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Summary

Background—Biomarkers are urgently needed to dissect the heterogeneity of prostate cancer
between patients to improve treatment and accelerate drug development. We analysed blood
MRNA expression arrays to identify patients with metastatic castration-resistant prostate cancer
with poorer outcome.
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Methods—Whole blood was collected into PAXgene tubes from patients with castration-resistant
prostate cancer and patients with prostate cancer selected for active surveillance. In stage |
(derivation set), patients with castration-resistant prostate cancer were used as cases and patients
under active surveillance were used as controls. These patients were recruited from The Royal
Marsden Hospital NHS Foundation Trust (Sutton, UK) and The Beatson West of Scotland Cancer
Centre (Glasgow, UK). In stage Il (validation-set), patients with castration-resistant prostate cancer
recruited from the Memorial Sloan-Kettering Cancer Center (New York, USA) were assessed.
Whole-blood RNA was hybridised to Affymetrix U133plus2 microarrays. Expression profiles
were analysed with Bayesian latent process decomposition (LPD) to identify RNA expression
profiles associated with castration-resistant prostate cancer subgroups; these profiles were then
confirmed by quantative reverse transcriptase (QRT) PCR studies and correlated with overall
survival in both the test-set and validation-set.

Findings—LPD analyses of the mRNA expression data divided the evaluable patients in stage |
(n=94) into four groups. All patients in LPD1 (14 of 14) and most in LPD2 (17 of 18) had
castration-resistant prostate cancer. Patients with castration-resistant prostate cancer and those
under active surveillance comprised LPD3 (15 of 31 castration-resistant prostate cancer) and
LDP4 (12 of 21 castration-resistant prostate cancer). Patients with castration-resistant prostate
cancer in the LPD1 subgroup had features associated with worse prognosis and poorer overall
survival than patients with castration-resistant prostate cancer in other LPD subgroups (LPD1
overall survival 10.7 months [95% CI 4.1-17.2] vsnon-LPD1 25.6 months [18.0-33.4];
p<0.0001). A nine-gene signature verified by qRT-PCR classified patients into this LPD1
subgroup with a very low percentage of misclassification (1.2%). The ten patients who were
initially unclassifiable by the LPD analyses were subclassified by this signature. We confirmed the
prognostic utility of this nine-gene signature in the validation castration-resistant prostate cancer
cohort, where LPD1 membership was also associated with worse overall survival (LPD1 9.2
months [95% CI 2.1-16.4] vsnon-LPD1 21.6 months [7.5-35.6]; p=0.001), and remained an
independent prognostic factor in multivariable analyses for both cohorts.

Interpretation—Our results suggest that whole-blood gene profiling could identify gene-
expression signatures that stratify patients with castration-resistant prostate cancer into distinct
prognostic groups.

Funding—AstraZeneca, Experimental Cancer Medicine Centre, Prostate Cancer Charity,
Prostate Cancer Foundation.

Introduction

Prostate cancer is a very heterogeneous disease; many patients are diagnosed at an early
stage and do not need treatment or are cured with radical treatment.? Other patients present
with advanced disease or recurrent disease despite initial curative treatment, and eventually
succumb due to metastatic castration-resistant prostate cancer.2 The molecular heterogeneity
of castration-resistant prostate cancer, as well as difficulty in acquiring tumour tissue from
patients with prostate cancer, makes the identification and validation of multipurpose blood-
based or urine-based biomarker assays crucially important to individualise management of
prostate cancer.® Such tests are repeat able, less invasive, and easily implemented in clinical
practice.3-> Serum prostate-specific antigen (PSA) has been widely studied in the context of
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management of prostate cancer® but is not a reliable intermediate endpoint of overall
survival.®7 In recent years the development of high-throughput technologies has allowed the
identification of other useful tissue-based and fluid-based biomarkers.% For example, the
presence of circulating tumour cells (CTCs) in peripheral blood is a prognostic biomarker
and a measure of therapeutic response in patients with prostate cancer.8:°

Tumour gene-expression signatures have contributed to molecular classifications of cancer
but as potential biomarkers have not been widely implemented in clinical practice, partly
due to challenges with acquiring fresh tumour samples.10-11 Blood cells express 16 000-20
000 gene transcripts, which respond to microenvironmental and macroenvironmental
changes (eg, prostate-cancer bone-marrow invasion, which affects haemopoiesis by
competing with primitive haemopoietic-cell niches).12.13 Moreover, chromosomal
aberrations and epigenetic changes have been identified in peripheral blood mononuclear
cells from patients with solid tumours including prostate cancer, and are associated with
disease burden and prognosis.14-17

In this study, we postulated that patients with aggressive metastatic castration-resistant
prostate cancer would have a different whole-blood gene-expression array profile to patients
with low-grade, low-disease-burden, prostate cancer suitable for active surveillance. We also
postulated that this expression profile would have clinical use. We therefore initially
compared whole-blood gene-expression patterns from two separate groups of patients with
prostate cancer (for the stage | derivation test cohort): patients with progressing metastatic
castration-resistant prostate cancer undergoing a change in treatment (cases); and patients
with clinic ally indolent disease eligible and consenting to par ticipate in an active
surveillance research trial (controls). Whole-blood RNA was acquired with the PAXgene
(PreAnalytiX, Hombrechtikon, Switzerland) system method, which prevents RNA
degradation and restricts ex-vivo transcriptional changes in anticoagulated whole blood, 18
providing high-quality RNA for expression profiling. We initially studied the clinical
relevance of these expression signatures. Finally, we confirmed the broad relevance of the
identified signatures in an independent patient population with castration-resistant prostate
cancer treated at Memorial Sloan-Kettering Cancer Center (MSKCC), to confirm the
validity of the identified expression profile (stage Il; validation cohort).

Study design and patients

The primary aim of the first stage of this study was to elucidate whole-blood expression
profiles associated with aggressive castration-resistant prostate cancer; we used whole blood
from patients participating in an active surveillance protocol as a control. Secondary aims
included the correlation of these expression profiles with outcome. The results of these
analyses, done on whole-blood RNA samples acquired from patients treated at The Royal
Marsden Hospital NHS Foundation Trust (Sutton, UK) and The Beatson West of Scotland
Cancer Centre (Glasgow, UK; stage I) were then validated in the second stage of this study
(stage II).
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Patients included in stage | attended routine clinical appointments at these centres between
August, 2007, and April, 2008. Patients were enrolled in two groups: (1) patients with
advanced castration-resistant prostate cancer; and (2) patients undergoing active surveillance
in a prospective research trial. The analyses in stage 1l assessed whole-blood RNA from an
independent cohort of patients with progressing metastatic castration-resistant prostate
cancer treated at MSKCC (New York, USA) between February, 2007, and July, 2011.
Patients at both The Royal Marsden and MSKCC provided written informed consent for
CTC enumeration. This study was approved by the relevant local institutional review boards
and this report was written according to the REMARK (Reporting recommendations for
tumor MARKer) prognostic studies criteria.1®

All patients had a histological diagnosis of prostate cancer and provided informed and
written consent for these studies, before sample collection. For the first part of this study
there was no formal estimation of sample size; for the second stage, on the basis of the
Fisher-Irwin test,20 we estimated that 66 patients were needed to validate our unfavourable
prognostic signature (expressed in at least 25% of patients with castration-resistant prostate
cancer), which is associated with a minimum five-fold increase in the risk of 18-month
mortality (assuming an 18-month mortality rate in patients with castration-resistant prostate
cancer of 50%, an a error of 5%, and a 3 error of 20%).

For each patient, 2.5 mL of peripheral venous blood was collected in 5 mL PAXgene tubes.
All samples were taken at least 1 month after cessation of any prostate-cancer therapy. In
stage I, additional blood was collected 1 month after the first sampling in patients who had
not yet been started on a new prostate-cancer treatment. Samples were frozen at -20°C
within an hour of being drawn. Whole-blood RNA was isolated and purified with the
PAXgene Blood RNA Kit according to the manufacturer’s instructions. RNA quality and
quantity measures were done with a 2100 Bioanalyzer (Agilent Technologies, Palo Alto,
CA, USA) and an ND-1000 spectrophotometer (Thermo Scientific, Newark, DE, USA),
respectively. Only purified RNA samples with an RNA integration number of seven or more
were selected for further analyses. In a proportion of patients with castration-resistant
prostate cancer, CTC enumeration was also done with the CellSearch system (Veridex,
Raritan, NJ, USA), as described previously.8

50 ng of purified RNA was amplified, fragmented, and labelled with the Ovation Whole
Blood Solution (NuGen Technologies, San Carlos, CA, USA). Expression profiles were
assessed with Human Genome U133 Plus 2.0 arrays (Affymetrix, Santa Clara, CA, USA).
Briefly, arrays were hybridised with 4 pug of cDNA, washed, and scanned. Then, expression
signal estimates were derived from raw data files with a robust multiarray analysis
algorithm. Complete microarray datasets, in compliance with MIAME (minimum
information about a microarray experiment) guidelines?! are made available on Gene
Expression Omnibus (GEO; accession GSE37199). Latent process decomposition (LPD), an
unsupervised Bayesian approach, was used to classify samples into subgroup processes. The
optimal number of LPD processes in our dataset was derived and each sample was then said
to be a member of a particular process if its probability of belonging was greater than 0.5.22
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Hierarchical clustering analyses and principal component analysis (PCA) were also
undertaken (appendix).

The random forest machine learning algorithm was used to develop signatures suitable as
tests for an LPD process membership.23 Performance was determined by ten-fold cross-
validation. The Ingenuity pathway analysis application (Ingenuity, Redwood City, CA,
USA) was used for functional network analyses of lists of genes expressed differentially
between the LPD processes (appendix).

First strand cDNA was synthesised using 500 ng of each RNA, random nonamers, and an
upstream gene-specific primer for ERG (GGTAGTGGAGATGTGAGAGAAGG), as
described by Clipsham and collegues.24 Subsequently, the expression of significantly
upregulated genes (appendix) in the Affymetrix microarrays was verified by quantitative
reverse transcriptase (qRT) PCR using specific probes in a 384-well custom, TagMan, low-
density array with the Prism 7900HT instrument (Applied Biosystems, Foster City, CA,
USA). Each probe was studied in duplicate and then normalised relative to the 18S rRNA
endogenous control (ACt=endogenous Ct— experimental Ct). This ratio of experimental to
endogenous signal was then compared with the transcript level ratio for the same transcripts
from the Affymetrix results. TMPRSS2/ERG transcripts were studied by nested-PCR with
the method and primers described by Clark and colleagues?® (appendix). Amplified products
were visualised by agarose-gel electrophoresis.

Statistical analyses

The associations of LPD expression-pattern groups with baseline clinical characteristics
were analysed with the 2 test or Fisher’s exact test, Spearman correlation rank test, or
Mann-Whitney U test for categorical, ordinal, or continuous variables, respectively. Overall
survival was calculated from time of blood draw to death (events) or until last follow-up
(censored event). Date cutoffs for these analyses were Sept 30, 2010, for stage | and June 6,
2012, for stage Il. Univariable and multivariable analyses were done by proportional hazard
(Cox) regression analysis. Overall survival curves were derived with the Kaplan-Meier
method and compared using the log-rank test. Model selection was done on multivariable
Coxregression models with Akaike-information-criteria-based bidirectional selection to drop
non-contributing factors. Unless otherwise specified all analyses were done with R software
(version 2.11.0) or SPSS (version 19.0).

Role of the founding source

Results

AstraZeneca provided support for data collection and processing of samples. The sponsor of
the study had no role in study design, data analysis, data interpretation, or writing of the
report. DO, DB, JC, and JSdB had access to the raw data. DO and JSdB had full access to all
of the data and had final responsibility for the decision to submit for publication.

A total of 118 blood samples were obtained from 100 patients with prostate cancer during
stage | (figure 1). After quality control, only samples from 94 patients were eligible for data
expression studies. For the validation series in stage Il, we obtained 70 samples from
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patients with castration-resistant prostate cancer treated at MSKCC. In the active
surveillance group, the median age was 69 years (range 50-83), the median presenting PSA
was 7.2 ng/mL (range 3-20) with 93% (29 of 30) of patients having a T1 tumour, or a
Gleason score of 6 or less, or both. The clinical characteristics of the patients with CPRC in
the derivation and validation sets are shown in table 1.

Two main sources of intrapatient variability, technical and biological, were assessed. Thus,
eight technical replicates (two samples taken from the same patient at the same time) and
nine biological replicates (two samples taken at different timepoints from the same patients)
were analysed. For the technical replicates the mean Pearson correlation between pairs was
0.99, with fold changes greater than 1.5 and 2.0 in 3.2% and 0.2% of the 54 613 probesets
analysed, respectively, on average across samples. For biological replicates the mean
Pearson correlation between pairs was 0.98 with fold changes greater than 1.5 and 2.0 in
3.1% and 0.2%, respectively. Both sources of intrapatient variability in this study were less
than the observed interpatient variability.

Initial gene expression analyses using PCA showed that plate and centre made a contribution
to the overall gene expression profile patients. Therefore, in all differential analyses these
effects were taken into account. The expression data showed that 3009 probesets were
differentially expressed between castration-resistant prostate cancer and active surveillance
patient samples (appendix). The top ten genes most significantly upregulated in patients with
castration-resistant prostate cancer were HEMGN, CA1, IFI27, RAPI1GAF, PBX1, ERAF,
MMP8, CRISP3, ABCC13, and BPGM. Multiple probesets for an individual gene were
frequently ranked in close proximities, confirming the quality of this dataset.

Unsupervised LPD analyses optimally divided the expression dataset into four processes
(LPD1-4; figure 2), independent of treatment centre (p=0.74). 14 patients were in LPD1, 18
in LPD2, 31 in LPD3, and 21 in LPD4. Ten patients did not reach the threshold for inclusion
into any LPD process. Differential expression analyses were done between all processes; for
this purpose expression of each probe in an LPD group was compared with the expression in
the remaining groups. Thus, 541 probesets were differentially expressed in LPD2, 2179 in
LPD3, and 10 063 in LPD4 (appendix). In LPD1, 2740 probesets were differentially
expressed (1584 overexpressed, 1156 underexpressed). The significant probesets that
showed the greatest difference in LPD1 are shown in figure 3. Of the 25 top upregulated
transcripts in LPD1, nine were associated with genes highly expressed in CD71+ early
erythroid cells but not in whole blood (RHAG, CA1, HEPACAM?Z, SNCA, HEMGN, SOXE6,
TMEMS6, OSBPZ, RHD), and nine of the 20 most downregulated transcripts were
associated with B-cell related genes (EBFI1, FCRL5, MS4A1, FCRLA, ABCB4).

Four of the five top canonical pathways identified by Ingenuity software to be most
significantly associated with genes differentially expressed in LPD1 were associated with T-
cell function (figure 3; appendix). We also examined the expression of three genes
associated with prostate cancer: ERG, AR, and KLK?3 (appendix); these genes were
significantly upregulated in LPD1 (p=0.001, p<0.0001, and p=0.029, respectively), but their
expression was not correlated with the number of CTCs (p=0.7, p=0.4, and p=0.1,
respectively), despite CTC counts being higher in LPD1 patients (median 133, range 0-633).

Lancet Oncol. Author manuscript; available in PMC 2016 May 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Olmos et al.

Page 7

ERG expression was not associated with the expression of TMPRSS2-ERG transcripts (15
of 94 patients), although fusion-gene transcripts were more frequently detected in blood
samples of LPD1 patients (p<0.0001).

Two other classic clustering algorithms, PCA and hierarchical clustering, were used to
examine the sample groupings in the expression data. PCA divided the samples into three
groups. Two of the PCA groups largely corresponded with LPD3 and LPD4, while LPD1
and LPD2 were intermingled (appendix). Hierarchical clustering analysis also divided the
samples into three main groups (appendix). Group A (n=17) contained 11 samples from
LPD1, verifying the distinctive nature of LPD1. Most samples in group B and group C were
from LPD3 and LPD4, respectively. LPD2 was not well classified by hierarchical clustering,
with most of these samples allocated to group B.

The 64 patients with castration-resistant prostate cancer were evenly distributed across all
LPD processes (LPD1, 14; LPD2, 17; LPD3, 15; LPD4, 12; six unclassified; figure 2). This
even distribution contrasted with that for patients under active surveillance who were almost
entirely in LPD3 and LPD4. When only patients with castration-resistant prostate cancer
were analysed, LPD1 patients had higher PSA, alkaline phosphatase, lactate dehydrogenase,
and CTC counts, but lower levels of albumin (table 2). No significant differences were
reported with regard to previous treatments. After a median follow-up of 29.7 months (range
1.4-36.4), patients with castration-resistant prostate cancer in LPD1 had a significantly
poorer overall survival than did patients with castration-resistant prostate cancer in LPD2,
LPD3, and LPD4 (p=0.0003, figure 2). As a whole, patients with castration-resistant prostate
cancer in LPD1 had a hazard ratio for overall survival of 4.4 (95% CI 2.1-9.2) compared
with patients not in LPD1. Survival analysis was repeated with hierarchical clustering
groups: group A had a much poorer prognosis than groups B or C (hazard ratio 3.25, 95% ClI
1.63-6.49; p=0.0008; appendix). The ability of hierarchical clustering to separate out the
poor prognosis patients was, however, inferior to LPD.

Patients in LPD1 had a significantly poorer prognosis than did other patients with castration-
resistant prostate cancer. Thus, the random forest algorithm was applied to produce an
accurate robust classifier to identify LPD1 membership. This method produced a ranked list
of ten probesets representing nine different genes that optimally define LPD1 (figure 3).
This nine-gene classifier had a cross-validation sensitivity of 93.0%, specificity of 100%,
and misclassification rate of 1.2% for LPD1 membership. We then verified the expression by
gRT-PCR of the five most upregulated genes in LPD1 as well as the separate nine-signature
genes (figure 4; appendix). Expression levels for the selected genes measured by the two
methods were highly correlated (/2 0.7-0.9) giving further validity to these data. We used
logistic regression analyses to build a predictive model of LPD1 membership, on the basis of
gRT-PCR log, normalised expression of the nine-signature genes (figure 4). This model
classified patients with a specificity and sensitivity of 100%, and had a cross-validated
success of 88%. Using this nine-gene gRT-PCR model we were able to reclassify the ten
previously un classified patients (six castration-resistant prostate cancer and four active
surveillance) by whole-gene expression LPD analysis. Overall, on the basis of these qRT-
PCR results, 16 of 64 patients with castration-resistant prostate cancer from this derivation
test cohort were classified into the LPD1 cohort. We then analysed the expression of these
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nine-genes by qRT-PCR in the validation (MSKCC) cohort; 31 of 70 (44%) patients with
castration-resistant prostate cancer from this cohort were classified into the LPD1 group.

In both derivation and validation cohorts, the LPD1 signature was significantly associated
with poor prognostic features including higher baseline PSA,; higher baseline alkaline
phosphatase; lower albumin; and higher lactate dehydrogenase levels (table 1). The LPD1
classifier nine-gene signature was also associated in the validation cohort, but not in the
initial derivation cohort, with lower haemoglobin levels (p=0.0009) and an unfavourable
CTC count of =5 per 7.5 mL of blood (p=0.004). These differences are related to the fact
that patients in this validation cohort had more advanced disease.

Furthermore, in the derivation test cohort overall survival was significantly worse for
patients in the LPD1 subgroup than for non-LPD1 patients (figure 4). Multivariable Cox
regression analyses confirmed the independent prognostic role of LPD1 membership in
castration-resistant prostate cancer for the derivation test cohort (hazard ratio 3.1, 95% CI
1.2-7.6; table 3). The LPD1 subgroup of patients had an 18-month mortality rate of 50%
(eight of 16) with an odds ratio of 5.0 (95% CI 1.5-15.5) when compared with the non-
LPD1 subgroup. We also studied the improvement in c-index of the addition of the nine-
gene signature to the baseline model. In the derivation cohort the addition of LPD1
membership based on the nine-gene classifier improved the c-index from 0.729 to 0.749
(p=0.016).

Crucially, in the validation (MSKCC) cohort, LPD1 membership was also significantly
associated with poorer overall survival (figure 4). The 18-month mortality rate for LPD1
patients was 84% (26 of 31), with an odds ratio of 5.6 (95% CI 1.7-17.9). Multivariable Cox
regression analyses for this cohort confirmed the independent prognostic value of LPD1
membership (table 3). In the validation model the addition of LPD1 membership to the
baseline model showed an improvement of the c-index from 0.775 to 0.784 (p=0.130).

Discussion

In this study we showed the feasibility of identifying robust gene expression profiles from
peripheral blood in patients with prostate cancer. We derived a nine-gene signature that has
been internally verified by gRT-PCR. Additionally, this signature had independent
prognostic clinical utility, with about 75% of patients with castration-resistant prostate
cancer (non-LPD1) having a significantly better prognosis than the 25% classified as
belonging to the LPD1 subgroup. The prognostic value of the LPD1 signature was also
validated in a second independent set of patients with castration-resistant prostate cancer
treated at a different institution. The derivation of our expression profile was also supported
by hierarchical clustering analyses, where cluster A identified largely the same set of
patients with poor prognosis. Nonetheless, LPD analyses provided better discrimination
between poor and good prognosis patients with castration-resistant prostate cancer when
compared with hierarchical clustering or PCA.

This LPD1 expression signature was also associated with known prognostic biomarkers of
castration-resistant prostate cancer, including high alkaline phosphatase, PSA, lactate
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dehydrogenase, CTC counts, and low haemoglobin and albumin levels. LPD1
subclassification was confirmed as independently prognostic for overall survival by multi
variable analyses done for both derivation test and validation cohorts of patients with
castration-resistant prostate cancer. The addition of LPD1 signature significantly improved
the predictive performance of the model as measured by the c-statistic of both baseline
models. While this c-statistic improvement was small, this does not truly reflect the potential
clinical relevance of LDP1 classification. Previous studies of multiple prognostic biomarkers
in various diseases have commented on the limited association between clinical relevance
and improved c-statistic in such analyses.26:27

Seven genes in this LPD1 signature (7FDPI1, TMCCZ, RIOK3, SLC4A1, SNCA1, STOM,
HMBS) were highly expressed in CD71+ early erythroid cells, but not in normal blood cells.
The transferrin receptor (or CD71) is usually expressed in immature erythroid precursors,28
and such cells are usually very rare in peripheral blood. Preclinical in-vivo studies show that
primitive prostate-cancer clonogenic cells compete for haemopoietic stem cell niches in
bone marrow and displace haemopoietic stem cells into blood.12 As erythroid differentiation
is the first lineage to develop from haemopoietic stem cells, this signature could represent a
sensitive early marker of bone-marrow infiltration or failure.

Furthermore, eight of 15 most highly downregulated genes in LPD1, and the top four
pathways identified by Ingenuity analyses, were related to B-cell and T-cell function. These
data suggest that LPD1 patients with this signature could have a poorer prognosis due to
altered immune function. This altered function might be due to previous anticancer
treatment, a concomitant disorder, or concurrent treatment. Previous studies have reported
increased levels of regulatory T cells in patients with prostate cancer,2? with cells expressing
Fox-P3linked to acquired treatment resistance.3 In our study, no association was seen with
concomitant diseases or treatments; specifically steroid use at the time of blood sampling for
expression analyses was not associated with the LPD1 profile and the different LPD groups.
Ross and colleagues®! have also described a prognostic signature for patients with
castration-resistant prostate cancer using whole-blood RNA and qRT-PCR analyses of 168
preselected genes that associate with altered cellular and humoral immunity focusing on the
monocyte and macrophage lineage. Overall, these results support other emerging data
implicating the effect of the immune system on outcome from castration-resistant prostate
cancer; these results include recent findings describing the association of increased
circulating levels of the macrophage inhibitory cytokine-1 with response to docetaxel and
castration-resistant prostate cancer survival.32 All of these findings provide further support
that whole-blood expression changes related to bone-marrow lineages are prognostic in
castration-resistant prostate cancer.

These changes in gene expression are unlikely to be influenced by mRNA extracted from
CTCs.33 In our series, the most upregulated genes in LPD processes were not correlated
with CTC counts and were not prostate-cancer specific genes. We extracted a median of 2.5
ug of RNA per mL of blood, which is equivalent to the RNA from about 2.5 million cells;3*
thus even in patients with very high CTC counts, their CTC RNA would be diluted by more
than 100 000-fold. Although we cannot entirely exclude the fact that CTCs or circulating

Lancet Oncol. Author manuscript; available in PMC 2016 May 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Olmos et al.

Page 10

cell-free tumour nucleic acids can affect these profiles, we postulate that these expression
profiles are most likely to be due to changes in blood cells.

Patients with early stage disease and good prognosis who were selected for management by
active surveillance and were used as controls for the derivation of our castration-resistant
prostate cancer signature were almost exclusively represented by the LPD3 and LPD4
subgroups. Previous studies have shown that changes in the expression patterns of total RNA
extracted from peripheral blood mononuclear cells can distinguish cancer patients from non-
cancer patients.33:3% In our study, 27 (44%) patients with castration-resistant prostate cancer
in our derivation set were segregated with active surveillance patients in LPD3 and LPD4.
The clustering of active surveillance and castration-resistant prostate cancer cases with
similar expression profiles suggests either that none of the LPD profiles correspond with a
normal non-cancer expression pattern, or that these profiles in castration-resistant prostate
cancer reflect a less aggressive disease state. We did not have data for a compatible age-
matched non-prostate cancer control series; however, we did a series of in-silico analyses
(appendix) with other PAXgene blood microarray data from healthy controls38 and could not
find similar expression profiles.

Overall, our results to date suggest that these expression profiles are clinically relevant
(panel). Further studies using age-matched non-cancer patients as well as studies of multiple
sequential samples from the same patient as they progress from an early castration-resistant
prostate cancer state to late-stage disease are now warranted. Future studies should also
assess the clinical use of whole-blood expression signatures in patients under going active
surveillance; these studies will require blood samples from age-matched healthy volunteers
as controls. Further studies could also explore microRNA (miRNA) expression profiles,
which could add value to these analyses since miRNAs have been reported to distinguish
between different tumour types with more accuracy than mRNA signatures.37:38 |n prostate
cancer, miRNA profiling can differentiate between malignant and non-malignant prostate
disease.38 Such studies can also be pursued in other body fluids such as urine, where
miRNAs might be more stable than mRNAs.

In conclusion, blood from patients with prostate cancer contains mMRNA expression
information that is prognostic in patients with castration-resistant prostate cancer.
Expression array analyses of blood merits further assessment in predictive and
pharmacodynamic bio-marker studies for new anti cancer drugs including immune therapies.
This nine-gene gRT-PCR signature will aid further prospective studies using more widely
available and less costly technologies such as microfluidic TagMan-based qRT-PCR assays
in large prospective trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Panel
Research in context
Systematic review

Serum prostate-specific antigen (PSA) has been widely studied in management of
prostate cancer® but it is not a reliable prognostic factor for overall survival.5:” The
identification and validation of other multipurpose blood-based biomarker assays is
crucial to individualise management of prostate cancer.3 Blood cells express gene
transcripts in response to microenvironmental and macroenvironmental changes such as
prostate-cancer bone-marrow invasion, which affects haemopoiesis by competing with
primitive haemopoietic cell niches,12:13 and chromosomal aberrations and epigenetic
changes have been identified in peripheral blood mononuclear cells from patients with
solid tumours including prostate cancer.14-17 We searched PubMed for reports published
between Jan 1, 1990, and Dec 1, 2011, with the search terms “prostate cancer”,
“prognostic markers”, and/or “blood expression profiling”, without language restrictions.
No publications on the relation between these three terms were identified. Therefore, we
did a study to assess the prognostic value of whole-blood expression profiling for patients
with castration-resistant prostate cancer.

I nterpretation

Our study assessed whole-blood gene expression profiles in an initial series, which
included patients with early prostate cancer with low-burden, low-risk disease and
patients with castration-resistant prostate cancer. We identified by unsupervised latent
process decomposition analyses an expression profile associated exclusively with
castration-resistant prostate cancer, high-burden disease, and poor outcome in patients
with castration-resistant prostate cancer. A reduced nine-gene signature was derived to
identify patients with castration-resistant prostate cancer expressing this unfavourable
gene profile. The prognostic value of this signature was then validated in a second
independent series of patients with castration-resistant prostate cancer. This signature
could add prognostic value to other previously described clinicopathological risk factors
for castration-resistant prostate cancer. Our results suggest that whole-blood gene
profiling could identify gene expression signatures that stratify patients with CRPC into
very distinct prognosis groups.
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69 CRPC

100 patients (118 samples)

31 active surveillance

6 excluded
1 excluded (2 samples) due to early
n prostate cancer but not active

A

y

surveillance
5 CPRC excluded because of failed
Affymetrix quality control

64 CRPC

94 patients (111 samples)

30 active surveillance

v

94 patients (94 samples) expression
profiling analysis
64 CRPC
30 active surveillance

v

v

v

17 patients with analytic variability
9 biological duplicates (18 samples)
4 CRPC
5 active surveillance
8 technical duplicates
3 CRPC
5 active surveillance

64 CRPC assessed for overall survival

verification

94 samples verified with quantitative
reverse transcriptase PCR

Stage Il: validation sett

70 patients (70 samples)

v

70 assessed for overall survival

transcriptase PCR)

(LPD1 vs non-LPD1 quantitative reverse

Figure 1. Study profile
CRPC-=castration-resistant prostate cancer. LPD=latent process decomposition.

*|dentification of a signature associated to aggressive CRPC and poor outcome. TValidation
of the prognostic value of the expression signature generated in stage I.
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Figure 2. Latent process decomposition analyses (patients grouping, associated genes, and
survival)

(A) LPD division of patients samples (n=94). LPD analysis of Affymetrix blood expression
data divided the samples into four processes (LPD1-4), each represented here by a bar chart,
red for CRPC and blue for active surveillance. Each sample is represented in all four
processes and the height of each bar corresponds to how well a sample matches to a LPD
process. A sample is assigned to an LPD group if its probability of assignment score is
greater than 0.5 (discontinuous horizontal lines). (B) Many of the top ten significant genes
and pathways differentially expressed when each LPD was compared with each of the other
LPD process were associated with CD71+ early erythroid cells, B-cell, and T-cell lineages.
The most significantly upregulated or downregulated genes in relation to cell type and LPD
process are shown. Red arrows represent upregulated genes and pathways, green arrows
downregulated genes and pathways. (C) Kaplan-Meier overall survival curves in months
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according to LPD group for 58 patients with CRPC only. No significant differences in
overall survival were seen between the LPD2, LPD3, and LPD4 subgroups. The six patients
not included were not subclassified by LPD analysis and had a median overall survival of
15.8 (95% CI 8.8-22.7) months. LPD=latent process decomposition. CPRC=castration-
resistant prostate cancer. BCR=B-cell receptor. TCR=T-cell receptor. iCOS-
iCOSL=inducible costimulator and its ligand. NFAT=nuclear factor of activated T cells.
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A

Ten most upregulated genes Ten most down-regulated genes
Gene symbol Log, change Gene symbol Log, change
GYPA 3-88 EBF1 -1.87
RHAG 3-85 MACROD?2 -1.72
IFI27 375 OSBPL10 -1.72
MMP8 370 PAX5 -1.67
CRISP2 3-55 LOC283663 -1-65
MAOA 352 FCRL5 -1-61
CRISP3 3:46 MS4A1 -1-61
RAP1GAP 335 IGHD -1-60
RHD 3-35 FCRLA -1.58
MMP8 333 PRSS33 -1.57
B

Ingenuity canonical pathways p value
iCOS-iCOSL signalling in T-helper cells 0-00003
Calcium-induced T-lymphocyte apoptosis 0-00003
Role of NFAT in regulation of the immune response 0-00012
(D28 signalling in T-helper cells 0-00012
Methane metabolism 0-00014
C

Probeset Symbol Gini importance metric
201174_s_at TERF2IP 5-3984552
213096_at TMCC2 51047048
204467 _s_at SNCA 3-5190276
209046_s_at GABARAPL2 2-5084932
207827_x_at SNCA 1-8047234
202129 _s_at RIOK3 1-3102857
212330_at TFDP1 1.0905238
203040_s_at HMBS 0-9611742
1552713_a_at SLC4A1 0-8626886
201060_x_at STOM 0-4762092

Figure 3. Top differentially expressed genes, canonical pathways, and probesetsin LPD1

signature

(A) Significant genes (adjusted p<0.05) associated with LPD group 1 ordered by mean
magnitude change. (B) Five most canonical pathways associated with LPD group 1. (C) Ten-
probeset robust signature of LPD group 1 membership. The Gini importance metric is a
general indicator of feature relevance. iCOS-iCOSL=inducible costimulator and its ligand.
NFAT=nuclear factor of activated T cells.
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Figure 4. gRT-PCR verification, derivation, and validation of the prognostic value of the LPD1

signaturein patientswith CRPC

(A) Heatmap of the nine-signature genes (annotated on the right) in the 94-patient samples
assessed with TagMan probes. The dendrogram on the top shows the arrangement of patient
clusters with Euclidean distance as the distance metric. The vertical dendrogram on the left
shows the strength of gene clusters within the signature. A formula based on the expression
levels of the nine genes in the signature was derived using logistic regression to predict
LPD1 membership. (B) Kaplan-Meier overall survival curve (months) according to LPD1
membership in 64 patients with CRPC included in the derivation test set. LPD1 membership
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was predicted by logistic regression with the nine-signature gene expression determined by
gRT-PCR (see formula); patients with a probability of 0.5 or more were assigned to LPD1.
(C) Kaplan-Meier overall survival curve (months) according to LPD1 membership in 70
patients with CRPC included in the validation set. CRPC=castration-resistant prostate
cancer.
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Table 2

Baseline characteristics in the CRPC cohort according to results of whole genome arrays

LPD1 (n=14) Non-LPD1 (n=44) pvalue

Performance status

ECOG 0 4 (28.6%) 13 (29.5%) 0.944
ECOG 1 10 (71.4%) 31 (70.5%)

Age, years

Median (range) 67.3 (46.0-79.8) 68.6 (53.1-83.1) 0.501
Gleason score

Score <7 5 (38.5%) 14 (36.8%) 0.917
Score >7 8 (61.5%) 24 (63.2%)

Unknown 1 6

PSA, ng/mL

Median (range) 373 (20-3683) 85 (1-3609) 0.002

PSADT, months

Median (range) 2.3(0.8-14.4) 2.9 (0.5-16.0) 0.148
Albumin, g/L
Median (range) 3.2(2.7-4.1) 3.7 (2.9-4.5) 0.002

Alkaline phosphatase, 1U/L

Median (range) 519 (75-2684) 88 (46-2166) <0.0001

L actate dehydrogenase value over UNL

Median (range) 1.2 (0.8-3.9) 0.9 (0.7-34) 0.031

CTCsper 7.5mL

Median (range) 133 (0-643) 4 (0-168) 0.033
Treatments

LHRHa 14 (100%) 44 (100%) 1.000
Antiandrogens 14 (100%) 30 (100%) 1.000
Steroids 4 (28.6%) 14 (31.8%) 0.818
Docetaxel 6 (42.9%) 10 (22.7%) 0.177

Number of systemic treatment lines

Median (range) 3 (1-8) 2 (1-7) 0.076
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Six patients with CRPC were not classified by LPD analyses. ECOG=Eastern Cooperative Oncology Group. PSA=prostate-specific antigen.
PSADT=PSA doubling time. UNL=upper normal limit. CTC=circulating tumour cell. LHRHa=luteinising hormone releasing hormone analogue.
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Table 3

Cox regression modelling results for overall survival outcome

(times x UNL)

Stagel p value Stagell p value

Univariable analysis
LPD1 membership 451(2.12-9.20)  <0.0001  2.53 (145-443) 0.001
Age (as continuous) 0.99 (0.94-1.03) 0.513 1.02 (0.98-1.06) 0.423
Gleason

7 vs<7 2.96 (0.81-10.83) 0.101 0.37 (0.17-0.82) 0.014

>7 vs<i 2.74 (0.82-9.15) 0.102 0.35(0.17-0.72) 0.004
PSA (times x median value) 1.07 (1.02-1.13) 0.011  1.02(1.00-1.03)  0.020
ECOG 21 2.03 (0.97-4.24) 0.060 3.62 (1.73-7.68) 0.001
Albumin (as continuous) 0.88 (0.82-0.94) <0.0001  0.81(0.73-0.90)  <0.0001
Haemoglobin (as continuous) 1.12 (0.84-1.50) 0.432 0.74 (0.62-0.88)  <0.0001
Alkaline phosphatase 1.10 (1.04-1.16) 0.001 1.07 (1.01-1.14) 0.048
(times x UNL)
Docetaxel 2.43 (1.30-4.57) 0.006 2.10 (1.05-4.22) 0.037
Number chemotherapy lines 1.59 (1.09-2.33) 0.017 1.61 (1.13-2.28) 0.008
PSADT (as continuous) 0.95 (0.87-1.05) 0.327 NA NA
Lactate dehydrogenase ratio 1.39 (0.89-2.14) 0.138 2.84 (1.99-4.04) <0.0001
(times x UNL)
Multivariable analysis (baseline model)
LPD1 membership 4.92 (1.36-17.74) 0.015  1.84(0.99-342)  0.054
Age (as continuous) 0.98 (0.93-1.05) 0.613 0.95 (0.91-1.00) 0.042
Gleason

7 vs<7 2.20 (0.47-10.35) 0.319 0.37 (0.14-0.96) 0.041

>7 vs<7 1.09 (0.27-441) 0.899  0.31(0.13-0.73)  0.008
PSA (times x median value) 1.01 (0.93-1.09) 0.789  1.00(0.97-1.03)  0.996
ECOG 21 2.52 (0.93-6.82) 0.069 3.65 (1.53-8.74) 0.004
Albumin (as continuous) 0.92 (0.81-1.05) 0.201 0.81 (0.72-0.91) 0.001
Haemoglobin (as continuous) 1.12 (0.84-1.50) 0.432 0.98 (0.77-1.25) 0.870
Alkaline phosphatase 0.99 (0.86-1.14) 0.938 1.02 (0.91-1.15) 0.690
(times x UNL)
Docetaxel 9.34 (1.04-83.87) 0.046 0.18 (0.03-1.02) 0.053
Number chemotherapy lines 0.31(0.07-1.42) 0.132 3.56 (1.43-8.84) 0.006
PSADT (as continuous) 0.97 (0.85-1.10) 0.623 NA NA
Lactate dehydrogenase ratio 3.41 (0.27-44.08) 0.346 2.86 (1.54-5.33) 0.001

Optimal multivariable analysis model with signifi cant variablesin the univariable analysis*

LPD1 membership
Albumin (as continuous)

Alkaline phosphatase

(times x UNL)

3.05 (1.22-7.64)
0.91 (0.83-0.99)
1.06 (0.98-1.14)

0.017
0.037
0.146

1.84 (1.01-3.35)
0.85 (0.76-0.95)
i

0.047
0.003
T
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Stagel| p value Stagell p value
Docetaxel 12.07 (2.22-65.47) 0.010 2.44 (1.14-5.23) 0.020
ECOG =1 2.01 (0.89-4.51) 0.093 2.60 (1.19-5.65) 0.016

Lactate dehydrogenase ratio

(times x UNL)

Lt f 2.28(158-330)  <0.0001

Data are hazard ratio (95% CI) unless stated otherwise. p values were calculated with a Wald test. LPD=latent process decomposition.
PSA=prostate-specific antigen. ECOG=Eastern Cooperative Oncology Group. PSADT=PSA doubling time. NA=not applicable. UNL=upper

normal limit.

*
Owing to high collinearity between previous docetaxel and the number of chemotherapy treatment lines, the later variable was removed from the

optimal model.
I

Not included in the optimal model.

Lancet Oncol. Author manuscript; available in PMC 2016 May 24.



	Summary
	Introduction
	Methods
	Study design and patients
	Procedures
	Statistical analyses
	Role of the founding source

	Results
	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1
	Table 2
	Table 3

