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ABSTRACT

Glass cDNA microarrays can be used to
profile the expression of thousands of gene
targets in a single experiment. However, the
potential for hybridization cross-reactivity
needs to be considered when interpreting the
results. Here, we describe hybridization ex-
periments with a model array representing
four distinct functional classes (families):
chemokines, cytochrome P-450 isozymes, G
proteins, and proteases. The cDNA clones
selected for this array exhibited pairwise se-
quence identities ranging from 55% to
100%, as determined by a homology scoring
algorithm (LALIGN). Targets for microar-
raying were amplified by PCR and spotted
in 4-fold replication for signal averaging.
One designated target from each family was
further amplified by PCR to incorporate a
T7 promoter sequence for the production of
synthetic RNA transcripts. These transcripts
were used to generate fluorescent hybridiza-
tion probes by reverse transcription at vary-
ing input concentrations. As expected, hy-
bridization signals were highest at the
matching target elements. Targets contain-
ing less than 80% sequence identity relative
to the hybridization probe sequences
showed cross-reactivities ranging from 0.6%
to 12%. Targets containing greater than
80% identity showed higher cross-reactivi-
ties (26%–57%). These cross-reactive sig-
nals were analyzed for statistical correlation
with the length of sequence overlap, percent
sequence identity, and homology score de-
termined by LALIGN. Overall, percent se-

quence identity was the best predictor of hy-
bridization cross-reactivity. These results
provide useful guidelines for interpreting
glass cDNA microarray data.

INTRODUCTION

The natural progression of sequenc-
ing entire genomes has been to develop
parallel hybridization technologies to
profile gene expression in biological
tissues. These include glass cDNA mi-
croarrays that are capable of analyzing
the expression of thousands of genes in
a single hybridization experiment (3,14,
15,17). In this approach, cDNA clones
selected from mRNA expression li-
braries are amplified by PCR and spot-
ted robotically onto a chemically modi-
fied glass surface. Experimental RNA
samples are labeled by reverse tran-
scription with the incorporation of fluo-
rescent dyes for hybridization onto the
array. Hybridization experiments typi-
cally employ a two-color format for the
analysis of differential gene expression,
for example, between diseased versus
normal tissues (5). This technique has
been used successfully in human, plant,
and microbial gene expression studies
(10,11,13). Studies have been reported
using large compendiums of microarray
expression data for gene target valida-
tion and the elucidation of disease-rele-
vant gene pathways (2,9,16).

The purpose of the present study
was to establish guidelines for inter-
preting microarray results where spot-
ted cDNA targets are known or suspect-
ed to share moderate to high sequence
homology. This problem becomes in-
creasingly important as gene content is
expanded toward genome-wide expres-
sion analysis. There are numerous ex-

amples of functionally related genes
sharing high sequence homology with-
in and between genomes (4,6). In addi-
tion, an increasing number of alterna-
tively spliced gene transcripts have
been identified in the course of se-
quencing and aligning expressed se-
quence tags (12), demonstrating that
cDNAs derived from mRNA transcripts
can also share exact identity over a por-
tion of their sequence.

To our knowledge, no specific cross-
hybridization data on microarrays has
been published to date. However, hy-
bridization experiments on nylon mem-
branes have shown that cross-reactivity
is possible when two different gene tar-
gets share 77%–100% sequence identi-
ty (19). It has also been stated that
cross-reactivity can become significant
on glass cDNA microarrays when gene
targets share greater than 75% sequence
identity (18). Here, we describe a series
of cross-hybridization experiments with
cDNA sequences selected from four
different functional classes and sharing
55%–100% sequence identities.

MATERIALS AND METHODS

Clone Nomination and 
Homology Scoring

Six gene families were selected for
cross-hybridization experiments: che-
mokines, cytochrome P450 (CYP), G
protein gamma subunits, and serine,
threonine, and metalloproteases. These
genes function primarily in the areas of
signal transduction and drug metabo-
lism and have been widely studied as
potential drug targets and/or toxicity
markers. Representative sequence-veri-
fied cDNA clones (Incyte Genomics,
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Palo Alto, CA, USA) were queried by
BlastN sequence comparison against
other cDNA sequences sharing the
same class of protein functional anno-
tation. Clones sharing greater than 50%
sequence identity respectively by
BlastN were then selected for hy-
bridization experiments. These clones
were further scored for sequence ho-
mology using a pairwise sequence
alignment algorithm, LALIGN (8).
Corresponding GenBank accession
nos. were determined by matching the
5′ sequence read of each clone against
the top hit in GenBank 117 (BlastN).
Each clone contained the full-length
coding insert, with the exception of the
CYP family. The CYP family included
examples of alternatively spliced genes.
Twelve partial insert clones represented
eight CYP homologs, three of which
comprised splice variants.

To investigate hybridization cross-
reactivity, an individual cDNA clone
was selected from each gene family and
designated as parent. This clone was
used to generate a probe sequence for
comparison against each cDNA clone
sequence in the family. Pairwise ho-
mology scores were then calculated us-
ing a Smith-Waterman alignment tool,
LALIGN (8). We decided to use this al-
gorithm because it provides scores that
represent both percent sequence identi-
ty and length of sequence alignment,
and we hypothesized that such scores
might provide a better prediction of
cross-hybridization than sequence
identity scoring alone. The reported
alignment scores all exhibited greater
than 50% sequence identity.

Preparation of PCR Targets, RNA
Transcripts, and Fluorescent cDNA
Hybridization Probes

The procedure used to generate PCR
targets, parent RNA transcripts, and
fluorescent hybridization probes is
summarized in Figure 1. Each cDNA
clone was amplified by PCR using vec-
tor-specific primers to generate a dsD-
NA target to be arrayed. To obtain RNA
transcripts for the preparation of hy-
bridization probes, designated targets
were further amplified by PCR using
gene-specific primers containing a T7-
promoter sequence (5′-NNNNNN-
TAATACGACTCACTATAGGGAG-3′)

attached to the forward primer and a
poly-dT30 sequence attached to the re-
verse primer, respectively. The T7 PCR
templates were used to generate cRNA
transcripts by incubation with T7 RNA
polymerase (MEGAscribe kit; Am-
bion, Austin, TX, USA). Each RNA
transcript was quantitated by fluores-
cence spectroscopy using an RNA-spe-
cific dye (RiboGreen; Molecular
Probes, Eugene, OR, USA). The fluo-
rescence measurements were run in
triplicate at two different dilutions, and
the values were applied to a seven-step
standard curve for quantitation. The in-
tegrity of each transcript was confirmed
by agarose gel electrophoresis.

For hybridization experiments,
pooled cRNA transcripts (typically 100
pg each unless indicated otherwise)
were fluorescently labeled by reverse
transcription with cyanine-3 or cyanine-
5 dyes (GEMbright microarray label-
ing kits; Incyte Genomics). The result-
ing fluorescently labeled cDNA probes
were purified by size exclusion chro-
matography (TE-30 column; BD Bio-
sciences Clontech, Palo Alto, CA,

USA), ethanol precipitated, and then re-
suspended in 24 µL hybridization buffer
(5× SSC, 0.2% SDS, 1 mM DTT).

Microarray Fabrication

The PCR targets were purified using
gel filtration over Sephacryl-400
(Amersham Pharmacia Biotech, Piscat-
away, NJ, USA). The targets were then
concentrated and resuspended in 2×
SSC for arraying. To minimize spot-to-
spot variations, all PCR targets were
normalized to a concentration of 100
ng/µL. In addition, the target elements
were printed in quadruplicate onto each
array for signal averaging. Microarray-
ing was performed in the Incyte Ge-
nomics microarray facility (80–100 µm
spots at 180-µm spacing, center to cen-
ter). After arraying, the slides were irra-
diated at 120 mJ in a UV Stratalinker
model 2200 instrument (Stratagene, La
Jolla, CA, USA) and then rinsed in
0.2% SDS for 2 min, followed by three
1-min rinses in deionized water. Slides
were then treated with 0.2% I-Block

reagent (Tropix, Bedford, MA, USA)
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Figure 1. Scheme for the preparation PCR targets and fluorescent hybridization probes. Clones se-
lected to represent each functional family were amplified by PCR using vector primers. One designated par-
ent clone from each family was further amplified by PCR using chimeric gene-specific primers to produce
RNA transcripts for use in the generation of fluorescent hybridization probes (see Materials and Methods).
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in 1× Dulbecco’s PBS (Invitrogen,
Carlsbad, CA, USA) at 60°C for 30
min. The arrays were then rinsed again
in 0.2% SDS and water as described
above.

Hybridization and Data Analysis

Fluorescently labeled hybridization
probes were applied to the microarrays
under a 22 × 22 mm glass cover slip,
placed in a sealed chamber to prevent
evaporation, and then incubated at
60°C for 6 h. After hybridization, the
microarrays were washed in 1×
SSC/0.1% SDS/1 mM DTT at 45°C for
10 min and then in 0.1× SSC/0.2%
SDS/1 mM DTT at 25°C for 3 min.
The microarrays were then imaged us-
ing a GenePix dual-laser confocal
scanner (Axon Instruments, Foster
City, CA, USA) at 10 µm resolution.
The scanned images were converted
into 16-bits-per-pixel resolution, yield-
ing a 65 536 count dynamic range.
GEMtools software (Incyte Ge-
nomics) was used for image analysis.
Four independent microarray hy-
bridizations were conducted for each
experiment. Target signals were cor-
rected for local background and then
averaged (four spots per array × num-
ber of arrays per experiment). Unless
stated otherwise, four hybridization re-
actions were run per condition. Error
bars shown in the figures are one stan-
dard deviation from the averaged signal
values. Correlation coefficients be-
tween averaged hybridization signals
and alignment parameters (clone
length, overlap between the probe se-
quence and cDNA clone sequence, per-
cent sequence identity, LALIGN score,
etc.) were determined using Statistica

software (StatSoft, Tulsa, OK, USA).

RESULTS AND DISCUSSION

As stated in the Introduction, the
purpose of this study was to measure
hybridization cross-reactivity between
cDNA targets sharing moderate to high
sequence homology and to determine
whether these cross-reactive signals
could be correlated with their primary
sequences (i.e., percent sequence iden-
tity, physical length, percent GC con-
tent, etc.). In particular, we considered

that percent sequence identity might be
a good predictor of cross-reactivity,
based on reported cross-hybridization
results on nylon membranes (15).
Therefore, cDNA clones were selected
from different functional gene families
based on sequence identity scoring
(i.e., the highest scoring clones avail-
able). In addition, one clone from each
family was designated as a “parent” for
hybridization comparisons based on the
highest combined identity score.

We next considered whether the ho-
mology-scoring algorithm LALIGN
could be used as a predictor of cross-re-
activity between known sequences. In
this case, we took into account the actu-
al sequences present in the hybridiza-
tion reaction. As described in the Mate-
rials and Methods section, a synthetic
RNA transcript was generated from
each designated parent using chimeric
gene-specific primers. Whenever possi-
ble, these primers were designed near
the ends of the first-round PCR prod-
ucts. However, this was not always
practicable, so a number of the result-
ing transcripts span only a portion of
the designated cDNA clone. These syn-
thetic RNA transcript sequences were
used for homology scoring by
LALIGN against each cDNA clone of

the family because they represent the
actual templates used in the preparation
of fluorescent hybridization probes.
The respective homology scores and
other sequence parameters are summa-
rized in Table 1.

Hybridization Cross-Reactivity in
the Serine Protease, Metalloprotease,
Chemokine, and G-Protein Families

Hybridization probes generated
from selected parent cDNA sequences
were hybridized to a spotted cDNA mi-
croarray comprising all of the cDNA
clones chosen for this study (see Mate-
rials and Methods). In the first hybridi-
zation experiment, replicate hybridiza-
tions were conducted using probe
sequences from the serine protease,
metalloprotease, chemokine, and G-
protein families. The results from this
experiment are summarized in Figure
2. Within each family, the targets corre-
sponding to the designated parents
were well discriminated from the other
targets (cross-reactivities between 0.6%
and 6%). As shown in Table 1, the
highest cross-reactivities corresponded
generally to the clones exhibiting the
highest homology scores. However, de-
spite similar homologies, the magni-
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Figure 2. Hybridization cross-reactivity for the serine protease, metalloprotease, chemokine, and
G-protein families. For these hybridization experiments, the probe reactions contained a pool of parent
RNA transcripts (1 ng). This RNA concentration was selected to provide hybridization signals within the
top third of the linear response curve for the scanner. The clones used to generate microarray targets for
this experiment are summarized in Table 1. Inset: Hybridization signals shown as false color images
(blue = bottom of the response curve < green < yellow < red < white = top of the response curve; note that
not all colors may be represented in the figure insert).
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tudes of cross-hybridization differed
between gene families. For example, in
the chemokine family, an averaged
cross-hybridization signal of 2.9% was
observed between the parent (monocyte
chemotactic protein-2, g1924937) and
a second family member (monocyte
chemoattractant protein-1, g4506840).
The latter target exhibited 68% se-
quence identity with an LALIGN score
of 713. In the serine protease family,

clone g4503136 scored similarly (65%
sequence identity with an LALIGN
score of 721), yet gave a slightly higher
cross-reactivity (5.5%). In the case of
the metalloprotease family, comparably
low cross-reactivity (5.2%) was ob-
served for a clone exhibiting consider-
ably higher homology (85% sequence
identity over 99% of the designated
parent probe sequence, with an
LALIGN score of 5079).

Crossover Hybridization
Experiment in the Threonine
Protease Family

Hybridization probes from two
clones of the threonine protease family
(g4506204 and g4506196) were hy-
bridized separately to the same cDNA
microarray described above to deter-
mine whether alternative parent clone
nominations could yield similar results.

DRUG DISCOVERY
AND GENOMIC TECHNOLOGIES

GenBank Transcript Percent LALIGN Percent
Family Clone AccessionNo. Overlap (bp) Identity Score Signalb

Serine Proteases 1 g181189 816 100 3867 100
2 g4503136 464 65 721 5.5
3 g35282 748 54 296 1.5
4 g4504578 140 60 112 2.6

Metallo-proteases 1 g4505204 1424 100 7063 100
2 g36632 1419 85 5079 5.2
3 g903981 50 68 82 1.0
4 g348020 139 55 77 0.9

Chemo-kines 1 g1924937 497 100 2485 100
2 g4506840 373 68 713 2.9
3 g4885586 405 64 603 0.9
4 g3928270 181 80 572 0.6

G-Proteins 1 g616866 164 100 820 100

2 g6912393 164 68 352 1.5
3 g7022042 163 67 329 1.9
4 g3329379 151 59 197 1.3

Threonine Proteases 1 g4506204 243 100 1194 100
2 g565646 112 56 83 0.7
3 g4506196 51 71 96 0.7
3 g4506196 533 100 2665 100
2 g565646 53 62 73 6.3
1 g4506204 131 54 91 12.3

p450 (CYP) 1 g181299 484 100 2420 100
2 g2618613 489 85 1638 56.9
3 g2618613 500 82 1492 28.1
4 g181343 477 86 1779 37.1
5 g181327 476 80 1552 26.2
6 g6470140 433 71 1019 8.1
7 g181357 416 60 595 5.7
8 g181299 106 100 530 33.6
9 g6470140 110 76 316 4.4

10 g181293 243 58 285 10.6
11 g181269 55 60 80 6.2
12 g6470140 39 67 66 6.0

aBold, selected parent clone.
bSignal intensities as a percentage of the selected parent clone. For the CYP family, values are shown for the experiment
summarized in Figure 3d that was hybridized at 60°C.

Table 1. GenBank Accession Nos. and Alignment Scores for Spotted cDNA Clones Representing Homologous Gene Family Membersa
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In both assays, the non-parent targets
were well discriminated from the se-
lected parents (Table 1). However, the
magnitudes of cross-hybridization were
different in each case. Cross-reactivities
measured for clone g4506204 were low

(about 0.7%), whereas those measured
for clone g4506196 were slightly high-
er (6.3% and 12.3%). This difference
cannot be explained by the homology
scores, which were similar, although
the RNA transcripts generated from

these two clones had different lengths
(243 and 533 bp, respectively). There-
fore, according to these results, homol-
ogy scoring does not appear to be an ex-
act predictor of cross-hybridization.

Cross-Hybridization in the CYP
Family

Additional experiments were con-
ducted with the CYP family to examine
hybridization cross-reactivity over a
range of input RNA concentrations, as
would be expected from a complex bio-
logical sample, and also at different hy-
bridization temperatures. Hybridization
probes generated from the CYP parent
clone (g181299) were hybridized to the
same cDNA microarray described in the
previous experiments. This family com-
prised a wider range of sequence ho-
mologies, including multiple examples
of sequence identities greater than 80%.
In several cases, the clones represented
splice variants or different subclones of
the same gene. One of these clones
(clone 8) comprised a splice variant of
the designated parent clone. The results
from these experiments are summarized
in Figure 3. The magnitudes of cross-re-
active signals increased with input RNA
concentrations (Figure 3a); however,
the percent signal was relatively con-
stant between these inputs (Figure 3b).

Raising the hybridization tempera-
ture from 60°C to 65°C resulted in
slightly lower averaged signals (Figure
3c), but again the percent signals rela-
tive to the parent were similar (Figure
3d). These data suggest that cross-hy-
bridization on microarrays is relatively
constant and reproducible over the
range of RNA inputs and temperatures
investigated.

These cross-reactive signals showed
a reasonable correspondence to the ho-
mology scores. Clones with less than
80% sequence identity (clones 6, 7, and
9–12) were well discriminated from the
parent clone (cross-reactivity ranged
between 4.4% and 10.6%). On the oth-
er hand, clones with 80%–86% se-
quence identity (clones 2–5) showed
less discrimination (cross-reactivity >
25%). Additionally, one clone (clone 8)
scored 100% sequence identity over
about one-quarter of the parent tran-
script and showed about 33.6% cross-
reactivity. This clone represents a splice

DRUG DISCOVERY
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Figure 3. Hybridization cross-reactivity for the cytochrome P450 family. (a and b) Three separate
sets of hybridization experiments are summarized using low (5 pg), medium (20 pg), and high (100 pg)
input RNA transcript for probe generation (n = 2 per condition). (c and d) Hybridization results from 100
pg input RNA transcripts following hybridizations at standard (60°C) and elevated (65°C) temperatures
(n = 3 per condition).
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variant of the gene corresponding to the
parent clone.

Correlation of Hybridization
Cross-Reactivities with Sequence
Overlaps and Homology Scores

Statistical analysis of cross-reactive
hybridization signals is summarized in
Table 2. Across all families, only se-
quence identity showed significant cor-
relation with signal intensity. Assuming
that LALIGN might show a stronger
correlation within a family (since se-
quence overlaps would be expected to
vary widely between families), the
analysis was repeated including only
data for the p450 (CYP) family. Again,
sequence identity showed the strongest
correlation, although LALIGN also
showed a significant correlation in this
case. Taken together, these results indi-
cate that hybridization cross-reactivity
can best be predicted by sequence iden-
tity and that it is relatively independent
of sequence overlap (at least above 100
bp, based on our data). It is interesting
to note that the correlation score for se-
quence overlap increased in signifi-
cance when the data for the CYP family
was treated separately (Table 2). Five
of the 11 clones in this family share
greater than 80% sequence identity rel-
ative to the designated parent, including
one splice variant (clone 8) that is
100% identical over a region about
one-fifth of the parent transcript se-
quence. Therefore, the length of se-
quence overlap can have a greater ef-
fect on cross-hybridization in cases of
high sequence homology, particularly
in cases of sequences that represent al-
ternatively spliced genes.

The results obtained from this study
demonstrate that glass cDNA microar-

rays can generally distinguish hybridi-
zation between cDNA targets sharing
less than 80% sequence identity. These
results are in good agreement with pre-
vious data on nylon membranes where
hybridization cross-reactivity was not
observed until the alignments exceeded
77% sequence identity (15).

In the case of the CYP family data,
substantial cross-reactivity was ob-
served in two instances: the first case re-
sulted from sequences exhibiting
greater than 80% identity over of the
majority of the probe sequence; the sec-
ond case was for one sequence having
100% identity over about one-fifth of
the probe sequence. These data indicate
that higher levels of hybridization cross-
reactivity can be expected in cases of
high sequence identity over a majority
of the sequence or exact identity over a
portion of the sequence. Thus, splice
variants are also predicted to show hy-
bridization cross-reactivity, depending
on the extent of sequence overlap with
the clone represented on the array.

Application of Cross-Hybridization
Results to Microarray Design and
Gene Expression Analysis

Pairwise sequence alignment algo-
rithms are widely used to elucidate
conserved structural, functional, and
evolutionary relationships among gene
families (6,7). The data presented here
demonstrate that sequence alignments
and identity scoring can also be used to
estimate hybridization cross-reactivity
within gene families. When performing
these calculations, it is important to
consider the sequences that are actually
arrayed. For example, clones represent-
ing a particular target gene may only
contain a portion of the consensus gene

Correlations of Cross-Reactivity across Families (n = 11)

Overlap Identity LALIGN

Percent Signal 0.19 0.65 0.34
Correlations of Cross-Reactivity for CYP Family Only n = 11)

Overlap Identity LALIGN

Percent Signal 0.52 0.75 0.76

Bolded values are significant at P <0.05.

Table 2. Correlation of Cross-Hybridization Signals with Percent Sequence Identity and LALIGN
Homology Scores Correlations of Cross-Reactivity Across families (All Data, I = 27)
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sequence that is available. Regions of
the gene that are outside of the clone
sequence should be excluded from
these calculations. In the present study,
the sequences of the cRNA transcripts
generated from the selected parent
clones were used for homology scoring
by LALIGN because these were the
templates that were used for probe gen-
eration. In the case of a biological sam-
ple, the full-length target sequence (if
available) would be preferred.

With one exception (i.e., the 65°C
hybridization temperature investigated
with the CYP family), the conditions of
the microarray experiments reported
here were conducted according to the
standard conditions of probe labeling,
hybridization, and data analysis that are
employed in our production process. In
practice, hybridization experiments un-
der different conditions (buffer, temper-
ature, denaturants, etc.) have failed to
yield improved discrimination (data not
shown). However, it is possible that oth-
er stringency conditions not yet at-
tempted could yield reduced cross-reac-
tive signals. These studies are ongoing.

While the results presented here
suggest that homologous regions of
genes should be avoided when select-
ing clones for cDNA microarrays, they
also indicate that cross-species hy-
bridizations could be conducted on mi-
croarrays (i.e., where expressed gene
sequences between the two species
share 80% sequence identity or higher).
This suggests that human cDNA mi-
croarrays could be used to analyze
tissues from animal models of human
disease. For example, a recent compar-
ative analysis of orthologous genomic
loci from human and mouse showed
that genes could be identified in the lat-
ter based on conserved exon features
(1). This predicts that expressed se-
quences in the human and the mouse
will have sufficient homology for path-
way analyses using cross-species
microarray hybridizations. Indeed, pre-
liminary investigations in our laborato-
ry suggest that this is the case (P. Scott
Eastman, unpublished results).

It is interesting to note that of the
two gene families displaying greater
than 80% sequence identity (metallo-
proteases and CYP) only the CYP fam-
ily showed significant cross-hybridiza-
tion from clones mapping to different

genes. Therefore, as discussed earlier,
pairwise sequence identity scoring is
not an exact predictor of cross-hy-
bridization but certainly needs to be
considered when designing microar-
rays and interpreting the results.
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