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The current paradigm of cancer care relies on predictive nomograms which integrate detailed

histopathology with clinical data. However, when predictions fail, the consequences for patients

are often catastrophic, especially in prostate cancer where nomograms influence the decision to

therapeutically intervene. We hypothesized that the high dimensional data afforded by massively

parallel sequencing (MPS) is not only capable of providing biological insights, but may aid

molecular pathology of prostate tumours. We assembled a cohort of six patients with high-risk

disease, and performed deep RNA and shallow DNA sequencing in primary tumours and matched

metastases where available. Our analysis identified copy number abnormalities, accurately

profiled gene expression levels, and detected both differential splicing and expressed fusion genes.

We revealed occult and potentially dormant metastases, unambiguously supporting the patients’

clinical history, and implicated the REST transcriptional complex in the development of

neuroendocrine prostate cancer, validating this finding in a large independent cohort. We

massively expand on the number of novel fusion genes described in prostate cancer; provide fresh

evidence for the growing link between fusion gene aetiology and gene expression profiles; and

show the utility of fusion genes for molecular pathology. Finally, we identified chromothripsis in a

patient with chronic prostatitis. Our results provide a strong foundation for further development of

MPS-based molecular pathology.
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Introduction

Prostate cancer remains the second most common cause of male cancer-related death [1].

Currently, patient stratification and therapy selection are based on histopathology and

clinical history. Arguably, the pinnacles of this approach are the pre- and postoperative

nomograms [2–5], which predict patient prognosis with high accuracy [2]. However, for

many patients nomograms fail, usually with catastrophic consequences, underscoring the

need for the development of technologies to aid risk stratification.

Although most of the advanced prostate cancer patients respond to the initial androgen

deprivation treatment with surgical or chemical castration, the progression to the fatal

castrate-resistant prostate cancer (CRPC) is inevitable [6]. Although neuroendocrine cancers

(small cell carcinoma of the prostate) originating from neuroendocrine cells are rare at initial

diagnosis, 40–100% of CRPCs demonstrate evidence of neuroendocrine differentiation

(NED) [7], a process whereby adenocarcinoma cells acquire a neuroendocrine phenotype.

The neuroendocrine phenotype is intrinsically resistant to androgen deprivation therapies

and therefore may confer a poor prognosis; however, the mechanisms underlying its

acquisition are only starting to be characterized [8].

Adenocarcinomas can be classified on the molecular level by their genomic landscape and

gene fusions involving ETS family members [9]. For example, TMPRSS2–ERG occurs

early in 15–50% of tumours and persists through disease progression [9–11]. While

transcriptome complexity beyond ETS fusions and gene expression signatures is largely

unexplored, recent studies point to the importance of transcriptome structural variation

arising from fusions [12] and alternative splicing (AS) [13] in prostate cancer. Androgen

receptor (AR) splice variants in CRPC provide a sentinel example [14]. Indeed, splice

signatures show great promise for improving tumour classification and providing a novel

source for candidate biomarkers and therapeutic targets [15].
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The combined massively parallel sequencing (MPS) of genomes (DNA-Seq) and

transcriptomes (RNA-Seq) allows comprehensive discovery of deleterious cancer variants.

We hypothesized that this approach would not only be valuable for the systematic molecular

characterization of prostate cancer, but also serve as an effective molecular diagnostic tool.

This report provides compelling support for the validity of this hypothesis.

Materials and methods

Patients’ samples

All patients signed a consent form approved by the Ethics Board (UBC Ethics Board No:

H09-01 628; VCHRI Nos: V09-0320 and V07-0058). Surgical samples were collected and

snap-frozen (FF) at the Vancouver General Hospital (VGH). The remaining tissue was fixed

in formalin and used for histopathological evaluation by three independent pathologists from

the VGH pathology department and Vancouver Prostate Centre (VPC). Snap-frozen and

formalin-fixed blocks are stored at the VPC Tissue Bank. Tumour blocks with tumour

cellularity of at least 30% were used for molecular profiling (for details see the Supporting

information, Supplementary methods).

Tumour cell lines

LNCaP and C4-2 cells were kindly provided by Dr Leland WK Chung (1992, MDACC,

Houston, TX, USA). The human PCa cell lines PC-3 and DU145 were purchased from the

American Type Culture Collection (Manassas, VA, USA; 2008, ATCC authentication by

isoenzyme analysis). LNCaP.AI cells used for sequencing were provided by Pfizer (La Jolla,

CA, USA). These are hormone refractory cells engineered to express three- to five-fold

higher levels of the human AR by stably transducing the cells using viral infection with a

cDNA encoding for the hAR. All cell lines were authenticated using aCGH, expression

microarrays, and whole-genome and whole-transcriptome sequencing on an Illumina

Genome Analyzer IIx platform (Illumina, San Diego, CA, USA) at the time of data

collection for the current study.

Molecular profiling

For DNA and RNA isolation, tumour cell lines and FF tumour sections were processed as

before [16]. Initially, we performed genome copy number (CN) profiling on an Agilent HD-

CGH Microarray (Design ID 014 698; Agilent Technologies, Santa Clara, CA, USA) to

assess DNA quality prior to sequencing. 0.5 μg of genomic DNA was used for hybridization

according to the manufacturer's standard protocols, as previously described [16].

Biodiscovery Nexus Copy Number v5.1 was used for CGH data quality assessment,

visualization, and analysis. As we gained confidence in the robustness and sensitivity of

DNA-Seq of prostate tumours, this practice was abandoned in order to minimize tissue

expenditure.

Genome and transcriptome sequencing was performed at BCCA Michael Smith Genome

Sciences Centre, Vancouver, BC according to established protocols [17]. For DNA-Seq

analyses, reads were mapped to the NCBI 36.1 (hg18) human genome reference sequence

using MAQ 0.7.174. Genomic CN changes were derived as described in ref 18 and are

shown in Supplementary Figure 3 of the Supporting information.

For RNA-Seq analyses, we used the ALEXA reference sequence database [19], containing

sequences of all human exons and exon junctions (Ensembl release 54). RNA-Seq reads for

each transcriptome library were aligned to the ALEXA using MAQ 0.7.174. Genes and exon

expression were quantified as described in ref 20, transformed into log2 space, and quantile-

normalized [21]. Alternative splicing detection was performed using the strategy described
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in ref 20 (for details see the Supporting information, Supplementary methods). All Illumina

sequence mapping data are available from the Vancouver Prostate Centre website at http://

www.lagapc.ca/FTP_Lapuk.html.

Differential gene and splice variants expression analyses

Genes were ranked by their s.d. of expression across tumours and the top 1000 were used for

unsupervised hierarchical clustering (GenePattern [22]). To detect genes and splice variants

differentially expressed between subsets of tumour samples, we applied a two-tailed

Student's t-test with equal variances with a significance level cut-off of 0.05 (Supporting

information, Supplementary methods). Pathway and function enrichment analysis was

performed using the Ingenuity (IPA) Knowledge Base 9 (Ingenuity® Systems; http://

www.ingenuity.com) (Supporting information, Supplementary methods).

Identification of fusion genes

Gene fusions were identified from matched DNA-Seq and RNA-Seq profiles using Comrad

[23] with the default parameters, the NCBI 36 (hg18) human reference genome, and

Ensembl release 54 gene annotations.

Experimental validation

To validate predicted fusion transcripts and alternative splice events, we amplified the site of

fusion or exon inclusion by RT-PCR from cDNA and genomic breakpoints by PCR from

genomic DNA using standard techniques (PCR primers provided in the Supporting

information, Supplementary Tables 2 and 3). All amplification products were validated by

sequencing on an ABI PRISM® 310 Genetic Analyzer (Applied Biosystems, Foster City,

CA, USA) using standard techniques.

siRNA experiments

REST knockdown was performed using LNCaP cells and two independent siRNAs. For the

first experiment, LNCaP cells were transfected twice with 10 nM scrambled (Scr) or REST

siRNA (Dharmacon, Lafayette, CO, USA). For the second experiment, LNCaP cells were

transfected twice with 20 nM Scr siRNA (Dharmacon) or REST siRNA (Santa Cruz

Biotechnology, Santa Cruz, CA, USA). RNA was isolated from cells pre- and post-

transfection and used for RTPCR. Immunoblotting was performed as previously described

[24]. Forty-eight hours post-transfection, total proteins were extracted and 30 μg was

submitted to western blot using anti-REST antibody (Sigma-Aldrich, St. Louis, MO, USA).

The staining with vinculin antibody (Sigma-Aldrich) was used as a loading control.

Results

Tumour cohort

We assembled a cohort of six high-risk patients harbouring tumours of pathological stage

T3B or greater, Gleason score ≥7, with different serum PSA levels and outcome (Figure 1).

Patient 945 was diagnosed with T3BN0 prostate cancer with PSA of 25 ng/ml and had

undergone neoadjuvant treatment. The PSA level dropped to 0.47 ng/ml 6 months post-

surgery, after which the patient suffered rapid recurrence with a PSA doubling time of less

than 3 months. Together with high Gleason grade and negative surgical margins, the clinical

features of this patient were consistent with the metastatic recurrence. Patient 890 with

T3BN1 disease and a history of chronic prostatitis and low diagnostic PSA responded well

to treatment and remained recurrence-free for 30 months. Patient 963 was diagnosed with a

clinically localized adenocarcinoma that rapidly progressed to metastatic disease with low

serum PSA (see details in ref 25). The patient was put on the maximum androgen blockade
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therapy showing a rapid response, but the disease recurred in 13 months, as indicated by

rising PSA. Patient 946 was diagnosed with neuroendocrine prostate cancer (NEPCa) with

small-cell carcinoma morphology, and had previously undergone a salvage

cystoprostatectomy. We collected two metastatic samples from the urethral and penile sites.

The urethral specimen was used to establish a patient-derived mouse xenograft as described

in refs 26 and 27. It was profiled together with the other tumours to determine if it

maintained the salient features of the donor tumour. From patient 961 who was diagnosed

with LN-positive disease, we collected a primary tumour sample. The sample from patient

1005, previously treated for prostate cancer with radiation therapy, was collected from the

underarm area. Histopathology evaluation indicated an architecturally poorly differentiated

non-small cell carcinoma. Immunohistochemistry showed equivocal staining for ACPP and

negative staining for PSA, breast carcinoma markers (eg GCDFP, ER), KRT7, KRT20,

TTF1, and p63. It was therefore classified as carcinoma of unknown primary (CUP). In

total, we collected 11 tumour specimens from primary and metastatic sites for molecular

profiling, including three matched lymph nodes (Figure 1).

Integrated sequence-based characterization of prostate tumours

We sequenced the genomes (2–7× coverage relative to haploid genome) and transcriptomes

(to an average of 33-fold coverage assuming 200 MB transcriptome size) of each tumour

using Illumina GA-IIx paired-end technology (Figure 1 and Supporting information,

Supplementary Table 1 and Supplementary methods). From DNA-Seq data we derived CN

profiles (Supporting information, Supplementary Figure 2), which were highly similar to

aCGH profiles derived from the same tumour block (data not shown). In the instance where

direct comparison was possible, the correlation between aCGH and DNA-Seq CN profiles

was high (Supporting information, Supplementary Figure 3). Low genome coverage and

lack of matched normal samples precluded the detection of sequence variants. However,

integrative analysis of genome and transcriptome sequence data using the Comrad algorithm

[23] allowed the detection of numerous novel fusions that were private to patients; 53 of

those predicted with highest confidence were experimentally validated by PCR (Supporting

information, Supplementary Table 2). The average fusion transcript burden was 8 per

tumour with the exception of patient 961's tumour, where the absence of fusions was

consistent with minimal CN changes (Supporting information, Supplementary Table 1). One

of the fusions involved an ETS family gene (ETV1). None of sequenced samples expressed

the TMPRSS2–ERG fusion transcript. The lack of evidence for this fusion transcript in

sequencing data was supported by aCGH showing absence of the characteristic deletion in

the 21q22 region that gives rise to the fusion event (Supporting information, Supplementary

Figure 2) and absence of ERG up-regulation even in the samples with high TMPRSS2
expression. The frequency of the TMPRSS2–ERG gene fusion is estimated to be between

18% and 50%, depending on the cohort [9,28,29]. Therefore, the probability of not having it

represented in a cohort of six patients would range from 0.30 to 0.02 (for 18% and 50%

frequency, respectively). Additionally, the TMPRSS2–ERG fusion is associated with a

lower Gleason score (<7) [29]. The tumours in our cohort, however, were of all high risk,

with Gleason scores ≥7.

RNA-Seq was used to estimate the expression levels of all human genes, exons, and exon

junctions (see Methods). Analysis of exon and exon-junction expression resulted in the

identification of approximately 1000 genes differentially spliced between the tumours, a

subset of which was validated by RT-PCR (Figure 2a and Supporting information,

Supplementary Table 3). Some of the observed differential splicing events are located within

functional protein domains (Figure 2b); others showed a specific splice pattern in NEPCa

versus PCa (Figures 2c and 2d). Overall, concordance between RNA-Seq predictions and
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RT-PCR was high, with an 85% validation rate (Supporting information, Supplementary

Table 3), demonstrating the robustness of our approach.

High-resolution molecular pathology and detection of sub-clinical metastasis

MPS allows genome/transcriptome-wide copy number and expression profiling and the

identification of fusion transcripts that may represent unique tumour-specific biomarkers

[30]. We explored the global gene expression signatures of the tumours by performing

unsupervised hierarchical clustering of the genes differentially expressed among samples.

This resulted in sample clusters accurately reflecting the tumour subtype and/or sample

composition (Figure 3a and Supporting information, Supplementary Figure 5). The cluster

of primary adenocarcinomas was distinct from that of adenocarcinoma cell lines. As

expected, the clustering of PCa tumours as a group was driven by high expression of

prostate-specific stromal and basal cell markers and by the expression of androgen-

responsive genes [eg KLK3 (PSA), KLK2, TMPRSS2]. LN samples from patients 890 and

945 each had a substantial normal LN tissue component (Figure 1 and Supporting

information, Supplementary Figure 1) and consequently exhibited high expression of LN-

specific genes, including those associated with T cells, B cells, dendritic cells, and

macrophage cells (Figure 3a). NEPCa tumours from patient 946 formed a separate cluster

together with those of patient 963, driven by the expression of neuroendocrine markers. The

xenograft 946_X clustered closely with the corresponding tumours from patient 946,

suggesting that the xenograft retained the salient features of the donor tumour. However,

unlike the donor NEPCa tumour, the xenograft expressed several androgen-responsive genes

at low level. This can be explained by the fact that the xenograft was grown in intact male

mice supplemented with testosterone. The mechanism of this, however, is unclear, since the

xenograft does not express detectable AR protein [31]. Interestingly, patient 963's tumours

exhibited a dual neuroendocrine and adenocarcinoma gene expression phenotype and

represented a distinct sub-cluster with a unique signature (Figure 3a).

Immunohistochemistry ruled out classical NED and adenocarcinoma, and indicated the

presence of a hybrid luminal-neuroendocrine tumour in this patient, which is characterized

in depth in ref 16.

Lymph node (LN) metastases are important determinants of disease progression and are

challenging to detect by conventional histopathology. NHT treatment brings an additional

challenge, as tumour foci shrink and remaining deposits are even harder to detect [32].

However, three lines of evidence from DNA- and RNA-Seq data suggested the presence of

an occult metastasis in the histologically non-neoplastic 945_LN sample. First, we detected

moderate expression of several prostate-specific genes including ACPP, KLK2, and FOLH1,

as well as luminal epithelial cell markers, normally associated with adenocarcinoma (Figure

3a), in 945_LN. Second, the 945_LN genome CN profile had many of the genomic

alterations commonly found in prostate cancers (such as PTEN, RB1, and 8p deletions and

8q gain) (Supporting information, Supplementary Figure 2). Finally, one of three fusion

genes identified in 945_1° (FZD6:SDC2 ; see Supporting information, Supplementary Table

2) was also expressed in 945_LN (Figures 3b–3d). Interestingly, FZD6:SDC2 was expressed

at much higher levels in 945_LN than in 945_1° (Figures 3c and 3d). It is possible that the

primary tumour of patient 945 contained a discrete population of cancer cells harbouring

only the FZD6:SDC2 fusion, from which the metastatic clone arose: a clonal selection

model. Alternatively, differences in transcription regulation may have prevented the

detection of the other fusions. Interestingly, SDC2 was previously reported to be expressed

in PCa, and was associated with PCa progression [33]. Increased expression of SDC2 was

shown to enhance collagen adhesion and the motility of rat intestinal epithelial cells [34],

advantageous properties for a metastatic clone. Collectively, these three observations
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indicate the presence of a sub-clinical or occult metastasis, in line with the patient clinical

features consistent with metastatic recurrence.

Conversely, the molecular profiling data of patient 890's tumours suggested the presence of

potentially dormant metastasis in his LN [35,36]. Patient 890 was diagnosed as LN-positive

(Supporting information, Supplementary Figure 1). The genomic profiles of the 890_1° and

890_LN samples were very similar and contained a number of CN changes that are not

typical for prostate cancers (Supporting information, Supplementary Figure 2). Surprisingly,

unlike the primary tumour that showed a strong PCa transcriptome signature (Figure 2a), the

890_LN transcriptome signature appeared benign, showing no expression of prostate-

specific genes and yielding no gene fusions. This is unlikely to be due to the sensitivity

issues, as the methods allowed detection of an unambiguous tumour signature in the

pathologically benign 945_LN. One possible explanation is that the LN metastasis had

become dormant, which is consistent with the fact that patient 890 responded well to

treatment and remained recurrence-free for 30 months.

An axillary mass resected from patient 1005 previously treated for PCa was classified as

CUP based on immunohistochemical analysis. The MPS analysis revealed numerous CN

changes typical for prostate cancer (Supporting information, Supplementary Figure 2), and

its transcriptome profile was similar to PCa cell lines based on the expression of prostate-

specific and luminal epithelial cell-specific genes, including PSA (KLK3). Moreover, this

tumour expressed truncated AR splice variants including the oncogenic variant AR3(V7)

[37,38], which, in the cohort, was present at the highest ratio relative to the full length AR

(Supporting information, Supplementary Figure 7). Constitutively-active truncated isoforms

of AR, including AR3(V7), are associated with poor outcome [14] and are likely to

represent an adaptive response to castration [39]. These observations are consistent with the

fact that patient 1005 had been exposed to several cycles of androgen deprivation therapy,

and allowed unambiguous classification of patient's 1005 tumour as adenocarcinoma of

prostatic origin.

Molecular signatures of castrate-resistant neuroendocrine prostate cancer

In the NEPCa tumours from patient 946, we observed a strong and distinct gene expression

signature (Figure 2), with high expression of genes involved in cellular proliferation, the cell

cycle, and mitosis, as well as genes important for endocrine biology (enrichment analysis,

Fisher's exact test, adjusted p value ≤0.0001; Supporting information, Supplementary Table

3). We then compiled a targeted, literature-driven panel of up-regulated genes (compared

with adenocarcinomas) which comprehensively defined the neuronal phenotype in the

tumours from patient 946 (Figure 4). Detection of part of this gene signature in patient 963

led to the identification of a novel hybrid luminalneuroendocrine cancer subtype [16].

Significantly, in the NEPCa and hybrid PCa/NEPCa tumours, we observed reduced

expression of REST, a transcription factor considered to be the master repressor of neuronal

differentiation [40] (Supporting information, Supplementary Figure 6). REST binds to target

sites [41] within genes important for a neuronal phenotype and prevents transcription.

Interestingly, 28/50 of the transcriptionally active neuroendocrine phenotype genes

described in Figure 4 harbour experimentally validated REST binding site(s). To determine

the clinical relevance of this pattern, we mined publically available data. Taylor et al
profiled 218 prostate tumours [9], and we have found REST down-regulation and associated

up-regulation of the neuronal signature in 50% of tumours with a NED/NEPCa component

(Figure 4b). In contrast, only 3% of other tumours from that cohort exhibited this pattern.

The difference in the frequency of this pattern in the two groups of tumours was highly

significant (p < 0.0001, Fisher's exact test).
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Most if not all hallmarks of cancer are associated with perturbed exon splicing [42]. To

explore possible contributions of AS to the neuroendocrine phenotype, we explored NEPCa-

specific AS events and found a number of genes associated with neuronal functions (Figure

2c and Supporting information, Supplementary Tables 5 and 6). Of particular interest, a

component of the REST transcriptional complex, PHF21A [43], is differentially spliced in

NEPCa versus PCa (Figure 2d). The PHF21A isoform expressed in NEPCa tumours was

found to lack an exon, encoding an AT-hook protein motif necessary for DNA binding

(Figure 2b).

To experimentally validate the influence of REST down-regulation on associated gene and

exon expression changes, we performed an siRNA knockdown of REST in LNCaP cells

(Figure 4c). We observed an up-regulation of a number of NEPCa markers along with

increased exclusion of the PHF21A AT-hook encoding exon, consistent with observations in

the clinical samples (Figure 4c).

The analysis also suggested a possible role of global splicing regulation in NED and

epithelial-tomesenchymal transition (EMT). Genes differentially spliced between NEPCa

and other tumours showed moderate enrichment of cell morphology functions (Fisher's

exact test, adjusted p value ≤0.004; Supporting information, Supplementary Table 5).

Interestingly, we found alternatively spliced genes important for cell shape and invasion,

which were reported by others to undergo alternative splicing in breast cancer cells upon

induction of EMT [44] (Supporting information, Supplementary Table 6). NED of PCa cells

was previously linked to EMT [45], a process accompanied by morphological

transformation of organized epithelial cells into isolated, migratory mesenchymal cells [46].

In line with this, we noticed an up-regulation of the mesenchymal marker N-cadherin, and a

number of cell adhesion and motility genes (Figures 3a and 4).

Prostatic adenocarcinomas are known to contain recurrent fusions [47], but the spectrum of

NEPCa fusions is largely unexplored. We identified 11 fusion transcripts in NEPCa samples

from patient 946 (Supporting information, Supplementary Table 2 and Supplementary

Figure 4), which were shared by the urethra and penile metastases and the xenograft. Half of

the fusions involved genes with restricted expression in neuroendocrine cells (Figure 4),

thereby recapitulating the gene expression results. A similar situation was observed in the

tumours of patient 963, where the fusion gene set mirrored the dual PCa/NEPCa gene

expression signature [16]. This finding supports recent reports that chromosomal

translocations are cell-type-specific as they occur preferentially in transcriptionally active

genes [12,48].

Identification of chromothripsis in prostate cancer

While the existing paradigm dictates that chromosomal rearrangements occur gradually over

time, recent evidence suggests that in at least 2–3% of cancers, tens to hundreds of genomic

rearrangements involving only one or a few chromosomes can occur in a one-off cellular

crisis resulting in cancer-causing lesions [49]. This phenomenon, known as chromothripsis

[18], was not previously described in prostate cancer and its association with outcome is

unclear. We found evidence of it in the primary tumour genome from one of our high-risk

patients (890) with a history of chronic prostatitis. The 890_1° genome contained fewer

amplifications than other tumours. Two chromosome arms (2p and 9q) were found to

harbour more deletions than other chromosome arms and to possess a more segmented CN

profile (Supporting information, Supplementary Table 1 and Supplementary Figure 2).

Furthermore, nine out of 11 validated fusion events in 890_1° involved genes on 2p or 9q

and two fusions involved three genes, providing evidence of complex chromosomal

rearrangements involving multiple breakpoints (Figure 5) (for details see the Supporting

information, Supplementary data). On the transcriptome level, this tumour exhibited a
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unique expression signature of genes with highly restricted expression patterns in normal

tissues other than prostate (Figure 5). A comprehensive literature search revealed that this

panel included genes associated with resistance to bacterial infection, response to

inflammation, anti-apoptosis, and cell stress (indicated by arrows in Figure 5).

Discussion

We previously used MPS to identify an aggressive hybrid luminal-neuroendocrine tumour

[16] and have now expanded the study to six high-risk prostate cancer patients. We

demonstrated that integrative analysis of shallow genome and deep transcriptome

sequencing is a powerful tool for specific and sensitive molecular pathology, which can

improve diagnosis and possibly have an impact on therapy. Moreover, we identified a

mechanism that may drive the emergence of the neuroendocrine phenotype that is frequently

found in CRPC cancers.

Combined DNA- and RNA-Seq-based molecular profiling of prostate tumours led to

findings that have important clinical implications. Firstly, we unambiguously identified a

LN metastasis not detected by standard histopathology; suggested a potentially dormant LN

metastasis; classified a tumour of unknown origin; and identified a new hybrid subtype of

PCa [18]. Identification of an occult LN metastasis in patient 945 is associated with a poorer

outcome and may warrant more aggressive treatment [50]. The presence and higher

expression of gene fusion FZD6:SDC2 in the LN compared with the primary tumour may

suggest clonal selection and supports the idea that such tumour- and patient-specific markers

may play a role in molecular pathology, as well as in monitoring disease progression and

response to therapy, eg by measuring their levels in patient plasma samples [30].

Conversely, the absence of a tumour transcriptome signature in the LN sample of LN-

positive patient 890 potentially suggests that this patient could benefit from a less aggressive

therapeutic intervention. Thus, although based only on two patients, these results provide

hope that MPS may ultimately aid in differentiating quiescent from aggressive metastatic

prostate cancer. Secondly, in the US alone 31 000 people will be diagnosed with cancers of

unknown primary (CUP) in 2012 (approximately 2% of all cancers diagnosed), and

identification of a primary site is important for therapeutic management of CUP patients

[51]. Although assignment to the primary site is possible with microarrays, MPS profiling

significantly broadens the spectrum of tumour-specific biomarkers, enabling the

identification of fusion transcripts, splice variants, and genomic breakpoints. Finally, the

identification of a novel hybrid luminal-neuroendocrine phenotype in aggressive

conventional adenocarcinoma may imply a poorer outcome for patient 963, who should be

managed accordingly.

Molecular characterization of NEPCa and hybrid PCa/NEPCa tumours is a high-priority

research area, given the prevalence of NED in advanced PCa and its association with

resistance to current therapies [7]. Our findings indicate that the REST transcriptional

complex, a master repressor of the neuronal phenotype, may be one of the important

determinants of the neuroendocrine phenotype in PCa. We observed down-regulation of

REST with associated up-regulation of neuronal genes, a pattern also found in 50% of

tumours with a NED/NEPCa component in a large independent cohort [9]. Simultaneously,

the REST co-factor PHF21A appears to lose the AT-hook domain important for DNA

binding through alternative splicing. Additionally, NED has been previously linked to EMT

[45], and our observation of splicing regulation of EMT-related functions in NEPCa

supports this link. Finally, we found that the fusion genes that we identified preferentially

involved transcriptionally active genes, consistent with previous reports [12,48]. Thus, we

hypothesize that the fusion transcript spectrum may reflect the evolutionary history of a

tumour and provide insight into cancer progression.
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The presence of genome copy number aberrations and complex genome rearrangements is

typical for high-risk prostate tumours [9,52]. However, we detected evidence of

chromothripsis in the primary tumour of patient 890 with a history of chronic prostatitis and

low PSA. Chromothripsis, recently described in other cancers, results in many genomic

aberrations localized to a few genomic regions [18]. Several mechanisms were proposed to

explain this phenomenon, one of which is an aborted apoptosis that may have been triggered

by a noxious stimulus, such as radiation or infection [53]. Interestingly, this tumour's

transcriptome exhibited a signature of non-prostate-specific genes associated with an

inflammatory immune response, anti-apoptosis, and cell stress. A growing body of evidence

points to a possible role of prostatic inflammation in the aetiology of prostate cancer;

however, a causal link is yet to be established [54]. Our observation of chromothripsis in

PCa and its potential association with chronic prostatitis warrant further investigation.

Furthermore, we detected the presence of triple fusion genes, potentially arising from

chromothripsis. Although the clinical relevance of this phenomenon is yet to be elucidated,

it may represent a distinct mechanism of prostate carcinogenesis.

It is well established that PCa is biologically and clinically heterogeneous. Current methods

of patient stratification based on integration of clinical history with tumour histopathology

still fail for a significant number of cancer patients, resulting in both over-and under-

treatment. The possible benefits of MPS for understanding of the biological underpinnings

of prostate cancer are undisputed. Moreover, a recent pilot study demonstrated that whole-

genome, targeted-exome, and transcriptome sequencing is possible within a time frame

relevant for cancer patients [55]. Sequencing costs are expected to reach US $1000 or less

per genome in the near future. Thus, MPS has the potential to improve on rational disease

intervention and lower healthcare costs [56,57]. It is reasonable to expect that MPS will

ultimately complement conventional pathology in the future, resulting in improved patient

management.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Summary of the prostate tumour cohort. Sample origin indicated in the top panel with

histopathology status (red malignant; blue = benign). The depth of RNA-Seq is presented as

the sum of read lengths mapped to the human genome (Gb = gigabases). The tumour

cellularity was estimated by histopathology. PCa = prostate adenocarcinoma; ? = unknown

primary origin; hPCa = dual signature adenocarcinoma–neuroendocrine prostate cancer;

NEPCa = neuroendocrine prostate cancer (small cell carcinoma of the prostate); Dx =

diagnosis; 1° = primary tumour; LN = lymph node; U = urethral metastasis; Pn = penile

metastasis; X = xenograft derived from urethral metastasis. Therapy prior to sample

collection: NHT = neoadjuvant hormone therapy; IAS = intermittent androgen suppression

(four cycles); CHT = continuous hormone therapy. CPRC = castrate = resistant prostate

cancer. *The patient did not reach nadir post-surgery (PSA did not drop to 0.2 ng/dl). #

Negative pathological surgical margins.
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Figure 2.
Alternative splicing in prostate tumours. (a) RT-PCR validation of alternatively spliced

genes detected in prostate tumours and cell lines. Primers designed for the flanking

constitutive exons with expected PCR product sizes are shown in the cartoons below each

gel electrophoresis image. RNA-Seq-based splicing data for inclusion isoform

(corresponding to the upper PCR band) are shown below each gel as splicing index bar

charts for corresponding exons/junctions. (b) Possible functional consequences of alternative

splicing. Protein domains (Pfam [61]) are shown for three genes, where alternatively spliced

regions fall within functional domains. Alternatively spliced region of a gene is shown

below the protein domain structure (blue = alternative exons; grey = constitutive exons) and

its portion coding for functional domains are indicated with dashed lines. (c) Heat map of

the splicing index data for exons/junctions within 12 genes showing difference in splicing in

neuroendocrine samples versus primary adenocarcinoma tumours. Genes labelled on the

right with magenta are involved in nervous system development [58–60]. Exon/junction IDs

are shown on the right from gene symbols. (d) Alternative splicing of the PHF21A gene.

The expression of the mutually exclusive exons of PHF21A by RNA-Seq is shown as a bar

chart. PCR validation gel is shown underneath.
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Figure 3.
RNA-Seq-derived molecular pathology of prostate tumours and detection of a sub-clinical

metastasis. (a) Two-way unsupervised hierarchical clustering of the gene expression profiles

of the prostate cancer cohort using the top 1000 genes differentially expressed among

tumours. Sample clusters colour bar is shown underneath sample labels. Representative gene

clusters with cell type or tissue-specific signatures are shown (for full clusters see

Supporting information, Supplementary Figure 5). Red = prostate-specific/androgen-

responsive genes; blue = basal cell markers; green = luminal epithelial cell markers;

magenta = neuroendocrine cell markers; black = stromal cell markers; brown = lymph node

markers. (b) Schematic representation of the FZD6:SDC2 fusion gene showing maintenance
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of the SDC2 reading frame and protein domains. (c) RNA-Seq-derived expression level of

the fusion genes detected in the primary tumour and matched lymph node sample from

patient 945. RT-PCR validation gel image showing the enrichment of FZD6:SDC2 is also

provided. (d) Expression of SDC2 (log2) normalized to prostate-specific genes to account

for tumour cellularity, demonstrating overexpression of SDC2 in the LN of patient 945.
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Figure 4.
The acquisition and maintenance of a neuroendocrine phenotype. (a) The bottom panel

shows the neuronal phenotype identified in the tumours of patients 946 and 963. For patient

946, we used the mean expression from all three samples. Stars within the heat map

illustrate statistically different expression from other adenocarcinoma PCa samples. Red

circles by the gene name indicate an experimentally validated REST binding site within the

gene loci. Rec–receptor. The top-left panel demonstrates a panel of regulatory genes up-

regulated in the same tumour samples which we hypothesize to act synergistically to

maintain expression of the neuronal phenotype. The top-right panel is a Circos plot [62] of

the 946_Pn sample demonstrating the CN and fusion gene profile exhibited by the tumours

of patient 946. Chromosomes are arranged circularly end-to-end with each chromosome's

cytobands marked in the outer ring. The inner ring displays copy number data inferred from
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genome sequencing, with red indicating gains and green indicating losses. Within the circle,

genomic rearrangements are shown as arcs with the resultant validated fusion transcript

annotated. Function of genes involved in fusions are indicated by colour and provided in the

key. (b) Recurrence of the REST down-regulation and the neuronal signature up-regulation

from a in the prostate cancer cohort published by Taylor et al [9] showing 50% frequency in

the NED/NEPCa subset of tumours (n = 16) versus 3% in the PCa subset (n = 134). The

NED/NEPCa subset was defined by overexpression of at least one of the neuroendocrine

markers (CHGA, CHGB or SYP; Supporting information, Supplementary methods). (c)

siRNA knockdown of REST in LNCaP cells. RT-PCR gel shows down-regulation of REST

using two independent siRNA pools and concomitant up-regulation of neuronal signature

genes as well as change in PHF21A splicing. An arrow indicates the isoform lacking the

AT-hook binding domain. Sc = scrambled RNA control. Western blot using REST and

vinculin antibodies is shown underneath RT-PCR, demonstrating significant down-

regulation of REST protein upon siRNA transfection.
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Figure 5.
Chromothripsis, inflammatory response, and fusion genes in patient 890. The top panel

indicates multiple putative genomic breakpoints between 2p and 9q resulting in validated

fusion transcripts. The second panel demonstrates the top 50 uniquely expressed genes in the

primary tumour of patient 890 compared with all other tumour samples, showing enrichment

(small arrows) of genes linked to response to inflammation and apoptosis. *Pancreas-

specific genes; **colon-specific genes. The third panel shows the fusion transcripts derived

from genomic rearrangements between chromosomes 2 and 9, including triple gene fusions.

The bottom panel provides genomic sequence-derived copy number profiles, indicating the

lack of amplifications and the high number of focal deletions, a hallmark of chromothripsis

[18,49].
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