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EphA2 is a transmembrane receptor tyrosine kinase
that is overexpressed in many carcinomas. Specific
targeting of EphA2 with monoclonal antibodies is suf-
ficient to inhibit the growth, migration and invasive-
ness of aggressive cancers in animal models. Using
immunohistochemical analyses, we measured the ex-
pression of EphA2 in prostatic adenocarcinoma,
high-grade prostatic intraepithelial neoplasia, and
adjacent benign prostate tissue from ninety-three
radical prostatectomy specimens. These results
were related to multiple clinical and pathological
characteristics. The fraction of cells staining posi-
tively with EphA2 in benign prostatic epithelium
(mean, 12%) was significantly lower than that in
high-grade prostatic intraepithelial neoplasia (mean,
67%, P < 0.001) and prostatic adenocarcinoma
(mean, 85%, P < 0.001). Moreover, the intensity of
EphA2 immunoreactivity in prostatic adenocarci-
noma was significantly higher than in benign pros-
tatic tissue (P < 0.001) or high-grade prostatic intra-
epithelial neoplasia (P < 0.001). Benign prostatic
epithelium showed weak or no immunoreactivity for
EphA2 in all cases examined. Whereas EphA2 immu-
noreactivity related to neoplastic transformation, it
did not correlate with other clinical and pathological
parameters examined. Our data suggest that EphA2
levels increase as prostatic epithelial cells progress
toward a more aggressive phenotype. Progressively
higher levels of EphA2 in high-grade prostatic intra-
epithelial neoplasia and prostatic carcinoma are con-
sistent with recent evidence that EphA2 functions as a
powerful oncogene. Moreover, the presence of high
levels of EphA2 in these cells suggests opportunities
for prostate cancer prevention and treatment. (AmJ
Patbol 2003, 163:2271-2276)

Protein tyrosine kinases (PTK) are generally understood
to play important roles in cellular growth and differentia-
tion."™® In particular, elevated PTK activity is frequently
associated with cellular transformation and carcinogen-
esis.*® The PTK family consists of many subtypes based
on the sequences of their motifs. The largest family of
PTKs, the Eph family of receptor tyrosine kinases, is
highly expressed during embryonic development and are
expressed in a restricted pattern in adults.™® Much re-
cent interest has focused on one particular Eph kinase,
EphA2, which appears to regulate many aspects of adult
epithelial cell behavior”®

EphA2 has been implicated in carcinogenesis of mel-
anoma, breast, colon, lung, and esophageal can-
cers.®7°712 These studies have identified high levels of
EphA2 in both tissue and cell models of these diseases.
Moreover, ectopic overexpression of EphA2 is sufficient
to confer malignant transformation and tumorgenic po-
tential on non-transformed mammary epithelial cells.'?
The potential importance of EphA2 in cancer is also
indicated by recent studies, which indicate that specific
targeting of EphA2 with monoclonal antibodies is suffi-
cient to inhibit the growth, migration, and invasiveness of
aggressive breast and prostate cancer cells.® 3

While much investigation has focused on EphA2 levels
in aggressive cancers, most of these studies have in-
volved a relatively small sample size. We therefore stud-
ied EphA2 expression in a relatively large collection of
prostate carcinomas. Moreover, we sought to determine
whether the expression of EphA2 is increased in pre-
malignant conditions such as high-grade prostatic intra-
epithelial neoplasia (PIN), a putative precursor of pros-
tatic adenocarcinoma.

Materials and Methods

Tissue Specimens

Ninety-three cases of radical retropubic prostatectomy
were obtained from the surgical pathology files of Indiana
University Medical Center (Table 1). These cases were
selected as representative of the full spectrum of Gleason
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Table 1. Patient Characteristics

% of Total patients

Mean % of cells staining Mean EphA2 antibody

Patient characteristic (n = 93) w/EphA2 antibody (*=SD) staining intensity (=SD)

Primary gleason grade

2 12 832 20*+06

3 43 86 = 10 23+07

4 23 84 = 16 23*+07

5 15 86 = 11 23+06
Secondary gleason grade

2 15 82 = 16 23+05

3 29 85+ 15 21*+06

4 35 85+9 23+07

5 14 88 =8 24+08
Gleason sum

<7 28 83 = 12 22*+06

7 35 85+ 14 22+07

>7 30 87 =10 24 +07
T classification

T2a 9 89 + 6 23*+05

T2b 43 84 = 12 22+07

T3a 27 84 = 15 22*+07

T3b 14 63 = 10 24 +06
Lymph node metastasis

Positive 13 88 +9 23+06

Negative 80 84 £ 13 22+07
Extraprostatic extension

Positive 53 86 = 11 23*+07

Negative 40 84 + 14 22+07
Surgical margin

Positive 50 86 * 11 21+06

Negative 43 84 £ 13 24 x0.7
Vascular invasion

Positive 30 85 = 11 21+08

Negative 63 86 + 13 23+06
Perineural invasion

Positive 82 82 + 15 24 +05

Negative 11 85 £ 12 22*07
High-Grade PIN

Positive 89 85+ 12 23*+07

Negative 4 859 20+0.8

grades and pathological stage. None had received hor-
monal or radiation therapy before surgery. Patients
ranged in age from 44 to 77 years (mean, 63 years).

After surgery, each prostate was weighed, measured,
inked, and fixed in 10% formalin for 18 to 24 hours. After
fixation, the apex and base were amputated at a thick-
ness of 3 to 4 mm and serially sectioned at 3 mm. The
seminal vesicles were sectioned parallel to the junction of
the prostate. The remaining prostate was serially sec-
tioned at approximately 3- to 4-mm intervals by a knife
perpendicular to the long axis of the gland from the apex
of the prostate to the tip of the seminal vesicles. Standard
sections, including both peripheral and transitional zone
prostate, were prepared for histological examination.
Grading of the primary tumor from radical prostatectomy
specimens was performed according to the Gleason sys-
tem.*'® The Gleason score ranged from 4 to 10. Patho-
logical stage was performed according to the 1997 TNM
(tumor, lymph nodes, and metastasis).'® Pathological
stages were T2a (n = 9 patients), T2b (n = 43), T3a (n =
27), and T3b (n = 14). Thirteen patients had lymph node
metastasis at the time of surgery. This research was
approved by the Indiana University Institutional Review
Board.

Murine Monoclonal Antibody to Human EphA2
Protein

Murine monoclonal antibody specific to EphA2 was gen-
erated by immunizing mouse with purified, recombinant
human EphA2 protein. A plasmid encoding a fusion pro-
tein of the extracellular domain of EphA2 linked to immu-
noglobulin chain was used as the immunogen. The anti-
sera was affinity purified. The specificity of the purified
IgG antibody was confirmed by immunoprecipitation,
ELISA, BiaCore, and functional activation assays (ie, in-
creased EphA2 phosphotyrosine content) (MedIimmune
Inc, Gaithersburg, MD). In addition, fluorescence micros-
copy study revealed the overexpression of EphA2 protein
in a right pattern and in the right cellular location in the
EphA2-overexpressing cells but not EphA2-deficient
cells.'71°

Immunohistochemistry

Serial 5-um-thick sections of formalin-fixed slices of rad-
ical prostatectomy specimens were used for the studies.
Tissue blocks that contained the maximum amount of



tumor and highest Gleason score were selected. One
representative slide from each case was analyzed. We
recognized the limitation of sample variation. Slides were
deparaffinized in xylene twice for 5 minutes and rehy-
drated through graded ethanols to distilled water. Anti-
gen retrieval was carried out by heating sections in 1
mmol/L ethylene diaminetetraacetic acid (EDTA) (pH 8.0)
for 30 minutes. Endogenous peroxidase activity was in-
activated by incubation in 3% H,0O, for 15 minutes. Non-
specific binding sites were blocked using Protein Block
(DAKO, Carpinteria, CA) for 20 minutes. Tissue sections
were then incubated with the mouse monoclonal anti-
body against human EphA2 (IgG1, 1:100 dilution;
MedImmune, Inc.) overnight at room temperature, fol-
lowed by biotinylated secondary antibody (DAKO) and
peroxidase-labeled streptavidin. 3,3-diaminobenzidine
was used as the chromogen in the presence of hydrogen
peroxide. Positive controls consisted of human prostate
cancer samples that had been shown to express EphA2
and PC-3 cells.?° LnCaP cells were used as negative
control.?® As an additional parallel negative control, neg-
ative controls were performed using blocking serum in
place of primary antibody.

Evaluation of EphA2 Expression

The extent and intensity of staining were evaluated in
benign epithelium, high-grade PIN and adenocarcinoma
from the same slide for each case. Microscopic fields
with the highest degree of immunoreactivity were chosen
for analysis. At least 1000 cells were analyzed in each
case. The percentage of cells exhibiting staining in each
case was evaluated semiquantitatively on a 5% incre-
mental scale ranging from 0 to 95%. A numeric intensity
score is set from 0 to 3 (0, no staining; 1, weak staining;
2, moderate staining; and 3, strong staining). These
methods follow our previous work.2"22

Statistical Analysis

The mean percentage of immunoreactive cells in benign
epithelium, high-grade PIN and adenocarcinoma were
compared using the Wilcoxon paired signed rank test.
The intensity of staining for EphA2 in benign epithelium,
high-grade PIN, and adenocarcinoma were compared
using Cochran-Mantel-Haenszel tests for correlated or-
dered categorical data. A P value <0.05 was considered
significant, and all P values were two-sided.

Results

EphA2 immunoreactivity readily distinguished neoplastic
prostatic epithelial cells from their normal counterparts
(Figure 1). EphA2 immunoreactivity was observed in all
cases of high-grade PIN and cancers, whereas benign
epithelial cells (from both peripheral and transitional
zone) showed weak or no EphA2 immunoreactivity (Fig-
ure 1; Table 2 and 3). Benign epithelium from both atro-
phic glands and benign prostatic hyperplasia showed
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weak or no EphA2 immunostaining. EphA2 expression
(both the mean percentage of immunoreactive cells and
staining intensity) was increased in both high-grade PIN
(P < 0.001) and cancers (P < 0.001) relative to benign
epithelial cells (Tables 2 and 3). Similarly, EphA2 immu-
noreactivity (both the mean percentage of immunoreac-
tive cells and staining intensity) was increased in pros-
tatic carcinomas compared with high-grade PIN (P <
0.001) (Tables 2 and 3). In contrast, no EphA2 immuno-
reactivity was observed in tumor-proximal stromal or en-
dothelial cells.

After finding high levels of EphA2 in neoplastic cells,
we asked whether the level of EphA2 expression related
to disease type. In the high-grade PIN group, 22%
showed grade 1 staining intensity, 73% showed grade 2
staining intensity, and 5% showed grade 3 staining inten-
sity (Table 2). In the adenocarcinoma group, 13% of
cases showed grade 1 staining intensity, 50% showed
grade 2 staining intensity, and 37% showed grade 3
staining intensity. In contrast, the normal epithelium
group showed grade 1 stain in 66% of the cases, and the
remainder showed no immunoreactivity for EphA2 protein
(grade 0 staining intensity) (Table 2). The mean percent-
age of EphA2 immunoreactive cells was 12% in normal
epithelial cells, 67% in high-grade PIN, and 85% in pros-
tatic adenocarcinoma (Table 3).

Whereas high levels of EphA2 could distinguish neo-
plastic from benign prostatic epithelial cells, EphA2 did
not relate to other clinical and pathological parameters.
For example, high levels of EphA2 were observed in most
prostatic carcinomas and did not relate to age, Gleason
grade, pathological stage, lymph node metastasis, extra-
prostatic extension, surgical margins, vascular invasion,
perineural invasion, or the presence of high-grade PIN
(Table 1).

Discussion

In this study, we found that expression of EphA2 is sig-
nificantly increased in both high-grade PIN and prostatic
adenocarcinomas as compared to benign prostatic epi-
thelium. These findings suggest that EphA2 overexpres-
sion may arise early in the course of prostate cancer
progression. Moreover, our findings suggest that EphA2
may provide an opportunity for prostate cancer preven-
tion or disease management.

High levels of EphA2 have been reported in other
cancers including melanoma, breast, lung, colon, and
esophageal cancers.®”°7'2 Qur data are unique in part
because they provide the first indication that high levels
of EphA2 are found early in disease progression. For
example, pre-malignant conditions of the prostate such
as high-grade PIN overexpress EphA2. This suggests
that EphA2 may play an important role in the early stage
of prostatic carcinogenesis. This hypothesis is supported
by evidence that overexpression of EphA2 is sufficient to
induce malignant transformation of non-transformed
mammary epithelial cells.® '3 It will be interesting to de-
termine whether high levels of EphA2 are also found in
pre-malignant conditions of other cancers as well (eg,
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Figure 1. EphA2 immunohistochemistry in the prostate. A to D: Normal prostate glands show no or minimal staining in the secretory cells lining the lumen of
the gland. Adjacent cancer cells show strong expression. E to F: EphA2 expression in high-grade prostatic intraepithelial neoplasia (PIN). The adjacent normal
gland showed no or minimal EphA2 immunoreactivity. 4, PIN; * adjacent normal glands.



Figure 2. Comparison of EphA2 tyrosine kinase expression in benign epi-
thelium, high-grade PIN, and prostatic adenocarcinoma. 4, PIN; *, adjacent
normal glands.

ductal carcinoma in situ). Taken together, EphA2 may be
an important component during the early carcinogenesis
of many human cancers.

Overexpression of several tyrosine kinases including
fibroblast growth factor, epidermal growth factor, and
focal adhesion kinase has been reported in prostate can-
cer."23°25 However, these PTKs are generally found to
be sporadically overexpressed in prostate cancer. Multi-
ple and different lines of evidence suggest Eph family
members contribute to the high tyrosine phosphorylation
levels in prostate cancer.?® We found that EphA2 is over-
expressed in both high-grade PIN and prostatic adeno-
carcinoma. Although information about the expression
and regulation of other Eph family members in prostate
cancer is rather limited, Robinson et al®® showed that
EphA1 and htk are expressed in some prostatic cancer
cells. Members of the Eph family have been shown to
have contrasting effects on cell proliferation and tumori-
genic potential in cell lines of different origins. For exam-
ple, EHK-1 and CEK8 have been linked to tumorigenesis
of glioma. However, EphA5 has no implication in promo-
tion of cell proliferation in human glioblastoma cell line.
Other data showed that EphA3 and EphB1 have no on-
cogenic effect.

In addition to its overexpression, the EphA2 in malig-
nant cells generally functions differently than the EphA2
in non-transformed cells. For example, defective cell-cell
contacts decrease the ability of EphA2 to interact with its

Table 2. Intensity of EphA2 Antibody Staining of Cells in
Prostate Tissues in 93 Radical Prostatectomy
Specimens

Staining Intensity Grade
Cell type 0 1 2 3
Benign epithelium 31 (33%) 61 (66%) 1(1%) 0(0%)

’
High-Grade PIN* 0 (0%) 20 (22%) 68 (73%) 5 (5%)
Adenocarcinoma*’ 0 (0%) 12 (13%) 47 (50%) 34 (37%)

*Indicates percentage of staining intensity was statistically higher
compared to that of the normal cells with a P value <0.001 using a
Wilcoxon paired signed rank test.

The staining intensity was significantly higher compared to high-
grade PIN (P < 0.001, Cochran-Mantel-Henszel test).
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Table 3. EphA2 Immunoreactivity of Cells in Prostate Tissues
in Radical Prostatectomy Specimens

Mean % of cells

Cell type staining = SD Range (%)
Normal cells 12 £ 17 0-90
High-Grade PIN* 67 = 18 5-95
Adenocarcinoma*’ 85+ 12 30-95

*Indicates percentage of staining statistically higher compared to
that of the normal cells with a P value <0.001 using a Wilcoxon paired
signed rank test.

The percentage of staining was statistically higher compared to
high-grade PIN (P < 0.001).

ligands, which are located on apposing cells.?” This ob-
servation is interesting in light of a recent report, which
showed that overexpression of EphA2 in non-transformed
mammary epithelial cells (MCF-10A) is sufficient to de-
stabilize cell-cell contact. Thus, the high levels of EphA2
in high-grade PIN and prostate cancer cells likely do not
interact efficiently with its ligand.

These changes in EphA2-ligand binding are important
because ligand binding negatively regulates tumor cell
growth and invasiveness and can reverse the malignant
phenotypes of highly aggressive tumor cells.'?13:27:28
Moreover, much recent investigation has sought to ex-
ploit these changes in EphA2 function by using monoclo-
nal antibodies to mimic the actions of the endogenous
ligands of EphA2. In this light, our present findings are
notable, in part, because they suggest that antibody-
based targeting of EphA2 could also have utility for blocking
the progression of PIN toward malignant disease.

The biological role and regulation of EphA2 expression
in prostate cancer is unclear. Overexpression of EphA2 in
high-grade PIN and prostatic adenocarcinoma are con-
sistent with emerging evidence that EphA2 may be in-
volved in the process of prostatic carcinogenesis. Further
studies on the regulation of the EphA2 signaling trans-
duction pathway may provide insights leading to ap-
proaches to prostate cancer prevention and treatment.
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