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ABSTRACT

Purpose: The restricted expression of the surface gly-
coprotein prostrate-specific membrane antigen (PSMA) to
normal prostate tissue, primary and metastatic prostate
cancer (PCa), and the neovasculature of various nonpros-
tatic epithelial malignancies has enabled targeting strategies
for PCa treatment using anti-PSMA antibodies.

Experimental Design: Using prostatectomy specimens,
immunohistochemical staining for PSMA (7E11 antibody)
was performed on formalin-fixed paraffin-embedded sec-
tions of 136 cases of PCa. Cytoplasmic immunoreactivity
was scored for intensity and distribution, and results were
correlated with tumor grade, pathological stage, DNA ploidy
status (Feulgen spectroscopy), and disease recurrence.
PSMA mRNA expression in selected primary tumors and
metastatic lesions was also detected using in situ hybridiza-
tion and autoradiography.

Results: Generally, PCa cells expressed relatively in-
creased levels of PSMA as compared with benign elements.
Among the PCa cases, increased (high) PSMA expression
correlated with tumor grade (P = 0.030), pathological stage
(P = 0.029), aneuploidy (P = 0.010), and biochemical recur-
rence (P = 0.001). The mean serum prostate-specific antigen
level of 18.28 ng/ml at the time of diagnosis for the PSMA-
overexpressing tumors was significantly greater than the
mean serum prostate-specific antigen of 9.10 ng/ml for the
non-PMSA-overexpressing group (P = 0.006). On multiva-
riate analysis, pathological stage (P = 0.018) and PSMA
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expression (P = 0.002) were independent predictors of bio-
chemical recurrence. PSMA protein overexpression in high-
grade primary PCa tumors and metastatic lesions also cor-
related with increased PSMA mRNA expression levels using
in situ hybridization and autoradiography.

Conclusions: This study demonstrates for the first time
that overexpression of PSMA in primary PCa correlates
with other adverse traditional prognostic factors and inde-
pendently predicts disease outcome.

INTRODUCTION

Prostate-specific membrane antigen (PSMA) is a trans-
membrane folate hydrolase consisting of 750 amino acids and
having a molecular weight of M, 110,000 (1-3). PSMA expres-
sion has been consistently demonstrated by immunohistochem-
istry (IHC) and other techniques in normal and hyperplastic
prostate tissues, in prostatic intraepithelial neoplasia, and in
invasive carcinomas (4—6). PSMA expression and PSMA en-
zymatic activity are greater in prostate cancer (PCa) specimens
than in benign prostate tissues (6, 7). The first descriptions of
increased PSMA expression in PCa associated this finding with
high tumor grade and the presence of metastases (6, 8, 9),
suggesting that PSMA expression could be an adverse prognos-
tic factor for the disease. The finding that PSMA was intensely
expressed in metastatic PCa (8, 9) led initially to the develop-
ment of diagnostic imaging strategies using anti-PSMA antibod-
ies (10, 11) and subsequently to clinical testing of radioconju-
gated anti-PSMA antibodies for the treatment of metastatic
disease (12—14). Further evidence that PSMA expression was
up-regulated by androgen deprivation has fueled interest in
anti-PSMA therapies for hormone-refractory PCa (15). The
identification of PSMA expression in the neovasculature of
patients with non-PCa has also encouraged the potential use of
anti-PSMA antibody therapies for patients with carcinomas of
the kidney, lung, colon, breast, and other organs (16—18). De-
spite the current interest in PSMA as a target of therapy for
patients with hormone-refractory PCa and clinical use of
PSMA-directed tumor imaging (ProstaScint), PSMA expression
in primary PCa has not been evaluated previously as a stand-
alone prognostic marker. The following study is the first eval-
uation of PSMA expression status as a predictor of PCa disease
outcome.

MATERIALS AND METHODS

Specimen Collection, Tumor Grading, and Pathological
Staging. One hundred and thirty-six patients who underwent
radical prostatectomy for biopsy-proven prostate adenocarci-
noma between 1987 and 1997 at the Albany Medical Center
Hospital were randomly selected from a group of 1440 cases.
Patients who had received adjuvant therapy were excluded from
this study. H&E-stained slides from each radical prostatectomy
specimen were reviewed, and a Gleason grade (19) and patho-
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logical stage (20) were assigned. During review, multiple blocks
were identified based on the presence of adequate tumor and the
representative nature of the overall tumor grade. Tumors were
classified as high grade when the combined Gleason score was
=7 and as low grade when the combined score was =6. Tumor
grading was performed without knowledge of the PSMA and
DNA ploidy results. Serum prostate-specific antigen (PSA) lev-
els were obtained from the patient’s medical records in every
case. Serum PSA was measured by the Hybritech tandem
method (Beckman Coulter, Inc., Brea, CA). A postsurgical
elevation of the PSA level from a baseline level of 0 to >0.4
ng/ml on two consecutive occasions was considered as bio-
chemical evidence of disease recurrence. Follow-up information
was obtained from review of the patient’s medical records.

IHC. Immunohistochemical staining for PSMA was per-
formed by an automated method on the Ventana ES THC instru-
ment (Ventana Medical Systems, Inc., Tucson, AZ) using con-
tiguous formalin-fixed paraffin-embedded 4-pm sections from a
representative block in each case. After deparaffinization to
water, the antigenic determinant sites were unmasked in citrate
buffer with steam for 60 min. The samples were then reacted
with the primary antibody, a mouse antihuman PSMA mono-
clonal antibody (clone 7E11; American Type Culture Collec-
tion, Manassas, VA) of the IgG1 isotype directed against the
internal domain of the PSMA protein. The secondary antibody
was biotinylated goat antimouse immunoglobulins (DAKO,
Carpinteria, CA) at a dilution of 1:250. The tissue section-bound
antibody complex was detected using a biotin avidin diamino-
benzidine detection system (Ventana Medical Systems). After
the development of the color with diaminobenzidine, the slides
were counterstained with hematoxylin. Benign elements in all
cases served as internal positive controls, and a PCa specimen
known to be positive for intense PSMA expression served as an
external positive control. To confirm the specificity of the
primary antibody, slides were processed with every batch using
a matched immunoglobulin (Sigma, St. Louis, MO) of the same
isotype at the same concentration as that of the primary anti-
body.

IHC Staining Interpretation. Immunoreactivity for
PSMA was interpreted without prior knowledge of any of the
clinicopathological parameters or DNA ploidy. The intensity of
staining and the distribution of cytoplasmic positivity were
considered in the semiquantitative assessment of the immuno-
histochemical results for the 7E11 antibody. The distribution of
staining in the tumor cells was graded as focal (=10% of all PCa
tumor cells on the selected slide), regional (11-50% of PCa
cells), or diffuse (>50% of PCa cells). The intensity of cyto-
plasmic staining was subjectively graded as weak, moderate, or
intense. Cases in which the staining patterns were categorized as
intense diffuse, intense regional, or moderate diffuse were con-
sidered as overexpressing (or “high”) PSMA protein.

In Situ Hybridization. /n situ hybridization was per-
formed using formalin-fixed, acetylated, dehydrated, and delipi-
dated frozen tissue sections with *S-labeled riboprobes. Gene-
specific T3 sense and T7 antisense in situ hybridization probes
were generated by PCR to the domain that is found in all
variants of PSMA reported to date. Probes were labeled by
reverse transcription (Promega) following the manufacturer’s
instructions in the presence of **S-UTP; unlabeled ATP, GTP,

and CTP; and 200-500 ng of DNA template with purification
on MicroSpin G-25 columns (Amersham Biosciences). Slides
were hybridized with 50% formamide, 10 mm Tris-HCI, 0.2
mg/ml yeast tRNA, 1X Denhardt’s solution, 10% dextran sul-
fate, 600 mm NaCl, 0.25% SDS, and 2 X 10° cpm/pl riboprobe.
Hybridization was done at 55°C overnight, followed with wash-
ing of slides sequentially at low and high stringency with 2X
SSC and 0.2X SSC at 60°C, and then with 20 pwg/ml RNase A
at 37°C. The washed hybridized slides were dehydrated, dipped
in the NTB2 photographic emulsion (VWR International), in-
cubated for 10—14 days at 4°C, developed with Kodak Dektol
developer and fixer, and counterstained with hematoxylin. The
results were quantitated as a range of hybridization intensities
estimated by the number of silver grains over the epithelial cells
and on the approximate percentage of cells found positive.

Quantitative DNA Analysis. Five-pm formalin-fixed
paraffin-embedded sections were stained by the Feulgen method
and analyzed for DNA content with the CAS 200 Image Ana-
lyzer (Cell Analysis Systems, Lombard, IL; Ref. 21). After the
instrument was calibrated against similarly stained tetraploid rat
hepatocytes, the DNA content of the cases with PCa was meas-
ured in a minimum of 100 tumor cells, and the tumor DNA
index was determined by comparison with the control diploid
cells of the benign prostatic epithelium. All of the tumor cell
histograms were reviewed without knowledge of the tumor
grade, pathological stage, recurrence status, or immunohisto-
chemical results. A DNA index of 0.77-1.22 was considered to
be diploid. Peaks in the tetraploid region containing <15% of
the total cell population were considered to be the G,-M com-
ponents of diploid cell populations. Tumors with tetraploid
peaks >15% and hyperdiploid, nontetraploid peaks were con-
sidered to be nondiploid (aneuploid; Ref. 21).

Statistical Analysis. Statistical comparisons were car-
ried out with the STATA software (Stata Corp., College Station,
TX). The x* test was used to determine the significance of the
associations between PSMA expression and pathological vari-
ables. The ¢ test was used to test the equality of the means
between PSMA-overexpressing and non-PSMA-overexpressing
groups. Disease recurrence analysis was performed with univa-
riate models and by the Kaplan-Meier method. Multivariate
analysis including clinicopathological parameters and PSMA
expression was performed using the Cox proportional hazards
model. The level of significance was set at P < 0.05.

RESULTS

Clinicopathological Data. The mean age of the patients
was 66 years (range, 49-94 years), and the mean preoperative
PSA level was 12.4 ng/ml (range, 1.6—87.8 ng/ml). Of the 136
cases of PCa, there were 76 (56%) low-grade tumors (Gleason
score = 6) and 60 (44%) high-grade tumors (Gleason score >
7). At prostatectomy, there were 83 (61%) organ-confined tu-
mors (pathological stages I and II) and 53 (39%) advanced-stage
(IIT and 1V) tumors. Of the 96 cases analyzed previously for
total DNA content, 68 (71%) were diploid, and 28 (29%) were
nondiploid. Follow-up information was available for all pa-
tients, 57 (42%) of whom had biochemical postsurgical disease
recurrence.
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Table 1 ~ Correlation of PSMA® expression status with clinical parameters and disease outcome in 136 cases of prostate cancer treated by radical
P! p p Yy
prostatectomy

PSMA expression status (no. of patients)

Nonoverexpressing” Overexpressing®

Clinical parameter/disease outcome (71) (65) Significance (P)
Mean preoperative PSA (ng/ml) 9.10 = 591 18.28 = 17.70 0.006
Mean tumor Gleason score 592 +1.20 6.33 = 1.21 0.04
Mean DNA index (diploid = 1.00) 1.03 £ 0.33 1.32 £ 0.50 0.002
Advanced tumor stage (I1I/IV) 23/71 (32%) 33/65 (51%) 0.029
Recurrent disease 20/71 (28%) 37/65 (57%) 0.001
Mean time to recurrence (mo) 43.75 34.78 0.001

“ PSMA, prostate-specific membrane antigen; PSA, prostate-specific antigen.

’ Low staining intensity.
¢ High staining intensity.

PSMA Protein Expression by IHC. The immuno-
staining pattern for PSMA was cytoplasmic with tumor cells in
all cases of PCa showing variably increased staining as com-
pared with the weak expression in benign elements (Table 1).
Sixty-five of 136 (48%) patients with PCa featured intense or
“highly” overexpressed PSMA (Fig. 14) staining compared with
71 (52%) patients with PCa who showed increased but not

3

B.i

intense overexpression of the protein as compared with benign
prostatic tissues (Fig. 1B). Overexpression of PSMA correlated
with high tumor grade (P = 0.04). The mean Gleason score of
tumors with background PSMA expression was 5.92, and the
mean Gleason score of the tumors with PSMA overexpression
was 6.33. PSMA overexpression was also associated with the
presence of nondiploid tumors (P = 0.01). The mean DNA

;:frn,ac“’ % e

Fig. I A, intense prostate-specific membrane antigen (PSMA) overexpression detected by immunohistochemistry in a 61-year-old Caucasian man
with an extracapsular stage III Gleason 7 tumor that recurred at 44 months and progressed to hormone-refractory metastatic disease (anti-PSMA with
7E11 antibody, immunoperoxidase with hematoxylin counterstain, X200). B, relatively weaker PSMA immunostaining in a 64-year-old Caucasian
man with a stage II organ-confined Gleason 6 prostate cancer tumor that has not recurred at 68 months of follow-up (anti-PSMA with 7E11 antibody,
immunoperoxidase with hematoxylin counterstain, X200).
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index for the PSMA-overexpressing tumors was 1.32 compared
with a mean DNA index of 1.03 for the non-PSMA-overex-
pressing tumors (P = 0.002). PSMA expression status was also
associated with advanced pathological stage with 33 of 65
(51%) pathological stage III or IV tumors overexpressing
PSMA as compared with 23 of 71 (32%) of pathological stage
I and II tumors overexpressing PSMA (P = 0.029). The mean
serum PSA level of 18.28 ng/ml at the time of diagnosis for the
PSMA-overexpressing tumors was significantly greater than the
mean serum PSA level of 9.10 ng/ml for the non-PSMA-over-
expressing group (P = 0.006).

Univariate and Multivariate Analysis for Disease Re-
lapse. On univariate analysis, PSMA expression status corre-
lated with biochemical disease recurrence (P = 0.001; Fig. 2).
Tumor Gleason score (P = 0.04), aneuploid DNA content (P =
0.04), and pathological stage (P = 0.03) also predicted disease
recurrence. On multivariate analysis, advanced tumor stage
(P = 0.018) and PSMA overexpression (P = 0.002) were
independent predictors of biochemical recurrence.

In Situ Hybridization. [In situ hybridization was per-
formed on a limited number of frozen sections from normal
prostate tissues, prostatic intraepithelial neoplasia, PCa tumors,
and metastatic lesions (Fig. 3, 4—D). PSMA mRNA was pref-
erentially expressed in the epithelium of normal, benign, and
malignant prostate tissues. The majority of the prostatic intra-
epithelial neoplasias and primary tumors examined demon-
strated increased PSMA mRNA expression compared with sec-
tions of normal prostate and benign prostatic hypertrophic
tissues. Strong PSMA mRNA expression was also found in most
bone metastases and all lymph node and liver metastases. In the
small subset of frozen sections from primary PCa tumors, in-
creased PSMA mRNA expression tended to correlate with in-
creased Gleason score (data not shown).

DISCUSSION

A wide variety of morphology-driven and molecular mark-
ers have been studied for their ability to predict disease outcome
in PCa (22-25). Traditional morphology-driven measures have
included tumor grade, volume, and pathological stage. Numer-

ous molecular markers have been proposed for their potential
clinical utility including the determination of p21, p27, cyclin
D1, p53, bel-2, E-cadherin, HER-2/neu, matrix metallopro-
teases, telomerase, and glutathione S-transferase m (22-27).
However, expanded use of these markers for the individualiza-
tion of therapy has been hampered by a lack of universal
acceptance of their prognostic significance, problems concern-
ing the specificity and sensitivity of the available testing plat-
forms for each marker, limited available tissue, and the concern
that the inherent heterogeneity of PCa could cause false negative
results, especially for patients for whom a narrow-bore needle
biopsy is the only sample available for testing (23).

PCa Gleason score has typically correlated with other
markers of disease aggressiveness, including increased cell pro-
liferation, aneuploid DNA content, oncogene activation, and
tumor suppressor gene mutation (23-27). The Gleason score has
been highly predictive of rapid PSA progression (24). In the
present study, tumor grade was not an independent prognostic
factor when PSMA expression status was known. Thus, al-
though the Gleason score of prostatic adenocarcinoma is clearly
one of the strongest predictors of biological behavior and met-
astatic potential, in most studies it is not capable of predicting
disease outcome when used alone (26-28). Similarly, the ma-
jority of retrospective studies have shown that aneuploid DNA
content in PCa independently predicts poor prognosis for the
disease (29-31). Similar to the findings for the tumor Gleason
score, in the present study DNA ploidy status did not independ-
ently predict biochemical disease relapse.

In the present study, the increased expression of PSMA
determined by IHC on the primary prostatectomy specimens
correlated significantly with higher preoperative serum PSA
levels, high tumor grade, nondiploid DNA content, and ad-
vanced tumor stage, and increased expression also independ-
ently predicted biochemical disease relapse. PSMA protein
overexpression in high-grade primary PCa tumors and meta-
static lesions also correlated with increased PSMA mRNA ex-
pression levels using in situ hybridization and autoradiography.
This appears to be the first attempt to link PSMA levels meas-
ured on primary prostatectomy specimens with PCa outcome,
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Fig. 3 A, dark-field image of one case of high-grade prostate cancer metastatic to regional lymph nodes showing abundant prostate-specific
membrane antigen (PSMA) mRNA expression with radiolabeled probe detected by autoradiography on a 5-pum frozen tissue section (PSMA antisense
probe with hematoxylin counterstain). B, bright-field image of another case of high-grade prostate cancer metastatic to regional lymph nodes showing
abundant PSMA mRNA expression detected by radiolabeled in situ hybridization with autoradiography (PSMA antisense probe with hematoxylin
counterstain). C, corresponding immunohistochemical localization of PSMA protein on a frozen tissue block from the same case illustrated in Fig.
14 (anti-PSMA with 7E11 antibody, immunoperoxidase with hematoxylin counterstain). D, similar corresponding PSMA protein overexpression from
the same case illustrated in Fig. 3B demonstrated by immunohistochemistry (anti-PSMA with 7E11 antibody, immunoperoxidase with hematoxylin

counterstain).

although increased PSMA expression has been associated with
higher tumor grade (6) and metastatic disease (8, 9). In com-
parison with tumor grade, pathological stage, and DNA ploidy
status, the prognostic significance of high PSMA levels in the
primary tumor is magnified by the recent introduction of anti-
PSMA-targeted therapy (11-14). In the present study, the 7E11
anti-PSMA antibody was used for paraffin-based IHC. This
antibody was the first PSMA antibody developed and recog-
nizes the internal domain of the PSMA molecule (32, 33). The
classic IHC procedure on 4-um paraffin sections renders the
internal domain of PSMA available for antibody detection with
the 7E11 clone and appears to reliably indicate the total cellular
PSMA expression (6, 8, 9). The 7E11 antibody has also been
used to develop a radioconjugate for diagnostic imaging (10—
12, 34, 35). '"'In-capromab pendetide (ProstaScint) immu-
noscintigraphy has been used for the management of PCa but
has been limited by the dependency of the 7E11 antibody on the
exposure of the internal domain of PSMA, an exposure that, in
contrast to thin tissue section-based IHC procedures, will not
take place in whole tumor cells in vivo devoid of apoptosis or

necrosis. Antibodies to the external domain of PSMA such as
the J-591 antibody have been recently introduced for the treat-
ment of hormone-refractory PCa and also show promise as
imaging reagents (11-14).

In conclusion, this IHC-based study of PCa confirms that
PSMA expression is higher in high-grade, non-organ-confined
disease and, for the first time, that overexpression of PSMA
protein in the primary tumor independently predicts disease
outcome. Thus, additional studies designed to validate PSMA as
a prognostic marker; learn the potential impact of tissue fixation,
processing, staining, and heterogeneity of expression on the IHC
results; and test the potential clinical utility of PSMA appear
warranted.
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