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Disseminated malignancy is the major cause of prostate cancer–related mortality. Circulating tumor cells (CTCs) are essential
for the establishment of metastasis. Various contemporary and molecular methods using prostate-specific biomarkers have been
applied to detect extraprostatic disease that is undetectable by conventional imaging techniques, assessing the risk for disease
recurrence after therapy of curative intent. However, the clinical relevance of CTC detection is still controversial. We review current literature regarding molecular methods used for the detection of CTCs in the peripheral blood and bone marrow biopsies of
patients with prostate cancer, and we discuss the methodological pitfalls that influence the clinical significance of molecular
staging.
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INTRODUCTION
Adenocarcinoma of the prostate is the
most commonly diagnosed cancer
among men in Western countries (1).
There is an approximate 88% 5-year survival rate for patients with localized
prostate cancer, whereas only 29% of patients with metastatic disease survive for
5 years (2). Metastasis, particularly in
bones, that is either preexisting at the
time of diagnosis or develops after treatment with curative intent is the leading
cause of substantial morbidity and mortality in patients with prostate cancer
(3–6). Prostate cancer has a propensity
for metastasizing to bone tissue. Bone
metastasis occurs in more than 85% of
cases, and patients with bone lesions
cannot be cured (6–10). The development

of metastasis is a complex, multistaged
process in which the hematogenous
spreading of tumor cells is considered to
be an intermediate and essential step (11)
for the spread of the disease beyond the
prostate (6).
CRUCIAL STEPS IN THE DEVELOPMENT
OF METASTASIS IN PROSTATE CANCER
Circulating tumor cells (CTCs), also
known as the leukemic phase of solid tumors, constitute the hematogenous route
of metastasis and are of utmost clinical
importance for the establishment of distant metastasis during the metastatic
cascade (12,13).
The seed-and-soil hypothesis for the
mechanism of bone metastasis, first formulated in 1889 by Stephen Paget, pro-
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poses that during the metastatic process,
specialized subpopulations of highly
metastatic cells within the tumor, endowed with specific properties (13), detach from the primary tumor and migrate to the adjacent tissue. There the
cells adhere to the walls of lymphatic
and blood vessels, enter into vessels,
and disseminate through the systemic
vasculature (generally considered the
third microenviroment), thus avoiding
shear forces, and anchorage independence, ultimately arresting in specific tissues, extravasating, and proliferating in
a permissive organ (14). Tumor cells can
be protected from undergoing apoptosis
by the loss of cell anchorage (anoikis)
dependence, thus surviving in the circulation through acquired phenotypic and
genotypic alterations (for example, expression of galectin-3) (15). A proposed
hypothesis, which requires further evaluation, supports the view that the most
invasive cancer cells (only a small minority of carcinoma cells in primary tumors) undergo epithelial-to-mesenchymal transition (EMT), adopt increased
cell motility and enhanced invasive cell
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phenotypes that allow them to infiltrate
adjacent tissues, cross endothelial barriers, and enter the circulation through
blood and lymphatic vessels (16–18).
EMT is presumed to be a highly conserved and fundamental process that
achieves morphogenetic transformation
conducive to tumor dissemination and
metastatic spread and is considered to
be characterized by decreased epithelial
(for example, cytokeratin) markers, poor
histologic differentiation, and increased
mesenchymal (for example, vimentin)
markers (19,20). EMT is considered a
pathological process that contributes to
cancer progression, particularly as it relates to invasion and metastasis (18,21).
Dedifferentiation, loss of adhesive constraints, and enhanced motility and invasion are all hallmarks of increased malignancy, and EMT is supposed to
provide a mechanism for carcinoma cells
to acquire this more aggressive phenotype. Once target organs (host tissues)
are reached, these mesenchymal cells
may need to reverse to an epithelial
identity via a mesenchymal-epithelial
transition to regain their ability to proliferate (22). Data supporting the actual occurrence of EMT in specific carcinomas
have been scant, however. Furthermore,
no convincing in vivo evidence for EMT
exists. In addition, carcinoma cells do
not need to undergo a dramatic conversion in cell identity to achieve all the
morphologic and phenotypic changes
necessary for metastasis (23). This finding is consistent with the observations
that molecular and morphologic characteristics indicative of well-differentiated
epithelia, including high levels of E-cadherin expression, the presence of epithelial junctions, and apical-basolateral
plasma membrane asymmetry, exist
within metastatic lesions of prostate cancer (24,25). The entire process is even
more complicated, however, because
CTCs may reach multiple organ sites.
Thus subsequent seeding by CTCs
seems not to be at all random but seems
to follow a kind of metastasis tropism, a
specific nonrandom homing of prostate
cancer cells. A number of significant

host-tumor growth and survival factors
acting via complex paracrine/autocrine
cell interactions between prostate cancer
cells and bone cells influence metastatic
growth (3,7,26–31). This in turn means
that the mobilization of cells from the
primary tumor is necessary, but not sufficient, to produce distant metastasis
(6,32,33). The mechanism of elimination
of these tumor cells is often termed
“metastatic inefficiency” (32,34). Thus,
the presence of CTCs is a mandatory, but
not sufficient, step in generating distant
metastasis (mainly bone lesions) during
the course of prostate cancer.
Solid tumors are heterogeneous, containing subpopulations of cancer cells
with different invasive potential; consequently only a few tumor cells within the
tumor mass will achieve successful
metastatic implantation (35). Studies suggest that 0.01% of circulating tumor cells
ultimately can produce a single bone
metastasis, and at least 104 circulating
tumor cells are required for the development of a metastatic focus (36,37).
Based on the striking degree of similarity noted between cancer cells and
stem cells, including the fundamental
abilities of self-renewal and multilineage
differentiation, it has been proposed that
tumors may originate from cancer “stem
cells” that are caused by transforming
mutations occurring in multipotential
stem cells (38), tissue-specific stem cells
(39), progenitor cells (40), mature cells,
and cancer cells. The prostatic epithelium contains a spectrum of cells (luminal, basal, and neuroendocrine cells),
and consensus exists concerning prostatic epithelial stem cells residing in the
basal compartment of the prostate gland
(41). Tumor cells escaping from the primary tumor can die by anchoragedependent cell death (anoikis), become
dormant for a number of years, or form
macrometastasis (42,43). Contemporary
laboratory methods can be used to trace
CTCs in the bloodstream of prostate cancer patients, potentially providing useful
clinical information with regard to evaluation of tumor progression, prediction
of long-term prognosis, identification of
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patients who are likely to respond to
therapies with curative intent, and assessment of likelihood of recurrence. The
median survival for patients with bone
metastasis and hormone-refractory disease is 16 to 18 months (44). Thus the
early detection of CTCs seems to be a
promising approach with significant
clinical implications (45), such as use in
stratification of prostate cancer patients
with clinically localized disease into
prognostic groups, which may influence
therapeutic decisions.
This line of investigation has been actively pursued by several groups using
various molecular approaches. Unexpectedly, there has been growing interest as
well as confusing controversy over the
diagnostic and prognostic implications of
CTCs in prostate cancer. We review the
current literature, in relation to our experience, regarding the molecular methods
used for the detection of CTCs in the peripheral blood of patients with prostate
cancer, address methodological pitfalls
affecting the clinical significance of
CTCs, and discuss the clinical impact of
these studies.
METHODS FOR CTC ISOLATION AND
ENRICHMENT IN BIOLOGICAL FLUIDS
The most important current methods
for detecting CTCs in the peripheral
blood of patients with prostate cancer are
flow cytometry and qualitative and
quantitative reverse transcriptase polymerase chain reaction (RT-PCR). In general, these methods lack specificity to
some degree because of the presence of
other cellular contaminants, such as red
blood cells, normal epithelial cells, and
leukocytes. Consequently, several approaches have employed the cancer
cell–enrichment technique prior to the
detection method (46). This first step allows us to obtain “pure” prostate cell
populations, which provide more accurate detection from clinical samples. The
most widely used techniques for CTC
isolation and enrichment consist of
density-gradient centrifugation, filtration, lysis, and positive and negative immunomagnetic selection (IMS).
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Density-gradient centrifugation, based
on the density of epithelial tumor cells,
separates a layer of mononuclear blood
cells with CTCs (density <1.077 g/mL)
from the other cells (blood cells and
granulocytes with density >1.077 g/mL)
(47). Density-gradient solutions include
the commonly used Ficoll-Hypaque and
the less commonly used Lymphoprep.
Tumor cell loss can occur with this technique, because tumor cells can sediment
to the granulocytic fraction or form cell
aggregates at the bottom of the test tube.
In addition, whole blood can be mixed
with the gradient solution if the centrifugation step is not performed immediately, causing contamination. OncoQuick
is a porous barrier that is sometimes
added above the density gradient to prevent mixing with whole blood. Mononuclear cells can also be extracted by
ammonium-chloride–mediated lysis of
red blood cells. Consequently, all of the
above-mentioned techniques lead to low
sensitivity because only a small proportion of the cancer cells in the clinical
sample are recovered.
Alternatively, because of the size difference between circulating epithelial
tumor cells and the surrounding blood
cells, microfabricated membrane filters
have been employed to reliably capture
CTCs. In this technique a pair of electrodes is placed on both sides of the filter, thus ensuring the necessary electrical
signal for the cell lysis. DNA amplification is then performed. This technology
has been suggested to present a high recovery rate (up to 90% with paralyne filters) (48). The detection sensitivity is
high, with the ability to capture as few as
1 CTC in 7.5 mL of whole blood.
IMS techniques enhance the sensitivity
of RT-PCR as the proportion of the
prostate cancer cells to the background
nucleated blood cells increases and also
enhance the specificity as the unwanted
cells that possibly harbor illegitimate
transcripts are removed. IMS techniques
are based on the specificity of antibodyantigen interactions and the physical
properties of magnetic beads that allow
for the separation of cells in a heteroge-

Table 1. Enrichment methods for CTCs in biological fluids.
Methods

Benefits

Density-gradient centrifugation

Simple, fast process

Filtration

Isolation by size, do
not require cell lysis
Enhanced sensitivity,
enhanced specificity,
intact cells

Immunomagnetic selection

neous cellular population, owing to the
different expression in surface antigens
among different cell subpopulations.
One IMS technique is the positive selection of epithelial cells from mononuclear
cells with antiepithelial antibodies. Usually peripheral blood cells, or mononuclear blood cells after red-blood-cell lysis,
are incubated with nanometer-sized
magnetic beads coated with cell-specific
antibodies. Because prostate cancer cells
are epithelial in origin, the most commonly used antibodies target either epithelial cell–specific antigens (such as cytokeratins [CK] CK8, CK18, or CK19;
human epithelial antigen; and epithelial
cell–adhesion molecule [EpCAM]) or
organ- or tumor-specific antigens (such
as prostate-specific antigen [PSA],
prostate-specific membrane antigen
[PSMA], carcinoembryonic antigen, and
human epidermal growth factor receptor
2) (49). After separation in a magnetic
field, sample volume reduction as well
enrichment of epithelial cells of 104-fold
to 2 × 105–fold is obtained (50). This step
is essential in achieving the required sensitivity and low background. Then the
epithelial cell–enriched magnetic fraction
is subjected to mRNA isolation by use of
oligo-deoxythymidine magnetic beads
that can be used for downstreaming RTPCR (51–54). The use of mRNA instead
of total RNA decreases background from
unspecific priming and helps avoid inhibitory effects due to high concentrations of total RNA. The enriched sample
of circulating epithelial cells can also be
subsequently used for DNA separation,
cell isolation and detection, development
of immunoassays, capture of biomolecules, and protein purification. Despite

Pitfalls
Poor sensitivity (potential loss
of tumor cells)
Low number of collected
CTCs
Costly and time-consuming
process, false positives, false
negatives

its advantages, IMS technique is limited
by the possible loss of tumor cells during
the enrichment steps (47). Furthermore,
there is a risk of missing the most aggressive cancer cell subpopulations owing to
the loss or reduction of the expression of
epithelial markers during the EMT process (17,55). In addition, the expression
levels of target antigens on cancer cells is
potentially diverse. Moreover, some epithelial markers that are expressed by
nonepithelial and non–prostate cancer
cells could thus give rise to false-positive
detections. Similarly, the limitations of
the IMS system include a costly and
time-consuming process, and variability
owing to absence of standardized methods and reagents (56). The intrinsic advantage is that the immunomagnetic selection detects only intact cells, whereas
PCR detects living cells, dead cells, and
free DNA, resulting in potential falsepositive detection results.
Alternatively, depletion of leukocytes
with antileukocytic antibodies can be
used. Specifically, negative IMS targets
cell-surface antigens such as CD45 (expressed in leukocytes) or CD61 (expressed in megakaryocytes and
platelets), and has been widely used to
enrich tumor cells (57). To further increase enrichment of CTC, a combination
of Ficoll-Hypaque centrifugation with
negative and positive selection has been
applied in many recent studies (47). A
summary of the benefits and pitfalls of
the current enrichment techniques is presented in Table 1.
The previously mentioned enrichment
technologies are also used in the
CellSearch system, an automated enrichment and immunocytochemical detection
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system. The CellSearch system, approved
by the US Food and Drug Administration, uses a combination of immunomagnetic labeling and automated digital
microscopy to detect CTCs. In the
CellSearch system, microscopic iron particles (called ferrofluids) coated with
anti-EpCAM antibodies are used to immunomagnetically enrich epithelial cells
in a peripheral blood sample drawn from
a patient (58). This cell enrichment is followed by immunostaining of captured
cells with fluorescently labeled anticytokeratin and anti-CD45 antibodies, and
then a semiautomated microscope is
used for scanning and reading results
(59). If a similar application of CTCs to
prostate cancer were proven possible
after independent and extensive validation, as has occurred with metastatic
breast cancer and colorectal cancer, this
method could prove useful in guiding
the treatment of prostate cancer as well.
Sufficient research has not been conducted, however, to prove the benefit of
this system for patients with metastatic
or localized prostate cancer. According to
Davis et al. (60), in the setting of localized
prostate cancer the number of detectable
circulating tumor cells as determined
using the CellSearch System was very
low and did not correlate with tumor
volume, pathological stage, and Gleason
score.
PRINCIPAL PROSTATE-SPECIFIC
MARKERS USED FOR PCR-BASED CTC
DETECTION
Prostate-Specific Antigen
PSA is a member of the human kallikrein (hK) gene family (61). PSA can be
detected with RT-PCR and has welldefined biologic properties and utility as
a serum marker. Recently, a device structure of nanowire/nanotube sensors was
successfully employed in the analysis of
PSA biomolecules (62). PSA, undoubtedly the most useful clinical serum
marker for prostate cancer (63), is expressed by the luminal epithelial cells of
the normal prostate gland. PSA is also
highly expressed in benign and malig-

nant prostate epithelial cells, which is
why it is generally thought of as prostate
specific (64), but its expression has also
been reported in non-prostate tissue such
as pancreas, breast, endometrium, salivary gland, and normal and neoplastic
female paraurethral ducts (65,66). PSA
has been established as a marker for
prostate cancer diagnosis and monitoring
(67) and has also been reported to be a
useful marker for breast cancer prognosis
(68,69). Expression of mRNA for PSA has
been shown to be androgen dependent
and to be decreased in more poorly differentiated tumors (70). Recent evidence
suggests that human tissue kallikrein
genes are regulated by alternative splicing, and more recently seven splice variants of a classical KLK3 transcript that all
encode for putative PSA-like proteins
with homology at their N-terminal domains have been reported (71). Reisenberg
et al. (72) showed that in bone marrow aspirates from patients with carcinomas of
the prostate a fraction of CK18+ tumor
cells in micrometastases do not express
PSA, and Mueller et al. (73) have shown
that only a few epithelial cytokeratinpositive cells coexpressed PSA.
Prostate-Specific Membrane Antigen
PSMA is a 750–amino acid type II
membrane-bound glycoprotein (74). It is
a folate γ glutamyl carboxypeptidase
that is oriented to the plasma membrane
of normal and prostate cancer cells.
PSMA is located on the short arm of
chromosome 11 (75) and functions both
as a folate hydrolase and a neuropeptidase (76,77). PSMA is a highly specific
marker of the prostate gland (78) and
has been used as a marker gene, indicating hematogenous dissemination of the
prostate cancer. PSMA is also highly expressed in the endothelium of tumorassociated neovasculature of nonprostatic solid tumors, but not expressed
in that of normal tissue. Non-prostatic
tissues also express lower amounts of
PSMA, including in the epithelia of the
small bowel and the proximal tubules of
kidney, salivary gland, muscle, small intestine, and brain (79,80), and predomi-
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nantly in all types of prostatic tissue,
such as benign epithelium, benign prostatic hyperplasia, prostatic intraepithelial neoplasia, and carcinoma (78,81,82).
In addition to predominant full-length
PSMA, cytosolic PSMA⬘ has also been
found as an alternative splice variant
that lacks the encoded transmembrane
domain located at the end of exon 1 (83).
More recently two other alternatively
spliced variants, PSM-C and PSM-D,
have also been reported (84). PSMA and
its three alternative splice variants are
expressed in tissues of normal, benign,
cancerous, and metastatic prostate cancer (84). One additional alternatively
spliced variant of prostate-specific membrane antigen, PSM-E, has been described even more recently, and PSM-E
mRNA levels are increased with an
increasing Gleason score (85). The
PSMA:PSMA⬘ mRNA ratio was substantially higher in a number of prostate
cancer specimens compared with normal
prostate cancer and benign prostatic hypertrophy specimens, and the increased
expression of PSMA over PSMA⬘ also
follows the progression from the normal
to the tumor state (83). In 184 immunohistochemically examined radical prostatectomy sections, representative of a
study of previously untreated patients,
PSMA expression increased incrementally from benign epithelium to highgrade prostatic intraepithelial neoplasia
or adenocarcinoma (86). PSMA was expressed in all cases of prostate adenocarcinoma, with the greatest extent and intensity observed in the highest grades
(86). Conversely, PSA showed the greatest staining in benign epithelium, with
lesser expression, increasingly from benign epithelium to high-grade prostatic
intraepithelial neoplasia or adenocarcinoma (86). As a marker, PSMA has an
intrinsic advantage over PSA because
PSMA is downregulated by androgens
and its expression is regulated independently of PSA. Thus PSMA was found to
be upregulated in patients with hormonerefractory disease or those treated with
androgen ablation therapy (78,87,88). Immunohistochemical studies have proven
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that PSMA was expressed more intensely
than PSA in poorly differentiated primary
or secondary prostate cancer lesions.
PSMA appears to be highly expressed in
anaplastic cells, hormone-refractory cells,
and bony metastases (78). If cells capable
of hematogenous micrometastasis are the
more aggressive and poorly differentiated cells, they may express a higher
level of PSMA per cell compared with
PSA, enhancing their detectability by
RT-PCR (86,89).
Prostate Stem Cell Antigen
The prostate stem-cell antigen (PSCA)
gene encodes a 123–amino acid glycoprotein and was first identified in the LAPC4 prostate xenograft of human prostate
cancer (90). This cell-surface antigen is
predominantly prostate specific, but
lower levels of expression were found in
placenta, kidney, and the small intestine
(90). PSCA is identified on chromosome
8q24.2 (90), which is often amplified in
metastatic and recurrent PCA and is considered to indicate a poor prognosis
(91–93). Like stem cell antigen 2 (Sca 2),
PSCA also belongs to the Thy-1/Ly-6
family and is a glycosyl phosphatidylinositol–anchored cell surface glycoprotein (94,95). The biological function of
PSCA remains poorly understood. The
restricted expression of PSCA in the
basal cells of the normal prostate, which
are the putative stem cell compartment
of prostatic epithelium, suggests that
PSCA may play a role in stem/progenitor
cell function, such as self-renewal and/or
proliferation (90). PSCA mRNA and
PSCA protein are overexpressed in a subset of prostate cancers including advanced, poorly differentiated, androgen
independent, and metastatic cases
(90,96,97). PSCA is expressed by most
prostate cancer metastases (98). Moreover, PSCA is overexpressed at the protein and mRNA levels in the majority of
bone metastases compared with lymph
node or visceral metastases (98). PSCA
expression in normal tissues is largely
prostate specific, but PSCA transcripts
and protein have been shown to be expressed in the transitional epithelium by

most bladder and pancreatic cancers
(96,99).
Cytokeratin 19
CK19 is a filamentous cytoskeletal protein that is abundantly expressed in the
majority of tumor cells of epithelial origin (100), but interestingly is not expressed by lymph-node lymphocytes, peripheral blood cells, or bone marrow
cells (101,102). CK19 expression has also
been detected in endothelial cells and fibroblasts (102). CK19 mRNA appears to
be a very sensitive tumor marker and
has been widely used as an index of the
existence of malignant epithelial tumor
cells in blood, bone marrow, and lymph
nodes of patients with major epithelial
malignancies, including epithelial cancers of the lung, pancreas, gastric tissues
(103–106), and especially breast (107,108).
However, the use of CK19 is often hampered by low specificity because of falsepositive results in normal blood attributed to amplification of this epithelial
gene from contaminating nontumor cells
(such as skin cells) during venipuncture
(103), amplification of the known
processed pseudogenes because of the
primer design (109), or illegitimate or ectopic transcription by hematopoietic cells
(110). The presence of two CK19 pseudogenes (CK19a and CK19b) that show a
high degree of sequence homology to
CK19 mRNA has been reported (109,111).
Additionally, cytokines, which circulate
at higher concentrations in inflammatory
conditions, can cause induction of CK19
expression (112), and consequently prostatitis, an inflammation of the prostate
gland, may contribute to false-positive
results. Furthermore, CK19 expression
has been detected in hematological malignancies such as chronic myelogenous
leukemia, chronic lymphocytic leukemia,
and myeloblastic syndrome (113). In contrast to breast cancer, for which CK19 is
the most frequently used target to detect
breast cancer cells in bone marrow or peripheral blood by use of RT-PCR, few
studies have evaluated CK19 expression
in the peripheral blood mononuclear cell
fraction of prostate cancer patients.

Parathyroid Hormone–Related Protein
Parathyroid hormone–related protein
(PTHrP) was first discovered as a systemic, tumor-derived, adenylate cyclase–
stimulating factor, contributing to the endocrine neoplastic syndrome, humoral
hypercalcemia of malignancy, which is
associated with several cancers (114,115).
PTHrP is a polypeptide hormone that
shares N-terminal homology with PTH
(114), with 8 of the first 13 amino acids
common to the 2 proteins, which allows
both to bind to the same receptor in bone
and kidney, the PTH-1 receptor (116,117),
and share identical biological actions
(118). PTHrP elevates plasma calcium by
promoting osteoclastic bone resorption
and decreasing renal and or intestinal
calcium excretion. The PTH and PTHrP
genes are thought to have arisen from a
common ancestral gene, through an ancient chromosomal duplication event.
PTHrP has widespread expression in
normal tissues such as heart, skin,
parathyroid, skeletal muscle, prostate,
lung, and so on, under normal physiologic conditions, and several actions in
an autocrine or paracrine fashion have
been reported in normal embryogenesis
and neonatal development, cellular
growth and differentiation, reproduction
and lactation, epithelial calcium transport, and smooth muscle relaxation
(119,120). The human PTHrP gene is located on chromosome 12, spans approximately 15 kb of genomic DNA, and consists of nine exons (121). Because of
alternative splicings of the 3′ end, PTHrP
has three isoforms, of 1–139, 1–141, and
1–173 amino acids in length, each containing a unique carboxyl-terminus (121).
The transcription of the PTHrP gene is
under the control of three distinct promoters located at the 5′ end, identified
as P1, P2, and P3. Both P1 and P3 are
TATA promoters 5′ to exons I and IV, respectively, and P2 is a GC-rich promoter
5′ to exon III (122). The PTH/PTHrP receptor is a seven-transmembrane domain,
G-protein–linked receptor that signals
via both adenylate cyclase and phospholipase C (116). Normal prostate expresses
PTHrP at a low level (123). Agents that
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regulate PTHrP expression, such as angiotensin II, epidermal growth factor, estrogen, insulinlike growth factor 1, and
transforming growth factor β have been
found to upregulate PTHrP production
(124,125), whereas dexamethasone profoundly downregulates PTHrP expression (126). PTHrP overexpression is frequently detected in tumors with skeletal
metastasis, and it has been correlated to
bone metastasis and prognosis in tumor
patients. PTHrP expression correlates
with increasing tumor grade (127–129).
PTHrP overexpression has also been implicated in the pathogenesis of bone
metastasis, a significant complication in
patients with prostate cancer (127–129).
Expression of PTHrP has been associated
with the progression of prostate carcinoma (127,130) because it seems to be enhanced by immunohistochemical staining in prostate cancer tissue compared
with benign prostatic hypertrophy and
has greater intensity in poorly differentiated carcinoma compared with welldifferentiated tumors (127). PTHrP expression in malignant prostate cell lines
also correlates with tumor invasiveness
and metastatic potential, well exemplified by the PC-3 prostate cancer cell line
(131). The parathyroid hormone 1 receptor has been reported to be highly expressed in bone metastases from prostate
cancer (132). Additionally, PTHrP and its
receptor are frequently coexpressed in
tumors (133).
PCR-BASED DETECTION PROTOCOLS
AND THEIR CLINICAL RELEVANCE
Peripheral blood is the most widely
used tissue source for mRNA, due to the
relative ease of obtaining the sample.
Specifically, detection of prostate-specific
mRNAs in the circulation indicates the
existence of prostate epithelial cells and,
therefore, tumor spread (134,135). RTPCR, which is more sensitive than more
conventional techniques, enables the detection of one tumor cell among 106, 107,
or 108 nucleated hematopoeitic cells
(136–138). A number of critical parameters for the effectiveness of this method
have been noted at different times. The

choice of the target marker is perhaps the
most crucial, because the ideal market
should have expression limited to the
prostatic cells, with minimal or no expression in other cells such as leukocytes.
Because reality is different from an ideal
state, however, the ultrasensitivity of this
method can also give rise to falsepositive results because of illegitimate
transcription or ectopic transcription
(139,140). This pitfall is attributable to
the fact that every promoter could be activated by ubiquitous transcription factors, leading to an expression level estimated to be 1 tumor marker gene
transcript in 500 to 1000 noncancer cells
(113). This level of expression is called
“illegitimate” because at this level of expression these antigens are not expressed at the protein level and thus
cannot be relevant for cellular functions.
Therefore, a crucial factor in developing
this method for clinical use is the determination of “tumor volume,” or the
number of CTCs that possess clinical relevance (137).
Initially, the expression of PSA has
been considered specific to prostate
cancer, and this marker has been used
primarily until now in successive clinical studies as a tissue-specific target for
RT-PCR–based detection protocols
(135,141–144). Paradoxically, RT-PCR is
limited by the extremely high sensitivity of PCR conditions, because falsepositive results plague the use of PCR
in identifying CTCs (145). Smith et al.
(146), Henke et al. (147), and Gala et al.
(148) detected PSA mRNA by an ultrasensitive nested PCR-based protocol in
non-prostatic cell lines and in blood
from healthy males and females, and
have clearly demonstrated that analytical sensitivity may compromise the
specificity of this method. Other markers that have been used are PSMA and
PSCA, which are highly expressed in
metastatic tumors (149). However, Gala
et al. (148) and Lintula et al. (150) detected the PSMA mRNA in the leukocyte fraction of blood from healthy
donors by using ultrasensitive RT-PCR
protocols.
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In addition, the selection of the primer
itself is decisive for analytical sensitivity
(147). Primers should span an intron/
exon boundary or should be chosen to
bind different exons so that any genomic
DNA that might contaminate the RNA
sample can be easily differentiated by
size from the amplified cDNA. Furthermore, because pseudogenes lack introns,
the primers should be well designed to
avoid their amplification (151). Other researchers such as Eschwege et al. (152),
Oefelein et al. (153), Koutsilieris et al.
(154), and Olsson et al. (155) turned their
attention to their investigation of the effect of the surgical procedure on CTC
detection, showing that surgery can
cause hematogenous dissemination of
prostate cancer cells, inevitably leading
to false-positive results. Furthermore,
Koutsilieris et al. (154), Olsson et al. (155),
and Hara et al. (156) presented findings
suggesting that prostate biopsy might
scatter prostate cells with no metastatic
potential in the bloodstream, and consequently to avoid false-positive detection
the time of PCR-based CTC detection
should be at least 4 weeks after an invasive procedure. In contrast, findings reported by Ellis et al. (157) indicated that
radical prostatectomy and prostate
needle biopsy appeared to have a negligible effect on RT-PCR tests immediately
following these procedures. In addition,
Dumas et al. (158) reported that acute
bacterial prostatitis induces hematogenous dissemination of prostate epithelial
cells. Moreover, the specificity is largely
influenced by carryover contamination
or cross-contamination, illegitimate transcription, and marker expression by nontumor cells in the sample. In an effort to
prevent epithelial cell contamination, the
first several milliliters of peripheral
blood drawn is usually discarded.
Furthermore, Gala et al. (148) reported
the importance of repetitive testing in
clinical samples, but also noted that decreasing the number of PCR cycles can
help avoid the amplification of illegitimate transcripts. It is also important to
consider that tumor cell shedding in the
bloodstream may be intermittent, and
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this may be the explanation for the observation that RT-PCR–detection results
on the same patient can vary, depending
on the timing of blood sampling. Thus,
Gala et al. (148) and McIntyre et al. (159)
suggested that this problem could be
overcome by sequential sampling.
Moreover, because nucleic acids are
fragile and susceptible to degradation
during storage of blood at room temperature, the delay before processing can
obviously affect the quality of RNA and
influence the results (160,161). Furthermore, inhibitors that are likely to be
present in some body tissues and fluids
could result in nonamplifiable RNA and
therefore produce false-negative detection results. Therefore, the concurrent
amplification of certain housekeeping
genes is being performed in an attempt
to ensure sample quality. These housekeeping genes are constitutively expressed in all cells of the body, including CTCs. If certain levels of a
housekeeping gene are detected, one
can assume that the sample is in good
condition and therefore the PCR-based
protocols are performed on a qualified
RNA sample. Some of the housekeeping
genes used for prostate cancer PCR
studies include ACTb and GAPDH.
However, the hormonal treatment that
some patients receive may cause downregulation of the target gene; furthermore, poorly differentiated prostate cancer subclones may not express the
tissue-specific gene, a situation that
could give rise to false-negative results.
Specifically, PSA mRNA expression is
known to be decreased by androgen ablation therapy (162) and in poorly differentiated prostatic carcinoma (163).
The presence of CTCs has also been associated with clinically meaningful prognostic factors, such as stage, Gleason
score, and seminal vesicle invasion
(164,165). Furthermore, CTCs have been
significantly correlated in some of these
studies with time to PSA progression,
disease-free survival, and overall survival (166–169). Other studies, however,
have failed to confirm such findings
(170,171).

Controversy exists regarding the ability of peripheral blood PSA RT-PCR testing to reflect pathological staging or
treatment outcome. Katz et al. (135) identified a correlation between positive PSA
RT-PCR in the peripheral circulation of
surgical-candidate patients and the presence of capsular penetration (sensitivity
68%, specificity 84%) as well as strong
correlation with positive surgical margins (sensitivity 87%, specificity 76%).
Consequently, these investigators concluded that PSA RT-PCR assay is markedly superior to digital rectal examination, computed tomographic scan,
endorectal coil magnetic resonance imaging, serum PSA, prostate-specific antigen
density, or Gleason score for correctly
staging apparent localized prostate cancer prior to radical prostatectomy (135)
and predicting surgical pathology and
postoperative biochemical recurrence
(172). Cama et al. (149) demonstrated a
significantly strong correlation between a
positive PSA RT-PCR peripheral-blood
assay in patients with clinically localized
tumor invasion (67% sensitivity for detecting capsular penetration, 87% sensitivity for detecting disease to the surgical
margin, and 83% sensitivity for detecting
seminal vesicle invasion) and concluded
that this technique is a highly sensitive
staging modality for preoperative detection of extraprostatic disease. Katz et al.
(173) reported a 65% sensitivity and 90%
specificity of RT-PCR for PSA in detecting extracapsular disease and 69% sensitivity and 84% specificity in predicting
potential surgical failure. According to
Olsson et al. (174), a positive RT-PCR for
PSA of candidates for radical prostatectomy appears to have a better predictive
value of potential surgical failure and of
disease recurrence compared with conventional preoperative modalities such
as serum PSA or Gleason score. A combined PSA/PSMA RT-PCR in blood samples of patients with clinically localized
prostatic carcinoma scheduled to undergo radical prostatectomy has been
suggested as an independent predictor of
time to biochemical failure following surgery (175). According to Sourla et al.

(176), a conversion of RT-PCR positivity
for PSA and PSMA to a negative status at
the peripheral blood of patients with
stage D2 disease during objective clinical
response to androgen ablation therapy
was associated with longer progressionfree survival. Additionally, a PSA RTPCR assay made possible the preoperative identification of patients with
positive surgical margins or invasion
into the seminal vesicle among those patients who were scheduled for radical
retropubic prostatectomy, thus providing
for them unique prognostic information
(177). Ghossein et al. (178) found the detection of PSA mRNA in the peripheral
blood of patients with known metastatic
(stage D2) androgen-independent prostatic carcinoma to be an indicator of their
survival, and demonstrated PCR to be
independent of and superior to serum
PSA value in predicting biochemical failure among these patients. However, Ellis
et al. (157) found that the RT-PCR results
of patients with pT3 disease before and
after radical prostatectomy failed to preoperatively predict the pathological stage
of prostate cancer or treatment failure.
Okegawa et al. (179) showed that the
results of nested RT-PCR using PSMA
primers in the group of patients who
eventually underwent radical prostatectomy were significantly correlated with
the pathologic stage of the cancer, and
their data indicated that RT-PCR can preoperatively distinguish organ-confined
disease from extraprostatic disease.
Nested RT-PCR using PSMA primers appears to predict the prostate cancer stage
more accurately than does nested RTPCR using PSA primers or conventional
clinical staging modalities (179). According to Zhang et al. (180), the combined
PSA/PSMA assay is more sensitive than
the PSA assay alone in detecting circulating prostatic cells, shows correlation with
the pathological stage, and provides
staging information unavailable from
other modalities, including the clinical
stage, initial serum PSA, and Gleason
score. The PSMA/PSA RT-PCR assay
had a sensitivity of 67% and a specificity
of 91% in predicting extracapsular dis-
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ease (180). Grasso et al. (164) showed that
PSA/PSMA nested RT-PCR had an 81%
sensitivity and 63% specificity in predicting tumor extracapsular extension, and
that RT-PCR was a better predictor of
final pathological stage than clinical
stage, serum PSA, and biopsy Gleason
score. Nested PSMA RT-PCR identified
more tumors with extracapsular extension, seminal vesicle invasion, and positive surgical margin than did RT-PCR for
PSA (164). According to Cama et al. (149),
an RT-PCR assay for prostate-specific
membrane antigen did not correlate with
pathological stage of prostate cancer.
Loric et al. (181) suggested that the detection of PSMA-expressing cells in blood
may predict the development of cancer
in patients without clinically apparent
prostate cancer. Noguchi et al. (182)
found that the PSMA PCR-positive rate
did not correlate with clinical stage,
pathologic stage, tumor grade, or serum
PSA levels. According to Sokoloff et al.
(143), circulating PSMA PCR signals
were identified mostly in patients with
advanced prostate cancer and offered no
benefit to preoperative staging. In our
study (137) of patients with clinically localized prostate cancer and positive RTPCR detection of PSA and PSMA transcripts in peripheral blood, the
administration of combined androgen
blockade can convert positive molecular
staging status to negative, thus increasing the biochemical failure-free survival
of those patients after subsequent curative treatment.
Elevated PSCA expression has been
shown to correlate with increased Gleason score and tumor stage (96,183).
Moreover, PSCA overexpression is also
correlated with an increased risk of biochemical recurrence (184). Hara et al.
(183) noted that patients with PSCApositive circulating cells had a higher
mean Gleason score than those who were
PSCA negative. Furthermore, according
to Hara et al. (183), in extraprostatic cases
positive PSCA PCR indicated lower disease-progression–free survival than those
with negative PSCA PCR. Finally, PSCA
positivity correlated with extraprostatic

extension; 47% of extraorgan disease
cases were PSCA positive, whereas all
cases of organ-confined prostate cancer
were PSCA negative (183). A tissue microarray analysis constructed from 246
radical prostatectomy specimens has also
shown that high PSCA intensity is associated with adverse prognostic factors
such as a high Gleason score, seminal
vesicle invasion, and capsular involvement (184). Joung et al. (185) reported
that PSCA positivity in peripheral blood
was identified more frequently in patients with extraprostatic disease and
with a high Gleason score. Dannull et al.
(186) also reported that PSCA mRNA expression was present in all metastatic
prostate cancer tissues examined. Ross et
al. (99) also showed that the percentage
of metastatic prostate cancer cases positive for PSCA mRNA expression was
higher (64%) than that of benign prostate
disease and organ-confined prostate cancer (48%). Zhigang et al. (187) demonstrated that complete androgen blockade
for prostate cancer can suppress PSCA
mRNA expression with a tumor grade
dependence, and the increased expression of PSCA mRNA after complete androgen blockade may be a clinically adverse predictor for tumor recurrence or
distant metastases. Additional studies
are required for an evaluation of PSCA
as a diagnostic and therapeutic target for
prostate cancer.
Although conflicting results have
been obtained, results of several studies
indicate that the CK19 mRNA is detectable in the blood of patients with cancers of the breast, lung, stomach, and
pancreas, but not of those with benign
lesions of these organs (103,105,188). Interestingly, the positivity of CK19
mRNA after, but not before, chemoradiation treatment appears to indicate a
worse prognosis for patients. A possible
explanation may host immune-system
compromise following chemoradiation,
so that the existing circulating tumor
cells would have greater opportunity to
avoid host immune surveillance and to
survive (189). Consequently, stronger
systemic therapies would be necessary
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to decrease or delay overt distant metastasis. It should be taken into consideration that a significant association exists
between CK19-positive status and the
presence of distant metastases. Several
studies suggest the vast potential usefulness of CK19 mRNA detection in peripheral blood in the prediction of a
poor clinical outcome (190,191). Kaneda
et al. (192) evaluated the CK19 RT-PCR
in the peripheral blood of patients with
urogenital malignancy (bladder, renal,
testicular, and penile cancer cases) and
their findings suggested a significantly
strong correlation between positive
CK19 nested RT-PCR in the peripheral
blood and the presence of distant metastasis. CK19 mRNA was not detected in
any of 9 controls; 3 of 7 prostate cancer
cases were positive, and all 3 cases had
distant metastases (192). According to
Machado et al. (193), CK19 mRNA expression was not detected in any of the
10 healthy control men, and among 44
prostate cancer patients, CK19 expression by RT-PCR correlated with time to
PSA progression. A summary of the various clinically relevant markers is presented in Tables 2 and 3.
As a consequence of the variable technical approaches that have been applied, as well as the difficulty of determining the ratio of sensitivity to
specificity of the PCR conditions, the
lack of controlling for the detectable disease volume and its clinical relevance,
as well as the number of patients versus
controls and the data interpretation, it is
very difficult to draw firm conclusions
about the clinical applications of PCRbased protocols for the detection of
CTCs in prostate cancer. Therefore, current investigations are focusing on the
use of multiplexed PCR-based detection
of CTCs using PSA, PSMA, PSCA,
PTHrP, and CK19 molecular markers
and analyzing clinical significance (see
Figure 1). Some of the above-mentioned
limitations of RT-PCR could be circumvented by multiplex RT-PCR based on
the differential expression of different
genes from different families used in
combination. In conclusion, PCR-based
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Table 2. Principal prostate-specific markers for PCR use.
Tumor
markers
PSA

PSMA

PSCA

CK19
PTHrP

Correlation with disease pathology

Correlation with clinical stage

Correlation with disease progression References

Predominantly prostate specific,
androgen dependent, increased
in well-differentiated tumor cells
Highly prostate specific,
downregulated by androgens,
increased in poorly differentiated
tumor cells
Largely prostate specific,
overexpressed in advanced, poorly
differentiated, androgen
independent and metastatic tumors
Specific for all tumor cells of epithelial
origin
Increased in poorly differentiated
tumor cells

Increasing tumor grade

Extraprostatic extension, tumor
invasion, surgical failure,
biochemical recurrence
Extracapsular extension

Pathological stage

Increasing Gleason score
and tumor stage

Presence of distant metastases
Increasing tumor grade

(135,149,172–178)

(137,164,175–176,
179–181)

Extraprostatic extension, increased
risk of biochemical recurrence,
lower disease-progression–free
survival
Poor clinical outcome, distant
metastases
Bone metastases, tumor invasiveness
and metastatic potential

(96,99,183–187)

(192,193)
(127–132)

Table 3. Molecular staging in prostate cancer using PCR-based protocols.
Tumor marker assay

Biological fluid

Detection method

Clinical relevancea

References

Yes

Katz et al. (135)
Katz et al. (172)
Olsson et al. (174)
Olsson et al. (177)
Ghossein et al. (178)
Ellis et al. (157)
Cama et al. (149)
Okegawa et al. (179)
Zhang et al. (180)
Grasso et al. (164)
Lembessis et al. (137)
Mitsiades et al. (175)
Sourla et al. (176)
Loric et al. (181)
Cama et al. (149)
Noguchi et al. (182)
Sokoloff et al. (143)
Hara et al. (183)
Gu et al. (96)
Han et al. (184)
Zhigang et al. (187)
Joung et al. (185)
Kaneda et al. (192)
Machado et al. (193)
Asadi et al. (127)
Bryden et al. (132)

PSA

Blood

RT-PCR

PSA and PSMA

Blood

RT-PCR

Blood, bone marrow

RT-PCR

Yes

PSMA

Blood

RT-PCR

Yes
No

PSCA

Blood
Tissue

RT-PCR
Immunohistochemistry

Yes
Yes

CK19

Tissue, blood
Blood

In situ hybridization
Immunohistochemistry, RT-PCR
RT-PCR

Yes
Yes
Yes

PTHrP

Tissue

Immunohistochemistry

Yes

No
Yes (PSA), No (PSMA)
No (PSA), Yes (PSMA)
Yes

a

Clinical relevance: tumor extracapsular penetration, seminal vesicle invasion, positive surgical margins, surgical failure, postoperative
biochemical recurrence.
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