
vated in 1938 establishment of the  Xiphophorus  Genetic Stock Center (XGSC). The 
XGSC was opened with 6 species and was overseen and expanded under the direction 
of Dr. Myron Gordon at the New York Aquarium. Upon Gordon’s death, Dr. Klaus 
Kallman directed the XGSC and, over the next 35 years, greatly expanded the collec-
tion of pedigreed and inbred  Xiphophorus  lines at the American Museum of Natural 
History. Upon his retirement in 1992, the XGSC was transferred to San Marcos, 
Texas [ 13 ] and currently comprises 24 species and 58 pedigreed lines, several of these 
having been continuously inbred (i.e. brother sister matings) for over 100 genera-
tions. XGSC distributes, on request live fi sh, online protocols and various type of 
information for  Xiphophorus  researchers (  http://www.xiphophorus.txstate.edu    ). 

 A reference high-quality  Xiphophorus  genome has been established for the 
platyfi sh,  X. maculatus , (  http://www.ensembl.org/Xiphophorus_maculatus/Info/
Index    , [ 14 ]) and more genomic resources from other species of the genus are cur-
rently in production.  

    Hereditary Melanoma in  Xiphophorus  Hybrid s  

 Platyfi sh and swordtails of the genus  Xiphophorus  are one of the oldest animal mod-
els for cancer research [ 15 ]. Already in the 1920’s, it was found that certain hybrids 
of platyfi sh and swordtails develop highly malignant melanoma [ 16 – 18 ]. The malig-
nant nature of the melanomatous cancers is not only evident by their fatal outcome 
for the fi sh but has been demonstrated by the fact that those tumors after transplanta-
tion into immune-compromised mice continue to grow progressively [ 19 ] and by 
their histological and ultrastructural similarity with human melanoma [ 20 ,  21 ]. 

 At times, when the origins of cancer where largely unclear, the  Xiphophorus  
model was one of the fi rst to show that cancer has a hereditary component. Many 
crossing experiments were performed that led to a genetic explanation why mela-
noma formation occurs in some  Xiphophorus  hybrids [ 22 ]. This genetic model sim-
ply postulates two interacting genetic loci called  Tu  and  R.  It should be noted that 
these two loci are classical phenogenetic terms, which stand for the genetic infor-
mation to produce a certain phenotype. It is not intended to include any molecular 
or structural information in these terms, meaning that they could consist of just one 
or more genes or even the absence of the gene. Different alleles of these loci then 
could be due to a range of things from additional or missing genes, to just point 
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mutations within the locus.  Tu  (for tumor) is the designation for a dominantly act-
ing, pigment cell specifi c oncogene locus. Many individuals of  Xiphophorus,  but 
not all, have this locus. The oncogenic function of  Tu  in wild fi sh is suppressed by 
the locus  R  (for regulator), so that no tumors can develop. The  R -locus has also been 
designated  Diff  or  R   Diff  . The restricted activity of  Tu , even in the presence of  R  is, 
however, visible as a very limited local overproduction of pigment cells that form 
small spots, for instance in the platyfi sh  X. maculatus  strain Jp163A in the dorsal fi n 
from the  spotted dorsal  allele ( Sd ) of  Tu  (see Fig.  1 ). Other platyfi sh have spots in 
other compartments of the body from other  Tu  alleles or no such spots, and several 
species of the genus  Xiphophorus  are even totally lacking  Tu . The genetic hypoth-
esis includes that fi sh that do not have  Tu  also do not have a  Tu -suppressing allele 
of  R  [ 22 ,  23 ]. The black spots are made up of a distinct type of melanocytes, termed 
macromelanophores, which are much larger (up to 500 μm) than the other pigment 
cells (about 100 μm). Importantly they often grow onto each other with no sign of 

  Fig. 1    Classical crossing experiment (Gordon-Kosswig-Anders cross) leading to spontaneous 
melanoma formation in  Xiphophorus.  A female platyfi sh ( X. maculatus ) strain Jp163A with the 
spotted dorsal melanophore pattern ( Sd ) harboring the  Tu  allele on the X chromosome and  R  on 
LGV are crossed with non-spotted swordtail males ( X. hellerii ) that lack  Tu  and  R . The F 1  offspring 
are heterozygous for  Tu  and  R , resulting in enlarged melanotic, non-malignant pigment spots on 
the fi ns. Crossing of these individuals to a  X. hellerii  male gives rise to offspring of which 25 % 
develop melanoma, caused by the presence of a  Tu  allele in the absence of  R , 25 %, being geneti-
cally like the F 1  fi sh, develop non-malignant pigment spots and 50 % are fi shes do not exhibit 
macromelanophores pigment patterns due to absence of  Sd  ( Tu )       
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distance regulation as seen of the other pigment cells in the fi sh skin [ 24 ]. The black 
macromelanophore spots may be regarded as equivalents of the human nevi, 
although experimental evidence that they share similar characteristics (e.g. being 
senescent cells) has yet to be produced.

   The location of  R  and  Tu  on different chromosomes in the spotted fi sh allows 
their separation through selective breeding (Fig.  1 ). A fi sh containing  Tu  and  R  (e.g. 
the platyfi sh,  X. maculatus ) can be crossed to another species that does not contain 
either locus (e.g. the swordtail,  X. hellerii ). In the resulting F 1  hybrids, one of the  R  
containing chromosomes is substituted by an  R -free chromosome of the crossing 
partner. Due the lower dosage of the tumor suppressor in the hemi- or heterozygous 
state,  Tu  is more active and induces a limited over-proliferation of pigment cells, 
which leads to a two-dimensional growth that does not become malignant. Using 
 R -free fi sh for backcrossing of the F 1 -fi sh generates offspring, of which one quarter, 
due to Mendelian laws, inherit a  Tu -locus and corresponding loss of the  R -locus 
containing chromosome. In this situation,  Tu  is out of control and exerts its full 
oncogenic function in the pigment cell lineage producing fast growing, nodular and 
highly invasive melanoma that is fatal to the fi sh (Fig.  1 ). Backcross hybrid fi sh that 
have inherited  Tu  and only one copy of  R  are genotypically and phenotypically 
similar to the F 1  hybrid fi sh, and develop strong hyperpigmentation. 

 Interestingly, the  Tu  locus does not encode only the information for neoplastic 
transformation of pigment cells, but also determines the location where melanoma 
will develop. Fish with the  spotted dorsal  ( Sd ) allele of  Tu  will always develop 
benign pigment cell lesions or melanoma (depending on their  R -status) starting out 
from the dorsal fi n. If platyfi sh are used as parental fi sh, which have spots on the 
body side, melanoma will start all over the body skin, and the fi ns will not be 
affected by pigment cell overgrowth. Besides the spotted dorsal platyfi sh and  X. hel-
lerii  many similar crossing schemes using other species of  Xiphophorus  can be set 
up [ 25 – 27 ]. All existing evidence [ 23 ,  28 ,  29 ] indicates the melanoma inducing loci 
in the different species of  Xiphophorus  are homologous. The current understanding 
is that the  Tu  locus is composed of two different genetic entities, one that encodes 
the genetic information for neoplastic transformation and another that encodes body 
compartmentalization pattern information, leading to the location where the spots 
develop in the parental fi sh and concordantly the melanoma in the hybrids. 

 When one produces hybrids between  X. maculatus  strain Jp163A, which have 
the  spotted dorsal  ( Sd ) pattern gene, and  X. couchianus  the melanin pigment in the 
dorsal fi n is virtually completely suppressed, while the body orange pigment 
becomes highly expressed. This is strikingly different from the hybrids of 
 X.  couchianus  with  X. maculatus  strain Jp163 B, which have spots on the body side 
due to the  spotted  ( Sp ) locus and are heavily hyperpigmented (Fig.  2 ). Interestingly, 
the Jp163A and B lines are derived from a single pregnant female collected in the 
wild. The offspring of this fi sh were kept as single line for many years before split 
in the two sublines. The difference in the hybrid phenotypes generated from the two 
loci that contain a homologous  xmrk  allele highlights the complexity of the pseudo-
allele situation concerning the  Tu/xmrk  locus and the interactions with the  R  locus.
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       The  xmrk  Melanoma Oncogene 

 The  Tu  locus encodes an epidermal growth factor receptor-related gene, designated 
 Xmrk  (for  Xiphophorus  melanoma receptor kinase). It originated several million 
years ago prior to the radiation of the genus  Xiphophorus  [ 23 ] from a local gene 
duplication of the  Xiphophorus  EGF-receptor gene, which is the corresponding 
proto-oncogene [ 30 ] and the fi sh ortholog of the human EGFR gene. During the 
duplication event the new copy was fused to a different 5’ region [ 31 ,  32 ], which 
most likely has altered the transcriptional control of this copy. This may account for 
the tumor inducing activity of the oncogene  Xmrk  in hybrids and its suppression in 
the parental healthy fi shes:  Xmrk  is highly expressed in the transformed pigment 
cells, but not in other cells of the hybrids. A pigment cell specifi c transcriptional 
deregulation appears to be the primary event of melanoma formation [ 33 ]. 

 The oncogenic properties of Xmrk result from activating mutations in the extra-
cellular domain of the growth factor receptor, which induce covalent dimerization 
of two receptor monomers [ 34 ,  35 ] (Fig.  3 ). This mimics the structural consequences 

  Fig. 2    Different expression of the  X. maculatus  pigment patterns in F 1  hybrids with  X. couchia-
nus . When fi sh from strain Jp163B, which carry the spotted pigment pattern allele ( Sp ), are crossed 
to  X. couchianus , the offspring show enhancement of the pattern resulting in heavy melanosis ( left 
row ). However, hybrids with strain Jp163A, which has the spotted dorsal ( Sd ) allele, show a total 
suppression of the melanocyte pattern       
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that normally are the result of binding of the growth factor ligand EGF. The acti-
vated Xmrk protein sends out constitutively a growth factor receptor signal that 
elicits a variety of cellular responses that determine the neoplastic phenotype of the 
melanoma cells. EGF receptors in which the  xmrk  mutations were introduced were 
tumorigenic in transgenic fi sh [ 36 ] and similar activation mechanisms for receptor 
tyrosine kinases have been found in human cancers [ 37 ].

   Studies on the tumor–inducing function of  xmrk  in fi sh melanoma, comple-
mented by analyses using established mouse und human cell culture systems where 
 xmrk  was introduced as a transgene, have revealed important insights. For instance, 
the now well-established fact that the majority of human melanoma harbor muta-
tions that confer constitutive activity to the Ras/Raf/MAPKinase signaling pathway 
[ 38 ], was noted early on in the  Xiphophorus  system [ 39 ]. Oncogenic signaling by 
Xmrk also activates the cytoplasmic Src-kinase Fyn [ 39 ,  40 ], which plays a critical 
role in the intracellular signal transduction network orchestrated by Xmrk and for 
instance interacts with focal adhesion kinase (FAK) in mediating melanoma cell 
migration and invasion [ 41 ]. Fyn/FAK interactions were then also noted in human 

  Fig. 3    ( a ) Structural model of the extracellular domain of an Xmrk dimer. The intermolecular cys-
teine disulfi de bridge is boxed. Modifi ed after Meierjohann et al. [ 35 ]. ( b ) Mode of action of the 
mutationally altered Xmrk receptor. The wildtype EGF-receptor Egfrb dimerizes only after binding 
of two molecules of the ligand (EGF,  green ) to the extracellular domain. Only in the dimerized state 
reciprocal transphosphorylation of the carboxyterminal domains by the intracellular kinase domains 
of the other subunit occurs. After autophorylation is completed the receptor is able to signal and can 
activate the mitogenic cascade. Once the ligand is removed, the receptor returns to the non-active 
state. In the mutant Xmrk receptor due to the failure of one intramolecular disulfi de bond to form 
(due to a substitution of one of the cysteines by serine) a intermolecular disulfi de bridge links cova-
lently two receptor monomers. This mimics the structure that in the wildtype receptor is obtained 
after ligand binding, and thus induces receptor autophosphorylation and signal transduction, which 
is, however, constitutive. This induces for instance constant activation of the mitogenic cascade       
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melanoma cells [ 42 ]. Xmrk generates oncogene-induced senescence of melano-
cytes through increased levels of reactive oxygen species (ROS) [ 43 ]. This ROS 
production is also instrumental in an early, hypoxia independent tumor-cell induced 
angiogenesis, which involves NFκB signaling [ 44 ]. A relevant downstream target 
of Xmrk in mediating proliferation and inhibiting apoptosis is the signal transducer 
and transcription factor Stat5 [ 45 ,  46 ]. This fi nding prompted studies of the Stat5 
protein structure in the context of human melanoma. Remarkably, Stat5 appeared to 
play an unexpected role in melanoma resistance to interferon α therapy [ 47 ], which 
is a common clinical problem. Another  xmrk -regulated effector molecule, osteo-
pontin [ 48 ], has been identifi ed as a plasma marker for human melanoma progres-
sion [ 49 ,  50 ] and is now in use in the clinic.  

    UV Induced Tumorigenesis in  Xiphophorus  Interspecies Hybrids 

 Several  Xiphophorus  interspecies backcrosses have been described where BC 1  
progeny do not develop melanoma spontaneously, but if the backcross progeny are 
exposed to UVB at 6 days post-birth, the tumor incidence can rise to about 40 % 
among the pigmented progeny. These crosses usually employ  X. maculatus  Jp163B 
with the  spot side  ( Sp ) pigment pattern (Fig.  4a ) crossed and backcrossed to either 
 X. hellerii  [ 51 ,  52 ] or  X. couchianus  [ 53 – 56 ]. The later cross,  X. couchianus  (×) [ X. 
maculatus  Jp163B (×)  X. couchianus ] has been the most extensively studied 
UV-induced melanoma model. The UV induced melanoma lesions produced in 
these BC 1  progeny after UVB exposure (i.e., 6.4 kJ m −2 ) are nodular exophytic 
tumors (Fig.  4b ) that may grow rapidly [ 21 ]. Upon crossing with  X. couchianus , F 1  
interspecies hybrids develop much enhanced melanocyte pigmentation compared to 
the  X. maculatus  Jp163B parent. Backcrossing the F 1  hybrid to the  X. couchianus  
parent (BC 1 ) serves to further enhance the pigmentation of select animals to a level 
where they may appear virtually black from the gills to the tail (for review see [ 26 , 
 53 ]). Backcross progeny do not generally develop melanoma unless the animals are 
exposed to UVB (6 days post birth) or MNU (6 weeks post birth) whereupon mela-
nomas may develop at 6–9 months of age.

   The ability to produce animals that are predisposed to UVB induced melanoma 
led to efforts to better understand the photobiology of melanomagenesis. In pioneer-
ing studies Setlow and colleagues [ 51 ,  55 ] exposed  Xiphophorus  interspecies hybrids 
to varying wavelengths of light, ranging from 302 to 436 nm, and determined that 
effective melanoma inducing wavelengths occurred in the UVB range (304 nm) and, 
surprisingly, also in the UVA region around 365 and 405 nm. These results produced 
an immediate controversy since the UVA wavelengths are not expected to produce 
direct DNA damage. At this time, and currently, the paradigm for UVB association 
with cancer involves direct DNA damage leading to mutagenic events that, in turn, 
may lead to melanoma. This concept for UV induction by mutation stemmed from 
earlier studies showing the molecular basis of xeroderma pigmentosum (XP) patients, 
who are 1,000 times more likely to develop skin cancer then non-XP individuals, 

M. Schartl and R.B. Walter



539

involved defective repair of UV induced DNA damage [ 57 – 59 ]. The association of 
failure to repair direct DNA damage after UVB exposure in the skin of these patients 
and an increased incidence of early onset melanoma is a convincing argument for the 
role of direct UVB damage in melanomagenesis. 

 Setlow et al. (1989, 1993) argued that even though UVB exposure (i.e. 302 nm) 
had been shown most capable of inducing melanoma in  Xiphophorus  interspecies 
hybrids, the tumorigenicity peak observed in the UVA wavelengths is more relevant 
to human health since UVB constitutes only about 5–10 % of sunlight reaching the 

  Fig. 4    ( a ) Parental and F 1   X. maculatus  Jp163B (×)  X. couchianus  interspecies hybrid. ( b ) 
Example of a typical UVB induced melanoma tumor in  X. couchianus  (×) [ X. maculatus  Jp163B 
(×)  X. couchianus ] interspecies BC 1  hybrid       
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earth’s surface. Further, given the doses leading to melanoma induction and the 
levels of UVB DNA damage/Mb of DNA, even in the UVB regions of the spectrum 
the probability of a single gene inactivating or activating mutation is too low to 
explain induced tumor incidence. The nearly 10-fold more prevalent UVA wave-
lengths of light, and longer exposure to UVA since this does not lead to erythema, 
may result in UVA exposure dominating melanoma causation in humans. 

 The potential causative involvement of UVA in melanoma, forwarded from 
 Xiphophorus  studies, led to rapid addition of UVA sun blocking agents to available 
sunscreens, that prior to these observations only contained agents blocking UVB. 

 Nairn et al. [ 52 ] supported these conclusions by performing genetic linkage anal-
yses of UVB or UVA induced tumor bearing BC 1  fi sh. In this study the genetics 
underlying tumor induction were shown different; tumors derived from 313 or 
365 nm exposure did not exhibit genetic association with inheritance of linkage 
group 5 (LGV) harboring the  R  ( Diff ) tumor suppressor locus, while fi sh having 
tumors induced by 405 nm exposure showed a strong association with inheritance 
of LGV [ 52 ]. It is noteworthy that subsequent efforts have failed to establish any 
UVB mutational signatures in a target gene on LGV (i.e.,  CDKN2AB ) that is inacti-
vated in the majority of human melanoma biopsies [ 60 ]. 

 Wood et al. [ 61 ] used electron paramagnetic resonance analyses to assess UV 
induction of melanin reactive radicals  in situ  in the skin of  X. maculatus  Jp163B (×) 
 X. couchianus  interspecies F 1  hybrids. Free radicals generated in the skin of 
 Xiphophorus  pigmented animals showed a peak production of reactive oxygen free 
(ROS) radicals at longer wavelengths (i.e. 404 and 436), consistent with the UVA 
induced melanoma observed by Setlow et al. [ 55 ]. The similarity in peak ROS pro-
duction and melanoma induction in the UVA range is consistent with melanin serv-
ing as a major photosensitizer and a perhaps causative agent in this cancer model. 
However, as discussed below, the role of UVA in melanoma induction remains 
controversial. 

 Many observations made over the years have pointed to direct DNA damage from 
UVB exposure as causal to induced melanoma in the  X. maculatus  Jp163B (×)  X. 
couchianus  interspecies hybrid model. Often quoted as evidence for direct damage 
are results from the early UV induction experiments [ 51 ] where post UV  exposure to 
fl uorescent light was shown to reduce the UVB induced tumorigenesis to “near back-
ground levels”. This observation is attributed to the presence of DNA damage spe-
cifi c photolyases in fi shes that are capable of using visible light to chemically reverse 
cyclobutane-pyrimidine-dimers (CPDs) and 6-4 photoproducts (6-4PDs) to the natu-
ral state. These photolyase proteins are not present in mammals having become del-
egated to circadian pathways at the evolutionary time when mammals went through 
a nocturnal phase. Photolyases in  Xiphophorus  and other fi shes specifi c for CPD and 
6-4PDs have been shown to produce rapid repair of UVB induced DNA damage 
upon exposure to visible light [ 55 ,  62 ,  63 ]. Although visible light induced DNA 
repair in fi sh skin after UVB exposure is well documented, the effectiveness of the 
repair in reducing UVB induced tumorigenesis remains less well supported. Only 
two reports have actually measured the effi cacy of visible light in reducing tumori-
genesis after UVB exposure. In one this involved treatment of only two dozen ani-
mals and the differences between control and fl uorescent light exposed animals was 
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4 tumors (6 tumors in 22 animals at 304 nm exposed vs. 2 tumors in 25 exposed to 
304 nm UV + visible light; [ 51 ]. This same study also showed an abnormally high 
background level of induced melanoma in control animals (about 13 %; 10 tumors in 
79 animals) calling into question the basal exposure of the fi shes that were housed in 
a greenhouse. In a later study, fi sh were transferred to yellow light for 1 month prior 
to experimentation and subsequently showed much lower background tumor levels 
(5 %). For the fi sh kept in yellow light, UVB treatment followed by fl uorescent light 
exposure are reported to have reduced induced tumor incidence by about 38 %, but 
the numbers of animals used in this study are not provided [ 55 ]. These two reports 
appear to show visible light reduction of UVB induced tumorigenesis in the  X. macu-
latus  Jp 163 B (×)  X. couchianus  interspecies hybrid model. However, often used 
statements that post- UV visible light exposure “returns UVB induced melanoma to 
background levels” [ 52 ,  64 ] are not well supported. Verifying photoreversal of UVB 
induced melanoma by visible light will require more stringent analyses and with 
large numbers of exposed and control animals to fi rmly establish its signifi cance. 

 A recent study addresses the debate regarding contributions of UVB and UVA to 
induced melanoma in the  X. maculatus  Jp163B (×)  X. couchianus  interspecies 
hybrid model. Over 200 fi sh for each experimental treatment [ 53 ] were used to 
repeat the earlier experiments of Setlow et al. (1989). Backcross 1  hybrids were 
exposed to UVB (313 nm), UVA (365 nm) or used as control fi sh that were not 
irradiated. These results clearly suggest that under the conditions of this experiment 
only UVB exposed fi sh exhibited melanoma tumor induction (43 %) whereas con-
trol and UVA exposed fi sh both showed similar levels tumors (UVA-12.4 %, con-
trol- 18.5 %; [ 53 ]). Histopathological analysis and clustering of tumors from UVB 
or UVA exposed animals indicated the UVB tumors were more aggressive and at a 
more advanced stage (stage IV, presence of unilateral, bilateral, and/or multiple 
tumors) than tumors dissected from UVA exposed animals. 

 This study encompassed a statistically sound and well performed tumor induc-
tion analysis that shows UVB induces tumors readily in  X. maculatus  Jp163B (×)  X. 
couchianus  interspecies BC 1  hybrids, and conversely, that UVA exposure, did not 
induce melanoma. However, there remain major differences in the manner in which 
the Setlow et al. [ 55 ] experiments and these experiments [ 53 ] were performed, not 
the least of which involve fi sh care and ambient lighting prior to experimental treat-
ments. Thus, these reports do not exclude or refute one another, but instead give us 
more pieces to a complex puzzle regarding the manner in which light is perceived 
by animals and what genetic pathways and/or mechanisms are invoked upon expo-
sure to various wavelengths.  

     R/Diff , a Tumor Suppressor Locus in  Xiphophorus  

 The parental  X. maculatus  Jp163A that carries  Sd , or  X. maculatus  Jp 163 B carry-
ing  Sp , both harbor the  xmrk  oncogene but do not develop melanoma [ 52 ]. Yet when 
introduced to an interspecies hybrid genetic background the  xmrk  oncogene can 
induce melanoma in the fraction of the total progeny that also inherit heavy 
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pigmentation. The need for a backcross to express melanoma (i.e. 2 hit model) sug-
gested very early that parental  X. maculatus  animals must harbor some factor that 
can keep the  xmrk  oncogene in check. The  R  gene has been designated as this hypo-
thetical suppressor of  xmrk . The  R  locus was shown to be autosomal and localized 
to an area close to the esterase 1 locus on  Xiphophorus  linkage group V (LGV) 
[ 65 – 68 ]. Following the localization of  R  to LGV the search for the  R  gene was made 
by attempting to saturate LGV with markers and by mapping cloned  Xiphophorus  
homologues of human tumor suppressor genes, DNA repair genes, and oncogenes 
in hope one of these genes might map to the  R  region of LGV (reviewed by [ 54 ], see 
especially [ 26 ,  69 – 71 ]). These efforts culminated in isolation of a  Xiphophorus  
clone homologous to the human  CDKN2A  gene that showed inheritance associated 
with melanoma development in backcross hybrids, and that mapped to the same 
region of LGV as the hypothetical  R  tumor suppressor locus [ 69 ]. 

 The amino acid sequence of the cloned  Xiphophorus cdkn2  gene was equally 
distant from the human  CDKN2A  (p16) and  CDKN2B  (p15) gene products; and it 
has been designated as  cdkn2a/b  or  cdkn2X  [ 72 ]. In fact the two mammalian CDKN2 
genes are the product of a local gene duplication event that happened later in verte-
brate evolution and the fi sh  cdkn2a/b  gene is the common ancestor. The  Xiphophorus 
cdkn2a/B  gene is widely considered a candidate for  R  function since loss of human 
 CDKN2A  function is found highly associated with human melanoma [ 73 ]. Human 
 CDKN2A  and  B  are members of a family of kinases that are well established and 
function to regulate cell cycle progression by inhibiting the activities of specifi c 
cyclins, that in turn, regulate the retinoblastoma ( RB ) tumor suppressor via phos-
phorylation [ 74 ].  RB  phosphorylation produces signals promoting progression 
through the G1-S boundary and entry into mitosis. Inactivation of the  CDKN2A  
gene is a rare but high-penetrance risk factor for human familial melanoma [ 75 ] and 
is also associated with many other cancers. Thus, the  Xiphophorus cdkn2a/b  gene 
not only mapped to the right location, but also has an attractive presumptive func-
tion that makes it a viable  R  gene candidate. 

 In human melanoma, the  CDKN2A  homologue exhibits loss of function (via 
mutation or gene silencing by methylation) suggesting a mechanism for  Xiphophorus  
melanomagenesis. If the  X. maculatus cdkn2a/b  allele (capable of suppressing/regu-
lating  xmrk ) shows differential activity compared to the  X. hellerii  allele (incapable 
of regulating  Xmrk ), then one could envision loss of the  X. maculatus cdkn2a/b  alleles 
(i.e. inheritance of the  X. hellerii  alleles) in backcross hybrid progeny as leading to 
liberation of  Xmrk  oncogenic activity and development of melanoma. In several mel-
anoma crosses there preferential loss of the  X. maculatus  alleles was shown to be 
associated with about 80 % of the melanoma bearing BC 1  hybrid progeny [ 54 ,  76 ]. 

 However, it has proven diffi cult to identify a mechanism for differential regulation 
of  xmrk  by  cdkn2a/b  alleles based on structural analyses of the  X. maculatus  and  X. 
hellerii cdkn2a/b  genes.  The cdkn2a/b  genes in  X. maculatus  and  X. hellerii  are nearly 
identical in their coding regions (two conservative differences and a single Lys to Glu 
non-conservative replacement [ 74 ,  77 ]. The genomic regions immediately upstream 
of the  cdkn2a/b  genes in  X. maculatus  and  X. hellerii  show many differences, some 
of which (i.e. GT repeat lengths) suggest altered methylation of the promoter area 
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may lead to differential regulation of the two genes in the hybrid genetic environment 
[ 78 ,  79 ]. However, it has also been shown that upstream regions of  cdkn2a/b  alleles 
appear to remain unmethylated and are overexpressed in both melanoma and in nor-
mal tissues [ 72 ,  74 ,  77 ,  78 ]. Overall, genetic mapping of  cdkn2a/b  to the LGV 
genomic region known to harbor  Diff , the upregulated expression of  cdkn2a/b  in 
pigmented F 1  and BC 1  fi shes that exhibit heavy melanization, and assocaition between 
inheritance of the  X. hellerii  alleles in melanoma bearing BC 1  hybrids, serve to sup-
port the candidancy of  cdkn2a/b  as the  R  tumor suppressor locus. However, there 
remain several observations that distract from this conclusion. 

 As mentioned, the human association of  CDKN2A  with melanoma involves loss 
of function by gene silencing. The loss of  CDKN2A  function results in dysregulation 
of the  RB  due to an inabiltiy to regulate cyclin-dependent kinase (CDK4 and 6) activ-
ities leading to increased activity of genes involved in cellular differentiation and 
growth. However, in  Xiphophorus  hybrids with pigmented skin,  cdkn2a/b  shows 
very high expression, contrary to expectations from human melanoma. In addtion, 
loss of  X. maculatus  alleles in melanoma bearing BC 1  hybrids associates at about 
80 %, thereby suggesting 20 % of melanoma bearing hybrids are heterozygous carry-
ing both the  X. maculatus  and the  X. hellerii cdkn2a/b  alleles. This could be inter-
preted as indicating  cdkn2a/b  is tightly linked to, but not, the  R  gene. Recent sequence 
and assembly of the  X. mauclatus  genome has allowed scanning of the LGV region 
harboring  R . This identifi es at least fi ve other genes that could be involved in tumor 
regulation but have not yet been tested for  R gene  function [ 14 ]. The advent of these 
genome resoruces will allow new ideas to be investigated that may explain the  R  sup-
pressor in mechanistic terms for both spontaneous and induced melanoma models.  

    Chemical Carcinogen Induced Tumors 

 Although  Xiphophorus  fi sh are generally considered as melanoma models, other 
tumors are also observed here, particularly after exposure to carcinogenic agents. 
The same genotypes that show the UV susceptibility for melanoma induction react 
similarly to  N -methyl- N -nitrosourea (MNU), a mutagen that acts principally through 
methylation of purines. If BC 1  fi sh from crossbreeding between  X. maculatus  
Jp163B and  X. hellerii  or  X. maculatus  Jp163B and  X. couchianus  (Figs.  2  and  3 ) 
are treated with MNU, melanoma development is only observed in fi sh that possess 
the  Sp  pigment pattern. Among these a melanoma incidence of up to 40 % is reached, 
while other tumor types occur only rarely [ 80 ]. This suggests the involvement of 
 xmrk  in MNU-induced melanoma development, similar to the observations for 
spontaneous and UV-induced melanoma. However,  Cdkn2ab  inheritance is not 
associated with development of MNU induced tumors in these crosses. [ 60 ]. 

 MNU treatment of BC 1  hybrids between  X. maculatus  strain Jp163A and  X. cou-
chianus  does not produce melanoma but instead induces fi brosarcomas, neuroblas-
tomas, schwannomas and retinoblastomas [ 80 ]. A similar observation was made 
decades ago by Schwab and colleagues, who treated a large number of different 
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 Xiphophorus  backcross genotypes and obtained neuroblastoma, mainly in  X. varia-
tus  ×  X. hellerii  backcross hybrids [ 81 ]. Although the degree of tumor development 
was linked to the genetic background of the fi sh, further molecular analyses of 
MNU-induced melanoma or neuroblastoma are not available to date. 

 In addition to tumors that show a certain predisposition depending on the pres-
ence of  xmrk , a whole spectrum of tumors from different tissues, including fi brosar-
coma, rhabdomyosarcoma and hepatic carcinoma were induced in backcross 
segregants not containing  mdl - xmrk  [ 22 ,  81 ,  82 ]. 

 High incidence of spontaneous formation of ocular tumors was noted in a hybrid 
line established from offspring of a cross of an ornamental albino swordtail female 
with a platyfi sh male carrying the spotted belly and spotted dorsal macromelano-
phore patterns [ 83 ]. The genetic determinant for the ocular tumor segregated inde-
pendently from the melanoma locus. The histopathology of this tumor was not 
further specifi ed and obviously this line has been lost. 

 Furthermore,  Xiphophorus  was used as thyroid tumor model. In certain labora-
tory strains of  Xiphophorus montezumae , a high incidence of spontaneous thyroid 
tumors was observed [ 84 ,  85 ]. These tumors are of inhomogenous phenotype, and 
they easily invade bone. The growing tumor fi lls also the visceral arches, thereby 
impairing gill function, which eventually leads to the death of the fi sh. Tumors occur 
more often in females and are only fully formed in fi sh of 5 months and older [ 85 ].  

    Cancer Models from Medaka 

 Although much lesser known than zebrafi sh and used by a much smaller—but steadily 
growing community of researchers—the medaka,  Orzyias latipes , also known as the 
Japanese ricefi sh, can be regarded as a complementary model and is equivalent in 
many aspects to the zebrafi sh model [ 86 ]. Like the similar-sized zebrafi sh, medaka 
has a short generation time, is easy to breed in large numbers in the laboratory and 
produces transparent eggs that make it easy to follow embryonic development. 
Systematic large-scale mutagenesis screens have led to large collections of mutants. 
The genome of the HdrR strain has been sequenced [ 87 ] and large genomic resources 
have been built up. For functional studies the same toolbox as in zebrafi sh exists: 
downregulation of gene expression during early development by morpholinos, elabo-
rate transgenic systems and gene knock-out by zincfi ngernucleases, TALENs [ 88 ] 
and the CRISPR/cas9 system. A resource center (NBRP medaka) has been estab-
lished where mutants, natural and transgenic strains, and cDNA and genomic clones 
can be obtained (  http://www.shigen.nig.ac.jp/medaka/    ). The center also maintains 
databases and distributes information, tools and protocols as a community service. 

 A special feature of medaka is the availability of a number of highly inbred 
strains, which are derived from different natural populations [ 89 ,  90 ]. This is a 
unique genetic resource that can be used to study natural allelic variation of disease 
modifi er genes.  
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    Chemical Carcinogen Induced Melanoma 

 In a similar way as described for  Xiphophorus , different medaka strains show vary-
ing susceptibility to cancer induction. Treatment of two highly inbred strains, HO4C 
and HB32C, with  N -methyl- N '-nitro- N -nitrosoguanidine led to a dosage-dependent 
induction of tumors only in the HB32C strain, most of which were amelanotic mela-
noma [ 91 ]. When F 1  hybrids of both strains were treated with the same carcinogen. 
The variety of tumors induced in the F 1  fi sh was greater than in the parental strains 
and included melanoma (more than 60 % of the tumors), papilloma, ovarian tumors, 
olfactory epithelioma, branchioblastoma and fi broma. A markedly higher cumula-
tive incidence of the melanoma with a dose–response was observed in the F 1  hybrids 
compared to the parental strains [ 92 ].  

    The Medaka  xmrk  Melanoma Model 

 A transgenic melanoma model has been developed in medaka using a fi sh oncogene 
as a driver for cancer development [ 93 ]. The melanoma inducing oncogene  xmrk  
from  Xiphophorus  was put under control of the medaka  mitfa  promoter, which con-
fers specifi c and exclusive expression in pigment cells. Those fi sh develop sponta-
neously malignant melanoma with high penetrance (Fig.  5 ). Tumor formation is 
already observed in these transgenic fi sh at about 4 weeks after hatching. Different 
from the classical zebrafi sh Braf melanoma model [ 94 ], in the  xmrk  medaka model 
tumor development initiates independently of the p53 wildtype or mutant status. 
This makes the medaka melanoma model more similar to the mammalian situation 
where the p53 tumor suppressor gene is only rarely found to be mutated. Introducing 
the  mitf:xmrk  transgene into p53 knockout genetic background, however, results in 
development of many melanoma at an earlier age, and the tumors grow faster and 
to much larger masses in the adult fi sh [ 93 ].

   Interestingly, when the same transgene (i.e.  mitfa:xmrk ) carrying chromosome 
was bred to various other inbred medaka strains, depending on the genetic back-
ground, different types of pigment cell tumors developed. In the HB32B  background 
highly invasive and metastasizing fatal melanoma from extracutaneous sites pre-
vailed. In the Carbio or CAB genetic background, the two most widely used labora-
tory strains, predominantly large exophytic masses of tumors developed on the 
integument, which are much less life-threatening. These are of either melanoma of 
melanocytic origin or xanthoerythrophoroma that originate from the xanthophore 
and erythrophore lineages. These pigment cell types are not found in mammals. In 
one of the albino strains, termed i-3, a high frequency of malignant melanoma of the 
uvea is observed. This tumor type occurs only sporadically in the other genetic 
backgrounds [ 93 ]. The i-3 and HdrR strains preferentially show development of a 
low malignancy grade xanthophoroma (unpublished). 
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 This genetic background effect on tumor types with respect to cellular origin, 
body site of appearance, and degree of malignancy can be ascribed to the presence 
of different tumor modifi er genes or their allelic variation in the genetic background 
of the different strains. Other than the primary acting tumor-inducing oncogenes or 
tumor suppressor genes, tumor modifi er genes are from the genetic background of 
an organism that infl uence the course of a disease, rather than being causal for the 
outbreak of the condition. With the current possibility to perform whole genome 
mutagenesis screens, the medaka offers an opportunity to identify modifi er genes 
and to study their mode of action. 

 Furthermore the medaka melanoma model has been used to perform with RNA 
deep sequencing methods a comparative transcriptome analysis between fi sh and 
human melanoma [ 95 ], that showed global transcription in this transgenic medaka 
melanoma model is in excellent agreement with gene expression results determined 
from human tumor samples. The study not only revealed conserved changes in 
expression profi les of known pathways in melanoma in particular and cancer in 
general but also forwarded several molecules that can be developed as disease mark-
ers (e.g.  slc45a2 ) or potential pharmaceutical targets. 

  Fig. 5    Generation of the transgenic  xmrk  melanoma model in medaka. Pigment cell specifi c 
expression of the platyfi sh  xmrk  oncogene cDNA under control of the medaka  mitf  promoter in a 
stable transgenic line leads to spontaneous malignant melanoma formation with high penetrance 
(up to 100 % of transgene carriers) and early onset (about 2–4 weeks after hatching)       
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 Expression profi les of ten known human melanoma-associated miRNAs and their 
respective target gene expression were studied in xanthoerythrophormona, cutaneous 
and uvea melanoma [ 96 ]. miRNAs of the miR-17 – 92 cluster (miR-20a2, miR-92a1, 
miR-17 and miR-18a), miR-126, miR-182, miR-210 and miR-214 showed consistent 
upregulation and their respective target genes (RUNX1, HIF1A, TGFBR2, THBS1 
and JAK2) were down-regulated in most tumors. MicroRNA- 125b similar as in 
human melanoma was down-regulated and target genes (ERBB3a and ERBB3b) are 
up. These results provided clear evidence the fi sh melanoma- associated miRNAs and 
their respective target genes are deregulated generally like in human melanoma. 

 Yet another study looked at chemokine signaling in the  xmrk  melanoma medaka 
[ 97 ]. These signals are thought to play an instructive role in tumor migration. It was 
found that Sdf1/Cxcl12 signals via the chemokine receptor Cxcr7 are able to con-
strain invasive melanoma growth  in vivo  and these signals infl uence tumor out-
come. Overexpression of the ligand not only reduced melanoma incidence but also 
shifted the tumor spectrum on the Carbio background even more towards the more 
benign xanthoerythrophoroma. 

 The molecular profi ling confi rms the value of the transgenic  xmrk  medaka as a 
translational model system to identify and decipher molecular mechanisms associ-
ated with malignant melanoma in humans.  

    The Medaka Transgenic ras Melanoma Model 

 A second medaka melanoma model has been established using the human  HRAS  
oncogene with the G12Vmutation as driver for tumor development [ 98 ]. Although 
this mutation is rare in human melanoma, it is a quite effi cient driver of melanoma in 
fi sh [ 99 ]. The human cDNA was put under control of the medaka tyrosinase pro-
moter, which confers melanocyte-specifi c expression. The 5’UTR of the oncogene 
carries a fl oxed GFP as stop cassette, allowing for inducible expression, when the 
fi sh are crossed to a heat-shock inducible Cre line. Due to the fact that the heat- shock 
promoter in medaka can also be induced by a number of other stressors leading to 
some background of tumor formation, there remain improvements for this fi rst 
inducible cancer model in medaka. Nevertheless, conditions for induction of mela-
noma could be established. This revealed that a fi rst sign of tumor development, 
visible as hyperpigmentation around the eye, appears at 4 weeks after treatment 
(done shortly post hatching), fully grown highly invasive tumors after 28 weeks and 
melanoma-caused death after 44 weeks. Penetrance varied depending on the trans-
genic line between 12.5 and 100 %. Treatment experiments with Sorafi nib, a multi-
kinase inhibitor that is successfully used in the clinic to treat melanoma patients with 
a BRAF mutation, were performed to show the usefulness of this model for in-vivo 
screening of anticancer drugs. Melanomas were induced in 4 week old fi sh and treat-
ment was started at 16 weeks when tumor formation had already started. The 
Sorafi nib treated group showed a statistically signifi cant increase in survival time.  
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    Conclusions 

 This chapter introduced various fi sh cancer models that complement zebrafi sh in 
establishing addressable questions regarding the genetics and mechanisms underly-
ing tumorigenesis. Our discussion focused primarily on melanoma tumors as his-
torically, fi sh models forwarded to study melanoma have come from, or where 
produced for, the genetic analyses of tumor etiology. It is clear that newer studies 
employing development of transgenic models are rapidly providing tools that will 
be utilized to answer long standing questions and will delineate the steps within 
complicated mechanisms that frame both spontaneous and induced tumorigenesis. 
Due to recent advances in genomics and transcriptomics, the strength of evolution-
arily distinct yet complimentary fi sh cancer models is only now capable of being 
exploited. However, it will be the continued employment of the various fi sh models 
that together will provide complimentary and insightful experimental results to 
allow us dissect the molecular details of cancer onset and progression.     
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