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While several studies have reported methods to optimize expression microarray protocols, none have dealt directly with hybridization
wash stringency. We designed a series of experiments to determine the optimal stringency conditions for microarray experiments, using
reproducibility and magnitudes of log, (test/reference) ratio values as measures of quality. Low-stringency wash conditions of cell line
hybridizations led to nonspecific binding, resulting in increased intensities, decreased magnitude of ratios, and poor reproducibility.
Relatively high-stringency wash conditions were found to give the best reproducibility and large magnitude ratio changes, although in-
creasing the stringency beyond this point led to lower magnitude ratios and poorer reproducibility. The expression levels of the ERBB2
oncogene in the BT474 versus MCF7 cell lines showed that high-stringency wash conditions gave the best agreement with real-time
quantitative PCR, although the magnitude of the changes by microarray was smaller than for real-time quantitative PCR. Analysis of a
series of cell lines washed at the optimized stringency indicated that the rank order of relative expression levels for ERBB2 microarray
clones agreed well with the rank order of ERBB2 levels, as measured by quantitative PCR. These results indicate that the optimization
of stringency conditions will improve microarray reproducibility and give more representative expression values.

INTRODUCTION

The ability to survey thousands
of genes in a single sample and to
recognize complex patterns in related
samples that predict parameters, such
as gene function (1), clinical response
(2), or cell cycle phases (3), has made
the microarray an important discovery
tool. A number of studies have reported
methods for optimizing microarray
protocols. These include reports on the
preparation of arrays and labeling of
probe (4), amplification of RNA for use
in microarrays (5), and analysis of the
resulting data (6). Although several re-
ports have briefly discussed stringency
(7,8), no reports have directly examined
stringency effects on cDNA microarray
results. The optimization of stringency
conditions should improve the results
from array experiments. If conditions
are too stringent, then specific signal
will be washed from the microar-
ray, leading to the loss of signal and
therefore lower signal-to-noise ratios.
Conversely, low-stringency conditions
will lead to nonspecific probe binding

and masking of specific signal.

We designed an experiment to test
the effects of wash stringency on mi-
croarray results. A range of wash con-
ditions with different stringencies was
tested using four breast cell lines and a
reference pool hybridized against itself.
High-stringency wash conditions gave
the best results, with better reproduc-
ibility and ratios with larger magnitude
changes than lower stringency washes.
Analysis of the ERBB2 gene indicated
that at the best stringency condition,
there was good agreement between
real-time quantitative PCR and mi-
croarray results. These results show
that high-stringency washes improve
expression microarray reproducibility
and give more representative expres-
sion values.

MATERIALS AND METHODS

Samples

Breast cancer cell lines BT474,
MCF7, T47D, and MDA231 (ATCC,

Manassas, VA, USA) were obtained
from the University of California San
Francisco (UCSF) Cell Culture Facility
(San Francisco, CA, USA). RNA was
isolated from subconfluent flasks using
TRIzoL® Reagent (Invitrogen, Carls-
bad, CA, USA), according to the man-
ufacturer’s instructions. RNA quantity
and quality were determined by using
ultraviolet absorption at 260 nm and
by running 100 ng RNA on denaturing
agarose gels. The RNA was then DN-
ase-digested using DNA-free™ (Am-
bion, Austin, TX, USA). A reference
cell line RNA pool for the microarray
hybridizations was prepared using
TRIzoL and consisted of equal amounts
of RNA from the following cell lines:
MCF7  (breast adenocarcinoma);
HepG2 (hepatocellular carcinoma);
MOLT-4 (T cell leukemia); NTERA-
2 (teratoma); SW872 (liposarcoma);
WM115 (melanoma); OVCAR3 (ovar-
ian carcinoma); RPMI8226 (mutiple
myeloma); Colo205 (colon adenocar-
cinoma); Hs578T (breast carcinosar-
coma); and HL60 (acute promyelocytic
leukemia) (ATCC).
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Table 1. Wash Conditions and Resulting Stringencies

Wash Buffer Wash Temperature Calculated T 2 ATP
No. (°C) (°C) (°C)
1 2x SSC/1%SDS 20 93 73
42 93 51
55 93 38
65 93 28
2 2x SSC 20 93 73
3 0.2x SSC 20 71 51
SSC, standard saline citrate; SDS, sodium dodecyl sulfate; T,,, melting tempera-
ture; AT, stringency.
aT,, =81.5°C + 16.6log[Na*] + 0.41(%GC) - 0.63(% formamide) - (600/length).
PAT =T Tvash-

Microarray Preparation

Arrays composed of 6144 cDNA
clones [or 10,368 for the TagMan® (Ap-
plied Biosystems, Foster City, CA, USA)
real-time quantitative PCR comparison
experiment] from the Research Genet-
ics 40K clone set (Research Genetics,
Huntsville, AL, USA) were prepared us-
ing standard methods (3). Briefly, bacte-
rial stock was PCR-amplified directly
using primers as previously described
(4). The cDNA product was purified
by ethanol precipitation, redissolved in
3% standard saline citrate (SSC), and
arrayed into 384-well microplates. The
cDNAs were then robotically spotted
onto poly-L-lysine-coated glass slides.
Following printing, the arrays were post-
processed using standard methods that
have been previously described (http://
WWwWw.microarrays.org).

Labeling and Hybridization

Ten micrograms of total RNA from
each cell line were reverse-transcribed
with SUPERSCRIPT™ II Reverse Tran-
scriptase (Invitrogen) in the presence of
aminoallyl-modified dUTP (Sigma, St.
Louis, MO, USA) using 2 pg random
hexamers (Invitrogen) and 1.25 ug
oligo(dT) primers (Invitrogen). Bovine
serum albumin (BSA) (1.5 pg; Am-
bion) and 125 wmol ddATP (Invitrogen)
were also included in the reaction to
increase the signal and representation,
respectively, of rare transcripts (9). The
cDNA products were then labeled by
coupling to free Cy™3 dye and mixing
with a Cy5-labeled reference (both from
Amersham Biosciences, Piscataway,
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NJ, USA). The labeled probe was then
purified using QIAquick™ PCR col-
umns (Qiagen, Valencia, CA, USA) and
mixed with 2 pg Cot-1 DNA and 10 ug
tRNA in a 25 mM HEPES buffer solu-
tion, pH 7.0, with a final concentration
of 3x SSC and 0.03% sodium dodecyl
sulfate (SDS). The probe was heated
and applied under a lifter slip (Erie
Scientific, Portsmouth, NH, USA) to
the slide surface. The slides in any one
experiment were all from the same print
run to minimize variability. The slides
were incubated in a 65°C water bath
overnight in a HybChamber™ (Gen-
eMachines, San Carlos, CA, USA).

Stringency Calculations and Washes

Following overnight hybridiza-
tion, the slides were subjected to three
washes for 10 min each. Wash 1 was
in 2x SSC/0.1% SDS and was varied
to define specific stringencies [per-
formed at 20° (room temperature), 42°,
55°, or 65°C]. Wash 2 was in 2x SSC,
and wash 3 was in 0.2x SSC, both at
room temperature for all experiments.
The slides were kept separate for the
second and third washes so that slides
from each stringency level were never
washed together. During wash 1, the
slides were agitated several times,
while washes 2 and 3 were mixed con-
stantly with a stir bar.

The stringencies of each wash were
calculated using the following formula
(10) for melting temperature (T, ):

T, = 81.5°C + 16.6 log[Na*] +
0.41(%GC) - 0.63(% formamide) -
(600/1ength)

where [Nat] is the sodium concentra-
tion (0.33 M for 2x SSC); %GC is the
percentage of guanine and cytosine in
the DNA (assumed to be 50% for this
experiment); % formamide is the vol-
ume percentage of formamide in the
solution (O for these experiments); and
length is the length of the DNA probe
that is being hybridized (assumed to
be 600 bp for these experiments). The
stringency can be calculated by sub-
tracting the wash temperature from
the calculated melting temperature,
as follows: AT =T, -T, . As AT is
decreased, the stringency increases.
Table 1 shows the wash conditions and
calculated stringencies for each of the
conditions used. The four temperatures
for wash 1 represented ATs of 73°
(20°C wash), 51° (42°C wash), 38°
(55°C wash), and 28°C (65°C wash).
Both the second (AT = 73°C ) and third
(AT = 51°C) washes were performed
at room temperature (20°C). After
the third wash, the slides were briefly
rinsed in distilled water and then dried
with compressed air.

Imaging and Analysis

Slides were imaged on a GenePix®
4000B scanner (Axon Instruments,
Union City, CA, USA) using standard
photomultiplier tube settings to allow
for the easy comparison of intensi-
ties between slides (532 nm at 550 V;
635 nm at 700 V). The images were
analyzed using GenePix Pro version
3.06 software (Axon Instruments).
Background-subtracted data were cen-
tered using subarray median, followed
by global loess correction as part of
the Bioconductor R package (http://
www.bioconductor.org). Clustering was
done using Michael Eisen’s Treeview/
Cluster _software package (http:/]
) (11). The clones were se-
lected for reproducibility testing based
on their presence in multiple copies on
the arrays and showing changes aver-
aged across the four stringency condi-
tions for each cell line.

Real-Time Quantitative PCR Analysis

Real-time quantitative PCR was per-
formed on the MCF7 and BT474 sam-
ples from the reference pool to compare
to the microarray results. Briefly, 100
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ng total RNA were reverse-transcribed
using Moloney murine leukemia virus
(MMLV) reverse transcriptase and
random hexamer primers (both from
Invitrogen), according to standard
protocols (12). The samples were then
subjected to real-time PCR analysis
using an ABI PrisM® 7700 real-time
thermal cycler (Applied Biosystems) at
the UCSF Comprehensive Cancer Cen-
ter Genome Analysis Core. The probes
used were ERBB2, B-glucuronidase
(B-Gus), and GAPDH.

RESULTS

Stringency Effects on Intensity

Table 2 shows the average intensity
for test and reference channels, overall
standard deviation of the log,(test/
reference) ratios, and the number of
spots included (as a measure of spot
intensity, related to nonspecific probe
binding for low-expressing genes) for
the samples at different stringency
conditions. The standard deviation is
a reflection of the heterogeneity of ex-
pression levels on the array. For every
sample, the overall standard deviation of
the log,(test/reference) ratios was low-
est at the lowest stringency, increased
for the next two stringency levels, and
decreased for the highest stringency lev-
el. The total number of spots included in
each hybridization tended to decrease
from low stringency to high stringency.
The average intensities were signifi-
cantly higher in the samples washed at
the lowest stringency (P < 0.01). For the
other wash conditions, the intensities
did not differ from each another.

The average background levels for
both Cy5 and Cy3 did not change with
stringency. The average of the median
background intensities for Cy5 across
the five different cell lines were 204
(20°C), 181 (42°C), 203 (55°C), and
189 (65°C). For Cy3, the average back-
ground intensities were 308 (20°C), 314
(42°C), 321 (55°C), and 322 (65°C).

Reproducibility and Ratio
Magnitudes

For each cell line, we selected
clones that showed changes (log, ra-
tios greater than 1 or less than -1) and
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Table 2. Quality Measures of Expression Array Hybridizations

Sample Condition Cy3? CysP sb Test/ Spots®
(°C) Reference? (n)

BT474 20 2712 5036 0.436 5528
42 1150 1186 0.650 5658
55 1240 1251 0.701 5497
65 1026 1540 0.600 5512

MCF7 20 3690 8097 0.226 5571
42 754 1870 0.472 5666
55 638 1420 0.587 5537
65 875 1996 0.508 5535

MDA231 20 2535 4906 0.337 5591
42 864 1380 0.520 5632
55 1077 1343 0.600 5509
65 989 1568 0.550 5233

T47D 20 1552 2100 0.425 5522
42 1240 1721 0.550 5681
55 1001 1274 0.686 5223
65 926 1417 0.555 5378

Reference 20 2452 5079 0.187 5640
42 1109 1749 0.247 5521
55 810 1271 0.291 5053
65 877 1619 0.286 5359

sD, standard deviation.

aAverage of mean intensity (background-subtracted) for all spots included in

analysis.
bOverall standard deviation of all corrected log,(test/reference) ratios.
CTotal number of cDNAs included in analysis.

were represented multiple times on the
arrays to define the reproducibility of
array results. These clones were used
to calculate the means and standard
deviations. There were 42 clones that
were present with multiple copies
printed on the arrays that showed al-
terations in at least one cell line. There
were 31 clones in BT474, 19 clones
in MCF7, 25 in MDA231, and 19 in
T47D that met these criteria. Table 3
shows the average standard deviations
for each cell line and the reference pool
at each stringency level. The average of
the standard deviations of the log,(test/
reference) ratios for the selected clones
was lowest when the slides were
washed at 20°, followed by 55°, 42°,
and 65°C, respectively.

In addition to clones that were pres-

ent multiple time that showed changes,
we also examined all the clones that
showed a log, ratio change averaging
greater than 1 or less than -1 in a cell
line, regardless of how many copies
were present. The ratio values for these
clones were plotted for each cell line
by stringency level, as shown in Figure
1. The number of clones that fit this cri-
terion varied by cell line, with BT474
having the most clones that were above
1 or below -1, and MCF 7 having the
fewest. A moving average was calcu-
lated to smooth the plot to make visu-
alization easier (the ratio value for each
clone was averaged with the two previ-
ous and two following ratio values).
In each case, arrays washed at 55°C
showed the largest magnitude changes
for clones that had low levels of expres-
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Table 3. Average Standard Deviations of Selected Clones at the Four Stringency Levels
Wash No. 1 Temperatures

Sample? 20°C 42°C 55°C 65°C
BT474 (n=31) 0.278P 0.385 0.261 0.305
MCF7 (n=19) 0.235 0.313 0.353 0.338
MDA231 (n = 25) 0.296 0.301 0.313 0.418
T47D (n=19) 0.192 0.347 0.284 0.335
reference (n = 42) 0.141 0.165 0.117 0.172
Average 0.228 0.302 0.266 0.314

an represents the total number of clones that showed changes and were repre-
sented multiple times on the arrays for each cell line.

bvalues represent the average of the standard deviations for each set of replicate
clones for a given cell line at the different wash temperatures.

Moving average log,(t/r) ratio

Clone order (ranked from lowest to highest)

Figure 1. Moving average log,(test/reference) ratios of all clones that showed alterations for each
stringency level. To smooth the curve, a moving average was calculated by averaging the ratio for a
given clone with the two previous and two following ratios. The x-axis represents the clones ordered
from the lowest average expression to highest average expression.
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sion. For clones showing high levels of
expression, there did not appear to be
any differences between washes at 42°,
55°, or 65°C. For both low- and high-
expressing clones, the arrays washed at
20°C had the lowest magnitude ratios.

Stringency Effects on Clustering

The four sets of cell line and refer-
ence samples were clustered using
Eisen’s Treeview/Cluster software
package. The data were centered to
a log, ratio of zero. No further nor-
malizations were performed. Figure 2
shows the clustering of samples. Note
that for MCF7, the sample washed at
20°C did not cluster with the MCF7
samples washed at higher stringencies.
Instead, this sample was higher up the
cluster dendrogram, clustering with the
MCF7, BT474, and MDA231 samples.
The BT474 and T47D samples did not
show any significant effect of strin-
gency on clustering, but the sample
washed at 20°C for MDA231 was the
most weakly clustering sample.

ERBB?2 Array Data versus
Real-Time Quantitative PCR

The BT474 breast cancer cell line is
known to overexpress the ERBB2 on-
cogene, while the MCF7 breast cancer
cell line shows normal levels of expres-
sion. TagMan measures ERBB?2 expres-
sion 125x higher in BT474 than in
MCFT7. The levels of ERBB2 in BT474
compared to MCF7 from microarrays
were calculated for each stringency
level. The 20°C wash showed the low-
est ratio (17.9:1), followed by the 42°C
wash (22.6:1), 65°C wash (23.0:1), and
55°C wash (32.2:1).

Washes at 55°C were determined
to be optimal due to the best reproduc-
ibility and largest magnitude ratios. A
series of hybridizations were done to
compare hybridization results at this
stringency level to real-time quantitative
PCR data. Each of the 11 cell lines in
the reference pool plus BT474 was hy-
bridized versus the reference pool to ar-
rays, which consisted of 10,368 cDNA
clones. The normalized relative levels of
expression of ERBB?2 for two sequence-
verified clones of this gene were com-
pared to relative real-time quantitative
PCR levels. Figure 3 shows the level of
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expression for the ERBB?2 gene (relative
to HL60, which was defined as a level
of 1 for both arrays and real-time quan-
titative PCR) across 11 separate cell
lines. The data shown are the expression
levels for the two separate cDNA clones
and real-time quantitative PCR (normal-
ized to either B-Gus or GAPDH). The
cell lines were ordered from lowest to
highest expression, and the order as
measured by the expression array was
the same for both cDNA clones. The
order for real-time quantitative PCR
quantitation differed depending on the
control gene used for normalization,
as can be seen in Figure 3. The order
for the cDNA clones agreed well with
the real-time quantitative PCR levels
relative to either control gene, although
the magnitude of expression differences
was less by microarray analysis.

DISCUSSION

The wash stringency can have a pro-
found effect on expression array hybrid-
ization results. Stringency levels need to
be high enough to prevent nonspecific
binding, but not so high that specific
signal is removed by the wash. We de-
signed a study to examine the effects of
wash stringencies on microarray results,
using the magnitude of changes, repro-
ducibility, and clustering as measures of
the quality of hybridization results.

Stringency can be altered by chang-
ing the salt concentration, adding for-
mamide, or altering temperature. We
chose to alter one of these parameters,
keeping the others con-

and the inclusion of more spots. If
stringency is too high, then specific
signal will be washed off, which will
decrease the signal intensity above
background. This would likely result
in poorer reproducibility, a smaller
number of spots passing quality con-
trols, and may decrease the magnitude
of ratios. The ideal stringency should
give a large standard deviation in a
cell line versus reference hybridization
(the largest standard deviation will give
the largest spread of ratio values) with
good reproducibility and the inclusion
of the most spots. We found that the
washes at 55°C (AT = 38°C) gave the
highest standard deviations in all the
cell lines, indicating that it may be the
best of the conditions tested. Washes at
room temperature (20°C; AT = 73°C)
showed evidence of nonspecific bind-
ing, with standard deviations that
were comparable to reference versus
reference hybridizations for the MCF7
and T47D hybridizations. The two
remaining stringency levels showed
consistently lower standard deviations
than the 55°C wash level, indicating
that there may have been loss of spe-
cific signal and increase in noise for the
highest stringency wash or nonspecific
binding for the lower stringency wash.
The interpretation of these results is
that there is some nonspecific binding
with a 42°C first wash (AT = 51°C) and
some removal of specific binding with
a 65°C first wash (AT = 28°C).

The average Cy3 and CyS5 intensities
varied by stringency level. The slides
with the lowest stringency showed the

stant to more easily inter-

pret the results. Thus, we
varied the temperature as

a means of testing differ-

ent stringency levels dur- r | | r ‘ |

ing microarray washes.
The first measure of
quality was the standard

deviation of the log(test/ B
reference) ratios of the B I
spotted cDNA clones. If BERER
the stringency is too low, ey

then nonspecific binding

T4TD-42C
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will occur, leading to a
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standard deviation of all
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ratios for an experiment

Figure 2. Hierarchical clustering of samples. Unsupervised clus-
tering was performed for four cell lines and the reference sample
washed under four different conditions, as indicated by the differ-
ent temperatures. Note that the 20°C sample for MCF7 does not
cluster with the higher stringency MCF7 samples.
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greatest intensity values, indicating
nonspecific binding. There were no dif-
ferences between the intensities for the
slides washed at the other stringency
levels. This was somewhat surprising,
given that the 42°C wash exhibited char-
acteristics of nonspecific binding, while
the 65°C wash showed some signs of
the removal of specific binding.

The background intensity did not
change with increasing stringency but
remained constant across all stringency
levels. This result is not surprising be-
cause the same concentration of SDS
was present in wash 1 for all stringency
levels. SDS is a detergent that should
prevent probes from sticking to the sur-
face of the slide, but it has little effect
on nucleic acid hybridization.

We expected that when three serial
washes are used (as in this experiment),
the most stringent condition would
determine overall stringency. This
was not the case in these experiments.
As can be seen in Table 1, samples
washed initially at either 20° or 42°C
had a minimum AT of 51° (third wash
for 20°; first and third washes for
42°C). However, the results from the
experiments clearly indicate that the
two wash conditions were not identical.
This may reflect the time spent in the

highest stringency wash (two 10-min
washes for the samples initially washed
at 42°C, compared to one 10-min
wash for the sample initially washed
at 20°C).

To determine the stringency effects
on the reproducibility and magnitude of
the changes of the genes, a series of spe-
cific genes were chosen for quantitative
analysis. These genes showed altera-
tions in expression (log, test/reference
ratio averaging greater than 1 or less
than -1 across the stringency levels) in
the specific cell line and were repre-
sented multiple times on the arrays. The
standard deviation for each set of repli-
cate genes was calculated, and an aver-
age standard deviation of all the clones
was determined for each of the cell
lines. Two of the four cell lines (BT474
and T47D) had the lowest standard de-
viations among replicates when washed
at 55°C. The remaining two cell lines
(MCF7 and MDA231) had the lowest
standard deviation among replicates
when washed at 42°C. The clones had
the lowest standard deviation in the ref-
erence when the washes were performed
at 55°C. These results indicate that good
reproducibility could be obtained when
washes were performed at either 42° or
55°, but that 55°C washes gave slightly
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=#=TaqMAN (Gus)

==TaqMAN (GAP)
Array ERBB2-1
ArrayERBB2-2

10000 -

1000 -
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Figure 3. Relative expression levels for the ERBB2 gene measured by microarray or real-time quan-
titative PCR analysis. All samples were washed at the 55°C stringency condition. Real-time quantitative
PCR was normalized relative to either GAPDH or [-glucuronidase (-Gus). Expression for all samples
is relative to HL-60 (set to 1). The cell lines used are as follows: 1, HL60; 2, RPMI 8226; 3, MOLT-4; 4,
Hs578t; 5, NTERA-2; 6, MCF7; 7, SW872; 8, HepG2; 9, OVCAR3; 10, WM115; 11, BT474.
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better reproducibility.

When the magnitude of the changes
was examined for all the genes, the
magnitude of the change was great-
est when the washes were performed
at 55°C for most clones (Figure 1).
This was particularly true for clones
that showed low levels of expression
relative to the reference. For clones
that showed high levels of expression
relative to the reference, the result was
not as clear. While 55°C washes clearly
showed a larger magnitude in the ratio
than washes at 20°C, the differences
between 42°, 55°, and 65°C washes
were minor. The differences between
the high-expressing clones varied more
than the low-expressing genes, with
the sample with the largest magnitude
ratio varying, depending on the clone
as opposed to the wash stringency.
There were also significant differences
depending on which cell line was being
examined, with MCF7 showing higher
magnitude changes at 55°C than at the

other high-stringency conditions for the
high-expression clones. The other cell
lines did not show such differences.
The variability observed is likely due
to the complex nature of the probe be-
ing hybridized. The stringency depends
on factors such as the %GC content
and the length of the probes. For each
1.0°-1.5°C drop in melting tempera-
ture, there is a 1% increase in mismatch
allowed (10). Thus, for a probe-target
hybrid that is 600 bp in length, with a
%GC content of 50%, the 55°C wash
condition would allow for an approxi-
mate 25% mismatch between the probe
and target, while the 42°C wash would
allow for a 34% mismatch. Because the
length and %GC are not fixed values
for microarrays, the percentage of mis-
matches will vary for each probe-target
hybrid. On average, 55°C washes give
the best reproducibility and largest
magnitude changes for genes that have
low expression and the best reproduc-
ibility for high-expressing genes with

comparable magnitude changes. The
reason why the low-expressing genes
show a consistent difference while
high-expressing genes do not is unclear
but may be due to different binding ki-
netics based on the Cy5 label compared
to Cy3 label.

The clustering of the samples was
done using Eisen’s Treeview/Cluster
software. Normalization was not done
on these samples because they were
not washed under the same conditions.
The normalization of each sample is
usually performed to ensure that the
standard deviations of each sample are
equivalent to correct for factors such as
labeling efficiency and hybridization
kinetics. In this case, normalization
was not appropriate because stringency
was expected to have a direct effect on
the overall standard deviation, and this
was one of the variables being tested.
Furthermore, reference versus reference
samples was included in the clustering,
and normalization would be inappropri-



ate for such samples. The clustering of
non-normalized samples shows that the
20°C washed sample for MCF7 does
not cluster with the higher stringency
MCF7 samples. For MDA231, the 20°C
wash was also the most weakly cluster-
ing sample, as shown by the distance on
the clustering dendrogram.

Real-time quantitative PCR analysis
was performed on the breast cell lines
BT474 and MCF7 for the ERBB2 onco-
gene. This analysis showed that BT474
expressed approximately 125X as much
ERBB?2 as MCF7. A comparison of the
array-based BT474:MCF7 levels for
the ERBB2 gene showed that the 55°C
wash came closest to this level. Real-time
quantitative PCR analysis of the expres-
sion levels in a number of other cell lines
for the ERBB2 gene was performed
for comparison to the relative levels, as
determined by microarray experiments
at the optimized 55°C wash stringency.
Ranking of the cell lines by ERBB2 lev-
els showed that the order was similar for
real-time quantitative PCR compared to
two separate microarray clones. The rank
order for the two clones was identical,
whereas the real-time quantitative PCR
rank order varied depending on which
housekeeping gene (B-Gus or GAPDH)
was used for normalization. The levels of
expression were less for microarrays than
for real-time quantitative PCR, which is
likely due to hybridization effects such
as background, spot saturation, steric ef-
fects, and dye effects.

These results are limited to the
cDNA platform and two-color hybrid-
izations. Alternative approaches use
oligonucleotide arrays and one- or two-
color analyses. Oligonucleotides have
hybridization characteristics that are
different from cDNAs because oligonu-
cleotides have high specificity (unique
sequence) but short lengths, which af-
fects the hybridization and melting of
double-stranded DNA. The results of
this study are not directly applicable to
oligonucleotide arrays, but stringency
conditions with these arrays should also
be optimized and validated.

We show the importance of optimiz-
ing stringency in microarray experiments.
The stringency must be a balance be-
tween intensity and specificity, so that the
signal is maximized while minimizing
nonspecific probe binding. The results
presented here indicate that high-strin-
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gency washes in microarray experiments
are preferable to low-stringency washes.
The best condition found in these experi-
ments was higher than is typically used
in cDNA microarray experiments, which
raises the possibility that experiments
performed at lower stringency may have
missed some differentially expressed
genes. Changing current protocols to op-
timize stringency would likely improve
reproducibility. High-stringency washes
result in higher magnitude ratios, better
reproducibility in expression microarray
experiments, and expression values that
are more representative of true cellular
mRNA quantities.
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