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INTRODUCTION

Castration-resistant prostate cancer (CRPC) is a
heterogeneous disease with enormous variability of
prognosis and treatment response between patients.
In the background of evolving therapeutic options,
both prediction of prognosis and assessment of
treatment response pose a major challenge not only in
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clinical decision-making but also in the development
of novel anti-cancer therapies.

Several nomograms including clinical and labora-
tory variables have been developed to individualize
prediction of survival [1–6]. While some of them were
established in the pre-docetaxel or docetaxel-only era
which offer only moderate prognostic discrimination
in current patient cohorts [1,2,5–7], contemporary
nomograms are developed in and limited to a specific
clinical scenario (i.e., a specific therapeutic agent or
line in a treatment sequence) [3,4]. For assessment of
treatment response, intermediate endpoints as a sur-
rogate of survival such as decline of prostate-specific
antigen (PSA) in peripheral blood and radiologic
response are widely used. However, PSA decline has
failed to accurately reflect disease activity [8,9] and to
predict long-term benefit [9–11]. Moreover, radiologic
response criteria are not useful in a large proportion
of CRPC patients because of a lack of target lesions
which allow for measuring objective changes in
size [8,12].

Detection of prostate cancer-enhanced transcripts
in peripheral blood using quantitative polymerase
chain reaction (qPCR) has been suggested as an easily
accessible biomarker which reflects disease activity in
CRPC patients. They are detectable at increasing
frequency in patients who develop bone metastases
compared to patients with only soft tissue metastases
and in patients who progress after multiple systemic
chemotherapies compared to chemotherapy-na€ıve
patients [13]. Moreover, their presence has been
correlated with shorter overall survival (OS) [13,14].
Nevertheless, so far the optimal transcript or tran-
script combination has not been defined. Moreover,
no evidence is available on their prognostic value
over a longitudinal course of pre- and post-treatment
blood draws in CRPC patients undergoing systemic
therapy and on their applicability as a surrogate of
treatment response.

In the present study, we evaluated transcripts
with reported aberrant expression in prostate cancer
tissue or peripheral blood of prostate cancer
patients using a validated qPCR in a standardized
preclinical setting. Genes of interest were identified
and their expression was determined in peripheral
blood samples of a training cohort with CRPC
patients which was obtained from Mount Sinai
Hospital in New York, USA, and a control group of
healthy volunteers. We correlated gene expression
in the training cohort with OS and developed a
multimarker qPCR assay. In a validation cohort of
CRPC patients who received systemic treatment at
Klinikum rechts der Isar in Munich, Germany,
the qPCR assay demonstrated robust stratification
in a favorable or unfavorable prognosis group at

pre- and post-treatment blood draws. Furthermore,
we explored its prognostic value along a longitudi-
nal course from pre- to post-treament blood draw
and its applicability as a surrogate marker of
treatment response.

MATERIALS AND METHODS

All patients signed review board-approved consent
before participation and were prospectively enrolled
according to an institutional review board-approved
protocol. The training set (New York cohort) com-
prised 22 CRPC patients who were treated at
the Department of Hematology/Medical Oncology,
Mount Sinai hospital in New York, USA between 2010
and 2013.

The validation set (Munich cohort) included 86
patients with CRPC who were treated at the Depart-
ment of Urology, Klinikum rechts der Isar, Technical
University of Munich in Germany between 2009 and
2013. These patients had progressive disease as defined
by Prostate Cancer Working Group 2 (PCWG2) criteria
at inclusion [15] and were scheduled for a new line of
systemic treatment of either first-line chemotherapy
with docetaxel (n¼ 21), post-chemotherapy abiraterone
(n¼ 46), or post-chemotherapy enzalutamide (n¼ 19).
Patient characteristics of both cohorts are summarized
in Table I.

The primary prognostic endpoint was OS. Correla-
tions with treatment response included OS, PSA
progression-free survival (PSA-PFS) according to
PCWG2 criteria [15], and clinical PFS (worsening
disease-related symptoms or new cancer-related com-
plications, radiographic progression according to Res-
ponse Evaluation Criteria in Solid Tumors (RECIST),
or �2 new bone lesions on bone scan [15] or death,
whichever occurred first).

Blood Sample Collection

Blood samples were collected in 2.7ml PAXgeneTM

blood RNA tubes (Qiagen) and stored at �80°C. In
the training set blood samples were collected at
various time points during treatment. In the valida-
tion set time points of sample collection included
baseline within 1 week before treatment initiation
(pre-treatment sample) and 9–16 weeks following
treatment initiation (post-treatment sample).

qPCR Assay

Total RNA was extracted according to manufac-
turer’s instructions using PAXgeneTM Blood RNA Kit.
The Nanodrop 1000 (Thermo Scientific) was used
for quantification and purity assessment of RNA
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samples. Complementary DNA (cDNA) was gener-
ated by using the SuperScript1 VILOTM cDNA
Synthesis Kit (Life TechnologiesTM). Taqman probe
and primer sets were used for detection of all target
genes and endogenous reference genes (HPRT1, UBC,
YWHAZ) (Applied BiosystemsTM, Supplemental
Table SI). For further information on the qPCR assay
see Supplemental data.

All results are reported according to the guidelines
for “Minimum Information for Publication of Quanti-
tative Real-Time Experiments” (MIQE) [16] and
“Reporting Recommendations for Tumor Prognostic
Studies” (REMARK) [17]. In 43 male, healthy volun-
teers (age <40 years) background RGE levels of
transcripts in peripheral blood were determined.

Statistical Analysis

Data were analyzed using IBM SPSS Statistics
version 22.0. Wilcoxon–Mann–Whitney analysis was
used to compare gene expression between control and
training cohort. For survival analysis, we dichoto-
mized patients of the training set and validation set
at pre-treatment blood draw using the median of
gene expression as a threshold. Correlations with
OS, PSA-PFS, and cPFS were assessed using Kaplan–
Meier curves with log-rank statistics and cox regres-
sion analyses with hazard ratios (HR) and 95%
confidence intervals (CI).

RESULTS

Target Gene Selection

An overview describing the mode of gene selec-
tion and model development is presented in Fig-
ure 1. Based on a literature search in 2013, we
selected 23 genes with reported aberrant expression
in prostate cancer cells or peripheral blood of
prostate cancer patients (Supplemental Table SI).
Expression levels of these genes were analyzed in
prostate cancer cell lines (LnCAP, VCAP) and
peripheral blood mononuclear cells (PBMCs) ret-
rieved from five healthy male volunteers (Supple-
mental Table SI). Six genes (KLK2, KLK3, KLK4,
PSMA, TRMPSS2, TRPM8) with high expression in
LnCAP or VCAP cells (Cq< 28) and low or absent
background expression in PBMCs (Cq> 38) were
selected for further analysis. Dynamic linear corre-
lation, the reportable range, and coefficients of
variation of the multiplex qPCR are presented in
the supplement (Supplemental Fig. S1).

We then compared gene expression levels in the
New York training cohort (n¼ 22) and the control
group (n¼ 43). Of all six genes only KLK2 and
TMPRSS2 showed significantly elevated expression
in CRPC patients compared with healthy volunteers
(P< 0.01, respectively) (Supplemental Fig. S2). At
survival analysis in the training cohort, KLK2 and
TMPRSS2 performed best showing a HR of 4.2
(95%CI 1.0–17.5) and 4.0 (95%CI 1.0–16.3), respec-
tively (Supplemental Table SII). A combination of
both genes in a 2-gene panel (2GP) stratified
patients in a favorable (all markers negative, n¼ 9
[41%]) or unfavorable prognosis group (one or both
markers positive, n¼ 13 [59%]), and increased the
HR to 5.1 (95%CI 1.0–25.6). OS in the favo-
rable prognosis group was significantly longer in a
Kaplan–Meyer analysis (median OS not reac-
hed vs. 10.0 months [95%CI 5.7–14.2]; log-rank
P-value¼ 0.023) (Fig. 2). Addition of other genes
did not improve the prognostic model.

TABLE I. Patient Characteristics

New York
training
cohort

Munich
validation
cohort

No. of patients 22 86
Age, years, median (range) 69 (45–90) 69 (50–87)
Chemistry, median (range)

PSA, ng/ml 35 (0–2934) 245 (0–7342)
Hemoglobin, g/dl 11.4 (8.1–15.0) 11.4 (7.6–16.1)
AP, U/l 111 (36–1477) 147 (50–1899)
LDH, U/l N/A 333 (47–2289)

ECOG, median (range) 1 (0–2) 0 (0–2)
Prior systemic treatments for CRPC, no. (%)

Docetaxel 4 (18) 61 (73)
Abiraterone 10 (46) 17 (20)
Cabazitaxel 2 (9) 15 (18)
Other 6 (27) 9 (10)

Prior systemic treatment
regimens for CRPC,
median (range)

1 (0–4) 1 (0–3)

Gleason score, median
(range)

8 (6–9) 8 (3–10)

Site of metastasis, no. (%)
Bone 16 (89) 78 (95)
Visceral 3 (11) 34 (41)

Deceased, no. (%) 9 (41) 68 (79)
Follow-up, months, median

(range)
11.8 (0.0–36.9) 8.5 (0.4–44.2)

OS, months, median (95%CI) 18.7 (8.1–29.4) 9.0 (6.7–11.4)
PSA-PFS, months, median

(95%CI)
— 3.6 (3.2–4.0)

Clinical PFS, months,
median (95%CI)

— 4.6 (2.9–6.4)

AP, alkaline phosphatase; CI, confidence interval; CRPC,
castration-resistant prostate cancer; ECOG, Eastern Cooper-
ative Oncology Group; LDH, lactate dehydrogenase;
OS, overall survival; PSA, prostate specific antigen; PFS,
progression-free survival.
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Prognostic Impact of the 2-Gene Panel in the
Validation Cohort

Of the six transcripts only KLK2 and TMPRSS2
of the 2GP robustly predicted OS at pre- and

post-treatment blood draw in the validation cohort
(Supplemental Table SIII).

Pre-treatment samples. The 2GP was favorable in 34
(40%) and unfavorable in 52 (60%) CRPC patients at
baseline. Median OS was significantly longer in the
favorable prognosis group (17.3 [95%CI 10.7–23.8] vs.
7.8 months [95%CI 6.5–9.2]; log-rank P-value¼ 0.004)
(Fig. 3A). On multivariate analysis together with
established prognostic markers (Eastern Cooperative
Oncology Group (ECOG) performance status, hemo-
globin, lactate dehydrogenase, alkaline phosphatase,
presence of visceral metastasis) adjusted for the effect
of systemic treatment, the 2GP was confirmed as an
independent prognostic risk factor for OS (HR 2.1
[95%CI 1.1–4.0]; P-value¼ 0.034) (Table II).

Post-treatment samples. Post-treatment samples
were available in 46 CRPC patients of the validation
cohort. The 2GP was favorable in 30 (65%) and
unfavorable in 16 (35%) patients. Median OS was
significantly longer in the favorable prognosis
group (18.0 [95%CI 9.5–26.6] vs. 5.0 months [95%CI
0.0–10.0]; log-rank P-value¼ 0.003) (Fig. 3B).

These results were compared to PSA decline as a
prognostic post-treatment biomarker in peripheral
blood [8–10]. Both PSA decline �30% and �50%
performed poorly and were non-significant at correla-
tion with OS (median OS 14.0 [95%CI 4.4–23.6] vs. 6.1
months [95%CI 2.8–9.5]; log-rank P-value¼ 0.122 and
14.0 [95%CI 10.4–17.7] vs. 7.1 months [3.5–10.8]; log-

Fig. 1. Mode of gene selection. CRPC, castration-resistant
prostate cancer; OS, overall survival; PBMC, peripheral blood
mononuclear cell.

Fig. 2. Correlation of the 2-gene panel (2GP) stratifying patients in a favourable (¼0, both markers negative) or unfavourable (�1, one
or both markers positive) prognosis group with overall survival in the New York training cohort.
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rank P-value¼ 0.344, respectively) (Table III). Hence,
the 2GP performed better in post-treatment samples
at correlation with OS compared to PSA decline.

Evaluation of the longitudinal course in pre- and
post-treatment samples. We further explored the
longitudinal course of the 2GP from pre- to post-

treatment blood draw as a surrogate of treatment
response in correlation with OS (Fig. 4A), PSA-PFS
(Fig. 4B), and clinical PFS (Fig. 4C).

A favorable 2GP pre- and post-treatment was
observed in 18 (39%) patients, an unfavorable
2GP pre- and post-treatment in 13 (28%) patients,
conversion from unfavorable to favorable 2GP in 12

Fig. 3. Correlation of the 2-gene panel (2GP) stratifying patients in a favourable (¼0, both markers negative) or unfavourable (�1, one
or both markers positive) prognosis group in the Munich validation cohort with overall survival at pre-treatment blood draw (A), and at
post-treatment blood draw after 9–16 weeks of treatment initiation (B).
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(26%) patients, and conversion from favorable to
unfavorable 2GP in 3 (7%) patients.

Median OS of patients who converted from unfa-
vorable to favorable 2GP significantly increased from
7.8 (95%CI 4.9–10.8) to 20.9 months (95%CI 9.9–31.9)
(log-rank P-value¼ 0.009) and of patients who con-
verted from favorable to unfavorable 2GP decreased
non-significantly from 17.3 (95%CI 0.0–36.3) to 10.1
months (95%CI 4.7–15.6) (log-rank P-value¼ 0.202).

Median PSA-PFS of patients who converted from
unfavorable to favorable 2GP significantly increased
from 2.8 (95%CI 2.7–2.8) to 12.0 months (95%CI
2.7–21.2) (log-rank P-value< 0.001) and of patients
who converted from favorable to unfavorable 2GP
significantly decreased from 6.5 (95%CI 3.2–9.8) to 3.0
months (95%CI 2.6–3.3) (log-rank P-value¼ 0.002).
Median clinical PFS of patients who converted from
unfavorable to favorable 2GP significantly increased
from 4.6 (95%CI 1.5–7.7) to 8.0 months (95%CI 7.1–9.0)

(log-rank P-value¼ 0.002), and of patients who con-
verted from favorable to unfavorable 2GP decreased
non-significantly from 6.5 (95%CI 4.6–8.3) to 3.7
months (95%CI 2.5–4.9) (log-rank P-value¼ 0.063).

DISCUSSION

In the background of an enormous variability in
CRPC, both prediction of prognosis and assessment of
treatment response at early time points pose a major
challenge. In this study, a 2-gene panel derived from
prostate cancer-enhanced transcripts in peripheral
whole blood was established that robustly predicted
survival pre- and post-treatment and its utility as a
surrogate marker of treatment response was explored.

An important aspect in the study design was the
establishment of a validated qPCR assay to ensure
comparability for further validation studies. For
transcript selection, we evaluated 23 genes with

TABLE II. Uni- and Multivariate Cox Regression Analysis for Correlation With Overall Survival Adjusted for the Effect
of Systemic Treatment in the Munich Validation Cohort at Pre-Treatment Blood Draw

Univariate analysis Multivariate analysis

Categories n
Hazard
ratio 95%CI P-value n

Hazard
ratio 95%CI P-value

ECOG status 1 versus 0 23 versus 47 2.1 1.1–3.8 0.024 21 versus 40 0.8 0.3–1.8 0.794
2 versus 0 14 versus 47 5.4 2.6–11.4 <0.001 11 versus 40 2.1 0.8–5.4 0.119

Visceral metastasis Yes versus no 34 versus 48 1.8 1.1–3.0 0.029 30 versus 42 1.8 1.1–3.9 0.031
Hemoglobin, g/dl Continuous 84 0.8 0.7–0.9 <0.001 72 0.8 0.7–1.0 0.032
LDH, U/l Continuous 75 1.0 1.0–1.0 <0.001 72 1.0 1.0–1.0 0.641
AP, U/l Continuous 81 1.0 1.0–1.0 <0.001 72 1.0 1.0–1.0 0.237
2-gene panel Unfavourable

versus favourable
48 versus 38 2.3 1.3–4.1 0.003 41 versus 31 2.1 1.1–4.0 0.034

PSA Continuous 84 1.0 1.0–1.0 0.132
Gleason score 8–10 versus 6–7 40 versus 26 0.7 0.4–1.3 0.279

AP, alkaline phosphatase; CI, confidence interval; ECOG, Eastern Cooperative Oncology Group; LDH, lactate dehydrogenase; PSA,
prostate-specific antigen.
Bold indicates significant P-value.

TABLE III. Correlation of the 2-Gene Panel and Prostate Specific Antigen (PSA) Decline �30% or �50% With Overall
Survival (OS) in the Munich Validation Cohort at Post-Treatment Blood Draw After 9–16 Weeks

Categories n
Median OS (95%CI),

months
Log-rank
P-value

Hazard ratio
(95%CI) P-value

2-gene panel Unfavourable versus
favourable

16 versus 30 5.0 (0.0–10.0) versus 18.0
(9.5–26.6)

0.003 2.7 (1.2–6.1) 0.004

PSA decline <30% versus �30% 21 versus 25 6.1 (2.8–9.5) versus 14.0
(4.4–23.6)

0.122 1.7 (0.9–3.3) 0.127

PSA decline <50% versus �50% 17 versus 29 7.1 (3.5–10.8) versus 14.0
(10.4–17.7)

0.314 1.4 (0.7–2.8) 0.317

CI, confidence interval.
Bold indicates significant P-value.
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reported aberrant expression in prostate cancer in a
standardized pre-clinical setting and selected genes
with high expression in metastatic prostate cancer
cells and low or absent expression in mononuclear
blood cells. Thus, we adressed limitations of the
literature on biomarkers which is plagued by selective
reporting, incomplete reporting, and nonpublication
bias [14,18]. Moreover, the comparability of reported
results is impaired by a lack of standardization of
assay performance [14,18]. Only six genes passed the
pre-clinical evaluation, including four genes with
reported aberrant transcript expression in whole
blood of prostate cancer patients (KLK2, KLK3,
PSMA, TRPM8) and two genes with reported aberrant
transcript expression in prostate cancer cells relative
to benign prostate cells or other human tissues (KLK4
and TMPRSS2) (Supplemental Table SI). Our final
prognostic model included a combination of the
prostate-specific genes KLK2 and TMPRSS2, which
are both androgen-regulated, encode serine proteases,

and are linked with prostate cancer progression as
well as development of castration-resistance [19–22].

In our validation cohort, a favorable versus an
unfavorable 2GP predicted OS at pre- and post-
treatment blood draw after 9–16 weeks of systemic
treatment. The 2GP predicted OS independent of
clinico-laboratory variables which are also included in
the prognostic Halabi nomogram [1] and performed
better than PSA decline. Moreover, we observed a
correlation between conversion of the 2GP during
treatment with a change in OS, PSA-PFS and clinical
PFS. Thus, we hypothesized that the 2GP predicts
treatment benefit. Although the group size is too
small for final conclusions, these findings merit
further prospective evaluation for the utility of pros-
tate cancer-enhanced transcripts in peripheral blood
as a surrogate marker of treatment response.

To date, similar results have only been demonstrated
for the enumeration of circulating tumors cells (CTC)
from peripheral blood using the FDA-approved Cell-

Fig. 4. Longitudinal course of the 2-gene panel (2GP) from pre- to post-treatment blood draw after 9–16 weeks in correlation with
overall survival (A), prostate-specific antigen progression-free survival (PSA-PFS) (B), and clinical progression-free survival (clinical PFS) (C).
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Search1 assay in CRPC [14,23–29]. Patients are strati-
fied by a favorable (<5) or unfavorable (�5) CTC count
per 7.5ml of blood, which correlates with OS pre- and
post-treatment [23]. Noteworthy, in two studies com-
paring prostate cancer-enhanced transcripts with CTC
enumeration in CRPC both approaches showed concor-
dant results and were closely associated with
OS [13,14]. Moreover, it was shown that conversion
from unfavorable to favorable CTC count under
treatment correlates with improved OS and conversion
from favorable to unfavorable CTC count correlates
with worsened OS [23,28]. However, CTC enumeration
alone failed to meet all the “Prentice” criteria which
define a surrogate marker of treatment response when
it was evaluated as a secondary end point in a
prospective, randomized phase III trial [30]. Instead, a
biomarker combination including CTCs and LDH level
met all the pre-specified criteria which requires valida-
tion in further trials.

A strength of a qPCR assay above the Cellsearch1

system is the targeting of multiple transcripts account-
ing for a heterogeneous marker expression and a
higher detection rate in earlier prostate cancer stages.
Prostate cancer-enhanced transcripts are detectable in
approximately 20% of CRPC patients with low CTC
counts and show a higher positive rate in earlier
prostate cancer stages [13,14]. In chemotherapy-na€ıve
CRPC patients where CTC counts are still low, the
detection of prostate cancer-enhanced transcripts may
therefore enhance prognostic discrimination [14].
Interestingly, the group of Danila et al. [14] reported
that a combination of both methods may be ben-
eficial for prognostic discrimination. In their study, a
combination of CTC enumeration with detection of
prostate-specific transcripts enabled the identification
of patients with markedly unfavorable prognosis
while improving the discernment of risk for patients
with favorable counts.

The described qPCR approach from whole blood
bears several advantages. First of all, samples are
collected in prepared tubes that enable RNA stabiliza-
tion at room temperature for about 4 days and storage
over long time periods at �80°C before further
processing. Second, the applied assay revealed high
sensitivity and specificity with robust results over
a wide concentration range of available transcripts.
Third, sample processing with qPCR can be fully
automated minimizing interobserver bias which is an
advantage over CTC enumeration which demands
operator-training for image interpretation [31].

Limitations in this study include, small sample
size and lack of uniformity of systemic treatment in the
patient cohorts. However, the heterogeneity mimics
that of real world clinical practice and adds to the
generalisability of these results. Furthermore, all patients

were enrolled in a clinical biorepository protocol which
included prospective collection of outcome data.

CONCLUSIONS

The described qPCR assay based on prostate
cancer-enhanced RNA-expression in whole blood
enhances the ability to determine prognosis in
patients with CRPC at pre- and post-treatment blood
draw. Moreover, we observed a correlation between
conversion of the 2GP during treatment and a change
in OS, PSA-PFS, and clinical PFS. This data merits
further prospective investigation of prostate cancer-
enhanced transcipts and their use as a prognostic
biomarker and a surrogate of treatment response.
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SUPPORTING INFORMATION

Additional supporting information may be found in
the online version of this article at the publisher’s
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