
Comparative genomic hybridization using
oligonucleotide microarrays and total genomic DNA
Michael T. Barrett*†‡, Alicia Scheffer*†‡, Amir Ben-Dor*‡, Nick Sampas*‡, Doron Lipson*‡§, Robert Kincaid*‡,
Peter Tsang*‡, Bo Curry*‡, Kristin Baird¶, Paul S. Meltzer¶, Zohar Yakhini*‡, Laurakay Bruhn*‡,
and Stephen Laderman*‡�

*Agilent Technologies, 3500 Deer Creek Road, Palo Alto, CA 94304; and ¶Cancer Genetics Branch, National Human Genome Research Institute,
Bethesda, MD 20892

Communicated by Marvin H. Caruthers, University of Colorado, Boulder, CO, October 29, 2004 (received for review June 29, 2004)

Array-based comparative genomic hybridization (CGH) measures
copy-number variations at multiple loci simultaneously, providing
an important tool for studying cancer and developmental disorders
and for developing diagnostic and therapeutic targets. Arrays for
CGH based on PCR products representing assemblies of BAC or
cDNA clones typically require maintenance, propagation, replica-
tion, and verification of large clone sets. Furthermore, it is difficult
to control the specificity of the hybridization to the complex
sequences that are present in each feature of such arrays. To
develop a more robust and flexible platform, we created probe-
design methods and assay protocols that make oligonucleotide
microarrays synthesized in situ by inkjet technology compatible
with array-based comparative genomic hybridization applications
employing samples of total genomic DNA. Hybridization of a series
of cell lines with variable numbers of X chromosomes to arrays
designed for CGH measurements gave median ratios for X-chro-
mosome probes within 6% of the theoretical values (0.5 for XY�XX,
1.0 for XX�XX, 1.4 for XXX�XX, 2.1 for XXXX�XX, and 2.6 for
XXXXX�XX). Furthermore, these arrays detected and mapped re-
gions of single-copy losses, homozygous deletions, and amplicons
of various sizes in different model systems, including diploid cells
with a chromosomal breakpoint that has been mapped and se-
quenced to a precise nucleotide and tumor cell lines with highly
variable regions of gains and losses. Our results demonstrate that
oligonucleotide arrays designed for CGH provide a robust and
precise platform for detecting chromosomal alterations through-
out a genome with high sensitivity even when using full-complex-
ity genomic samples.

cancer � DNA microarrays � genome

Array-based comparative genomic hybridization (aCGH) allows
the identification of chromosomal regions of gains and losses

in cancers and genetic diseases (1–5). Oligonucleotide-array probes
can be designed in silico for any sequenced region of a genome, thus
allowing genome-wide and higher-density region-specific coverage,
in principle. Application-specific designs, assays, and analysis meth-
ods allow routine use of oligonucleotide arrays for gene-expression
studies and characterization of DNA polymorphisms and mutations
(6–11). Typically, these applications use labeled targets of markedly
reduced complexity relative to a complete genome (for example,
expressed sequences in transcriptional profiling and PCR ampli-
cons for polymorphic allele analyses). The usefulness of oligonu-
cleotide arrays for aCGH has also been examined by using targets
of reduced complexity (12–16). However, the broadest use of
aCGH, including both a simplified preparation of targets and
hybridization of samples to any array design of interest, requires
preserving the greatest possible complexity of targets derived from
whole-genome samples. Therefore, we investigated and developed
probe-design criteria, assay conditions, and analysis methods that
enable 60-mer oligonucleotide arrays to be used for CGH mea-
surements even when using total genomic DNA.

We used two array designs for these studies. The first design,
consisting of 60-mer oligonucleotide probes designed and vali-

dated for expression profiling of �17,000 transcripts (expression
array), was used to develop initial assay conditions for aCGH.
The second design consisted of custom microarrays containing
a higher density of probes that represent unique genomic
sequences for selected chromosomes (CGH array). The content
of the CGH array was biased toward gene regions, but it also
included noncoding regions for chromosome-wide coverage.
These arrays were used to explore performance improvements
that could be made possible by developing oligonucleotide
probe-selection methods specifically for CGH.

Materials and Methods
Genomic DNA. We obtained genomic DNA from normal male
46,XY and normal female 46,XX from Promega. The following cell
lines are part of the National Institute of General Medical Sciences
Human Genetic Cell Repository and were obtained from the
Coriell Institute for Medical Research (Camden, NJ): 47,XXX
(repository no. GM04626), 48,XXXX (repository no. GM01415D),
49,XXXXX (repository no. GM05009C), and the 18q deletion-
syndrome cell line (repository no. GM50122). The colon (COLO
320DM, HT 29, and HCT116) and breast (MDA-MB-231 and
MDA-MB-453) carcinoma cell lines were obtained from the Amer-
ican Type Culture Collection. Each cell line was grown under the
conditions recommended by the supplier. Genomic DNA was
prepared from each cell line by using the DNeasy tissue kit (Qiagen,
Germantown, MD). Tumor biopsies were collected from 1980–
2003 and accessed by means of the National Cooperative Human
Tissue Network (Charlottesville, VA). Total cellular DNA was
isolated from fresh-frozen tumor specimens by using TRIzol re-
agent (Invitrogen) extraction techniques and further purified by
phenol–chloroform extraction.

Oligonucleotide Microarrays. Expression array. The human 1A mi-
croarray (Agilent Technologies) contained in situ synthesized 60-
mer oligonucleotides representing 17,086 unique human genes. The
probes on these arrays were designed primarily for 3� regions of
expressed sequences in the human genome.
CGH array. A custom oligonucleotide array designed for CGH
contained 4,878 chromosome-X, 3,293 chromosome-18, 7,723 chro-
mosome-17, and 5,464 chromosome-16 60-mer probes. These
probes included both coding and noncoding sequences on these
chromosomes. Also, there were 917 other autosomal probes on the
CGH array that were common to both designs.
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aCGH. For each CGH hybridization, we digested 20 �g of genomic
DNA from the reference (46,XX female) and the corresponding
experimental sample with AluI (20 units) and RsaI (20 units)
(Promega). Alternatively, 10 ng of genomic DNA from the refer-
ence and experimental sample was amplified with �29 polymerase
according to the supplier’s protocols (Qiagen) before restriction
digestion. All digests were done for a minimum of 2 h at 37°C and
then verified by agarose gel analysis. Individual reference and
experimental samples were then filtered by using the QIAQuick
PCR clean-up kit (Qiagen). Labeling reactions were performed
with 6 �g of purified restricted DNA and a Bioprime labeling kit
(Invitrogen) according to the manufacturer’s instructions in a
volume of 50 �l with a modified dNTP pool containing 120 ��
each of dATP, dGTP, and dCTP; 60 �� dTTP; and 60 ��
Cy5-dUTP (for the experimental sample) or Cy3-dUTP (for the
46,XX female reference) (PerkinElmer). Labeled targets were
subsequently filtered by using a Centricon YM-30 column (Milli-
pore). Experimental and reference targets for each hybridization
were pooled and mixed with 50 �g of human Cot-1 DNA (Invitro-
gen)�100 �g of yeast tRNA (Invitrogen)�1� hybridization control
targets (SP310, Operon Technologies, Alameda, CA). The target
mixture was purified, concentrated with a Centricon YM-30 col-
umn, resuspended to a final volume of 250 �l, and then mixed with
an equal volume of Agilent 2� in situ hybridization buffer.

Before hybridization to the array, the 500-�l hybridization mix-
tures were denatured at 100°C for 1.5 min and incubated at 37°C for
30 min. To remove any precipitate, the mixture was centrifuged at
�14,000 � g for 5 min and transferred to a new tube, leaving a small
residual volume (�5 �l). The sample was applied to the array by
using an Agilent microarray hybridization chamber, and hybridiza-
tion was carried out for 14–18 h at 65°C in a rotating oven (Robbins
Scientific, Mountain View, CA) at 4 rpm. The arrays were then
disassembled in 0.5� SSC�0.005% Triton X-102 (wash 1) at 65°C
then washed for 10 min at room temperature in wash 1, followed by
5 min at room temperature in 0.1� SSC�0.005% Triton X-102
(wash 2). Slides were dried and scanned by using an Agilent
2565AA DNA microarray scanner.

Image and Data Analysis. Microarray images were analyzed by using
FEATURE EXTRACTION software (version 6.1.1, Agilent Technolo-
gies). Default settings were used, except that probes from autoso-
mal chromosomes were used for dye normalization by using the
locally weighted linear-regression curve fit option. Also, we used
signals from negative control features for background subtraction.
The expression array design included 10 replicate features for a
subset of 100 probes. For each probe with replicate features, the
mean and standard deviation of background-subtracted signals was
calculated in both channels independently after the elimination of
outliers. Outlier feature rejection was based on limits of 1.5
intraquartile ranges from the median.

We applied three filtering procedures to our expression array
data sets. First, 97 of the 17,086 probes were removed from our
analyses because they had mean signals in the reference channel of
less than three standard deviations above the mean of the negative
control feature signals in at least three of five hybridizations.
Second, to remove probes that cross mRNA splice boundaries, we
removed the 755 probes that were not contiguous in the genome.
Last, all expression-array probes were screened for homology
against the whole human genome (http:��genome.ucsc.edu; June
28, 2002). There were 5,175 probes that, although unique in the
transcriptome, gave more than one hit in the genome and were
removed subsequently from our analyses. This filter excluded
probes with even as many as 19 mismatches to a second homologous
site. A total of 11,072 probes on the expression arrays satisfied all
three filtering criteria.

We did not apply any filters to the CGH array data sets.
However, given the high density of probes per chromosome on
the CGH arrays, visual interpretation of known genomic lesions

in plots of raw data are obscured by even a small percentage of
outlier probes. Therefore, we applied a 50-kb moving average, as
calculated below, to plots presented in Figs. 4–6. The log2 ratio
measured for all m probes of the chromosome was smoothed by
using the following weighted moving average:

y�j �

�
i�1

m

yiw�xi � xj�

�
i�1

m

w�xi � xj�

, [1]

where yi is the measured log2 ratio at xi. The weights are given
by the following triangular function:

w�x� � �
0 for x � �W

x � W
W

for �W � x � 0

�
x � W

W
for W � x � 0

0 for x 	 W

[2]

Fig. 1. Detection of copy-number variations in tumor cell lines with expres-
sion arrays. The log2 ratios of the 292 probes mapped on chromosome 8 that
represent unique genomic sequences and had mean signals in the reference
channel greater than three standard deviations above the mean of the
negative control feature signals are plotted for COLO 320DM (A) and HT 29 (B)
colorectal carcinoma cell lines as a function of chromosomal position with no
moving averages. Previously characterized genomic lesions including high-
level amplification of MYC in COLO 320DM and simultaneous 8p deletion and
amplification of 8q in HT 29 cells were observed. Complete data for COLO
320DM and HT 29 are given in Data Sets 1–4 and Figs. 7 and 8, which are
published as supporting information on the PNAS web site.
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where xi is the chromosomal position (in bases) of probe i, and
W is the half width of the triangular function.

To begin exploring error modeling of aCGH data, we color-
coded points in CGH array plots by using the following method.
The variance of each smoothed point is estimated in terms of the
uncertainties of each of the points as follows:

V�y�j� �


2�
i�1

m

	w�xi � xj�

2

��
i�1

m

w�xi � xj��2 , [3]

where 
 is the standard deviation of the log2 ratio for each set of
chromosome-specific probes on the CGH array in a series of
hybridizations with cell lines that are diploid for the entire chro-
mosome under investigation. In each example, probes with log2

ratios �2�V are shown in red (increase in copy number), probes
with log2 ratios �2�V are shown in green (decrease in copy
number), and all remaining probes are shown in blue (no change).

Results and Discussion
Designed for Expression Arrays. To characterize the capability of
60-mer oligonucleotide microarrays to detect and map regions of
amplification and deletion throughout the genome, we used the
expression array to measure copy-number variations in four well
characterized tumor cell lines (COLO 320DM, HT 29, MDA-MB-
231, and MDA-MB-453) with chromosomal abnormalities that
have been analyzed by BAC aCGH (3) (Data Sets 1–8, which are
published as supporting information on the PNAS web site). The
lesions detected in the tumor cells include a high-level (log2 ratio �
6.4) amplification of MYC in COLO 320DM and an amplicon
spanning 8q23.1–24.23 with a 3-fold (log2 ratio, 1.5) increase in the
copy number of MYC with simultaneous single-copy 8p deletion in
HT 29 (Fig. 1). These values are in quantitative agreement with
previously published aCGH results (2, 3). For each cell line, plots

Fig. 2. Detection of copy-number
variations in sarcoma tissues with cDNA
and oligonucleotide expression arrays.
Log2 ratios are plotted with no moving
average as a function of chromosomal
position (Mb) for the cDNA (A) and oli-
gonucleotide (B) arrays, showing de-
tection of amplified regions in ST112,
ST130, and ST240. The custom cDNA
arrays contained PCR products repre-
senting 511 clones mapped to chromo-
some 12 (26). The oligonucleotide-
array data plots include ratios from 399
oligonucleotide probes from chromo-
some 12 that represent unique
genomic sequences and had mean sig-
nals in the reference channel greater
than three standard deviations above
the mean of the negative-control fea-
ture signals. Data sets for chromo-
some-12 probes on the oligonucleotide
arrays for the four sarcoma patient
samples are given in Data Sets 9–12,
which are published as supporting in-
formation on the PNAS web site.

Barrett et al. PNAS � December 21, 2004 � vol. 101 � no. 51 � 17767

G
EN

ET
IC

S



of fluorescence ratios by position along each chromosome after
smoothing with a full-width moving average of 1 Mb revealed
features common to these data and previously published BAC
aCGH results (Figs. 7–10, which are published as supporting
information on the PNAS web site) (3).

To test oligonucleotide aCGH with in vivo material, we used the
expression arrays to screen four soft-tissue sarcomas analyzed
previously with cDNA aCGH. A comparison using a common build
of the human genome to map probe positions revealed a striking
similarity between the cDNA and oligonucleotide aCGH profiles
(Fig. 2). For example, amplicons on 12q that contained known
targets of amplification in sarcomas were identified in these tumors
by both array platforms (17–20) (Data Sets 9–12).

Designed for CGH Arrays. To begin exploring the freedom of design
that in situ-synthesized 60-mer arrays allow, we created arrays that
included 21,253 probes representing unique genomic sequences
that span chromosomes X, 18, 17, and 16 at average spacings of 31,
23, 10.5, and 16 kb, respectively. These probes, in contrast to the
probes on the expression arrays that are restricted to the 3� regions
of expressed sequences, represent unique genomic sequences,
include coding and noncoding sequences, and have a narrower
range of Tm values. For example, the X-chromosome probes have
Tm values that range from 72–101°C on the expression arrays and
from 75–87°C on the CGH arrays.

The initial assessment of the performance of these arrays was
done with hybridizations of genomic DNA samples from a series of
cell lines with variable copy numbers of the X chromosome using
46,XX DNA as a reference. A comparison of the median ratios for
the X-chromosome probes from these hybridizations on the ex-
pression array (373 probes) and the CGH array (4,878 probes)

revealed that the correlation coefficients were 0.98 and 0.99,
respectively, and the slope increased from 0.47 to 0.96 (Fig. 3). The
widths of the distributions of the ratios of the X-chromosome
probes were broadest for XXXX�XX and XXXXX�XX hybrid-
izations, similar to previous studies (2, 3), possibly reflecting the
variability in these samples. Notably, however, the median ratio
values on the CGH arrays of the X-chromosome probes in these
data were 0.5 for XY�XX, 1.0 for XX�XX, 1.4 for XXX�XX, 2.1
for XXXX�XX, and 2.6 for XXXXX�XX (Fig. 3 C and D). To our
knowledge, these data are in the closest agreement with the ideal
values of 0.5, 1.0, 1.5, 2.0, and 2.5 reported for aCGH. These data
emphasize the usefulness of designing and selecting in situ-
synthesized oligonucleotide probes for aCGH assays.

To assess our ability to detect and map intrachromosomal
single-copy losses, we examined the 3,293 probes on these arrays
representing unique genomic sequences at an average spacing of

23 kb along chromosome 18 in the 18q-syndrome patient-derived
cell line GM50122. The breakpoint in this cell line has been mapped
and sequenced to an exact nucleotide position (21). The single-copy
loss on 18q was detected, and the breakpoint region was localized
visually and numerically to the known genomic location by using a
moving average of 50 kb and our noise model for chromosome 18
(Fig. 4).

In addition to single-copy losses, tumor cells may contain ho-
mozygous deletions that target specific genes. Therefore, to assess
our ability to detect and map homozygous deletions by using the
CGH array, we used HCT116 colon carcinoma cells as a model
system. These cells contain two known homozygous deletions on
chromosome 16 that include the A2BP1 gene (16p13.2) and the
FRA16D locus (16q23.2) (22, 23). The first of these homozygous
deletions was detected by BAC aCGH, whereas the second ho-

Fig. 3. Performance of expression and
CGH arrays for detecting varying copy
numbers of the X chromosome. Distribu-
tions and medians (dashed lines) of log2

ratios from X-chromosome oligonucleo-
tide probes in XY�XX (blue), XX�XX
(green), XXX�XX (red), XXXX�XX (teal),
and XXXXX�XX (purple) hybridizations on
expression (A) and CGH (C) arrays. Mea-
sured mean (open circles) and median
(filled circles) fluorescence ratios of X-chro-
mosome probes are plotted versus theoret-
ical ratios for the expression (B) and CGH
(D) arrays. Error bars represent the stan-
dard deviation for each median value. Me-
dian fluorescence ratios were as follows:
0.7 (XY�XX), 1.0 (XX�XX), 1.1 (XXX�XX), 1.3
(XXXX�XX), and 1.7 (XXXXX�XX) for the
expression array; and 0.5 (XY�XX), 1.0 (XX�
XX), 1.4 (XXX�XX), 2.1 (XXXX�XX), and 2.6
(XXXXXXX) for the CGH arrays. The expres-
sion arrays contain 644 X-chromosome
probes designed for transcriptional analy-
sis. A total of 269 of these X-chromosome
probes failed the homology filter, and an-
other two X-chromosome probes failed the
low-signal filter. Thus, each expression-
array plot includes 373 X-chromosome
probes representing unique genomic se-
quences that gave signal intensities at least
three standard deviations above the aver-
age of negative control feature signals.
CGH array plots include all of the 4,878
chromosome-X probes on these arrays. The
minimum error rate for detection of single
copy deletions of X-chromosome sequences in XY versus XX hybridizations was 21% for the 373 filtered X-chromosome probes on the expression arrays and 5%
for the 4,878 X-chromosome probes on the CGH arrays. X-chromosome probe sequences and complete data sets for expression arrays and CGH arrays from the
five X-series cell lines and cumulative frequency distributions for the CGH arrays are given in Tables 1 and 2, Data Sets 13–22, and Fig. 12 which are published
as supporting information on the PNAS web site.
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mozygous deletion (16q) was characterized by positional cloning.
The only loci with probes on these arrays whose measured log2
ratios were below a theoretical threshold of �2 in replicate exper-
iments were 16p13.2 (nine probes) and 16q23.2 (two probes) (Fig.
5). The nine probes at 16p13.2 map to the first exon of the A2BP1
gene, consistent with prior BAC array data, and further defining the
boundary of the deletion. Also, we observed a small terminal 16p
loss and duplication on the end of the q-arm, consistent with
previous BAC aCGH results (3).

Last, to assess the ability of oligonucleotide arrays to map and
characterize chromosomes with complex rearrangements in aneu-
ploid tumor cells, we used chromosome 17 in TP53mut MDA-MB-

435 cells as a model (24). The CGH arrays contained 7,723 probes
across chromosome 17, providing an average spacing of �11 kb
between probes. Loss on 17p that spanned the TP53 locus at
17p13.1 was visualized by using a weighted moving-average window

Fig. 4. Detection and mapping of single-copy intrachromosomal losses on
chromosome 18q with CGH arrays. (A) The log2 ratios of the 3,293 chromo-
some-18 probes are plotted as a function of chromosomal position (�10 Mb)
for hybridization of the GM50122 18q- cell line to the CGH array using a 50-kb
moving average. Regions of loss (green), gain (red), and no change (blue) were
color-coded by using a noise model based on six independent hybridizations
with samples containing normal chromosome 18 with the CGH array (see
Materials and Methods). (B) Localized view of breakpoint region on 18q21.3.
Arrows indicate the nucleotide position (59,462,941) of the defined break-
point in this cell line. The minimum error rate for detection of single-copy
deletions of 18q21.3-qtel sequences in GM50122 versus XX hybridizations was
9% for the 637 18q probes that mapped distal to the breakpoint region on the
CGH arrays. Data for GM050122 are given in Data Sets 23 and 24, which are
published as supporting information on the PNAS web site.

Fig. 5. Detection of homozygous deletions in HCT116 colon carcinoma cells
with CGH arrays. (A) The log2 ratios of the 5464 chromosome-16 probes are
plotted as a function of chromosomal position using a 50-kb weighted moving
average. Regions of loss (green), gain (red), and no change (blue) were
color-coded by using a noise model based on eight independent hybridiza-
tions with samples containing normal chromosome 16 with the CGH array (see
Materials and Methods). The known homozygous deletions at the (1) A2BP1
(16p) and (2) FRA16D (16q) loci are shown. (B and C) Localized view of 16p
homozygous deletion (B) and 16q homozygous deletion (C). Also, loss of
terminal 16p (3) and duplication of terminal 16q (4) were detected. Data sets
for HCT116 are given in Data Sets 25 and 26, which are published as supporting
information on the PNAS web site.
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of 50 kb (Fig. 6). Also, distinct regions of gain (e.g., q21.32-q21.33,
q23.2-q24.3, q25.1, and q25.3) and loss (e.g., 17q21.2-q21.31, q23.2,
and q24.3) were detected with these arrays, consistent with previ-
ously published aCGH data (3). Recent studies have shown that
highly processive DNA polymerases, such as �29, can be used to
prepare templates from limiting starting materials for aCGH
measurements (25). The same patterns of chromosome 17 losses
and gains in MDA-MB-453 cells were detected with the CGH
arrays by using 10 ng of starting material and �29 amplification (Fig.
11, which is published as supporting information on the PNAS web
site).

Our results demonstrate that in situ synthesized 60-mer oli-
gonucleotide arrays can reproducibly detect genomic lesions
including single-copy and homozygous deletions, as well as
variable amplicons even when using whole genomes as targets.

Also, we show that our initial design and selection of oligonu-
cleotide probes for CGH measurements enable more accurate
measurements of genomic DNA copy-number changes than
60-mer probes optimized for mRNA detection. These findings
imply that additional theoretical and experimental efforts to
refine probe sequence selection, assay protocols, and analysis
methods may yield further improvements in performance. The
ability to use full-complexity samples with oligonucleotide arrays
provides researchers the flexibility and performance to study
copy-number variation in essentially any region of the genome
with a single, simplified sample preparation. Thus, our data
suggest that this technology could emerge as a standard tool for
research and diagnostics of cancer and genetic disease.

We thank Michael Bittner for critical reading of the manuscript.
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Fig. 6. Detection of complex chromosome-17 rearrangements in MDA-MB-453 cells with CGH arrays. The log2 ratios of the 7,723 chromosome-17 probes are
plotted as a function of chromosomal position by using a 50-kb weighted moving average. (A) Regions of loss (green), gain (red), and no change (blue) in
MDA-MB-453 cells were color-coded by using a noise model based on eight independent hybridizations of samples containing normal chromosome-17 (see
Materials and Methods). Loss of 17p that spans the TP53 locus (p13.1) was observed. Also, distinct regions of amplification and loss were detected on the q arm.
(B) Representative example of log2 ratios for chromosome-17 probes in a 46,XX self�self hybridization. Complete data sets for MDA-MB-453 and 46,XX self�self
are given in Data Sets 27 and 28, which are published as supporting information on the PNAS web site.
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