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Abstract. The ETS family of transcription factors plays
important roles in both normal and neoplastic cells for different
biological processes such as proliferation, differentiation,
development, transformation, apoptosis, migration, invasion
and angiogenesis. The 27 ETS factors are probably a part of
complex regulatory networks including interactions among
family members. In human prostate cancer, rearrangements
have been found in several genes of the ETS family resulting
in chimeric oncoproteins. In a previous study we found that
the ETS family prototype, Ets-1 affects biological properties
of PC3 prostate cancer cells. In a first effort to understand
the cooperative interactions between different ETS factors in
prostate cancer, in the present study we examined the expres-
sion pattern of all 27 ETS members using quantitative RT-PCR
(QRT-PCR) in the androgen-sensitive VCaP and LNCaP, and
the androgen-insensitive PC3 and DU-145 prostate cancer cell
lines as well as in human prostate cancer tissue samples. We
further investigated whether the ETS family prototype, Ets-1,
regulates other ETS family members by examining the effect
of Ets-1 blockade in PC3 cells on their expression. We found
an expression specificity of various ETS family members
in the prostate cancer cell lines which might reflect their
different biological properties. In human prostate samples
only 3 among the 27 ETS family members (Ehf, Elk-4 and
Ets-2) showed significant expression differences between
normal and cancerous prostate glands. We finally demonstrate
that the family prototype, Ets-1, regulates the family members
Elf-1, Elf-2, Elk-1, Etv-5 and Spi-1 in PC3 prostate cancer
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cells. Chimeric oncoproteins containing ETS family members
arising due to frequent translocations in prostate cancer are
probably part of a regulatory network involving other ETS
family members as well.

Introduction

The ETS family of transcription factors consists of 27
members in humans (1) and distinct ETS family members
can play important roles for quite different processes such as
development, differentiation, proliferation, apoptosis, migra-
tion, tissue remodelling, invasion and angiogenesis in various
cell types including B cells, endothelial cells, fibroblasts as
well as diverse neoplastic cells (2-6).

In human malignant tumours, several genes of the ETS
family are rearranged to produce chimeric oncoproteins (7).
In human prostate cancers (PCA) translocations between
the TMPRSS2 gene, an androgen-regulated prostate-specific
serine protease, with several members of the ETS family such
as Etv-1, Etv-4, Etv-5 and most commonly Erg, are frequently
reported (6,8-10). The consequences of these translocations
in PCA result in increased expression of the rearranged ETS
factors as a response to androgens (6). Studies have suggested
that the ETS rearrangements are sufficient for initiation of
prostate neoplasia, while most recently other investigations
have suggested that the rearrangements may foster progres-
sion rather than initiation events in prostate tumourigenesis
(11,12).

All ETS transcription factors are characterized by an
evolutionarily highly conserved DNA-binding domain, the
ETS domain (1). Based on phylogenetic analysis of this ETS
domain, subfamilies of more highly related members were
identified although the DNA-binding properties of ETS
proteins were found to be similar due to the amino acid
conservation within the ETS domains (13). Nonetheless,
binding preferences for distinct flanking sequences could
facilitate specificity of ETS-factor binding and help to explain
unique biological functions of different ETS proteins (13).
Furthermore, redundant occupancy of ETS family members
at proximal regulatory gene regions and overlapping func-
tions for ETS factors have been reported (13,14). It is also
conceivable, that different ETS members can bind to the same
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ETS-binding sites (EBS) in the regulatory regions of various
target genes with different affinities and thereby compete for
binding. The specificity and degree of trans-activation (or
trans-repression) for a given target gene could then result from
the dynamic binding equilibrium, the activity of ETS-trans-
activation domains, as well as from ternary complex formation
of different ETS members with other transcription factors
(15). Complexity of such regulations concerning in particular
different ETS family members could also play a role in the
development and progression of PCA with or without translo-
cations of the TMPRSS2 gene. Among ETS family members,
Ets-1 is the prototype, which is expressed in various cell
types and found to be implicated in tumour angiogenesis and
invasion (16-18). Previously, we reported that Ets-1 promotes
proliferation, migration or invasion in various neoplastic cells
including melanoma, HeLa, glioma as well as PC3 prostate
cancer cells (4,5,19,20). In a first effort to understand the
cooperative interactions of different ETS factors in PCA, we
examined the expression pattern of all 27 members of the ETS
family in a selected group of androgen-sensitive (LNCaP and
VCaP) and -insensitive (PC3 and DU-145) prostate cancer
cell lines as well as in human prostate cancer tissues. We
also investigated whether the ETS family prototype, Ets-1,
regulates other ETS family members in PC3 cells.

We found a unique differential expression pattern of the
27 ETS family members among the prostate cancer cell lines
and demonstrated that the family prototype, Ets-1, actually
regulates the ETS factors Elf-1, Elf-2, Elk-1, Etv-5 and Spi-1
in PC3 prostate cancer cells. Only 3 among the 27 ETS
members (Ehf, Elk-4 and Ets-2) showed a significant differ-
ence in expression between human samples of normal prostate
glands and tumour glands.

Chimeric oncoproteins containing ETS family members
in prostate cancer are therefore probably part of a regulatory
network involving other ETS family members as well.

Materials and methods

Cell culture. LNCaP, VCaP, PC3 and DU-145 cells were grown
in RPMI (Invitrogen, USA), DMEM (ATCC, USA), F12K
and MEM (Invitrogen) media, respectively. The media were
supplemented with 0.5% penicillin/streptomycin (Invitrogen)
and 10% heat-inactivated fetal calf serum (Invitrogen). The
MEM and RPMI media were additionally supplemented with
1% glucose, 1% sodium pyruvate and 1% non-essential amino
acids (NEIAA) (all from Invitrogen). The media of transfected
PC3 cells were additionally supplemented with 4.3 mg/ml of
G-418 (PAA, Austria).

Ets-1 block. PC3 cells were cultured in F12K media supple-
mented with antibiotics and 10% heat-inactivated fetal calf
serum. Plasmids pcDNA3.1k-ets-1 inverse and pcDNA3.1(-)
(mock control), respectively, were transfected into the cells
by the calcium phosphate method as previously described
(21). At 24 h after transfection, selection was started using
4.3 mg/ml G-418 (PAA). The cells were then lysed by freeze
and thaw at room temperature. A total of 20 ug of protein was
analyzed by 10% SDS-polyacrylamide gel electrophoresis and
transferred onto nitrocellulose (Bio-Rad, USA). The filters were
then blocked with 5% dry milk in TBST (50 mM Tris, 150 mM

NaCl, 0.1% Tween-20, pH 7.5) for 2 h at room temperature
followed by incubation in TBST with an anti-Ets-1 mouse
monoclonal antibody (Transduction Laboratories, USA), then
with an anti-mouse IgG horseradish peroxidase-conjugated
secondary antibody (Amersham Biosciences, England).
Proteins were visualized using ECL reagents (Amersham
Biosciences). The housekeeping protein, 3-actin, was used as
an internal control and was detected using mouse monoclonal
anti-B-actin antibody (Sigma, Germany).

Quantitative RT-PCR. RNA was extracted using Qiagen's
RNeasy mini kit (Germany) as described by the manufacturer.
Reverse transcription was performed on the RNA using
SuperScript 11T First-Strand Synthesis SuperMix for qRT-PCR
(Invitrogen) as described by the manufacturer. For the real-time
PCR a total volume of 10 yl SYBR-GreenER qPCR SuperMix
(Invitrogen) was used. The oligonucleotides and sequences
for the 27 ETS family members were designed as previously
described (6). The housekeeping gene oligonucleotides were as
follows, rPL13a (forward) TACGCTGTGAAGGCATCAAC,
rPL13a (reverse) CACCATCCGCTTTTTCTTGT. Samples
were analyzed in triplicate. The PCR conditions in the Applied
Biosystems 7900HT instrument were 2 min at 50°C, 10 min
at 95°C and 40 cycles of 15 sec at 95°C and for 1 min at 60°C.
After 40 rounds of cycling, a melting point analysis was
performed with 15 sec 95°C, 15 sec 60°C and 15 sec 95°C. The
data were collected after the 60°C step at every cycle and after
the melting point analysis.

Data processing. Absolute Ct-values were assessed with the
SDS 2.2 software (Applied Biosystems, USA) and transferred
to Microsoft Excel for further analysis. The Ct-values were
normalized with the reference rPL13a as the housekeeping
gene. After that, the 2-4%° values were calculated with the
values of the mock control in the cell culture used as a second
reference. SEM is shown in the error bar. Significance was
calculated with the Student's t-test included in MS Excel.
P-values are indicated as ““P<0.001, ™ P<0.01 and “P<0.05.

Processing of human prostatectomy specimens. Fresh tissue
samples from 5 patients with moderately differentiated prostate
carcinomas (Gleason scores 6 and 7) were taken immediately
after radical prostatectomy and shock-frozen in liquid nitrogen
with ice-cold isopentane. Samples were taken from both, the
normal prostate proper and from carcinomas. Sample sizes
were around 0.5x0.5x0.3 cm. The patients' age ranged from
63-72 years (average of 66.6 years). Frozen sections of 6 ym
thick were cut from the samples using a cryotome (Leica,
Germany) and mounted on membrane-coated slides (1 mm
PEN, Zeiss, Germany) for subsequent laser-microdissection.
One section was mounted on conventional slides and stained
with haematoxylin and eosin (H&E) for diagnostic evaluation
by an experienced pathologist. Laser-microdissection was
carried out according to our previously published methods
(22-24). Frozen sections were dried for 2 min in the cryotome,
washed for 2 min with 70% ethanol in DEPC-treated water
and stained for 30 sec in 1% Cresyl Violet diluted in 50%
ethanol-DEPC-treated water. Slides were then washed briefly
in 70 and 100% ethanol, dried for 10 min and stored at -80°C
until use for laser-microdissection.
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Figure 1. Expression profiles of the ETS family in prostate cancer cell lines.
RT-PCR in LNCaP, VCaP, PC3 and DU-145 prostate cancer cell lines.

Quality control. One frozen section from each sample was
used for control of RNA integrity prior to laser-capture
microdissection (LCM) using the laser capture microscope
(Axio Observer Z1, Zeiss). The section was washed from
the slide with 600 xl 2 uM DTT in RLT buffer (provided by
the RNeasy mini kit, Qiagen) and vortexed for 30 sec. RNA
extraction was performed as described by the manufacturer.
The recommended DNase digestion was carried out with an
RNase-free DNase set (Qiagen). RNA integrity was measured
with the Agilent Bioanalyzer 2100 (Agilent Technologies,
USA). Samples with a RIN factor >6 were used for LCM.

Laser-capture microdissection. LCM of Cresyl Violet-
stained sections was performed using the Axio Observer Z1
microscope with the integrated PALM MicroBeam software
(Zeiss). LCM was carried out under a 10X objective. From
every patient normal and cancerous glands were cut out.
Isolated normal or cancerous glands were collected in 200 pl
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The expression of the 27 ETS family members was measured by quantitative

adhesive cap tubes (Zeiss). Total RNA was isolated from
samples with the RNeasy Micro kit (Qiagen) as described by
the manufacturer. The recommended DNase digestion was
carried out with the RNase-free DNase set. The amount of the
isolated RNA was determined using an ND1000 Nanodrop
(Thermo Fisher Scientific, USA).

Results

Expression profiles of the ETS family in prostate cancer
cell lines. Using quantitative RT-PCR, we determined the
expression profile of the 27 ETS family members in LNCaP,
VCaP, PC3 and DU-145 prostate cancer cell lines (Fig. 1). The
figure shows that each of the cell lines has a unique expression
profile of the different ETS family members.

Expression profile of the ETS family members in prostate
cancer tissues. Using quantitative RT-PCR analysis, the
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Figure 2. The expression of the 27 ETS-family members in prostate cancer
tissues. The expression of the ETS family members were measured in the tis-
sues with quantitative RT-PCR and were compared between microdissected
healthy prostate glands and tumour glands (Gleason scores 6 and 7) from 5
patients. A significant down-regulation in the tumourous glands compared to
the normal glands was observed for Ehf, Elk-4 and Ets-2. Significance was
calculated with the Student's t-test. ““P<0.001, “P<0.01.
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Figure 3. Expression of Ets-1 in prostate cancer cell lines. The relative
expression of Ets-1 as measured by quantitative RT-PCR was compared
among the DU-145, PC3, VCaP and LNCaP prostate cancer cell lines.
Significance was calculated with the Student's t-test. “P<0.01 and "P<0.05.

expression of the ETS family members was measured in
normal prostate glands and tumourous glands from moder-
ately differentiated prostate carcinomas which had been
isolated by laser microdissection (Fig. 2). As demonstrated in
the figure the ETS factors Ehf, Elk-4 and Ets-2 show signifi-
cant down-regulation in the tumourous glands compared to
the healthy glands.

Expression of Ets-1 in prostate cancer cell lines. Based on
quantitative RT-PCR analysis, we compared the expression
level of the ETS family prototype, Ets-1, among LNCaP,
VCaP, PC3 and DU-145 prostate cancer cell lines (Fig. 3).
As shown in the figure that Ets-1 is highly expressed in the
androgen-insensitive DU-145 and PC3 cell lines compared to
the androgen-sensitive LNCaP and VCaP cells.

Experimental blocking of Ets-1 in PC3 prostate cancer cells.
Two stable PC3 cell cultures were established by transfection
with either an Ets-1 inverse antisense expression vector or a
mock control vector. Using Western blot analysis, we found
that PC3 cells expressing the mock control showed detectable
amounts of Ets-1, whereas PC3 cells expressing the Ets-1
inverse lacked detectable amounts of Ets-1 over a period of
121 days (20).
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Figure 4. Ets-1 regulates other ETS family members in PC3 prostate cancer
cell lines. Quantitative RT-PCR analysis using RNA extracted from Ets-1
blocked and mock control PC3 cells shows an up-regulation of the ETS
family members Elf-1, Elf-2, Elk-1, Etv-5 and Spi-1 in the Ets-1 blocked cells
compared to the mock control.

Ets-1 regulates other ETS family members in PC3 prostate
cancer cell lines. Quantitative RT-PCR analysis using RNA
extracted from Ets-1 blocked and mock control PC3 cells
demonstrated an up-regulation of the ETS family members
Elf-1, Elf-2, Elk-1, Etv-5 and Spi-1 in the Ets-1 blocked cells
compared to the mock control (Fig. 4).

Discussion

The ETS family of transcription factors is involved in many
biological processes in both normal and neoplastic cells (2-6).
There are 27 known ETS family members in humans and
all are characterized by an evolutionarily highly conserved
DNA-binding domain, the ETS domain (1). Although, the
DNA-binding properties of ETS proteins are similar, different
ETS proteins may exhibit preference for distinct flanking
sequences in regulatory gene regions that could facilitate
specificity and explain their unique biological functions (13).
Redundant occupancy of ETS family members at proximal
regulatory gene regions as well as overlapping functions have
already been reported (13,14). The specificity and degree
of transactivation for given target genes could result from
dynamic binding equilibrium as well as from ternary complex
formation of different ETS members with other transcription
factors (15). Complex regulations involving different ETS
family members could also concern prostate cancers with
or without translocations of the TMPRSS2 gene (6,8-10) and
play a role in tumour development and progression.

In a first attempt to understand this possible network, we
analyzed the mRNA expression level of all the ETS family
members in the androgen-sensitive, LNCaP and VCaP, and the
androgen-insensitive, PC3 and DU-145, prostate cancer cell
lines. Our data show, that each of the cell lines has a unique
expression profile of the ETS family members. However, due
to similar DNA binding specificities of ETS factors, it is not
possible to determine which family member may regulate the
expression of others. Therefore, we decided to first examine
whether the ETS family prototype, Ets-1, regulates other
family members. We found Ets-1 to be highly expressed in
the androgen-insensitive DU-145 and PC3 compared to the
androgen-sensitive LNCaP and VCaP cell lines. Since we
had found in a previous study that Ets-1 has an effect upon
biological properties of PC3 cells (20), we chose this cell
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line to perform further experiments by blocking Ets-1. We
actually observed an up-regulation of the family members
Elf-1, Elf-2, Elk-1, Etv-5 and Spi-1 in the Ets-1 blocked cells
compared to the mock control and thereby present the first
evidence that ETS family members regulate each other in
PCA. Interestingly, expression of Ets-1 has already been
shown in human prostate cancer tissues (16), where it might
also regulate other ETS family members in tumours with or
without chimeric TMPRSS2-ETS fusions.

The unique expression patern of the ETS family members
among the four cell lines might reflect different biological
properties of the cells. The four cell lines are derived from
different origins, where DU-145, PC3, LNCaP and VCaP cells
are respectively derived from a brain metastasis, an advanced
androgen-independent bone metastasis, a supraclavicular
lymph node metastasis and a metastatic lesion to a lumbar
vertebral body of a patient with hormone refractory prostate
cancer. Furthermore, the LNCaP and VCaP cell lines can
serve as a model for the rearrangement of ETS factors due to
the presence of translocations in Etv-1 and Erg, respectively.
Different expression patterns of the 27 ETS members could
reflect their mechanistic complexity and stress that competi-
tion among family members based on their abundance,
affinity and other co-factors may regulate their functions.

In human prostate samples we found that only 3 among
the 27 ETS members, Ehf, Elk-4 and Ets-2, show a significant
difference in expression between normal prostate glands and
prostate cancer glands. These three family members were
found to be down-regulated in the tumour glands compared
to the normal glands. All 3 ETS-factors are also differentially
regulated in the 4 prostate cancer cell lines with the highest
values found for Ehf in LNCaP, for Elk-4 in VCaP and
for Ets-2 in DU-145 cells. It will be worth targeting these
ETS-factors in the different cell lines in order to characterize
their possible functions.
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