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Abstract

Recent advances in array comparative genomic hybridization (array CGH) technology are revolutionizing our understanding of tumor
genomes. Marker-based arrays enable rapid survey at megabase intervals, while tiling path arrays examine the entire genome in
unprecedented detail. Tumor biopsies are typically small and contain infiltrating stromal cells, requiring tedious microdissection. Tissue
heterogeneity is a major barrier to high-throughput profiling of tumor genomes and is also an important consideration for the introduction of
array CGH to clinical settings. We propose that increasing array resolution will enhance detection sensitivity in mixed tissues and as a result
significantly reduce microdissection requirements. In this study, we first simulated normal cell contamination to determine the heterogeneity
tolerance of array CGH and then validated this detection sensitivity model on cancer specimens using the newly developed submegabase

resolution tiling-set (SMRT) array, which spans the human genome with 32,433 overlapping BAC clones.

© 2005 Elsevier Inc. All rights reserved.
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Array comparative genomic hybridization (array CGH)
detects segmental DNA copy number gains and losses in
tumor genomes. This is achieved by the competitive hybrid-
ization of differentially labeled reference and sample geno-
mic DNA to specific genomic loci spotted in an array format,
facilitating high-resolution scanning for genetic alterations
[1-6]. To adapt whole-genome array CGH for high-through-
put analysis of tumor genomes, especially in a clinical
setting, this technology would have to be not only applicable
to formalin-fixed paraffin-embedded tissue specimens but
also able to tolerate tissue heterogeneity. Tumor samples are
typically highly heterogeneous, containing multiple normal
cell types in addition to the cancer cells of interest. Since
array CGH identifies genetic alterations by comparing DNA
copy number of the cancer cells against those of normal
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diploid cells, normal cell contamination in a tumor specimen
would compromise detection sensitivity.

Microdissection of specific cell populations is a common
approach to overcoming tissue heterogeneity. The utility of
microdissected archival material in array CGH studies is well
documented; however, this approach often requires genomic
DNA amplification to yield sufficient material for hybrid-
ization [7-9]. The time-consuming microdissection require-
ment hampers the broad application of this technique and its
utility as a high-throughput technology. In this report we
investigated the heterogeneity tolerance of array CGH and
showed that increasing array density improves detection
sensitivity directly.

To determine the maximum amount of contaminating
normal cells tolerable while allowing detection of single-
copy amplifications and deletions, we simulated heteroge-
neity by mixing precise proportions of male (X) and female
(XX) DNA samples (Supplemental Fig. 1A) and then
validated our model in clinical specimens. The submegabase
resolution tiling-set (SMRT) array was used for assaying
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detection sensitivity [4,10]. The SMRT array consists of
32,433 bacterial artificial chromosomes arranged in a tiling
path that spans the entire genome. Array hybridization pro-
tocols were performed as previously described [4]. Briefly,
for the heterogeneity titration series 400 ng of test and
reference DNA were separately labeled through a random
priming reaction with cyanine 3 and cyanine 5, respectively.
The probes were precipitated and then combined, denatured,
and blocked in a solution containing 100 pg Cot-1 DNA in
45 pl DIG Easy hybridization solution (Roche, Laval, QC,
Canada), sheared herring sperm DNA (Invitrogen, Burling-
ton, ON, Canada), and yeast tRNA (Calbiochem, Mis-
sissauga, ON, Canada). Probe hybridization to the SMRT
array occurred over 36 h at 45°C.

In our simulation experiments, first we observed the
expected linear approach to a 1:1 average signal ratio for the
X loci as the level of contaminating normal cells increased.
Due to the increase in overlap between the ratio distribu-
tions between the X chromosome and autosome it became
apparent that thresholds would not be appropriate for
identifying alterations due to the large percentage of clones
that would be falsely classified and that small alterations
would be more difficult to detect than alterations spanning a
large number of clones (Supplemental Figs. 1B—1D).

Second, to model the impact of heterogeneity on the
probability of detecting an alteration of a given size, we
utilized segments of the X chromosome from the con-
tamination hybridizations to model single-copy gains and
losses of varying sizes within the autosome. This model
was based on using Welch’s approximate ¢ test to compare
every 1, 2, 4, 8, 16, 32, 64, 128, 256, and 512 clone
window over the entire autosome to the X chromosome
and vice versa. Remarkably, we distinguished a 4 clone
single-copy loss (~0.4 Mb) on the SMRT array under 50%
contamination and a 64 clone deletion (~6.4 Mb) under
75% contamination (Fig. 1A). As our results are based
solely on the number of clones altered and not the genomic
size of an alteration we can infer that a 1-Mb-resolution
CGH array compared to the 0.1-Mb-resolution SMRT
CGH array would follow the same detection probabilities
and be limited to detecting a 4-Mb single-copy loss under
50% contamination and 64-Mb single-copy loss under 75%
contamination. It appears that this model applies to both
single-copy loss and single-copy gain scenarios (Fig. 1). The
more measurements performed over a sequence improved
the confidence in detecting alterations, supporting the
concept that increasing array resolution reduces the need
for microdissection.

We verified the modeled effect of heterogeneity on
detection sensitivity using a clinical lung cancer specimen.
Fig. 2A shows an H&E-stained section from a tumor from a
male patient. Histological assessment suggested a mix of
30% tumor cells infiltrated with 70% stromal cells and
lymphocytes as well as carbon deposits. Enumeration of
tumor and normal cell nuclei in the displayed area counted
28 £ 15% cancer cells, in agreement with the initial
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Fig. 1. Minimal detectable alteration sizes. To calculate the probability of
detecting a segmental alteration of a particular size at a particular normal
cell contamination level we first divided the autosome and X chromosome
into segments of 1, 2, 4, 8, 16, 32, 64, 128, 256, and 512 clones (each
clone representing three measurements). The autosomal segments were
used to simulate areas of retention within the X chromosome and the X-
chromosome segments were used to simulate alterations within the
autosome. This was accomplished by first using Welch’s approximate
t test to determine if a particular segment from the autosome could be
identified as distinct from the X chromosome with a p value of 0.05. The
frequency with which the autosomal segments were not identified as being
distinct from the X chromosome defined the percentage of segments
incorrectly detected as altered. The inverse test of segments from the X
chromosome being compared to the autosome was used to determine the
percentage of segments correctly detected as altered. Due to the different
variances between the X chromosome and the autosome distributions as
well as the nature of the ¢ test, we cannot assume that the fraction of
clones correctly and incorrectly identified as altered will sum to exactly
100%. As such, we calculate the probability of detecting an alteration at a
particular contamination level and alteration size as Probability of
detection = Fraction correctly identified as altered/(Fraction correctly
identified as altered + Fraction incorrectly identified as altered). Due to
the shift from an inter- to an intraclone measure of variance associated
with alterations spanning only a small number of clones the p values
reported for the smallest alterations exhibit a slight overestimate in
detection probability, particularly in the highest contamination levels. This
is most apparent in the single-copy gain scenario as single-copy gains
(3:2 allele ratio) exhibit less ratio separation from normal than single-copy
losses (1:2 allele ratio). However, since these probabilities are well below
the threshold for reliable detection the overestimate does not affect our
results.

histological assessment. DNA extracted from this mixed-
cell population was cohybridized against differentially
labeled normal female DNA (as a reference) onto the
SMRT CGH array. Analysis of X-chromosome loci yielded
the expected average 0.5 log, ratio (Fig. 2B). Even with the
compromised DNA quality from formalin-fixed paraffin-
embedded archival material and the high level of normal cell
contamination, copy number changes in the tumor DNA
were apparent. Large alterations, such as gain of 5p and loss
of 5q, as well as high-level amplifications (for example, the
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Fig. 2. SMRT array CGH profile of an archival squamous cell lung tumor containing ~30% tumor cells. (A) H&E-stained squamous cell lung carcinoma tissue
section containing ~30% tumor cells by histological evaluation. (B) SeeGH karyogram [11] of the DNA extract from the tissue in (A). Hybridization was
performed as described by Ishkanian et al. except we used 100 ng of tumor DNA against 100 ng of female reference DNA [4]. Each black dot/line represents a
single BAC clone marking its genomic position and log, signal ratio value. Regions of interest are highlighted. (C) Magnified SeeGH view of the highly
amplified region on chromosome 11q containing CCND/. (D) Magnified SeeGH view of a 1.49-Mb single copy number deletion on chromosome 2p.

2.5-Mb CCNDI region) were readily detected (Figs. 2B and
2C). Presumably multicopy amplifications are easily detect-
able regardless of clone density.

Given that only ~30% of the cells in our sample are
cancerous, the signal ratio for a single-copy loss within
these cells is expected to be 1.7:2 (0.23 log, ratio). The
signal ratio associated with the 5q loss, which contains the
well-studied APC gene, fits this expectation. More interest-
ingly, we also observed a small 1.49-Mb single-copy
deletion (across 22 clones) at 2p22 with the same ratio
(Fig. 2D). Significantly, this observation fits well into our
model of detection sensitivity in mixed tissue, which
predicted the ability to identify a loss spanning between 4
clones (the threshold for 50% contamination) and the
predicted 64-clone threshold for 75% contamination (Fig.
1A). With the ability to detect copy number changes with
only 30% tumor cell content, tedious microdissection is not
required when using the SMRT array. This is crucial for the

development of array CGH as a clinical screening tool for
use in a high-throughput setting.

In conclusion, we have determined the sensitivity of array
CGH to single-copy changes under heterogeneous condi-
tions. Our results show that increasing array resolution
improves directly detection sensitivity to smaller alterations
in heterogeneous tissue. Clinical tumor samples are typically
highly heterogeneous, containing mixed cell types in addition
to the malignant cells. As a result microdissection is often
required before genome-wide analysis with current techni-
ques, posing a barrier to high-throughput profiling of tumor
genomes and the introduction of array CGH to diagnostic
cancer cytogenetics. The extremely high resolution of the
SMRT array, and hence its sensitivity to small alterations
under high levels of contamination, greatly reduces the need
for time-consuming microdissection, removing a major
hurdle to the introduction of array CGH into the clinical
setting.
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Appendix A. Supplementary data

Supplementary data for this article may be found on
ScienceDirect.
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