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DOD Era of Hope Annual Report 
A Search for Gene Fusions/Translocations in Breast Cancer  
      
INTRODUCTION:  Our laboratory reported the unexpected discovery of recurrent gene 
fusions in prostate cancer in October 2005(1) and since then we, and researchers around 
the world, have discovered and clinically characterized several recurrent gene fusions in 
prostate(2-5) and lung cancers(6, 7), strongly supporting the notion that gene fusions are 
prevalent in common solid cancers (and are not restricted to hematological malignancies, 
as w as pr eviously t hought(8, 9) ). Considering th at the characterization of gene f usions 
potentially provides novel di agnostic a nd t herapeutic markers, as e xemplified by th e 
successful application of BCR-ABL1 gene fusion in the diagnosis and therapy of chronic 
myeloid leukemia(10, 1 1), we embarked on a h unt for r ecurrent gene f usions i n breast 
cancer, the m ost pr evalent canc er of  w omen in the U nited States and ot her de veloped 
countries. The recent technical breakthroughs in high throughput sequencing technologies 
now provide unprecedented depth and resolution of the DNA/ RNA aberrations in cancer 
cells, and we have successfully adopted these techniques in our search for gene fusions in 
common solid cancers(12).   
 
In our ongoing project entitled “A Search for Gene Fusions/Translocations in Breast 
Cancer” we have unde rtaken a s ystematic ev aluation of br east canc er t o map disease-
specific, recurrent chromosomal or transcriptional chimeras in breast cancer that can be 
further characterized to develop novel biomarkers and therapeutic targets. We began with 
the an alysis of  in-house a nd publicly ava ilable g ene ex pression and array com parative 
genomic hybridization (aCGH) data using our microarray data compendium, Oncomine  
that lead us to the discovery of a subset of breast cancers that overexpress angiotensin II 
receptor, type 1 (AGTR1) and are thus sensitive to losartan, an AGTR1 antagonist that is 
used t o t reat hi gh bl ood pr essure (13). In a m ore di rect approach towards g ene f usion 
discovery, we adopted next generation sequencing technologies to nominate gene fusion 
candidates b y paired end transcriptome s equencing f ollowed b y fusion s pecific 
quantitative r eal time  P CR va lidation(14). We ha ve i dentified several promising gene 
fusion candidates f rom breast can cer cell l ines a nd t issues t hat will be  followed up  in 
recurrence screens and functional characterization. Another major advance this year has 
been the discovery of the role of micro RNA 101 in regulating the expression of histone 
methyltransferase EZH2 in aggressive breast and prostate cancer(15).   
 
A detailed, itemized report of the progress in work follows:  
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STATEMENT OF WORK 
Task 1: Characterization of recurrent gene fusions in breast cancer 
A. Integrative analysis of MCF7 cells to nominate gene fusions in breast cancer (Years 1-
2)   
-use of break point prediction based on array CGH data  
- array CGH and gene expression analysis of at least 70 matched samples 
 
B. RACE analysis and fusion PCR of candidates (Years 1-3) 
Based on high resolution oligonucleotide based aCGH profiles of cancer genomic DNA, 
we have identified whole c hromosome gains, l osses, a nd m any regions of  g ains a nd 
losses a t sub -microscopic le vel in the size r ange of  < 30kb.  The bounda ries of  
amplifications and deletions, defined as copy number transition (CNT) loci, that map to 
known i ntergenic r egions ( introns or  e xons) are nominated a s c andidate g ene f usion 
partners (Figure 1). Further an alysis o f C NT loci b y s pectral k aryotyping ( SKY), 
fluorescence in situ hybridization (FISH) and rapid amplification of cDNA ends (RACE)-
PCR, will be carried out to identify novel gene fusions in the proof-of- principle analysis 
on breast c ancer c ell l ine M CF7.  This st udy i s t he f irst of  i ts ki nd t o nom inate ge ne 
fusions t hrough aCGH d ata analysis and i s l ikely to f ind widespread application in t he 
hunt for gene fusions in common solid cancers.  
 

Strategy to isolate fusion gene from a Copy 
Number Transition (CNT region)  
Identify C NT r egion w ithin a  ge ne  Confirm 
genomic r earrangement by F ISH  Identify 
genomic i nterval of  t he C NT r egion  Design 
primer f rom t he r egion pr esent i n a t l east one  
copy, a nd exons c lose to t he C NT r egion  
Decide on 5’  or  3 ’ R ACE de pending on t he 
orientation of  t he ge ne  Clone P CR pr oduct 
and sequence  Confirm RACE- PCR results by 
fusion specific RT-PCR. 
 
Figure 1: Identification of gene fusion from a region 
of copy number transition. 

 
 
Identification of gene fusions in the commonly amplified regions in breast cancer 
Characterization of amplifications in Breast Cancer 
Chromosomal r egions 17q23 ( including RPS6KB1, MUL, BCAS3, APPBP2, and 
TRAP240 genes) and 20q13 (including EYA2, PRKCBP1, NCOA3, SULF2, PREX1, and 
ARFGEF2, AIB1, ZNF217, BCAS4, BTAK, and NABC1 genes) are frequently amplified 
in breast cancers(16-18). All the genes present in an amplicon do not  display uniformly 
high expression, suggesting additional rearrangements.  Earlier, through analysis of BAC 
clones, r ecurrent am plicons have be en pr oposed a s hot spots of genomic 
rearrangements(19), a nd now  our  s tudy pr ovides a n i ndependent a nd m uch hi gher 
resolution tool for a genome-wide analysis of such rearrangements.  

 

CN
 

5’ RACE

3’ RACE
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To a ssess t he g enomic or ganization of  t he a mplified r egions i n M CF7, we pe rformed 
FISH analysis using a BAC clone for BRIP1 (RP11-482H10) gene within the amplified 
region at 17q23.  FISH results indicated that the amplified sequences are inserted at many 
locations w ithin t he ge nome (Figure 2) confirming t he added complexity of  t he 
rearrangements.  T he uneven distributions of signal intensity of the amplified signals at  
different locations indicate further rearrangements.  Such cryptic rearrangements are not 
detectable even with high-resolution array CGH.  
 
 
 
 
 
 
 
 
 
 
 
F. Estrogen regulation experiments (Years 1-3) 
We have carried out a t ime course t reatment with estrogen on t hree ER pos itive breast 
cancer cell lines (MCF7, T47D and BT474) and subjected them to Chip-Seq analysis by 
next g eneration sequencing, to elucidate t he genomic s cale l andscape of  es trogen 
regulated genes. Based on the preliminary analyses, a large number of genes, both known 
and novel, were found to contain ER binding peaks in their upstream promoter regions, 
while some s hared across t he cel l l ines and others were often specific to cell t ypes. 
Overall, we are geared to integrate this estrogen regulation data with our gene expression 
profiling results, and will use this information to annotate our gene fusion candidates as 
potentially estrogen regulated.    
Task 2: Next generation sequencing analysis by Solexa 

A. Whole transcriptome sequence analysis of 20 breast cancers (Years 1-2) 
B. Whole genome paired-end sequence analysis of 20 breast cancers (Years 1-2) 

        
Breast cancer cell lines, immortalized normal mammary epithelial cell lines, and primary 
cultures of normal mammary epithelial cells were obtained from ATCC and collaborators 
at University of California, San Diego. A total of  40+ of these cell lines were cultured, 
and D NA, R NA a nd protein extracted f rom t hem. Breast c ancer t issue s amples, 
representing al l of the various clinic-pathological stages of breast cancer, were obtained 
from the University of Michigan Breast Cancer Program, and processed for RNA, DNA 
and protein in batches.     
Sequencing: RNA isolated from al l experimental samples was assessed for quality and 
integrity through Bioanalyzer (Agilent) (RNA Integrity Number ≥8)  and 2 to 10 µg total 
RNA was used t o pr epare transcriptome s equencing libr aries. Briefly, total R NA was 
passed ove r ol igo-dT bearing m agnetic b eads t o pur ify m RNA, w hich was then 
fragmented and converted into double stranded cDNA by reverse transcription followed 
by DNA pol ymerase reaction. The cDNA ends  were modified by l igating short adaptor 
sequences (complementary to the oligos on the sequencing flowcell). The cDNA library 

A 
B 

Figure 2: FISH analysis of an 
amplified region on 17q23 
showing insertion (red) of the 
amplified sequences in multiple 
locations in MCF7 genome. A. 
Interphase nuclei, B. Metaphase 
chromosomes. 
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was size fractionated by agarose gel electrophoresis, and a 300 ba se-pair region was cut 
out of  t he ge l, pur ified, a nd P CR a mplified us ing a daptor s pecific P CR pr imer. The 
purified PCR product was assessed for quality and concentration using the Bioanalyzer 
and libraries w ith a clean, single pe ak (representing a pproximately 300b p), which was 
applied on t he f lowcells for c luster generation ( Appendix 2). Typically, we s equenced 
one sample over one lane of  the f lowcell; one  sequencing s lide bore eight lanes, which 
permitted the run o f seven samples and a  control phiX DNA l ibrary s imultaneously. A  
typical pa ired end run t akes five days t o c omplete, followed b y a  two days f or  
downloading of  sequencing data from the instrument hardware, processing, filtering for 
quality, and mapping to the genome for sequence analysis.   The experimental protocol 
for t ranscriptome s equencing was developed by Illumina scientists, and our group has 
served as the beta-test center for the fine-tuning and subsequent assembly of the kit for 
paired end sequencing library preparation.  
Presently, we are c arrying out  whole t ranscriptome s equencing of  a panel of breast 
cancer cell lines (including normal), breast cancer tissues, and normal breast tissues.  
Sequence Analysis: Primary s equence ana lysis is focused on i dentifying nove l gene 
fusions i n each sample analyzed. In a proof o f concept s tudy b y our  group publ ished 
recently i n P NAS, w e ha ve r eported s uccessful i mplementation of  a  bi oinformatic 
pipeline de veloped i n-house t o nom inate g ene fusions f rom pa ired e nd t ranscriptome 
sequence data(14).  
In this study, we rediscovered the known gene fusions in the breast cancer cell line MCF7 
including BCAS4-BCAS3 and ARGEF2-SUL2, as well as several novel gene fusions that 
were all nominated by sequence analysis and validated by fusion specific real time PCR 
(Figure 3).  

 
 
 
 
 
 
 
 
 
Figure 3. 
Discovery of gene 
fusions in MCF7 
by Paired End 

Transcriptome 
Sequencing  
A de tailed 

description of t he ex perimental and analytical m ethods i s ava ilable i n the enc losed 
Appendix.  
Sequence an alysis of  br east canc er cel l l ines and tissues is unde rway a ccording t o our  
published protocols and candidate gene fusions are being nominated and examined.  
Ongoing i nvestigations are focused on s creening l arge sample c ohorts to identify 
recurrent gene f usions, as w ell as  on the functional c haracterization of  gene f usions i n 
samples that ha rbor them. Considering that b reast cancer cell l ines provide useful 
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surrogates for clinical samples(20) we are sequencing a pa nel of  cel l l ines representing 
the clinicopathological gamut of breast cancer that would serve as ready in vitro models 
of gene fusion biology. 
Task 3. High-throughput FISH scanning for gene fusions 
A. FISH split probe analysis on 50 top COPA candidates (Years 1-2) 
B. FISH analysis on 30 ETS family members (Years 1-2)  
 
We are car rying out f luorescence in situ hybridization (FISH) to perform s plit-signal 
analysis of the complete list of Ets family genes (total number 27) on tissue microarrays 
of approximately 100 breast cancer tissues corresponding to all major clinic pathological 
stages of  b reast cancer, a nalogous t o ou r e fforts in prostate c ancer which led to the 
identification of several novel gene fusions(3).  
 
C. FISH analysis on Mitelman cohort of 3’ fusion partners (Years 2-4) 
In addition to screening for ets gene aberrations in breast cancer, we are also performing 
fluorescence in situ hybridization (FISH) based split-signal analysis on the complete list 
of ge nes enum erated i n the M itelman Database of C hromosome A berratins i n Cancer 
(http://cgap.nci.nih.gov/Chromosomes/Mitelman) on tissue microarrays of approximately 
100 breast cancer samples, encompassing the major c linic-pathological s tages of  br east 
cancer.  
 
Task 4. AGTR as a COPA candidate in breast cancer.  
In order to identify genes that display outlier expression in breast cancers, and therefore 
serve as pot ential gene f usion c andidates, we e mployed our g ene e xpression data 
compendium O ncomine 3.0 ( www/oncomine.org)(21, 22)  to perform Cancer O utlier 
Profile Analysis (COPA) as previously used for the discovery of gene fusions in prostate 
cancer(1, 23 ). Briefly, gene expression va lues obtained from microarray da ta-sets w ere 
median-centered, setting each gene’s m edian expression va lue t o z ero and each gene 
expression value was divided by its median absolute deviation (MAD) to calculate COPA 
scores. Next, genes w ere rank-ordered by t heir C OPA s cores and outlier ge nes w ere 
defined as t hose t hat r anked in t he t op 100  C OPA s cores at  the 75t h, 90 th or 95 th 
percentile cutoffs. Genes showing outlier expression across multiple studies (meta-outlier 
genes) w ere scored a s outliers i n a  s ignificant f raction ( p<1E-5) of  datasets us ing 
MetaCopa analysis, described earlier(24).  
 
A. Integrative analysis with gene expression (Year 1) 
Meta-Copa ana lysis of  br east can cer da tasets on 31 br east c ancer pr ofiling s tudies 
comprising 3,157  microarray ex periments lead to the ide ntification of a tot al of  15 9 
significant me ta out liers ( P<1E-5). A mong t he t op genes ide ntified as out liers in a 
majority of  da tasets ex amined, the hi ghest out lier i n ERBB2 negative br east can cer 
samples was found to be AGTR1, the Angiotensin II Receptor Type I (Appendix)(13). 
Potential genomic rearrangement of AGTR1 locus was investigated as a likely reason for 
overexpression.  
B. FISH analysis of AGTR on tissue microarrays (Year 1) 
We performed FISH on tissue microarrays containing 311 cases of invasive breast cancer 
to test the AGTR1 locus for gene rearrangement or  DNA copy number aberrations and  

http://cgap.nci.nih.gov/Chromosomes/Mitelman�
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observed an amplification of the AGTR1 locus rather than rearrangement to be associated 
with AGTR1 overexpression in 7 of 112 cases (6.25%) (Figure 4). This observation was 
confirmed b y qR T-PCR ana lysis. Further ana lysis r evealed that al though copy number 
gain was al ways as sociated with overexpression, increased expression also oc curred 
without copy number gain. 
 
 

 
 
 
Figure 4.  Copy number analysis of the AGTR1 locus. (A) A schematic of probes used for FISH 
analysis- Control (green) and AGTR1 (red). (B) Representative images from FISH analysis- left, 
representative negative case, middle and right, cases with copy number gains of AGTR1. (C) 
Association ofAGTR1overexpression with copy number gain.  
 
C. Overexpression and knock-down of AGTR in breast cancer cell lines (Year 1) 
 
Ectopic overexpression of AGTR1 in primary mammary epithelial cells, such as HMEC 
and H16N2, combined with angiotensin II stimulation, led to a highly invasive phenotype 
that w as at tenuated by t he A GTR1 antagonist los artan. This i ndicated a  pos sible 
functional role of AGTR1 in breast cancers (Figure 5).   
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D. Development of  x enograft m odels of  A GTR o verexpression i n br east c ancer 

(Years 2-3) 
Similar t o t he obs ervations of invitro cell cul ture ex periments, the A GTR i nhibitor 
losartan exerted a n i nhibitory effect on A GTR1-positive br east canc er xenografts, 
reducing tumor growth by 30% (Figure 6).  

 
 
E. Studies using losartan as an antagonist of AGTR (Years 1-3) 

Figure 5. AGTR1 overexpression and effect on cell 
invasion. (A) Matrigel invasion assays of Human 
Mammary Epithelial Cells (HMEC) or immortalized 
normal mammary epithelial cells, H16N2 
overexpressing AGTR1 or LacZ. Cells cultured with 
and without agonist, angiotensin (AT) or antagonist, 
losartan. Similar results were observed for HME cells.  
 
(B) Colorimetric readout of invasion assays with LacZ- 
or AGTR1-expressing H16N2 or HMEC cells treated 
with AT or losartan.  
 
(C) Colorimetric readout of invasion assays from a 
panel of 7 breast cancer cell lines and a prostate 
cancer cell line, DU145, after treatment with AT and/or 
losartan.  

Figure 6. Effect of losartan treatment on 
AGTR1 expressing MCF7 cell xenografts. (A) 
Xenograft tumor size at 2 weeks. (B) Xenograft 
tumor size at 8 weeks. 
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Both, in vitro studies using AGTR1 overexpression in normal mammary epithelial cells 
(C) a nd in vivo studies i nvolving t umor x enografts of  A GTR1 ove rexpressing b reast 
cancer c ells (D) indi cated that a s ubpopulation o f E R-positive, E RBB2-negative br east 
cancers, t hat ove rexpress A GTR1may benefit fro m t argeted therapy with AGTR1 
antagonists, such as losartan. 
Future w ork w ould a ttempt t o f urther c haracterize t he r ole of  A GTR1 in br east c ancer 
progression and stimulate clinical trials using losartan in women with breast cancer that 
have high AGTR levels 
 
Task 5. Study breast cancer microRNAs relative to gene fusion candidates 
Enhancer of zeste homolog 2  (EZH2) is  a  mammalian histone methyltransferase that is 
overexpressed in aggressive solid tumors, including breast cancer(25) and regulates the 
survival and metastasis of cancer cells through epigenetic s ilencing of  target genes. We 
investigated t he pot ential r ole of  m icroRNAs i n t he r egulation of  e xpression of  E ZH2 
following an i ntegrative bi oinformatic analysis of m iRNA t arget pr ediction da tabases, 
and identified mir101 as a  l ikely r egulator of  E ZH2. Functional characterization of  t he 
association be tween E ZH2 a nd m ir101 e xpression lead t o t he significant di scovery of    
genomic l oss of  m ir101 a ccounting f or i ncreased e xpression of  E ZH2 i n a  c ohort of  
aggressive p rostate and br east can cers, t hat w as r ecently publ ished in Science (15) 
(Figure 7).   
A. Evaluate mir101 in breast cancer (Years 1-2) 
To investigate the role of mir101 in breast cancer, the EZH2 overexpressing breast cancer 
cell l ine S KBR3 was used as a  mod el s ystem in va rious e xperiments. An i nverse 
correlation between mir101 and EZH2 (and other pol ycomb group 2  genes) expression 
level was observed (Figure 8). These observations were later extended to other breast and 
prostate cancer samples.   
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Figure 7. miR-101 inhibits EZH2 transcript and protein expression in breast cancer cell line 
SKBR3. (A) Venn diagram displaying miRNAs computationally predicted to target EZH2 using 
different target prediction programs. (B) Schematic of two predicted miR-101 binding sites in the 
EZH2 3’UTR. (C) miR-101 downregulates EZH2 transcript expression. qRT-PCR of EZH2 in 
SKBr3 cells transfected with precursor miR-101. (D), miR-101 downregulates Polycomb Group 
Complex 2 protein expression. miR-101 downregulates EZH2 protein as well as Polycomb 
members SUZ12 and EED in SKBr3 cells.  
 
B. Profile microRNAs in breast cancer samples (Years 2-4) 
Spurred by our success in delineating the role of mir101 in breast and prostate cancers we 
plan to profile microRNA expression by next generation sequencing platform in a cohort 
of breast cancer samples in the coming year.  
C. Study role of mir101 relative to epigenetic pathways (Years 1-3) 
To study the role m ir101 i n r egulation of  g ene e xpression, we pe rformed chromatin 
immunoprecipitation (ChIP) a ssays to evaluate promoter oc cupancy o f t he H 3K27 
histone m ark, i n SKBr3 cel ls and EZH2 siRNA–treated cells. We f ound considerable 
reduction in t he t rimethyl H3K27 hi stone mark at t he promoter of  know n PRC2 target 
genes in (Figure 8A), and this resulted in increased gene expression of the target genes 
(Figure 8B). Gene-expression array analysis of SKBr3 cells transfected with either miR-
101 or EZH2 siRNA duplexes showed significant overlap in gene expression. 
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Figure 8. miR-101 regulation of the cancer epigenome through EZH2 and H3K27 tri-
methylation. (A) Chromatin immunoprecipitation (ChIP) assay of the trimethyl H3K27 histone 
mark when miR-101 is overexpressed. Known PRC2 repression targets were examined in SKBr3 
cells. ChIP was performed to test H3K27 trimethylation at the promoters of ADRB2, DAB2IP, 
CIITA, RUNX3, CDH1 and WNT1. GAPDH, KIAA0066 and NUP214 gene promoters served as 
controls. (B) qRT-PCR of EZH2 target genes was performed using SKBr3 cells transfected with 
miR-101. The EZH2 transcript and its known targets including ADRB2, DAB2IP, CIITA, RUNX3 
and E-cadherin (CDH1) were measured. 
 
D. Role of mir101 in breast cancer development using in vitro and in vivo models (Yrs 2-5). 
SKBr3 cells treated with pr ecursor m iR-101 or s iRNA t argeting EZH2 reduced 
proliferation, but e ctopically overexpressing E ZH2 lacking its 3’UTR rescued the 
proliferation levels, further confirming the regulation of EZH2 by mir101. Use of miR-
101 antagonists ( antagomiRs to  miR101) i nduced a n i nvasive phe notype i n be nign 
immortalized H16N2 breast epithelial cells (Figure 9)  

 
Figure 9. The role of miR-101 in regulating cell proliferation, invasion and tumor growth.  
(C) AntagomiRs to miR-101 induce invasion in benign immortalized H16N2 breast epithelial 
cells.   
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KEY RESEARCH ACCOMPLISHMENTS:  Bulleted list of key research 
accomplishments emanating from this research. 
The current funding period for the first year was very productive and we accomplished 
the majority of the goals of the proposal and performed additional studies to lay the 
groundwork for the discovery of recurrent gene fusions and other important molecular 
aberrations in breast cancer. 

• We report the characterization of a subset of ER positive breast cancer patients. 
This group is characterized by the overexpression of AGTR1, and this subset may 
be responsive to an available drug, losartan. Our study is expected to lead to 
follow-up clinical trials. 

• We succeeded in providing a novel mechanistic framework for the overexpression 
of the polycomb group protein EZH2 in metastatic breast and prostate cancers, 
involving the genomic loss of its negative regulator, mir101.  

• We provided a robust and high throughput pipeline for a directed search for gene 
fusions in cancers using next generation transcriptome sequencing platforms. The 
comprehensive coverage afforded by this approach would help unravel the 
chimeric landscape of breast cancer transcriptome- the primary aim of our current 
project. 

    
REPORTABLE OUTCOMES:  Provide a list of reportable outcomes that have 
resulted from this research to include: manuscripts, abstracts, presentations; patents and 
licenses applied for and/or issued; degrees obtained that are supported by this award; 
development of cell lines, tissue or serum repositories; informatics such as databases and 
animal models, etc.; funding applied for based on work supported by this award; 
employment or research opportunities applied for and/or received based on 
experience/training supported by this award.   

1. AGTR1 overexpression defines a subset of breast cancer and confers sensitivity to 
losartan, an AGTR1 antagonist. Rhodes DR, Ateeq B, Cao Q, Tomlins SA, Mehra 
R, Laxman B, Kalyana-Sundaram S , Lonigro R J, H elgeson B E, B hojani M S, 
Rehemtulla A, Kleer CG, Hayes DF, Lucas PC, Varambally S, Chinnaiyan AM. 
Proc N atl A cad S ci U  S A . 2009 J un 23; 106(25):10284-9. E pub 2009  J un 1.  
PMID: 19487683 [PubMed - indexed for MEDLINE] 

2. Genomic l oss of  m icroRNA-101 l eads t o ove rexpression of  hi stone 
methyltransferase E ZH2 i n cancer. Varambally S, Cao Q, Mani RS, Shankar S , 
Wang X, Ateeq B, Laxman B, Cao X, Jing X, Ramnarayanan K, Brenner JC, Yu 
J, Kim JH, Han B, Tan P, Kumar-Sinha C, Lonigro RJ, Palanisamy N, Maher CA, 
Chinnaiyan A M. Science. 2008 D ec 12; 322(5908):1695-9. E pub 2008 N ov 13.  
PMID: 19008416 [PubMed - indexed for MEDLINE] 

3. Chimeric t ranscript di scovery b y p aired-end t ranscriptome s equencing. Maher 
CA, P alanisamy N, Brenner J C, C ao X , K alyana-Sundaram S , Luo S , 
Khrebtukova I, B arrette T R, G rasso C , Y u J , L onigro R J, S chroth G , K umar-
Sinha C, Chinnaiyan AM. Proc Natl Acad Sci U S A. 2009 Jul 10. [Epub ahead of 
print]. PMID: 19592507 [PubMed - as supplied by publisher] 
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CONCLUSION:   
Here we have initiated a search for recurrent gene fusions in breast cancer, in the wake of 
our discovery and characterization of recurrent gene fusions in prostate cancer. While a  
majority pr ostate cancers ha rbor a ndrogen regulated E ts f amily gene f usions 
(predominantly TMPRSS2-ERG), we have hypothesized that breast cancers might harbor 
estrogen regulated onc ogenic gene f usions. Based on our  f irst year’s work, w e have 
observed that br east c ancers ha rbor m ultiple gene f usions i n m ost of t he s amples 
examined, i ndividual f usions l ikely do not  r ecur a s f requently a s t hey do i n pr ostate 
cancers. In this respect, breast cancer gene fusions appear closer to the scenario in lung 
cancer, w here m ultiple g ene f usions ha ve be en obs erved i n much smaller cohorts of  
samples. Additionally, ba sed on obs ervations so f ar, s everal gene fusions a ppear t o 
involve one 5’ partner fused to different 3’ partners or one 3’ partner driven by different 
5’ pa rtner genes. T his p resents a  f urther l evel o f c omplexity t hat we pl an t o de lve i n 
detail in the coming days.  
“So what?”: Gene fusions represent exquisitely specific cancer biomarkers as well 
as therapeutic targets, and t he  discovery o f recurrent gene f usions i n c ommon s olid 
cancers such as pr ostate and lung can cers proffers a unified genetic ba sis f or t he 
apparently di chotomous r ealms of  l iquid c ancers ( hematological a nd s oft tis sue 
malignancies) and solid cancers ( epithelial canc ers). In that context, it is  impe rative to 
‘smoke out ’ the gene fusions (almost certainly) driving breast cancers, one of  the most 
common epithelial c ancers. W hile m ost pr evious ge ne fusion di scoveries ha ve be en 
serendipitous, t he de velopment of  ul tra hi gh t hroughput s equencing t echnologies has 
enabled us to actively seek out genomic and transcriptomic aberrations. Indeed, our group 
has s uccessfully applied t hese t echniques t o di scover gene f usions in cancers at  an 
unprecedented d epth of  c overage. We ant icipated meeting ou r ai m of  cha racterizing 
recurrent gene f usions i n breast can cer…or m ake s ome ot her une xpected breakthrough 
discoveries in the process.   
Our discovery of AGTR1 overexpressing subset of ER positive breast cancers that may 
respond to available drugs such as losartan, i s one such unexpected discovery that may 
yet t ranslate t o nove l pr ognostic a nd t herapeutic opt ions f or t his c ohort. Likewise, t he 
discovery of  t he r ole of  mir101 a s a  ne gative r egulator of  t he pol ycomb g roup pr otein 
EZH2, earlier discovered by our group as associated with metastatic breast and prostate 
cancers, m arks another fundamental a dvance i n our  unde rstanding o f c ancer bi ology, 
cutting across organ types.   
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EFFORTS IN BREAST CANCER RESEARCH 

 
W81XWH-08-0110 (PI: Chinnaiyan) 09/01/08 – 11/30/13 25% 
Department of Defense $500,000/yr 25% Breast cancer 
A Search for Gene Fusions/Translocations in Breast Cancer 
Specific Aims: 1) develop high-throughput adaptations of existing methodologies such as fluorescence in 
situ hybridization (FISH), 2) employ bioinformatics and associated analytical tools to elucidate recurrent 
gene fusions in breast cancers, 3) employ next generation whole transcriptome sequencing of breast 
tumors.  
Contact Information at funding agency: Grants Officer:  JenniferHayes, 301-619-6746, 
Jennifer.Hayes@us.army.mil 
Effort to breast cancer
 

:  25% 

 
U01 CA111275 (PI: Chinnaiyan)  09/20/04-06/30/10 10% 
NIH $404,077/yr 5% Breast cancer 
Grants Officer:  Shane Woodward, 302-846-1017, woodwars@mail.nih.gov 
EDRN Biomarker Development Lab 
Goals:  
Specific Aims:  1) to characterize and validate the humoral immune response to AMACR in different patient 
cohorts, 2) employ high-throughput phage epitope microarrays to identify candidate humoral response 
markers of cancer and 3) define and develop a multiplexed protein/epitope microarray to identify cancer 
based on humoral response.   
Effort to breast cancer

 

:  5% (5% to prostate cancer).  While this grant has been focused on prostate 
cancer, in general it is a biomarker development lab and half of my effort can be designated to the 
development of breast cancer biomarkers including AGTR in ER+, erbB2 - patients 

1 U54 DA021519-01A1 (PI: Athey)  09/25/05-08/31/10 3% 
NIH $2,543,758/yr 3% Breast cancer 
National Center for Integrative Biomedical Informatics  
Grants Officer:  Catherine Mills, 301-443-6710, cmills@ngmsmtp.nida.nih.gov 
Goals:  Develop bioinformatics and computational approaches for high-throughput data. 
Specific Aims:  1) Create an integrated model for cancer progression using microarray gene expression, 
MPSS transcript, proteomics, and protein-protein interaction data and text. Use Oncomine and Molecular 
Concepts Maps. 2) Explore at a systems level the roles of Polycomb Group (PcG)proteins in transcription, 
chromatin structure, histone protein interactions, and protein expression patterns in progression, invasion, 
and metastasis of cancers 3) Characterize translocations, including fusion genes important to etiology of 
cancers 
Role: Co-Investigator 
Effort to breast cancer
 

:  3% 

 
Project# 1005930  (PI: Chinnaiyan)  07/01/06-06/30/11 10% 
Burroughs Wellcome Fund $150,000/yr 10% Breast cancer 
Grants Officer: Nancy Sung, 919-991-5100 
Autoantibody Profiles for Cancer Diagnosis, Prognosis, and Therapy 
Goals: Develop immunomic profiles for cancer and human disease. 
Specific Aims: 1) Extend the autoantibody screening platform we have developed in prostate cancer to 
other solid tumors for the purpose of cancer diagnosis; 2) Determine whether autoantibody signatures can 
be used to classify cancers based on type and/or sub-type. The overall goal would be to develop a multi-
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cancer classifier based on autoantibody profiles as well as develop prognostic and/or histopathologic 
classifiers based on autoantibody profiles.  
Effort to breast cancer

 

: 10%.  There are no restrictions on the type of cancer focused on here and thus 
breast cancer will be the focus. 

PI: Chinnaiyan 01/01/09 – 12/31/13 10% 
Doris Duke Foundation $275,000/yr 10% Breast cancer 
Distinguished Clinical Scientist Award for Excellence in "Bench to Bedside" Research 
Specific Aims: 1) Develop and employ high-throughput fluorescence in situ hybridization (FISH) in order to 
interrogate solid tumors for recurrent chromosomal aberrations including gene fusions and translocations; 
2) Employ bioinformatics and associated analytical tools to elucidate recurrent gene fusions in common 
solid tumors;. 3) Employ next generation whole transcriptome and paired-end sequencing of common solid 
tumors to identify recurrent gene fusions and integrated non-human sequences that may represent 
pathogens.  
Effort to breast cancer
 

:  10% 

W81XWH-09-2-0014 (PI: Wicha) 03/01/09 – 04/24/10 4% 
Department of Defense $443,618/yr 4% Breast cancer 
National Functional Genomics Center 
Goals:

S

 to develop a comprehensive approach to genetics, proteomics and bioinformatics that can help 
elucidate the mechanisms driving tumorigenesis. This research investigates the notion that cancer stem 
cells are the key cell component driving tumorigenesis, metastasis and treatment resistance.  

pecific Aims: 1) To isolate and achieve molecular characterization of cancer stem cells from human 
breast, prostate, colon, pancreas, head and neck, brain, ovarian and melanomas. 2) To better define 
pathways that regulate cancer we will utilize the integrative oncogenomics approaches including HIMAP to 
elucidate the interacting pathways regulating cancer stem cells. 3) To identify novel genes regulating 
cancer stem cells we propose to utilize a high throughput siRNA approach to screen for genes which play a 
functional role in stem cell self-renewal.  
Role: Co-Investigator 
Effort to breast cancer
 

: 4% 

 
 
TOTAL EFFORT DEDICATED TO BREAST CANCER RESEARCH:  57% 
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COMPLETE LIST OF EXISTING AND PENDING SUPPORT 
 
CHINNAIYAN, A.M. 

 
ACTIVE 

Howard Hughes Medical Institute (HHMI) 02/01/08 – 01/31/13 NA 
Howard Hughes Medical Institute $700,000/yr 
Investigator 
Though HHMI supports Dr. Chinnaiyan as an HHMI Investigator, these funds are not awarded to a specific 
research proposal or project. 

 
 

W81XWH-08-0110 (PI: Chinnaiyan) 09/01/08 – 11/30/13 25% 
Department of Defense $500,000/yr 25% Breast cancer 
A Search for Gene Fusions/Translocations in Breast Cancer 
Specific Aims: 1) develop high-throughput adaptations of existing methodologies such as fluorescence in 
situ hybridization (FISH), 2) employ bioinformatics and associated analytical tools to elucidate recurrent 
gene fusions in breast cancers, 3) employ next generation whole transcriptome sequencing of breast 
tumors.  
Contact Information at funding agency: Grants Officer:  JenniferHayes, 301-619-6746, 
Jennifer.Hayes@us.army.mil 
 
 
P50 CA69568 (PI: Pienta)  06/01/08 - 05/31/13 8% 
NCI  $196,297/yr 
SPORE in Prostate Cancer 
Project 1 Title:  Role of gene fusions in prostate cancer 
Goals: determine the role of ETS family gene fusions in prostate cancer cell lines; characterize the 
phenotype of androgen-regulated ETS transgenic mice. 
Specific Aims: Specific aims: 1) Characterization of Oncogenic ETS Gene Fusions in Prostate Cancer; 2) 
Determine the role of ETS family gene fusions in prostate cancer cell lines; 3) characterize the phenotype 
of androgen-regulated ETS transgenic mice. 
Role: Co-Investigator 
Contact Information at funding agency: Andrew Hruszkewycz, 301-496-8528, hruszkea@mail.nih.gov 
 
 
P50 CA69568 (PI: Pienta)  06/01/08 – 05/31/13 5% 
Core 3: Tissue/Informatics Core Director $335,726/yr 
Goals: the goal of the Core is to collect biological material with associated clinical information to facilitate 
translational research. 
Role: Core Director 
Contact Information at funding agency: Andrew Hruszkewycz, 301-496-8528, hruszkea@mail.nih.gov 
 
 
U01 CA111275 (PI: Chinnaiyan)  09/20/04-06/30/10 10% 
NIH $404,077/yr 5% Breast cancer 
EDRN Biomarker Development Lab 
Specific Aims:  1) to characterize and validate the humoral immune response to AMACR in different patient 
cohorts, 2) employ high-throughput phage epitope microarrays to identify candidate humoral response 
markers of cancer and 3) define and develop a multiplexed protein/epitope microarray to identify cancer 
based on humoral response.   
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Contact Information at funding agency: Shane Woodward, 302-846-1017, woodwars@mail.nih.gov 
 
 
 
U01 CA113913  (PI:  Wei)  03/29/05 – 02/28/10 1% 
Beth Israel Hospital (NIH Prime) $100,172 
Harvard-Michigan Prostate Cancer Biomarker Clinical Validation Center 
Goals:  Collect samples for the EDRN validation studies and early validation of EDRN biomarkers. 
Role:  Co-Investigator  
Sponsor contact Information: 

 

Jennifer Sabbagh, Beth Israel Deaconess Medical Center, 330 Brookline 
Ave. ST8M-18, Boston, MA 02215. Email, jsabbagh@bidmc.harvard.edu 

 
1 U54 DA021519-01A1 (PI: Athey)  09/25/05-08/31/10 3% 
NIH $2,543,758/yr 3% Breast cancer 
National Center for Integrative Biomedical Informatics  
Goals:  Develop bioinformatics and computational approaches for high-throughput data. 
Specific Aims:  1) Create an integrated model for cancer progression using microarray gene expression, 
MPSS transcript, proteomics, and protein-protein interaction data and text. Use Oncomine and Molecular 
Concepts Maps. 2) Explore at a systems level the roles of Polycomb Group (PcG)proteins in transcription, 
chromatin structure, histone protein interactions, and protein expression patterns in progression, invasion, 
and metastasis of cancers 3) Characterize translocations, including fusion genes important to etiology of 
cancers 
Role: Co-Investigator 
Contact Information at funding agency: Catherine Mills, 301-443-6710, cmills@ngmsmtp.nida.nih.gov 
 
 
Project# 1005930  (PI: Chinnaiyan)  07/01/06-06/30/11 10% 
Burroughs Wellcome Fund $150,000/yr 10% Breast cancer 
Autoantibody Profiles for Cancer Diagnosis, Prognosis, and Therapy 
Goals: Develop immunomic profiles for cancer and human disease. 
Specific Aims: 1) Extend the autoantibody screening platform we have developed in prostate cancer to 
other solid tumors for the purpose of cancer diagnosis; 2) Determine whether autoantibody signatures can 
be used to classify cancers based on type and/or sub-type. The overall goal would be to develop a multi-
cancer classifier based on autoantibody profiles as well as develop prognostic and/or histopathologic 
classifiers based on autoantibody profiles.  
Contact Information at funding agency
 

: Nancy Sung, 919-991-5100 

 
W81XWH-08-1-0031 (PI: Chinnaiyan)  04/15/08 – 07/14/11 10% 
Department of Defense $121,746/yr  
Characterization of SPINK1 in Prostate Cancer  
Goals:  study and define the role of SPINK1 in TMPRSS2-ETS negative prostate cancers and also explore 
the utility of SPINK1 as a prostate cancer biomarker.   
Specific Aims:  1): Determine the role of SPINK1 in prostate cancer cell lines;  2) Explore the mechanism of 
SPINK1 overexpression in a subset of prostate cancers; 3) Determine the utility of SPINK1 for the non-
invasive detection of prostate cancer in urine biospecimens. 
Contact Information at funding agency
 

: Grants Officer:  Cheryl Lowery, 301-619-7150 

 
PI: Chinnaiyan 01/01/09 – 12/31/13 10% 
Doris Duke Foundation $275,000/yr 10% Breast cancer 
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Distinguished Clinical Scientist Award for Excellence in "Bench to Bedside" Research 
Specific Aims: 1) Develop and employ high-throughput fluorescence in situ hybridization (FISH) in order to 
interrogate solid tumors for recurrent chromosomal aberrations including gene fusions and translocations; 
2) Employ bioinformatics and associated analytical tools to elucidate recurrent gene fusions in common 
solid tumors;. 3) Employ next generation whole transcriptome and paired-end sequencing of common solid 
tumors to identify recurrent gene fusions and integrated non-human sequences that may represent 
pathogens.  
Contact Information at funding agency:

 

 Grants Officer:  Adrienne Fischer, Doris Duke Charitable 
Foundation, 650 5th Avenue, Fl 19, NY, NY 

 
R01CA132874-01 (PI: Chinnaiyan)  03/01/09– 11/31/13 10% 
NIH $166,000/yr 
Molecular Sub-typing of Prostate Cancer Based on Recurrent Gene Fusions  
Specific Aims:

Contact Information at funding agency:  Grants Management Specialist: Catherine Blount, Email: 
blountc@mail.nih.gov Phone: 301-496-3179 

 1) discovery and nomination of novel molecular sub-types of prostate cancer, 2) 
characterize associations of molecular sub-types of prostate cancer with clinical outcome and/or 
aggressiveness of disease in a radical prostatectomy cohort, 3) characterize associations of molecular sub-
types of prostate cancer with clinical outcome and/or aggressiveness of disease using prostate needle 
biopsy samples.   

 
 
(PI: Kumar) 01/01/09 – 12/31/09 2.5% 
Lustgarten Foundation  $100,000/yr 
Discovery of Recurrent Gene Fusions in Pancreatic Cancer using High-throughput Sequencing 
Goal:  carry out a survey of pancreatic cancer transcriptome to identify recurrent gene fusions using high-
throughput sequencing.   
Specific Aims: 
Contact Information at funding agency: LSASSO@cablevision.com, Lustgarden Foundation, 1111 Stewart 
Avenue, Bethpage, NY, 11714 
Role: Co-Investigator 
 
 
W81XWH-09-2-0014 (PI: Wicha) 03/01/09 – 04/24/10 4% 
Department of Defense $443,618/yr 4% breast cancer 
National Functional Genomics Center 
Goals: to develop a comprehensive approach to genetics, proteomics and bioinformatics that can help 
elucidate the mechanisms driving tumorigenesis. This research investigates the notion that cancer stem 
cells are the key cell component driving tumorigenesis, metastasis and treatment resistance.  
Specific Aims: 1) To isolate and achieve molecular characterization of cancer stem cells from human 
breast, prostate, colon, pancreas, head and neck, brain, ovarian and melanomas. 2) To better define 
pathways that regulate cancer we will utilize the integrative oncogenomics approaches including HIMAP to 
elucidate the interacting pathways regulating cancer stem cells. 3) To identify novel genes regulating 
cancer stem cells we propose to utilize a high throughput siRNA approach to screen for genes which play a 
functional role in stem cell self-renewal.  
Contact Information at funding agency: Dr. Anne Westbrook, e-mail vivian.westbrook@tatrc.org 
Role: Co-Investigator 
 
 

PENDING 
American Association for Cancer Research (Dream team leader: Gray) 10/01/09 – 9/30/12 7.5% 
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Stand Up To Cancer Dream Team Translational Cancer Research $362,190/yr 
Personalizing treatment of triple negative, metastatic breast cancer 
Goals: developing targeted molecular therapies for breast cancer treatment; test the efficacy of 
individualized treatment of drug-resistant, triplenegative.  
Specific Aims: 1) Compare omic features of 100 drug resistant, TNBCs with those of untreated primary 
tumors to identify omic features associated with metastasis and/or drug resistance. 2.) Developed 
improved preclinical biological models of drug resistant, triple-negative breast cancer to facilitate 
identification of therapeutic approaches that will be effective against TNBC. 3) Identify omic features of 
metastatic, drug resistant TNBC subsets associated with response to approved and experimental 
therapeutic agents using novel computational and experimental approaches. 4) Develop and compare 
computational methods for selection of drugs/combinations for individualized treatment of TNBC patients 
based on the omic characteristics of their tumors. 5) Conduct an omic-marker-guided clinical trial of 
therapies predicted to be effective against TNBC subsets. 6) Develop a comprehensive public/patient 
education and awareness campaign to introduce the consumer community to the new “personalized 
medicine” concept. 
Role:  Dream Team Principal (Chinnaiyan) 

 
OVERLAP 

Once the pending proposal is award, effort will be reduced on the Burroughs Wellcome Fund project.   
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APPENDICES:   
 
 
PDFs of the following journal articles: 
 

1. Rhodes DR, Ateeq B, Cao Q, Tomlins SA, Mehra R, Laxman B, Kalyana-
Sundaram S, Lonigro RJ, Helgeson BE, Bhojani MS, Rehemulla A, Kleer CG, 
Hayes DF, Lucas PC, Varambally S, Chinnaiyan AM. AGTR1 overexpression 
defines a subset of breast cancer and confers sensitivity to losatran, an AGTR1 
antagonist. Proc Natl Acad Sci USA 2009: 106(25): 10284-10289. PMID: 
19487683/PMCID: PMC 2689309 
 
News Stories from “AGTR1 overexpression defines a subset of breast cancer and 
confers sensitivity to losatran, an AGTR1 antagonist” 

 
 

2. Maher CA, Palanismay N, Brenner JC, Cao X, Kalyana-Sundaram S, Luo S, 
Khrebtukova I, Barrette TR, Grasso C, Yu J, Lonigro RJ, Schroth G, Kumar-
Sinha C, Chinnaiyan AM. Chimeric transcript discovery by pair-end 
transcriptome sequencing. Proc Natl Acad Sci USA 2009: 106(30): 12353-12358.  
PMID: 19592507/PMCID: PMC2708976. 

 
3. Prensner JR, Chinnaiyan AM. Oncogenic gene fusions in epithelial carcinomas. 
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Barrette T, Palanisamy N, Chinnaiyan AM. Transcriptome sequencing to detect 
gene fusions in cancer. Nature, 2009: 458(7234): 97-101. PMID 
19136943/PMCID: PMC2725402 
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Breast cancer patients have benefited from the use of targeted
therapies directed at specific molecular alterations. To identify
additional opportunities for targeted therapy, we searched for
genes with marked overexpression in subsets of tumors across a
panel of breast cancer profiling studies comprising 3,200 microar-
ray experiments. In addition to prioritizing ERBB2, we found
AGTR1, the angiotensin II receptor type I, to be markedly overex-
pressed in 10–20% of breast cancer cases across multiple indepen-
dent patient cohorts. Validation experiments confirmed that
AGTR1 is highly overexpressed, in several cases more than 100-
fold. AGTR1 overexpression was restricted to estrogen receptor-
positive tumors and was mutually exclusive with ERBB2 overex-
pression across all samples. Ectopic overexpression of AGTR1 in
primary mammary epithelial cells, combined with angiotensin II
stimulation, led to a highly invasive phenotype that was attenu-
ated by the AGTR1 antagonist losartan. Similarly, losartan reduced
tumor growth by 30% in AGTR1-positive breast cancer xenografts.
Taken together, these observations indicate that marked AGTR1
overexpression defines a subpopulation of ER-positive, ERBB2-
negative breast cancer that may benefit from targeted therapy
with AGTR1 antagonists, such as losartan.

A central aim in cancer research is to identify genetic
alterations involved in the pathogenesis of cancer, thereby

providing an opportunity to develop therapies that directly
target the alterations. In breast cancer research, this strategy has
been realized with the study of ERBB2, which is amplified and
overexpressed in 25–30% of breast tumors (1, 2), directly
contributing to tumorigenesis (3, 4). Targeting this genetic lesion
with trastuzumab, a humanized monoclonal antibody directed
against ERBB2, has significant clinical benefit in breast cancer
management (5–7). Cancer genes are activated or inactivated by
a variety of mechanisms, including those that alter the activity of
proteins (e.g., activating Ras mutation, BCR-ABL fusion pro-
tein) and those that change expression levels of proteins (e.g.,
ERBB2 gene amplification, Ig-Myc DNA translocation, or p53
homozygous deletion). It is likely that only a fraction of such
‘‘driver’’ alterations have been identified to date, and further-
more, many of the identified alterations are not thought to be
‘‘druggable’’ by conventional means.

DNA microarrays have been widely applied to the study of gene
expression in cancer. Although microarrays are not capable of
directly detecting alterations affecting the activity of proteins, they
are theoretically well suited to detect alterations that change the
expression of genes and proteins, although it can be difficult to
identify driver alterations directly related to tumorigenesis among
hundreds or thousands of differentially expressed genes. As a
strategy for using microarray data to identify genes directly related

to cancer pathogenesis that may thus serve as therapeutic targets,
we hypothesized that genes that show the most profound changes
in gene expression (10-fold to more than 100-fold increase relative
to baseline), termed ‘‘pathogenic overexpression,’’ even if in only a
small subset of cases, may play a direct role in cancer progression
and may serve as optimal therapeutic targets for the subpopulations
with overexpression. Because cancer is heterogeneous, distribution
statistics that compare average expression values between classes of
samples (e.g., cancer vs. normal) will often fail to identify these
profound changes in expression, especially if the alterations occur
in subsets of cases (e.g., Her2/neu amplification and overexpression
in 25% of breast cancer). We previously developed a simple
analytical method, termed ‘‘Cancer Outlier Profile Analysis’’
(COPA), to identify such gene expression profiles, nominating
ERG and ETV1 as novel cancer genes in prostate cancer, which
were shown to be activated by gene fusions with the androgen-
regulated gene TMPRSS2 (8). Here, we extend the COPA ap-
proach to include a meta-analysis strategy, combining the search for
profound changes in expression with multistudy validation. We
focus our analysis on breast cancer because this disease has been
most extensively analyzed by gene expression profiling. Interest-
ingly, the majority of such analyses have focused on disease
classification and prediction of patient outcome, rather than target
discovery. We present a large-scale analysis spanning 31 gene
expression profiling studies comprising nearly 3,200 microarray
experiments. In addition to objectively identifying the prototypical
breast cancer target, ERBB2, our analysis also nominates a number
of previously unidentified genes which, based on their profound
overexpression in subsets of tumors across independent cohorts,
may play a role in tumorigenesis and may serve as therapeutic
targets in their respective subpopulations.

Results
We hypothesized that genes directly involved in breast tumori-
genesis may be activated via pathological overexpression in
specific subsets of tumors. Thus, we developed a methodology to
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identify genes that display substantial changes in expression in
subpopulations of tumors across independent cancer microarray
datasets. The methodology, MetaCOPA, combines MetaAnaly-
sis and COPA, 2 approaches that we have applied previously but
separately to identify cancer genes (8, 9) (Fig. S1). We analyzed
31 breast cancer profiling datasets, comprising 3,157 microarrays
(Table S1). We defined per dataset ‘‘outliers’’ as genes with the
most dramatic overexpression in a subset of tumors, and‘‘meta-
outliers’’ as genes that were identified in a statistically significant
fraction of datasets. We identified 159 significant meta-outliers
(P � 1E-5) (Fig. 1A and Table S2), of which �20 genes were
identified as outliers in the majority of datasets examined (Fig.
1B and Table S3).

Notably, considering all human genes represented in the analysis,
ERBB2 was the most significant meta-outlier, identified in 21 of 29
independent datasets (72%; P � 3.6E-26), indicating that this
established therapeutic target shows the most substantial and
consistent overexpression in a fraction of breast tumors (Fig. S2A).
Although ERBB2 did not have a no.1 ranked outlier expression
profile in any individual dataset, it did score highest in the meta-
analysis. Several other top-scoring meta-outliers localize within 1
Mb of ERBB2 on chromosome 17q. As expected from the past
observation that ERBB2 and genomic neighbors are coamplified
and coexpressed in breast cancer (10, 11), we observed a clear
coexpression pattern of the 17q meta-outliers (Fig. S2B).

The next most consistently scoring outlier, excluding ERBB2 and
genomic neighbors, was AGTR1, the gene encoding angiotensin II
receptor type I, which is the target of the antihypertensive drug
losartan (12) and has previously been linked to cancer (12–17) and
cancer-related signaling pathways (18, 19). AGTR1 was called an
outlier in 15 of 22 datasets (68%; P � 2.0E-18). The microarray data
clearly indicated that AGTR1 is highly overexpressed in a subset of

tumors relative to normal tissue (Fig. 2A) and that high overex-
pression occurs exclusively in a subset of estrogen receptor-positive
(ER�) tumors (Fig. 2C). Furthermore, a coexpression analysis of
AGTR1 and ERBB2 revealed a mutually exclusive relationship,
with breast tumors overexpressing ERBB2 or AGTR1, but never
both (Fig. 2 B and D). Additional evidence for the marked
overexpression of AGTR1 in 10–20% of breast tumors, specifically
ER�, ERBB2� breast tumors, is presented in SI Materials and
Methods (Figs. S3 and S4). AGTR1 overexpression was not signif-
icantly associated with 5-year recurrence-free survival in ER�,
ERBB2� breast cancer across 2 independent datasets (Fig. S5). We
validated and quantified AGTR1 overexpression by quantitative
RT-PCR in formalin-fixed, paraffin-embedded tissue from normal
breast, primary breast cancer, and metastatic breast cancer. Con-
sistent with the microarray data, we found AGTR1 to be more than
20-fold overexpressed in 7 of 45 tumors (15.5%) and more than
100-fold overexpressed in 2 primary tumors and 1 metastatic tumor
(Fig. 2E).

Given the remarkable overexpression of AGTR1 in tumor
subsets, we investigated potential mechanisms by which AGTR1
becomes overexpressed. First, using Oncomine, we examined
AGTR1 coexpression data from 5 independent datasets, and in
each case we found no more than one additional gene correlated
with AGTR1 (R � 0.5), providing preliminary evidence that
AGTR1 is not regulated as part of a larger transcriptional program.
Second, we examined AGTR1 overexpression in the context of
genes that neighbor AGTR1 on chromosome 3q. Unlike ERBB2,
AGTR1 did not display any correlated expression with genomic
neighbors (Fig. S6).

Next, we performed FISH on tissue microarrays to test the
AGTR1 locus for gene rearrangement or DNA copy number
aberration. Using a split probe strategy (8), we found that 5� and 3�

Fig. 1. MetaCOPA analysis of breast can-
cer gene expression data. (A) MetaCOPA
map. Each column in the map represents a
breast cancer gene expression dataset. The
numbers at the base of the map correspond
to dataset details (Table S1). Each row indi-
cates a gene. A red cell indicates that the
gene was deemed to have an outlier ex-
pression profile in the respective dataset
because it scored in the top 1% of COPA
values at 1 of 3 percentile cutoffs. The line
graph along the y axis indicates the P value
for a gene based on the number of datasets
in which the gene was deemed an outlier. A
total of 158 genes were called outliers in a
significant fraction of datasets (P � 1E-5).
The bar graph indicates the number of sam-
ples in the respective datasets and the con-
tribution of the dataset to the meta-
analysis. The black bar on the left of the
map indicates the top 25 meta-outliers,
which are detailed in B for 3 datasets
marked with an asterisk. (B) Heatmaps of
COPA-normalized values for top-scoring
meta-outliers across 3 highly contributory
datasets: Miller et al. (26), Hess et al. (27),
and Wang et al. (28). Genes are ranked by
their MetaCOPA P values. For each gene,
samples are ordered from left to right by
their COPA-normalized expression values.
Highest intensity of red indicates a COPA-
normalized value of 6 or greater. White
indicates a value of zero or less.
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AGTR1 probes never demonstrated consistent split signals, and
thus concluded that rearrangement of the AGTR1 locus is not
involved in AGTR1 overexpression. AGTR1 copy number was also
evaluated in 112 breast carcinoma cases. Definitive copy number
gain [locus/control (L/C) � 1.5] was observed in 7 of 112 cases
(6.25%), of which 6 were invasive ductal carcinoma and 1 was ductal
carcinoma in situ (Fig. 3 A and B). To study the association between
DNA copy number and overexpression, we identified available
cases for qRT-PCR analysis, including 14 cases with no gain (L/C �
1.2), 3 cases with questionable gain (1.2 � L/C � 1.5), and 4 cases
with definitive DNA copy number gain (L/C � 1.5). We observed
a significant concordance between high AGTR1 expression and
definitive copy number gain (P � 0.006; Fig. 3C). All 4 cases tested
with definitive copy number gain also had high AGTR1 expression;
however, high expression was also observed in 3 of 17 cases without
definitive copy number gain. Thus, in this small sample set, copy
number gain was always associated with overexpression, but over-
expression also occurred without copy number gain.

To study the function of AGTR1 overexpression in breast
epithelial cells, we generated an adenovirus construct expressing
AGTR1. Human mammary epithelial cells (H16N2 and HME)
were infected with AGTR1-expressing virus or control LacZ-
expressing virus and cultured in serum-free media (Fig. S7). We
assayed AGTR1-overexpressing cells and control cells for cell
proliferation and invasion both in serum-free media and upon
stimulation with angiotensin II (AT), the ligand of AGTR1. Over-
expression of AGTR1 alone or in combination with AT did not

affect cell proliferation. However, in both cell lines, we did observe
that overexpression of AGTR1 with AT stimulation did signifi-
cantly promote cell invasion in a reconstituted basement membrane
invasion chamber assay (Fig. 4 A and B). The control experiment,
in which the LacZ gene was transfected, did not exhibit increased
invasion with AT stimulation. Importantly, AGTR1 and AT-
mediated invasion was attenuated in a dose-dependent manner
with inclusion of the AGTR1 blocker, losartan. Losartan had no
effect on the LacZ-transfected cells or the AGTR1-transfected cells
not stimulated with AT (Fig. 4B). To confirm that losartan inhi-
bition of invasion is specific to AGTR1 transfection, we also
infected H16N2 and HME cells with EZH2-expressing adenovirus,
a gene known to induce invasion and, as expected, found that
EZH2-mediated invasion was not attenuated by losartan treatment
(Fig. S8). Thus, in 2 benign breast epithelial cell lines, AGTR1
overexpression in the presence of AT led to a markedly invasive
tumorigenic phenotype, which is specifically reversed by treatment
with losartan. We also tested the AGTR1-overexpressing mam-
mary epithelial cells for activation of the MAPK and PI3K path-
ways, as measured by ERK phosphorylation and AKT phosphor-
ylation, respectively. We found that AGTR1 overexpression
combined with AT stimulation did increase ERK phosphorylation
but not AKT phosphorylation. Losartan treatment (10 �M) inhib-
ited the AT-stimulated increase in ERK phosphorylation (Fig. S9).

Next, we identified and tested a panel of breast cancer cell lines
with endogenous AGTR1 overexpression. By using Oncomine (20),
we identified 4 breast cancer cell lines with validated AGTR1
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overexpression and 3 breast cancer cell lines with little or no
expression of AGTR1 (Fig. S10). As an additional negative control,
we also included the highly invasive prostate cancer cell line DU145,
which has low expression of AGTR1. By using the reconstituted
basement membrane invasion chamber assay, we tested the cell line
panel with and without 1 �M AT and losartan. In each of the 4
AGTR1-overexpressing cell lines, we observed an increase in
invasion upon stimulation with 1 �M AT, which was reversible by
addition of losartan, whereas none of the 3 breast cancer cell lines
with low AGTR1 expression, nor DU145, showed an increase in
invasion upon 1 �M AT stimulation (Fig. 4C). Thus, we confirmed
that our ectopic AGTR1 overexpression results can be generalized
to breast cancer cells with endogenous overexpression but not those
with low expression, and that losartan-mediated decrease in inva-
sion is specific to invasion related to AT stimulation and AGTR1
overexpression.

Next, we stably transfected AGTR1 into MCF7 human breast
cancer cells and performed mouse xenograft studies. We implanted
MCF7-AGTR1 cells or MCF7-GUS control cells into the mam-
mary fat pad of nude mice and treated animals with 90 mg/kg
losartan per day or vehicle control. We studied the impact of
losartan on tumor growth at 2 weeks and 8 weeks. Ten mice were
studied in each group: MCF7-AGTR1 plus saline, MCF7-AGTR1
plus losartan, MCF7-GUS plus saline, and MCF7-GUS plus losar-
tan. MCF7-AGTR1 tumors did not display increased growth at 2
weeks or 8 weeks relative to MCF7-GUS control tumors. Losartan
treatment did, however, significantly reduce early and late tumor
growth in MCF7-AGTR1-implanted mice but had no effect on
tumor growth in MCF7-GUS control-implanted mice. At 2 weeks
after implantation, the median tumor size of MCF7-AGTR1 tu-
mors treated with losartan was 20% smaller than MCF7-AGTR1
tumors treated with vehicle control (P � 1.4E-4; Fig. 5A). On the
contrary, there was no significant change in tumor size at 2 weeks
in MCF7-GUS tumors treated with losartan relative to vehicle
control (P � 0.67). Similarly, at 8 weeks, median tumor size of
MCF7-AGTR1 tumors treated with losartan was 31% smaller than
those treated with control (P � 0.016; Fig. 5B). Again, no significant
change in median tumor size of MCF7-GUS tumors was observed
upon losartan treatment (P � 0.24). In summary, although AGTR1
transfection into MCF7 breast cancer cells did not increase tumor
size, it did significantly sensitize tumors to growth inhibition with
losartan treatment.

Discussion
In summary, we performed a large-scale meta-analysis of outlier
expression profiles across several large cohorts of breast tumors.
Our analysis prioritized genes with marked overexpression in
subsets of tumors. This approach correctly prioritized the pro-
totypical breast cancer oncogene and drug target ERBB2. In
addition, several new genes were identified, demonstrating con-
sistent and dramatic overexpression in tumor subsets. We sus-
pect that our analysis has uncovered a new crop of potentially
important breast cancer genes.

AGTR1, the angiotensin II receptor, was found to be one of the
most highly overexpressed genes in 10–20% of breast cancers across
independent breast cancer microarray studies. This has potential
clinical importance because AGTR1 is antagonized by commonly
prescribed antihypertensive agents (12), such as losartan, which
have been shown to have antitumorigenic effects in model systems
(12–17). Interestingly, AGTR1 always displayed high overexpres-
sion in ER-positive, ERBB2-negative tumors, potentially providing
insights into the selective pressures governing AGTR1 activation in
breast cancer. Contrary to expectation, ER in fact down-regulates
the AGTR1 transcript via cytosolic mRNA-binding proteins (21).
Thus, we hypothesize that the paradoxical marked overexpression
of AGTR1 in a subset of ER� breast tumors may be the result of
a genetic aberration that put the AGTR1 transcript under the
positive control of the ER. Based on the mutually exclusive
expression pattern with ERBB2 and the reported overlapping
downstream pathways affected by AGTR1 and ERBB2, we suspect
that AGTR1 activation and ERBB2 activation may represent
alternative but functionally related events in tumorigenesis. Our
AGTR1 transfection experiments in HME cells confirmed that
ERK phosphorylation, a MAPK pathway readout, increases upon
angiotensin stimulation.

We applied computational and experimental strategies to un-
cover mechanisms for AGTR1 overexpression. Coexpression anal-
ysis revealed that AGTR1 is not likely to be part of a larger
transcriptional program, because other genes were not found to be
highly coexpressed with AGTR1. FISH analysis demonstrated that
chromosomal rearrangements do not occur at the AGTR1 locus,
making gene fusions an unlikely cause of overexpression. DNA
copy number analysis did identify a small fraction (6.5%) of breast
tumors with increased copy number at the AGTR1 locus, and copy
number gain occurred only in cases with overexpression. However,
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some overexpressing cases did not have copy number gain, and the
level of copy number gain observed in positive cases was not
proportional to the degree of overexpression observed. Thus, we
suspect that copy number gain contributes to overexpression in
some cases but is not likely to be the predominant mechanism.
Future studies to investigate the mechanism of AGTR1 overex-
pression should include high-resolution array comparative genomic
hybridization and sequencing of the AGTR1 locus.

Regardless of the mechanism, AGTR1 undergoes profound
deregulation in a subset of breast cancers, and our in vitro and in
vivo studies demonstrate a functional role for AGTR1 overexpres-
sion in breast cancer and, more importantly, the potential for
targeting AGTR1� breast tumors with an available therapy. Past

work has shown that in breast cancer cell lines, angiotensin II
stimulation evokes an invasive phenotype, which is inhibited by
losartan treatment (22). Furthermore, it was demonstrated that the
increase in invasion is coincident with decreased expression of
integrins, possibly via protein kinase C signaling. Although these
observations were made in transformed breast cancer cells naturally
expressing AGTR1, our work shows that activated AGTR1 path-
way, by way of artificial AGTR1 overexpression, in normal breast
epithelial cells is sufficient to activate an invasive phenotype,
suggesting that this pathway may be especially important in breast
tumors with high overexpression. Furthermore, we studied a panel
of cell lines with either high or low levels of AGTR1 and showed
a clear correlation between AT-mediated invasion and level of
AGTR1 expression.

Our in vivo data provide further evidence that losartan may be
a viable therapy for women with AGTR1-overexpressing breast
tumors. Breast cancer xenografts overexpressing AGTR1 were
differentially sensitive to losartan treatment, demonstrating a 30%
reduction in growth at 8 weeks, whereas control xenografts had no
reductin in tumor size. It is interesting that MCF7-AGTR1 xeno-
grafts did not display increased growth relative to MCF7 control
xenografts, but they did display a significantly increased losartan
effect. This suggests that AGTR1 does not provide an additive
growth signal to MCF7 cells, which do harbor an activating PI3K
mutation. We suspect that the stable transfection of AGTR1
reprogrammed MCF7 cells to be at least partially dependent on
AGTR1 as a growth or survival signal; hence, the differential
response to losartan. We anticipate that de novo AGTR1-positive
primary tumors may be even more dependent on the AGTR1
signal, and thus more sensitive to inhibition.

Interestingly, past studies have linked polymorphisms in the
angiotensin pathway with breast cancer incidence (23, 24),
documenting a significant increase in breast cancer incidence in
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women with the D/D angiotensin-converting enzyme (ACE)
allele, which is associated with increased circulating ACE levels,
and thus increased levels of angiotensin II, the ligand for
AGTR1. Other studies have examined the relationship between
antihypertensive therapy (AHT), which often involves modula-
tion of the angiotensin axis, and breast cancer incidence. The
largest of such studies did not observe a significant relationship
(25); however, the study examined a variety of AHT modalities
and was likely not powered to detect a small change incidence
that might be expected from a response only in the AGTR1�

subpopulation.
In summary, this study provides a rationale for a clinical trial

that includes losartan in the treatment of breast cancer patients
with tumors positive for AGTR1. We demonstrated that AGTR1
transcript levels and DNA copy number can be effectively
measured from formalin-fixed, paraffin-embedded tissue spec-
imens, thus enabling the identification of the appropriate patient
population.

Materials and Methods
MetaCOPA Analysis. COPA analysis was performed on 31 breast cancer gene
expression datasets in Oncomine (www.oncomine.org) as described previously
(8). Genes scoring in the top 1% of COPA scores at any of the 3 percentile cutoffs
(75th, 90th, and 95th) were deemed outliers in their respective datasets. Meta-
outliers were defined as genes deemed outliers in a significant fraction (P � 1E-5)
of datasets as assessed by the binomial distribution. Analysis details are provided
in SI Materials and Methods.

Quantitative PCR (QPCR). QPCR was performed by using SYBR Green dye on an
Applied Biosystems 7300 Real Time PCR system (Applied Biosystems) essentially as

describedpreviously (8).Detailsandprimersequencesareavailable inSIMaterials
and Methods.

AGTR1 Transfection. The benign human mammary epithelial cells HME and
H16N2 were transfected with AGTR1-expressing adenovirus and assayed for
cell invasion with or without losartan and angiotensin II treatment. Details are
available in SI Materials and Methods.

Cell Invasion Assay. Breast cell lines BT-549, Hs578T, HME, H16N2, HCC1528,
HCC1500 and prostate carcinoma line DU145 were assayed for cell invasion
with or without losartan and angiotensin II treatment using Matrigel
invasion chambers. Details are available in SI Materials and Methods.

AGTR1 Amplification Assessment. A breast cancer tissue microarray containing
311 cases of invasive breast cancer was tested for AGTR1 locus amplification by
flourscence in situ hybridization. Details are available in SI Materials and
Methods.

Mammary Fat Pad Xenograft Model. Balb/C nu/nu mice were implanted with
MCF7 cells stably overexpressing AGTR1 or Gus and then treated daily with
losartan vehicle control. Details are available in SI Materials and Methods.
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Recurrent gene fusions are a prevalent class of mutations arising from
the juxtaposition of 2 distinct regions, which can generate novel
functional transcripts that could serve as valuable therapeutic targets
in cancer. Therefore, we aim to establish a sensitive, high-throughput
methodology to comprehensively catalog functional gene fusions in
cancer by evaluating a paired-end transcriptome sequencing strategy.
Not only did a paired-end approach provide a greater dynamic range
in comparison with single read based approaches, but it clearly
distinguished the high-level ‘‘driving’’ gene fusions, such as BCR-ABL1
and TMPRSS2-ERG, from potential lower level ‘‘passenger’’ gene
fusions. Also, the comprehensiveness of a paired-end approach en-
abled the discovery of 12 previously undescribed gene fusions in 4
commonly used cell lines that eluded previous approaches. Using the
paired-end transcriptome sequencing approach, we observed read-
through mRNA chimeras, tissue-type restricted chimeras, converging
transcripts, diverging transcripts, and overlapping mRNA transcripts.
Last, we successfully used paired-end transcriptome sequencing to
detect previously undescribed ETS gene fusions in prostate tumors.
Together, this study establishes a highly specific and sensitive ap-
proach for accurately and comprehensively cataloguing chimeras
within a sample using paired-end transcriptome sequencing.

bioinformatics � gene fusions � prostate cancer � breast cancer � RNA-Seq

One of the most common classes of genetic alterations is gene
fusions, resulting from chromosomal rearrangements (1).

Intriguingly, �80% of all known gene fusions are attributed to
leukemias, lymphomas, and bone and soft tissue sarcomas that
account for only 10% of all human cancers. In contrast, common
epithelial cancers, which account for 80% of cancer-related deaths,
can only be attributed to 10% of known recurrent gene fusions
(2–4). However, the recent discovery of a recurrent gene fusion,
TMPRSS2-ERG, in a majority of prostate cancers (5, 6), and
EML4-ALK in non-small-cell lung cancer (NSCLC) (7), has ex-
panded the realm of gene fusions as an oncogenic mechanism in
common solid cancers. Also, the restricted expression of gene
fusions to cancer cells makes them desirable therapeutic targets.
One successful example is imatinib mesylate, or Gleevec, that
targets BCR-ABL1 in chronic myeloid leukemia (CML) (8–10).
Therefore, the identification of novel gene fusions in a broad range
of cancers is of enormous therapeutic significance.

The lack of known gene fusions in epithelial cancers has been
attributed to their clonal heterogeneity and to the technical limi-
tations of cytogenetic analysis, spectral karyotyping, FISH, and
microarray-based comparative genomic hybridization (aCGH). Not
surprisingly, TMPRSS2-ERG was discovered by circumventing
these limitations through bioinformatics analysis of gene expression
data to nominate genes with marked overexpression, or outliers, a
signature of a fusion event (6). Building on this success, more recent
strategies have adopted unbiased high-throughput approaches, with
increased resolution, for genome-wide detection of chromosomal
rearrangements in cancer involving BAC end sequencing (11),
fosmid paired-end sequences (12), serial analysis of gene expression

(SAGE)-like sequencing (13), and next-generation DNA sequenc-
ing (14). Despite unveiling many novel genomic rearrangements,
solid tumors accumulate multiple nonspecific aberrations through-
out tumor progression; thus, making causal and driver aberrations
indistinguishable from secondary and insignificant mutations,
respectively.

The deep unbiased view of a cancer cell enabled by massively
parallel transcriptome sequencing has greatly facilitated gene fu-
sion discovery. As shown in our previous work, integrating long and
short read transcriptome sequencing technologies was an effective
approach for enriching ‘‘expressed’’ fusion transcripts (15). How-
ever, despite the success of this methodology, it required substantial
overhead to leverage 2 sequencing platforms. Therefore, in this
study, we adopted a single platform paired-end strategy to com-
prehensively elucidate novel chimeric events in cancer transcrip-
tomes. Not only was using this single platform more economical, but
it allowed us to more comprehensively map chimeric mRNA, hone
in on driver gene fusion products due to its quantitative nature, and
observe rare classes of transcripts that were overlapping, diverging,
or converging.

Results
Chimera Discovery via Paired-End Transcriptome Sequencing. Here,
we employ transcriptome sequencing to restrict chimera nomina-
tions to ‘‘expressed sequences,’’ thus, enriching for potentially
functional mutations. To evaluate massively parallel paired-end
transcriptome sequencing to identify novel gene fusions, we gen-
erated cDNA libraries from the prostate cancer cell line VCaP,
CML cell line K562, universal human reference total RNA (UHR;
Stratagene), and human brain reference (HBR) total RNA (Am-
bion). Using the Illumina Genome Analyzer II, we generated 16.9
million VCaP, 20.7 million K562, 25.5 million UHR, and 23.6
million HBR transcriptome mate pairs (2 � 50 nt). The mate pairs
were mapped against the transcriptome and categorized as (i)
mapping to same gene, (ii) mapping to different genes (chimera
candidates), (iii) nonmapping, (iv) mitochondrial, (v) quality con-
trol, or (vi) ribosomal (Table S1). Overall, the chimera candidates
represent a minor fraction of the mate pairs, comprising ��1% of
the reads for each sample.

We believe that a paired-end strategy offers multiple advantages
over single read based approaches such as alleviating the reliance
on sequencing the reads traversing the fusion junction, increased
coverage provided by sequencing reads from the ends of a tran-
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scribed fragment, and the ability to resolve ambiguous mappings
(Fig. S1). Therefore, to nominate chimeras, we leveraged each of
these aspects in our bioinformatics analysis. We focused on both
mate pairs encompassing and/or spanning the fusion junction by
analyzing 2 main categories of sequence reads: chimera candidates
and nonmapping (Fig. S2A). The resulting chimera candidates from
the nonmapping category that span the fusion boundary were
merged with the chimeras found to encompass the fusion boundary
revealing 119, 144, 205, and 294 chimeras in VCaP, K562, HBR, and
UHR, respectively.

Comparison of a Paired-End Strategy Against Existing Single Read
Approaches. To assess the merit of adopting a paired-end transcrip-
tome approach, we compared the results against existing single read
approaches. Although current RNA sequencing (RNA-Seq) stud-
ies have been using 36-nt single reads (16, 17), we increased the
likelihood of spanning a fusion junction by generating 100-nt long
single reads using the Illumina Genome Analyzer II. Also, we chose
this length because it would facilitate a more comparable amount
of sequencing time as required for sequencing both 50-nt mate
pairs. In total, we generated 7.0, 59.4, and 53.0 million 100-nt
transcriptome reads for VCaP, UHR, and HBR, respectively, for
comparison against paired-end transcriptome reads from matched
samples.

Because the UHR is a mixture of cancer cell lines, we expected
to find numerous previously identified gene fusions. Therefore, we
first assessed the depth of coverage of a paired-end approach
against long single reads by directly comparing the normalized
frequency of sequence reads supporting 4 previously identified gene
fusions [TMPRSS2-ERG (5, 6), BCR-ABL1 (18), BCAS4-BCAS3
(19), and ARFGEF2-SULF2 (20)]. As shown in Fig. 1A, we ob-
served a marked enrichment of paired-end reads compared with
long single reads for each of these well characterized gene fusions.

We observed that TMPRSS2-ERG had a �10-fold enrichment
between paired-end and single read approaches. The schematic
representation in Fig. 1B indicates the distribution of reads con-
firming the TMPRSS2-ERG gene fusion from both paired-end and
single read sequencing. As expected, the longer reads improve the
number of reads spanning known gene fusions. For example, had
we sequenced a single 36-mer (shown in red text), 11 of the 17
chimeras, shown in the bottom portion of the long single reads,
would not have spanned the gene fusion boundary, but instead,
would have terminated before the junction and, therefore, only
aligned to TMPRSS2. However, despite the improved results only
17 chimeric reads were generated from 7.0 million long single read
sequences. In contrast, paired-end sequencing resulted in 552 reads
supporting the TMPRSS2-ERG gene fusion from �17 million
sequences.

Because we are using sequence based evidence to nominate a
chimera, we hypothesized that the approach providing the maxi-
mum nucleotide coverage is more likely to capture a fusion junc-
tion. We calculated an in silico insert size for each sample using
mate pairs aligning to the same gene, and found the mean insert size
of �200 nt. Then, we compared the total coverage from single reads
(coverage is equivalent to the total number of pass filter reads
against the read length) with the paired-end approach (coverage is
equivalent to the sum of the insert size with the length of each read)
(Fig. S2B). Overall, we observed an average coverage of 848.7 and
757.3 MB using single read technology, compared with 2,553.3 and
2,363 MB from paired-end in UHR and HBR, respectively. This
increase in �3-fold coverage in the paired-end samples compared
with the long read approach, per lane, could explain the increased
dynamic range we observed using a paired-end strategy.

Next we wanted to identify chimeras common to both strategies.
The long read approach nominated 1,375 and 1,228 chimeras,
whereas with a paired-end strategy, we only nominated 225 and 144
chimeras in UHR and HBR, respectively. As shown in the Venn
diagram (Fig. 1C), there were 32 and 31 candidates common to both

technologies for UHR and HBR, respectively. Within the common
UHR chimeric candidates, we observed previously identified gene
fusions BCAS4-BCAS3, BCR-ABL1, ARFGEF2-SULF2, and
RPS6KB1-TMEM49 (13). The remaining chimeras, nominated by
both approaches, represent a high fidelity set. Therefore, to further
assess whether a paired-end strategy has an increased dynamic
range, we compared the ratio of normalized mate pair reads against
single reads for the remaining chimeras common to both technol-
ogies. We observed that 93.5 and 93.9% of UHR and HBR
candidates, respectively, had a higher ratio of normalized mate pair
reads to single reads (Table S2), confirming the increased dynamic
range offered by a paired-end strategy. We hypothesize that the
greater number of nominated candidates specific to the long read
approach represents an enrichment of false positives, as observed
when using the 454 long read technology (15, 21).

Paired-End Approach Reveals Novel Gene Fusions. We were inter-
ested in determining whether the paired-end libraries could detect
novel gene fusions. Among the top chimeras nominated from
VCaP, HBR, UHR, and K562, many were already known, including
TMPRSS2-ERG, BCAS4-BCAS3, BCR-ABL1, USP10-ZDHHC7,
and ARFGEF2-SULF2. Also ranking among these well known gene
fusions in UHR was a fusion on chromosome 13 between GAS6 and
RASA3 (Fig. S3A and Table S2). The fact that GAS6-RASA3
ranked higher than BCR-ABL1 suggests that it may be a driving
fusion in one of the cancer cell lines in the RNA pool.

Another observation was that there were 2 candidates among the
top 10 found in both UHR and K562. This observation was
intriguing, because hematological malignancies are not considered
to have multiple gene fusion events. In addition to BCR-ABL1, we
were able to detect a previously undescribed interchromosomal
gene fusion between exon 23 of NUP214 located at chromosome
9q34.13 with exon 2 of XKR3 located at chromosome 22q11.1. Both
of these genes reside on chromosome 22 and 9 in close proximity
to BCR and ABL1, respectively (Fig. S3B). We confirmed the
presence of NUP214-XKR3 in K562 cells using qRT-PCR, but were
unable to detect it across an additional 5 CML cell lines tested
(SUP-B15, MEG-01, KU812, GDM-1, and Kasumi-4) (Fig. S3C).
These results suggest that NUP214-XKR3 is a ‘‘private’’ fusion that
originated from additional complex rearrangements after the trans-
location that generated BCR-ABL1 and a focal amplification of
both gene regions.

Although we were able to detect BCR-ABL1 and NUP214-
XKR3 in both UHR and K562, there was a marked reduction in
the mate pairs supporting these fusions in UHR. Although a
diluted signal is expected, because UHR is pooled samples, it
provides evidence that pooling samples can serve as a useful
approach for nominating top expressing chimeras, and poten-
tially enrich for ‘‘driver’’ chimeras.

Previously Undescribed Prostate Gene Fusions. Our previous work
using integrative transcriptome sequencing to detect gene fusions in
cancer revealed multiple gene fusions, demonstrating the complex-
ity of the prostate transcriptomes of VCaP and LNCaP (15). Here,
we exploit the comprehensiveness of a paired-end strategy on the
same cell lines to reveal novel chimeras. In the circular plot shown
in Fig. S4A, we displayed all experimentally validated paired-end
chimeras in the larger red circle. We found that all of the previously
discovered chimeras in VCaP and LNCaP comprised a subset of the
paired-end candidates, as displayed in the inner black circle.

As expected, TMPRSS2-ERG was the top VCaP candidate. In
addition to ‘‘rediscovering’’ the USP10-ZDHHC7, HJURP-INPP4A,
and EIF4E2-HJURP gene fusions, a paired-end approach revealed
several previously undescribed gene fusions in VCaP. One such
example was an interchromosomal gene fusion between ZDHHC7,
on chromosome 16, with ABCB9, residing on chromosome 12, that
was validated by qRT-PCR (Fig. S3D). Interestingly, the 5� partner,
ZDHHC7, had previously been validated as a complex intrachro-
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mosomal gene fusion with USP10 (15). Both fusions have mate
pairs aligning to the same exon of ZDHHC7 (15), suggesting that
their breakpoints are in adjacent introns (Fig. S3D).

Another previously undescribed VCaP interchromosomal gene
fusion that we discovered was between exon 2 of TIA1, residing on
chromosome 2, with exon 3 of DIRC2, or disrupted in renal
carcinoma 2, located on chromosome 3. TIA1-DIRC2 was validated
by qRT-PCR and FISH (Fig. S5). In total, we confirmed an

additional 4 VCaP and 2 LNCaP chimeras (Fig. S6). Overall, these
fusions demonstrate that paired-end transcriptome sequencing can
nominate candidates that have eluded previous techniques, includ-
ing other massively parallel transcriptome sequencing approaches.

Distinguishing Causal Gene Fusions from Secondary Mutations. We
were next interested in determining whether the dynamic range
provided by paired-end sequencing can distinguish known high-
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                                                                                                         GAGGCGGAGGGCGAGGGGCGGGGAGCGCCGCCTGGAGCGCGGCAGG      AAGCCTTATCAGTTGTGAGTGAGGACCCGTCGTTGTTTGGGGGGGCCTACGGAAGGGCAACCC
                                                                                                         GAGGCGGAGGGCGAGGGGCGGGGAGCGCCGCCTGGAGCGCGGCAGG      AAGCCTTATCAGTTGTGAGTGAGGACCCGTCGTTGTTTGGGGGGGCCTACGGAAGGGCAACCC
                                                                                                      GGAGGCGGAGGGCGAGGGGCGGGGAGCGCCGCCTGGAGCGCGGCAGG      AAGCCTTATCAGTTGTGAGTGAGGACCAGAGATCGGAAGAGCTCGGATGCCGGCTTCTGCTT
                                                                                                      GGAGGCGGAGGGCGAGGGGCGGGGAGCGCCGCCTGGAGCGCGGCAGG      AAGCCTTATCAGTTGTGAGTGAGGACCAGTCGTTGTTTGGGTGGGCCTCCCGGACGCCACCC
                                                                                                    CGGAGGCGGAGGGCGAGGGGCGGGGAGCGCCGCCTGGAGCGCGGCAGG     AAGCCTTATCAGTTGTGAGTGAGGACCAGTCGTTGTTTGGGGTGGGCTACGGAACGCCACA
                                                                            GTACCTTCCGATGTGGCGGAGGGCTGGGGGCGAAGGCCGCCGCCTAGAGCGCGGCAGG     AAGCCTTATCAGTTGTGAGTGAGGACCAGTCGTTGTTTGCGTTTGCCTACG
GTGTGCAAGGCTGTCCAAGCACCAGCCGCCATGCGCGTGTTTCCGCCCTGGCGAGGGGCTGCCAGCGCCGCCTGGAGCGCGGCAGG     AAGCCTTATCAGTTGTGCGTCAG

Paired-end

reads

Single

Reads

4

1

5

4

5’- -3’

Fig. 1. Dynamic range and sensitivity of the paired-end transcriptome analysis relative to single read approaches. (A) Comparison of paired-end (blue) and long single
transcriptome reads (black) supporting known gene fusions TMPRSS2-ERG, BCR-ABL1, BCAS4-BCAS3, and ARFGEF2-SULF2. (B) Schematic representation of TMPRSS2-
ERG in VCaP, comparing mate pairs with long single transcriptome reads. (Upper) Frequency of mate pairs, shown in log scale, are divided based on whether they
encompass or span the fusion boundary; (Lower) 100-mer single transcriptome reads spanning TMPRSS2-ERG fusion boundary. First 36 nt are highlighted in red. (C)
Venn diagram of chimera nominations from both a paired-end (orange) and long single read (blue) strategy for UHR and HBR.
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level ‘‘driving’’ gene fusions, such as known recurrent gene fusions
BCR-ABL1 and TMPRSS2-ERG, from lower level ‘‘passenger’’
fusions. Therefore, we plotted the normalized mate pair coverage
at the fusion boundary for all experimentally validated gene fusions
for the 2 cell lines that we sequenced harboring recurrent gene
fusions, VCaP and K562. As shown in Fig. S4B, we observed that
both driver fusions, TMPRSS2-ERG and BCR-ABL1, show the
highest expression among the validated chimeras in VCaP and
K562, respectively. This observation suggests a paired-end nomi-
nation strategy for selecting putative driver gene fusions among
private nonspecific gene fusions that lack detectable levels of
expression across a panel of samples (15).

Previously Undescribed Breast Cancer Gene Fusions. Our ability to
detect previously undescribed prostate gene fusions in VCaP and
LNCaP demonstrated the comprehensiveness of paired-end tran-
scriptome sequencing compared with an integrated approach, using
short and long transcriptome reads. Therefore, we extended our
paired-end analysis by using breast cancer cell line MCF-7, which
has been mined for fusions using numerous approaches such as
expressed sequence tags (ESTs) (22), array CGH (23), single
nucleotide polymorphism arrays (24), gene expression arrays (25),
end sequence profiling (20, 26), and paired-end diTag (PET) (13).

A histogram (Fig. S4C) of the top ranking MCF-7 candidates
highlights BCAS4-BCAS3 and ARFGEF-SULF2 as the top 2 rank-
ing candidates, whereas other previously reported candidates, such
as SULF2-PRICKLE, DEPDC1B-ELOVL7, RPS6KB1-TMEM49,
and CXorf15-SYAP1, were interspersed among a comprehensive list
of previously undescribed putative chimeras. To confirm that these
previously undescribed nominations were not false positives, we
experimentally validated 2 interchromosomal and 3 intrachromo-
somal candidates using qRT-PCR (Fig. S6). Overall, not only was

a paired-end approach able to detect gene fusions that have eluded
numerous existing technologies, it has revealed 5 previously unde-
scribed mutations in breast cancer.

RNA-Based Chimeras. Although many of the inter and intrachromo-
somal rearrangements that we nominated were found within a
single sample, we observed many chimeric events shared across
samples. We identified 11 chimeric events common to UHR, VCaP,
K562, and HBR (Table S3). Via heatmap representation (Fig. 2A)
of the normalized frequency of mate pairs supporting each chimeric
event, we can observe these events are broadly transcribed in
contrast to the top restricted chimeric events. Also, we found that
100% of the broadly expressed chimeras resided adjacent to one
another on the genome, whereas only 7.7% of the restricted
candidates were neighboring genes. This discrepancy can be ex-
plained by the enrichment of inter and intrachromosomal rear-
rangements in the restricted set.

Unlike, previously characterized restricted read-throughs, such
as SLC45A3-ELK4 (15), which are found adjacent to one another,
but in the same orientation, we found that the majority of the
broadly expressed chimera candidates resided adjacent to one
another in different orientations. Therefore, we have categorized
these events as (i) read-throughs, adjacent genes in the same
orientation, (ii) diverging genes, adjacent genes in opposite orien-
tation whose 5� ends are in close proximity, (iii) convergent genes,
adjacent genes in opposite orientation whose 3� ends are in close
proximity, and (iv) overlapping genes, adjacent genes who share
common exons (Fig. 2B). Based on this classification, we found 1
read-through, 2 convergent genes, 6 divergent genes, and 2 over-
lapping genes. Also, we found that �81.8% of these chimeras had
at least 1 supporting EST, providing independent confirmation of
the event (Table S3). In contrast to paired-end, single read ap-
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Gene X Gene Y
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Fig. 2. RNA based chimeras. (A) Heatmaps showing the normalized number of reads supporting each read-through chimera across samples ranging from 0 (white)
to 30 (red). (Upper) The heatmap highlights broadly expressed chimeras in UHR, HBR, VCaP, and K562. (Lower) The heatmap highlights the expression of the top
ranking restricted gene fusions that are enriched with interchromosomal and intrachromosomal rearrangements. (B) Illustrative examples classifying RNA-based
chimeras into (i) read-throughs, (ii) converging transcripts, (iii) diverging transcripts, and (iv) overlapping transcripts. (C Upper) Paired-end approach links reads from
independent genes as belonging to the same transcriptional unit (Right), whereas a single read approach would assign these reads to independent genes (Left).
(Lower) The single read approach requires that a chimera span the fusion junction (Left), whereas a paired-end approach can link mate pairs independent of gene
annotation (Right).
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proaches would likely miss these instances as each mate would have
aligned to their respective genes based on the current annotations
(Fig. 2C). Also, these instances may represent extensions of a
transcriptional unit, which would not be detectable by a single read
approach that identifies chimeric reads that span exon boundaries
of independent genes. Overall, we believe that many of these
broadly expressed RNA chimeras represent instances where mate
pairs are revealing previously undescribed annotation for a tran-
scriptional unit.

Previously Undescribed ETS Gene Fusions in Clinically Localized Pros-
tate Cancer. Given the high prevalence of gene fusions involving
ETS oncogenic transcription factor family members in prostate
tumors, we applied paired-end transcriptome sequencing for gene
fusion discovery in prostate tumors lacking previously reported
ETS fusions. For 2 prostate tumors, aT52 and aT64, we generated
6.2 and 7.4 million transcriptome mate pairs, respectively. In aT64,
we found that HERPUD1, residing on chromosome 16, juxtaposed
in front of exon 4 of ERG (Fig. 3A), which was validated by
qRT-PCR (Fig. S6) and FISH (Fig. 3B), thus identifying a third 5�
fusion partner for ERG, after TMPRSS2 (6) and SLC45A3 (27), and
presumably, HERPUD1 also mediates the overexpression of ERG
in a subset of prostate cancer patients. Also, just as TMPRSS2 and
SLC45A3 have been shown to be androgen regulated by qRT-PCR
(5), we found HERPUD1 expression, via RNA-Seq, to be respon-
sive to androgen treatment (Fig. S7). Also, ChIP-Seq analysis
revealed androgen binding at the 5� end of HERPUD1 (Fig. S7).

Also, in the second prostate tumor sample (aT52), we discovered
an interchromosomal gene fusion between the 5� end of a prostate
cDNA clone, AX747630 (FLJ35294), residing on chromosome 17,
with exon 4 of ETV1, located on chromosome 7 (Fig. 3C), which was
validated via qRT-PCR (Fig. S6) and FISH (Fig. 3D). Interestingly,
this fusion has previously been reported in an independent sample
found by a fluorescence in situ hybridization screen (27); thus,
demonstrating that it is recurrent in a subset of prostate cancer
patients. As previously reported, gene expression via RNA-Seq
confirmed that AX747630 is an androgen-inducible gene (Fig. S7).
Also, ChIP-Seq revealed androgen occupancy at the 5� end of
AX747630 (Fig. S7).

Discussion
This study demonstrates the effectiveness of paired-end massively
parallel transcriptome sequencing for fusion gene discovery. By
using a paired-end approach, we were able to rediscover known
gene fusions, comprehensively discover previously undescribed
gene fusions, and hone in on causal gene fusions. The ability to
detect 12 previously undescribed gene fusions in 4 commonly used
cell lines that eluded any previous efforts conveys the superior
sensitivity of a paired-end RNA-Seq strategy compared with ex-
isting approaches. Also, it suggests that we may be able to unveil
previously undescribed chimeric events in previously characterized
samples believed to be devoid of any known driver gene fusions as
exemplified by the discovery of previously undescribed ETS gene
fusions in 2 clinically localized prostate tumor samples that lacked
known driver gene fusions.

By analyzing the transcriptome at unprecedented depth, we have
revealed numerous gene fusions, demonstrating the prevalence of
a relatively under-represented class of mutations. However, one of
the major goals remains to discover recurrent gene fusions and to
distinguish them from secondary, nonspecific chimeras. Although
quantifying expression levels is not proof of whether a gene fusion
is a driver or passenger, because a low-level gene fusion could still
be causative, it still of major significance that a paired-end strategy
clearly distinguished known high-level driving gene fusions, such as
BCR-ABL1 and TMPRSS2-ERG, from potential lower level pas-
senger chimeras. Overall, these fusions serve as a model for
employing a paired-end nomination strategy for prioritizing leads

likely to be high-level driving gene fusions, which would subse-
quently undergo further functional and experimental evaluation.
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AX747630 (FLJ35294)
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4 5
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C
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Fig. 3. Discovery of previously undescribed ETS gene fusions in localized
prostate cancer. (A) Schematic representation of the interchromosomal gene
fusion between exon 1 of HERPUD1 (red), residing on chromosome 16, with exon
4 of ERG (blue), located on chromosome 21. (B) Schematic representation show-
ing genomic organization of HERPUD1 and ERG genes. Horizontal red and green
bars indicate the location of BAC clones. (Lower) FISH analysis using BAC clones
showingHERPUD1andERG inanormal tissue (Left),deletionof theERG5� region
in tumor (Center), and HERPUD1-ERG fusion in a tumor sample (Right). (C)
Schematic representation of the interchromosomal gene fusion between
FLJ35294 (green), residing on chromosome 17, with exon 4 of ETV1 (orange)
located on chromosome 21. (D Upper) Schematic representation of the genomic
organization of FLJ35294 and ETV1 genes. (Lower) FISH analysis using BAC clones
showing split of ETV1 in tumor sample (Left) and the colocalization of FLJ35294
and ETV1 in a tumor sample (Right).
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One of the major advantages of using a transcriptome approach
is that it enables us to identify rearrangements that are not
detectable at the DNA level. For example, conventional cytogenetic
methods would miss gene fusions produced by paracentric inver-
sions, or sub microscopic events, such as GAS6-RASA3. Also,
transcriptome sequencing can unveil RNA chimeras, lacking DNA
aberrations, as demonstrated by the discovery of a recurrent,
prostate specific, read-through of SLC45A3 with ELK4 in prostate
cancers. Further classification of RNA based events using paired-
end sequencing revealed numerous broadly expressed chimeras
between adjacent genes. Although these events were not necessarily
read-throughs events, because they typically had different orienta-
tions, we believe they represent extensions of transcriptional units
beyond their annotated boundaries. Unlike single read based
approaches, which require chimeras to span exon boundaries of
independent genes, we were able to detect these events using
paired-end sequencing, which could have significant impact for
improving how we annotate transcriptional units.

Overall, we have demonstrated the advantages of employing a
paired-end transcriptome strategy for chimera discovery, estab-
lished a methodology for mining chimeras, and extensively cata-
logued chimeras in a prostate and hematological cancer models. We
believe that the sensitivity of this approach will be of broad impact
and significance for revealing novel causative gene fusions in
various cancers while revealing additional private gene fusions that
may contribute to tumorigenesis or cooperate with driver gene
fusions.

Methods
Paired-End Gene Fusion Discovery Pipeline. Mate pair transcriptome reads were
mapped to the human genome (hg18) and Refseq transcripts, allowing up to 2
mismatches, using Efficient Alignment of Nucleotide Databases (ELAND) pair
within the Illumina Genome Analyzer Pipeline software. Illumina export output
fileswereparsedtocategorizepassingfiltermatepairsas (i)mappingtothesame
transcript, (ii) ribosomal, (iii) mitochondrial, (iv) quality control, (v) chimera can-
didates, and (vi) nonmapping. Chimera candidates and nonmapping categories
were used for gene fusion discovery. For the chimera candidates category, the
following criteria were used: (i) mate pairs must be of high mapping quality (best
unique match across genome), (ii) best unique mate pairs do not have a more
logical alternative combination (i.e., best mate pairs suggest an interchromo-
somal rearrangement, whereas the second best mapping for a mate reveals the
pair have a alignment within the expected insert size), (iii) the sum of the
distances between the most 5� and 3� mate on both partners of the gene fusion
must be �500 nt, and (iv) mate pairs supporting a chimera must be nonredun-
dant.

In addition to mining mate pairs encompassing a fusion boundary, the non-
mapping category was mined for mate pairs that had 1 read mapping to a gene,
whereas its corresponding read fails to align, because it spans the fusion bound-
ary. First, the annotated transcript that the ‘‘mapping’’ mate pair aligned against
was extracted, because this transcript represents one of the potential partners
involved in the gene fusion. The ‘‘nonmapping’’ mate pair was then aligned
againstallof theexonboundariesoftheknowngenepartnerto identifyaperfect
partial alignment. A partial alignment confirms that the nonmapping mate pair
maps to our expected gene partner while revealing the portion of the nonmap-
ping mate pair, or overhang, aligning to the unknown partner. The overhang is
then aligned against the exon boundaries of all known transcripts to identify the
fusion partner. This process is done using a Perl script that extracts all possible
University of California Santa Cruz (UCSC) and Refseq exon boundaries looking
for a single perfect best hit.

Mate pairs spanning the fusion boundary are merged with mate pairs encom-
passing the fusion boundary. At least 2 independent mate pairs are required to
support a chimera nomination, which can be achieved by (i) 2 or more nonre-
dundant mate pairs spanning the fusion boundary, (ii) 2 or more nonredundant
mate pairs encompassing a fusion boundary, or (iii) 1 or more mate pairs encom-
passing a fusion boundary and 1 or more mate pairs spanning the fusion bound-
ary. All chimera nominations were normalized based on the cumulative number
of mate pairs encompassing or spanning the fusion junction per million mate
pairs passing filter.

RNA Chimera Analysis. Chimeras found from UHR, HBR, VCaP, and K562 were
grouped based on whether they showed expression in all samples, ‘‘broadly
expressed,’’ or a single sample, ‘‘restricted expression.’’ Because UHR is comprised
of K562, chimeras found in only these 2 samples were also considered as re-
stricted. Heatmap visualization was conducted by using TIGR’s MultiExperiment
Viewer (TMeV) version 4.0 (www.tm4.org).

Additional Details. Additional details can be found in SI Text.
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Summary of Recent Advances
New discoveries regarding recurrent chromosomal aberrations in epithelial tumors have challenged
the view that gene fusions play a minor role in these cancers. It is now known that recurrent fusions
characterize significant subsets of prostate, breast, lung and renal-cell carcinomas, among others.
This work has generated new insights into the molecular subtypes of tumors and highlighted
important advances in bioinformatics, sequencing and microarray technology as tools for gene fusion
discovery. Given the ubiquity of tyrosine kinases and transcription factors in gene fusions, further
interest in the potential “druggability” of gene fusions with targeted therapeutics has also flourished.
Nevertheless, the majority of chromosomal abnormalities in epithelial cancers remain
uncharacterized, underscoring the limitations of our knowledge of carcinogenesis and the
requirement for further research.

Introduction
The intrigue of chromosomal aberrations in human cancers dates back over 90 years, when
early theories about the molecular and genetic origins of cancer were first being discussed.
Since then, the genetic basis of cancer has been well established to include certain fundamental
tumorigenic processes that accrue within cancer cells: most prominently, chromosomal
aberrations, nucleotide substitutions, epigenetic changes and post-transcriptional
dysregulation of gene expression [1].
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With more than 50,000 chromosomal alterations annotated in more than 11,500 publications
[2], particular interest has focused on the tumorigenic potential of gene fusions. Historically
these fusions have been mainly associated with hematological and mesenchymal malignancies.
Despite over 440 known gene fusions in benign tumors and cancer [3], only ~15% of these
and 10% of known recurrent breakpoint aberrations (RBAs) are found in epithelial tumors, of
which only 35% have been characterized [4••]. By contrast, ~90% of known oncogenes are
associated with somatic mutations [5]. The subsequent discovery of the TMPRSS2-Ets fusions
in prostate cancer by our group [6••], and recurrent fusions lung cancer by others [7•,8•], has
fueled investigations of the role of gene fusions in epithelial carcinomas. These findings suggest
that numerous, undiscovered gene fusions may be lurking within the cancer genome. Here, we
summarize the current state of gene fusions in epithelial cancers, highlighting the technologies
that enabled these discoveries.

Historical Perspectives: Gene Fusions
Despite the current swell of interest in gene fusions, the seminal discovery in this field remains
Nowell and Hungerford’s identification, in 1960, of the BCR-ABL balanced translocation of
the long arm of chromosome 22 to the short arm of chromosome 9 [9]. Resulting in constitutive
activation of the Abl tyrosine kinase domains, the Bcr-Abl fusion protein is the driving force
in chronic myelogenous leukemia (CML) [10,11]. By establishing a causal link between a
specific chromosomal lesion and a specific malignancy, BCR-ABL also pioneered cancer
therapy: the tyrosine kinase inhibitor, imatinib (Gleevec), was introduced as the first widely
used targeted therapeutic [12].

Similar discoveries led to the characterization of causative fusions in a host of other
hematological malignancies, including Burkitt’s lymphoma, T Cell lymphomas and acute
promyleocytic leukemia (AML), which harbors the retinoic acid-sensitive t(15;17) fusion of
the transcription factor RARα to PML [13]. Moreover, gene fusions play important roles in
many soft tissue tumors, where over 40 known gene fusions have been characterized [14].

Gene Fusions in Epithelial Cancers
As with hematological malignancies, gene fusions in epithelial cancers can be broadly
classified into two main groups: the tyrosine kinase (TK) fusions and the transcription factor
(TF) fusions. Together, they account for 50% of the genes found in gene fusions (Table 1)
[14]. While the two may functionally overlap in vivo—TKs can lead to TF phosphorylation,
and TFs can influence the expression of TK genes—this distinction is a useful to envision the
two major architectural frameworks for fusion proteins.

Tyrosine Kinase Fusions
With BCR-ABL as the presiding paradigm, chromosomal aberrations that activate TKs,
especially receptor TKs (RTKs), have long been a focus in cancer biology. Upon extracellular
ligand-binding, RTKs activate intracellular signaling pathways by dimerization of the receptor
subunits and autophosphorylation of the tyrosine residues [15]. Once initiated, TK activity can
lead to numerous cellular responses including increased proliferation, growth, gene expression,
and suppression of apoptotic pathways, among others (Figure 1).

Given their widespread functionality in cellular growth and proliferation pathways, it is logical
that TKs are prominent 3’ partners in oncogenic gene fusions. The 5’ partners for such fusions,
however, comprise a more variegated group. This is perhaps most readily illustrated by the
numerous RET and NTRK1 TK fusions of papillary thyroid cancer. These were linked to at
least seventeen total 5’ fusion partners that commonly confer dimerization capability through
leucine zipper or coiled-coil domains (Table 1) [16]. Interestingly, fusions of RET and NTRK1,
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which account for ~50% of papillary thyroid cancers, tend to segregate both from each other
[17] and from mutations in the cytosolic kinase BRAF, which is mutated in as much as 40%
of thyroid cancers [18].

Recently, several reports have described gene fusions in non-small-cell lung cancers (NSCLC)
[7•]. With a prevalence of approximately 5% [7•,19], the EML4-ALK fusion, which has been
linked to cellular transformation [20], increased cellular growth and decreased apoptosis
[21], defines a subset of NSCLCs, segregating from mutations in EGFR and appearing more
commonly in non-smokers [7•]. Rivoka et al. further used phosphoproteomics to conduct a
large-scale survey of oncogenic kinases to identify novel gene fusions TFG-ALK and CD74-
ROS1 in patients with NSCLC [8•]. In another context, ROS1 has also previously been
implicated in rare GOPC-ROS1 fusions in glioblastoma [22].

Transcription Factor Fusions
The story of TF fusions in epithelial cancers spans both the rare oncologic curiosities and the
ubiquitous oncologic diseases. As with TK fusions, TFs often form multiple fusion genes by
involving many different 5’ partners. The MiTF gene family of TFs, for example, define a
subset of pediatric papillary renal-cell carcinomas with eight known 5’ partners [23,24].
Interestingly, TFE3 and TFEB, two functionally-redundant MiTF factors implicated in these
fusions [25,26], contribute to activation of MET RTK signaling, illustrating the interaction
between kinases and TFs [27].

Unlike TKs, however, disruption of TF function by gene fusions can cause a dominant-negative
effect on the cell. Indeed, dysregulation of TFE3 and TREB leads to a loss of MAD2B-
controlled mitotic checkpoint regulation and disruption of tissue-specific development [28,
29]. Moreover, PAX8-PPARγ fusions, found in ~50% of follicular thyroid cancer (FTC) [30]
and the follicular variant of papillary thyroid cancer (FVPTC) [31], disrupt PPARγ activation,
leading to dysregulated cell-cycle transitions, decreased apoptosis, and cellular transformation
[32,33]. Surprisingly, the PAX8-PPARγ fusion, which is overexpressed in fusion-positive
tumors, is associated with less aggressive tumor features and a better clinical outcome [34,
35].

Elsewhere, the clinical outcome associated with cancers harboring gene fusions is less
sanguine. Rare but poorly differentiated pediatric carcinomas of midline structures, such as
those in the head, neck and thorax, possess a distinctive t(15;19) BRD4-NUT fusion [36,37].
Likewise, in secretory breast cancer, a rare form of ductal carcinoma, the recurrent ETV6-
NTRK3 fusion has been implicated in increased cellular viability and aberrant cell-cycle
progression [38]. Moreover, mucoepidermoid carcinoma and pleiomorphic adenoma, the most
common malignant and benign tumors of the salivary glands, respectively, both manifest
prominent tumorigenic gene fusions [39-41].

Prostate Cancer
In 2005, our group described recurrent fusions between the Ets family TFs, ERG and ETV1,
and the androgen-regulated transmembrane serine protease, TMPRSS2, in prostate cancer
[6••]. Subsequently, multiple other 5’ fusion partners have been described for ERG and ETV1,
as well as other members of the Ets family (Table 2) [6••,42•]. The first major solid cancer to
reveal such findings, roughly 60% of prostate cancers harbor a known fusion, of which 80-90%
are TMPRSS2-ERG fusions [6••,43-45]. Because ERG and TMPRSS2 reside on the same
region of chromosome 21, two mechanisms—an intrachromosomal deletion and an inversion
—are implicated in their creation, though ultimately TMPRSS2 contributes only untranslated
sequences to the final mRNA transcript [6••,46].
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Following this discovery, TMPRSS2-Ets fusions have emerged as a major factor in prostate
tumorigenesis, contributing to cellular invasiveness in vitro [42•,43,44]. While these fusions
are common in pre-malignant prostate lesions [47-49], they are insufficient for the initiation
of carcinogenesis in mouse models [46]. Given these data, we and others have posited that
ERG cooperates with other early genomic alterations in prostate cancer, such as loss of the
tumor suppressor PTEN, to induce an invasive phenotype [46].

Clinically, TMPRSS2-ERG fusions have also been correlated with a poorer prognosis and an
increased risk of disease recurrence [50-54], although some discordant results have been found
[55]. In this regard, analyzing the clinical impact of these fusions is complicated by the
multifocal nature of prostate cancer [56], and recent reports show that the status of TMPRSS2-
Ets fusions may be inconsistent in up to 70% of multifocal tumors [57,58]. Given the
heterogenous nature of many epithelial cancers, the detection and analysis of gene fusions in
other major carcinomas may be impeded by similar complications of multifocality and clonal
heterogeneity.

Advances in Gene Fusion Discovery
Our lab has developed several new methodologies for the identification and analysis of gene
fusion candidates. In combination with mainstay wet-lab techniques such as fluorescence in-
situ hybridization (FISH), our research incorporates computational and bioinformatic
approaches to gene fusion biology, including cancer outlier profile analysis (COPA) [6••], the
microarray compendium Oncomine [59•] and Molecular Concepts Mapping (MCM) analysis
[60] (Box 1).

Box 1: Bioinformatic Gene Fusion Analysis

Discovery of fusions by gene expression microarrays often depends on the upregulation of
the chimeric transcript or 3’ functional end, which can be detected as an outlier. To analyze
such data, our lab has developed three core bioinformatic tools.

COPA

Cancer Outlier Profile Analysis (COPA) highlights differential expression of genes
screened with microarrays [6••]. By median-centering microarray data, COPA enhances the
visibility of outlier genes, which may be candidate gene fusions.

Oncomine

With over 18,000 microarray experiments across 35 tumor types, Oncomine is a
compendium used to corroborate expression data across multiple datasets, thereby
decreasing the problem of false positives in any given microarray [59•]. Oncomine also
visualizes expression data with features such as interactome analysis and Molecular
Concepts analysis [59•].

MCM

The Molecular Concepts Map (MCM) nominates potential interactions between biological
phenomena within cancer cells [60]. By combining data from Oncomine [59•] and the
Connectivity Map [61••], MCM predicts mechanistic pathways, molecular characteristics,
and interaction networks for candidate gene fusions.

Recently, other groups have developed new methods to analyze transcriptome and gene
expression data. Lamb et al. have devised a bioinformatic tool to predict and nominate
interactions between small molecule compounds and human tumors based upon microarray
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expression analysis [61••]. This Connectivity Map offers a new paradigm for tumor-specific
therapeutics.

To facilitate fusion discovery, Hahn et al. designed an algorithmic approach to query mRNA
and expressed sequence tag (EST) databases for incongruous transcript sequences [62], and
they nominated 20 putative recurrent fusion genes. While their approach has limitations—for
example, they identified only 6 of 22 known Bcr-Abl fusion mRNAs—their findings offer
intriguing insight into methods for identifying fusion genes.

Next Generation Sequencing
Recently, high-throughput “massively-parallel” sequencing platforms, including Roche/454,
Applied Biosystems/SOLiD and Illumina/Solexa, have provided researchers with tantalizing
new tools to study gene fusions. The depth of coverage offered by these platforms permits
genome-wide and transcriptome-wide sequencing on a scale not previously feasible. Already,
studies analyzing human transcriptomes [63•] and chromosomal breakpoints [64] demonstrate
the utility of such modalities. The use of paired-end sequencing, which combines fragmented
sample gDNA flanked with known reference sequences, is also a promising method for fusion
discovery [65].

Next-generation sequencing platforms, however, also present challenges. Adaptor ligation
steps may increase numbers of false positive fusion reads. Genome fragmentation into 30 to
300 bp segments (as compared to 900 bp for capillary sequencing) makes sequence re-assembly
more challenging. The sheer volume of sequencing data makes bioinformatic and
computational analysis difficult.

To this end, our lab has developed bioinformatic methods to categorize putative gene fusions
and eliminate false positive reads. Combining longer ~300 bp reads from Roche/454 with 30-40
bp reads from Illumina/Solexa yields more specific results than either technology alone,
allowing the identification of novel gene fusions in prostate cancer (Maher CA et al., in
submission). As these technologies become more common, it is likely that many more gene
fusions will be identified in this manner. Nevertheless, finding clinically significant, recurrent
gene fusions remains challenging, and thus better paradigms may be required to combine these
technologies with standard wet-lab techniques in fusion discovery.

Challenges and Future Directions
Significant obstacles still hinder genome and transcriptome analysis. Epithelial cancers, unlike
many hematological cancers, frequently display highly aberrant karyotypes that are difficult
to characterize cytogenetically. Clonal heterogeneity is common is epithelial cancers, with up
to 80% of carcinomas harboring unrelated clones [66,67]. Finally, with the explosion of
microarray data in the past decade, databases have been flooded with potential genomic,
epigenetic, and transcriptomic aberrations in cancer. Isolating seminal events in tumorigenesis
from such volumes is challenging, as false positives remain problematic.

Moving forward, it may be argued that the focus on fusions involving kinases and transcription
factors is too narrow. It may be possible that “non-traditional” gene fusions involving protein-
folding chaperones and cellular localization proteins, among others, are prominent in certain
epithelial cancers. Such bias may partly resolve as computational tools, sequencing
technologies and array-based assays become more powerful and precise. With the increased
ability to interrogate the genome, putative gene fusions may be detected in a less biased manner.
Clinically, this may result in the discovery of “non-traditional” gene fusions that—like BCR-
ABL—serve as candidates for targeted therapy (Figure 2). Moreover, fusion transcripts may
contribute to novel, non-invasive diagnostics if shed in the urine or detectable in blood serum.
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Already, non-invasive clinical tests for TMPRSS2-ERG transcripts are under investigation
[68].

Conversely, the clinical picture generated by fusions in epithelial cancers is unclear. Indeed,
some fusions, such as PAX8-PPARγ, counter-intuitively seem to characterize less aggressive
disease. Yet, data in prostate cancer indicates that fusions may, in fact, define clinically
important cancer subtypes. TMPRSS2-ERG fusions generated by intrachromosomal deletions,
for example, tend to correspond with worse prognoses than those created by inversions [69].
Additionally, some fusion-based carcinomas are more prominent in pediatric populations,
including renal-cell, thyroid, and aggressive midline carcinomas. As research progresses, such
epidemiological and demographical data may allow for more specific applications of gene
fusion-based targeted therapy.

Conclusions
Long considered a phenomenon of hematological and mesenchymal cancers, gene fusions are
now emerging as an important component in epithelial carcinogenesis. With epithelial cancers
accounting for 90% of all malignancies and 80% of cancer-related deaths [4••,14], new
discoveries, particularly in breast, prostate, lung, and renal-cell carcinomas, show that recurrent
gene fusions are widespread across epithelial cancers. Although much work is still needed,
new technologies in sequencing, microarrays and bioinformatics hold promise for gene fusion
discovery and facilitate the characterization of recurrent gene fusions in major epithelial
cancers.
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Figure 1. Biochemical Pathways in Gene Fusions
Biochemical effects of gene fusions cluster around tyrosine kinase (TK) signaling pathways,
which alter the activity of intracellular proteins, and transcription factor (TF) activity, which
control gene expression at the DNA level. Here we outline the examples of the Ras and PI-3K
pathways, which are commonly involved downstream of TK activation and are frequently
implicated in the oncogenic effects of gene fusions. PI-3K works via increased activity of the
master regulator Akt, which controls many cellular processes including the nuclear TF NfκB.
Likewise, the Ras-Raf-Mek-Erk pathway promotes activation of TFs, including Elk-1, which
is a target of Erk. These signaling pathways and gene expression signatures result in the
phenotypic qualities, such as invasiveness and increased proliferation, observed in cancers.
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Figure 2. Gene Fusion Discovery and Targeted Therapy
Bioinformatic, sequencing and microarray methods are powerful tools for identifying potential
gene fusions in epithelial cancers. By determining the genomic and transcriptomic events in
human cancers, clinical management of the disease may be impacted, and gene fusions, such
as the TMPRSS2-Ets fusions in prostate cancer, may serve as prominent therapeutic targets.
If targeted therapeutics are successfully developed for critical oncogenes, clinical management
of cancer may one day be determined based upon genetic evaluation of patient tumors.
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Table 1
Gene Fusions in Epithelial Cancers
Gene fusions characterize subsets of several different epithelial carcinomas, including thyroid, prostate, lung, and breast
cancer. Gene fusions are broadly classified into two groups: those that contain tyrosine kinases (TKs), which activate
intracellular signaling pathways, and those that contain transcription factors (TFs), which control cellular gene
expression. Together, TKs and TFs account for 50% of the genes involved in gene fusions. Though most fusions occur
at low prevalence rates, some, such as TMPRSS2-ERG in prostate cancer and RET rearrangements in papillary thyroid
cancer, among others, are predominant genomic lesions in the disease. Cytogenetically, fusions can be formed by
inversions (inv) on a single chromosome, translocations between two genomic loci (t), or intrachromosomal deletions
(del). With the exception of pleiomorphic adenomas, this table includes fusions confirmed in human cancer samples.
Fusions observed only in tumor-derived cell lines are not included.

Gene Fusions in Carcinomas

Tyrosine Kinase Fusions

Papillary Thyroid Carcinoma* 5’ Partner 3’ Partner Prevalence References

inv(10)(q11.2;q21) HRH4 RET 30-80% Grieco et al. Cell
1990

t(10;17)(q11.2;q23) Riα RET 5% Bongarzone et
al. Mol Cell Biol
1993

inv(10)(q11;q22) NCOA4 RET 15-70% Bongarzone et
al. Cancer Res
1994; Santoro et
al. Oncogene
1994

inv(10)(q11;q22) RFG RET <1% Bongarzone et
al. Cancer Res
1994; Santoro et
al. Oncogene
1994

t(10;14)(q11.2;q32) GOLGA5 RET <1% Klugbauer et al.
Cancer Res 1998

t(7;10)(q32-34;q11.2) TRIM24 RET <1% Klugbauer and
Rabes.
Oncogene 1999

t(1;10)(p13;q11.2) TRIM33 RET <1% Klugbauer and
Rabes.
Oncogene 1999

t(10;12)(q11.2;p13.3) ERC1 RET <1% Nakata et al.
Genes,
Chromosomes
Cancer 1999; Liu
et al. Thyroid
2005

t(10;14)(q11.2;q22.1) KTN1 RET <1% Salassidis 2000

t(10;18)(q11.2;q21-22) RFG9 RET <1% Klugbauer et al.
Cancer Res 2000

t(8;10)(p21-22;q11.2) PCM1 RET <1% Corvi et al.
Oncogene 2000

t(6;10)(p21;q11.2) TRIM27 RET <1% Saenko et al.
Mutat Res 2003

t(10;14)(q32.12;q11.2) GOLGA5 RET <1% Rabes et al. Clin
Cancer Res 2000

t(8;10)(p11.21;q11.2) HOOK3 RET <1% Ciampi et al.
Endocr Relat
Cancer 2007

inv(1)(q21;q22) TPM3 NTRK1 In total,
7-12% of

Greco et al.
Oncogene 1992
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Gene Fusions in Carcinomas

Tyrosine Kinase Fusions

Papillary Thyroid Carcinoma* 5’ Partner 3’ Partner Prevalence References

inv(1)(q21;q25) papillary
thyroid
cancers

TPM3 TPR Greco et al.
Oncogene 1992

inv(1)(q21;q25) TPR NTRK1 Greco et al.
Genes,
Chromosomes
Cancer 1997

t(1,3)(q21-22;q11) TFG NTRK1 Greco et al. Mol
Cell Biol 1995

t(7;7)(q21-22;q34) AKAP9 BRAF <1% Ciampi et al. J
Clin Invest 2005

Secretory Breast Cancer

t(12;15)(p13;q25) ETV6 NTRK3 >90% Tognon et al.
Cancer Cell 2002

Non-small cell Lung Cancer

inv(2)(p23;p21) or t(2;2)(p23;p21) EML4 ALK 2.7 - 6.7% Soda et al.
Nature 2007;
Perner et al.
Neoplasia 2008

t(6;13)(q22;) CD74 ROS1 <1% Rikova et al. Cell
2007

t(2;3)(p23;q12.2) TFG ALK <1% Rikova et al. Cell
2007

Glioblastoma

del(6)(q21;q21) GOPC ROS1 not reported Charest et al.
PNAS 2003

Transcription Factor Fusions

Prostate Cancer 5’ Partner 3’ Partner Prevalence References

inv(21)(q22.2;q22.3) or del(21)(q22.2;q22.3) TMPRSS2 ERG ~50% Tomlins et al.
Science 2005

t(1;21)(q32;q22.2) SLC45A3 ERG <1% Han et al. Cancer
Res 2008

t(7;21)(p21.2;q22.3) TMPRSS2 ETV1 5-10% Tomlins et al.
Science 2005

t(7;22)(p21.2;q11.23) HERV_K_22q11.2 3 ETV1 <1% Tomlins et al.
Nature 2007

t(7;15)(p21.3;q21) C15orf21 ETV1 1% Tomlins et al.
Nature 2007

t(7;7)(p21.2;p15) HNRPA2B1 ETV1 1% Tomlins et al.
Nature 2007

t(1;7)(q32;p21.2) SLC45A3 ETV1 2% Tomlins et al.
Nature 2007

t(2;7)(q36.1p21.2) ACSL3 ETV1 <1% Attard et al. Br J
Cancer 2008

t(7;14)(p21.2;q13.3-q21.1) Not Known ETV1 <1% Attard et al. Br J
Cancer 2008

t(7;17)(p21.2;p13.1) FLJ35294 ETV1 <1% Han et al. Cancer
Res 2008

t(17;21)(q21;q22.3) TMPRSS2 ETV4 <5% Tomlins et al.
Cancer Res 2008
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Gene Fusions in Carcinomas

Tyrosine Kinase Fusions

Papillary Thyroid Carcinoma* 5’ Partner 3’ Partner Prevalence References

t(17;19)(q21;q13) KLK2 ETV4 <1% Hermans et al.
Cancer Res 2008

inv(17;17)(q22;q25) CANT1 ETV4 <1% Hermans et al.
Cancer Res 2008

t(17;17)(q21;q21) DDX5 ETV4 <1% Han et al. Cancer
Research 2008

t(3;21)(q27;q22.3) TMPRSS2 ETV5 <5% Helgeson et al.
Cancer Res 2008

t(1;3)(q32;q27) SLC45A3 ETV5 <1% Helgeson et al.
Cancer Res 2008

Renal-cell Carcinoma

t(X;1)(p11;q21) PRCC TFE3 In total,
10-15% of all
renal tumors

Weterman et al.
PNAS 1996;
Sidhar et al. Hum
Mol Genet 1996

t(X;17)(p11;q25) ASPSCR1 TFE3 Argani Am J
Pathol 2001

t(6;11)(p21.1;q13) Alpha TFEB Davis et al.
PNAS 2003

t(X;1)(p11;p34) SFPQ TFE3 Clark et al.
Oncogene 1997

inv(X)(p11;q12) NonO TFE3 Clark et al.
Oncogene 1997

t(X;17)(p11.2;q23) CLTC TFE3 Argani et al.
Oncogene 2003

t(X;17)(p11.2;q25.3) RCC17 TFE3 Heimann et al.
Cancer Res 2001

Salivary Gland Tumors

Pleiomorphic

Adenoma

t(3;8)(p21;q12) CTNNB1 PLAG1 In total, ~40%
of all

pleiomorphic
adenomas

Kas et al. Nat
Genet 1997

t(5;8)(p13;q12) LIFR PLAG1 Voz et al.
Oncogene 1998

t(8;8)(q12;q11.2) TCEA1 PLAG1 Atrom et al.
Cancer Res 1999

t(8;8)(q12;q11.2) CHCHD7 PLAG1 Asp et al. Genes
Chromosomes
Cancer 2006

t(3;13)(p14.2;q13-15) HMGA2 FHIT <1% Geurts et al.
Cancer Res 1997

t(9;12)(p12-22;q13-15) or ins(9;12) HMGA2 NFIB 8-12% Geurts et al.
Oncogene 1998

Mucoepidermoid Carcinoma

t(11;19)(q21-22;p13) CRC1 MAML2 30 - 75% Nordkvist et al.
Cancer Genet
Cytogen 1994;
Tonon et al. Nat
Genet 2003
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Gene Fusions in Carcinomas

Tyrosine Kinase Fusions

Papillary Thyroid Carcinoma* 5’ Partner 3’ Partner Prevalence References

t(11;19)(q21-22;p13.11) CRTC3 MAML2 <1% Fehr et al. Genes
Chromosomes
Cancer 2008

Dominant Negative Fusions

Aggressive Midline Carcinoma

t(15;19)(q13;p13.1) BRD4 NUT ~66% French et al.
Cancer Res
2003; French et
al. Am J Pathol
2001

t(9;15)(q34;q13) BRD3 NUT ~10% French et al.
Oncogene 2008

Follicular Thyroid Carcinoma

t(2,3)(q13;p25) PAX8 PPARg 25-50% Kroll et al.
Science 2000

*
prevalence of RET translocations depends on age and radiation exposure
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Table 2
5’ Binding Partners in Ets Fusions
Ets fusions in prostate cancer exhibit a variety of 5’ binding partners that drive overexpression of the Ets transcription
factors. Accounting for approximately 90% of these, TMPRSS2-ERG is the most common of the known fusions,
followed by TMPRSS2-ETV1. Other fusions feature prostate-specific genes (KLK2, C15orf21, CANT1, SLC45A3),
endogenous retroviral elements (HERV_K_22q11.23, FLJ35294), a fatty-acid chain ligase (ACSL3), a DEAD box
helicase (DDX5) and a housekeeping gene (HNRPA2B1). With the exception of HNRPA2B1-ETV1, C15ORF21-
ETV1, and DDX5-ETV4, all of the 5’ partners display androgen-responsive upregulation.

5’ Fusion Partners in Prostate Cancer

5’ Binding Partner Description References

TMPRSS2 Androgen-regulated transmembrane serine protease. Fuses
with ERG, ETV1, ETV4, and ETV5.

Tomlins et al. Science 2005 Helgeson et al.
Cancer Res 2008; Han et al. Cancer Res 2008

HERV_K_22q11.23 An endogenous retroviral element. Fuses with ETV1. Tomlins et al. Nature 2007

C15orf21 A prostate-specific and androgen-repressed gene. Fuses with
ETV1.

Tomlins et al. Nature 2007

HNRPA2B1 A prominent housekeeping gene. Fuses with ETV1. Tomlins et al. Nature 2007

ACSL3 An isozyme of the long-chain fatty-acid coenzyme A ligase
family. Fuses with ETV1

Attard et al. Br J Cancer 2008

FLJ35294 An endogenous retroviral element (HERVK_17p13.1). Fuses
with ETV1

Han et al. Cancer Res 2008

DDX5 Putative RNA helicase with a DEAD box polypeptide. Fuses
with ETV4.

Han et al. Cancer Res 2008

KLK2 Prostate-specific, androgen-regulated gene. Fuses with
ETV4.

Hermans et al. Cancer Res 2008

CANT1 Prostate-specific, androgen-regulated gene. Fuses with
ETV4.

Hermans et al. Cancer Res 2008

SLC45A3 Prostate-specific androgen-induced gene. Fuses with ERG,
ETV1 and ETV5.

Tomlins at al. Nature 2007; Helgeson et al.
Cancer Res 2008; Han et al. Cancer Res 2008
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Abstract
Recurrent gene fusions, typically associated with hematological malignancies and rare bone and soft
tissue tumors1, have been recently described in common solid tumors2–9. Here we employ an
integrative analysis of high-throughput long and short read transcriptome sequencing of cancer cells
to discover novel gene fusions. As a proof of concept we successfully utilized integrative
transcriptome sequencing to “re-discover” the BCR-ABL1 10 gene fusion in a chronic myelogenous
leukemia cell line and the TMPRSS2-ERG 2,3 gene fusion in a prostate cancer cell line and tissues.
Additionally, we nominated, and experimentally validated, novel gene fusions resulting in chimeric
transcripts in cancer cell lines and tumors. Taken together, this study establishes a robust pipeline
for the discovery of novel gene chimeras using high throughput sequencing, opening up an important
class of cancer-related mutations for comprehensive characterization.

Keywords
Transcriptome sequencing; Prostate cancer; Bioinformatics; Gene fusions

Characterization of specific genomic aberrations in cancers has led to the identification of
several successful therapeutic targets, such as BCR-ABL1, PDGFR, ERBB2, and EGFR
etc11–14, therefore a major goal in cancer research is to identify causal genetic aberrations.
Gene fusions resulting from chromosomal rearrangements in cancer are believed to define the
most prevalent category of ‘cancer genes’15. Typically, an aberrant juxtaposition of two genes,
may encode a fusion protein (e.g., BCR-ABL1), or the regulatory elements of one gene may
drive the aberrant expression of an oncogene (e.g., TMPRSS2-ERG). While gene fusions have
been widely described in rare hematological malignancies and sarcomas1, the recent discovery
of recurrent gene fusions in prostate2,4 and lung cancers5–9 points to their role in common
solid tumors as well. Considering their prevalence and common characteristics across cancer
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types, gene fusions may be regarded as a distinct class of ‘mutations’, with a causal role in
carcinogenesis, and being strictly confined to cancer cells, they represent ideal diagnostic
markers and rational therapeutic targets.

As a proof of concept we carried out whole transcriptome sequencing of the chronic
myelogenous leukemia cell line, K562, harboring the classical gene fusion, BCR-ABL1 16.
Using the Illumina Genome Analyzer, we generated 66.9 million reads of 36 nucleotides in
length and screened them for the presence of reads showing partial alignment to exon
boundaries from two different genes. While this approach was able to detect BCR-ABL1, it was
one among a set of 111 other chimeras (with at least 2 reads). Thus, in a de novo discovery
mode, it would be difficult to pin-point the BCR-ABL1 fusion in the background of the other
putative chimeras. However, when we used the known fusion junction of BCR-ABL1 (Genbank
No. M30829) as the reference sequence, we detected 19 chimeric reads (Supplementary Fig.
1). Thus, we considered an integrative approach for chimera detection, utilizing short read
sequencing technology for obtaining deep sequence data and long read technology (Roche 454
sequencing platform) to provide reference sequences for mapping candidate fusion genes.

An important concern in transcriptome sequencing was whether we could detect chimeric
transcripts in the background of highly abundant house-keeping genes (i.e., would cDNA
normalization be required). To address this, we compared sequences from normalized and non-
normalized cDNA libraries of the prostate cancer cell line VCaP, which harbors the gene fusion
TMPRSS2-ERG (Supplementary Table 1). Overall, the normalized library showed an
approximately 3.6-fold reduction in the total number of chimeras nominated. Furthermore,
while we expected the normalized library would enrich for the TMPRSS2-ERG gene fusion, it
failed to reveal any TMPRSS2-ERG chimeras suggesting that we would not benefit from
normalization in our analyses.

To assess the feasibility of using massively parallel transcriptome sequencing to identify novel
gene fusions, we generated non-normalized cDNA libraries from the prostate cancer cell lines
VCaP and LNCaP, and a benign immortalized prostate cell line RWPE. As a first step, using
the Roche 454 platform, we generated 551,912 VCaP, 244,984 LNCaP, and 826,624 RWPE
transcriptome sequence reads, averaging 229.4 nucleotides. These were categorized as
completely aligning, partially aligning, or nonmapping to the human reference database (Fig.
1a). Sequence reads that showed partial alignments to two genes (Supplementary Methods)
were nominated as first pass candidate chimeras. This yielded 428 VCaP, 247 LNCaP, and 83
RWPE candidates. Admittedly, many of these chimeric sequences could be a result of trans-
splicing17 or co-transcription of adjacent genes coupled with intergenic splicing18, or simply,
an artifact of the sequencing protocol. Surprisingly, among the 428 VCaP candidates, only one
read spanned the TMPRSS2-ERG fusion junction using the long read sequencing platform
(Supplementary Table 2).

Next, using the Illumina Genome Analyzer we obtained over 50 million short transcriptome
sequence reads from VCaP, LNCaP and RWPE cDNA libraries (Supplementary Table 3).
Focusing initially on VCaP cells, we identified the TMPRSS2-ERG fusion as one among 57
candidates, many of them likely false positives. To overcome the problem of false positives,
lack of depth in long reads, and difficulty in mapping partially aligning short reads, we
considered integrating the long and short read sequence data. Following this strategy we found
the single long read chimeric sequence spanning TMPRSS2-ERG junction from VCaP
transcriptome sequence, buttressed by 21 short reads (Fig. 1b), was one of only eight chimeras
nominated, overall. Thus, using the integrative approach the total number of false candidates
was reduced and the proportion of experimentally validated candidates increased dramatically
(Supplementary Fig. 2). Extending the integrative analysis to LNCaP and RWPE sequences
provided a total of fifteen chimeric transcripts, of which ten could be experimentally confirmed
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(Supplementary Table 4). To ensure that the integration strategy filtered out only false positives
and not valid chimeras, we tested a panel of 16 long read chimera candidates that were
eliminated upon integration and found that none of them confirmed a fusion transcript by qRT-
PCR (Supplementary Fig. 3).

In order to systematically leverage the collective coverage provided by the two sequencing
platforms, and to prioritize the candidates, we formulated a scoring function obtained by
multiplying the number of chimeric reads derived from either method (Supplementary Table
4). Further, we categorized these chimeras as intra- or inter-chromosomal, based on their
location on the same or different chromosomes, respectively. The latter represent bona fide
gene fusions as do intra-chromosomal chimeras aligning to non-adjacent transcripts; intra-
chromosomal chimeras between neighboring genes are classified as (read-throughs).
Remarkably, TMPRSS2-ERG was our top ranking gene fusion sequence, second only to a read-
through chimera ZNF577-ZNF649.

In addition to TMPRSS2-ERG we identified several new gene fusions in VCaP. One such fusion
was between exon 1 of USP10, with exon 3 of ZDHHC7, both genes located on chromosome
16, approximately 200 kb apart, in opposite orientation (Fig. 2a, Supplementary Discussion).
Furthermore, two separate fusions involving the gene HJURP on chromosome 2 were
identified. A fusion between exon 2 of EIF4E2 with exon 8 of HJURP generated the fusion
transcript EIF4E2-HJURP and a fusion between exon 9 of HJURP with exon 25 of INPP4A
yielded HJURP-INPP4A (Fig. 2b, Supplementary Fig. 4).

Interestingly, based on whole transcriptome sequencing, the highest ranked LNCaP gene fusion
was between exon 11 of MIPOL1 on chromosome 14 with the last exon of DGKB on
chromosome 7; confirmed by qRT-PCR and FISH (Fig. 3, Supplementary Fig. 5). We recently
demonstrated that over-expression of ETV1, a member of the oncogenic ETS transcription
factor family, plays a role in tumor progression in LNCaP cells3. The mechanism of ETV1
over-expression was attributed to a cryptic insertion of approximately 280 Kb encompassing
the ETV1 gene into an intronic region of MIPOL1. Thus, while our previous study suggested
that ETV1 was rearranged without evidence of an ETV1 fusion transcript, here we show the
generation of a surrogate fusion of MIPOL1 to DGKB, which appears to be indicative of an
ETV1 chromosomal aberration.

In addition to gene fusions, we also identified several transcript chimeras between neighboring
genes, referred to as read-through events. Overall, the read-through events appear to be more
broadly expressed across both malignant and benign samples whereas the gene fusions were
cancer cell specific (Supplementary Fig. 6, Supplementary Discussion).

Next, we attempted to extend this methodology to tumor samples that represent the malignant
cells often admixed with benign epithelia, stromal, lymphocytic, and vascular cells.
Transcriptome sequencing of two TMPRSS2-ERG gene fusion positive metastatic prostate
cancer tissues, VCaP-Met (from which the VCaP cell line is derived) and Met 3, and one
ERG negative metastatic prostate tissue, Met 4. Interestingly, in addition to the TMPRSS2-
ERG fusion sequences detected in both VCaP-Met and Met 3 tissues, three novel gene fusions
were identified (Supplementary Fig. 7a). One chimeric transcript from Met 3 involves exon 9
of STRN4 with exon 2 of GPSN2 (Supplementary Fig. 7b). GPSN2 belongs to the steroid 5-
alpha reductase family, the enzyme that converts testosterone to dihydrotestosterone (DHT),
the key hormone that mediates androgen response in prostate tissues. DHT is known to be
highly expressed in prostate cancer, and is a therapeutic target19. DHT, like its synthetic analog
R1881, has been shown to induce TMPRSS2-ERG expression as well as PSA2. Additionally,
we found exon 10 of RC3H2 fused to exon 20 of RGS3 in the VCaP-Met (and VCaP cells)
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(Supplementary Fig. 7c). Another novel gene fusion was between exon 1 of LMAN2 and exon
2 of AP3S1 (Supplementary Fig. 7d).

Interestingly, one read-through chimera, SLC45A3-ELK4, between the fourth exon of
SLC45A3 with exon 2 of ELK4, a member of the ETS transcription factor family, was identified
in metastatic prostate cancer, Met 4, and the LNCaP cell line suggesting recurrence (Fig. 4a,
upper panel). Taqman qRT-PCR assay for this fusion carried out in a panel of cell lines revealed
high level of expression in LNCaP cells and much lower levels in other prostate cancer cell
lines including 22Rv1, VCaP, and MDA-PCA-2B. Benign prostate epithelial cells, PREC and
RWPE and non-prostate cell lines including breast, melanoma, lung, CML, and pancreatic
cancer cell lines were negative for this fusion (Fig. 4a, middle panel). SLC45A3 has been
earlier reported to be fused to ETV1 in a prostate cancer sample3, and notably, it is a prostate
specific, androgen responsive gene. Interestingly, the fusion transcript SLC45A3-ELK4 was
also found to be induced by the synthetic androgen R1881 (Fig. 4a, middle panel, inset).
Further, we interrogated a panel of prostate tissues for this fusion, and found it expressed in
seven out of twenty metastatic prostate cancer tissues examined (Fig. 4a, lower panel).
Interestingly, six of those seven positive cases have been identified as negative for ETS genes
ERG, ETV1, ETV4, and ETV5 in our previous work, based on a FISH screen20. One TMPRSS2-
ETV1 positive metastatic prostate cancer sample was also found to be positive for SLC45A3-
ELK4 (similar to LNCaP, which is also ETV1 positive3). Unlike the previous ETS gene fusions
identified, SLC45A3-ELK4 is a read-through event between adjacent genes and does not harbor
detectable alterations at the DNA level by FISH (Supplementary Figure 8), array CGH (data
not shown) or high-density SNP arrays (Supplementary Figure 9).As LNCaP and Met 4 harbor
genomic aberrations of ETV1, and express high levels of the SLC45A3-ELK4 chimeric
transcript, this suggests that ETV1 and ELK4 may cooperate to drive prostate carcinogenesis
in those tumors. To our knowledge, SLC45A3-ELK4 may represent the first description of a
recurrent RNA chimeric transcript specific to cancer that does not have a detectable DNA
aberration. Overall, SLC45A3-ELK4 appears to be the only recurrent chimeric transcript
identified in our transcriptome sequencing study, as other gene fusions tested in a panel of
prostate cancer samples, appear to be restricted to the sample in which they were identified (at
least in the limited number of samples we analyzed) and thus may represent rare or private
mutations (Supplementary Fig. 10).

Next we tested if the novel gene fusions identified in this study represent acquired somatic
mutations or simply, germline variations. Based on qPCR (Supplementary Fig. 11) and FISH
(Supplementary Fig. 12–Supplementary Fig. 13) assessment of a representative set of fusion
genes on patient matched germline tissues, we found the chimeras restricted to the cancer
tissues. Further, we interrogated the 29 genes involved in our gene fusions in the Database of
Genomic Variants (http://projects.tcag.ca/variation/) and found only 8 of them with previously
reported copy number variations (CNVs) (Supplementary Table 5), but our matched aCGH
data did not reveal any copy number variation in those genes (Supplementary Table 6),
suggesting that our samples did not harbor CNVs common to the human population.

Based on the gene fusions we have characterized (Supplementary Table 7), we propose a
chimera classification system (Fig. 4b). Inter-chromosomal translocation (Class I) involves
fusion between two genes on different chromosomes (for example, BCR-ABL1). Inter-
chromosomal complex rearrangements (Class II) where two genes from different
chromosomes fuse together while a third gene follows along and becomes activated (MIPOL1-
DGKB). Intra-chromosomal deletion (Class III) results when deletion of a genomic region fuses
the flanking genes (TMPRSS2-ERG). Intra-chromosomal complex rearrangements (Class IV)
involve a breakpoint in one gene fusing with multiple regions (HJURP-EIF4E2, and INPP4-
HJURP) and Read-through chimeras (Class V) include chimeric transcripts between
neighboring genes (ZNF649-ZNF577).
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Overall, transcriptome sequencing was found to be a powerful tool for detecting gene fusions,
exemplified by our ability to detect multiple gene fusions in cancer cell lines and tissues. One
important limitation is in cases where the proximal partner contributes only the regulatory
sequence to the fusion and no transcript sequence (e.g, IgH-Myc in Burkitt’s lymphoma). While
it has been known that gene fusion events can play a causative role in cancer, the current study
has demonstrated that a particular cancer cell line or tissue can harbor multiple gene fusions
many of which are likely not recurrent. While it is unclear whether these private gene fusions
play a role in malignant transformation, they could potentially cooperate with the driver
mutation/gene fusions. Similar to the cataloging of point mutations associated with cancer21–
27, it will be important to catalog and investigate the function of the multiple gene fusions
present in a single cancer. The discovery of the chimeric transcript SLC45A3-ELK4
underscores that a refinement of next generation sequencing technologies and attendant
analytical tools may well unravel the full scope of these ‘dangerous liaisons’ in carcinogenesis.

METHODS SUMMARY
Long read sequencing was conducted using 454 FLX Sequencing whereas short read
sequencing was performed on the Illumina Genome Analyzer. Q-PCR for fusion candidates
were performed using indicated oligonucleotide primers (Supplementary Table 8). Interphase
FISH were performed in cell lines and tissues using bacterial artificial chromosome (BAC)
probes (Supplementary Fig. 4a, Supplementary Fig 5a, 5c, 5e, Supplementary Fig 8,
Supplementary Fig 7d, Supplementary Fig 12, Supplementary Fig 13, Supplementary Fig 14b,
and 14d). Oligonucleotide comparative genomic hybridization (aCGH) was performed using
Agilent arrays and copy number analysis was conducted in CGH Analytics. Affymetrix
Genome-wide Human SNP Array 6.0 was processed using the Affymetrix Genotyping
Console. Prostate tissues were obtained from the radical prostatectomy series at the University
of Michigan and from the Rapid Autopsy Program, University of Michigan Specialized
Program of Research Excellence (S.P.O.R.E.) in prostate cancer.

METHODS
Samples and cell lines

The benign immortalized prostate cell line RWPE and the prostate cancer cell line LNCaP was
obtained from the American Type Culture Collection. Primary benign prostatic epithelial cells
(PrEC) were obtained from Cambrex Bio Science. The prostate cancer cell line MDA-PCa 2B
was provided by E. Keller. The prostate cancer cell line 22-RV1 was provided by J. Macoska.
VCaP was derived from a vertebral metastasis from a patient with hormone-refractory
metastatic prostate cancer28, and was provided by Ken Pienta.

Androgen stimulation experiment was carried out with LNCaP and VCaP cells grown in
charcoal-stripped serum containing media for 24 h, before treatment with 1% ethanol or 1 nM
of methyltrienolone (R1881, NEN Life Science Products) dissolved in ethanol, for 24 and 48
h. Total RNA was isolated with RNeasy mini kit (Qiagen) according to the manufacturer’s
instructions.

Prostate tissues were obtained from the radical prostatectomy series at the University of
Michigan and from the Rapid Autopsy Program29, University of Michigan Prostate Cancer
Specialized Program of Research Excellence Tissue Core. All samples were collected with
informed consent of the patients and prior approval of the institutional review board.
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454 FLX Sequencing
PolyA+ RNA was purified from 50µg total RNA using two rounds of selection on oligo-dT
containing paramagnetic beads using Dynabeads mRNA Purification Kit (Dynal Biotech, Oslo,
Norway), according to the manufacturer’s instructions. 200 ng mRNA was fragmented at 82°
C in Fragmentation Buffer (40 mM Tris-Acetate, 100 mM Potassium Acetate, 31.5 mM
Magnesium Acetate, pH 8.1) for 2 minutes. First strand cDNA library was prepared using
Superscript II (Invitrogen) according to standard protocols and directional adaptors were
ligated to the cDNA ends for clonal amplification and sequencing on the Genome Sequencer
FLX.

The adaptor ligation reaction was carried out in Quick Ligase Buffer (New England Biolabs,
Ipswich, MA) containing 1.67 µM of the Adaptor A, 6.67 µM of the Adaptor B and 2000 units
of T4 DNA Ligase (New England Biolabs, Ipswich, MA) at 37°C for 2 hours. Adapted library
was recovered with 0.05% Sera-Mag30 streptavidin beads (Seradyn Inc, Indianapolis, IN)
according to manufacturer’s instructions. Finally, the sscDNA library was purified twice with
RNAClean (Agencourt, Beverly, MA) as per the manufacturer’s directions except the amount
of beads was reduced to 1.6X the volume of the sample. The purified sscDNA library was
analyzed on an RNA 6000 Pico chip on a 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA) to confirm a size distribution between 450 to 750 nucleotides, and quantified with Quant-
iT Ribogreen RNA Assay Kit (Invitrogen Corporation, Carlsbad, CA) on a Synergy HT (Bio-
Tek Instruments Inc, Winooski, VT) instrument following the manufacturer’s instructions. The
library was PCR amplified with 2 µM each of Primer A (5'-GCC TCC CTC GCG CCA-3') and
Primer B (5'-GCC TTG CCA GCC CGC-3'), 400 µM dNTPs, 1X Advantage 2 buffer and 1
µl of Advantage 2 polymerase mix (Clontech, Mountain View, CA). The amplification reaction
was performed at: 96°C for 4 min; 94°C for 30 sec, 64°C for 30 sec, repeating steps 2 and 3
for a total of 20 cycles, followed by 68°C for 3 minutes. The samples were purified using
AMPure beads and diluted to a final working concentration of 200,000 molecules per µl.
Emulsion beads for sequencing were generated using Sequencing emPCR Kit II and Kit III
and sequencing was carried out using 600,000 beads.

Normalization by Subtraction
mRNA from the prostate cancer cell line VCaP was hybridized with the subtractor cell line
LNCaP 1st-strand cDNA immobilised on magnetic beads (Dynabeads, Invitrogen), according
to the manufacturers instructions. Transcripts common to both the cells were captured and
removed by magnetic separation of bead-bound subtractor cDNA and the subtracted VCaP
mRNA left in the supernatant was recovered by precipitation and used for generating
sequencing library as described. Efficiency of normalization was assessed by qRT-PCR assay
of levels of select transcripts in the sample before and after the subtraction (data not shown).

Illumina Genome Analyzer Sequencing
200ng mRNA was fragmented at 70°C for 5 min in a Fragmentation buffer (Ambion), and
converted to first strand cDNA using Superscript III (Invitrogen), followed by second strand
cDNA synthesis using E coli DNA pol I (Invitrogen). The double stranded cDNA library was
further processed by Illumina Genomic DNA Sample Prep kit, and it involved end repair using
T4 DNA polymerase, Klenow DNA polymerase, and T4 Polynucleotide kinase followed by a
single <A> base addition using Klenow 3’ to 5’ exo− polymerase, and was ligated with
Illumina’s adaptor oligo mix using T4 DNA ligase. Adaptor ligated library was size selected
by separating on a 4% agarose gel and cutting out the library smear at 200bp (+/− 25bp). The
library was PCR amplified by Phu polymerase (Stratagene), and purified by Qiaquick PCR
purification kit (Qiagen). The library was quantified with Quant-iT Picogreen dsDNA Assay
Kit (Invitrogen Corporation, Carlsbad, CA) on a Modulus™ Single Tube Luminometer (Turner
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Biosystems, Sunnyvale, CA) following the manufacturer’s instructions. 10nM library was used
to prepare flowcells with approximately 30,000 clusters per lane.

Sequence datasets
Human genome build 18 (hg18) was used as a reference genome. All UCSC and Refseq
transcripts were downloaded from the UCSC genome browser (http://genome.ucsc.edu/)30.
Sequences of previously identified TMPRSS2-ERGa fusion transcript (Genbank accession:
DQ204772) and BCR-ABL1 fusion transcript (Genbank accession: M30829) were used for
reference.

Short read chimera discovery
Short reads that do not completely align to the human genome, Refseq genes, mitochondrial,
ribosomal, or contaminant sequences are categorized as non-mapping. For many chimeras we
expect that there will be a larger portion mapping to a fusion partner (major alignment), and
smaller portion aligning to the second partner (minor alignment). Our approach is therefore
divided into two phases in which we focus on first identifying the major alignment and then
performing a more exhaustive approach for identifying the minor alignment. In the first phase
all non-mapping reads are aligned against all exons of Refseq genes using Vmatch, a pattern
matching program31. Only reads that have an alignment of 12 or more nucleotides to an exon
boundary are kept as potential chimeras. In the second phase, the non-mapping portion of the
remaining reads are then mapped to all possible exon boundaries using a Perl script that utilizes
regular expressions to detect alignments of as few as six nucleotides. Only those short reads
that show partial alignment to exon boundaries of two separate genes are categorized as
chimeras. It is possible to have a chimera that has 28 nucleotides aligning to gene x and 8
nucleotides that align to gene y and z because the 8-mer does not provide enough sequence
resolution to distinguish between gene y and gene z. Therefore we would categorize this as
two individual chimeras. If a sequence forms more than five chimeras it is discarded because
it is ambiguous. To minimize false positives, we require that a predicted gene fusion event has
at least two supporting chimeras.

Long and short read integrated chimera discovery
All 454 reads are aligned against the human Refseq collection using BLAT, a rapid mRNA/
DNA alignment tool32. Using a Perl script, the BLAT output files were parsed to detect
potential chimeric reads. A read is categorized as completely aligning if it shows greater than
90% alignment to a known Refseq transcript. These are then discarded as they almost
completely align and therefore are not characteristic of a chimera. From the remaining reads,
we want to query for reads having partial alignment, with minimal overlap, to two Refseq
transcripts representing putative chimeras. To accomplish this, we iterate the all possible BLAT
alignments for a putative chimera, extracting only those partial alignments that have no more
than a six nucleotide, or two codon, overlap. This step reduces false positive chimeras
introduced by repetitive regions, large gene families, and conserved domains. Additionally,
while our approach tolerates overlap between the partial alignments, it filters those having
more than ten or more nucleotides between the partial alignments.

The short reads (36 nucleotides) generated from the Illumina platform are parsed by aligning
them against the Refseq database and the human genome using Eland, an alignment tool for
short reads. Reads that align completely or fail quality control are removed leaving only the
“non-mapping” reads; a rich source for chimeras. These non-mapping short reads are
subsequently aligned against all putative long read chimeras (obtained as described above)
using Vmatch31, a pattern matching program. A Perl script is used to parse the Vmatch output
to extract only those reads that span the fusion boundary by at least three nucleotides on each
side. Following this integration, the remaining putative chimeras are categorized as inter- or
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intra-chromosomal chimeras based on whether the partial alignments are located on different
or the same chromosomes, respectively. Those intra-chromosomal chimeras that have partial
alignments to adjacent genes are believed to be the product of co-transcription of adjacent
genes coupled with intergenic splicing (CoTIS)18, alternatively known as read-throughs. The
remaining intra-chromosomal and all inter-chromosomal chimeras are considered candidate
gene fusions.

One additional source of false positive chimeras could be an unknown transcript that is not in
Refseq. Due to its absence in the Refseq database, the corresponding long read would not be
able to show a complete alignment, but instead show partial hits. Subsequently, short reads
spanning this transcript would naturally validate the artificially produced fusion boundary.
Therefore, to remove these candidates, we aligned all of the chimeras against the human
genome using BLAT. If the long read had greater than 90% alignment to one genomic location,
it is considered a novel transcript rather than a chimeric read. The remaining chimeras are given
a score which is calculated by multiplying the long read coverage spanning the fusion boundary
against the short read coverage spanning the fusion boundary.

Coverage analysis
Transcript coverage for every gene locus was calculated from the total number of passing filter
reads that mapped, via ELAND, to exons. The total count of these reads was multiplied by the
read length and divided by the longest transcript isoform of the gene as determined by the sum
of all exon lengths as defined in the UCSC knownGene table (Mar. 2006 assembly). Nucleotide
coverage was determined by enumerating the total reads, based on ELAND mappings, at every
nucleotide position within a non-redundant set of exons from all possible UCSC transcript
isoforms.

Array CGH analysis
Oligonucleotide comparative genomic hybridization is a high-resolution method to detect
unbalanced copy number changes at whole genome level. Competitive hybridization of
differentially labeled tumor and reference DNA to oligonucleotide printed in an array format
(Agilent Technologies, USA) and analysis of fluorescent intensity for each probe will detect
the copy number changes in the tumor sample relative to normal reference genome. We
identified genomic breakpoints at regions with a change in copy number level of at least one
copy (log ratio ± 0.5) for gains and losses involving more than one probe representing each
genomic interval as detected by the aberration detection method (ADM) in CGH analytics
algorithm.

Real Time PCR validation
Quantitative PCR (QPCR) was performed using Power SYBR Green Mastermix (Applied
Biosystems, Foster City, CA) on an Applied Biosystems Step One Plus Real Time PCR System
as described3. All oligonucleotide primers were synthesized by Integrated DNA Technologies
(Coralville, IA) and are listed in Table S8. GAPDH 33, primer was as described. All assays
were performed in duplicate or triplicate and results were plotted as average fold change relative
to GAPDH.

Quantitative PCR for SLC45A3-ELK4 was carried out by Taqman assay method using fusion
specific primers and Probe #7 of Universal Probe Library (UPL), Human (Roche) as the internal
oligonucleotide, according to manufacturer’s instructions. PGK1 was used as housekeeping
control gene for UPL based Taqman assay (Roche), as per manufacturer’s instructions. HMBS
(Applied Biosystems, Taqman assay Hs00609297_m1) was used as housekeeping gene control
for Taqman assays according to standard protocols (Applied Biosystems).
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Fluorescence in situ hybridization (FISH)
FISH hybridizations were performed on VCaP, LNCaP, and FFPE tumor and normal tissues.
BAC clones were selected from UCSC genome browser. Following colony purification midi
prep DNA was prepared using QiagenTips-100 (Qiagen, USA). DNA was labeled by nick
translation labeling with biotin-16-dUTP and digoxigenin-11-dUTP (Roche, USA). Probe
DNA was precipitated and dissolved in hybridization mixture containing 50% formamide,
2XSSC, 10% dextran sulphate, and 1% Denhardts solution. About 200ng of labeled probes
was hybridized to normal human chromosomes to confirm the map position of each BAC clone.
FISH signals were obtained using anti digoxigenin-fluorescein and alexa fluor594 conjugate
for green and red colors respectively. Fluorescence images were captured using a high
resolution CCD camera controlled by ISIS image processing software (Metasystems,
Germany).

Affymetrix Genome-Wide Human SNP Array 6.0
1 µg each of genomic DNA samples was sent to Affymetrix service centers (Center for
Molecular Medicine, Grand Rapid, MI and Vanderbilt Affymetrix Genotyping Core,
Nashville, TN) for genomic level analysis of 15 samples on the Genome-Wide Human SNP
Array 6.0. Copy number analysis was conducted using the Affymetrix Genotyping Console
software and visualizations were generated by the Genotyping Console (GTC) browser.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgements
We thank Illumina and 454 for technical support, Rohit Mehra and Javed Siddiqui for providing tissue samples, Yusong
Gong, Sunita Shankar, Xiaosong Wang, and Anjana Menon for technical assistance, Jindan Yu for help with the
Illumina Genome Analyzer, and Robert J. Lonigro for helpful discussions. C.A.M. was supported by an NIH Ruth L.
Kirschstein post-doctoral training grant and currently derives support from the American Association of Cancer
Research Amgen Fellowship in Clinical/Translational Research and the Canary Foundation and American Cancer
Society Early Detection Postdoctoral Fellowship. This work was supported in part by the National Institutes of Health
(to A.M.C.), Department of Defense (to A.M.C.), and the Early Detection Research Network (to A.M.C.).

References
1. Mitelman F, Johansson B, Mertens F. Fusion genes and rearranged genes as a linear function of

chromosome aberrations in cancer. Nature genetics 2004;36(4):331. [PubMed: 15054488]
2. Tomlins SA, et al. Recurrent fusion of TMPRSS2 and ETS transcription factor genes in prostate cancer.

Science (New York, N.Y 2005;310(5748):644.
3. Tomlins SA, et al. Distinct classes of chromosomal rearrangements create oncogenic ETS gene fusions

in prostate cancer. Nature 2007;448(7153):595. [PubMed: 17671502]
4. Kumar-Sinha C, Tomlins SA, Chinnaiyan AM. Recurrent gene fusions in prostate cancer. Nature

reviews 2008;8(7):497.
5. Choi YL, et al. Identification of novel isoforms of the EML4-ALK transforming gene in non-small

cell lung cancer. Cancer research 2008;68(13):4971. [PubMed: 18593892]
6. Koivunen JP, et al. EML4-ALK Fusion Gene and Efficacy of an ALK Kinase Inhibitor in Lung Cancer.

Clin Cancer Res 2008;14(13):4275. [PubMed: 18594010]
7. Perner S, et al. EML4-ALK fusion lung cancer: a rare acquired event. Neoplasia (New York, N.Y

2008;10(3):298.
8. Rikova K, et al. Global Survey of Phosphotyrosine Signaling Identifies Oncogenic Kinases in Lung

Cancer. Cell 2007;131:14.
9. Soda M, et al. Identification of the transforming EML4-ALK fusion gene in non-small-cell lung cancer.

Nature 2007;448(7153):561. [PubMed: 17625570]

Maher et al. Page 9

Nature. Author manuscript; available in PMC 2009 September 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



10. Rowley JD. Chromosome translocations: dangerous liaisons revisited. Nature reviews 2001;1(3):245.
11. Lynch TJ, et al. Activating mutations in the epidermal growth factor receptor underlying

responsiveness of non-small-cell lung cancer to gefitinib. The New England journal of medicine
2004;350(21):2129. [PubMed: 15118073]

12. Slamon DJ, et al. Use of chemotherapy plus a monoclonal antibody against HER2 for metastatic
breast cancer that overexpresses HER2. The New England journal of medicine 2001;344(11):783.
[PubMed: 11248153]

13. Demetri GD, et al. Efficacy and safety of imatinib mesylate in advanced gastrointestinal stromal
tumors. The New England journal of medicine 2002;347(7):472. [PubMed: 12181401]

14. Druker BJ, et al. Five-year follow-up of patients receiving imatinib for chronic myeloid leukemia.
The New England journal of medicine 2006;355(23):2408. [PubMed: 17151364]

15. Futreal PA, et al. A census of human cancer genes. Nature reviews 2004;4(3):177.
16. Shtivelman E, Lifshitz B, Gale RP, Canaani E. Fused transcript of abl and bcr genes in chronic

myelogenous leukaemia. Nature 1985;315(6020):550. [PubMed: 2989692]
17. Takahara T, Tasic B, Maniatis T, Akanuma H, Yanagisawa S. Delay in synthesis of the 3' splice site

promotes trans-splicing of the preceding 5' splice site. Molecular cell 2005;18(2):245. [PubMed:
15837427]

18. Communi D, Suarez-Huerta N, Dussossoy D, Savi P, Boeynaems JM. Cotranscription and intergenic
splicing of human P2Y11 and SSF1 genes. The Journal of biological chemistry 2001;276(19):16561.
[PubMed: 11278528]

19. Gleave M, et al. The effects of the dual 5alpha-reductase inhibitor dutasteride on localized prostate
cancer--results from a 4-month pre-radical prostatectomy study. Prostate 2006;66(15):1674.
[PubMed: 16927304]

20. Han B, et al. A fluorescence in situ hybridization screen for E26 transformation-specific aberrations:
identification of DDX5-ETV4 fusion protein in prostate cancer. Cancer research 2008;68(18):7629.
[PubMed: 18794152]

21. Barber TD, Vogelstein B, Kinzler KW, Velculescu VE. Somatic mutations of EGFR in colorectal
cancers and glioblastomas. The New England journal of medicine 2004;351(27):2883. [PubMed:
15625347]

22. Cheung VG, et al. Integration of cytogenetic landmarks into the draft sequence of the human genome.
Nature 2001;409(6822):953. [PubMed: 11237021]

23. Greenman C, et al. Patterns of somatic mutation in human cancer genomes. Nature 2007;446(7132):
153. [PubMed: 17344846]

24. Stephens P, et al. A screen of the complete protein kinase gene family identifies diverse patterns of
somatic mutations in human breast cancer. Nature genetics 2005;37(6):590. [PubMed: 15908952]

25. Strausberg RL, Buetow KH, Emmert-Buck MR, Klausner RD. The cancer genome anatomy project:
building an annotated gene index. Trends Genet 2000;16(3):103. [PubMed: 10689348]

26. Weir BA, et al. Characterizing the cancer genome in lung adenocarcinoma. Nature 2007;450(7171):
893. [PubMed: 17982442]

27. Wood LD, et al. The genomic landscapes of human breast and colorectal cancers. Science (New York,
N.Y 2007;318(5853):1108.

28. Korenchuk S, et al. VCaP, a cell-based model system of human prostate cancer. In vivo (Athens,
Greece) 2001;15(2):163.

29. Rubin MA, et al. Rapid ("warm") autopsy study for procurement of metastatic prostate cancer. Clin
Cancer Res 2000;6(3):1038. [PubMed: 10741732]

30. Karolchik D, et al. The UCSC Table Browser data retrieval tool. Nucleic Acids Res 2004;32(Database
issue):D493. [PubMed: 14681465]

31. Abouelhoda MI, Kurtz S, Ohlebusch E. Replacing suffix trees with enhanced suffix arrays. Journal
of Discrete Algorithms 2004;2(1):53.

32. Kent WJ. BLAT--the BLAST-like alignment tool. Genome research 2002;12(4):656. [PubMed:
11932250]

33. Vandesompele J, et al. Accurate normalization of real-time quantitative RT-PCR data by geometric
averaging of multiple internal control genes. Genome biology 2002;3(7):34.

Maher et al. Page 10

Nature. Author manuscript; available in PMC 2009 September 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 1. Employing massively parallel sequencing to discover chimeric transcripts in cancer
a, Schema representing our approach to employ transcriptome sequencing to identify chimeric
transcripts. ‘Long read’ sequences compared with the reference database are classified as
‘Mapping’, ‘Partially Aligned’, and ‘Non-Mapping’ reads. Partially aligning reads are
considered putative chimeras and are categorized as inter- or intra-chromosomal chimeras.
Integration with short read sequence data is utilized for short-listing candidate chimeras and
assessing the depth of coverage spanning the fusion junction. b, “Re-discovery” of TMPRSS2-
ERG fusion on chromosome 21. Short reads (Illumina) are overlaid on the corresponding long
read (454) represented by colored bars. Sequences spanning the fusion junction are indicated
by the partition in the short reads. Chromosomal context of the fusion genes is represented by
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colored bars punctuated with black lines. Inset displays histogram of qRT-PCR validation of
the TMPRSS2-ERG transcript.
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Fig 2. Representative gene fusions characterized in the prostate cancer cell line VCaP
a, Schematic of USP10-ZDHHC7 fusion on chromosome 16. Exon 1 of USP10 (red) is fused
with exon 3 of ZDHHC7 (green), located on the same chromosome in opposite orientation.
Inset displays histogram of qRT-PCR validation of USP10-ZDHHC7 transcript. b, Schematic
of a complex intra-chromosomal rearrangement leading to two gene fusions involving
HJURP on chromosome 2. Exon 8 of HJURP (red) is fused with exon 2 of EIF4E2 (green) to
form HJURP-EIF4E2. Exon 25 of INPP4A (blue) is fused with exon 9 of HJURP (red) to form
INPP4A-HJURP. Insets display histograms of qRT-PCR validation of HJURP-EIF4E2 and
INPP4A-HJURP transcripts.
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Fig 3. Schematic of MIPOL1-DGKB gene fusion in the prostate cancer cell line LNCaP
MIPOL1-DGKB is an inter-chromosomal gene fusion accompanying the cryptic insertion of
ETV1 locus (red) on chromosome 7 into the MIPOL1(purple) intron on chromosome 14.
Previously determined genomic breakpoints (black stars) are shown in DGKB and MIPOL1.
An insertion event results in the inversion of the 3’ end of DGKB and ETV1 into the
MIPOL1 intron between exons 10 and 11. Inset displays histogram of qRT-PCR validation of
the MIPOL1-DGKB transcript.
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Fig. 4. Discovery of the recurrent SLC45A3-ELK4 chimera in prostate cancer and a general
classification system for chimeric transcripts in cancer
a, Upper panel, schematic of the SLC45A3-ELK4 chimera located on chromosome 1. Middle
panel, qRT-PCR validation of SLC45A3-ELK4 transcript in a panel of cell lines. Inset,
histogram of qRT-PCR assessment of the SLC45A3-ELK4 transcript in LNCaP cells treated
with R1881. Lower panel, histogram of qRT-PCR validation in a panel of prostate tissues-
benign adjacent prostate, localized prostate cancer (PCA) and metastatic prostate cancer
(Mets). ETS family gene rearrangement status (by FISH) indicated by horizontal colored bars
below graph. Grey not determined (ND); yellow, ETS negative; orange, ETS positive.
Horizontal bracket indicates three different metastatic tissues from the same patient (Met4).
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Asterisk (*) denotes an ETV1 positive sample. b, Chimera classification schema (described in
the text).
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