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Abstract

Background: Complementary DNA array analysis
of gene expression has a potential application for
clinical diagnosis of disease processes. However, ac-
cessibility, affordability, reproducibility of results,
and management of the data generated remain is-
sues of concern. Use of cDNA arrays tailored for
studies of specific pathways, tissues, or disease states
may render a cost- and time-effective method to
define potential hallmark genotype alterations.

Materials and Methods: We produced a 332-
membered human ¢cDNA array on nylon membranes
tailored for studies of angiogenesis and tumorigenesis
in reproductive disease. We tested the system for re-
producibility using a novel statistical approach for
analysis of array data and employed the arrays to in-
vestigate gene expression alterations in ovarian cancer.
Results: Intra-assay analysis and removal of agree-
ment outliers was shown to be a critical step prior to
interpretation of cDNA array data. The system re-
vealed highly reproducible results, with inter-
membrane coefficient of reproducibility of * 0.98.
Comparison of placental and ovarian sample data
confirmed expected differences in angiogenic pro-
files and tissue-specific markers, such as human
placental lactogen (hPL). Analysis of expression

profiles of five normal ovary and four poorly differ-
entiated serous papillary ovarian adenocarcinoma
samples revealed an overall increase in angiogene-
sis-related markers, including vascular endothelial
growth factor (VEGF) and angiopoietin-1 in the
diseased tissue. These were accompanied by in-
creases in immune response mediators (e.g. HLA-
DR, Ron), apoptotic and neoplastic markers (e.g.
BAD protein, b-myb), and novel potential mark-
ers of ovarian cancer, such as cofilin, moesin, and
neuron-restrictive silencer factor (REST) protein.
Conclusions: In-house production of tailored cDNA
arrays, coupled to comprehensive analysis of resulting
hybridization profiles, provides an accessible, reli-
able, and highly effective method of applying array
technology to study disease processes. In the ovary,
abundance of specific tumor markers, increased
macrophage recruitment mediators, a late-stage angio-
genesis profile, and the presence of chemoresistance-
related markers distinguished normal and advanced
ovarian cancer tissue samples. Detection of such par-
allel changes in pathway- and tissue-specific markers
may prove a hallmark ready for application in repro-
ductive disease diagnostic and therapeutic develop-
ments.

Address correspondence and reprint requests to:
Department of Pathology, University of Cambridge,
Tennis Court Road, Cambridge, CB2 1QP, England.
Phone: +44 1223 333 690; Fax: +44 1223 333 346;
E-mail: amm53@hermes.cam.ac.uk

Introduction

To determine the biological pathways and
abnormal processes leading to pathological
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states, such as angiogenesis in ovarian cancer
and other reproductive pathologies, much effort
has been placed on identifying genetic markers.
However, developments in technology now
allow the monitoring of the expression of hun-
dreds or thousands of genes at a time (1-5). High
density microarrays (or DNA chips) are based
on hybridization of cDNA probes derived from
RNA samples onto gene targets stabilized on
solid supports, such as nylon membranes, glass
slides, or silicon chips. These can be construc-
ted to contain a variety of elements, including
whole genome sequences, selected open read-
ing frames, single nucleotide polymorphisms,
or in situ synthesized oligonucleotides (6,7).

Due to the high-throughput nature of array
technology, the effective normalization of data,
assessment of reproducibility, and comparative
integration of hybridization signal patterns are
common hurdles in the attempt to address spe-
cific biological pathways. To simplify this out-
put, selective or cluster-type analyses have
been employed (3,4).

As an alternative approach, DNA array
technology can be applied to more focused in-
vestigations of specific biological processes, ex-
tending work on well-characterized genes. A
range of pre-arrayed membranes are commer-
cially available, but cost limitations hinder the
application and customized optimization of
these screening tools. Instead, we designed
and produced tailored, high density cDNA
arrays for focused studies of angiogenesis and
tumorigenesis in reproductive disease. The
selected cDNA targets, encompassing well-
characterized hormones, metabolic enzymes,
matrix components, cell adhesion molecules,
growth factors, cytokines, and nuclear proteins
of known function, were gridded onto nylon
membranes. An important advantage of this
system is the quantification of transcript abun-
dance in independent probes, allowing for
construction of a database of probe-specific
profiles readily available for comparisons
against other independent profiles (8). In addi-
tion, high sensitivity of the system (9), low
sample RNA requirement, and feasible man-
agement and interpretation of the data cur-
rently makes this an optimal tool for settings
where sample material may be scarce, such as
in the clinical or academic setting.

In this report we describe the production,
validation, and application of tailored cDNA
arrays for studies in reproductive disease. We
define an appropriate statistical approach for

assessing the reliability and interpretation of
the resulting data, and report on tissue-specific
changes in gene expression levels between
normal and tumorigenic ovarian samples. The
results confirm a time- and cost-effective
method of applying array technology and re-
veal a potential key combination of molecular
marker changes for clinical diagnosis of ovar-
ian cancer.

Materials and Methods
Gene Selection

A list of angiogenic and ovarian tumorigenic
genes was compiled to include structural,
metabolic, and regulatory factors, including
growth factors, cytokines, hormones, cell-ad-
hesion molecules, and receptors. The National
Center for Biotechnology Information (NCBI,
Bethesda, MD) GenBank database of expressed
sequence tags (http://www.ncbi.nlm.nih.gov
/dbEST/index.html) was searched to locate
corresponding Integrated Molecular Analysis
of Gene Expression (I.M.A.G.E.) Consortium
human ¢DNA clones with low sequence ho-
mology to other genes. The selected clone ids
were translated to their respective . M.A.G.E.
microtitre plate ids (http://agave.humgen.
upenn.edu/lens/index.html) and clones were
retrieved from the Human Genome Mapping
Project Resource Centre ¢cDNA clone library
(Hinxton, U.K.). In addition, a number of clones
that were derived and verified for previous
studies in our laboratory (“home” clones) were
selected for incorporation onto the array. All
clones were hand-picked, re-arrayed into 96-
well plates containing 150 wul of (LB) plus
ampicillin (50 png/ml) per well, grown overnight
at 37°C, and glycerol was added to produce final
42% glycerol stocks.

Production of cDNA for Gridding

Isolation of cDNA was performed by the
polymerase chain reaction (PCR) (10) and
vector-specific primers as follows. Using a 96-
pin device, approximately 1-2 ul of each glyc-
erol-preserved cDNA clone was transferred into
78 wul of PCR mixture containing PCR buffer
(500 mM KCl, 100 mM Tris-HCI (pH 8.3), 25
mM MgCl,, 0.01 % gelatin), 0.2 mM dNTP, 1.4
units of AmpliTag® polymerase (Perkin-Elmer)
and 4 pmoles of vector primers 5'-TAATAC-
GACTCACTAT AGGG-3' (T7, Promega, U.K.)
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and 5'-AATTAACCCTCACTAAAGGG-3' (T3,
Stratagene, U.K.). The cDNA inserts were am-
plified using a GeneAmp® PCR System 9600
(Perkin-Elmer), using the following thermocy-
cling conditions: initial denaturation at 95°C
for 1.5 min, followed by 30 cycles of denatura-
tion at 95°C for 30 sec, primer annealing at
52°C for 30 sec, elongation at 72°C for 1 min,
and a final incubation at 72°C for 5 min. The
products of twelve 80 ul PCR reactions were
pooled per clone and an aliquot of 4-6 ul of
each was assessed by standard 1% agarose gel
electrophoresis for verification of product pu-
rity and those displaying multiple bands were
discarded. A QIAquick® PCR Purification Kit
(Qiagen, U.K.) was employed to remove
primers, followed by standard 1% agarose gel
electrophoresis for quantification of the concen-
trated eluates. 332 ¢cDNA clone PCR products
were precipitated with ethanol and resuspended
in double-filtered, sterilized H,O to 0.3 pmol/u1
each to ensure normalized concentrations for
gridding.

Sequence Verification

To verify clone identification, aliquots of the con-
centrated PCR products were sequenced using
fluorescently labelled dideoxynucleotides (Dye-
Terminator, Applied BioSystems, Warrington,
England) and Taq DNA polymerase, and re-
solved on an ABI Prism® 377 DNA Sequencer
system. The results were searched using the
NCBI (BLAST) program (Bethesda, MD;
http://www. ncbi.nlm.nih.gov/BLAST/).

Production of High Density cDNA Filters

Prior to deposition, PCR products were dena-
tured by adding NaOH to 0.2M and incubating
at 37°C for 15 min. Approximately 0.5 pmol of
the normalized products were spotted onto dry,
sterilized 8 X 12 c¢m nylon filter membranes
(Hybond N+, Amersham, U.K.) at a density of
four 96-well plates arrayed in duplicate in a
4 X 4, 96-block format using an automated ro-
bot (PBA Flexys®, Genomics Solutions Inc.,
U.K.). Membranes were dried at room temper-
ature for 2 hrs and the spotted cDNA were
cross-linked to the support surface by ultravio-
let radiation (700 mJ/cm?) for 5 sec prior to
storage in dry conditions at room temperature
until further use. In addition to the gene targets
described above, an Arabidopsis thaliana cy-
tochrome c554 cDNA clone, which has no sim-

ilarity with human DNA sequences (11), also
was spotted in duplicate at three distinct posi-
tions on each filter membrane. This served as
an internal assay control for labeling, since
each human RNA sample to be tested was
spiked with Arabidopsis thaliana cytochrome
554 RNA prior to hybridization to the arrayed
membranes (see below).

Preparation of Total RNA

Samples of normal ovary, term placenta, and
ovarian carcinoma tissue were collected in ac-
cordance with Local Research Ethical Commit-
tee regulations. All of the ovarian samples
(normal and carcinoma) were obtained from
postmenopausal women, except for one normal
sample, which was obtained from a patient of
premenopausal age. No distinct variations in
the overall expression profile of the genes re-
ported were observed for the latter sample,
compared with the other normal samples. Total
RNA was prepared by homogenization and use
of the RNeasy® total RNA kit (Qiagen, Craw-
ley, West Sussex, U.K.), followed by precipita-
tion with ethanol and final resuspension in
50-100 ul double-filtered, sterilized H,O. Sam-
ples were assessed for integrity by 1% agarose
gel electrophoresis, quantified by A,¢0/Ajs0
absorption analysis, and stored at —70°C until
further use.

Probe Labeling

Prior to labeling, aliquots of 6.25 ug total RNA
from ovarian carcinoma and placental tissue
were spiked with 2 ng Arabidopsis thaliana cyto-
chrome ¢554 mRNA as an internal control for
measurement of probe labeling. 1 ul of 1 mM
oligo dT,s was added to each mixture (total
volume 12 ul) followed by incubation at 70°C
for 8 min, to ensure removal of RNA secondary
structure and saturation of polyA tails. RNA
was reverse transcribed using SuperScript®
(Gibco BRL, Paisley, U.K.) labeling system and
50 wCi of [a->’P] dATP (Amersham Pharmacia
Biotech, Bucks, U.K.) to simultaneously synthe-
size and label single-stranded DNA. Following
degradation and removal of RNA in 10%
(weight per volume; w/v) SDS/0.5 M EDTA/3 M
NaOH at 68°C for 30 min, probes were purified
using Microspin™ S-400 HR columns (Amer-
sham Pharmacia Biotech), yielding final labeled
probes with total radioactivity of approximately
30 million cpm. In order to saturate potential
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repetitive elements, 2 ul of 38 uM oligo dAg,
and 50 pg sheared human Cotl DNA (Gibco
BRL) were added to each labeled probe, which
then was denatured at 100°C for 5 min, and in-
cubated in 1 ml hybridization buffer at 65°C
for 2 hr prior to filter hybridization. This was
added to the prehybridized filters.

Hybridization to Arrayed Membranes

NORMALIZATION OF HYBRIDIZATION SIGNAL Prior
to probe hybridization, each arrayed filter was
assessed for cDNA quantity spotted at each
position by hybridization with pBR322 DNA,
which contained a vector target sequence
present in all spotted PCR products. Filters
were hybridized in 50 ml of a buffer containing
0.2% bovine serum albumin (BSA; A-4378,
Sigma, Dorset, UK., 1 mM EDTA, 0.5 M
NaHPO, (pH 7.2), 7% SDS, and 100 ng [a->>P]-
labeled pBR322 (D-9893, Sigma) for 16 hr at
65°C, followed by two 30-sec washes in wash
buffer [1 mM EDTA, 40 mM NaHPO, (pH 7.2),
1% (w/v) SDS] at 45°C, and exposed to
phosphor-screens for 2 hr. The hybridization
signals were cap-tured with a PhosphorImager
(Storm 860™, Molecular Dynamics, Sunnyvale,
CA, U.S.A.). Filters subsequently were stripped
to remove the pBR322 probe by washing twice
in 0.4 M NaOH for 20 min each at 45°C,
followed by one 20-min wash in 0.1X SSC [1 X
SSC consists of 150 mM sodium chloride, 15
mM sodium citrate]/0.1 % SDS/0.2 M Tris-HCI
(pH 7.5) at 45°C, and rinsed in double-distilled,
sterile H,O. The stripping efficiency was checked
by overnight exposure to phosphor-screens and
Phosphor-Imager analysis, prior to storing in
moist conditions at 4°C until further use. The
consistency of the profiles in the control
hybridizations (Fig. 2) indicated that the
stripping process had no adverse effect on the
spotted cDNA targets.

PROBE HYBRIDIZATION The stripped membranes
were prehybridized for 2 hr in hybridization
buffer (0.2 % BSA, 1mM EDTA, 0.5 M
NaHPO, (pH 7.2), 7% SDS), with shaking, at
65°C. Each was transferred into individual
plastic containers with 11 ml hybridization
buffer at 65°C, and the freshly-labeled, oligo
dA;,/Cotl DNA-annealed probe was added to
give a final hybridization volume of 12.5 ml.
Hybridization was performed for 48 hr, with
shaking, at 65°C. Membranes were washed

twice in 1 mM EDTA/40 mM NaHPO, (pH
7.2)/1% (w/v) SDS for 10 min at room
temperature, followed by 10 min at 45°C, and
a final wash in 0.1X SSC/0.1% SDS for 1.5 hr
at 65°C, prior to exposing to phosphor-screens
for 16 hr and scanning with a PhosphorImager
for capture of hybridization signals.

Processing of Hybridization Signals

PhosphorImager-derived scans of the hybridized
filters were imported into a Sun workstation and
analyzed using the Biolmager® software (Ge-
nomic Solutions Inc., Ann Arbor, MI) designed
specifically for interpretation of arrays. The pro-
gram located signals on the image and delin-
eated spot boundaries based on shape and con-
trast, followed by transposition to a gridding
format-defined reference image (e.g. 96-well,
4 X 4 format) to match and assign correspond-
ing positions of each signal. Potential filter de-
formations were accounted for by assigning de-
tected signals to the closest expected position
within a defined range. Each spot was quanti-
fied based on local average background sub-
traction and signal intensities were delivered
along with their respective reference numbers
in a working spreadsheet format. Both vector-
and probe-hybridization images were analyzed
for each membrane and probe intensity values
were divided by the corresponding vector in-
tensity values to normalize for potential differ-
ences in target quantities. To account for poten-
tial differences in probe labeling, each data set
was normalized with respect to the corre-
sponding mean signal intensity of Arabidopsis
thaliana cytochrome c554 cDNA added to each
probe as direct internal controls, as described
above. The final normalized probe hybridiza-
tion signal intensity data was then analyzed
using S-Plus® (MathSoft Inc., Cambridge, MA)
statistical analysis software.

Northern Blots Analysis

2- and 10-pg aliquots of the ovarian and
placental total RNA were fractionated on a 1%
agarose/formaldehyde gel, transferred over-
night onto a Hybond N+ filter membrane
(Amersham Pharmacia Biotech) using 10X SSC,
and fixed by ultraviolet radiation. Probes were
derived from the same cDNA clone PCR-
amplifications described above, labeled with
[a->*P] ACTP by random priming (T7 Quick-
Prime® Kit, Amersham Pharmacia Biotech), and
hybridized to the blotted membranes in
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ULTRAhyb™ solution (Ambion®, U.K.) follow-
ing the manufacturer’s instructions. After hy-
bridization, the membranes were washed in
0.1X SSC/0.1 % (w/v) SDS at 65°C, exposed to
phosphor-screens for 16 hr and scanned with a
PhosphorImager. The hybridization signals
were assessed using the ImageQuant® (Molec-
ular Dynamics, Sunnyvale, CA) quantification
program.

Results
Control Hybridizations

Having assured the quality of the arrays by vari-
ous check points in the production process (see
above), control hybridizations were carried out to
establish confidence in the data obtained using
the membranes. Two samples of the same ovar-
ian carcinoma total RNA were spiked separately
with Arabidopsis thaliana cytochrome ¢554 mRNA,
labeled, and hybridized to two independent
membranes (AMMAIN2 and AMMAIN4) that
had been hybridized previously with pBR322.
The results were used to assess intra- and inter-
membrane agreement (see below).

Assessment of Intra-membrane Reproducibility:
Data Clean-up Prior to Comparative Analyses

The first step in the analysis was to evaluate
intra-membrane reliability by comparing the
intensities of duplicate spots on individual
membranes. These values were plotted against
each other to make an initial visual assessment
of the agreement between intensities on dupli-
cate spots (Fig. 1A), followed by transforma-
tion of the data to the natural logarithmic scale.
Contrary to conventional trends in array data
analysis, the correlation coefficient was not cal-
culated at this stage, since it measures the
strength of the relationship between the two
variables (duplicated spots) and not the intra-
membrane repeatability, as discussed by Bland
and Altman (12). Instead, the second step in
the analysis was the more informative plot of
the differences within duplicates against their
means (Fig. 1B). This allowed graphical
assessment of any systematic biases and the
detection of possible outliers in the data set for
each membrane. The 95% range for the differ-
ence in duplicate measurements is also shown
on the graph, and is = the repeatability coeffi-

cient [twice the square root of the mean of the
squared differences of the duplicates, as de-
fined by the British Standards Institution and
the International Organisation for Standardiza-
tion (13)]. The repeatability coefficients for
AMMAIN2 and AMMAIN4 were 1.13 and
1.23, respectively. A paired t-test should also
was performed just before this stage to deter-
mine if there were any systematic biases. If the
mean difference was significantly different
from zero, it was not possible to use the data to
assess repeatability. The difference in means
for AMMAIN2 and AMMAIN4 were —0.041
and —0.054, respectively, with confidence in-
tervals (—0.103, 0.021) and (—0.121, 0.014),
and p-values from the paired ¢-test 0.1863 and
0.111, respectively. 93% and 94.9% of dupli-
cate sets for AMMAIN2 and AMMAIN4, re-
spectively, were found to lie within this limit.
The third step in the intra-membrane analy-
sis was the determination of discordance be-
tween duplicate pairs, which was identified by
inspecting the ratios between duplicates and
employing =3 standard deviation (SD) limits
from the mean. Ratios that fell outside these
limits were considered outliers (Fig. 1C). Using
such criteria, nine genes on AMMAIN2 and
nine genes on AMMAIN4, three of which were
represented at the same spot locations, dis-
played discordance and, thus, were considered
as outliers. The observed discordance might
have been due to local membrane or gridding
pin alterations at the time of target deposition,
emphasizing the importance of this initial step
in data analysis. Upon removal of duplicate spot
agreement outliers, the repeatability coefficients
changed to 0.93 and 0.96, respectively, indicat-
ing good agreement within duplicate spots and
establishing confidence in the final data sets.

Inter-membrane Reproducibility of the Tailored
c¢DNA Arrays

Having established reliability for individual
membranes, reproducibility was further as-
sessed by comparing mean signal intensity
data from each of the two membranes hy-
bridized with identical probes. Again, the
graphical methods of Bland and Altman (12)
were employed on a logarithmic scale, with the
95% range limits plotted (Fig. 2). The inter-
membrane coefficient of reproducibility was
*+ 0.98, further confirming highly reproducible
results between the two membranes.
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Fig. 1. Assessment of intra-membrane
reproducibility for each of two membranes
(AMMAIN2 and AMMAIN4) hybridized with
ovarian carcinoma cDNA probe. (A) Signal
intensities measured at first and second spot locations
for each gene spotted in duplicate on each
membrane, with the line of equality included on
the graph. (B) Differences within duplicates against
their means, following logarithmic transformation

Detection of Angiogenic Marker Profiles: Comparison
of Placental and Ovarian Samples

A placenta-derived probe was labeled and hy-
bridized to a separate membrane (AMMAINS5),
and the resulting normalized hybridization sig-
nal intensities were assessed for confidence by
evaluation of intra-membrane agreement, as

of the data. Dashed lines indicate the repeatability
coefficients for each respective membrane, defined
at +1.13 for AMMAIN2 and *1.23 for AMMAIN4.
(C) Determination of duplicate spots with
outstanding differences in signal intensities,
defined beyond *3 standard deviation (SD) from
the mean variability. Points outside the accepted
range (dashed lines) were considered as outliers.

described above, revealing reproducibility in
94.9% of the gene duplicates. Having removed
all intra-membrane agreement outliers, the data
was then compared with those from membrane
AMMAIN4, hybridized with ovarian carci-
noma-derived probe, to evaluate the detection
of known tissue-specific markers and angio-
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Fig. 2. Assessment of inter-membrane reliabil-
ity by comparison of signal intensities (logarith-
mic scale) from two membranes, AMMAIN2
and AMMAIN4, hybridized with [**P]-labeled
ovarian carcinoma cDNA probe. (A) Overall
view of measurements obtained with AMMAIN2
and AMMAIN4 shows relative agreement between
values upon the line of equality. (B) Differences in
signal intensities between the two membranes
against their means, following the Bland and
Altman (12) assessment. Dotted lines at = 0.98
indicate the resulting coefficient of reproducibility.

genic differences between the tissue samples
(Fig. 3A). A Bland-Altman-type plot on the
logarithmic-scale, with the limits of agreement
shown at —2.00 and 0.39, indicated that there
was an association between the mean and the
difference among signal intensities from the
two probes (Fig. 3B). In addition, an observed
systematic bias indicating overall higher mea-
surements from the placenta-derived probe
was confirmed by a p-value of <0.0001 upon
the t-test. The difference in means resulted in a
value of —0.81, compared with 0.20, when
comparing membranes hybridized with the
same probe (AMMAIN2 and AMMAIN4,
above). With confidence in the overall marked
difference in hybridization signals between the
two distinct probes, differences in signal inten-
sities were considered significant upon the
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Fig. 3. Comparison of gene transcript
abundance between ovarian carcinoma- and
placenta-derived cDNA probes by analysis of
signal intensity profiles. (A) Measurements
obtained on AMMAIN4 (ovarian carcinoma) and
AMMAINS (placenta), transformed to logarithmic
scale, show a tendency of higher values for the
placental probe, represented above the line of
equality. (B) Differences in gene transcript signal
intensities between the two probes against their
respective means. The difference in means is
represented by a dotted line at —0.81. Dotted lines at
—2.00 and 0.39 indicate the limits of agreement with
signal intensities between the two probes; whereas,
dashed lines at = 0.98 indicate the limits beyond
which significant difference in transcript abundance
are defined (see text).

* 0.98 limits in mean difference, correspond-
ing to the minimal inherent inter-membrane
bias, as described above. Comparison of the
data revealed a generally higher abundance
of angiogenesis markers in the placenta, as ex-
pected for a tissue in which extensive physio-
logical angiogenesis was occurring, with fur-
ther differences in markers such as human
placental lactogen (hPL; see below). This es-
tablished a base confidence in the pathway-
and marker-specific profiles obtainable, prior
to investigating the unknown differences in
profile within a given tissue (e.g. normal com-
pared with diseased ovary).




A.-M. Martoglio et al.: Tumor- and Angiogenesis-tailored cDNA Arrays 757

TSHR hPL
] OV AHY . PLACENTA OV ARY PLACENTA
E.- LS @ - - IJ & b G '. # .&
= e = : "L_.:' e -'i-
|
vl | 58 ‘ o G
Juwg I0ng Jug lOug Zuog 10ug Jmg Q0ug |

Fig. 4. Northern blots analysis of ovarian carci-
noma- and placenta-derived total RNA samples
(2 pg and 10 pg per lane) hybridized with
[>*P]-labeled thyrotropin receptor (TSHR) and
human placental lactogen (hPL) cDNA probes.
Comparison with the array hybridization

Confirmation of Array Data
by Independent Measurement

To confirm the array data, the quantification of
variation in transcript abundance between
probes was compared with measurements ob-
tained by Northern blot analysis. Human pla-
cental lactogen (hPL) and thyrotropin receptor
(TSHR) probes were prepared using the same
¢DNA clone products as spotted onto the ar-
rayed membranes. They were hybridized to
Northern blots of the ovarian and placental RNA
samples used to probe the arrays (Fig. 4). The
resulting signals were quantified as described
in “Materials and Methods.” The Northern blots
and array data agreed by demonstrating similar
levels of TSHR transcript in the two samples,
with placenta/ovary ratios of 1.09 and 0.99, re-
spectively (Table 1). The Northern blots and ar-
ray methods also agreed by revealing a substan-
tially greater abundance of hPL transcript in the
placental, than the ovarian, sample (Table 1).
The agreement between Northern blots and ar-
ray analyses provided further confidence in the
assembled tailored cDNA arrays as reliable tools
for screening of gene expression abundance.

Sensitivity of the Array System

The ability of cDNA arrays to detect rare
mRNA species is well-documented in previous

signatures obtained at the respective spot locations
(open circles) on corresponding membranes
(AMMAIN4 and AMMAINS) show consistent
agreement with revealing differences in transcript
abundance between the two tissue samples.

studies (9,14-17). Deposition of cDNA at ap-
proximately 0.5 pmol/spot on the membranes
ensured sensitivity by large excess of targets
available for hybridization of the specific gene
sequences present in the probes, following
first-order linear kinetics. In addition, we com-
pared the hybridization signals for the range of
genes screened in the tissue samples against
those for Arabidopsis thaliana cytochrome c554
mRNA, which was spiked at 1.6% of the total
probe. The lowest hybridization signals ana-
lyzed were approximately 0.2 times that of Ara-
bidopsis thaliana cytochrome c554 mRNA. As-
suming similar efficiency of utilization of the
native mRNA and the spiking standard, the
system provided for a level of sensitivity of at
least 0.3% abundance, compared with the
0.01-0.1% abundance range reported in other
studies employing nylon arrays (9).

Changes in Gene Expression Abundance Between
Normal and Ovarian Cancer Tissue Samples

Ovarian cancer is the leading cause of death in
gynecological cancers (18). This is largely due
to the asymptomatic nature of the disease in its
early stages and the lack of clearly defined
markers for early detection or appropriate ther-
apeutic intervention. A wide range of factors
have been detected at varying concentrations
in malignant ovarian tissue or cultured cells



758 Molecular Medicine, Volume 6, Number 9, September 2000

Table 1. Comparison of array® and Northern blot® hybridization signal intensities

Probe Method Ovarian Carcinoma Placenta Ratio
TSHR Array 1.32 1.31 0.99
N. blot 1683 1836 1.09
hPL Array 0.055 6.47 117.6
N. blot 1149 137209 1194

?Array values correspond to those from AMMAIN4 (ovary) and AMMAINS (placenta).
®Northern blot values correspond to 10 ug total RNA samples.
TSHR, thyrotropin receptor; hPL, human placental lactogen.

(19-21), yet, little has been concluded concern-
ing the synchrony of molecular events leading to
the neoplastic phenotype. We employed the
tailored cDNA arrays described above to monitor
potential concerted gene expression alterations
in ovarian cancer. Total RNA samples derived
from nine different ovarian biopsy samples (five
normal ovary and four poorly-differentiated
serous papillary adenocarcinoma (pd-spa) sam-
ples) were hybridized to independent arrayed
membranes and processed as described above.
Following the analysis of intra-membrane repro-
ducibility and removal of duplicate agreement
outliers from each data set, the mean values for
each gene were determined for each tissue class
(Table 2). t-tests were employed to assess differ-
ences in the transcript abundance of each gene
among the two tissue classes. [The exercise of re-
peated t-tests has the potential to define false
positives, especially as the size of the data set in-
creases. However, the limited size of the tailored
array data sets allowed for the adoption of this
approach in an exploratory manner, having en-
sured appropriate controls (see above), while
further multivariate analytical approaches (e.g.
pattern recognition/neural networks) are under
consideration for further analysis of the data].
Analysis of variance revealed intra-class re-
producibility coefficients of 1.59 and 1.43 for
the normal and pd-spa samples, respectively;
whereas, interclass analysis revealed signifi-
cant differences (p < 0.05) in 33 of the
sequence-verified genes (Table 2). These in-
cluded representatives of each class of the se-
lected genes arrayed, encompassing mediators
of angiogenesis, cell adhesion molecules, im-
munological mediators, and molecules in-
volved in intracellular signaling. By contrast,
other members of each of these classes of genes

together with the “housekeeping genes” actin
and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH), showed some variation in ex-
pression between samples, but no significant
difference between the two classes of tissue.
The majority of the significant changes ob-
served represented an increase in expression in
the tumor-laden samples (Table 2). In contrast,
some genes revealed less abundant expression
in the neoplastic samples, notably endothelin-1
receptor (EDNRA) and cadherin-6.

Discussion

Tumorigenic Profile of Ovarian Cancer Revealed
by Tailored cDNA Array Analysis

Using our tailored cDNA arrays, comparison
of normal and pd-spa ovarian samples revealed
overexpression of many genes reported to
have tumorigenic or immunological function,
including: HLA-I (22), HLA-DR (23-25), tu-
mor-associated mucin-1 (26-28), macrophage-
stimulating protein receptor Ron (29,30),
(BAD) protein (31,32), cadherin-11 (33), myb
proto-oncogene (34), macrophage colony-
stimulating factor receptor (35,36), mast/stem
cell growth factor receptor (c-kit) (37,38), and
manganese superoxide dismutase (39,40). Ron
(29,30), c-kit (37,38), and vascular endothelial
growth factor (VEGF) (41-43) all have been re-
ported to play a role in the recruitment and ac-
tivation of tumor-associated macrophages, re-
sulting in increased proliferation, migration,
and invasion of the tumor cells, and leading
to an invasive-metastatic phenotype (44). In
addition, macrophage infiltration has been
shown to have a positive influence on tumor
vascularisation by enhancing VEGF secretion
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Table 2. Gene expression abundance profiles between normal and poorly differentiated serous
papillary adenocarcinoma (PD-SPA) of the ovary

GENE Gene Card ID  ACCESSION NORMAL? PD-SPA¢ P-VALUE?

ANGIOGENIC FACTORS, RECEPTORS AND MEDIATORS

ANGIOPOIETIN-1 ANGPTI1 home? 0.40 0.91 0.005
MACROPHAGE METALLOELASTASE MMPI12 N41372 —0.13 0.76 0.010
PLASMINOGEN ACTIVATOR INHIBITOR-1 PAII N73364 0.22 0.80 0.019
soluble VEGF RECEPTOR 1 (sflt) home? 0.32 0.89 0.003
THROMBOSPONDIN 1 THBS1 AA404574 0.37 0.73 0.047
THROMBOSPONDIN 4 THBS4 H27672 0.96 1.86 0.024
TRANSFORMING GROWTH FACTOR BETA 3 TGFB3 AA460527 0.04 0.64 0.028
VEGF RECEPTOR 1 FLTI T52673 0.69 1.09 0.009
VEGF A VEGF home?® 0.19 0.89 0.034

CELL ADHESION, RECOGNITION AND CYTOSKELETON

CADHERIN-11 (OB-) CDHI11 AA137109 0.34 0.93 0.036
CADHERIN-6, (K-) CDH6 AA434602 2.62 1.74* 0.038
COFILIN CFLI N41410 0.78 1.70 0.025
HLA CLASS I ANTIGEN (B-12) HLA-C T58784 1.57 2.77 0.000
HLA CLASS II ANTIGEN, DR-1 BETA HLA-DRBI AA033653 0.31 1.15 0.008
MOESIN MSN AA170514 —0.01 0.75 0.039
MUCIN 1 MUCI AA292565 0.69 1.37 0.027

GROWTH FACTORS, CYTOKINES, HORMONES AND RECEPTORS

CHORIOGONADOTROPIN BETA CHAIN CGB N42013 —0.01 0.37 0.040
ENDOTHELIN-1 RECEPTOR EDNRA N57394 2.33 0.88* 0.034
GM-COLONY-STIMULATING FACTOR CSF2RA R65621 0.42 0.83 0.048
RECEPTOR

MACROPHAGE INFLAMMATORY PROTEIN SCYA4 H62985 0.36 0.90 0.031
1-BETA

MAST/STEM CELL GROWTH FACTOR KIT H96451 —0.52 0.60 0.002
RECEPTOR

TRANSFERRIN RECEPTOR TFRC H81477 0.19 0.90 0.026
TYROSINE-PROTEIN KINASE RECEPTOR RON MSTIR AA129088 0.10 1.12 0.001
VASOACTIVE INTESTINAL POLYPEPTIDE VIPR2 AA495891 —0.10 0.64 0.019
RECEPTOR 2

INTRACELLULAR SIGNALLING, TRANSCRIPTION FACTORS AND NUCLEAR RECEPTORS

BAD PROTEIN BAD AA461579 0.29 0.98 0.044
MYB-RELATED PROTEIN B (B-myb) MYBL2 AA100862 0.42 0.89 0.007
NEURON-RESTRICTIVE SILENCER FACTOR REST AA489735 0.21 1.12 0.021
NEUTROPHIL CYTOSOL FACTOR 1 (P47-PHOX) NCFI T58661 0.79 1.50 0.033

ENZYMES AND OTHERS

CYTOCHROME C CYCl N29104 0.41 1.00 0.019
GLUCOSE TRANSPORTER TYPE 1 SLC2A1 H79697 0.45 0.89 0.046
GLUTATHIONE S-TRANSFERASE P GSTP1 AA173289 0.87 1.43 0.031
NADH-UBIQUINONE DEHYDROGENASE NDUFV2 W00360 0.50 1.06 0.035

SUPEROXIDE DISMUTASE (Mn-) SOD2 R15738 0.22 0.97 0.038
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(41,43) (see below). Thus, the observed
marked increase in mediators of macrophage
function supported their proposed role in tu-
mor biology (45,46) and clearly indicated a
field of potential therapeutic developments.

It is interesting to note that EDNRA, pro-
posed to be a receptor for an autocrine growth
factor stimulating calcium signaling and prolif-
erative responses in ovarian cancer cells (47),
revealed higher expression in the normal ovar-
ian samples. This is in contrast to recent in
vitro EDNRA mRNA expression studies in the
ovary (48), yet similar to reduced expression
observed in progressively malignant melanoma
cells (49), which implies that there may be
variations in in vitro and tumor grade-specific
alterations in gene expression. This implica-
tion raises the importance of defining concomi-
tant marker profiles for proper cataloguing of
model systems or diseased tissue states.

The development of cancer is the result of a
plethora of changes in the response to growth
factor regulators, cellular integrity, and activity
of immunologic mediators (50). Together, our
findings support the concept of concerted molec-
ular changes in tumor-associated macrophage
mediators, cellular structure, apoptotic activity,
and neoplastic markers in ovarian cancer. Stud-
ies surveying additional samples from each tis-
sue class could indicate the applicability of the
marker profile defined in Table 2 for ovarian can-
cer diagnostics.

Profile of Angiogenesis Markers in Advanced
Ovarian Cancer

Angiogenesis, or neovascularization from pre-
existing vessels, occurs mostly during embryonic
development. Its occurrence in normal adult
tissue is limited to events of the female repro-
ductive cycle and placentation (see above) or
wound healing (51). In tumor biology, angio-
genesis has been shown to be supportive of
solid tumor growth and metastasis (52-56). In
turn, the angiogenic switch seems to be initi-
ated by changing the balance of angiogenesis
promoters and inhibitors (57). Thus, differ-

<

ences in the expression profiles of angiogenic
factors in normal, compared with tumor-laden,
ovarian samples may provide important leads
for diagnostic and therapeutic developments
in this field. Results from our tailored cDNA
studies reveal a more aggressive angiogenic
profile in the pd-spa samples, compared with
their normal counterparts. This is characterized
by increased expression of previously reported
tumor angiogenesis markers, such as vascular
endothelial growth factor (VEGF) (58-61), VEGF
receptor (fltl) (62,63), transforming growth
factor B (TGFB) (64-66), and angiopoietin-1
(67,68). Interestingly, thrombospondin-1 and
thrombospondin-4, which inhibit angiogenesis
(69,70), were also highly expressed in the tumor
samples, accompanied by a corresponding in-
crease in plasminogen-activator inhibitor-1 (PAI-
1) (71). This supports the suggestion that throm-
bospondins may promote or mediate tumor
metastasis through cell adhesive properties
(72,73). Further, macrophage elastase (MMP-12),
speculated to have a blocking effect on angiogen-
esis by converting plasminogen to angiostatin (a
potent angiogenesis antagonist) (74), was also
found to be expressed abundantly.

The observed abundance of VEGF and
angiopoietin-1 in the ovarian cancer samples
supports the proposed complementary and co-
ordinated roles in vascular development and
remodeling (75-78). VEGF is a potent pro-
angiogenic agent whose expression in tumor
cells is reported to be induced by hypoxia (79),
acting on vascular endothelium to initiate pro-
liferation and subsequent formation of new
vessel-like structures (58-61,80). Following
the initiation switch, angiopoietin-1, known to
be a key mediator for interactions between en-
dothelial cells and surrounding support tissue,
such as smooth muscle cells (76), is reported to
have a later role in vascular development pro-
moting stabilization of the newly formed ves-
sels (81-84). Together, our findings suggest
that once advanced ovarian neoplastic disease
is established (as in pd-spa), the tumor-laden
tissue is able to overcome susceptibility to an-
giogenic inhibitors. VEGF and angiopoietin-1

-

Table 2. (Continued)

“home = clones derived and characterized in previous studies in our laboratory.
"NORMAL = mean In(signal intensity) of 5 samples of normal ovary.
‘PD-SPA = mean In(signal intensity) of 4 samples of poorly-differentiated serous papillary adenocarcinoma.

dpP-VALUE is from unpaired t-test between NORMAL and PD-SPA.

*Gene transcript abundance of these genes was lower in PD-SPA than NORMAL ovarian samples.
All other genes listed showed higher transcript abundance in the PD-SPA samples.
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may predominate in sustaining the angiogenic
response, although we cannot exclude the pos-
sible involvement of additional factors not in-
cluded on the array. Furthermore, such a profile
of advanced-state angiogenesis has the potential
for cataloguing samples of diseased tissue and,
in turn, directing the selection of appropriate
anti-angiogenic therapies for different disease
states.

Novel Concomitant Molecular Changes
in Ovarian Cancer

In addition to studies of pathway-specific
marker profiles, one of the main aims with the
adoption of tailored cDNA arrays is the poten-
tial elucidation of hallmark parallel changes,
based on predictions from previous observa-
tions. Among the selected targets known to
have a role in tumor initiation, progression or
sustainment, but scarcely reported in ovarian
cancer, neuron-restrictive silencer factor (REST)
(85,86), glucose transporter type-1 (GLUTI1)
(87,88), glutathione s-transferase P (89), moesin
(90), and cofilin (91-94) all resulted in higher
expression abundance in the ovarian cancer
specimens. Interestingly, cadherin-6, previ-
ously reported to be up-regulated in liver,
renal, and prostate cancer (95-97), revealed
lower expression in the ovarian neoplastic
samples, compared with their normal counter-
parts. Together, these findings indicate overlap-
ping similarities and specific variations in mol-
ecular changes among different tissue types
and disease pathways in tumor biology. This
strengthens the focus on diagnostic and thera-
peutic developments for broad or specific
tumor-targetted application.

The abundant expression profiles for
cofilin and glutathione s-transferase P detected
in ovarian cancer samples using the tailored
c¢DNA arrays are of particular interest in light
of their potential role in the development of
tumor cell chemoresistance. Cofilin is an actin
depolymerization protein susceptible to Rho
regulation (98,99), having a potential role in
the monocyte/macrophage inflammatory re-
sponse (100). It is shown to be overexpressed
in chemoresistant cancer cell lines (93). Inter-
estingly, a recent report on gene expression
profile changes in ovarian cancer using a 5766-
member cDNA microarray also revealed cofilin
as one of its top 15 overexpressed genes (101),
further supporting its potential role as key
marker for ovarian cancer prognosis. Similarly,

overexpression of glutathione s-transferase P
has been associated with acquisition of resis-
tance to alkylating agents (102,103) and has
been inversely correlated to patient survival
(104). The increased expression levels detected
in our array study agrees with previous obser-
vations in ovarian cancer samples (89,105), in-
dicating that overexpression of the enzyme
may be a further critical marker for prognosis.

The detection of such chemoresistant mark-
ers, in conjunction with tumor-associated gene
expression profiles as described above, may
provide an important hallmark for the selection
of appropriate therapeutic intervention in the
treatment of ovarian cancer.

Diagnostic and Prognostic Application of Tailored
cDNA Arrays

In this study, we report on a simple, reliable,
time- and cost-effective approach to cDNA
array technology for focused studies on alter-
ations in gene transcript abundance under-
lying angiogenesis and tumorigenesis. Us-
ing tailored cDNA arrays, we demonstrated
that changes in a distinct combination of tu-
morigenic, angiogenic, and chemoresistance-
related markers distinguishes advanced ovar-
ian cancer samples from their normal counter-
parts.

One of the main hurdles with determining
appropriate treatment for cancer patients is the
diversity in individual and disease-specific
genotype dictating the response to therapeutic
intervention. The focused profiles generated
using tailored cDNA arrays may help catalogue
disease states, counter-indicate conventional
chemotherapeutic intervention, and lead to the
development of appropriate multi-targetted or
tissue-specific therapies.
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