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Carcinomas that develop in the pancreatic islets of transgenic
mice expressing the SV40 T-antigens (Tag) under transcriptional
control of the rat insulin II promoter (RIP) progress through
well-characterized stages that are similar to aspects of human
tumor progression, including hyperplastic growth, increased
angiogenesis and reduced apoptosis1. The latter two stages
have been associated with recurrent loss of heterozygosity
(LOH)2 and reduced genome copy number3 on chromosomes 9
(LOH9) and 16 (LOH16), aberrations which we believe con-
tribute to these phenotypes. Earlier analyses localized LOH9 to
approximately 3 Mb and LOH16 to approximately 30 Mb (both
syntenic with human 3q21–q25) but were limited by low
throughput and a lack of informative polymorphic markers.
Here we show that comparative genomic hybridization to DNA
microarrays (array CGH)4–7 overcomes these limitations by
allowing efficient, genome-wide analyses of relative genome
copy number. The CGH arrays used in these experiments carried
BACs distributed at 2–20-MB intervals across the mouse
genome and at higher density in regions of interest. Using
array CGH, we further narrowed the loci for LOH9 and LOH16
and defined new or previously unappreciated recurrent regions
of copy-number decrease on chromosomes 6, 8 and 14 (syn-
tenic with human chromosomes 12p11–p13, 16q24.3 and
13q11–q32, respectively) and regions of copy-number increase
on chromosomes 2 and 4 (syntenic to human chromosomes

20q13.2 and 1p32–p36, respectively). Our analyses of human
genome sequences syntenic to these regions suggest that
CYP24, PFDN4, STMN1, CDKN1B, PPP2R3 and FSTL1 are candi-
date oncogenes or tumor-suppressor genes. We also show that
irradiation and genetic background influence the spectrum of
aberrations present in these tumors.
We produced arrays for these studies by printing 5′ amine–linked
degenerate oligonucleotide primer PCR–amplified (DOP–PCR)8

BAC DNA onto amine-reactive slides using the clones summa-
rized in Table 1. We carried out array CGH by hybridizing CY3-
and CY5-labeled test and reference DNA samples to the arrays
along with unlabeled murine Cot-1 DNA, to suppress hybridiza-
tion of interspersed repeat sequences. We then assessed ratios of
CY3:CY5 fluorescence intensity (hereafter called CGH ratios) as
previously described4. We assessed CGH ratio variability in nor-
mal-versus-normal as well as in tumor-versus-normal hybridiza-
tions by fitting Gaussian distributions to the histograms of the
CGH ratios for each analysis (Fig. 1). We used the standard devi-
ation (s.d.) of the central Gaussian distribution to estimate nor-
mal measurement variation within each CGH analysis. The s.d.
varied slightly between CGH analyses (0.08±0.03; mean±1 s.d.
for the 85 analyses included in this study). We scored a region as
having either significantly increased or decreased copy number
in the tumor if its CGH ratio was ±3 s.d. higher or lower than the
mean of the central distribution.

We carried out a CGH analy-
sis of DNA from a normal
DBA/2 (D2) × C57Bl/6 (B6) F1
female and a normal C3He
(C3)×B6 F1 female (Fig. 1a).
The variation in CGH ratio is
0.04, with one clone on chro-
mosome 7 showing a signifi-
cantly different CGH ratio. We
obtained similar results when
the test and reference genome
labels were reversed. The ratio
for this clone was normal, how-
ever, when we compared DNA
from a D2B6F1 female with
itself. We attribute this variant
ratio to genome sequence differ-
ences between the mouse
strains. We noted and dis-
counted these variants while
interpreting CGH profiles of
tumor genomes. We also carried

Published online: 5 November 2001, DOI: 10.1038/ng771

Table 1 • Summary of the genomic clones included in the customized mouse array

Genomic locus Clone type Resolution Library

chromosome 9
(55–56 cM)a BAC 1 clone/0.5 Mb RPCI-23/CITB-CJ-7B

chromosome 16
(14–34 cM)a BAC 1 clone/1 Mb RPCI-23/CITB-CJ-7B

chromosome 4b BAC 1 clone/2 Mb RPCI-23

chromosome 8
(64–65cM)c BAC 1 clone/200 kb RPCI-23

chromosome 2
(99–100cM)c BAC 1 clone/200 kb RPCI-23/CITB-CJ-7B

genome-wided BAC ~1 clone/20 Mb CITB-CJ-7B

centromere and telomere of 2 clones
each mouse chromosomee P1 per chromosome ref. 23
aBACs were obtained by screening the RPCI-23 and CITB-CJ-7B mouse BAC libraries by overgo hybridization23. We
derived murine-specific probes from genetically and radiation hybrid–mapped markers and genes known to map within
LOH9/16 and the respective syntenic region in humans. We used PCR primers established from the marker sequence to
confirm all positive hybridization signals; most clones were FISH-mapped to confirm correct chromosomal localization.
Clones not mapped by FISH were usually part of a contig containing a clone that had been previously FISH-mapped.
bObtained from the mouse BAC–PAC Resource (http://www.chori.org/bacpac). cClones were identified by overgo
hybridization11 using mapped markers as probes, confirmed by PCR, and FISH-mapped. dClones were picked from the
CITB-CJ7-B library based on previously published addresses25. eObtained from a previously established set of clones24.
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out an array CGH analysis of a normal female mouse and a male
RIP-Tag tumor–derived cell line (H5#1) known to carry LOH16
(Fig. 1b). The CGH and SSLP analyses were completely concordant
over this region (data not shown). Other single-copy changes
detected in this analysis include a gain of chromosome 4, a gain and
loss towards the distal end of chromosome 6, and a ‘loss’ of the X
chromosome (because the compared genomes were sex-mis-
matched). We also detected single-copy changes in partially puri-
fied RIP-Tag tumor cells, including: (i) genome copy number gains

on chromosomes 2, 5 and 14 and the sex mismatch on the X -chro-
mosome (Fig. 1c) and (ii) genome copy number gains on chromo-
some 4, losses on chromosomes 9 and 16 and the sex-chromosome
mismatch (Fig. 1d). The decreases in CGH ratios for chromosomes
6 and 9 were less than those for chromosome 16. We speculate that
most of the cells in this tumor had lost chromosome 16, whereas
only a fraction had lost chromosomes 6 and 9. This is consistent
with earlier observations that LOH16 typically appears at an earlier
stage of development than LOH9 in RIP-Tag tumors2 .
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Fig. 2 Influence of normal genomic DNA contamination on detecting single copy-number abnormalities in tumors. The test genomes in this set of experiments
are derived from male tumor–cell line DNA (genomic profile shown in Fig. 1b) mixed with normal D2B6F1 male DNA prior to labeling with CY3. The percentage
of the tumor genome in the mix varies from 100–0, as shown on the x axis. The reference genome is normal D2B6F1 female DNA. a, The mean log2 fluorescence
ratio (±1 s.d.) is shown for clones mapping to regions present in this cell line at normal genome copy number (black squares), gained on chromosome 4 (white
squares) or deleted on chromosome 16 (black triangles). Clones mapping to the X chromosome are also plotted (black Xs). b, Percentage of clones mapping to the
chromosome 4 gain (white squares) and chromosome 6 loss (black triangles) that were scored correctly is plotted on the y axis. The unchanged, gained or deleted
status of a clone in this cell line was determined as described (Methods) and as illustrated in Fig. 1. The copy-number status of most clones was correctly deter-
mined with as little as 40% tumor DNA. At 20% tumor DNA, most clones were erroneously scored as unchanged in copy number.

Fig. 1 CGH analyses of genome copy number in murine tissues, tumors and cell
lines. The CGH ratio for each BAC array element is plotted as a function of its
genome location, with chromosome 1 to the left and X to the right; for each
chromosome the order is left to right, centromeric to telomeric. Each ratio is the
log mean of the quadruplicate array measurements; the error bars show 1 s.d.
Vertical lines indicate chromosome boundaries. Within each chromosome,
clones associated with a known marker are ordered based on the consensus
map position established by the Y2000 mouse chromosome committee reports
(http://www.informatics.jax.org/ccr/). Clones that were mapped by fluorescence
in situ hybridization (FISH) to a specific cytogenetic band but not associated
with a known marker were placed on the consensus map to the nearest approx-
imate location by integrating information from the cytogenetic and consensus
maps (http://www.informatics.jax.org). Histograms of each set of array CGH
ratios are shown to the right of each array CGH analysis. Solid lines superim-
posed on each histogram show the results of the least-squares/maximum likeli-
hood fit of the sum of three Gaussian distributions. The horizontal dashed lines
in each array CGH analysis are drawn 3 s.d. above and below the mean of the
central distribution. a, Array CGH analysis of normal D2B6F1 versus C3B6F1 DNA
samples. The increased fluorescence ratio for the highlighted chromosome 7
clone (arrow) is probably caused by a genomic sequence difference between
the C3H and DBA/2 genomes. The fluorescence ratio for this clone significantly
decreased upon reverse labeling of these two genomes, and seemed within
normal limits when compared with DNA from the same mouse background.
b, Array CGH analysis of a RIP-Tag tumor–derived cell line H5#1 and normal
D2B6F1 DNA. H5#1 has a Mus musculus castaneus × B6 F1 genotype and is
known to have LOH16 from SSLP analysis. A cluster of clones mapping to LOH16
shows a clear reduction in CGH ratio. Additional single–copy number changes
on chromosomes 4 and 6 can be seen in this cell line. Because the test and refer-
ence genomes were male and female, respectively, the mean log2 CGH ratio of
the X-chromosome clones was reduced to –0.62. This compares favorably to sim-
ilar sex-mismatched hybridizations to arrays spotted with whole BACs showing
a log2 converted mean CGH ratio of –0.53 (ref. 4). c, Array CGH analysis of DNA
from a D2B6F1 RIP-Tag tumor versus normal DNA from a D2B6F1 mouse. Signif-
icant gains on chromosomes 2, 5 and 14 are apparent, as is the sex mismatch
involving the X chromosome. The segmental increase in copy number for chro-
mosome 2 involved two overlapping BACs harboring CYP24, PFDN4 and BCAS1
(ref. 11). d, Array CGH analysis of DNA from a D2B6F1 RIP-Tag tumor versus nor-
mal DNA from a D2B6F1 mouse. The reduced CGH ratio of all chromosome 16
clones indicates the complete loss of one copy of chromosome 16. The X chro-
mosome clones show an increase in CGH ratio due to the sex mismatch of the
two genomes. Gains of a portion of chromosome 4 and losses of portions of
chromosomes 6 and 9 also are seen in this tumor.
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We assessed the influence of normal or unaffected cells on our
ability to detect single-copy number changes by mixing normal
genomic DNA with DNA from cell line H5#1 prior to labeling.
We detected single-copy gains and losses reliably in samples in
which as little as 40% of the DNA was from the tumor (Fig. 2).
This sensitivity allows detection of copy-number abnormalities

(CNAs) in tumors containing substantial stromal components
that cannot be removed, as well as detection of CNAs that are
present in only a fraction of the cells in the tumor.

We observed recurrent changes in 70 Rip-Tag tumors (Fig. 3).
These tumors developed in B6 (12 tumors), D2B6F1 (35 tumors)
or C3B6F1 (23 tumors) mice. Recurrent deletions occurred on
chromosomes 6, 8, 9, 14 and 16 and recurrent copy-number
increases occurred on chromosomes 2 and 4. Significantly, we
narrowed LOH16 to approximately 3 Mb (26 cR) between Casr
and D16Mit194 by identifying two narrow, overlapping intersti-
tial deletions (Fig. 4). Similarly, we localized the gain on chromo-
some 4 to approximately 1.5 Mb between markers D4Mit339 and
D4Mit157. We localized the region of gain on chromosome 2 to
less than 1 Mb by identifying a tumor in which the copy-number
increase involved only two overlapping clones from a six-clone
contig (Fig. 1c). Notably, these data suggest that genetic back-
ground may affect the spectrum of recurrent aberrations. For
example, the frequency of deletion on chromosome 6 was higher
in C3B6F1 (8/23) than in B6 mice (1/12; Fig. 3). Although the
difference is not quite statistically significant (P=0.089), a trend
is suggested.
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Fig. 3 Frequency of occurrence of
regions of aberration observed in 85
RIP-Tag tumors. Only aberrations
occurring in greater than 20% of
tumors in at least one genetic back-
ground are shown. Aberrations occur-
ring in the minimally defined regions
indicated at the bottom of the figure
were used to calculate frequencies.
The sizes of these regions are indi-
cated. Asterisk indicates significant P
values less than 0.05: chromosome 4,
P=0.031; chromosome 9, P=0.0278.
Note that the arrays used for analysis
of all B6 tumors and 6 of 35 D2B6F1
tumors did not contain BAC elements
for the region of recurrent copy-num-
ber increase on chromosome 2. This
precluded analysis of chromosome 2
gains in B6 tumors. The frequency of
chromosome 2 gains in D2B6F1
tumors has been adjusted to account
for the missing data. Flanking mark-
ers and syntenic human sequence
coordinates are based on the human
genome assembly at http://genome.
ucsc.edu (October 2000 freeze); can-
didate genes are listed for each mini-
mally defined region in the lower
part of the figure.

Fig. 4 Identification of chromosome 16 interstitial deletions by array CGH
delimits LOH16. a, Normalized CGH ratios of chromosome 16 clones in a pri-
mary RIP-Tag tumor. b, Normalized CGH ratios of chromosome 16 clones in a
RIP-Tag tumor–derived cell line H5#1. Array CGH data are presented as
described in Fig. 1. The proximal breakpoints in the tumor and cell line occur
between the same markers (Casr at 26.3 cM and D16Mit12 at 27.6 cM),
whereas the distal breakpoints differ. c, Schematic representation of the small-
est common region of deletion (white) on chromosome 16. Vertical dashed
lines link the breakpoint-defining clones in a and b to the schematic represen-
tation in c. Subsections represent: (i) LOH16 as defined by SSLP analyses
between markers D16Mit1 (14 cM) and D16Mit14 (34 cM) (ii) the deleted
region as defined by the tumor shown in a and (iii) the deleted region as
defined by the cell line shown in b. A blowup of the smallest common deleted
region (white) shows the markers mapping within this locus and their relative
genetic mapping positions. Boxes indicate that the enclosed markers have not
been resolved genetically. The dashed line between markers D16Mit147 and
D16Mit194 indicates that the proximal breakpoint in cell line H5#1 occurs
between these two markers. RH mapping data places flanking markers Casr
and D16Mit194 a distance of 25.7 cR apart, corresponding to an estimated
physical distance of 2.9 Mb.
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We also tested whether irradiation of tumor-precursor cells
would increase the frequency of informative copy-number
abnormalities. We analyzed 15 additional tumors from C3B6F1
mice that received 600 rads of gamma irradiation at 6 wk, when
the mice had early hyperplastic, pre-angiogenic lesions but no
solid tumors. Irradiation changed both the frequency and the
spectrum of recurrent aberrations. The frequency of deletions
involving LOH9 increased significantly in the irradiated mice,
whereas the frequency of deletions involving LOH16 did not
(Fig. 3). In addition, the gain of chromosome 4 occurred signifi-
cantly less frequently in irradiated mice, whereas loss of chromo-
some 14 occurred more frequently. This suggests that
environmental effects can alter the biology and genetics of tumor
development, but complicates efforts to use irradiation to facili-
tate positional localization of cancer genes.

We used the draft human sequence9,10 assembled at
http://genome.ucsc.edu (October 2000 freeze) to identify genes
in regions syntenic to the recurrent copy-number abnormalities
(CNAs) in the murine pancreatic islet carcinomas. We used a
Genome Cryptographer11 to display human genes and ESTs
mapping to these regions in addition to in silico information
about the tumor and normal tissue expression patterns. Genes
mapping to the large regions of loss on chromosomes 6 and 14
were identified on the Y2000 mouse chromosome committee
maps (http://www.informatics.jax.org/ccr/). Fig. 5 shows the
Genome Cryptographer annotation of the human region syn-
tenic to the narrowly defined region of loss on mouse chromo-
some 9. Detailed analyses of regions of abnormality on
chromosomes 2, 4, 8, 9 and 16 can be seen at http://shark.ucsf.
edu:8080/∼ graeme/Nat_Gen_2001.html.

These analyses suggested candidates for several regions of
recurrent abnormality. The region of increased copy number on
chromosome 2 is syntenic to a region of amplification in human
breast cancer containing the genes CYP24 and PFDN4 (ref. 12).
Amplification of CYP24 has been implicated in loss of vitamin
D–mediated differentiation12. PFDN4 is a subunit of the hetero-
hexameric chaperone protein prefoldin family13 and may regu-
late transcription or function as a cofactor in cell-cycle
regulation14. The gene STMN1 (op18, stathmin) maps to the
region of copy-number increase on chromosome 4. This gene
encodes a cytosolic phosphoprotein thought to regulate cell divi-
sion through its effects on microtubule dynamics and is overex-
pressed in a variety of human malignancies15. The region of
chromosome 6 loss contains the tumor suppressor CDKN1B
(p27Kip1), encoding a cell cycle–dependent kinase inhibitor fre-
quently downregulated in human tumors16 that mediates tumor
suppression in mice in a haplo-insufficient manner17. The region
of chromosome 9 loss associated with downregulation of apop-
tosis in RIP-Tag tumors includes PPP2R3. This gene encodes a
regulatory subunit of protein phosphatase 2A, a serine/threonine
phosphatase known to regulate the phosphorylation status of
apoptotic regulators BCL2 (ref. 18) and BAD (ref. 19). The
region of loss on chromosome 16 contains FSTL1 (follistatin-like
1). FSTL1 was identified in a screen for TGFB1-induced genes20

and has significant homology to SPARC, encoding a multifunc-
tional matricellular glycoprotein that inhibits the mitogenic
effects of VEGF21. This anti-angiogenic effect is consistent with
our hypothesis that LOH16 carries a tumor-suppressor gene that
negatively regulates tumor angiogenesis. We found no obvious
candidate genes for the chromosome 8 deletion.
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Fig. 5 Genome Cryptographer annotation of human genomic sequence syntenic to the region of chromosome 9 loss encoding the apoptotic regulator PPP2R3.
a, Genes and real or predicted exons are plotted in the upper part of the figure according to their genomic location. The abundance of EST hits are plotted in the
lower part of the figure; values represent the total number of EST hits per number of mouse EST hits. The repeat sequence contents long (LINEs) and short inter-
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shown in 4-kb windows. b, Percentage of human EST hits that originated in cDNA libraries created from tumor material; values in the lower portion of the figure
represent the total number of human EST hits/number of EST hits from tumor-derived libraries. Genes and real or predicted exons are plotted as in a.
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We have described a useful array CGH procedure for the
analysis of genome copy-number changes in murine tumors that
develop in transgenic mice and demonstrated its use in the local-
ization of genes associated with tumorigenesis. The measure-
ment precision of array CGH is sufficiently high that even single
copy-number changes occurring in a fraction (>40%) of the cells
of a tumor can be detected and mapped. Array CGH is particu-
larly useful for the detection of genomic gains and losses in
mouse cancer models, as it obviates the need for slow and expen-
sive out-crossing of tumor-prone mice to other genetic back-
grounds to produce the polymorphisms required for SSLP
analysis. In addition, it avoids the changes in phenotype that
out-crossing may cause by introducing modifier genes.

Methods
Tumor genomic DNA isolation. We isolated end-stage tumors from RIP-
Tag mice at 14–15 wk and purified oncogene-expressing transformed β-
cells from whole tumors as described22. We extracted genomic DNA using
the Wizard DNA Purification Kit (Promega), further purified it with a
phenol/chloroform extraction and quantitated it using a fluorometer. Phe-
nol/chloroform extraction of the resulting DNA increased measurement
precision significantly in some experiments, presumably by removing pro-
teins that interfered with DNA labeling and hybridization.

Array preparation. We isolated BAC DNA using Plasmid Maxi Kits (QIA-
GEN) following the manufacturer’s recommendations and then further
purified it by phenol/chloroform extraction. The identities of the BAC
clones are listed at http://shark.ucsf.edu:8080/~graeme/Nat_Gen_2001.
html. Clones are available from Research Genetics (http://www.resgen.
com). We carried out DOP–PCR amplification in 96-well format. We
included a water control in each 96-well PCR to ensure that contaminating
DNA was not present. We included 1 µl of BAC DNA (concentrations
ranged from 50 ng/µl to 500 ng/µl) in a final reaction volume of 100 µl.
Each reaction mix contained 3 mM MgCl2, 5 U Taq polymerase (Life Tech-
nologies), 200 µM dNTPs, 1 × PCR buffer and 1.5 µM 5′ amine-modified
DOP primer (5′–CCGACTCGAGNNNNNNATGTGG–3′ as described)8.
The primer contained a 5′ amine group that covalently linked the PCR
products to the amine-reactive slide surface. A 3-min, 94 °C denaturation
step was followed by 25 cycles of 94 °C for 30 s, a 37–72 °C linear ramp for
10 min, and 72 °C for 1 min, with a final 7-min extension at 72 °C. PCR
reactions (2 µl) checked on 1% agarose gels typically showed DNA frag-
ments ranging in size from 0.2 kb to 5 kb. We observed distinct bands,
however, suggesting that some sequences within each BAC were preferen-
tially amplified. The concentration of DNA following PCR was typically
around 100–120 ng/µl. We precipitated samples with ethanol and resus-
pended them overnight in 10 µl of printing buffer (150 mM sodium-phos-
phate, pH 8.5). Samples were then transferred to 864-well round-bottom
polypropylene plates (Whatman) and printed in quadruplicate onto 3D-
Link activated slides (Surmodics) using a custom DNA arraying device
developed at UCSF Cancer Center (D. Pinkel, personal communication).
We printed replicate spots adjacent to each other on the array. The center-
to-center spacing of the spots on the arrays was 150–175 µm, depending
on the print. Two arrays were printed per slide, each covering a 6 mm × 9
mm area. Slides were treated and stored after printing according to the
manufacturer’s recommendations.

Hybridization to microarrays. We labeled 500 ng of test (tumor) and refer-
ence genomic DNA with CY3 and CY5 (Amersham), respectively as
described5. Labeled DNA samples were purified using Qiaquick PCR purifi-
cation columns (Qiagen), co-precipitated with 50 µg of mouse Cot-1 DNA
(Life Technologies) and resuspended in 20 µl hybridization buffer (50% for-
mamide, 10% dextran sulfate, 2 × SSC, 2% SDS, 200 µg yeast tRNA). We
heated the hybridization mix at 75 °C for 10 min, and then carried out a 60-
min incubation at 37 °C to allow pre-annealing of Cot-1. We processed Sur-
modics slides for hybridization following the manufacturer’s recommenda-
tions; this included a 2-min denaturation step in boiling water. We placed a
rubber cement dam around each array using a 5-ml syringe fitted with a 20-
µl pipette tip and allowed the rubber cement to dry for approximately 45 min
on a 37 °C slide warmer. We added pre-annealed hybridization mix to the
array, gently swirled it to cover the array area and placed the slide in a plastic

slide holder (pre-warmed to 37 °C) containing 250 µl of wash buffer (50%
formamide, 2 × SSC, pH 7.0) to prevent evaporation. The hybridization
chamber was placed at 37 °C on a slowly rocking table to move the hybridiza-
tion mix over the array area for 48–72 h. Signal intensities increased notably
when the incubation was increased from 24 h to 48 h; however, we saw no
further benefit from extending it to 72 h. After hybridization, we washed the
slides for 15 min at 48 °C in 50% formamide, 2  × SSC, pH 7.0 and then for an
additional 30 min at 48 °C in2 × SSC, 0.1% SDS. We removed the rubber
cement dam and washed the slide for an additional 10 min in PN buffer (0.1 M
sodium phosphate buffer, 0.1% Nonidet P-40, pH 8.0) at room temperature.
We briefly dipped the slides in 2 × SSC and mounted them with DAPI counter
stain (0.5 µM DAPI, 0.1 × PBS, 90% glycerol) for imaging. Most of the data
presented are based on the results of a single hybridization. Our experiences
with repeatedly measuring the same DNA sample, however, show that the
results were highly reproducible. Fig. 2, for example, demonstrates reliable and
reproducible detection of genomic aberrations even in the presence of sub-
stantial admixed normal genomic DNA. In addition, limited analyses using
the hybridization protocol described here allowed detection of single
genome–copy number changes using arrays from Spectral Genomics
(http://www.spectralgenomics.com).

Image and data analyses. We collected 16-bit TIF images using a CCD cam-
era through CY3, CY5 and DAPI filters and analyzed them using custom soft-
ware as described4. We excluded from further analysis spots that were conta-
minated with fluorescent debris and those that failed to print. These spots
could in general be recognized using criteria known to affect reliable ratio
measurements, including low reference-hybridization intensity, low DAPI
intensity, low correlation of the CY3-versus-CY5 pixel intensities and low
pixel number for the segmented spot. We normalized data to the median raw
CY3:CY5 ratio and converted numbers to the log2 domain to weight gains
and losses equally. We calculated the mean and s.d. of the quadruplicate spots
for the normalized log2 ratios. Following this analysis, we eliminated clones if
the s.d. of the four replicate spots exceeded 0.2 or if the ratio measurement
was based on a single spot. We assessed the effect of reducing the number of
replicate spots by reanalyzing data from three different tumors, with two of
the four replicates removed, carrying out separate analyses in which the first,
middle or last two spots were removed. We saw negligible differences between
the data sets with respect to gains and deletions, s.d. of the central Gaussian
distribution and percent of clones eliminated by the removal of bad spots.
This suggests that reducing the number of replicate spots per array has mini-
mal impact on ratio measurements. A summary of the data is available at
http://shark.ucsf.edu:8080/~graeme/Nat_Gen_2001.html.

Statistical analysis. We used the data from within an experiment to deter-
mine the thresholds above or below which CGH ratios were scored as
increased or decreased, as the variation observed within an experiment
differed slightly between experiments. We accomplished this by using a
hybrid least-squares/maximum likelihood method to fit a mixture of three
Gaussian distributions to a histogram of log2 ratios from each CGH array
analysis. The fitted distribution was 

where (pi,µi,σi) were the relative proportion, mean and s.d. of the ith
distribution. We obtained the fit by first plotting the histogram of log2
ratios and visually selecting initial estimates for means and s.d. for each
of the three components of the combined data: (i) a ‘normal’ compo-
nent centered at 0 (ii) a ‘loss’ component centered at a mean less than
zero and (iii) a ‘gain’ component centered at a mean greater than zero.
The fitting program provided visual feedback in the form of a smooth
fit line superimposed on the observed data histogram, so that the user
could see the effect of changing the initial estimates for the means, s.d.
and component proportions. More than 95% of the data sets could be
fitted accurately using initial estimates that assumed the ‘normal’ com-
ponent contained 85% of the data points and a σ of 0.1, and that the
‘lost’ and ‘gained’ components each contained 7.5% of the data points
and a σ of 0.2. After we obtained initial estimates, we minimized the
sum of squared deviations of the fit from the observed histogram using
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the Solver in Microsoft Excel. We then used the new estimates to maxi-
mize the likelihood of the individual observations. This two-step
method was more reliable than applying maximum likelihood directly
to the data. In addition, the visual feedback provided by the histogram
and fit line plot allowed rapid assessment of the quality of the fit. The
Gaussian distributions fitted to the parts of the histogram representing
gains and losses usually did not influence the parameters of the Gauss-
ian distribution fitted to the ‘normal’ part of the histogram, except when
the CGH ratios for the gains and losses were not well separated from
normal (an unusual event). We used the distribution fitted to the part of
the histogram representing genomically ‘normal’ values to determine 3σ
upper and lower thresholds for determining gains and losses. CGH
analyses in which σ exceeded 0.15 were considered unreliable and were
eliminated from further analyses (~6% of the data sets).

DNA sequence analysis. The regions of human sequence syntenic to
recurrent CNAs on mouse chromosomes 2, 4, 9 and 16 were defined by
BLAST searches of the htgs database of GenBank (http://www.ncbi.
nlm.nih.gov/Genbank/index.html) using mouse sequences (markers,
genes or BAC ends) mapping to the boundaries of CNAs. We used
Genome Cryptographer (http://kinase.ucsf.edu/gc/) to collect genome
sequence information from multiple databases and visually display it in
analysis intervals of constant width along the genome. Information dis-
played in the analyses for this paper included genes, EST clusters and frac-
tions of ESTs originating in tumor tissues.
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