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ABSTRACT

DNA microarray technology has allowed
the transcriptome to be studied to a depth
that was inconceivable only 10 years ago.
Until recently these studies wereisolated be-
cause, without a universal standard, the re-
sults from experiment to experiment and lab-
oratory to laboratory were not directly
comparable. For human microarrays, this
problem has been addressed by numerous
methods, but only two are truly universal.
The first method uses genomic DNA as a
standard for comparison sinceit is, by defin-
ition, complete and universally available.
The second method employs a highly repre-
sentative total RNA pool such as the one
currently available from Stratagene. To de-
termine the advantages and disadvantages
of both methods, they were directly com
pared by hybridization to the University of
Texas Southwestern Medical Center’s 4000~
or 10800-member human cDNA array, us-
ing typical microarray techniques. The la-
beled analytes were 2 g normal human ge-
nomic DNA labeled by nick trandation or 20
ng total RNA pool labeled by reverse tran-
scription. The resulting data were then back-
ground-subtracted, analyzed, and the num
ber of spots above a background threshold
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was compared in each sample. Using the
McNemar test and a Yate's correction with
one degree of freedom, the samples were sta-
tistically identical with X2 = 3.72.

INTRODUCTION

The study of the transcriptome has
matured in the last five years from a
slow-moving field based on traditional
molecular biology to one of the most
progressive fields in biology. This was
in part made possible by the invention
of the varioustypes of DNA microarray
technologies that allow for the elucida-
tion of the comparative expression
states of thousands of genes (13). It is
not the intention of this report to cover
the scope of DNA microarray tech-
niques and technol ogies because sever-
al excellent reviews on the subject are
already available (5), but a brief intro-
duction is necessary.

There are many types of DNA mi-
croarray, but the two major platforms are
the GeneChip® oligonucleotide micro-
array (Affymetrix, Santa Clara, CA,
USA), in which a known oligonucleo-
tide (probe) is synthesized directly on
glass arrays, and DNA-spotted microar-
rays, in which the probe, generally a
PCR product, is spotted onto a substrate
by precision robotics (6,9). In both cas-
es, an experiment consists of hybridiza-
tion of a fluorescently labeled cDNA
(analyte, target, or uncharacterized sam
ple) against the probe. The raw data are

obtained by measuring the resulting in-
tensity values of the spots by fluorescent
microscopy with laser excitation.
Oligonucleotide microarrays use a
single-color |abeled analyte to measure
the relative abundance of transcriptsin
acDNA sample. Through manufactur-
ing reproducibility and the use of inter-
nal controls, the analyteis able to com
pute relative expression changes by
comparing one array to another. DNA
arrays have the advantage of being able
to hybridize to several differentially la-
beled target samples, thus allowing the
comparison of relative expression
changes on asingle array; however, the
comparison of expression levels from
slideto slideis problematic.
Array-to-array comparison presents
a challenge because even different
preparations of the same sample can
show large changes in gene expression
(7). In the case of oligonucleotide mi-
croarrays, the quality of the chip and
the large number of internal standards
are sufficient to compare experiments
using array-specific software (4,16).
However, for spotted arrays where the
quality of each spot is unknown and
varies across the array, an additional
and more rigorous standardization
processis needed to supplement thein-
ternal standards. This standardization
takes the form of a second analyte or
universal reference standard that is
used in all of the experiments. This
universal standard allows for the com
parison of experimental samples by

Vol. 32, No. 6 (2002)



providing a common set of spots for
normalization and a means for internal
quality control. To compare a universal
reference sample for standardization
between arrays, aratio of theratiosis
taken so that the value of the standard
cancels out, and the experiments can
be compared. Unfortunately, if the in-
tensity value of the spots in the refer-
ence sample is not significantly above
the array’s background or threshold,
then the spot and the transcript it repre-
sents cannot be accurately compared
across experiments.

To overcome this, many analysis
schemes have been developed to set a
user-defined lower boundary based on
the mean intensity, plus 1-2 standard
deviations of some set of negative con-
trol spots, generaly buffer blanks or
heterologous DNA. This is still not a
direct comparison because the experi-
mental variation is not well accounted
for and is often unreliable (1,17). The
lack of expression in the reference
channel was a problem in early array
experiments because the reference
sample used was usualy a control
cDNA sample. Therefore, changes in
the relative expression of genes that
were only expressed in asingle sample
or color could not be reliably measured.
As early as 1998, this need to compare
experiments forced various laboratories
to look for better reference standards,
and the search continues today (3,8).

With numerous array-based tran-
scriptome surveying projects already
underway, most notably the National
Intitutes of Health Microarray Project
(LAP), finding a universal standard for
comparing the results has become para-
mount (12). For human microarrays,
this problem has been addressed by nu-
merous methods such as using a com
mon primer to determine how much
DNA is present in each spot, using a
mixture of the spotted clones to deter-
mine the baseline, or simply “spiking”
the reference sample with RNAs of in-
terest (2). However, these methods are
inadequate because they are array-spe-
cific or do not test the labeling and hy-
bridization characteristics directly. A
good universal standard must hybridize
competitively to the same sites as the
experimental sample, thereby provid-
ing a direct measure of the hybridiza-
tion process for all of the genes spotted
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on the array (3). In addition, it must be
widely available and usable on any ex-
pression microarray. Because changes
in gene expression are seen in every
RNA preparation, any RNA standard
should be abundant enough to last
through a complete experimental run,
and beyond if possible.

In a seminal review, Eisen and
Brown (2) not only stated the need for a
universal reference but also named two
methods to accomplish this. The first
method uses genomic DNA because it
is complete and universally available.
The second employs a highly represen-
tative RNA pool such as that currently
available from Stratagene (La Jolla,
CA, USA). Both standardization meth-
ods should hybridizeto al of the DNAs
on an array at alevel well above back-
ground and be highly reproducible.
Here we summarize an experiment to
compare the two methods and deter-
mineif oneis superior.

MATERIALSANDMETHODS
Genomic DNA Labeling

High molecular weight genomic
DNA was extracted from normal human
lung fibroblasts (GM 01604) or was pur-
chased from Invitrogen (Carlshad, CA,
USA). The labeling was done using the
Nick Translation kit (Promega, Madi-
son, WI, USA) with 2 pg genomic
DNA. ThisDNA concentration was ex-
perimentally determined (concentrations
from 0.5 to 5 ug were tested) to mini-
mize DNA-based suppression of the
RNA signal while maximizing the num
ber of spots above threshold (data not
shown). The protocol supplied with the
kit was used with two exceptions. First,
no unlabeled dCTP was used in the 10
mmol dNTP mixture; instead, 1 uL of
the appropriate cyanine (Cy) dye-conju-
gated dCTP (Amersham Biosciences,
Piscataway, NJ, USA) was added to
each 50 L reaction (14,15). Second, the
reaction was allowedtorunfor 7.5 h, in-
stead of the specified 15 min, to increase
the incorporation of dye and reduce the
averagefragment size.

RNA Labeling

The total RNA pool was purchased
from Stratagene. The pool consists of
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10 proprietary cell lines representative
of most of the body’ s tissues and there-
fore representative of most of the ex-
pressed sequences (10). Twenty micro-
grams of the total RNA pool were
reverse-transcribed using  SUPER-
ScriPT® 11 and Oligo (dT) 12-18 from
Invitrogen. The labeling reaction was
performed using a standard protocol
(2). The variations from this protocol
were areduction in the reaction volume
to 40 uL and a 1-h primer annealing
step before the addition of reverse tran-
scriptase to increase the specificity.

Array Production

The arrays used in this report were
produced in the University of Texas
Southwestern (UTSW) Array Core us-
ing the PCR products of sequence-veri-
fied clones (Research Genetics, Hunts-
ville, AL, USA) and the universal vector
primers (forward, 5-CTGCAAGGCG
ATTAAGTTGGGTAAC-3, and reverse,
5-GTGAGCGGATAACAATTTCAC-
ACAGGAAACAGC-3). A complete
clone list is available at http://lethargy.
swmed.edu/pre computed.asp. After the
size and purity (single band) were veri-
fied using gel electrophoresis, the PCR
products were resuspended in 7%
DM SO and printed at a pitch of 0.28 mm
on poly-b-lysine-coated dlides using
MAGNA™, a custom-built spotting
robot available from Bioautomation
(Pano, TX, USA). The detailed proto-
cols, array analysis template files, and
the materials list are available at http://
microarray.swmed. edu.

Array Clean Up and Hybridization

The labeling reactions were purified
using 30K Microcon® spin columns
(Millipore, Bedford, MA, USA) with
two 400-uL TE rinses. The elution vol-
ume was less than or equal to 16 L,
with any missing volume replaced with
TE to bring the final combined volume
to 32 uL. The hybridization buffer con-
sisted of 8 uL 20x SSC and 2 uL 10%
SDS passed through a 0.22-um filter, to
which 3.2 uL 10 mg/mL yeast tRNA
were added for a total volume of 45.2
uL. After boiling for 2 min, the solution
was pipetted onto one of the UTSW ar-
rays, either a 10800- or 4000-member
array, and covered with a 24 x 60 mm
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coverslip. The array was placed in a
sealed hybridization chamber (Tele-
chem, Sunnyvale, CA, USA), with 10
uL 3x SSC in the wells to maintain the
humidity. The chamber was then sealed
and placed in a61°C water bath for 16 h.

Washing and Scanning

After the hybridization chamber was
removed from the water bath, the
chamber was immediately opened and
the array was placed in the first wash
buffer (2x SSC, 0.1% SDS.) The cover
dlide was floated off in the first wash
buffer, and then the container was gen-
tly agitated for 5 min. The array was
washed in the next two wash buffers
(0.4x and 0.2x SSC, respectively) as
before. The array was dried by centrifu-
gation at 155x gfor 3 min at room tem
perature and scanned on a GenePix™
4000b two-color scanner (Axon Instru-
ments, Union City, CA, USA) at 10 um
resolution. The pixel-intensity extrac-
tion and spot flagging were done with
the GenePix 3.0 software package
(Axon Instruments), and the output was
converted to atab-delimited text file.

Analysis

Thedatafile wasimported into acus-
tom Microsoft® Excel® worksheet de-
veloped at UTSW. The values of the
mean signal intensity from each spot
were subtracted from the local mean
background intensity. Spots that were
not above the threshold (calculated by
the mean of the blanks plus one standard
deviation of the blanks) were filtered
out. The data was then analyzed for the
number of spots abovethisthreshold, re-
producibility, and the threshold value.
Usingthe DAG STAT datistica package
for Excel (The Mental Health Research
Institute, Victoria, Austraia), we applied
the McNemar test with a'Y ate’s correc-
tion to find the concordance between the
two reference standards (11).

RESULTSANDDISCUSSION

Nine arrays (seven of the 4000-
member array and two of the 10 800-
member array) were hybridized to com
pare the two standards, with very
similar results. Here we will focus our
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Figure 1. Thelog,q of the background-subtracted spot intensities sorted by value shows the mini-
mal difference between thetwo reference standar ds. One hundred percent corresponds to 10 800 spots
onthemicroarray. (A) Thegray linerepresentsthe genomic DNA labeled in Cy5, and the black linerep-
resents the RNA pool labeled in Cy3. (B) A blowup of the low-intensity threshold region of the curve
better illustrates the small difference between the two standards. The flatting of the curve and the length
of the tails are measures of the number of spots above the threshold and the reproducibility of the stan-
dards, respectively. Theline a the bottom at 1.5 log; gintensity iswhere neither standard isabovethresh-
oldin either channel and thereforeis ameasure of the coveragefailure.
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analysis on the more complete 10 800
spot array experiments (n = 2), includ-
ing a dye exchange. To provide a mea-
sure of the double positives, we deter-
mined the number of spots above the
threshold in both channels (8846). We
then calculated the number of spots be-
low threshold (the failure rate) in both
samples (1786). These two values are
the concordant pairs. Lastly, the nunt
ber of spots where either the RNA pool
was positive and the genomic DNA
negative (71, consisting primarily of
tissue-specific genes) or vice versa (97;
primarily expressed sequence tags and
hypothetical proteins) was determined
to provide a measure of the difference
in the coverage between the two stan-
dards or discordant pairs. This is
demonstrated in Figure 1a and magni-
fied in Figure 1b. To test the hypothesis
that one method was better than the oth-
er, we applied the McNemar test with a

Yate's correction. The McNemar test
was chosen becauseit allowsthe arrays
to be treated as a single experiment,
with each spot representing an indepen-
dent trial (n = 10800). With one degree
of freedom, both hypotheses were valid
with an X value of 3.72 and P =
0.0538, which is well above the 95%
confidence level, indicating that both
reference standards behaved identically.

Thefailure or double negativerateis
an important measure of the overall per-
formance of the standard and the array.
To determine the cause of this failure
rate, a survey of each of the spots and
the reason for its failure to hybridize
was undertaken. First, 127 of the miss-
ing spots were negative controls, buffer
blanks, and empty wells that were not
expected to be above threshold, leaving
1659 spots unidentified. To better deter-
mine which spots were bad and which
were not hybridizing for other reasons,

array data were gathered from other ex-
periments using the same array print
and then analyzed by the same means
used for the reference standards. With n
= 5including dye reversals and the use
of indirect labeling, 427 of the 1659
spots were identified as never being
above threshold in any experiment. By
using reproducibility asthe threshold of
success, that humber increases to 873
spots if the minimum requirement for
inclusion is defined as being above
threshold in more than half of the ex-
periments. This accounts for only a por-
tion of the spots with no signal, so fur-
ther analysiswas required.

A test was employed to determine
the quality of the spots using labeled
clone amplification primers as a third
independent reference standard. While
the primer does not provide a direct
measure of the hybridization process,
every spot on the array has a copy of
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both primers. Therefore, if a spot fluo-
resced, then DNA was spotted. The two
arrays were hybridized with the primer
standard in both channels, and the re-
sults were compared to genomic DNA
and RNA pool reference standards.
Across al four arrays and three stan-
dards, only 158 spots did not hybridize
above the threshold in any experiment.
These results beg the questions: “Is ge-
nomic DNA complete in the context of
aprocessed message?’ and “Isthe RNA
pool representative of the total tran-
scriptome?’ However, the primer stan-
dard, which is complete in the context
of the array because it is incorporated
into every DNA spot, had 1865 spots
that did not exceed the threshold value
in any of thefour trials. Thisindicates a
problem not in the standardization tech-
nique but in the hybridization character-
istics of the sequences themselves.
While there is no statistical differ-
ence between the two standards, one
must consider other factors when select-
ing a reference standard for a series of
array experiments. Possibly the most

relevant factor for consideration is that
the RNA pool islikely to continue asthe
de facto standard for human microar-
rays. The Stratagene RNA reference
pool is aready in use by hundreds of
laboratories (personal communication)
including the Stanford Array group
(10). Therefore, the reference pool has
already gained wide acceptance. How
ever, the utility of any RNA pool as a
standard hinges on the availahility, cost,
and the lot-to-lot reproducibility. In oth-
er organisms where an RNA pool is not
available or feasible, genomic DNA will
be the standard of choice because it is
universally available and, by current de-
finitions, complete.
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