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Abstract. Approximately 1 man in 6 will be diagnosed with prostate cancer during his life lifetime, and over 200,000 men in
the U.S. are diagnosed with prostate cancer annually. Since the widespread adoption of PSA testing, about 60–70% of men at
risk in the U.S. have had a blood test for prostate cancer. With this, prostate cancer death rates have decreased, yet only slightly.
Thirty thousand men still die each year from this disease. PSA testing fails to identify a small but significant proportion of
aggressive cancers, and only about 30% of men with a “positive” PSA have a positive biopsy. Additionally, of men who are
treated for prostate cancer, about 25% require additional treatment, presumably due to disease recurrence. Also of concern is
the growing evidence that there are some prostate cancers for which treatment may not be necessary. Very long-term studies
from the U.S. and Europe, following men with prostate cancer have found that some tumors do not progress over time. In these
individuals, prostate cancer treatment is unnecessary and harmful as these men do not benefit from treatment but will be at risk
of treatment-related side effects and complications. They suggest a fundamental problem with prostate cancer: it is not possible,
at this time, to predict the natural history of the disease. It is for these reasons that the most important challenge in prostate
cancer today is the inability to predict the behavior of an individual tumor in an individual patient. Here we review issues related
to performance and validation of biomarkers with a focus on “doing no harm”, and bearing in mind that it is the ultimate goal
of early detection to save lives. Improved diagnostic and prognostic biomarkers are needed for prostate cancer, and the use of
these markers should ultimately translate into increased life span and quality of life. The ultimate goal would be to not only have
accurate biomarkers suitable for early diagnosis, but also biomarkers that identify men at greatest risk of developing aggressive
disease. Technology has been brought to bear on this problem, and the major approaches are genomics, expression analysis, and
proteomics. Proteomics and DNA methylation assays may soon be used in sensitive and specific diagnostic testing of serum and
tissues for cancer. Expression arrays may be used to establish both a more specific diagnosis and prognosis for a particular tumor.
The proteome is only beginning to be understood, and alternative splicing and post-translational modifications of proteins such
as glycosylation and phosphorylation are challenging areas of study. Finally, risk assessment and prognosis are being pursued
through analysis of genomic polymorphisms (single nucleotide polymorphisms, SNPs). This huge task is only beginning, and
requires the combined expertise of molecular epidemiologists, oncologists, surgeons, pathologists, and basic scientists.

1. Introduction

The NCI Director’s Challenge to the cancer research
community is the elimination of suffering and death due
to cancer by 2015 [1,2]. There is evidence that early di-
agnosis in the prostate specific antigen (PSA) “era” has
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led to a decline in death rates due to prostate cancer [3],
and a decrease in the prevalence of advanced stage dis-
ease at the time of diagnosis [4]. However, there is con-
tinued disagreement over the efficacy of screening [5],
the efficacy of PSA as a diagnostic marker [6], and the
lack of effective treatments for advanced prostate can-
cer. Attitudes and policies concerning prostate cancer
range widely from benign neglect [7] to advocacy of
early detection [8]. It is possible that both views are cor-
rect based on the pathological [9,10] and clinical [11,
12] heterogeneity of prostate cancer ranging from indo-
lent, low grade disease to aggressive high grade disease
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which frequently metastasizes. Results of the recently
published Prostate Cancer Prevention Trial affirm that
prevention of prostate cancer can be achieved without
undue side effects [5]. Future prevention efforts may
also be tailored to high risk individuals with strategies
ranging from dietary modification to pharmacological
agents. A panel of biomarkers may therefore prove
useful in more than one area of clinical decision mak-
ing whether related to prevention, assessment of risk,
diagnosis, or prognosis.

2. Performance of diagnostic markers

The goal is to develop diagnostic and prognostic
markers useful in clinical decision making for diagno-
sis and treatment of prostate cancer. Early detection of
early stage cancer has been recognized as an important
goal in decreasing the morbidity and mortality of can-
cer [13]. However, there are important cautions that
must be understood in the development and validation
of assays for use in large scale screening of healthy
populations. Investigators must consider the influence
of sensitivity, specificity, and disease prevalence on the
performance of a proposed biomarker, and to keep in
mind that the ultimate goal of screening for cancer is
reduction of mortality due to cancer [14]. Figure 1,
shows the impact of changes in test specificity on the
performance of a hypothetical screening assay with test
sensitivity set at 100%. Positive predictive value (PPV)
is the probability that a subject has a disease when re-
stricted to those individuals who test positive. PPV is
calculated as follows: PPV= TP/(TP+ FP) where TP
and FP are the number of true positive and false posi-
tive results, respectively. A sharp decline in PPV can
therefore result when the number of false positive cases
increases due to a small decline in specificity. A de-
crease in specificity from 99.9 to 99% causes the posi-
tive predictive value (PPV) to decrease from 91 to 50%
when disease prevalence is in the range of 1% which
approximates the incidence of prostate cancer in an “at
risk” population. This deterioration in positive predic-
tive value may be ameliorated somewhat in practice if
the primary screening test can be followed or confirmed
with a second confirmatory test. Finally, the impact of
a false positive test may vary according to the popula-
tion and the disease. A significant false positive rate
for mammographic screening for breast cancer occurs
largely as a trade off for high sensitivity [15]. Impor-
tantly, definitive secondary tests (aspiration or biopsy)
can be done under direct visualization to ascertain the

Positive Predictive Value (PPV) of a Hypothetical Test Positive Predictive Value (PPV) of a Hypothetical Test 
Versus Test Specificity and Disease Prevalence in the Versus Test Specificity and Disease Prevalence in the 

Screened PopulationScreened Population

Disease Prevalence in the Screened Population
_________________________________________

50% 10% 1% 0.1% One per 2500
____________________________________________________________

Test Specificity (%)
_________________

90 91 53 9 1 0.4

95 95 69 17 2 0.8

99 99 92 50 9 4

99.9 99.9 99 91 50 29

Assumes a constant sensitivity of 100%

Fig. 1. Figure 1 shows the impact of changes in test specificity on the
performance of a hypothetical screening assay with test sensitivity
set at 100%. Positive predictive value (PPV) is the probability that
a subject has a disease when restricted to those individuals who test
positive. PPV is calculated as follows: PPV= TP /(TP+ FP) where
TP and FP are the number of true positive and false positive results,
respectively. (Courtesy of Dr. William Bigbee, U. of Pittsburgh).

nature of a palpable or mammographically abnormal
breast lesion. Imaging technology has not progressed
to this state in the prostate, so it is not feasible for the
urologist to three-dimensionally target a specific lesion
in the prostate.

3. Marker validation

A step-wise sequence of discovery, phased vali-
dation, and prospective clinical trials including psy-
chosocial, ethical and economic assessment is recom-
mended [16,17]. Pitfalls in moving from discovery to
validation also include the nature of the (biologic) sam-
ples that are utilized in either discovery or early phase
validation. The samples often tested in the discov-
ery and early validation phases of a marker are those
available (“at hand”) to the investigator. Understand-
ably, samples have often been collected retrospectively
from subjects known to have cancer. These “available
samples” can be helpful, but may lead to disappoint-
ment when the assay is performed in a more rigorous
prospectively collected sample set in which age, eth-
nicity, and other variables are controlled. Even more
importantly, a serum based marker which is discovered
and initially validated in serum from subjects with ad-
vanced stage disease may prove disappointing when
applied to subjects with early stage disease. Further-
more, it is helpful to recall that cancers morphologi-
cally evolve through pre-neoplastic, in-situ, and overtly
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malignant phases, and therefore, it is possible that cer-
tain biomarkers may be present both in morphologi-
cally malignant and morphologically benign epithelia.
Highlighting this point is the recent demonstration that
methylation events, which are proposed as biomark-
ers of cancer detection, occur in morphologically pre-
malignant epithelium [18]. This demonstrates the fea-
sibility of early detection using an assay which is po-
tentially scalable to a high throughput platform. Uti-
lization of this assay would require the understanding
that not only dysplastic but even morphologically nor-
mal lesions may be detected. This is problematical
because not all dysplastic lesions become cancer, and
it will be necessary to understand the natural history
of these “pre-malignant” lesions. The development
of laser capture microscopy has enabled us to expand
our understanding of genetic and epigenetic changes
by allowing direct comparison of morphologically pre-
malignant and malignant lesions [18].

Amongst the most desirable samples for early stage
validation are “pre-diagnostic” serum or blood samples
drawn at some interval prior to the clinical diagnosis
of cancer. The assumption is that a biomarker assay
which is truly effective in early diagnosis would per-
form robustly in this pre-clinical setting to diagnose
early, curable disease. These samples are amongst the
most difficult and expensive to obtain because they re-
quire prospective recruitment, screening, procurement
and banking of samples from large numbers of healthy
individuals. The costs ultimately embedded in such
samples are high. Guidelines for the design of nested
case control studies emphasize the need for combining
samples from different sites and basing statistics on true
positive and false positive rates rather than odds ratios
or relative risks [19].

3.1. Performance of PSA – state of the art

Cancer statistics in the late 1990s reflect both a de-
cline in prostate cancer mortality and “downstaging” of
the disease at the time of diagnosis. Thus, the number
of men who have metastases at the time of their initial
diagnosis of prostate cancer has decreased in parallel
with the decline in mortality [20]. While these favor-
able statistical trends followed the introduction of PSA
as a screening assay for prostate cancer in the late 1980s
and imply that earlier diagnosis and treatment provide
benefit to the population, it is possible that PSA screen-
ing was part of an increased awareness of prostate can-
cer and heightened attention to the disease with more
men being biopsied. Thus, while PSA is still recog-

nized as the best available serum marker for detection
of any form of cancer, there is substantial room for im-
provement. It is possible that the major effect of PSA
may have been to stimulate biopsies.

The sensitivity of PSA as a screening assay for
prostate cancer can be estimated from the incidence
of cancer in the recently completed Prostate Cancer
Prevention trial (PCPT) [5]. Of 7472 men biopsied
at the end of study, 944 (13%) had cancer. Positive
cases were comprised of 10% of men on finasteride,
(368/3652) and 15% of men on placebo (576/3820).
21% of men with positive end of study biopsies had
PSA levels between 2.6 and 3.9 ng/ml. 15.4% of the
tumors found in men with PSA levels< 2.5 ng/dl were
high grade tumors. In the PCPT trial setting therefore,
the false negative rate for detection of high grade tu-
mors (i.e. high grade tumors detected when PSA is<
2.5 ng/dl) is at least 15%. The circumstances of the
PCPT trial are unusual in that the likelihood is low that
these men would have been biopsied in clinical prac-
tice. The false positive rate for PSA is more difficult to
estimate, but available data [21] suggest that approxi-
mately 30% of men with an elevated PSA have a posi-
tive biopsy. There are ethnic variables which influence
the performance of PSA. Only 25–35% of Caucasians
and Hispanics with a PSA in the 2–10 ng/ml range
have biopsies positive for prostate cancer while up to
70–80% of African Americans with PSAs in this range
have a positive biopsy [22,23]. Clearly, PSA sensitivity
is suboptimal given a false negative rate approaching
15% and the specificity of PSA is also suboptimal since
only about one third of men with an elevated PSA have
a positive biopsy.

3.2. Prostate cancer diagnosis – state of the art

The gold standard for diagnosis of prostate can-
cer remains biopsy and pathological evaluation [24].
Core biopsies are difficult to interpret since the di-
agnosis of cancer is often based on a limited num-
ber of malignant glands amidst many benign glands.
Basal cells are present in benign glands and can be
identified by immunohistochemical staining for high
molecular weight cytokeratin [34betaE12;keratin 903].
Using immunohistochemistry,alpha-methyl-CoA race-
mase (AMACR) has been shown to be highly overex-
pressed in prostate cancer [25]. Although produced by
normal cells, the differentially increased expression of
AMACR in cancer is such that up to 100% of prostate
cancers stain by IHC for this enzyme with only rare
staining of non-cancerous tissues in the prostate [25].
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The staining characteristics of basal cells in benign
glands can be exploited to support the diagnosis of can-
cer. 34βE12 and p63 have both been used to identify
benign glands [26,27]. P63, a nuclear protein, shares
homology with p53, and is selectively expressed in
basal cells of the normal prostate, but is largely absent
from prostatic adenocarcinoma [27]. It has been sug-
gested that a cocktail of p63 and 34βE12 can improve
the detection of benign basal cells vs. use of either
alone [28]. Methylation of GSTpi, which appears to
be nearly 100% sensitive in cancer, is another innova-
tion which may be used to increase the sensitivity of
the diagnosis of prostate cancer. It is consumptive of
tissue, and this may be an impediment to its ubiquitous
application [18].

3.3. Diagnostic markers – new directions for proteins

The ideal protein marker would be one which is
specifically made by a tumor or its precursor morpho-
logic lesion and which enters the circulation at an early
enough stage to be a biomarker useful in the early de-
tection of cancer. Curiously, PSA meets the second of
these criteria since it does enter the circulation at an
early stage, but it is not uniquely produced in tumor
cells. Therein lies its relative weakness as a specific
marker for cancer. Improved technology, including
improved resolution and sample preparation methods,
may enable both high throughput and specific identi-
fication of proteins by mass spectrometric techniques.
The term proteomics is frequently applied to the com-
bined application of mass spectroscopic analysis in tan-
dem with other techniques for detection of proteins such
as 2-D gel separation and microsequencing. Significant
challenges intrinsic to the use of proteomic approaches
to discover serum markers of cancer include detecting
nanogram quantities of tumor-specific peptides amidst
relatively massive (milligram) amounts of other serum
proteins that are normally present [29].

There are two paradigms for use of this technology,
one is pattern recognition, and the other is that the tech-
nology would be used to identify, isolate, and charac-
terize unique proteins produced by cancer cells. The
Ciphergen ProteinChipSELDI –TOF-MS platform
has been successfully used to discriminate serum pro-
tein profiles of patients with prostate cancer from case
controls [30–32]. Because samples are directly applied
to various matrices that are then subjected to displace-
ment by laser energy, this approach has simplified sam-
ple handling. However, implementation of this as a
screening tool will require will require synchronization

of instruments, accounting for environmental effects
on the matrixes, variability in proprietary elements in
the matrices, and utilization of peak intensities for de-
tection. Mass spectroscopy is extremely well suited
to identification of peaks as a ratio of mass/energy,
but peak heights are less accurate as a reflection of
mass. This can create the need to develop appropriate
statistical methods for selecting peaks. SELDImay
detect a cancer “phenotype” which when detected as
a series of unique peaks, identifies the net effects of
cancer on serum proteins. This cancer phenotype or
profile may reflect the binding of small molecules to
larger molecules, an altered profile of cytokines, altered
binding of proteins to proteins, and altered or blocked
cleavage sites [33]. The ability of SELDIto distin-
guish the “profile” of serum from cancer patients from
normal may reflect generalized cancer-induced alter-
ations in the serum that are specific to cancer. How-
ever, it is still possible that none of the peaks detected at
this level of resolution and sensitivity represent specific
proteins made by tumors and secreted into the serum.
The Early Detection Research Network is completing
phased trials of this approach [34–36]. Approaches
to develop appropriate peak selection alogorithms and
statistical analysis of these patterns are being devel-
oped and tested [37]. A paradigm of using mass spec-
troscopy as a discovery tool for serum markers is also
promising. When integrated with 2-D gels, it is possi-
ble to identify and characterize proteins specific to hu-
man tumors, an approach which is being applied to this
problem [38,39]. Strategic approaches to the discovery
process might integrate gene expression analysis with
mass spectroscopy.

4. Gene expression arrays

Gene expression analysis has been expertly re-
viewed [40]. It exploits the affinity and binding of com-
plementary cDNA to short corresponding nucleotide
sequences (expressed sequence tags/ESTs) annealed to
a substrate such as a glass slide. A fluorescence inten-
sity signal is the read-out regardless of the platform, so
the data consist of fluorescence intensity data. This al-
lows up to approximately 10,000 ESTs to be evaluated
on each slide. Most attention has focused on compar-
ing tumor cDNA to normal cDNA, derived from the
same subject. Overexpression of genes is confirmed
by quantitative reverse transcriptase PCR techniques to
verify that the RNA transcripts are actually elevated,
and proteins, encoded by the overexpressed message,
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must also be characterized by immunohistochemistry
or other means. Gene expression data can be seen as
a tool to be used for annotating the expression profiles
of tumors. Even without reference to normal DNA,
analysis of gene expression array data can be used to
independently categorize tumors [41]. This has the po-
tential to supplement the morphologic diagnosis and
classification of tumors, and may provide important
prognostic information. Expression array data, like
proteomic data, can be used both in “pattern recogni-
tion”, and also as a discovery tool to identify specific
proteins overexpressed in cancer. The classification of
tumors using array data falls in some measure into the
“pattern recognition” paradigm utilized in analysis of
SELDI data. However, expression array analysis is
more technically demanding and costly than. SELDI.
The costs and technical complexities of expression ar-
ray data are balanced by the fact that, unlike the peaks
observed in SELDI, each oligonucleotide on the array
can be linked to a specific target (gene). Even so, ex-
pression arrays do not reveal the entire spectrum of
expressed proteins. Alternate splicing of mRNA tran-
scripts occurs, a point worth noting since one gene may
give rise to several different transcripts, expanding by
several-fold the number of distinct mRNAs [42]. Ob-
viously, both over- and underexpression of genes has
implications for the underlying biology of cancer as
well. Underexpression of genes is frequently linked
to methylation events, and may thereby reflect down
regulation of gene expression [43]. Overexpression of
genes observed in prostate cancer include AMACR and
hepsin, both of which can be overexpressed thirty to
forty fold above normal control levels [44–46]. Re-
cent studies using RT-PCR and immunohistochemistry
have confirmed the overexpression of hepsin [47] and
AMACR [48]. AMACR is a mitochondrial and per-
oxisomal enzyme which, through conversion of (2R)-
stereoisomers of phytanic and pristanic acid to their
(S) counterparts is essential in theβ-oxidation of bile
acid intermediates, branched-chain fatty acids and for
degradation of bile acid intermediates such as di-and
trihydroxycholestanoic acid [49]. AMACR has been
recently shown to function as a growth promoter which
functions independently of androgens [50]. Hepsin has
also been recently shown to be involved in regulation of
cell growth [51]. An alternately spliced variant of the
AMACR family was subsequently discovered “in sili-
co” [52], and further studies demonstrated more mem-
bers of this family [53]. These are examples of how
the discovery process has been accelerated through the
application of high throughput technology. While it is

unlikely that expression arrays comprised of thousands
of ESTs will be used in a clinical setting, the technology
promises to accelerate the discovery of over- and under-
expressed proteins and “focused” arrays may be useful
in assaying diagnostic and prognostic biomarkers. The
classification of tumors using expression arrays [41]
may provide important prognostic data however, and it
is possible that this will become a standard part of the
clinical/diagnostic armamentarium, especially if spe-
cific chips are produced that target specific tumors with
a limited number of genes.

5. Risk assessment

Markers of risk for any disease can be beneficial in
leading to early diagnosis and potential cure or preven-
tion of disease. Prevention strategies may be targeted
to those at highest risk, avoiding exposure of the entire
population, and thereby diminishing the potential com-
plications associated with the intervention. Effective
markers of risk allow for refinement of screening pro-
grams targeting early detection of cancer. The dictum
“do no harm” is especially relevant when large numbers
of healthy individuals are screened for cancer. Even in
the case of ovarian cancer with sensitivity and speci-
ficity well above 90%, frequent screening of healthy
populations increases the risk of adverse outcomes due
to false positive results, unnecessary additional test-
ing and procedures, overdiagnosis of cancer, and anx-
iety [54]. The ability to identify individuals at high
risk for disease would permit less frequent screening
in men at lower risk of prostate cancer and concomi-
tantly decreasing the false positive rate. The goal is to
increase the specificity of the screening and reduce the
frequency of biopsies.

The search for markers of risk may be directed by
hypotheses regarding causes of prostate cancer. Age,
diet, and genetic factors have all been implicated in
the risk of prostate cancer. The incidence of prostate
cancer rises sharply in the fifth and six decades of life,
about a decade later than the pattern observed for breast
cancer [11]. The major tumors of adults including
prostate, breast, colon, and lung cancer, thus all bear
some relationship to aging, and cumulative effects of
free radicals [55,56] and DNA mis-match repair [57]
are invoked as potential causes.

The striking geographical differences in the inci-
dence of prostate cancer, and the fact that incidence
rates for immigrant populations tend to revert to those
of the host country have stimulated interest in diet and
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environmental risks. Although these observations sup-
port the hypothesis that environmental and dietary fac-
tors account for some of the risks of prostate cancer,
these factors have not been identified [58]. Dietary
risk factors that have been examined for their impact
on prostate cancer include macronutrient intake (fats,
carbohydrates, and protein) [59,60] micronutrient in-
take [61,62] and overnutrition [63]. Pre-clinical and
clinical data, derived in some cases from secondary
analyses of population-basedepidemiologic studies de-
signed for other end-points, has provided evidence that
a variety of micronutrients and pharmacologic agents
are related to prostate cancer [61,62]. It is probable that
nutritional factors, aging, and genetics all influence the
pathogenesis of prostate cancer and are therefore logi-
cal places to look for specific indicators of risk. One of
the difficulties in studying oxidative damage has been
the lack of a reliable assay to study DNA damage, and it
is intriguing to note that recent studies suggest that ex-
pression of mRNA for base excision repair genes may
reflect DNA damage (OGG1, APE, MPG, and Pol β),
whereas no effect was observed on DNA repair genes
that were not related to oxidative DNA damage (e.g.,
O6-methylguanine methyl transferase, MGMT) [64].

6. Genetic factors in prostate cancer

A recent study of twins estimated [65] that 42 per-
cent of the risk for prostate cancer was explained by
hereditary components. This compared to only 35 per-
cent for colorectal carcinoma and 27 percent for breast
cancer. Somatic changes in prostate cancers include
deletions at 8p, 10q, 13q, 16q, 18q, and Y and gains
at 7p, 7q, 8q, Xq [66–68]. The frequency of these
somatic gains or deletions increases with the stage of
disease. However, inherited variants may be important
in prostate cancer, and large scale mapping methods
that proved successful for breast and colon cancer have
been utilized to search for high penetrance susceptibil-
ity genes. Genes identified to date include HPC1 at
1q24 [69],ELAC2 at 17p11 [70],MSR1 8p22–23 [71],
PCAP at 1q42,HPCX at Xq27,CAPB at 1p36,HPC20
at 20q13, and [72]. These genes may play a role in
both familial and sporadic prostate cancer; however,
their role in the general population may be minor [73].
It has been hypothesized that the major contribution
of heritable factors in prostate and other cancers may
be attributed to common polymorphisms in prostate-
related genes rather than mutations in high penetrance
susceptibility genes [74]. Combinations of these weak

genetic variants would be hypothesized to have a much
greater impact on public health than would the famil-
ial genes [75]. While single alterations in prostate-
related genes may only modestly increase the risk of
cancer, the collective impact of these polymorphisms
on cancer incidence may be greater than the familial
high-penetrance susceptibility genes. Polymorphisms
are genetic alterations in coding and non-coding re-
gions of DNA such as length polymorphisms or sin-
gle nucleic acid substitutions. Whether collectively re-
lated to cause or simply linked to other genes that cause
cancer, these polymorphisms can be used as markers
of risk [76]. In some regions, polymorphisms can be
grouped by haplotypes which are several or more poly-
morphisms that are inherited in blocks [76]. Once the
status of one of the polymorphisms is known, the oth-
ers are also known. Haplotypes, with their constituent
polymorphisms may be viewed as markers of risk. An
important feature of the distribution of this risk of dis-
ease in populations, including prognostic or risk fac-
tors for specific cancers, is that it is not uniformly dis-
tributed throughout the population. Thus, a corollary
of the polygenic model of risk of cancer is that risk
is concentrated in a relatively small proportion of the
population [75]. If breast cancer can be used to inform
our approach to prostate cancer, the risk of disease is
predicted to vary as much as 40-fold higher in the 1/5
of the population at high risk vs. the 1/5 of the popula-
tion at lowest risk. Thus, it is estimated that about one
half of all breast cancers occur in a subset of women
whose risk of developing breast cancer before the age
of 70 is 10%. In contrast, only 12% of all breast can-
cers occur in a lower risk subpopulati on whose risk of
developing cancer before the age of 70 is 3% [75]. This
is the scenario that would be most favorable to guid-
ing large scale screening in healthy populations. Also
underlying the polygenic hypothesis is the prediction
that polymorphisms which underlie cancers (and other
polygenic diseases) derive from common variants that
arose once, early in the history of human evolution [77].
It is anticipated that the search for genomic biomarkers
of prostate cancer will be aided by projects such as the
SNP consortium (http://snp.cshl.org), the Haplotype
Map (HapMap) Project being organized by the National
Institutes of Health, and The International HapMap
Project launched by the National Human Genome Re-
search Institute. This three year project will place seg-
ments of genetic code that are inherited as a group (hap-
lotype) into a database. The long term goal is to link
haplotypes to specific disease states.
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7. Epigenetic modifications

Methylation of DNA and histones may be useful
diagnostic markers [78]. Methylation of both DNA
and histones occurs, and both play a role in gene
function and expression. In addition, phosphorylation
and acetylation of the N-terminal tails of histones oc-
curs [79]. Methylation of CpG islands in DNA is of
interest for both mechanistic and prognostic/diagnostic
reasons. Methylation of one or both alleles of a re-
gion can serve as a biomarker of cancer or silence gene
expression when they are in a promoter region [78].
Long understood as important modulaters of gene ex-
pression during development, assays for methylation
are appealing to translational research, since they can
be based on amplification techniques, and thereby uti-
lize small amounts of biologics. This is particularly
advantageous when small amounts of sample are avail-
able. Methylation of CpG islands in the promoter of the
pi class of glutathione-S-transferase (GSTpi) occurs in
prostatic intraepithelial neoplasia (PIN) [80], prolifera-
tive inflammatoryatrophy (PIA) and cancer [80]. Other
hypermethylated regions relevant to prostate cancer in-
clude the retinoic acid receptor beta 2 [81]. These find-
ings in prostate cancer suggest that DNA methylation
is among the early events in tumorigenesis, but it re-
mains to be seen whether DNA methylation is a neces-
sary or permissive event in tumorigenesis. Methylation
of GSTpi is highly specific and sensitive as a diagnos-
tic tool [82], and several assays are under commercial
development. It remains to be clarified when GSTpi
methylation occurs during carcinogenesis.

8. Markers of prognosis

We know from epidemiological studies that only a
minority of patients with the histological diagnosis of
prostate cancer develop clinically significant and life-
threatening tumors, and that many patients die (from
other causes) with an indolent form of prostate can-
cer [11]. This has engendered use of the terms “clin-
ical” and “histological” to specify the existence of
prostate cancers with varying outcomes. The terms
are not commonly used in clinical practice, but they
allude to an awareness that a substantial majority of
elderly autopsied males will have prostatic adenocar-
cinoma, but that this is not clinically significant dis-
ease. Epidemiological evidence supports the concept
that patients with histological evidence of prostate can-
cer have a wide range of outcomes. This indicates that

not all “histological tumors” are equivalent, and that
adenocarcinoma of the prostate is a heterogeneous dis-
ease. In spite of the addition of PSA and transrectal
ultrasound as diagnostic too ls, we still lack prospective
criteria which would define the terms clinically signif-
cant vs. histological or indolent tumors. The dilemma
of which prostate tumors should be treated aggressively
vs. those which may bear watchful waiting remains
unresolved.

The material available for assessment of prognosis
may be blood or tissue from a biopsy or prostatectomy.
For patients electing non-surgical treatment of disease,
biopsy would be the only tissue available for assess-
ment of prognosis. The mainstays used in clinical de-
cision making are pre-treatment PSA levels, clinical
stage by digital rectal exam, and Gleason’s score on
needle biopsy [83]. Increasingly, there is recognition
that up to 10 prostate biopsy cores may be appropriate,
and that the cores should specifically sample the apex
and lateral regions of the posterior prostate [84]. In-
volvement of multiple systematically sampled biopsy
cores by tumor is predictive of adverse pathological
findings at radical prostatectomy, but a small amount of
tumor in one core doesn’t predict favorable pathologi-
cal staging. Gleason’s grade is a powerful predictor of
outcome, correlating with pathological variables seen
in radical prostatectomy specimens.

Markers derived from pathological staging of prosta-
tectomies include Gleason’s grade, margin status,
spread outside the capsule (extraprostatic extension),
and seminal vesicle invasion. Lymph node excision is
performed infrequently because the incidence of posi-
tive nodes in patients coming to prostatectomy is less
than 5%. Low risk subjects are those who at prostatec-
tomy have a Gleason’s score of� 3 + 3 = 6 with neg-
ative surgical margins. 95% of these men have no evi-
dence of disease at 10 years. Risk of recurrence of dis-
ease at 10 years increases to approximately 28% with
either a Gleason’s score of 7/10 and negative surgical
margins or a Gleason’s score of 6/10 and positive surgi-
cal margins. When seminal vesicle invasion is present,
or Gleason’s score is 7/10 with a positive surgical mar-
gin or Gleason’s score is� 8/10, the chance of dis-
ease recurrence at 10 years rises to approximately 60%.
When pelvic lymph nodes are positive, the chances of
disease recurrence rise to nearly 90% [85].

While these pathological features are predictive of
disease recurrence, they do not prospectively distin-
guish between aggressive and “indolent” tumors in
an individual patient nor do they predict response to
neoadjuvant therapy. Thus, it is not clear that prostate-
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ctomy is necessary in all early stage cancers; however,
in the absence of useful markers that predict biological
behavior, men with both aggressive and indolent tu-
mors are subjected to prostatectomy. A serum marker
would be ideal for prognostic purposes. In a recent
single institution analysis of over 700 prostatectomy
cases, pretreatment plasma levels of interleukin-6 sol-
uble receptor (IL6SR) and transforming growth factor
beta1 (TGF-beta1) were useful adjuncts in predicting
progression of disease [86].

The development of prognostic markers is compli-
cated by the frequent existence of multiple independent
primary tumors in the prostate [87]. Multiple primary
tumors are occasionally observed in other organs such
as breast and colon, but most often in association with
rare cancer susceptability genes (e.g., polyposis coli)
or with metachronous development of subsequent tu-
mors. However, the vast majority of breast, colon, and
lung tumors are resected and treated as single tumors.
In contrast, histopathological examination of prostate-
ctomies frequently reveals the presence of multiple, in-
dependent tumors, and this has now been confirmed by
genetic studies [88]. This observation leads, in turn,
to the question “Do independent tumors in the prostate
have equivalent potential for invasion and metastasis,
or are they biologically different?” Serial examina-
tions of whole mount sections of prostate provided the
first evidence that multiple tumors can be identified in
the prostate [89]. More recent studies suggest that the
features of the “index” tumor in a prostatectomy ac-
curately predict the likelihood of recurrence and that
this is largely independent of the smaller, concurrent
tumors [87].

9. Future directions and strategies

The detection of antibodies to tumor antigens is a
potential means to discover biomarkers. Tumor derived
antigens that elicit a humoral response can result from
overexpression of normal or mutated genes [90]. This
antibody response is quite heterogeneous, but in com-
bination, multiple antibodies to such tumor antigens
may be useful in cancer diagnosis [91]. One promising
approach to identification of tumor antigens is through
serological identification of tumor antigens by recom-
binant expression cloning (SEREX) [92,93]. This tech-
nique involves screening for tumor antigens using IgG
rich sera from cancer patients against an expression li-
brary derived from the RNA of the autologous tumor.
Since the technique identifies cancer specific antigens,

and is based on antibody mediated recognition, it is
both sensitive and specific. Mintz et al. recently iden-
tified a consensus motif in prostate cancer using phage
display to detect peptides recognized by circulating tu-
mor antibodies [94]. Disadvantages of SEREX are that
post-translational modifications of proteins are not ac-
counted for since the targets are expressed in prokary-
otic systems and it is difficult to scan large numbers
of tumors [95]. An alternative approach is screening
of 2-D gels with patient sera to identify proteins which
have elicited an antibody response [96]. Proteins that
elicit an antibody response are identified by mass spec-
troscopy [96]. In another platform, somewhat revers-
ing the SEREX strategy, antibodies of known speci-
ficity are annealed to a substrate to create a microarray
capable of screening sera in a high throughput man-
ner [97]. This platform may be particularly helpful
in monitoring post-translational modifications such as
phosphorylation.

Advances in mass spectroscopy are also promis-
ing. Sample preparation is one of the challenges of
incorporating mass spectroscopy into high through-
put translational research. It is particularly frustrat-
ing that some of the most interesting proteins such as
integral membrane proteins and glycoproteins are the
most difficult to extract and prepare for mass spec-
troscopy [98]. Integral membrane proteins have both
hydrophilic and hydrophobic regions conferred by the
membrane-spanning, and intra- and extracellular do-
mains. They are difficult to solubilize and are un-
derrepresented in proteomic analyses even though it
is estimated that 20–30% of all open reading frames
encode for integral membrane proteins [99]. These
proteins have proven challenging even for gel elec-
trophoresis [99]. Avidin-affinity purification of bi-
otinylated proteins has been combined with microcap-
illary reversed-phase HPLC tandem mass spectrome-
try to overcome some of these problems [99]. High
pH combined with proteinase digestion has allowed
for improvements in sample preparation that may fur-
ther enhance the ability to characterize the membrane
proteome [100]. Similarly, glycosylated proteins have
been difficult to study, but are likely to be relevant to
the unique signature of cancers since a universal hall-
mark of cancer cells is an alteration in their glycosyla-
tion phenotype [101]. The incorporation of lectin bind-
ing into sample preparation can facilitate mass spectro-
scopic analysis of glycosylated proteins [102] offering
promise for future developments in this area. Finally,
the integration of proteomics and genomics has iden-
tified promising prognostic biomarkers in lung cancer,
highlighting the importance of using multiple platforms
to discover and validate biomarkers [103].
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10. Summary and conclusion

Data currently accessible for clinical decision mak-
ing include serum prostate specific antigen (PSA) lev-
els, age, race, and Gleason’s grade of a biopsied tu-
mor. To this, in the future, may be added data from ge-
netic and proteomic analyses of individual tumors de-
veloped in the context of imaging or mapping technol-
ogy which describe the size and location of tumors in
vivo. While PSA is a widely used serum marker of can-
cer, there is room for improvement. On the near hori-
zon for use as diagnostic and prognostic biomarkers are
methylation assays, gene expression arrays, and mass
spectroscopy, including SELDI. Integration of these
approaches during the discovery process will likely
produce biomarkers useful in clinical decision mak-
ing [104]. As the sensitivity and specificity of molecu-
lar markers improves, the likelihood will increase that
biomarkers can provide diagnostic and prognostic data
which function independently of clinical and imaging
data [105,106]. On the more distant horizon is the ex-
citing prospect of profiling large populations for risk
using genetic polymorphisms. This would reduce the
number of annual screenings, target prevention strate-
gies to those most likely to be affected, and likely pro-
vide prognostic information as well. It is exciting and
intimidating to realize that the real difficulty may be
in selecting a subset of biomarkers from the numer-
ous existing and emerging prospects for validation and
application in a clinical setting.
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