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THE UNIVERSITY OF MANCHESTER

ABSTRACT OF THESIS submitted by David G Ross for the Degree of MD and 
entitled Quantitative Reverse Transcriptase Polymerase Chain Reaction in the 
Molecular Staging of Prostate Cancer. August 2007.

Prostate cancer (CaP) is the most common cancer in men in the UK and its 
incidence is increasing. The natural history of the disease is very variable, in some 
men progressing rapidly while in others it will run a more indolent course. In early 
disease localised to the prostate, radical treatment options offer potential cure 
however these come with considerable potential morbidity and a significant 
proportion of patients will relapse despite such interventions. This suggests the 
presence of microscopic disease beyond the prostate, not clinically detectable 
using current staging modalities.
The presence of circulating prostate epithelial cells (PECs) in the peripheral blood 
(PB) or bone marrow (BM) of men with CaP may represent micrometastatic 
disease and thus be indicative of systemic cancer spread and potentially a poor 
outcome from localised therapies or conservative surveillance protocols. Reverse 
transcriptase polymerase chain reaction (RT-PCR) can detect the presence of 
such cells through amplification of the prostate specific messenger RNA that they 
express. Studies to date have however produced conflicting results.
In this study, molecular staging using RT-PCR was approached by designing and 
optimising a quantitative methodology, targeting five prostate markers, PSA, 
PSMA, PSCA, HK2 and DD3PCA3, to detect PECs in both PB and BM. Assay in 
vitro sensitivities were 1 PEC/1 ml of PB PSA, 10 PECs PSMA, 1000 PECs PSCA, 
1000 PECs HK2 and 100 DD3 RNA molecules /1ml PB for DD3PCA3.
Samples from 98 men with clearly characterised CaP and disease free controls 
were evaluated. Only DD3PCA3 was entirely prostate specific. Marker expression 
was seen in control samples for the other markers although satisfactory specificity 
was achieved, except PSCA, by the application of marker expression thresholds. 
Clinically, PSA and HK2 appeared the most promising targets. PSMA utility was 
limited by its specificity, particularly in BM, while DD3PCA3 was detected in only 
eight patients. General trends of increasing marker expression were seen with 
increasing clinical disease stage. Greatest mRNA yields were seen in men with 
advanced disease and patterns of high marker expression were seen to be 
associated with the hormone escaped state, both metastatic and metastasis free. 
None of the assays could differentiate between localised and locally advanced 
cancers or identify poor prognosis groups in early disease. The combination of 
data from multiple markers and paired PB and BM sampling improved overall 
target yield, yet their more extensive evaluation was limited by poor clinical 
sensitivity and issues of specificity.
Quantitative RT-PCR is a potentially useful tool for the molecular detection of 
circulating tumour cells in CaP. In this study positive RT-PCR status was 
associated with clinically advanced and hormone escaped disease. Assay 
sensitivity and specificity limited its utility in localised cancers, although only long 
term clinical follow up will clarify the significance of PECs in these patients. The 
use of multiple markers, quantitative techniques and two site sampling are 
interesting additions to standard methodologies although large studies with long 
follow up, using robust methodologies will be required to define their utility.
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Chapter 1: Introduction

1.1 Prostate Cancer

1.1.1 Prostate Structure and Function

The prostate is a glandular pelvic organ situated between the pelvic floor interiorly 

and the base of the bladder superiorly (figure 1.1). It is pierced posteriorly by the 

two ejaculatory ducts which open into the prostatic urethra as it traverses the 

gland. The prostate is enclosed by a capsule composed of collagen, elastin and 

smooth muscle.

The function of the prostate is as an exocrine gland expelling 1.5 to 2 ml of 

prostatic secretions into the seminal plasma during ejaculation, the role of which is 

in liquefaction of semen1.

1.1.2 Incidence

Prostate cancer (CaP) is the most common cancer in men in the UK with 24,700 

new cases being diagnosed and accounting for 9,800 deaths annually2, It typically 

affects men beyond middle age and although mortality from CaP remains relatively 

constant its incidence is increasing. This continuing increase in prevalence reflects 

changes in western population demographics, greater disease awareness, 

improved diagnostic techniques and the increased use of prostate specific antigen 

(PSA) as a screening tool. Some of these factors have certainly resulted in more 

early stage disease being detected which is of particular importance as these 

patients can undergo potentially curative treatment.
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1.1.3 Aetiology

The risk of prostate cancer, particularly early onset disease, is strongly affected by 

family history and hereditary susceptibility is considered the strongest risk factor. 

Studies suggest that 5% to 10% of all prostate cancer and as much as 30% to 

40% of early onset disease is a result of familial disease. A number of putative 

chromosome loci have been mapped (HPC1, PcaP, HPCX, CAPB, HPC2, 

HPC20). However no significant genes have been cloned 3.

Some dietary components have been consistently shown in epidemiological 

studies to be associated with CaP. High dietary intake of calcium, fatty acids and 

red meat are associated with an increased risk of CaP while phyto-oestrogens, 

lycopene, selenium and vitamin E may have some degree of preventative action 4.

1.1.4 Demographics

There are differences in the incidence of CaP between both ethnic populations 

and countries, with the highest incidence being among African-American men in 

the USA and the lowest levels in Asia especially China. Migration studies suggest 

that these are real ethnic differences and not simply environmental or health care 

dependent. For example when Japanese men move from Japan to the USA, the 

incidence of prostate cancer increases but only to about 50% of the rate in white 

Americans and to 25% of that for African-Americans 5.

The incidence of CaP rises markedly with increasing age in men beyond late 

middle age. The Cancer Research UK statistics from 2003 (figure 1.2), 

demonstrate that around 85% of all cases of CaP were diagnosed in men over the 

age of 65 2. With UK population longevity increasing CaP will prove to be a 

progressively significant health care burden.
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Figure 1.1: Zonal Anatomy and Relations of the Human Prostate. (P) 
peripheral zone, (C) central zone, (T) transitional zone, (S) seminal vesicles, 
(PPS) pre-prostatic sphincter, (V) verumontanum.
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Figure 1.2: Number of new cases and age specific incidence rates for CaP 
in the UK in 2003 2.
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1.1.5 Stage at Diagnosis

In the pre- PSA era George 6 (1988) reported that 58% of patients presented with 

metastatic CaP. With the introduction of serum PSA measurements the proportion 

of patients presenting with metastases has fallen. In their 1997 study Johansson et 

a l7 observed that 25% of men presented with metastases while 47% had localised 

disease and 28% locally advanced disease.

1.1.6 Natural History

The natural history of CaP is notoriously variable and difficult to predict Some 

men have purely incidental disease that runs a very passive course, while others 

have far more aggressive CaP resulting in metastases and death.

Necropsy studies have highlighted the high incidence of asymptomatic incidental 

prostate cancers in elderly males dying from other causes 8’9. This has long been 

recognised: Franks 10, in 1954, proposed the theory of latent carcinoma of the 

prostate, i.e. disease with low malignant potential that remains sub-clinical for the 

lifetime of the host. Others have however stressed the malignant potential of this 

incidentally diagnosed disease 11,12.

A number of groups have looked at the natural history of CaP in patient groups 

managed by watchful waiting. George 6 studied the natural history of patients free 

from metastatic disease (MO), observing a disease specific survival of 80% and 

75% at 5 and 7 years respectively, compared with 13% at 5 years for those 

presenting with metastases. Although only 11% developed metastases, 84% had 

palpable local progression. A high rate of clinical progression was also reported by 

McLaren et al 12, in untreated patients with clinically localised disease. After 2 

years 40% of patients with T1 disease and 51% of patients with T2 disease had 

clinically detectable progression. Following a further year, 60% of those with T2 

disease had progressed. Similarly Adolfsson et al reported a 67% five year local 

progression rate in expectantly managed MO cancers 13. The risks of developing 

metastases and CaP specific death were again low in this series.
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Adolfsson et al also studied 11 500 men diagnosed between 1965 and 1993 with 

clinically localised CaP within the Finnish Cancer Registry 14. They concluded that 

around half of men with localised cancers will die from other causes and 30% have 

disease that will run an indolent course. Of those surviving beyond 10 years 5% 

will eventually succumb to CaP.

Johansson et a l7 reported on the fifteen year outcome in all patients presenting 

with CaP. The disease specific mortality for the whole group was 31%. However 

this was heavily weighted by those with metastases at presentation, 78% of whom 

died from CaP. Patients with metastasis negative locally advanced disease were 

hormone manipulated at presentation and thus their disease natural history was 

not elucidated. For men with clinically localised disease managed by watchful 

waiting, 33% progressed, 13% developed metastases and 11% died from their 

disease. Compared with patients over 80 years, men younger than 61 years at 

diagnosis were far more likely to develop metastases (36% Vs 5%), and die from 

their disease (44% Vs 25%). This highlights the great importance of age and co­

morbidity on clinical course.

Aus et a l15 suggested a more aggressive disease natural history in their study of 

the cause of death in 514 men with M0 CaP. Over 50% of patients died of their 

disease in the first 10 years and 63% of those who survived beyond 10 years 

would eventually succumb to CaP. The methodology of this study however 

selected a cohort containing a high proportion of high grade cancers and when the 

data was adjusted accordingly, only those men with poorly differentiated disease 

had a low disease specific survival.

Thus disease stage and grade has a significant bearing on disease natural history. 

Chodak et a l16 performed a pooled analysis of 828 patients with clinically localised 

disease from six non-randomised studies. Men with poorly differentiated disease 

had a ten year disease specific survival of 34% compared to 87% for those with 

well or moderately differentiated CaP. Similarly metastasis free survival for men 

with low grade disease was 81% versus only 26% for high grade cancers. These 

findings were confirmed by Lu-Yao and Yao17 who utilised the Surveillance 

Epidemiology and End Results (SEER) database to evaluate 19,898 men
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managed conservatively over a ten year period. They showed a ten fold increase 

in the risk of dying of grade 3 CaP compared with grade 1 disease, with ten year 

disease specific survival rates of 93%, 77% and 45% for grades 1, 2 and 3 

respectively.

These studies observing the natural history of CaP represent disease diagnosed 

prior to the advent of widespread PSA testing. There is no published long term 

survival data for the PSA-era. Thus the utility and accuracy of these historic series 

in contemporary practice remains to be determined. PSA use has introduced a 

significant lead time estimated at between 3 and 14 years depending upon 

disease grade 18,19. Cancers are therefore being diagnosed at a far earlier stage 

and often treated with aggressive radical therapy despite the knowledge that a 

significant proportion would not significantly impact on the patient if managed 

conservatively. The importance in clearly determining the natural history of PSA 

detected CaP cannot be overemphasised. Achieving this may however be 

hampered by modern approaches to CaP management where, expectant 

monitoring has tended to be reserved for those with a limited life expectancy.

1.2 Presentation and Diagnosis of Prostate Cancer

1.2.1 Presentation

Traditionally the majority of patients diagnosed with CaP would present with lower 

urinary tract voiding symptoms due to bladder outflow obstruction. George6 (1988) 

reported that 90% of CaP patients were referred for treatment of prostatic 

symptoms or relief of acute or chronic urinary retention. In contemporary practice a 

much greater number of men are diagnosed following a serum PSA estimation 

either as part of the assessment of mild voiding symptoms in primary care or as a 

screening procedure.

Formal PSA screening is not established clinical practice in the UK and the 

evidence for its introduction remains inconclusive. Bartsch et al observed that the 

fall in CaP mortality was significantly higher in the Tyrol region, where PSA 

screening was freely available, compared to the rest of Austria where it was no t20.

30



Conversely Lu-Yao et al could show no significant difference in CaP mortality 

between high and low PSA screened populations 21. Both of these reports lack the 

potency of well designed trials and it is hoped that the three ongoing prospective 

randomised studies ERSPC (European Randomised Screening for Prostate 

Cancer), PLCO (Prostate, Lung, Colorectal and Ovary) and the UK ProTecT trials 

will give a definitive answer to the screening issue.

1.2.2 Diagnosis

The diagnosis of prostate cancer requires acquisition of a history, examination and 

special investigations. Patient history may detect lower urinary tract symptoms or 

symptoms due to more advanced disease, while family history may identify 

patients at increased risk of CaP. The crux of the physical examination is digital 

rectal examination (DRE) which allows assessment of the prostate and ano- 

rectum.

Initial investigations include an estimation of serum levels of PSA. Its use 

increases CaP detection by 81% compared to DRE alone 22. PSA is however 

organ rather than disease specific, yet despite its lack of cancer specificity its use 

has radically improved the diagnosis of early stage CaP and enables men with 

clinically undetectable disease to be identified.

Most patients with either a raised PSA or abnormal DRE findings proceed to trans- 

rectal ultrasound (TRUS) guided biopsy of the prostate. Biopsy tissue is assessed 

histologically to confirm or exclude the diagnosis of CaP. A negative biopsy cannot 

absolutely exclude the diagnosis of CaP and patients with raised PSAs, 

particularly those at an increased risk, should be followed up appropriately with 

serial PSA estimations and repeat biopsy as indicated. In men with a serum PSA 

between 4 and 10 ng/ml, Djavan et al detected cancers in 10% of repeat biopsies
23
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1.2.3 Pathology

1.2.3.1 Adenocarcinoma

The histological cell type of most prostate cancers is adenocarcinoma. The 

majority of these develop in the peripheral zone of the gland24 and over 85% of 

tumours are multifocal25. Tumours are graded using the Gleason scoring system, 

which describes five levels of disorder of cellular architecture as shown in table 1.1 

and figure 1.3. Prostate cancers are invariably heterogenous and the Gleason 

score is stated as the two predominant areas of cellular architecture to give a sum 

score (minimum 2 and maximum 10)26.

1.2.3.2 Prostatic Intraepithelial Neoplasia

Prostatic Intraepithalial neoplasia (PIN) consists of architecturally benign prostatic 

ducts and acini lined by cytoiogically atypical cells 27 High grade PIN displays 

moderate to severe dysplasia and is regarded as the most likely precursor lesion 

of many intermediate to high grade prostatic adenocarcinomas 28. When 

carcinoma is present there is an increase in the size and number of PIN foci, and 

with increasing amounts of high grade PIN there are a greater number of 

multifocal carcinomas 21. The incidence of carcinoma on repeat biopsy after an 

initial diagnosis of isolated high grade PIN is between 22% 29 and 100%30.
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Gleason
Grade Histological Features

Grade 1 Small uniform glands with minimal nuclear changes

Grade 2 Medium sized acini separated by stromal tissue but more 
closely arranged

Grade 3 Marked variation in glandular size and organisation and 
general infiltration of the stroma

Grade 4 Marked cellular atypia and extensive infiltration

Grade 5 Sheets of undifferentiated cancer cells

Table 1.1: Features of Gleason G rades26.

I 1 I
i i i

Figure 1.3: The Histological Architecture Grades Used in the Gleason 
Scoring System for CaP.



1.3 Prostate Markers

1.3.1 Prostate Specific Antigen (PSA)

PSA is an androgen regulated 33 KDa serine protease and a member of the family 

of human tissue kallikreins located on chromosome 19 31. It was first isolated and 

purified by Wang et al in 1979 32. PSA is primarily produced by prostate ductal and 

acinar epithelium and its function is in liquefaction of the seminal coagulum by its 

action in the fragmentation of seminogelin 33.

PSA is mainly prostate specific although it is expressed at very low levels in 

breast, thyroid, salivary gland and lung tissues 34. However, PSA is organ not 

disease specific, being expressed by normal prostate epithelial cells, benign 

prostatic hyperplasia (BPH) and overexpressed by malignant epithelial cells. 

Therefore the presence of PSA in male blood serum is normal but defining the 

level at which PSA becomes indicative of cancer is extremely complex. Elevations 

in serum PSA are seen with adenocarcinoma of the prostate as well as in benign 

conditions including BPH, prostatitis or following urinary retention. Ejaculation 35, 

prostatic massage 36, prostate biopsy 37 and urethral instrumentation have also 

been shown to elevate PSA levels. Historically serum levels of less than 4.0 ng/ml 

were considered as normal. However, contemporary practice has moved towards 

the use of age specific PSA ranges as detailed in section 1.3.1.2.

1.3.1.1 Clinical Utility of PSA

Despite its lack of prostate cancer specificity, PSA is still currently the best tumour 

marker available in clinical practice, with increasing serum levels correlating with 

an increasing risk of prostate cancer. Of men with a serum PSA between 4 and 10 

ng/ml, 22% will be found to have prostate cancer on biopsy, with this figure rising 

to 67% for those with a PSA above 10 ng/m l38. Thus over 75% of men with a PSA 

between 4 and 10 ng/ml will have negative biopsies and conversely around 22% of 

men with a PSA <4 ng/ml will be harbouring CaP 39. The risk of CaP at these low 

PSA levels falls with diminishing serum PSA being 27% between 3.1 and 4.0 

ng/ml and 6.6% at 0.5 ng/ml or less 40. This illustrates both the utility and 

limitations of PSA in diagnosing CaP. A number of approaches have been 

investigated to address these issues of specificity and to attempt to make serum
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PSA a more discriminating tumour marker for detecting clinically significant 

cancers.

1.3.1.2 Age Specific PSA

The inter-relationships between serum PSA, patient age and prostate volume were 

investigated by Oesterling et a l 41. PSA increased with both age and prostate 

volume, while volume also correlated directly with patient age. This resulted in the 

establishment of age-specific PSA reference ranges; for men aged 40 to 49 years, 

<2.5 ng/mL; for 50 to 59 years, <3.5 ng/mL; 60 to 69 years, <4.5 ng/mL; and 70 to 

79 years, <6.5 ng/mL. Subsequently the appropriateness of age specific PSA has 

been questioned since it significantly increases the number of negative biopsies 

performed in the lower age range while failing to diagnose a significant proportion 

of cancers in men in their 60s and 70s 42. Whether these cancers were clinically 

significant or not remains to be determined.

1.3.1.3 Free PSA

The majority of serum PSA is complexed to proteins, predominantly alphal- 

antichymotrypsin 43, and it has been demonstrated that as the percentage of free 

PSA decreases the probability of CaP increases. In a retrospective study, 

Catalona et a l44 claimed to reduce the number of negative biopsies by 31% while 

still diagnosing over 90% of cancers by using a percentage free PSA level of 23% 

as cut off for biopsy. More recently, percentage free PSA has been shown to 

predict CaP development in patients with a serum PSA between 4 and 10 ng/ml 45, 

and to improve CaP detection in high risk populations with serum PSA levels 

within normal limits 46.

1.3.1.4 PSA Velocity

Despite variability in serial serum PSA measurements in men with no evidence of 

CaP, a PSA velocity, the rate of change of serum PSA, at a level greater than 0.75 

ng/ml per year is strongly suggestive of a diagnosis of CaP 47. Lynn et a l48 have 

more recently demonstrated the utility of short term PSA velocity in predicting 

prostate biopsy histology, while Fang et al 49 have identified a significant 

association between PSA velocity and the risk of CaP in men with serum PSA 

<4ng/ml.
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PSA velocity may also have a utility in predicting treatment outcome following 

surgery and radiotherapy for CaP. D’Amico et al showed that a pre-treatment PSA 

velocity of >2ng/ml/yr was associated with a higher risk of CaP specific and overall 

mortality in men undergoing RRP 50, and for patients with both high and low risk 

CaP being treated with EBRT 51. In hormone escaped metastatic cancer being 

treated with cytotoxic, cytostatic or combination therapy, an increasing PSA 

velocity has been shown to be significantly associated with shorter survival52.

1.3.1.5 PSA Density

As stated previously serum PSA increases with increasing prostate volume. PSA 

density (PSAD) is the ratio of serum PSA to the volume of the prostate. The 

principle of PSAD is that in a patient with a high PSA associated with a small gland 

the PSA production cannot be attributed to BPH, thus this is more likely to indicate 

CaP. In a prospective study of 700 patients Catalona et a l42 using PSAD cutoff of 

0.078 could detect 95% of cancers with a specificity of 19%. An inverse 

relationship between free PSA and PSAD was also noted and indeed the two 

measures performed almost identically, the advantage of free PSA being in the 

avoidance of TRUS measurements and the inter-observer variability associated 

with this.

1.3.1.6 Role of PSA in Staging of CaP

This is detailed in section 15.1.2

1.3.1.7 Role of PSA in Patient Monitoring and Surveillance

Serial serum PSA measurements are the mainstay of monitoring patients following 

potentially curative treatments, during active surveillance and watchful waiting, and 

in monitoring response to hormone manipulation. Following radical prostatectomy 

PSA levels are expected to become undetectable since all PSA producing prostate 

tissue has been excised. Indeed a detectable serum PSA is indicative of a poor 

outcome. Radiotherapy treatment leaves a prostate remnant in situ and thus PSA 

remains detectable at low levels. As is discussed in section 1.6.1 the PSA nadir 

level is the baseline for subsequent PSA measurements. In patients managed by 

watchful waiting, hormone therapy is withheld until the serum PSA reaches a
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threshold level. This value is not clearly defined in the literature. However, in 

clinical practice it is between 20 and 30 ng/ml. The role of PSA in active 

surveillance protocols is detailed in section 1.6.1.9.

1.3.2 Other Prostate Markers 

1.3.2.1 The Human Glandular Kallikrein Family

The 15 members of the human kallikrein gene family are a sub-group of the serine 

protease family, whose genes are localised to chromosome 19q13.4 and their 

genes and proteins have a number of common structural features 53. Human 

kallikreins 2, 3, 4 and 15 are differentially expressed in CaP.

1.3.2.1.1 Human Kallikrein 3 (PSA)

See section 1.3.1

1.3.2.1.2 Human Kallikrein 2 (HK2)

HK2 is a serine protease with trypsin-like enzymatic activity, which is secreted into 

seminal fluid. It has an 80% sequence homology with PSA (Human Kallikrein 3). 

Its expression has been found to be increased in prostatic intraepithelial neoplasia 

(PIN) and to a greater degree in prostate cancer54. Furthermore, HK2 expression 

was shown to be associated directly with the Gleason grade of the primary tumour. 

Foci of prostate cancer metastatic to the lymph nodes have been found to 

demonstrate the highest level of expression55.

1.3.2.1.3 Human Kallikrein 4 (HK4)

Using RT-PCR, the mRNA coding for this 22 KDa protease has been detected 

predominantly in benign and malignant prostate tissue although low levels can be 

seen in testicular, mammary, adrenal, uterine and thyroid tissues 56,57 At the 

mRNA level HK4 expression is higher in benign than malignant prostate 58 Its 

expression by the LNCaP cell line is androgen sensitive and it is not seen in the 

androgen independent cell lines PC-3 and DU-14556

1.3.2.1.4 Human Kallikrein 15 (HK15)

The kallikrein 15 (KLK) gene has a 41% similarity with KLK3 and encodes for the 

28 KDa protease HK15. This is expressed in thyroid, prostate, salivary and
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adrenal glands as well as the colon, testis and kidney 59. its expression is 

hormonally regulated, being up-regulated by steroid hormones, particularly 

androgens, in LNCaP cells 59. HK15 is up-regulated in over 80% of prostate 

tumours compared with matched benign prostate and there is a trend towards up- 

regulation in more advanced and aggressive tumours 69

1.3.2.2 Prostate Specific Membrane Antigen (PSMA)

PSMA is a 100 KDa glycoprotein that is located on the plasma cell membrane of 

normal and prostate cancer cells 61. It is predominantly prostate specific although 

low, yet significant, amounts have been detected in normal salivary gland, brain 

and small intestine 62,03. Wright et al 64 demonstrated upregulation in high grade 

primary tumours and in both lymph node and bone metastases. Its expression in 

the commonly used prostate cancer cell lines is limited to the androgen sensitive 

LNCaP62. PSMA expression is hormone sensitive, being downregulated in LNCaP 

cells by dihydrotestosterone, and indeed its mRNA expression in CaP is highest in 

hormone deprived states 62.

1.3.2.3 Prostate Specific Stem Cell Antigen (PSCA)

PSCA is a glycosylphosphatidylinositol (GPI) anchored glycoprotein expressed on 

the ceil surface. Its closest homologue, stem cell antigen 2 (SCA-2), is a marker of 

immature thymic lymphocytes. It is predominantly prostate specific, although a low 

level of expression has been seen in placenta, kidney and small intestine (around 

1% of the level seen in prostate). Within normal prostate tissue, in situ 

hybridisation demonstrates that PSCA expression is heterogeneous but restricted 

predominantly to a subset of normal basal cells65. Tran et a l66 suggest that PSCA 

marks the transition between a transformation susceptible highly proliferative state 

and a more differentiated state and may therefore identify a unique subpopulation 

of cells. It is expressed in high grade PIN, suggesting that up-regulation of PSCA 

is an early event in carcinogenesis, and in greater than 80% of prostate cancers, 

including both androgen dependent and independent tumours. The androgen 

receptor negative, androgen independent prostate cancer cell lines PC3 and 

DU 145 also showed PSCA expression 65.
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Compared with normal prostate, PSCA is over-expressed in around 40% of 

tumours. The level of tissue PSCA expression correlates with grade, stage and 

progression to androgen independence. Comparison of paired primary tumours 

and bone metastases demonstrated increased expression in the bone samples 

and up to 87% of bone metastases express PSCA 67 68.

1.3.2.4 DD3PCA3

DD3PCA3 is a non-coding gene whose mRNA expression is extremely prostate 

specific 69, Moreover, De Kok et a l70 and Hessels et a l71 demonstrated a median 

upregulation in its expression of between 34 and 66-fold from benign to malignant 

prostate tissues. Its expression in CaP metastases remains undetermined. CaP 

cell line expression is limited to LNCaP cells 69. Importantly for its use in RT-PCR 

studies utilising peripheral blood samples, DD3PCA3 mRNA could not be detected 

in leukocytes 70. Hessels et a l71 recently described a DD3PCA3 based molecular 

urine analysis technique which demonstrated a 67% sensitivity and 83% specificity 

in diagnosing CaP in men with a PSA >3 ng/ml.

1.3.2.5 Hepsin

Hepsin is a 51 kDa transmembrane serine protease which is highly expressed in 

the liver and to a lesser extent in the prostate, pancreas, lung, thyroid, and 

pituitary 72. It is up-regulated in prostate cancers, being expressed only at very low 

levels in the luminal epithelia of benign glands73. At the mRNA level, Stephan et al 

74 observed hepsin overexpression in 90% of primary cancers compared with 

matched benign tissue. Molecular profiling of Gleason 4/5 tumours showed Hepsin 

to be the most up-regulated gene with an average 34 fold increase compared with 

BPH and its expression increases with increasing malignant tumour phenotype 76
76

1.3.2.6 Prostasin

Prostasin is 40 kDa GPI-anchored serine protease 77 ubiquitously expressed in 

human prostate, liver, salivary gland, kidney, lung, pancreas, colon, bronchus and 

kidney although not by lymphocytes and polymorphonuclear cells. Prostate glands 

and seminal vesicles show over 20-fold higher prostasin levels than any other 

tissue78. While expression is maintained in LNCaP cells, it is downregulated in the
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invasive androgen insensitive cel! lines DU-145 and PC-3. Restoration of 

expression in the two latter cell lines reduces their in vitro invasive capabilities 79. 

Takahashi et a l80 demonstrated that prostasin expression was inversely related to 

prostate tumour grade and was significantly lower in metastatic and hormone 

refractory cancers.

1.3.2.7 Urokinase-Type Plasminogen Activator (u-PA)

u-PA is a serine protease which forms part of the plasminogen activation system. 

The role of u-PA and various other proteases in the degradation of extracellular 

matrix (ECM), an essential step in tumour cell metastasis, has been widely 

reported and reviewed 81. Specific to prostate cancer, u-PA is highly expressed in 

the invasive prostate cancer cell lines PC-3 and DU-145, but not by the non- 

invasive LNCaP cells 82. Using an in vitro co-culture system, Hart et ai 83 

demonstrated that the inhibition of u-PA reduced prostatic cell colony growth in 

bone marrow stroma. Van Veidhuizen et a l84 showed increased expression of u- 

PA in 70% of primary tumours with extracapsular extension compared with 27% of 

localised cancers, while Kirchheimer et a l85 reported 1,5 times u-PA upregulation 

from primary tumour to the matched bone metastasis. Primary tumour u-PA 

expression has also been shown to correlate with the presence of bone 

metastases and cause specific survival86.

1.3.2.8 Enhancer of Zeste Homolog 2 (EZH2)

EZH2, a Polycomb Group (PcG) protein, is the human homologue of the 

Drosophila protein Enhancer of Zeste. PcG proteins repress gene expression, 

silencing genes at the level of chromatin structure 87. EZH2 is highly expressed in 

early embryogenesis but its expression decreases as cells differentiate 88. In the 

prostate, amounts of EZH2 mRNA and protein are increased from normal prostate 

through primary tumours to metastatic prostate cancers 89. Varambally et al 89 

demonstrated that in patients with clinically localised CaP, those with primary 

tumours which expressed higher concentrations of EZH2 showed a worse 

prognosis. Rhodes et a l90 used combined primary tumour EZH2 and E-cadherin 

status to predict failure following radical prostatectomy. EZH2 is expressed by the 

cell lines LNCaP, PC-3 and DU-145 89.
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1.4 Staging of CaP

1.4.1 Staging System

Prostate cancer is staged using the tumour, nodes and metastasis (TNM) system 

as detailed in table 1.2 91. This describes the extent of local tumour, loco-regional 

lymph node involvement and the presence of distant tumour metastases. The 

tumour (T) staging is divided into impalpable T1 disease, palpable disease that 

remains within the confines of the prostatic capsule, T2, and disease that is more 

locally advanced T3 and T4. The most important distinction is between localised 

disease, T1 and T2, and more advanced disease.

1.5 Current Staging Modalities

The aim of clinical staging is to predict the true pathological tumour stage, 

identifying those whose disease is truly confined within the limits of the prostate.

1.5.1 Staging of Local Disease

1.5.1.1 Digital Rectal Examination

Although DRE is the standard technique for the clinical assessment of extent of 

local disease it has been shown to underestimate pathological stage in a 

significant proportion of patients 92. The sensitivity of DRE in predicting organ 

confined disease is around 50% in all patients and lower in those with a serum 

PSA < 4ng/m l93.
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TNM Description

T1 Clinically inapparent tumour not palpable or visible by imaging

T1a Tumour found by chance in <5% excised tissue

T1b Tumour found by chance in >5% excised tissue

T1c Tumour confirmed by needle biopsy

TO No local tumour detectable

T2 Tumour confined within the prostate

T2a Tumour limited to half one lobe or less

T2b Tumour spread to half or more of one lobe but not both

T2c Tumour has spread to both lobes

T3 Tumour extends through the prostatic capsule

T3a Extracapsular extension (unilateral or bilateral)

T3b Tumour invades one or both seminal vesicles

T4 Tumour attached to or invaded adjacent structures other than 

the seminal vesicles

N Regional lymph nodes

Nx Loco-regional lymph nodes cannot be evaluated

NO No lymph node involvement

N1 Regional lymph node metastasis

M Distant metastases

Mx Distant metastases cannot be evaluated

MO No distant metastases

M1 Distant metastases present

M1a Non-regional lymph node(s)

M1b Bone(s)

M1c Other site(s)

Table 1.2: TNM Staging System for CaP l91l



1.5.1.2 PSA

Serum PSA levels have been shown to correlate strongly with pathological stage 

particularly at levels below 4 ng/ml and above 20 ng/m l94. In radical prostatectomy 

series 75% of men with a preoperative serum PSA of 4 or less will have truly 

localised disease however this is the case for only 53% with a PSA between 4 and 

10 ng/ml 92. For levels in the intermediate range there is considerable overlap 

between stages thus limiting PSA’s utility as an independent staging tool in this 

range.

1.5.1.3 Trans Rectal Ultrasound Scan

Classically prostate tumours appear as hypoechoic areas in the peripheral zone of 

the prostate on TRUS. However, its utility in staging and diagnosis is greatly 

restricted as only 60% of tumours are visible. The staging accuracy of TRUS 

reported in the literature is between 46% and 63% 95'97.

1.5.1.4 Computed Tomography (CT)

CT has no significant advantage over TRUS in local staging and in distinguishing 

T2 from T3 disease it has sensitivity, specificity and accuracy of 30%, 79% and 

51% respectively 98

1.5.1.5 Magnetic Resonance Imaging (MRI)

Body coil MRI again is no better at staging the extent of local disease than TRUS 

95,9S. The use of endo-rectal coil MRI improves resolution of imaging however its 

utility remains limited by poor sensitivity and a high false positive rate " .

1.5.1.6 Multivariate Analysis

In an attempt to address the limitations of individual preoperative variables in 

predicting pathological stage Partin et al 92 combined three variables, PSA, 

Gleason score and clinical stage on DRE using logistic regression analysis to 

construct nomograms. Their ability to predict pathological stage in men with 

clinically localised CaP was validated in a multi-centre study, the correct prediction 

for organ confined disease, isolated capsular penetration, seminal vesicle invasion 

and lymph-node metastases were 67.3%, 59.6%, 79.6% and 82.9% respectively
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94. More recently these nomograms have been updated to reflect CaP in a 

contemporary population 10°.

1.5.2 Lymph Node Metastases

Lymph node metastases are present in up to 25% of patients presenting with CaP 

depending on stage. The incidence of lymph node involvement in patients with 

clinically localised disease has been reported at between 2% and 6% 100i1°1. 

Staging modalities available to assess loco-regional lymph node involvement are 

surgical, open or laparoscopic pelvic lymph node dissection (PLND), CT, MRI and 

positron emission tomography (PET).

PLND is the most accurate and reliable technique but also the most invasive and 

therefore associated with morbidity. Standard CT and MRI, although non-invasive, 

depend on size criteria for the detection of lymph node disease thus limiting 

sensitivity. The sensitivity of CT in detecting lymph node metastases is 25% to 

75% 102'103. Levran et al reported that of 409 men undergoing radical 

prostatectomy, 15 had pathological lymph node involvement despite al! having 

negative preoperative CT scans 104. Two dimensional MRI techniques hold little 

advantage over CT. However, Jager et al reported a three dimensional technique 

with a sensitivity and specificity of 75% and 98% respectively 105. The use of 

superparamagnetic nanoparticles in conjunction with high resolution MRI improved 

sensitivity to 90.5% with specificity of 97.8% however this technology remains in 

the research arena 106. PET has not been widely used in prostate cancer staging 

however de Jong et al found 11C-choline PET to be more accurate in direct 

comparison to conventional CT and MRI, reporting a sensitivity of 80%, a 

specificity of 96% and an accuracy of 93% 107.

The low positive yields and expense of all the above techniques make their use 

appropriate only in those at high risk of lymph node metastases 108
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1.5.3 Detection of Bone Metastases

Distant metastases in prostate cancer most commonly arise in bone. Radionuclide 

bone scintigraphy remains the most widely used technique to assess the skeleton 

for metastases due to its combination of sensitivity, availability and ability to 

evaluate the entire skeleton. However, skeletal changes detected on scintigraphy 

are not CaP specific and may require further confirmatory investigations. It has 

also been highlighted that routine bone scanning is inappropriate in many low risk 

asymptomatic patients, the positive yield being <5% for all men with a PSA 

between 4 and 20 ng/ml and <2% if associated with a Gleason score <6 108-109. 

Gleason score, PSA and clinical stage are all predictors of a positive bone scan 

11°. MRI has also been shown to be sensitive and specific in the detection of bone 

metastases, and indeed, it may detect small metastatic deposits and those without 

cortical involvement earlier than bone scintigraphy 111.

1,6 Treatment of CaP

Appropriate management of patients with CaP is primarily dependent on accurate 

clinical staging as only those with truly localised (T1-T2) disease have potentially 

curable cancer. Treatment options are also influenced by other patient and 

disease factors.

1.6.1 Localised CaP

The treatment options for men with organ confined prostate cancer are radical 

prostatectomy, radical radiotherapy, active surveillance and watchful waiting with 

delayed hormone manipulation. Only prostatectomy and radiotherapy, 

encompassing external beam radiotherapy (EBRT) and interstitial radiotherapy 

(brachytherapy), are therapies with curative intent.

1.6.1.1 Comparison of Treatments with Curative Intent

There is intense debate regarding treatment choices in localised disease and 

indeed studies have shown significant speciality bias in treatments used 112. There 

are very few randomised trials directly comparing the treatment modalities and
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these have been criticised for their design. Surgery, external beam radiotherapy 

and brachytherapy have been shown to be equivalent treatment options by reports 

comparing single treatment series and retrospective analyses but these are 

hampered by patient group selection bias, differing study end points and the fact 

that only surgical series have pathological staging data 113~115.

1.6.1.2 Radical Prostatectomy

Radical prostatectomy (RP) is a surgical procedure to remove the prostate gland, 

the contained tumour and the seminal vesicles. It can be performed via the 

retropubic, transperineal or laparoscopic routes. It is only a potentially curative 

operation if the disease is localised with no extracapsular spread or seminal 

vesicle involvement. Despite improvements in surgical technique 116, there is a 

finite mortality risk and a significant risk of complications particularly urinary 

incontinence (<10%) and erectile dysfunction (10-90%). Incontinence may be 

caused by direct myogenic sphincter damage or sphincter denervation due to 

damage to the somatic and autonomic branches of the pudendal and pelvic nerves 

at the apex of the prostate. Damage to the cavernosal nerves results in impotence. 

Thus RP is not commonly performed in men with a life expectancy of less than 10 

years or those with significant co-morbidities.

Over the past decade in the UK there has been a twenty fold increase in the use of 

RP 117 and in a randomised trial a significant disease specific survival advantage 

of RP over watchful waiting has been demonstrated, relative risk 0.56, as well as a 

14% lower incidence of metastasis formation in the surgically managed group
118,119

1.6.1.3 Outcome following Radical Prostatectomy

Metastasis free survival rates at 10 and 15 years post surgery of 74%-87% and 

61%-82% respectively have been reported 120'122. However between 17% and 

35% of men undergoing RP will experience biochemical recurrence (PSA 

>0.2ng/ml) with long term follow up 120-123-124. pound et al 121 investigating the 

natural history of PSA recurrence, showed that 34% of patients with biochemical 

recurrence would progress to develop metastases at a median time of 8 years,
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with both the time until and the likelihood of this occurring being dependent on 

time to PSA failure, tumour Gleason score and PSA doubling time,

1.6.1.4 Prediction of Outcome

A number of factors have been identified that can predict disease progression 

following RP; high pre-operative PSA 125-126i high percentage of biopsy core 

involved with tum our127, high tumour grade 126*128, extracapsular extension 126-128' 

13°, seminal vesical invasion 130-131i positive surgical margins 128''130-131 and lymph 

node metastases 125-131-132. Further to this, nomograms utilising pre- and post­

operative parameters can be used to determine biochemical recurrence free 

survival probabilities for men with clinically localised CaP undergoing RP 133.

It can thus be seen that outcome is very much dependent upon accurate pre­

operative disease staging. This has been shown to be inaccurate as currently 20- 

30% of patients have their disease upstaged following pathological assessment of 

surgical specimens 134'136

1.6.1.5 External Beam Radiotherapy

EBRT is a non-invasive potentially curative treatment modality for localised CaP. 

Traditional standard dose delivery of 60-70 Gy is associated with higher rates of 

biochemical failure than dose £72 Gy 137. Initial implementation of dose escalation 

was predictably limited by dose toxicity, since conventional EBRT used only 

square or rectangular ‘non-anatomic’ fields, thus large volumes of non-target 

tissues received high doses of radiation 138. Conformal radiotherapy directly 

images the prostate using CT or MRI scanning and subsequent to this the 

individual radiation beams are shaped or conformed to produce a three 

dimensional patient specific volume for treatment. This optimises irradiation 

treatment dose to the target cancer while minimising the dosage to normal 

sensitive tissues and allowing dose escalation 139. Intensity modulated 

radiotherapy (IMRT) is an advanced form of conformal radiotherapy which allows 

increased doses of over 80Gy to the target.
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Patients undergoing EBRT for CaP are at risk of gastrointestinal, genitourinary and 

sexual side effects, given the close proximity of the prostate to the rectum, 

bladder, neurovascular bundles and penile erectile tissue. In a cohort of 377 

patients from the European Organisation for Research and Treatment of Cancer 

(EORTC) trial 22863, who received a dose of 70 Gy, 23% experienced Radiation 

Therapy Oncology Group (RTOG) grade >2 urinary or intestinal complications. 

There were only 4 (1%) treatment related deaths and 5% of patients experienced 

grade 3 or 4 late toxicity 140. With regards erectile function, Beard et al reported 

that although the use of conformal irradiation reduced sexual side effects 

compared to conventional EBRT, 20% of patients in this group still reported no 

erections and 60% inadequate erections 141.

Radiation dose is a significant determinant of treatment outcome however 

prognostic indicators such as serum PSA, biopsy Gleason score and clinical stage 

should be considered in treatment planning. Pollack et al found that dose 

escalation from </=67Gy to >67-77Gy improved 4-year recurrence free survival for 

all risk groups with localised CaP, however only those with a baseline serum PSA 

>10ng/ml benefited from doses >77Gy 142. In addition to dose escalation, 

neoadjuvant, concomitant and adjuvant hormone manipulation has also been 

shown to improve recurrence free and overall survival in high risk patients 143-144.

1.6.1.6 Outcome Following EBRT

5-year disease free survival rates for patients with clinically localised disease have 

been reported of between 65% and 89% 114'145-148 These figures are dependent 

on the outcome predictor characteristics of the patients included in each cohort. 

Zietman et at reported overall 10-year disease free survival of 40% for localised 

disease treated with conventional radiotherapy 149. Using high dose (81 Gy) IMRT 

Zelefsky et al achieved 8-year actuarial PSA relapse-free survival rates for men in 

favorable, intermediate and unfavorable risk groups of 89%, 78% and 67% 

respectively 148.
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1.6.1.7 Brachytherapy

Prostate brachytherapy involves the implantation of radioisotope seeds emitting 

short-range radiation into the prostate gland under TRUS guidance. The localised 

dose of radiation has resulted in reports of a lower incidence of rectal and bladder 

radiation effects than EBRT and improved potency rates compared to RP 150. 

Khaksar et al reported that 62% of men, potent prior to brachytherapy treatment, 

remained potent at 2 years, although 60% were using phosphodiesterase 

inhibitors 151. In this cohort of 300 patients, there was a 7% acute urinary retention 

rate, 2.7% going on to require TURP, and 5.7% developed urethral strictures. With 

regards late toxicity, Zelefsky et al reported 7% grade 2 and 1% grade 3 or 4 rectal 

toxicity, while for urinary toxicity the rates were 19% and 4% respectively 152.

Five-year disease free survival rates of 69% to 96% have been reported for 

localised disease114,147,152,153. Beyer et a l153 suggest that outcome is comparable 

with EBRT for Gleason <7 tumours, while EBRT has an outcome advantage for 

higher grade tumours.

1.6.1.8 Predictors of Outcome Following Radiation Treatment

As outlined previously, pre-therapy factors significantly associated with disease 

outcome are clinical tumour stage, Gleason score of the biopsy specimen and pre­

treatment serum PSA 154-155. The most significant predictor of long term outcome is 

the level of the post treatment PSA nadir. In Critz et al’s series, patients achieving 

a post treatment nadir of 0.5 ng/ml or less had a 5 year disease free survival of 

93% compared with only 26% for those achieving a nadir of 0.6 tol.O ng/ml 156. 

Following PSA failure, PSA doubling time has been demonstrated to predict time 

to prostate cancer specific death 157.
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1.6.1.9 Active surveillance

Active surveillance is a strategy that aims to select only those men with significant 

cancers for curative therapy, reducing the burden of treatment related side effects 

without compromising survival. Clinically, this entails, close monitoring with early 

radical treatment in those with signs of progression. Patients managed with active 

surveillance must be suitable candidates for radical curative treatment, with low or 

intermediate risk disease.

The described patient monitoring protocols are varied. Hardie et a l158 used serial 

serum PSA measurements combined with clinical evaluation (DRE), while Choo et 

a l159 also performed repeat prostate biopsy. Similarly, there is no consensus on 

the definition of disease progression and the criteria for intervention. Biochemical, 

clinical and histological indicators of progression have all been used. These 

include a short PSA doubling time, local progression on DRE and pathological 

upgrading on repeat biopsy 158'159. At 5 years, 79% of the Royal Marsden cohort of 

80 patients remained treatment free and there had been no CaP deaths158, while 

66% of the larger Canadian cohort remained on active surveillance with a disease 

specific survival of 99.3% at 8 years 16°. Further large studies with long term follow 

up will help to define the role of active surveillance in the management of CaP; 

identifying suitable patient populations and standardising protocols, with clear 

criteria for intervention.

1.6.1.10 Watchful Waiting
Watchful waiting entails having no immediate treatment but subsequently 

undergoing delayed hormone manipulation at the time of disease progression. The 

appropriate use of this management regimen is controversial and reflects the 

uncertainty regarding disease natural history highlighted previously. There are few 

randomised trials comparing treatment with curative intent with watchful waiting for 

localised CaP and reported studies of conservatively managed patients often 

select older patients with low grade disease.

Bili-Axelson et al, in comparing RRP with expectant management for clinically 

localised disease, showed a 5% CaP specific survival advantage as well as more 

substantial reductions in local and metastatic disease progression in the surgically
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treated group 119. As was noted with natural history studies, the study patient 

population does not reflect contemporary populations. In this cohort only 12% of 

patients had T1c disease. More recently Parker et al used statistical modelling to 

apply pre-PSA clinical data to current practice 18. They predicted a survival benefit 

of less than 1% for radical treatment over conservative management for men with 

low grade screen detected CaP, although greater advantages were seen in those 

with higher grade cancers.

The definitive answer regarding the role of ‘watch and wait’ will only be known with 

the reporting of contemporary series, yet it is clear that patient and disease factors 

must be taken into consideration including patient age, disease stage and degree 

of differentiation. In modern urological practice CaP is being detected in younger 

men at earlier stages. Aus et a l15 found that in men younger than 65 at the time of 

diagnosis of non-metastatic CaP, 75% of those managed without curative intent 

would subsequently die from CaP. In a study evaluating 451 men with localised 

CaP, Albertsen et al 161 showed that survival in low grade disease was not 

significantly different from the general population however men with higher grade 

tumours (Gleason scores 5 to 10) experience a progressively increasing loss of life 

expectancy.

1.6.2 Management of Locally Advanced Disease

EBRT remains the treatment of choice for patients with locally advanced non­

metastatic CaP (T3/4Nx MO). The addition of neoadjuvant hormone ablation has 

been shown to be associated with an improvement in local control and a lower 

incidence of distant metastases 144. Bolla et al demonstrated a relapse free 

survival advantage of 78% versus 40% for radiotherapy with concomitant/adjuvant 

hormone therapy compared to radiotherapy alone 162. Although watchful waiting 

has previously been advocated in this group, a Medical Research Council (MRC) 

trial, comparing immediate versus deferred hormone therapy in patients with 

locally advanced and asymptomatic metastatic disease, reported advantages in 

the immediate treatment group in terms of disease progression, development of 

metastases, local and distant complications and survival163.
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1.6.3 Management of Advanced Disease

Patients with advanced disease can be considered in two groups, hormone naive 

or hormone refractory, dependent upon their treatment history.

1.6.3.1 Hormone Naive CaP

Since Huggins and Hodges’ discovery of the hormone responsive nature of 

metastatic prostate cancer, endocrine manipulation has remained the mainstay in 

management of advanced disease 164. Hormone ablation is achieved through the 

use of luteinizing hormone releasing hormone (LH-RH) agonists, antagonists, anti­

androgens, oestrogens or surgical orchidectomy. This is not a curative treatment 

modality, the disease usually becoming hormone refractory within 18 to 24 months 

165. LH-RH therapy offers a survival advantage over conservative management, 

disease specific survivals of 26 months compared to 13 months 166. Again, 

deferred hormone manipulation is not appropriate in advanced disease 163.

1.6.3.2 Hormone Refractory CaP (HRPC)

HRPC is an incurable disease and patients may face a considerable range of 

problems consequent upon progressive disease. These include lower urinary tract 

malfunction, ureteric obstruction, skeletal dysfunction, bone marrow insufficiency, 

rectal infiltration, iymphoedema and pain. Treatment is thus focused on managing 

specific disease manifestations as well as general palliative and supportive 

measures. In addition there are various secondary therapies which may impact on 

survival or more importantly quality of life. Indeed, any survival benefit of such 

treatment regimens must be carefully balanced against their potential side effects.

1.6.3.2.1 Second-Line Endocrine Treatment

Following failure of primary endocrine therapy suppression of testicular androgens 

should be maintained as androgens can continue to promote tumour growth in this 

setting 167. Fowler et al reported a 50% decrease in PSA levels in over half of 

patients with progressive disease following orchidectomy 168. Thus patients whose
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primary treatment has been LH-RH agonist monotherapy or orchidectomy, should 

be commenced on additional anti-androgen therapy.

Disease progression following combined androgen blockade should initially be 

addressed by withdrawal of the anti-androgen while maintaining testosterone 

suppression as up to 20% of patients will show a biochemical response 169'171.

1.6.3.2.2 Third-Line Endocrine Treatment

Oestrogens 172, glucocorticoids 173'174 and adrenal androgen inhibitors such as 

ketoconazole 175-176 have all been used as third line agents with varying degrees of 

PSA and symptomatic response being reported.

1.6.3.2.3 Chemotherapy

Historically the role of chemotherapy in HRPC has been limited by poor disease 

response rates compounded by high degrees of treatment toxicity 177. More 

contemporary studies have demonstrated a definite role for chemotherapy in 

appropriately selected patients. Initially combined therapy with mitoxantrone and 

prednisolone, which is well tolerated, was shown to have a significant palliative, 

although not survival, advantage over steroid and supportive treatment alone 

174,178 fjrsj 3tudies to demonstrate a survival advantage in HRPC used 

docetaxel combined with prednisolone 179 or estramustine 18°. Both randomised 

controlled trials compared outcomes using taxane chemotherapy with established 

combined mitoxantrone and prednisolone treatment. In the TAX 327 study, 

although only around a third of patients responded to treatment, the docetaxel plus 

prednisolone cohort benefited from a median survival advantage of 2.4 months as 

well as significant improvements in symptom scores, PSA response and quality of 

life measures 179. The combination of docetaxel and estramustine used in the 

SWOG 99-16 trial was more toxic however a survival advantage of 2 months was 

also shown 18°. Docetaxel chemotherapy is now the chemotherapeutic agent of 

choice in HRPC however the optimal timing of its use is yet to be determined.
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1.7 Metastases

1.7.1 The Metastatic Process

Metastasis is a multistep, selective process regulated by a number of different 

mechanisms (Fig 1.4)181, It involves a series of sequential steps and only a subset 

of cells will survive each of these. In the primary tumour, growth must be 

progressive with extensive angiogenesis for the tumour to become greater than 

2mm in diameter. This must be followed by local invasion and intravasation of 

tumour cells. Cells escaping into the circulation are carried by blood flow to 

secondary sites where they arrest by size restriction in the capillary beds of the 

new organ. Exiting the circulation relies on adherence and extravasation 

processes. The subsequent further development of these tumour cells depends on 

cell responses to the microenvironment.

This process is highly inefficient with most tumour cells entering the circulation 

being rapidly eliminated, and less than 0.1% of cells surviving to go on to form 

metastases 182. Similarly, it has been estimated that the number of intravenously 

injected tumour cells necessary to establish distant metastases is 1x1Q5 183-184. 

This is due to the heterogenous nature of primary tumours in which different 

tumour cell clones from the same primary have different metastatic potential185

The formation of metastases is not entirely circulation dependent. Ewing’s 186 

entirely blood flow dependent model of metastasis highlights the importance of the 

circulation in tumour cell dissemination yet cannot fully explain the pattern of all 

tumour metastases. Paget’s 187 ‘seed and soil’ model demonstrated that 

successful metastasis depends on both the nature of the tumour cell and the 

environment in which it ends up.

54



a  to s/fu cancer b Invasion of the tumour border

C Lymphatic spread

c
g Progressive colonization 

Angiogeneeie

d Intravasion of the circulatory system 
Survival, transport

f  Solitary dormant cells 
Occult micro metastases

Figure 1.4: Schematic diagram of the metastatic process 181.



1.7.2 Micrometastatic Disease

It is clear that an early event in the formation of metastases is the dissemination of 

tumour cells into the circulation. Current standard staging modalities aim to detect 

established metastases present at secondary sites, a far later stage in the 

metastatic process, and are limited by their requirement for a significant critical 

tumour volume. The detection of disseminated circulating tumour cells (CTCs) or 

'micrometastases’ may be a far earlier sign of metastatic disease and thus have a 

significant impact on patient outcome.

1.8 Detection of Disseminated Tumour cells

Various approaches have been employed in detecting the presence of 

micrometastases in peripheral blood (PB), bone marrow (BM) and lymph nodes 

(LN) in a variety of solid tumours. These include immunocytochemistry (section 

1.10.1), flow cytometry (section 1.10.2) and reverse transcription polymerase chain 

reaction (RT-PCR). These techniques may be used in conjunction with cell 

enrichment and extraction techniques such as immunomagnetic enrichment or 

density gradient centrifugation.

1.9 The Reverse Transcription Polymerase Chain Reaction (RT-PCR)

1.9.1 Amplification

The polymerase chain reaction (PCR) is a molecular technique that enables the 

amplification of tiny amounts of specific sequences of nucleic acids. It was first 

described by Saiki in 1985 188, in the development of a prenatal diagnostic test for 

sickle cell anaemia. PCR amplification involves two nucleotide primers that flank 

the DNA segment to be amplified and repeat cycles of heat denaturation of the 

DNA, annealing of the primers to their complementary sequences and extension of 

the annealed primers and sequence of interest by a DNA polymerase enzyme. 

This in essence doubles the amount of the target DNA in each cycle and thus 

there is exponential accumulation of this fragment. The later addition of a 

thermostable DNA polymerase isolated from Thermus aquaticus simplified the

56



procedure while also improving both its sensitivity and specificity allowing the 

amplification of a single target molecule in 105 or 106 cells 189.

The addition of a reverse transcription (RT) step extended the utility of the 

technique, enabling messenger (mRNA) to be the nucleotide target of interest 

190,191. This was first used in the diagnosis of chronic myeloid and acute 

lymphocytic leukaemias by the detection of leukaemia specific mRNAs. Figure 1.5 

illustrates the principle of the RT-PCR technique in detecting prostate epithelial 

cells. Total RNA is extracted from the cell including the mRNA message coding for 

the sequence of interest, ensuring the absence of any genomic DNA. Reverse 

transcription can be performed to either produce a cDNA bank of copies of all the 

RNA in the sample using random hexamers or oligo-dt primers, or only cDNA 

copies of the target gene using gene-specific primers.

For the PCR stage gene specific primers are used. These are often designed to 

span exon-exon boundaries to prevent the amplification of any genomic DNA 

contamination. To the same end, a DNase enzyme treatment step may be 

included in the RNA extraction protocol. A complete absence of genomic DNA is 

desirable as it may produce false positive results due to amplification of DNA 

target genes or pseudogenes and its amplification may compete with the efficient 

amplification of target cDNA.

The advantage of the RT-PCR technique is that it detects only the genes that are 

being actively transcribed by the cells in the sample, not simply the presence of a 

genomic sequence.

1.9.2 Product Visualisation and Identification

Typically PCR products are separated by agarose gel electrophoresis and 

visualised using the fluorescent dye ethidium bromide viewed under ultraviolet 

(UV) illumination. Ethidium bromide intercalates between the stacked bases of 

DNA and its fixed position and close proximity to the bases causes bound dye to 

display an increased fluorescent yield compared to dye in free solution. The 

product size is deduced by comparison to a standard DNA marker run on the 

same agarose gel.
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To ensure that the PCR reaction is amplifying the actual sequence of interest, the 

product’s identity can be confirmed by a number of methods including restriction 

analysis, DNA sequencing and Southern blotting.

1.9.3 Quantitative PCR

Traditional PCR is a purely qualitative end point technique, with product detection 

and identification occurring at the end of all the amplification cycles. The end point 

is variable from sample to sample and gels cannot resolve these variabilities in 

yield. Theoretically there is a quantitative relationship between the amount of 

starting target and the amount of PCR product at any given cycle number. Various 

techniques have been used to add a quantitative dimension to PCR. Sokoloff et al 

192 developed a P32 labelled assay, while O’Hara et al 193 used quantitative 

ethidium bromide densitometry but neither has shown clinical value. Alternative 

methods co-amplify endogenous standards in semiquantitative assays or 

exogenous standards which are amplified by the same primers as the target 

molecule with the same amplification efficiency194. The results from the latter have 

demonstrated reliable quantitation of prostate markers.

1.9.4 Real Time PCR

Real time PCR allows quantitation through the measurement of product 

accumulation on a cycie-by-cycle basis. This is achieved by the detection of 

fluorescence, measured in the exponential phase of the reaction. This is the 

optimal point for data analysis since at later stages there is greater reaction 

variability as reagents are consumed. The fluorescence is produced either by 

SYBR Green or product specific nucleotide probes.

SYBR Green is an intercalating dye that fluoresces following complete 

polymerisation of the product, binding to double stranded DNA in a non-specific 

manner. Double dye nucleotide probes consist of a single stranded probe 

sequence that is complimentary to one of the strands of the amplicon. A 

fluorophore is attached at one end and a quencher at the other, each of which
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fluoresces at a different wavelength. When joined by the nucleotide backbone only 

the quencher fluoresces. During the annealing step of the PCR reaction the probe 

binds to the target amplicon. As the Taq polymerase enzyme extends from the 

primer it displaces the fluorophore and releases it into solution resulting in 

irreversible increase in fluorophore fluorescence and decrease in that of the 

quencher. The incorporation of probes improves assay specificity, avoids non- 

product signal due to primer dimer and alleviates the need to confirm product 

identity by product dissociation.

The fluorescent signal detected is recorded during every cycle and represents the 

amount of product amplified to that point in the amplification reaction. The key to 

the technique is the Critical threshold (Ct), the first point or cycle at which the 

signal is first recorded as statistically significant above background 195. The greater 

the amount of input target, the earlier the reaction reaches the Ct.

Figure 1.6 shows the real time results for a log dilutiona! series of input DNA. Each 

point represents the measured fluorescence for that reaction at the end of each 

cycle and hence the accumulation of product. The black horizontal line is the 

threshold value. With increasing input target DNA the curve moves to the left, 

crossing the Ct at an earlier cycle number.

With fluorescence plotted on a log scale as in figure 1.7, the threshold value is set 

10 standard deviations above background, and the effect of differing 

concentrations of input target on Ct can clearly be seen. The more dilute reactions 

reaching the critical value at a later cycle. Control reactions such as those 

represented by the green or yellow plots remain well below the threshold line.

Quantification is achieved in either a relative or absolute manner. Relative 

quantification relies on the amplification of an endogenous control gene in addition 

to the gene of interest. The control’s expression should be greater than that of the 

marker of interest and remain constant in proportion to total RNA. Suitable controls 

are S-actin, which is expressed in most cell types coding for a cytoskeleton 

protein, and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) a ubiquitously
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expressed gene. The use of such ‘housekeeping gene’ amplification also ensures 

the integrity and efficiency of the reverse transcription reaction.

Absolute quantification requires an internal standard whose sequence is such that 

it is amplified by the target specific primers and with the same efficiency as the 

amplicon of interest. Known numbers of copies are amplified to produce a 

standard curve to allow quantification in ‘unknown’ samples.

1.9.4.1 Product Confirmation Using SYBR Green

SYBR Green binding is non-specific, intercalating within any double stranded DNA 

including primer dimer. The products detected by this method can be observed by 

performing a melt curve in which the reaction is slowly heated from 40°C to 80°C 

while continuously monitoring fluorescence. The temperature at which the product 

‘melts’ (Tm) is marked by a fall in fluorescence due to SYBR Green dissociation. 

The Tm of a product is dependent on its length and sequence. Thus different 

products will melt, or dissociate from SYBR Green, at different temperatures which 

are displayed as distinct peaks when negative fluorescence is plotted against 

temperature.

1.9.4.2 Assay Optimisation

RT-PCR assay optimisation entails balancing analytical sensitivity, the ability to 

detect minute amounts of target in a vast non-specific background, with specificity, 

avoiding the amplification of 'illegitimately' transcribed mRNA.

Thermocycling conditions can impact on assay performance. Primer annealing is 

temperature dependent, higher temperatures conferring greater specificity, a high 

degree of complementarity being required to allow binding in a high energy 

reaction thus minimising mispriming events. Similarly, hot start reactions prevent 

the polymerase enzyme binding until the reaction temperature is high enough to 

prevent mispriming, while two step PCR utilises one high temperature for both 

annealing and extension thus avoiding the lower temperatures which encourage 

non-target primer binding. The impact of mispriming on the efficiency of the
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desired reaction is greatest during the early amplification cycles as the resultant 

nucleotide will be amplified throughout the remaining reaction.

The time allowed for product extension should be determined by considering the 

expected product size and the velocity of action of the Taq polymerase enzyme, 

which adds around 1000 bases per minute. This prevents the construction of 

longer false products such as that from the amplification of genomic DNA when 

using non-exon boundary spanning primers. Increasing the number of 

amplification cycles will improve the sensitivity of the assay. However, the tiny 

amounts of illegitimately transcribed RNA produced by background cells or 

misprimed product may become detectable.

In real time PCR assays nucleotide primers require optimisation. This is achieved 

by amplifying identical amounts of product using varying primer concentration 

ratios and identifying the reaction with the lowest Ct value. Probe optimisation is 

achieved similarly using serial probe dilutions in otherwise identical PCR reactions 

to determine the probe concentration with the lowest Ct.

The relative concentrations of all other assay components including target RNA, 

deoxynucleotide-triphosphates (dNTPs), magnesium ions (Mg2+), buffers and 

enzyme can all impact on assay performance and may therefore require 

optimisation.

1.9.5 Use of RT-PCR in the Detection and Staging of Solid Tumours

For RT-PCR techniques to detect a circulating or occult tumour cell, the cell must 

have specific changes in its mRNA expression that distinguish it from the 

surrounding environment. Differential mRNA expression is a more common finding 

and has been investigated for both diagnostic and staging capabilities in 

melanoma, breast, colorectal, lung as well as CaP. The selection of an appropriate 

assay target is essential. The features of the optimal cancer cell marker are tissue 

specificity, cancer specificity and a relative expression relating to the cell’s 

metastatic potential. However, even if the target message is expressed by other 

cell types within the body, it may be a suitable target as long as it is not normally 

expressed within the environment being tested.
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Mori et al studied the detection of carcinoembryonic antigen (CEA) mRNA in LNs 

and PB of patients with breast and various gastro intestinal cancers. All PB control 

samples were negative, while 76% of patients who experienced disease 

recurrence after resections with curative intent were assay positive and the 

frequency of assay positivity increased with advancing disease stage 196.

In breast cancer, a number of investigators have used CK19, CK20, CEA, mucin-1 

and mucin-2 to detect circulating tumour cells but in many their clinical significance 

has not been clarified and the use of these markers have been hampered by a 

lack of specificity 197. Stathopoulou et al demonstrated a correlation between the 

presence of cytokeratin 19 (CK19) positive cells detected preoperatively by RT- 

PCR in PB samples and poor clinical outcome for patients with stage I and II 

breast cancer. Despite the presence of occult metastatic cells in the BM being 

correlated with outcome in a number of studies using immunohistochemical 

methods 198-199 this medium has not been studied with RT-PCR.

Colorectal cancer studies have utilised RT-PCR in detecting tumour cells in PB, 

BM and LNs. Markers used include CK20, CEA, mucin-1 and mucin-2. A number 

of small studies have suggested an association between CK20 positive cells in PB 

200 and in paired PB and BM samples 201 and advancing tumour stage as well as 

outcome. When using paired samples the BM was more often positive than the 

PB, 31% Vs 17%. In a cohort of 94 patients, Hardingham et al demonstrated a 

correlation between preoperative PB mRNA positivity and reduced disease free 

and overall survival using a panel of four markers 202.

The clinical significance of circulating melanoma cells (CMCs) has been studied by 

numerous groups using RT-PCR assays. These have been based on the markers 

tyrosinase (TYR), p97 and MelanA/MART1 either individually or in multimarker 

techniques resulting in detection rates between 6% 203 and 93% 204. In a study of 

200 melanoma patients Palmieri et al used this panel of markers to detect CMCs 

in PB 205. A positive assay result correlated with disease stage, the most common 

prognosticator in malignant melanoma, but was not found to be an independent 

prognostic indicator. Others in smaller studies have demonstrated a correlation 

with outcome 204.
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1.9.6 RT-PCR in Molecular Staging of Prostate Cancer

Since its first description by Moreno et al 206, a considerable number of 

investigators have studied RT-PCR in the detection of circulating cells in patients 

with CaP.

Assay in vitro sensitivity or limit of detection is usually determined by its ability to 

detect known numbers of cells from prostate cancer cell lines diluted in a 

background of nucleated cells, usually leukocytes. An alternative, used mainly in 

the context of quantitative assays is to use dilutions of synthesised exogenous 

mRNA targets. The majority of assays achieve a sensitivity of 1 target cell in a 

background of 106 nucleated cells 207 although a few groups report capabilities of 1 

in 108 208. In terms of clinical samples this confers limits of detection of 10 cells in a 

5 ml PB sample. A typical BM sample may contain a background of up to 108 cells 

thus requiring greater assay sensitivity.

The clinical sensitivity is determined by the assay’s ability to detect circulating cells 

in samples from men with confirmed metastatic disease, the rationale for this 

being that all of these men would be expected to have disseminated cells. 

Reported detection rates however range between 34% 209 and 100% 210 for PB 

samples and between 56% 211 and 100% 207 for BM.

Assay clinical specificity relies on negative results from samples derived from 

females or healthy males as has been demonstrated in the vast majority of studies 

reported. There are exceptions, reporting significant numbers of positive controls
212 213

The majority of assays have used PB samples although a significant number have 

used BM, pelvic LNs obtained at the time of surgery or paired PB and BM. Using 

pre-operative PB samples from a series of men undergoing radical prostatectomy 

Katz et al demonstrated a significant correlation between PSA assay positivity and 

the presence of capsular penetration and post-operative biochemical recurrence 
214,215 More re c e n t  prognostic value of RT-PCR in patients managed 

surgically has again been demonstrated, with assay positivity correlating with PSA
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recurrence and a shorter PSA doubling time 216. In patients managed by watchful 

waiting McIntyre et al demonstrated a significant relationship between PB RT-PCR 

and PSA progression 217. Survival in men with hormone escaped CaP can also be 

predicted by RT-PCR, a positive assay correlating with poor outcome218.

Using paired samples Corey et al detected both PSA and HK2 mRNA more often 

in BM 71.4% and 41.3% respectively than in PB samples 19% and 12.7% 208. BM 

RT-PCR studies have in general shown better correlation with clinical parameters 

than PB assays. Wood et al assessed pre-operative BM samples form men 

undergoing radical prostatectomy with a PSA RT-PCR assay. Significantly more 

patients with pathologically confirmed extra-prostatic disease had a positive assay 

than those with truly localised disease 207. A subsequent larger study by the same 

group demonstrated a correlation between PSA positive cell detection in BM and 

both post-operative serum PSA and pathological stage 219.

PSA has been the most extensively utilised mRNA target although PSMA, HK2 

and PSCA have been used in descending frequency. Of the more novel markers, 

Shariat et al showed a significant relationship between positive preoperative RT- 

PCR for HK2 in patients undergoing radical prostatectomy and lymph node 

involvement and pathological Gleason sum. For patients whose disease 

progressed, a positive assay was associated with aggressive progressive features; 

PSA doubling time of less than 10 months, failure to respond to salvage DxT, 

and/or a positive metastatic work up, all of which are associated with an increased 

risk of developing overt metastases 22°. The only group to have utilised PSCA, 

Hara et al, demonstrated significant differences between organ confined and 

extraprostatic disease. It was used alongside PSA and PSMA and the findings of

their work suggest that PSCA is the most promising RT-PCR marker of the three
221

The incorporation of multiple markers into a protocol is uncommon however when 

used increases in positive yields have been reported 208.

Quantitative RT-PCR remains a novel addition to assay techniques. Ylikoski et al, 

using time resolved fluorometry in a quantitative RT-PCR assay for HK2 and PSA,
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could differentiate between benign and malignant disease but not between 

different stages of CaP 222. Real time RT-PCR was used by Straub et al to 

quantitate PSA mRNA copies in men before and after radical prostatectomy 223. 

They demonstrated a significant difference in both expression rate and numbers of 

copies detected between men with organ confined and those with more locally 

advanced CaP.

There are however a large number of RT-PCR studies in which, despite good in 

vitro performance, no correlation with clinical parameters or disease course could 

be demonstrated.

1.10 Non-RT-PCR Circulating Tumour Cell Detection

1.10.1 Immu nocytochemistry

Immunochemical staining of isolated circulating tumour cells has been investigated 

by a number of groups. Ts’o et al reported recovering around 85% of LNCaP cells 

spiked into PB samples using density gradient centrifugation and 

immunofluorescent cell staining with monoclonal PSA antibody 224. Clinically, 88% 

of men with metastatic CaP were circulating cell positive. Additionally, the isolation 

technique used, facilitated subsequent chromosomal analysis using fluorescent in 

situ hybridisation techniques (FISH). Again using PB, Brandt et al, demonstrated 

the detection of PECs in 8 out of 10 men with CaP and 1 of 4 men with BPH, 

through a combination of density gradient centrifugation, immunomagnetic 

enrichment and PSA immunocytochemistry 225.

Mueller et al identified PECs in BM samples taken from men prior to RRP through 

CK8/18 and PSA immunocytochemistry 226. CK8/18 positive ceils were detected in 

45% of patients, with a trend towards higher detection rates in pT4 compared to 

pT2/3 cancers. Although cytogenetic analysis suggested tumour origin for these 

circulating cells only 12% were PSA immunocytochemistry positive.

Lilleby et al targeted cytokeratin positive staining cells in immunomagnetically 

enriched PB and BM samples of men with non-metastatic CaP prior to and
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following radiotherapy 227. 12% of PB and 20% of BM samples were positive pre­

treatment, however only post-radiotherapy CK+ cell status correlated with disease 

progression free survival.

Cytokeratin staining is used in these techniques to confirm the epithelial nature of 

the detected cells. Cytokeratins are components of the cytoskeleton of epithelial 

cells. There are at least 20 different types which are differentially expressed in 

specific epithelial cell types or in specific pathways of epithelial differentiation. 

Within the prostate, luminal cells are typically CK8 and CK18 positive while basal 

cells are CK5 and CK14 positive. The majority of prostate cancers are composed 

of CK8/18 positive, PSA secreting luminal cells, however, some cells are non-PSA 

secreting with a basal phenotype, CK5/14 positive 228.

1.10.2 Flow Cytometry (FCM)

Compared with the other techniques FCM has been less widely evaluated in its 

ability to detect CTCs in CaP however there has been greater experience in the 

breast cancer field. Hamdy et al used monoclonal antibody staining and FCM to 

detect PSA positive cells in PB of patients with newly diagnosed CaP 229. 

Detection of such cells correlated with the presence of clinically detectable 

metastases and was a better predictor of this than serum PSA. More recently 

Moreno et al combined immunomagnetic cell enrichment with FCM to identify 

CK7CD45' CTCs in men with metastatic CaP 23°. In 26 men with hormone 

escaped disease the presence of 5 or more CTCs was the strongest independent 

predictor of survival. Similar predictive value for FCM detected CK+ CTCs has 

been demonstrated in metastatic breast cancer using a semi-automated 

methodology231.

Despite the abilities of these various techniques in detecting CTCs and the 

associations with clinical course demonstrated by some groups, conflicting results 

have prevented any such technique becoming established in routine clinical 

practice. The complex nature of metastasis formation may be the key to this since 

the simple presence of cells in the circulation does not necessarily result in 

metastasis formation at distant sites. Whole cell extraction has the advantage of
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allowing detailed evaluation of the detected cells for viability and phenotypic 

characteristics predictive of behaviour. RT-PCR however has been shown in 

comparative studies to be the most sensitive technique 232.

1.11 Clinical Dilemmas in Prostate Cancer

1. Current staging modalities tend to under stage disease. Thus a significant 

number of men inappropriately undergo radical forms of treatment and are 

exposed to the risks associated with these, when the true pathological 

extent of their CaP precludes cure.

2. The natural history and clinical course in each individual cannot currently be 

accurately predicted. This results in significant numbers of patients being 

both over and under treated and thus exposed to unnecessary potential 

mortality and morbidity.

1.12 Aims of Research

I. To develop a quantitative real time TAQman RT-PCR assay for reliable 

detection and quantification of circulating prostate epithelial cell (PEC) 

mRNA in the blood and bone marrow of patients with CaP using a panel of 

five prostate specific markers.

II. To correlate quantitative PEC marker profiles in the blood and bone marrow 

with stage of disease.

III. To correlate PEC mRNA marker profile with current predictors of disease 

outcome.

IV. To validate commercially developed micro fluidic real time RT-PCR 

methodology compared to laboratory designed assays.

V. To evaluate the utility of the novel prostate markers HK4, HK15, EZH2, 

uPA, prostasin and hepsin in detecting circulating PECs using commercially 

designed micro fluidic RT-PCR assays.
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1.13 Rationale for Aims

The clinical implications of the presence of circulating PECs in men with CaP have 

not been definitively determined. Although numerous studies have been reported, 

the conclusions are conflicting. Methodologies lack standardisation and described 

techniques remain unvalidated. RT-PCR offers the most sensitive CTC detection 

technique although it precludes specific study of individual intact tumour cells. 

Despite novel prostate molecular markers being identified, few have been 

evaluated in RT-PCR assays. Advances in RT-PCR technology present theoretical 

solutions to the inherent problems of traditional techniques, yet few have been 

incorporated into assays designed to detect circulating cells.

Real time RT-PCR methodology provides a number of potential advantages over 

standard RT-PCR techniques. Most importantly it provides a quantitative value for 

the target of interest and avoids downstream product processing.

Quantitative RT-PCR adds an additional dimension to molecular cell detection 

which has not been extensively investigated to date. A quantitative value may 

allow the determination of limits of marker detection that reflect significant 

numbers or ‘types’ of circulating cells which will influence outcome and disease 

natural history. Additionally it may provide a solution to assay specificity issues 

resulting from illegitimate transcription, as low level expression can be excluded by 

applying expression thresholds to quantitative data.

Automated product identification makes the process quicker, less labour intensive 

and by excluding a separate product identification step, reduces a potential source 

of error. Therefore, real time RT-PCR is a more practical proposition for large 

studies and as a viable clinical tool in a commercial laboratory.

The incorporation of a panel of prostate markers maximises cell detection, 

addressing the heterogeneous nature of tumour cell populations. It may also 

highlight which cell marker or combination of markers is associated with a certain 

outcome. The combination of multiple markers and quantitation may allow a
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patient specific marker profile to be recorded and subsequently assessed for 

correlations with tumour stage, current predictors of outcome and clinical course.

Paired PB and BM sampling will potentially maximise cell yield given the 

propensity of CaP to metastasise to bone. Other workers have demonstrated that 

when using paired samples the BM sample is more often positive for tumour cells.

Micro fluidic RT-PCR provides all the advantages of real time RT-PCR while using 

a methodology that is fast, has reduced potential for contamination and 

pipetting/sampling error and can simultaneously evaluate multiple samples for 

multiple markers. In principle it is well suited to molecular staging, both in the 

evaluation of novel markers and in large scale clinical studies. It is a novel 

technology that has not been evaluated at all for circulating cell detection.

Although novel CaP markers have been identified, few have been used in CaP 

molecular staging, a factor which may account for its limited clinical success. 

Identifying those which are useful in detecting circulating cells will provide future 

directions for studies of this technique.
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Chapter 2: Materials and Methods

2.1 Development of In Vitro Prostate Cancer Model

2.1.1 Cell Lines

The in vitro development of the RT-PCR assay required the use of prostate cells 

grown in culture as a prostate cancer ceil model. The cell line characteristics are 

detailed in table 2.1.

Cell Line Cell Type Origin Hormone

Sensitive

Source Reference

LNCaP-

FGC

Epithelial Lymph

Node

Metastasis

Yes ATCC Thalmann 

1994233

PC-3 Epithelial Bone

Metastasis

No EC ACC Kaighn 

1979 234

DU-145 Epithelial Brain

Metastasis

No EC ACC Stone 

1978 235

PNT2-C2 Epithelial SV40

Transfected

Normal

Prostate

Yes EC ACC Berthon

1995

Table 2.1: Prostate cell line characteristics
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2.1.2 Cell Culture

All cell lines used in assay development were cultured in the same manner. 

LNCaP, PNT2 and DU-145 were cultured in RPMI 1640 (BioWhittaker UK) 

supplemented with 10% Fetal Calf Serum (BioWhittaker UK), 100mM Sodium 

Pyruvate (Invitrogen NZ), 10mM Hepes Buffer (invitrogen NZ) and 2% L- 

glutamine. PC-3 cells were grown in Ham’s F12 (PAA Laboratories, Austria), 7% 

FCS and 2% L-glutamine. The cell lines were cultured and maintained in T25 

tissue culture flasks (Falcon, Becton Dickinson Labware, NJ, USA) at 37°C in an 

environment of 5% CO2 enriched air. Cells were passaged when they reached 

confluency using strict aseptic technique in a laminar flow hood.

For cell harvesting, following removal of the culture medium and rinsing with 

phosphate buffered saline (PBS), 1ml of 0.25% trypsin was added to the culture 

flask and then briefly incubated at 37°C. For continued culture, cells were then 

resuspended in 5mls of growth medium and reseeded into fresh flasks at a 1:10 

dilution. Cells required for RNA extraction were resuspended in PBS following the 

incubation stage and transferred to a 15ml Falcon tube for centrifugation at 800G 

for 5 minutes.

To investigate the effects of testosterone on LNCaP cell marker expression, 

separate flasks of LNCaP cells were cultured in standard conditions and media 

with additional 1nM dihydrotestosterone.

2.1.3 RNA Extraction From Cells in Culture

RNA extraction was performed in a laminar air flow hood, using RNase/DNase 

free Eppendorf tubes and Gilson micro pipettes with filter tips.

Following harvesting, the cell pellet was resuspended in 0.5ml of TRIzol™ reagent 

(Invitrogen, Carlsbad, CA, USA) and incubated at room temperature for 5 minutes.

0.2ml of chloroform were added per 1ml of lysed cells, mixed and centrifuged at 

13000rpm for 15 minutes. This upper aqueous phase was aspirated, mixed with
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an equal volume of isopropanol, incubated for 10 minutes at room temperature 

prior to centrifugation at 13000 rpm for 15 minutes. The supernatant was removed, 

the RNA pellet resuspended in an equal volume of 75% ethanol and again 

centrifuged at 13000 rpm for 15 minutes. The supernatant was discarded and the 

RNA pellet dried.

To ensure no DNA contamination, the pellet underwent a DNase treatment by 

resuspension in 43pl RN/DNase free water and the addition of 5|nl of DNase buffer 

(1M sodium acetate, 50mM l\Zlg2S04, 3mM MnCI2, pH 5.0) and 2pl of DNase 

(Roche, Mannheim, Germany). The sample was incubated at 37°C for 30 minutes 

and the enzyme subsequently denatured by heating to 99°C for 10 minutes.

2.1.4 Quantitatation of RNA

The RNA concentration of samples was measured using a NanoDrop ND-1000 

spectrophotometer (NanoDrop Technologies, Rockland, DE, USA). Readings were 

taken at wavelengths of 260nm and 280nm. The reading at 260 nm allowed 

calculation of the concentration of nucleic acid in the sample using the following 

equation:

Concentration (pg/ml) = A26o/0.025

The ratio of the readings at 260 nm and 280 nm provided an estimation of the 

purity of the nucleic acid. Pure RNA samples have a 260/280 ratio of 1.9 to 2.0, 

protein contamination resulted in significantly lower ratio values.

2.1.5 RNA Storage

The RNA in solution was precipitated by three volumes of ethanol and a tenth of a 

volume of 3M sodium acetate pH 5.2 prior to storage under ethanol at minus 80°C.
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2.1.6 Cell Line Marker Expression

The relative expression by the four cell lines of the prostate markers PSA, PSMA, 

PSCA, HK-2 and DD3PCA3 was assessed using a real time quantitative assay as 

detailed in 2.3.9.

2.2 Prostate Cancer Model for Establishment of In Vitro Assay Sensitivity

2.2.1 Peripheral Blood Sample Collection and Prostate Cell Spiking

The in vitro sensitivity of the assay was determined by its ability to detect the 

presence of serially diluted LNCaP target cells in female blood. Blood samples 

were collected using PAXgene™ blood RNA tubes (PreAnalytiX GmbH, 

Hombrechtikon, CH) which utilise a closed vacuum system to collect 2.5ml of 

peripheral blood. The tube contains an additive that stabilises cellular RNA for 

storage up to 7 days and prepares the sample for RNA purification.

LNCaP cells were harvested from culture as described in section 2.1.2 and re­

suspended in 2mi of culture medium. Cells were counted using a haemocytometer 

viewed by light microscopy (x100), and thus the cell concentration of the 

suspension calculated. Serial dilutions of LNCaP cells from 105 cells to 1 cell per 

1Q0pl were made up in PBS. These were used to spike the female peripheral 

blood samples with 10 fold serial dilutions of LNCaP in a range from 1 to 105 cells 

per 1 ml of blood. These were incubated at room temperature for 2 hours and then 

refrigerated at 4°C until RNA extraction as in method 2.2.2.

2.2.2 RNA Extraction From Cell Spike Samples

RNA extraction was performed using the PAXgene™ blood RNA kit following the 

protocol shown in figure 2.1, A nucleic acid pellet was formed by centrifugation at 

3000g for 10 minutes. The supernatant was removed and the pellet rinsed with 

5ml of RNase/DNase free water which was removed following a further 10 minute 

centrifugation at 3000g. The pellet was transferred to a screw cap microcentrifuge
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tube and resuspended in 360pi of lysis buffer to which was added 40pl of 

proteinase K. The sample was incubated at 55°C while being agitated at 1400rpm 

for 10 minutes in an Eppendorf Comfort thermomixer to allow adequate protein 

digestion.

Following centrifugation at 12000g for 3 minutes the supernatant was passed 

through a Qiashredder (Qiagen Ltd,Crawley, UK), to remove high molecular 

weight cellular components including DNA, and was further centrifuged for 2 

minutes at 12000g. 350pl of ethanol were added to the resulting supernatant and 

mixed by vortexing. The lysate was then applied to the PAXgene™ RNA spin 

column and underwent centrifugation for 1 minute at 9000g to allow selective RNA 

binding. 700pl of wash buffer was applied to the column and incubated at room 

temperature for 5 minutes, followed by centrifugation for 1 minute at 9000g. 500pl 

of a second wash buffer was then applied to the column and again centrifuged. 

The column was then dried by centrifugation at 12000g for 3 minutes.

The bound RNA was then eluted into buffer using two identical steps in which 40pl 

of elution buffer was applied to the column and then centrifuged for 1 minute at 

9000g. All 80jj| of flow through were then incubated at 65°C for 5 minutes followed 

by DNase treatment as in method 2.1.3.
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2.3 Development of RT-PCR assay

2.3.1 Reverse Transcription

Isolated RNA was reverse transcribed to produce its complementary cDNA using 

TaqMan Reverse Transcription Reagents (Applied Biosystems, New Jersey, USA) 

in the quantities shown in Table 2.2 per 400ng of RNA.

The reaction components were set up in a clean (RNA/DNA free) room prior to the 

addition of RNA template. Reverse Transcription was performed in RNase/DNase 

free 0.2ml thin walled PCR tubes using a Geneamp™ PCR system 9700 

thermocycler (Applied Biosystems, New Jersey, USA).

Reaction conditions were 10 minutes at 25°C, 30 minutes at 48°C and 5 minutes 

at 95°C.

Component Amount (pi)

RNase Free Water Variable

10x TaqMan RT Buffer 2.0

25mM Magnesium Chloride 4.4

dNTP Mixture 4.0

Random Hexamers 1.0

RNase Inhibitor 0.4

Multiscribe Reverse Transcriptase (50U/pil) 0.5

RNA 400ng

Table 2.2: Reverse transcription components
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2.3,2 Primer Design

Forward and reverse nucleotide primers were designed for each of the five 

prostate markers of interest using published sequencing data 237 and Primer 

Express software (Applied Biosystems, New Jersey, USA). This software 

incorporates a function to design nucleotides specificaliy for use in TAQman™ real 

time PCR experiments,

TAQman Primer Design Requirements:

1. Primer melting temperature (Tm) 58-60°C

2. Primer length 9 - 40 bases

3. <2°C difference in Tm between primers

4. Maximum of 2 Gs or Cs in the last 5 bases at the 3’ end

In addition to the above requirements every effort was made to design primers that 

crossed exon-exon boundaries on the target to avoid amplification of any sample 

contamination with genomic DNA.
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Target Orientation Primer Sequence Position

B-actin
Forward 5’-AAGCCACCCCACTTCTCTCTAA-3’ 1491-1500

Reverse 5V\ATGCTATCACCTCCCCTGTGT-3’ 1549-1570

GAPDH
Forward 5’- GAAGGTGAAGGTCGGAGTC-3’ 87-106

Reverse 5'- GAAGATGGTGATGGGATTTC -3’ 217-238

PSA
Forward 5’-CAGCATT G AACC AG AGGAGTT CT -3’ 515-537

Reverse 5’-TTGCGCACACACGTCATTG-3’ 581-599

PSMA Forward
5’-

AGT GAG GAG AATTT ACA AT GTG ATAGGT - 
3’

1311-1341

Reverse 5’-TGAGGGTCAATACCACCAAACA -3' 1406-1427

PSCA
Forward 5'-TACTCCTGCAAAGCCCAGGT-3’ 87-106

Reverse 5’-AGTCATCCACGCAGTTCAAGC -3’ 217-238

Table 2.3: (3-Actin, GAPDH, PSA, PSMA and PSCA PCR oligonucleotide primer 

sequences & positions
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Primers used by other groups were also utilised for HK2 194 and DD3PCA3 71 as 

shown in table 2.4.

Target Orientation Oligonucleotide Sequence Position

HK2

Forward S’-GAACCAGAGGAGTTCTTGCG -3’
522-541

Reverse 5-CCCCAGAATCACCCCCACAA - 3 ’
665-684

DD3PCA3

Forward 5-TGGGAAGGACCTGATGATACA -3 ’
97-117

Reverse 5’-CCCAGGGATCTCTGTGCTT-3' 459-478

Table 2,4: HK2 and DD3PCA3 PCR oligonucleotide primer sequences and 

positions.
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2.3.3 Nucleotide Probe Design

Product specific nucleotide probes were designed for the PSA, PSMA, PSCA and 

HK2 assays using Primer Express software (Applied Biosystems, New Jersey, 

USA) as previously described. The Probe Sequences used are detailed in table 

2.5.

TAQman Probe Design Requirements:

1. Tm 10°C higher than the primer Tm

2. Probe length 9 - 4 0  bases

3. No G on the 5’ end

4. < 4 contiguous Gs

5. Must not have more Gs than Cs

Target Probe Sequence

PSA 5’- CCC AAA GAA ACT TCA GTG TGT GGA CCT CC -3’

PSMA 5’-  TGA ATC CCG GTG ACC TCC CAG AAT G - 3 ’

PSCA 5’- CGC GCG GTC CAG CAC TGC T - 3 ’

HK2 5 - TGT GTG CTG GGC TCT GGA CAG GTGGTA A -3'

Table 2.5: PCR Nucleotide Probes for PSA, PSMA, PSCA and HK2.
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2.3.4 Qualitative PCR Reactions

Traditional qualitative PCR methods were utilised initially in confirming primer 

function. RNA isolated from LNCaP cells was reverse transcribed to cDNA for 

primer target. All PCRs were performed in triplicate and were run alongside control 

reactions containing no target and minus RT reactions containing LNCaP RNA 

prior to reverse transcription, thus identifying any component contamination or 

genomic DNA contamination in the RNA following the extraction process. The 

‘housekeeping’ genes B-actin and GAPDH were co-amplified with each PCR run.

100ng of target cDNA was amplified in a 50jul reaction containing the following: 25 

pmole forward primer, 25 pmole reverse primer, 1pl of dNTP mix (each at 10mM), 

75 unit Taq polymerase (Promega, Madison, Wl, USA) and 5pl 10x PCR buffer 

containing 1.5mM MgCI2l 50mM KCI, 10mM Tris-HCI (pH9.0) and 0.1% Triton X- 

100 (Promega, Madison, Wl, USA). Thermocycling was performed on Geneamp 

PCR System 9700 thermocycler (Applied Biosystems, New Jersey, USA) as 

follows: 95°C for 10 minutes followed by 35 cycles of 95°C for 15 seconds, 60°C 

for 1 minute, followed by 72°C for 10 minutes.

2.3.5 PCR Product Visualisation

The DNA products were separated by agarose gel electrophoresis and visualised 

using the fluorescent dye ethidium bromide viewed under ultraviolet (UV) 

illumination.

Agarose powder 2% by weight was dissolved in TAE electrophoresis buffer (Tris- 

acetate 0.04M, EDTA 0.001 M) to which was added ethidium bromide 0.5pg/ml. 

This was set in a mould with a comb in situ to form sample wells. Once set, the gel 

was mounted in an electophoresis tank and covered with TAE buffer containing 

ethidium bromide O.OSpg/ml. Ten microlitres of PCR product mixed with 1pl of 

loading buffer (5% glycerol, 0.1 mM EDTA, 0.025% bromophenol blue and 0.025% 

cyanol zylene) were loaded into the wells. The first well in each plate contained 4jul
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of DNA molecular weight Marker VIII (Roche Diagnostics GmbH, Germany) in 

loading buffer. Electrophoresis proceeded at 80V for 30 minutes.

The resultant gel was viewed under UV light and the size of the PCR products 

compared to the standard of the DNA marker.

2.3.6 PCR Product Purification

PCR product purification was required to enable the confirmation of product 

identity through sequencing. The QIAquick PCR Purification Kit protocol (QIAGEN, 

Crawley, UK) was utilised which is designed to purify double stranded DNA 

fragments, ranging in size from 1Q0bp to 10kb, from primers, polymerases and 

salts. The protocol incorporates a spin-column containing a silica gel membrane 

with selective binding properties.

125pl of binding buffer PB were added to 25pl of PCR product which was then 

applied to the spin column and centrifuged at 12000g for 60 seconds to bind DNA. 

750pl of PE wash buffer were then applied to the column which was again 

centrifuged at 1200g for 60 seconds and for a further 60 seconds following discard 

of flow through. The DNA was then eluted from the column into a clean 1.5ml 

microcentrifuge tube through the addition to the membrane of 50pl of elution buffer 

EB (10mM Tris HCI, pH 8.5) and centrifugation at 12000g for 1 minute.

2.3.7 Quantification of Purified PCR DNA Product

The DNA concentration of samples was measured using a NanoDrop ND-1000 

spectrophotometer (NanoDrop Technologies, Rockland, DE, USA) as in section 

2.1.4.

2.3.8 PCR Product Sequencing

All PCR product sequencing was performed by the staff of the molecular core 

facility using the following protocol. Three nanograms of purified PCR product
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template and 15pmol of forward or reverse primer were made up to a total reaction 

volume of 12pl with DN/RNase free water in a 500pl microcentrifuge tube.

2.3.9 TAQman™ Real Time Quantitative PCR

To allow quantitation of target RNA, the PCR primers were incorporated into a real 

time PCR assay. For each reaction, 100ng of cDNA was amplified in a 25pl PCR 

reaction with an optimised ratio of forward and reverse primers and 12.5pl of either 

SYBR Green Master Mix™ (Applied Biosystems, New Jersey, USA) or TAQman™ 

PCR Master Mix (Applied Biosystems, New Jersey, USA) with a marker specific 

nucleotide probe. All reactions were performed in triplicate with minus RT and 

target free negative controls as in section 2.3.4. Housekeeping gene amplification 

was performed for each sample source. The reactions were carried out in separate 

wells of 96 well optical plates (Applied Biosystems, New Jersey, USA). The ABI 

PRISM 7700® Sequence Detection System and sequence detector software (both 

Applied Biosystems, New Jersey, USA) were used for thermocycling, product 

detection and data analysis.

Reaction conditions for PCR were; an initial stage of 95°C for 10 minutes followed 

by 40 cycles of 95°C for 15 seconds, 60°C for 1 minute, followed by a single hold 

at 72°C for 10 minutes.

2.3.10 Real Time PCR Product Identification

In reactions using oligonucleotide probes, no downstream processing was 

required. When SYBR Green™ was used the products underwent a dissociation 

reaction. The products remained in the same 96 well plate as used for the PCR 

amplification and thermocycling was again performed using the ABI PRISM 7700® 

Sequence Detection System. Reaction conditions were 95°C for 15 seconds, then 

rapid cooling to 60°C and gradual heating over 20 minutes up to 95°C. 

Dissociation data was analysed using dissociation curve software (Applied 

Biosystems, New Jersey, USA) and negative fluorescence was plotted against 

temperature.
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2.3.11 Primer Optimisation

Twenty-five microlitre PCRs containing 100ng of cDNA derived from 106 LNCaP 

cells, 12.5pl SYBR Green Master Mix™ and variable volumes of RN/DNase free 

water were made up using the 9 different primer ratios detailed in table 2.6. Each 

reaction was run in duplicate along with standard controls. Thermocycling and 

product dissociation were performed as in sections 2.3.9 and 2.3.10.

REVERSE PRIMER (nM)

FORWARD PRIMER 

(nM)
100 300 900

100 100/100 100/300 100/900

300 300/100 300/300 300/900

900 900/100 300/300 900/900

Table 2.6: Primer concentration ratios used in primer optimisation 

2.3.12 Probe Optimisation

The specific probes for each of the markers PSA, PSMA, PSCA and HK2 were 

tested at the following concentrations; 10, 50, 100 and 200nM. Each 25pl reaction 

was run in triplicate and contained along with the probe, 12.5pl TAQman™ PCR 

Master Mix, forward and reverse marker specific optimised primers and 100ng of
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cDNA derived from 106 LNCaP cells. The details of the PCR reaction are identical 

to those described in section 2.3.9.

2,3.13 Use of Plasmid Construct in Development of DD3PQA3 Assay 

2.3.13.1 PCR Detection of pMB45 IS-DD3PCA3 DNA Plasmid

The DD3PCA3 plasmid cDNA construct pMB45 IS-DD3PCA3 as described by Hessels 

et a /71 (figure 2.2) was spiked into PCRs containing 100ng of cDNA derived from 

normal female peripheral blood in 10 fold serial dilutions from one copy to 106 

copies. These were made up to a total reaction volume of 25pl with DD3PCA3 

forward and reverse primers, SYBR Green Master Mix™ and DN/RNase free 

water. Reactions were run using the PCR and dissociation protocols detailed in 

methods 2.3.9 and 2.3.10.

2.3.13.2 Synthesis of DD3PCA3 RNA from pMB45 IS-DD3PCA Plasmid

2.3.13.2.1 Plasmid Linearization

The DD3PCA3 plasmid construct was linearized using the restriction enzyme Kpn I 

(Promega, Wl, USA). A digest reaction containing 1 jug of plasmid DNA, 0.2pl 

acetyiated bovine serum albumin (BSA) at a final reaction concentration of 

0.1 mg/ml, 2jul of 10x restriction buffer (100mM Tris -HCI (pH 7.5), 500mM KCI, 

70mM MgCI2l 10mM dithiothreitol (DTT) at 37°C) and 5 units of Kpn I restriction 

enzyme, was made up to a final volume of 20jnl with DN/RNase free water, and 

incubated at 37°C for 2 hours. The Kpn I enzyme was then heat deactivated at 

65°C for 15 minutes. Plasmid digestion was confirmed by gel electrophoresis, 

using a 1% agarose gel and comparing product size to a concurrently run 1Kb 

DNA ladder (New England Biolabs, USA).
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2.3.13.2.2 DD3PCA3 RNA Synthesis

T3 RNA polymerase was used to synthesise DD3PCA3 RNA from the linear 

DD3PCA3 plasmid. The reaction, carried out in a microcentrifuge tube, contained 

20jul of T3 transcription 5x buffer (40mMTris (pH 7.9 at 25°C), 6mM MgCI2, 2mM 

spermidine, 10mM NaCI), 10pJ 100mM DTT, 100 units of recombinant RNasin 

ribonuclease inhibitor, 20pl rNTP mix (2.5mM rATP, 2.5mM rGTP, 2.5mM rUTP,

2.5 mM rCTP in nuclease free water), 5pg of linearized plasmid DNA and 40 units 

of phage T3 RNA polymerase made up to a total volume of 100^1 with nuclease 

free water, was incubated for 2 hours at 37°C. This was followed by a DNase 

treatment as described in section 2.1.3. The resultant RNA was quantified using 

nanodrop spectrophotometer as in section 2.1.4.

2.3.13.3 DD3pcas RNA of Plasmid Origin in Establishing Assay In Vitro 

Sensitivity

Serial dilutions of DD3PCA3 RNA copies from 107 to 10 were spiked into 2.5 ml 

female peripheral blood samples collected in PAXgene™ blood RNA tubes. Total 

RNA was extracted as described in methods 2.2.2 and reverse transcription 

performed as in method 2.3.1. 100ng of the synthesised cDNA was amplified in an 

optimised real time PCR reaction (methods 2.3.9 and 2.3.10) with samples from 

each serial dilution spike being amplified in triplicate.
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Figure 2.2: pMB45 IS-DD3PCA3 plasmid construct71.



2.4 Patient Samples

2.4.1 Patient Sample Collection

Suitable study patients with CaP and normal controls were identified through close 

links with the departments of urology and oncology at the Christie, South 

Manchester University and Hope Hospitals. All patients were enrolled with 

informed consent using an ethically approved protocol.

Female and normal male control patients had to be free from any form of 

haematological or malignant disease. CaP study patients all had fully 

characterised and staged disease following current best practice guidelines.

The following information regarding patients enrolled in the study was recorded 

from their case notes:

• Patient age

• Serum PSA level at time of sampling

• Clinical T stage at time of sampling based on DRE

• Biopsy Gleason score

• Most recent bone scan result

• Treatment received and hormone status at time of sampling

• In patients undergoing RRP -  pathological stage and margin status

• Disease status at follow up

Peripheral blood samples (2.5mls) were collected using PAXgene™ blood RNA 

tubes (PreAnalytiX GmbH, Hombrechtikon, CH) as in section 2.2.2. Bone marrow 

aspirates were collected from the posterior iliac crest. This was achieved under 

local or general anaesthetic, using a marrow gauge needle and syringe. 2.5mls of 

the BM aspirate was immediately transferred to a PAXgene™ blood RNA tube 

upon collection.
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2.4.2 Application of Real Time RT-PCR Assay to Patient Samples

Both PB and BM samples were handled and processed as detailed for cell spike 

samples (method 2.2.2), being stored at minus 80°C in the RNA and, following 

reverse transcription (method 2.3.1), cDNA forms.

2.5 Micro Fluidic RT-PCR

2.5.1 Micro fluidic card assay design and development

The 384 well micro fluidic cards were commercially produced by Applied 

Biosystems®. Endogenous control genes and target genes of interest were 

selected from a library of industry optimised primer and probe TaqMan RT-PCR 

assays, Assays-on-Demand™ (Applied Biosystems). All primer design was exon- 

exon boundary spanning. Primer and probe sequences were not made available 

for validation by Applied Biosystems. The housekeeping genes GAPDH and p- 

actin, and the target genes PSA, PSMA, PSCA, HK2, HK4, HK15, EZH2, hepsin, 

prostasin and urokinase type plasminogen activator were selected prior to card 

manufacture. During the manufacturing process each individual assay was loaded 

into an individual reaction well and dried. The micro fluidic card design is shown in 

figure 2.3. Each card had 8 filling ports and reservoirs, each with 48 associated 

RT-PCR reaction wells pre-loaded with marker specific assay. 8 individual 

samples could therefore be evaluated simultaneously for the expression of up to 

48 gene markers. As the micro fluidic card technique had not previously been 

evaluated for a circulating cell detection protocol 4 replicate assays were used for 

each of the 10 markers of interest and the 2 housekeeping genes.

2.5.2 Evaluation of micro fluidic card RT-PCR

The in vitro performance of the micro fluidic card system was evaluated by direct 

comparison with the 96 well format described previously. The samples evaluated 

were RNA extracted from LNCaP cells in culture, female PB and serial dilutions 

(106 to 1) of LNCaP cells spiked into female PB. Total RNA extraction,
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quantification and reverse transcription was performed on the above samples as 

described in methods 2 .1 .3 -4 , 2.2.1 -2  and 2.3.1. 100ng aliquots of the resultant 

cDNA were then evaluated for quantitative expression of GAPDH, p-actin, PSA, 

PSMA, PSCA and HK2 using the TaqMan real time PCR protocol described in 

section 2.3.9.

100ng of the LNCaP derived cDNA was also applied to a micro fluidic protocol as 

follows. 100ng of cDNA in 50j.il of RNase/DNase free water were added to 50jlxI of 

TaqMan® universal PCR mastermix (Applied Biosystems) and mixed by vortexing. 

The 10Ojul reaction mix was then loaded into one of the fill reservoirs on the micro 

fluidic card using a filter tipped micro pipette. Once all the reservoirs were filled the 

plate was centrifuged at 1200 rpm for 2 spins of 1 minute using a Sorvall® Legend 

T centrifuge with custom micro fluidic card buckets and card holders. The plates 

were then sealed using a micro fluidic card sealer (Applied Biosystems) and 

loaded onto ABI Prism 7900 HT sequence detection system for thermocycling and 

product detection. Reaction conditions for PCR were; an initial stage of 95°C for 

10 minutes followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. 

Product detection and data analysis was all performed using the ABI Prism 

7900HT and SDS software (both Applied Biosystems).

The micro fluidic format sensitivity and reproducibility with smaller amounts of 

target was also evaluated using 10 fold dilutions of LNCaP cDNA from 100 ng to 

0.1 ng. In vitro sensitivity was established by assaying 100ng of cDNA from the 

standard LNCaP serial dilutions samples used for the 96 well format. Using cDNA 

derived from female PB the specificity of the technique and of each individual 

assay for both the novel and established markers used on the card format were 

established. Minus RT controls were run in separate reservoirs to ensure no 

genomic DNA contamination, while target free water controls ensured no 

contamination of the DNase/RNase free water or the universal mastermix.

The clinical performance of the micro fluidic technique was established by 

analysing 100ng aliquots of cDNA derived from PB and BM samples from men 

within the main study population.
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Figure 2.3: Micro fluidic card used for micro fluidic multi-marker RT-PCR 
experiments. A) photograph showing micro fluidic card. B) schematic 
diagram showing detail of micro fluidic card.



Chapter 3: Results of Assay Development:

3.1 Establishment of cell line model

To assess the sensitivity and specificity of the primers it was necessary to set up a 

cell line model. The gene expression in the four prostate ceil lines LNCaP, PC3, 

DU-145 and PNT2-C2 for the prostate markers PSA and PSMA and the 

housekeeping genes (3-actin and GAPDH were determined. Total RNA was 

extracted from 106 cells by Trizol extraction and cDNA produced utilising random 

hexamer primers in a reverse transcription reaction. A real time PCR protocol was 

then used to quantify cell line gene expression (figure 3.1).

GAPDH and (3-actin were amplified in all the cell line samples, with product being 

detected at 16-19 and 21-23 cycles respectively, thus confirming the integrity of 

the RNA and the reverse transcription reaction (figures 3.1 & 3.2). Product identity 

was confirmed by their dissociation temperature (Tm) on the product dissociation 

curves, 82.6°C for GAPDH and 80.9°C for (3-actin (figure 3.3). The PCR product 

size of these housekeeping genes was confirmed by gel electrophoresis on a 2% 

agarose gel, 226bp for GAPDH and 80bp for (3-actin (figure 3.4).

Only the LNCaP cell line expressed PSA and PSMA with the detected 

fluorescence from their reactions crossing the critical threshold value at an 

average of 27 and 29 cycles respectively (figure 3.2). As expected from the primer 

design, the Tm for the PSA and PSMA products were 79.7°C and 80.9°C 

respectively (figures 3.5 & 3.6) and the PCR product sizes, confirmed by gel 

electrophoresis, correlated with the expected values of 85bp for PSA and 114bp 

for PSMA (figure 3.7). PSCA, HK2 and DD3PCA3 were not quantified in cell line 

selection work.
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A m p lif ic a t io n  -  1 4 ju n e 0 2

Figure 3.1: Typical real time PCR plots showing GAPDH, (3-actin, PSA and 
PSMA expression in RNA isolated from 106 LNCaP Cells. The Ct has been 
set at 10'1 as determined by negative control background fluorescence.

Cell Line Marker Expression

El B-actin 
■  GAPDH
□  PSA

□ PSMA

LNCaP PC3 DU145 PNT2-C2

Cell Line Target

Figure 3.2: Bar chart showing the average Ct cycle number for the real time 
PCR detection of (3-actin, GAPDH, PSA and PSMA mRNA as expressed in 
total RNA from LNCaP, PC3, DU145 and PNT2-C2 prostate cell lines.
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Figure 3.3: Dissociation curves for the ‘housekeeping genes’ (B-actin and 
GAPDH. Negative fluorescence is plotted on the y-axis against temperature 
in degrees centigrade on the x-axis. The peak at 80.9°C is the Tm for the (3- 
actin product and the peak at 82.6°C is the GAPDH Tm.
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GAPDH B-Actin

Figure 3.4: PCR products for the housekeeping genes GAPDH and B-Actin 
derived from total RNA isolated from 106 LNCaP Cells viewed following 
electrophoresis on a 2% agarose gel with molecular weight marker in 
adjacent lanes.
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Figure 3.5: Dissociation curves for PSA product in multiple replicate RT- 
PCR reactions derived from total RNA isolated from 106 LNCaP cells.
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Fig 3.6: Dissociation curve for PSMA product in multiple replicate RT-PCR 
reactions derived from total RNA isolated from 106 LNCaP cells.
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Figure 3.7: PCR products for the genes PSA and PSMA derived from total 
RNA isolated from 106 LNCaP cells viewed following electrophoresis on a 
2% agarose gel with molecular weight marker in lane 1.



3.2 Primers for Five Marker Panel

The primers designed for PSCA, HK-2 and DD3PCA3 as detailed in section 2.3.2 

were run, in addition to PSA and PSMA primers, in a real time PCR withlOOng of 

target cDNA isolated from 106 LNCaP cells. Successful co-amplification of GAPDH 

and (3-actin housekeeping genes confirmed the RNA integrity and the efficiency of 

the RT reaction. Product was amplified for all genes of interest (figure 3.8). The Ct 

values for the different markers were as follows; PSA 19.5 cycles, PSMA 21 

cycles, HK-2 22 cycles, PSCA 29.6 cycles and DD3PCA3 31.4 cycles. Water 

controls and minus RT reactions were negative for all markers thus excluding the 

possibility of false positive results due to genomic DNA contamination.

The identity of each product was determined by both product dissociation and 

agarose gel electrophoresis. HK-2, DD3PCA3 and PSCA demonstrated Tm values of 

83.4°C, 79.8°C, and 88.2°C respectively (figures 3.9 -  3.11). The Tm value for 

PSCA was 3°C higher than the predicted value of 85°C. The product sizes 

demonstrated on gel electrophoresis were in keeping with the expected product 

sizes of 85bp PSA, 114bp PSMA, 151 bp PSCA, 163bp HK2 (figure 3.12) and 

381 bp DD3PCA3 (not shown).
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Amplification -  14thApril03

Cycle

Figure 3.8: Real time PCR plot showing LNCaP cell line gene expression of 
the prostate markers PSA, PSMA, HK2, PSCA and DD3. Ct set at 10'1 to 
exclude background control fluorescence. Housekeeping gene amplification 
traces have been removed for clarity.
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Figure 3.9: Dissociation curve for HK2 RT-PCR assay product generated 
by multiple replicate reactions from total RNA from 106 LNCaP cells 
showing a Tm of 83.4°C. The Y-axis displays negative fluorescence plotted 
against temperature in degrees Centigrade.
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Figure 3.10: Dissociation curve for DD3 RT-PCR assay product generated 
by Taqman RT-PCR in multiple replicate reactions from total RNA from 106 
LNCaP cells showing a Tm of 79.8°C
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Figure 3.11: Dissociation curve for PSCA RT-PCR product generated by 
Taqman RT-PCR in multiple replicate reactions from total RNA from 106 
LNCaP cells showing a Tm of 88.2°C.
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Figure 3.12: Real time PCR products for PSA, PSMA, PSCA and HK2 
derived from RNA isolated from 106 LNCaP cells viewed following 
electrophoresis on a 2% agarose gel. A molecular weight marker has been 
run concurrently in the left lane with known band sizes as shown. The 
expected PCR product sizes are shown below each gene.



3.3 PCR Product Sequences

To confirm the identity of the PCR products for the five prostate markers of 

interest, sequencing of the products was performed using forward and reverse 

primers. The sequencing data was then evaluated for sequence homology using 

FASTA software. This confirmed that the PCR products for all five assays were 

homologous with the expected sequences (figures 3.13 to 3.21).

PSA PCR product predicted sequence:

515-cagcat tgaaccagag gagttcttga ccccaaagaa acttcagtgt gtggacctcc 
atgttatttc caatgacgtg tgtgcgcaa -599

Sequencing of PSA PCR product with reverse primer:
EM_HUM:AF33547 8; AF335478 Homo sapiens prostate-specif (1945 nt) 
rev-comp initn: 385 initl: 385 opt: 402 Z-score: 473.2 bits: 96.7 
E (): 6e-17
banded Smith-Waterman score: 402; 97.619% identity (97.619% similar)
in 84 nt overlap (84-1:1754-1837)

100 90 80 70 60
PSA- NNANAGNC C GC GC AAATGAGC GTTTAAC CAGAGGAGTTC TTGAC C C C A
EM_HUM GGGAC C AC C TGC TAC GC C TCAGGC TGGGGCAGC ATTGAAC CAGAGGAGTTC TTGAC C C C A 

1730 1740 1750 1760 1770 1780

50 40 30 20 10
PSA- AAGAAACTTCAGTGTGTGGACCTCCATGTTATTTCCAATGACGTGTGTGCGCAA

EM_HUM AAGAAACTTCAGTGTGTGGACCTCCATGTTATTTCCAATGACGTGTGTGCGCAAGTTCAC 
1790 1800 1810 1820 1830 1840

EM_HUM C C TCAGAAGGTGAC C AAGTTCATGC TGTGTGC TGGAC GC TGGAC AGGGGGCAAAAGC AC C 
1850 1860 1870 1880 1890 1900

Figure 3.13: PSA PCR assay product sequencing using the reverse primer. The 

expected sequence for the PSA PCR product is shown - size 85bp. The forward 

and reverse primer sequences are shown in red font. The sequencing data using 

the PSA reverse primer is shown below. This has been evaluated using FASTA 

nucleotide homology software and is aligned with the PSA gene sequence, 

confirming product identity.
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PSMA PCR product predicted sequence:
1311- tgaagtgaca

agaatttaca atgtgatagg tactctcaga ggagcagtgg aaccagacag atatgtcatt 
ctgggaggtc accgggactc atgggtgttt ggtggtattg accctca -1427

Sequencing of PSMA PCR product with forward primer:
EM__HUM:M99487; M99487 Human prostate-specific membrane (2653 nt) 
initn: 305 initl: 305 opt: 311 Z-score: 375.0 bits: 78.9 E():

1.3e-ll
banded Smith-Waterman score: 311; 95.522% identity (95.522% similar)
in 67 nt overlap (25-91:1363-1429)

10 20 30 40 50
PSMA TTCANTGTGATTC TNGTC C TTATC C C GNACAGATATGTCATTC TGGGAGGTCAC
EM_HUM GTGATAGGTACTCTCAGAGGAGCAGTGGAACCAGACAGATATGTCATTCTGGGAGGTCAC 

1340 1350 1360 1370 1380 1390

60 70 80 90
PSMA C GGGAC TC ATGGGTGTTTGGTGGTATTGACC C TC AAAA
EM_HUM CGGGACTCATGGGTGTTTGGTGGTATTGACCCTCAGAGTGGAGCAGCTGTTGTTCATGAA 

1400 1410 1420 1430 1440 1450

EM_HUM ATTGTGAGGAGC TTTGGAACAC TGAAAAAGGAAGGGTGGAGAC C TAGAAGAAC AATTTTG 
1460 1470 1480 1490 1500 1510

Figure 3.14: PSMA PCR assay product sequencing using the forward primer. The 

expected sequence for the PSMA PCR product is shown, spanning the boundary 

between exons 9 and 10 - size 114bp. The forward and reverse primer sequences 

are shown in red font and exon-exon boundary in blue font. The sequencing data 

using the PSMA forward primer is shown below. This has been evaluated using 

FASTA nucleotide homology software and is aligned with the PSMA gene 

sequence, confirming product identity.
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PSMA PCR product predicted sequence:
1311- tgaagtgaca

agaatttaca atgtgatagg tactctcaga ggagcagtgg aaccagacag atatgtcatt 
ctgggaggtc accgggactc atgggtgttt ggtggtattg accctca -1427

Sequencing of PSMA PCR product with reverse primer:
EM_HUM:AF007544; AF007544 Homo sapiens prostate-specif (93525 nt) 
rev-comp initn: 123 initl: 95 opt: 157 Z-score: 160.2 bits: 44.7
E () : 0.34
banded Smith-Waterman score: 157; 85.965% identity (85.965% similar)
in 57 nt overlap (77-21:36229-36279)

100 90 80 70 60 50
PSMA- AGGCCCCTGCCNGNAAAAGNNAGNTTNTTTAGTGACCGAGAATTTACCAATGTGATAGGT
EM_HUM AGTCAAGATGCACATCCACTCTACCAATGAAGTGA-CGAGAATTTA-CAATGTGATAGGT 

36200 36210 36220 36230 36240 36250

40 30 20 10
PSMA- AC TC TC C AGGAGGAGC C AC GTGGAAC C C AC GACC AGAGATGTC AGTT

EM_HUM ACTCTC--AGAGGAGC--AGTGGAACCAGGTAAAGGAATCGTTTGCTTAGCAAATATTGA 
36260 36270 36280 36290 36300 36310

Figure 3.15: PSMA PCR assay product sequencing using the reverse primer. The 

expected sequence for the PSMA PCR product is shown, spanning the boundary 

between exons 9 and 10 - size 114bp. The forward and reverse primer sequences 

are shown in red font and exon-exon boundary in blue font. The sequencing data 

using the PSMA reverse primer is shown below. This has been evaluated using 

FASTA nucleotide homology software and is aligned with the PSMA gene 

sequence, confirming product identity.
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PSCA PCR product predicted sequence:
87- tact cctgcaaagc ccaggtgagc aacgaggact

gcctgcaggt ggagaactgc acccagctgg gggagcagtg ctggaccgcg cgcatccgcg

cagttggcct cctgaccgtc atcagcaaag gctgcagctt gaactgcgtg gatgact -23 8

Sequencing of PSCA PCR product with forward primer:
EM_HUM:BC065183; BC065183 Homo sapiens prostate stem c (1025 nt) 
initn: 705 initl: 705 opt: 708 Z-score: 702.6 bits: 138.9 E(): 1.9e-29 

banded Smith-Waterman score: 708; 97.959% identity (97.959% similar) in
147 nt overlap (5-151:82-228)

10 20 30
PSCA TTANTGTTAAGCCCAGGTGAGCAACGAGGACTGC

EM_HUM CAGC C AGGC AC TGC C C TGC TGTGC TAC TC C TGC AAAGC C CAGGTGAGC AAC GAGGAC TGC 
60 70 80 90 100 110

40 50 60 70 80 90
PSCA C TGCAGGTGGAGAAC TGCAC C CAGC TGGGGGAGCAGTGC TGGACC GC GC GCATC C GC GC A
EM_HUM C TGCAGGTGGAGAAC TGC ACC CAGC TGGGGGAGCAGTGC TGGAC C GC GC GC ATC C GC GC A 

120 130 140 150 160 170
100 110 120 130 140 150

PSCA GTTGGCCTCCTGACCGTCATCAGCAAAGGCTGCAGCTTGAACTGCGTGGATGACTAAACN

EM_HUM GTTGGCCTCCTGACCGTCATCAGCAAAGGCTGCAGCTTGAACTGCGTGGATGACTCACAG 
180 190 200 210 220 230

PSCA N
EM_HUM GACTACTACGTGGGCAAGAAGAACATCACGTGCTGTGACACCGACTTGTGCAACGCCAGC 

240 250 260 270 280 290

Figure 3.16: PSCA PCR assay product sequencing using the forward primer. The 

expected sequence for the PSCA PCR product is shown - size 151 bp. The forward 

and reverse primer sequences are shown in red font. The sequencing data using 

the PSCA forward primer is shown below. This has been evaluated using FASTA 

nucleotide homology software and is aligned with the PSCA gene sequence, 

confirming product identity.

104



PSCA PCR product predicted sequence:
87- tact cctgcaaagc ccaggtgagc aacgaggact

gcctgcaggt ggagaactgc acccagctgg gggagcagtg ctggaccgcg cgcatccgcg

cagttggcct cctgaccgtc atcagcaaag gctgcagctt gaactgcgtg gatgact -23 8

Sequencing of PSCA PCR product with reverse primer:
EM_HUM:BC065183; BC065183 Homo sapiens prostate stem c (1025 nt) 
rev-comp initn: 535 initl: 535 opt: 535 Z-score: 536.5 bits: 107.6 
E (): 3.4e-20
banded Smith-Waterman score: 53 5; 100.000% identity (100.000% 
similar) in 107 nt overlap (108-2:7 6-182)

110 100 90 80
PSCA- NTTTAC TC C TGCAAAGC C CAGGTGAGCAAC GAG
EM_HUM GCCCTGCAGCCAGGCACTGCCCTGCTGTGCTACTCCTGCAAAGCCCAGGTGAGCAACGAG 

50 60 70 80 90 100
70 60 50 40 30 20

PSCA- GACTGCCTGCAGGTGGAGAACTGCACCCAGCTGGGGGAGCAGTGCTGGACCGCGCGCATC

EM_HUM GAC TGC C TGC AGGTGGAGAAC TGCAC C CAGC TGGGGGAGC AGTGC TGGAC C GC GC GC ATC 
110 120 130 140 150 160

10
PSCA- CGCGCAGTTGGCCTCCTA

EM_HUM C GC GCAGTTGGC CTC C TGAC C GTC ATCAGC AAAGGC TGCAGC TTGAAC TGC GTGGATGAC 
170 180 190 200 210 220

Figure 3.17: PSCA PCR assay product sequencing using the reverse primer. The 

expected sequence for the PSCA PCR product is shown - size 151 bp. The forward 

and reverse primer sequences are shown in red font. The sequencing data using 

the PSCA reverse primer is shown below. This has been evaluated using FASTA 

nucleotide homology software and is aligned with the PSCA gene sequence, 

confirming product identity.
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HK2 PCR product predicted sequence:
522- gaaccagag gagttcttgc

gccccaggag tcttcagtgt gtgagcctcc atctcctgtc caatgacatg tgtgctagag 

cttactctga gaaggtgaca gagttcatgt tgtgtgctgg gctctggaca ggtggtaaag 

acacttgtgg gggtgattct gggg -684

Sequencing of HK-2 PCR product with forward primer:
EM_HUM:AF188746; AF188746 Homo sapiens prostrate kalli (2830 nt) 
initn: 630 initl: 630 opt: 630 Z-score: 685.5 bits: 137.1 E(): 

6.2e-29 banded Smith-Waterman score: 630; 100.000% identity (100.000%
similar) in 126 nt overlap (11-136:534-659)

10 20 30 40
HK2 C C TTTGC TTAGTGTGAGCC TC CATC TC C TGTC C AATGACA
EM_HUM AGGAGTTCTTGCGCCCCAGGAGTCTTCAGTGTGTGAGCCTCCATCTCCTGTCCAATGACA 

510 520 530 540 550 560

50 60 70 80 90 100
HK2 TGTGTGC TAGAGC TTAC TC TGAGAAGGTGACAGAGTTCATGTTGTGTGC TGGGC TC TGGA
EM_HUM TGTGTGC TAGAGC TTAC TC TGAGAAGGTGAC AGAGTTCATGTTGTGTGC TGGGC TC TGGA 

570 580 590 600 610 620

110 120 130 140 150
HK2 C AGGTGGTAAAGACAC TTGTGGGGGTGATTC TGGGGANCNNNNNC C C C C C

EM_HUM CAGGTGGTAAAGACACTTGTGGGGGTGATTCTGGGGGTCCACTTGTCTGTAATGGTGTGC 
630 640 650 660 670 680

EM_HUM TTC AAGGTATCAC ATCATGGGGC C C TGAGC CATGTGC C C TGC C TGAAAAGC C TGC TGTGT 
690 700 710 720 730 740

Figure 3.18: HK-2 PCR assay product sequencing using the forward primer. The 

expected sequence for the HK2 PCR product is shown - size 163bp. The forward 

and reverse primer sequences are shown in red font. The sequencing data using 

the HK2 forward primer is shown below. This has been evaluated using FASTA 

nucleotide homology software and is aligned with the HK2 gene sequence, 

confirming product identity.

106



HK2 PCR product predicted sequence:
522- gaaccagag gagttcttgc

gccccaggag tcttcagtgt gtgagcctcc atctcctgtc caatgacatg tgtgctagag 

cttactctga gaaggtgaca gagttcatgt tgtgtgctgg gctctggaca ggtggtaaag 

acacttgtgg gggtgattct gggg -684

Sequencing HK-2 PCR product with reverse primer:
EM_HUM:AF188747; AF188747 Homo sapiens prostrate kalli (2867 nt) 
rev-comp initn: 344 initl: 344 opt: 604 Z-score: 669.8 bits: 134.1 
E (): 4.5e-28 banded Smith-Waterman score: 604; 96.992% identity
(96.992% similar) in 133 nt overlap (133-1:495-625)

130 120 110
HK-2- NNNTTTGAACCAGAGGAGTTCTTGCGCCCCAGGA
EM_HUM CCACCTGCTACGCCTCAGGCTGGGGCAGCATCGAACCAGAGGAGTTCTTGCGCCCCAGGA 

470 480 490 500 510 520

100 90 80 70 60 50
HK-2- GTCTTCAGTGTGTGAGCCTCCATCTTCCTGTCCAATGACATGTGTGCTAGAGCTTACTCT
EM_HUM GTCTTCAGTGTGTGAGCCTCCATC-TCCTGTCCAATGACATGTGTGCTAGAGCTTACTCT 

530 540 550 560 570 580

40 30 20 10
HK-2- GAGAAGGTGACAGAGTTCANGTTGTGTGCTGGGCTNCTGGACA

EM_HUM GAGAAGGTGACAGAGTTCATGTTGTGTGCTGGGCT-CTGGACAGGTGGTAAAGACACTTG 
590 600 610 620 630 640

EM_HUM TGGGGTGAGTCATC C C TAC TC C CAACATC TGGAGGGGAAAGGGTGATTC TGGGGGTC C AC 
650 660 670 680 690 700

Figure 3.19: HK-2 PCR assay product sequencing using the reverse primer. The 

expected sequence for the HK2 PCR product is shown - size 163bp. The forward 

and reverse primer sequences are shown in red font. The sequencing data using 

the HK2 reverse primer is shown below. This has been evaluated using FASTA 

nucleotide homology software and is aligned with the HK2 gene sequence, 

confirming product identity.
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DD3pca3 PCR product predicted sequence:
97- tggg aaggacctga tgatacagag

gaattacaac acatatactt agtgtttcaa tgaacaccaa gataaataag tgaagagcta
gtccgctgtg agtctcctca gtgacacagg gctggatcac catcgacggc actttctgag
tactcagtgc agcaaagaaa gactacagac atctcaatgg caggggtgag aaataagaaa
ggctgctgac tttaccatct gaggccacac atctgctgaa atggagataa ttaacatcac
tagaaacagc aagatgacaa tataatgtct aagtagtgac atgtttttgc acatttccag
cccctttaaa tatccacaca cacaggaagc acaaaaggaa gcacagagat ccctggga -47 8

Sequencing of DD3PCA3 PCR product with forward primer:
EM_PAT:BDO82485; BD082485 PCA3, PCA3 genes, and method (3582 nt) 
initn: 813 initl: 760 opt: 859 Z-score: 850.0 bits: 168.2 E(): 

3.3e-38. banded Smith-Waterman score: 859; 98.895% identity (98.895%
similar) in 181 nt overlap (11-190:299-478)

10 20 30
DD3 GGGGGAATAGAAGGCTGC TGAC TTT-CCATCTGAGGCCAC

EM_PAT ACATC TCAATGGC AGGGGTGAGAAATAAGAAAGGC TGC TGAC TTTAC C ATC TGAGGC CAC 
270 280 290 300 310 320
40 50 60 70 80 90

DD3 ACATC TGC TGAAATGGAGATAATTAAC ATCAC TAGAAAC AGC AAGATGAC AATATAATGT

EM_PAT CTAAGTAGTGACATGTTTTTGCACATTTCCAGCCCCTTTAAATATCCACACACACAGGAA 
390 400 410 420 430 440

160 170 180 190
DD3 GC AC AAAAGGAAGC AC AGGAGATC C C TGGGANN
EM_PAT GCACAAAAGGAAGCACA-GAGATCCCTGGGAGAAATGCCCGGCCGCCATCTTGGGTCATC 

450 460 470 480 490 500

EM_PAT GATGAGCCTCGCCCTGTGCCTGGTCCCGCTTGTGAGGGAAGGACATTAGAAAATGAATTG 
510 520 530 540 550 560

Figure 3.20: DD3PCA3 PCR assay product sequencing using the forward primer. 

The expected sequence for the DD3PCA3 PCR product is shown - size 381 bp. The 

forward and reverse primer sequences are shown in red font. The sequencing 

data using the DD3PCA3 forward primer is shown below. This has been evaluated 

using FASTA nucleotide homology software and is aligned with the DD3PCA3 gene 

sequence, confirming product identity.

108



DD3pca3 PCR product predicted sequence:
97- tggg aaggacctga tgatacagag

gaattacaac acatatactt agtgtttcaa tgaacaccaa gataaataag tgaagagcta
gtccgctgtg agtctcctca gtgacacagg gctggatcac catcgacggc actttctgag
tactcagtgc agcaaagaaa gactacagac atctcaatgg caggggtgag aaataagaaa
ggctgctgac tttaccatct gaggccacac atctgctgaa atggagataa ttaacatcac
tagaaacagc aagatgacaa tataatgtct aagtagtgac atgtttttgc acatttccag
cccctttaaa tatccacaca cacaggaagc acaaaaggaa gcacagagat ccctggga -47 8

Sequencing of DD3pca3 PCR product with reverse primer:
EM_PAT:BD082 4 83; BD082483 PCA3, PCA3 genes, and method (1872 nt) 
rev-comp initn: 382 initl: 382 opt: 747 Z-score: 823.3 bits: 162.4 
E(): 1.9e-36. banded Smith-Waterman score: 747; 88.649% identity
(88.649% similar) in 185 nt overlap (193-10:75-258)

190 180 170
DD3- TTTGGNNGGGCCCGNTGAGACACAGGTGAGA
EM_PAT AGCCGAGGGAGACCAGGAAGATCTGCATGGTGGGAAGGACCTGATGATACAGAGGTGAGA 

50 60 70 80 90 100

160 150 140 130 120 110
DD3- NATAAGAAAGGCTGCTGACTTTACCATCTGNGGCCACACATCTGCTGNAATGGAGATAAT

EM_PAT TAAC ATC AC TA-GAAACAGCAAGATGACAATATAATGTCT AAGTAGTGACATGTTTTTGC 
170 180 190 200 210 220

40 30 20 10
DD3- ACANTCNCNGCCCC-NTAANTNTCCACACACACAGCTCCCAGTG

EM_PAT ACATTTCCAGCCCCTTTAAATATCCACACACACAGGAAGCACAAAAGGAAGCACAGAGAT 
230 240 250 260 270 280

EM_PAT C C C TGGGAGAAATGC C C GGCC GC CATC TTGGGTCATC GATGAGC C TC GC C C TGTGC C TGG 
290 300 310 320 330 340

Figure 3.21: DD3PCA3 PCR assay product sequencing using the reverse primer. 

The expected sequence for the DD3PCA3 PCR product is shown - size 381 bp. The 

forward and reverse primer sequences are shown in red font. The sequencing 

data using the DD3PCA3 reverse primer is shown below. This has been evaluated 

using FASTA nucleotide homology software and is aligned with the DD3PCA3 gene 

sequence, confirming product identity.
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3.4 Primer Optimisation

Table 3.1 illustrates the impact of altering the ratios of forward and reverse primer 

concentrations on sensitivity of PSA, PSMA, PSCA and HK2 assays in detecting 

target in 100ng of LNCaP derived RNA. The left hand column shows the primer 

concentration ratio used in each reaction with the consequent numeric Ct value for 

each marker being shown in subsequent columns. Each reaction was performed in 

triplicate on two separate occasions and the Ct values shown are the mean 

values. The concentration with the lowest Ct value is the optimal ratio which 

correlates to nanomolar concentration ratios of forward to reverse primers of 

300:900, 900:900, 300:300 and 900:900 for PSA, PSMA, PSCA and HK2 

respectively.

Primer
Concentration

CYCLE NUMBER

Ratio 
Forward: Reverse 

(nM)

PSA PSMA PSCA HK2

100:100 21.3 34.6 27.1 28.1

300:100 29.3 33.1 26.5 27.2

900:100 21.9 34.2 29.1 26.6

100:300 20.4 32.4 26.4 28.4

300:300 18.8 31.9 25.8 27.4

900:300 19.1 30.6 25.9 27.0

100:900 19.2 32.1 26.1 28.6

300:900 18.6 32.2 25.5 27.6

900:900 21.2 30.2 28.0 26.3

Table 3.1: Primer optimisation -  the effect of varying primer concentration ratios 

on assay sensitivity utilising 100ng of LNCaP derived total RNA. The shaded cell 

identifies the optimal ratios.
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3.5 Optimisation of LNCaP Ceil Line

LNCaP cell line marker expression has been shown by other groups to be altered 

by cell culture conditions and by prolonged time in culture. To assess the effect of 

cell culture and dihydrotestosterone (DHT) on marker gene expression in LNCaP 

cells, RNA was isolated from low passage cells (P14), high passage cells (P93) 

and high passage cells cultured in the presence of 1nM DHT (P93+DHT). All five 

genes, PSA, PSMA, PSCA, HK2 and DD3PCA3, were expressed in LNCaP cells 

under all cell culture conditions examined (figure 3.22).

Expression of the house keeping genes (3-actin and GAPDH was determined to 

allow normalisation between cell culture conditions. Once standardised to R-actin 

and GAPDH expression there was little variation in the levels of gene mRNA 

expression (figure 3.23). Slight variation in PSCA expression was seen in the 

different cell samples being highest in P93 LNCaP cells with a Ct value of 28.2 

while the Ct values for P93 cells cultured with 1nM DHT and P14 cells were 29.3 

and 30.0 respectively.

3.6 Nucleotide Probes

3.6.1 Probe Optimisation

The optimal probe concentrations for the PSA, PSMA, PSCA and HK2 assays 

were identified using sequentially increasing concentrations of probe from 10nM to 

200nM in RT-PCR reactions with 100ng of target cDNA from 106 LNCaP cells. For 

all markers there was a stepwise decrease in Ct as probe concentration increased. 

The greatest improvements in performance were observed as probe concentration 

was increased from 10nM to 50nM although further small improvements were 

seen with further concentration increases. The impact of probe concentration was 

most pronounced for PSCA with a fall in Ct of over 6 cycles as probe 

concentration increased from 10nm to 200nM (figures 3.24 to 3.26). 200nM probe 

concentrations gave optimal performance for all assays.
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Figure 3.22: Prostate marker gene expression of early and late passage 
LNCaP cells cultured in standard conditions and late passage cells 
stimulated with 1nM DHT for 120 hours prior to RNA isolation. Cycle number 
is inversely proportional to marker mRNA expression.
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Marker

Figure 3.23: Prostate marker gene expression for P14, P93 and P93+DHT 

1nM LNCaP cells normalised to fi-actin expression. Cycle number is 

inversely proportional to marker mRNA expression. Cell passage number 

and DHT stimulation have little overall impact on marker mRNA expression.



Figure 3.24: Taqman RT-PCR reaction using serial probe concentrations for 
PSA expression in 100ng LNCaP RNA with optimal primer concentration 
ratios of 300nM : 900nM, forward to reverse. The plots are from single 
reactions at each concentration while overall assay performance at each 
probe concentration was calculated from the mean Ct values for replicate 
reactions.

Figure 3.25: Taqman RT-PCR reaction using serial probe concentrations for 

PSMA expression in 100ng LNCaP RNA. The plots are from single reactions 

at each concentration while overall assay performance at each probe 

concentration was calculated from the mean Ct values for replicate 

reactions.

Probe
cone
■  10nM
■  50nM 

lOOnM 
200nM

PSMA

Figure 3.26: Probe optimisation for PSA, PSMA, PSCA and HK2 RT-PCR 
assays. RT-PCR reactions were run for each of the markers using optimised 
primer ratios with increasing probe concentrations from 10nM to 200nM. Bar 
chart showing the mean Ct cycle value for replicate reactions using each 
probe concentration for each marker.



3.6.2 Problems Encountered With Probes

3.6.2.1. Minus RT Control Reactions

The minus RT reaction is a control to ensure that the primers are not binding to 

and amplifying genomic DNA contaminants in the extracted RNA. Genomic DNA 

contaminants were not detected using a SYBR Green based assay for any of the 

primer sets. However, when product detection relied on product specific probes, 

fluorescence was detected in these reactions reaching a high enough level to 

cross the critical threshold. The fluorescence plots produced by these minus RT 

reactions were not in an exponential phase when they crossed the critical 

threshold level and did not plateau. Figure 3.27 illustrates this finding for the PSA 

RT-PCR assay.

3.6.2.2 Comparison of SYBR Green and Gene Specific Probe Sensitivity

Comparative experiments investigated the impact of non-specific SYBR Green or 

gene specific fluorescent probe use on the sensitivity of the assay in detecting 

PSA, PSMA and PSCA in 100ng of cDNA from LNCaP cells. For all three assays 

the incorporation of a probe increased the cycle number at which the reactions 

crossed the Ct compared to an otherwise identical reaction using SYBR Green 

(figure 3.28). Probe use decreased the sensitivity by 0.8 cycles for PSA, 1.7 cycles 

for PSMA and 2.2 cycles in the PSCA assay. The impact of mode of product 

detection on in vitro assay performance is shown in section 3.7.1 for PSA, 3.7.2 for 

PSMA and 3.7.4 for HK2.
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Figure 3.27: PSA assay using probes - cDNA and minus RT controls 
derived from 103 and 102 LNCaP cells spiked in female peripheral blood 
were amplified by Taqman PCR assay for PSA using product specific probe 
for product detection. The six PCR reactions containing cDNA target show 
exponential fluorescence plots, crossing the Ct during the exponential 
phase. The minus RT control reactions produce gradually increasing 
fluorescence on a cycle by cycle basis however this is not in a typical 
exponential amplification pattern.
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Figure 3.28: Gene specific probe or SYBR Green - impact of mode of 

product detection on PSA, PSMA and PSCA RT-PCR assay performance. 

Bar chart showing mean Ct cycle values for replicate assay reactions using 

100ng of LNCaP RNA target and optimal primer concentrations with either 

nucleotide probe or SYBR green.



3.7 Assay Sensitivity -  The Detection of LNCaP Cells in a Peripheral Blood 

Background

The in vitro sensitivity of the assay for each marker was determined by its 

capability in detecting serial dilutions of LNCaP cells, from 1 to 105, spiked into a 

background of female peripheral blood. The sensitivity was assessed using SYBR 

Green fluorescence for all markers and additionally using probes for PSA, PSMA 

and HK2.

3.7.1 PSA Assay

3.7.1.1 PSA Assay Using SYBR Green

PSA primers reliably detected 10 LNCaP cells per ml of female blood with 1 cell 

being detected in one of each set of triplicate reactions (figure 3.29). The reaction 

containing 104 LNCaP cells (yellow plot) crossed the Ct at the lowest cycle 

number. With decreasing numbers of spiked LNCaP cells the reactions cross the 

Ct at increasing cycle numbers in a stepwise manner to the right. The limit of 

detection for this assay was 1 LNCaP ceil per ml of female blood (green plot). 

Female blood controls, target free controls and minus RT reactions demonstrated 

no detectable signal confirming specificity and absence of genomic DNA 

contamination. Housekeeping genes were also successfully amplified for each 

sample.

3.7.1.2 PSA Assay Using Nucleotide Probe

When nucleotide probes were used for PSA RT-PCR product detection, the Ct 

values were higher for each LNCaP serial dilution compared to those obtained 

using SYBR Green. Figure 3.30 shows the mean Ct values recorded in replicate 

reactions, targeting PSA mRNA from different numbers of LNCaP cells spiked into 

2.5 ml of female PB using either SYBR Green or PSA probe. Both probe and 

SYBR Green could detect 10 cells, however the Ct value was lower, i.e. higher 

sensitivity, with SYBR Green 35.5 Vs 37.2 cycles. Only SYBR Green could detect 

1 cell in a female PB background. Therefore, the incorporation of nucleotide 

probes decreased PSA assay in vitro sensitivity.
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Fig 3.29: Sensitivity for PSA assay using SYBR Green, 100ng of total RNA 
from 2.5 ml female PB spiked with 104, 103, 102, 10, 1 LNCaP was assessed 
using optimal primer concentration ratio of 300nM forward : 900nM reverse. 
Reactions containing RNA from 104, 103, 102, 10 and 1 LNCaP were 
positive, the amplification plots crossing the critical threshold (black line).
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Figure 3.30: Comparison of PSA assay sensitivity when using either SYBR 
Green or nucleotide probes for product detection of PSA in 100ng of RNA 
isolated from serial dilutions of LNCaP cells in a background of female PB. 
The left column in each pair illustrates the mean Ct value for the replicate 
reactions using SYBR Green while the mean Ct value for reactions using 
probe is represented by the right column. The mean Ct values for the 
reactions using SYBR Green were lower than for those using probe for all 
cell spike concentrations, and only the SYBR Green based assay could 
detect PSA target in the 1 cell sample.



3.7.2 PSMA Assay

3.7.2.1 PSMA Assay Using SYBR Green

Using PSMA primers for reactions containing cDNA derived from cell spiked 

female PB samples containing 105 down to 10 cells (figure 3.31), 100 cells were 

reliably detected whilst 10 cells were detected in one of each triplicate reaction. All 

control and minus RT reactions were negative producing no specific product. B- 

actin and GAPDH targets were successfully amplified from the source cDNA.

3.7.2.2 PSMA Assay Using Nucleotide Probe

As was observed for PSA, the use of nucleotide probes for PSMA RT-PCR 

product detection, reduced assay in vitro sensitivity, the Ct values being higher for 

each LNCaP serial dilution compared to those obtained using SYBR Green. Figure 

3.32 shows the mean Ct values recorded in replicate reactions, targeting PSMA 

mRNA from different numbers of LNCaP cells spiked into 2,5 ml of female PB 

using either SYBR Green or PSMA probe. Both probe and SYBR Green could 

detect 100 cells, however the Ct value was lower, i.e. higher sensitivity, with SYBR 

green 32.4 Vs 38.2 cycles. Only SYBR Green could detect 10 cells in a female PB 

background.
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Fig 3.31: Sensitivity for PSMA assay using SYBR Green. 100ng of total 
RNA from 2.5 ml female PB spiked with 105, 104, 103, 102, 10, 1 LNCaP was 
assessed using optimal primer concentration ratio of 900nM forward : 
900nM reverse. The reactions containing RNA from 105, 104, 103, 102 and 
10 LNCaP were positive, the amplification plots crossing the critical 
threshold (red line).
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Figure 3.32: Comparison of PSMA assay sensitivity when using either 
SYBR Green or nucleotide probes for product detection of PSMA in 100ng 
of RNA isolated from serial dilutions of LNCaP cells in a background of 
female PB. The left column in each pair illustrates the mean Ct value for 
replicate reactions using SYBR Green while the mean Ct value for reactions 
using probe is represented by the right column. The mean Ct values for the 
reactions using SYBR Green were lower than for those using probe for all 
cell spike concentrations, and only the SYBR Green based assay could 
detect PSMA target in the 10 cell sample.



3.7.3 PSCA Assay
The PSCA assay displayed a limit of detection of 100 cells in 2.5ml of female 

blood but only one in every three reactions could detect LNCaP cells at this 

concentration. In figure 3.33 the amplification plots from the reactions using cDNA 

from the 105, 104 and 103 cell spike samples cross the critical threshold. 

Background fluorescence was observed in the 10 and 1 cell reactions, the 

fluorescence levels remaining well below the Ct without a rapid exponential 

increase. Control reactions containing cDNA from normal female blood alone 

however gave positive assay results. Minus RT reactions were negative as were 

target free controls. Housekeeping genes were successfully amplified.

Repeat assays using fresh assay components and target reproduced PSCA 

detection in female PB. Interrogation of sequence databases looking for alternative 

targets with which our primers might bind and amplify failed to identify another 

target.

3.7.4 HK2 Assay

3.7.4.1 HK2 Assay Using SYBR Green

When the HK2 primers were used with cDNA from ceil spiked female peripheral 

blood samples all of the reactions containing HK2 primers crossed the Ct within a 

range of three cycles, 27 and 30 cycles, including water and minus RT control 

reactions (figure 3.34). When the HK2 PCR reaction products were dissociated the 

samples containing 0 to 100 cells proved to be entirely primer dimer with a Tm 

around 71 °C. The 103 and 104 cell spike samples contained product with a Tm 

around the expected 83.5°C but also a significant amount of primer dimer at the 

lower Tm (figure 3.35).

3.7.4.2 HK2 Assay Using Nucleotide Probe

The addition of the nucleotide probe for HK2 product detection addressed the 

problems of primer dimer detection in the SYBR Green protocol. Using HK2 

specific primers and probe to detect serial dilutions of LNCaP cells in female PB, 

102 cells per 2.5 ml of blood could be reliably detected (figure 3.36).
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Figure 3.33: Sensitivity for PSCA assay using SYBR Green. 100ng of total 
RNA from 2.5 ml female PB spiked with 105, 104, 103, 102, 10, 1 LNCaP was 
assessed using optimal primer concentration ratio of 300nM forward : 
300nM reverse. The reactions containing RNA from 105, 104 and 103 LNCaP 
were positive, the amplification plots crossing the critical threshold (red line).
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Figure 3.34: Hk2 assay using SYBR Green. Fluorescence from all the 
reactions containing HK2 primers, including water and minus RT controls, 
cross the the critical threshold.
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Figure 3.35: Dissociation curve of HK2 assay products using SYBR Green. 
The negative fluorescence peaks at 83.5°C are desired product (right), 
however for many of the reactions there is either only a primer dimer peak at 
71 °C or an additional peak (double peak trace) at this lower temperature.
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Figure 3.36: Real time RT-PCR plots showing sensitivity of HK2 assay 

using nucleotide probe. 100ng of total RNA from 2.5 ml female PB spiked 

with 105, 104,103, 102, 10 and 1 LNCaP cell was assessed using optimised 

primer, 900nM forward and 100nM reverse, and probe concentrations. The 

reactions containing RNA from 105, 104, 103 and 102 LNCaP were positive, 

the amplification plots crossing the critical threshold (red line).



3.7.5 DD3pcas Assay

The DD3PCA3 assay failed to detect 105 LNCaP cells in a 2.5ml female peripheral 

blood background. Housekeeping genes, (3-actin and GAPDH were detected in all 

samples and the negative control reactions were clear. The primers for the 

DD3PCA3 marker were able to detect DD3PCA3 gene expression in RT-PCR 

reactions containing 100ng of cDNA derived from the total RNA isolated from 106 

LNCaP cells and 100ng of cDNA derived from total RNA extracted from prostate 

needle biopsy cores from men with CaP. However when up to 105 LNCaP cells 

were diluted in a background of 106-108 female PB nucleated cells then no 

DD3pcas was detected.

3.8 DD3PCA3 Based RT-PCR Assay Sensitivity Using Plasmid

The standard LNCaP cell spike model for assay validation could not be used for 

DD3PCA3 target, as concentrations of up to 105 cells per 2.5ml of female PB were 

not detected using the DD3PGA3 assay. An alternative approach was to use a 

DD3PCA3 sequence inserted in a plasmid. This provided a DD3PCA3 DNA target, 

serial dilutions of which could be used to confirm assay function and integrity. 

Additionally, complementary DD3PCA3 RNA could be synthesised from the DNA 

sequence, which in turn could be spiked, in serial dilutions, into female PB. The in 

vitro performance of the DD3PCA3 assay could then be formally evaluated using the 

standard RT-PCR protocol.

3.8.1 Detection of Serial Dilutions of DD3PCA3 Plasmid DNA

To confirm that the DD3PCA3 assay could detect and amplify DD3PCA3 DNA target, 

serial dilutions of DD3PCA3 plasmid copies were spiked in a background of 100ng 

of cDNA derived from female PB. Figure 3.37 demonstrates the ability of the 

DD3PCA3 assay to detect serially diluted DD3PCA3 plasmid copies, from 106 to 1 

copy. 106 plasmid copies were detected with a critical threshold of 20 cycles. As 

the number of plasmid copies decreased the Ct value increased, with 1 copy being 

detected at 35 cycles. Product identity was again confirmed by product 

dissociation, Tm 79.8°C, and reaction integrity by housekeeper amplification while
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non-plasmid target sources were excluded by the standard negative control 

reactions.

3.8.2 Linearization of pMB45 IS-DD3PCA3 Plasmid Using Kpn I

Now that it had been confirmed that the DD3PCA3 assay could amplify DD3PCA3 

DNA plasmid target, the next stage was to synthesise DD3PCA3 RNA. The T3 RNA 

polymerase required linear DNA to produce an RNA transcript of the DD3PCA3 DNA 

message. This was achieved using the restriction enzyme Kpn I. Successful 

linearization of the plasmid was confirmed by gel electrophoresis, a 4800bp 

product being identified (figure 3.38).

3.8.3 Detection of Serial Dilutions of DD3PCA3 RNA Transcribed from Plasmid

Using cDNA derived from female peripheral blood spiked with serial dilutions of 

DD3PCA3 RNA copies, the DD3PCA3 assay could detect target from the samples 

containing from 107 DD3PCA3 copies at 26.5 cycles, down to 100 DD3 RNA copies 

at 38.7 cycles (figure 3.39).
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Amplification -  7Apr»Q3

Figure 3.37: DD3PCA3 PCR assay. The assay was used to detect serial 
dilutions (106 copies to 1 copy) of DD3PCA3 plasmid construct in 100ng 
female blood derived cDNA. Successful amplification of DD3PCA3 target was 
achieved for all dilutions. The Ct values for the individual reactions increased 
from 20 cycles for 106 plasmid copies to 35 cycles for 1 plasmid copy.

Figure 3.38: Confirmation of plasmid pMB45 IS-DD3PCA3 linearisation by 
Kpn I restriction enzyme digest. Digest was electrophoresed on a 0.8% 
agarose gel.

Amplification -  PP3SPIKE 5 -2-4

Figure 3.39: Real time PCR plots illustrating the ability of the DD3PCA3 
assay in detecting serial dilutions of DD3PCA3 RNA copies spiked into 2.5ml 
of female PB. Dilutions from 107 to 102 DD3PCA3 RNA copies per 2.5ml of PB 
were detected. Reaction Ct values increased from 26.5 cycles for reactions 
containing RNA 107 copies to 38.7 cycles for 102 RNA copies.



3.9 Overview of in Vitro RT-PCR Assay Sensitivities

The assay formats that would be used for the evaluation of PB and BM samples 

from patients with CaP and disease free controls displayed limits of detection of 1 

LNCaP cell: 100 nucleated PB cells for PSA, 1:105 PSMA, 1:104 PSCA and 1:104 

HK2. The DD3PCA3 assay could detect 100 target RNA molecules per ml of PB 

(Table 3.2).

Assay Target In Vitro Sensitivity 

(LNCaP : PB nucleated cells)

PSA 1:108

PSMA 1:10s

PSCA 1:104

HK2 1:104

DD3PCA3 100 RNA molecules/ml of PB

Table 3.2: In Vitro performance of the RT-PCR assays for the markers PSA, 

PSMA, PSCA, HK2 and DD3PCA3, The limits of detection for the PSA, PSMA, 

PSCA and HK2 assays were defined by the maximum number of background PB 

nucleated cells in which 1 LNCaP cell could be detected by the marker specific 

RT-PCR assay. The PSA assay was the most sensitive, detecting 1 LNCaP cell in 

a background of 106 PB nucleated cells. The in vitro sensitivity of the DD3PCA3 

assay was defined by the minimum number of DD3PCA3 RNA molecules that it 

could detect per 1ml of female PB. This cannot be directly compared to the in vitro 

sensitivities for the other 4 prostate markers.
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Chapter 4: Analysis of Patient Samples

Samples and clinical information were collected from 99 men with prostate cancer. 

99 PB samples and 84 BM samples were collected. 98 PB and 83 BM samples 

were available for RT-PCR analysis as the samples for PT88 were damaged 

during initial RNA extraction. All PB and BM samples were processed by total RNA 

extraction within 7 days of collection. Subsequently 6pg of each RNA sample was 

reverse transcribed with the remainder being stored under ethanol at -80°C.

4.1 Clinical Groupings

Clinical information for each patient was evaluated to group patients in terms of 

clinical disease status as follows:

1. Localised Disease

DRE -T 1  or T2 

Serum PSA </=10ng/ml 

Isotope bone scan -  negative 

Treatment - untreated

2. Locally Advanced Disease

DRE -  T3 or T4 

Serum PSA - any 

Isotope bone scan -  negative 

Treatment - untreated

OR

DRE T1 or T2 & serum PSA >1 Ong/ml 

Isotope bone scan -  negative 

Treatment - untreated
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3. Hormone manipulated non-metastatic with rising PSA

DRE -  T1-T4 

PSA -  rising

Isotope bone scan -  negative 

Treatment -  hormone manipulation

4. Untreated Metastatic

DRE T1-T4 

PSA -  any

Isotope bone scan -  positive 

Treatment -  untreated

5. Metastatic Hormone Escaped

DRE T1-T4 

PSA -  rising

Isotope bone scan - positive

Treatment - hormone manipulation with PSA progression

The study patient population clinical and demographic information are shown in 

table appendix 1. By applying the above criteria the population was classified as is 

shown in table 4.1, 40 patients having clinically localised disease, 33 locally 

advanced, 6 hormone escaped without metastases, 7 untreated metastases and 

12 hormone escaped metastatic CaP. Of the patients with localised disease, 24 

underwent RRP, 10 brachytherapy, 5 EBRT and 1 was managed expectantly. 

Four men from the locally advanced group were also treated surgically with RRP.
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Clinical Group Number of Pts PB Sample Paired PB & BM

Localised 41 40 38

Locally Advanced 33 33 25

MO Hormone 
Escaped 6 6 6

M1 Untreated 12 12 9

M1 Hormone 
Escaped 7 7 5

Totals 102 101 86

Table 4.1: Study patient population groupings and samples available for RT-PCR 

analysis. The total study population of 99 patients were assigned to one of 6 

clinically defined disease status groups. 98 of the 99 sets of samples were suitable 

for RT-PCR analysis, 83 included paired PB and BM samples. 41 men had 

clinically localised disease, 33 locally advanced CaP and 19 patients bone scan 

proven bone metastases.
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4.2 RT-PCR Analysis of Clinical Samples

Eighty three paired PB and BM samples and 15 solitary PB samples from the 

previously described population were analysed for the 5 markers of interest using 

quantitative RT-PCR assays as described in section 2.4.2. Seventeen PB and 28 

BM samples from CaP free controls were similarly evaluated.

4.2.1 Overview of Raw Data

All of the obtained RT-PCR data is detailed in appendix 2. Appendix 2.1 shows the 

qualitative RT-PCR results for all patient and control samples, while appendix 2.2 

displays all of the Ct values for each replicate reaction for each marker for all 

clinical samples. For all samples analysed by RT-PCR there was successful 

coamplification of the housekeeper genes GAPDH and (3-actin, confirming cDNA 

integrity. Minus RT controls were clean, excluding genomic DNA contamination, 

and negative water (cDNA free) controls ensured that reaction components were 

contaminant free.

When considering purely qualitative outcomes for all 98 patients, 75 (76%) were 

RT-PCR positive for at least one marker in the PB sample. Of the 83 BM samples, 

76 (92%) were positive for at least one marker. When PB and BM were considered 

in combination for these 83 men, 80 (96%) had one marker assay positive. Of 

those 80, 58 were marker positive in both PB and BM, 18 were positive in BM but 

not PB and 4 had target detected in PB only. Table 4.2 illustrates the proportion of 

samples that were positive for at least one marker in each of the clinical groups. 

The vast majority, between 70% and 100%, of samples were marker positive and 

the trend was towards increasing rates of positivity when BM samples were 

evaluated.

Twenty eight BM aspirates (24 male, 4 female) and 17 PB samples (10 male, 7 

female) from CaP free control patients were analysed. Twenty seven (96%) of the 

BM samples and 14 (82%) of the PB samples were RT-PCR positive for at least 

one marker.
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Positive RT-PCR Reactions

Clinical Group PB BM Paired Samples

Number of samples 101 86 86

Localised 78% 90% 97%

Locally advanced 70% 96% 96%

Hormone Escaped & 

Bone Scan Neg
83% 100% 100%

Untreated Metastases 75% 78% 89%

Hormone escaped & 

Metastases
100% 100% 100%

Total Patients 75% 92% 97%

CONTROLS 82% 96% N/A

Table 4.2: Patient & control PB and BM samples RT-PCR positive for any marker. 

The patient population has been divided by clinical criteria. High degrees of 

sample RT-PCR positivity is demonstrated throughout the groups for both PB and 

BM although the proportions are slightly higher in the BM groups.
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4.2.2 Evaluation of Individual Markers in Peripheral Blood

Purely qualitative RT-PCR data for five markers used concurrently showed high 

levels of marker detection in PB and BM samples from both men with prostate 

cancer and disease free controls. Table 4.3 shows the percentage of PB samples 

in each clinical group and controls that were RT-PCR positive for each marker. 

The expression/detection of individual markers in the study population allowed 

further evaluation of the methodology. Data and analysis for each marker is 

described individually below.

Clinical Group PSA PSMA PSCA DD3PCA3 HK2

Localised 25% 43% 73% 5% 13%

Locally advanced 39% 30% 61% 0 6%

Hormone escaped & 

BS negative
50% 83% 50% 0 17%

Untreated

metastases
42% 50% 67% 0 8%

Hormone escaped & 

metastases
100% 57% 29% 29% 86%

Controls 12% 47% 71% 0 18%

Table 4.3: Percentage of PB samples RT-PCR assay positive for each of the five 

markers of interest in each clinical group.
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4.2.2.1 Evaluation of PSA Assay in Peripheral Blood

The percentage of PB samples from each clinical and control group which were 

RT-PCR assay positive for PSA were evaluated prior to incorporating the 

quantitative data. 25% of men with localised disease, 39% with locally advanced, 

50% with hormone escaped non-metastatic, 42% with untreated metastases and 

all patients with hormone escaped metastatic cancer were PSA RT-PCR positive 

(Table 4.4).

Each patient sample was evaluated for PSA expression using six replicate RT- 

PCR reactions, each of which gave a quantitative Ct cycle value. To allow 

comparison of relative levels of marker expression in each sample, each individual 

reaction result was expressed as (40-Ct). The higher this value, the higher the 

levels of marker specific mRNA in the initial sample. These quantitative values 

were additionally standardised to account for variations in the amounts of input 

cDNA by correcting to the combined mean expression levels of the 2 house 

keeper genes, p-actin and GAPDH. Figure 4.1 shows the corrected (40-Ct) values 

for each of the six replicate reactions for each individual patient or control. Clinical 

groups are shown in separate graphs.

133



Clinical Group % PSA RT-PCR +ve

Localised 25

Locally Advanced 39

Mo Hormone Escaped 50

M1 Untreated 42

M1 Hormone Escaped 100

Controls 12

Table 4.4: PSA RT-PCR in PB. The percentage of individuals whose PB sample 

was PSA RT-PCR positive in any of 6 replicate reactions is shown for each clinical 

and the control group. Any reaction in which fluorescence was detected above the 

critical threshold was considered to be a positive assay result.
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In the control group only 2 individuals (12%) were PSA RT-PCR positive, one 

having only one positive reaction while the second had 3 positive assays. The 

relative expression values, (40-Ct), for all the positive reactions were less than 6. 

The localised disease samples showed higher total numbers of patients with 

positive results (25%). There was a larger range of 40-Ct values, 0 to 13.3 cycles, 

compared to the controls and 8 of the 10 positive samples had more than 1 

positive reaction. For those with locally advanced disease the overall proportion of 

patients with positive results was higher than the localised group, 39%. Seven of 

the 13 PSA positive samples were only positive in a single replicate, while 5 

samples had 3 or more positive replicates. Of the 6 patients with hormone 

escaped non-metastatic CaP, 3 were PSA RT-PCR positive (50%). One sample 

was only positive for a single replicate while the other two had 5 and 6 replicates 

positive respectively. Samples from men with hormone escaped metastatic 

disease were all assay positive in at least 2 of the replicates, 3 samples having 4, 

1 sample 5 and 2 samples 6 positive replicates. Expression in this group was 

generally more wide spread and uniform although none of the individual reactions 

reached the high (40-Ct) values seen in a small number of individual patients in 

the less clinically advanced groups.

The raw quantitative data described above provides information on the relative 

amounts of marker target present in each PB sample. The 6 number format 

expressed for each sample is however difficult to interpret and utilise. Thus further 

analysis was used to produce a single quantitative value for each PSA RT-PCR 

positive sample, which accounted for both the number of positive replicates and 

the relative expression, (40-Ct) value, in each of these positive assays. As is
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discussed in section 6.4.1 replicate assay reactions were required to ensure 

representative sampling and thus evaluation of the clinical samples, which were 

very dilute solutions with small numbers of target molecules in a vast background 

of non-target RNA. Therefore the sum of all the individual positive replicate (40-Ct) 

values for each sample was taken and used to express overall relative PSA mRNA 

expression. This methodology of summing the Ct values was applied for all other 

marker analysis.

Figure 4.2a shows the E(40-Ct) values for all the PSA RT-PCR positive patients 

and controls. Samples which were assay negative have been excluded. Data are 

displayed in clinical groups, by colour coding, to show the relative marker 

expression within and between groups.

The quantitative RT-PCR values were then used to optimise the assay for the 

clinical setting by maximising clinical specificity while maintaining maximal clinical 

sensitivity. Using E(40-Ct) values, 12% of the control PB samples were PSA RT- 

PCR positive with E(40-Ct) values of 6 cycles and 10 cycles. Control positivity in 

RT-PCR methodology may reflect background illegitimate transcription which 

should also be corrected for in the patient population. In figure 4.2a it can be seen 

that a number of patient samples have E(40-Ct) values of </-6 cycles (7 patients), 

or </=10 cycles (13 patients). In figure 4.2b E(40-Ct) thresholds of 6 and 10 cycles 

have been set to exclude false positive assay results. The 6 cycle threshold 

reduced control group positives to 6% while maintaining 100% positivity in patients 

with hormone escaped metastatic disease. Five patients in the locally advanced 

group were below this threshold and 1 of the localised patients.
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When a threshold of 10 cycles was used then all control PB samples were PSA 

RT-PCR negative and the percentage of positive samples in the localised and 

locally advanced groups fell from 25% to 20% and 39% to 18% respectively. 

However the clinical sensitivity also decreased with 2 patients with clinically 

proven metastases falling below this threshold (Table 4.5 and Figure 4.2 b & c). 

The threshold value of 6 was therefore used for further data analysis.

With the E(40-Ct) threshold set at 6 cycles, the relative mRNA PSA expression for 

the patient and control population are shown in figures 4.3a and 4.3b and table 

4.6. The scatter plot figure 4.3b shows a general trend of increasing PSA mRNA 

expression from left, controls, to right, hormone escaped metastatic CaP and this 

correlation between PSA mRNA expression, £(40-Ct), and advancing clinical 

disease stage was significant (Spearman rho p=<0.0001). Mean relative PSA 

mRNA expression increased from 0.25 cycles in the control group to 2.6 cycles in 

patients with localised disease and 4.2 cycles in the locally advanced group 

although these differences did not reach statistical significance. Expression was 

highest at 32.5 cycles in men with metastatic hormone escaped cancer, while 

mean levels of 19,9 cycles and 5.5 cycles were seen in PB from men with non­

metastatic hormone escaped CaP and untreated metastases respectively (figure 

4.3c). The Kruskal-Wallis test confirmed significant differences between groups 

within the study population (p=<0.0001). PSA mRNA expression was significantly 

higher in patients with metastatic hormone escaped CaP than in controls (Mann- 

Whitney p=<0.0001) and all other patient groups other than those with non­

metastatic hormone escaped disease. The observed differences between controls
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and those patients with untreated metastases (Mann-Whitney p=0.02) and non­

metastatic hormone escaped CaP (Mann-Whitney p=0.015) came close to 

significance. No other significant differences between clinical groups or controls 

were demonstrated (full data shown in appendix 3).

Within the group of 28 patients who underwent RRP, the PB PSA RT-PCR assay 

alone could not identify those individuals who would have positive surgical 

margins, a pathological Gleason score of 7 or higher or would experience early 

biochemical treatment failure.
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Figure 4.2: PSA RT-PCR evaluation of PB samples from the study population. A) Bar chart 
displaying the relative quantitative expression of PSA mRNA in PB samples that were PSA 
RT-PCR positive standardised to the expression of the housekeeping genes GAPDH and U- 
actin. Marker negative samples have been excluded. Samples are displayed in clinical 
groups from controls on the left progressing to hormone escaped metastatic disease on the 
right. B) I(40 -C t) threshold of 6 & 10 cycles (red and yellow lines respectively have been 
applied to the RT-PCR results. At 6 cycles the clinical specificity is improved without any 
significant impact on clinical sensitivity. C) Bar chart showing the impact of the applied 
thresholds on the percentage of PB samples from patients in each group that were PSA RT- 
PCR positive.
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Clinical Group

% PSA RT-PCR 

+ve 

No Threshold

% PSA RT-PCR 

+ve 

Threshold = 6

% PSA RT-PCR 

+ve

Threshold = 10

Localised 25 23 20

Locally Advanced 39 24 18

Mo Hormone 

Escaped
50 50 33

M1 Untreated 42 42 33

M1 Hormone 

Escaped
100 100 86

Controls 12 6 0

Table 4.5; Percentage of PB samples PSA RT-PCR positive using different 

expression level thresholds. Thresholds of 6 and 10 cycles were applied to the 

sum of (40-Ct) values for each of the 6 replicate PSA RT-PCR reactions for each 

PB sample. Increasing threshold values improved clinical specificity by reducing 

positive control reactions to 6% and 12% respectively, while clinical sensitivity was 

reduced as fewer patients with clinically proven metastases were assay positive.
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% PSA RT- 

PCR +ve

Mean

E(40-Ct)

Median

E(40-Ct)

Range

£(40-Ct)

Localised 23 2.6 0 0 - 33.6

Locally advanced 24 4.2 0 0 -5 3 .3

Non-metastatic 

hormone escaped
50 19.9 2.0 0 -8 9 .6

Untreated

metastases
42 5.5 0 0 -2 1 .5

Metastatic 

hormone escaped
100 32.5 28.7 2 .5 -59 .4

Controls 6 0.25 0 0 1 Ca>

Table 4.6: PB PSA RT-PCR assay with a threshold of 6 cycles applied. 

Percentages of positive samples, mean, median and range of PSA expression 

expressed as E(40-Ct) are shown for controls and each clinical group.
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4.2.2.2 Evaluation of HK2 RT-PCR Assay in Peripheral Blood

The HK2 assay was positive in 18% of PB controls and in 14% of the entire patient 

population. With the patient samples classified by clinical stage 12% of localised 

disease, 3% of locally advanced and 17% of non-metastatic hormone escaped 

cancer were HK2 RT-PCR positive. For all metastatic disease, 37% of samples 

were positive, and this rose to 86% in those with hormone escaped metastases. 

The relative HK2 mRNA expression detected in each PB sample for all patient and 

control samples is shown in figure 4.4a.

As with the PSA data, to take into account positive assay results in PB samples 

from control patients, £(40-Ct) thresholds were applied to the data. Cut off levels of 

3.1 and 6 cycles were chosen as these excluded 67% and 100% of the positive 

control samples respectively. Figure 4.4b shows £(40-Ct) values plotted for all PB 

samples that were HK2 RT-PCR positive. The above thresholds have been plotted 

on the complete data series, the red line being set at 3.1 cycles and the yellow line 

at 6 cycles.

Applying the thresholds to the data improved clinical specificity as described 

above. A cut off of 3.1 cycles reduced the percentage of positive samples in the 

localised group from 12% to 10%, and the higher threshold reduced this further to 

5%. The lower threshold had no impact on the locally advanced group however a 

cut off of 6 cycles excluded all patients. Neither threshold changed the marker 

positive rates in non-metastatic hormone escaped disease or untreated metastatic 

CaP. One patient with hormone escaped metastases was below both thresholds 

therefore reducing the percentage of samples positive from 86% to 71% (table 4.7 

& figure 4.4c).

The 3.1 cycle threshold was used for further data analysis as it provided 

satisfactory specificity while maintaining maximal marker detection in patient 

samples. The £(40-Ct) values corrected to this threshold are plotted for every 

positive PB sample in figure 4.5a and mean and range of expression for each 

group are displayed in table 4.8. Mean HK2 expression for controls was 0.1
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cycles. Patients with hormone escaped metastatic disease were well represented 

in this HK2 positive group and their mean HK2 expression was 7.8 cycles. Mean 

HK2 expression was higher than controls in all clinical groups with the exception of 

the locally advanced group (figure 4.5b). The scatter plot figure 4.6c displays 

individual HK2 RT-PCR result for each patient in each group. Overall there was a 

positive correlation between increasing clinical disease stage and increasing HK2 

expression (Spearman rho p=0.02).

Statistical comparison of the clinical and control groups using the Kruskal-Wallis 

test confirmed a significant difference in relative HK2 expression in PB samples 

within the entire population (p=<0.0001). Comparison of individual groups however 

demonstrated that only the hormone escaped metastatic disease patients had 

significantly higher HK2 expression than controls and other patient groups (all data 

shown in appendix 3).

Of the men treated with RRP, only four showed PB HK2 mRNA expression and 

there was no significant association with margin positivity, higher gleason score or 

early biochemical failure. Interestingly, the patient with the highest HK2 PB 

expression had positive surgical margins, a pathological Gleason score of 8 and a 

rising PSA post surgery.
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Figure 4.4: HK2 RT-PCR evaluation of PB samples from the study population. A) Bar 
charts showing relative quantitative expression of HK2 mRNA in all clinical samples 
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clinical group is displayed in a separate bar chart. B) Bar chart displaying relative 
expression of HK2 mRNA in all assay positive samples in clinical and control groups. 1(40- 
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been applied to the data. These would exclude 67% and 100% of HK2 positive control 
samples respectively. C) Bar chart illustrating the impact of these two threshold levels on 
the percentage of PB samples from control and patient groups that are HK2 assay positive.



Clinical Group

% HK2 RT-PCR 

+ve 

No Threshold

% HK2 RT-PCR 

+ve

Threshold = 3.1

% HK2 RT-PCR 

+ve 

Threshold = 6

Localised 12% 10% 5%

Locally advanced 3% 3% 0

Hormone escaped & 

bone scan negative
17% 17% 17%

Untreated

metastases
8% 8% 8%

Metastases & 

hormone escaped
86% 71% 71%

Controls 18% 6 0

Table 4.7: Percentage of patient and control PB samples HK2 RT-PCR positive. 

The percentage of PB samples from each group which were HK2 positive before 

and after applying thresholds of 3.1 cycles and 6 cycles which excluded two thirds 

and all positive control samples respectively.
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positive, standardised to the expression of the housekeeping genes GAPDH and (i-actin. 
Patients are displayed in clinical groups and all negative/sub-threshold samples have been 
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% HK2 RT-PCR 

+ve

Mean HK2 mRNA 

expression 

(cycles)

Range of HK2 

mRNA 

expression 

(cycles)

Localised 10 0.6 0 -1 4 .1

Locally advanced 3 0.01

oio

Non-metastatic 

hormone escaped
17 0.8

COIo

Untreated

metastases
8 0.3

COCO1o

Metastatic 

hormone escaped
71 7.8 0 -  23.6

Controls 6 0.1 0 -2 .1

Table 4.8: PB HK2 RT-PCR assay -  percentage of samples HK2 positive, range 

and mean HK2 mRNA expression for control and patient groups with a Ct 

threshold of 3.1 cycles applied.

149



4.2.2.3 Evaluation of PSMA Assay in Peripheral Blood

Peripheral blood analysis showed 42% of patient and 47% of control samples 

were PSMA RT-PCR +ve. The Z(40-Ct) values for all PB samples are displayed in 

figure 4.6a. There were 8 out of 17 control PB samples that were PSMA positive 

with a range of S(40-Ct) values between 3.7 and 36 cycles. Five of these were less 

than 8 cycles, 6 less than 9 cycles and only one sample was above a level of 14 

cycles (figure 4.6b). Therefore these threshold levels were applied to the data to 

determine the optimal threshold value for specificity and sensitivity.

The effect of the thresholds on the percentage of PSMA positive samples from 

patients in each clinical group is shown in figure 4.6c. Of the localised disease 

samples, 43% were initially PSMA RT-PCR positive. This was reduced to 20% 

when <8 or <9 cycles were excluded and 13% at <14 cycles. For the locally 

advanced CaP group the reductions were from 30% of samples being PSMA 

positive to 15%, 12% and 9% with the thresholds applied. Sixty seven percent of 

the non-metastatic hormone escaped group were PSMA positive which remained 

unchanged with a threshold of 8 cycles, while this was reduced to 50% when 

those samples with a E(40-Ct) value of <9 or <14 cycles were excluded. Of the 19 

patients with metastatic disease were PSMA RT-PCR positive. The levels of 

expression in these samples were generally low with only 3 samples having Z(40- 

Ct) levels above 9 cycles and only a single sample above 14 (figure 4.6b). 

Therefore for those with untreated metastases although 50% were PSMA RT-PCR 

positive initially, this was reduced to 17% with thresholds of 8 and 9 cycles, and no 

samples had relative expression of PSMA above 14 cycles. The percentage of PB 

samples that were RT-PCR positive from men with hormone escaped metastatic 

disease was reduced from 58% to 28% at 8 cycles and 14 % with both 9 and 14 

cycle thresholds.

A £(40-Ct) threshold of 9 cycles was utilised for subsequent data analysis which 

gave 12% positivity in control samples while maintaining a significant marker 

positive patient population, 20% localised, 12% locally advanced, 50% non­

metastatic hormone escaped, 17% untreated metastases and 14% hormone
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escaped metastases. Table 4.9 gives an overview of expression in the study 

population. Figures 4.7a&b show the relative levels of PSMA expression, 2(40-Ct), 

for all PB samples that were positive for this marker with a 9 cycle threshold 

applied. Although the only PSMA positive sample from a patient with hormone 

escaped metastatic CaP had the highest relative PSMA expression, at 58.3, the 

low levels of expression in the other PSMA positive samples from those with 

metastases and the low detection rates in these patients with advanced disease is 

striking. In patients with non-metastatic CaP, 8 samples show moderate to high 

relative PSMA expression. One of the two positive control samples had an 

unusually high £(40-Ct) value of 27 cycles, thus mean PSMA expression in the 

controls was 1.9 cycles, higher than that in the locally advanced and untreated 

metastases groups. The other patient groups had higher mean PSMA expression: 

localised 2.4 cycles, non-metastatic hormone escaped 11.2 cycles and metastatic 

hormone escaped 8.3 cycles (figure 4.7c).

Overall there was no clear pattern to PSMA expression and no significant 

correlation between marker expression and advancing clinical disease stage was 

identified. The observed differences in PSMA mRNA expression between PB 

samples from controls and patient groups and between patient groups were not 

statistically significant (full data appendix 3).
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Figure 4.6: PSMA RT-PCR evaluation of PB samples from the study population. A) Bar 
charts showing relative quantitative expression of PSMA mRNA in all clinical samples 
standardised to the expression of the housekeeping genes GAPDH and IJ-actin. Each 
clinical group is displayed in a separate bar chart. B) Bar chart showing I(40 -C t) for all PB 
samples that were PSMA RT-PCR positive. Threshold levels are shown at 8 (red line), 9 
(yellow line) and 14 (green line) cycles. Samples are displayed in their respective clinical 
groups. C) Bar chart showing the impact of these I(40 -C t) threshold levels on the 
percentage of PB samples that were PSMA RT-PCR positive in the control and clinical 
groups. The 14 cycle threshold reduced false positives in the control group to 6% however 
only 12 samples from the entire CaP patient population showed PSMA mRNA expression 
above this level. The 9 cycle threshold allowed acceptable specificity (13% positive controls) 
combined with significant numbers of assay positive samples from the study cohort.
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% PSMA RT-PCR 

+ve

Mean PSMA 

mRNA expression 

(cycles)

Range of PSMA 

mRNA expression 

(cycles)

Localised 20 2.4 0 -2 4 .5

Locally advanced 12 1.7 0 -3 0 .9

Non-metastatic 

hormone escaped
50 11.2 0 -4 9 .8

Untreated

metastases
17 0.3 0 - 2 . 0

Metastatic 

hormone escaped
14 8.3 0 -  58.0

Controls 13 1.9 0 -2 7 .0

Table 4.9: PB PSMA RT-PCR assay -  showing the proportions of PSMA positive 

samples, mean PSMA and ranges of PSMA expression in each group with a Ct 

threshold of 9 cycles applied.
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4.2.2.4 Evaluation of PSCA RT-PCR Assay in Peripheral Blood

Peripheral blood analysis showed that 62% of patient samples were PSCA RT- 

PCR positive however PSCA target was also detectable in 71% of disease free 

controls. Seventy three percent of patients with localised disease, 61% with locally 

advanced disease, 50% with non-metastatic hormone escaped cancer, 67% with 

untreated metastases and 29% with hormone escaped metastatic CaP were 

PSCA RT-PCR positive. Figures 4.8a and 4.9a&b display the distribution of 

relative PSCA expression throughout the study population. Not only were a high 

proportion of control samples positive for PSCA target but the amounts of mRNA 

present were generally comparable to the CaP groups (figure 4.9c). When 2(40- 

Ct) thresholds were applied to the data to exclude background control marker 

expression there remained little difference between the control and disease groups 

even at threshold limits as high as 25 cycles (figure 4.8b). Figure 4.8c shows the 

effect of expression thresholds of 15, 20 and 25 cycles on the percentages of 

samples PSCA RT-PCR positive in the control and patient groups. Only patients 

with non-metastatic hormone escaped CaP had a higher proportion of samples 

PSCA RT-PCR positive than the controls when using all of the thresholds, 

however this accounted for a very small number of patients and there was no 

significant difference in the relative expression levels in the positive controls and 

individual patients (figure 4.9c).

As PSCA expression was found to be as significant in PB samples from disease 

free controls as from men with CaP, PSCA was not used for further data analysis 

(table 4.10).
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Figure 4.8: PSCA RT-PCR evaluation of PB samples from the study population. A) Bar 
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% PSCA RT-PCR 

+ve

Mean PSCA 

mRNA expression 

(cycles)

Range of PSCA 

mRNA expression 

(cycles)

Localised 73 11.1 0 -3 2 .9

Locally advanced 61 8.4 0 -3 2 .3

Non-metastatic 

hormone escaped
50 16.4 0 -3 1 .4

Untreated

metastases
67 8.5 0 -2 2 .4

Metastatic 

hormone escaped
29 2.4 0 -1 0 .0

Controls 71 13.7 0 -3 0 .8

Table 4.10: PB PSCA RT-PCR assay -  showing the proportions of PSMA positive 

samples, mean PSCA and ranges of PSCA expression in each group.
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4.2.2.5 Evaluation of DD3PCA3 RT-PCR Assay in Peripheral Blood

No DD3PCA3 mRNA was detected in the PB from any of the control patients. This 

allowed a zero threshold to be applied as the clinical specificity was 100%. Four 

patient samples were DD3PCA3 RT-PCR positive, 2 with localised disease and 2 

with hormone escaped metastatic disease which equate to 5% and 29% positivity 

for the respective clinical groups. The relative quantitative DD3PCA3 expression 

measures were 9.3 and 8.2 cycles for the patients with localised disease and 6.8 

and 92.7 for those with hormone escaped metastases. Due to the small numbers, 

no clear correlation between DD3PCA3 expression and disease status could be 

demonstrated. Stastisticaily there were significant differences between groups 

within the population, Kruskal-Wallis p=0.008, however paired tests directly 

comparing groups failed to reach significance (appendix 3).

The clinical details of the four PB DD3PCA3 RT-PCR positive patients are shown in 

table 4.11. Those with clinically localised disease both had T2 Gleason 3+4=7 

CaP with serum PSA levels of 7ng/ml at the time of sampling. PT18 with DD3PCA3 

expression of 9.3 was treated with RRP. Pathologically the lateral resection 

margins were positive and he later relapsed biochemically. The other patient was 

treated with EBRT and had a low and stable serum PSA at follow up. The two 

patients with hormone escaped metastatic disease with detectable PB DD3PCA3 

target both deteriorated rapidly with rising serum PSA levels. Both died within 4 

months of sampling.
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Patient ID
Clinical

Group
Age

Serum

PSA

Biopsy

Gleason

Score

Clinical

stage

DD3

relative

expression

PT18 Localised 62 7 3+4=7 T2Mo 9.3

PT22 Localised 72 7 3+4=7 T2MO 8.2

PT21

Metastatic

hormone

escaped

72 656 4+3=7 TxM1 92.7

PT43

Metastatic

hormone

escaped

66 117 3+3=6 TxM1 6.8

Table 4.11: Clinical data for patients with DD3PCA3 RT-PCR positive PB samples. 

Only 4 men from the patient cohort were DD3PCA3 RT-PCR positive. Two of these 

patients had clinically localised, T2, Gleason score 3+4=7 disease with serum PSA 

levels of 7 ng/ml. The remaining 2 patients had hormone escaped metastatic CaP 

with serum PSA levels of over 100ng/ml.
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4.2.3 Evaluation of Individual Markers in Bone Marrow

The raw RT-PCR results for BM for each marker are summarised in table 4.12. 

The PSA assay showed a combination of good clinical specificity and sensitivity. 

For HK2 and DD3PCA3, all BM control samples were negative. Using HK2 60% of 

patients with hormone escaped metastatic disease were RT-PCR positive, while 

the DD3pcas assay detected target in only 2 of the patients with clinically identified 

metastases. The performance of each individual marker is detailed below.

Clinical Group PSA PSMA PSCA DD3PCA3 HK2

Localised 32% 82% 76% 3% 11%

Locally advanced 32% 84% 84% 4% 16%

Hormone escaped & 

BS negative
67% 100% 83% 0 33%

Untreated

Metastases
33% 78% 67% 22% 44%

Hormone escaped & 

metastases
80% 80% 80% 0 60%

Controls 14% 86% 93% 0 0

Table 4.12: Percentage of BM samples RT-PCR positive for each of the five 

prostate markers PSA, PSMA, PSCA, DD3PCA3 and HK2.
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4.2.3.1 Evaluation of PSA RT-PCR Assay in Bone Marrow

PSA RT-PCR was positive in 14% of control BM samples, 32% of localised and 

locally advanced CaP patients and 67% of those with non-metastatic hormone 

escaped cancer. Of those with proven metastases 33% of the untreated group and 

80% of those who were hormone escaped were positive (figure 4.10a & table 

4.13).

The quantitative RT-PCR results were again used to optimise clinical assay 

performance. £(40-Ct) thresholds of 6 and 9 cycles were applied to all positive 

assay results (figure 4.10b). A 6 cycle threshold reduced percentage positivity in 

the control group from 14% to 7% with a further reduction to 4% when the 

threshold was increased to 9 cycles. Both threshold values reduced the 

percentage of samples positive in the localised group from 32% to 13%, while in 

those with locally advanced disease the 6 and 9 cycle thresholds saw reductions 

in percentages of positive samples from 32% to 20% and 12% respectively. £(40- 

Ct) values for all samples in the other clinical groups were above both threshold 

levels (figure 4.10c & table 4.13). Therefore a threshold level of 9 cycles was used 

for final data analysis.

With the threshold of 9 cycles applied, £(40-Ct) values for all PSA RT-PCR 

positive samples are displayed in figure 4.11a. Generally the £(40-Ct) values are 

higher in the patients with metastatic disease with 70% of samples reaching over 

80 cycles. In those with non-metastatic cancer two thirds of positive samples have 

£(40-Ct) values below 20 cycles while the remaining 4 patients show relative 

expression levels between 35 and 45 cycles.

In comparing PSA RT-PCR levels between groups the scatter plot, figure 4.11b, 

demonstrates both intra and inter group variability in detectable PSA expression 

and there is a significant positive correlation between PSA RT-PCR and increasing 

clinical stage, Spearman rho p=<0.0001. Mean PSA £(40-Ct) was 0.53 cycles for 

controls, localised 2.7, locally advanced 2.0, non-metastatic hormone escaped 

12.4, untreated metastases 28.4 and metastatic escaped 43.9 (table 4.14 & figure
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4.11c). Significant differences were demonstrated in PSA RT-PCR results 

between the control groups and patients with more advanced CaP, non-metastatic 

hormone escaped (Mann-Whitney p=0.0001), untreated metastases (Mann- 

Whitney p=0.01) and metastatic hormone escaped (Mann-Whitney p=<0.0Q01). 

The observed differences between other clinical groups and controls were not 

significant. Expression in the patients with hormone escaped or metastatic CaP 

was higher than in the groups with clinically localised or locally advanced disease 

although this only reached significance for the non-metastatic (Mann-Whitney 

p=0.003 & p=0.003) and metastatic (Mann-Whitney p=0.0003 & p=0.001) hormone 

escaped groups (data shown appendix 3).

Clinical Group
PSA RT-PCR +ve 

No threshold applied
% PSA RT-PCR +ve 

Threshold = 6

% PSA RT-PCR +ve 

Threshold = 9

Localised 32% 13% 13%

Locally advanced 32% 20% 12%

Hormone escaped & 

bone scan negative
67% 67% 67%

Untreated metastases 33% 33% 33%

Metastases & hormone 
escaped

80% 80% 80%

Controls 14% 7% 4%

Table 4.13: PSA RT-PCR evaluation of BM samples from the study population. 

Impact of E(40-Ct) threshold levels of 6 and 9 cycles on the percentage of control 

and patient BM samples that were PSA RT-PCR positive.
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Figure 4.10: PSA RT-PCR evaluation of BM samples from the study population. A) Bar 
charts showing relative quantitative expression of PSA mRNA in all clinical samples 
standardised to the expression of the housekeeping genes GAPDH and (J-actin. Each 
clinical group is displayed in a separate bar chart. B) Bar chart displaying relative 
expression of PSA mRNA in all assay positive BM samples in clinical and control groups. 
I(40 -C t) thresholds of 6 cycles (yellow line) and 9 cycles (red line) are shown but have not 
been applied to the data. C) Bar chart illustrating the impact of threshold levels on the 
percentage of BM samples from control and patient groups that are PSA assay positive.
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Figure 4.11: BM PSA RT-PCR assay with a I(40-Ct) threshold of 9 cycles applied. A) Bar 
chart showing relative PSA mRNA expression in all BM samples that were PSA assay 
positive, standardised to the expression of the housekeeping genes GAPDH and li-actin. 
Patients are displayed in clinical groups and all negative/sub-threshold samples have been 
excluded. B) Scatter plot displaying the distribution of relative PSA mRNA expression within 
the study population. C) Bar chart displaying mean relative PSA mRNA expression in 
control and clinical groups.



% PSA RT-PCR 

+ve

Mean PSA mRNA 

expression 

(cycles)

Range of PSA 

mRNA expression 

(cycles)

Localised 13 2.7 0 -4 5 .7

Locally advanced 12 2.0 0 -3 5 .8

Non-metastatic 

hormone escaped
67 12.4 0 -  35.6

Untreated

metastases
33 28.4 0 -8 7 .7

Metastatic 

hormone escaped
80 43.9 0 -107 .7

Controls 4 0.5 0 -1 5 .0

Table 4.14: BM PSA RT-PCR assay -  showing the proportions of PSA positive 

samples, mean PSA and ranges of PSA expression in each group with a Ct 

threshold of 9 cycles applied.
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4.2.3.2 Evaluation of HK2 RT-PCR in Bone Marrow

When HK2 mRNA was targeted in BM samples all control samples were marker 

free. Fourteen (16%) patients had detectable HK2 mRNA in their BM aspirates. 

These represented 8% of patients with localised disease, 16% with locally 

advanced disease, 44% with untreated metastases and 60% of hormone escaped 

metastases (figures 4.12a&b). The mean relative expression of HK2 for these 

groups was 0.6, 0.9, 24.7 and 33.5 respectively (table 4.15 & figure 4.13c). When 

HK2 RT-PCR positive, the relative HK2 mRNA expression was generally higher in 

men with metastatic cancer than other clinical stages (figures 4.13a&b). None of 

the BM samples from men with non-metastatic hormone escaped CaP were HK2 

RT-PCR positive in BM. Overall, there was a significant positive correlation 

between HK2 expression and increasing clinical stage as is displayed in the 

scatter plot figure 4.13b (spearmans rho p=<0.0001).

In comparing HK2 expression between clinical groups within the population, 

significant differences were apparent (kruskall-wallis p=<0.0001). Specifically, HK2 

expression was significantly higher in those patients with untreated metastatic 

(mann-whitney p=0.0002) and hormone escaped metastatic (mann-whitney 

p=<0.0001) disease than in controls. When BM HK2 expression was compared 

between patients with localised disease and more advanced CaP, marker levels 

were significantly higher in those with both untreated (mann-whitney p=0.001) and 

hormone escaped (mann-whitney p=0.0002) metastases (all data shown appendix 

3).
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Figure 4.12: HK2 RT-PCR evaluation of BM samples from the study population. A) Bar 
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group is displayed in a separate bar chart. B) Bar chart showing the percentage of BM 
samples that were HK2 RT-PCR positive in the control and clinical groups.
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Figure 4.13: BM HK2 RT-PCR assay. A) Bar chart showing relative HK2 mRNA expression 

in all PB samples that were HK2 assay positive, standardised to the expression of the 

housekeeping genes GAPDH and IJ-actin. Patients are displayed in clinical groups and all 

negative/sub-threshold samples have been excluded. B) Scatter plot displaying the 

distribution of relative HK2 mRNA expression within the study population. C) Bar chart 

displaying mean relative HK2 mRNA expression in control and clinical groups.



% HK2 RT-PCR 

+ve

Mean HK2 mRNA 

expression 

(cycles)

Range of HK2 

mRNA expression 

(cycles)

Localised 8 0.6 0 -1 9 .9

Locally advanced 16 0.9 0 -1 5 .7

Non-metastatic 

hormone escaped
0 0 0

Untreated

metastases
44 24.7 0 -7 1 .2

Metastatic 

hormone escaped
60 33.5 0 -  88.6

Controls 0 0 0

Table 4.15: BM HK2 RT-PCR assay -  showing the proportions of HK2 positive 

samples, mean HK2 and ranges of HK2 expression in each group, no Ct threshold 

applied.
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4.2.3.3 Evaluation of PSMA RT-PCR Assay in Bone Marrow

PSMA mRNA expression was detected in 85% of patient BM samples and 86% of 

controls. Between 78% and 100% of each clinical patient group were PSMA RT- 

PCR positive (Figure 4.14a & table 4.12). Relative PSMA expression in the control 

samples ranged between 5.3 and 71.2 cycles however 67% and 88% of the 

positive controls showed expression levels below 25 and 30 cycles respectively. A 

25 cycle threshold reduced the percentage of positive controls to 29% while the 

percentages of each patient group with PSMA expression above this threshold 

were 13% localised, 32% locally advanced, 67% non-metastatic hormone 

escaped, 56% untreated metastases and 40% hormone escaped metastases 

(figure 4.14b). The mean PSMA expression for these marker positive control BM 

samples was 3.6 cycles. For the patient groups with non-metastatic CaP, it was 

1.0 cycle for localised cancer, 5.5 cycles for locally advanced and 12.1 cycles in 

hormone escaped disease. Relative PSMA expression was higher still in samples 

from men with metastases being 23.4 cycles for untreated metastases and 28.3 

cycles with hormone escape (figure 4.14c).

A 25 cycle PSMA threshold identified a marker positive patient population whose 

BM PSMA mRNA expression increased with advancing clinical disease status. 

Although improved, clinical specificity remained poor. The PSMA expression 

threshold was therefore increased to 30 cycles which excluded all but 3 (11%) 

control BM samples (figure 4.15a). 11% of localised disease BM were above this 

threshold as were 24% of locally advanced and 67% of non-metastatic hormone 

escaped cancers. There was no reduction in BM PSMA RT-PCR positive patients 

with metastases, 56% positive for untreated patients and 40% for hormone 

escaped. As is shown in Figure 5.15b, a significant positive correlation between 

PSMA expression in BM samples and increasing clinical stage was demonstrated 

(Spearman rho p=0.0001)

Mean PSMA expression remained high for men with untreated metastases, 20.6 

cycles, and hormone escaped metastases, 26.3 cycles, compared with positive 

control samples, 2.8 cycles. For the non-metastatic cancers the mean expression 

was lower than in the controls for localised disease, 0.42 cycles, but slightly higher
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for locally advanced, 4.1 cycles, and hormone escaped, 8.8 cycles (figure 4.15c & 

table 4.16). Despite these clear differences in PSMA expression between the more 

advanced patients and controls, only that between BM samples from those with 

untreated metastases and controls was statistically significantly (Mann-Whitney 

p=0.QQ3). Despite high expression in the 40% of positive samples from men with 

hormone escaped CaP and the high proportion of PSMA positive samples from 

the non-metastatic hormone escaped group these did not quite reach significance 

compared to controls (Mann-Whitney p=0.059 & p=0.005 respectively).

Between clinical groups, PSMA expression was significantly higher in both the 

non-metastatic hormone escaped and untreated metastases groups than localised 

cancer (Mann-Whitney p=0.001 & p=0.001), while the observed difference 

between the localised and hormone escaped metastases groups did not quite 

reach significance at the reduced significance level of 0.003 (Mann-Whitney 

p=0.044) (ail data shown in appendix 3).
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Figure 4.14: PSMA RT-PCR evaluation of BM samples from the study population. A) Bar 
charts showing relative quantitative expression of PSMA mRNA in all clinical samples 
standardised to the expression of the housekeeping genes GAPDH and fi-actin. Each 
clinical group is displayed in a separate bar chart. B) Bar chart showing PSMA mRNA 
expression with a threshold of 25 cycles applied. Patients are displayed in clinical groups 
and all negative/sub-threshold samples have been excluded. The number of marker positive 
samples is reduced yet clinical specificity improves. C) Bar chart displaying mean relative 
PSMA mRNA expression in control and clinical groups with a 25 cycles threshold applied.
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Figure 4.15: BM PSMA RT-PCR assay with a Z(40-Ct) threshold of 30 cycles applied. A) 

Bar chart showing relative PSMA mRNA expression in all BM samples that were PSMA 

assay positive, standardised to the expression of the housekeeping genes GAPDH and IJ- 

actin. Patients are displayed in clinical groups and all negative/sub-threshold samples have 

been excluded. B) Scatter plot displaying the distribution of relative PSMA mRNA 

expression within the study population. C) Bar chart displaying mean relative PSMA mRNA 

expression in control and clinical groups.



% PSMA RT-PCR 

+ve

Mean PSMA 

mRNA expression 

(cycles)

Range of PSMA 

mRNA expression 

(cycles)

Localised 11 0.42

C
O

cr>io

Locally advanced 24 4.1 0-44.1

Non-metastatic 

hormone escaped
67 8.8 0 -2 0 .8

Untreated

metastases
56 20.6 0 -5 4 .7

Metastatic 

hormone escaped
40 26.3 0 -7 9 .2

Controls 11 2.8 0 -4 1 .2

Table 4.16: BM PSMA RT-PCR assay -  showing the proportions of PSMA 

positive samples, mean PSMA and ranges of PSMA expression in each group with 

a Ct threshold of 30 cycles applied.
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4,2,3.4 Evaluation of PSCA RT-PCR in Bone Marrow

PSCA mRNA expression was detected in 93% of control BM samples and 74% of 

patient BM samples, 76% localised, 80% locally advanced, 67% non-metastatic 

hormone escaped, 67% untreated metastatic and 80% of hormone escaped 

metastatic CaP (figures 4.16a&b). Mean PSCA expression was 9.1, 10.6, 11.2, 

and 16.6 cycles for localised, locally advanced, non-metastatic hormone escaped, 

untreated metastatic and hormone escaped CaP respectively, none of which 

differed significantly from the 13.1 cycles found in the controls (figure 4.16c).

PSCA expression in all marker positive BM samples is displayed in figure 4.17a. 

Marker negative samples have been excluded. It is clear that PSCA expression 

was detected throughout the patient and control populations. Ct threshold were 

applied to the data at 10, 17 and 20 cycles. The impact of these on the proportions 

of BM samples that were PSCA RT-PCR positive and the mean PSCA expression 

for each clinical group is detailed in tables 4.17 and 4.18. The percentage of 

positive control samples was reduced from 93% to 57%, 25% and 18% 

respectively. At each threshold level the percentage of localised, 34%, 21% and 

11%, and locally advanced, 48%, 28% and 12%, patient samples PSCA RT-PCR 

positive were lower than controls (figure 4.17b). Although the percentage of non­

metastatic hormone escaped patients with marker positive BM was higher than 

controls, 50%, 33% and 33%, the mean PSCA expression was lower than that 

detected in controls, 4.7 vs 5.6, 2.3 vs 2.8 and 1.3 vs 2.1. The metastatic disease 

patient groups showed higher proportions of sample positivity, and mean PSCA 

expression using all thresholds (figure 4.17b&c). None of these observed 

differences in PSCA expression between groups reached statistical significance 

(Kruskal-Wallis for study population p=0.643), and no correlation between PSCA 

expression and clinical stage could be demonstrated.
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Figure 4.16: PSCA RT-PCR evaluation of PB samples from the study population. A) Bar 
charts showing relative quantitative expression of PSCA mRNA in all clinical samples 
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PSCA mRNA expression within study population. C) Bar chart displaying mean relative 
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Figure 4.17: PSCA RT-PCR evaluation of BM samples from the study population. A) Bar 
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and 20 cycle thresholds. C) Bar chart displaying the mean PSCA expression for control and 
clinical groups before and following the application of the 10, 17 and 20 cycle thresholds.



Clinical Group

% PSCA RT- 

PCR +ve 

No Threshold

% PSCA RT- 

PCR +ve 

Threshold = 10

% PSCA RT- 

PCR +ve 

Threshold = 17

% PSCA RT- 

PCR +ve 

Threshold = 20

Localised 76 34 21 11

Locally advanced 80 48 28 12

Non-metastatic 

hormone escaped
67 50 33 33

Untreated

metastases
67 67 44 44

Metastatic 

hormone escaped
80 40 40 40

Control 93 57 25 18

Table 4.17: Impact of Z(40-Ct) threshold levels of 10, 17 and 20 cycles on the 

percentage of control and patient BM samples that were PSCA RT-PCR positive.

Clinical Group
PSCA mean 

2(40-Ct) 
No threshold

PSCA mean 
Z(40-Ct) 

Threshold = 10

PSCA mean 
E(40-Ct) 

Threshold = 17

PSCA mean 
X(40-Ct) 

Threshold = 20

Localised 9.1 2.9 1.3 0.9

Locally
advanced 10.6 4 1.5 0.9

Non-metastatic
hormone
escaped

11.2 4.7 2.3 1.3

Untreated
Metastases 17.1 10.4 6.5 5.2

Metastatic
hormone
escaped

16.6 11.2 8.4 7.2

Controls 13.1 5.6 2.8 2.1

Table 4.18: Mean BM PSCA expression in each clinical group before and with 

E(40-Ct) threshold levels of 10, 17 and 20 cycles applied.
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4.2.3.5 Evaluation of DD3PCA3 RT-PCR in Bone Marrow

Al! control BM samples were DD3PCA3 RT-PCR negative. As was found in PB very 

few patient BM samples were RT-PCR positive for this marker. Only five contained 

detectable DD3PCA3 mRNA, one each from men with localised, locally advanced 

and hormone manipulated CaP as well as two from patients with untreated 

metastases. The S(4Q-Ct) values for each were 16.2, 7.1, 5.9, 66.5 and 86.0 

respectively. All six replicate reactions were positive for the BM from the two men 

with metastases while target was detected in only one reaction for men with less 

advanced disease. None of the patients with detectable DD3PCA3 in their BM 

samples had marker present in their PB samples. The DD3PCA3 positive BM 

samples from the advanced patients were also strongly RT-PCR positive for all 

other markers. These patients both had serum PSA levels of over 200 ng/ml, 

generally higher than other men in this group. Their clinical outcomes remain to be 

determined.

Statistical analysis of the DD3PCA3 data was limited by the small numbers of RT- 

PCR positive BM samples. Evaluation of differences between groups within the 

population only came close to significance (Kruskal-Wallis p=0.055), and therefore 

paired testing comparing the untreated metastatic group with controls and 

localised disease failed to show significant differences (Mann-Whitney p=0.01 & 

p=0.03 respectively).

4.2.4 Overview of Marker Expression in PB and BM

The detection of each marker has been described individually in some detail. It 

was also important to establish an overview of how their expression appeared 

together across the study population. This is illustrated in figures 4.18 and 4.19 for 

PB and BM respectively. Such patterns or profiles of marker expression for distinct 

clinical groups would subsequently be lost by multi-marker combination.

In PB, PSA was the most widely expressed marker (figure 4.18). PSA, PSMA and 

HK2 all followed similar patterns of expression with marker expressing PECs
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generally being more commonly detected with increasing disease stage. Hormone 

escaped status inferred a higher probability of marker positivity and also higher 

levels of expression than hormone naive metastases for all markers other than 

DD3PCA3 Marker expression in untreated localised and locally advanced cancers 

was very similar with no clear differentiation between the two, while compared to 

advanced disease, particularly hormone escaped cancers, marker detection was 

less common and of a lesser magnitude. The most advanced cancer group, 

hormone escaped metastases, was identified by all markers in terms of frequency 

of detection and expression other than PSMA.

The patterns in BM were slightly different to those seen in PB although the 

distinction between localised/locally advanced CaP and advanced disease status 

remained clear (figure 4.19). PSA was again the most commonly detected marker 

with the highest expression levels in all groups. The presence of bone metastases 

appeared to have a greater influence on marker detection and expression levels 

than was seen in PB. Hormone escaped cancers again commonly produced 

circulating tumour cells although in the non-metastatic group PSA and PSMA 

mean expression levels were far lower than with metastases and HK2 positive 

cells were not seen. In advanced patients DD3PCA3 was only seen in the presence 

of metastases although these were all untreated rather than the hormone escaped 

individuals seen in PB. The highest mean expression levels for PSA, PSMA and 

HK2 were seen with hormone escaped metastatic disease.
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Figure 4.18: PB RT-PCR - PSA, PSMA, HK2 & DD3PCA3. A) Bar chart 
showing the percentage of PB samples from controls and each clinical 
group that were RT-PCR positive for each of the four markers. B) Bar chart 
showing the mean expression of each of the four markers in each clinical 
group as determined by quantitative RT-PCR.
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Figure 4.19: BM RT-PCR - PSA, PSMA, HK2 & DD3PCA3. A) Bar chart 
showing the percentage of BM samples from controls and each clinical 
group that were RT-PCR positive for each of the four markers. B) Bar chart 
showing the mean expression of each of the four markers in each clinical 
group as determined by quantitative RT-PCR.



4.2.5 Combining PB and BM RT-PCR

When combined PB and BM data were considered, 15 patients were excluded as 

they had PB samples only. Additionally there was no paired control population.

For PSA, more samples were positive in PB than in BM for all groups other than 

non-metastatic hormone escaped disease. If positivity in either PB or BM was 

considered significant then PEC detection increased in all groups other than those 

with hormone escaped cancers. Few patients were assay positive in both PB and 

BM and this reduced the positivity rate for all groups although the impact was 

again less marked for men with hormone escaped cancer where PSA positive 

CTC detection rates were generally high (table 4.19 and figure 4.20a).

Combining mean PSA expression for both PB and BM showed a trend of 

increasing expression with increasing clinical stage. This cancelled out the 

opposing expression patterns seen for advanced patients when PB and BM were 

considered separately and overall expression levels for men with non-metastatic 

hormone escaped and untreated metastases were similar (table 4.20 and figure 

4.20b).
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% of Patients PSA RT-PCR Positive

PB+ BM+ PB+ & PB+ PB+ or BM+

Localised 23 13 8 30

Locally

Advanced

24 12 4 32

Mo Escaped 50 67 50 67

M1 Untreated 42 33 22 67

M1 Escaped 100 80 80 100

Table 4.19: PSA RT-PCR Assay - Percentage of patients that were assay positive 

in PB or BM alone or in combination.

Clinical Group Combined PB & BM Mean PSA Expression

Localised 5.6

Locally Advanced 6.4

Mo Escaped 32.3

M1 Untreated 35.7

M1 Escaped 74.9

Table 4.20: PSA RT-PCR Assay -  mean PSA mRNA expression in each clinical 

group using combined PB and BM data.
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Figure 4.20: Combining PB and BM for PSA RT-PCR. A) Bar chart showing 
the percentage of PB or BM alone and in combination that were PSA RT- 
PCR positive for the 85 men with paired samples. B) Bar chart showing the 
mean PSA expression using combined PB and BM data for each clinical 
group.



For PSMA BM samples were more often positive than PB for all groups other than 

localised. Combining the PB and BM data generally improved yield while smaller 

numbers of patients were marker positive in both PB and BM. The patterns of 

marker detection between groups was maintained with the highest detection in 

men with non-metastatic hormone escaped disease (table 4.21 and figure 4.21a). 

Mean marker expression increased with increasing disease stage as it did for BM 

alone (table 4.22 and figure 4.21b). The expression pattern seen in PB alone of 

low expression in untreated metastatses was not evident using combined data.

% of Patients PSMA RT-PCR Positive

PB+ BM+ PB+ & PB+ PB+ or BM+

Localised 16 8 3 22

Locally

Advanced

12 24 4 32

Mo Escaped 50 67 50 67

M1 Untreated 22 56 22 56

M1 Escaped 20 40 20 40

Table 4.21: PSMA RT-PCR Assay - Percentage of patients that were assay 

positive in PB or BM alone or in combination.

Clinical Group Combined PB & BM Mean PSMA Expression

Localised 2.2

Locally Advanced 6.1

Mo Escaped 6.1

M1 Untreated 21

M1 Escaped 38

Table 4.22: PSMA RT-PCR Assay -  mean PSMA mRNA expression in each 

clinical group using combined PB and BM data.
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Figure 4.21: Combining PB and BM for PSMA RT-PCR. A) Bar chart 
showing the percentage of PB or BM alone and in combination that were 
PSMA RT-PCR positive for the 85 men with paired samples. B) Bar chart 
showing the mean PSMA expression using combined PB and BM data for 
each clinical group.



The majority of HK2 positive samples were from men with established bone 

metastases. For those with hormone escaped metastases 80% were HK2 positive 

in both PB and BM while the remaining 20% were negative in both. For those with 

untreated metastases 44% were BM positive and compared with 11% of PB 

samples all of which were also BM positive. Therefore combining PB and BM had 

no impact on overall yield, while PB+BM+ status decreased yield in the untreated 

group. PB was more commonly HK2 positive for localised and non-metastatic 

hormone escaped patients while HK2 positive BM samples were more common in 

locally advanced CaP. Combining PB and BM for these groups had little impact on 

mRNA yield (table 4.23 and figure 4.22a). Mean combined HK2 expression was 

high in all metastatic disease but low for all other patients, as it was in BM alone 

(table 4.24 and figure 4.22b).

Only 7 of the 85 men with paired samples were DD3PCA3 positive and with such 

small numbers spread between the clinical groups, combining the PB and BM data 

made no significance to the utility of this marker. The data has been included in 

the multi-marker evaluation.
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Figure 4.22: Combining PB and BM for HK2 RT-PCR. A) Percentage of PB 
or BM alone and in combination that were HK2 RT-PCR positive For the 85 
men with paired samples. B) Mean HK2 expression using combined PB and 
BM data for each clinical group.
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% of Patients HK2 RT-PCR Positive

PB+ BM* PB+ & PB+ PB* or BM*

Localised 11 8 3 14

Locally

Advanced

0 16 0 16

Mo Escaped 17 0 0 17

M1 Untreated 11 44 11 44

M1 Escaped 80 80 80 80

Table 4.23: HK2 RT-PCR assay -  the impact of combining PB and BM data.

Clinical Group Combined PB & BM Mean HK2 Expression

Localised 1.2

Locally Advanced 0.9

Mo Escaped 0.8

M1 Untreated 25

M1 Escaped 43

Table 4.24: HK2 RT-PCR Assay -  mean HK2 mRNA expression in each clinical 

group using combined PB and BM data.

4.2.6 Multiple Marker RT-PCR

4.2.6.1 PB Multiple Marker RT-PCR

Data for the four potentially useful markers PSA, PSMA, HK2 and DD3PCA3 were 

utilised in combination by considering a positive assay result for any marker being 

indicative of CTCs. This approach increased mRNA detection compared to PSA 

alone from 23% to 35% for localised disease, 24% to 39% for locally advanced 

and 42% to 50% for untreated metastases. All men with hormone escaped CaP 

who were positive for any marker were also PSA positive, therefore the multi­

marker approach had no impact on mRNA detection. Unfortunately this combined 

marker approach had a deleterious effect on false positive results with 24% of
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control samples being assay positive for at least one of the four markers (table 

4.25 and figure 4.23a).

Mean combined marker expression was higher in all patient groups compared to 

controls. Expression was the same for localised, locally advanced and untreated 

metastases. Both hormone escaped groups demonstrated high marker expression 

levels, maintaining the patterns seen with the individual markers of low expression 

levels in untreated metastases (table 4.26 and figure 4.23b).

4.2.6.2 BM Multiple Marker RT-PCR

Combining the PSA, PSMA, HK2 and DD3PCA3 assays for BM increased the false 

positive rate for controls to 14%. Compared to PSA alone there was no change for 

the most advanced clinical group as any patient who was positive for PSMA, HK2 

or DD3PCA3 was also PSA positive. PEC detection however increased compared to 

the best individual marker for all of the other groups, localised 13% to 29%, locally 

advanced 24% to 40%, Mo escaped 67% to 83% and untreated metastases 56% 

to 67% (table 4.27 and figure 4.24a). Mean marker combined marker expression 

was lowest in controls and increased sequentially with clinically determined 

disease load, from 4.1 for localised cancer to 104 in men with hormone escaped 

metastases (table 4.28 and figure 4.24b).

4.2.6.3 Paired PB and BM Multiple Marker RT-PCR

When PSA, PSMA, HK2 and DD3PCA3 were considered together for the 85 men 

with paired samples, 36 PB and 36 BM samples were positive for at least one of 

these markers while 49 men were marker positive in either PB or BM and 23 were 

positive in both. PB samples were more often marker positive than BM in localised 

and hormone escaped metastatic cancer while the opposite was found for the 

other groups. Considering either PB+ or BM+ as an overall positive result improved 

detection rates in the clinical groups with lower individual yield using PB or BM 

alone, while smaller numbers of patients were positive in both BM and PB in all 

groups (table 4.29 and figure 4.25a). Overall there was a trend of increasing 

marker detection with advancing disease status and mean combined PB and BM
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multi-marker expression increased with increasing clinical disease status (table 

4.30 and figure 4.25b).

Percentage of PB Samples Marker Positive

PSA PSMA HK2 DD3™ 3 Any

Marker

Controls 6 13 6 0 24

Localised 23 20 10 5 35

Locally

advanced

24 12 3 0 39

Mo

Escaped

50 50 17 0 50

M1

Untreated

42 17 8 0 50

M1

Escaped

100 14 71 29 100

Table 4,25: PB multi-marker RT-PCR -  Percentage of controls and men in each 

clinical group that were RT-PCR for each of the markers PSA, PSMA, HK2 and 

DD3PCA3 individually and in combination.

Clinical Group PB Mean Combined Marker Expression

Controls 2

Localised 6

Locally advanced 6

Mo Escaped 34

M1 Untreated 6

M1 Escaped 63

Table 4,26: Multi-marker RT-PCR in PB -  mean combined expression for the 

markers PSA, PSMA, HK2 and DD3PCA3 for controls and each clinical group in PB.
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Percentage of BM Samples Marker Positive

PSA PSMA HK2 DD3P(JA3 Any

Marker

Controls 4 11 0 0 14

Localised 13 11 8 3 29

Locally

advanced

12 24 16 4 40

Mo

Escaped

67 67 0 0 83

M1

Untreated

33 56 44 22 67

M1

Escaped

80 40 60 0 80

Table 4.27: BM multi-marker RT-PCR -  Percentage of controls and men in each 

clinical group that were RT-PCR for each of the markers PSA, PSMA, HK2 and 

DD3PCA3 individually and in combination.

Clinical Group BM Mean Combined Marker Expression

Controls 3.3

Localised 4.1

Locally advanced 7.2

Mo Escaped 21

M1 Untreated 91

M1 Escaped 104

Table 4.28: Multi-marker RT-PCR in BM -  mean combined expression for the 

markers PSA, PSMA, HK2 and DD3PCA3 for controls and each clinical group in BM.
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Percentage of Patients RT-PCR Positive

PB+ BM+ PB+ & PB+ PB+ or BM+

Localised 32 27 16 43

Locally

Advanced

36 40 20 56

Mo Escaped 50 83 50 83

M1 Untreated 67 67 56 78

M1 Escaped 100 80 80 100

Table 4.29: Combined PSA, PSMA, HK2 and DD3PCA3 assays -  the impact of 

combining PB and BM data.

Clinical Group Combined PB & BM Mean Marker Expression

Localised 9.7

Locally Advanced 13

Mo Escaped 56

M1 Untreated 99

M1 Escaped 176

Table 4.30: Multi-Marker RT-PCR for PSA, PSMA, HK2 and DD3PCA3 -  mean 

marker mRNA expression in each clinical group using combined PB and BM data.
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Figure 4.23: Multiple marker RT-PCR in PB for PSA, PSMA HK2 and 
DD3PCA3. A) Bar chart showing the percentage of controls and patients in 
each clinical group that were RT-PCR positive in PB for each of the markers 
individually and in combination. B) Bar chart showing the mean combined 
marker mRNA expression in PB for controls and clinical groups.
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Figure 4.24: Multiple marker RT-PCR in BM for PSA, PSMA HK2 and 
DD3pcas. A) Bar chart showing the percentage of controls and patients in 
each clinical group that were RT-PCR positive in BM for each of the markers 
individually and in combination. B) Bar chart showing the mean combined 
marker mRNA expression in controls and clinical groups.



A) 100% -

90%

u> 80%
+

70%
u0.■h 60%
0£

50%
c

40%
n>
X- 30%
O
# 20%

10%

0%

PB only 

BM only 

PB & BM 

PB or BM

Localised Locally MO escaped M l untreated M l escaped 
advanced

B)

Localised Locally advanced MO escaped M l untreated

Figure 4.25: Combining PB and BM for multiple marker RT-PCR (PSA, 

PSMA, HK2 & DD3PCA3). A) Bar chart showing the percentage of PB and 

BM samples that were positive individually or in combination for any of the 

four markers. B) Bar chart showing the mean combined PB and BM multi 

marker expression for each clinical group



Chapter 5: Micro Fluidic RT-PCR Assay Results

5.1 Micro Fluidic Card Validation Using LNCaP Cell Line

During the period of research, ABI introduced custom made microfluidic cards, 

allowing the detection of up to 48 genes concurrently from a single patient sample. 

We therefore evaluated the sensitivity and specificity of this RT-PCR format and 

compared it with our own assays using the 96 well methodology.

Using 100ng of cDNA derived form LNCaP cells as target for the micro fluidic RT- 

PCR assay (method 2.5.2) both of the housekeeping genes GAPDH and (3-actin 

were successfully amplified, confirming the integrity of the cDNA. The markers 

evaluated using the 96 well RT-PCR assay; PSA, PSMA, PSCA and HK2 were 

amplified using the micro fluidic assay with mean Ct values of 21.4, 23.1, 28.7 and

24.6 cycles respectively (figure 5.1). These Ct values compare with 19.5, 21.0,

29.6 and 22 cycles using the 96 well assay design (table 5.1).

Additionally, the micro fluidic assay was also used to assess the LNCaP derived 

cDNA for the expression of HK4, HK15, EZH2, prostasin, hepsin and u-PA. 

Positive assay results were obtained for all of these markers other than u-PA 

(figure 5.2). The Ct values for these markers were HK4 24.9 cycles, HK15 30.4, 

EZH2 25.2, prostasin 25.9 and hepsin 26.4.

RNA/DNA free water control reactions run simultaneously on the same microfluidic 

card were all negative, excluding any contamination of the assay components. 

Despite the exon-exon boundary assay design, a minus RT control assay was also 

run to ensure no genomic DNA contamination. This gave negative results for all 

markers in all replicate wells.
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Marker
Micro Fluidic Ct Value 

(cycles)

96 Well Ct Value 

(cycles)

PSA 21.4 19.5

PSMA 23.1 21.0

PSCA 28.7 29.6

HK2 24.6 22.0

Table 5.1: Comparison of Ct values for the expression of PSA, PSMA, PSCA and 

HK2 in 100ng of cDNA derived from 106 LNCaP cells obtained using micro fluidic 

and 96 well RT-PCR.

Ten fold dilutions containing 100ng, 10ng, 1ng and 0.1 ng of cDNA derived from 

106 LNCaP ceils were evaluated using the micro fluidic RT-PCR assay. The 2 

housekeeping genes GAPDH and (3-actin were detected using all of the amounts 

of cDNA. PSA, PSMA, HK2, HK4, EZH2, prostasin and hepsin were detected in all 

target dilutions. The mean Ct values for each marker using each dilution of cDNA 

are displayed in figure 5.3. The mean Ct values increase for each marker with 

decreasing amounts of cDNA target. PSCA and HK15 were detected in all but the 

assay using 0.1 ng of input target cDNA. As the amounts of input LNCaP cDNA 

were decreased there was greater variability in the Ct value for same marker 

replicates, with over 3 cycle variability observed between replicates at 0.1 ng 

(figure 5.4). Since 100ng of input cDNA gave good reproducibility between assay 

replicates as well as the lowest Ct values this was utilised for the subsequent 

assay development experiments.
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Figure 5.1: Microfluidic RT-PCR amplification plots displaying the relative 
expression of PSA, PSMA, PSCA and HK2 in 100ng of LNCaP derived 
cDNA. The Ct values for each marker were PSA 21.4 cycles, PSMA 23.1 
cycles, PSCA 28.7 cycles and HK2 24.6 cycles.

HK15
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Figure 5.2: Micro fluidic RT-PCR amplification plots displaying the relative 
expression of the markers EZH2, Prostasin, Hepsin, HK4 and HK15 in 
100ng of LNCaP derived cDNA. The Ct values for each marker were HK4 
24.9 cycles, EZH2 25.2 cycles, Prostasin 25.9 cycles, Hepsin 26.4 cycles 
and HK15 30.4 cycles.
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Figure 5.3: Micro fluidic RT-PCR - mean Ct value for each marker detected 
in serial dilutions of cDNA derived from 106 LNCaP cells. Higher amounts of 
input target are detected sooner by RT-PCR as shown by lower Ct values. 
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Figure 5.4: Micro fluidic RT-PCR amplification plots for PSA assay 
replicate reactions using decreasing amounts of input cDNA. With 100ng of 
cDNA the assay demonstrates good replicate reproducibility with only a 
small variation on Ct values, while with 0.1 ng the Ct values may vary by 
almost 3 cycles.



5.2 Defining Micro Fluidic Card RT-PCR in Vitro Sensitivity

The potential of the micro fluidic cards for spiked sample analysis was determined 

by loading the cards with 100ng aliquots of cDNA derived from 2.5ml samples of 

female PB spiked with decreasing numbers of LNCaP cells (106 to 1 cell/ml of 

blood). The housekeeping genes GAPDH and p-actin were amplified in all 

samples. No prostate markers were detected in PB samples spiked with 1 or 10 

LNCaP cells per 1ml PB. PSMA was detected at 36.7 cycles in one replicate 

assay and EZH2 at 32.1 cycles, again in only 1 in 4 replicates, of the 102 LNCaP 

spike sample. PSA, PSMA, HK2, EZH2, prostasin and hepsin were detected in the 

103 cells per ml spike. In addition, PSCA, HK4 and HK15 were detected when 104 

LNCaP cells were present. All markers except uPA were detected in the 105 and 

106 LNCaP cell spike PB samples (table 5.2).

Marker
Assay Limit of Detection 

(LNCaP cells spiked /1ml female PB)

PSA 103

PSMA 102

PSCA 104

HK2 103

HK4 104

HK15 104

EZH2 102

Prostasin 103

Hepsin 103

uPA Not detected

Table 5.2: In vitro sensitivity for all markers using micro fluidic RT-PCR. The limits 

of detection (LNCaP cell per 1ml of PB) of serial dilutions of LNCaP cells spiked 

into female PB for each of the 10 markers of interest specific assays is shown.
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5.3 Comparison of in Vitro Sensitivity of Micro Fluidic and 96 Well RT-PCR 

Assays

The limits of detection for PSA, PSMA, PSCA and HK2 using the micro fluidic RT- 

PCR assays are detailed in section 5.2, and for the 96 well format in section 3.7. 

Table 5.3 details the in vitro sensitivities using the two different methodologies. 

The 96 well PSA assay was 1000 fold more sensitive than the commercially 

produced micro fluidic PSA assay with limits of detection of 1 cell and 103 cells 

respectively. For PSMA, HK2 and PSCA the 96 well format was more sensitive by 

a factor of 10. Using the 96 well assay, the detection limits were 10 cells for 

PSMA, 102 cells for HK2 and 103 cells for PSCA compared with 102, 103 and 104 

cells for the 3 markers respectively using micro fluidic RT-PCR. The comparable 

amplification plots are shown in figure 5.5.

Marker

Microfluidic Card 

Sensitivity 

(PECs/1 ml female PB)

96 Well Plate 

Sensitivity 

(PECs/1 ml female PB)

PSA 103 cells 1 cell

PSMA 102 cells 10 cells

HK2 103 cells 102 cells

PSCA 104 cells 103 cells

Table 5.3: Comparison of in vitro sensitivity for the four markers of interest using 

microfluidic card and 96 well plate formats. In testing their abilities to detect serial 

dilutions of LNCaP cells spikes into female PB, the microfluidic card is 10 fold less 

sensitive for the PSMA, HK2 and PSCA assays and 1000 fold less sensitive for 

PSA.
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5.4 Prostate Specificity of Markers Targeted by Micro Fluidic RT-PCR Assays

The prostate specificity of each marker assay was established by evaluating cDNA 

derived from 4 samples of female PB and BM. House keeping genes were 

successfully amplified for all samples. For PB, EZH2 was detected in 3 of the 4 

control samples with a mean Ct of 32.6 cycles and uPA was detected in 2 of the 4 

samples with a mean Ct of 33.9 cycles. All other marker assays were negative. In 

BM, EZH2 and uPA were positive in all controls with mean Ct values of 26 and

29.1 cycles respectively. The assays for PSMA, prostasin and hepsin were 

positive in 2 of the BM controls. The mean Ct values for these markers were 

PSMA 36.1 cycles, prostasin 34.4 cycles and hepsin 34.3 cycles.

5.5 Evaluation of Clinical Samples Using Micro Fluidic RT-PCR Assays

To evaluate the potential of micro fluidic cards as a multi marker assay, samples 

from 24 men with CaP, 20 paired PB and BM and 4 PB only, were evaluated using 

both the micro fluidic and 96 well RT-PCR formats. Seven patients had metastatic 

hormone escaped CaP, 7 untreated metastases, 6 hormone escaped cancer with 

a negative bone scan, 2 locally advanced and 2 clinically localised disease. The 

clinical staging details for these patients is shown in table 5.4. All of the 

comparative micro fluidic and 96 well RT-PCR data is displayed in appendix 4.

When BM samples were evaluated, more samples were RT-PCR marker positive 

using the 96 well format than the micro fluidic technique, for PSA, PSMA and 

PSCA. For PSA 55% and 35% of samples were RT-PCR positive for the 96 well 

and micro fluidic assays respectively, for PSMA 50% and 40% and for PSCA 35% 

compared with 10%. For HK2 35% of BM samples were RT-PCR positive using 

each method (table 5.5). For PSA and PSCA all samples which were micro fluidic 

assay positive were also positive using the 96 well assay. Three samples were 

PSMA assay positive and 1 sample HK2 positive solely using micro fluidic RT- 

PCR. For all of these samples only 1 of the 4 replicate reactions was marker 

positive.
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Sample ID Clinical Group Clinical Stage Serum PSA Gleason
Score

101 Localised T1c Nx Mo 4.1 3+3=6

106 Localised T2b Nx Mo 5.7 3+3=6

012 Locally advanced T3 N1 Mo 9.2 3+4=7

071 Locally advanced T2b Nx Mo 32.9 3+3=6

032 Mo Escaped T2b Nx Mo 6.9 2+3=5

049 Mo Escaped T4 Nx Mo 10 5+4=9

050 Mo Escaped T3 Nx Mo 29 3+3=6

057 Mo Escaped T1b Nx Mo 25 2+2=4

060 Mo Escaped T4 Nx Mo 46 3+4=7

081 Mo Escaped T2 Nx Mo 33 3+3=6

044 M1 Untreated T3 Nx M1 23 4+5=9

046 M1 Untreated T1c Nx M1 53 3+4=7

083 M1 Untreated T2 Nx M1 42 3+3=6

097 M1 Untreated T4 Nx M1 184 4+4=8

098 M1 Untreated T3 Nx M1 230 3+3=6

104 M1 Untreated T3 Nx M1 100 5+5=10

105 M1 Untreated Tx Nx M1 19.5 3+3=6

010 M1 Escaped Tx Nx M1 55.2 5+4=9

021 M1 Escaped T4 Nx M1 656 4+3=7

039 M1 Escaped Tx Nx M1 298 4+5=9

040 M1 Escaped T4 Nx M1 431 3+3=6

043 M1 Escaped Tx Nx M1 117 3+3=6

063 M1 Escaped Tx Nx M1 1230 2+3=5

065 M1 Escaped T4 Nx M1 35 4+3=7

Table 5.4: Clinical staging data for patients evaluated by micro fluidic RT-PCR 

assay.
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With regards the novel markers targeted using the micro fluidic assay only, 95% of 

BM samples were assay positive for EZH2, 90% for u-PA, 45% for Hepsin, 35% 

for Prostasin, 35% for HK4 and 10% for HK15. Both HK15 positive samples and 6 

of the 7 HK4 positive samples were from patients with bone metastases. The 2 

HK15 positive samples were also positive for all the other 9 target markers. All of 

the samples positive for HK4 were also RT-PCR positive for either PSA or HK2, 

while 5 were positive for both. For prostasin, 6 of the 7 positive samples were from 

men with advanced disease, while hepsin positivity was demonstrated in all clinical 

groups.

Quantitative marker expression could not be directly compared between the two 

assay formats as the internal housekeeping control assay, to which marker of 

interest expression was standardised, differed in each technique. Although the 

target gene was the same in each, assay efficiency was not comparable as 

different primers and modes of target detection were used in the 96 well and micro 

fluidic methods.

Target Marker Micro Fluidic RT-PCR 
% BM samples +ve

96 Well RT-PCR 
% BM samples +ve

PSA 35 55

PSMA 40 50

PSCA 10 35

HK2 35 35

Table 5.5: Comparison of the percentage of the 20 BM samples collected from 

men with CaP which were RT-PCR positive for PSA, PSMA, PSCA and HK2 using 

the micro fluidic and 96 well assays.
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For PB, fewer samples were RT-PCR positive using the micro fluidic assay than 

the 96 well format for PSA, PSMA, PSCA and HK2. The percentages of RT-PCR 

positive samples when comparing micro fluidic with 96 well RT-PCR were 8% and 

63% for PSA, 8% and 21% for PSMA, 4% and 8% for PSCA and 0 and 29% for 

HK2 (Table 5.6).

Target Marker Micro Fluidic RT-PCR 
% PB samples +ve

96 Well RT-PCR 
% PB samples +ve

PSA 8 63

PSMA 8 21

PSCA 4 8

HK2 0 29

Table 5.6: Comparison of the percentage of the 24 PB samples collected from 

men with CaP which were RT-PCR positive for PSA, PSMA, PSCA and HK2 using 

the micro fluidic and 96 well assays.

Overall only 5 PB samples were positive for any of the 4 markers PSA, PSMA, 

PSCA or HK2 using the micro fluidic format. None of these samples were micro 

fluidic RT-PCR positive for more than one of these markers.

The 2 PB samples that were PSA RT-PCR positive using the micro fluidic assay 

were from men with hormone escaped metastatic disease, were also PSA positive 

using the 96 well assay and had microfluidic PSA positive paired BM samples.

For PSMA, again only 2 PB samples were micro fluidic RT-PCR positive. Both 

were from men with metastatic disease, only one sample had a paired BM sample 

which was also PSMA micro fluidic RT-PCR positive.

For the novel markers, 63% of PB samples were RT-PCR positive for EZH2, 67% 

for uPA, 21% for Hepsin, 4% for prostasin and 4% for HK4. No patients were 

HK15 RT-PCR positive. As for BM EZH2 and uPA were detected in the majority of 

PB samples. The 5 patients positive for Hepsin all had advanced CaP. Four of

209



these had paired BM samples, 2 of which were Hepsin RT-PCR positive. Only 1 

PB sample was positive for prostasin and 1 sample positive for HK4. Each was 

from a patient with hormone escaped metastatic CaP and both samples were also 

PSA RT-PCR positive. Their paired BM samples were positive for the same 

respective marker.

5.5 Practical Aspects of Micro Fluidic RT-PCR
The time required to run paired PB and BM samples from 4 patients using the 

micro fluidic assay was 75 minutes which includes 15 minutes for loading samples 

onto the card and 60 minutes for PCR cycling and product detection.

For the same number of clinical samples using the 96 well format the total time 

was over 8 hours.

The cost per patient for RT-PCR evaluation of paired PB and BM samples was 

estimated at £164 using the 96 well format compared with £52 using micro fluidic 

RT-PCR. These values did not include labour costs where clearly micro fluidic RT- 

PCR has a significant advantage. Additionally the micro fluidic card offered the 

potential to evaluate a far broader set of markers without any increase in cost or 

labour.
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Chapter 6: Discussion

6.1 Overview

The increasing incidence of CaP and its detection both in younger men and at an 

earlier stage has changed the demographics and treatment needs of this patient 

population. In contemporary urological practice more patients are potential 

candidates for radical curative treatments yet appropriate patient selection is 

bound both by the limitations of current disease staging modalities and our inability 

to predict the disease course accurately. The role of watchful waiting in the 

management of CaP is also unclear; the variable and currently unpredictable 

nature of the disease’s natural history limiting this modality’s more extensive 

implementation. The relevance of longitudinal natural history studies from the pre- 

PSA era to contemporary CaP populations is unclear. There is a clear need for a 

clinical tool capable of accurate staging and prediction of patient outcome.

The aim of this work was to establish the utility of RT-PCR in prostate cancer 

staging and prediction of natural history using an optimised methodology 

incorporating real time quantitation, a multiple target assay and two site patient 

sampling.

Our understanding of metastasis formation suggests that circulating tumour cells 

represent an early stage in the metastatic process. The detection of circulating 

cells would potentially enable the metastases to be identified at a far earlier stage 

than current staging tools allow.

The ability of RT-PCR to detect circulating PECs has been extensively 

demonstrated. However, its clinical utility remains unclear as the results of studies 

have been conflicting 238. There are a number of reasons for this, one major factor 

being the lack of standardisation of technique. This reflects the fact that the use of 

RT-PCR is extremely dependent on meticulous development of the many assay 

components. Variations in clinical sensitivity may simply reflect limitations in assay 

in vitro sensitivity yet the impact on positive yield of marker choice and sample 

source must also be considered. As highlighted in section 1.9.6, the choice of
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assay target is essential not only in maximising cell detection but also in avoiding 

false positive results.

Errors in sampling also play their part. Single point patient sampling only reflects a 

single time point in a dynamic process that may well involve intermittent cell 

shedding. Single site sampling similarly may not reflect the process as a whole 

given that disseminated tumour cells are not distributed homogenously 184. Indeed, 

higher yields of tumour cells have been reported when using multiple blood 

sampling and paired bilateral iliac crest bone marrow samples 239>24°. We have 

shown that generally, combining PB and BM data increased molecular CTC 

detection for individual patients.

iatrogenic cell shedding may also be a source of false positive results. Prostate 

manipulation during transurethral resection of the prostate (TURP) 223-24\  radical 

prostatectomy 242, prostate biopsy 243 and brachytherapy 244 have all been shown 

to disseminate prostate epithelial cells. Price et al demonstrated circulating cell 

clearance within 4 weeks in 91% of patients who had detectable PECs in PB 

samples following prostate biopsy 243. This, as well as the high CTC detection 

rates in patients with pathologically localised disease seen in some studies, 

highlights the fact that not all circulating PECs have the potential to form 

secondary cancers and of those with such metastatic potential a significant 

proportion will be cleared by the immune system.

Sampling or pipetting errors and cross contamination occurring during sample 

processing and reaction set up can have a significant impact on a process as 

sensitive as RT-PCR. Careful sample handling and the use of duplicate or 

triplicate reactions can minimise but not entirely exclude this.

The uncertainty stemming from the conflicting evidence in the literature is 

compounded by our lack of understanding of other processes impacting on tumour 

progression. These include tumour cell dormancy 245-246 and many other intricacies 

of the metastatic process, as well as inherent limitations of RT-PCR in circulating 

cell detection. Beyond detecting the presence of circulating cells, RT-PCR can tell 

us little else directly regarding the cell or its potential to cause progressive distant
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disease, although the unstable nature of RNA may make its presence likely to be 

indicative of viable cells. Quantification of the number of mRNA molecules in a 

sample cannot differentiate between a large number of circulating cells each 

expressing a small number of mRNA replicates and a few cells each containing 

many messages. As the detected cells cannot be isolated their phenotype, viability 

and hence ‘pathogenicity’ remains unknown.

6.2 Assay Development

The selection of a suitable cell line model was dependent upon a requirement for 

multiple marker expression. The four selected prostate cell lines were well 

characterised and routinely cultured in our laboratory. Preliminary assay 

development utilised PSA and PSMA, the two markers most widely studied in 

prostate RT-PCR. RNA extraction and reverse transcription protocols were well 

established and the integrity of these methods and the cDNA target was confirmed 

by successful housekeeping gene co-amplification and clean minus RT and 

negative control reactions for all four cell lines. Only LNCaP derived RNA was 

found to include mRNA for PSA and PSMA. Primer sets for PSCA, HK2 and DD3 

also successfully amplified specific target mRNA in LNCaP derived total RNA, 

confirming LNCaP as an appropriate model for all five prostate specific markers. 

These findings reflect published cell line data 62,247 65,70 and the almost exclusive 

use of LNCaP in RT-PCR assay development by other groups 238. All subsequent 

assay development therefore used the LNCaP cell line model.

During assay development and optimisation experiments using LNCaP derived 

RNA it was noted that there was considerable variation in Ct values for markers 

between experiments using identical amounts of target and similar assay 

components. For example in initial experiments evaluating cell line marker 

expression compared with primer optimisation and cell spike experiments which 

were performed using different target samples. There are a number of potential 

sources of error which could account for such variation and lack of reproducibility. 

The LNCaP cells from culture were harvested at confluence yet there was some 

variation regarding the exact time since last passage. The local environment 

including nutrient availability and cell-cell contact has a significant impact on cell 

cycling and therefore mRNA and protein expression. The use of synchronised
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cells would address this issue yet would also add considerable complexity. In cell 

spike experiments the use of haemocytometer cell counting and subsequent 

pipetting of small cell numbers is likely to have resulted in some variabtity between 

experiments and indeed, throughout the methodology there was significant 

potential for pipetting and solution sampling errors.

This does therefore question the significance of the small variations in Ct values 

seen in experiments performed for cell line and assay optimisation, which would 

potentially be effected by such sources of error. More importantly, such inter­

experiment variability could have a significant impact on assay clinical 

performance, the impact of which cannot be determined. As is discussed later 

(section 6.4.1), performing replicate reactions improves representative sampling of 

dilute solutions and would also be expected to reduce the significance of assay 

component pipetting errors 248. However, far better in vitro reproducibility was seen 

with micro fluidic RT-PCR where a far simpler methodology removed many of the 

stages which might be susceptible to sampling error.

In optimising the LNCaP cell line, prolonged culture and the presence of additional 

DHT in the growth medium had no significant effect on gene expression for PSA, 

PSMA, DD3 and HK2. Androgenic stimulation of the androgen receptor within the 

cell nuclei has been shown to regulate the expression of PSA 249, PSMA 250 and 

HK2 251. It would therefore be expected, given the androgen dependence of 

LNCaP, that culture in the presence of DHT would increase PSA and HK2 

expression and decrease PSMA expression. However, Igawa et ai 252 

demonstrated that serial passage of LNCaP cells selects cells which are androgen 

independent for growth although Denemeade et ai 253 showed that gene 

expression for PSA and HK2 remain androgen responsive in late passage cells. 

The observed lack of effect of DHT on marker expression may therefore reflect 

androgen independence in passage 93 LNCaP cells.

PSCA expression was increased in late passage cells, compared to early passage 

cells but to a lesser degree when cultured in the presence of DHT. This 

corresponds with Tran et a i66 who suggest that PSCA expression marks a more 

dedifferentiated cell population.
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Assay specificity is essential in RT-PCR techniques, therefore nucleotide marker 

specific probes were incorporated into the PSA, PSMA and PSCA assays. 

However, positive results were recorded in the minus RT reactions when probes 

were used, something that had never been observed when using SYBR green for 

product detection. The fluorescence traces from these reactions was different to 

those recorded from a normally amplified product. The significance of these traces 

is unclear with no similar problems being reported either in the literature or by the 

manufacturers of the light cycler. Exclusion of these traces by raising the Ct value 

above their uppermost extent had a significant deleterious effect on assay 

sensitivity. Reaction Ct values were increased by around 2 cycles, a particular 

issue at the limits of assay sensitivity. Probe use also tended towards the assay 

being less sensitive (section 3.6.2.2). The specificity advantage of probes must be 

balanced against a loss of sensitivity. This, combined with the uncertainty 

surrounding the minus RT reactions resulted in probe use being abandoned in 

favour of SYBR green for PSA, PSMA, PSCA and DD3 product detection.

The exception to SYBR Green use was for the HK2 assay. Significant amounts of 

primer dimer were produced in all reactions including minus RT controls. This 

primer dimer gave a positive result as SYBR Green is non-product specific, 

binding to any double stranded DNA. In control samples this was not a significant 

problem as long as the product dissociation confirmed primer dimer only. However 

in the target samples there would often be two product peaks, one in keeping with 

expected product and the other with primer dimer. The detected fluorescence 

recorded on the amplification trace would be due to a combination of these 

products not wholly the marker of interest. Therefore a qualitative result would be 

valid, however a quantitative Ct value would not as it was impossible to separate 

fluorescence from the two products. Primer dimer production was not eliminated 

by altering primer concentrations. Introducing a nucleotide probe to the assay 

allowed specific identification of HK2 product and excluded the detection of primer 

dimer. The primer dimer would of course still be produced, which could impact on 

reaction efficiency by reducing the amounts of free primer to anneal to target. 

However, probe incorporation improved the HK2 assay in vitro sensitivity from 103 

to 102 LNCaP cells per 1ml of female PB. This is interesting since quite the
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opposite was found when probes were used with the other markers. The only 

possible explanation is that there were different amounts of primer used in the final 

HK2 plus probe set up than in the original SYBR green assay. This may have 

resulted in less primer dimer and thus more free primer available for specific 

annealing resulting in more effective PCR amplification.

6.3 Assay Sensitivity

Fidler182 suggested that 105 tumour cells need to be present in the circulation for 

metastasis to occur, thus the target assay sensitivity was 10 cells per ml of blood. 

One ml of blood contains between 4 and 11 x 106 nucleated cells. The limits of 

detection of the assay varied depending on the target of interest, being 1 cell per 

ml of blood for PSA, 10 cells for PSMA and 100 cells for PSCA and HK2. The 

majority of reported PSA assays have limits of detection of 1 cell in a background 

of 106 negative cells although sensitivities as low as 1 in 107 254 or 108 255 have 

been reported. For PSMA assays the literature suggests sensitivities between 1 

cell in 104 256 and 107 254 marker negative cells. Thus the PSA and PSMA assays 

had sensitivities within the ranges successfully achieved by others.

The only group to use PSCA as a target for RT-PCR achieved a limit of detection 

of 1 cell in 1 ml of blood using a nested assay221. This superior sensitivity is likely 

to reflect the use of a nested technique. The advantages in terms of sensitivity of 

this technique must be balanced against both its increased complexity and 

susceptibility to false positive results from amplification of contaminants or 

illegitimately transcribed RNA. Despite this the specificity of our PSCA assay has 

proved to be unreliable, with target of interest being amplified in RNA extracted 

from female blood. The reason for this remains unclear as a source of 

contamination has not been identified and the primer sequences are solely PSCA 

specific. Similarly it appears unlikely that at the sensitivity achieved by this assay 

that these results represent illegitimately transcribed RNA amplification. Assay 

specificity is discussed in detail in section 6.5.

The HK2 assay could detect 100 cells per 1 ml of PB, 10 fold less sensitive than 

the target level. Previous assays targeting HK2 report levels of detection of 

between 1 ceil in 106 and 1 cell in 109 leucocytes 257-258'259. Two of these assays
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have involved nested techniques, and Slawin et al, in achieving the greatest 

sensitivity reported a false positive rate of 36% 259.

The DD3PCA3 based assay could not detect 105 LNCaP cells in 1 ml of female 

blood. In the initial cell line work (section 3.2) the relative gene expression of 

DD3PCA3 in LNCaP cells was lower than all the other four markers which may 

explain this result. As DD3PCA3 expression has not been detected in any other 

prostate cancer cell lines 70,247 there is no other prostate cell alternative for use in 

an in vitro model. Other workers in this field have experienced similar problems 

when using prostate cancer cell lines to establish sensitivity for DD3PCA3 based 

RT-PCR assays 70,71. In the limited number of studies targeting DD3PCA3 mRNA 

through RT-PCR or nucleic acid based amplification assay (NASBA) techniques 

there have been no published LNCaP cell spike sensitivity data 260-71, One 

approach to this hurdle has been to insert a DD3PCA3 target sequence into a 

plasmid, facilitating known numbers of target mRNA replicates to be used in serial 

dilutions spiked into a suitable RNA background (see section 2.3.10) 71. Utilising 

this method, 1 plasmid copy could be detected in 100ng of female blood derived 

cDNA while 100 copies of DD3PCA3 RNA could be detected per 2.5ml of female 

blood when DD3PCA3 RNA transcribed from the plasmid construct was spiked into 

female blood samples. This level of sensitivity is not directly comparable to cell 

spike data however it has been suggested that a single LNCaP cell contains 

between 100 and 1000 PSA mRNA molecules 261. Therefore the DD3PCA3 

sensitivity achieved here in terms of mRNA copies would equate to 1 cell per mi of 

blood in a PSA based assay.

6.4 Technical Considerations at the Limits of Assay Performance

6.4.1 Reproducibility & representative sampling of dilute solutions

It is clear from the above discussions of sensitivity that all of the assays would be 

required to perform at the limits of their in vitro sensitivity to maximise PEC 

detection in vivo. One of the problems experienced in this RT-PCR work was 

reproducibility of results between replicate samples. During assay development 

the impact that this would have in the clinical setting was not immediately
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apparent. In vitro work evaluated the finite limit of cell detection using each marker 

and it was only at this limit that significant variability between replicate results 

would occur. For example, the PSA assay could detect 1 LNCaP cell per 1ml of 

female PB but in only one of three replicate reactions. At 10 cells per ml all 

replicates were PSA RT-PCR positive. Similar variability in marker quantification 

was demonstrated with micro fluidic RT-PCR, where in evaluating serial dilutions 

of LNCaP cDNA there was significant variation in the Ct values from ‘identical’ 

replicate reactions in the most dilute samples (figure 5.4).

The principle of RT-PCR molecular staging is the ability to detect viable tumour 

cells within a background of non-tumour cells. Inevitably the target cells are greatly 

out numbered by background and this situation is amplified considerably at the 

level of mRNA target. Assays must therefore work reliably at their limits of 

performance to provide a robust clinical tool. As discussed above, a clinically 

significant circulating cell yield is in the region of 10 tumour cells per ml of PB. The 

in vitro performance of our markers show that only the PSA assay could detect cell 

concentrations beyond this and the other markers would be at or beyond their 

limits of performance of detection in identifying patients with this concentration of 

circulating cells. It would be predicted therefore, assuming good specificity, that 

clinically the assays would reliably detect patients with established advanced 

metastatic disease and high tumour cell loads while only PSA might be expected 

to consistently perform in those with micrometastatic disease. The performance of 

the other markers in these less clinically advanced groups would be far more 

dependent on total cell load and levels of marker expression by these cells. 

Clinical performance in BM would be expected to be better as higher relative 

tumour cell numbers are expected although the background cellular environment 

remains a far less evaluated entity with no in vitro studies being performed here. In 

actual fact there was considerable variation in cell yields between PB and BM, and 

this was dependent on the individual assay and disease status. This is discussed 

further in section 6.6.9 (combining PB and BM).

In optimising the methodology for use with clinical samples, there are important 

technical issues relating to the use of RT-PCR with dilute solutions. 

Representative sampling is essential at each step of molecular staging and is a
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potential source of error at each of these. Patient sampling is discussed above, but 

assuming that the clinical samples contain PECs these will be greatly diluted by 

leucocytes and following total RNA extraction, the target messages will be diluted 

further. McIntyre et al highlighted the importance of representative sampling of 

dilute solutions when, in their PSA/PSMA RT-PCR study, significant and persistent 

variability was seen in assay results between duplicate reactions 248.

RT-PCR methodology typically uses only small aliquots of total RNA for marker 

specific PCR amplification. Around 1% of the total RNA was evaluated in each 

reaction for the 96 well format and around 0.02% for micro fluidic RT-PCR. When 

sampling from a dilute solution the probability of that sample being representative 

of the solution can be estimated using the Poisson distribution. Figure 6.1 shows a 

Poisson curve. The x-axis shows the number of target mRNA molecules in an 

aliquot taken from a given dilute solution while the y-axis is the probability of this 

event occurring. X is the most likely number of molecules to be sampled and would 

be a true representation of the mRNA content. The tails of the distribution 

demonstrate that there is a small chance of sampling a very large or very small 

number of molecules and in the latter case this may be beyond the sensitivity limit 

of the assay represented by the x-axis intersect ‘S’. The probability of a positive 

result is the area under the curve to the right of ‘S’ divided by the total area under 

the curve. The higher the number of cells in the initial sample the greater the value 

of X and the greater the probability of a positive RT-PCR assay result. The 

probability of a positive test result can be improved by increasing target 

concentration in that solution or through repetitive solution sampling. Jung et el 

showed that the positivity rate for a typical RT-PCR assay at the limit of its 

sensitivity was 60% 261. A ten fold increase in target concentration improved 

detection rates to close to 100%. The number of replicate reactions necessary to 

ensure a positive result and thus exclude false negatives can be calculated using 

a poisson table and this shows that 5 replicate reactions must be performed to 

give a probability of a positive result of 98%. It must be appreciated that this 

applies to each individual assay at the limit of its sensitivity. Therefore, unless the 

patient specimen is processed and analysed in its entirety for each assay then a 

number of test repetitions will have to be performed to exclude false negatives,
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within the performance limits of the particular assay. Six replicate reactions were 

used to evaluate all clinical samples for all markers. This is an important concept 

as when the raw RT-PCR data is studied, it can be seen that few samples had six 

positive assay results for any given marker. This suggests that the majority of the 

marker positive samples had circulating cell concentrations in the region of the 

limit of assay sensitivity.

Number of 
Samples

Xs

Numbers of Molecules of cDNA 

Figure 6.1: Graph showing the probability of sampling a certain number of 

cDNA molecules in a dilute solution. X is the mean number of molecules and is 

the most likely sampling event. The limit of assay sensitivity is represented by ‘S’.

6.4.2 Reproducibility at the limits of detection - the Monte Carlo Effect

The second important consideration is PCR amplification reproducibility at the 

limits of assay detection. PCR efficiency in dilute solutions is limited by the number 

of target molecules. There are random differences in amplification efficiencies 

depending on whether the primers are able to bind to the target and, with 

exponential PCR amplification, at what stage in the cycling primer annealing 

occurred. This can have a significant impact on the final assay result. Karrer et al 

described the limitations of PCR amplification of dilute target within a complex 

mixture and termed this non-reproducibility the Monte Carlo effect 262. The lower 

the concentration of target the more likely the reaction is to be affected by the 

Monte Carlo effect and thus there is greater potential for variation between
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replicates. This again highlights the importance of using replicate assays and is an 

additional explanation as to why only a proportion of replicate samples were assay 

positive. The random nature of the variability however makes quantitative 

comparisons of PCR product at the limits of assay performance more difficult.

6.5 Assay Specificity in Vitro

During assay development samples of female PB free from CaP cells were 

evaluated to establish the specificity of each molecular marker. The RT-PCR 

assays for PSA, PSMA, HK2 and DD3PCA3 were negative for all replicate reactions 

using mRNA from female PB. The specificity problems that would be experienced 

when evaluating large numbers of clinical samples in the main body of the study 

were therefore not identified for these markers. The possible reason for this is that 

only samples from two female volunteers were evaluated during these validation 

studies and as was subsequently seen, only a proportion of control samples would 

contain detectable target.

In contrast, PSCA was detected in female control PB samples, however at higher 

Ct values and thus in smaller amounts than in cell spike samples. It was expected 

that this would also occur in the larger study population and therefore low levels of 

expression in controls could be excluded by applying Ct threshold levels.

The use of BM was not evaluated in the assay validation stages and in retrospect 

this was a flaw in the study design, as there is no cell spike validation data, and 

this might have identified specificity issues at an earlier stage. The collection of 

BM samples, particularly from healthy individuals, was however far more difficult 

both practically and ethically than for PB. The establishment of a bank of BM 

samples with an optimised technique for their collection and processing was not 

achieved until the PB assay validation work was complete. Time constraints for 

completion of the study resulted in this BM validation being excluded.

221



6.6 RT-PCR Evaluation of Clinical Samples

6.6.1 Issues Regarding Data Analysis and Interpretation

The real time RT-PCR data collected during assay validation provided a simple 

representation of the limits of cell detection for each assay and convincingly 

displayed the potential of quantitative RT-PCR, demonstrating the technique’s 

ability to reliably detect different amounts of input mRNA target. The demands of 

the clinical setting were far higher and quantitative data analysis for the study 

population was far more complex. Issues of specificity had not been identified. 

Clinical sensitivity would only be established during the clinical study and thus the 

importance of assay performance at its limits of sensitivity would only be 

appreciated at that stage. Validation work gave no impression as to the reliability 

of the assays in detecting small differences in input target, a factor that would be 

important in differentiating between clinical groups.

6.6.1.1 Multiple Replicate RT-PCR Assay Reactions

The use of multiple replicate assay reactions for each clinical sample was a 

necessity of the technique. This produced a large amount of data for final analysis 

in a methodology involving quantitative data for five markers from two clinical 

samples per patient. To allow comparison between individuals it was essential to 

have a simple numeric value for each marker for each sample. There is no 

reported modelling for utilising this type of quantitative RT-PCR data and some 

issues remain undetermined. For example, can two samples be directly compared 

using a simple sum or mean of their replicate results if one has a single positive 

replicate containing a large amount of target while the other has five positive 

reactions each with a small amount of target. Based on the theory described in 

section 6.4 regarding sampling dilute solutions and reaction replicates, it was 

concluded that since six replicates were being employed, then a positive result in 

any replicate reaction was an overall positive result for that sample and the sum of 

the replicate results would be reasonable to allow comparison of target mRNA 

expression.
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6.6.1.2 Expression of quantitative data

The raw value (Ct) for each positive RT-PCR reaction was recorded as a number 

of cycles from 0 to 40. Since an increasing Ct value was inversely proportional to 

the amount of input mRNA then using (40-Ct value) produced an assay result with 

a direct relationship to the amount of input mRNA. Ail clinical samples therefore 

produced six (40-Ct value) results for each marker which were added together to 

give a single E(40-Ct) value.

At the outset of the study it had been anticipated that the assay data for all 

markers from both blood and bone marrow for each individual would be analysed 

to produce a test result that was clinically relevant and easy to utilise. No 

modelling of this type of data has previously been described and therefore various 

approaches were considered. Expressing results as a single numeric value 

accounting for all elements of the test or in terms of the number of circulating cells 

detected were appealing concepts. Each would allow simple comparison with 

clinical data and disease course.

Manipulating the data in this way would depend on assay factors, sample factors 

and PEC factors. All assays would have to be robust and reproducible at the levels 

of sensitivity required to detect clinically relevant circulating PECs and in addition 

assay performance would have to be identical for each marker. Combining PB and 

BM data might overlook clinically important patterns; could the presence of CTCs 

in BM be more significant in subsequent clinical course than PB? If the cell 

number approach was used then these would be estimated from standard curves 

derived from LNCaP cell spike experiments. Such a model however would assume 

that all circulating PECs and cell line cells express identical numbers of mRNA 

molecules for each marker which is in direct conflict with the evidence 

demonstrating the heterogenous nature of tumour cells 185'263-264.

Producing patient group marker profiles would identify the significance of each 

marker and the pattern of marker expression in patient outcome. It was not 

possible to produce these from the data collected from this study because the 

assays were not sensitive or specific enough, the clinical groups were small and
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the follow up short. Therefore only small amounts of positive data were available 

for numerous small groups which were best displayed in graphs to show general 

trends rather than significant marker profiles.

6.6.1.3 Issues of Assay Specificity

The majority of published RT-PCR studies report excellent clinical specificity. A 

few studies are however exceptions, with false positive rates of up to 66% for PSA 

265, 92% for PSMA 266 and 14% for HK2 220. This is discussed in detail for each 

marker in sections 6.6.2 to 6.6.6. We recorded positive assay results in significant 

numbers of disease free control PB and BM samples for PSA, PSMA and PSCA 

as well as to a lesser degree for HK2 in PB only. Where this has been reported 

previously in qualitative RT-PCR studies it has not been possible to utilise the data 

any further and conclusions of poor marker specificity have been drawn 
212,213,259,265,266 Qne potential advantages of quantitative RT-PCR is the ability

to differentiate between levels of marker expression, and for example, when Patel 

et al detected PSA mRNA in 66% of control PB samples by real time PCR they 

noted that expression levels were on average 7 fold lower in the control compared 

to CaP samples 265. Beyond this there is little else published in the literature to 

suggest a solution to this problem, yet it was envisaged that a similar approach 

could be applied to our real time data. On evaluating the expression profiles for 

each marker for the entire study and control populations it was clear that 

significant proportions of positive control samples could be excluded by setting 

expression thresholds, levels above which would be considered indicative of 

significant marker expression. These levels were different for each marker and 

were selected purely based on minimising positive results in the controls which 

had a variable impact on the CaP populations for different markers and still did not 

exclude all false positive results. This approach was most successful for PSA. For 

PSMA where false positive rates and expression levels were higher, larger 

numbers of patient samples were also excluded and for PSCA this approach could 

not demonstrate CaP specificity for this marker. The specificity problems 

encountered with all of these markers limited the amount of useful RT-PCR data 

available for analysis.
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6.6.1.4 Issues of statistical analysis

Statistical analysis of the RT-PCR data was complicated by a number of issues. 

The study population was composed of a heterogenous patient population, divided 

into a number of relatively small groups as determined by clinical disease status. 

This, as well as the fact that there were relatively small numbers of positive assay 

results, made it difficult to identify significant patterns and trends. General trends 

within the entire population, such as increasing marker expression with advancing 

disease status, could be evaluated using Spearman’s rho, a measure of the linear 

relationship between two variables.

The quantitative data was not normally distributed. Ideally, the median rather than 

the mean would have been the most appropriate descriptor to give an overview of 

marker expression within a group to allow comparison. The small numbers of 

positive samples within the groups, particularly those with localised and locally 

advanced CaP, meant that the median would often be zero. The mean was 

therefore used for this purpose, however, standard deviations were not 

appropriate given the data distribution. Additionally, it was necessary to use non- 

parametric statistical tests, comparing ranks. The Kruskal-Wallis test was used to 

identify significant differences between any groups within the study population at a 

significance level of 5% (p=0.05). However, to compare each group to every other 

group using the Mann-Whitney U, required that the Bonferroni correction be 

applied. This correction looks to reduce the likelihood of finding a significant 

difference by chance when multiple tests are carried out. In comparing the 6 study 

groups with one another, 15 tests were performed thus a reduced significance 

level of <0.003 was applied. This correction is very conservative and indeed real

differences may be overlooked, type II errors may be increased in an attempt to 

minimise type I errors.

6.6.1.5 Issues Regarding Multiple Marker RT-PCR Assays

One of the novel approaches being evaluated in this study was to concurrently 

evaluate samples for the quantitative expression of five molecular markers. To 

make this a practical proposition for a study population of over 100 patients all of 

the assays had to work efficiently within the same reaction conditions using
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standard reaction components. As detailed in section 1.9 many factors impact on 

assay sensitivity and specificity and this is reflected in the variation of protocols 

seen in the literature. Additionally, quantitative RT-PCR necessitated the use of 

the ABI PRISM sequence detection light cycler and there are specific rules in 

primer/assay design which should if possible be adhered to in order that the 

assays are as efficient as possible. Specific Primer Express software was initially 

used to develop appropriate real time primers, however for HK2 and DD3PCA3 

these were not successful. Therefore alternatives designed by other groups were 

used which were optimised for different reaction conditions to those previously 

described 71,194. The potential impact on assay performance in a real time reaction 

was appreciated but unquantified at the outset of the clinical study. For example, 

the DD3pcas assay amplicon was large at 381 bp and therefore it would be 

expected that amplification would be less efficient than the 85bp PSA product. 

Therefore concurrently running five RT-PCR assays and the resulting limits on 

individual assay optimisation may explain the poor sensitivity for some markers.

6.6.1.6 issues Regarding Study Patient Population

At the outset of this study it had been envisaged that within the allotted time of two 

years it would be possible to collect paired PB and BM samples from 200 men with 

prostate cancer and 30 disease free controls. The majority of patient samples 

would be from men with clinically localised CaP while a smaller group of men with 

metastatic disease would be evaluated to confirm clinical sensitivity.

Time constraints meant that assay development and clinical sample collection 

would proceed concurrently. Thus, a number of assumptions regarding the 

assays, the targets and the patient population were made. Each assay should 

show a high degree of clinical specificity and should be reliable and robust at the 

required sensitivity. Generally, there would be clear patterns of marker expression, 

increasing with advancing disease stage and clearly identifying those with a poor 

clinical prognosis. Identifying patients who fitted into rigid clinical grouping criteria 

and would consent to sampling would be achievable in a finite time period.

Bone marrow aspiration is clearly an invasive procedure, particularly when 

performed under local anaesthetic and in the trial setting offered no clinical
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advantage. The target patient population were already having come to terms with 

a diagnosis of cancer, an uncertain or even bleak future and the prospect of 

aggressive oncological therapy. Since recruitment was slow, the sampling criteria 

were widened to include patients with a variety of stages of disease. In retrospect 

this weakened the study’s potential considerably particularly since the clinical 

sensitivity of the assays were lower than expected. Therefore overall there were 

fewer patients with fewer positive results distributed between a number of smaller 

groups. Identifying significant results would be far more difficult and statistical 

testing had to allow for these groups by using reduced significance levels (section 

6.6.1.4).

As is discussed in section 6.3, based on the in vitro performance, only the PSA 

assay would be expected to perform reliably with the small PEC numbers that 

would typically be circulating in patients with micro metastases. Additionally, 

variability in assay performance between markers meant that cell detection by 

each marker depended not only on the presence of cells and their marker 

expression but also on the individual assay capability. Given these constraints, the 

sampled study population was not perfectly suited to the final multi-marker assay 

model and a target population of only men with advanced disease might have 

been more informative since they would be expected to have higher CTC loads.

6.6.2 PSA RT-PCR Assay

6.6.2.1 PSA RT-PCR assay in vitro specificity

The majority of PSA RT-PCR studies show good CaP specificity with 0% to 7% 

controls being assay positive, thus the 6% described here compares well with 

these (table 6.1). A few workers have described less prostate specific assays, 

Thiounn et al detecting PSA mRNA in 9% of men with BPH and 18% non prostate 

controls 267, Gala et al in 19.4% of controls 212, Henke et al in 30% of healthy 

controls and 55% of men with BPH 213. More recently, Patel et al used a real time 

RT-PCR assay with comparable in vitro sensitivity to ours and reported that 67% 

of control PB samples were assay positive 265.
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6.6.2.2 PB PSA RT-PCR assay - clinical sensitivity

Based on its in vitro performance, the PSA RT-PCR assay was expected to 

reliably detect men with advanced disease through the presence of CTCs. This of 

course assumed that clinical sampling would be representative and CTCs PSA 

expressing. All men with hormone escaped metastatic disease and 63% of all 

those with bone metastases had detectable PSA mRNA in their PB samples.

PSA in PB is the most widely evaluated target in CaP molecular staging and 

reports of clinical sensitivity are varied (Table 6.1). Between 35% and 100% of 

patients with advanced disease have been found to be PSA RT-PCR positive
62,192,208,210,214,218.220,221,240,257,265,268-277 A g  ^ 3^ 5^  p r e v io u s ly  t h e  /'/7 VltrO

sensitivities of the reported assays are varied and this will be reflected in their 

clinical sensitivity however the majority of assays report limits of detection of 1:106 

and despite this there remains significant variability in clinical sensitivity
62,192,220,221,257,265,270,277 T h jg  j$  t h e r e f o r e  |jk e iy  to ref|ect the heterogeneity of

methodologies and patient cohorts. Patient groups with advanced disease 

evaluated in RT-PCR studies are often small and poorly described or defined in 

that they may contain a heterogenous mix of locally advanced, nodal and distant 

metastatic disease which may be untreated, hormone manipulated or hormone 

escaped. Direct comparison between studies and with the clearly characterised 

groups described here must be considered in this context.

Where advanced CaP groups have been sub-analysed, Seiden et al 275 showed, 

as in our study, that patients with hormone escaped metastatic cancer were more 

likely to be assay positive compared to the metastatic group as a whole, while 

Israeli et al 256 showed lower expression in treated metastases than hormone 

escaped cancer which is in keeping with CTC theory. In contrast, Ellis et al found 

that only 45% of patients with hormone escaped metastases were assay positive 

while 75% of those with untreated metastases had detectable CTCs 240. This 

observation is more difficult to explain. However, Halabi et al also detected PSA 

target in only 44% of patients with HRPC using a very sensitive RT-PCR assay. 

Targeting PSA alone may under estimate CTC number, heterogenous marker 

expression is well recognised. However, these may be true negative results since 

rates of disease progression even in this advanced stage are variable and some
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individuals may not have significant numbers of circulating PECs. Interestingly, we 

detected PECs more often in men with non-metastatic hormone escaped CaP 

than those with untreated metastases. There have been no other reports of this 

observation although it may have gone unrecognised within advanced patient 

groups. The hormone escaped state is indicative of disease progression whether 

there are established detectable secondaries or not and the presence of CTCs 

would be in keeping with this. The question of interest is whether hormone escape 

enhances the ability of tumour cells to enter the circulation.

Author Year Controls 
% PSA +ve

Advanced 
% PSA +ve

Lim it of 
Detection

Current Study 6% 100% M1 escaped 
42% M1 untreated 
50% Mo escaped

1:10°

Moreno 2lw 1992 0 33% -

Katz 214 1994 0 78% 1:10°
Seiden 2' “ 1994 0 35% All M1 

50% M1 escaped
-

Israeli82 1994 3% 86% M1 escaped 
25% M1 manipulated

1:10“

Ghossein 278 1995 0 35% 1:10“
Cama288 1995 0 80% 1:10“
Jaakkola 2,2 1995 0 50% -

Sokoloff182 1996 11% 88% 1:10“
Melchior2,4 1997 0 64% N1/M1/recurrent 1:10°
Ignatoff 21U 1997 - 100% -

Zhang2" 1997 0 64% 1:10“
Corey™ ......... 1997 0 46% 1:10s
E llis2,8 1998 2% 75% M1 untreated 

46% Escaped
1:10s

Gao 288 1999 0 42% LA & advanced 1:10'
Kantoff218 2001 - 48% -

Sourla 2,8 2001 - 75% -

Halabi2,1 2003 - 44% HRPC -

Kurek2,3 2003 7% 80% 1:10“
Shariat™ 2002 7% 88% 1:10“
Hara221 2002 1.4% 50% N1 or M1 1:10“
Kurek 2“ ' 2004 - 80% 1:10“
Patel285 2004 66% 80% 1:10“

Table 6.1: PSA RT-PCR in advanced CaP - clinical RT-PCR studies targeting 

PSA in PB.
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6.6.2.3 PB PSA RT-PCR assay - clinically localised CaP
As expected, higher proportions of men with advanced disease (M1 or MO 

hormone escaped) were found to have CTCs compared to those with clinically 

localised or locally advanced CaP. Similarily, mean PSA expression levels 

increased with advancing disease status. Twenty three percent of those with 

clinically localised CaP were PSA RT-PCR assay positive which was similar to the 

24% in the locally advanced group, although the latter demonstrated higher mean 

PSA expression.

Previous clinical studies of PSA RT-PCR in PB reported a great deal of variation in 

CTC detection with assay positivity between 6% and 54% for patients with 

clinically localised disease (table 6.2). As discussed previously this reflects a lack 

of standardisation of methodology resulting in variable in vitro and clinical 

sensitivities. The clinical groups described for localised cancers are also 

somewhat heterogenous; for example Thiounn et al included patients with serum 

PSA levels of up to 39 ng/ml 267, Martinez-Pineiro et al patients with clinically 

staged T3 cancers 279 and Kurek et al sampled all of their localised patients after 3 

months of hormone manipulation therapy 273. Many of the other studies do not 

define their clinical staging criteria. The patient groups used in the current study 

are clearly defined and may exclude many patients from the clinically localised 

group that would be included by other workers. This, along with the reductions in 

detection rates resulting from assay specificity optimisation, may explain why only 

23% of our clinically localised cancers were assay positive, lower than some other 

reports. Similarly, this variability in patient classification may also explain why 

there was tittle difference in RT-PCR positivity between clinically localised and 

locally advanced patients. Many in the latter group were classified based purely on 

a serum PSA >10ng/ml some of whom would have had pathologically localised 

cancer. There are few reports specifically concerning patients with clinically locally 

advanced cancer and many of the patients allocated to this group in our study 

would have been allocated to either the localised or advanced groups by other 

workers.
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Author Year Clinically
Localised

Clinically
Locally

Advanced

Pathologically
Localised

Pathologically
Locally

Advanced
Current
study

- 23% 24% - “

Katz214 1994 39% - - 68%
Seiden2/b 1994 6% - - -

Cama2bB 1995 34% - 69% -

Ghossein2'0 1995 16% 30% - -

Israeli82 1995 - - 0 7%
Loric280 1995 11% - 6% 20%
Sokoloffiy2 1996 - - 59% 72%
Corey2UB 1997 19% - 22% 16%
De
Cremoux281

1997 21% - 21% 20%

Melchior2'4 1997 20% - 16% 27%
Thiounn28' 1997 22% - 14% 35%
Zhang^77 1997 13% - - -

Ellis240 1998 20% - 17% 22%
De la 
Taille215

1999 27% - 16% 51%

Gao2"2" ...." 1999 32% - 38% 26%
Llanes283 2000 28% - 33% 22%
McIntyre21' 2001 27% - - -

Straub223 2001 54% - 40% 72%
Adsan284 2002 43% - 37% 42%
Hara221 2002 - - 2% 0
Kurek2'3 * 2003 - - 34% 32%
Martinez-
Pinero279

2003 43% - 45% 40%

Patel203 2004 37% - - -

Table 6.2: PSA RT-PCR in localised CaP -  clinical RT-PCR studies targeting PSA 

in PB

(* = samples taken after 3 months of hormone manipulation)
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6.6.2.4 PB PSA RT-PCR - clinical correlation

For patients with clinically localised CaP no correlation was demonstrated between 

PSA RT-PCR status and clinical outcome or pathological stage. Most studies of 

RT-PCR in clinically localised CaP report on CTC against pathological staging. In 

our study the clinically localised group contained only 24 patients who underwent 

RRP and therefore had pathological staging, which limited the data available for 

analysis. Of these patients, only 5 had pT3 CaP, all RT-PCR negative, 11 had 

positive margins, 2 RT-PCR positive and 4 had experienced PSA failure, all RT- 

PCR negative.

As can be seen in table 6.3 very few studies have shown a clear clinical utility for 

PSA RT-PCR in localised CaP. The Columbia university group have generally had 

the greatest success, consistently showing PSA RT-PCR to be superior to other 

staging modalities in predicting pathological stage 214-268’285 and additionally that 

pre-operative assay status predicted PSA recurrence following RRP 215, The only 

other groups to demonstrate a significant relationship between PSA RT-PCR and 

pathological stage are Thiounn et al 267 and Straub et al 223 although the former 

study was limited by poor assay specificity. For Localised CaP managed 

expectantly McIntyre et al reported that positive PSA RT-PCR predicted disease 

progression 217 Other groups reporting positive results with PSA RT-PCR in 

localised cancers have combined it with other molecular markers such as PSMA
277

For patients with advanced CaP the groups described in the current study were 

small and were primarily included to establish clinical sensitivity. No clear 

relationship between PSA RT-PCR status and outcome was demonstrated for 

these patients although follow up data for these groups is incomplete. In studies 

evaluating larger cohorts of such patients, the results have been promising. 

Kantoff et al observed improved survival for men with HRPC who were PSA assay 

negative 218. Using the same assay, Halabi et al sampled 162 men with HRPC for 

PSA RT-PCR and found that survival was significantly shorter for the RT-PCR 

positive patients, 11 months versus 21 months 271. For hormone naive patients, 

Sourla et al showed that 43% of patients become RT-PCR negative following 

complete androgen blockage, and that this was a predictor of longer progression
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free survival276. These findings confirm the clinical importance of CTCs in cancer 

progression but suggest that RT-PCR techniques may be more suited to 

evaluating patients with advanced disease. Although an interesting prognostic tool, 

this is unlikely to significantly alter patient management.

Author Year Clinical
Correlation

Details

Katz214 1994 Yes Capsular penetration 
Positive margins

Seiden278 1994 No -

Carna288 1995 Yes Capsular penetration 
Positive margins

Ghossein270 1995 No Trend with increasing serum PSA
Israeli82 1995 No -

Loric2BU 1995 No -

Sokoloffiy2 1996 No -

Corey298 1997 No -

De
Cremoux281

1997 No -

Melchior274 1997 No -
Thiounn287 1997 Yes Pathological stage 

Positive margins
Zhang277 1997 Yes Pathological stage (PSA/PSMA combined)
Eliis 1998 No
De la 
Taille216

1999 Yes Pathological Stage 
PSA recurrence

Gao282 1999 No -
Llanes288 2000 No -
Straub228 2001 Yes qRT- 

PCR
Pathological stage 
Serum PSA 
Gleason score

McIntyre21' 2001 Yes PSA velocity in expectant management
Adsan284 2002 No -

CMCMCOCOX

2002 No -
Kurek278 * 2003 No -

Martinez-
Pinero279

2003 No -

Patel288 2004 No -

Table 6.3: Studies evaluating the clinical utility of PSA RT-PCR in PB.
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6.6.2.5 BM PSA RT-PCR assay -  clinically localised CaP

There are relatively few studies targeting PSA in BM. For patients with clinically 

localised CaP PSA RT-PCR positivity has been reported between 28% and 71% 

(table 6.4). We detected marker in 13% of our localised cohort. The studies with 

the highest detection rates used assays with in vitro sensitivities between 10 and 

100 fold greater than our PSA assay 208’274-282. Highly sensitive assays are likely to 

overstate marker expression and the implied presence of circulating cells. Corey 

for example detected CTCs in 68% of men with pathologically localised disease 

using PSA RT-PCR pre RRP 208. This would predict a poor outcome for 68% of 

men with localised cancers, assuming all these CTCs are indicative of subsequent 

clinical treatment failure. This is clearly not the case in clinical practice.

Overdetection by such sensitive assays may be either through amplification of 

illegitimately transcribed mRNA, unlikely since in both series disease free controls 

were uniformly RT-PCR negative, or the detection of very small numbers of 

circulating PECs that are not of any clinical significance. It is well recognised that a 

significant proportion of CTCs are not viable 286 and of those that are few will form 

metastases 182. This limits the utility of such sensitive qualitative assays for 

molecular staging and prediction of clinical outcome. Indeed, this would suggest 

that an in vitro sensitivity of 1 tumour cell in 106 PBMCs is optima! for RT-PCR 

molecular staging. However both Wood207 and Zippelius287 described assays with 

comparable sensitivities to ours, yet reported positive RT-PCR results in 45% and 

28% of clinically localised cancers which are far higher than our 13%. Of note is 

that neither of these groups report on disease free BM controls. Prior to setting 

threshold values to reduce false positives from 14% to 4%, 32% of patients with 

localised disease in our study were BM PSA RT-PCR positive. Optimising 

specificity for our assay may have limited its utility in localised disease staging as 

recurrence rates following RRP are up to 35%, significantly higher than the 13% 

predicted by this assay.
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6.6.2.6 BM PSA RT-PCR assay -  advanced CaP

With regard to patients with advanced CaP, our BM assay showed good clinical 

sensitivity with 80% of men with hormone escaped metastastic disease being PSA 

RT-PCR positive which compares well with the 56% to 100% reported for 

metastastic disease 207-208>211'274i However, only 33% of men with untreated 

metastases were assay positive compared with 67% of those with hormone 

escaped CaP but a negative isotope bone scan. A similar but less marked pattern 

was shown for PB. There are no previous reports of this finding yet the 

heterogenous clinical status of advanced patient groups in other studies would 

overlook this. It may be that once CaP cell populations become hormone 

independent PEC shedding from both primary and metastatic sites becomes a 

more frequent event and thus single point in time sampling is more likely to detect 

cells. Although a lower proportion of patients with untreated metastases were RT- 

PCR positive, the mean PSA mRNA expression when detected was far higher 

than for non-metastastic CaP. This is difficult to reliably interpret since it may 

reflect high cell numbers or high PSA mRNA expression in a few cells. The former 

may in fact be the case since PSA RT-PCR PB status in advanced CaP has been 

shown to have a significant relationship with disease course and survival218-271-278 

Thus of those patients with metastases some may have far higher numbers of 

CTCs and as a result are RT-PCR positive hence their disease would be predicted 

to run a more accelerated course. Of course it would be expected that all patients 

with established metastases would have detectable PECs in their BM and it is 

likely that with repeated or multiple site sampling the proportions of assay positivity 

for metastatic patients would increase. Melchior et al showed that two site BM 

sampling increased PSA RT-PCR positivity from 57% to 74% compared with a 

single site 274. This suggests that smaller numbers of cells may not be detected by 

our assay but the significance in molecular staging is in identifying the CTCs or 

CTC load that will make a difference in clinical disease behaviour. Differentiating 

between those with high and low CTC numbers is probably more significant than 

identifying every circulating PEC. Long term follow up will clarify matters for this 

study cohort.

235



Reference Controls Clinically

Localised

Path

T1/T2

Path

T3

Metastatic Sensitivity

Wood2iV/ 0 44% 20% 65% 100% 1:10b

Wood2iy No data 45% 29% 30% - 1:10B

Melchior2'4 0 56% 56% 73% 86% 1:10“

Corey208..  " 0 71% 68% 76% 77% 1:10“

Zippelius2157 0 28% - - - 1:10“

Deguchi211 No data - 11% 57% 56% 1:10°

Gao282 No data 44% 49% 51% - 1:10'

Table 6.4: Studies detecting CTCs by PSA RT-PCR in BM.

6.6.2.7 BM PSA RT-PCR assay -  clinical correlation

Our assay showed increasing rates of BM PSA assay positivity and higher relative 

PSA expression with advancing clinical stage and could differentiate between the 

extremes of disease, yet it failed to demonstrate any correlation with established 

prognostic criteria, pathological stage or margin status in those undergoing radical 

prostatectomy or disease outcome in the short term. This may reflect insufficient 

patient numbers within the study groups and reduced CTC detection issues as 

discussed above. Additionally, prediction of disease outcome and survival is yet to 

be established through longer term follow up.

The evidence for defining a clinical role for BM RT-PCR in the literature has been, 

as for PB, conflicting. Wood et al in the first BM PSA RT-PCR study demonstrated 

a correlation between RT-PCR assay status and pathological stage following RRP, 

20% of T2 and 65% of T3 cancers being assay positive 207. They also showed 

shorter disease free survival following surgery for BM PSA RT-PCR positive 

patients 219. Using more sensitive PSA assays, other groups failed to demonstrate 

a role for BM PSA RT-PCR in predicting pathological stage 208-274-282j although 

Melchior et al did show that positive BM RT-PCR taken at a mean of 4.6 months 

post RRP was correlated with pathological stage, in that 67% of RT-PCR positive 

patients had extracapsular disease while this was only 22% for assay negative 

individuals. This implies that tumour cell shedding is only of significance if the cells
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persist once the primary tumour has been excised, which again highlights the 

need to identify the subpopulation of CTCs that have truly metastatic potential.

None of the previous reports of BM RT-PCR used quantitative techniques. We 

showed that mean PSA BM expression increased with advancing disease status 

and also that quantitative data can be used to minimise false positive results. 

Applying this principle of marker load to the over sensitive yet highly CaP specific 

assays described above would be one approach to differentiating insignificant 

PECS from true micrometastases.

6.6.3 HK2 RT-PCR Assay

6.6.3.1 HK2 RT-PCR assay -  clinical specificity

The HK2 assay recorded positive results in 6% of control PB samples which 

compares with between 0 and 14% in published series 2°8.220-222.257-259. jh© 

poorest reported specificity was seen with a very sensitive nested assay displaying 

in vitro LoD of 1 in 1Q9 259. Only small numbers of men with clinically localised, 

locally advanced and untreated metastases were HK2 positive; 10%, 3% and 8% 

respectively. Higher proportions of patients in the hormone escaped groups were 

assay positive, being greatest, 71%, as expected in those with established 

metastases.

6.6.3.2 PB HK2 RT-PCR assay -  clinically localised CaP

In localised CaP 10% of men were PB HK2 positive, while reported HK2 positive 

PEC detection ranges between 13% and 60%. The larger pre-RRP molecular 

staging studies showed no significant difference in HK2 expression between pT1/2 

and >pT2 CaP 257'259( although Slavin et al showed a significant relationship 

between RT-PCR status and node positive cancer (pT1/2 = 23%, >pT2No = 25%, 

N1=55%) 269.
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6.6.3.3 PB HK2 RT-PCR assay -  advanced CaP

Our HK2 assay only performed well with high levels of target mRNA. Kawakami et 

al reported similar findings in that HK2 could only be detected in metastatic CaP 

despite the presence of PSA positive cells in PB from less advanced patients, 

although they do not report the sensitivities of their assays 258. However, other 

studies found that for men with metastatic CaP between 33% and 70% of patients 

were HK2 RT-PCR positive222,257,258. The low positivity rates seen in the current 

study probably reflect the limited sensitivity of the optimised assay which 

compares poorly with the 1 in 106 to 109 achieved by others.

The large difference in detection rates between hormone na’ive and escaped 

metastatic cancer is interesting especially since HK2 was also more commonly 

seen in the hormone escaped bone scan negative group than in those with newly 

diagnosed metastases. This is similar to the pattern seen with the PSA and PSMA 

assays. The confirmation of patterns of PEC detection seen using these other 

markers adds weight to the conclusions drawn with regards CTCs in disease 

progression. As CaP progresses to hormone independence, CTC numbers 

increase.

6.6.3.4 PB HK2 RT-PCR assay -  overview

As an independent marker in PB, the HK2 assay does not appear to have a great 

deal to offer over and above the PSA assay. For example, in advanced patients, 

where the bulk of HK2 positive cells were detected, ail HK2 positive samples were 

also PSA positive. Compared to PSA RT-PCR, the clinical sensitivity of HK2 was 

lower as would be expected from their respective in vitro sensitivities and overall 

rates of marker detection were far lower. A number of other studies have 

evaluated PB samples with both PSA and HK2 RT-PCR 220'222-257-258. |n metastatic 

cancer PSA was detected more often than HK2 by all but Ylikoski et al who found 

similar results using both markers 222. Similar findings were reported for clinically 

localised cancer with the exception of Shariat et al who found HK2 to be a better 

predictor of occult lymph node involvement than PSA 22°.

In this study the only lack of concordance between PSA and HK2 results was in 

three patients with localised or locally advanced CaP that were HK2+/PSA\ This
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was unexpected given both the greater sensitivity of the PSA assay and the 

evidence that HK2 expression is generally lower than PSA expression in prostate 

cells 288. This pattern of mRNA detection may however simply reflect the 

phenotype of the CTCs in these patients which may be basal or endocrine and 

thus not PSA expressing. Others have reported this finding but its relevance to 

clinical outcome is yet to be established 208-222.

6.G.3.5 BM HK2 RT-PCR assay -  overview

In BM, the HK2 RT-PCR assay was highly specific, all disease free controls being 

negative. However, its reduced in vitro sensitivity compared with PSA was 

reflected in only 60% of hormone escaped metastatic cancers being HK2 assay 

positive. For these most advanced patients all HK2 positive samples were also 

PSA positive and the one patient that was PSA+/HK2' had very low PSA 

expression. Low detection rates were apparent in assaying BM from patients with 

localised and locally advanced cancers with only 8% and 16% being positive in 

each respective group. The majority of these HK2 positive BM samples were also 

PSA assay positive but as in PB three samples from localised and locally 

advanced patients were HK2+/PSA~.

Of note is that no patients with hormone escaped non-metastatic cancer were HK2 

positive in their BM samples while 67% of these were PSA positive and also 17% 

of patients in this group were HK2 positive in PB. This may have been a sensitivity 

issue since the mean PSA expression in this group was far lower than for patients 

with metastases and it would be expected that HK2 expression would also be 

lower and conceivably below the limit if detection of the HK2 assay. Sensitivity 

would also explain the low CTC yields in the less advanced cancers but the 

reasons for differences between PB and BM HK2 results remain unclear. 

Additionally, 44% of men with untreated metastases were HK2 BM positive. This is 

a pattern not seen with the other markers or with HK2 in PB, where fewer patients 

were assay positive in this group than in the hormone escaped non-metastatic 

cancers.

Corey et al are the only other group to target HK2 in BM using an assay which was 

significantly more sensitive in vitro than this assay, LoD 1 PEC in 107 background
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cells 208. They detected HK2 positive cells in 41% of clinically localised CaP (38% 

pT2, 48% pT3) and 39% of advanced disease showing limited clinical sensitivity 

although the advanced group was heterogenous and not purely metastatic cancer. 

Fifty percent of men with metastases were HK2 BM RT-PCR positive. As in our 

study significantly more BM samples were assay positive in each clinical group 

using a more sensitive PSA targeted assay, and when considering both markers 

concurrently only 13% of assay positive patients were positive for HK2 alone.

Additionally, they compared HK2 in PB with BM, showing assay positivity for 

localised patients of 13% PB and 41% BM and in advanced cancer 31% and 39% 

respectively. We found that cell yield was lower in BM than PB for localised and all 

hormone escaped CaP while the converse was seen in locally advanced and 

untreated metastases.

Therefore the utility of our HK2 BM assay in localised disease was clearly limited 

by its poor sensitivity with only small numbers of positive assay results. HK2 does 

appear a reliable specific marker in BM yet as in PB it is questionable as to 

whether independently it adds significantly to PSA RT-PCR staging as few 

patients were PSA'/HK2+. Larger studies will be required to study this sub­

population.

6.6.4 PSMA RT-PCR Assay

6.6.4.1 PSMA RT-PCR assay -  clinical specificity

The PSMA assay showed acceptable sensitivity in vitro however its clinical 

performance was marred by poor specificity and the need to apply exclusion limits 

to the data which was particularly high for BM analysis at 30 cycles. The specificity 

issue of this PSMA assay is difficult to explain in an assay with an in vitro 

sensitivity of 1:105 which is at best comparable with the 1:104 to 1:10s achieved by 

other workers who have not reported so many false positive results 192'277-289. The 

detection of large amounts of illegitimately transcribed mRNA is unlikely given the 

LoD of the PSMA assay and thus the prostate specific nature of the marker is 

brought into question. The majority of published PB PSMA studies show good 
prostate specificity 62’192-221 ̂ .268,277.280,290.291 j y e t  t h e r e  a r e  s ig n if jc a n t  exceptions,



Gala et al detected PSMA in 84% of controls 212 and Lintula et al in 92% 266. Both 

explain these findings as the result of illegitimate transcription detected by nested 

assays although these assays were no more sensitive than those which were CaP 

specific.

Only two other groups have targeted PSMA in BM, Zippelius et al 287 detected 

PSMA in 44% of controls while Koutsilieris et al 292 reported no false positive 

results in 20 BM controls. It is recognised that PSMA is produced by non-prostate 

tissues (section 1.3.2.2) and it has also been detected in CD34+ leucocytes 293 

which is particularly relevant for CTC protocols. Why there is such variability in 

specificity between assays is unclear but the large amount of variation in methods 

and assay design are strong contenders.

6.6.4.2 PB PSMA RT-PCR assay -  clinical performance

Once satisfactory specificity was established, 20% of PB samples from the 

localised group remained assay positive. In patients with more advanced disease 

PSMA expression was high in those with non-metastatic hormone escaped 

cancer, far more so than in untreated metastases, a pattern that was also seen 

when targeting PSA and HK2 in PB. This may again reflect active cell shedding in 

the hormone escaped state although it might be expected that patients with 

hormone escaped metastases would also have significant numbers of PSMA 

positive CTCs as was seen with PSA and HK2.

A number of groups have targeted PSMA in PB (table 6.5). Detection of PSMA in 

patients with advanced disease was higher in all of these studies, ranging between 

39% and 91%, than the 24% of assay positive PB samples from our entire 

advanced cohort. As noted above the non-metastatic hormone escaped subgroup 

showed PSMA expression in 50% of samples. Despite this limited clinical 

sensitivity, the 20% of PSMA positive patients with clinically localised CaP falls 

within the large range, 5% to 72%, reported previously. No correlation with clinical 

outcome was shown with the short term follow up of these patients. Only three 

previous studies have shown any correlation between PSMA PB status and 

outcome. Interestingly all three also found PSMA to have greater clinical sensitivity 

than PSA. Okegawa et a l291 found PSMA RT-PCR status to be a predictor of
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disease recurrence following RRP, while the two publications from the Cleveland 

Clinic, Zhang et al 277 and Grasso et al 290 correlated combined PSMA/PSA RT- 

PCR status with pathological staging.

6.6.4.3 BM PSMA RT-PCR assay -  clinical performance

For BM, 11% of samples from the localised group remained positive. The data was 

more informative for advanced disease. Fifty percent of metastatic patient BM 

samples were positive while the group with the highest proportion of assay positive 

samples was hormone escaped non-metastatic cancer, although the relative 

expression in this group was lower than for those with metastases. There was a 

strong correlation between PSA and PSMA expression in BM from these patients 

with 73% of the PSMA positive samples also being PSA positive.

Only Koutsilieris et al 292 have evaluated PSMA RT-PCR BM samples from CaP 

patients, with positive assay results in all patients with untreated metastases. For 

clinically localised disease at least 29% were PSMA RT-PCR positive although 

this may have been higher since any patient that was not also PSA RT-PCT 

positive was excluded (details not reported).

Overall, our PSMA RT-PCR assay showed some interesting trends in the 

advanced patient groups in both PB and BM, while for molecular staging of 

clinically localised disease its utility was more limited particularly in BM. Long term 

follow up data is awaited but at this time little else beyond these trends can be 

implied or concluded from this assay.
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Author Year Controls Clinically

Localised

Path

Localised

Path

Locally

Advanced

Advanced

CaP

Current

study

2004 13% 20% 24%

Israeli 52 1994 5% - 72% 60% 86%

Cama ma 1995 0 - 24% 33% 50%

Eschwege^ 1995 NR 21% - - -

Loric280 1995 0 44% 35% 60% 85%

Sokoloffw 1996 11% - 16% 22% 39%

Lintula 1997 92% 57% - - 82%

Zhang 1997 0 23% - - 91%

Gala1X1 1998 84% - - - 84%

Grasso 1998 0 - 35% 78% -

Okegawa^1 1998 0 - 33% 66% 91%

Hara221 2002 3% - 5% - 64%

Kurek 2004 5% 59% 63% 90%

Table 6.5: RT-PCR studies targeting PSMA in PB. (NR = not reported)

6.6.5 PSCA RT-PCR Assay

Despite its promising reported expression profile in CaP 68,294, we found no roie for 

PSCA in RT-PCR molecular staging as its expression was not prostate specific. 

PSCA mRNA was detected in high proportions of all patient and control PB and 

BM samples and expression levels were comparable throughout the groups.

The only reported experience of PSCA RT-PCR for CTCs in CaP showed 

complete CaP specificity, while detecting PECs in 50% of patients with advanced 

cancers but not in patients with localised or locally advanced disease 221. Their 

PSCA assay was nested which generally improves specificity and may explain the 

discrepancy with our results. One non-prostate CTC study targeted PSCA in 

gastrointestinal tumours again using nested RT-PCR. No positive assays were
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seen in PB from healthy volunteers although 20% of samples from patients with 

non-malignant conditions were positive 295.

PSCA expression is well recognised in other cancers including renal, bladder, 

ovarian, pancreatic and gastrointestinal. Additionally, it is expressed in normal 

prostate, urothelium and kidney indicating that it is not entirely prostate specific. 

Since the nature of our amplified assay product was confirmed through 

sequencing, and blast searches found no candidates for cross reaction it can only 

be concluded that PSCA mRNA must be expressed at detectable levels by the 

cellular elements of PB and BM thus limiting its utility as a target for molecular 

staging.

6.6.6 DD3PCA3 RT-PCR Assay

DD3PCA3 was entirely CaP specific. However, we were unable to demonstrate 

adequate clinical sensitivity for it to be used as a stand alone marker for RT-PCR 

based molecular staging using PB and/or BM. In vitro, its sensitivity was 1000 fold 

less than that of the PSA RT-PCR assay, while in vivo only 8 individuals had 

detectable DD3PCA3 expressing cells in either PB or BM samples.

There are a number of possible explanations for these findings. The expression of 

DD3PCA3 and its upregulation in primary cancers is clearly established. However 

there is only sparse data relating to its expression in metastases. Although 

Bussemakers et al, in their initial description of DD3PCA3, demonstrated marker 

expression in CaP metastases, they evaluated only 4 samples, and the numbers 

of prostate cancer cells present in such samples are likely to be far higher and in 

greater concentrations than can be expected in circulating cell studies 69. Indeed in 

metastases, the relative expression of DD3PCA3 compared to other prostate 

markers and the average expression per cell remains unknown. This may have a 

significant bearing on DD3PCA3 detection in the small dilute cell populations 

targeted in molecular staging protocols.

Additionally, we demonstrated that the relative expression of DD3PCA3 was 

significantly lower than that of PSA in LNCaP cells and this may also be similar in 

circulating PECs. This may reflect sensitivity limitations of the assay design/setup,
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since the DD3PCA3 amplicon is significantly larger than that for PSA and therefore 

PCR amplification will be less efficient. Alternative assay designs incorporating 

exons 1 to 3 lacked prostate specificity. If however DD3PCA3 is only expressed at 

extremely low levels by tumour cells then improving marker detection and thus the 

utility DD3PCA3 will require alternative methodological approaches.

The only other study utilising DD3PCA3 as a target for circulating cell detection in 

CaP evaluated blood samples from 63 men with CaP and 22 with BPH 26°. Prior to 

prostate manipulation they could detect no DD3PCA3 target in any samples, but 

following treatment (Prostatectomy, brachytherapy, thermoradiotherapy, TURP) 

blood samples from 46% of CaP and 9% of BPH patients were DD3PCA3 positive. 

Thus in this patient cohort, the only detectable circulating DD3PCA3 expressing cells 

were shed iatrogenically, not through the metastatic process.

The utility of DD3PCA3 targeted RT-PCR techniques in urine sediments is 

promising, primarily in the diagnostic setting 71,296. Moreover, Mulders et al have 

recently suggested its potential as a prognostic predictor, demonstrating a 

correlation between urinary DD3pgas/PSA mRNA ratios and Gleason score of 

subsequently biopsy diagnosed CaP 297. However, prostate cells present in the 

urine following prostatic massage or in the circulation following prostatic 

manipulation have been shed mechanically or iatrogenically and not by the 

stepwise metastatic process 298. These are likely to represent an entirely different 

cell population, with different characteristics, metastatic potential and molecular 

marker expressions compared to true micrometastases. The cells of interest in 

molecular staging are locally invasive, have altered adhesion and motility 

characteristics and have undergone migration into the circulation. Further, only a 

small proportion of cells that have undergone intravasation will ultimately go on to 

form metastases 182. It is the DD3PCA3 expression in these cells which is the key to 

the potential of this marker.

6,6.7 Quantitative RT-PCR

Quantitative RT-PCR has only been used in a small minority of RT-PCR studies. 

The first report by Sokoloff et al using 32P labelled PCR hinted at its potential by 

differentiating quantitatively between established metastatic and clinically localised
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CaP 192. It was envisaged that quantitative data would allow identification of 

clinically significant CTCs thus addressing the over-detection previously reported 

using very sensitive assays. However we found that even with modest assay in 

vitro performance, specificity was a problem and it was here that qRT-PCR was 

essential. Excluding low levels of marker expression allowed establishment of 

acceptable assay specificity. In addition, qRT-PCR showed higher expression of 

the markers PSA, PSMA and HK2 in advanced CaP compared to controls and 

men with localised and locally advanced disease, yet the quantitative data was not 

able to differentiate more accurately between or within groups. Similar findings 

were reported by Patel et a! using a PSA qRT-PCR assay with a LoD of 1:106 265. 

They experienced poor assay specificity with 67% of control PB samples being 

RT-PCR positive and although PSA expression was slightly higher in patients with 

localised CaP they could not statistically differentiate between these groups. In 

metastatic cancer, as in our study PSA expression was significantly higher than in 

PB samples from both controls and localised cancer.

In the largest quantitative RT-PCR study Kurek et al evaluated 115 men with 

clinically localised CaP prior to RRP and concluded that quantifying PSA mRNA 

could not differentiate between different pathological disease stages 273. 

Unfortunately controls and patients with metastases were only evaluated 

qualitatively thus it is not possible to fully assess this quantitative assay’s potential. 

Only one group have been able to use qRT-PCR to successfully predict 

pathological stage 223. Using PSA qRT-PCR in a real time assay the mean number 

of PSA mRNA copies detected were 16 for controls, 293 for pT2 CaP and 2221 for 

>pT2 CaP. This was the only qRT-PCR study to use real time PCR for quantitation 

and is therefore methodologically similar to our assay. Despite this we were 

unable to replicate this molecular staging which again highlights the impact of the 

details of primer and assay design on clinical performance.

6.6.8 The Utility of Multiple Marker RT-PCR

The rationale for multiple marker sample evaluation was to maximise CTC yield 

and to identify patterns of marker expression predictive of clinical outcome. Since 

this had not been described previously there were a number of issues in achieving 

these aims that only became apparent on analysing the data. The problems
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encountered in each individual assay would be multiplied when attempts were 

made to combine them, particularly assay specificity and sensitivity. Based on the 

literature it had been assumed that each marker assay would be highly CaP 

specific and that each assay would achieve a LoD of at least 1 tumour cell in a 

background of 106 cells. However, the PSCA assay data had to be excluded due 

to poor marker specificity and thresholds were applied to PSA, PSMA and HK2 

data to minimise marker detection in the control groups.

The next issue was how best to combine the markers. If using purely the 

qualitative data there were two simplistic approaches that have been used in other 

multi-marker studies. A patient could be considered to have CTCs present either if 

any of the four marker assays was positive thus maximising ceil detection 277 or 

only if they were positive for all four markers, optimising specificity 208-257-299. The 

former approach in PB made little difference to cell yield for patients with 

advanced CaP as would be expected since this depended upon the clinical 

sensitivity of the single best performing assay, i.e. PSA. However, compared to 

targeting PSA alone, CTC positivity increased from 23% to 35% and 24% to 39% 

for localised and locally advanced cancers respectively. Unfortunately 24% of 

control samples were RT-PCR positive when the same calculation was applied. In 

BM, again CTC detection in control samples increased yet only to 14%. Small 

improvements in cell yield were seen in advanced patients while it increased from 

13% to 29% for localised and from 12% to 40% for locally advanced CaP when 

compared to PSA alone. Zhang et al improved CTC detection in clinically localised 

CaP from 13% and 23% with PSA or PSMA alone to 29% when combining the two 

assays 277. Their assays were completely CaP specific hence they did not have to 

consider the impact of combining markers on false positive results.

The second approach of marker combination was not of any practical benefit for 

our data as it depended upon significant cell yields for all marker assays and it 

was clear that the HK2 and DD3 assays detected CTCs in very few patients. This 

would exclude large numbers of PSA and PSMA positive patients. Therefore it 

would only be applicable to a data set with significant over-detection in a localised 

disease cohort. Additionally it assumes that all significant CTCs will express all 

prostate molecular markers. It is well recognised that marker expression in CaP
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cell populations is heterogenous and this has also been shown in CTCs 226-300i 

thus significant micro metastases may be excluded if only a subpopulation of the 

circulating PECs are appreciated.

When the requirement for both PSA and PSMA to be positive was applied to our 

data, all controls were negative. Presumably, it is very unlikely to have illegitimate 

transcription of two mRNA species in a single sample. In the clinical groups CTC 

detection in PB fell, compared to PSA alone, in all groups other than non­

metastatic hormone escaped, to 13% localised, 0% locally advanced, 8% 

untreated metastases and 14% metastatic hormone escaped. In BM, detection fell 

in all groups to 0% localised, 4% locally advanced, 50% non-metastatic hormone 

escaped, 33% untreated metastases and 40% metastatic hormone escaped. Far 

better clinical sensitivity would be required by all markers to practically utilise this 

approach.

Mitsiades et al successfully used this approach when targeting PSA and PSMA, 

and maintained CTC detection in 35% of PB and 26% of BM samples in men 

undergoing RRP 2" .  Combined PSA and PSMA RT-PCR positive status was 

shown to be an independent predictor of disease free survival. Both marker 

assays were nested and were therefore likely to be highly sensitive, although the 

exact in vitro sensitivities are not reported. Since, the individual assay positivity 

rates are not published, any overdetection using the single marker formats and 

subsequent reduction in this achieved by the combined marker approach cannot 

be evaluated.

The advantage of this approach to marker combination was also demonstrated by 

Corey et al. Their individual assays were clearly detecting false positive results in 

localised CaP BM samples since, 71% were PSA positive and 41% HK2 positive 

208. Requiring both to be positive reduced significant marker detection to 30% and 

improved sensitivity in detecting extracapsular disease.

Conversely, Kurek et al found when targeting PSA, PSMA and HK2 in PB, that 

none of the markers either individually or in any combination could predict
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pathological stage 257. Positive assay yields in men with clinically localised disease 

fell from 35% for PSA alone to 7% when combining all three markers.

When considering quantitative data the combination of markers becomes more 

complex. Quantitative values for each marker cannot simply be added together to 

produce a single global figure as patterns of individual marker up and down 

regulation would be lost, hence overlooking one of the potential benefits of 

multimarker RT-PCR. Marker expression profiles may be the key to useful RT- 

PCR molecular modelling and therefore all the elements of the data must be 

maintained during analysis. There is to our knowledge no appropriate 

mathematical model to apply to this type of data. Developing such a complex 

statistical tool would require large amounts of reliable data from extensive well 

characterised clinical groups all with long term clinical follow up. Additionally, each 

assay would have to be entirely reliable and robust. Even if these were achieved, 

issues of sampling and CTC dynamics would remain, for example, differentiating 

between cells with metastatic potential and those that will be cleared in the same 

individual. The data presented here could not be successfully used in this regard 

since the clinical groups were small, there were only small amounts of positive 

data and there were issues of both sensitivity and specificity of the assays.

6.6.9 Combining PB and BM RT-PCR

In designing this study, the use of combined PB and BM sampling had been 

expected to improve CTC yield compared to either medium alone. Combined data 

could not be compared directly to the results for PB or BM individually since paired 

samples were only available from 85 patients in the study group. Additionally, the 

majority of the control BM samples did not have a corresponding PB sample which 

made the control data unreliable in this setting considering the specificity issues 

highlighted previously.

When the four markers PSA, PSMA, HK2 and DD3 were combined BM was more 

often positive than PB in the locally advanced, non-metastatic hormone escaped 

and the untreated metastases while the converse was true for localised and 

hormone escaped metastatic CaP. For PSA alone, PB was more often RT-PCR 

positive than BM for most groups but not every BM positive patient was also PB
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positive. Indeed, only small numbers were PB+/BM+ although this was the case in 

80% of men with metastatic hormone escaped CaP. This suggests that the 

presence of PSA positive cells in both PB and BM is indicative of more 

advanced/aggressive disease. Since the overall numbers of such patients were 

small, no significant conclusion could be drawn in this regard, although it is an 

issue worthy of further study.

As expected, regarding a positive assay in either PB or BM as an overall positive 

result generally increased positivity rates when considering a single marker alone 

or when combining the four useful markers, although the changes were small and 

made no impact on the clinical significance of the RT-PCR assays.

It would be expected that if a patient has tumour cells in their BM then these 

should also be present in PB since metastasis is a stepwise process. Only three 

RT-PCR studies have used paired sampling 208-274-299. Mitsiades et al found in men 

with clinically localised CaP that PB was more often combined PSA-PSMA positive 

than BM and that if CTCs were present in BM then they were always also 

detectable in PB 2" .  Conversely Melchior et al 274 detected PSA in 56% of BM 

but only 16% of PB in men with pathologically localised CaP and similarly Corey et 

al 208 detected both PSA and HK2 more often in BM than PB samples. It has been 

suggested that this high cell yield from BM reflects the propensity of CaP to 

preferentially metastasise to bone and similar findings have been seen in breast 

tumours and neuroblastoma, tumours which, like CaP, typically form bone 

metastases 301’302.

The variability in RT-PCR PEC detection in PB and BM described here may reflect 

heterogenous tumour cell distribution, different cell marker expression in PB and 

BM CTCs and sampling issues in a dynamic system. Therefore combined PB and 

BM sampling increased overall CTC yield. However, the lack of reliable 

comparative controls and the problems described previously relating to the 

individual assays and their potential in a multimarker analysis prevented any 

further conclusions being drawn.
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6.7 Micro Fluidic RT-PCR Discussion

RT-PCR molecular staging techniques have not become established in the clinical 

setting. The reasons for this have been discussed previously (section 6.1) and 

reflect the complex methodologies utilised by such molecular tools which are 

typically labour intensive, expensive and show poor reproducibility. Micro fluidic 

RT-PCR in principle addresses some of these issues. The micro fluidic RT-PCR 

cards used here provided a high throughput system to concurrently evaluate 

multiple samples for the expression of multiple molecular markers.

Many of the potential sources of error present in standard assays were eliminated 

by using industry designed and optimised assays which were commercially 

embedded onto a carrier card. A single aliquot of the clinical sample in mastermix 

was the only manual step with potential for error in setting up a reaction plate. All 

markers were evaluated from the same input target sample aliquot thus minimising 

inter-well variability that is a potential problem when using a 96 well format. Good 

reproducibility between wells was generally seen using the microfluidic cards, 

although at low target concentrations only a proportion of the wells targeting each 

marker would be RT-PCR positive.

Assay sensitivity and its performance at the limits of detection are of critical 

importance when RT-PCR is used to detect the presence of circulating tumour 

cells since the target mRNA molecules are inevitably in a vast background of non­

target mRNA. When compared directly to the 96 well RT-PCR assay designed in 

the laboratory, using four markers that were common to both, the micro fluidic 

assay was at least 10 fold less sensitive in detecting LNCaP cells spiked into 

female PB. The 96 well format was also more clinically sensitive, detecting 

circulating cells in far more PB and BM samples than the micro fluidic assay. 

Differences in sensitivity reflect assay design and the reaction efficiency of the 

primers and probes used. The micro fluidic assay used probes for product 

detection for all targets while SYBR Green was used for PSA, PSMA and PSCA in 

the 96 well assay. During the development of the latter, probe incorporation was 

found to have a significant impact on assay sensitivity and this may well have 

played a part here. Interestingly, the HK2 assays used probes in both formats yet

251



the 96 well format was still 10 fold more sensitive in vitro and also clinically more 

sensitive for PB although they were comparable for BM samples.

Clinically, there was a closer correlation in results when BM samples were 

evaluated compared to PB. The reasons for this are somewhat unclear and this is 

confounded by the fact that cell spike sensitivity experiments were not performed 

using BM. Since CaP preferentially metastasises to bone then there are likely to 

be higher concentrations of target PECs within the BM, particularly in patients with 

established bone metastases. Therefore the patient samples evaluated here, 

which came mainly from a population of patients with clinically advanced or 

metastatic CaP, may have simply had more target present than in their paired PB 

samples. The amounts of target mRNA in the PB samples being lower, would 

have been closer to or beyond the clinical sensitivity of the micro fluidic assay, 

which was shown to be less sensitive than the 96 well format in vitro.

There are technical considerations which could potentially improve micro fluidic 

sensitivity. 100ng of input cDNA were used in the micro fluidic experiments for all 

48 reactions fed by each loading reservoir, while in the 96 well assay 100ng was 

used for each reaction. The 96 well technique sampled the cDNA solution 

separately for each reaction while the micro fluidic assay sampled it once per 

patient sample for all markers and all replicate reactions. The theory of such 

sampling problems are discussed in section 6.4.1. Improvements in circulating cell 

detection could also be achieved through non-target mRNA depletion of the 

samples, for example globin depletion, which removes a significant proportion of 

the background mRNA 'noise'303.

Typically, RT-PCR is a balance of sensitivity against specificity as was discussed 

for the development of the 96 well assay. The micro fluidic assay generally 

appeared to have better specificity than the 96 well assay although far fewer 

control samples were evaluated and therefore its specificity was not assessed as 

stringently. Good clinical specificity allows far easier and clearer interpretation of 

positive assay results yet if this is at the expense of sensitivity then the clinical 

utility of the technique may be limited since the desired role for RT-PCR is in

252



detecting clinically significant micro-metastatic disease in patients with clinically 

localised cancer.

A potential role for the micro fluidic RT-PCR format in the research setting is in the 

evaluation of novel markers as the technique allows fast set up and simultaneous 

multimarker assay analysis. Here we studied the six novel markers EZH2, uPA, 

HK4, HK15, prostasin and hepsin. EZH2 and uPA showed poor prostate specificity 

being detected at similar levels in control and clinical samples. Thus the high 

frequency of expression in clinical samples cannot be reliably interpreted in terms 

of circulating cell status. Although prostate tissue expression of both of these 

markers has been shown to correlate with a more aggressive disease course, we 

have shown that the proteins coded for by the target mRNA are not specific to 

prostate cells and thus limit their utility in circulating cell studies.

Prostasin was more prostate specific in keeping with previous reports showing no 

expression in leukocytes 78. Generally, prostasin was detected in BM in men with 

advanced cancer, rather than those with clinically localised disease. It has been 

shown by other workers that prostasin is down regulated in more advanced CaP 

cell lines and in metastatic and hormone escaped cancers, and its expression is 

associated with a less aggressive phenotype. Our data suggests quite the 

opposite although the study group was limited.

Hepsin also showed reasonable clinical specificity. When detected, it did not 

appear to preferentially select a particular clinical group, however it was only seen 

in a small number of samples. Work with primary prostate tumours shows higher 

hepsin expression with high tumour Gleason grade and thus potentially an 

association with aggressive disease behaviour 74,76. There are no reports of its 

expression in metastases nor in the role it plays in the metastatic pathway thus 

little can be predicted with regards its expression in micro-metastases.

Human Kallikreins 2 and 3 have been extensively studied in prostate cancer and 

of the novel markers targeted here HK4 and HK15 may be the most interesting for 

further evaluation. Firstly their expression was entirely prostate specific. Both 

appeared to identify BM samples from men with the most advanced CaP. These
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samples were also all RT-PCR positive for other targets suggesting the presence 

of high numbers of circulating cells. Neither of these markers has been studied in 

CaP circulating cell studies. Prostate cell line and tissue work suggests that HK4 is 

downregulated while HK15 is upregulated with more aggressive phenotype 58‘60. 

Expression in metastases remains to be determined. The data presented here 

suggests that both are expressed in circulating cells in advanced CaP.

This preliminary evaluation of micro fluidic RT-PCR used a small group of patients 

of whom a significant proportion had advanced disease as well as a limited 

number of controls. Defining the role of prostasin, hepsin, HK4 and HK15 in 

circulating cell molecular staging of prostate cancer requires a far larger study 

population and long term clinical outcomes. These four markers, particularly the 

kallikreins with their prostate specific nature, do warrant further investigation.

Despite the limitations of its sensitivity, micro fluidic RT-PCR technology does 

have significant practical advantages over both traditional and real time 

techniques. The simple assay set up minimises sources of methodological error 

and greatly reduces labour, time and cost. All of these elements are important 

considerations in the development of a technique and in defining its utility.

6.8 Limitations of RT-PCR

From the above discussions it is clear that RT-PCR can be used to detect 

circulating prostate epithelial cells and that generally, higher rates of assay 

positivity and higher levels of marker expression are seen with advancing disease 

stage. Where the uncertainty lies is in predicting the metastatic potential of these 

cells. Circulating tumour cells display favourable characteristics with regards to 

loss of cellular adhesion, motility, invasion and intravasation yet metastasis 

formation at a distant secondary site will only be achieved by a tiny proportion of 

these cells. Recent reviews of our understanding of metastasis highlight the 

complexity of the process 304‘307. Additionally, significant numbers of detected 

CTCs may not be viable. Larson et al found that in PB from men with metastatic 

CaP only 17% of CTCs detected by flow cytometry and fluorescence microscopy
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were intact cells 286, and Mehes et al reported similar findings in PB for breast 

cancer patients 308.

Therefore it remains unclear whether the presence of circulating cells alone can be 

predictive of clinical outcome and metastasis formation. A larger population of 

CTCs would be more likely to contain cells with all the required characteristics for 

colonisation of a distant site and the association of higher marker expression with 

advancing disease stage is suggestive of larger CTC numbers. Using RT-PCR this 

is implied rather than unequivocally determined. Even quantitative RT-PCR 

methodology is unable to accurately determine circulating cell numbers or identify 

their nature as it simply measures the overall marker expression within a 

population of cells. Additionally, the selection of molecular markers suitable for RT- 

PCR CTC detection are not necessarily those which reflect the gene expression 

patterns which are important in cell survival and metastasis formation. Hence the 

sensitivity advantage of RT-PCR over other methods of CTC detection may be 

outweighed by its limitations in determining the nature of these cells.

6.9 Conclusions and Future Directions

In evaluating quantitative multi-marker RT-PCR in PB and BM to detect CTCs in 

men with CaP we have demonstrated that this is a potentially valuable approach to 

molecular staging. The complex nature of RT-PCR methodology has been 

highlighted and the utility of our technique has been limited by technical 

challenges both novel and those previously reported.

Issues of assay sensitivity and specificity limited CTC yield particularly in patients 

with clinically localised CaP who potentially have the most to gain from accurate 

disease staging. We have been able to show trends of increasing marker 

expression with advancing disease stage and interesting patterns of expression in 

patients with advanced disease relating to hormone responsiveness yet small 

patient numbers limited more conclusive results. In retrospect, given the limited 

clinical sensitivities of many of the assays more might have been gained from 

concentrating on men with advanced CaP and increasing the size of this cohort. 

However, only the long term follow up of our current patient cohort will identify any
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correlation between RT-PCR profile, disease progression and clinical outcome for 

each patient group.

The novel elements utilised in this RT-PCR study inevitably produced large 

amounts of data and identified problems relating to data manipulation and 

analysis. It is clear that if such a complex methodology is to be definitively 

evaluated then highly robust assays using large patient cohorts will be required to 

produce reliable data for statistical modelling. Only then will it be possible to 

conclusively determine the technique’s clinical utility.

Our results again confirm the potential of PSA and HK2 as molecular targets. 

PSMA and DD3PCA3 marker performance was limited but this may well reflect 

assay design rather than unsuitable molecular marker characteristics of these 

genes and they both warrant further investigation. We cannot recommend PSCA 

as a target for RT-PCR staging as it was not CaP specific. Additionally we have 

identified hepsin, prostasin and human kallikreins 4 and 15 as suitable markers for 

RT-PCR CTC detection and their potential should be evaluated further in larger 

studies.

We have also demonstrated the advantages of micro fluidic RT-PCR for reliable 

high throughput molecular staging. Although there are issues of sensitivity with 

the assays studied, the technique is suited to high volume investigational work and 

more importantly is easily transferable to commercial and healthcare laboratories if 

a clinical role is identified for RT-PCR staging.

RT-PCR remains a promising technique for studying CTCs in CaP yet defining its 

role in clinical practice has been hampered by methodological complexities and 

inherent technical limitations. Advancing RT-PCR technologies combined with 

novel molecular targets have identified potential solutions. Future directions are 

likely to target multiple established and novel markers and evaluate samples from 

large study populations necessitating high throughput reliable techniques. 

Additional steps such as globin depletion or epithelial cell enrichment may improve 

clinical performance 303'309] while the concurrent use of whole CTC extraction 

techniques may allow further studies, such as cytogenetics, to detail the nature of
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detected cells 310t311. The approaches to molecular staging described here 

including quantitative techniques, multiple marker targeting, multiple site sampling 

and micro fluidic RT-PCR may all play a part in developing RT-PCR into a useful 

clinical tool with the ability to predict the metastatic potential of circulating tumour 

cells.

257



Bibliography

1. L ilja  H: Structure and function o f prostatic- and seminal vesicle-secreted proteins 
involved in the gelation and liquefaction o f human semen. Scand J Clin Lab Invest 
Suppl. 191: 13-20, 1988.

2. CancerResearchUK: Statistics, Cancer Research UK, 2003, vol. 2003.
3. Bratt O: Hereditary prostate cancer: clinical aspects. J Urol. 168: 906-13, 2002.
4. Gronberg H: Prostate cancer epidemiology. Lancet 361: 859-64., 2003.
5. Lin SS, Clarke CA, Prehn AW, Glaser SL, West DW and O'Malley CD: Survival 

differences among Asian subpopulations in the United States after prostate, 
colorectal, breast, and cervical carcinomas. Cancer. 94: 1175-82, 2002.

6. George NJ: Natural history o f localised prostatic cancer managed by conservative 
therapy alone. Lancet. 1: 494-7, 1988.

7. Johansson JE, Holmberg L, Johansson S, Bergstrom R and Adami HO: Fifteen-year 
survival in prostate cancer. A prospective, population-based study in Sweden.
Jama. 277: 467-71, 1997.

8. Scott R, Jr., Mutchnik DL, Laskowski TZ and Schmalhorst WR: Carcinoma o f the 
prostate in elderly men: incidence, growth characteristics and clinical significance.
J Urol. 101: 602-7, 1969.

9. Rich A: On the frequency o f occurrence o f occult carcinoma o f the prostate. J Urol. 
33:215-223, 1935.

10. Franks L: Latent carcinoma o f the prostate. J Pathol Bacteriol. 68c: 603-16, 1954.
11. Epstein JI, Pauli G, Eggleston JC and Walsh PC: Prognosis o f untreated stage A l 

prostatic carcinoma: a study o f 94 cases with extended followup. J Urol. 136: 837- 
9, 1986.

12. McLaren DB, McKenzie M, Duncan G and Pickles T: Watchful waiting or 
watchful progression? Prostate specific antigen doubling times and clinical 
behavior in patients with early untreated prostate carcinoma. Cancer. 82: 342-8,
1998.

13. Adolfsson J, Ronstrom L, Carstensen J, Lowhagen T and Hediund PO: The natural 
course o f low grade, non-metastatic prostatic carcinoma. Br J Urol. 65: 611-4,
1990.

14. Adolfsson J, Oksanen H, Salo JO and Steineck G: Localized prostate cancer and 30 
years o f follow-up in a population-based setting. Prostate Cancer Prostatic Dis. 3: 
37-42, 2000.

15. Aus G, Hugosson J and Norlen L: Long-term survival and mortality in prostate 
cancer treated with noncurative intent. J Urol. 154: 460-5, 1995.

16. Chodak GW, Thisted RA, Gerber GS, Johansson JE, Adolfsson J, Jones GW, 
Chisholm GD, Moskovitz B, Livne PM and Warner J: Results o f conservative 
management of clinically localized prostate cancer. N Engl J Med. 330: 242-8,
1994.

17. Lu-Yao GL and Yao SL: Population-based study o f long-term survival in patients 
with clinically localised prostate cancer. Lancet. 349: 906-10, 1997.

18. Parker C, Muston D, Melia J, Moss S and Dearnaley D: A model o f the natural 
history o f screen-detected prostate cancer, and the effect o f radical treatment on 
overall survival. Br J Cancer, 94: 1361-8, 2006,

258



19. Etzioni R, Penson DF, Legler JM, di Tommaso D, Boer R, Gann PH and Feuer EJ: 
Overdiagnosis due to prostate-specific antigen screening: lessons from U.S. 
prostate cancer incidence trends. JNatl Cancer Inst. 94: 981-90, 2002.

20. Bartsch G, Horninger W, Klocker H, Reissigl A, Oberaigner W, Schonitzer D, 
Severi G, Robertson C and Boyle P: Prostate cancer mortality after introduction of 
prostate-specific antigen mass screening in the Federal State o f Tyrol, Austria. 
Urology. 58: 417-24, 2001.

21. Lu-Yao G, Albertsen PC, Stanford JL, Stukel TA, Walker-Corkery ES and Barry 
MJ: Natural experiment examining impact o f aggressive screening and treatment on 
prostate cancer mortality in two fixed cohorts from Seattle area and Connecticut. 
Bmj. 325: 740, 2002.

22. Catalona WJ, Richie JP, Ahmann FR, Hudson MA, Scardino PT, Flanigan RC, 
deKernion JB, Ratliff TL, Kavoussi LR, Dalkin BL et a l:  Comparison o f digital 
rectal examination and serum prostate specific antigen in the early detection o f 
prostate cancer: results o f a multicenter clinical trial o f 6,630 men. J Urol. 151: 
1283-90, 1994.

23. Djavan B, Ravery V, Zlotta A, Dobronski P, Dobrovits M, Fakhari M, Seitz C, 
Susani M, Borkowski A, Boccon-Gibod L et a l.: Prospective evaluation o f prostate 
cancer detected on biopsies 1, 2, 3 and 4: when should we stop? J Urol. 166: 1679- 
83,2001.

24. McNeal JE: Origin and development o f carcinoma in the prostate. Cancer. 23: 24- 
34, 1969.

25. Byar DP and Mostofi FK: Carcinoma o f the prostate: prognostic evaluation o f 
certain pathologic features in 208 radical prostatectomies. Examined by the step- 
section technique. Cancer. 30: 5-13, 1972.

26. Gleason DF: Histological grading and clinical staging o f carcinoma o f the prostate, 
in Tannenbaum M: Urologic Pathology: The Prostate. Philadelphia: Lea +
Febiger. Philadelphia, Lea + Febiger, 1977, vol. 1, pp 171-197.

27. McNeal JE and Bostwick DG: Intraductal dysplasia: a premalignant lesion o f the 
prostate. Hum Pathol. 17: 64-71, 1986.

28. Haggman MJ, Macoska JA, Wojno KJ and Oesterling JE: The relationship between 
prostatic intraepithelial neoplasia and prostate cancer: critical issues. J Urol. 158: 
12-22, 1997.

29. Kamoi K, Troncoso P and Babaian RJ: Strategy for repeat biopsy in patients with 
high grade prostatic intraepithelial neoplasia. J Urol. 163: 819-23, 2000.

30. Ellis WJ and Brawer MK: Repeat prostate needle biopsy: who needs it? J Urol.
153: 1496-8, 1995.

31. Yousef GM and Diamandis EP: The new human tissue kallikrein gene family: 
structure, function, and association to disease. Endocr Rev. 22: 184-204, 2001.

32. Wang MC, Valenzuela LA, Murphy GP and Chu TM: Purification o f a human 
prostate specific antigen. Invest Urol. 17: 159-63, 1979.

33. Lilja H, Oldbring J, Rannevik G and Laurell CB: Seminal vesicle-secreted proteins 
and their reactions during gelation and liquefaction o f human semen. J Clin Invest. 
80: 281-5, 1987.

34. Diamandis EP and Yu H: Nonprostatic sources o f prostate-specific antigen. Urol 
Clin North Am. 24: 275-82, 1997.

35. Tchetgen MB, Song JT, Strawderman M, Jacobsen SJ and Oesterling JE: 
Ejaculation increases the serum prostate-specific antigen concentration. Urology. 
47: 511-6, 1996.

259



36. Stamey TA, Yang N} Hay AR, McNeal JE, Freiha FS and Redwine E: Prostate- 
specific antigen as a serum marker for adenocarcinoma o f the prostate. N Engl J 
Med 317: 909-16, 1987.

37. Yuan JJ, Coplen DE, Petros JA, Figenshau RS, Ratliff TL, Smith DS and Catalona 
WJ: Effects o f rectal examination, prostatic massage, ultrasonography and needle 
biopsy on serum prostate specific antigen levels. J Urol. 147: 810-4, 1992.

38. Catalona WJ, Smith DS, Ratliff TL, Dodds KM, Coplen DE, Yuan JJ, Petros JA 
and Andriole GL: Measurement o f prostate-specific antigen in serum as a screening 
test for prostate cancer. N Engl J Med. 324: 1156-61, 1991.

39. Catalona WJ, Smith DS and Ornstein DK: Prostate cancer detection in men with 
serum PSA concentrations o f 2.6 to 4.0 ng/mL and benign prostate examination. 
Enhancement o f specificity with free PSA measurements. Jama. 277: 1452-5, 1997.

40. Thompson IM, Pauler DK, Goodman PJ, Tangen CM, Lucia MS, Parnes HL, 
Minasian LM, Ford LG, Lippman SM, Crawford ED et a l : Prevalence o f prostate 
cancer among men with a prostate-specific antigen level < or =4.0 ng per milliliter. 
N Engl J Med. 350: 2239-46, 2004.

41. Oesterling JE, Jacobsen SJ, Chute CG, Guess HA, Girman CJ, Panser LA and 
Lieber MM: Serum prostate-specific antigen in a community-based population of 
healthy men. Establishment o f age-specific reference ranges. Jama. 270: 860-4, 
1993.

42. Catalona WJ, Southwick PC, Slawin KM, Partin AW, Brawer MK, Flanigan RC, 
Patel A, Richie JP, Walsh PC, Scardino PT et a l:  Comparison o f percent free PSA, 
PSA density, and age-specific PSA cutoffs for prostate cancer detection and 
staging. Urology, 56: 255-60, 2000.

43. Lilja H, Christensson A, Dahlen U, Matikainen MT, Nilsson O, Pettersson K  and 
Lovgren T: Prostate-specific antigen in serum occurs predominantly in complex 
with alpha 1-antichymotrypsin. Clin Chem. 37: 1618-25, 1991.

44. Catalona WJ, Smith DS, Wolfert RL, Wang TJ, Rittenhouse HG, Ratliff TL and 
Nadler RB: Evaluation o f percentage o f free serum prostate-specific antigen to 
improve specificity o f prostate cancer screening. Jama. 274: 1214-20, 1995.

45. Ito K, Yamamoto T, Ohi M, Kurokawa K, Suzuki K and Yamanaka H: Free/total 
PSA ratio is a powerful predictor o f future prostate cancer morbidity in men with 
initial PSA levels o f 4.1 to 10.0 ng/mL. Urology. 61: 760-4, 2003.

46. Uzzo RG, Pinover WH, Horwitz EM, Parlanti A, Mazzoni S, Raysor S, 
Mirchandani I, Greenberg RE, Pollack A, Hanks GE et a l : Free prostate-specific 
antigen improves prostate cancer detection in a high-risk population o f men with a 
normal total PSA and digitalrectal examination. Urology. 61: 754-9, 2003.

47. Carter HB, Pearson JD, Waclawiw Z, Metter EJ, Chan DW, Guess HA and Walsh 
PC: Prostate-specific antigen variability in men without prostate cancer: effect o f 
sampling interval on prostate-specific antigen velocity. Urology. 45: 591-6, 1995.

48. Lynn NN, Collins GN and O'Reilly PH: The short-term prostate-specific antigen 
velocity before biopsy can be used to predict prostatic histology. BJU Int. 85: 847- 
50, 2000.

49. Fang J, Metter EJ, Landis P and Carter HB: PSA velocity for assessing prostate 
cancer risk in men with PSA levels between 2.0 and 4.0 ng/ml. Urology. 59: 889- 
93; discussion 893-4, 2002.

50. D'Amico AV, Chen MH, Roehl KA and Catalona WJ: Preoperative PSA velocity 
and the risk of death from prostate cancer after radical prostatectomy. N Engl J 
Med. 351: 125-35, 2004.

260



51. D'Amico AV, Renshaw AA, Sussman B and Chen MH: Pretreatment PSA velocity 
and risk o f death from prostate cancer following external beam radiation therapy. 
Jama. 294: 440-7, 2005.

52. Rozhansky F, Chen MH, Cox MC, Dahut W, Figg WD and D'Amico AV: Prostate- 
specific antigen velocity and survival for patients with hormone-refractory 
metastatic prostate carcinoma. Cancer. 106: 63-7, 2006.

53. Diamandis EP and Yousef GM: Human tissue kallikreins: a family o f new cancer 
biomarkers. Clin Chem. 48: 1198-205, 2002.

54. Darson MF, Pacelli A, Roche P, Rittenhouse HG, Wolfert RL, Young CY, Klee 
GG, Tindall DJ and Bostwick DG: Human glandular kallikrein 2 (hK2) expression 
in prostatic intraepithelial neoplasia and adenocarcinoma: a novel prostate cancer 
marker. Urology, 49: 857-62, 1997.

55. Darson MF, Pacelli A, Roche P, Rittenhouse HG, Wolfert RL, Saeid MS, Young 
CY, Klee GG, Tindall DJ and Bostwick DG: Human glandular kallikrein 2 
expression in prostate adenocarcinoma and lymph node metastases. Urology. 53: 
939-44, 1999.

56. Nelson PS, Gan L, Ferguson C, Moss P, Gelinas R, Hood L and Wang K:
Molecular cloning and characterization of prostase, an androgen-regulated serine 
protease with prostate-restricted expression. Proc Natl Acad Sci U S A.  96: 3114- 
9., 1999.

57. Yousef GM, Obiezu CV, Luo LY, Black MH and Diamandis EP: Prostase/KLK-Ll 
is a new member o f the human kallikrein gene family, is expressed in prostate and 
breast tissues, and is hormonally regulated. Cancer Res. 59: 4252-6, 1999.

58. Obiezu CV, Soosaipillai A, Jung K, Stephan C, Scorilas A, Howarth DH and 
Diamandis EP: Detection o f human kallikrein 4 in healthy and cancerous prostatic 
tissues by immunofluorometry and immunohistochemistry. Clin Chem. 48: 1232- 
40, 2002.

59. Yousef GM, Scorilas A, Jung K, Ashworth LK and Diamandis EP: Molecular 
cloning o f the human kallikrein 15 gene (KLK15). Up-regulation in prostate 
cancer. J Biol Chem. 276: 53-61, 2001.

60. Stephan C, Yousef GM, Scorilas A, Jung K, Jung M, Kristiansen G, Hauptmann S, 
Bharaj BS, Nakamura T, Loening SA et a l \ Quantitative analysis o f kallikrein 15 
gene expression in prostate tissue. J Urol. 169: 361-4., 2003.

61. Israeli RS, Powell CT, Fair WR and Heston WD: Molecular cloning o f a 
complementary DNA encoding a prostate-specific membrane antigen. Cancer Res. 
53:227-30, 1993.

62. Israeli RS, Powell CT, Corr JG, Fair WR and Heston WD: Expression o f the 
prostate-specific membrane antigen. Cancer Res. 54: 1807-11, 1994.

63. Troyer JK, Beckett M L and Wright GL, Jr.: Detection and characterization o f the 
prostate-specific membrane antigen (PSMA) in tissue extracts and body fluids. Int J 
Cancer. 62: 552-8, 1995.

64. Wright GL, Jr., Grob BM, Haley C, Grossman K, Newhall K, Petrylak D, Troyer J, 
Konchuba A, Schellhammer PF and Moriarty R: Upregulation o f prostate-specific 
membrane antigen after androgen-deprivation therapy. Urology. 48: 326-34, 1996.

65. Reiter RE, Gu Z, Watabe T, Thomas G, Szigeti K, Davis E, Wahl M, Nisitani S, 
Yamashiro J, Le Beau MM et a l.: Prostate stem cell antigen: a cell surface marker 
overexpressed in prostate cancer. Proc Natl Acad Sci U S A .  95: 1735-40., 1998.

66. Tran CP, Lin C, Yamashiro J and Reiter RE: Prostate stem cell antigen is a marker 
o f late intermediate prostate epithelial cells. Mol Cancer Res. 1: 113-21., 2002.

261



67. Gu Z, Thomas G, Yamashiro J, Shintaku IP, Dorey F, Raitano A, Witte ON, Said 
JW, Loda M and Reiter RE: Prostate stem cell antigen (PSCA) expression increases 
with high gleason score, advanced stage and bone metastasis in prostate cancer. 
Oncogene. 19: 1288-96., 2000.

68. Lam JS, Yamashiro J, Shintaku IP, Vessella RL, Jenkins RB, Horvath S, Said JW 
and Reiter RE: Prostate stem cell antigen is overexpressed in prostate cancer 
metastases. Clin Cancer Res. 11: 2591-6, 2005.

69. Bussemakers MJ, van Bokhoven A, Verhaegh GW, Smit FP, Karthaus HF,
Schalken JA, Debruyne FM, Ru N and Isaacs WB: DD3: a new prostate-specific 
gene, highly overexpressed in prostate cancer. Cancer Res. 59: 5975-9, 1999.

70. de Kok JB, Verhaegh GW, Roelofs RW, Hessels D, Kiemeney LA, Aalders TW, 
Swinkels DW and Schalken JA: DD3(PCA3), a very sensitive and specific marker 
to detect prostate tumors. Cancer Res. 62: 2695-8, 2002.

71. Hessels D, Klein Gunnewiek JM, van Oort I, Karthaus HF, van Leenders GJ, van 
Balken B, Kiemeney LA, Witjes JA and Schalken JA: DD3(PCA3)-based 
molecular urine analysis for the diagnosis o f prostate cancer. Eur Urol. 44: 8-15; 
discussion 15-6, 2003.

72. Tsuji A, Torres-Rosado A, Arai T, Le Beau MM, Lemons RS, Chou SH and 
Kurachi K: Hepsin, a cell membrane-associated protease. Characterization, tissue 
distribution, and gene localization. J Biol Chem. 266: 16948-53, 1991.

73. Magee JA, Araki T, Patil S, Ehrig T, True L, Humphrey PA, Catalona WJ, Watson 
M A and Milbrandt J: Expression profiling reveals hepsin overexpression in prostate 
cancer. Cancer Res. 61: 5692-6, 2001.

74. Stephan C, Yousef GM, Scorilas A, Jung K, Jung M, Kristiansen G, Hauptmann S, 
Kishi T, Nakamura T, Loening SA et a l : Hepsin is highly over expressed in and a 
new candidate for a prognostic indicator in prostate cancer. J Urol. 171: 187-91, 
2004.

75. Stamey TA, Warrington JA, Caldwell MC, Chen Z, Fan Z, Mahadevappa M, 
McNeal JE, Nolley R and Zhang Z: Molecular genetic profiling o f Gleason grade 
4/5 prostate cancers compared to benign prostatic hyperplasia. J Urol. 166: 2171-7, 
2001.

76. Chen Z, Fan Z, McNeal JE, Nolley R, Caldwell MC, Mahadevappa M, Zhang Z, 
Warrington JA and Stamey TA: Hepsin and maspin are inversely expressed in laser 
capture microdissectioned prostate cancer. J Urol. 169: 1316-9, 2003.

77. Yu JX, Chao L and Chao J: Prostasin is a novel human serine proteinase from 
seminal fluid. Purification, tissue distribution, and localization in prostate gland. J 
Biol Chem. 269: 18843-8, 1994.

78. Yu JX, Chao L and Chao J: Molecular cloning, tissue-specific expression, and 
cellular localization o f human prostasin mRNA. J Biol Chem. 270: 13483-9, 1995.

79. Chen LM, Hodge GB, Guarda LA, Welch JL, Greenberg NM  and Chai KX: Down- 
regulation o f prostasin serine protease: a potential invasion suppressor in prostate 
cancer. Prostate. 48: 93-103, 2001.

80. Takahashi S, Suzuki S, Inaguma S, Ikeda Y, Cho YM, Hayashi N, Inoue T, 
Sugimura Y, NishiyamaN, Fujita T e ta l.: Down-regulated expression o f prostasin 
in high-grade or hormone-refractory human prostate cancers. Prostate. 54: 187-93,
2003.

81. Andreasen PA, Kjoller L, Christensen L and Duffy MJ: The urokinase-type 
plasminogen activator system in cancer metastasis: a review. Int J Cancer. 72: 1-22,
1997.

262



82. Helenius MA, Saramaki OR, Linja MJ, Tammela TL and Visakorpi T:
Amplification o f urokinase gene in prostate cancer. Cancer Res. 61: 5340-4, 2001.

83. Hart CA, Scott LJ, Bagley S, Bryden AA, Clarke NW and Lang SH: Role o f 
proteolytic enzymes in human prostate bone metastasis formation: in vivo and in 
vitro studies. Br J Cancer. 86: 1136-42, 2002.

84. Van Veldhuizen PJ, Sadasivan R, Cherian R and Wyatt A: Urokinase-type 
plasminogen activator expression in human prostate carcinomas. Am J Med Sci.
312: 8-11, 1996.

85. Kirchheimer JC, Pfluger H, Ritschl P, Hienert G and Binder BR: Plasminogen 
activator activity in bone metastases of prostatic carcinomas as compared to 
primary tumors. Invasion Metastasis. 5: 344-55, 1985.

86. Ohta S, Fuse H, Fujiuchi Y, Nagakawa O and Furuya Y : Clinical significance o f 
expression o f urokinase-type plasminogen activator in patients with prostate cancer. 
Anticancer Res. 23: 2945-50, 2003.

87. Laible G, W olf A, Dorn R, Reuter G, Nislow C, Lebersorger A, Popkin D, Pillus L 
and Jenuwein T: Mammalian homologues o f the Polycomb-group gene Enhancer o f 
zeste mediate gene silencing in Drosophila heterochromatin and at S. cerevisiae 
telomeres. Embo J. 16: 3219-32, 1997.

88. Erhardt S, Su IH, Schneider R, Barton S, Bannister AJ, Perez-Burgos L, Jenuwein 
T, Kouzarides T, Tarakhovsky A and Surani MA: Consequences o f the depletion o f 
zygotic and embryonic enhancer o f zeste 2 during preimplantation mouse 
development. Development. 130: 4235-48, 2003.

89. Varambally S, Dhanasekaran SM, Zhou M, Barrette TR, Kumar-Sinha C, Sanda 
MG, Ghosh D, Pienta KJ, Sewalt RG, Otte AP et a l.: The polycomb group protein 
EZH2 is involved in progression o f prostate cancer. Nature. 419: 624-9, 2002.

90. Rhodes DR, Sanda MG, Otte AP, Chinnaiyan AM  and Rubin MA: Multiplex 
biomarker approach for determining risk o f prostate-specific antigen-defined 
recurrence o f prostate cancer. J Natl Cancer Inst. 95: 661-8, 2003.

91. Sobin LH and C W: TNM Classification o f  Malignant Tumours. New York, Wiley- 
Liss, 2002.

92. Partin AW, Yoo J, Carter HB, Pearson JD, Chan DW, Epstein JI and Walsh PC:
The use o f prostate specific antigen, clinical stage and Gleason score to predict 
pathological stage in men with localized prostate cancer. J Urol. 150: 110-4., 1993.

93. Carvalhal GF, Smith DS, Mager DE, Ramos C and Catalona WJ: Digital rectal 
examination for detecting prostate cancer at prostate specific antigen levels o f 4 
ng./ml. or less. JUrol. 161: 835-9, 1999.

94. Partin AW, Kattan MW, Subong EN, Walsh PC, Wojno KJ, Oesterling JE,
Scardino PT and Pearson JD: Combination o f prostate-specific antigen, clinical 
stage, and Gleason score to predict pathological stage o f localized prostate cancer.
A multi-institutional update. Jama. 277: 1445-51., 1997.

95. Rifkin MD, Zerhouni EA, Gatsonis CA, Quint LE, Paushter DM, Epstein JI, 
Hamper U, Walsh PC and McNeil BJ: Comparison o f magnetic resonance imaging 
and ultrasonography in staging early prostate cancer. Results o f a multi-institutional 
cooperative trial. N Engl J Med. 323: 621-6, 1990.

96. Vapnek JM, Hricak H, Shinohara K, Popovich M and Carroll P: Staging accuracy 
o f magnetic resonance imaging versus transrectal ultrasound in stages A and B 
prostatic cancer. Urol Int. 53: 191-5, 1994.

97. Enlund A, Pedersen K, Boeryd B and Varenhorst E: Transrectal ultrasonography 
compared to histopathological assessment for local staging o f prostatic carcinoma. 
Acta Radiol. 31: 597-600, 1990.

263



98.

99.

100. 

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

1 1 1 .

112.

113.

Konety B, Naraghi R, Googing W, O'Donnell W and Bahnson R: Evaluation o f 
computerized Tomography for staging clinically localised adenocarcinoma of the 
prostate. Urol Oncol. 2; 14-19, 1996.
Perrotti M, Kaufman RP, Jr., Jennings TA, Thaler HT, Soloway SM, Rifkin MD 
and Fisher HA: Endo-rectal coil magnetic resonance imaging in clinically localized 
prostate cancer: is it accurate? J Urol. 156: 106-9, 1996.
Partin AW, Mangold LA, Lamm DM, Walsh PC, Epstein JI and Pearson JD: 
Contemporary update o f prostate cancer staging nomograms (Partin Tables) for the 
new millennium. Urology. 58: 843-8, 2001.
Danella JF, deKernion JB, Smith RB and Steckel J: The contemporary incidence o f 
lymph node metastases in prostate cancer: implications for laparoscopic lymph 
node dissection. J Urol. 149: 1488-91, 1993,
Platt JF, Bree RL and Schwab RE: The accuracy o f CT in the staging o f carcinoma 
o f the prostate. AJR Am J Roentgenol. 149: 315-8, 1987.
Rorvik J, Halvorsen OJ, Albrektsen G and Haukaas S: Lymphangiography 
combined with biopsy and computer tomography to detect lymph node metastases 
in localized prostate cancer. Scand J Urol Nephrol. 32: 116-9, 1998.
Levran Z, Gonzalez JA, Diokno AC, Jafri SZ and Steinert BW: Are pelvic 
computed tomography, bone scan and pelvic lymphadenectomy necessary in the 
staging o f prostatic cancer? Br J Urol. 75: 778-81, 1995.
Jager GJ, Barentsz JO, Oosterhof GO, Witjes JA and Ruijs SJ: Pelvic adenopathy 
in prostatic and urinary bladder carcinoma: MR imaging with a three-dimensional 
Tl-weighted magnetization-prepared-rapid gradient-echo sequence. AJR Am J 
Roentgenol. 167: 1503-7, 1996.
Harisinghani MG, Barentsz J, Hahn PF, Deserno WM, Tabatabaei S, van de Kaa 
CH, de la Rosette J and Weissleder R: Noninvasive detection o f clinically occult 
lymph-node metastases in prostate cancer. N Engl J Med, 348: 2491-9, 2003. 
de Jong IJ, Pruim J, Elsinga PH, Vaalburg W and Mensink HJ: Preoperative staging 
o f pelvic lymph nodes in prostate cancer by 1 lC-choline PET. J Nucl Med. 44: 
331-5,2003.
Albertsen PC, Hanley JA, Harlan LC, Gilliland FD, Hamilton A, L i f f  JM, Stanford 
JL and Stephenson RA: The positive yield of imaging studies in the evaluation o f 
men with newly diagnosed prostate cancer: a population based analysis. J Urol.
163: 1138-43, 2000.
Oesterling JE, Martin SK, Bergstralh EJ and Lowe FC: The use o f prostate-specific 
antigen in staging patients with newly diagnosed prostate cancer. Jama. 269: 57-60,
1993.
Lee N, Fawaaz R, Olsson CA, Benson MC, Petrylak DP, Schiff PB, Bagiella E, 
Singh A and Ennis RD: Which patients with newly diagnosed prostate cancer need 
a radionuclide bone scan? An analysis based on 631 patients. Int J Radiat Oncol 
Biol Phys. 48: 1443-6, 2000.
Taoka T, Mayr NA, Lee HJ, Yuh WT, Simonson TM, Rezai K and Berbaum KS: 
Factors influencing visualization o f vertebral metastases on MR imaging versus 
bone scintigraphy. AJR Am J Roentgenol. 176: 1525-30, 2001.
Fowler FJ, Jr., McNaughton Collins M, Albertsen PC, Zietman A, Elliott DB and 
Barry MJ: Comparison o f recommendations by urologists and radiation oncologists 
for treatment o f clinically localized prostate cancer. Jama. 283: 3217-22, 2000. 
Fowler JE, Jr., Braswell NT, Pandey P and Seaver L: Experience with radical 
prostatectomy and radiation therapy for localized prostate cancer at a Veterans 
Affairs Medical Center. J Urol. 153: 1026-31, 1995.

264



114.

115.

116.

117.

118.

119.

120. 

121. 

122.

123.

124.

125.

126.

127.

128.

Zelefsky MJ, Wallner KE, Ling CC, Raben A, Hollister T, Wolfe T, Grann A, 
Gaudin P, Fuks Z and Leibel SA: Comparison o f the 5-year outcome and morbidity 
of three-dimensional conformal radiotherapy versus transperineal permanent 
iodine-125 implantation for early-stage prostatic cancer. J Clin Oncol. 17: 517-22, 
1999.
D'Amico AV, Whittington R, Malkowicz SB, Schultz D, Blank K, Broderick GA, 
Tomaszewski JE, Renshaw AA, Kaplan I, Beard CJ et a l:  Biochemical outcome 
after radical prostatectomy, external beam radiation therapy, or interstitial radiation 
therapy for clinically localized prostate cancer. Jama. 280: 969-74, 1998.
Walsh PC: Anatomic radical prostatectomy: evolution o f the surgical technique. J 
Urol. 160: 2418-24, 1998.
Oliver SE, Donovan JL, Peters TJ, Frankel S, Hamdy FC and Neal DE: Recent 
trends in the use o f radical prostatectomy in England: the epidemiology o f 
diffusion. BJU Int. 91: 331-6; discussion 336., 2003.
Holmberg L, Bill-Axelson A, Helgesen F, Salo JO, Folmerz P, Haggman M, 
Andersson SO, Spangberg A, Busch C, Nordling S et a l:  A randomized trial 
comparing radical prostatectomy with watchful waiting in early prostate cancer. N 
Engl J Med. 347: 781-9, 2002.
Bill-Axelson A, Holmberg L, Ruutu M, Haggman M, Andersson SO, Bratell S, 
Spangberg A, Busch C, Nordling S, Garmo H et a l : Radical prostatectomy versus 
watchful waiting in early prostate cancer. N Engl J Med. 352: 1977-84, 2005. 
Zincke H, Oesterling JE, Blute ML, Bergstralh EJ, Myers RP and Barrett DM: 
Long-term (15 years) results after radical prostatectomy for clinically localized 
(stage T2c or lower) prostate cancer. J Urol. 152: 1850-7, 1994.
Pound CR, Partin AW, Eisenberger MA, Chan DW, Pearson JD and Walsh PC: 
Natural history o f progression after PSA elevation following radical prostatectomy. 
Jama. 281: 1591-7., 1999.
Jhaveri FM, Zippe CD, Klein EA and Kupelian PA: Biochemical failure does not 
predict overall survival after radical prostatectomy for localized prostate cancer: 
10-year results. Urology. 54: 884-90, 1999.
Pound CR, Partin AW, Epstein JI and Walsh PC: Prostate-specific antigen after 
anatomic radical retropubic prostatectomy. Patterns o f recurrence and cancer 
control. Urol Clin North Am. 24; 395-406, 1997.
Trapasso JG, deKernion JB, Smith RB and Dorey F: The incidence and 
significance o f detectable levels o f serum prostate specific antigen after radical 
prostatectomy. J Urol. 152: 1821-5, 1994.
Catalona WJ and Smith DS: 5-year tumor recurrence rates after anatomical radical 
retropubic prostatectomy for prostate cancer. J Urol. 152: 1837-42, 1994.
D'Amico AV, Whittington R, Malkowicz SB, Schultz D, Schnall M, Tomaszewski 
JE and Wein A: Combined modality staging o f prostate carcinoma and its utility in 
predicting pathologic stage and postoperative prostate specific antigen failure. 
Urology. 49: 23-30, 1997.
Nelson CP, Rubin MA, Strawderman M, Montie JE and Sanda MG: Preoperative 
parameters for predicting early prostate cancer recurrence after radical 
prostatectomy. Urology. 59: 740-5; discussion 745-6, 2002.
Epstein JI, Partin AW, Sauvageot J and Walsh PC: Prediction o f progression 
following radical prostatectomy. A multivariate analysis o f 721 men with long-term 
follow-up. Am J Surg Pathol. 20: 286-92, 1996.

265



129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Epstein JI, Carmichael MJ, Pizov G and Walsh PC: Influence o f capsular 
penetration on progression following radical prostatectomy: a study o f 196 cases 
with long-term followup. JUrol. 150: 135-41, 1993.
Ohori M, Wheeler TM, Kattan MW, Goto Y  and Scardino PT: Prognostic 
significance o f positive surgical margins in radical prostatectomy specimens. J 
Urol. 154: 1818-24, 1995.
Epstein JI, Pizov G and Walsh PC: Correlation o f pathologic findings with 
progression after radical retropubic prostatectomy. Cancer. 71: 3582-93, 1993. 
Watson RB, Civantos F and Soloway MS: Positive surgical margins with radical 
prostatectomy: detailed pathological analysis and prognosis. Urology. 48: 80-90, 
1996.
Han M, Partin AW, Zahurak M, Piantadosi S, Epstein JI and Walsh PC: 
Biochemical (prostate specific antigen) recurrence probability following radical 
prostatectomy for clinically localized prostate cancer. J Urol. 169: 517-23., 2003. 
Grossfeld GD, Chang JJ, Broering JM, Li YP, Lubeck DP, Flanders SC and Carroll 
PR: Under staging and under grading in a contemporary series o f patients 
undergoing radical prostatectomy: results from the Cancer o f the Prostate Strategic 
Urologic Research Endeavor database. J Urol. 165: 851-6, 2001.
D'Amico AV, Whittington R, Malkowicz SB, Schnall M, Tomaszewski J, Schultz 
D, Kao G, VanArsdalen K and Wein A: A  multivariable analysis o f clinical factors 
predicting for pathological features associated with local failure after radical 
prostatectomy for prostate cancer. Int J Radiat Oncol Biol Phys. 30: 293-302, 1994. 
Kupelian PA, Katcher J, Levin HS and Klein EA: Stage T l-2  prostate cancer: a 
multivariate analysis o f factors affecting biochemical and clinical failures after 
radical prostatectomy. Int J Radiat Oncol Biol Phys. 37: 1043-52, 1997.
Kupelian P, Kuban D, Thames H, Levy L, Horwitz E, Martinez A, Michalski J, 
Pisansky T, Sandler H, Shipley W et a l:  Improved biochemical relapse-free 
survival with increased external radiation doses in patients with localized prostate 
cancer: the combined experience o f nine institutions in patients treated in 1994 and 
1995. Int J Radiat Oncol Biol Phys. 61: 415-9, 2005.
Smit WG, Helle PA, van Putten WL, Wijnmaalen AJ, Seldenrath JJ and van der 
Werf-Messing BH: Late radiation damage in prostate cancer patients treated by 
high dose external radiotherapy in relation to rectal dose. Int J Radiat Oncol Biol 
Phys. 18:23-9, 1990,
Michalski JM, Winter K, Purdy JA, Wilder RB, Perez CA, Roach M, Parliament 
MB, Pollack A, Markoe AM, Harms W et a l : Preliminary evaluation o f low-grade 
toxicity with conformal radiation therapy for prostate cancer on RTOG 9406 dose 
levels I and II. Int J Radiat Oncol Biol Phys. 56: 192-8, 2003.
Ataman F, Zurlo A, Artignan X, van Tienhoven G, Blank LE, Warde P, Dubois JB, 
Jeanneret W, Keuppens F, Bernier J et al.: Late toxicity following conventional 
radiotherapy for prostate cancer: analysis o f the EORTC trial 22863. Eur J Cancer. 
40: 1674-81,2004.
Beard CJ, Propert KJ, Rieker PP, Clark JA, Kaplan I, Kantoff PW and Talcott JA: 
Complications after treatment with external-beam irradiation in early-stage prostate 
cancer patients: a prospective multiinstitutional outcomes study. J Clin Oncol. 15: 
223-9, 1997.
Pollack A, Smith LG and von Eschenbach AC: External beam radiotherapy dose 
response characteristics o f 1127 men with prostate cancer treated in the PSA era.
Int J Radiat Oncol Biol Phys. 48: 507-12, 2000.

266



143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

D'Amico AV, Manola J, Loffredo M, Renshaw AA, DellaCroce A  and Kantoff 
PW: 6-month androgen suppression plus radiation therapy vs radiation therapy 
alone for patients with clinically localized prostate cancer: a randomized controlled 
trial. Jama. 292: 821-7, 2004.
Pilepich MV, Winter K, John MJ, Mesic JB, Sause W, Rubin P, Lawton C, 
Machtay M and Grignon D: Phase III radiation therapy oncology group (RTOG) 
trial 86-10 o f androgen deprivation adjuvant to definitive radiotherapy in locally 
advanced carcinoma of the prostate. Int J Radiat Oncol Biol Phys. 50: 1243-52, 
2001.
Shipley WU, Thames HD, Sandler HM, Hanks GE, Zietman AL, Perez CA, Kuban 
DA, Hancock SL and Smith CD: Radiation therapy for clinically localized prostate 
cancer: a multi-institutional pooled analysis. Jama. 281: 1598-604, 1999.
Brachman DG, Thomas T, Hilbe J and Beyer DC: Failure-free survival following 
brachytherapy alone or external beam irradiation alone for T l-2  prostate tumors in 
2222 patients: results from a single practice. Int J Radiat Oncol Biol Phys. 48: 111- 
7, 2000.
Stokes SH: Comparison o f biochemical disease-free survival o f patients with 
localized carcinoma o f the prostate undergoing radical prostatectomy, transperineal 
ultrasound-guided radioactive seed implantation, or definitive external beam 
irradiation. Int J Radiat Oncol Biol Phys. 47: 129-36, 2000.
Zelefsky MJ, Chan H, Hunt M, Yamada Y, Shippy AM  and Amols H: Long-term 
outcome o f high dose intensity modulated radiation therapy for patients with 
clinically localized prostate cancer. J Urol. 176: 1415-9, 2006.
Zietman AL, Coen JJ, Dallow KC and Shipley WU: The treatment o f prostate 
cancer by conventional radiation therapy: an analysis o f long-term outcome. Int J 
Radiat Oncol Biol Phys. 32: 287-92, 1995.
Potters L, Torre T, Fearn PA, Leibel SA and Kattan MW: Potency after permanent 
prostate brachytherapy for localized prostate cancer. Int J Radiat Oncol Biol Phys. 
50: 1235-42, 2001.
Khaksar SJ, Laing RW, Henderson A, Sooriakumaran P, Lovell D and Langley SE: 
Biochemical (prostate-specific antigen) relapse-free survival and toxicity after 1251 
low-dose-rate prostate brachytherapy. BJU In t 98: 1210-5, 2006.
Zelefsky MJ, Yamada Y, Cohen GN, Shippy A, Chan H, Fridman D and Zaider M: 
Five-year outcome of intraoperative conformal permanent 1-125 interstitial 
implantation for patients with clinically localized prostate cancer. Int J Radiat 
Oncol Biol Phys. 67: 65-70, 2007.
Beyer DC and Brachman DG: Failure free survival following brachytherapy alone 
for prostate cancer: comparison with external beam radiotherapy. Radiother Oncol. 
57: 263-7, 2000.
Kuban DA, el-Mahdi AM  and Schellhammer PF: Prostate-specific antigen for 
pretreatment prediction and posttreatment evaluation o f outcome after definitive 
irradiation for prostate cancer. Int J Radiat Oncol Biol Phys. 32: 307-16, 1995. 
Pisansky TM, Kahn MJ, Rasp GM, Cha SS, Haddock MG and Bostwick DG: A 
multiple prognostic index predictive o f disease outcome after irradiation for 
clinically localized prostate carcinoma. Cancer. 79: 337-44, 1997.
Critz FA, Levinson AK, Williams WH, Holladay DA and Holladay CT: The PSA 
nadir that indicates potential cure after radiotherapy for prostate cancer. Urology. 
49: 322-6, 1997.

267



157.

158.

159.

160. 

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

D'Amico AV, Cote K, Loffredo M, Renshaw AA and Schultz D: Determinants o f 
prostate cancer-specific survival after radiation therapy for patients with clinically 
localized prostate cancer. J Clin Oncol. 20: 4567-73, 2002.
Hardie C, Parker C, Norman A, Eeles R, Horwich A, Huddart R and Dearnaley D: 
Early outcomes o f active surveillance for localized prostate cancer. BJU Int. 95: 
956-60, 2005.
Choo R, Klotz L, Danjoux C, Morton GC, DeBoer G, Szumacher E, Fleshner N, 
Bunting P and Hruby G: Feasibility study: watchful waiting for localized low to 
intermediate grade prostate carcinoma with selective delayed intervention based on 
prostate specific antigen, histological and/or clinical progression. J Urol. 167: 
1664-9, 2002.
Klotz L: Active surveillance with selective delayed intervention using PSA 
doubling time for good risk prostate cancer. Eur Urol. 47: 16-21, 2005.
Albertsen PC, Fryback DG, Storer BE, Kolon TF and Fine J: Long-term survival 
among men with conservatively treated localized prostate cancer. Jama. 274: 626- 
31, 1995.
Bolla M, Collette L, Blank L, Warde P, Dubois JB, Mirimanoff RO, Storme G, 
Bernier J, Kuten A, Sternberg C et a l : Long-term results with immediate androgen 
suppression and external irradiation in patients with locally advanced prostate 
cancer (an EORTC study): a phase III randomised trial. Lancet 360: 103-6, 2002. 
Immediate versus deferred treatment for advanced prostatic cancer: initial results o f 
the Medical Research Council Trial. The Medical Research Council Prostate 
Cancer Working Party Investigators Group. Br J Urol. 79: 235-46, 1997.
Huggins C and Hodges C: Studies on prostate cancer. I. The effect o f castration, o f 
oestrogen, o f androgen injection on serum phosphatases in metatstatic carcinoma of 
the prostate. Cancer Res. 1:293-297, 1941.
Beynon LL and Chisholm GD: The stable state is not an objective response in 
hormone-escaped carcinoma o f prostate, Br J Urol, 56: 702-5, 1984.
Lu-Yao G, Moore DF, Oleynick JU, DiPaolaRS and Yao SL: Population based 
study o f hormonal therapy and survival in men with metastatic prostate cancer. J 
Urol. 177: 535-9,2007.
Fowler JE, Jr. and Whitmore WF, Jr.: The response o f metastatic adenocarcinoma 
o f the prostate to exogenous testosterone. J Urol. 126: 372-5, 1981.
Fowler JE, Jr., Pandey P, Seaver LE and Feliz TP: Prostate specific antigen after 
gonadal androgen withdrawal and deferred flutamide treatment. J Urol. 154: 448- 
53, 1995.
Kelly WK: Endocrine withdrawal syndrome and its relevance to the management 
o f hormone refractory prostate cancer. Eur Urol. 34 Suppl 3: 18-23, 1998.
Kelly WK and Scher HI: Prostate specific antigen decline after antiandrogen 
withdrawal: the flutamide withdrawal syndrome. J Urol. 149: 607-9, 1993. 
Schellhammer PF, Venner P, Haas GP, Small EJ, Nieh PT, Seabaugh DR, Patterson 
AL, Klein E, Wajsman Z, Furr B et a l:  Prostate specific antigen decreases after 
withdrawal o f antiandrogen therapy with bicalutamide or flutamide in patients 
receiving combined androgen blockade. J Urol. 157: 1731-5, 1997.
Smith DC, Redman BG, Flaherty LE, L i L, Strawderman M and Pienta KJ: A phase 
II trial o f oral diethylstilbesterol as a second-line hormonal agent in advanced 
prostate cancer. Urology. 52: 257-60, 1998.
Tannock I, Gospodarowicz M, Meakin W, Panzarella T, Stewart L  and Rider W: 
Treatment o f metastatic prostatic cancer with low-dose prednisone: evaluation o f

268



pain and quality o f life as pragmatic indices o f response. J Clin Oncol. 7: 590-7, 
1989.

174. Kantoff PW, Halabi S, Conaway M, Picus J, Kirshner J, Hars V, Trump D, Winer 
EP and Vogelzang NJ: Hydrocortisone with or without mitoxantrone in men with 
hormone-refractory prostate cancer: results o f the cancer and leukemia group B 
9182 study. J Clin Oncol. 17: 2506-13, 1999.

175. Small EJ, Baron AD, Fippin L and Apodaca D: Ketoconazole retains activity in 
advanced prostate cancer patients with progression despite flutamide withdrawal. J 
Urol. 157: 1204-7, 1997.

176. Harris KA, Weinberg V, Bok RA, Kakefuda M and Small EJ: Low dose 
ketoconazole with replacement doses o f hydrocortisone in patients with progressive 
androgen independent prostate cancer. J Urol. 168: 542-5, 2002.

177. Yagoda A and Petrylak D: Cytotoxic chemotherapy for advanced hormone- 
resistant prostate cancer. Cancer. 71: 1098-109, 1993.

178. Tannock IF, Osoba D, Stockier MR, Ernst DS, Neville AJ, Moore MJ, Annitage 
GR, Wilson JJ, Venner PM, Coppin CM et a l : Chemotherapy with mitoxantrone 
plus prednisone or prednisone alone for symptomatic hormone-resistant prostate 
cancer: a Canadian randomized trial with palliative end points. J Clin Oncol. 14: 
1756-64, 1996.

179. Tannock IF, de Wit R, Berry WR, Horti J, Pluzanska A, Chi KN, Oudard S, 
Theodore C, James ND, Turesson I et a l : Docetaxel plus prednisone or 
mitoxantrone plus prednisone for advanced prostate cancer. N Engl J Med. 351: 
1502-12, 2004.

180. Petrylak DP, Tangen CM, Hussain MH, Lara PN, Jr., Jones JA, Taplin ME, Burch 
PA, Berry D, Moinpour C, Kohli M  et a l : Docetaxel and estramustine compared 
with mitoxantrone and prednisone for advanced refractory prostate cancer. N Engl J 
Med. 351: 1513-20, 2004.

181. Steeg PS: Metastasis suppressors alter the signal transduction o f cancer cells. Nat 
Rev Cancer. 3: 55-63, 2003.

182. Fidler IJ: Metastasis: guantitative analysis o f distribution and fate o f tumor 
embolilabeled with 125 I-5-iodo-2'-deoxyuridine. J Natl Cancer Inst. 45: 773-82, 
1970.

183. Koike A: Mechanism o f blood borne metastases. I. Some factors affecting 
lodgement and growth o f tumour cells in the lungs. Cancer. 17: 450-460, 1964.

184. Liotta LA, Kleinerman J and Saidel GM: Quantitative relationships o f intravascular 
tumor cells, tumor vessels, and pulmonary metastases following tumor 
implantation. Cancer Res. 34: 997-1004, 1974.

185. Fidler IJ and Kripke ML: Metastasis results from preexisting variant cells within a 
malignant tumor. Science. 197: 893-5, 1977.

186. Ewing J: Neoplastic Diseases. Philadelphia, W.B. Saunders Co., 1928.
187. Paget S: The distribution o f secondary growths in cancer o f the breast. Lancet 1: 

571-573, 1889.
188. Saiki RK, Scharf S, Faloona F, Mullis KB, Horn GT, Erlich HA and Arnheim N: 

Enzymatic amplification o f beta-globin genomic sequences and restriction site 
analysis for diagnosis o f sickle cell anemia. Science. 230: 1350-4, 1985.

189. Saiki RK, Gelfand DH, Stoffel S, Scharf SJ, Higuchi R, Horn GT, Mullis KB and 
Erlich HA: Primer-directed enzymatic amplification o f DNA with a thermostable 
DNA polymerase. Science. 239: 487-91, 1988.

269



190. Doherty PJ, Huesca-Contreras M, Dosch HM and Pan S: Rapid amplification of 
complementary DNA from small amounts o f unfractionated RNA. Anal Biochem. 
177: 7-10, 1989,

191. Kawasaki ES, Clark SS, Coyne MY, Smith SD, Champlin R, Witte ON and 
McCormick FP: Diagnosis o f chronic myeloid and acute lymphocytic leukemias by 
detection o f leukemia-specific mRNA sequences amplified in vitro. Proc Natl Acad 
Sci US A. 85:5698-702, 1988.

192. Sokoloff MH, Tso CL, Kaboo R, Nelson S, Ko J, Dorey F, Figlin RA, Pang S, 
deKernion J and Belldegrun A: Quantitative polymerase chain reaction does not 
improve preoperative prostate cancer staging: a clinicopathological molecular 
analysis o f 121 patients. J Urol. 156: 1560-6, 1996.

193. O'Hara SM: Basal PSA mRNA levels detected by quantitative reverse transcription 
polmerase chain reaction in blood from subjects without prostate cancer. J Urol. 
155(suppl): 430A, 1996.

194. Ylikoski A, Karp M, Pettersson K, Lilja H and Lovgren T: Simultaneous 
quantification o f human glandular kallikrein 2 and prostate-specific antigen 
mRNAs in peripheral blood from prostate cancer patients. J Mol Diagn. 3: 111-22.,
2001 .

195. Gibson UE, Heid CA and Williams PM: A novel method for real time quantitative 
RT-PCR. Genome Res. 6: 995-1001, 1996.

196. Mori M, Mimori K, Ueo H, Tsuji K, Shiraishi T, Barnard GF, Sugimachi K  and 
Akiyoshi T: Clinical significance o f molecular detection o f carcinoma cells in 
lymph nodes and peripheral blood by reverse transcription-polymerase chain 
reaction in patients with gastrointestinal or breast carcinomas. J Clin Oncol. 16: 
128-32, 1998.

197. Bostick PJ, Chatterjee S, Chi DD, Huynh KT, Giuliano AE, Cote R and Hoon DS: 
Limitations o f specific reverse-transcriptase polymerase chain reaction markers in 
the detection o f metastases in the lymph nodes and blood o f breast cancer patients.
J Clin Oncol. 16: 2632-40, 1998.

198. Diel IJ, Kaufmann M, Costa SD, Holle R, von Minckwitz G, Solomayer EF, Kaul S 
and Bastert G: Micrometastatic breast cancer cells in bone marrow at primary 
surgery: prognostic value in comparison with nodal status. J Natl Cancer Inst. 88: 
1652-8, 1996.

199. Braun S, Pantel K, Muller P, Janni W, Hepp F, Kentenich CR, Gastroph S, 
Wischnik A, Dimpfl T, Kindermann G et a l:  Cytokeratin-positive cells in the bone 
marrow and survival o f patients with stage I, II, or III breast cancer. N Engl J Med. 
342: 525-33, 2000.

200. Funaki NO, Tanaka J, Ohshio G, Onodera H, Maetani S and Imamura M: 
Cytokeratin 20 mRNA in peripheral venous blood o f colorectal carcinoma patients. 
Br J Cancer. 77: 1327-32, 1998.

201. Soeth E, Vogel I, Roder C, Juhl H, Marxsen J, Kruger U, Henne-Bruns D, Kremer 
B and Kalthoff H: Comparative analysis o f bone marrow and venous blood isolates 
from gastrointestinal cancer patients for the detection o f disseminated tumor cells 
using reverse transcription PCR. Cancer Res. 57: 3106-10, 1997.

202. Hardingham JE, Hewett PJ, Sage RE, Finch JL, Nuttall JD, Kotasek D and 
Dobrovic A: Molecular detection o f blood-borne epithelial cells in colorectal 
cancer patients and in patients with benign bowel disease. Int J Cancer. 89: 8-13, 
2000.

203. Hanekom GS, Stubbings HM, Johnson CA and Kidson SH: The detection of 
circulating melanoma cells correlates with tumour thickness and ulceration but is

270



204.

205.

206.

207.

208.

209.

210. 

211. 

212 .

213.

214.

215.

not predictive of metastasis for patients with primary melanoma. Melanoma Res. 9: 
465-73, 1999.
Mellado B, Colomer D, Castel T, Munoz M, Carballo E, Galan M, Mascaro JM, 
Vives-Corrons JL, Grau JJ and Estape J: Detection o f circulating neoplastic cells by 
reverse-transcriptase polymerase chain reaction in malignant melanoma: 
association with clinical stage and prognosis. J Clin Oncol. 14: 2091-7, 1996. 
Palmieri G, Ascierto PA, Perrone F, Satriano SM, Ottaiano A, Daponte A, 
Napolitano M, Caraco C, Mozzillo N, Melucci MT et a l:  Prognostic value o f 
circulating melanoma cells detected by reverse transcriptase-polymerase chain 
reaction. J Clin Oncol. 21: 767-73, 2003.
Moreno JG, Croce CM, Fischer R, Monne M, Vihko P, Mulholland SG and 
Gomella LG: Detection of hematogenous micrometastasis in patients with prostate 
cancer. Cancer Res. 52: 6110-2, 1992.
Wood DP, Jr., Banks ER, Humphreys S, McRoberts JW and Rangnekar VM: 
Identification o f bone marrow micrometastases in patients with prostate cancer. 
Cancer. 74: 2533-40., 1994.
Corey E, Arfman EW, Oswin MM, Melchior SW, Tindall DJ, Young CY, Ellis WJ 
and Vessella RL: Detection o f circulating prostate cells by reverse transcriptase- 
polymerase chain reaction o f human glandular kallikrein (hK2) and prostate- 
specific antigen (PSA) messages. Urology. 50: 184-8., 1997.
Ghossein RA, Scher HI, Gerald WL, Kelly WK, Curley T, Amsterdam A, Zhang 
ZF and Rosai J: Detection o f circulating tumor cells in patients with localized and 
metastatic prostatic carcinoma: clinical implications. J Clin Oncol. 13:1195-200.,
1995.
Ignatoff JM, Oefelein MG, Watkin W, Chmiel JS and Kaul KL: Prostate specific 
antigen reverse transcriptase-polymerase chain reaction assay in preoperative 
staging o f prostate cancer. J Urol. 158: 1870-4; discussion 1874-5, 1997.
Deguchi T, Yang M, Ehara H, Ito S, Nishino Y, Takahashi Y, Ito Y, Shimokawa K, 
Tanaka T, Imaeda T et a l:  Detection o f micrometastatic prostate cancer cells in the 
bone marrow o f patients with prostate cancer. Br J Cancer. 75: 634-8., 1997.
Gala JL, Heusterspreute M, Loric S, Hanon F, Tombal B, Van Cangh P, De Nayer 
P and Philippe M: Expression o f prostate-specific antigen and prostate-specific 
membrane antigen transcripts in blood cells: implications for the detection o f 
hematogenous prostate cells and standardization. Clin Chem. 44: 472-81, 1998. 
Henke W, Jung M, Jung K, Lein M, Schlechte H, Berndt C, Rudolph B, Schnorr D 
and Loening SA: Increased analytical sensitivity o f RT-PCR o f PSA mRNA 
decreases diagnostic specificity o f detection o f prostatic cells in blood. Int J Cancer. 
70: 52-6, 1997.
Katz AE, Olsson CA, Raffo AJ, Cama C, Perlman H, Seaman E, O'Toole KM, 
McMahon D, Benson MC and Buttyan R: Molecular staging o f prostate cancer 
with the use o f an enhanced reverse transcriptase-PCR assay. Urology. 43: 765-75.,
1994.
de la Taille A, Olsson CA, Buttyan R, Benson MC, Bagiella E, Cao Y, Burchardt 
M, Chopin DK and Katz AE: Blood-based reverse transcriptase polymerase chain 
reaction assays for prostatic specific antigen: long term follow-up confirms the 
potential utility o f this assay in identifying patients more likely to have biochemical 
recurrence (rising PSA) following radical prostatectomy. Int J Cancer. 84: 360-4.,
1999.

271



216.

217.

218.

219.

220 .

221.

222,

223.

224.

225.

226.

227.

228. 

229.

Tombal B, Van Cangh PJ, Loric S and Gala JL: Prognostic value o f circulating 
prostate cells in patients with a rising PSA after radical prostatectomy. Prostate. 56: 
163-70, 2003.
McIntyre IG, Clarke RB, Anderson E, Clarke NW and George NJ: Molecular 
prediction o f progression in patients with conservatively managed prostate cancer. 
Urology. 58:762-6., 2001,
Kantoff PW, Halabi S, Farmer DA, Hayes DF, VogelzangNA and Small EJ: 
Prognostic significance of reverse transcriptase polymerase chain reaction for 
prostate-specific antigen in men with hormone-refractory prostate cancer. J Clin 
Oncol. 19:3025-8, 2001.
Wood DP, Jr. and Banerjee M: Presence o f circulating prostate cells in the bone 
marrow o f patients undergoing radical prostatectomy is predictive o f disease-free 
survival. J Clin Oncol. 15: 3451-7., 1997.
Shariat SF, Gottenger E, Nguyen C, Song W, Kattan MW, Andenoro J, Wheeler 
TM, Spencer DM and Slawin KM: Preoperative blood reverse transcriptase-PCR 
assays for prostate-specific antigen and human glandular kallikrein for prediction o f 
prostate cancer progression after radical prostatectomy. Cancer Res. 62: 5974-9,
2002.
Hara N, Kasahara T, Kawasaki T, Bilim V, Obara K, Takahashi K and Tomita Y: 
Reverse transcription-polymerase chain reaction detection o f prostate-specific 
antigen, prostate-specific membrane antigen, and prostate stem cell antigen in one 
m illiliter o f peripheral blood: value for the staging o f prostate cancer. Clin Cancer 
Res. 8: 1794-9., 2002.
Ylikoski A, Pettersson K, Nurmi J, Irjala K, Karp M, L ilja H, Lovgren T and 
Nurmi M: Simultaneous quantification o f prostate-specific antigen and human 
glandular kallikrein 2 mRNA in blood samples from patients with prostate cancer 
and benign disease. Clin Chem. 48: 1265-71., 2002.
Straub B, Muller M, Krause H, Schrader M, Goessl C, Heicappell R and M iller K: 
Detection o f prostate-specific antigen RNA before and after radical retropubic 
prostatectomy and transurethral resection o f the prostate using "Light-Cycler"- 
based quantitative real-time polymerase chain reaction. Urology. 58: 815-20., 2001. 
Ts'o PO, Pannek J, Wang ZP, Lesko SA, Bova GS and Partin AW: Detection o f 
intact prostate cancer cells in the blood o f men with prostate cancer. Urology. 49: 
881-5, 1997.
Brandt B, Junker R, Griwatz C, Heidi S, Brinkmann O, Semjonow A, Assmann G 
and Zanker KS: Isolation o f prostate-derived single cells and cell clusters from 
human peripheral blood. Cancer Res. 56: 4556-61, 1996.
Mueller P, Carroll P, Bowers E, Moore D, 2nd, Cher M, Presti J, Wessman M  and 
Pallavicini MG: Low frequency epithelial cells in bone marrow aspirates from 
prostate carcinoma patients are cytogenetically aberrant. Cancer. 83: 538-46, 1998. 
Lilleby W, Nesland JM, Fossa SD, Torlakovic G, Waehre H and Kvalheim G: The 
prognostic impact o f cytokeratin-positive cells in bone marrow o f patients with 
localized prostate cancer. Int J Cancer. 103: 91-6, 2003. 
van Leenders GJ, Aalders TW, Hulsbergen-van de Kaa CA, Ruiter DJ and 
Schalken JA: Expression o f basal cell keratins in human prostate cancer metastases 
and cell lines. J Pathol. 195: 563-70, 2001.
Hamdy FC, Lawry J, Anderson JB, Parsons MA, Rees RC and Williams JL: 
Circulating prostate specific antigen-positive cells correlate with metastatic prostate 
cancer. Br J Urol. 69: 392-6, 1992.

272



230.

231.

232.

233.

234.

235.

236.
237.
238.

239.

240.

241.

242.

243.

244.

Moreno JG, Miller MC, Gross S, Allard WJ, Gomella LG and Terstappen LW: 
Circulating tumor cells predict survival in patients with metastatic prostate cancer. 
Urology. 65: 713-8, 2005.
Cristofanilli M, Budd GT, Ellis MJ, Stopeck A, Matera J, M iller MC, Reuben JM, 
Doyle GV, Allard WJ, Terstappen LW et a l:  Circulating tumor cells, disease 
progression, and survival in metastatic breast cancer. N Engl J Med. 351: 781-91,
2004.
de la Taille A, Muscatelli B, Colombel M, Jouault H, Amsellem S, Mazeman E, 
Abbou CC and Chopin D: [In vitro detection o f prostate cancer circulating cells by 
immunocytochemistry, flow cytometry and RT-PCR PSA]. Prog Urol. 8: 1058-64,
1998.
Thalmann GN, Anezinis PE, Chang SM, Zhau HE, Kim EE, Hopwood VL, Pathak 
S, von Eschenbach AC and Chung LW: Androgen-independent cancer progression 
and bone metastasis in the LNCaP model o f human prostate cancer. Cancer Res. 
54:2577-81, 1994.
Kaighn ME, Narayan KS, Ohnuki Y, Lechner JF and Jones LW: Establishment and 
characterization o f a human prostatic carcinoma cell line (PC-3). Invest Urol. 17: 
16-23, 1979.
Stone KR, Mickey DD, Wunderli H, Mickey GH and Paulson DF: Isolation o f a 
human prostate carcinoma cell line (DU 145). Int J Cancer. 21: 274-81, 1978. 
Preanalytix: PAXgene blood RNA kit handbook - version 1., 2005.
NCBI NCfBI: Nucleotide, National Library for Medicine, 2003.
Corey E and Corey MJ: Detection o f disseminated prostate cells by reverse 
transcription-polymerase chain reaction (RT-PCR): technical and clinical aspects. 
Int J Cancer. 77: 655-73., 1998.
Wharton RQ, Jonas SK, Glover C, Khan ZA, Klokouzas A, Quinn H, Henry M and 
Allen-Mersh TG: Increased detection o f circulating tumor cells in the blood of 
colorectal carcinoma patients using two reverse transcription-PCR assays and 
multiple blood samples. Clin Cancer Res. 5: 4158-63, 1999.
Ellis WJ, Vessella RL, Corey E, Arfman EW, Oswin MM, Melchior S and Lange 
PH: The value o f a reverse transcriptase polymerase chain reaction assay in 
preoperative staging and followup o f patients with prostate cancer. J Urol. 159: 
1134-8., 1998.
Heung YM, Walsh K, Sriprasad S, Mulvin D and Sherwood RA: The detection o f 
prostate cells by the reverse transcription-polymerase chain reaction in the 
circulation o f patients undergoing transurethral resection o f the prostate. BJU Int 
85: 65-9, 2000.
Eschwege P, Dumas F, Blanchet P, Le Maire V, Benoit G, Jardin A, Lacour B and 
Loric S: Haematogenous dissemination o f prostatic epithelial cells during radical 
prostatectomy. Lancet 346: 1528-30, 1995.
Price DK, Clontz DR, Woodard WL, 3rd, Kaufman JS, Daniels JM, Stolzenberg SJ 
and Teigland CM: Detection and clearance o f prostate cells subsequent to 
ultrasound-guided needle biopsy as determined by multiplex nested reverse 
transcription polymerase chain reaction assay. Urology. 52: 261-6; discussion 266- 
7, 1998.
Siddiqua A, Chendil D, Rowland R, Meigooni AS, Kudrimoti M, Mohiuddin M 
and Ahmed MM: Increased expression o f PSA mRNA during brachytherapy in 
peripheral blood o f patients with prostate cancer. Urology. 60: 270-5, 2002.

273



245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

Holmgren L, O'Reilly MS and Folkman J: Dormancy o f micrometastases: balanced 
proliferation and apoptosis in the presence o f angiogenesis suppression. Nat Med.
1: 149-53, 1995.
Meng S, Tripathy D, Frenkel EP, Shete S, Naftalis EZ, Huth JF, Beitsch PD, Leitch 
M, Hoover S, Euhus D et al.: Circulating tumor cells in patients with breast cancer 
dormancy. Clin Cancer Res. 10: 8152-62, 2004.
Van Bokhoven A, Varella-Garcia M, Korch C, Johannes WU, Smith EE, M iller 
HL, Nordeen SK, M iller GJ and Lucia MS: Molecular characterization o f human 
prostate carcinoma cell lines. Prostate. 57: 205-25, 2003.
McIntyre IG, Spreckley K, Clarke RB, Anderson E, Clarke NW and George NJ: 
Optimization o f the reverse transcriptase polymerase chain reaction for the 
detection o f circulating prostate cells. Br J Cancer. 83: 992-7., 2000.
Riegman PH, Vlietstra RJ, van der Korput JA, Brinkmann AO and Trapman J: The 
promoter o f the prostate-specific antigen gene contains a functional androgen 
responsive element. Mol Endocrinol. 5: 1921-30, 1991.
Watt F, Martorana A, Brookes DE, Ho T, Kingsley E, O'Keefe DS, Russell PJ, 
Heston WD and Molloy PL: A  tissue-specific enhancer o f the prostate-specific 
membrane antigen gene, FOLH1. Genomics. 73: 243-54, 2001.
Murtha P, Tindall DJ and Young CY: Androgen induction o f a human prostate- 
specific kallikrein, hKLK2: characterization o f an androgen response element in the 
5' promoter region o f the gene. Biochemistry. 32: 6459-64, 1993.
Igawa T, Lin FF, Lee MS, Karan D, Batra SK and Lin MF: Establishment and 
characterization o f androgen-independent human prostate cancer LNCaP cell 
model. Prostate. 50: 222-35, 2002.
Denmeade SR, Sokoll LJ, Dalrymple S, Rosen DM, Gady AM, Bruzek D, Ricklis 
RM and Isaacs JT: Dissociation between androgen responsiveness for malignant 
growth vs. expression o f prostate specific differentiation markers PSA, hK2, and 
PSMA in human prostate cancer models. Prostate. 54: 249-57, 2003.
Ferrari AC, Stone NN, Eyler JN, Gao M, Mandeli J, Unger P, Gallagher RE and 
Stock R: Prospective analysis o f prostate-specific markers in pelvic lymph nodes o f 
patients with high-risk prostate cancer. J Natl Cancer Inst 89: 1498-504, 1997. 
Corey E, Arfman EW, Liu AY and Vessella RL: Improved reverse transcriptase- 
polymerase chain reaction protocol with exogenous internal competitive control for 
prostate-specific antigen mRNA in blood and bone marrow. Clin Chem. 43: 443- 
52, 1997.
Israeli RS, Miller WH, Jr., Su SL, Samadi DS, Powell CT, Heston WD, Wise GJ 
and Fair WR: Sensitive detection o f prostatic hematogenous tumor cell 
dissemination using prostate specific antigen and prostate specific membrane- 
derived primers in the polymerase chain reaction. J Urol. 153: 573-7, 1995,
Kurek R, Nunez G, Tselis N, Konrad L, Martin T, Roeddiger S, Aumuller G, 
Zamboglou N, Lin DW, Tunn UW et a l:  Prognostic value o f combined "triple"- 
reverse transcription-PCR analysis for prostate-specific antigen, human kallikrein 
2, and prostate-specific membrane antigen mRNA in peripheral blood and lymph 
nodes o f prostate cancer patients. Clin Cancer Res. 10: 5808-14, 2004.
Kawakami M, Okaneya T, Furihata K, Nishizawa O and Katsuyama T: Detection 
o f prostate cancer cells circulating in peripheral blood by reverse transcription-PCR 
for hKLK2. Cancer Res. 57: 4167-70, 1997.
Slawin KM, Shariat SF, Nguyen C, Leventis AK, Song W, Kattan MW, Young 
CY, Tindall DJ and Wheeler TM: Detection o f metastatic prostate cancer using a

274



260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

splice variant-specific reverse transcriptase-polymerase chain reaction assay for 
human glandular kallikrein. Cancer Res. 60; 7142-8, 2000.
Jung M, Xu C, Spethmann J, Johannsen M, Deger S, Stephan C, Loening SA and 
Jung K: Re: Hessels D, Klein Gunnewiek JMT, van Oort I, Karthaus HFM, van 
Leenders GJL, van Balken B, Kiemeney LA, Witjes JA, Schalken JA. 
DD3(PCA3)-based molecular urine analysis for the diagnosis o f prostate cancer. 
Eur Urol 2003;44:8-16. Eur Urol. 46: 271-2, 2004.
Jung R, Ahmad-Nejad P, Wimmer M, Gerhard M, Wagener C and Neumaier M: 
Quality management and influential factors for the detection o f single metastatic 
cancer cells by reverse transcriptase polymerase chain reaction. Eur J Clin Chem 
Clin Biochem. 35: 3-10, 1997.
Karrer EE, Lincoln JE, Hogenhout S, Bennett AB, Bostock RM, Martineau B, 
Lucas WJ, Gilchrist DG and Alexander D: In situ isolation o f mRNA from 
individual plant cells: creation o f cell-specific cDNA libraries. Proc Natl Acad Sci 
US A.  92:3814-8, 1995.
Spremulli EN and Dexter DL: Human tumor cell heterogeneity and metastasis. J 
Clin Oncol. 1:496-509, 1983.
Klein CA, Blankenstein TJ, Schmidt-Kittler O, Petronio M, Polzer B, Stoecklein 
NH and Riethmuller G: Genetic heterogeneity o f single disseminated tumour cells 
in minimal residual cancer. Lancet. 360: 683-9, 2002.
Patel K, Whelan PJ, Prescott S, Brownhill SC, Johnston CF, Selby PJ and Burchill 
SA: The use o f real-time reverse transcription-PCR for prostate-specific antigen 
mRNA to discriminate between blood samples from healthy volunteers and from 
patients with metastatic prostate cancer. Clin Cancer Res. 10: 7511-9, 2004.
Lintula S and Stenman UH; The expression o f prostate-specific membrane antigen 
in peripheral blood leukocytes. J Urol. 157: 1969-72, 1997.
Thiounn N, Saporta F, Flam TA, Pages F, Zerbib M, Vieillefond A, Martin E, 
Debre B and Chevillard S: Positive prostate-specific antigen circulating cells 
detected by reverse transcriptase-polymerase chain reaction does not imply the 
presence of prostatic micrometastases. Urology. 50: 245-50, 1997.
Cama C, Olsson CA, Raffo AJ, Perlman H, Buttyan R, O'Toole K, McMahon D, 
Benson MC and Katz AE: Molecular staging o f prostate cancer. II. A comparison 
o f the application o f an enhanced reverse transcriptase polymerase chain reaction 
assay for prostate specific antigen versus prostate specific membrane antigen. J 
Urol. 153: 1373-8, 1995.
Gao CL, Maheshwari S, Dean RC, Tatum L, Mooneyhan R, Connelly RR, McLeod 
DG, Srivastava S and Moul JW: Blinded evaluation o f reverse transcriptase- 
polymerase chain reaction prostate-specific antigen peripheral blood assay for 
molecular staging o f prostate cancer. Urology. 53: 714-21, 1999.
Ghossein RA, Scher HI, Gerald WL, Kelly WK, Curley T, Amsterdam A, Zhang 
ZF and Rosai J: Detection o f circulating tumor cells in patients with localized and 
metastatic prostatic carcinoma: clinical implications. J Clin Oncol. 13:1195-200,
1995.
Halabi S, Small EJ, Hayes DF, Vogelzang NJ and Kantoff PW: Prognostic 
significance o f reverse transcriptase polymerase chain reaction for prostate-specific 
antigen in metastatic prostate cancer: a nested study within CALGB 9583. J Clin 
Oncol. 21:490-5, 2003.
Jaakkola S, Vornanen T, Leinonen J, Rannikko S and Stenman UH: Detection o f 
prostatic cells in peripheral blood: correlation with serum concentrations o f 
prostate-specific antigen. Clin Chem. 41: 182-6, 1995.

275



273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

Kurek R, Ylikoski A, Renneberg H, Konrad L, Aumuller G, Roddiger SJ, 
Zambogiou N, Tunn UW and Lilja H: Quantitative PSA RT-PCR for preoperative 
staging o f prostate cancer. Prostate. 56: 263-9, 2003.
Melchior SW, Corey E, Ellis WJ, Ross AA, Layton TJ, Oswin MM, Lange PH and 
Vessella RL: Early tumor cell dissemination in patients with clinically localized 
carcinoma of the prostate. Clin Cancer Res. 3: 249-56, 1997.
Seiden MV, Kantoff PW, Krithivas K, Propert K, Bryant M, Haltom E, Gaynes L, 
Kaplan I, Bubley G, DeWolf W et al.: Detection o f circulating tumor cells in men 
with localized prostate cancer. J Clin Oncol. 12: 2634-9, 1994.
Sourla A, Lembessis P, Mitsiades C, Dimopoulos T, Skouteris M, Metsinis M, 
Ntounis A, Ioannidis A, Katsoulis A, Kyragiannis V et a l : Conversion o f nested 
reverse-transcriptase polymerase chain reaction from positive to negative status at 
peripheral blood during androgen ablation therapy is associated with long 
progression-free survival in stage D2 prostate cancer patients. Anticancer Res. 21: 
3565-70, 2001.
Zhang Y, Zippe CD, Van Lente F, Klein EA and Gupta MK: Combined nested 
reverse transcription-PCR assay for prostate-specific antigen and prostate-specific 
membrane antigen in detecting circulating prostatic cells. Clin Cancer Res. 3: 1215- 
20, 1997.
Ghossein RA, Rosai J, Scher HI, Seiden M, Zhang ZF, Sun M, Chang G, Berlane 
K, Krithivas K and Kantoff PW: Prognostic significance o f detection o f prostate- 
specific antigen transcripts in the peripheral blood o f patients with metastatic 
androgen-independent prostatic carcinoma. Urology. 50: 100-5, 1997. 
Martinez-Pineiro L, Rios E, Martinez-Gomariz M, Pastor T, de Cabo M, Picazo 
ML, Palacios J and Perona R: Molecular staging o f prostatic cancer with RT-PCR 
assay for prostate-specific antigen in peripheral blood and lymph nodes: 
comparison with standard histological staging and immunohistochemical 
assessment o f occult regional lymph node metastases. Eur Urol. 43: 342-50, 2003. 
Loric S, Dumas F, Eschwege P, Blanchet P, Benoit G, Jardin A  and Lacour B: 
Enhanced detection o f hematogenous circulating prostatic cells in patients with 
prostate adenocarcinoma by using nested reverse transcription polymerase chain 
reaction assay based on prostate-specific membrane antigen. Clin Chem. 41: 1698- 
704, 1995.
de Cremoux P, Ravery V, Podgorniak MP, Chevillard S, Toublanc M, Thiounn N, 
Tatoud R, Delmas V, Calvo T and Boccon-Gibod L: Value o f the preoperative 
detection of prostate-specific-antigen-positive circulating cells by nested RT-PCR 
in patients submitted to radical prostatectomy. Eur Urol. 32: 69-74, 1997.
Gao CL, Dean RC, Pinto A, Mooneyhan R, Connelly RR, McLeod DG, Srivastava 
S and Moul JW: Detection o f circulating prostate specific antigen expressing 
prostatic cells in the bone marrow of radical prostatectomy patients by sensitive 
reverse transcriptase polymerase chain reaction. J Urol. 161: 1070-6, 1999.
Llanes L, Paez A, Ferruelo A, Lujan M, Romero I and Berenguer A: Detecting 
circulating prostate cells in patients with clinically localized prostate cancer: 
clinical implications for molecular staging. BJU Int. 86: 1023-7, 2000.
Adsan O, Cecchini MG, Bisoffi M, Wetterwald A, Klima I, Danuser HJ, Studer UE 
and Thalmann GN: Can the reverse transcriptase-polymerase chain reaction for 
prostate specific antigen and prostate specific membrane antigen improve staging 
and predict biochemical recurrence? BJU Int. 90: 579-85, 2002.
Ennis RD, Katz AE, de Vries GM, Heitjan DF, O'Toole KM, Rubin M, Buttyan R, 
Benson MC and Schiff PB: Detection o f circulating prostate carcinoma cells via an

276



286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.
299.

enhanced reverse transcriptase-polymerase chain reaction assay in patients with 
early stage prostate carcinoma. Independence from other pretreatment 
characteristics. Cancer. 79: 2402-8, 1997.
Larson CJ, Moreno JG, Pienta KJ, Gross S, Repollet M, O'Hara S M, Russell T and 
Terstappen LW: Apoptosis o f circulating tumor cells in prostate cancer patients. 
Cytometry A. 62: 46-53, 2004.
Zippelius A, Kufer P, Honold G, Kollermann MW, Oberneder R, Schlimok G, 
Riethmuller G and Pantel K: Limitations o f reverse-transcriptase polymerase chain 
reaction analyses for detection o f micrometastatic epithelial cancer cells in bone 
marrow. J Clin Oncol. 15: 2701-8, 1997.
Young CY, Seay T, Hogen K, Charlesworth MC, Roche PC, Klee GG and Tindall 
DJ: Prostate-specific human kallikrein (hK2) as a novel marker for prostate cancer. 
Prostate Suppl. 7: 17-24, 1996.
Israeli RS, M iller WH, Jr., Su SL, Powell CT, Fair WR, Samadi DS, Huryk RF, 
DeBlasio A, Edwards ET, Wise GJ et a l:  Sensitive nested reverse transcription 
polymerase chain reaction detection o f circulating prostatic tumor cells: 
comparison o f prostate-specific membrane antigen and prostate-specific antigen- 
based assays. Cancer Res. 54: 6306-10., 1994.
Grasso YZ, Gupta MK, Levin HS, Zippe CD and Klein EA: Combined nested RT- 
PCR assay for prostate-specific antigen and prostate-specific membrane antigen in 
prostate cancer patients: correlation with pathological stage. Cancer Res. 58: 1456- 
9, 1998.
Okegawa T, Yoshioka J, Morita R, Nutahara K, Tsukada Y  and Higashihara E: 
Molecular staging o f prostate cancer: comparison o f nested reverse transcription 
polymerase chain reaction assay using prostate specific antigen versus prostate 
specific membrane antigen as primer. Int J Urol. 5: 349-56, 1998.
Koutsilieris M, Lembessis P, Luu-The V and Sourla A: Repetitive and site-specific 
molecular staging o f prostate cancer using nested reverse transcriptase polymerase 
chain reaction for prostate specific antigen and prostate specific membrane antigen. 
Clin Exp Metastasis. 17: 823-30, 1999.
Fava TA, Desnoyers R, Schulz S, Park J, Weinberg D, Mitchell E and Waldman 
SA: Ectopic expression o f guanylyl cyclase C in CD34+ progenitor cells in 
peripheral blood. J Clin Oncol. 19: 3951-9, 2001.
Han KR, Seligson DB, Liu X, Horvath S, Shintaku PI, Thomas GV, Said JW and 
Reiter RE: Prostate stem cell antigen expression is associated with gleason score, 
seminal vesicle invasion and capsular invasion in prostate cancer. J Urol. 171: 
1117-21,2004.
Lukyanchuk VV, Friess H, Kleeff J, Osinsky SP, Ayuni E, Candinas D and Roggo 
A: Detection o f circulating tumor cells by cytokeratin 20 and prostate stem cell 
antigen RT-PCR in blood o f patients with gastrointestinal cancers. Anticancer Res. 
23:2711-6, 2003.
Fradet Y, Saad F, Aprikian A, Dessureault J, Elhilali M, Trudel C, Masse B, Piche 
L and Chypre C: uPM3, a new molecular urine test for the detection o f prostate 
cancer. Urology. 64: 311-5; discussion 315-6, 2004.
Mulders P: PCA3 Gene Based Analysis o f Urinary Sediments Has Prognostic 
Value: AUA. Austin, Texas, USA, 2005.
Mundy GR: Mechanisms o f bone metastasis. Cancer. 80: 1546-56, 1997.
Mitsiades CS, Lembessis P, Sourla A, Milathianakis C, Tsintavis A  and 
Koutsilieris M: Molecular staging by RT-pCR analysis for PSA and PSMA in 
peripheral blood and bone marrow samples is an independent predictor of time to

277



300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

biochemical failure following radical prostatectomy for clinically localized prostate 
cancer. Clin Exp Metastasis. 21: 495-505, 2004.
Riesenberg R, Oberneder R, Kriegmair M, Epp M, Bitzer U, Hofstetter A, Braun S, 
Riethmuller G and Pantel K: Immunocytochemicai double staining o f cytokeratin 
and prostate specific antigen in individual prostatic tumour cells. Histochemistry.
99: 61-6, 1993.
Ross AA, Cooper BW, Lazarus HM, Mackay W, Moss TJ, Ciobanu N, Tallman 
MS, Kennedy MJ, Davidson NE, Sweet D et al.: Detection and viability o f tumor 
cells in peripheral blood stem cell collections from breast cancer patients using 
immunocytochemicai and clonogenic assay techniques. Blood. 82: 2605-10, 1993. 
Miyajima Y, Kato K, Numata S, Kudo K  and Horibe K: Detection of 
neuroblastoma cells in bone marrow and peripheral blood at diagnosis by the 
reverse transcriptase-polymerase chain reaction for tyrosine hydroxylase mRNA. 
Cancer. 75:2757-61, 1995.
Note AT: Globin reduction protocol: A method for processing whole blood RNA 
samples for improved array results., 2003.
Clarke N and Brown M: Molecular mechanisms o f metastasis in prostate cancer, in 
Kirby R, Partin A, Feneley M and Parsons J: Prostate Cancer Principles and 
Practice. London, Taylor 8c Francis, 2006, pp 383-400.
Gupta GP and Massague J: Cancer metastasis: building a framework. Cell. 127: 
679-95, 2006.
Fidler IJ: The pathogenesis o f cancer metastasis: the ’seed and soil' hypothesis 
revisited. Nat Rev Cancer. 3: 453-8, 2003.
Chambers AF, Groom AC and MacDonald IC: Dissemination and growth o f cancer 
cells in metastatic sites. Nat Rev Cancer. 2: 563-72, 2002.
Mehes G, Witt A, Kubista E and Ambros PF: Circulating breast cancer cells are 
frequently apoptotic. Am J Pathol. 159: 17-20, 2001.
Ellis WJ, Pfitzenmaier J, Colli J, Arfman E, Lange PH and Vessella RL: Detection 
and isolation o f prostate cancer cells from peripheral blood and bone marrow. 
Urology. 61:277-81, 2003.
Fehm T, Sagalowsky A, Clifford E, Beitsch P, Saboorian H, Euhus D, Meng S, 
Morrison L, Tucker T, Lane N et a l : Cytogenetic evidence that circulating 
epithelial cells in patients with carcinoma are malignant. Clin Cancer Res. 8: 2073- 
84, 2002.
Wang ZP, Eisenberger MA, Carducci MA, Partin AW, Scher HI and Ts'o PO: 
Identification and characterization o f circulating prostate carcinoma cells. Cancer. 
88: 2787-95, 2000.

278


