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Abstract
DNA damage and genetic rearrangements are hallmarks of cancer. However, gene fusions as
driver mutations in cancer have classically been a distinction in leukemia and other rare instances
until recently with the discovery of gene fusion events occurring in 50 to 75% of prostate cancer
patients. The discovery of the TMPRSS2-ERG fusion sparked an onslaught of discovery and
innovation resulting in a delineation of prostate cancer via a molecular signature of gene fusion
events. The increased commonality of high-throughput sequencing data coupled with improved
bioinformatics approaches not only elucidated the molecular underpinnings of prostate cancer
progression, but the mechanisms of gene fusion biogenesis. Interestingly, the androgen receptor
(AR), already known to play a significant role in prostate cancer tumorigenesis, has recently been
implicated in the processes resulting in gene fusions by inducing the spatial proximity of genes
involved in rearrangements, promoting the formation of double-strand DNA breaks (DSB), and
facilitating the recruitment of proteins for non-homologous end-joining (NHEJ). Our increased
understanding of the mechanisms inducing genomic instability may lead to improved diagnostic
and therapeutic strategies. To date, the majority of prostate cancer patients can be molecularly
stratified based on their gene fusion status thereby increasing the potential for tailoring more
specific and effective therapies.
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INTRODUCTION
The concept of genomic instability and rearrangements are hallmarks of cancer; however,
until recently recurrent DNA rearrangements were largely undiscovered in solid tumors.
Genomic rearrangements can be caused by a deletion, insertion, inversion, or translocation
of distal intra- or inter-chromosomal sequences and ultimately result in a gene fusion. The
consequences of these gene rearrangements include gene activation or repression thereby
triggering oncogenic signaling programs. The classical example of gene rearrangements is
the Philadelphia chromosome found in chronic myelogenous leukemia (CML) consisting of
the translocation of chromosome 9 and 22 creating BCR-ABL, an activated tyrosine kinase
that drives CML [1, 2]. As demonstrated by the discovery of the BCR-ABL gene fusion,
genomic rearrangements provide key insights into tumor biology and have significant
clinical impact by serving as potential diagnostic markers or therapeutic targets [3]. More
recently, a bioinformatics strategy for processing cancer profiling data led to the discovery
of the gene fusion between TMPRSS2 and the ETS oncogenic transcription factor ERG in
50 to 75% of prostate cancer patients. This discovery not only revealed that a gene fusion
was a common event acquired early in prostate cancer progression, and represents a
potential driver of disease progression, but also suggested that gene fusions represent an
understudied class of mutations in solid tumors. More recently work has begun to show how
androgen receptor is involved in the formation of gene fusions in prostate cancer. Here, we
will review the research efforts since the initial discovery of ETS fusions in prostate cancer
that have led to a comprehensive landscape of rearrangements, an improved understanding
of the mechanisms driving genomic instability, and potential therapeutic strategies.

DISCOVERY OF GENE FUSION EVENTS IN PROSTATE CANCER
Whereas recurrent gene fusions had been widely characterized in leukemias, lymphomas
and soft tissue tumors, the lack of known gene fusions in epithelial cancers had been
attributed to clonal heterogeneity of the tumors as well as the technical limitations of earlier
detection strategies such as cytogenetic analysis, spectral karyotyping, fluorescence in-situ
hybridization (FISH), and microarray-based comparative genomic hybridization (aCGH).
However, the use of microarrays, and more recently high throughput transcriptome
sequencing (RNA-Seq) has helped circumvent these limitations. The first significant
advancement involved a systematic analysis of cancer microarray data to nominate genes
that are ‘highly’ deregulated in a subset of samples rather than focusing on those that are
widely shared, a signature of a gene fusions [4]. The development of a data transformation
algorithm, or cancer outlier profile analysis (COPA), led to the identification of such
‘outlier’ genes. Through the COPA transformation, a typical biomarker profile characterized
by a general overexpression of genes is compressed and instead emphasizes ‘outlier gene’
profiles, characterized by general low expression with marked overexpression in a fraction
of the samples [5]. The COPA transformation was applied to >10,000 microarray
experiments across human cancers and identified several well-known cancer genes involved
in recurrent chromosomal aberrations. Surprisingly, two genes known to be involved in gene
fusions in Ewing’s sarcoma, namely ERG and ETV1, were scored as high ranking outliers in
several independent prostate-cancer profiling studies. Interestingly, ERG and ETV1
overexpression was observed to be mutually exclusive in prostate cancer suggesting that
elevated expression of ERG or ETV1 may be a key molecular event in a subset of prostate
cancers. This in silico finding was further validated and characterized in prostate cancer cell
lines and tissue leading to the discovery that the 5’ ends of ERG and ETV1 are replaced with
the 5’ untranslated region of a prostate-specific, androgen responsive, transmembrane serine
protease gene, TMPRSS2, in the outlier cases. Overall, this work revealed an androgen-
regulated on-switch for activating oncogenic ETS transcription factor family members.
Furthermore, it changed the preconceived notion that the majority of gene rearrangements
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were present in a small portion of selected cancer types. Instead, multiple independent
research groups were able to confirm that 50 −75% of all prostate cancers harbor the
TMPRSS2-ERG aberration, now the most common gene fusion found in any cancer.

Since the initial discovery of ETS gene fusions in prostate cancer, there has been a steady
unraveling of gene fusions in prostate cancer, and more recently additional solid tumors.
One of the most significant technological contributions towards the discovery of gene
fusions in human cancers has been the ongoing development of high-throughput sequencing
approaches. An initial study using transcriptome sequencing, or RNA-Seq, leveraged a
hybrid strategy of long-read sequences (Roche 454), to accurately capture a putative fusion
junction, and short-read sequences (Illumina Genome Analyzer), to obtain deep sequence
read coverage supporting true positive fusion transcripts [6]. This approach was able to
“rediscover” the BCR-ABL1 and TMPRSS2-ERG in a chronic myeloid leukemia cell line,
K562, and a prostate cancer cell line, VCaP, respectively. However, despite the success of
this methodology, it required substantial overhead to leverage two sequencing platforms.
Subsequent studies have since demonstrated the effectiveness of paired-end tran-scriptome
sequencing to systematically identify gene fusions and chimeric transcripts in cancers.
While transcriptome sequencing offers an unbiased view of expressed transcripts, and
therefore enables the detection of gene fusions, the vast quantities of data still require highly
sensitive computational approaches for accurately detecting gene fusions while minimizing
false positives. To address this challenge, a number of software packages have been
developed, and applied to prostate cancer cohorts, including ChimeraScan, FusionSeq,
dRanger [7–9]. Overall, new tools are continually being implemented in the field and
applied to improve our ability to comprehensively detect gene fusions [9, 10].

GENE FUSION STRATIFICATION OF PROSTATE CANCERS
Since the initial discovery of ETS fusions in prostate cancer, bioinformatics approaches
using outlier expression analysis or unbiased sequencing of whole genomes and
transcriptomes have revealed a more comprehensive and complex mutational spectrum in
prostate cancer (Fig. 1). Interestingly, closer inspection of the gene fusion landscape in
prostate cancer revealed three virtually mutually exclusive aberrations, as initially proposed
by Rubin et al. [11], including ETS gene fusions, RAF kinase gene fusions, and SPINK1
outlier expression. While two of these categories involve genomic rearrangements, the
combination of all three molecular subtypes offer a mechanism for stratifying prostate
cancer patients.

ETS subtype gene fusions
Similar to Ewing sarcoma rearrangements [12], gene fusions involving ERG and ETV1 have
been found to be mutually exclusive events [4]. However, TMPRSS2-ERG is the most
prevalent rearrangement having been observed in approximately 50–75% of prostate cancer
patients. The most common TMPRSS2-ERG fusion involves the first or second exon of
TMPRSS2 fused to exon 2, 3, 4, or 5 of ERG [13]. Interestingly, transcriptome sequencing
from 14 matched controls and tumors from patients at Shanghai Changhai Hospital in China
determined a lower frequency of TMPRSS2-ERG prevalence (approximately 20%) than
reported in western countries [14]. This is in agreement with previous work that has shown
variability in the prevalence of the TMPRSS2-ERG gene fusion across ethnicities with the
highest prevalence occurring in Caucasians (∼50%) followed by both African Americans
(∼31%) and Asians (16%–30%) [15, 16]. However, the most common TMPRSS2-ERG
transcript isoform observed in the Chinese population corresponds to the same isoform
observed in western countries involving exon 1 of TMPRSS2 and exon 4 of ERG. This
finding was validated by RT-PCR and Sanger sequencing in this cohort and also in an
independent cohort of 54 prostate tumors collected from patients across three different cities
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in China. This study highlights the different molecular signaling in prostate cancer from
other ethnicities and suggests the necessity to understand the genomic complexity in prostate
cancer across different racial groups. In addition to TMPRSS2, other genes have been shown
to activate ERG including the androgen responsive SLC45A3 (Solute carrier family 45
member 3) [17]. This observation was then confirmed in a large prostatectomy cohort [18].
Since then HERPUD1 and NDRG1 have also been identified as 5’ partners with ERG [19,
20]. It is becoming evident that despite a growing number of 5’ partners fusing to ERG, they
commonly appear to be androgen responsive and ultimately activate ERG expression.

In addition to ERG, various 5’ fusion partners have been found to fuse with ETV1, which
has been observed in approximately 5% to 10% of all prostate cancer patients and represents
the second largest category of ETS fusions. From the initial discovery using outlier
expression analysis two prostate-specific genes were identified, androgen-induced SLC45A3
and androgen-repressed C150rf21, as well as the retroviral element HERV-K_22q11.23, and
the housekeeping gene HNRPA2B1 [21]. Other 5’ partners found to fuse with ETV1 are
FLJ35294, EST14, and ACSL3 [17, 22, 23]. Continued exploration of ETS family member
expression in prostate cancer using an outlier analysis, COPA, revealed additional ETS
family members involved in gene fusions including ETV4 and ETV5. ETV4 was found to
have multiple 5’ partners including TMPRSS2 [24], KLK2, CANT1 [25] and DDX5 [17].
ETV5, an ETS family member, was also found to be activated by androgen responsive 5’
partners TMPRSS and SLC45A3 the gene is TMPRSS2 [26]. Together, ETV4 and ETV5
gene fusions account for approximately 2% of all gene fusions found in prostate cancer.

Recent transcriptome sequencing analysis revealed the recurrent RNA chimera involving
SLC45A3 and ELK4, which are adjacent genes, in the same orientation, located on
chromosome 1. Unlike other fusion events, this represents a transcriptional-induced chimera,
or read-through event, that lacks any disruption at the genomic level [6, 27, 28]. Recent
work has focused on the mechanism of the SLC45A3-ELK4 RNA chimera formation and
determined that there is androgen-dependent cis-splicing involving exon 1 of SLC45A3 and
exon 2 of ELK4 due to a decrease in chromatin association of CCTC-binding factor (CTCF)
[29]. “Insulator” sequences bind CTCF to inhibit transcription at the boundaries of genes
[30] and are known to exist in the intergenic region between SLC45A3 and ELK4 [31].
With continued technological advances, such as RNA-Seq, we expect to continue unraveling
more of these RNA chimera events in prostate and other cancers [32].

Non-ETS subtype gene fusions
Given the prevalence of gene fusions in prostate cancer, many groups have focused on
identifying novel driver gene fusions in ETS rearrangement negative patients that may serve
as biomarkers and therapeutic targets. Analysis of transcriptome sequencing data led to the
discovery of gene fusions involving different RAF kinases (SLC45A3-BRAF and ESRP1-
CRAF1) that ultimately activate the signaling pathway [33]. Screening across larger patient
cohorts revealed that RAF kinase gene fusions occurred in approximately 1 to 2% of
patients. Using FISH, the prevalence of BRAF and CRAF1 has been independently
validated across a cohort comprised of Chinese patients occurring in 2.5% and 1.5% of the
218-naïve cases, respectively. RAF positive patients were found to have a higher Gleason
score and a trend toward higher clinical stage cancer [34]. The discovery of RAF fusions has
been especially appealing due to the potential of targeting the RAS pathway with existing
FDA approved drugs.

In addition to RAF kinase gene fusions, a recent study analyzing RNA-Seq data generated
from the tumor and adjacent normal tissue from 14 prostate cancer patients in China
revealed additional recurrent non-ETS gene fusions. The first novel gene fusion occurred
between USP9Y-TTTY15 which are adjacent genes, in the same orientation, located
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approximately 9-kilobases apart on chromosome Y. USP9Y-TTTY15 was reported to occur
at a frequency of 21.4%, and subsequently confirmed in a larger cohort of 54 tumor samples
(frequency 35.2%) by RT-PCR and Sanger sequencing [14]. The lincRNA (long intergenic
noncoding RNA) TTTY15 has not been studied, but USP9Y mutations and deletions are
currently being studied in the context of male infertility [35] and as of yet have not been
connected to cancer. Three additional novel gene fusions were also discovered and validated
in a cohort of 54 tumor cases, CTAGE5-KHDRBS3, SDK1-AMACR, and RAD50-PDLIM4
[14]. CTAGE5 (cutaneous T-cell lymphoma–associated antigen 5), previously shown to be
overexpressed in many cancer cell lines [36], was shown to fuse with KHDRBS3 (KH
domain containing, RNA binding, signal transduction associated 3), a gene also associated
with cancer [37], at a frequency of 37% [14]. SDK1 (located within a common fragile site of
chromosome 7p) [38] was also found fused to AMACR (an androgen responsive gene) [39]
at a frequency of 24%. Lastly, RAD50-PDLIM4 was seen in the Chinese population at a
frequency of 27.8%. The RAD50 protein is known to be important in localizing the cohesion
complex of newly replicated chromatids in yeast [40]. Overall, this study highlighted the
lower prevalence of the TMPRSS2-ERG fusion across different ethnicities while reporting
novel recurrent gene fusions that, upon further characterization, may provide insights into
prostate cancer pathogenesis of Chinese men.

SPINK1 subtype
The last molecular subtype distinction accounts for 10 to 15% of prostate cancer and is
classified by the overexpression of SPINK1, or serine protease inhibitor Kazal-type 1.
SPINK1 was found through outlier analysis but has not been shown to be involved in a
genomic rearrangement. SPINK1 has been associated with a more aggressive form of
prostate cancer and interestingly appears to be mutually exclusive from ETS and RAF
rearrangements [41].

Annotation of gene fusions
As our ability to comprehensively detect gene fusions in human cancers has improved, we
have been able to observe distinct patterns amongst the different fusions that can help in
their classification and provide potential insights into their mechanism of formation. Maher
et al. proposed five different groupings to classify gene fusions [6]. The first category (Class
I) is caused by an inter-chromosomal translocation resulting in the juxtaposition of two
genes thereby creating a gene fusion such as BCR-ABL. Class II are complex inter-
chromosomal rearrangements that may result in the regulatory region of a nearby gene being
altered following a rearrangement as exemplified by the gene fusion of MIPOL1-DGKB
activating ETV1 in LNCaP cells. Class III fusions are classified by an intra-chromosomal
deletion resulting in the fusion of the two genes flanking the deleted region as exemplified
by TMPRSS2-ERG. Class IV fusions are complex intra-chromosomal rearrangements in
which a single gene may harbor multiple rearrangements as exemplified by HJURP
harboring multiple breakpoints and thereby generated the HJURP-EIF4E2 and INPP4-
HJURP fusion transcripts. The last category is comprised of read-through events (Class V)
that occur when two consecutive genes on a chromosome, in the same orientation, are fused
together. This class of fusions could either be the by-product of a focal deletion, a splicing
event, or is a commonly occurring transcript that to date has been annotated as two
independent transcripts. Overall, such a classification system may distinguish gene fusions
that may arise from different mechanisms.

MECHANISMS OF GENE FUSION EVENTS
Genomic rearrangements are necessary and essential to normal development producing
biological diversity within the immune system to combat pathogens. In lymphocytes V(D)J
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recombination and class switching recombination (CRS) involve protein complexes that
help to coordinate DNA breaking and rejoining [42, 43]. It is now understood that many of
the genomic rearrangements in cancer are also well-orchestrated events and not only
spontaneous DNA damage caused by environmental agents or normal cellular metabolism.
Within prostate cancer disease, there is significant evidence to support gene rearrangements
or gene fusions as driving events in the progression of prostate cancer similar to the
discovery of BCR-ABL in CML 50 years ago.

The majority of androgen receptor binding sites are transcriptional enhancers in distal
regions and not within promoter regions [44]. Therefore, the looping model proposes a
mechanism to explain the well-established interaction of the distal enhancers with promoter
regions of AR targets genes, many of which are fusion partners such as TMPRSS2. This
model suggests chromatin rearrangement, or “looping”, results in distal enhancers in close
proximity with promoter regions [45–47]. It was hypothesized that AR may also play a role
in the generation of gene fusions. Interestingly, treatment with the AR ligand,
dihydrotestostrone (DHT), caused gene fusion-free LNCaP cells to induce colocalization of
TMPRSS2 and ERG [48, 49]. Furthermore, androgen induced chromatin looping also
appeared to be regulated by AR, which was found to be recruited to TMPRSS2 and ERG
breakpoints when LNCaP cells were treated with DHT [49, 50].

Just as AR was found near breakpoints, it is also believed that breakpoints are associated
with regions of active histone modifications. New technology has enabled monitoring of the
elaborate protein/chromatin interactions by combining chromatin immunoprecipitation with
Conformation Capture Chromatin technology (ChIP-3C) to capture the protein interaction
with distal and proximal chromatin via crosslinking [51]. If close association of distal and
proximal chromatin exists upon crosslinking then digestion, re-ligation and PCR
amplification will result in the presence of both fragment ends in sequence alignment. The
Hi-C method advances the previous technology by utilizing the unbiased approach of
massively parallel sequencing for a high-resolution mapping of chromatin [52]. With this
method, the 3D structure of DNA was further eluted and predicted to form highly compact
chromatin into a “fractal globule”, a configuration that allows easy folding and unfolding for
gene activation and repression. Moreover, these studies also assessed a
compartmentalization of the chromatin within the nucleus segre- gated by open and closed
chromatin domains. This technology has improved the understanding of chromatin
organization and dynamic movement. Moreover, the Hi-C method was applied in prostate
caner to determine ERG overexpression in a benign prostate cell line (RWPE1) as sufficient
to cause global changes in chromatin structure [53]. Potential evidence of chromosome
looping was indicated with the sequencing and analysis of the whole genome of seven
primary tumors and matched controls of prostate patients. Berger et al. describe a ‘closed
chain’ pattern of chromatin rearrangements, an equilibrium between breaking and rejoining
of chromatin producing chimeric chromosomes, without the loss of genetic material, thus
implying simultaneous disruption of many genes driving disease progression [54].
Inspection of breakpoints from TMPRSS2-ERG positive tumors using publicly available
ChIP-sequencing (ChIP-Seq) data determined some correlation to open chromatin marks
(RNA polymerase II, H3K3me3, H3K36me, H3ace) in VCaP cells as well as AR and ERG
binding sites [55]. Moreover, ETS fusion negative tumors correlated more closely with
marks of inactive closed chromatin (H3K27me3) in VCaP cells.

Two recent studies have proposed models incorporating the well-coordinated and precise
molecular complexes involved in double strand breaks (DBS) as key mechanisms to forming
gene fusions such as TMPRSS2-ERG. These groups independently determined that DSB are
not random events happening throughout the genome, but in fact a sequential process
initiated by activated androgen receptor at determin-able genomic locations. This rationale
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stems from recent work demonstrating that estrogen receptor (ER) can initiate
reorganization of chromatin by utilizing actin/myosine-1 machinery in the nucleus and other
factors within nuclear speckles [56] in breast cancer. Lin et al. demonstrated in a prostate
cancer model, using the LNCaP cell line, that two pathways, ligand-dependent and
genotoxic stress, act in synergy to induce TMPRSS2-ERG fusion events [49]. In the
presence of genotoxic stress such as irradiation, DHT treatment has been shown to increase
both mRNA and protein levels of activation-induced cytidine deaminase (AID) which can
lead to DSB. Taken together, AR induces spatial proximity of chromosomes through the
myosin/actin motor system while concurrently recruiting AID, through the coactivator
Gadd45, and the LINE-1 repeat-encoded ORF2 endonuclease to site specific locations to
facilitate DBS [49]. Another enzyme recruited to activated AR and necessary to facility
DBS is topoisomerase II. Topoisomerase II (TOP2) is an enzyme responsible for resolving
DNA topological constraints during transcription by catalyzing transient double strand
breaks; TOP2 activity was implicated in estrogen receptor-mediated double strand breaks
[57]. Expanding upon this observation, Haffner et al. determined that TOP2B is recruited
during normal regulation of androgen receptor-mediated genes; moreover, TOP2B-AR-
liganded complexes colocalize specifically at previously identified TMPRSS2 and ERG
break points [50]. As proof of principle, studies in various leukemias have investigated the
increase in gene rearrangements in conjunction with DNA-topoisomerase inhibitors and
determined development of therapy-related rearrangements of the AML1 and MLL genes
[58].

Last, studies have also demonstrated that androgen stimulation may play a role in DSB
repair. DSB repair occurs via homologous recombination (HR) or non-homologous end
joining (NHEJ). The error-prone NHEJ is the major pathway for the repair of DSB in
eukaryotes [59]. Recent work has shown that androgen stimulation increases the recruitment
of several proteins involved in the error-prone NHEJ pathway to the TMPRSS2-ERG fusion
breakpoints including Ku70-Ku80 and ataxia telangiectasia-mutated protein (ATM) [49, 50].
Furthermore, inhibiting various components of the NHEJ pathway decreased the generation
of the TMPRSS2–ERG gene fusions. Overall, androgen stimulation may be involved in the
spatial association of gene fusion partners, inducing DSB, and involved in the recruitment of
proteins involved in NHEJ.

CLINICAL RELEVANCE OF GENE FUSIONS AND POTENTIAL THERAPIES
Clinical Markers of Disease

Various studies have shown that samples exhibiting TMPRSS2-ERG as well as intronic
deletion (2+Edel) between the genes correspond to a more aggressive prostate cancer [60–
63]. One group, looking for an alternative to PSA testing, used in situ hybridization assays
to assess TMPRSS2-ERG status and found 25% survival (after 8 years) with cancers
harboring the fusion and 2+Edel compared to 90% survival of cancers without the fusion
after the same period of time [60]. Moreover, the frequency of ‘2+Edel’ fusion status was
found to be the main mechanism of TMPRSS2-ERG fusion in one study [61] and associated
more closely with androgen-independent metastatic cancer in two other independent studies
[62, 63].

TMPRSS2-ERG expression has also been associated with moderate to poorly differentiated
tumors [64] and indicative of disease progression [65]. Nam and colleagues studied two
different patient groups (26 and 165 patients) after radical prostatectomy and found
expression of TMPRSS2-ERG between 42% and 49% in both studies as well as increased
incidents of relapse in cancers harboring tumors as determined by PSA elevation (mean
follow up 12 months) [66, 67]. The larger study allowed for a longer follow up (mean 28
months) and more conclusive evaluation of TMPRSS2-ERG as a diagnostic marker of
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disease independent of Gleason score, stage, or PSA testing with 58.4% recurrence after
surgery in fusion positive patients compared to 8.1% recurrence in patients lacking the gene
fusion [67]. Watchful-waiting cohort studies using prostate cancer-related death as end point
analysis have confirmed the findings that prostate cancer patients harboring the TMPRSS2-
ERG fusion are clinically more aggressive. One hundred and eleven early stage tumors
collected from Orebro University Hospital in Sweden were assessed for TMPRSS2-ERG
expression and determined a 12 year cancer-free survival in 26% of patients who were
fusion negative compared to only 6% for patients who harbored the fusion [68]. Another
watchful-waiting cohort of 445 prostate cancer samples determined an even higher survival
rate of 90% after 8 years in TMPRSS2-ERG negative samples [60].

However, there are other studies that did not reach the same conclusion. Petrovics et al.
concluded higher expression of ERG in prostate tumor tissue captured by laser
microdissection and correlation to longer PSA recurrence-free survival in a cohort of 114
paired matched tumor and normal tissues [69]. PSA recurrence is defined by a rising PSA
whereas clinical recurrence is associated with the presence of a metastatic site. Winnes et al.
also used PSA levels to access prostate cancer status in 50 prostate samples. Based on PSA
levels, this study determined a correlation, but not a significant difference, between
TMPRSS2-ERG positive and negative cancers leading them to conclude that TMPRSS2-
ERG positive cancers led to lower Gleason scores and a better cancer prognosis [70].
Saramaki et al. also correlated TMPRSS2-ERG status with a good disease prognosis and did
not observe a correlation with fusion expression and disease progression after studying a
wide array of prostate models and tissue [71]. Moreover, other studies have found no
association with TMPRSS2-ERG status and disease prognosis [72–74].

Many studies have shown detection of TMPRSS2-ERG in urine as a new noninvasive assay
for prostate cancer in combination and instead of PSA detection [75–79]. Hessels et al. used
quantitative RT-PCR to detect TMPRSS2-ERG in combination with prostate cancer antigen
3 (PCA3), a noncoding RNA specifically expressed in prostate and overexpressed in cancer,
and concluded a combined sensitivity of 73% for prostate cancer determination [76]. The
Chinnaiyan group expanded upon these findings to develop a quantitative RT-PCR based
multiplex urine-based diagnostic test including the biomarkers: PCA3, AMACR, GOLPH2,
TMPRSS2-ERG [77]. On a much larger scale, including samples from multiple centers, this
group also refined the Prostate Cancer Prevention Trial (PCPT) risk calculator, which
incorporated PSA serum levels and clinical factors to include urine-based detection of PCA3
and TMPRSS2-ERG, thus better stratifying prostate cancer risk [79].

Other molecular subtypes of gene fusion events have also been correlated to disease
prognosis. SPINK1 overexpression is associated with aggressive prostate cancer. Two
different cohorts of 79 cases (37 cases of recurrence) and 817 cases (200 cases of
recurrence) of prostate cancer showed SPINK1 outlier expression to associate with disease
recurrence independent of other markers of disease [41]. Furthermore, confirmation of these
findings was determined with knockdown studies in a cell line overexpressing SPINK1,
22RV1, and the resultant inhibition of cellular invasiveness [41]. Unlike the findings from
Tomlins et al., Leinonen and colleagues did not find SPINK1 expression to be mutually
exclusive from ETS-positive fusions in their cohort of 196 hormonally-treated needle
biopsies; but this group did determine a strong association (lacking the power for
significance) between SPINK1 expression and shorter progression-free survival [74].
Recently, using a tissue microarray of 640 samples, it was shown that the protein expression
of SLC45A3 is down-regulated through SLC45A3-ERG in metastatic disease and correlates
with a shorter survival time as measured by PSA [80]. Similar down-regulation of SLC45A3
protein expression was also noted in a study by Yin et al. in their analysis for another marker
independent of PSA levels [81]. The read-through chimera, SLC45A3-ELK4 is also
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implemented in cancer progression and as a potential diagnostic marker. Knockdown studies
of SLC45A3-ELK4 in LNCaP and PC3 cells showed decreased cell proliferation and cell
cycle arrest in an androgen-dependent and independent pathway whereas wild-type
SLC45A3 and ELK4 transcripts had no effect [29]. Moreover, in quantitative RT-PCR
analysis of SLC45A3-ELK4 expression in 10 clinical samples and 29 controls indicated a
correlation with higher transcript levels and a Gleason score of 7 or more with the highest
transcript expression seen in metastatic caner samples [29]. More studies with larger sample
sizes are needed to determine if SLC45A3-ELK4 is a biomarker for advanced prostate
cancer.

Molecular Targeted Therapies
Androgen is an important hormone that binds and thus activates the androgen receptor (AR)
and initiates downstream signaling essential and necessary for proper prostate development
[82]. This cascade of signaling events leads to the activation of such genes as PSA and
TMPRSS2 [83, 84]. Following initial diagnosis of metastatic prostate cancer, the standard of
care is androgen deprivation therapy. However, most prostate cancers will invariably
develop resistance to initial androgen deprivation therapy and the disease will evolve into
castration recurrent prostate cancer (CRCP). While recent phase III trials have demonstrated
survival benefits to next-generation anti-androgens such as abiraterone and MDV3100, or
other systemic therapies such as cabazitaxel or alpharadin, each of these agents results in
median improvements in survival of only a few months. Given the preclinical oncogenic
phenotypes conferred by alterations such as ETS fusions, RAF fusions, and SPINK1,
targeting these alterations represents a potentially promising treatment strategy for patients
with aggressive metastatic disease.

The impact and AR-mediated reactivation of gene fusions post androgen deprivation therapy
(ADT) is not well documented. Therefore, to determine the regulation of TMPRSS2-ERG
by AR in CRCP, various models of prostate cancer were analyzed. Cai and colleagues
reported gene expression of AR and AR-regulated genes using quantitative RT-PCR in
CRPC samples as well as primary tumors distinguished by TMPRSS2-ERG status to
determine an increase in gene expression in TMPRSS2-ERG positive CRPC samples
compared to TMPRSS2-ERG negative samples [85]. This group showed the greatest
expression of ERG, and by extension TMPRSS2-ERG expression, in fusion positive CRPC
samples indicating reactivation of the gene fusion by AR-mediated signaling [85]. A direct
link between AR-regulated increase in TMPRSS2-ERG expression was determined by
examination of the VCaP cell line, which express the TMPRSS2-ERG gene fusion, and
xenografts pre- and post-AR deprivation through monitoring of ERG mRNA and protein
levels. Evidence of androgen axis-based regulation of TMPRSS2-ERG was observed in a
phase I clinical trial of abiraterone acetate, a selective inhibitor of cytochrome P450 17
(CYP17). CYP17 is a necessary enzyme in the synthesis of androgen and estrogen. Five out
of six patients harboring the TMPRSS2-ERG fusion showed decline greater than 50% in
PSA serum levels, indicative of diminished AR signaling, for greater than six months [86].
However, another study did not find similar results using PCR analysis to detect TMPRSS2-
ERG in 71 naïve lymph node-positive prostate tumors. The authors postulated a quicker and
longer response to hormone therapy as measured by PSA levels and survival in fusion
positive tumors; however, there was no correlation to fusion status and response to ADT and
therefore it was concluded that TMPRSS2-ERG is not a good predictive marker of hormone
response [87]. Thus, based on these conflicting studies, it is uncertain whether TMPRSS2-
ERG gene status can be used to predict response to next-generation anti-androgen therapy.

More recently, discovery of novel ERG interactions have yielded a promising therapeutic
approach in ETS positive cancers such as Ewing’s sarcoma and prostate cancer [88, 89].
Specifically, Brenner and colleagues used mass spec-trometry in tandem with liquid
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chromatography to identify proteins interacting with ERG. They found that ERG physically
interacted with a series of DNA repair proteins, including poly(ADP-ribose) polymerase
(PARP1). PARP1 is best known for its role in initiating the base excision DNA repair
pathway and is needed to maintain DNA stability. The absence of PARP1 leads to
accumulation of single stranded DNA breaks, which can lead to accumulation of double
stand breaks at replication forks, normally repaired via the homologous recombination (HR)
DNA repair pathway. PARP inhibition alone is not lethal to the cell, but inhibition in
combination with a defective HR repair, as seen in BRCA1/BRCA2 defective cells, leads to
collapse of the replication fork and eventually cell death; a process termed “synthetic
lethality” [90, 91]. Based on this principle, ongoing trials are assessing PARP1 inhibition as
a targeted therapy in BRCA-mutant cancers. Brenner and colleagues demonstrated that
pharmacologic inhibition or genetic knockdown of PARP1 preferentially potentiated DNA
damage in preclinical models of ETS-positive cancers, and also inhibited ERG-mediated
transcription and invasion. In a series of xenograft models, PARP1 inhibition was
preferentially effective in inhibiting tumor growth of ETS-positive versus ETS-negative
malignancies (both prostate cancer and Ewing’s sarcoma). Based on this preclinical
research, investigators at the University of Michigan have initiated a randomized multi-
institutional phase II clinical trial (NCT01576172), which stratifies patients with metastatic
CRPC based on biopsy-proven ETS fusion status and then randomizes these patients to
treatment with the next-generation anti-androgen abiraterone, alone or in combination with
the PARP1 inhibitor veliparib. This effort represents one of the first biomarker-driven
therapeutic trials in metastatic prostate cancer.

Another developing area of therapeutic potential is targeting SPINK1 overexpression. Ateeq
et al. exploited the secretory properties of the SPINK1 protein by investigating monoclonal
antibody therapy as a potential target to inhibit its actions in prostate cancer [92]. The
similar structure and sequence homology of SPINK1 to epidermal growth factor (EGF) led
to studies determining interaction and crosstalk between EGFR and SPINK1. Given the
FDA approved drugs for EGFR cancer treatment, this was an exciting finding and a
promising potential for future drug therapies. Indeed, nude mice implanted with 22RV1 cells
and treated for 4 weeks with anti-SPINK1 antibody showed a 65% reduction in tumor size
whereas mice treated with anti-EGFR antibody (C225) showed a 41% reduction.
Furthermore, combination therapy of anti-SPINK1 and anti-EGFR antibodies showed an
additive effect of 74% reduction in tumor size [92]. These findings provide a mechanism for
the limited results seen in clinical trials for prostate cancer with the anti-EGFR antibody,
cetuximab [93], in which only one patient (2.7%) had an 80% PSA decline from baseline
and two patients (5.6%) had a PSA decline between 50% to 80%. It also provides an
incentive for establishing a molecule subtype classification of prostate cancer.

Due to the heterogeneity of epithelial cancers drug treatment regiments are often too broad
and not as beneficial from patient to patient. Therefore, increasing the hunt for diagnostic
markers to stratify prostate cancer subtypes would provide a significant clinical impact as
exemplified by molecular profiles of disease heterogeneity in breast cancer [94]. To date, it
is established that prostate cancer can be distinctly delineated into at least three subtypes via
gene fusion status with the largest compromising ETS family members and encompassing
50 to 75% of all prostate cancer. ETS negative prostate cancer can be separated into smaller
subsets based on RAF expression or SPINK1 overexpression. Studies being conducted in
Asia are confirming these stratifications found in western countries and also delineating
other potential genomic markers. The unraveling of the genetic complexity of prostate
cancer with the finding of various recurrent gene fusions has been attributed to the advances
in technology specifically next-generation whole genome and RNA sequencing.
Furthermore, these findings can now be validated and confirmed with such technologies as
3C and Hi-C that have the power to inspect the 3D conformation of chromatin at distinct
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locations. Utilizing all of these techniques has led to the beginning of our understanding of
the mechanism of gene fusion formation. The looping model proposed very precise and
coordinated double strand breaks at specific locations with AR-dependent or independent
formation of protein complexes. This knowledge could have significant impact on how
prostate cancer is diagnosed and treated in the future as we learn about the mechanisms and
pathways that are altered and regulated by these gene fusion events.

In summary, the discovery of gene fusions in prostate cancer has led to a molecular
stratification of prostate cancer that has improved our understanding of prostate cancer
initiation and progression. Moreover, gene fusions have also proven useful as biomarkers
detectable in urine. As the complexity of the disease is unraveled, it is now understood that
relying solely on PSA oversimplifies and results in an overestimation of instances of
prostate cancer. As “active surveillance” is getting more of a foothold as the preferred
standard of care [95], it is clear that other biomarkers, such as gene fusions, must be
considered and implemented in clinical diagnostic assays to improve patient care. Gene
fusions and other genomic alterations, such as lincRNAs, which were recently discovered to
play a role in prostate cancer [96], are unequivocally usurping PSA as better diagnostic
marker. More recently, significant advances have been made to understanding the
mechanism of AR in gene fusion formation. The finding that inhibition of PARP1 reduces
tumor formation in ETS positive patients offers a rationale for ongoing, and future, clinical
trials combining PARP inhibitors with drugs targeting AR (abiraterone). Overall, androgen-
driven gene fusions have led to improved early detection markers, stratification of prostate
cancer patients, and new therapies that will hopefully reduce the incidence of prostate cancer
as well as alleviate, if not eliminate, the pitfalls of current treatment regiments.
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Fig. 1.
Prostate cancer gene fusion molecular stratification. This schematic highlights all of the
gene fusion discoveries in both western countries and China to date indicating the ETS,
SPINK1 overexpression, and RAF kinase classifications as well as incidence rates. Where
applicable, current potential therapies are provided.
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