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Half of prostate cancers harbor gene fusions between TMPRSS2 and members of the ETS transcription factor family. To

date, little is known about the presence of non-ETS fusion events in prostate cancer. We used next-generation tran-

scriptome sequencing (RNA-seq) in order to explore the whole transcriptome of 25 human prostate cancer samples for the

presence of chimeric fusion transcripts. We generated more than 1 billion sequence reads and used a novel computational

approach (FusionSeq) in order to identify novel gene fusion candidates with high confidence. In total, we discovered and

characterized seven new cancer-specific gene fusions, two involving the ETS genes ETV1 and ERG, and four involving non-ETS

genes such as CDKN1A (p21), CD9, and IKBKB (IKK-beta), genes known to exhibit key biological roles in cellular homeostasis

or assumed to be critical in tumorigenesis of other tumor entities, as well as the oncogene PIGU and the tumor suppressor

gene RSRC2. The novel gene fusions are found to be of low frequency, but, interestingly, the non-ETS fusions were all

present in prostate cancer harboring the TMPRSS2–ERG gene fusion. Future work will focus on determining if the ETS

rearrangements in prostate cancer are associated or directly predispose to a rearrangement-prone phenotype.

[Supplemental material is available online at http://www.genome.org. The data sets used in this study have been submitted

to dbGaP (http://www.ncbi.nlm.nih.gov/sites/entrez?db=gap) under accession no. phs000310.v1.p1. Sequences of the novel

gene fusion transcripts from this study have been submitted to GenBank (http://www.ncbi.nlm.nih.gov/Genbank/) under

accession nos. HM245385–HM245396.]

Systematic review of common recurrent translocations in human

epithelial cancers, leukemias, and sarcomas implicates a discrete

repertoire of genes andgene families (Mitelman et al. 2007; Prensner

and Chinnaiyan 2009). Emerging data confirm that recurrent

chromosomal rearrangements may be driven by nuclear tran-

scription factors such as the ligand-bound androgen receptor in

prostate cancer (Lin et al. 2009). Indeed, prostate cancer seems to

be prone to recurrent gene fusions involving androgen-regulated

genes (e.g., TMPRSS2, SLC45A3, and NDRG1) and ETS transcrip-

tion factors (e.g., ERG, ETV1) (Tomlins et al. 2005; Kumar-Sinha

et al. 2008) and can be detected in ;45% of all prostate specific

antigen (PSA)-screened cancers (Mosquera et al. 2009).

The advent of next-generation RNA sequencing (RNA-seq)

opens opportunities to interrogate the transcriptome as described

by Levin et al. (2009) and Berger et al. (2010). Through either tar-

geted RNA-seq of a preselected set of cancer-related genes in

a chronic myeloid leukemia (CLL) cell line (K562) (Levin et al.

2009) or whole transcriptome sequencing of 10 melanoma sam-

ples (patient-derived primary cell cultures and cell lines) (Berger

et al. 2010), the authors demonstrate the use of transcriptome data

to identify chimeric transcripts and alternative splicing of genes

and point mutations, and simultaneously infer both overall gene

expression levels and allele-specific expression. Berger and col-

leagues demonstrate rare genomic rearrangements in human

melanoma samples. These likely represent bystander genomic al-

terations in amalignancywidely assumed to be primarily driven by

somatic mutations (e.g., BRAF ). It is expected that many gene fu-

sions resulting from chromosomal rearrangements may represent

‘‘passenger’’ events (Stratton et al. 2009), and therefore functional

data will be requisite to help distinguish ‘‘driving’’ from ‘‘passen-

ger’’ events. Mounting data support ETS fusions as a ‘‘gatekeeper’’
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lesion in prostate cancer, necessary but not sufficient to the im-

plementation of transforming processes (Kumar-Sinha et al. 2008).

In vitro studies have shown that ETS fusions influence the cellular

program of invasiveness and initiate malignant transformation

that leads to preneoplasic lesions also referred to as prostate intra-

epithelial neoplasia (PIN) inmousemodel systems (Klezovitch et al.

2008; Tomlins et al. 2008). Because of the inability of ETS fusions

to form fully developed cancer in vivo, Tomlins et al. (2008) and

Carver et al. (2009) hypothesize the presence of a second hit nec-

essary to provide the cells with full neoplastic potential. With the

goal of identifying novel genomic rearrangements, Maher et al.

(2009a,b) reported on using RNA-seq to interrogate the whole cel-

lular transcriptome of breast cancer cell lines and a small number

of prostate cancer cell lines and tumor samples. Their study iden-

tified 11 novel prostate cancer-specific gene fusions (six in prostate

cancer cell lines and five in primary patient samples). A subsequent

study by Pflueger et al. (2009) identified an additional ETS fusion

using RNA-seq, and Palanisamy et al. (2010) recently published

rearrangements of RAF genes (BRAF and CRAF) in ;1%–2% of

prostate cancer and other cancers. The results of these studies are

summarized in Supplemental Table S1. Given the known hetero-

geneous nature of prostate cancer (Sboner et al. 2010a), the limited

number of human samples analyzed so far are unlikely to be suf-

ficient to capture the total repertoire of genomic translocation

events in prostate cancer. Therefore, to investigate the extent to

which novel gene fusions or chimeric read-through transcripts are

involved in prostate cancer, we used whole transcriptome se-

quencing of 25 prostate cancer samples enriched for ETS fusion

negative samples and three benign prostate tissues using the Illu-

mina Genome Analyzer II (GAII). In total, this represents the

preparation and processing of 69 lanes of Illumina Genome

Analyzer II and the generation ofmore than1 billion reads (Table 1).

About 600 million mapped reads derived from the paired-end (PE)

RNA-seq data were processed through a novel computational tool

called FusionSeq (an openly available resource at http://rnaseq.

gersteinlab.org/fusionseq/; Sboner et al. 2010b) developed to spe-

cifically nominate high-confident chimeric RNA transcripts by ac-

counting for sources of noise that can introduce artifacts (Fig. 1A;

Supplemental Fig. S1). Mandatory attribution of confidence scores

by FusionSeq enabled us to prioritize chimeric RNA transcripts for

validation by reverse-transcription polymerase chain reaction

(RT-PCR) and fluorescence in situ hybridization (FISH). Subse-

quently, we performed a set of selected functional follow-up studies

on confirmed novel gene fusions.

Results

Computational approach

We used a novel computational approach, FusionSeq (Sboner et al.

2010b; also described in the Supplemental material), to identify

chimeric transcripts based on PE reads where the two ends are

mapped to different genes (Fig. 1A; Supplemental Fig. S1). In order

to discard artifactual candidates, a set of filters is then applied (the

various filters are summarized in Supplemental material). The ap-

plication of these filters reduces the initial list of candidate fusion

transcripts of ;96% on average, thus enriching for potentially

real fusion transcripts (Supplemental Table S2). Also, similar to

Table 1. Summary statistics of data generation with next-generation RNA sequencing

Sample
Tissue
type

ETS
fusion

No. of
lanes

Read
length

No. of
reads

No. of
mapped
reads

Percent of
mapped
reads

No. of
reads/lane

No. of
mapped

reads/lane
Nucleotides
mapped

STID410_C PCa No 4 50 85,735,958 57,736,970 67% 21,433,990 14,434,243 2,886,848,500
STID420_D PCa No 2 51/54 40,427,051 23,244,395 58% 20,213,526 11,622,198 1,185,464,145
STID580_B PCa Yes 1 54 43,363,383 23,558,632 54% 43,363,383 23,558,632 1,272,166,128
STID581_D PCa Yes 4 50/54 54,796,238 34,954,299 64% 13,699,060 8,765,641 1,853,251,180
STID1024_D PCa No 1 54 33,869,075 20,265,731 60% 33,869,075 20,265,731 1,094,349,474
STID1043_B PCa No 2 36/54 13,673,454 6,066,051 44% 6,836,727 3,033,026 302,056,182
STID1700_D PCa Yes 2 51/54 45,122,208 26,856,664 59% 22,561,104 13,428,332 1,427,372,037
STID1783_B PCa No 4 50 68,297,519 32,873,206 48% 17,074,380 8,218,302 1,643,660,300
STID2525_A PCa No 4 50/51 41,159,746 22,456,506 55% 10,289,937 5,614,127 1,122,825,300
STID2620_D PCa Yes 4 50/51 57,263,072 32,484,916 57% 14,315,768 8,121,229 1,624,245,800
STID2660_B PCa No 2 54 25,141,860 11,486,658 46% 12,570,930 5,743,329 620,279,532
STID2661_D PCa No 2 54 17,053,903 8,501,341 50% 8,526,952 4,250,671 459,072,414
STID2740_A PCa No 2 54 39,198,207 15,974,309 41% 19,599,104 7,987,155 862,612,686
STID2743_D PCa Yes 3 54 42,715,472 21,561,194 50% 14,238,491 7,187,065 1,164,304,476
STID2762_D PCa No 2 54 55,913,548 26,388,959 47% 27,956,774 13,194,480 1,425,003,786
STID2849_D PCa No 2 54 50,794,664 21,493,260 42% 25,397,332 10,746,630 1,160,636,040
STID2858_C PCa Yes 2 54 38,444,691 19,052,852 50% 19,222,346 9,526,426 1,028,854,008
STID2872_D PCa No 2 54 42,552,504 18,618,017 44% 21,276,252 9,309,009 1,005,372,918
STID3023_B62 PCa Yes 4 50 49,936,734 30,710,795 62% 12,484,184 7,677,699 1,535,539,750
STID3027_B57 PCa No 4 50 52,824,859 29,991,462 57% 13,206,215 7,497,866 1,499,573,100
STID3042_H51 PCa No 2 50 26,442,544 15,069,117 57% 13,221,272 7,534,559 753,455,850
STID3043_B56 PCa No 2 50 24,704,009 13,698,071 55% 12,352,005 6,849,036 684,903,550
STID3071_B51 PCa No 2 54 53,957,766 25,073,054 46% 26,978,883 12,536,527 1,353,944,916
STID3127_B56 PCa No 2 54 42,869,486 25,252,807 59% 21,434,743 12,626,404 1,363,651,578
STID3134_B58 PCa No 2 54 26,092,816 13,883,568 53% 13,046,408 6,941,784 749,712,672
STID2762_A Benign prostate No 2 54 43,791,420 20,153,525 46% 21,895,710 10,076,763 1,088,290,350
STID2743_C Benign prostate No 2 54 47,408,441 20,567,529 43% 23,704,221 10,283,765 1,110,646,566
STID2740_C Benign prostate No 2 54 45,247,018 19,908,070 44% 22,623,509 9,954,035 1,075,035,780

Total 69 1,208,797,646 637,881,958 533,392,281 276,984,664 33,353,129,018

Summary of sequence data generation for 25 prostate cancer samples (PCa) and three benign prostate tissue samples analyzed by next-generation whole
transcriptome sequencing on Genome Analyzer II (Illumina).
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previous studies, the remaining candidates are categorized as in-

terchromosomal, intrachromosomal (connecting distant genes on

the same chromosome), read-through (joining neighboring genes

located on the same strand), or cis events (bridging genes located

on the same chromosome but in different strands). In addition,

FusionSeq attributes scores in order to sort and prioritize the can-

didates for experimental follow-up.

Validation of candidates in the read-through and cis categories

To begin with, we sought to validate selected read-through and cis

candidate chimeras. Nine of the 11 highest scoring read-through

chimeras were validated by RT-PCR (Supplemental Table S3). Read-

through transcripts form from similarly oriented neighboring

genes. While the mechanism is unknown, evidence from several

studies using high-resolution oligonucleotide SNP array analysis

suggest that there is neither gross genomic rearrangement nor loss

of intervening genomic DNA required to the formation of this

specific class of fusion transcripts (for review, see Gingeras 2009).

Our results suggest that read-through events are not cancer-

restricted, as several positively validated chimeric read-through

transcripts were nominated in both prostate cancer and benign

prostate tissues (Supplemental Table S3) including the previously

described ZNF649–ZNF577 and SLC45A3–ELK4 read-through

events (Maher et al. 2009a; Rickman et al. 2009). Although this

analysis does not completely rule out possible contamination by

epithelial cancer cells in the benign tissue, our data provide evi-

dence for an extended complexity of the cellular transcriptome and

support a broader definition of a gene thatmight include utilization

of exons from neighboring genes (Gerstein et al. 2007; Gingeras

Figure 1. FusionSeq identifies seven high-scoring intra- and interchromosomal candidates that could be validated positively in five prostate cancer
samples. (A) Schematic of the computational processes composing FusionSeq. (B) List of candidates within five samples. Candidates with negative DASPER
scores were removed, and the remaining candidates were sorted anticlimactic by RESPER (referred to as Score) with a cutoff of 1. True gene fusions (solid
orange, known TMPRSS2–ERG fusions; striated orange, novel gene fusions) score higher than candidates that appear down the list (white bars). (C ) The
novel gene fusions were experimentally validated using RT-PCR and FISH.

Pflueger et al.
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2009). It is still unknown whether the formation of read-through

transcripts is part of a normal biological activity or if it rather de-

fines a cancer-related process that could appear in adjacent benign

tissue of a cancerous prostate. None of the two cis chimera candi-

dates were validated by RT-PCR, suggesting that they might be

nominated due to an incomplete gene annotation, as exemplified

by PICK1–SLC16A8 (Supplemental material; Supplemental Fig. S2).

Identification of novel gene fusions in prostate cancer

Seven high-scoring inter/intrachromosomal cancer-specific chi-

meric candidates were nominated for experimental validation (Fig.

1B,C). From two TMPRSS2–ERG fusion negative tumor samples

(STID3023_B62 and STID2620_D), we identified and validated two

novel gene fusions involving ETS family members, KLK2–ETV1

and FKBP5–ERG (Fig. 2; Supplemental Fig. S3; Supplemental ma-

terial). Both of these 59 partners are known androgen-regulated

genes (Makkonen et al. 2009), and KLK2 has been reported as

a 59 gene fusion partner to ETV4 (Hermans et al. 2008). To our

knowledge, this is the first description of a KLK2–ETV1 fusion

event. At the transcript level, the fusion was successfully validated

using RT-PCR followed by Sanger sequencing (Fig. 2B). We con-

firmed the KLK2–ETV1 rearrangement at the DNA level by FISH

break-apart assays (Fig. 2C). In the second case, empirical valida-

tion of fusions involving FKBP5 led to the discovery of a com-

plex triple fusion event with FKBP5 joined to TMPRSS2 and ERG

(Supplemental Fig. S3). Interestingly, two novel fusion candi-

dates (CDKN1A–CD9 and TNPO1–IKBKB) were nominated in a tu-

mor sample that was also TMPRSS2–ERG gene fusion positive

(STID2858_C) (Figs. 3, 4). Both fusions were validated by RT-PCR

(Figs. 3B, 4B), and the presence of genomic rearrangements was

confirmed by FISH assays (Figs. 3C, 4C). The gene fusions only

occur in the cancer focus, not in the adjacent benign tissue. The

fusion event between CDKN1A and CD9 appears to influence the

expression of CDKN1A, which is low in this sample (Fig. 3D).

Evaluation of CD9 protein expression in the tissue derived from

this patient showed partial loss of plasma membrane staining in

prostate cancer cells as compared to adjacent benign prostate ep-

ithelial cells or to a prostate cancer without the CDKN1A–CD9

rearrangement (Fig. 3E). Examination of the CDKN1A–CD9 fusion

open reading frame (ORF) sequence reveals that the fusion brings

into frame a downstream initiating methionine of the CD9 and

therefore is predicted to produce an N-terminally truncated CD9

that lacks one transmembrane domain and the small extracellular

loop (Fig. 3F). To determine the basis underlying altered expression

of CD9, we transiently transfected HEK293 cells with either wild-

type (WT)–CD9 or CDKN1A–CD9 fusion expression vector and

examined the expression of the protein products. Western blot

analysis indicated lower protein expression from the CDKN1A–

CD9 fusion construct in HEK293 cells as compared with the WT–

CD9 construct (Supplemental Fig. S4A). This is most likely due to

the utilization of an AUG start site that has a weaker Kozak con-

sensus sequence than the one used to produce WT–CD9. Immu-

nofluorescence staining revealed that in contrast to WT–CD9,

truncated CD9 exhibits weak to absent membranous expression

(Fig. 3G). In a prostate model (benign prostate epithelial RWPE),

we confirmed the lack of membranous expression in cells trans-

fected with truncated CD9 (Supplemental Fig. S4B). The truncated

CD9 protein was unable to transform cells in foci formation assays

usingNIH3T3 cells (data not shown).We screened various prostate

cancer cell lines for endogenous expression of CD9 (Fig. 3H). The

lowest expressionwas found inDU145 cells. The androgen receptor

(AR) negative DU145 line is derived from a brain metastasis and

represents an aggressive stage of prostate cancer (van Bokhoven

et al. 2003). DU145 is normally invasive in vitro, and, therefore, we

set out to further characterize the contribution of CD9 loss to the

induction of invasion. Stably reintroducing high WT–CD9 levels

in DU145 resulted in a significant reduction in the invasive be-

havior of DU145 cells (Fig. 3I–K).

We also detected a fusion placing IKBKB (IKK-beta) next to

TNPO1 (transportin 1) regulatory sequences (Fig. 4). The presence

of the TNPO1–IKBKB fusion was associated with an IKK-beta gene

expression level more than ninefold higher than the median ex-

pression level of other prostate cancer samples (Fig. 4D). The fusion

gene maintains the native translation start site in exon 2 of IKBKB

and therefore is predicted to encode for wild-type IKK-beta (the

Figure 2. Identification of KLK2 as novel 59 fusion partner of ETV1. (A) Circos plot of KLK2–ETV1 rearrangement. Outer ring: (purple) chromosome 19;
(pink) chromosome 7. Inner ring: (blue) genes; (green) exons. Within the inner ring, lines denote PE reads with both reads belonging to KLK2 (gray) and
reads connecting ETV1 and KLK2 (red). (B) RT-PCR and Sanger sequencing of the resulting fusion transcript reveals the expression of two different fusion
transcripts. PCR products were sequenced using the reverse primer, so sequence traces are given in reverse orientation. (C ) ETV1 and the KLK locus are
rearranged as determined by FISH break-apart assays. Of note, KLK2-specific FISH is not feasible due to the small size of the KLK2 gene and its close location
to neighboring genes of the KLK locus. To address this, genomic rearrangement of the KLK2 gene is inferred from a rearrangement in the genomic locus of
the KLK gene family.
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predicted ORF resulting from the fusion is provided in the Sup-

plemental material). We examined whether IKK-beta expression is

essential to maintain the viability of human prostate cancer cells

LNCaP and 22Rv1 by incubating themwith BMS-345541, a potent

selective allosteric site-binding inhibitor of IKK-beta (Burke et al.

2003). Within 72 h, cell viability in the BMS-345541-treated cells

was significantly compromised compared to vehicle-treated cul-

tures (Fig. 4E). Apoptotic cells were manifest as early as 24 h fol-

lowing treatment at concentrations of 1mMand5mM, respectively

(data not shown). Within 14 h, reduced levels of phospho-RelA

were observed indicating that BMS-345541 can inhibit NFKB sig-

naling in these two prostate cancer cell lines through its ability to

antagonize IKK-beta activity (Fig. 4F).

Interestingly, another potential oncogene, PIGU, was nomi-

nated in one case harboring TMPRSS2–ERG rearrangement

(STID580_Ba). Paired-end reads connecting PIGU (chr 20) and

ALG5 (chr 13) (Fig. 5A) indicated the presence of a reciprocal bal-

anced translocation event between ALG5 and PIGU giving rise to

two novel gene fusions confirmed by RT-PCR and FISH (Fig. 5B,C).

As none of the common prostate cancer models (i.e., LNCaP,

DU145, VCaP, 22Rv1) harbor this translocation (as determined by

RT-PCR), we transiently expressed ALG5–PIGU and PIGU–ALG5 in

HEK293 cells. While both mRNA transcripts were detectable (Fig.

5D), only the ALG5–PIGU fusion protein is produced with a

molecular weight of <50 kDa (Fig. 5E; Supplemental Fig. S5A). A

sequence-based prediction of protein domains further indicates

that the functional domain of PIGU is maintained in the ALG5–

PIGU fusion protein (Supplemental material). The expression of

PIGU in the tumor with this fusion event did not, however, appear

significantly different from other samples that did not harbor the

fusion (Supplemental Fig. S5B). In vitro experiments using siRNA

(Fig. 5F,G; Supplemental Fig. S5C) demonstrate that PIGU expres-

sion is required for maintaining anchorage-independent growth

and proliferative capacity of prostate cancer cells. Since a previous

PIGU translocation was described as a germline event in a patient

with bladder cancer (Guo et al. 2004), we also examined this case

for a similar germline alteration by using FISH, but no alterations

were observed in normal adjacent prostate tissue (Supplemental

Fig. S5D).

Interestingly, none of the newly identified 59 gene fusion

partners (i.e., ALG5, PIGU, CDKN1A, and TNPO1) are androgen-

regulated (Supplemental Fig. S6) in contrast to the most common

Figure 3. Characterization of the CDKN1A–CD9 gene fusion candidate. (A) Mapping of PE RNA-seq reads to CDKN1Awith either both ends mapping to
CDKN1A (gray) or one end mapping to CD9 (red) and thereby connecting CDKN1A exon 1 to 39 exons of CD9. (B) Experimental validation of the gene
fusion transcript by RT-PCR and subsequent Sanger sequencing. (C ) FISH validation of the CDKN1A–CD9 fusion in the index case (right) but not in another
control cancer (left). (D) The fusion positive prostate cancer sample (black) has the lowest CDKN1A expression levels across 25 prostate cancers. Expression
levels are indicated in reads per kilobase of exon model per million mapped reads (RPKM) as defined previously (Mortazavi et al. 2008). (E ) Immuno-
detection of CD9 by immunohistochemistry. (Left) Strong CD9 membranous expression detected in malignant glands from a prostate cancer sample
without a detectable CD9 rearrangement. (Right)Malignant glands inCDKN1A–CD9 fusion positive case (arrow) showingweakmembranous expression in
comparison to adjacent benign areas (arrowhead). (F ) Schematic illustration of Flag-taggedWT–CD9 and Flag-tagged CDKN1A–CD9 fusion protein. The
fusion event leads to a truncated CD9 protein with loss of two transmembrane domains and the small extracellular domain (EC1). (Bottom) The amino acid
sequence of WT–CD9 protein with the truncated CD9 protein version underlined. (G) Immunofluorescence staining revealed the expression of WT–CD9
and truncated CD9 in HEK293 cells stained with anti-Flag (red) antibody. Nuclei were stained with DAPI (blue). (H) Expression levels of CD9 mRNA
transcripts in prostate cell lines. (I ) CD9 expression from control or stably CD9-expressing DU145 cells. ( J ) Bar graph comparing the invasiveness of the
two lines as assessed by Boyden chamber assays. (K ) Representative images of invaded cells for each cell line.
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59 prostate cancer fusion partners (i.e., TMPRSS2, SLC45A3, and

NDRG1). Finally, we detected a fusion between MIER2 and RSRC2

in a third TMPRSS2–ERG fusion positive sample (STID581_Dt).

RSRC2 has been proposed previously as a tumor suppressor gene in

the setting of esophageal cancer (Kurehara et al. 2007). RT-PCR

validation and subsequent Sanger sequencing revealed a fusion

transcript connecting exon 3 of MIER2 with exon 11 of RSRC2

(Supplemental Fig. S7A). The predicted open reading frame

resulting from theMIER2–RSRC2 fusion encodes a 114-amino-acid

fusion protein that might retain 81 amino acids of the N-terminal

portion of MIER2 and 59 amino acids from the small C-terminal

portion of RSRC2 (Supplemental Fig. S7B). Thus, this fusion likely

impairs the proper function of these two genes. In addition, ex-

amination ofmRNA expression levels showed that this sample had

relatively low levels of RSRC2 and MIER2 (Supplemental Fig.

S7C,D). We screened additional prostate cancer samples by FISH

on tissue microarrays for the presence of rearrangements involv-

ingCDKN1A (n = 87),CD9 (n = 77), IKBKB (n = 83), or PIGU (n = 74).

In all, we identified one additional case displaying CD9 rear-

rangement and one with IKBKB rearrangement. Interestingly,

these two fusions occur in ETS rearrangement positive cases. Nei-

ther CDKN1A nor TNPO1were the respective gene fusion partners

in these cases. The lack of availability of frozen material for this

sample prevented us from nominating any potential 59 fusion

partners. However, these data suggest that, as exemplified by the

plethora of ETV1 gene fusion partners (Tomlins et al. 2007), there

may be additional unknown 59 fusion partners to CD9 and IKBKB.

In another set of 110 prostate cancer cases from the University of

Michigan, we failed to identify additional instances of the novel

fusions presented here.

Validation of scoring system in FusionSeq

In order to better estimate the accuracy of our scoring system that

may have failed in detecting gene fusions in the 17 non-ETS rear-

ranged cases, we tested for the presence of chimeric transcripts in

two instances of interchromosomal fusion candidates with low or

negative FusionSeq scores. The prostate tissue-specific gene and

known 59 gene fusion partner KLK2 with P4HB, and the ubiqui-

tously expressed housekeeping gene and known 59 gene fusion

partnerHNRNPA2B1with PLA2G2A failed experimental validation

despite the fact that they were nominated in more than one sam-

ple. A likely explanation for this is that chimeric RNA transcripts

involving two genes that are highly and ubiquitously expressed

might be the result of experimental artifacts created during sample

preparation by random ligation of abundantly available gene

transcripts. Further support of this finding comes from the low or

negative score of those chimeric candidates. Collectively, these

results support the hypothesis that our scoring system enriches

for real fusion transcripts.

Discussion

This study significantly expands the scope of known gene fusions

in human prostate cancer to now include fusions involving both

ETS and non-ETS genes. We identified seven novel gene fusions in

human tissue prostate cancer samples, five of which are rare and

involve genes not previously implicated in gene fusions.

The complex TMPRSS2–FKBP5–ERG fusion could not have

been anticipated using paired-end RNA-seq without RT-PCR and

FISH validation. This fusion represents a novel class of complex

Figure 4. Characterization of the TNPO1–IKBKB gene fusion candidate. (A) Mapping of PE RNA-seq reads to TNPO1with either or both endsmapping to
TNPO1 (gray) or one endmapping to IKBKB (red). (B) Experimental validation by RT-PCR and Sanger sequencing verifies the expression of a TNPO1– IKBKB
fusion transcript. (C ) Fusion specific FISH assays confirm the existence of TNPO1–IKBKB fusion in cancer tissue (right) but not in adjacent benign tissue (left).
(D) IKBKB expression levels in a set of 25 prostate cancers. IKBKB levels are highest in the fusion positive sample (black). (E ) Dose response curve assessing
the effect of the IKK-beta inhibitor BMS-345541 on viability of LNCaP and 22Rv1 prostate cancer cells. (F ) Immunoblots depicting the effect of BMS-
345541 exposure on RelA phosphorylation in LNCaP and 22Rv1 cells.
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fusions that may have functional relevance in conferring a growth

advantage to neoplastic cells.

Altered CD9 expression has been reported in several human

carcinomas originating from the colon, breast, cervix, lung, and

prostate, and has been consistently associated with adverse prog-

nosis (Higashiyama et al. 1995; Huang et al. 1998;Mori et al. 1998;

Sauer et al. 2003;Wang et al. 2007). Our findings suggest that CD9

is an important mediator in regulating invasiveness and that its

loss or reduction might contribute to increasing the metastatic

competence of prostate cancer cells. The CDKN1A–CD9 fusion

likely belongs to a class of inactivating fusion events whose main

consequence is to compromise the expression of the wild-type

form of the fusion partners. However, it is assumed that in most

cases, the remaining wild-type allele(s) of a ‘‘gene-inactivating’’

fusion event can compensate for such loss. In some circumstances,

however, heterozygous inactivation of a gene may be sufficient to

have functional consequence, alone or in conjunction with addi-

tional events as supported by loss of PTEN alone or in conjunction

with ETS rearrangements (Yoshimoto et al. 2008; Carver et al.

2009; Han et al. 2009). As another example for inactivating fusion

Figure 5. Characterization of the reciprocal balanced translocation event involving PIGU and ALG5. (A) Circos plot of ALG5–PIGU rearrangement. In the
outer ring, (gray) chromosome 20 and (blue) chromosome 13. Genes are represented in purple (PIGU) and orange (ALG5) on the inner ring. Within the
inner ring, each line denotes paired-end reads with either both endsmapping to PIGU (gray) or one endmapping to PIGU and the other end to ALG5 (red).
The red lines connect 59 ALG5 to 39 PIGU and vice versa, thereby indicating a balanced translocation event. (B) Experimental validation of the two resulting
gene fusions by RT-PCR and subsequent Sanger sequencing of the resulting PCR products. Two different primer pairs were used for verification of each
gene fusion transcript indicated as 1 and 2. (C ) FISH validation of the ALG5–PIGU fusion in the index case by break-apart assays (left andmiddle) and a fusion
assay (right). (D) Expression of ALG5–PIGU and PIGU–ALG5messages, as determined by quantitative PCR following transfection of the indicated constructs
in HEK293 cells. (E ) Immunoblot analysis on the transfected HEK293 cells showing protein expression only in ALG5–PIGU transfected cells. (F,G) LNCaP
cells were treated with nontargeting (NT) siRNAs or siRNAs against PIGU to assay for effect of anchorage-independent growth in soft agar. (F ) Bar graph
showing expression of PIGU after siRNA treatment. (G) LNCaP cells treated with PIGU siRNAs show reduced colony formation ability.
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events, we have identified an intrachromosomal RYBP–FOXP1

fusion in NCI-H660 (TMPRSS2–ERG fusion positive cell line). Both

genes reside at chromosome 3p14, a locus involved in frequent

deletions in TMPRSS2–ERG positive prostate cancer, which has

recently been suggested to contain a tumor suppressor (Supple-

mental Fig. S8; Taylor et al. 2010).

IKK-beta kinase is one subunit of the IkB kinase (IKK) complex

that is a major component of the NFKB pathway, but recent evi-

dence also demonstrated that IKK-beta might have multiple sub-

strates extending its functions to NFKB-independent pathways

(Chariot 2009). Such substrates include genes that are especially

pertinent to homeostasis and cancer. Despite the growing body of

literature showing that IKK-beta exerts crucial function in in-

flammation, immunity, and cancer, the role of IKK-beta in human

prostate cancer cells remains largely elusive. Recent evidence us-

ing small molecule inhibitors of IKK such as BMS-345541, MLX

105, or PS1145 suggests IKK activity as a potential target for ther-

apy in various malignancies (Lam et al. 2005; Yang et al. 2006;

Yemelyanov et al. 2006; Idris et al. 2009; Jinawath et al. 2010). Our

analysis now provides evidence that IKK-beta activity is important

for maintaining the integrity of prostate cancer cells. If these

findings are confirmed, this might offer the opportunity for ther-

apeutic intervention by anti-IKK treatment, especially in prostate

cancer patients harboring high expression and/or activity of IKK-

beta aswe observed in this patient presentingwith aTNPO1–IKBKB

fusion.

PIGU is overexpressed in bladder cancers and has been pro-

posed as an oncogene in bladder (Guo et al. 2004) and breast

cancer (Wu et al. 2006). PIGU protein has been found to be up-

regulated in prostate cancer (Nagpal et al. 2008). Indeed, the fact

that we see no obvious change in PIGU expression in the fusion

positive case when compared to the entire data set stands in con-

trast to the previous fusions that we identified. One explanation

for this could be that PIGU expression might play a role in cell

growth, and thus a significant activity of the wild-type PIGU re-

mains elevated for certain tumor cells.

Interestingly, all of the new interchromosomal fusions

(CDKN1A–CD9, TNPO1–IKBKB, ALG5–PIGU, PIGU–ALG5, and

MIER–RSRC2) identified in the present study are found in

TMPRSS2–ERG rearranged prostate cancer rather than in the ETS

fusion negative class. Although the number of samples is limited,

this observation does raise the intriguing possibility that the

presence of TMPRSS2–ERG rearrangements could be a prerequisite

for subsequent oncogenic events. In fact, corroborated by the

discovery by Lin et al. (2009) that there are mechanisms in place

mediating nonrandom chromosomal rearrangements by targeted

transcription factor binding, one might anticipate that a class of

prostate cancer is predisposed to harbor gene rearrangement,

where TMPRSS2–ERG arises first and additional gene rearrange-

ments follow. Recently, we discovered the presence ofmultiple ETS

gene rearrangements in prostate cancer samples (Svensson et al.

2010). Assessing the mutual exclusivity of these events in situ us-

ing FISH, we observed instances wherein 90% of cancer cells in

a given prostate cancer focus harbor a TMPRSS2–ERG rearrange-

ment and 10% of these rearranged cancer cells demonstrate an-

other ETS rearrangement, suggesting that the second ETS rear-

rangement emerged later as part of tumor progression (Svensson

et al. 2010).

Recent genome-wide sequencing projects have shed light on

the landscape of somatic alterations in several cancer genomes

including kidney, breast, and colorectal cancer (Sjoblom et al.

2006; Stephens et al. 2009; Dalgliesh et al. 2010). Many more so-

matic alterations are detectable than expected to be requisite for

the transformation of normal cells, which led to the assumption

that many are of no functional consequence and considered

‘‘passengers’’ (Stratton et al. 2009). However, a minimal number of

five to six alterations is suggested to be essential in driving cancer

behavior. These ‘‘driving’’ mutations most likely involve a myriad

of different genes giving each cancer case its individual ‘‘face’’ but

are ultimately converging onto themodification of a finite number

of critical pathways. Secondary alterations are well known to occur

in hematological malignancies (Bergsagel and Kuehl 2001; Sulong

et al. 2009). The novel gene fusions presented heremight represent

secondary lesions that occur at a later time point in prostate on-

cogenesis. After screeningmore than 200 additional cases, we only

identified two recurrent rearrangements from the seven identified

by RNA-seq in this study. This suggests that many of these fusion

events may be ‘‘private events,’’ occurring only in one patient. We

have yet to fully characterize if they represent ‘‘passenger’’ or

‘‘driving’’ mutations. However, we hypothesize that a subset of

these fusions do add to the biologic nature of an individual’s tu-

mor. Some may be highly targetable such as the recently discov-

ered RAF fusions (Palanisamy et al. 2010) or the IKBKB (IKK-beta)

fusion identified in this study. These types of targetable fusions

may play a role in a personalized approach to cancer care.

In summary, we describe novel ETS and non-ETS prostate

cancer fusions clustering in ETS rearranged prostate cancer. We

further demonstrate that some of these fusions may act as addi-

tional drivers of tumor progression. These findings also support an

emerging view that ETS overexpression may predispose to highly

specific DNA breakpoints that are distinct from those observed in

fusion negative prostate cancers.

Methods

Samples

The prostate samples (see Supplemental Tables S4 and S5 for clin-

ical information) have been collected as part of an IRB approved

protocol at Weill Cornell Medical College. The samples derived

from patients with localized or locally advanced disease that were

treated with radical prostatectomy as monotherapy. H&E slides of

frozen tissue blocks were examined by the study’s pathologists

(R.E. and M.A.R.) to select for high-density cancer foci with <10%

stroma or other contaminating noncancerous material. The ERG

rearrangement status was examined on the frozen cancer focus

using a FISH break-apart assay as previously described (Tomlins

et al. 2005; Perner et al. 2006). Simultaneously, RNA was extracted

from the frozen cancer tissue using TRIzol (Invitrogen) according

to the manufacturer’s protocol. For the purpose of molecular

characterization, RNA was reverse-transcribed using the cDNA

HighCapacity kit (Applied Biosystems) and subjected toTMPRSS2–

ERG PCRs to type for TMPRSS2–ERG fusion transcript expression

(as described in Tomlins et al. 2005). In the case of RNA extraction

from benign tissue, we identified a frozen tissue block with no

evidence of tumor tissue to minimize the possibility of tumor

contamination in the benign tissue sample.

RNA-seq sample prep and sequencing

Total RNA was prepared in accordance with Illumina’s sample

preparation protocol for PE sequencing of mRNA unless described

otherwise. In brief, 5–10 mg of total RNA was fragmented by heat

between 2 and 3 min based on the desired insert size, reverse-

transcribed using Superscript II (Invitrogen), and transformed to

double-stranded cDNA. To improve PE RNA-seq data quality, we
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introduced an additional gel-based size selection step after cDNA

double-strand synthesis and before the ligation of the PE adapters.

This was postulated by Quail et al. (2008) as a means to reduce

the inclusion of artifactual chimeric transcripts that are composed

of two cDNA fragments into the sequencing library. We also in-

tegrated the use of T4 ligase (Enzymatics Inc.) to improve the ef-

ficiency of adapter ligation. Over the course of the study, we in-

creased the library size range from 250 bp to 450 bp. The gel

dissolutions of all gel-based purification steps were conducted at

room temperature under slight agitation as described byQuail et al.

(2008). After the enrichment of cDNA template by PCR, the con-

centrations and the sizes of the libraries were measured using

a Qubit fluorometer (Invitrogen) and DNA 1000 kit (Agilent

Technologies) on an Agilent 2100 Bioanalyzer, respectively. PE

RNA-seq was performed with the Genome Analyzer II (Illumina)

increasing the read size of the PE reads from 36 to 54 bp over the

course of the study. Additionally, Illumina introduced improved

sequencing reagents and upgraded imaging software over time to

increase data quality and sequencing coverage.

Processing of RNA-seq data through FusionSeq

PE reads were aligned to the human genome (hg18) using ELAND,

part of the standard software suite from Illumina. PE reads that

mapped with only up to two mismatches were then processed

through FusionSeq. In brief, FusionSeq consists of a compendium

of modules that:

1. Classify the reads in groups depending on if the respective PE

reads belong to the same gene, to different genes, or if they are

not mappable.

2. Filter all the chimeric PE reads, that is, thosewhere the two reads

map to different genes, in order to discard artifactual candidates

such as those involving homologous genes as well as those

joining highly expressed genes, such as ribosomal, that might

have been generated from sample prep. It also filters candidates

that may result from PCR artifacts as well as gene annotation

issues. This module also categorizes candidates and attributes

various scores in order to sort and prioritize them for experi-

mental follow-up.

3. Identify the sequence of the junction between the mRNAs

coming from the two different genes with the aim to find over-

all support for the chimeric transcript.

Validation experiments by RT-PCR

PCR validation has been performed using primers outside of the

region that is covered by PE reads to introduce a second step of

quality control for the further reduction of the possibility of

detecting false-positive chimeric transcripts due to a regional high

homology between partner genes. A second round of PCR, using

another primer pair, was employed if the results from the first

primer pair were inconclusive (Supplemental Table S6).

Validation experiments by FISH

All FISH experiments were performed as described (Tomlins et al.

2005; Perner et al. 2006) on the same cancer focus that was sub-

jected to RNA extraction for RNA-seq and PCRs. In a FISH break-

apart assay, a nucleuswithout gene rearrangement shows two pairs

of red–green signals, often forming two yellow signals, indicating

two intact alleles. A nucleus with gene rearrangement shows the

split of one yellow signal into two distinct red and green signals for

the rearranged allele and one remaining juxtaposed red–green

(yellow) signal indicating the intact allele. In a FISH fusion assay,

a nucleus with fusion shows one red and one green distinct signal

coming together to form a yellow signal and indicating the fusion

allele. The FISH probes are listed in Supplemental Table S7. For

screening analysis, FISH experiments were carried out on two tis-

suemicroarrays (TMA) containing 41 and 47 samples, respectively.

Immunohistochemistry

Immunohistochemical staining of CD9 (clone 72F6, 1:250 di-

lution; Abcam) was performed using the Bond Max Autostainer

(Leica Microsystems). Formalin-fixed, paraffin-embedded tissue

sections were deparaffinized, and endogenous peroxidase was

inactivated. Antigen retrieval was accomplished using the Bond

Epitope Retrieval Solution 2 (ER2) for 20min at 99°C–100°C (Leica

Microsystems). Following retrieval, the sections were incubated

sequentially with the primary antibody for 25 min, post-primary

for 15 min, and polymer for 25 min ending with colorimetric de-

velopment with diaminobenzidine (DAB) for 10 min (Bond Poly-

mer Refine Detection; Leica Microsystems).

Cell cultures and reagents

Hormonal treatment

The human prostate cancer cell lines LNCaP (clone FGC) 22Rv1,

VCaP, and DU145 were obtained from the American Type Culture

Collection (Manassas, VA). Cells were maintained in either DMEM

or RPMI 1640 supplemented with 10% fetal bovine serum (FBS)

and penicillin/streptomycin according to manufacturer’s instruc-

tions. For androgen treatment, cells were cultured in phenol red-

free DMEM or RPMI supplemented with 10% charcoal-stripped

FBS for 24 h in the presence or absence of 1 nM R1881. BMS-

345541 was purchased from EMD4 Biosciences and dissolved in

DMSO, and 10 mM stock solution was stored at �20°C before use.

RT-PCR

RNAwas extracted using the TRIzol reagent (Invitrogen), subjected

to DNase treatment (DNA-free kit; Applied Biosystems) according

to the manufacturer’s instructions, and used in quantitative RT-

PCR. Quantitative RT-PCRwas performed using the ABI 7900 Real-

Time PCR System (Applied Biosystems) following the manufac-

turer’s RNA-to-CT 1-step protocol. Each target was run in triplicate,

and expression levels relative to the housekeeping gene TBP were

determined on the basis of the comparative threshold cycle CT

method (2�DDCT). The primer sequences used in these experiments

are given in Supplemental Table S6.

Invasion assay

For the invasion assay, 2 3 104 DU145 cells and DU145 stably

transfected with WT-CD9 were resuspended in 0.5 mL of RPMI-

1640 medium containing 1% FBS and placed into Matrigel-coated

Transwell inserts containing 8-mm filters (BD Falcon). The bottom

wells contained RPMI 10% with epidermal growth factor (10 ng/

mL). After 36 h, the cells on the upper surface of the filters were

removed with a cotton swab. The filters were fixed and stained

with Crystal Violet 0.5% for 30 min. The migrated cells were

quantified by counting the numbers of cells that penetrated the

membrane in five microscopic fields (at 203 objective magnifica-

tion) per filter. Therewere nonoticeablemorphological differences

between the control DU145 cells and CD9-transfected DU145

cells. Nor were there any evident differences in growth rates noted

during standard passage of the subline compared to the parental

cells with an estimated cell population doubling time of 29.5 6

2.3 h and 30.3 6 1.5 h, respectively.
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Anchorage-independent growth

Cell cultures of LNCaP cells were transfected with either 50 nM

of nontargeting control (ON-TARGETplus Non-targeting Pool,

Thermo Scientific) or 50 nM siRNAs directed against PIGU (ON-

TARGETplus SMARTpool) using Lipofectamine 2000 (Invitrogen).

Twenty-four hours later, cells were trypsinized and processed for

soft-agar assays performed on six-well plates in triplicate. For each

well, 1.5 3 104 cells were resuspended in 1 mL of 0.35% agar in

RPMI containing 10% FBS. This upper layer was seeded into six-

well plates coated with 0.6% agar in RPMI containing 10% FBS.

Each well was allowed to solidify and was subsequently covered

with 2 mL of the corresponding medium, which was refreshed

every 3 d. After 2 wk, colonies were stained with 0.005% (w/v)

p-iodonitrotetrazodium violet (Sigma) and counted using an in-

verse microscope at 403 magnification.

Cell viability and cell proliferation assays

For drug sensitivity assays following BMS-345541 treatment,

LNCaP and 22Rv1 cells (1 3 104 per well) were seeded on 96-well

tissue culture plates. The next day, cells were treated with either

BMS-345541 at growing concentrations or vehicle (DMSO) for

72 h. Cell viability was determined by performing WST-1 assay

(Roche) reading absorbance at 450 nm according to the manu-

facturer’s instructions. Values from four wells were obtained for

each treatment. Data are expressed as percentage of control group

without BMS-345541. For siRNA transfection RWPE (7.5 3 103

per well), 22Rv1 (1 3 104 per well), DU145 (2.5 3 103 per well),

DU145-ERG (2.53 103 per well), and LNCaP (13 104 per well) cells

were seeded on 96-well tissue culture plates. On the next day, cells

were transfected with 100 nM PIGU, MYC, or nontargeting (NT)

siRNAs (ON-TARGETplus; Thermo Scientific) using Lipofectamine

2000 (Invitrogen). At J0 and 72 h, growth was assessed by per-

forming WST-1 assay reading absorbance at 450 nm according to

the manufacturer’s instructions. Values from five wells were ob-

tained for each treatment. The efficacy of the siRNA knockdown

was assessed in several independent experiments by qRT-PCR (data

not shown), and the optimal amount of siRNA used for trans-

fection was determined as being 100 nM.

In vitro expression of WT–CD9, CDKN1A–CD9, PIGU–ALG5,

and ALG5–PIGU

Using cDNA derived from the human prostate cancer tissue sam-

ple, Flag-tagged wild-type ORF of CD9, Flag-tagged CDKN1A–CD9,

PIGU–ALG5, and ALG5–PIGU fusion sequences were cloned by

means of gateway technology (Invitrogen) into pENTR/D-TOPO

vector. All the clones generated in the entry vector were sequenced

to confirm proper orientation and sequence of cloning and were

later recombined into Gateway pLenti6.3/V5–DEST expression

vector (Invitrogen) by LR Clonase II enzyme reaction following

manufacturer’s instructions. C terminus double Flag-tag was gen-

erated for initial verification of protein expression in HEK293 cells.

Immunofluorescent staining

HEK293 or benign prostate epithelial RWPE cells were plated onto

eight-well Lab-Tek chambered cover slides and allowed to grow

overnight. Aliquots of WT–CD9 or CDKN1A–CD9 fusion expres-

sion vectors (320 mg) were mixed with calcium phosphate and

applied to the cultures according to the manufacturer’s instruc-

tions (Agilent Technologies). Forty-eight hours later, cells were

fixed with 4% formaldehyde in PBS for 10 min at room tempera-

ture, permeabilized with 0.05% Triton X-100 in PBS for 5 min,

and then blocked with 1% BSA in PBS for 30 h. Cells were in-

cubated with the monoclonal anti-Flag antibody (Sigma) in

0.5% BSA overnight at 4°C. After washing with PBS, cells were

incubated with the anti-mouse secondary antibodies coupled with

Alexa Fluor (Invitrogen) in 0.5% BSA for 30 min at room temper-

ature, washed, and mounted using mounting medium containing

DAPI (Invitrogen). Microscopic images were obtained under a 603

oil immersion objective using an Olympus BX-51 fluorescence

microscope.

Protein extraction and Western blot analysis

HEK293 cells were transfected with either LacZ control, WT-CD9,

CDKN1A–CD9 fusion expression vectors or control vector in six-

well plates and cultured for 48 h. PIGU–ALG5 and ALG5–PIGU fu-

sion expression vectors were also transfected under these condi-

tions. For BMS-345541 treatment, subconfluent cultures of LNCaP

and 22Rv1 cells were treated during 14 h. Protein lysates were

prepared in the RIPA buffer (radioimmunoprecipitation assay lysis

buffer) supplemented with protease inhibitor cocktail and phos-

phatase inhibitors (Thermo Scientific). The total protein concen-

tration of the soluble extract was determined using the BCA pro-

tein assay Kit (Thermo Scientific). Each protein sample (30 mg) was

resolved to SDS-PAGE, transferred onto a polyvinylidene difluoride

membrane (Millipore), and incubated overnight at 4°C with pri-

mary antibodies. Mouse monoclonal anti-Flag antibody was ob-

tained from Sigma, mouse monoclonal anti-NFKB p65 was from

Santa Cruz (sc-8008) to monitor total RelA levels, and rabbit anti-

phospho-NFKB p65 (Ser536) was purchased from Cell Signaling to

monitor RelA phosphorylation status. Following three washes

with TBS-T, the blot was incubated with horseradish peroxidase–

conjugated secondary antibody, and immune complexes were vi-

sualized by enhanced chemiluminescence detection (ECL plus kit,

GE Healthcare). The blot was reprobed with monoclonal antibody

against beta-actin (Sigma).
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