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Abstract
OBJECTIVES: We tested the hypothesis that co-coordinated up-regulation or down-regulation of several ovarian cell
surface kinases may provide clues for better understanding of the disease and help in rational design of therapeutic
targets. STUDY DESIGN: We compared the expression signature of 69 surface kinases in normal ovarian surface epi-
thelial cells (OSE), with OSE from patients at high risk and with ovarian cancer. RESULTS: Seven surface kinases, ALK,
EPHA5, EPHB1, ERBB4, INSRR, PTK, and TGFβR1 displayed a distinctive linear trend in expression from normal, high-
risk, and malignant epithelium. We confirmed these results using semiquantitative reverse transcription–polymerase
chain reaction and tissue array of 202 ovarian cancer samples. A strong correlate was shown between disease-free
survival and the expression ofERBB4. DNAsequencing revealed two novelmutations inERBB4 in two cancer samples.
CONCLUSIONS: A distinct subset of the ovarian surface kinome is altered in the transition from high risk to invasive
cancer and genetic mutation is not a dominant mechanism for these modifications. These results have significant im-
plications for early detection and targeted therapeutic approaches forwomen at high risk of developing ovarian cancer.
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Introduction
Approximately 2% of human genome, corresponding to 433 to 518
genes, code for kinases, which are collectively referred to as the kinome.
The human kinome is involved in multiple functions in the life cycle of
cells, and their differential expression in cancer suggests that protein
kinases play an important role in tumor progression and proliferation.
The pivotal role of individual kinases in the aggressive clinical behavior
of epithelial ovarian cancer (EOC) has been previously demonstrated in
studies of v-erb-b2 erythroblastic leukemia viral oncogene homolog-2
(ERBB-2), vascular endothelial growth factor (VEGF ), and v-erb-b2
erythroblastic leukemia viral oncogene homolog-3 (ERBB-3) [1–3].
Here, we propose that analysis of co-coordinated up-regulation or
down-regulation of several kinases not only will provide more useful un-
derstanding of the disease but also could help in the rational design of
therapeutic targets in EOC.

Differential gene expression profiling with microarray technology
provides a powerful tool to detect and delineate specific signaling path-
ways that may be dysregulated in cancer. In the current study, we eval-
uated the expression pattern of the human kinome in EOC. We
analyzed kinome expression in ovarian surface epithelial cells (OSE)
obtained from patients with normal, high-risk, and cancerous ovaries
using Affymetrix expression array HG-U133 Plus2. We combined
in silico data mining with a detailed literature review to identify a group
of 69 genes encoding for cell surface kinases, which may be targets
for small molecule inhibitors and antibodies. Our analysis led to the
identification of 10 surface kinases differentially expressed in cancer
compared with normal ovarian tissue. Although the kinome profile
of OSE from “high-risk” ovaries did not seem to be different from
normal ovaries, there was a clear linear trend in 7 of the 10 genes with
increased/decreased expression from normal to high risk to cancer
tissues. These were anaplastic lymphoma kinase (ALK ), Eph receptor
A5 (EPHA5), Eph receptor B1 (EPHB1), v-erb-b2 erythroblastic leu-
kemia viral oncogene homolog-4 (ERBB4 ), insulin receptor-related
receptor (INSRR), protein tyrosine kinase 7 (PTK7 ), and transforming
growth factor, β receptor 1 (TGFβR1). Finally, we validated these ob-
servations by tissue microarray (TMA) analysis for four of the seven
genes as well as by reverse transcription–polymerase chain reaction
(RT-PCR). Together, our study demonstrates that differential expres-
sion of kinases could represent early changes in EOC, priming it for
transformation and a multimodal strategy targeting these kinases could
represent a novel therapeutic strategy.
Materials and Methods

Specimen Collection
A total of 18 ovarian samples were collected under an approved

institutional review board protocol (Oregon Health & Science Univer-
sity, IRB #921). The samples were obtained fresh in the operating room
from women undergoing surgery for benign gynecologic disease, from
patients with stage IIIC poorly differentiated ovarian carcinoma at the
time of initial tumor staging/debulking procedure, and from women
undergoing risk-reducing oophorectomy because of significantly ele-
vated risk of developing ovarian cancer. The patients were considered
to be at high risk for ovarian cancer if they had two or more first-degree
relatives with ovarian and/or breast cancer or they had a personal history
of breast cancer and a first-degree relative with breast and/or ovarian
cancer. For this study, we selected high-risk patients that were negative
for BRCA1 and BRCA2 mutations. The numbers of samples and sub-
jects for each group were as follows: five cancer samples (5 subjects), six
normal samples (4 subjects), and seven high-risk samples (5 subjects).

OSE Preparation
Ovarian tissue was mechanically minced in 5 ml of Dulbeccos

phosphate-buffered saline at room temperature and digested with 5 ml
of 0.2% trypsin (Sigma-Aldrich, St Louis, MO) overnight at 4°C. Dis-
sociated epithelial cells were cultured in collagen-coated 35-mm Petri
dish in sterile OSE culture medium (1:1 mixture of RPMI-1640 and
Dulbecco’s modified Eagle’s medium, 20% FBS, 10 μg/ml insulin,
10 ng/ml epidermal growth factor, 1% Pen/Strep, and 0.1% gentamicin)
in a 5% CO2 incubator at 37°C for at least 96 hours. When confluent,
the cells were trypsinized (5 mg/ml Trypsin +7 mM EDTA; Sigma-
Aldrich) and subcultured or harvested for RNA or protein.

Antibodies
Four commercially available primary antibodies were used includ-

ing the polyclonal antibodies to ERBB4, EPHA5, and TGFβR1 (Ab-
gent Envision Proteomics, San Diego, CA) and a monoclonal antibody
to INSRR (R&D Systems, Minneapolis, MN). The control antibodies
to calnexin and α-tubulin were obtained from Sigma-Aldrich. Detec-
tion was performed using the avidin-biotin-peroxidase complex method
(LASB Kit; Dakocytomation, Glostrup, Denmark).

RNA Isolation and Sample Preparation
Approximately 3 × 106 OSE cells were used for the extraction of total

RNA by homogenization in a guanidinium isothiocyanate–based buffer
(RNeasyMicro Kit; Qiagen, Valencia, CA) according to manufacturer’s
instructions. The integrity of the RNA was evaluated by a Bioanalyzer
(Agilent, Palo Alto, CA). The RNA specimens were analyzed using
Affymetrix oligonucleotide array, HG-U133 Plus 2.0 (Affymetrix, Santa
Clara, CA), which contains more than 54,675 probe sets representing
47,000 transcripts and variants as well as 38,500 well-characterized
human genes. Each RNA sample was labeled using a two-step labeling
process. In the first step, messenger RNA (mRNA) was converted to
double-stranded complementaryDNA (cDNA) using Reverse Transcrip-
tase (Invitrogen, Carlsbad, CA) and an oligo-dT primer linked to a T7
RNA polymerase binding site sequence (IDT, Coralville, IA). In vitro
transcription was performed in the second step where the cDNA was
converted to labeled complementary RNA (the target) using T7 RNA
polymerase in the presence of biotinylated UTP and CTP (Enzo Life
Science, Farmingdale, NY). After this linear amplification, the target
was chemically fragmented to produce a uniform distribution of short
complementary RNA (cRNA). Fragmented, biotinylated targets (cRNA
fragments) were combined with hybridization control oligomer (Affy-
metrix) and control cRNA (1.5 pM BioB, 5.0 pM BioC, 25 pM BioD,
and 100 pM Cre-cRNA) in hybridization buffer and applied to the
HG-U133 Plus 2.0 array, which was packaged in a self-contained car-
tridge. The overnight hybridization was followed with staining using
streptavidin-phycoerythrin (SAPE; Molecular Probes, Eugene, OR).
Signal amplification was performed using a biotinylated antistreptavidin
antibody (Vector Labs, Burlingame, CA), followed by a second stain-
ing with SAPE. Scans of the processed chip were performed using the
GeneArray Laser Scanner (Affymetrix).

Gene Expression Analysis
The GeneChip Operating Software (GCOS) was used for image

analysis and signal quantification. The sample performance was eval-
uated using QC/QA parameters including: background, noise (Q),
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average signal intensity, and ratio of signal intensities for probe sets
representing the 5′ and 3′ ends of actin and GAPDH transcripts. Tar-
gets that do not meet predetermined thresholds were remade whenever
possible or discarded from further analysis. In addition, each array was
visually inspected for scratches and nonuniform intensity patterns that
may affect chip performance. After the initial inspection, one cancer
sample was excluded from the statistical analysis owing to poor RNA
quality. Signal data from 17 remaining samples (4 cancers, 6 normal,
and 7 high risks) were normalized using Robust Multiarray Average
using R Bioconductor (http://www.bioconductor.org/). After nor-
malization, the data were examined visually using the box-plot of each
sample, hierarchical clustering of samples, and multidimensional scal-
ing of samples based on all 54,675 probe sets. After verifying the data
quality, we selected 203 probe_sets that represented 69 preselected
kinase genes.
EST and SAGE (Serial Analysis of Gene Expression) data set gen-

erated in our laboratory, combined with all other publicly available
human transcript data, the Oncomine Microarray Database (http://
141.214.6.50/oncomine/main/index.jsp) was used to identify
69 members of the Ovarian Surface Kinome as listed in Table W1.
For each of the selected 203 probe sets for these kinases, we per-
formed analysis of variance to compare the mean expression levels
among cancer, high-risk, and normal groups. In addition, a linear
contrast was generated to determine whether there was a linear trend
between normal, high-risk, and cancer samples. Owing to the small
sample size, we did not adjust for potential within-subject correlation
and treated each sample as an independent observation, although
some patients provided more than one sample. The resulting P values
from F -statistics were adjusted for multiple comparisons using the
false discovery rate (FDR) of Benjamini and Hochberg [4]. The mean
differences between groups were converted to the mean fold change
(FC) by taking anti-log (base 2). Specifically, let Δ = mean difference
(log2 scale). Then FC was defined as: 2|Δ|, if Δ ≥ 0, and −2|Δ|, if Δ < 0.
Therefore, FC = 2 implies two-fold change in the positive direction
(up-regulation), whereas FC = −2 implies two-fold change in the neg-
ative direction (down-regulation). Genes with FDR less than 15% are
considered differentially expressed and subsequently analyzed by DNA
sequencing and tissue arrays. All statistical analyses were performed us-
ing Statistical Analysis System [5]. Affymetrix NetAffx Center (http://
www.affymetrix.com/analysis/index.affx) was used to obtain additional
biologic information on differentially expressed genes. Annotation in-
formation included the putative gene description, as well as external
identifiers to UniGene and LocusLink, Gene Ontology (GO) func-
tions, and pathway information [6].
Tissue Microarray Preparation
Paraffin-embedded tissues from 202 patients with ovarian cancer

were used to construct the microarrays as described previously by
Kononen et al. [7]. Sections were incubated with ERBB4, EPHA5,
TGFβR1, and INSRR antibodies at room temperature. The biotin-
free HRP enzyme-labeled polymer of the Envision Plus Detection
System (Dakocytomation) was used as a secondary reagent. The diami-
nobenzidine complex was used as a chromogen. In negative controls, a
normal goat serum was used instead of the primary antibody. The
extent of immunochemical reactivity was graded based on intensity
as follows: 0 (negative), 1+ (weak), 2+ (moderate), 3+ (strong). Nega-
tive control slides omitting the primary antibody were included in all
assays. Every attempt was made to evaluate OSE staining only; how-
ever, that was not entirely possible in cancer cases because of the almost
complete change of surface architecture.

Semiquantitative Reverse Transcription
One microgram of RNA from two normal, two high-risk, and two

cancer samples (from the initial cohort of 18 patients) was reverse-
transcribed in the presence of 50-nM random hexamer (NEB, Ipswich,
MA) and AMV Reverse Transcriptase (Promega, Madison, WI) by
incubating at 65°C for 5 minutes followed by cooling on ice for 5 min-
utes and then synthesizing the cDNA at 48°C for 40 minutes. PCR
was subsequently performed to analyze expression of ALK, EPHA5,
EPHB1, ERBB4, INSRR, PTK7, and TGFβR1. The primers are listed
in Table W2.

Amplification for all gene products was for 1 minute at 94°C and
for 30 or 35 cycles at 94°C for 30 seconds, 60°C for 30 seconds, and
72°C for 45 seconds. A final extension cycle at 72°C for 10 minutes
was designed at the end of cycling to ensure complete synthesis. The
PCR products were visualized by separation on a 3% agarose gel after
staining with ethidium bromide. The assessment of FC was made by
scanning the images and subsequent densitometry of the signal using
Quantity One 1-D Analysis Software (Bio-Rad Laboratories, Hercules,
CA). Relative changes were calculated by determining the ratio of ex-
perimental signal intensity to that of the internal control (normalized
GAPDH signal) for each sample for each probe set. The fold increase
is represented as compared with the signals from normal samples for
each normalized gene. The standard deviation representative of variance
between three independent replicates was calculated.

DNA Sequencing
Twenty-nine pairs of primary poorly differentiated serous stage

IIIC ovarian carcinomas samples with matched normal blood DNA
samples were used in mutation screening. Multiple displacement am-
plification (MDA) was performed to provide sufficient quantities of
DNA for mutation screening. One hundred nanograms of genomic
DNA from samples was subjected to MDA. The reaction volume
was 250 μl with an expected yield of 150 to 250 μg of MDA-DNA
as measured by double-stranded DNA quantification (PicoGreen;
Invitrogen). Two diagnostic loci (WIAF-1004 and WIAF-699) in the
MDA-DNA were analyzed by real-time quantitative PCR for ensuring
the integrity of the amplified sample. A locus representation of 100%
indicates nonbiased amplification of the original genomic DNA.
The analysis revealed that all samples correspond to the “highly usable”
category defined by greater than 3% of locus representation with a ratio
of less than 20-fold between the two loci. The genetic identities of
29 matching normal and ovarian cancer DNA (GBM19) were con-
firmed by 16 highly polymorphic markers. Seven receptor kinase genes
showing linear trend in expression from normal to high risk to cancer
(ALK, EPHB1, EPHA5, ERBB4, TGFβR1, INSRR, and PTK7 ) were
selected for mutation screening. Coding exons and intron-exon splicing
junctions of selected genes were sequenced.Detailedmethods for primer
design, PCR sequencing, and data analysis are described elsewhere [8].
All primer sequences are available on request.

TMA Statistical Analysis
An independent set of 202 ovarian cancer samples arranged as TMA

was analyzed for statistical correlates, as described in the section for gene
expression. Clinical variables were available for all 202 cases and are
summarized with proportions, means, or quartiles as described in the
Results section. Kendall τ was used to measure the association between
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ordered variables such as the staining intensities of EPHA5, ERBB4,
INSRR, and TGFβR1. Kaplan-Meier method was used to estimate
disease-free survival (DFS) as well as overall survival (OS), and log-rank
tests were used to compare survival curves between groups defined by
the staining intensity for each gene. Confidence intervals for survival
curves were based on asymptotic Wald statistics on log scale.
Results

The Expression Profile of Ovarian Surface Kinome
The examination of selected 69 cell surface kinase expression re-

presented by a total of 203 probe_set IDs in OSEs revealed a total of
10 genes (16 probe_sets) that were differentially expressed in at least
one of the three paired comparisons between normal, high-risk, and
cancer groups. Of these, 7 genes (12 probe_sets) were differentially ex-
pressed (i.e., FDR adjusted, P < .15) between cancer and normal groups
Figure 1. Linear trend of expression for the seven differentially expre
dence interval were plotted on the y-axis and the probeset_ids for e
probe_set across the three experimental groups. ALK, EPHA5, EPHB1,
to be negatively modulated.
(Table 1). Six genes (10 probe_sets) were differentially expressed be-
tween cancer and high-risk OSEs. The overlap between these two sub-
sets involved three genes: EPHA5, EPHB1, and TGFβR1. None of the
total 203 probe sets were differentially expressed between normal versus
high-risk OSEs.

We performed a linear trend analysis for all 10 genes. Seven genes,
ALK, EPHA5, EPHB1, ERBB4, INSRR, PTK7, andTGFβR1, displayed
a distinctive linear trend of expression from normal to high risk to cancer
(Figure 1). The seven genes showing a linear trend of expression are the
same seven genes found to be differentially expressed in comparison be-
tween cancer and normal groups.

DNA Sequencing Revealed Two Independent Intronic
Mutations in ERBB4

To test whether observed alterations in gene expression are a conse-
quence of genetic mutations, bidirectional dideoxy sequencing using
the high-throughput sequencing pipeline at the Venter Institute’s Joint
Table 1. Human Kinome Genes Upregulated or Downregulated among Normal (N), High-Risk (HR), and Cancer (C) Samples (P < .15).
Probe Set ID
 Gene*
Symbol
HR vs N,
Adjusted P
HR vs N,
FC
HR vs N,
Change
C vs HR,
Adjusted P
ssed gene
ach ordin
ERBB4, a
C vs HR,
FC
s. The norm
al group on
nd INSRR s
C vs HR,
Change
alized mean
the x-axis. D

how an increa
C vs N,
Adjusted P
Log2 intensit
ifferent color
sing trend, w
C vs N,
FC
ies with 95
lines deno
hereas PTK
C vs N,
Change
208212_s_at
 ALK
 0.214
 1.2141
 No Change
 0.7029
 1.07
 No Change
 0.0572
 1.2991
 Up

202686_s_at
 AXL
 0.5475
 1.1746
 No Change
 0.0864
 1.5104
 Up
 0.4068
 1.2859
 No Change

203499_at
 EPHA2
 0.2737
 1.5464
 No Change
 0.052
 1.8854
 Up
 0.5547
 1.2192
 No Change

215664_s_at
 EPHA5
 0.8856
 1.0971
 No Change
 0.052
 2.6911
 Up
 0.0561
 2.9525
 Up

237939_at
 EPHA5
 0.9119
 1.0421
 No Change
 0.037
 2.6485
 Up
 0.0331
 2.7601
 Up

241404_at
 EPHA5(1)
 0.8932
 1.0617
 No Change
 0.052
 2.3999
 Up
 0.0561
 2.5479
 Up

210753_s_at
 EPHB1
 0.9119
 1.0265
 No Change
 0.052
 1.6876
 Up
 0.0561
 1.7324
 Up

211898_s_at
 EPHB1
 0.9119
 1.0179
 No Change
 0.052
 1.3723
 Up
 0.0776
 1.3482
 Up

217324_at
 EPHB1(2)
 0.2737
 1.167
 No Change
 0.8363
 1.0405
 No Change
 0.0776
 1.2143
 Up

230425_at
 EPHB1
 0.7541
 1.3002
 No Change
 0.068
 4.7333
 Up
 0.1857
 3.6403
 No Change

241581_at
 ERBB4(3)
 0.4725
 1.102
 No Change
 0.3951
 1.1199
 No Change
 0.0776
 1.2341
 Up

215776_at
 INSRR
 0.2737
 1.1672
 No Change
 0.8969
 1.0236
 No Change
 0.1462
 1.1948
 Up

203131_at
 PDGFRA
 0.5261
 1.4736
 No Change
 0.052
 3.084
 Down
 0.2339
 2.0928
 No Change

1555324_at
 PTK7
 0.3554
 1.3193
 No Change
 0.6761
 1.1565
 No Change
 0.0776
 1.5257
 Down

224793_s_at
 TGFBR1
 0.7272
 1.132
 No Change
 0.1564
 1.6893
 No Change
 0.0776
 1.9122
 Up

236561_at
 TGFBR1
 0.9442
 1.0141
 No Change
 0.052
 1.6841
 Up
 0.0671
 1.7078
 Up
(1), (2), and (3) indicates that the gene symbol was unavailable in March 2008 annotation. The other 13 annotations are unchanged.
*Gene symbols are based on June 2005 Annotations from the Netaffx Analysis Center (http://www.affymetrix.com/analysis/index.affx).
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