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Complex genome rearrangements are frequently observed in cancer but their impact on tumor molecular biology is largely

unknown. Recent studies have identified a new phenomenon involving the simultaneous generation of tens to hundreds of

genomic rearrangements, called chromothripsis. To understand the molecular consequences of these events, we sequenced

the genomes and transcriptomes of two prostate tumors exhibiting evidence of chromothripsis. We identified several com-

plex fusion transcripts, each containing sequence from three different genes, originating from different parts of the genome.

One such poly-gene fusion transcript appeared to be expressed from a chain of small genomic fragments. Furthermore, we

detected poly-gene fusion transcripts in the prostate cancer cell line LNCaP, suggesting they may represent a common phe-

nomenon. Finally in one tumor with chromothripsis, we identified multiple mutations in the p53 signaling pathway, expand-

ing on recent work associating aberrant DNA damage response mechanisms with chromothripsis. Overall, our data show

that chromothripsis can manifest as massively rearranged transcriptomes. The implication that multigenic changes can give

rise to poly-gene fusion transcripts is potentially of great significance to cancer genetics. VVC 2012 Wiley Periodicals, Inc.

INTRODUCTION

Complex genome rearrangements, involving

two or more breakpoint junctions are frequently

observed in cancer (Volik et al., 2003,2006; Ste-

phens et al., 2009; Berger et al., 2011). The

resulting structural variation is of great functional

consequence due to the potential for disruption

of tumor suppressor genes, activation of onco-

genes, and generation of fusion transcripts.

Fusion transcripts can result in mutual inactiva-

tion, bring an oncogenic gene under different

regulatory machinery or create fusion proteins,

and are considered to be a defining feature of

many cancers (Rubin et al., 1988; Maher et al.,

2009b). In prostate cancer, multigenic events

leading to the creation of key fusion genes which

drive disease, such as TMPRSS2-ERG have been

observed (Tomlins et al., 2005; Berger et al.,

2011). These events involved closed chains of

breakage and rejoining (CCBR), which were bal-

anced and resulted in minor DNA loss (tens to

hundreds of bp). The creation of driver fusions

such as TMPRSS2-ERG, which is associated with

early tumorgenesis (Tomlins et al., 2008; Clark

and Cooper, 2009), suggests that CCBR can occur

early in prostate cancer development. Interest-

ingly, one such event generated a complex gene

fusion involving TMPRSS2, FKPB5, and ERG
(Pflueger et al., 2011).

Recent evidence suggests that tens to hun-

dreds of genome rearrangements can be acquired

in a single cell cycle, during a process equivalent

to the shattering and reassembly of one or more

chromosome arms (Stephens et al., 2011).

Termed ‘‘chromothripsis,’’ this cataclysmic event

can promote the development of cancer through

simultaneous deletion of tumor suppressors and

creation of fusion genes. Chromothripsis has an

incidence of 2–3% in a wide range of tumor

types, and appears to be associated with poor out-

come, at least in multiple myeloma and acute

myeloid leukemia (Kloosterman et al., 2011b;
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Magrangeas et al., 2011; Stephens et al., 2011;

Maher and Wilson, 2012; Rausch et al., 2012).

Interestingly, constitutionally acquired complex

rearrangements share many features with chromo-

thripsis (Kloosterman et al., 2011a; Liu et al.,

2011), albeit with extensive chromosomal duplica-

tion and triplication not observed in cancer chro-

mothripsis (Maher and Wilson, 2012). A greater

understanding of chromothripsis is therefore

likely to have importance beyond cancer genetics.

Although considerable effort is now being

expended to understand the mechanisms under-

pinning chromothripsis (Maher and Wilson,

2012), the impact such a complex genome rear-

rangement has on the transcriptome is unknown.

We recently reported the first case of chromo-

thripsis in a prostate tumor. In this tumor, we

detected expression of two complex fusion tran-

scripts from the chromosomes rearranged during

chromothripsis (Lapuk et al., 2012). Each com-

plex transcript contained sequence from three

different parts of the genome, but limited clinical

sample availability prevented further characteriza-

tion of the genomic breakpoints and associated

transcriptome, and the association remained in-

triguing speculation. To explore further the

fusion gene complexity generated by chromo-

thripsis, we applied a novel algorithm specifically

designed to predict fusion transcripts arising from

multigenic events to whole genome and transcrip-

tome paired-end sequencing data from a second

prostate tumor with suspected chromothripsis.

MATERIALS AND METHODS

Tumor Specimen Collection

Collection of the mouse xenograft tumors LTL-

313H and LTL-313B was previously described

(Andersen et al., 2010; Watahiki et al., 2011). Tu-

mor 890 was collected from a patient during a radi-

cal prostatectomy and snap frozen at the Vancouver

General Hospital (Lapuk et al., 2012). The patient

signed a formal consent form approved by the

Ethics Board. The cell line LNCaP was obtained

from Pfizer Global Research and Development, La

Jolla Laboratories (Lapuk et al., 2012).

Paired-end Genome and Transcriptome

Sequencing

Genomic DNA and total RNA were extracted

from tumor tissue and the LNCaP cell line, and

the quality of the RNA was assessed with the

Agilent Bioanalyzer. Genome and transcriptome

sequencing of the samples was performed at

BCCA Michael Smith Genome Sciences Centre,

Vancouver, BC according to established protocols

essentially as described in Shah et al. (2009).

Sequence read details are provided in Supporting

Information, Table S1. Sequence data are avail-

able at NCBI SRA accession number SRP013021.

To generate genomic copy number (CN) pro-

files, DNA-Seq reads were mapped to the NCBI

36.1 (hg18) human genome reference sequence

using MAQ 0.7.174. Genomic CN changes were

approximated as the ratio of the average sequenc-

ing depth in a given window to the average

sequencing depth across the genome, where the

average sequencing depth across a window is cal-

culated from the total number of sequenced

bases in the given genomic window (of size 10 or

30 kb). These values were transformed into log2
space. CN profiles were visualized using the

Nexus Copy Number software package. Note

that for the cell line LNCaP, the CN profile used

in Supporting Information, Figure S4 is from a

publicly available dataset (Taylor et al., 2010),

but visualized with the same software.

Fusion Gene and Genomic Rearrangement

Detection

Fusion transcripts and associated genomic break-

points were identified from RNA-Seq and DNA-

Seq using deFuse version 0.4.2 and Comrad version

0.1.3 (McPherson et al., 2011a,b). We used NCBI

36 (hg18) human reference genome and Ensemble

release 54 gene annotations for both deFuse and

Comrad. Next, we applied the nFuse pipeline to

identify complex rearrangements that produce

fusion transcripts (McPherson et al., 2012).

PCR Validation

To detect genomic fusion junctions, primers

were designed that flanked the predicted fusion

position, and PCR reactions were performed to

amplify the fusion fragments. The same approach

was taken to validate fusion transcripts. All ampli-

fication products were sequenced with ABI

PRISM 310 Genetic Analyzer using standard

techniques to confirm identity. Oligonucleotide

primer sequences are listed in Supporting Infor-

mation, Table S2.

Single Nucleotide Variant Detection

Single nucleotide variants (SNVs) were identi-

fied in both LTL-313H and LTL-313B. Each
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xenograft line was originally derived from the

same patient tumor, but cultured separately since

the initial grafting (Watahiki et al., 2011). There-

fore, SNVs common to both lines are likely to

have arisen in the patient, not during culture in

the mouse.

Reads were first aligned onto the hg19 genome

by burrows-wheeler aligner (BWA) (DNA-Seq)

(Li and Durbin, 2010) or the splicing-aware

aligner Tophat (RNA-Seq) (Trapnell et al., 2009).

For RNA-Seq, reads with unmapped mate were

filtered out (both ends of paired reads have to be

mappable). PCR duplicates and optical duplicates

were removed by Picard (http://picard.sourcefor-

ge.net/) and local realignment around InDels and

base quality recalibration was performed by the

Genome Analysis Toolkit (GATK). Unifiedgeno-

typer in GATK was applied to identify SNVs/

InDels, and then filtered to obtain high-confi-

dence sites. Because the filtering model in

GATK was not perfectly suitable for RNA-Seq

data, in parallel we used mpileup in Samtools (Li

et al., 2009) to call variants and only considered

overlapping sites from both tools as high-confi-

dence. The annotation of variant sites were made

by tool AnnoVar (Wang et al., 2010).

To remove sequencing artifacts and common var-

iants, SNV calls were initially filtered against seven

benign libraries sequenced in parallel (five tran-

scriptome and two genome). These libraries were

derived from in-house adjacent-benign prostate tis-

sue. We chose not to filter against the single nucleo-

tide polymorphism database (dbSNP) to retain rare

variants that may contribute to disease. To further

select only high confidence calls, we required that

an SNV be predicted in both a DNA and RNA

sequence library. Network analysis was performed

using Ingenuity (IPA) Knowledge Base 9 (Ingenui-

tyVR Systems, www.ingenuity.com). The effect of

SNVs on protein function was assayed using Con-

del, SIFT, and Polyphen2 (Ng and Henikoff, 2001;

Adzhubei et al., 2010; Gonzalez-Perez and Lopez-

Bigas, 2011).

RESULTS

Chromothripsis in Patient-Derived Prostate

Tumor Xenograft LTL-313H

During an aCGH screen of chromosome altera-

tions in a panel of five patient-derived prostate

tumor xenografts (http://www.livingtumorlab.

com), we identified a tumor (LTL-313H) which

exhibited evidence of chromothripsis on the CN

level [Supporting Information, Fig. S1; see Maher

and Wilson’s ‘signature of chromothripsis’ (Maher

and Wilson, 2012)]. LTL-313H is a TMPRSS2-

ERGþ, PTEN-xenograft line derived from a

needle biopsy specimen collected pre-treatment

(Andersen et al., 2010; Watahiki et al., 2011).

Using the Illumina Genome Analyzer II, we

sequenced the genome (3.7� haploid coverage)

and transcriptome (�71� coverage, Supporting

Information, Table S1) of LTL-313H and inte-

grated RNA-Seq and DNA-Seq data using the

novel ‘‘nfuse’’ algorithm to predict fusion tran-

scripts resulting from genome rearrangements

(McPherson et al., 2012). We combined all pre-

dicted fusion transcripts together with the DNA-

Seq derived CN profile (Supporting Information,

Fig. S1) to produce a map of the LTL-313H

tumor (Fig. 1A).

Three salient features in the genome and tran-

scriptome of LTL-313H revealed by paired-end

sequencing were consistent with chromothripsis

(Stephens et al., 2011; Maher and Wilson, 2012).

First, we detected multiple complex rearrange-

ments affecting focal genomic regions. Using PCR

and Sanger sequencing, we independently vali-

dated 42 genomic rearrangements (which underlie

predicted fusion transcripts), informing 84

genomic breakpoints, involving just four Chromo-

somes: 4, 8, 12, and 20 (Fig. 2B). Second, these

genomic breakpoints exhibited pronounced clus-

tering, even between different chromosomes.

Breakpoints were tightly associated with CN alter-

ations (Fig. 2B), with over 84% (71/84) of break-

points mapped to within just 100 kbp of a putative

change in CN. In fact, 67% (56/84) of breakpoints

were within 25 kbp, despite CN changes occurring

on average only once every 3 Mbp. Third, affected

chromosomal regions alternated between only two

predominant CN states. Within these regions, two

clear CN states (high and low) were discernible,

with 74% (62/84) breakpoints either mapping to

the edges of the high CN state or within the reso-

lution window (10 kbp) of the technology (exam-

ples in Supporting Information, Fig. S2). As

Stephens et al. (2011) demonstrated these charac-

teristic genomic features are extremely difficult to

reconcile with a model where rearrangements are

acquired progressively, and potentially arose in a

single ‘‘catastrophic’’ event.

We reconstructed an extensive chain of 11

genomic fragments from Chromosomes 8 and 12,

joined together by validated genomic rearrange-

ments (Fig. 3). The size of genomic fragments in

this predicted chain was variable, ranging from
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400 to 12,000 bp. Similarly, although 16 different

gene loci contained >3 neighbouring breakpoints,

there was no consistent spacing between them,

again implying variable fragment size. Therefore,

the genomic landscape of tumor LTL-313H

resembled an assortment of different size

genomic fragments from four chromosomes joined

together, but with the loss of some fragments to

the cell (giving rise to the ‘‘low’’ CN states).

LTL-313H Expresses Complex ‘‘Poly-gene’’

Fusion Transcripts

Because we were interested primarily in the

impact of chromothripsis on the transcriptome,

our analysis focused only on those genome rear-

rangements predicted to give rise to expressed

fusion transcripts. Remarkably, in three different

instances, reverse-transcription PCR and Sanger

sequencing of the predicted fusion transcripts

identified short sequences (<500 bp) interposed

between the fusion point identified by paired-

end sequencing (Fig. 2A). These can be thought

of as ‘‘transcriptomic shards,’’ similar to the

genomic ‘‘shards’’ previously detected in complex

rearranged cancer genomes (also here, e.g., G12,

G25: see Supporting Information, Dataset 1) (Ste-

phens et al., 2009). Two of these fusion tran-

scripts were composed of sequence from three

different genomic loci, whereas the third con-

tained sequence from four independent loci (Fig.

2). Furthermore, F134 and F132 were mapped to

a predicted chain of joined genomic fragments

(Fig. 3; Supporting Information, Fig. S3), and

indeed were the ‘‘scaffolds’’ that helped validate

the chains. Each recombined locus giving rise to

a ‘‘poly-gene fusion transcript’’ also gave rise to

several other ‘‘conventional’’ two-gene fusion

transcripts. Where the underlying genomic rear-

rangements had left them intact, exon-exon

boundaries were preserved, and multiple isoforms

of each transcript were expressed. The junction

sequences of all validated fusion transcripts and

genomic rearrangements (including a further 19

not involving Chromosomes 4,8,12, and 20, e.g.,

TMPRSS2-ERG) are provided in Supporting In-

formation, Dataset 1.

Poly-Gene Fusion Transcripts may be Common

in Prostate Cancer

To determine if poly-gene fusion transcripts are

a common occurrence, we searched for poly-gene

fusion candidates in matched DNA-Seq and RNA-

Seq data from a patient’s primary prostate tumor

(890). The genome of this tumor also bore the

hallmarks of chromothripsis (Fig. 1), identified

during a next-generation sequencing study of five

Figure 1. The landscape of transcriptome rearrangement in studied tumors. A) LTL-313H, (B)
LNCaP, (C) patient tumor 890. Chromosomes are arranged circularly end-to-end with each chromo-
some’s cytobands marked in the outer ring (Krzywinski et al., 2009). The inner ring in (A) displays CN
data inferred from genome sequencing with red indicating gains and green indicating losses. Within the
circle, all predicted fusion transcripts are shown as arcs.
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high-risk primary prostate tumors (Lapuk et al.,

2012). Significantly, we identified two transcripts

containing sequence mapping to three genes from

different loci from Chromosomes 2 and 9 (Sup-

porting Information, Dataset 1). Although limited

archival tumor material and nucleic acid degrada-

tion prevented systematic identification of all asso-

ciated genomic rearrangements, we detected

Figure 2. Poly-gene fusion transcripts and their underlying
genomic rearrangements identified in the prostate tumor LTL-313H.
A) Three fusion transcripts containing sequence mapping to three or
more genomic loci were detected. Because the middle sequence in
each transcript spanned <220bp, prediction of a conventional ‘‘2
gene’’ fusion transcript was possible from paired-end sequence reads.
The middle sequence was then detected at the PCR validation stage.
B) The 43 validated genomic rearrangements between Chromosomes
4, 8, 12, and 20, which lead to expressed fusion transcripts are anno-

tated on a DNA-Seq derived CN profile of LTL-313H. Rearrange-
ments, indicated by different color circles, predominantly map to the
edges of CN breakpoints. Multiple rearrangements mapped to seem-
ingly the same gene loci, although focal analysis confirmed spatial sep-
aration (Supplementary Figure S2). The normal location of sequences
expressed in the three poly-gene fusion transcripts are illustrated by
colored bars. The Y-axis on chromosome CN profiles indicates log2
signal intensity.
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multiple isoforms of each poly-gene fusion tran-

script. Tumor 890 also expressed a fusion involving

the E-Twenty Six (ETS) transcription factor ETV1
(Supporting Information, Dataset 1), which is likely

to result in overexpression of an N-terminal trun-

cated isoform of ETV1, similar to previously

observed rearrangements (Attard et al., 2008). This

meant in total, two out of the 10 independent pros-

tate tumors samples screened [five high-risk

patients (Lapuk et al., 2012); five patient-derived

xenografts] exhibited evidence of chromothripsis

and expressed poly-gene fusion transcripts.

In parallel, we applied our approach to tran-

scriptome sequencing data from the prostate can-

cer cell line LNCaP (Supporting Information,

Table S1), known to express 11 fusion transcripts

resulting from genomic rearrangements (Maher

et al., 2009a; McPherson et al., 2011b). Our

unique fusion gene analysis revealed a previously

undetected poly-gene fusion transcript arising

from a cluster of breakpoints and rearrangements

within six genes from loci of Chromosome 6 and

10 (Fig. 4). This fusion transcript includes exons

from SNX9, a gene previously reported to be

involved in a genomic fusion to UNC5C on

Chromosome 4, although no fusion transcript was

detected (Mao et al., 2011). Our transcript con-

tained exons from SNX9 fused to an exon from

CYP2C19 which in turn was fused to exons from

PDE6C (Fig. 4). The genomic breakpoints under-

lying this transcript were also validated by PCR

and Sanger sequencing (Supporting Information,

Table S2; Supporting Information, Dataset 1).

Although multiple isoforms were expressed, and

a novel exon was generated from a fusion of

CYP2C19 and PDE6C sequence, a reading frame

was not maintained and the isoforms were not

highly expressed. Interestingly, the cluster of CN

changes and genomic breakpoints which gave rise

to the triple fusion in LNCaP bore focal similar-

ity to chromothripsis (Supporting Information,

Fig. S4), although the rest of the LNCaP genome

does not share this resemblance. Therefore,

although chromothripsis was initially detected in

2–3% of cancers (Stephens et al., 2011), it is pos-

sible that very focal chromothriptic events lead-

ing to the creation of poly-gene fusion transcripts

are much more common, but difficult to detect.

Nonsynonymous SNVs in the p53 Signaling

Pathway in LTL-313H

A recent study linked TP53 mutations with

chromothripsis in patients with Sonic Hedgehog

medulloblastoma brain tumors (Rausch et al.,

2012). To explore the spectrum of mutations in

LTL-313H, we searched for nonsynonymous

SNVs in our sequencing data. To mitigate con-

cern over SNVs arising subsequent to xenograft-

ing, we sequenced the genome and transcriptome

of a sister xenograft line known as LTL-313B.

Critically, LTL-313B was originally derived from

the same primary prostate tumor as LTL-313H

(Watahiki et al., 2011), and exhibits the identical

chromothripsis scars (Supporting Information,

Fig. S1). We detected 643 nonsynonymous SNVs,

falling in 555 genes, which were common to both

lines and present in both a DNA and RNA

library (therefore, detected with high confidence)

(Supporting Information, Table S3). Of the 643

SNVs, 538 were present in dbSNP (version 132),

while 105 were novel.

Figure 3. A chain of joined genomic fragments reconstructed using
fusion transcripts and their associated genomic breakpoints in LTL-
313H. The poly fusion transcript F134 is expressed from this chain.
The chromosomal position from which each genomic fragment origi-
nated is annotated, together with any gene that mapped to that locus.

Predicted fragment lengths are provided, and each fragment’s orienta-
tion is indicated by an arrow. Note that high sequence ambiguity
between two regions of Chromosome 12 prevented validation of G43.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Network analysis of the 555 altered genes

revealed that the top enriched canonical path-

ways included p53 signaling (P ¼ 00164) (Sup-

porting Information, Table S4). Ten SNVs fell in

eight genes in the p53 signaling pathway (Table

1), and although eight of these were present in

dbSNP, five had a minor allele frequency of

<1%, and two (in TP53 and BRCA1) were flagged

as ‘‘clinically associated.’’ In fact, rs 28934574 in

TP53 is a somatic mutation in 579 tumors and a

germline mutation in 15 families with Li-Frau-

meni syndrome (IARC TP53 database, R15)

(Petitjean et al., 2007; Plon et al., 2008).

Rs28934574 results in the substitution of an argi-

nine for a tryptophan (p.R282W) in the DNA-

binding core domain, causing reduced DNA-

binding ability and loss of transactivation activity

(Kato et al., 2003; Calhoun and Daggett, 2011).

Figure 4. Poly-gene fusion transcripts expressed in the LNCaP
prostate cancer cell line. Identification of fusion transcripts and their
underlying genomic rearrangements allowed the inference of break-
points within six genes on Chromosomes 6 and 10. We hypothesize
that erroneous DNA repair lead to the fusion of three genomic frag-
ments (A, F, and D) spawned by the breakpoints. Transcription initia-
tion from SNX9 (fragment A) then produced multiple isoforms of a
transcript spanning the three fused fragments. Exon-exon junctions

were maintained, and a novel exon was created from the fusion of
fragment F to D. Conventional fusion transcripts arise from other
fragments spawned by the breakpoints (e.g. expressed from the
fusion of fragment C to G). The junction sequences for all fusion
transcripts and underlying genomic rearrangements are provided in
Supplemental Data. See Supplementary Figure S4 for the CN associ-
ated with rearranged regions.

TABLE 1. Nonsynonymous SNVs in the p53 Signaling Pathway in LTL-313H (and LTL-313B)

Gene SNV location Ref Alt
Amino
acid snp132 SIFT PPH2 Condel

Condel
prediction

ATM Chr11: 108124761 T C p.S707P rs4986761 0.34 0 0.667 Deleterious
ATR Chr3:142269075 C T p.V895M rs28910271 0.31 0 0.692 Deleterious
ATR Chr3:142274770 T C p.K700E rs77208665 0.27 0.822 0.812 Deleterious
ATR Chr3:142281298 C T p.V316I rs28897764 0 0.984 0.992 Deleterious
BRCA1 Chr17:41247921 C G p.L204F rs80357394 0.01 0.265 0.842 Deleterious
PIK3R3 Chr1:46532657 G T p.H141N – 0.01 0.004 0.941 Deleterious
PRKDCa Chr8:48841708 G A p.P695S rs8178046 0.5 0.547 0.545 Deleterious
THBS1 Chr15:39882178 A G p.N700S rs2228262 0.01 0.965 0.977 Deleterious
TOPBP1 Chr3:133368715 G A p.R388C – 0 1 1 Deleterious
TP53a Chr17:7577094 G A p.R282W rs28934574 0 1 1 Deleterious

Scores for the amino acid substitution classification tools SIFT (deleterious < 0.05), Polyphen2 (possibly damaging 0.2–0.85; probably damaging

>0.85), and Condel are provided (Adzhubei, et al. 2010; Gonzalez-Perez and Lopez-Bigas, 2011; Ng and Henikoff, 2001).
aIndicates that an SNV was homozygous.
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Furthermore, because CN analysis shows that

LTL-313H retains only one copy of TP53, there
is no wild type TP53. Of the two novel nonsy-

nonymous SNVs in the p53 signaling pathway,

one fell in a BRCT domain of TOPBP1, a scaf-

fold protein that coordinates activation of the

DNA damage checkpoint response (Rappas et al.,

2011). The other variant fell in the first SH2 do-

main of PIK3R3 (Table 1).

We noted that LTL-313H has a homozygous

deletion of FBXW7 (Supporting Information, Fig.

S1), a putative tumor suppressor required for reg-

ulating levels of MYC in response to DNA dam-

age, and involved in the degradation of the cell

cycle G1/S transition protein cyclin-E (CCNE1)

(Popov et al., 2007). FBXW7 was also reported as

deleted in the index case of chromothripsis (Ste-

phens et al., 2011).

DISCUSSION

Our results suggest that chromothripsis can

give rise to fusion transcripts containing sequence

from as many as four genomic loci. Importantly,

they were expressed in a patient’s prostate tumor

as well as two model systems, and their identifi-

cation in a well-characterized cell line suggests

that their presence may not be restricted to

genomes bearing obvious hallmarks of

chromothripsis.

Poly-gene fusion transcripts arising from chro-

mothripsis appear markedly different to more

classical fusion genes generated by balanced

translocations and CCBR (Berger et al., 2011;

McPherson et al., 2012; Wu et al., 2012). First,

CCBRs result in only minor DNA loss (tens to

hundreds of bp), compared to chromothripsis

which is associated with the loss of large seg-

ments of DNA (kbp to Mbp). Second, CCBR is

less complex than chromothripsis and involves

genes scattered across the genome, rather than

during chromothripsis where rearrangements are

concentrated within a few chromosomes. Third,

transcripts arising from balanced translocations

and CCBR are frequently ‘‘in-frame,’’ involve im-

portant oncogenes and play roles in tumor genesis

and progression, while poly-fusion transcripts

appear (at least in this study) to be indiscriminate

of tumorgenicity or reading frame.

All three tumor samples presented here were

positive for an ETS fusion or rearrangement

(Tomlins et al., 2007), apparently independent to

the chromothripsis event. This is consistent with

a recent study by Pflueger et al. (2011) suggesting

that ETS fusion genes predispose tumors to fur-

ther genomic rearrangements. Because the com-

mon ETS fusion TMPRSS2-ERG is associated

with CCBR and early tumorgenesis (Tomlins

et al., 2008; Clark and Cooper, 2009), it is likely

that they occurred before the chromothriptic

event in each tumor presented here. Interest-

ingly, ERG overexpression induces DNA damage

(Brenner et al., 2011). Furthermore, recent work

by Rausch et al. (2012) associated germline and

somatic TP53 mutations with chromothripsis. In a

separate study into early T-cell precursor acute

lymphoblastic leukaemia, Zhang et al. (2012) sug-

gested a link between mutations in DNA repair

genes and complex genome rearrangements

resembling chromothripsis. Therefore, it is possi-

ble that chromothripsis occurs in prostate tumor

cells which have accrued mutations in the DNA

repair pathway, perhaps inflicted by ETS tran-

scription factor overexpression. As such chromo-

thripsis may even have the same initial double

strand break clustering as those observed in

CCBR and balanced translocations, but a failure

of DNA repair mechanisms in advanced tumors

lead to a massive increase in the number of rear-

rangements and the loss of large segments of

DNA. The detection of deleterious SNVs in the

p53 signaling pathway in LTL-313H appears to

support the link between TP53 mutations and

chromothripsis (Rausch et al., 2012); however,

mutations in TP53 are common in prostate cancer

(Kumar et al., 2011), and analyses of more chro-

mothripsis tumors is required to better elucidate

this potential association. As an aside, several of

the ‘‘deleterious’’ nonsynonymous SNVs identi-

fied here were present in dbSNP, but with a

minor allele frequency of <1% or flagged as

‘‘clinically associated.’’ This has clear implications

for disease studies wishing to use dbSNP to filter

out ‘‘neutral’’ variants.

It is unclear whether the poly-gene fusions pre-

sented here are biologically relevant, as they did

not maintain a reading frame. However, exon

boundaries were preserved and multiple isoforms

of each transcript expressed, suggesting that they

are recognized by the spliceosome. Even if no

poly-gene fusion transcripts with coherent reading

frames exist in these tumors, the possibility

that they may have regulatory function, akin to

pseudogenes and lncRNAs, remains intriguing

(Poliseno et al., 2010; Prensner and Chinnaiyan,

2011). At the very least poly-gene fusion tran-

scripts exist as a phenotypic marker of chromo-

thripsis, and therefore may be important for
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sequence-based personalized pathology and moni-

toring tumor response to therapies.

In conclusion, our data demonstrates that mul-

tigenic changes acquired potentially in a single

event can give rise to novel transcripts containing

exons from three or more different genes. This

discovery may have important implications for

our understanding of cancer genetics.
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