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Abstract
While recurrent gene fusions involving ETS family transcription factors are common in prostate
cancer, their products are considered “undruggable” by conventional approaches. Recently, rare
“targetable” gene fusions (involving the ALK kinase), have been identified in 1–5% of lung
cancers1, suggesting that similar rare gene fusions may occur in other common epithelial cancers
including prostate cancer. Here we employed paired-end transcriptome sequencing to screen ETS
rearrangement negative prostate cancers for targetable gene fusions and identified the SLC45A3-
BRAF and ESRP1-RAF1 gene fusions. Expression of SLC45A3-BRAF or ESRP1-RAF1 in prostate
cells induced a neoplastic phenotype that was sensitive to RAF and MEK inhibitors. Screening a
large cohort of patients, we found that although rare (1–2%), recurrent rearrangements in the RAF
pathway tend to occur in advanced prostate cancers, gastric cancers, and melanoma. Taken
together, our results emphasize the importance of RAF rearrangements in cancer, suggest that RAF
and MEK inhibitors may be useful in a subset of gene fusion harboring solid tumors, and
demonstrate that sequencing of tumor transcriptomes and genomes may lead to the identification
of rare targetable fusions across cancer types.

Recurrent gene fusions characterized by 5′ genomic regulatory elements (most commonly
controlled by androgen) fused to members of the ETS family of transcription factors are
present in at least half of all prostate cancers2,3. Unfortunately, such rearrangements
involving oncogenic transcription factors are considered poor therapeutic targets by
conventional pharmaceutical approaches, unlike rearrangements involving protein kinases.
The recent identification of rearrangements involving a protein kinase (EML4-ALK) in a rare
subset of non-small cell lung carcinomas, and preclinical and phase I/II clinical data
suggesting that these patients respond to investigational ALK inhibitors1,4, demonstrates that
rare “druggable” rearrangements may exist in small subsets of patients across common solid
tumors.

To search for such “druggable” rearrangements in prostate cancer, we employed paired-end,
massively parallel transcriptome sequencing to prioritize candidate gene fusions in prostate
tumors. We developed a prioritization strategy, which generates a score derived from the
quantity of mate-pair reads that meet a series of computational filters implemented to reduce
potential false positive chimera nominations5. As shown in Fig. 1a, prioritization histograms
for two ETS rearrangement positive prostate cancers, PCA1 and PCA2, which harbor
FLJ35294-ETV1 and TMPRSS2-ERG gene fusions, respectively, demonstrate that the ETS
gene fusion had the highest score in each sample, as we have reported previously5,6.

In this study, we sequenced 5 ETS gene fusion positive and 10 ETS gene fusion negative
prostate cancers (ETS gene fusion status was determined by Fluorescence In Situ
Hybridization (FISH) and/or qRT-PCR and found that two ETS negative samples, PCA3 and
PCA17, each prioritized a fusion involving BRAF and RAF1 genes, key serine/threonine
kinase components of the RAF signaling pathway (Fig. 1a).

While activating somatic mutations in the RAF kinase pathway, such as BRAFV600E are
common in melanoma, thyroid, colon and ovarian cancers7–10, activating gene fusions of
pathway members have been reported less frequently and found in subsets of relatively rare
cancers11,12,13. Importantly, the RAF kinase pathway is druggable, with multiple approved
and investigational agents in late stage development. Sorafenib, an FDA approved drug, was
originally identified as a RAF kinase inhibitor, but was subsequently found to target other
kinases such as VEGFR-2, VEGFR-3 and PDGFR-β14. An emerging lead drug candidate,
PLX-4032, appears to be highly selective for the BRAFV600E mutation and is being
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evaluated in patients with advanced melanoma15. Thus, we proceeded to characterize and
validate the potentially druggable gene fusions we identified in prostate tumors PCA3 and
PCA17.

The first case, PCA3, revealed an inter-chromosomal rearrangement resulting in the fusion
of untranslated exon 1 of SLC45A3 with exon 8 of BRAF (Fig. 1b). Importantly, SLC45A3 is
a prostate-specific, androgen responsive gene which has been found fused to ERG16,17,
ETV118, ETV519 and ELK420,21 in a subset of prostate tumors. The predicted open reading
frame encodes for 329 amino acids of the C-terminal portion of BRAF (Supplementary Fig.
1a), retaining the kinase domain but losing the N-terminal RAS binding domain, suggesting
that the mutant protein may be constitutively active. Having inherited promoter regulatory
elements from SLC45A3, this BRAF fusion is likely under androgen regulation
(Supplementary Fig. 2). Consistent with this, the C-terminal exons of BRAF (8–18) present
in the fusion are over-expressed in PCA3 relative to benign prostate and other prostate
cancers (Supplementary Fig. 3a,b). The second case, PCA17, revealed two highly expressed
gene fusions involving ESRP1 and RAF1 (Fig. 1c,d) presumably formed by a balanced
reciprocal translocation. ESRP1 is a splicing factor that regulates the formation of epithelial
cell-specific isoforms of mRNA22, while RAF1 (or CRAF) is a serine/threonine protein
kinase.

The ESRP1-RAF1 fusion transcript involves the fusion of exon 13 of ESRP1 to exon 6 of
RAF1 (Fig. 1c). The predicted open reading frame encodes a 120 kDa fusion protein
comprised of the majority of ESRP1, including its 3 RNA recognition motifs, fused to the C-
terminal kinase domain of RAF1 (Supplementary Fig. 1c). Loss of the RAS-binding domain
of RAF1 suggests that this fusion protein may be constitutively active, while the
significance of the RNA binding domains of ESRP1 is unclear.

In addition to ESRP1-RAF1, we also detected the reciprocal gene fusion RAF1-ESRP1,
produced from the same genomic rearrangement in PCA17. The RAF1-ESRP1 transcript
involves the fusion of exon 5 of RAF1 with exon 14 of ESRP1 (Fig. 1d) which encodes a
predicted 30kDa protein comprised of the RAS binding domain of RAF1 fused to 194 amino
acids from the C-terminus of ESRP1 (Supplementary Fig. 1c). Unlike SLC45A3-BRAF,
ESRP1-RAF1 is predicted not to be regulated by androgen since wild-type ESRP1 is not
androgen regulated (Supplementary Fig. 2).

Next, the SLC45A3-BRAF fusion was validated by fusion specific qPCR in PCA3 (Fig. 2a).
Rearrangement at the DNA level was validated by FISH and confirmed the presence of two
copies of rearranged chromosomes by break apart (Supplementary Fig. 4a) and fusion assays
(Fig. 2d, left). Expression of the SLC45A3-BRAF fusion gene in HEK293 cells and stable
expression in RWPE prostate epithelial cells generated a 37kDa protein (Supplementary Fig.
5a,b).

Similarly, ESRP1-RAF1 and RAF1-ESRP1 was validated by qRT-PCR (Fig. 2b) in the index
case PCA17. FISH confirmed the DNA level rearrangement and fusion of the ESRP1 and
RAF1 loci (Fig. 2d, right, Supplementary Fig. 4b). Expression of a 120 kDa ESRP1-RAF1
fusion protein was observed in PCA17, and upon over-expression in HEK293 (Fig. 2g) and
RWPE cells (Supplementary Fig. 5c).

BRAF and RAF1 rearrangement frequencies in three independent prostate cancer clinical
cohorts were estimated by FISH on tissue microarrays (TMAs) using break-apart probes.
Out of 349 prostate cancer cases that were evaluable by FISH, 6 cases displayed an
aberration at the BRAF locus (5 rearrangements and 1 deletion of the 5′ probe) and 4 of 450
cases displayed rearrangement at the RAF1 locus (1 rearrangement and 3 deletions of the 3′
probe). Other than the index cases PCA3 and PCA17, these cases did not display
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rearrangement of the SLC45A3 or ESRP1 loci suggesting fusions involving multiple 5′
partners, similar to ETV1 fusions in prostate cancer18. Due to the lack of availability of
frozen tissue we were unable to characterize the 5′ fusion partners in these specific cases.
Importantly, a majority of the cases that were positive for rearrangements of BRAF or RAF1
had aggressive features including high Gleason score and exhibited castration-resistance. All
the cases were negative for ETS gene rearrangement (except MET37 which had an ERG
rearrangement), suggesting that these aberrations occur predominantly in ETS negative
prostate cancers (Supplementary Table 1a).

We extended the analysis of BRAF and RAF1 rearrangements to other solid tumors using
break apart FISH probes on TMAs of breast (n=49), endometrial (n=26), gastric (n=85),
melanoma (n=131), and liver tumors (n= 42). Similar to prostate cancer we found a 1–2%
incidence of BRAF aberrations in gastric cancer (2/105) (Fig. 2e) and one case each of
BRAF and RAF1 rearrangement in melanoma (2/131) (Fig. 2f). In the gastric cancer index
case GCT-15, paired-end transcriptome sequencing revealed that exon 8 of the BRAF gene
was fused with exon 5 of AGTRAP (Fig. 1e). We validated the AGTRAP-BRAF fusion
transcript by qRT-PCR (Fig. 2c) and the DNA level rearrangement by FISH analysis (Fig.
2f). The AGTRAP-BRAF fusion resulted in the formation of a 597aa fusion protein with the
C-terminal kinase domain of BRAF fused to the N-terminal angiotensin II type 1 receptor
associated domain of AGTRAP (Supplementary Fig. 1d). Expression of the predicted
AGTRAP-BRAF fusion protein was confirmed by immunoblot analysis of the index tumor
GCT-15 (Fig. 2h). The 5′ partner gene for the second gastric case with BRAF rearrangement
and BRAF and RAF1 rearrangement positive melanoma cases were not confirmed due to
lack of frozen tissue (Supplementary Table 1b).

Considering the prevalence of oncogenic mutations in BRAF in different cancer types, we
screened for the BRAFV600E mutation by pyrosequencing in 274 prostate samples, 23 gastric
cancer samples, 2 gastroesophageal cancer samples and 34 melanoma samples. We found
20/34 (59%) melanoma samples, 1/25 gastroesophageal cancers and 0/274 prostate samples
were positive for the BRAFV600 mutation. Importantly none of the RAF pathway gene
rearrangement positive prostate cancers, gastroesophageal cancers and melanomas identified
herein harbored the V600 mutations, suggesting genomic rearrangement, rather than
mutation, as a mechanism for RAF gene activation in a subset of solid tumors. In an Asian
cohort, 10% of prostate cancer cases have been reported to be positive for BRAFV600E

mutations23. We were unable to find any BRAFV600 mutations in our prostate cohorts which
is consistent with a recently published study (0/95 prostate cancers were positive for
V600E)24. This discrepancy could reflect differences between the ethnic backgrounds of the
various cohorts studied.

We next examined the functional relevance of these fusions involving RAF pathway
members in prostate cancer. First, we examined the SLC45A3-BRAF fusion in NIH3T3 cells,
a system classically used to study RAS/RAF biology25. Over-expression of SLC45A3-BRAF
(Supplementary Fig. 1b) or mutant BRAFV600E showed a dramatic increase in the number of
foci as compared to vector controls (Fig. 3a). The foci assay data was further validated by
automated colony counting (Supplementary Fig. 6a). NIH3T3 cells over-expressing
SLC45A3-BRAF formed rapidly growing tumors in nude mice (Fig. 3b); however NIH3T3
cells over-expressing ESRP1-RAF1 did not form tumors (data not shown), which may reflect
signaling differences between the different fusion products.

To examine the role of these fusions in the prostate, we over expressed SLC45A3-BRAF or
ESRP1-RAF1 in RWPE cells (benign immortalized prostate epithelial cells), which both
resulted in increased cell proliferation that was sensitive to the RAF kinase inhibitor
sorafenib (Fig. 3c,d). We also observed a dramatic increase in cell invasion in RWPE cells
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expressing either SLC45A3-BRAF or ESRP1-RAF1, which was sensitive to sorafenib or the
MEK inhibitor U0126 (Fig. 4a,b). Furthermore, RWPE cells expressing either SLC45A3-
BRAF or ESRP1-RAF1 formed anchorage independent colonies in soft agar, which were
again sensitive to RAF and MEK inhibitors (Fig. 4c,d). Finally, RWPE cells stably
expressing SLC45A3-BRAF formed small tumors in immunodeficient mice, which regressed
after 4 weeks (Supplementary Fig. 6b).

The RAF family is known to play a pivotal role in transducing signals from RAS to
downstream kinases, mitogen activated protein kinase (MAPK) and extracellular signal
regulated kinase (ERK) kinase (MEK)-1/2 and ERK-1/226. As expected, over-expression of
SLC45A3-BRAF or ESRP1-RAF1 in RWPE cells induced MEK/ERK phosphorylation,
sensitive to treatment with a MEK inhibitor (Fig. 4e). The MEK inhibitor also decreased
MEK-1/2 and ERK-1/2 phosphorylation in a control BRAFV600E mutation positive
melanoma cell line, SK-MEL-94, consistent with previous data27. We also found an increase
in mRNA expression of feedback effectors (DUSP6 and SPRY227) in stable RWPE cells
expressing SLC45A3-BRAF or ESRP1-RAF1, and the expression of these feedback effectors
was decreased upon MEK inhibitor treatment (Supplementary Fig. 7).

Our results emphasize the importance of the RAF pathway in prostate cancer development
and progression. Although rare (possibly non-existent) in human prostate tumors, activation
of the BRAF pathway via the V600E mutation in genetically-engineered mice was shown to
cooperate with other lesions to initiate the development of invasive prostate cancer28. This
model may now have greater clinical significance for the study of human prostate cancer.
Finally, ETS transcription factors, including ETV1, have been shown to be downstream
targets activated by the RAS-RAF-MAPK signaling pathway29,30, suggesting a possible
common pathway.

Sequencing tumor transcriptomes and genomes may identify rare targetable fusions across
cancer types. Screening for RAF kinase fusions may be useful in identifying cancer patients
that may benefit from RAF kinase inhibitors, similar to what is already being considered
clinically for ALK fusions in lung cancer. The identification of RAF pathway gene
rearrangements in 1–2% of prostate cancers, gastric cancers, and melanomas (and earlier
work by others in rarer cancers7–13) supports the general principle that cancers should be
classified by driving molecular event(s), rather than organ site, in the context of rationale
targeted therapy.

METHODS
Samples and paired end library preparation for Illumina sequencing

Prostate cancer tissues negative for ETS family gene rearrangements were selected for
paired-end sequencing from the University of Michigan cohort. Total RNA was isolated
with Trizol (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. Quality
assessment of RNA was performed using Agilent Bioanalyzer 2100 (Agilent Technologies,
Palo Alto, CA). Paired end libraries (n=15) for sequencing with Illumina Genome Analyzer
II were prepared according to the protocol provided by Illumina with minor modifications
using mRNA-seq sample prep kit (Illumina). Sequence analysis was carried out by the
Illumina data analysis pipeline.

Nomination of prostate gene fusions
Mate pair transcriptome reads were mapped to the human genome (hg18) and Refseq
transcripts, allowing up to two mismatches, using ELAND (Efficient Alignment of
Nucleotide Databases) pair within the Illumina Genome Analyzer Pipeline software.
Sequence alignments were subsequently processed to nominate gene fusions using described
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methodology20. In brief, mate pairs were processed to identify any that either ‘encompassed’
or ‘spanned’ the fusion junction. Encompassing mate pairs refer to those in which each read
aligned to an independent transcript, thereby encompassing the fusion junction. In contrast,
spanning mate pairs refer to those in which one sequence read aligns to a gene and its mate
spans the fusion junction. Both categories undergo a series of filtering steps to remove
putative false positive before being merged together to generate the final chimera
nominations.

Cloning of full length fusion transcript
The full length fusion transcripts of SLC45A3-BRAF and ESRP1-RAF1 were cloned into
pCR8/GW/TOPO Entry vector (Invitrogen, USA) by TA cloning. All entry vector clones
were sequence confirmed and recombined into the Gateway pcDNA-DEST40 mammalian
expression vector (Invitrogen, USA) and pAd/CMV/V5-DEST Adenoviral expression
system (Invitrogen, USA) by LR Clonase II. Plasmids with N-terminus FLAG tag and C-
terminus V5 tags were generated for initial verification of protein expression in HEK293
cells.

Invasion and WST-1 assays
Equal amount of cells were plated into 96-well plates and WST-1 proliferation assay was
performed using the manufacturer’s protocol (Roche, Indianapolis, IN, USA). For Boyden
chamber matrigel invasion assay, equal numbers of cells were plated into each matrigel
coated transwell in the presence of sorafenib or U0126 or DMSO. Invasion assays were
performed as described previously 31, 32.

In vitro soft agar growth
For in vitro growth in soft agar, 2 ml of 0.6% SeaPlaque GTG Agarose (Cambrex, ME,
Rockland) dissolved in complete Keratinocyte-SFM was poured into 6-well dishes. After
polymerization, a second layer containing 2 ml of 0.4% agar in complete Keratinocyte-SFM
and RWPE cells stably expressing SLC45A3-BRAF or ESRP1-RAF1 (1 × 104 cells per well)
was poured on top. The next day, cells were treated with sorafenib or U0126 (10 μM) in 1
ml of supplement-free keratinocyte media. Soft agar assay plates were incubated for 14 days
at 37°C. MEK inhibitor was changed once a week. Each experimental condition was done in
triplicate. On the 14th day, colonies larger than 40μm were counted.

Fluorescence in situ hybridization (FISH)
FISH hybridizations were performed on tissue microarrays (TMA) of indicated cancer types.
Rearrangement positive cases identified from TMA were further validated on individual
formalin fixed and paraffin-embedded (FFPE) sections. BAC clones were selected from
UCSC genome browser and purchased through BACPAC resources (Children’s Hospital,
Oakland, CA). Following colony purification, midi prep DNA was prepared using
QiagenTips-100 (Qiagen, USA). DNA was labeled by nick translation 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%
Denhardt’s solution. Approximately 200ng of labeled probe 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, to obtain green
and red colors, respectively. Fluorescence images were captured using a high resolution
CCD camera controlled by ISIS image processing software (Metasystems, Germany).
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MEK/ERK Signaling Pathway analysis
Stable pooled population of RWPE cells expressing SLC45A3-BRAF or ESRP1-RAF1 were
maintained in Keratinocyte SFM medium without supplements for two hours. Whereas for
MEK inhibitor treatments, U0126 (10μM) was added in the supplement-free keratinocyte
media for two hours. MEK and ERK activation was assessed by Western blot analysis using
phospho-MEK or ERK and total MEK or ERK antibodies (Cell Signaling Technologies,
USA).

Statistical analyses
All data are presented as means ± SEM, and significance was determined by two-tailed
Student’s t test.

Additional methods
Detailed methodology is described in the supplementary methods.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Discovery of the SLC45A3-BRAF and ESRP1-RAF1 gene fusions in prostate cancer by
paired-end transcriptome sequencing
a, Histograms of gene fusion nomination scores in clinically localized prostate tumor
samples PCA1, PCA2, PCA3, and PCA17 harboring FLJ35294-ETV1, TMPRSS2-ERG,
SLC45A3-BRAF, ESRP1-RAF1 and RAF1-ESRP1, respectively, and a gastric cancer sample
GCT15 harboring AGTRAP-BRAF. Co-occurring fusions in each sample are also indicated.
Data from ETV1 and ERG fusions are provided as controls derived from paired-end
transcriptome data presented in a previous study5. b, Schematic representation of reliable
paired-end reads supporting the inter-chromosomal gene fusion between SLC45A3 (purple)
and BRAF (orange). The protein kinase domain in the BRAF gene (yellow) remains intact
following the fusion event. Respective exons are numbered. c, d, As in b, except showing
the fusions between ESRP1 (red) and RAF1 (blue), resulting in reciprocal fusion genes
ESRP1-RAF1 and RAF1-ESRP1. e, As in b, except showing the fusion between AGTRAP
(red) and BRAF (orange).
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Fig. 2. Experimental validation of the SLC45A3-BRAF, ESRP1-RAF1 and RAF1-ESRP1 and
AGTRAP-BRAF gene fusions
qRT-PCR validation of a) SLC45A3-BRAF gene fusion in PCA3, b) ESRP1-RAF1 and
RAF1-ESRP1 fusions in PCA17, and c) AGTRAP-BRAF fusion in GCT15. d, FISH
validation of SLC45A3-BRAF (left) and ESRP1-RAF1 (right) gene fusions in PCA3 and
PCA17, respectively. The individual green and red signals indicate the normal chromosomes
1 and 7 (SLC45A3 and BRAF, respectively) in PCA3 and chromosomes 8 and 3 (ESRP1 and
RAF1, respectively) in PCA17. Co-localizing green and red signals (yellow signal and
arrow) indicate the fusion event. Tumor PCA3 displays two copies of the rearranged
chromosome. e, FISH validation of the BRAF rearrangement in GCT15. Individual green
and red signals (arrows) indicate rearrangement and co-localizing yellow signals indicate the
normal chromosome. A second case (#10) showed deletion of the 5′ region probe with an
intact 3′ probe. f. FISH validation of the BRAF rearrangement in melanoma cases MEL23
and RAF1 rearrangement in melanoma case MEL24. Individual green and red signals
(arrows) indicate the rearrangement and co-localizing yellow signals indicate the normal
chromosome. Scale bars indicate 2μm. g, Expression of the 120kDa ESRP1-RAF1 fusion
protein in the index case PCA17. ESRP1-RAF1 fusion was detected by an antibody against
C-terminus of RAF1. HEK293 cells expressing ESRP1-RAF1 fusion served as a positive
control. β-actin serves as a loading control. H, Expression of a 70kDa AGTRAP-BRAF
fusion protein in GCT15.
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Fig. 3. Oncogenic properties of SLC45A3-BRAF and ESRP1-RAF1 gene fusions
a, Foci formation by SLC45A3-BRAF, BRAFV600E and vector controls (pDEST40 and
pBABE) constructs in NIH3T3 cells. Representative plates are shown for each sample above
the respective quantification of foci formation (from two independent experiments). b, Over-
expression of SLC45A3-BRAF fusion transcript in NIH3T3 cells induces tumor formation in
nude mice. Stable polyclonal NIH3T3 cells expressing SLC45A3-BRAF (5×106) were
implanted subcutaneously into nude mice. Tumor growth was monitored weekly up to 5
weeks. The c) SLC45A3-BRAF and d) ESRP1-RAF1 fusions promote cell proliferation in
RWPE prostate cells. Stable RWPE cells were treated with sorafenib (0.25μM) or DMSO
vehicle and proliferation was monitored by WST-1 assay at indicated times. Error bars
represent SEM. P-values represent Student’s t-test and the comparison was stable pDEST40
control cells. Sorafenib-treated SLC45A3-BRAF or ESRP1-RAF1 cells were compared with
vehicle control.
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Fig. 4. RAF and MEK inhibitors block SLC45A3-BRAF or ESRP1-RAF1 gene fusion mediated
oncogenic phenotypes
a, SLC45A3-BRAF or ESRP1-RAF1 mediated cell invasion in RWPE prostate cells is
sensitive to sorafenib (10μM) or the MEK inhibitor U0126 (1 or 10μM). Cells were
photographed after invasion through Matrigel and stained with crystal violet or b)
quantitated by absorbance. pDEST40 represents the empty vector control. Error bars and P
values were calculated as in Fig 3d. c, Photomicrographs or d) quantitation of SLC45A3-
BRAF or ESRP1-RAF1 induced anchorage independent colony growth in soft agar, which
was sensitive to sorafenib or U0126. Scale bars indicate 50μm. e, Evaluation of the
downstream signaling pathways activated by the SLC45A3-BRAF or ESRP1-RAF1 gene
fusions in RWPE prostate cells. SLC45A3-BRAF or ESRP1-RAF1 expressing pooled
populations and vector controls were treated with U0126 (10 μM) for two hours and
immunoblotted for phosphor (p)- and total (t) MEK-1/2 and ERK-1/2. SK-MEL-94, a
BRAFV600E positive melanoma cell line, was included as a positive control.

Palanisamy et al. Page 13

Nat Med. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


