
Construction and Application of a Zebrafish Array CGH Platform

Jennifer L. Freeman1,2,6, Craig Ceol2,3, Hui Feng2,4, David M. Langenau2,3, Cassandra
Belair2,3,7, Howard M. Stern1,8, Anhua Song2,3, Barry H. Paw2,5, A. Thomas Look2,4, Yi
Zhou2,3, Leonard I. Zon2,3, and Charles Lee1,2,*

1Department of Pathology, Brigham and Women’s Hospital, Boston, Massachusetts 02115, USA
2Harvard Medical School, Boston, Massachusetts 02115, USA
3Howard Hughes Medical Institute and Division of Hematology/Oncology, Children’s Hospital,
Boston, Massachusetts 02115, USA
4Division of Pediatric Oncology, Dana-Farber Cancer Institute, Boston, Massachusetts 02115,
USA
5Division of Hematology, Brigham and Women’s Hospital, Boston, Massachusetts 02115, USA

Abstract
The zebrafish is emerging as a prominent model system for studying the genetics of human
development and disease. Genetic alterations that underlie each mutant model can exist in the
form of single base changes, balanced chromosomal rearrangements, or genetic imbalances. To
detect genetic imbalances in an unbiased genome-wide fashion, array comparative genomic
hybridization (CGH) can be used. We have developed a 5 Mb resolution array CGH platform
specifically for the zebrafish. This platform contains 286 BAC clones, enriched for orthologous
sequences of human oncogenes and tumor suppressor genes. Each BAC clone has been end-
sequenced and cytogenetically assigned to a specific location within the zebrafish genome,
allowing for ease of integration of array CGH data with the current version of the genome
assembly. This platform has been applied to three zebrafish cancer models. Significant genomic
imbalances were detected in each model, identifying different regions which may potentially play
a role in tumorigenesis. Hence, this platform should be a useful resource for genetic dissection of
additional zebrafish developmental and disease models as well as a benchmark for future array
CGH platform development.

INTRODUCTION
Comparative genomic hybridization (CGH) allows for the scanning of entire genomes for
variations in DNA copy number (Kallioniemi et al., 1992; Pinkel and Albertson, 2005). In a
typical CGH experiment, total genomic DNA is isolated from a test and a reference sample,
differentially labeled with fluorescent molecules (e.g., Cy3 and Cy5), and then competitively
hybridized upon a representative genome. Originally, metaphase chromosomes were used to
represent the genome (Kallioniemi et al., 1992). However, chromosomal CGH had limited
resolution (approximately 5-10 Mb for single copy gains and losses) and relied upon routine
preparations of optimal chromosome metaphase spreads. To circumvent some of these
technical difficulties, array-based CGH technology was developed (Solinas-Toldo et al.,
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1997; Pinkel et al., 1998). Array CGH provides a higher resolution platform by replacing
metaphase chromosomes with cloned DNA fragments, PCR products, or oligonucleotides
that are mapped to the genome sequence (Cai et al., 2002; Fiegler et al., 2007). These DNA
fragments are then spotted on a glass slide, and the resolution of the array is ultimately
dependent upon the insert size and number of non-overlapping genomic elements on the
array. Detection of copy number gains and losses is based upon changes in the signal
fluorescence ratios (Cy3:Cy5) for a given genomic element with gains or losses being
identified when ratios diverge significantly from the expected 1:1 ratio.

Genomic amplifications and deletions are hallmarks of cancers and array CGH has been a
useful tool in the detection of genomic imbalances associated with human cancers (Pinkel et
al., 1998; Nowak et al., 2005; Davies et al., 2005). Array CGH has also been used to
characterize cancer models in other species, such as rodents (Hodgson et al., 2001; Cai et al.,
2002; Sander et al., 2005; Lakshmi et al., 2006), canines (Thomas et al., 2007), and even
nematode mutants (Mayden et al., 2007). We describe here the first array CGH platform
developed for the zebrafish, which is becoming an increasingly popular model system in
biomedical research (reviewed in Lieschke and Currie, 2007). External fertilization,
transparent embryos, the ability of females to produce hundreds of eggs every week, small
size, and low cost associated with maintenance make the zebrafish an attractive model
system. In addition, the zebrafish acquiescence to transgenic and forward genetic strategies,
provides the capacity for extensive genetic screens of developmental pathways and more
recently has been used to identify novel pathways in the molecular genetics of cancer. To
enhance cancer gene discovery in zebrafish models, we have developed an array CGH
platform enriched with sequences orthologous to human oncogenes and tumor suppressor
genes to assess for genomic imbalances in tumor specimens for this model organism.

MATERIALS AND METHODS
Development of Zebrafish Cancer Array

Protein sequences of human oncogenes and tumor suppressor genes were retrieved from
Entrez Gene at the NCBI website (http://www.ncbi.nlm.nih.gov/). Sequences were then
BLAST searched against finished and unfinished zebrafish BAC clone sequences. Individual
BLAST results were then examined manually for orthology. BAC clones containing
sequence domains that encoded orthologs of human proteins were identified. BAC clones
were from the CHORI-211 (zC), Danio Key (zK), and CHORI-73 (zH) zebrafish BAC DNA
libraries. Plasmid DNA from the clones was prepared for further analysis. Briefly, BAC
clones were streaked on LBagar plates containing the appropriate antibiotic and grown
overnight at 37°C. A single colony was inoculated in TB-media containing the appropriate
antibiotic and placed in a shaking incubator at 37°C for 16 hours. From this culture, DNA
was isolated following the Qiagen Plasmid Midi Kit protocol (Valencia, CA) and then
amplified using the Repli-G Midi kit as outlined in the manufacturer’s protocol (Qiagen,
Valencia, CA). DNA was quantified on a Nanodrop 1000 spectrophotometer. Amplified
BAC clones were end-sequenced for clone verification and mapped on zebrafish metaphase
chromosome spreads by fluorescence in situ hybridization (FISH) as described previously
(Freeman et al., 2007). BAC clones that gave a unique signal with minimal non-specific
hybridization were chosen for inclusion on the array.

Aliquots of the amplified DNA isolated from the BAC clones chosen for inclusion on the
array were then sent to Spectral Genomics (Perkin Elmer, Houston, TX) for array spotting.
For printing, BAC clone DNA was denatured by dissolving the DNA in 25 μl 50 mM NaOH
and then neutralized in 25 μl 0.1M Tris-HCl immediately before spotting. BAC clone DNA
was spotted at a concentration of ∼150 ng/μl. Arrays were printed by spotting the
neutralized BAC DNA solution onto acid cleaned plain glass slides using a GMS 417
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arrayer. Each BAC clone was printed in triplicate in sixteen 7 × 9 blocks. In addition to the
BAC clone DNA, blocks contained blank spots with no DNA as an internal background
control. Two separate sections of sixteen blocks were spotted on each glass slide allowing
for two separate hybridizations to be conducted on each slide. Once printing was completed,
slides were treated at 80°C for 2 hours and then cured in 80% ethanol at 65°C for 5 hours,
rinsed with 80% ethanol, and air-dried. BAC arrays were then stored at room temperature
until use.

Three Transgenic Zebrafish Cancer Models
This zebrafish BAC array CGH platform was applied to three transgenic zebrafish cancer
models: (1) rhabdomyosarcoma (RMS; Langenau et al., 2007), (2) T-cell acute
lymphoblastic leukemia (T-ALL; Langenau et al., 2003; Langenau et al., 2005; Feng et al.,
2007), and (3) melanoma (Patton et al., 2005). RMS transient transgenic fish were obtained
by injecting rag2-kRASG12D along with rag2-GFP similar to how previously described
(Langenau et al., 2007). Fish with tumors were scored under a fluorescent microscope. GFP
+ tumor tissue was isolated from normal tissue as indicated by Rag2-GFP labeling. Rag2-
GFP demarks the boundaries of the tumor population and cells not labeled were used as the
reference. DNA was extracted using the Gentra Puregene DNA isolation kit.

The T-ALL model is a rag2-loxp-dsRED2-loxp-EFFP-mMyc; hsp70-Cre double transgenic
fish. In this model, T-ALL is induced by heat activation at 37°C for 45 minutes at 6 dpf
(Feng et al., 2007). The normal tissue (i.e., non-tumor tissue) was collected from the tail-fin
of each tumor fish when the fish developed localized thymic lymphoma. Tumor cells were
collected once fish were leukemic. Tumor cells were enriched (over 93% purity) by GFP-
based FACS sorting. DNA was extracted from the tumor cells using the Gentra Puregene
DNA isolation kit, while DNA was extracted from the tail-fin tissues using embryonic lysis
buffer with subsequent purification by phenol-chloroform extraction.

The fish for the melanoma model express the human BRAF(V600E) oncogenic variant under
the control of the melanocyte-specific mitfa promoter (Patton et al., 2005). This transgene is
stable in that it is integrated into a chromosome and transmitted through the germline. These
fish also contain a TP53 mutation of the M214K variant described in Berghmans et al.
(2005). DNA from tumors and matched normal (i.e., non-tumor) tissue were prepared by
standard phenol-chloroform extractions.

All fish were cared for under Institutional Animal Care and Use Committee oversight
following approved protocols for humane treatment.

DNA Preparation, Probe Labeling, and Hybridization
Total genomic DNA was obtained from the three transgenic zebrafish cancer models (i.e.,
RMS, T-ALL, and melanoma) as described above. DNA was also isolated from normal (i.e.,
non-cancerous) tissues of the same fish and used as reference DNA. Genomic DNA (1 μg)
from the test and genomic DNA (1 μg) from the reference sample was labeled with Cy3-
dCTP or Cy5-dCTP by random priming using the BioPrime Labeling Kit, in which
fluorescent molecules are incorporated while the genomic DNA is replicated (Invitrogen,
Carlsbad, CA). Unincorporated nucleotides were removed using a Microcon YM-30 filter
(Millipore). The concentration of DNA and the incorporation of dyes were then measured.
For array hybridization, 10 μg of labeled tumor DNA was co-precipitated with 10 μg of
reference DNA, and either 20 μg of zebrafish Cot1 DNA (prepared as described in Lee and
Smith, 2004) or 20 μg of salmon sperm DNA. The DNA pellet was dissolved in 40 μl
hybridization buffer (50% formamide, 10% dextran sulfate in 2X SSC) and denatured at
75°C for 10 minutes. The probe mixture was placed at 42°C for 45 minutes to allow the Cot1
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DNA to preanneal and block repetitive sequences. The slide was placed on a 42°C heat
block and 30 μl of the hybridization solution was injected under a 22 × 22 mm Lifterslip in
10 μl increments. Slides were then placed in a humidified Corning hybridization chamber
and prehybridized at 42°C for 30 minutes. Subsequently, the slides were hybridized for
24-48 hours at 37°C.

After hybridization, the coverslips were removed by placing the slide in 2X SSC, 0.05%
Tween at 43°C for 5 minutes. Slides were transferred into a preheated solution of 50%
formamide, 2X SSC, 0.1% Tween at 43°C for 15 minutes in a Petri dish, washed in a
prewarmed solution of 2X SSC, 0.05% Tween at 43°C for 10 minutes in a rocking Petri
dish, and followed by a wash at room temperature in 1X PBS, 0.05% Tween for 10 minutes.
Slides were finally rinsed in ddH2O and dried under nitrogen gas.

A total of 21 zebrafish samples (i.e., 7 fish with RMS, 8 fish with T-ALL, and 6 fish with
melanoma) were analyzed. Each array was run in duplicate as a dye-swap experimental
design to minimize false positives.

Array Imaging and Analysis
A two-color scan of the arrays was conducted using the GenePix 4000B Scanner (Molecular
Devices, Union City, CA) at a 5 μm resolution. Using GenePix Pro image analysis software,
Cy3 and Cy5 fluorescence intensities of each DNA spot was quantified. Background
intensity was then subtracted and the data imported into an excel spreadsheet for further data
processing. The Cy3/Cy5 fluorescence ratios were calculated and transformed into log2
values. The ratios were normalized using block median normalization for each of the sixteen
blocks to account for any block to block variation. Following normalization, the mean of the
three replicate values for each specific BAC clone was calculated. Individual values not
within 10% of the mean of the three replicates for that clone were removed from the analysis
and deemed as invalid. Two of three replicate values were needed to pass this criterion for
each BAC clone to be included in further analysis. In addition, the overall number of invalid
clones were calculated and had to be less than 10% to analyze the hybridization. The
average log2 ratios were then plotted graphically on chromosome-specific profiles based
upon the clone location identified from FISH mapping. Gains or losses were identified in
those regions deviating from the expected 1:1 ratio value (or a log2 value of 0). Each
hybridization was treated as a separate experiment (i.e., the initial hybridization was treated
as experiment 1 and the dye-swap hybridization was treated as experiment 2) and analysis
was conducted separately for each hybridization. This allowed for two replicate
hybridizations of the same test.

In a dye-swap experimental design, the two ratio curves should be reciprocal, allowing for
the quick identification of false positives. A gain in DNA copy number is depicted by a
positive deviation from log2 = 0 for the Cy3:Cy5 ratio, whereas a loss in DNA copy number
will result in a negative deviation from log2 = 0 for the Cy3:Cy5 ratio (plotted in blue). For
true changes in DNA copy number, the dye-swap hybridization (plotted in red) will
represent a mirror image of the initial hybridization. Ratios greater than ±0.30 in both of the
experiments were considered as a significant genomic imbalance. This value was
determined based on routine variation exhibited in self-to-self experiments on this array
CGH platform.

FISH Validation
A subset of the BAC clones, which were observed to have significant genomic imbalances
in 2 or more cancer samples, were validated by FISH. Two-color FISH was performed on
paraffin sections of specific cancer types for confirmation of the array CGH calls. In
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addition, non-tumor material was also placed on each slide for comparison of signal
frequency and intensity. Labeling of the BAC clone DNA probes was done as described in
Freeman et al. (2007) with the clone exhibiting a copy number change labeled with spectrum
orange and another BAC clone, used as a reference probe, labeled with spectrum green.

For the FISH hybridization, slides were placed in three solutions of xylene for 15 minutes at
room temperature. Slides were then dehydrated twice in 100% ethanol for 2 minutes and
then incubated in a preheated solution of 1X TE at 100°C for 15 minutes. Slides were
washed in 1X PBS at room temperature for 5 minutes and digested for 20 minutes by pepsin
treatment at 37°C. Fresh pepsin was added to the slides and digestion was allowed to
proceed for an additional 20 minutes at 37°C. Slides were washed in 1X PBS for 5 minutes
at room temperature and placed in formalin for 10 minutes. A 1X PBS wash for 5 minutes
was repeated at room temperature and the slides dehydrated in an ethanol series of 70%,
90%, and 100% for 2 minutes each at room temperature. The BAC clone DNA probes were
added to the slides under a coverslip and sealed with rubber cement, denatured at 94°C for 3
minutes, and then incubated at 37°C in a humidified chamber in the dark for 48 hours.

Following hybridization, slides were washed in 0.5X SSC for 5 minutes at 74°C and washed
three times in 1X PBS, 0.025% Tween for 2 minutes at room temperature. Slides were
counterstained with DAPI (Vector Laboratories, Burlingame, CA) and analyzed by
fluorescence microscopy on an Olympus BX-51 fluorescence microscope equipped with
narrow band pass filters for spectrum orange and spectrum green dyes. Images were
captured using a Photometrics KAF1400 CCD camera and Applied Imaging Genus Software
system. At least 100 cells were analyzed per sample.

RESULTS
Development of Zebrafish Cancer Array CGH Platform

A panel of 357 BAC clones, each containing sequences orthologous to human oncogenes
and tumors suppressor genes, was cytogenetically localized using fluorescence in situ
hybridization (FISH). Seven BAC clones (2.0%) hybridized to multiple locations within the
genome, including one pan-centromeric clone (i.e., hybridized near the centromeres of all
chromosomes). Seventy-three BAC clones (20.4%) only had non-specific signals, 30 BAC
clones (8.4%) gave weak hybridization signals, and 40 BAC clones (11.2%) had no
detectable FISH signals.

The remaining 207 clones (58.0%) resulted in robust, unique FISH signals, with 4 of these
clones localizing to the heterochromatic region of the long arm of LG chromosome 4 and
subsequently excluded from the array. From the remaining 203 clones, 98 clones containing
orthologous sequences to human oncogenes and 79 clones containing orthologous sequences
to human tumor suppressor genes were cytogenetically mapped and chosen for inclusion on
the array platform. The remaining 26 clones were discarded from the analyses due to
mapping inconsistencies. An additional 109 BAC clones (previously mapped
cytogenetically, Lee and Smith, 2004), which served as chromosomal markers to achieve
increased coverage along the length of each chromosome, were also included in this array
design (Fig. 1; Table 1; Supplementary Table S1). This resulted in a total of 286 BAC
clones on the platform for an average spacing of approximately 5 Mb.

Chromosomal assignments from the FISH mapping data was compared to the chromosomal
assignment of the BAC clones by the Zebrafish Genome Project using the Zebrafish
Genome Fingerprinting Project Clone database (WebFPC;
www.sanger.ac.uk/cgibin/Projects/D_rerio/WebFPCreport.cgi). Chromosomal assignments
for the BAC clones agreed for 211 of the clones (73.8%), while only 8 BAC clones (2.8%)
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had discrepant chromosomal assignments (Supplementary Table S2). The remaining 67
BAC clones (23.4%) have not yet been assigned to a specific chromosomal location in the
WebFPC database (Supplementary Table S2).

Array CGH Analysis
A series of 6 self-to-self hybridizations were initially performed to assess array performance
and hybridization quality (Supplementary Fig. S1A). These 6 experiments included
hybridizations of both AB and Tu wild-type strain zebrafish. Self-to-self hybridizations
resulted in an average standard deviation of 0.27. Based on this variation observed from the
self-to-self hybridizations, a deviation value of ±0.30 was established for calling significant
losses or gains, when observed in both experiments of the dye-swap set. Using this calling
threshold there were no significant genomic imbalances called in the 6 self-to-self
hybridizations. In addition, within strain (i.e., AB fish versus AB fish and Tu fish versus Tu
fish) and among strain (i.e., AB fish versus Tu fish) comparisons were completed and were
observed to be normal (Supplementary Fig. S1B-S1D). To demonstrate the application of
this array, a total of 21 zebrafish, representing 3 transgenic zebrafish cancer models, were
then analyzed on the array CGH platform (e.g., Supplementary Fig. S1E).

Zebrafish RMS cancer model—The first transgenic model, which develops RAS-
induced rhabdomyosarcoma (RMS) by 10 days of life (Langenau et al., 2007), was analyzed
on the array. Seven rhabdomyosarcoma specimens were analyzed on our custom zebrafish
BAC-based array and observed to have 6 to 14 significant genomic imbalances per sample
(Supplementary Table S3). In the RMS samples, genomic imbalances were present in
contiguous BAC clones (as defined by FISH mapping for those BAC clones included on the
array platform) indicating the potential for the presence of chromosomal alterations larger
than the size of an individual BAC clone. For example, a loss was observed in BAC clones
zC085P24 and zC165B19, which were FISH mapped near the middle of the long arm of LG
chromosome 9, in RMS sample #3. In addition, a gain in zK006P15 and zK014B13, which
were FISH mapped near the centromere of LG chromosome 17, was observed in RMS
samples #2, #4, #5, #6, and #7. Lastly, a gain in zK192M14 and zC009D01, which were
FISH mapped near the long arm telomere of LG chromosome 22, was present in RMS
samples #5 and #7.

Although no BAC clones were seen as losses in multiple RMS samples, 11 BAC clones
were observed as gains in two or more tumors (Table 2). The BAC clones observed to have
significant gains among multiple samples were cytogenetically mapped to LG chromosomes
1 (zK242H09), 11 (zK013A21), 13 (zK006L12), 17 (zK014B13 and zK006P15), 18
(zK014D24 and zK003B08), 22 (zK002J07, zC009D01, and zK192M14), and 23
(zC214H13). LG chromosomes 17, 18, and 22 all had multiple BAC clones with a
significant gain in genomic material. To confirm array CGH results, seven of the BAC
clones (i.e., zK242H09, zK006L12, zK014B13, zK006P15, zK014D24, zK002J07, and
zC009D01) were chosen for FISH validation. FISH was performed on both tumor and non-
tumor tissue from 10 additional fish (e.g., Fig. 2) to equal a total number of 17 zebrafish
interrogated for genomic imbalances in these seven regions of DNA sequence.
Amplification events were observed for all seven of the BAC clones on the additional tumor
tissue samples in comparison to matched normal tissue with FISH. The number of samples
exhibiting amplification events was dependent on the specific BAC clone (Supplementary
Table S4).

Zebrafish T-ALL cancer model—The second zebrafish cancer model analyzed on the
array CGH platform was a zebrafish transgenic line for Myc-induced T-cell acute
lymphoblastic leukemia (T-ALL; Langenau et al., 2003; Langenau et al., 2005; Feng et al.,
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2007). A total of 8 zebrafish were analyzed and found to have anywhere from 1 to 17
significant genomic imbalances per sample (Supplementary Table S5). As with the RMS
samples, genomic imbalances were observed in contiguous BAC clones (as defined by FISH
mapping for those BAC clones included on the array platform) indicating the potential for
the presence of chromosomal alterations larger than the size of an individual BAC clone. T-
ALL sample #2 had a gain in BAC clones zK006P15 and zK014B13, which were FISH
mapped near the centromere of LG chromosome 17. A gain was also observed in zK097O05
and zK221H15, which were FISH mapped near the middle of the long arm of LG
chromosome 20, in T-ALL samples #1 and #2. Genomic imbalances were also called for
two chromosomal segments involving three BAC clones. A gain was observed in BAC
clones zC004P07, zK025L23, and zK255G14, which were FISH mapped to LG
chromosome 9, in T-ALL sample #8. Integrating these three contiguous BAC clones with
the current build of the zebrafish genome (UCSC, Zv7) indicates these BAC clones span a
3.8 Mb segment of the genome. T-ALL sample #1 had a gain in zC226M16, zK151G10, and
zK166N08, cytogenetically mapped to LG chromosome 23. Integrating the genomic
location of these three contiguous BAC clones indicates these BAC clones encompass an 8.5
Mb segment of the genome. In addition, T-ALL sample #6 had a gain called for 8 of the 13
BAC clones cytogenetically mapped to LG chromosome 18.

Common gains and losses were observed among multiple T-ALL samples (Table 3).
Multiple samples were observed to have a gain in a BAC clone(s) on LG chromosomes 1
(zK242H09), 17 (zK014B13), 18 (zK014D24), 20 (zK221H15 and zK097O05), and 22
(zK002J07 and zC009D01). In addition, a loss was seen in two samples for two different
BAC clones on LG chromosome 14 (zC159I08 and zC117N19). FISH validation was
completed for 7 of these BAC clones (i.e., zK242H09, zC159I08, zC117N19, zK014B13,
zK014D24, zK002J07, and zC009D01). FISH was performed on tumor and matched non-
tumor tissue from the same zebrafish also analyzed on the array CGH platform. Genomic
imbalance calls by array CGH were confirmed by FISH for 6 of the 7 clones (Table 3). In
addition, a correlation between the array CGH log2 values and the FISH results was
observed in the 5 BAC clones with gains. The BAC clones with the largest log2 ratio change
(zK014B13 and zK002J07) had the greatest increase in signal intensity and also had
multiple signals present in the cells. BAC clone zC009D01 was observed to have a large
increase in signal intensity, but no multiple signals present. The signal intensity of the BAC
clone zK242H09 was less intense in comparison to zC009D01, but slightly more intense
than zK014D24. In addition, only two signals were present in the cells. BAC clone
zK014D24 had only a slight increase in signal intensity, but multiple signals in the cells
were observed. Overall the level of signal intensity in combination with the presence or
absence of multiple signals observed in the FISH experiments correlated with the rankings
of the log2 values from the array CGH experiments for the T-ALL samples.

Zebrafish melanoma cancer model—The third set of samples interrogated on the array
CGH platform was from a model for melanoma. This transgenic zebrafish model expresses a
mutant form of the BRAF gene, under control of the melanocyte-specific mitfa promoter
(Patton et al., 2005). In TP53-deficient zebrafish, activated BRAF induces the formation of
melanocyte lesions that develop into melanomas. Six melanoma tumor specimens were
analyzed with 6 to 28 significant genomic imbalances observed per sample (Supplementary
Table S6). Genomic imbalances were observed encompassing contiguous BAC clones (as
defined by FISH mapping of the BAC clones on the array platform) as seen in the other two
zebrafish cancer models. Ten genomic imbalance events included two contiguous BAC
clones, four genomic imbalances included three contiguous BAC clones, and two genomic
imbalances included four contiguous BAC clones (Supplementary Table S7). In addition, 14
of the 15 BAC clones were called as a loss on LG chromosome 4 in melanoma sample #3
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and half of the clones on LG chromosome 16 in melanoma sample #5 were also called as a
loss (Supplementary Table S6).

Genomic imbalances observed in more than one sample included gains in five BAC clones
in half of the tumor specimen (zK143E20, zC194E15, zC171D11, zC197G15, and
zC195I16), and losses in 2 BAC clones in half of the tumor specimen (zC239E06 and
zK255N06) (Table 4). In addition, one-third of the samples exhibited a gain in 8 BAC
clones (zK031B10, zK219L12, zK201G07, zK023K06, zC206A19, zK192M14, zC226M16,
and zK151G10) and a loss in 3 BAC clones (zK021H14, zK222F08, and zC079A18) (Table
4). Common gains were observed predominantly in LG chromosomes 19 (zC143E20,
zK219L12, zC194E15, and zK201G07), 22 (zC171D11, zC197G15, zC206A19, and
zK192M14), and 23 (zC195I16, zC226M16, and zK151G10), while losses were primarily in
LG chromosome 4 (zC239E06, zK021H14, zK222F08, and zC079A18). Sufficient material
was not available to conduct FISH confirmations of the array CGH results in this set of
tumors.

Comparison of the imbalanced genomic regions in the three zebrafish cancer
models—Common genomic regions were observed to be imbalanced in individuals
between the three cancer models. When evaluating the imbalanced genomic regions between
the three cancer models, the RMS and T-ALL samples had seven common BAC clones
imbalanced (zK242H09, zK006L12, zK006P15, zK014B13, zK014D24, zK002J07, and
zC009D01). The RMS and melanoma samples had five common BAC clones with genomic
imbalances (zC165B19, zK030A08, zK013A21, zC194E15, and zK192M14). The T-ALL
and melanoma samples had six BAC clones with genomic imbalances in individuals from
both cancer models (zC117N19, zC241L24, zC255L12, zC226M16, zK151G10, and
zK166N08). In addition, two BAC clones were imbalanced in individuals in all three cancer
models (zK003B08 and zC014G13). Similarities were also present between the three cancer
models when looking at genomic imbalances involving contiguous BAC clones. A gain on
chromosome 17 in BAC clones zK006P15 and zK014B13 (relative positions 6 and 6.5,
respectively) was observed in five of the RMS samples and also in one of the T-ALL
samples. This is also the case for a gained genomic region on chromosome 23 in one of the
T-ALL samples and in two of the melanoma samples. In the T-ALL sample (sample #1)
BAC clones zC226M16, zK151G10, and zK166N08 were gained. In melanoma sample #3,
these three BAC clones along with zC195I16 were gained, whereas in melanoma sample #4
only two of the BAC clones were observed as a gain (zC226M16 and zK151G10). Overall
these commonalities demonstrate potential for these genomic regions to possibly play a role
in a common pathway for tumorigenesis in multiple cancer models.

DISCUSSION
The zebrafish has recently been established as an important model system for studying the
molecular pathways of cancer (reviewed in Berghmans et al., 2005). To interrogate the
genomes of zebrafish cancer models, we developed a genome-wide array CGH platform
enriched with sequences containing genes orthologous to human oncogenes and tumor
suppressor genes. The initial oncogene or tumor suppressor gene of interest for the specific
BAC clones is listed in Supplementary Table S1 (annotation from Zv5). With the
sequencing of the zebrafish genome about 80% complete, annotation and assembly of the
genome is still preliminary. The latest build of the zebrafish genome (Zv7) was recently
released by the Wellcome Trust Sanger Institute (www.sanger.ac.uk/Projects/D_rerio/). The
BAC clones chosen for inclusion on this array CGH platform containing orthologous
sequences to human oncogenes and tumor suppressor genes and in addition, those BAC
clones significantly imbalanced in at least one of the zebrafish cancer models (which were
designated as markers), were reannotated using Zv7 (Supplementary Table S1).
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One important feature of this array is that each BAC clone chosen for inclusion on the array
has been assigned to a precise cytogenetic location by FISH, allowing for direct integration
with the zebrafish reference genome. When comparing the chromosomal assignment by
cytogenetic mapping in comparison to the WebFPC database, 211 BAC clones (73.8%)
were assigned to the same chromosome and only 8 BAC clones (2.8%) had different
chromosomal assignments (Supplementary Table S2). The remaining 67 BAC clones
(23.4%) have not yet been annotated and assigned to a specific chromosomal location in the
WebFPC database (Supplementary Table S2), but using contig assignments these BAC
clones can be integrated with the reference sequence. In addition, cytogenetic localization of
the BAC clones by FISH allows for confirmable studies of the array CGH results using
FISH on cells from the tumor samples of interest. BAC clones exhibiting gains or losses by
array CGH analysis in this study, which were subsequently tested by FISH, were all
confirmed, except for one of the losses in the T-ALL samples on LG chromosome 14.

Overall the number of genomic imbalances per individual in the RMS and T-ALL samples
was fairly comparable (6 to 14 and 1 to 17, respectively), with the melanoma samples
having more genomic imbalances per individual (6 to 28) in comparison to the other two
cancer models. In addition, there were similarities in the specific BAC clones observed to be
imbalanced within and between the three cancer models (Tables 2, 3 and 4). These
analogous regions harboring genomic imbalances in multiple samples within and between
the cancer models indicate potential for these regions to possibly be involved in common
pathways of tumorigenesis.

Conservation of molecular processes between human and zebrafish tumors has been
previously reported (Lam et al., 2006). Using the updated gene annotation list for the
significantly imbalanced BAC clones for the three zebrafish cancer models, speculations
about genes involved in the respective human cancer and future investigations into
identifying genes and/or regulatory elements that are gained or lost during tumorigenesis can
start to be hypothesized. For example in the zebrafish T-ALL model, genomic imbalances
were observed in BAC clones containing genes which have been reported to play a role in
hematological malignancies. EP300 (zK271F03), a transcriptional co-activator for the TAL1/
SCL oncoprotein involved in T-ALL (Huang et al., 1999), was gained in one of the zebrafish
T-ALL samples. HOXB3 (zK097O05), which is over expressed in myeloid leukemia
(Lawrence et al., 1996; Chiba, 1998) was also gained in one of the zebrafish T-ALL
samples. MLL2, which is associated with amplifications in leukemia (Prasad et al., 1997;
Fitzgerald and Diaz, 1999), was gained in 2 samples. P2RY8 (zK255G14), an oncogene
associated with biphenotypic acute leukemia (Fujiwara et al., 2007), was gained in one of
the samples. In addition, imbalances were also observed in BAC clones containing genes
reported to play a role in a variety of other cancers including hepatocellular carcinoma
(PIM3; Fujii et al., 2005), pancreatic cancer (PIM3 and RAB20; Amillet et al., 2006; Li et
al., 2006;), gastric adenoma-adenocarcinoma (PIM3; Zheng et al., 2008), glioblastoma
(COL4A2; van den Boom et al., 2003; Ruano et al., 2006), mantle cell lymphoma (GLI2;
Hedge et al., 2008), renal cell carcinoma (DIRC2 and HSPABP1; Bodmer et al., 2002;
2003), and thyroid cancers (APP; Krause et al., 2008). In the zebrafish melanoma model,
KIT (zK245P14) was lost in one melanoma sample and KIT expression is reported to be lost
in a majority of human melanomas during the transition from melanoma in situ to metastatic
disease (Ryu et al., 2007). MITF (zK013A21) is gained in one melanoma sample. The MITF
genomic locus is amplified and protein is over expressed in melanomas (Garraway et al.,
2005). MYC (zC143E20 and zC194E15), which was gained in three melanoma samples, has
also been reported to be amplified in many melanomas (Lin et al., 2008). In addition, the
BRAF oncogene, which is amplified in human melanomas (Curtin et al., 2005; Lin et al.,
2008) may show genomic imbalances in the zebrafish melanoma model. The
mitfa:BRAFv600E transgene that drives formation of the zebrafish melanomas is integrated
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on chromosome 19 (C. Ceol and L. Zon, data not shown). The chromosomal region
corresponding to zK219L12, the BAC clone most proximal to the transgene integration site,
is gained in two of the melanoma tumors. These data suggest there may be conserved
chromosomal abnormalities in human and zebrafish melanoma. It will be interesting in
future investigations to compare this data to higher resolution platforms in the two species as
a means to focus in on these imbalanced genomic regions and to identify genes that may
play a role in tumorigenesis.

When applying this array CGH platform, normal DNA from the same fish should be used
whenever possible as the reference DNA to ensure that the genomic imbalances observed
are tumor-specific and not simply copy number variants among the different fish tested.
Copy number variation has recently been implicated as a widespread phenomenon among
humans and other vertebrates (Iafrate et al., 2004; Li et al., 2004; Sebat et al., 2004; Adams
et al., 2005; Freeman et al., 2006; Perry et al., 2006; Redon et al., 2006; Graubert et al.,
2007). Hence, the widespread presence of copy number variants complicates the analysis of
tumor genomes, since comparisons are usually made between the DNA from a tumor
specimen and genomic DNA from another individual presumed to be normal. When
interpreting the data, genomic imbalances related to the tumors (i.e., somatic copy number
changes associated with the tumor) must then be differentiated from germline copy number
variants. With the zebrafish cancer models studied here, this is not an issue, since normal
DNA can be obtained from the same fish allowing for the detection of tumor-specific
genomic alterations. While copy number variation within the zebrafish genome has not yet
been well established, it is likely that the genome of the zebrafish will also contain a
substantial amount of copy variable regions between individual fish. In this study, normal
DNA from the same fish was used as the reference DNA to avoid mistakenly identifying
germline copy number variants as tumor-related genomic imbalances.

The zebrafish BAC-based array CGH platform is proving to be an excellent approach for the
initial genome-wide identification of imbalances in zebrafish cancer models. This platform
provides a valuable resource for interrogating the zebrafish genome and could be used in
future applications to detect genomic imbalances in additional zebrafish developmental and
disease mutants. In addition, this array platform may be helpful in beginning to assess copy
number variation in the zebrafish genome. While this platform has lower resolution in
comparison to array CGH platforms of other species, this BAC-based array is not dependent
on fully sequenced DNA regions. Using the current zebrafish reference genome sequence to
produce an array CGH platform (e.g., an oligonucleotide array) may limit coverage in non-
annotated sequences. This BAC-based array CGH platform will complement higher
resolution platforms that are produced in the future as the sequencing and annotation of the
zebrafish nears completion.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Chromosome coverage of BAC clones included on the zebrafish BAC-based array
CGH platform
There is a total of 286 BAC clones for an average spacing of 5 Mb. The array platform is
enriched with BAC clones which contain orthologous sequences to human oncogenes (i.e.,
98 clones) and tumor suppressor genes (i.e., 79 clones). In addition, 109 BAC clones were
also included to improve overall chromosome coverage. All BAC clones were confirmed by
end-sequencing and cytogenetically mapped to their LG chromosome assignment upon
zebrafish metaphase chromosome spreads.
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Figure 2. Application and FISH confirmation of a genomic imbalance in a zebrafish cancer
model
(A) Cytogenetic localization of the test clone (zK014B13, labeled in orange) near the middle
of the long arm of LG chromosome 17 (denoted by white arrow). A BAC clone
(zK013L17), which is the near-telomeric marker for the short arm of LG chromosome 17, is
labeled in green. (B) A gain on LG chromosome 17 (in the test probe, zK014B13, labeled in
A.) as detected by array CGH in the transgenic RMS zebrafish model. (C) Test probe
(zK014B13, labeled in orange) and control probe (zK013L17, labeled in green) co-
hybridized upon normal cells. Two signals for each probe were observed at equal intensity.
(D) Test probe (zK014B13, labeled in orange) and control probe (zK013L17, labeled in
green) co-hybridized upon tumor cells. Two signals of equal intensity were observed for the
control probe, while there were three signals for the test probe in approximately half of the
cells with all signals having a slight increase in signal intensity in comparison to the signal
intensity of the test probe in the normal cells.
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Table 1

LG chromosome assignment of the three different categories of BAC clones chosen for inclusion on the
zebrafish cancer array

LG Chromosome Chromosomal Marker Oncogene Tumor Suppressor Gene Total No. of BAC Clones on LG Chromosome

1 5 2 3 10

2 5 8 4 17

3 5 1 5 11

4 4 6 5 15

5 4 4 4 12

6 4 4 3 11

7 3 3 2 8

8 3 2 3 8

9 4 7 5 16

10 5 4 3 12

11 4 9 3 16

12 5 3 4 12

13 4 6 4 14

14 3 2 5 10

15 5 5 1 11

16 5 7 4 16

17 5 1 2 8

18 5 4 2 11

19 5 3 4 12

20 5 7 2 14

21 3 2 3 8

22 5 1 4 10

23 4 3 1 8

24 5 3 1 9

25 4 1 2 7

Total 109 98 79 286
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