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The aberrant expression of an oncogenic ETS transcription factor is implicated in the progression of the majority
of prostate cancers, 40% of melanomas, and most cases of gastrointestinal stromal tumor and Ewing’s sarcoma.
Chromosomal rearrangements in prostate cancer result in overexpression of any one of four ETS transcription
factors. How these four oncogenic ETS genes differ from the numerous other ETS genes expressed in normal
prostate and contribute to tumor progression is not understood. We report that these oncogenic ETS proteins, but
not other ETS factors, enhance prostate cell migration. Genome-wide binding analysis matched this specific
biological function to occupancy of a unique set of genomic sites highlighted by the presence of ETS- and AP-
1-binding sequences. ETS/AP-1-binding sequences are prototypical RAS-responsive elements, but oncogenic ETS
proteins activated a RAS/MAPK transcriptional program in the absence of MAPK activation. Thus, overexpression
of oncogenic ETS proteins can replace RAS/MAPK pathway activation in prostate cells. The genomic description
of this ETS/AP-1-regulated, RAS-responsive, gene expression program provides a resource for understanding the
role of these ETS factors in both an oncogenic setting and the developmental processes where these genes
normally function.
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In cancer cells, aberrant gene expression programs result
from alterations in the signaling pathways that regulate
transcription factor function, or from the mutation or al-
tered expression of transcription factors themselves. De-
ciphering the role of a transcription factor requires un-
derstanding how these proteins are targeted to specific
genomic binding sites, how they influence transcription
once bound, and how these functions are modified by sig-
naling pathways. However, overlapping functions among
the thousands of transcription factors encoded by the hu-
man genome has made it difficult to assign specific on-
cogenic mechanisms.

The ETS family of transcription factors exemplifies this
specificity problem (Hollenhorst et al. 2011a). The 28 hu-
man ETS proteins bind DNA via a conserved ETS DNA-
binding domain and recognize similar DNA sequences.
All ETS proteins bind sites with the core sequence GGA

and most bind with highest affinity to the extended con-
sensus CCGGAAGT (Wei et al. 2010). This lack of in-
trinsic DNA sequence specificity is contrasted by unique
biological functions for each ETS family member
(Hollenhorst et al. 2011a). We showed previously that
genomic targets of ETS transcription factors can include
two distinct classes (Hollenhorst et al. 2007, 2009). First
are the ‘‘redundant’’ binding sites found in the proximal
promoters of housekeeping genes. Binding sites in this
class are characterized by the consensus ETS sequence
(CCGGAAGT) and thus have the potential to bind any
ETS protein with relatively high affinity. Second are the
‘‘specific’’ binding sites that are found more often in en-
hancer regions associated with genes that mediate the spe-
cific biological functions of an ETS family member. Spe-
cific target sites are characterized by a lower-affinity ETS
sequence, often AGGAA, and are sometimes flanked by
binding sites for other transcription factors. This is con-
sistent with a model that low-affinity ETS-binding sites,
supported by cooperative interactions with neighboring tran-
scription factors, mediate specific ETS functions.

A limited number of ETS transcription factors have been
shown to be oncogenic in humans. Normal human tissues
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coexpress the majority of the ETS family genes (Hollenhorst
et al. 2004). Yet, some tumors and cancer cell lines ex-
press high levels of an additional ETS gene that is either
absent or at low levels in the normal tissue. For example,
chromosomal rearrangements result in overexpression of
full-length or truncated versions of the ETS genes ERG,
ETV1, ETV4, or ETV5 in 50%–70% of prostate cancers,
with the most common being the TMPRSS2-ERG rear-
rangement (Tomlins et al. 2005, 2006; Helgeson et al.
2008). Furthermore, >40% of melanomas and most gas-
trointestinal stromal tumors (GISTs) express high levels
of ETV1 (Chi et al. 2010; Jane-Valbuena et al. 2010). ERG,
ETV1, and ETV5 overexpression increases invasiveness
of prostate cell lines (Cai et al. 2007; Tomlins et al. 2007,
2008; Helgeson et al. 2008). ERG overexpression promotes
prostate tumor progression from prostatic intraepithelial
neoplasia (PIN) to early invasion stage in mouse models
in combination with PI3K/AKT pathway activation or
androgen receptor (AR) overexpression (Carver et al. 2009;

King et al. 2009; Zong et al. 2009). Thus, a subset of ETS
genes that includes ERG, ETV1, ETV4, and ETV5 has an
oncogenic function. However, the mechanism that differ-
entiates these oncogenic ETS family members from other
ETS family members is not clear.

Phylogenetic comparison of ETS domain sequences in-
dicates that ETS genes altered in prostate cancer cluster
into two ETS family subclasses: ERG and PEA3 (Fig. 1A).
ETV1, ETV4, and ETV5 are closely related and comprise
the PEA3 subfamily. Members of this subfamily have se-
quence similarity that extends the length of the proteins.
However, the only sequence conservation between ERG
and the PEA3 subfamily is in the ETS DNA-binding do-
main. FLI1 and FEV from the ERG subfamily have not
been found to be overexpressed in prostate cancer. It is
not known whether ERG has the same or a distinct role in
prostate cancer compared with ETV1, ETV4, and ETV5.
The subset of ETS genes implicated in prostate cancer could
reflect the relative likelihood of chromosomal rearrange-

Figure 1. A subset of ETS proteins can increase prostate cell migration. (A) A phylogram tree of human ETS domain sequences
identifies subfamilies of one to three members each. ERG and PEA3 subfamilies are labeled. ETS family members expressed in normal
prostate (>10 mRNA copies per cell) or overexpressed in prostate cancer, melanoma, or GIST are indicated. Also indicated are family
members involved in EWS-ETS fusions in Ewing’s sarcoma. (B) A protein immunoblot with anti-Flag antibody of whole-cell extracts
from RWPE-1 cells expressing the indicated ETS gene or empty vector from an integrated retroviral vector. Molecular weight markers
(kilodaltons) are shown on the left. Predicted molecular weights, including Flag, are ETV4, 57 kDa; SPDEF, 40 kDa; ETV5, 61 kDa; FLI1,
54 kDa; ERG, 57 kDa; FEV, 28 kDa; ETS2, 56 kDa; and ETV1, 58 kDa. Higher apparent molecular weights are consistent with previous
reports (Wu and Janknecht 2002; Baert et al. 2007; Hollenhorst et al. 2011b). (C) RWPE-1 cells expressing the indicated ETS gene were
cultured in a Boyden chamber with 8-mm pores in medium lacking growth supplements and allowed to migrate toward medium
containing supplements. Cells that migrated out of the chamber were stained and a representative experiment is shown. (D) Migrating
cells from C were counted and are reported relative to the number of migrating empty vector RWPE-1 cells. Cell number is the mean
and SEM of four biological replicates, each consisting of the mean of two technical replicates. Genes found in chromosomal
translocations in prostate cancer are marked.
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ment (Lin et al. 2009; Mani et al. 2009) and/or a common
oncogenic function. In the latter case, it is not clear how
the oncogenic function of these four ETS genes might
differ from the nononcogenic function of ETS transcrip-
tion factors expressed in normal prostate. Of particular
interest, the two most highly expressed ETS genes in nor-
mal prostate, EHF and SPDEF, have predicted roles as pros-
tate cancer tumor suppressors (Gu et al. 2007; Cangemi
et al. 2008; Turner et al. 2011).

The RAS/RAF/MEK/ERK (RAS/MAPK) signaling path-
way is often activated in cancer. Prominent examples
include the KRAS mutation found in 80% of pancreatic
cancers (Bos 1989) and missense mutations of BRAF as-
sociated with 66% of malignant melanomas (Davies et al.
2002). ETS family members, including ETS1, ETS2, ELK1,
ELK3, ELK4, GABPA, SPIB, ETV1, ETV4, and ETV5, can
be phosphorylated by MAPKs, resulting in increased tran-
scriptional activation (Charlot et al. 2010). However, ETS-
binding sequences are reported to act as RAS-responsive
elements only in certain contexts, such as in juxtaposition
to binding sequences for the AP-1 or SRF transcription
factors (Wasylyk et al. 1998). Furthermore, the identity of
the ETS proteins that occupy these sites in vivo is not
clear. The importance of RAS/MAPK signaling to cancer
suggests a link to the oncogenic nature of ERG, ETV1, ETV4,
and ETV5. However, because ETS proteins expressed in
normal prostate (ETS1, ETS2, ELK1, ELK3, ELK4, and
GABPA) can also respond to this pathway, it is not known
how this represents a specific oncogenic pathway.

Here we test the specificity of oncogenic and nononco-
genic ETS transcription factors in prostate cell migration,
and monitor genome-wide occupancy and activation of
RAS/MAPK target genes. ERG, ETV1, ETV4, and ETV5,
but not other ETS genes, increased cellular migration,
indicating a specific oncogenic mechanism mediated by
these four family members. Genome-wide location anal-
ysis revealed that the oncogenic ETS transcription factors
have a specific binding pattern that is distinct from non-
oncogenic ETS proteins. Furthermore, this specific bind-
ing is closely correlated with the presence of a binding
site for the AP-1 class of transcription factors. Oncogenic
ETS proteins activated a MEK/ERK-regulated gene ex-
pression program in the absence of ERK activation. These
data support a model in which oncogenic ETS proteins
can promote a RAS/MAPK transcriptional program in can-
cer cells that lack an activating mutation in this pathway.

Results

A cell migration role for ERG, ETV1, ETV4,
and ETV5, but not other ETS factors

ETS factors are implicated in the stage of prostate on-
cogenesis that transitions from hyperplasia to early in-
vasive carcinoma (Shen and Abate-Shen 2010). Thus, we
propose cell migration to be a surrogate marker for the
role of ETS factors in prostate carcinogenesis. To compare
the function of multiple ETS genes in the same cell line,
we measured the effect of overexpression on cellular mi-
gration in the RWPE-1 cell line. The RWPE-1 cell line is

derived from normal prostate, is untransformed, and does
not overexpress any of the ETS genes implicated in prostate
cancer (Bello et al. 1997; Hollenhorst et al. 2011b). However,
like normal prostate tissue, RWPE-1 cells express other ETS
members (Fig. 1A). Retroviral transduction created stable
cell lines expressing Flag-tagged versions of each of the
four ETS genes overexpressed in prostate cancer (ERG,
ETV1, ETV4, and ETV5) or four ETS genes not overex-
pressed in prostate cancer. This latter set includes the
two additional members of the ERG subfamily, FLI1 and
FEV; the prostate tumor suppressor SPDEF; and ETS2. This
retroviral expression system resulted in similar levels of
full-length, tagged ETS proteins (Fig. 1B). The role of each
ETS gene in cellular migration was tested in a Boyden
chamber (transwell) assay. RWPE-1 cells showed very
little migration in the absence of an overexpressed ETS
gene (Fig. 1C). ERG, the ETS gene most commonly over-
expressed in prostate cancer, induced the highest level of
migration in RWPE-1 cells. In all, the four ETS genes
overexpressed in prostate cancer induced higher levels of
migration than the four nononcogenic ETS genes (Fig. 1D).
Thus, the ETS genes that are overexpressed in prostate
cancer have a role in cell migration that is distinct from
other ETS family members, including the two closest
ERG homologs, FLI1 and FEV.

Oncogenic ETS proteins co-occupy a specific class
of genomic targets

A unique oncogenic function for ERG, ETV1, ETV4, and
ETV5 suggests that these ETS proteins have a distinct set
of transcriptional targets that differ from other ETS family
members. To identify these targets, the genomic occu-
pancy of oncogenic and nononcogenic ETS proteins was
mapped in RWPE-1 cells using chromatin immunopre-
cipitation (ChIP) coupled with next-generation sequenc-
ing (ChIP-seq). Occupied regions were identified as those
with more sequencing reads in the ChIP sample than the
input sample in a sliding window at a false discovery rate
(FDR) of <0.01, and a subset was confirmed by quantita-
tive PCR (qPCR) (Supplemental Fig. S1A). Antibodies to
the endogenous ETS proteins ETS1 and GABPA identified
2180 and 8070 bound genomic regions, respectively (Sup-
plemental Table S1). Flag antibody ChIP-seq from RWPE-
1 cells expressing Flag-ETV1 or Flag-ERG was compared
in one analysis with input DNA sequencing and in a
second analysis with Flag antibody ChIP-seq from RWPE-1
cells without a Flag-tagged protein. Peaks were only con-
sidered as bound regions if they had an FDR of <0.01 in
both analyses. By this method, ETV1 had 8736 bound re-
gions and ERG had 2314 bound regions (Supplemental
Table S1). ERG-bound regions showed high overlap with
ERG-bound regions from a previous study (Supplemental
Fig. S1B). The ETV1-bound regions overlapped with ERG-
bound regions significantly (P < 0.0001 by Fisher’s exact
test) more often than with regions occupied by either of
the nononcogenic ETS proteins, ETS1 or GABPA (Fig. 2A).
Therefore, despite belonging to diverse ETS subclasses,
ERG and ETV1 shared a common set of target genes when
expressed in the same cell line.
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The overlap of ETV1 and ERG targets could represent a
common biological function, or simply be due to the exper-
imental design, which compared exogenous with endoge-
nous ETS factors. To control for this possibility, we in-
terrogated endogenous ETV4-bound regions in PC3 cells by
ChIP-seq with an ETV4 antibody. We showed previously
that PC3 cells overexpress ETV4 and no other oncogenic
ETS factor. Furthermore, ETV4 expression promotes PC3
cell migration and is essential for growth in soft agar, in-
dicating that this cell line provides a cancer context for the
genomic analysis (Hollenhorst et al. 2011b). ETV4 had
3143 bound regions. ETV4-bound regions overlapped with
regions bound by ETV1 and ERG at a higher frequency
than regions bound by ETS1 or GABPA (Fig. 2B). A com-
parison of all three oncogenic ETS target lists indicated a
level of overlap up to 97-fold higher than predicted by com-
parison with randomly generated, size-matched lists (Fig.
2C). In conclusion, even in diverse cell lines and assayed by
different experimental systems, oncogenic ETS proteins
bind a common set of genomic targets that is distinct from
that bound by nononcogenic ETS proteins.

Oncogenic ETS protein targets are consistent
with a specific role in prostate cancer progression

Our previous work indicates that ETS transcription fac-
tors can have a redundant function in the proximal pro-
moters of housekeeping genes or more specific functions
in enhancer regions (Hollenhorst et al. 2009). Regions
occupied by ERG (66%), ETV1 (78%), and ETV4 (96%)
were located in regions distal (>500 base pairs [bp]) from
transcription start sites (TSSs), consistent with a specific
function. Potential gene targets for the regions with over-
lapping occupancy of ERG, ETV1, and ETV4 were iden-
tified by assignment to the nearest TSS. This gene list was
searched for overrepresented functional categories using
the GoMiner program (Zeeberg et al. 2003). The highest-
ranking categories were consistent with roles in organismal
development, cell proliferation, and blood vessel morpho-
genesis (Table 1), all categories that could connect with the
migration behavior analyzed in Figure 1. These categories
are similar to those previously identified for genes up-
regulated by ETV1 or ETV4 overexpression in RWPE-1
cells (Tomlins et al. 2007; Hollenhorst et al. 2011b) and
match the normal biological role of ERG in vasculo-
genesis (McLaughlin et al. 2001; Ellett et al. 2009). In PC3
cells, genes changing expression after depletion of ETV4
by shRNA targeting were enriched for nearby ETV4-bound
regions, indicating direct regulation (Fig. 2D). These find-
ings indicate that regions bound by oncogenic ETS pro-
teins regulate a specific gene expression program.

Unique DNA sequences associate with oncogenic
ETS occupancy

ERG, ETV1, and ETV4 co-occupied a group of genomic
sites that are distinct from those occupied by other ETS
proteins, indicating a mechanism of genomic recruitment
that applies only to this subset of proteins. To identify
genomic DNA sequences that might mediate this prefer-
ential recruitment, regions bound by both oncogenic and
nononcogenic ETS transcription factors were subjected to
an unbiased search for overrepresented DNA sequence
motifs using the MEME algorithm (Fig. 3A; Bailey and

Figure 2. Oncogenic ETS proteins occupy a common set of
genomic regions. Diagrams illustrate the number of bound
regions identified by ChIP-seq for each ETS protein. Bound
regions were considered overlapping if any genomic coordinate
was shared. (A) Overlaps from RWPE-1 ChIP-seq. ETS1 and
GABPA ChIP-assayed endogenous proteins. ETV1 and ERG
ChIP-assayed retrovirally expressed Flag-tagged proteins. (B)
Overlaps between endogenous ETV4 in PC3 cells and ETS
proteins in RWPE-1 cells from A. (C) Overlaps between ETV4
in PC3 cells, and Flag-ETV1 or Flag-ERG in RWPE-1 cells.
Numbers in parentheses represent random predictions reported
as the mean overlap in 100 iterations of randomly generated
size- and GC content-matched genomic regions. Note that
a smaller overlap between PC3 and RWPE-1 cell results is likely
due to cell line differences. (D) Fraction of genes either up (542
genes with a mean expression increase greater than twofold),
down (508 genes with a mean expression decrease greater than
twofold), or unchanged in an ETV4 shRNA knockdown in PC3
cells (Hollenhorst et al. 2011b) that are nearest (distance to TSS)
to an ETV4-bound region.

Table 1. Functional categories of genes near ERG-, ETV1-,

and ETV4-occupied regions

Categorya P-valueb

Cell differentiation 5 3 10�9

Multicellular organismal development 2 3 10�7

Blood vessel development 2 3 10�6

Response to organic substance 4 3 10�6

Cell communication 4 3 10�6

Growth 4 3 10�6

Blood vessel morphogenesis 5 3 10�6

Cell proliferation 1 3 10�6

Signal transduction 1 3 10�5

Angiogenesis 1 3 10�5

aRegions with overlapping occupancy of ERG, ETV1, and ETV4
(97) were mapped to the nearest RefSeq gene and gene lists were
analyzed by GoMiner. Overrepresented categories are listed in
the order returned.
bP-value for each category from GoMiner.
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Elkan 1994). The two most overrepresented sequences
in ERG-, ETV1-, or ETV4-bound regions were identical
(AGGAA and TGA[C/G]TCA). AGGAA is a weak ETS-
binding site similar to those previously identified in spe-
cific ETS-bound enhancers that are supported by cooper-
ative interactions with neighboring transcription factors.
The sequence TGA(C/G)TCA is not an ETS-binding site
and may instead represent a binding site for a factor that
collaborates with ERG, ETV1, and ETV4 for a specific on-
cogenic function. The nononcogenic ETS proteins GABPA
and ETS1 were not found to be associated with either of
these sequences. In GABPA-bound regions, the most en-
riched sequence was CCGGAAGT, identical to the se-
quence found in GABPA-bound regions in T cells and in-
dicative of housekeeping promoter targets (Hollenhorst
et al. 2007). ETS1-bound regions had the highest enrich-
ment for the sequence TGGGANNTGTAGT, a sequence
previously identified in ETS1-specific promoters in T cells
(Hollenhorst et al. 2007). Thus, a distinct set of sequence
motifs is common to regions bound by oncogenic ETS
proteins, but not other ETS family members.

To further define DNA sequence motifs common to
ERG, ETV1, and ETV4 genomic occupancy, MEME was
used to identify sequences overrepresented in regions
occupied by all three proteins (Fig. 3B). The sequences
TGA(C/G)TCA and AGGAA were identified again, along
with a third sequence, AGGAAGTGAC. Furthermore,
direct searches confirmed that each sequence occurred in
bound regions more often than expected by chance. The
third sequence represents a composite of the second motif
juxtaposed to the first four nucleotides of the first motif. A
frequency distribution of the spacing and orientation of
AGGAA and TGANTCA in regions bound by ERG in-
dicates that this particular spacing and orientation is in-
deed the most common (Fig. 3C). Thus, the juxtaposition of
a weak ETS-binding site and the sequence TGA(C/G)TCA
is a hallmark of oncogenic ETS protein binding.

Co-occupancy of AP-1 with an oncogenic ETS protein

The TGA(C/G)TCA sequence found in regions occupied
by oncogenic ETS proteins matches exactly the consensus
binding sequence for the AP-1 class of transcription fac-
tors. JUN homodimers or JUN/FOS heterodimers consti-
tute AP-1-binding activity (Chinenov and Kerppola 2001).
To test whether AP-1 co-occupies these regions with on-
cogenic ETS proteins, various AP-1 subunit antibodies
were screened in PC3 cell ChIP for the ability to enrich an
ETV4-bound region (Supplemental Fig. S2A). ChIP with
a JUND antibody enriched this region. ChIP-seq in PC3
cells using this antibody identified 2973 bound regions.
These bound regions overlapped with 31% of the ETV4-
bound regions, a 145-fold enrichment over the random ex-
pectation (Fig. 4A). The most frequent spacing and ori-
entation of ETS and AP-1 sequences in regions co-occupied
by ETV4 and JUND was the same as in ERG-bound regions
(Supplemental Fig. S2B). JUND-bound regions in PC3 cells
also overlapped with ERG- and ETV1-bound regions in
RWPE-1 cells more often than regions bound by ETS1 and
GABPA (Fig. 4A), indicating that AP-1 occupancy corre-
lates with specific binding of oncogenic ETS proteins.

PLAU is a target of oncogenic ETS proteins

Composite ETS/AP-1-binding sequences have been pre-
viously identified as promoter and enhancer regulatory
elements (Chinenov and Kerppola 2001). The human PLAU
gene, encoding the extracellular matrix remodeler uroki-
nase plasminogen activator (uPA), is regulated by an en-
hancer mapped by reporter assays to a position 2 kb up-
stream of the TSS (Nerlov et al. 1991). Proper regulation
of this enhancer requires a composite ETS/AP-1-binding
sequence (AGGAAATGA) with the same spacing and ori-
entation as the sequence identified in Figure 3B (Nerlov
et al. 1992). Mice have two ETS/AP-1-regulated PLAU
enhancers at positions�2 and�7 kb (D’Orazio et al. 1997).
We identified two regions bound by ETV4 and JUND near
the human PLAU TSS (Fig. 4B). One region was at the same
position as the previously mapped human enhancer, and
the other was 2.5 kb further upstream and may be the
human equivalent of the second mouse enhancer. Flag
antibody ChIP-seq of Flag-ERG and Flag-ETV1 in RWPE-1

Figure 3. Genomic regions occupied by oncogenic ETS pro-
teins have similar sequence motifs. (A) Regions occupied by the
indicated ETS proteins were searched for overrepresented se-
quence motifs by MEME. The most enriched motifs are shown
in logo form, where letter height corresponds to frequency. The
E, or expect-value returned by MEME, is shown below each
sequence. (B) Representative motifs from the 97 regions occu-
pied commonly by ERG, ETV1, and ETV4 are shown. The
percentage of these regions with the indicated motif is shown
(Bound). ‘‘Random’’ indicates the percentage of an equally sized
set of randomly selected genomic regions containing the same
motif. (C) Spacing of sequence motifs found in regions occupied
by ERG. The distance from all AGGAA sequences in regions
bound by ERG to the nearest TGANTCA sequence was
recorded, and the frequency of distances between �150 and
+150 was plotted as a histogram. Distance was counted from the
first nucleotide of each sequence. The most frequent position
was +6, corresponding to the sequence AGGAANTGANTCA.
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cells indicated binding of these same two enhancer re-
gions. Thus, two PLAU enhancers represent direct targets
for oncogenic ETS proteins.

Regulation of the endogenous PLAU locus by onco-
genic ETS proteins was tested in RWPE-1 cells expressing
various ETS proteins (Fig. 4C). Each of the oncogenic PEA3
subfamily members (ETV1, ETV4, and ETV5) elevated
PLAU mRNA levels as detected by quantitative RT–PCR
(qRT–PCR). In contrast, the ETS protein SPDEF repressed
PLAU, corresponding to its tumor-suppressive role in pros-
tate cells (Gu et al. 2007; Turner et al. 2011). However,
ERG had no affect on PLAU expression, similar to the
nononcogenic ETS proteins FEV, FLI1, and ETS2.

Activation of RAS–MAPK target genes in the absence
of pathway activation

ETS/AP-1-binding sites, including those in the PLAU en-
hancers, can act as response elements for the RAS/MAPK
signaling pathway in cell-based assays (Nerlov et al. 1992;
Stacey et al. 1995). We next tested the role of RAS/MAPK
signaling in the regulation of PLAU by ETS proteins. Nor-
mal growth medium for RWPE-1 cells was supplemented
by recombinant epidermal growth factor (EGF) and bo-
vine pituitary extract. RWPE-1 cells had high ERK phos-
phorylation in this medium, indicating an active RAS/
MAPK pathway (Fig. 5A). The addition of the MEK in-
hibitor U0126 or the withdrawal of supplements resulted
in a loss of ERK phosphorylation. PLAU expression levels
corresponded to the activity of this pathway, as levels de-
creased with U0126 addition or supplement withdrawal

and increased with the addition of the RAS/MAPK path-
way agonist PMA (Fig. 5B). Thus, similar to other cell
types, PLAU expression in prostate cells is regulated by
the RAS/MAPK pathway, likely via one or more of the ETS
transcription factors that are expressed in normal pros-
tate and activated by RAS/MAPK signaling (ELK1, ELK3,
ELK4, ETS1, ETS2, and GABPA).

The activation of the RAS/MAPK pathway by the sup-
plements in RWPE-1 growth medium may explain why
ERG had no effect on PLAU expression (Fig. 4C). To test
the role of ETS proteins in the absence of MEK/ERK
signaling, PLAU expression was monitored in RWPE-1
cells in the presence of U0126 or in medium lacking sup-
plements. In both cases, expression of the oncogenic ETS
proteins ERG and ETV1 increased PLAU levels (Fig. 5C).
Intriguingly, the prostate tumor suppressor SPDEF could
no longer repress PLAU expression in the absence of MAPK
signaling, indicating that the function of SPDEF may be
to replace a RAS-responsive ETS protein and attenuate tran-
scriptional activation.

To test the ability of ERG and ETV1 to activate other
RAS/MAPK target genes in the absence of pathway ac-
tivation, global gene expression changes were monitored
by microarray. In control RWPE-1 cells (empty vector),
treatment with the MEK inhibitor U0126 decreased the
expression of 769 genes and increased the expression of
608 genes (based on a mean change >1.7-fold and P-value
<0.001). A comparison with a set of genes repressed by MEK
inhibition in other cell types (Pratilas et al. 2009) found 43
of 44 genes also down-regulated by U0126 in RWPE-1
(Supplemental Table S2). The introduction of exogenous

Figure 4. AP-1 and oncogenic ETS proteins co-
occupy genomic regions, including the PLAU

enhancers. (A) JUND-bound regions determined
by ChIP-seq of endogenous proteins in PC3 cells
are overlapped with ETS-bound regions in either
PC3 cells (ETV4) or RWPE-1 cells (ERG, ETV1,
ETS1, and GABPA). The random prediction is
shown in parentheses as in Figure 2C. (B)
ChIP-seq binding peaks are displayed in a
30-kb region of the human genome surround-
ing the PLAU gene (hg18, chr10:75,329,500–
75,359,500) using the Integrated Genome
Browser (http://igb.bioviz.org). PLAU is tran-
scribed from left to right, and C10orf55 is
transcribed from right to left. The Y-axis graphs
log-transformed P-values based on ChIP-seq
with the indicated antibody and cell line. Each
track is shown in the same scale (0–150). An
arrow marks the previously mapped PLAU

enhancer at �2 kb. (C) PEA3 subfamily mem-
bers, but not other ETS proteins, activate PLAU
in RWPE-1 cells in normal growth medium.
PLAU gene expression in RWPE-1 cells over-
expressing the indicated ETS proteins was
measured by qRT–PCR, normalized to the mean
of control transcript 18s rRNA, and reported on
a log scale relative to levels in cells expressing
empty vector control (shown in lane 1). Results
are the mean and SEM of three independent
replicates.
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ERG or ETV1 to RWPE-1 cells in the continued presence of
U0126 resulted in a striking reversal of the U0126-mediated
gene expression changes. ERG overexpression restored
the RAS/MAPK gene expression program, as evidenced by
up-regulation of 42% (320) of the U0126-repressed genes
and down-regulation of 43% (259) of the U0126-activated
genes (Fig. 5D; Supplemental Table S3). In contrast, only
5% (38) of the repressed genes were further down-regulated
and 4% (22) of the activated genes were further activated.
ETV1 overexpression had a similar ability to reverse ef-
fects of MEK inhibition, as shown by up-regulation of 42%
of U0126-repressed genes (8% of activated genes) and
down-regulation of 52% of U0126-activated genes (6% of
repressed genes). This mode of regulation was confirmed
for a subset of genes by qRT–PCR (Supplemental Fig. S3).
Thus, introduction of ERG or ETV1 expression into nor-
mal prostate cells activates a RAS/MAPK gene expression
program in the absence of ERK activation.

To test for direct regulation by oncogenic ETS proteins,
the RAS/MAPK-regulated gene list was compared with a
list of genes identified as ETS targets by genomic occu-
pancy. These putative direct targets of ERG and ETV1
were 3.1-fold enriched for genes down-regulated by MEK
inhibition and 1.5-fold enriched for genes up-regulated by

MEK inhibition, compared with all other genes (Fig. 5E).
This indicates that occupancy of oncogenic ETS proteins
is predictive of RAS/MAPK pathway target genes, partic-
ularly those activated by the pathway.

Discussion

We report that ETS genes associated with chromosomal
rearrangements in prostate cancer represent a functionally
distinct subset of the ETS family that links to prostate
cell migration behavior. Furthermore, these oncogenic ETS
factors occupied a common set of genomic targets that
differ from targets of other ETS proteins and are defined
by closely juxtaposed ETS- and AP-1-binding motifs.
Gene expression analysis indicates that de novo expression
of oncogenic ETS proteins can substitute for RAS/MAPK
signaling. This pattern was observed specifically with PLAU,
whose gene product, uPA, relates to cell migration by its
effect on extracellular matrix remodeling.

Specificity of ETS proteins in prostate cancer

Our understanding of the specific biological functions of
ETS genes is challenged by the overlapping DNA sequence
preference and extensive coexpression of ETS transcrip-
tion factors. This specificity problem is recreated in ETS-

Figure 5. ERG and ETV1 activated a RAS/MAPK gene expres-
sion program in the absence of ERK activation. (A) Immunoblots
identified protein levels in RWPE-1 whole-cell extracts using
either an antibody to Y-204 phosphorylated ERK (p-ERK) or an
anti-ERK antibody as indicated. Cells were cultured in the
presence or absence of 10 mM U0126 or growth supplements
(GS; EGF and bovine pituitary extract) for the time indicated. (B)
PLAU gene expression was measured as described in Figure 4C
from RWPE-1 cells grown in the presence or absence of the
indicated treatments for 6 h. Results are reported relative to
expression in normal growth medium (shown in lane 1) and are
the mean and SEM of two independent replicates. (C) PLAU

expression measured as in B from RWPE-1 cells overexpressing
the indicated ETS protein and treated as indicated. Data are
reported relative to expression in cells with an empty vector,
not overexpressing an ETS protein (Empty). Results are the
mean and SEM of four independent replicates. (D) A heat map
shows mean gene expression changes in four replicates each of
three microarray experiments. Genes displayed are those with
a >1.7-fold change and P-value <0.001 in empty vector RWPE-1
cells treated with U0126 compared with untreated, empty
vector RWPE-1 cells. Genes are rank-ordered from most down-
regulated by U0126 to most up-regulated by U0126 (shown in
lane 1). Gene expression changes in cells overexpressing ERG or
ETV1 in the presence of U0126 compared with empty vector
(Empty) cells in the presence of U0126 are shown in lanes 2 and
3, respectively. Red indicates up-regulated genes and green
indicates down-regulated genes. (E) The fraction of genes in
the indicated categories that have neighboring ERG- and ETV1-
bound regions. Up and down categories include genes that
increase or decrease expression, respectively, when U0126 is
added to empty vector RWPE-1 cells as shown in lane 1 in D.
Unchanged refers to all remaining genes. A neighboring gene is
that with the closest TSS to a bound region. Fold enrichment
over unchanged genes is shown above.
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driven disease states. Chromosomal rearrangements in
prostate cancer result in overexpression of either full-length
or N-terminally truncated versions of one of only four ETS
transcription factors (Kumar-Sinha et al. 2008). Overexpres-
sion of each of these four ETS genes has been reported to
increase invasion or migration of cell lines derived from
normal prostate (Cai et al. 2007; Tomlins et al. 2007,
2008; Helgeson et al. 2008; Hollenhorst et al. 2011b), In
this report, we confirmed this effect and demonstrated
that other ETS family members, including FLI1 and FEV,
which are most similar to ERG, failed to enhance migra-
tion. Furthermore, this subset of oncogenic ETS proteins
differed from nononcogenic ETS proteins in both geno-
mic occupancy and the regulation of RAS/MAPK target
genes in the absence of RAS/MAPK signaling. Thus, the
ETS oncogenes ERG, ETV1, ETV4, and ETV5 comprise a
functionally distinct subset of the ETS family. However, the
similarity of these ETS oncogenes was context-dependent,
as the PEA3 subfamily members, but not ERG, could also
respond to RAS/MAPK signaling and further activate RAS-
responsive genes (Fig. 4C).

Based on these findings, we propose a competition
model (Fig. 6) in which a change in the ETS protein bound
at ETS/AP-1 target sites can alter both the expression level
and RAS responsiveness of target genes. In cells, a coupled
equilibrium would coordinate multiple ETS factors and
genomic ETS-binding sites. Fluctuations in ETS protein
levels would vary the relative occupancy time of each ETS
family member. Thus, an exogenous, oncogenic ETS pro-
tein would compete for genomic binding sites with endog-
enous ETS proteins. In this model, the difference in trans-
criptional activity between the original and replacement
ETS protein results in a change in gene expression that
contributes to tumor progression. This model is consistent
with the ability to subcategorize prostate tumors by the
expression levels of both oncogenic and nononcogenic ETS
genes (Kunderfranco et al. 2010).

A functional partnership with AP-1 would bias the
competition for ETS/AP-1 RAS-responsive elements. Thus,
the ability of an ETS factor to bind sites in vivo would
depend on both cooperative DNA-binding affinity and

relative protein concentration. Multiple ETS proteins can
activate transcription via ETS/AP-1 sequences in response
to RAS signaling, with the best-studied examples includ-
ing members of the ETS (ETS1 and ETS2) and PEA3 (ETV1,
ETV4, and ETV5) subfamilies (Yordy and Muise-Helmericks
2000). However, prior techniques failed to conclusively
identify which ETS family members function in collabo-
ration with AP-1 in any particular cell type. Here, we
present an identification of a genome-wide association
between ETS proteins and AP-1. These data suggest that
AP-1 plays a role in the selective recruitment of onco-
genic ETS proteins to the genome. In vitro DNA-binding
studies support this model, as the ETS proteins ETV1,
ERG, and FLI1, but not ETS2 and SPI1, are reported to
bind DNA cooperatively with AP-1 (Verger et al. 2001;
Kim et al. 2006). SPDEF and EHF are candidates for
occupancy in normal prostate because they are the two
most highly expressed ETS family members in this tissue
(Hollenhorst et al. 2004) and knockdown of these factors
increases survival and migration of prostate cancer cell
lines (Gu et al. 2007; Cangemi et al. 2008; Turner et al.
2011). However, our ability to overexpress SPDEF and
further decrease PLAU expression (Fig. 4C) indicates that
we can drive increased occupancy in RWPE-1 cells.

Oncogenic ETS proteins might bind multiple target
classes that are regulated differently. ERG and ETV1 targets
overlapped significantly more often than nononcogenic
ETS targets; however, more than one-half of targets did
not overlap, indicating that ERG and ETV1 may also have
unique, unidentified functions. The direct binding of ERG
or ETV1 is primarily associated with the activation, rather
than repression, of RAS/MAPK-regulated genes (Fig. 5E).
One example is PLAU, a gene previously identified as
a direct target of ERG in prostate cells (Tomlins et al. 2008;
Yu et al. 2010). However, at all targets, ETV4 occupancy
correlated equally with both activation and repression (Fig.
2D). Therefore, an additional target class could be genes
regulated by AR. Previous studies using ChIP-seq to iden-
tify ERG targets in both prostate cell lines and tumors
revealed a 44% overlap between ERG and AR occupancy
(Wei et al. 2010; Yu et al. 2010). This ERG occupancy is
associated with attenuation of AR transcriptional activa-
tion (Yu et al. 2010).

Role of ETS genes in other cancers

Remarkably, these four ETS genes associated with pros-
tate cancer only partially overlap with the group of ETS
genes implicated in Ewing’s sarcoma (Fig. 1A). In Ewing’s
sarcoma, fusion oncogenes, generated by chromosome
translocation, encode the N terminus of the EWS protein
and the DNA-binding domains of ERG, FLI1, FEV, ETV1,
or ETV4 (Mackintosh et al. 2010). The difference between
the prostate- and Ewing’s sarcoma-related subsets of ETS
proteins is likely due to the inclusion of the N terminus of
EWS, which imparts novel transcriptional functions and is
required for transformation (May et al. 1993). Interestingly,
a cooperative DNA-binding interaction between EWS-FLI1
and AP-1 is important for transformation (Kim et al. 2006),
suggesting that the ETS fusions associated with Ewing’s

Figure 6. A model uses PLAU to represent the regulation of
ETS/AP-1-regulated, RAS/MAPK target genes by ETS transcrip-
tion factors. An unidentified endogenous ETS protein (ETS?)
binds ETS/AP-1 sequence elements, but only activates gene
expression when the RAS/MAPK pathway is active. The onco-
genic ETS proteins ERG and ETV1 can activate expression when
the RAS/MAPK pathway is off. ETV1 can superactivate when
the RAS/MAPK pathway is on. SPDEF attenuates RAS/MAPK-
mediated transcriptional activation.
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sarcoma and prostate cancer-associated ETS proteins may
both function by targeting ETS/AP1 sequences.

The ETS/AP-1-regulated, RAS-responsive, gene expres-
sion program, which we defined in prostate cancer, may
be important more broadly. ETV1 is expressed at high
levels in GIST and melanoma, cancers that frequently
have mutations (KIT and BRAF, respectively) that
activate the RAS/MAPK pathway (Chi et al. 2010;
Jane-Valbuena et al. 2010). Furthermore, ChIP-seq of
ETV1 in GIST (Chi et al. 2010) identified an ETS-binding
sequence (CAGGAAG) similar to the most overrepre-
sented sequence identified in ETV1-bound regions in
this study (Fig. 3A). Interestingly, melanoma and colon
cancer cell lines with activating mutations in BRAF
(V600E) express a set of MEK-regulated targets similar
to those presented here (Supplemental Table S2; Pratilas
et al. 2009). Among these targets are ETV1, ETV4, and
ETV5. Our data indicate that these PEA3 subfamily
members provide stronger transcriptional activation than
other ETS proteins when the RAS/MAPK pathway is
active (Fig. 4C). This suggests a positive feedback loop
for PEA3 ETS genes in these cancers, similar to that
recently described for ERG in prostate cancer (Mani et al.
2011). PEA3 subfamily expression is also increased in
cancer cells by protein stabilization. In GIST, ETV1
protein levels are stabilized by MEK activity (Chi et al.
2010). In addition, PEA3 subfamily members are targeted
by COP1 for ubiquitin-dependent degradation via a do-
main that is usually lost in prostate cancer chromosome
rearrangements (Vitari et al. 2011). Our model suggests
that cancers with mutations that activate the RAS/
MAPK signaling pathway could superactivate this path-
way by increased expression or stabilization of PEA3
subfamily members. However, ERG overexpression
would not increase the expression of RAS/MAPK targets
when the pathway is activated (Fig. 6). These results are
supported by the failure to discover ERG overexpression
in any cancer that is commonly associated with activat-
ing mutations in the RAS/MAPK pathway. Furthermore,
superactivation of a RAS/MAPK-regulated gene expres-
sion program may relate to the stronger invasive growth of
melanoma compared with early stage prostate cancer.

Taken together, our findings suggest that oncogenic
ETS transcription factors can replace RAS/MAPK path-
way function by activating target genes regulated by
ETS/AP-1 sequences. This signaling mimicry is consis-
tent with the relatively infrequent occurrence of RAS
and RAF mutations in early androgen-sensitive prostate
cancers. As cancers progress to androgen independence,
many express the androgen-responsive TMPRSS2-ERG
fusion at reduced levels (Hermans et al. 2006; Bonaccorsi
et al. 2009). Interestingly, the transition to androgen
independence has also been linked to the activation of
the RAS/MAPK signaling pathway (Weber and Gioeli
2004; Taylor et al. 2010), thus providing for ongoing ac-
tivation of the RAS/MAPK gene expression program.
By providing a bypass of signaling activation events,
ETS-driven cancers may require new therapeutic angles
that can be directed at the transcriptional regulatory
machinery.

Materials and methods

Cell culture, retroviral expression, and migration assays

PC3 and RWPE-1 cells were obtained from American Type Cul-
ture Collection and cultured accordingly. The ETV4-expressing
retrovirus was described previously (Hollenhorst et al. 2011b).
Remaining retroviral expression plasmids were made by the same
method using primers provided as Supplemental Material. Empty
vector was pQCXIH (Clontech). Retroviral expression plasmids
were cotransfected with vesicular stomatitis virus-G glycoprotein
and gag/pol packaging plasmids into 293 EBNA cells to create ret-
roviruses. Retroviruses were added to RWPE-1 cells with 8 mg/mL
polybrene for 2 h, before replacement with growth medium.
After 24 h, cells were maintained under hygromycin selection
(250 mg/mL).

Migration assays were performed as previously described
(Hollenhorst et al. 2011b). In short, 5 3 104 cells were plated into
a Boyden chamber (BD Biosciences) in the absence of growth
supplements and allowed to migrate through 8-mm pores to nor-
mal growth medium for 60 h. Cells on the outer side of the
chamber were stained and counted.

Protein immunoblots and ChIP

Whole-cell extracts of equivalent cell number were run on 10%
SDS-PAGE gels and blotted to nitrocellulose. Proteins were
detected with either anti-Flag M2 (Sigma Life Science), p-ERK
(sc-7383, Santa Cruz Biotechnologies), or ERK1 (sc-94, Santa Cruz
Biotechnologies) antibodies.

ChIP was performed as described previously (Hollenhorst et al.
2007) with the exception that Flag ChIP beads were washed with a
more stringent wash buffer containing 500 mM LiCl. Antibodies
used for ChIP included anti-Flag M2 (Sigma Life Sciences), ETV4
(ARP32262, Aviva Systems Biology), or Santa Cruz Biotechnol-
ogies antibodies ETS1 (sc-350), GABPA (sc-22810), or JUND (sc-
74). Primer sequences are available in the Supplemental Material.

ChIP-seq and analysis

ChIP-seq was performed as described previously (Hollenhorst
et al. 2009). In short, each ChIP sample was pooled from at least
three independent ChIP experiments. Libraries were prepared
using Illumina’s ChIP-seq kit. Thirty-six-base-pair single-end
reads were generated using a Genome Analyzer II and standard
pipeline software (Illumina). Useq software (Nix et al. 2008) was
used to analyze ChIP-seq data as described previously (Hollenhorst
et al. 2009). Reads from opposite strands were adjusted by the peak
shift. Peak shifts were JunD, 250 bp; ETV1, 100 bp; ETS1, 270 bp;
ERG, 270 bp; ETV4, 260 bp; and GABPA, 250 bp. Sliding windows
were selected to be approximately twice the peak shift (500 bp for
all analyses except ETV1, which was 250 bp). Significance was
determined by calculating a binomial P-value for each window
and controlled for multiple testing by calculating an empirical
FDR. Bound regions were overlapped with the IntersectRegions
tool with no gap. The ChIP-seq raw data sets and processed peak
files are available for download from NCBI’s Gene Expression
Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo), accession
number GSE29808.

Default settings were used for MEME (http://meme.sdsc.edu)
except the maximum motif length was set to 13. Results in Figure
3A used the 250 regions from each bound region list with the
highest log-transformed binomial P-value. Analysis using all bound
regions returned a similar result. GoMiner was used with default
settings except ‘‘Evidence level 4’’ and ‘‘All/gene ontology’’ were
selected. All RefSeq genes were used as the total gene list.
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qRT–PCR and microarray

Reverse transcription used gene-specific primers and SuperScript
III reverse transcriptase (Invitrogen). qPCR was performed using
SYBR FAST mix (Kapa Biosystems) on an Eppendorf RealPlex2
MasterCycler using serially diluted PCR products as standard
curves. Transcript levels were normalized to GAPDH levels. A
second normalization standard, EEF1A, provided essentially the
same results (data not shown). Normalized expression levels are
presented as a log10-transformed ratio to the control (empty vector).
Primer sequences are available in the Supplemental Material.

Microarray data sets are available for download from GEO
using accession number GSE29438. Four independent samples of
total RNA were isolated by RNeasy kit (Qiagen) for each micro-
array experiment. Total RNA was primed with oligo-dT and con-
verted to cDNA using a Double-Stranded cDNA Synthesis kit
(Invitrogen). cDNA was labeled using the Dual-Color Labeling
kit (Roche Nimblegen) and hybridized to a Nimblegen Homo

sapiens HG18 expression array (12x135k) using a Hybridization
Systems kit (Roche Nimblegen). Image acquisition used an Axon
GenePix 4200A scanner at 5-mm resolution. Raw signal intensities
were extracted with Nimblescan 2.6 software (Roche Nimblegen)
and were quantile-normalized.
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