negative selection is increased. This results
in an A2-restricted repertoire that contains
receptors with higher than usual affinity for
A2 per se. When provided with the A2/K"
molecule, murine CD8 can participate
more fully in interaction with the restric-
tion element, thus elevating the avidity of
the interaction above the threshold re-
quired for the induction of detectable lytic
activity in the absence of antigen. Howev-
er, because CD8 is also required for T cell
stimulation, our results are also consistent
with a model in which only the affinity
cutoff for negative selection is increased and
the observed recognition of A2 per se is due
to an increase in the affinity requirement for
antigen responsiveness rather than positive
selection.
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Comparative Genomic Hybridization for Molecular
Cytogenetic Analysis of Solid Tumors

Anne Kallioniemi,* Olli-P. Kallioniemi, Damir Sudar,
Denis Rutovitz, Joe W. Gray, Fred Waldman, Dan Pinkel

Comparative genomic hybridization produces a map of DNA sequence copy number as
afunction of chromosomal location throughout the entire genome. Differentially labeled test
DNA and normal reference DNA are hybridized simultaneously to normal chromosome
spreads. The hybridization is detected with two different fluorochromes. Regions of gain
or loss of DNA sequences, such as deletions, duplications, or amplifications, are seen as
changes in the ratio of the intensities of the two fluorochromes along the target chromo-
somes. Analysis of tumor cell lines and primary bladder tumors identified 16 different
regions of amplification, many in loci not previously known to be amplified.

The discovery of genetic changes involved
in the development of solid tumors has
proven difficult. Karyotyping is impeded by
the low number of high-quality metaphase
spreads and the complex nature of chromo-
somal changes (1). Molecular genetic stud-
ies of isolated tumor DNA have been more
successful and have been used to detect
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common regions of allelic loss, mutation, or
amplification (2, 3). However, such molec-
ular methods are highly focused; they target
one specific gene or chromosome region at a
time and leave the majority of the genome
unexamined.

We have developed a molecular cytoge-
netic method, comparative genomic hy-
bridization (CGH), that is capable of de-
tecting and mapping relative DNA se-
quence copy number between genomes. A
copy number karyotype can be generated
for a tumor by the comparison of DNAs
from malignant and normal cells, thereby
identifying regions of gain or loss of DNA.
In this application of CGH, biotinylated
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total tumor DNA and digoxigenin-labeled
normal genomic reference DNA are simul-
taneously hybridized to normal metaphase
spreads in the presence of unlabeled Cot-1
blocking DNA (4). Hybridization of tumor
DNA is detected with green-fluorescing
fluorescein isothiocyanate (FITC)-avidin,
and the reference DNA hybridization is
detected with red-fluorescing rhodamine
antidigoxigenin (5). The relative amounts
of tumor and reference DNA bound at a
given chromosomal locus are dependent on

- the relative abundance of those sequences

in the two DNA samples and can be quan-
titated by measurement of the ratio of
green-to-red fluorescence. The reference
DNA serves as a control for local variations
in the ability to hybridize to target chromo-
somes. Thus, gene amplification or chro-
mosomal duplication in the tumor DNA
produces an elevated green-to-red ratio,
and deletions or chromosomal loss cause a
reduced ratio. The Cot-1 DNA included in
the hybridization inhibits binding of the
labeled DNA to the centromeric and het-
erochromatic regions, so these regions are
excluded from the analysis. The fluores-
cence signals are quantitatively analyzed by
means of a digital image analysis system (6).
A software program integrates the green
and red fluorescence intensities in strips
orthogonal to the chromosomal axis, sub-
tracts local background, and calculates in-
tensity profiles for both colors and the
green-to-red ratio along each chromosome.
The ability of CGH to quantitate chang-
es in sequence copy number that affect an
entire chromosome was tested with five
fibroblast cell lines having one to five copies
of the X chromosome and two copies of
each autosome (7). Hybridization of DNA
from a 45,XO0 cell line (in green), together
with normal female reference DNA (in red)
to a normal male metaphase spread, result-
ed in a uniform green-red staining of the
autosomes, whereas the X chromosome ap-
peared more red (Fig. 1A). Hybridizations
with DNA from cell lines carrying two,
three, four, or five copies of the X chromo-
some resulted in increasingly strong green
fluorescence from the X chromosome rela-
tive to the autosomes. The average green-
to-red fluorescence ratio of the X chromo-
some (Fig. 1B), when normalized to the
average ratio for the autosomes within the
same metaphase spread, increased linearly
with increasing number of X chromosomes
[correlation coefficient (r) = 0.978]. Thus,
CGH can quantitatively distinguish a
change of plus or minus one copy of a
chromosome at least up to four copies.
We used CGH to generate a complete
copy number karyotype for a near-diploid
breast cancer cell line, 600PE." According
to the published karyotype (8), 600PE is

near-diploid with five marker chromo-




somes. The CGH with biotinylated 600PE
DNA (in green) and normal digoxigenin-
labeled reference DNA (in red) revealed
the following relative copy number chang-
es: gain of 1q and loss of 9p, 16q, 17p, and
distal 11q. The green-to-red ratio profiles
for these aberrant chromosomes are shown
in Fig. 2. Fluorescence in situ hybridization
(FISH) with locus-specific 16p and 16q
cosmid probes to 600PE cells (9) found two
signals per nucleus for 16p and one for 16q
that permitted calibration of a green-to-red
ratio of 1.0 as indicating two copies of a
sequence.

Thus, if the absolute copy number of any
region in a tumor genome is known, relative
numbers can be converted to actual copy
numbers at all loci. The CGH results dif-
fered from the originally published karyotype
in the region of 16p and proximal 1p. This
discrepancy was subsequently resolved based

@
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Fig. 1. (A) Hybridization of DNA from the 45,X0
cell line (green) and normal female reference
DNA (red) to a normal male metaphase spread.
The reddish color of the X chromosome (large
arrow) as compared with autosomes reflects
the lower relative copy number of the X chro-
mosome sequences in this cell line. Faint stain-
ing of a small part of the Y chromosome (small
arrow) is a result of the homologous sequences
in the pseudo-autosomal region. (B) Correlation
of the number of X chromosomes in five fibro-
blast cell lines and the average green-to-red
ratio of the X chromosome relative to the same
ratio for the autosomes.

on the FISH analysis with locus-specific
probes that indicated that the components
of one of the marker chromosomes had been
misinterpreted by conventional cytogenetic
analysis (8). CGH with DNA from two
fibroblast cell lines (10) detected small in-
terstitial deletions around the RBI locus: del
(13) (pter>ql4.1::q21.2>qgter) and del (13)
(pter>ql4.1::q22.1>qter). On the basis of
the CGH analysis and measurement of the
deletion size as a fraction of the length of
chromosome 13 (total length 111 Mb),
these deletions were estimated to span about
10 and 20 Mb, respectively. Thus, it is
possible that CGH could be used to screen
DNA samples from solid tumors in order to
identify physical deletions that may uncover
recessive mutant tumor suppressor genes.
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Fig. 3. Green-to-red fluorescence
ratio profiles of chromosome 8 (A)
and chromosome 2 (B) after hy-
bridization with COLO 320HSR
and NCI-H69 cell line DNAs, re-
spectively (green). Normal refer-
ence DNA included in the hybrid-
ization is shown inred. The inserts
show the overlaid green and red
fluorescence images of the chro-
mosomes and the chromosomal
medial axis drawn by the image
analysis program. In (A), the myc
locus at 8924 shows a highly ele-
vated green-to-red ratio, which is
compatible with the known high-
level amplification of myc in the
COLO 320HSR cell line. In (B),
three regions of amplification are
seen on chromosome 2. The sig-
nal at 2p24 corresponds to the
location of N-myc known to be
amplified in the NCI-H69 cell line.
The two other regions with a high-
ly increased fluorescence ratio, at
2p21 and 2g21, were not known
to be amplified.

Ratio (green/red)

Ratio (green/red)
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REPORTS

The CGH technique was evaluated for
its ability to detect increased gene copy
number with cell lines that contained pre-
viously reported amplification of onco-
genes. CGH was performed with DNA
from a colon cancer cell line, COLO
320HSR (Fig. 3A), known to contain more
than a 50-fold amplification of a 300-kb
region around the myc oncogene (11). The
expected high green-to-red ratio at 8q24
that corresponds to the myc locus is clear.
The height of the peak does not quantita-
tively reflect the level of amplification be-
cause the fluorescent signal spreads over a
region of the chromosome that is larger
than the length of the amplicon. This is
apparently a result of the complex organi-
zation of the target DNA in the denatured

Fig. 2. Green-to-red fluorescence ratio profiles
of chromosomes 1, 9, 11, 16, and 17 after
hybridization with 600PE DNA (green) and nor-
mal reference DNA (red). Profiles reflect the
relative copy number of the chromosomal re-
gions. FISH of 600PE interphase and meta-
phase cells indicated that the copy number for
16p loci was 2. Thus, the ratio of 1.0 indicates
two copies of the sequence throughout the
genome. The dip in the profile at 1p34 through
1p36 may represent a previously unsuspected
small interstitial deletion but has not been ver-
ified independently with specific probes for this
region. Centromeric and heterochromatic re-
gions of the genome are not included in the
analysis because the Cot-1 DNA partially
blocks signals in these regions, and the large
copy number polymorphisms between individ-
uals at these loci make the ratio data unreliable.
Chr., chromosome.
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Table 1. Mapping of amplified sequences in established cancer cell lines and primary tumors by
CGH. Cytogenetic information is based on the American Type Culture Collection catalog of cell lines
and hybridomas (1992). DM, double minute chromosomes; HSR, homogeneously staining regions.

Cytogenetic
Specimen Origin Amplification by CGH* evidence of gene
amplification
Cell lines
5637 Bladder 3p25, 6p22 DM
SK-BR-3 Breast 8924 (myc), 8921, 17912 —
(erbB2), 20913
COLO 205 Colorectal 6p21, 6024 —
NCI-H508 Colorectal 14912-913 DM
Sw480 Colorectal 80924 (myc) DM
SW620 Colorectal 16021-923 HSR
WiDr Colorectal 8023-g24 (myc) —
SK-N-MC Neuroblastoma 8924 (myc) DM
Calu-3 Small cell lung 8p12-p21, 8qtel, HSR
17912 (erbB2)
Calu-6 Small cell lung 13932-g34 —
NCI-H69 Small cell lung 2p24 (N-myc), 2p21, 2921 -
Primary tumors

UR140 Bladder carcinoma 16g21-g22 —
UR145 Bladder carcinoma 6p22 —

*The oncogene most likely involved in this amplification is shown in parentheses.

chromosomes. The eightfold amplification
of the erbB2 oncogene in the SK-BR-3
breast cancer cell line also was detectable as
a hybridization signal at 17q12 (Table 1)
with CGH. High-level amplifications such
as these could also be detected in single-
color hybridizations with the use of only
labeled tumor DNA.

Cytogenetic and molecular studies of pri-
mary tumors and cell lines often reveal
homogeneously staining regions and double
minute chromosomes that do not involve
known oncogenes (12). The CGH tech-
nique provides a means to detect and map
such sequences. Table 1 contains a summary
of the analysis with CGH of 11 cancer cell
lines. Data in the table are based on the
visual inspection of a large number of meta-
phase spreads and on detailed digital image
analysis of four to six metaphases for each
sample. Sixteen amplified loci were mapped,
many at regions of the genome where ampli-
fication had not been suspected. Thus, a
large variety of genes may be amplified dur-
ing cancer initiation and progression. In 5 of
the 11 cell lines, more than one locus was
amplified. Two or three separate loci on the
same chromosome were amplified in four cell
lines, which suggests a spatial clustering of
chromosomal locations that undergo DNA
amplification (Table 1 and Fig. 3B). We also
applied CGH to identify and map amplified
DNA sequences in uncultured primary blad-
der tumors. Of the seven tumors tested, two
showed evidence of DNA amplification, but
the loci were not the same (Table 1). Thus,
a number of previously unsuspected genomic
regions that might contain genes important
for cancer progression have been identified.
Further studies will be required to determine
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which loci contain novel oncogenes and
which represent coincidental, random DNA
amplification characteristic of general ge-
nomic instability.

The detection and mapping of unknown
amplified sequences that typically span sev-
eral hundred kilobases to a few megabases
demonstrates the usefulness of the CGH
technique for rapid identification of regions
of the genome that may contain oncogenes.
Similarly, detection of deletions may facil-
itate identification of regions that contain
tumor suppressor genes. The ability to sur-
vey the whole genome in a single hybrid-
ization is a distinct advantage over allelic
loss studies by restriction fragment length
polymorphism (RFLP) that target only one
locus at a time. RFLP is also restricted by
the availability and informativeness of poly-
morphic probes. However, further studies
are required to establish to what extent
allelic losses in tumors are caused by phys-
ical deletions. In clinical specimens, the
detection of small copy number differences,
such as those associated with deletions, is
more difficult than in cell lines because of
the admixture of DNA from contaminating
normal cells and because of intratumor
genetic heterogeneity. Like RFLP, CGH
also emphasizes the detection of aberrations
that are homogeneous in the cell popula-
tion and averages those that are heteroge-
neous. Currently, sensitivity is primarily
limited by the granularity of the hybridiza-
tion signals in the metaphase chromo-
somes. We expect further improvements in
sensitivity will be achieved by optimization
of the probe concentration and labeling and
by the averaging of the green-to-red fluo-
rescence ratios from several metaphase
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spreads. CGH comparisons other than
those described here—for example, be-
tween primary tumors and their metasta-
ses—should also be informative.
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 TECHNICAL COMMENTS

Mantle Plumes and Mantle Sources

Basalts from many ocean islands define
elongate arrays in Sr-Nd-Pb isotopic space;
these likely reflect the dominance of binary
mixing of mantle sources in intraplate vol-
canism. S. R. Hart et al. (1) observe that
when these arrays are projected onto a
ternary diagram bounded by mantle end-
members DMM [depleted mid-ocean ridge
basalt (MORB) mantle], HIMU (high
U/Pb mantle), and EM1 (enriched mantle
1), they are subparallel and point toward a
composition on the DMM-HIMU join.
Hart et al. suggest this composition is asso-
ciated with a high *He/*He ratio (>30 R,)
and therefore cannot be a ubiquitous upper-
mantle mixture of DMM and HIMU (both
of which have *He/*He < 9 R,). They
instead argue in favor of a new isotopic
component, resident in a deep mantle “Fo-
cus Zone” (FOZO), which is characterized
by a high *He/*He ratio or which acquires
helium with a high *He/*He signature from
the core.

There is an alternative interpretation of

Hawaii £

DMM

Tubuai HIMU

Fig. 1. Helium isotope affinity of some ocean
island localities trending toward FOZO. Heli-
um data are from standard sources [referred
to in (2, 3)] and our unpublished results.
Striped areas indicate low 3He; solid areas
indicate high 3He.

the He data. On the basis of binary isotope
diagrams involving He, we (2) have sug-
gested that the highest *He/*He ratios are
associated with intermediate 7Sr/%6Sr and
'SNd/'*Nd rather than with the highly
depleted FOZO values. Mantle He-Sr-Nd-
Pb systematics are consistent with five com-
positional endmembers—our finding of
high He/*He Primitive Helium Mantle
(PHEM) (2) and DMM-HIMU-EM1-EM2.

Combined He-Sr-Nd-Pb data are lack-
ing for most ocean islands. However, many
studies have demonstrated that ocean is-
lands may be either “high *He” (all mea-
sured *He/*He ratios = MORB values) or
“low He” (*He/*He < MORB) (3). We
know of no single ocean island that has
3He/*He ratios both greater and less than
MORB (this also holds for most hot spot
chains). Thus we can easily identify ocean
islands that are tapping high *He/*He ma-
terial; if FOZO is characterized by a high
3He/*He ratio, then arrays trending toward
it should be from high *He/*He islands. We
have replotted the mantle ternary (I) in
Fig. 1 to indicate He affinities and the
projection of the PHEM component into
DMM-EM1-HIMU space. Many of the ar-
rays tending toward FOZO are from low
3He/*He localities (Fig. 1), indicating that
FOZO may not have a high *He/*He ratio.
We propose that some arrays mix to PHEM,
and others to FOZO; isotopic relationships
in DMM-HIMU-EM1-EM2-PHEM space
are difficult to visualize in a ternary projec-
tion.

If FOZO does not have a high *He/*He
ratio, the need for a core or lower mantle
helium source for FOZO is eliminated, and
the component may be a DMM-HIMU
mixture residing in the upper mantle. This
has important implications for the origin
and entrainment dynamics of mantle
plumes. Additional studies of ocean islands,
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in which He is integrated with Sr-Nd-Pb,

are required to accurately interpret *He/*He

ratios within the framework of the Sr-Nd-
Pb mantle end-members.
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Response: In our paper on evidence for
lower mantle plume entrainment, we
stressed the potential role that He isotopes
could play in supporting or rejecting our
theory. We noted the lack of published He
data on many key islands, so we welcome
the comment by Farley and Craig.
Unfortunately, data are needed for He
and Sr, Nd, and Pb isotopes on the same
samples, and figure 1 of the comment by
Farley and Craig does not help in this
respect. Pitcairn shows enormous variations

EM1

EM 2

Reunion
Juan Fernandez

DM

Fig. 1. Mantle tetrahedron from our report
showing locations of additional high He 3/4
islands not shown in figure 1 of the comment by
Farley and Craig. References for heavy isotope
data may be found in (3); He data are from
standard sources, Farley and Craig, and (7).
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