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Abstract

Testicular germ cell tumors (TGCTs) are the most common malignancy in young men. However, there are few
in vivo animal models that have been developed to study this disease. We have used the pufferfish (fugu)
lymphocyte-specific protein tyrosine kinase (flck) promoter, which has been shown to enforce high-level ex-
pression in the testes of transgenic mice, to express Simian virus 40 large T-antigen in zebrafish testes. Zebrafish
that express T-antigen develop TGCTs after a long latency of >1 year. Although overt TGCTs are only evident in
20% of the fish, occult TGCTs can be detected in 90% of the transgenic fish by 36 month of age. The TGCTs
resemble the human disease in terms of morphology and gene expression pattern, and can be transplanted to
healthy wild-type recipient fish. In addition, enforced expression of the zebrafish stem cell leukemia (scl) gene in
the zebrafish testes also generated TGCTs in transgenic fish. These results demonstrate the feasibility of studying
TGCTs in a model organism.

Introduction

Testicular germ cell tumors (TGCTs) comprise up to
60% of all malignancies in men between 20 and 40 years of

age.1 Half of all diagnosed TGCTs are seminomas, 30% are
nonseminomas, and the remaining combine both seminoma
and nonseminoma components. The more aggressive non-
seminomas manifest at a younger age (median age at diag-
nosis 25 years) than seminomas, which appear in older
patients (median age at diagnosis 35 years). This may be due to
a loss in older populations of the original germ-cell’s stem-cell
capacity.2 While seminomas are chemo- and radiosensitive,
patients with nonseminoma TGCTs have cure rates dependent
of disease stage, some as low as 50%.3 At the time of diagnosis
a significant percentage of TGCTs are metastatic, and 10%–
20% of patients with metastatic TGCTs fail to achieve complete
remission,4 thus providing incentives for improvements in
diagnosis. Additionally, the endogenous or environmental
factors affecting the origins of TGCTs are poorly understood.

The zebrafish is an attractive vertebrate model due to its
high fecundity, genetic accessibility, and embryonic trans-
parency. Additionally, evidence suggests that teleost gonadal
development is less strictly genetic than in mammals, being
partially governed by secondary environmental effects, and
the resulting developmental plasticity may facilitate investi-

gation into the environmental factors affecting TGCTs. In-
terest in modeling TGCTs in zebrafish has lead to the recent
identification of a mutant zebrafish line that develops TGCTs
through a large-scale forward genetics screen.5 Sex determi-
nation and gonadal differentiation in zebrafish has not been
fully elucidated; however, conserved and divergent functions
in gonadal development, compared to the well-understood
mammalian system, have been proposed.6,7 For instance,
there is little evidence suggesting that zebrafish have sex
chromosomes, and though the developmental stage at which
sex determination occurs is unknown, there is a latency period
in testis development during which males undergo a ‘‘com-
pulsory ovary stage.’’7 Conversely, sexually mature teleost
and mammal gonads both contain Sertoli and Leydig cells,
as well as germ cells. Similar to humans, male zebrafish
seminiferous tubules are composed of compartmentalized
spermatogonia, spermatocytes, and tail-less spermatids,
suggesting similar developmental pathways.

In this study, we report two zebrafish models for TGCT.
These zebrafish models can be used for large-scale genetic
modifier screens to elucidate mutant genes related to the
malignant phenotype. As zebrafish are amenable to studying
the environmental factors in disease pathology, these models
may be beneficial for elucidating the endogenous and envi-
ronmental component of TGCTs.
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Methods

Vectors

Simian virus 40 (SV40) T-antigen (TAg), stem cell leukemia
(scl), and lim domain only 1 (lmo1) transgenes were poly-
merase chain reaction (PCR) amplified and cloned into a 4.2-kb
F3R1-11 backbone, which contains both the proximal and
distal fugu lymphocyte-specific protein tyrosine kinase (lck)
promoter regions controlling expression of green fluorescent
protein (EGFP).8 The EGFP cDNA was replaced by the indi-
cated cDNA (TAg, scl, or lmo1). Inserts containing both the
proximal and distal fugu lck promoters and the indicated
cDNA sequence were isolated and purified (Qiagen). The
F3R1-11 plasmid was digested with XhoI and SfiI, the flck:lmo1
plasmid was digested with SfiI and BglII, and both the
flck:TAg and flck:scl plasmids were digested with BglII and
NotI (Fig. 1A).

Zebrafish maintenance

To generate Tg(flck:TAg), Tg(flck:scl), and Tg(flck:lmo1)
transgenic fish, an AB/TU line was used (originally obtained
from Dr. Brant Weinstein, NIH/NICHD). Fish were housed in
an automatic fish housing systems (Aquatic Habitats) at
28.58C. All zebrafish manipulations were approved by the
NCI Animal Care and Use Committee.

Generation of transgenic fish

To generate transgenic fish, freshly laid AB/TU eggs were
injected with purified DNA fragments. The purified frag-
ments were resuspended at a final concentration of 50 ng/mL
in 0.5% Phenol Red. One hundred picograms of insert was
injected into zebrafish embryos at the one-cell stage with a
PV820 Pneumatic PicoPump (World Precision Instruments,
Inc.). For a typical experiment, 50–100 fertilized eggs would
be injected, within *45 min, before the first cell division.
Approximately half of the injected eggs survived to produce
adult fish. Positive mosaic F0 fish were identified by PCR
amplification of fin clip DNA; primers used are listed in
Supplementary Table S1 (Supplementary Data are available
online at www.liebertonline.com/zeb). None of the primers
used for genotyping generated an amplification product in
wild-type (WT) fish, and amplification of a cellular retinoic
acid-binding protein (crab) gene fragment was used to assess
genomic DNA quality. The positive mosaic F0 fish were then
bred to AB/TU WT fish to determine if they could transmit
the transgene. Typically, 10%–40% of the positive, mosaic
adult fish were able to transmit the transgene and become
founders. Stable lines of transgenic fish were obtained from
Tg(flck:TAg), Tg(flck:scl), and Tg(flck:lmo1) F0 founder fish and
maintained by backcrossing to AB/TU WT fish.

Tumor cell analysis

Before tissue collection, zebrafish were euthanized by
adding 0.3 g tricaine to 0.8 g NaCl and dissolving in 1 L of
system water. Tumor tissue was extracted following a ventral,
sagittal incision and either fixed in neutral buffered 10%
formalin solution for histological preparation, placed into
ice-cold 0.9�phosphate-buffered saline containing 5% fetal
bovine serum for single-cell suspension, or frozen for nucleic
acid isolation. Parafin embedding, sectioning, and staining
was performed by HistoServ, Inc. Photomicrographs were
taken with a Fuji FinePix 6800Z camera (Fuji) with a Carl Zeiss
Standard 25 ICS microscope and a custom eyepiece adaptor
(Accuscope). All original magnifications were between 50 and
1000�. In vivo imaging of EGFP fluorescence was observed
with a Leica ebq 100 mercury vapor lamp and Carl Zeiss Stemi
SV11 dissecting microscope.

Flow cytometry

Harvested tissue from transgenic fish was dissociated by
glass pestle in ice-cold 0.9�phosphate-buffered saline. To fa-
cilitate single-cell suspension, tissue was incubated at 228C for
45 min in 5 mL of 4 mg collagenase per mL of HBSS, and
strained through a 40-micron nylon mesh filter.9 Cells were
centrifuged at 1000� g and resuspended in ice-cold Hanks’
balanced salt solution with 2% fetal bovine serum. Propidium
iodide (Sigma) was added at 1 mg/mL to exclude dead cells
and debris. FACS analysis and sorting were performed based
on propidium iodide exclusion, forward scatter, and side
scatter using a FACScan (Becton Dickinson).

Tumor cell transplantation

Cell suspensions were prepared from moribund transgenic
Tg(flck:TAg) fish as described above. About 5�103 cells
were injected intraperitoneally into 12-month-old WT male
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FIG. 1. Abdominal tumor development in Tg(flck:TAg) fish.
(A) Vectors used to generate transgenic zebrafish. pro, pro-
moter region; pA, Simian virus 40 polyadenylation signal.
(B) Cumulative abdominal tumor frequency in two inde-
pendent transgenic lines expressing TAg (T24 and T32),
compared to nontransgenic WT fish from the same clutch.
Log rank p-value for T24 transgenic versus WT¼ 0.0198; for
T32 transgenic vs. WT¼ 0.0005. The number of fish in each
series is indicated. TAg, T-antigen; WT, wild-type.
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recipients using a 30½-gauge PrecisionGlide needle, after
anesthesia with tricaine.

Southern blots for T-cell receptor alpha configuration

Zebrafish-specific primers were used to generate a probe
for the C region of T-cell receptor alpha (tcra) (accession No.
AF246178).8 Genomic DNA from tumor and control tissue
was digested with HindIII, BglII, or EcoRI; size fractioned on
0.8% agarose gels; denatured; transferred to nitrocellulose
membranes; and hybridized to a 32P probe, labeled by ran-
dom priming, as previously described.9

Reverse transcription-PCR analysis

Total RNA was isolated using TRIZOL (Invitrogen) reagent
and the manufacturer’s recommended protocol. About 1.0 mg
of total RNA from each extraction was reverse-transcribed
and PCR was carried out. Primers used are indicated in sup-
plementary Table S1.

Results

Generation of transgenic zebrafish

Our initial goal was to generate thymic tumors in zebrafish,
to allow comparative genomics to highlight conserved path-
ways among human, mouse, and zebrafish T-cell malignan-
cies. In an effort to generate thymic malignancies in zebrafish,
we generated transgenic fish that expressed either SV40 large
TAg, zebrafish scl (scl), or zebrafish lmo1 in the thymus of the
developing zebrafish. All of these genes (except TAg) are as-
sociated with thymic malignancies in humans and have been
demonstrated to produce thymic malignancies when over-
expressed in the mouse thymus.9,10 We used lck regulatory
elements from fugu, which have been reported to be func-
tional in fugu thymocytes,11 because lck regulatory elements
have been used previously to express transgenes in the mouse
and zebrafish thymus (Fig. 1A).12,13

Tg(flck:TAg), Tg(flck:scl), and Tg(flck:lmo1) transgenic fish
were generated by microinjection of DNA into one-cell stage
zebrafish embryos. Mosaic F0 transgenic fish were identified
by PCR genotyping of fin biopsies. Two selected mosaic F0
fish were then bred to WT fish, and transmission of the
transgene was identified by genotyping the F1 offspring. Al-
though the fish embryos were injected at the one-cell stage,
due to rapid cell division, the transgene may not integrate into
genomic DNA until the two-cell stage or later. Therefore, the
founder fish are likely to be mosaic for the transgene, and the
germ cells may not be transgenic. One hundred seventy-four
embryos injected with the flck:TAg vector (Fig. 1A) survived to
adulthood, 12 of which were mosaic. Three of these were
transgenic in their germ cells for the flck:TAg vector and
transmitted the transgene, as determined by genotyping fins
of F1 offspring, or genotyping pooled F1 embryos. The three
Tg(flck:TAg) founder lines were designated T9, T24, and T32.
To avoid the possibility of integration effects, we chose to
focus our studies on two independent Tg(flck:TAg) lines de-
rived from separate injections (T24 and T32).

Tg(flck:TAg) fish develop abdominal tumors

A survival cohort of transgenic fish was observed for 36
months. At 11 months, some of the Tg(flck:TAg) transgenic

males developed visible abdominal enlargement, but ex-
hibited no other obvious signs of disease. Affected fish had
asymmetric enlargement of the abdomen rather than the
symmetrical enlargement typically seen in other disorders
such as egg binding and Mycobacteria sp. infections.14,15 Ab-
dominal skin overlying the tumors was thinned and showed
vascular congestion. Internally, the tumors filled the abdomen
and caused pressure atrophy of surrounding intra-abdominal
organs.

Given the use of the flck promoter, which we had shown to
be functional in the zebrafish thymus, the tumors were ini-
tially suspected to be of thymic origin, with metastasis to the
testes. Hematoxylin and eosin histology on some tumors re-
sembled T-lymphoblasts (see below), with sheets of small
basophilic cells and a high nuclear/cytoplasmic ratio invad-
ing the testes. However, we never detected thymic enlarge-
ment in these fish, and some tumors had marked overgrowth
of spermatogonial-like cells, calling into question the diag-
nosis of thymic tumors. To further investigate the possibility
of a thymic malignancy, we looked for evidence of clonal
T-cell receptor gene rearrangement in tumor samples. How-
ever, the tumor DNA showed no evidence of clonal tcra gene
rearrangement (Supplementary Fig. S1), making the diagno-
sis of thymic tumors unlikely. Subsequently, additional fish
(between 16% and 20% of the transgenic offspring) from both
the T24 and T32 founders developed abdominal tumors
(Fig. 1B). In addition, the T9 founder also developed an
abdominal tumor. In contrast, <4% of the WT nontransgenic
control fish from this cohort developed abdominal tumors over
the 3-year study period. The observation that abdominal
tumors occurred in three independent Tg(Tg(flck:TAg)) trans-
genic lines indicated that tumor predisposition was not due
to an unexpected integration effect of the transgenic vector.

Initially, fish with obvious abdominal swelling were ob-
served closely, and showed normal swimming ability and
patterns. Despite this close observation, occasional fish with
abdominal swelling were found dead, indicating that the
abdominal tumors were progressive and lethal. With the as-
sistance of aquatic caretakers we gained more experience, and
fish with abdominal tumors were euthanized and only rarely
found dead.

The abdominal tumors are TGCTs

The abdominal tumors were clearly evident to the naked
eye; an example is shown in Figure 2A. Upon gross inspec-
tion, the tumors were firm, white or tan in color, and nodular,
ranging in size from 4 to 8 mm in diameter at their widest
point. Histological analysis suggested that these tumors were
not of thymic origin, but were instead TGCTs. A gross com-
parison of a fish TGCT and WT fish testes is shown in Figure 2.

Three prominent cell populations are recognized in normal
zebrafish testis: spermatogonia, spermatocytes, and sperma-
tids (Fig. 2D). Zebrafish spermatogonia are between 7 and
9mm in diameter with a relatively low nuclear-to-cytoplasm
ratio. Spermatocytes are slightly smaller with a high nuclear-
to-cytoplasm ratio, and spermatids are fairly uniform in size,
typically 2 mm in diameter, and are the smallest and densest
of these three cell types. Although the normal fish testis
is arranged into seminiferous tubules composed of well-
organized spermatogonial cells, with spermatocytes and
spermatids located in the lumen, the fish TGCT lack these
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FIG. 2. Characterization of abdominal tumors. (A) Gross photo of flck:TAg zebrafish with abdominal tumor. (B) WT male
zebrafish for comparison (C) testicular germ cell tumor (Tu) compared to WT testes. Size scale is in mm. (Di–Diii) Hema-
toxylin and eosin-stained testis from WT fish at low, medium, and high power, respectively. Scale bar is 50 mm in all photos.
Spermatogonia (SG), spermatocytes (SC), and spermatids (ST) are indicated in (Diii). (Ei–Eiii) TGCT from flck:TAg fish
T32(25), same magnifications as above. Note wide spectrum of different cell sizes and morphology. (Fi–Fiii) TGCT from
flck:TAg fish T24 (10), same magnifications as above. Note the uniform population of cells with abundant eosinophilic
cytoplasm and a low nuclear-to-cytoplasmic ratio, consistent with spermatogonial cells. (Gi–Giii) TGCT from flck:TAg fish
T24(4), same magnifications as above. Note the uniform population of basophilic cells with a high nuclear-to-cytoplasmic
ratio, consistent with spermatocytes. (H) Reverse transcription-polymerase chain reaction assay for TAg expression. Lanes
1–4, TGCT from two independent Tg(flck:TAg) fish; lanes 5 and 6, testes from a clinically healthy Tg(flck:TAg) fish without
TGCT; lanes 7 and 8, WT testes; lanes 9 and 10, gill from clinically healthy Tg(flck:TAg) fish; lane 11, dH2O. Reverse
transcriptase was not added to the cDNA reactions in lanes 2, 4, 6, 8, and 10. Polymerase chain reaction amplification for TAg
or b-actin is shown. TGCTs, testicular germ cell tumors.
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organized structures. Figure 2E–G shows a spectrum of his-
tology identified in the fish TGCTs. Figure 2E shows a TGCT
composed of a heterogeneous population of cells that re-
semble spermatocytes and spermatogonial cells, whereas
Figure panels 2F and 2G show TGCTs predominantly com-
posed of monotonous sheets of cells that resemble either
spermatogonia or spermatocytes, respectively. The lack of
normal testicular architecture in seminiferous tubules, along
with a variable, increased population of undifferentiated
spermatogonial-like cells and/or spermatocytes, and defi-
ciency of spermatids, supports the classification of these tu-
mors as germ cell tumors of the testes.

Given that LCK expression has typically been considered to
be restricted to lymphocytes, we analyzed the fish TGCT for
evidence of TAg expression. As shown in Figure 2H, TAg
mRNA is detected in transgenic testes and TGCTs, but not in
WT testes or other transgenic tissues, such as gill. These
findings are consistent with a prior report that demonstrated
high level expression of EGFP in mouse testes driven by the
4.2 kb flck promoter fragment present on the F3-R1-11 plasmid
backbone.10

Molecular analysis

To verify the testicular origin of these tumors, we assessed
expression of a set of genes (amh, wt1, cypllb, shippo1, sycp3l,
and star) that have been shown to be expressed in zebrafish
testis. A zebrafish ortholog of the anti-Mullerian hormone
(amh) gene and Wilm’s tumor suppressor (wt1) gene have
both been shown to be expressed in zebrafish Sertoli cells after
differentiation, whereas cytochrome p450 (cyp11b), a predom-
inant androgen producing gene in zebrafish, is reported to be
expressed primarily in Leydig cells in and around large
clusters of spermatocytes.16,17 The outer dense fiber of sperm
tails (Shippo1) gene was identified as a spermatid marker in
teleosts,18,19 synaptonemal complex protein 3 like (sycp3l) is
reported to be restricted to meiotic cells, and the steroidogenic
acute regulatory (star) gene is expressed in zebrafish sper-
matogonial cells.20

In addition, we analyzed expression of several genes that
have been reported to be differentially expressed between
healthy human testes and seminomas; these included v-kit
Hardy-Zuckerman 4 feline sarcoma viral oncogene (kit),
progression of meiosis ( prom1), POU domain, class 5, tran-
scription factor 1 (oct-4), activating enhancer binding protein 2
alpha (ap2a), zinc finger and BTB domain containing 16 ( plzf),
and multiple coagulation factor deficiency 2 (mcfd2).21–23 All
the markers tested were expressed in Tg(flck:TAg) zebrafish
TGCTs (Fig. 3), consistent with a testicular origin of these
tumors. However, all the genes in this set were also detected
in healthy zebrafish testes, indicating that these genes did not
discriminate between clinically healthy testes and TGCTs in
our zebrafish model (Fig. 3).

Since Kirsten, Harvey, and Neuroblastoma rat sarcoma
viral oncogene (KRAS, NRAS, and HRAS) point mutations at
codons 12, 13, and 61 are common in human patients with
TGCTs,24 we searched for kras, nras, and hras mutations in fish
TGCTs. After establishing that these three genes were ex-
pressed in TGCT tissue (Supplementary Fig. S2) we se-
quenced genomic DNA from 10 Tg(flck:TAg) transgenic tumor
samples across exons 1 and 2 in the zebrafish kras, nras and
hras genes, and compared the sequences to those obtained

from healthy nontransgenic, WT testis tissue (data not
shown). There were no de novo mutations detected in codons
12, 13 and 61, or surrounding regions for kras, nras, or hras.

The TGCTs are transplantable to WT fish

We further evaluated the malignancy of the tumors
through transplant studies. A single-cell suspension of TGCT
cells from Tg(flck:TAg) (line T24) donor fish or WT healthy
testes was prepared, and 5�103 cells were injected into heal-
thy 12-month-old WT, immunocompetent, syngeneic zebra-
fish. The recipient fish were monitored for 3 months
postinjection. Two out of 50 recipients from the Tg(flck:TAg)
TGCT donor developed tumors at 4 weeks postinjection. PCR
analysis of genomic DNA from the recipient tumors demon-
strated the presence of the flck:TAg transgene, using a flck:TAg
primer set that does not amplify a product from the control
zebrafish genome (data not shown), indicating that the tumor
was derived from donor cells (Supplementary Fig. S3). There
was no detectable tumor development in all 47 of the control
group of fish injected with WT healthy testes.

Subclinical TGCTs

Because of the delayed onset of clinically evident TGCTs in
our cohort, and the low but significant incidence of naturally
occurring TGCTs in older WT male fish,25,26 we wanted to
determine the incidence of subclinical tumors in clini-
cally healthy Tg(flck:TAg) transgenic fish. As an end-of-study
experiment we euthanized clinically healthy WT and

FIG. 3. Expression of TGCT markers: actin amplification is
shown as an mRNA amplification control. Expression of kit,
prom1, sox9a, oct-4, ap2a, plzf, mcfd2, amh, cyp11b, sycp31,
shippo1, star, and wt1 in transgenic gill, kidney, liver, intes-
tine, testes, or WT testes are compared to two Tg(flck:TAg)
TGCT samples [T24 (10) and T24 (4)]; (�)¼dH2O control.
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Tg(flck:TAg) transgenic males that were over 36 months of age,
with no evidence of abdominal masses (Fig. 4). We used two
criteria for the diagnosis of a subclinical TGCT: testes fusion
and enlargement of testicular tissue. Fifteen out of 30 (50%)
clinically healthy WT aged male fish used in the experiment
showed fused and enlarged testes (data not shown). How-
ever, 27 out of 30 (90%) Tg(flck:TAg) aged male fish had fused
and enlarged testes (Fig. 4D–F). A previous study reported a
tumor incidence of 48% in 29 WT male fish aged 30–34
months. These tumors were described as visibly large, non-
invasive, and histologically composed of the range of cells
common in spermatogenesis.27 Figure 4A and 4D show the
contrast between the distinct, small, bilateral testis in an aged
WT fish, and an enlarged, fused testes in an aged Tg(flck:TAg)
fish. Again, the histology of the subclinical TGCT was distinct
from that of normal testes; the subclinical TGCT shown in
Figure 4D–F is composed predominantly of spermatogonial-
like cells, with a marked decrease in the number of spermatids
(compare Fig. 4C and 4F).

TGCT in Tg(flck:scl) and compound
Tg(flck:scl)/Tg(flck:lmo1) fish

In an additional effort to produce transgenic fish that de-
veloped T-cell acute lymphoblastic leukemia, we generated
transgenic fish that expressed scl or lmo1, again under the
control of the fugu lck promoter. After injection of the flck:scl
construct, 165 injected eggs survived to adulthood and re-
sulted in 4 of 12 mosaic fish expressing Tg(flck:scl) in their
germline. Similar to the Tg(flck:TAg) fish, the Tg(flck:scl) fish
developed TGCTs. As shown in Figure 5A, two independent
lines of Tg(flck:scl) fish (designated U2 and Q1) developed
TGCTs, with a time course similar to that of the Tg(flck:TAg)
fish. Histologically, these tumors were similar to the
Tg(flck:TAg) TGCTs (data not shown). However, we did not
detect any evidence of T-cell malignancies in either line of
Tg(flck:scl)fish. As expected, we detected expression of scl in
the TGCT and transgenic testes, but not in WT testis or
transgenic gill tissue (Fig. 5C).

In mice, Scl and Lmo1 collaborate to generate T-cell
malignancies. To determine if these two genes would collab-
orate to generate T-cell malignancies in fish, we injected the
flck:lmo1 construct into fertilized eggs. Three hundred and
eighty-two fish survived to adulthood, and from 12 positive
mosaic fish there was a single founder. The resulting
Tg(flck:lmo1) transgenic line was crossed to Tg(flck:scl) fish to
produce Tg(flck:scl)/Tg(flck:lmo1) compound transgenic fish.
Once again, these fish developed TGCTs, with a time course
and histology similar to that of the Tg(flck:TAg) fish (Fig. 5B),
but did not develop T-cell malignancies.

FACS analysis

To better characterize and quantify the sizes of cells present
in a spectrum of fish TGCTs, from both the Tg(flck:scl) and the
Tg(flck:TAg) lines, we used FACS analysis of transgenic tumor
tissue and WT testes isolated from zebrafish adult males. FACS
beads (SPHERO Calibration Particles, 6.0–6.4mm) were used
as a size standard for zebrafish testicular cell populations
(Fig. 6). With a size standard we were able to divide a simple
scatter plot into 2mm increments and plot WT healthy testes
and three samples of cells from transgenic TGCTs according to
forward scatter. Since we wanted to compare a variety of his-
tologically distinct TGCTs, resembling those previously shown
in Figure 2, as well as compare TGCTs from both the Tg(flck:scl)
and Tg(flck:TAg) lines, TGCTs from one of the Tg(flck:scl) lines
and two of the Tg(flck:TAg) lines (U2, T24, and T32 respectively)
were used. The FACS parameters were standardized across all
the samples. The histology for WT testes, a Tg(flck:scl) TGCT
from fish U2-6, and two Tg(flck:TAg) TGCTs from fish T32-8
and T24-14-6 (Fig. 6A–D) are shown with corresponding FACS
scatter plots. On the basis of both histology and FACS data, the
smallest cell type, spermatids, comprises the largest population
in both healthy testes and most TGCTs. As shown in Figure 6F,
FACS events consistent with the reported 2mm size of sper-
matids comprised 86% of total events in testes tissue, but only
50%, 47%, and 27%, respectively, in the three TGCT samples.
Additionally, more diffuse populations, consistent with the

FIG. 4. Subclinical TGCT in Tg(flck:TAg) fish. (A) Representative non-TGCT testes in aged WT zebrafish. Arrows designate
2 separate, nonfused testes. (B) Aged non-TGCT zebrafish testis at low power (scale bar: 100mm) (C) Aged non-TGCT
zebrafish testis at high power (scale bar: 50 mm). (D) Subclinical TGCT in aged Tg(flck:TAg) zebrafish. Arrow indicates large,
fused testes. (E) Aged sub-clinical TGCT at low power (scale bar: 100mm). (F) Aged sub-clinical TGCT at high power (scale
bar: 50mm). Spermatogonia (SG), spermatocytes (SC), and spermatids (ST) are indicated in (C) and (F).
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relatively larger spermatocytes and spermatogonia, ranging in
size from 6 to 9mm in diameter, were increased in all three
TGCTs relative to testes.

Discussion

In this report, we describe two zebrafish models for TGCT,
using a fugu lck promoter to drive expression of TAg or scl
(with or without lmo1). Although this study was designed to
generate T-cell malignancies, we found that expression of TAg
or scl (with or without lmo1) under control of the flck pro-
moter led to development of TGCTs in zebrafish. The TGCTs
were characterized by obvious abdominal swelling, intra-
abdominal organ compression, disorganized testicular archi-
tecture, expression of genes associated with human TGCT,
and transplantability to healthy WT fish.

The zebrafish is one of the principal vertebrate organisms
used to model and study human disease.28,29 However, to
date, there have been few reports describing genetically en-
gineered TGCT in the zebrafish. Previous studies showed that
naturally occurring tumors, referred to as gonadal tumors, in
male zebrafish can occur between 1 and 2 years of age.30 These
tumors can be up to 10 times as large as healthy testes,
asymmetric, multi-lobed, and distinct from other abdominal
organs.31 A recent report described a novel, heritable zebra-
fish mutant, designated lamc1cz61, which showed increased
TGCT susceptibility when exposed to carcinogens and che-
mical mutagenesis.5 In addition, 17% of lamc1cz61 fish devel-

oped spontaneous TGCTs. However, the mutation
responsible for the TGCT predisposition in the lamc1cz61 fish
has not yet been identified.

Several histologically distinguishable types of TGCTs were
found in the transgenic zebrafish in our current report. In
healthy testes, a typical seminiferous tubule contains a small
population of spermatogonia and spermatocytes interspersed
with Sertoli cells. During meiosis some of these cells differ-
entiate and migrate toward the lumen. Cells in the inner-most
layer of the tubule shed their cytoplasm, and reduce in size to
that of a bare nucleus, and are designated spermatids. All of
the TGCTs in this study showed a lack of normal organiza-
tion, with disruption of normal seminiferous tubules. How-
ever, in addition to the disruption of normal testicular
architecture, a spectrum of additional histologic abnormalities
was observed. For instance, Figure 2G shows a TGCT with a
homogeneous sheet of spermatocytes, whereas Figure 2F
shows a homogeneous sheet of spermatogonial-like cells. In
all, tumors comprised of predominantly one cell type ac-
counted for *10% of all transgenic tumors in this study. The
most common type of TGCT in this study was a disorganized
accumulation of both spermatocytes and spermatogonial-like
cells, as shown in Figure 2E.

Reverse transcription-PCR analysis of TAg, scl, and lmo1
demonstrated that these mRNAs were abundantly expressed,
under the control of a fugu lck promoter, in transgenic zeb-
rafish testes. Although this finding was initially unexpected,
since lck expression is thought to be restricted to the thymus in

FIG. 5. TGCT in Tg(flck:scl) and Tg(flck:scl)/
Tg(flck:lmo1) fish. (A) Cumulative onset of TGCT in
Tg(flck:scl) fish; two independent flck-scl lines (U2 and
Q1) were studied for 36 months. (B) Cumulative onset
of TGCT in Tg(flck:scl)/Tg(flck:lmo1) fish. Log rank p-
value for Tg(flck:scl) (both U2 and Q1) transgenic, and
Tg(flck:scl)/Tg(flck:lmo1) transgenic vs. WT were all
<0.0001. (C) Expression of scl in healthy testes (T) or
TGCT (Tu) from Tg(flck:scl) fish; expression is not de-
tected in WT testes or Tg(flck:scl) gill (G). lmo1, lim
domain only 1; scl, stem cell leukemia.
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mammals, an EGFP mRNA driven by this same fugu lck
promoter was markedly overexpressed in the testes of trans-
genic mice.10 Although we have not established the mecha-
nism by which TAg is oncogenic in zebrafish testes, by
extension of findings in mammalian cells, we speculate that
TAg acts in zebrafish by complexing p53 and Rb family
members. Zebrafish homologs for p53 and p63 have been
identified, as have homologs for p107 (RB-like-1), and p130
(RB-like-2), but not pRB (NP_571402.1, NP_694518.1,
NP_001124082.1, and XP_001922168.1). Given that SCL exerts
its leukemogenic effect in mammalian T-cell leukemias by
complexing E2A and the related HEB gene, we suspect that
overexpression of zebrafish scl leads to a functional depletion
of zebrafish e2a (tcf3) and/or heb (tcf12) in the zebrafish testes.

Gene expression analysis was carried out on tumors and
control testes (Fig. 3), as well as gill, kidney, liver, and intes-
tine tissue. Our goal was twofold: to confirm that the tumor
tissue was testicular in origin, and determine whether mark-
ers that distinguished TGCT from healthy testes could be
identified in the zebrafish. Although expression of all the
genes examined could be detected in the TGCTs, expression
was also detected in healthy WT and Tg(flck:TAg) testes, in-
dicating that none of the genes analyzed could distinguish
between healthy testes and TGCTs in this model system.

The survival curves indicated that the TGCTs in transgenic
Tg(flck:TAg), Tg(flck:scl), and Tg(flck:scl)/Tg(flck:lmo1) zebrafish

arose predominantly after 18 months, with an incomplete
penetrance. These observations suggest that additional
(epi)genetic mutations are required for complete malignant
transformation. Given that KRAS, NRAS, and HRAS muta-
tions are frequent in humans with TGCTs, we sequenced kras,
nras, and hras from a subset of TGCTs expressing TAg; how-
ever, we found no mutations in the 10 fish we analyzed,
suggesting that ras family mutations are not common in the
Tg(flck:TAg) TGCT model.

In summary, this study reports two transgenic models for
TGCTs in zebrafish, produced by ectopic expression of TAg or
scl (as well as a combination of scl and lmo1) in the testis. The
TGCTs were malignant in terms of progressive, inexorable
tumor growth, disorganized testicular architecture, efface-
ment of normal testis, and transplantation of the disease to
healthy WT fish. These novel models for zebrafish malig-
nancy provide an opportunity to analyze the regulatory
mechanisms of zebrafish TGCT development and may lead to
new insights regarding the stepwise development of verte-
brate testicular tumors.
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beads. Y-axis (side scatter) and X-axis (forward scat-
ter) are the same for all FACS plots. (F) Percent events
versus size as estimated by forward scatter and cali-
bration beads from the TGCT shown in panels (A–D).
Note that over 80% of WT events are 2–3 mm in size,
consistent with spermatids, whereas the TGCTs have
increased numbers of events >3 mm, consistent with
spermatocytes and spermatogonia.
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