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Areas where the Cancer DBP
will interact with the NCIBI

• Bioinformatics related to metabolomics

• Integrative analysis across molecular 
alterations

• Bioinformatics related to Next Generation 
sequencing



Metabolomic Profiling of Cancer Progression

Sreekumar et al, Nature 2009
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The integrative model for translation of 
bio-data into novel gene fusions 
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BCR-ABL Gene Fusion 
in CML (a type of leukemia)

http://www.cmlsupport.com/bcrabl.gif



A Computational Approach Leads to the 
Discovery of Gene Fusions in Prostate Cancer

Kumar et al  Nature Cancer Reviews, 2008



TMPRSS2-ETS Gene Fusions in 
Prostate Cancer

Tomlins et al Science 310:644
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Confirmation of High Prevalence of 
Gene Fusions (40-80%)

• University of Michigan
• Harvard
• U of Toronto
• Baylor College of Medicine
• Erasmus, The Netherlands
• Finland
• Sweden 
• UK
• Portugal
• Gen-Probe, Inc.
• Others



• Gene fusions occur in HG-PIN  contiguous 
or in close proximity to prostate cancer

• Multi-focal nature of prostate cancer
• Clonal nature of gene fusions

Appearance of Gene Fusions in Prostate Cancer Progression



ETS Gene Fusion Products Induce Cell 
Invasion



Knockdown of TMPRSS2-ERG gene fusion 
inhibits cell invasion, proliferation 

and tumor growth

Shiv Srivastava et al
Oncogene (2008) 27:5348

VCaP cells
(TMPRSS2-ERG +)

VCaP Xenografts





A Family of Gene Fusions 
Molecular Sub-Types

in Prostate Cancer

Kumar-Sinha et al.
Nature Cancer Reviews
2008



Molecular Subtypes of Prostate 
Cancer

• ~ 70% of North American prostate cancers   
have ETS gene fusions

50-60% TMPRSS2-ERG
TMPRSS2-ERG with deletion (50-60%)
TMPRSS2-ERG without deletion (40-50%)
About 15 variant fusion transcripts

~5-10% ETV1Fusions
~1%  ETV4 Fusions
~1% ETV5 Fusions

• ~30% Negative for ETS gene fusions



Clinical implications
for prostate cancer 
diagnosis?



Gene fusion urine test
Specimen collection and assay format

Quantitative measurement of TMPRSS2-
ERG mRNA in post-DRE sediments and 
whole urine



TMPRSS2:ERG in the urine of men with 
prostate cancer

Similar results (cancer vs. benign, significant vs. insignificant) in SDVA/UL cohort



Prostate cancer therapy: How do 
we target the prostate cancer gene 

fusions?



DHT

A Molecular Basis for Prostate Cancer

AR= androgen receptor
ARE= androgen response element
DHT= dihydrotestosterone
ETS= ETS family of transcription factors (ERG/ETV1)

DHT

ETS Genes

AR

TMPRSS2 (ARE)
AR

ETS Target Genes
Cell growth
Invasion/Metastasis
Cell Survival

ETS

Anti-Androgens



Subversion of Tissue-Specific Promoters/Enhancers
to  Cause Cancer

MYCTCR

BCL2IgH

ETS GenesTMPRSS2 (ARE)

???ERE

??????

B cell 
lymphomas

T cell 
lymphomas

Prostate Cancer

Breast Cancer?
Gynecologic Cancer?

Others?
(e.g., Lung, Colon,

Ovarian, Liver)





Conclusions-1
• Majority of prostate cancers have a gene fusion/translocation
• ETS rearrangements in prostate cancer are the most common

gene fusion in cancer
• We propose that gene fusions of prostate-active genomic 

regulatory regions to oncogenic factors is the basis for the 
development of prostate cancer

• Gene fusions may serve as useful biomarkers of prostate 
cancer (diagnosis and prognosis)

• Gene fusions may represent a rational therapeutic target for 
prostate cancer (in vitro and in vivo models of gene fusion)

• Family of 5’ fusion partners identified with functionally different 
upstream regulatory elements

• Suggest that other common solid tumors may be the result of 
thus far unidentified recurrent gene fusions (buried in the noise 
of non-specific alterations)



Nextgen Transcriptome
Sequencing to Detect Gene 

Fusions in
Cancer



Applied Biosystems  
ABI 3730XL
1 Mb / day 

Illumina / Solexa 
Genetic Analyzer
2000 Mb /run

Roche / 454 
Genome Sequencer  FLX

100 Mb /run

Next Gen sequencing

Reference Genome
Reference Genome



Adapted from: 
Dr Simon Bennett
www.solexa.com

Massively Parallel, High throughput, Next-Gen sequencing



(Kumar-Sinha, et al., Nature Cancer 
Reviews 2008)

Next Generation Sequencing Fusion Pipeline

COPA ; Oncomine
Exon-walking (qPCR)

5’ RACEFusion-specific PCR

FISH



• Circumvents limitations introduced by cytogenetic techniques

• Increased sensitivity over microarrays 

• Unbiased view of expressed portion of the genome

• Requires less resources than genomic sequencing, while focusing 
on aberrations are primarily expected to have functional 
consequences in carcinogenesis 

• Provides evidence of both partners within fusion event

• Gene fusions as a class of mutations have been difficult to study 
comprehensively relation to DNA substitution, amplification and 
deletion

Next Generation Transcriptome 
Sequencing for gene fusion discovery



Short reads spanning chimera 
fusion point

Inter-chromosomal chimeras Intra-chromosomal chimeras

Gene fusion candidate Gene fusion candidate Read-through candidate

Gene x Gene y Gene z Gene x Gene y Gene z

Chimera between distant genes Chimera between neighboring genes

Sequence long 
reads (200-500 nt)

Category 1:
Mapping reads

Category 2:
Partially aligned reads

Category 3:
Non-mapping reads

Viral Contamination Other

Chimera discovery pipeline

Maher et al, Nature 2009



“Re-discovery” of BCR-ABL1

• Transcriptome sequencing 
of chronic myelogenous 
leukemia cell line (K562)

• ~70 million 36-mer 
sequence reads

ABL1BCR
214

36.3 MB 37.7 MB

Chromosome 22

36.3 MB 37.7 MB

Chromosome 9

Genbank accession: 
M30829

GTTCAA     AAGCCCTTCAGCGGCCAGTAGCATCTGACT
CAGAGTTCAA     AAGCCCTTCAGCGGCCAGTAGCATCT 

GCAGAGTTCAA     AAGCCCTTCAGCGGCCAGTAGCATC
GCAGAGTTCAA     AAGCCCTTCAGCGGCCAGTAGCATC

GATTTAAGCAGAGTTCAA     AAGCCCTTCAGCGGCCAG 
GGATTTAAGCAGAGTTCAA     AAGCCCTTCAGCGGCCA
GGATTTAAGCAGAGTTCAA     AAGCCCTTCAGCGGCCG
GGATTTAAGCAGAGTTCAA     AAGCCCTTCAGCGGCCG

TGGATTTAAGCAGAGTTCAA     AAGCCCTTCAGCGGCC
CTGGATTTAAGCAGAGTTCAA     AAGCCCTTCAGCGGC 
CTGGATTTAAGCAGAGTTCAA     AAGCCCTTCAGCGGC

CACTGGATTTAAGCAGAGTTCAA     AAGCCCTTCAGCG
GCCACTGGATTTAAGCAGAGTTCAA    AAGCCCTTCAG

CAGCCACTGGATTTAAGCAGAGTTCAA    AAGCCCTTC
CAGCCACTGGATTTAAGCAGAGTTCAA    AAGCCCTTC

CTCAGCCACTGGATTTAAGCAGAGTTCAA    AAGCCCT
CTCAGCCACTGGATTTAAGCAGAGTTCAA    AAGCCCT
CTCAGCCACTGGATTTAAGCAGAGTTCAA    AAGCCCT

ACTCAGCCACTGGATTTAAGCAGAGTTCAA    AAGCCC 

• 19 chimeras spanning 
BCR-ABL1 fusion 
boundary



“Re-discovery” of TMPRSS2-ERG

• ~76 million 36-mer sequence reads from 8 lanes

• 21 chimeras spanning TMPRSS2-ERG fusion boundary in VCaP cells





Read-through
The product of co-transcription of adjacent genes coupled with intergenic 

splicing (CoTIS) 

Inter-chromosomal chimeras Intra-chromosomal chimeras

Gene fusion candidate Gene fusion candidate Read-through candidate

Gene x Gene y Gene z Gene x Gene y Gene z

Chimera between distant genes Chimera between neighboring genes

Gene fusions
VCaP 1

LNCaP 3
RWPE 1



Read-through Chimeric transcripts

RWPE

LNCaP

VCaP

Chr 19

113 214

Long read

APC2 C19orf25

ACTGCACTCC AGC CTTC CGGG GCCAGGATGGT GAAC
ACTGCCCTC CAGC  CTTC CGGG GCCAGGATGGT GAAC Short read

ZNF649ZNF577

12Chr 19 4 3 5

ACTGAAAATGTCTTGTTCCTATAGGCCAGAAC ACTC
ACTGAAAATGTCTTGTTCCTATAGGCCAGAAC ACTC

CTGAAAATGTCTTGTTCCTATAGGCCAGAAC ACTCA
GAAAATGTCTTGTTCCTATAGGCCAGAAC ACTCATC
GAAAATGTCTTGTTCCTATAGGCCAGAAC ACTCATC
GAAAATGTCTTGTTCCTATAGGCCAGAAC ACTCATC
GAAAATGTCTTGTTCCTATAGGCCAGAAC ACTCATC

AAATGTCTTGTTCCTATAGGCCAGAAC ACTCATCAC
AAATGTCTTGTTCCTATAGGCCAGAAC ACTCATCAC

TGTCTTGTTCCTATAGGCCAGAAC ACTCATCACAGC
TGTCTTGTTCCTATAGGCCAGAAC ACTCATCACAGC
TGTCTTGTTCCTATAGGCCAGAAC ACTCATCACAGC

GTCTTGTTCCTATAGGCCAGAAC ACTCATCACAGCC
GTCTTGTTCCTATAGGCCAGAAC ACTCATCACAGCC

Long read

Short read



SLC45A3-ELK4: a Novel, Recurrent, Prostate Specific, 
Androgen sensitive Chimera 

SLC45A3-ELK4

Benign PCA Mets

*

SL
C

45
A3

-E
LK

4/
 H

M
BS

400

300

200

100

0

ETSpositiveETS negativeND ETSpositive

Met4

R
W

PE

22
R

V1

VC
aP

LN
C

aP

M
D

A-
PC

A-
2B

PR
EC

M
C

F7

M
D

A-
M

B-
36

1

ZR
75

1

BT
47

4

SK
M

EL
5

M
M

60
3

SK
M

EL
28

H
22

28

SK
M

EL
5

KU
82

1

Ka
su

m
i4

K5
62

Pa
nc

10
-5

M
iA

Pa
C

E2

PA
N

C
-1

M
C

F7

ZR
75

1

BT
47

4

SLC45A3-ELK4

SL
C

45
A3

-E
LK

4/
 P

G
K1

160

120

80

40

0

Prostate Breast Melanoma

NS
CL

C CML Pancreas

Met 4

LNCaP

Chr1

32 41

ELK4 SLC45A3

CAATGAGC    TGCTTCTCCCGGTGGTAGAGGGAGGCCA

15

AGCAATGAGC    TGCTTCTCCCGGTGGTAGAGGGAGGC
GTCCATAGCAATGAGC     TGCTTCTCCCGGTGGTAGAG

ATAGCACTGTCCATAGCAATGAGC      TGCTTCTCCCGG
 GTGATAGCACTGTCCATAGCAATGAGC     TGCTTCTCC

  GCACTGTCCATAGCAATGAGC      TGCTTCTCCCGGTGG

solute carrier family 45, member 3
(Prostate cancer associated protein, Prostein) 

ELK4, ETS-domain protein 
(SRF accessory protein 1) :



Lack of microdeletions 
at the SLC45A3 and 

ELK4 loci by 1M 
Affy 6.0 SNP Chips



Chimera classification system



Paired-end transcriptome strategy for 
chimera discovery



Comprehensiveness of paired-end sequencing



Broadly Expressed Vs. Restricted 
Chimeras



Additional Classes of Chimeras 
Easily Observed Using Paired-End 

Sequencing



Conclusions-2
• “Re-discovered” recurrent gene fusions using both a hematological (BCR-

ABL) and solid tumor (TMPRSS2-ERG) model 

• Nominated, and experimentally validated, > 50 novel chimeras in cancer 
cell lines and tumors

• Demonstrated cell line can harbor multiple gene fusions many of which are 
likely to be “private” non-specific fusions

• Identified SLC45A3-ELK4 as a recurrent prostate cancer mRNA chimera 
not attributable to a DNA aberration

• Established chimera classification system for future categorization of this 
important class of cancer-related mutations

• Paired-end sequencing offers greater dynamic range and comprehensive 
assessment of chimeric mRNAs in a sample

• Developed a robust pipeline for chimeras discovery using high throughput 
sequencing that could reveal ideal therapeutic targets in common epithelial 
tumors
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Metabolomic Profiling of Cancer Progression

Sreekumar et al, Nature 2009



Gleevec (A drug that can block the 
BCR-ABL gene fusion)

• Gleevec is a drug that targets the BCR-
ABL gene fusion (>10 yrs to develop drug)

• Gleevec induced dramatic responses in 
patients with CML, including complete 
remission

• Gleevec is now a first line treatment of 
CML

• Prototype of rationally designed cancer 
therapeutics 



Next-gen Transcriptome Sequencing  

mRNA Purification 1. mRNA Fragmentation2. 

c
Double Strnd

onto Solexa Flowcell

4. Transcriptome Sequence

3. cDNA Sequencing Library



Breakdown of Paired End Mappings

• ~20 & 17 million K562 and 
VCaP PE reads, 
respectively

• Majority map to same 
transcript

• Higher percentage of non-
mapping in VCaP likely to 
due viral sequences

• ~1% of each cell line are 
categorized as chimera 
candidates

VCaP Paired End Classifications

K562 Paired End Classifications
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