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Abstract A quantitative reverse transcriptase polymerase
chain reaction (RT-PCR) method, employing internal
standard (IS) RNA and a simplified chemiluminometric
hybridization assay, is described for the determination
of prostate-specific membrane antigen (PSMA) mRNA.
The recombinant RNA IS has the same binding sites and
size as the amplified PSMA mRNA. Biotinylated PCR
products (263 bp) from PSMA mRNA and RNA IS are
captured in microtiter wells coated with streptavidin,
and hybridized with alkaline phosphatase-conjugated
probes. The bound alkaline phosphatase (AP) is mea-
sured by using a chemiluminogenic substrate. The ratio
of the luminescence values obtained for PSMA mRNA
and the RNA IS is a linear function of the initial amount
of PSMA mRNA present in the sample before RT-PCR.
The linear range extends from 500 to 5,000,000 PSMA
mRNA copies and the overall reproducibility of the
assay, including RT-PCR and hybridization, ranges
from 7.4 to 16.6%. Samples containing total RNA from
PSMA-expressing LNCaP cells give luminescence ratios
linearly related to the number of cells in the range 0.5–
5,000 cells.

Keywords Quantitative RT-PCR Æ PSMA mRNA Æ
Peripheral blood Æ Chemiluminescence Æ Hybridization

Introduction

Prostate-specific membrane antigen (PSMA) is a 100-
kDa transmembrane glycoprotein with peptidase activ-
ity that also acts as a folate hydrolase [1, 2]. The gene
encoding PSMA is located on the short arm of chro-
mosome 11 and consists of 19 exons spanning about
60 kbp of genomic DNA. The coding sequence of
PSMA gene is 2.65 kbp [3, 4]. Because its expression is
restricted to the prostate, several groups have studied the
usefulness of PSMA in the diagnosis and management of
prostate cancer [5–7]. DNA microarray studies on
prostate tissue specimens have recently shown that the
level of PSMA mRNA is substantially higher in prostate
cancer compared with benign prostate hyperplasia
(BPH) [8, 9]. The expression of PSMA remains un-
changed or is upregulated under conditions of androgen
deprivation, which is the most effective therapy for
prostate cancer. Thus, PSMA might be a more infor-
mative indicator of tumor progression after androgen
deprivation therapy than prostate-specific antigen
(PSA), whose expression is suppressed during androgen
deprivation [10, 11]. A significant diagnostic application
of PSMA entails the use of 111In-labeled anti-PSMA
monoclonal antibody that recognizes PSMA on the cell-
surface, for the detection of extraprostatic spread of the
disease by radioimmunoscintigraphy [12].

Accurate staging is a major concern in the manage-
ment of prostate cancer, because organ-confined disease
is potentially curable by radiation or radical prostatec-
tomy whereas patients with metastatic disease are offered
systemic treatment to slow down the progression of the
malignancy. However, the sensitivity of current staging
methods (e.g. computed tomography scans, transrectal
ultrasonography, and magnetic resonance imaging) is
insufficient and understaging is common. As a result, a
significant percentage of patients who undergo prosta-
tectomy are found to have metastasis subsequent to
surgery [13]. Reverse transcriptase polymerase chain
reaction (RT-PCR) has enabled the development of
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‘‘molecular staging’’ methods that involve the detection
of small numbers of circulating tumor cells in the
bloodstream. This is achieved by monitoring tumor-
specific mRNA sequences in the presence of mRNA from
a large excess of normal cells. Because of its tissue spec-
ificity PSMA mRNA is currently being investigated as a
candidate marker for molecular staging of prostate
cancer [14–23]. The RT-PCR assays reported so far for
PSMA mRNA in peripheral blood are, however, quali-
tative, i.e. they detect the presence or absence of the
specific mRNA without indication of its quantity.
Moreover, to achieve high detectability the assays are
based on nested PCR protocols. The PCR products are
analyzed by agarose gel electrophoresis. The specific
amplified sequence is then verified by Southern blot,
restriction enzyme digestion, or sequencing.

The use of nested PCR with numerous amplification
cycles has led to the detection of PSMA mRNA in blood
samples from healthy individuals, cell lines used as
negative controls, and patients with localized prostate
cancer [6, 14–23]. The need for a quantitative assay for
PSMA mRNA in blood has already been emphasized
[6]. A quantitative assay will enable the establishment of
a relationship between the concentration of PSMA
mRNA and metastatic potential, aggressiveness of tu-
mor, and clinical outcome.

In this work we have developed a high-throughput
quantitative RT-PCR method for determination of
PSMA mRNA in peripheral blood. The method is based
on coamplification of the target mRNA with a re-
combinant RNA internal standard (IS). The IS has the
same sequence as that of the PSMA mRNA amplifica-
tion product but differs only in a 24-bp centrally located
segment. The RT-PCR products are determined by a
rapid chemiluminometric hybridization assay which is
performed in microtiter wells. We have prepared two
conjugates of oligonucleotide probes with alkaline
phosphatase (AP) and employed these as detection re-
agents for the amplification fragments of the PSMA
mRNA and the IS. It is demonstrated that the ratio of
the luminescence values for PSMA and IS is linearly
related to the number of PSMA mRNA copies initially
present in the sample.

Materials and methods

Reagents

The PSMA-expressing human prostatic carcinoma cell
line LNCaP was obtained from the American type cul-
ture collection. All cell culture reagents were purchased
from Invitrogen (Paisley, UK). AMV reverse transcrip-
tase and Dynazyme EXT DNA polymerase were from
Finnzymes (Espoo, Finland). T7 RNA polymerase and
T4 DNA ligase were from MBI Fermentas (Vilnius,
Lithuania). Restriction enzymes were from Takara
(Shiga, Japan). RQ1 RNase-free DNase was from Pro-
mega (Lyon, France). RNase inhibitor and dNTPs were

from HT Biotechnology (Cambridge, UK). RNA iso-
lation reagent, RNAwiz, was purchased from Ambion
(Austin, Texas). N-Succinimidyl-S-acetylthioacetate
(SATA) and succinimidyl 4-(N-maleimidomethyl)cyclo-
hexane-1 carboxylate (sulfo-SMCC) were from Pierce
(Rockford, IL, USA). Escherichia coli tRNA, blocking
reagent, and AP for enzyme immunoassay (grade I, from
calf intestine) were from Roche Diagnostics (Mannheim,
Germany). Microspin Sephadex G-25 columns were
obtained from Amersham Pharmacia Biotech (Piscata-
way, NJ, USA). Centricon-30 microconcentrators were
purchased from Millipore (Billerica, MA, USA). Opa-
que Microlite 2 polystyrene microtiter wells were from
Dynex Technologies (Chantilly, VA, USA). Lumiphos
substrate for AP was from Mediators PhL (Vienna,
Austria). Streptavidin was from Sigma (St Louis, MO,
USA). All other chemicals were purchased from Sigma
or Fluka (Buchs, Switzerland).

Oligonucleotides

All oligonucleotides used in this study were synthesized
by MWG Biotech (Ebersberg, Germany); their se-
quences are shown in Table 1. The upstream (b-up) and
downsteam (d) primers used in PCR amplification were
designed to prime to different exons of the PSMA gene
(Gene Bank accession number M99487). The upstream
primer is biotinylated at the 5¢ end and is homologous
with a sequence in exon 14. The downstream primer is
complementary to a sequence in exon 16. The specific
probe for the amplified PSMA mRNA (PSMA-probe)
was designed to span the exon 15/exon 16 junction in the
PSMA mRNA with a complementary sequence to the
last 12 bases of exon 15 and to the first 12 bases of exon
16. The oligonucleotide IS-probe was used as a specific
probe for amplified RNA IS. Both PSMA- and IS-spe-
cific probes were labeled with an –NH2 group at the 5¢
end to allow conjugation with AP.

Oligonucleotides UO, DO, UI, and DI (Table 1) were
used in the creation and subcloning of RNA IS. Primers
UO and DO are homologous to sequences of exons 4
and 16, respectively. The underlined sequences in UO
and DO correspond to the restriction sites for KpnI and
XbaI, respectively. Primers UI and DI are designed to
prime to exons 15 and 16, respectively. The sequences
shown in bold represent the new sequences to be intro-
duced in the IS and are complementary to each other.

Preparation of alkaline phosphatase–oligonucleotide
conjugates

Alkaline phosphatase was first activated with maleimide
groups by reacting with the heterobifunctional cross-
linking reagent sulfo-SMCC. A 14 lL aliquot of
10 mg mL�1 AP (1 nmol) was mixed with 11 lL of
2 mg mL�1 sulfo-SMCC (50 nmol) solution in 0.1 mol
L–1 MOPS, pH 7.5, and 3.5 lL of 0.5 mol L–1 MOPS,
pH 7.5. The reaction was allowed to proceed for 1 h at
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ambient temperature in the dark. Excess sulfo-SMCC
was removed by ultrafiltration by using the Centricon-30
centrifugal filter device. Prior to ultrafiltration, the reac-
tion mixture was diluted 70· with 0.1 mol L–1 MOPS,
pH 7.5, and centrifuged at 5,000·g for 30 min at 4�C.
This step was repeated and the retentate was collected by
centrifugation at 1,000·g for 2 min at 4�C (retentate
volume about 50 lL). Next, a sulfhydryl group was
introduced into the amino-modified oligonucleotide
probe by using SATA. A 28-lL aliquot of PSMA-probe
or IS-probe solution (11.2 nmol) was mixed with 17 lL
of 15 mg mL�1 SATA (1.12 lmol) solution in 50%
DMF–50% NaHCO3 0.1 mol L–1, pH 9, and 9 lL
0.5 mol L–1 NaHCO3, pH 9. Following 1 h incubation at
ambient temperature in the dark, excess SATA was re-
moved by gel filtration using a Sephadex G-25 Spin Pure
column (pre-washed twice with sterile water). Finally, the
reaction between SATA-derivatized oligonucleotide
probes and maleimide-activated AP was initiated by the
addition of hydroxylamine. A 50-lL aliquot of malei-
mide-activated AP was mixed with SATA-derivatized
oligonucleotide, 14 lL of 0.1 mol L–1 NH2OH solution
and 28 lL of 0.1 mol L–1 MOPS buffer solution, pH 7.5,
containing 5 mmol L–1 EDTA. The mixture was incu-
bated for 18 h at 4�C. The conjugate was purified from
the excess of oligonucleotide by using the Centricon-30
centrifugal device. Prior to ultrafiltration, the reaction
mixture was diluted with 2 mL of 3 mol L–1 NaCl,
0.03 mol L–1 Tris-HCl, 0.1 mol L–1 ZnCl2 and 0.05%
NaN2, pH 7.5. Ultrafiltration was performed by centri-
fuging the sample at 5,000·g for 30 min at 4�C. This
step was repeated twice and the retentate was collected
by centrifugation at 1,000·g for 2 min (retentate volume
about 50 lL) and stored at 4�C. The oligo-AP conjugate
was used in hybridization assays without further
purification.

Cell culture

LNCaP cells were cultured in RPMI 1640 medium (with
L-glutamine) containing 100 mL L�1 fetal bovine serum,
100 U mL�1 penicillin, and 100 lg mL�1 streptomycin.

For RNA extraction, cells were grown until near con-
fluency, detached by trypsin–EDTA treatment, washed
with PBS, and counted.

Synthesis of recombinant RNA internal standard

cDNA encoding PSMA (1,272 bp) was amplified by RT-
PCR from total RNA isolated from the human prostatic
carcinoma cell line, LNCaP. Reverse transcription was
performed using oligo(dT)20 primer. PCR for 1272-bp
PSMA cDNA fragment was performed using the Clu-
PSMA and Cld-PSMA primers. The PSMA fragment
was then subcloned into the T7 promoter-bearing vec-
tor, pcDNA3 (Invitrogen) using the introduced BamHI
and XbaI restriction sites. Plasmid pcDNA3.PSMA
(Fig. 1a, left panel) was used as a template for the syn-
thesis of fragments A (1143 bp) and B (153 bp) by PCR
employing primer pairs UO, DI and UI, DO, respec-
tively (Fig. 1a, right panel). A new sequence was intro-
duced into each fragment during PCR. PCRs for both
fragments A and B were carried out in a total volume of
50 lL containing 50 mmol L–1 Tris-HCl (pH 9.0),
15 mmol L–1 (NH4)2SO4, 0.1% Triton X-100, 2.5 mmol
L–1 MgCl2, 0.2 mmol L–1 of each dNTP, 25 pmol of
each primer, 1010 molecules of pcDNA3.PSMA plasmid,
and 1 U of Dynazyme EXT DNA polymerase. All PCR
reactions were performed in a MJ Research PTC-150
MiniCycler (Watertown, MA, USA). The cycling con-
ditions for fragment A were 95�C, 30 s (1 min 30 s for
the first cycle); 65�C, 30 s, and 72�C, 1 min (10 min for
the last cycle) for 30 cycles. The cycling conditions for
fragment B were 95�C, 15 s (75 s for the first cycle),
60�C, 15 s, and 72�C, 30 s (10 min for the last cycle) for
30 cycles. Agarose gel-purified fragments A and B were
then mixed in a 1:1 molar ratio and joined by a PCR-like
reaction (40 cycles) in the absence of primers producing
a 1,272-bp DNA fragment (AB). The cycling parameters
for the joining reaction were 95�C, 30 s, 55�C, 30 s, and
72�C, 70 s (10 min for the last cycle). Subsequently,
5 lL of fragment AB was amplified by PCR for 35 cycles
using primers UO and DO. The cycling program was
95�C, 30 s (1 min 30 s for the first cycle), 60�C, 30 s, and

Table 1 Oligonucleotide sequences used as primers and probes in this study

Oligonucleotide Name Sequence Size (mer) Label

IS synthesis
Upstream outside primer UO TTTT GGTACCGAATGCCAGAGGGCGATCTA 30 –
Upstream inside primer UI TGATCTGAATCACAAGTTTCTACATTCAGCGGCTATCCA 39 –
Downstream inside primer DI TGTAGAAACTTGTGATTCAGATCAATACCGTGCTCTGCC 39 –
Downsteam outside primer DO TTTT TCTAGAAACACCATCCCTCCTCGAACC 31 –
Subcloning
Upstream primer Clu-PSMA TTTT GGATCCGAATGCCAGAGGGCGATCTA 30
Downstream primer Cld-PSMA TTTT TCTAGAAACACCATCCCTCCTCGAACC 31 –
PCR
Upstream primer b-up GTCCTTCCCCAGAGTTCAGT 20 5¢-biotin
Downstream primer d CCTGGGCCACAGTGAGGTGA 20 –
AP conjugates/hybridization assay
PSMA-probe PSMA-probe TTTGTTTGTTTCCCAATTTTTAGT 24 5¢-NH2

IS-probe IS-probe TGTAGAAACTTGTGATTCAGATCA 24 5¢-NH2
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72�C, 70 s (10 min for the last cycle). Following its
synthesis, AB DNA fragment was subcloned into vector
pcDNA3 downstream of the T7 promoter using the
KpnI and XbaI sites introduced by the UO and DO
primers, respectively. PSMA mRNA and RNA IS were
produced by in vitro transcription of pcDNA3.PSMA
and pcDNA3.IS constructs, respectively, under the
control of the T7 promoter of the vector. The plasmids
were first linearized with SmaI and then subjected to a
transcription reaction in 50 lL total volume consisting
of 40 mmol L–1 Tris-HCl (pH 7.9), 6 mmol L–1 MgCl2,
10 mmol L–1 DTT, 5 mmol L–1 NaCl, 2 mmol L–1

spermidine, 60 U of RNase inhibitor, 2.5 mmol L–1 of
each rNTP, 15 lL of linearized DNA (approximately
2 lg), and 70 U of T7 RNA polymerase. The reaction
was allowed to proceed at 37�C for 90 min. The result-
ing PSMA and IS mRNAs were treated with the RQ1
RNase-free DNase (1 U DNase lg–1 RNA) at 37�C for
30 min. The PSMA and IS RNA stock solutions were
then purified with RNAwiz according to the manufac-
turer’s instructions, redissolved in 20 lL RNase-free
water, and quantified by spectrophotometry at 260 nm.
RNA stock solutions were finally stored at �70�C in the
presence of 0.1 g L�1 E. coli tRNA and 40 U RNase
inhibitor. RNA solutions at various concentrations were
prepared by diluting the stocks in 0.05 g L�1 E. coli
tRNA.

Blood specimens

Peripheral blood samples were collected (using EDTA as
anticoagulant) from healthy female volunteers.

RNA isolation from blood specimens and cell lines

Blood (5 mL) was mixed with an equal volume of
20 g L�1 dextran (MW 70,000) in 9 g L�1 NaCl. After

incubation at room temperature for 45 min the upper
yellowish phase containing the leukocytes was trans-
ferred to a clean sterile tube and the nucleated blood
cells were pelleted by centrifugation at 2,000·g for
10 min at 4�C. The cell pellet was obtained no later than
3 h from venipuncture. If RNA extraction was going to
be performed later, cell pellets were snap-frozen in liquid
nitrogen and stored at �70�C. The nucleated cells were
lysed with 1 mL RNAwiz reagent and total RNA was
isolated according to the manufacturer’s instructions.
Finally, the pellet was air-dried, dissolved in 80 lL
RNase-free, water and stored at �70�C. For total RNA
isolation from LNCaP cells, the cells were sedimented
and lysed with RNAwiz reagent (1 mL/1·107 cells).
Total RNA was extracted according to the manufac-
turer’s instructions. Following precipitation, RNA was
washed once with 75% cold ethanol, air-dried, and
dissolved in RNase-free water (30 lL/107 cells) con-
taining the appropriate amount of RNase inhibitor
(40 U/107 cells). The amount of RNA was quantified by
spectrophotometry at 260 nm.

RT-PCR

For the reverse transcription reaction, a 16 lL solution
containing 10 pmol of the downstream primer, DO, and
5 lL of sample RNA was heated at 70�C for 10 min and
then placed on ice for 1–2 min. Subsequently, 4.25 lL of
a solution consisting of 2 lL of reverse transcriptase
buffer solution (250 mmol L–1 Tris-HCl, pH 8.3,
50 mmol L–1 MgCl2, 500 mmol L–1 KCl, 20 mmol L–1

DTT), 2 lL of 10 mmol L–1 of each dNTP, and 5 U
AMV reverse transcriptase (0.25 lL) was added. The
reverse transcription reaction was allowed to proceed for
40 min at 42�C and then the mixture was briefly chilled
on ice. cDNA was stored at �20�C until amplification.

A 5-lL aliquot of cDNA was amplified in a
total reaction volume of 50 lL containing 50 mmol L–1
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Fig. 1 a Left panel plasmid
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relative positions of
oligonucleotides used as
primers for the synthesis of
RNA IS and RT-PCR. The
sequences for all
oligonucleotides are presented
in Table 1. b Outline of the
strategy used for preparation of
conjugates of AP to
oligonucleotide probes
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Tris-HCl (pH 9.0), 15 mmol L–1 (NH4)2SO4, 0.1% Tri-
ton X-100, 2 mmol L–1 MgCl2, 0.2 mmol L–1 of each
dNTP, 25 pmol of each of the biotinylated upstream
primer (b-up) and the downsteam primer (d), and 1 U
Dynazyme EXT DNA polymerase. Amplification was
carried out for 35 cycles using the following program:
95�C, 15 s (75 s for the first cycle), 60�C, 15 s, and 72�C,
30 s (10 min for the last cycle). PCR mixtures were
stored at 4�C until hybridization.

Microtiter well-based chemiluminometric hybridization
assay

Polystyrene wells were coated overnight at ambient
temperature with 50 lL of 1.4 mg L�1 streptavidin
solution in PBS. Prior to use, the wells were washed
three times with wash solution (50 mmol L–1 Tris,
pH 7.4, 0.15 mol L–1 NaCl, and 1 mL L�1 Tween 20)
using the WellWash4 microplate washer (Labsystems,
MA, USA). PCR products were diluted 20 times in
blocking solution (10 g L�1 blocking reagent in 0.1 mol
L–1 maleic acid, 0.15 mol L–1 NaCl, pH 7.5) and 50 lL
was pipetted into each of four wells. Immobilization of
DNA on the well surface (by streptavidin–biotin inter-
action) was achieved by 30-min incubation at ambient
temperature with mechanical shaking. The wells were
washed as above and 50 lL of 0.2 mol L–1 NaOH was
added to denature immobilized double-stranded PCR
products. After 10 min incubation at room temperature
the non-biotinylated DNA strand was removed by
washing. Subsequently, 50 lL of each AP-conjugated

PSMA and IS detection probes, diluted 500 times in
blocking solution containing 10% DMSO, was added in
duplicate to the wells. Hybridization was carried out for
30 min at 42�C with shaking. The wells were washed and
50 lL of the chemiluminogenic substrate Lumiphos was
added to each well. Following incubation for 30 min at
37�C, the chemiluminescence was integrated for 1 s
using the PhL microplate luminometer/photometer
manufactured by Mediators (Vienna, Austria).

Results and discussion

The principle of the preparation of AP–oligonucleotide
conjugates (oligozymes) is illustrated in Fig. 1b. The
conjugation strategy involves chemical modification of
the amino group of the probe with SATA for intro-
duction of a protected thiol group. Maleimide groups
were introduced to AP by reacting with the heterobi-
functional cross-linker sulfo-SMCC. Maleimide-acti-
vated AP was then mixed with SATA-modified
oligonucleotide probe and the reaction was initiated by
deprotecting the sulfhydryl group with hydroxylamine.
The conjugate was separated from the free oligonu-
cleotide by ultrafiltration and used directly in hybrid-
ization assays. The assay configuration is presented in
Fig. 2a. PCR products, biotinylated at their 5¢ end by
PCR, are immobilized on the streptavidin-coated surface
of polystyrene wells. After removing one DNA strand
with NaOH, single-stranded DNA is hybridized with
AP-conjugated target-specific probes. Following
hybridization, the enzyme activity is measured by using
chemiliminogenic substrate.

The hybridization assays were optimized by using
dilutions of biotinylated amplification products from
PSMA and IS. The concentration of the stock solutions
was determined by densitometry from images of ethidi-
um bromide-stained gels taken with a Kodak DC120
digital camera. The FX174 DNA fragments were used
as calibrators. Experiments were carried out to test for
the presence of any cross-hybridization, i.e. hybridiza-
tion of the IS-probe with the PSMA-amplified DNA
and/or hybridization of the PSMA-probe with the
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Fig. 2 a Schematic diagram showing the hybridization assay
configuration developed in this work. Biotin-labeled DNA prod-
ucts are captured on streptavidin-coated wells. After separation of
the two DNA strands, the single-stranded DNA fragments are
allowed to hybridize to the specific AP-labeled probes and the
hybridization products are directly detected with a dioxetane
chemiluminogenic substrate. b Study to establish the specificity of
the detection probes used for PSMA and IS. PCR products
containing no DNA (background), target PSMA or IS only were
assayed by hybridization using target specific AP-labeled probes
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IS-amplified sequence. Solutions containing PSMA and
IS DNA (1,000 pmol L–1) were assayed by the proposed
hybridization assay and detected with both PSMA- and
IS-specific probes. From the results presented in Fig. 2b
it is concluded that PSMA-specific probe binds exclu-
sively to PSMA DNA, whereas IS-specific probe binds
only to IS DNA. No hybridization occurred when
PSMA or IS DNA was measured with IS- or PSMA-
probe, respectively. The detectability and linear range of
the two hybridization assays were established by pre-
paring serial dilutions of the PSMA and IS stock DNA
solutions and performing hybridization assays with the
two specific AP-conjugated probes. The results are pre-
sented in Fig. 3. As low as 6 pmol L–1 of amplified
PSMA DNA (0.3 fmol/well) and 23 pmol L–1 of
amplified IS DNA (1.17 fmol/well) can be detected with
a signal-to-background ratio of two. The difference in
detectability found for PSMA DNA and PSMA IS is
because of the hybridization efficiency of the respective
probes. The linear range of the assays extends up to
3,000 pmol L–1. The reproducibility of the hybridization
assay was determined by analyzing samples containing
23.5, 188, and 750 pmol L–1 amplified products. The
coefficients of variation (CVs) were 5.0, 6.9, and 13.4%,
respectively (n=3). It should be pointed out that the
conjugation reaction of AP with the amino-modified
oligonucleotides was very reproducible. Conjugates
prepared in three separate reactions (on different days)
were used to generate calibration graphs in the range 23–
750 pmol L–1 of target DNA. The CVs obtained for the
signals at each target DNA concentration using conju-
gates from different reactions did not exceed 20%.

We compared the proposed ‘‘direct labeling’’ method
with an ‘‘indirect labeling’’ approach in which the
PSMA probe was labeled at the 3¢ end with multiple
digoxigenin moieties and the hybrids were detected by
using antidigoxigenin antibody conjugated to AP. The
‘‘indirect labeling’’ approach gave higher luminescence
signal. However, the S/B ratios were practically the
same. At 750 pmol L–1 target DNA, the S/B ratios were
714 and 813 for the ‘‘indirect’’ and ‘‘direct’’ labeling of
the probe, respectively. This is due to the lower back-
ground obtained by using probes directly conjugated
with AP. The two systems offer the same detectability
and analytical range.

Quantitative RT-PCR assays were performed with
samples containing PSMA mRNA varying from 500 to
5,000,000 copies along with a constant amount (20,000
copies) of RNA IS. Amplified PSMA and IS RNA were
detected by hybridization with the two target-specific
AP-conjugated probes. The luminescence signals (cor-
rected for the background), L and LIS, which reflect the
amount of amplified PSMA RNA and RNA IS, were
plotted as a function of the number of input copies of
PSMA mRNA (Fig. 4). The background is defined as
the signal obtained when no PSMA mRNA or RNA IS
are present in the RT-PCR mixture. The variation of the
signals for PSMA mRNA and IS RNA versus the
number of input PSMA mRNA copies is typical for the
competitive nature of the PCR reaction between PSMA
and IS DNA templates, especially when PCR enters the

Fig. 3 Calibration graphs for the hybridization assays for PSMA
(solid line) and IS (dashed line) amplification products
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Fig. 4 Variation of luminescence with the number of PSMA
mRNA copies. Samples containing 500–5,000,000 PSMA mRNA
copies are coamplified with 20,000 copies of RNA IS. The signals
obtained for PSMA mRNA and RNA IS are plotted with solid and
dashed lines, respectively
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plateau phase. In Fig. 5, the ratio of the luminescence
values for PSMA mRNA and RNA IS (L/LIS) is plotted
versus the number of PSMA mRNA molecules. Dilu-
tions of mRNA were prepared in 0.05 g L�1 of total
RNA from healthy leukocytes isolated from whole
blood as described in the Materials and methods section.
As few as 500 copies of PSMA mRNA were detected
with a signal-to-background ratio of five. Because only
5% of the amplified PCR product was used for
hybridization, the luminescence signal corresponds to
amplification product from 25 PSMA mRNA copies.
The linearity of the assay extends up to 5,000,000 PSMA
mRNA copies.

The overall reproducibility (within-run) of the pro-
posed assay (including reverse transcription, PCR, and
hybridization) was assessed by analyzing samples con-
taining 5,000, 50,000 and 500,000 PSMA mRNA copies
in the presence of 20,000 copies of IS RNA (n=3). The
CVs obtained for the L/LIS ratios were 13.2, 7.7, and
5.9%, respectively. The corresponding CVs for PSMA
mRNA copies calculated from the calibration curve and
the L/LIS ratios were 16.6, 9.6, and 7.4%, respectively.

The quantitative RT-PCR method was also validated
by analyzing samples containing total RNA from 0.5 to
5,000 LNCaP cells diluted in 0.05 mg mL�1 total RNA
from healthy leucocytes. The samples were subjected to
RT-PCR in the presence of a constant amount of IS
RNA (20,000 copies) and subsequently assayed by
hybridization assay. In Fig. 6, the L/LIS ratio is plotted
as a function of the number of LNCaP cells. It is

observed that the linearity covers the range from 0.5 to
5,000 cell equivalents, i.e. four orders of magnitude. A S/
B ratio of four was obtained at the level of 0.5 LNCaP
cell equivalents.

The determination of mRNA at low concentrations
might be performed either by real-time PCR or by
branched DNA technology. In contrast with the pro-
posed method, which is an end-point approach, real-
time PCR allows continuous monitoring of DNA
amplification either by using an intercalating fluorescent
dye (e.g. SYBR Green I) or by exploiting the 5¢ exonu-
clease activity of DNA polymerase in combination with
fluorescence resonance energy transfer. The co-determi-
nation of non-specific double-stranded DNA fragments
is a serious limitation of the former strategy. Real-time
PCR involves expensive instrumentation and reagents.
Also, the real-time PCR-based methods do not use an IS
to compensate for any variation in the reverse tran-
scription reaction. The branched DNA technology
(bDNA) [24, 25] is a signal-amplification system. Typi-
cally, the mRNA is hybridized with multiple specific
probes spanning the entire region of the target sequence.
These probes carry characteristic tails that allow capture
of the hybrids by immobilized oligonucleotide probes
and hybridization with a branched DNA molecule. Each
branched DNA is then hybridized with multiple oligo-
nucleotides conjugated to AP. The advantage of this
technology arises from elimination of the target ampli-
fication step and the associated problems of contami-
nation. This technique also allows direct determination
of the specific mRNA in the cell extracts without prior
isolation. However, the assay procedure requires 16–

Fig. 5 Calibration graph for the quantification of PSMA mRNA.
The ratio, L/LIS, of the luminescence values obtained from PSMA
mRNA and RNA IS is linearly related to the number of PSMA
mRNA copies found in the sample prior to RT-PCR

0.1 1 10 100001000100
0.01

0.1

1

10

100

1000

L
/L

IS

Number of LNCaP cells

Fig. 6 Variation of the ratio, L/LIS, of the luminescence values
obtained from PSMA mRNA and RNA IS with the number of
LNCaP cells in the sample
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20 h for hybridization of the target with the set of probes
followed by two consecutive hybridization steps with the
branched DNA and the AP-conjugate (2 h). Also, the
assay requires the design and purchase of about 30 oli-
gonucleotides per target mRNA. Moreover, the reported
detectability of bDNA technology for mRNA determi-
nation (about 10,000 mRNA molecules) does not reach
the levels achieved by PCR amplification.

The proposed method has several advantages.
Quantitative RT-PCR is based on coamplification of
PSMA mRNA with a recombinant PSMA-like RNA IS,
thus compensating for any variations in reverse tran-
scription and amplification reactions. The IS has the
same primer binding sites as those of the PSMA and the
amplification products are of the same size, differing
only in a 24-bp centrally located segment. The hybrid-
ization assay developed for the analysis of amplification
products is simplified by the use of specific oligonu-
cleotide probes directly conjugated with AP. Thus the
use of haptens and specific antibodies conjugated with
reporter molecules (indirect labeling) is avoided and the
assay procedure becomes much shorter. The procedure
used for the preparation of probe-AP conjugates is very
simple and does not require HPLC purification. Oligo-
nucleotide–AP conjugates are stable at 4�C at least for
6 months. The conjugate obtained from a reaction that
uses 1 nmol AP is sufficient for about 500 hybridization
assays. The proposed method detects as few as 500
PSMA mRNA molecules.

The applications of the proposed assay for the
determination of PSMA mRNA could be:

– to investigate the relationship between the number of
circulating cancer cells and tumor grade;

– to identify early tumor spread thereby allowing pre-
diction of the disease progression, especially in pa-
tients diagnosed with localized prostate cancer;

– to provide a means of molecular staging particularly
for patients who receive androgen ablation therapy or
suffer from hormone refractory tumors, because
PSMA expression is up-regulated in the absence of
androgens;

– to discriminate between BPH and prostate cancer,
because PSMA was found to be significantly overex-
pressed in prostate cancer compared with benign
hyperplasia; and

– to provide a powerful research tool in the study of the
biology of prostate cancer and the comprehension of
the metastatic process.
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