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Adenocarcinomas of the prostate can be categorized into tumor
grades based on the extent to which the cancers histologically
resemble normal prostate glands. Because grades are surrogates of
intrinsic tumor behavior, characterizing the molecular phenotype
of grade is of potential clinical importance. To identify molecular
alterations underlying prostate cancer grades, we used microdis-
section to obtain specific cohorts of cancer cells corresponding to
the most common Gleason patterns (patterns 3, 4, and 5) from 29
radical prostatectomy samples. We paired each cancer sample with
matched benign lumenal prostate epithelial cells and profiled
transcript abundance levels by microarray analysis. We identified
an 86-gene model capable of distinguishing low-grade (pattern 3)
from high-grade (patterns 4 and 5) cancers. This model performed
with 76% accuracy when applied to an independent set of 30
primary prostate carcinomas. Using tissue microarrays comprising
>800 prostate samples, we confirmed a significant association
between high levels of monoamine oxidase A expression and
poorly differentiated cancers by immunohistochemistry. We also
confirmed grade-associated levels of defender against death
(DAD1) protein and HSD17�4 transcripts by immunohistochemistry
and quantitative RT-PCR, respectively. The altered expression of
these genes provides functional insights into grade-associated
features of therapy resistance and tissue invasion. Furthermore, in
identifying a profile of 86 genes that distinguish high- from
low-grade carcinomas, we have generated a set of potential
targets for modulating the development and progression of the
lethal prostate cancer phenotype.

carcinoma � monoamine oxidase A � microarray � expression profile

The prognosis and choice of therapy for prostate cancer is
based primarily on three parameters obtained at the time of

diagnosis: clinical stage, serum prostate-specific antigen (PSA),
and the Gleason score of the cancer (1). The Gleason grading
system, which is based on microscopic tumor architecture,
consists of five histological patterns that annotate cancers into
categories exhibiting well differentiated (pattern 1) to poorly
differentiated (pattern 5) features (2, 3). A number from 1 to 5
is assigned to the most prevalent pattern. A second number, also
from 1 to 5, is assigned to the second most prevalent pattern. The
Gleason grade, which is the sum of these two numbers, has a
value between 2 and 10. In current practice, the vast majority of
prostate cancers have a Gleason score of �6 (4, 5). Hence,
tumors composed of patterns 3, 4, and�or 5 are considered
clinically significant. The reporting of individual Gleason pat-
terns is not a trivial distinction, because the amount of pattern
4 and the presence of any pattern 5 has been highly correlated
with probability of cancer dissemination, response to therapy,
disease outcome, patient-management decisions, and clinical-
trial enrollment (6, 7). Numerous studies have demonstrated a
direct correlation between Gleason score and clinical measure-
ments of disease outcome, including death due to tumor within

15 years and likelihood of remaining free of biochemical evi-
dence of disease recurrence after either definitive, potentially
curative radical prostatectomy or radiation therapy (8). Al-
though different Gleason patterns are histologically distinctive,
the molecular features underlying these tumor phenotypes are
not precisely defined. In this study, we sought to characterize the
molecular profile of prostate carcinomas of specific Gleason
patterns. Tumor cell transcript levels were used to develop a
model capable of distinguishing the low-grade (pattern 3) from
high-grade (patterns 4 and 5) tumors. We validated the predic-
tive power of the model by using an independent set of primary
prostate cancers and confirmed grade-associated differences in
protein-expression levels using a third sample cohort. Together,
these results identify both consistent and divergent features of
the molecular framework that underlies the histological classi-
fication of cancer grade.

Results and Discussion
Gene-Expression Profiles Associated with Prostate Cancer Grades. To
identify molecular alterations correlating with histological tumor
grade, we used laser-capture microdissection to exclusively ac-
quire the epithelial cell component of prostate carcinoma foci
corresponding to individual Gleason pattern 3, 4, or 5 cancers.
After linear amplification, gene-expression alterations in tumor
cells were measured by cDNA microarray hybridizations in a
head-to-head fashion against patient-matched microdissected
benign secretory epithelial cells. A total of 121 benign and
neoplastic samples from 59 radical prostatectomies and 30
prostate needle core biopsies contributed to the analysis.

To assess the generalized applicability and consistency of the
methods, we first sought to identify consistent prostate cancer-
associated transcript alterations irrespective of grade. Using
microdissected epithelium from radical prostatectomy samples,
we identified 736 genes with altered expression levels between
benign and neoplastic epithelium (false discovery rate �0.01%).
This cohort included several genes previously reported to be
differentially expressed in prostate cancers, such as hepsin,
AMACR, and CAMKK2 (Fig. 1A) (9–12). These findings pro-
vided validation that our methods replicated results of earlier
expression-profiling studies, despite using the very small sample
quantities obtained by laser microdissection and subjecting the
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RNA from these samples to amplification and transcript quan-
titation by microarray analysis.

To identify gene-expression alterations that associated with
specific Gleason patterns, we used a supervised-learning ap-
proach, Prediction Analysis for Microarrays (PAM) that repre-
sents a modification of standard nearest-neighbor classification
(13). Models comprising 40, 64, and 86 genes were able to
partition Gleason 3 vs. Gleason 4 and 5 cancers with 90%, 84%,
and 81% accuracy (under leave-one-out cross-validation) (Fig.
1B). We were unable to identify a cohort of genes that could
distinguish between pattern 4 and 5 cancers with sufficiently high
accuracy to be useful, suggesting a high degree of similarity
between these cancer histologies or substantial molecular het-
erogeneity in one or both of these groups. Therefore, we grouped
pattern 4 and 5 cancers together for subsequent comparisons.
Principal-components analysis of the 40-gene model demon-
strated segregation of cancers according to histological grade,
with only one pattern 4�5 cancer misclassified as a pattern 3, and
two pattern 3 cancers misclassified as pattern 4�5 (Figs. 1C and
2A). Rereview of the histology and the specific composition of
cells acquired by laser-capture microdissection did not alter the
histological classification of these samples. Although Gleason
patterns can be reproducibly categorized (14), there are clear
examples of heterogeneity in clinical behavior within each
histological category (15). Further studies are required to de-
termine whether molecular signatures within a specific cancer
pattern exhibit prognostic power.

Performance Characteristics of the Gleason Grade Classifier. To
determine the general applicability of the Gleason pattern
classifier, we generated and analyzed an independent prostate
cancer gene-expression data set derived from microdissected
matched benign and neoplastic epithelium from 30 prostate
needle biopsies. We measured expression alterations by microar-
ray hybridization and assessed the models that provided the
greatest discriminatory power in the original prostatectomy
samples. The classifier comprised 86 genes (109 clones), includ-
ing the 40 genes with 90% discriminatory power in the original
radical prostatectomy cases performed with highest accuracy,
producing a 76% overall correct classification rate (P � 0.056,
Fisher’s exact test) (Fig. 2B) on this independent sample set. Of
the 12 cancers histologically called Gleason pattern 3, all but one
was correctly classified. Of the cancers with a histological
classification of 4 or 4 � 5, 6 of 11 were correctly identified (Fig.
2B). As expected, microdissected samples recognized to contain
mixed grades of 3 � 4 or 4 � 3 cancer cells were divided between
pattern 3 or pattern 4 molecular categories. These results suggest
that pattern 3 cancers exhibit relatively consistent molecular
alterations, whereas cancers with histological features of pat-
terns 4 and 5 are more diverse and, in some cases, exhibit
molecular features common to pattern 3 cancers.

We next attempted to compare our results with other reports
correlating prostate tumor gene expression with grade. These
comparisons were problematic, because all publicly available
prostate cancer data sets generated expression profiles and
classifiers based on Gleason-sum scores rather than individual
patterns. For example, a given Gleason-sum score 8 cancer could
be composed of patterns 5 � 3 or 4 � 4. Reports by Singh et al.
(11) and LaPointe et al. (12) identified 29 and 42 genes,
respectively, that statistically associated with Gleason-sum score.
However, only three genes, SPARC, BGN, and COL1A2, were in
common between these analyses. None of the genes comprising
our classifier were present in the published grade-associated
gene sets. An additional contributor to these discrepancies
concerns the use of samples that, although enriched for tumor,
also contain variable amounts of tumor-adjacent stroma, benign
glands, and inflammatory cells. Alterations in the expression of
genes in tumor-adjacent stroma is well recognized (16). In the

Fig. 1. Gene-expression changes associated with prostate cancer grade. (A)
Genes differentially expressed between microdissected benign and neoplastic
prostate epithelium were identified in a supervised analysis of transcript
profiles of 32 matched samples from 29 individuals. A Statistical Analysis Of
Microarrays (SAM) one-sample t test comparing cancerous epithelium to
matched benign epithelium across all Gleason patterns identified 736 differ-
entially expressed genes (false discovery rate �0.05%). Cancer-associated
transcript alterations for several genes with previously described alterations in
prostate carcinoma are shown. (B) Identification of gene-expression alter-
ations predictive of Gleason pattern. PAM analysis of gene-expression profiles
generated from microdissected Gleason pattern 3, 4, and 5 cancers. Circles
represent the training error. Triangles represent the leave-one-out cross-
validation error. The x axis shows the number of array clones (and correspond-
ing unique genes) used for classification. (C) Principal-components analysis of
grade-specific prostate cancers using the 40-gene (51-clone) Gleason pattern
classifier. For each sample, the score on the first (x axis) and second (y axis)
principal component is plotted. Gleason pattern 3 (circle) samples are gener-
ally distinct from Gleason pattern 4 and 5 sample space (triangle and diamond,
respectively). Pattern 4 and 5 samples were intermixed, indicating a high
degree of molecular similarity. Three misclassified samples (under cross-
validation of the 40-gene model) between pattern 3 and pattern 4�5 cancers
are denoted in blue.
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context of these studies, the expression of SPARC has been
shown to be up-regulated in the stroma adjacent to non-small-
cell lung cancers (17) and pancreatic carcinomas (18) and may
be similarly overexpressed in prostate cancer-adjacent stroma. A

final source of discrepancies between studies involves technical
variables, attributable, for example, to the use of different
platforms (cDNA arrays vs. Affymetrix chips) and the necessity
of amplifying RNA before hybridization.

Although the grade-discriminatory gene sets derived from our
analyses and those of prior studies exhibited no concordance, we
explored the ability of the Gleason grade classifier to partition
prostate cancers in available data sets that were composed of
singular grade combinations such as 3 � 3 and 4 � 4. Of 86 genes
used in our classifier, 77 were present in the study by LaPointe
et al., with sufficient data to allow for grade-associated analyses.
Unsupervised hierarchical clustering of samples using these 77
genes produced two major clusters generally partitioned accord-
ing to grade. Of 26 tumors with Gleason 3 � 3 histology, 19
(73%) were correctly classified, as were 11 of 15 tumors (73%)
with 4 � 4 or 4 � 5 Gleason patterns.

Characteristics and Confirmation of Gleason Grade-Associated Mo-
lecular Alterations. Several genes that we found to be associated
with prostate cancer cell differentiation patterns have been
linked to cancer grade or stage classifications. A study of breast
carcinomas found a statistical relationship between increased
expression of the antioxidant enzyme peroxiredoxin 5 (PRDX5)
and larger tumor size, positive lymph node status, and shorter
survival (19). Elevated levels of the transcription elongation
factor TCEB1�Elongin C are associated with advanced andro-
gen-independent prostate cancers (20), and changes in the
subcellular localization of the membrane metalloendopeptidase
MME�CD10 expression are linked to prostate cancer grade (21).
Immunohistochemical analysis of the Akt-regulated transcrip-
tional repressor NSEP�YB-1 demonstrates a strong positive
correlation with Gleason grade (22). NSEP�YB-1 may influence
cancer progression through multiple mechanisms that include
enhancement of anchorage-independent cell growth and up-
regulation of the p-glycoprotein multidrug-resistance protein
(22, 23).

Many genes exhibiting altered expression in high- relative to
low-grade prostate cancers possess characteristics supporting
potential roles in cancer cell survival, invasion, or metastasis. Of
the 86 genes we used for grade classification, 6 are located on
chromosome 8. Of these, 4 map to 8q21–23, a region shown to
be amplified in �40% of primary prostate cancers in association
with higher cancer grades (24). The expression of 4 genes
involved in aspects of sex hormone metabolism or regulation
were increased in higher-grade cancers, including two members
of the 17�-hydroxysteroid dehydrogenase (HSD) family,
HSD17�3 and HSD17�4. The 3-�-hydroxysteroid dehydroge-
nase DHRS9 is capable of catalyzing the conversion of 3-�-
androstanediol to dihydrotestosterone (25) and also contributes
to the �-oxidation of fatty acids. The expression of HSD17�4,
also known as D-bifunctional protein, was recently shown to be
up-regulated in neoplastic prostate epithelium (26). We con-
firmed this result using quantitative RT-PCR analysis of micro-
dissected prostate epithelium and further confirmed the grade-
associated elevation of HSD17�4 transcripts found in the
microarray-based analyses (see Supporting Materials and Meth-
ods and Fig. 4, which are published as supporting information on
the PNAS web site). Together, these results suggest the emer-
gence of mechanisms that favor intracrine utilization of alter-
native androgen precursors by tumor cells. Five members of the
ras homologue gene family RHOT2, RHOA, RAB2, RAB6A, and
RAB18 were up-regulated in high-grade cancers. The RAB18-
related gene, RAB25, was recently shown to influence the
malignant potential of breast and ovarian cancers, suggesting
that members of this gene family may be general mediators of
epithelial cancer progression (27). The products of RHOA,
CAPZA2, HMGB1, NM23H1, CD63, and Saposin C have all been

Fig. 2. Genes associated with specific Gleason pattern prostate cancers. (A)
Shown are the 86 genes exhibiting the greatest discriminatory power to
partition cancer grades using an independent set of prostate cancer tissues.
Genes are ordered according to t test score. The 40 genes used in the original
PAM model are denoted by asterisks. (B) Application of the 86-gene Gleason
classification model to an independent test set of 23 prostate cancers of
singular pattern (e.g., 3 � 3) or exclusively high grade (4 � 4 or 4 � 5) resulted
in an overall classification accuracy of 74%. The predicted pattern of 7 addi-
tional cancers of mixed low grade and high grade (3 � 4 and 4 � 3) varied
between pattern 3 and pattern 4�5. The functional properties of grade-
classifying genes are annotated in Table 1, which is published as supporting
information on the PNAS web site.
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shown to directly modulate tumor progression through enhanced
cell motility, invasion, or metastasis.

Immunohistochemical (IHC) Analysis of Gleason Grade-Associated
Protein Expression. In current clinical practice, diagnostic and
prognostic cancer markers are most commonly assessed by using
IHC quantitation. We sought to determine whether grade-
associated alterations identified through transcript profiling
would have corresponding changes in protein levels discernable
by IHC. Although immunoperoxidase histochemistry is an im-
precise method of protein quantification, it is the only technique
currently available for assessing protein levels in small tissue
samples and localizing expression to specific cell types. We
focused on two pathways known to be associated with prostate
cancer behavior: neuroendocrine effectors and apoptosis (28,
29–31). Of the 80 genes in the grade classifier with known
biological functions, 5 are reported to modulate neuropeptide or
amine metabolism: monoamine oxidase A (MAOA), YWHAZ�
14–3-3-�, OAZ2, CPE, and SLC22A3. MAOA is encoded by a
polymorphic gene located on the X chromosome that catalyzes
the oxidative deamination of biogenic amines, such as cat-
echolamines and indolamine transmitters, throughout the body.
Gene variants conferring up to 50-fold differences in MAOA
activity have been associated with a variety of neurological and
psychosocial disorders, but few studies of MAOA in the context
of cancer biology have been reported. The physiological func-
tions of amine oxidases remain to be completely established, but
amine metabolism is linked to essential cellular processes such
as cell growth and differentiation (32). The byproducts of amine
metabolism include H202 and hydroxyl radicals that may con-
tribute to aspects of tumorigenesis, including redox-sensitive
pathways such as MAP-kinase signaling (33).

To further characterize the association between MAOA ex-
pression and the differentiation state of prostate cancers, we
measured MAOA protein levels by IHC on panels of tissue

microarrays (TMAs) representing independent patient cohorts
not evaluated in the initial analyses of transcript levels. A
comparison of 469 benign and 889 cancerous samples demon-
strated that MAOA protein expression was elevated in cancer-
ous epithelium relative to benign secretory epithelium (P �
0.0001, proportional odds-regression analysis) (34) (Fig. 3 a–d),
and MAOA expression was significantly elevated in Gleason 4 or
5 samples relative to Gleason 3 samples (P � 0.0001, propor-
tional odds-regression analysis). The finding that high levels of
expression of MAOA protein characterizes high-grade prostate
carcinoma raises the possibility that patients on long-term
MAOA inhibitors might have lower frequencies of high-grade
prostate cancer if MAOA plays a mechanistic role in the
development of high-grade prostate cancer.

Six genes functionally linked to the regulation of apoptosis
were present in the cohort of grade-classifying genes. Of these,
the gene encoding defender against death (DAD1) provides an
intriguing link between apoptosis and the influence of tumor
survival factors associated with perineural invasion (PNI).
DAD1 is a downstream target of the NFkB survival pathway and
exhibits an antiapoptotic function (35). In vitro studies modeling
PNI-associated prostate cancer growth measured increased pro-
liferation, reduced apoptosis, and elevated expression of NFkB
and DAD1 in tumor cells located in proximity to ganglia and
nerve tissue (36). We evaluated the expression of DAD1 protein
by IHC in TMAs of formalin-fixed radical prostatectomy cores
that, together, comprised 131 benign and 306 cancerous samples.
High DAD1 expression was significantly associated with can-
cerous epithelium relative to benign secretory epithelium (P �
0.0001). In agreement with the transcript analyses, DAD1 pro-
tein levels also exhibited a strong association with Gleason
pattern. Cancers of patterns 4 and 5 were more likely to stain
intensely than low-grade cancer of pattern 3 (P � 0.0001) (Fig.
3 e–h).

Fig. 3. IHC analysis of Gleason grade-associated gene expression. Representative immunohistochemical staining of Gleason pattern 3 (a and e), 4 (b and f ), and
5 (c and g) prostate adenocarcinoma for MAOA (a–c) and DAD1 (e–g) expression. Magnifications are �400. Summary of MAOA (1,358 scoreable samples) (d) and
DAD1 (437 scoreable samples) (d and h) expression quantitation in tissue cores comprised of benign secretory epithelium and specific Gleason pattern
adenocarcinomas.
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Conclusions
In this study, we have identified a panel of molecular alterations
that associate with the histological interpretation of prostate
cancer grades. The panel performed with high accuracy across
three independent panels of prostate adenocarcinomas pro-
cessed and analyzed by using divergent techniques. Gleason
patterns 4 and 5 cancers were virtually indistinguishable at the
molecular level with our model. This finding is in accord with the
clinical observation that Gleason patterns 4 and 5 tumors are
associated with similar prognoses and, thus, are managed iden-
tically (37). If demonstrated to be mechanistically involved in
cancer progression, the proteins encoded by grade-discriminat-
ing genes could serve as targets for pharmaceutical inhibition.
Grade-discriminatory proteins may also have utility as serum
markers for identifying high-grade prostate cancer. In this
context, the association of MAOA expression with prostate
cancer and grade is a finding that further implicates neuroen-
docrine features as mediators of prostate carcinogenesis. This
finding has clinical importance, because the presence and extent
of a neuroendocrine component in a prostate carcinoma corre-
lates with tumor aggressiveness (37). The ready availability of
monamine oxidase inhibitors offers an immediate opportunity to
determine the clinical relevance of this finding.

Materials and Methods
Tissue Acquisition. All materials were acquired and used in
conformity with Institutional Review Board-approved protocols
at the University of Washington and Oregon Health & Science
University. Two types of tissue were used for this study: fresh,
nonfixed tissue as a source of RNA for laser microdissection and
formalin-fixed, paraffin-embedded tissue for IHC studies. The
nonfixed tissue consisted of frozen tissue blocks from radical
prostatectomies and an independent sample set of frozen tissue
blocks containing prostate needle core biopsies. Details of tissue
handling are provided in Supporting Materials and Methods.
Fixed tissue samples consisted of two types: blocks correspond-
ing to the fresh tissue samples that were used for the laser
microdissection preparations and TMAs.

Laser-Capture Microdissection (LCM) and RNA Preparation. Frozen
sections (8 �m) were cut from optimal cutting temperature
medium (OCT) blocks and immediately fixed in cold 95%
ethanol. After brief (5–10 seconds) staining with hematoxylin
using the HistoGene staining solution (Arcturus Engineering
Mountain View, CA), the sections were dehydrated in 100%
ethanol, followed by xylenes (per the manufacturer’s protocol).
Epithelial cells (�5,000) from both histologically benign glands
and cancer glands were separately laser-capture microdissected
by using the Arcturus PixCell II instrument. Only one Gleason
pattern was included in each laser-captured cancer sample. A
total of 32 different Gleason patterns were captured from the 29
radical prostatectomy samples: 12 Gleason pattern 3, 12 Gleason
pattern 4, and 8 Gleason pattern 5 samples. A total of 30 Gleason
patterns were captured from the 30 needle core biopsy samples,
with some samples comprising combinations of Gleason pat-
terns. Matched benign epithelium was captured for each cancer
sample, for a total of 121 samples. Digital photographs were
taken of tissue sections before, during, and after LCM and
assessed independently by two investigators to confirm the
Gleason patterns of the laser-captured cells. RNA extraction and
amplification were performed by using standard procedures
described in Supporting Materials and Methods.

Microarray Hybridization, Data Acquisition, and Analysis. Prostate
Expression Database cDNA microarrays were prepared on polyL-
lysine-coated glass microscope slides by using a robotic spotting tool
as described in ref. 38. cDNA probes were made from 2 �g of

amplified RNA and randomly labeled with either Cy3 or Cy5 dye
to account for dye bias. Patient-matched normal and cancer probes
were combined, filtered, and competitively hybridized to microar-
rays under a coverslip for 14 h at 63°C. Further details are provided
in Supporting Materials and Methods.

Fluorescent array images were collected for both Cy3 and Cy5
emissions by using a GenePix 4000B fluorescent scanner (Axon
Instruments, Foster City, CA). The image-intensity data were
gridded and extracted by using GENEPIX PRO 4.1 software. The
specifics of microarray data processing are provided in Support-
ing Materials and Methods. Microarray data sets from this study
are deposited in the GEO respository under accession no.
GSE5132.

To compare the overall expression patterns of all radical pros-
tatectomy cancer samples to their patient-matched normal samples,
the filtered log-ratio measurements were analyzed by using the
Significance Analysis of Microarrays (SAM) procedure (39) (www-
stat.stanford.edu��tibs�SAM). In this analysis, a one-sample t test
was used to determine which genes were significantly differentially
expressed between cancer samples and their patient-matched nor-
mal samples. We call the set of significant genes the expression
profile associated with prostate cancer.

To identify gene-expression alterations associated with specific
Gleason patterns, we used Prediction Analysis for Microarrays
(PAM) (13), a supervised classification method. Full technical
details are provided on the PAM web site (www-stat.stanford.edu�
�tibs�PAM). We divided the radical prostatectomy samples into
two classes (Gleason pattern 3 and Gleason pattern 4 or 5) and
applied PAM to identify several small gene cohorts that classified
the samples with low error rates under leave-out-one cross-
validation. To evaluate the predictive properties of these gene sets,
we classified an independent sample set of Gleason pattern cancers
composed of prostate needle core biopsy samples. An additional
visual assessment of the degree to which our gene model partitioned
the radical prostatectomy samples by Gleason pattern was under-
taken by using principal-components analysis of the samples (40).

Quantitative (q)RT-PCR. cDNA was generated from 1 �g of aRNA
by using 2 �g of random hexamers for priming reverse tran-
scription by SuperScript II (200 units per reaction; Invitrogen).
qRT-PCRs were done in triplicate, by using �5 ng of cDNA, 0.2
mM each primer, and SYBR green PCR master mix (Applied
Biosystems) in a 20-�l reaction volume. Reactions were carried
out and analyzed by using an Applied Biosystems 7900 sequence
detector. Samples were normalized to the cycle threshold value
obtained during the exponential amplification of RPL13A. The
expression level of HSD17B4 was calculated. Values were re-
ported as the ratio of gene expression in neoplastic to normal
epithelium. Additional details and primer sequences are pro-
vided in Supporting Materials and Methods.

TMAs. Eight TMAs were used for these studies. All samples in all
arrays were provided in duplicate. Two arrays of predominantly
primary prostate cancers (of 159 and 234 samples, respectively)
have been described (41). Six arrays represented a range of
Gleason grades, a mix of prostate cancer tissue of different
biologic states [normal, atrophy, benign prostatic hyperplasia
(BPH), prostatic intraepithelial neoplasia (PIN), primary pros-
tate carcinoma, and metastatic prostate carcinoma], and a mix of
different normal and neoplastic tissues. Altogether, 469 unique
samples of benign prostate glands and 889 unique samples of
primary prostate carcinoma (572 Gleason pattern 3, 276 Gleason
pattern 4, and 41 Gleason pattern 5) were used for MAOA
immunostaining. And 131 unique samples of benign prostate
glands and 306 unique samples of primary prostate carcinoma
(211 Gleason pattern 3, 77 Gleason pattern 4, and 18 Gleason
pattern 5) were used for DAD1 immunostaining.
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IHC. Antibodies recognizing MAOA (sc-20156; Santa Cruz Bio-
technology) and DAD1 (sc-25557; Santa Cruz Biotechnology) were
used to stain TMAs composed of benign and neoplastic prostate
tissues. Specificity of labeling was confirmed by both omission of the
primary antibody and immunostaining the sections with a primary
antibody against an irrelevant antigen. Immunolocalization was
done by using a three-step avidin–biotin–peroxidase method. The
sections were counterstained with hematoxylin. Further details are
provided in Supporting Materials and Methods.

IHC stains were evaluated by using the following categorical
compositional scale: 0, no expression; 1, �5% of the cells express
the antigen; 2, 5–20% of the cells express the antigen; and 3,
20–100% of cells express the antigen. The following cell types were
evaluated: secretory and basal epithelial, high-grade PIN, and
Gleason pattern 3, pattern 4, and pattern 5 tumor cells. When a
section had several Gleason patterns, each pattern was scored.

To test for differences in the staining intensity of different cell
types, we used a proportional-odds model and included the

covariates Gleason grade and tissue source. The model was fit in
SAS (SAS Institute, Cary, NC), implementing a generalized
estimating-equations approach to account for multiple sections
from the same patient. Further details of the analytical methods
are provided in Supporting Materials and Methods.
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