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Arrays of Arrays for High-Throughput Gene

Expression Profiling
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"Genomics Institute of the Novartis Research Foundation, San Diego, California 92121, USA; 2Affymetrix, Inc.,
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Gene expression profiling using DNA arrays is rapidly becoming an essential tool for research and drug
discovery and may soon play a central role in disease diagnosis. Although it is possible to make significant
discoveries on the basis of a relatively small number of expression profiles, the full potential of this technology
is best realized through more extensive collections of expression measurements. The generation of large numbers
of expression profiles can be a time-consuming and labor-intensive process with current one-at-a-time
technology. We have developed the ability to obtain expression profiles in a highly parallel yet straightforward
format using glass wafers that contain 49 individual high-density oligonucleotide arrays. This arrays of arrays
concept is generalizable and can be adapted readily to other types of arrays, including spotted cDNA
microarrays. It is also scalable for use with hundreds and even thousands of smaller arrays on a single piece of
glass. Using the arrays of arrays approach and parallel preparation of hybridization samples in 96-well plates, we
were able to determine the patterns of gene expression in 27 ovarian carcinomas and 4 normal ovarian tissue
samples, along with a number of control samples, in a single experiment. This new approach significantly
increases the ease, efficiency, and throughput of microarray-based experiments and makes possible new

applications of expression profiling that are currently impractical.

Monitoring expression levels for thousands of genes at a time
provides insights into cellular processes and responses that
cannot be obtained by looking at one or a few genes. Tradi-
tional methods for gene expression measurements such as
Northern blots can be time-consuming and labor-intensive
and are not practical for application on a very large scale. The
more global view and increased throughput made possible by
the advent of parallel expression measurements with DNA
microarrays has therefore opened a new window on cellular
activity. As such, DNA arrays and global expression measure-
ments provide one of the keys to deriving functional infor-
mation from raw genome sequence (Hill et al. 2000; Shoe-
maker et al. 2001).

In many cases, however, a small number of experiments
that cover thousands of genes is not sufficient. It has become
increasingly clear that large collections of expression results
are much more than the sum of their parts. The value of any
single gene-expression profile is dependent on having other,
related expression profiles for comparison. The analysis of
multidimensional expression patterns can reveal new insights
that may not be apparent when looking at the results from
small numbers of samples (Hughes et al. 2000; Lockhart and
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Winzeler 2000; Ross et al. 2000; Scherf et al. 2000). The ca-
pacity to collect more profiles in parallel directly influences
the ability to extract useful information and biological under-
standing, especially in the case of important studies that use
human tissue (Golub et al. 1999; Alizadeh et al. 2000) or re-
quire timecourse or dose-response data.

Currently, both oligonucleotide and spotted cDNA ar-
rays are hybridized and read one at a time and significant time
and effort is required to process even a modest number of
samples. However, to fully exploit the promise of DNA array
technology requires the ability to rapidly generate very large
collections of samples and high-quality expression profiles.
Therefore, there is a great need for new approaches that are
more parallel, efficient, and cost effective, while maintaining
a high level of data quality.

To increase the throughput of DNA array-based experi-
ments, we have developed methods to hybridize many
samples in parallel to multiple arrays residing on a single glass
slide or wafer (arrays of arrays). We have also modified the
standard sample preparation protocols to allow production of
hybridization samples directly from total RNA in a 96-well
plate format. The combination of these methods allowed us
to complete an entire study of gene expression profiles in
ovarian cancer (Welsh et al. 2001) in a single experiment in a
fraction of the time and with a fraction of the effort than
would have been required with the conventional approach.
The increased ease and throughput of our more parallel meth-
ods will enable applications of gene-expression profiling and
other array-based measurements that are currently prohibi-
tive due to intrinsic limitations of the serial one-array-at-a-
time approach.
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RESULTS

Expression profiles are typically obtained one at a time by
hybridizing a single sample to a single array on an individual
glass slide. Conceptually, this is the same as performing sepa-
rate reactions in individual tubes. To allow parallel interroga-
tion of multiple samples at once, we have developed an inte-
grated device that can accommodate a 12.5-cm X 12.5-cm
glass wafer that includes 49 individual oligonucleotide arrays
arranged asa 7 X 7 array of arrays. This whole wafer approach
is the DNA array equivalent of performing many reactions in
parallel in multi-well (i.e., 96- or 384-well) plates.

For the experiments described here, we used Affymetrix
HuGeneFL arrays. These high-density arrays contain sets of
25-mer oligonucleotide probes for detecting >6000 human
genes, and are commercially available as individual chips. In
the standard high-density oligonucleotide array manufactur-
ing process, 49 of these arrays are synthesized on a single glass
wafer. Usually these wafers are cut into 49 individual arrays
that are then inserted into self-contained small plastic flow
cells. We reasoned that all 49 arrays could be processed simul-
taneously with different samples if the wafer remained intact
and if we had a way to separate the samples from each other
during the hybridization step. We want to stress that al-
though we have used Affymetrix oligonucleotide arrays, the
approach can be readily adapted to other types of arrays. For
example, most commercially available arrayers print cDNA
microarrays on many 1 X 3-inch microscope slides laid out
side by side on a work surface during each run. Minor modi-
fications would allow a single uncut wafer to take the place of
all of the individual slides, creating spotted cDNA arrays of
arrays. The entire collection of microarrays could then be
handled together as we describe here.

Our device serves as the hybridization chamber for 49
different samples and arrays as well as a whole-wafer flow cell
during subsequent washing, staining, and scanning steps
(Fig.1). The core of our design consists of a two-piece frame
holding the wafer in place. Different modules can be attached
on either side of the wafer at different processing stages. Dur-
ing hybridization, the arrays and samples are kept separated
from each other by a silicone seal held in place and pressed
against the wafer by a coated aluminum grid plate (Fig. 1A,B).
A solid aluminum plate attached to the frame provides sup-
port from the back to prevent breaking of the thin glass wafer.
Hybridization samples are applied to the arrays from above
through the open grid (Fig. 1B). A sample volume of 300 uL is
sufficient to completely cover each array. Evaporation is pre-
vented by a solid lid pressing a second seal onto the grid plate
(not shown). Following hybridization, the samples are recov-
ered for reuse, and wash buffer is added onto the arrays to
prevent them from drying out before the subsequent washing
steps.

To convert the hybridization chamber into a flow cell for
washing and staining of all of the arrays in parallel, the grid
plate is removed and a solid, coated aluminum plate, held at
a distance of 1.5 mm from the wafer, is attached in its place.
This creates a space between the surface of the wafer and the
solid plate that can be filled and vented through two ports in
the frame (Fig.1C). Separation of individual arrays is not re-
quired for the steps following hybridization and removal of
the samples. Removing the back support plate (see above)
allows viewing of the wafer and completes the conversion
into a single large flow cell containing all of the individual
arrays with a total volume of 35 mL (Fig. 1C). Two sets of

washes of increasing stringency are performed after the hy-
bridization to remove sample RNA nonspecifically bound to
the arrays. As in the standard procedure for oligonucleotide
arrays (Affymetrix), the entire wafer is then stained with strep-
tavidin-conjugated phycoerythrin, followed by further signal
amplification with biotinylated anti-streptavidin and a sec-
ond staining with streptavidin-conjugated phycoerythrin (see
Methods).

After staining, the flow cell is attached to a translation
stage and the arrays on the wafer are scanned with a confocal
laser scanner at a spatial resolution of 3.4 mm/pixel. The scan-
ner used is essentially identical to one described previously in
detail (Chee et al. 1996; Stern 1999). Fluorescence emission is
detected through a 555-607-nm bandpass filter. Each array on
the wafer is scanned automatically in succession, and a sepa-
rate file is produced for each array that can be analyzed with
commercially available software (see Methods).

To test the whole wafer hybridization device, we mea-
sured gene-expression patterns in a panel of ovarian carcino-
mas (Welsh et al. 2001). Total RNA was isolated from 27 ovar-
ian serous papillary adenocarcinomas, 4 normal ovarian tis-
sue samples, 3 malignant ovarian epithelial cell lines, normal
prostate stromal cells, and a mixture of fibroblasts. To effi-
ciently produce biotin-labeled complementary RNA (cRNA)
from each of these samples, as well as from five additional
RNAs derived from a variety of cell lines and human tissues,
we modified a previously described cRNA synthesis protocol
(Lockhart et al. 1996; Wodicka et al. 1997; Mahadevappa and
Warrington 1999) for use in a 96-well format (see Methods).
The modified 96-well protocol significantly reduces the time
and effort required to produce large numbers of samples and
complements the parallel wafer-based hybridization ap-
proach. Starting with 5-7 pg of total RNA from each of 46
samples, including 5 prepared in duplicate, we obtained 15—
76 ng of amplified, labeled cRNA (Fig. 2). In separate experi-
ments, we have shown that cRNA prepared with the 96-well
protocol produces expression profiles indistinguishable from
those obtained with cRNA prepared individually (data not
shown).

All 41 different biotin-labeled cCRNAs were hybridized si-
multaneously to oligonucleotide arrays on a single wafer.
cRNAs from two of the ovarian tumors and two ovarian can-
cer cell lines were each hybridized in duplicate, and a pool of
cRNAs derived from several breast and prostate cancer cell
lines (cCRNA Mix) was hybridized to the remaining four arrays
on the wafer. For 47 of the 49 arrays on the wafer, the images
were of high quality and visually indistinguishable from im-
ages obtained by use of individual arrays. The only exceptions
were two arrays that showed large bright spots, most likely
due to contaminants introduced while the wafer was exposed
to air during the conversion from hybridization chamber to
flow cell (see above). The two arrays with bright spots were
excluded from all subsequent analyses. The technical aspects
of the whole wafer hybridizations are discussed here; a de-
tailed analysis of gene expression in ovarian cancer is pre-
sented elsewhere (Welsh et al. 2001).

To assess the performance of the wafer in more detail, we
hybridized two of the cRNA Mix samples as well as two
samples from an ovarian cancer cell line (CAOV-3) to indi-
vidual chips identical in design to those present on the wafer.
By our standard measures of quality, including the fraction of
genes queried that scored as present, the average signal inten-
sity across the entire array and the background fluorescence
levels, the results obtained from the wafer and the individual
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Figure 1 The hybridization chamber/flow cell. (A) Components of
the hybridization chamber. The glass wafer is shown in the front right,
with individual arrays visible as squares. The size of the wafer is 12.5
cm X 12.5 cm. The grid plate and seal, which provide separation
between the arrays during hybridizations, are in the front left and
middle, respectively. The seal fits into a groove machined into the grid
plate. The central frame is in the back left and the outer frame to
which the support plate has already been attached is in the back right.
(B) Assembled hybridization chamber. The central frame is shown
from the direction facing downward in A. The wafer is clamped be-
tween the central and outer frames against an O-ring sitting in a
groove on the central frame. The grid plate with the seal is attached
to the central frame, pressing the seal against the wafer. (C) Flow cell.
The grid plate and seal have been replaced by a solid plate with an
O-ring around its periphery to prevent leakage and the back support
plate has been removed. Teflon adapters attached to the ports in the
central frame can be seen in white at the top, left and bottom right
corners of the flow cell.
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Figure 2 Yields of 46 cRNAs synthesized in a 96-well format. Start-
ing with 5-7 pg of total RNA, the mean yield was 50 ug of labeled
cRNA, with a S.D. of 12 g, a high of 76 ug, and a low of 15 pg. Only
15 pg of labeled material is used for each hybridization.

chips were very similar (Table 1). There was no significant
decrease in sensitivity or hybridization specificity on the wa-
fer and no increase in the frequency of defects or fluorescent
blotches compared with individual chips.

Two independent measures were used to compare the
reproducibility of hybridizations with wafers and individual
chips (Table 2). First, we calculated the pairwise correlation
coefficients for the signal intensities of all genes scored as
present in at least one of the two hybridizations being com-
pared for both the wafer and individual chips (i.e., genes
scored as absent in both hybridizations were excluded). Cor-
relation coefficients for duplicate hybridizations of identical
samples on both the wafer and the individual chips were
>0.989 in all cases. The correlation coefficients were only
slightly lower for comparisons between the results of wafer
hybridizations and individual chip measurements (Table 2;
Fig. 3). Second, we determined the number of probe sets that
passed our standard criteria for calling a gene differentially
expressed (Table 2). Fewer than 0.25% of all genes queried by
the arrays passed the criteria for replicate hybridizations on
the wafer or on individual chips, and fewer than 0.5% of all
genes when comparing the wafer with chips. The false-
positive rate for detection of differentially expressed genes on
the wafer is therefore at least as low as when using individual
chips.

DISCUSSION

The results presented here show that it is possible to deter-
mine many gene-expression profiles in parallel by use of ar-

Table 1. Hybridization Quality

Wafer? Indiv. chips®
% Present® 33+3 37 £1
Avg. signal intensity 38 + 8 30 =3
Background® 387 24 + 3

“Numbers are the mean * standard deviation for 47 arrays on the
wafer or four individual chips.

The percentage of genes queried on the arrays scored as present.
Arbitrary fluorescence units.

9Average signal intensity for all genes queried on the arrays (see
Methods).
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Table 2. Reproducibility®

Correlation False
coefficient positives®
Wafer
cRNA Mix*© 0.993 0
CAOV-3¢ 0.995 10
Individual chips
cRNA Mix 0.989 5
CAOV-3 0.994 16
Wafer vs. Indiv. chips
cRNA Mix 0.982 19
CAOV-3 0.980 31

“Each row corresponds to a comparison of identical samples hy-
bridized to two separate arrays.

PThe number of genes scored as present on at least one of the two
arrays and differentially expressed (called as ‘increased’, ‘maybe
increased’, ‘decreased’, ‘maybe decreased’ by the GeneChip soft-
ware) by at least 1.8-fold with a change in signal intensity of at
least 50 fluorescence units (a signal of 200 generally corresponds
to [B-5 copies per mammalian cell [Lockhart and Winzeler
2000]). The total number of genes queried by the chips is [6800.
The false positives shown here are for single comparisons. Because
false positives are largely random, their numbers can be greatly
minimized even further by performing replicate comparisons, as
shown previously (Lockhart and Winzeler 2000; Sandberg et al.
2000).

A pool of RNA from MCF-7 and T47D breast cancer cells and
LnCap prostate cancer cells.

dCAOV-3 is a cell line derived from a malignant ovarian cancer.

rays of arrays on glass wafers, and that the expression patterns
obtained in the more parallel format are of high quality.
When combined with the 96-well sample preparation proto-
col also described here, this whole wafer hybridization ap-
proach greatly increases the rate at which gene-expression
profiles can be generated and facilitates the construction of
large collections of global gene-expression patterns. Both the
sample preparation and whole wafer hybridization can be ac-
complished by one person in little more time and effort than
is required to process a few individual samples and chips.
Although not used here, additional time savings may be real-
ized by use of commercially available kits for isolating total
RNA from cells in a 96-well format (e.g., RNeasy 96 from Qia-
gen). The individual steps are readily automatable, and mul-
tiple plates and wafers can be processed in parallel. Even more
important may be that, whereas we have used wafers with
7 X 7 individual arrays, wafers with larger numbers of smaller
arrays can be used in a similar fashion to obtain hundreds of
profiles in parallel. Such wafers, containing 169 arrays, are
already produced by Affymetrix (Rat Neurobiology and Toxi-
cology chips). Significant increases in the number of arrays
per wafer can be accommodated in the device described here
simply by modifying the grid plate and seal that separate the
individual arrays during the hybridization (Fig. 1A,B). Fur-
thermore, the concept of whole-wafer hybridizations is gen-
eralizable and could be applied to other array types; these
include cDNAs spotted on glass or membranes (DeRisi et al.
1997; Alizadeh et al. 2000), arrays for SNP genotyping (Lind-
blad-Toh et al. 2000; Mei et al. 2000) or sequencing (Kozal et
al. 1996; Hacia et al. 1998), exon and tiling arrays (Chee et al.
1996; Shoemaker et al. 2001), tag arrays (Winzeler et al. 1999),
arrays of small molecules (MacBeath et al. 1999), and even
protein arrays (MacBeath and Schreiber 2000).

Ao -
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0o -
1 >

10°

10° 10' 10 10° 10" 10
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Chip v. Wafer

Chip

Figure 3 Comparison of signal intensities for individual genes from
independent hybridizations of mixed breast and prostate cancer cell
line RNA. For each comparison, only those genes scored as present on
at least one of the two arrays are shown. The solid lines correspond to
a twofold difference in signal intensity, the long broken lines to a
threefold difference, and the short broken lines to a tenfold differ-
ence. (R) The correlation coefficient. (A) Identical samples hybridized
to two different arrays on the same wafer. (B) The same samples
hybridized to two separate, individual chips. (C) Comparison between
array 1in A and array 1 in B.

The availability of a method for performing large num-
bers of DNA array-based experiments at once, in the form of
arrays of arrays, significantly increases the power and utility
of DNA arrays. For example, the application of parallel sample
preparation and arrays of arrays opens the possibility of col-
lecting large numbers of expression profiles for cells treated
with chemical compounds that score as hits in conventional
high throughput screens. Multi-gene expression profiles
across multiple cell types have the potential to yield far more
information about the activities of compounds and their ef-
fects on cells than is possible with conventional assays that
test only single genes or pathways (Hughes et al. 2000; Scherf
et al. 2000). The multi-gene, multi-sample information is ex-
pected to be of great value for deciding which compounds to
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focus on for continued development. Likewise, highly parallel
methods make it feasible to use expression profiling as a di-
agnostic tool in a clinical setting. Although this has been
mentioned repeatedly as an important application of the
technology (Liotta and Petricoin 2000; Lockhart and Winzeler
2000; Young 2000), the time, effort , and cost required tend to
be prohibitive using currently available technology. Finally,
the use of DNA arrays as a tool to help annotate and interpret
genome sequence information requires the construction of
very large collections of expression profiles to generate com-
prehensive expression maps of many tissues, developmental
stages, disease states, and cells under a multitude of condi-
tions (Hill et al. 2000; Shoemaker et al. 2001). The increased
speed and efficiency afforded by the application of the arrays
of arrays concept is likely to greatly accelerate this process.

METHODS
cRNA Preparation in a 96-Well Format

Total RNA was isolated from tissue samples or cell lines by use
of the RNeasy kit (Qiagen). Double-stranded cDNA was pro-
duced by use of the Superscript Choice system (Life Technolo-
gies) as described before (Lockhart et al. 1996; Wodicka et al.
1997; Mahadevappa and Warrington 1999), except that only
one-half of the volume recommended by the manufacturer
was used in each step. Reactions were performed in a 0.2-mL
96-well plate in a thermocycler. cDNA was purified by use of
the Qiaquick 96 PCR purification kit (Qiagen), transterred to
a round-bottom 96-well plate, dried in a SpeedVac (Savant),
and resuspended directly in T7 RNA polymerase transcription
mix (Enzo Diagnostics). The 96-well plate was then placed in
a 37°C water bath and transcription allowed to proceed for 4
h. cRNA was purified by use of the RNeasy 96 kit (Qiagen),
transferred to a round-bottom 96-well plate, and concen-
trated in a SpeedVac. Yields were determined in a 96-well UV
spectrophotometer (Molecular Devices).

Hardware

All metal parts for the hybridization chamber/flow cell were
machined from aluminum. Those parts that contact sample
or buffer were coated with green Teflon FEP (Crest Coating),
and all other aluminum parts were hard anodized. Seals were
custom molded to match the pattern of arrays on the wafer
(Minnesota Rubber).

Hybridization, Washing, and Staining

For each hybridization sample, 15 pug of labeled cRNA were
fragmented as described (Lockhart et al. 1996; Wodicka et al.
1997) and added to hybridization buffer (100 mM Tris at pH
7.0, 20 mM EDTA, 1 M NacCl, 0.01% Triton) that also con-
tained 0.5 mg/mL acetylated bovine serum albumin (Life
Technologies) and 0.1 mg/mL herring sperm DNA (Promega)
in a 0.5-mL 96-well plate (Corning). The final volume for each
sample was 300 uL. The plate containing the hybridization
samples was heated to 94°C for 5 min in a water bath, incu-
bated at 45°C for 5 min, and centrifuged at 5800g for 5 min
before the samples were transferred to the wafer with a cus-
tom seven-channel expandable pipettor (Matrix Technolo-
gies). Hybridizations were performed at 45°C for 20 h without
agitation or rotation. Samples were recovered, and the hybrid-
ization chamber converted to a flow cell (see main text). The
wafer was washed 10 times with low-stringency wash buffer
(0.9 M NacCl, 60 mM NaH,PO, at pH 7.4, 6 mM EDTA, 0.01%
Triton) and twice with high-stringency wash buffer (0.1 M
Tris at pH 7.0, 0.1 M NaCl, 0.01% Triton), followed by a 30-
min incubation at 45°C in high-stringency wash buffer. Wa-
fers were stained for 15 min at 37°C with 0.01 mg/mL strep-
tavidin—-phycoerythrin (Molecular Probes) in staining buffer
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(0.1 M Tris at pH 7.0, 1 M NaCl, 0.05% Triton), washed 10
times with low stringency wash buffer, stained for 30 min at
37°C with 3 pg/mL biotinylated anti-streptavidin (Vector
Laboratories) in staining buffer, washed 10 more times with
low-stringency wash buffer, and stained a second time with
streptavidin-phycoerythrin at 37°C for 15 min, followed by a
final set of 10 low-stringency washes. Individual chips were
hybridized, washed, and stained using the same protocol and
buffers.

Scanning

Fluorescence images of hybridized, stained wafers were ob-
tained by a custom-built confocal scanner (Stern 1999). An
argon laser beam (488 nm, 3 mW) was galvanometer-scanned
at 7.5 lines/sec (GSI Lumonics, model M2T galvanometer) and
was focused to a 3-um-diameter spot by a custom objective
lens having a field of view of 14 mm and a numerical aperture
of 0.25 (Special Optics, model 55-S30-15T). The wafer was
mounted on a computer-controlled 3-axis translation stage
(JMAR Precision Systems) with 150 mm of travel and 1 micron
resolution. The wafer was translated slowly in one direction
while the laser beam was galvanometer scanned in the or-
thogonal direction. Fluorescence from the wafer surface was
separated from reflected laser light by a 505-nm longpass di-
chroic beamsplitter, filtered by a 555-607-nm bandpass filter,
and detected by a photomultiplier. Photomultiplier output
was digitized by a 12-bit data acquisition board (Measurement
Computing Corp., model CIO-DAS16/330) installed in a com-
puter. Wafers containing 49 chips were imaged automatically,
one chip at a time. Each of the 49 images contains
4096 x 4096 pixels. Pixel size was 3.4 pm.

Data Analysis

Hybridization patterns were analyzed in the standard way by
use of the GeneChip 3.2 software suite (Affymetrix). The soft-
ware scores each gene as present or absent on the basis of the
pattern of hybridization to a set of matched and mismatched
probes. Quantitation of RNA abundance is based on a signal
intensity for each gene that is derived from the average dif-
ference in fluorescence intensity between the matched and
mismatched probes in each set (Lockhart et al. 1996; Wodicka
et al. 1997). The number of genes meeting our criteria for
false-positive changes in expression level (see Table 2) was
determined by use of NFueggo software (Sandberg et al. 2000).
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