INTERNATIONAL JOURNAL OF ONCOLOGY 34: 377-389, 2009

Dominant-negative inhibition of Ets 1 suppresses tumor growth,
invasion and migration in rat C6 glioma cells and reveals
differentially expressed Ets 1 target genes
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Abstract. We previously reported that the inactivation of the
Ets 1 transcription factor by a specific decoy strategy reduces
rat C6 glioma cell proliferation and mmp-9 expression. In
the present study, we analysed the effects of the dominant-
negative form of Ets 1 (Ets-DB) on rat C6 glioma cell
proliferation, migration, invasion, in vivo tumor growth on
the chicken chorioallantoic membrane (CAM) and mmp-9
expression. In addition, we examined differences in gene
expression between Ets-DB expressing and control cells
using suppression subtractive hybridization (SSH). We found
that retrovirus mediated expression of Ets-DB inhibited
cellular proliferation, migration, invasion, mmp-9 expression,
cellular growth in soft agar, and in vivo growth in the chicken
chorioallantoic membrane assay. SSH analysis revealed
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expression of different genes in Ets-DB expressing cells
involved in basic cellular processes. Each of these genes
contained binding sites for different Ets-factors within their
promoters. Finally, we found that, in addition to Ets 1,
Elk-1, EIf-1, Fli-1 and Etv-1 are further Ets family members
expressed in rat C6 glioma cells. Our results indicate that Ets
transcription factors play important roles for basic properties
of rat C6 glioma cells. Targeting of these factors might
therefore become a useful experimental tool for therapeutic
strategies against malignant gliomas.

Introduction

Malignant gliomas are the most common tumors of the
human nervous system (reviewed in ref. 1). Unfortunately,
conventional treatment of these neoplasms through surgery,
radiotherapy and/or chemotherapy yield unsatisfactory results
(reviewed in refs. 2,3). Therefore, alternative strategies such
as gene therapeutic approaches are currently being studied
in pre-clinical models (reviewed in ref. 3). A number of
transgenes coding for cell death inducing proteins (expressed
through viral or non-viral vectors), modulators of immune
response, or inhibition of tumor angiogenesis have been
used in experimental therapeutic approaches.

Since transcription factors are central regulators of many
cell functions, they appear to be suitable molecular targets in
experimental tumor therapy. In this report, we targeted Ets 1,
the prototype of the Ets transcription factor family, which has
been demonstrated to be expressed in human astrocytomas
(4,5) as well as in human astrocytoma cells lines, such as
CCF and 1321N1 (6,7). We recently demonstrated that rat
C6 glioma cells (which imitate many characteristics of
malignant gliomas in vivo and which are a commonly used
model system) likewise express Ets 1 (8). This transcription
factor has been studied in different tumors, but its role in
gliomas is not yet well described. A known role of Ets 1
is participation in tumor invasion involving both the tumor
stroma and the neoplastic cells. We have shown that Ets 1
and several matrix degrading proteases are expressed together
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within the fibroblastic stroma of different invasive tumors,
non invasive lesions being negative (9-11). Genes encoding
different proteases [particularly matrix metalloproteinases,
MMPs, which play a major role in invasion (10,11)] are
actually among the target genes of Ets 1 (12-14) and we have
confirmed transcriptional regulation of MMP-genes through
Ets 1 using fibroblasts from Ets 1 knock-out and control mice
(15). In addition we have linked Ets 1 expression to invasive
behaviour of different neoplastic cells (such as HeLa and
melanoma cells) using an Ets 1 antisense approach (16,17).
In these cells, MMP-1, MMP-3, uPA and integrin 3 (16,17)
were encoded target genes of Ets 1. Expression of the gelati-
nases MMP-2 and MMP-9, in particular, closely correlates
with invasive and metastatic potential of various cancers,
including gliomas (18,19). MMP-9 is actively secreted
by glioma cells (18,20,21) and we have shown the mmp-9
gene to be an Ets | target gene in these cells (8). Other
molecules implicated in glioma invasion include SPARC
[secreted protein acidic and rich in cysteine (22)] or the
extracellular matrix protein fibronectin (23).

Expression of Ets 1 correlates with poor prognosis
(10,11,24-27) and a high risk for lymph node metastases
(28-30) in several cancer types. We have recently shown that
blockade of Ets 1 through Ets 1 specific double stranded oligo-
nucleotides reduced proliferation and mmp-9 expression
in rat C6 glioma cells (8). As an extension of our previous
study, we evaluated here a blockade of Ets 1 in rat C6 glioma
cells through a retroviral expression of the Ets DNA-binding
domain (Ets-DB). This domain has no transactivation
properties and is a complete dominant negative form of
Ets 1. The same retroviral approach has already been applied
in the mouse mammary tumor cell line MMT (31), in
different endothelial cell lines (32), and in an in vivo model
of the mouse ear (33).

In the present study, we investigated whether Ets-DB
expression in rat C6 glioma cells affects major tumor cell
properties, such as proliferation, anchorage-independent
growth in soft-agar, migration, invasion, as well as in vivo
tumor development on the chicken chorioallantoic membrane
(CAM). In addition, we searched for Ets 1 target genes by
comparing gene expression between Ets-DB expressing
and control cells using suppression subtractive hybridization
(SSH). We finally identified further Ets family members
which are expressed in rat C6 glioma cells.

Materials and methods

Cell culture. Rat C6 glioma were obtained from ATCC
(Rockville, USA). Cells were cultured in RPMI-1640 medium
(Invitrogen, Breda, The Netherlands), complemented with
10% fetal calf serum (FCS, Invitrogen) and 1% penicillin/
streptomycin (Invitrogen). NIH3T3 cells were used for
assessment of virus titration. Cells were cultured in Dulbecco's
modified Eagle's medium (DMEM) containing 5% Hyclone
bovine serum (HBS, Invitrogen) and 1% penicillin/strep-
tomycin. Ets-DB or Neo-producing GP*E86 cells were
routinely cultured in DMEM, containing 10% FCS, 800 pg/ml
geniticin (Invitrogen) and 1% penicillin/streptomycin.
Rat C6 glioma and NIH3T3 cells infected with Ets-DB
or Neo were selected by 800 pg/ml geniticin. Cells were
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incubated for different times at 37°C in a humidified atmo-
sphere containg 5% CO,.

Viral construction and production. The establishment of
MFG-Ets1-DB-Ires-NeoR-, also called Ets-DB, or MFG-Ires-
NeoR-, also called Neo, producing GP*E86 cells have been
described previously (32). Briefly, the cDNA sequence
encoding the Ets 1-DB (the DNA-binding domain of mouse
Ets 1, corresponding to amino acids 306-423) was cloned
upstream of an internal ribosomal entry site and a neomycin-
resistance sequence. A second vector carrying the IRES and
Neo sequences was constructed and used as control in the
entire study. These Ets-DB and Neo sequences were inserted
into a retroviral MFG vector. Virus packaging murine fibrob-
lasts [GP*E86 (34)] were then transfected with either Ets-DB
or Neo-MFG retroviral vectors (32). The GP*E86-virus
producing cells were then obtained following selection in the
presence of 800 pg/ml geniticin. After overnight incubation
of subconfluent cells with fresh medium, the supernatant
containing viral particles was collected, filtered and used for
infection. Viral titration was performed by counting the
number of geniticin-resistant clones after infection and
selection of NIH3T3 cells for 10 days.

C6 glioma cell infection and characterisation. Rat C6 glioma
(80,000 cells/well) or NIH3T3 (100,000 cells/well) cells
were incubated for 8 h with 1 ml of filtered virus solution.
Selection started two days after infection by addition into
the culture medium of 800 pg/ml geniticin. After 10 days,
cell colonies were pooled. The resulting infected cells were
maintained in their specific media complemented with
800 ug/ ml geniticin. These infected cells referred to as C6-
DB or DB and C6-Neo or Neo. The expression of the Ets-DB
protein was assessed by immunoprecipitation. For metabolic
labelling, DB cells (100,000 cells/100 mm plate) were cultured
for 24 h in DMEM-10% FCS. The medium was replaced by
methionine- and cysteine-free modified Eagle's medium and
cells were further incubated for 3 h. Then incubation was
performed for 3 h in methionine- and cysteine-free MEM
containing 250 Ci/3 ml of *S methionine and -cysteine
(trans **S-Label, 1,066 Ci/mmol, ICN). At the end of the
experiments cells were lysed and processed for immuno-
precipitation as described by Gilles et al (35). Briefly, cell
extracts containing identical amounts of 33S-labelled material
were incubated in the presence of an anti-Ets-DB rabbit
polyclonal antibody (35) and immunoadsorbed onto Protein-
A-agarose beads. Proteins were then separated onto 15%
SDS-polyacrylamide gels and the gels were fixed, treated
with Amplify (Amersham Biosciences, Buckinghamshire,
UK) and exposed to Hyperfilm (Amersham Biosciences).

Proliferation and anchorage-independent growth assays.
Cell proliferation was assessed by a modified MTT Assay
(EZ,U; Biomedica, Vienna, Austria). Cells/well (1,000) (DB,
Neo or C6) were seeded into 96-well plates and incubated
in RPMI medium with 10% FCS at 37°C. Cell proliferation
was assessed in triplicate 9, 24, 48 and 72 h after seeding
according to the manufacturer's instructions. Anchorage-
independent proliferation was examined with a small
modification as described previously. Briefly, cells (DB, Neo
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or C6) were diluted to 2x10° cells/ml in 0.4% noble agar
(Seakem, Rockland, Maine, USA) solution (in PBS,
Invitrogen). Cell suspension (1x103 cells/0.5 ml/well) was
added to each well of a 35-mm tissue culture plate with an
underlayer of 1.4% noble agar (in PBS) at 37°C, and then
were cultured at 37°C for 24 days. Twice weekly, RPMI
with 10% FCS was added (0.3 ml/well) to provide additional
nutrients and growth factors. Colonies were evaluated and
documented under x35 magnification at day 1, 11 and 24.
Colonies in each triplicate investigation were counted and
presented as a graphic.

Wound and quantitative migration assays. Wound-induced
migration assay was performed as described before (36).
Briefly, DB, Neo or C6 cells resuspended in RPMI with
10% FCS (2x10° cells/well) were plated onto 12-well culture
plates and incubated for 24 h. Then, cells were scraped
with a plastic pipette tip and washed with PBS twice, and
the medium was replaced with serum-free medium (RPMI-
1640). Cells were photographed at 0, 24 and 48 h after
scraping.

Quantitative cell migration assays were performed with
fibronectin or collagen type I coated Boyden chambers
according to the manufacturer's instructions (Chemicon
Europe, Hampshire, UK). Briefly, subconfluent DB, Neo
or C6 cells were cultured 24 h in serum-free medium (RPMI).
Cells (2.5x10%) in 300 ul were placed into fibronectin- or
collagen type I coated Boyden chambers. After incubation
for 24 h at 37°C in a humidified atmosphere containing
5% CO,, the migratory cells on the underside of the chambers
were stained and extracted according to manufacturer's
instructions. Migrated cells were read by absorbance at
595 nm. All measurements were assessed in triplicates.

Invasion assay. The invasion assay was performed by
using 24-well BD Biocoat Matrigel invasion chambers with
8-pm polycarbonated filters, coated with a three-dimensional
matrix (Becton Dickinson, Heidelberg, Germany), as described
by Albini et al (37). DB, Neo or C6 cells (25,000) were
seeded on Matrigel invasion chamber plates, and cultured
in routine medium. Cells were incubated for 22 h at 37°C
in a humidified atmosphere with 5% CO,. Non-invaded cells
at the upper surface of the filter were removed by wiping
with a cotton swab. Invaded cells were stained with Cellstain
solution (Chemicon Europe) after fixation with methanol.
The cell number was counted under microscope vision, in four
different areas, and the average cell number was determined.
The assay was performed in triplicates.

Chicken chorioallantoic membrane (CAM) assay. A window
was cut into the eggshell of 3-day-old chick embryos. The
embryos were checked for normal development and the
window was sealed with cellotape. Eggs were reincubated
until day 10, when DB, Neo or C6 cells were inoculated onto
the CAM. Cells were pipetted onto the CAM as described
previously (38). Briefly, confluent cells were harvested by
trypsinisation (0.125% trypsin/1% EDTA; Invitrogen), washed
once with growth medium and resuspended in the same
medium of 1x10° cells per 50 x1 medium. Eggs were incubated
at 37°C and with 60% humidity. At day 17, tumors were first
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documented by photography, then the tumor volume were
calculated by a mathematical formula: [1/6 @ (R;,)*> X (R,..0%]
(39). Tumor sizes were measured by a silicon ruler. Tumors
were then cut out and routinely embedded into paraffin. Tumor
histology was evaluated on 5-um thick sections stained with
hematoxylin and eosin (H&E).

RNA isolation, reverse transcription and semi-quantitative
RT-PCR for assessment of mmp-9 expression and expression
of Ets family members. Total cellular RNA was extracted from
DB, Neo or C6 cells by the RNeasy kit (Qiagen, Hilden,
Germany). Generation of cDNAs by reverse transcriptase
was performed in 20 pl reaction volume containing 1 ug of
total cellular RNA, 2 ul of 10x first strand buffer (Invitrogen),
1 p1 of 50 mM MgCl,, 1 ul of 10 mM dNTP, 2 ul of 0,1 mM
DTT and RNAse-free water. After incubation at 70°C for
10 min 200 units of Superscriptll reverse transcriptase
(Invitrogen) were added and reverse transcription was per-
formed at 42°C for 50 min, followed by inactivation of the
enzyme at 70°C for 15 min. cDNA synthesis was controlled
by PCR amplification of the constitutively expressed rpLI13
gene, encoding for a ribosomal protein. PCR reactions for
Ets family members and rpL13 were performed during 25,
and mmp-9 and rpL13 during 30 cycles in a thermal cycler.
Primer sequences and PCR-conditions for amplifications
are shown in Table I.

Generation of subtracted libraries for both DB and Neo
cells by subtractive suppression hybridization (SSH) and
validation of differentially expressed genes. Analysis of
differentially expressed genes between DB and Neo was
performed by suppression subtractive hybridization (SSH)
using the Clontech PCR-Select™ cDNA Subtraction Kit
(Clontech, Palo Alto, USA). Briefly, 2 ug of both DB (tester)
and Neo (driver) poly A* RNA were used for double stranded
cDNA synthesis and the resulting cDNA was digested with
Rsa I. The digested tester cDNA was split into 2 and ligated
to either adaptor 1 or adaptor 2R. After second hybridization
and selective amplification of hybrid molecules by first and
second PCR, PCR products were analysed on a 2% agarose gel
containing ethidium bromide. The PCR mixture, containing
enriched differentially expressed transcripts, was cloned into
the PCR®2.1-TOPO (Invitrogen, Groningen, The Netherlands).
Plasmid DNA from subtracted clones were purified and
sequenced. Blast search was used to analyse sequence homo-
logies in the gene database. Sequences with no similarity to
known rat sequences were compared to EST database. The
ETS-binding sites in regulatory sequences of differentially
expressed genes were determined using the Matlnspector®
transcription factor binding site search program (40). The
subtraction efficiency was determined by the PCR analysis
of glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
expression in subtracted and unsubtracted cDNA libraries
of both DB and Neo cell lines as described in the PCR-
Select Subtraction protocol (Clontech). For validation of
differential gene expression, quantitative-PCR analyses were
performed with SYBR-Green by Roche LightCycler® system
(Roche Diagnostics, Mannheim, Germany) according to
manufacturer's instructions. Specific primers for differentially
expressed genes are listed in Table I. The gene encoding
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Table I. Primers used for amplification of cDNAs for mmp-9, rpL13 and subtracted genes.

Gene name Forward primer (5'-3") Reverse primer (5'-3")

sq RT-PCR mmp-9 ACAGCGAGACACTAAAGGC GCCATACAGCTTATCCTGGTC
rpL13 CCGCACAAGACCAAAAGA GCACATAGAACCCTCCAGAAA
ets-1 ACTATGTGCGTGACCGTGCT TTCCTCTTTCCCCATCTCCT
elf-1 CAATCACCCACGTGTCTGTC GGTGCTGGTTATGGTTGCTT
elk-1 ACGGGATGGTGGTGAGTT AGGATGAAGGGGTGGCTGT
Sli-1 GGAGTGGGCCATAAAGGAAT GAAGCTGGAGGAGGTGACAG
etv-1 CAAGAAACATGGCTTGCTGA ACTGGGTCGTGGTACTCCTG

q RT-PCR Sparc CAGAAACTGCGTGTGAAGAA AGGTCTCAAAGAAGCGAGTG
enppl CCCAAGTCATCCCAAAGAAGAG GAAGTCCATGATCGGCACAA
txn GAAGCTGATCGAGAGCAAGGA CACGTCTACTTCAAGGAACACCAC
serpine2 GCCTTCACGTCTCTCACATCTT CCTTCAGGGCTTGTTCACCT
eefal CTGGTAAGAAGCTGGAAGATGG AGCAAAACGACCAAGTGGAG
nne GACCCTCTTTCCTTCCTCC CAATCTTCTCCTGCTCCACA
eef 1 AGTCCCAAGTCTCCAAGCA CAGCAAACCAAACAGGAAGG
atp5b ACCCATTGAAGAAGCTGTGG AGGTCAGTGCAGAGTGCTGTT
lrp CTCTGTGGGAGCAACCTATC TACTCGGTGTCTGGGTCAA
grp58 GCCAATGATGTGCCTTCTC GTCCTCTTGTGCCTTCTTCTTC
ldha GTGGTTGACAGTGCATACGAAG GATACATGGGACGCTGAGGAA
tptl GAGGTGGAGGGCAAGATGG GGTGACTACTGTGCTTTCGGT
rpL13 GGTGCCCTACAGTTAGATACCAC GGATTTGTTTCGCCTCCTT
mmp-9 CGTCTTCCCCTTCGTCTTC ACCCCACTTCTTGTCAGCGT

sq, semi-quantitative; q, quantitative.

for ribosomal protein (rpL/3) was used as internal control. NG DB

All PCR reactions were performed during 45 cycles. Analyses I I

were carried out in independent triplicates. Expression

ratios of differentially expressed genes relative to rpL13 ~ '3kPa - --”.

were assessed automatically by the relative quantification . d

software (Roche Diagnostics). The mean values of these

quantificatications were demonstrated as a ratio of DB and | .

Ch )t Neo

Neo.

Statistical analysis. Quantitative data are expressed as mean
+ standard error of the mean (SEM). Statistical analysis was
performed using analyses of variance (ANOVA) for multiple
comparisons or Student's t-test for comparison of means of
mRNA levels between DB and Neo with Prism version 5.0
(GraphPad Software, San Diego, CA). P-values <0.05 were
considered significant for all analyses.

Results

Ets-DB expression in infected rat C6 glioma cells. MFG-DB or
the MFG-Neo retroviral supernatant from GP*E86 packaging
cells was used to infect rat C6 glioma cells and NIH3T3 cells.
Viral titer was 107 cfu (colony forming units)/ml. Single C6
colonies were pooled and the expression of the Ets-DB protein
in C6 glioma cells was determined by immunoprecipitation
(Fig. 1a). In DB cells, the anti-Ets 1 antibody recognised a
protein migrating at 13 kDa, the expected size for the amino
acids 354-409. Fig. 1 shows the expression of Ets-DB in

Figure 1. Expression of Ets-DB protein in rat C6 glioma cells. Expression of
Ets-DB protein was analyzed in DB or Neo infected rat C6 glioma cells
using immunoprecipitation. The bands show the presence of the Ets-DB
protein (13 kDa, a). The relative expression of Ets 1 in DB, Neo and C6
cells has been analyzed through semi-quantitative RT-PCR using primers
designed for amplification of Ets 1 DNA binding site cDNA. (b) Constitutive
Ets 1 expression is seen in Neo and C6 cells. As expected a stronger signal
is found in DB cells.

pooled DB cell clones. As expected pooled Neo control
clones did not show any signal. After confirmation of Ets-
DB expression in DB cells, randomly chosen pools for either
Neo or DB cells were used in further experiments. We further
determined the relative expression of Ets 1 in DB, Neo and
C6 cells through semi-quantitative RT-PCR using primers
designed for amplification of Ets 1 DNA binding site cDNA.
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Figure 2. Assessment of cell proliferation and anchorage-independent
growth of rat C6 glioma cells. Cell proliferation was assessed in 96-well
plates using a modified MTT assay (a). DB, Neo or C6 cell proliferation
was measured at 9, 24, 48 and 72 h. All measurements were performed in
triplicates (P=0.0004, two-way ANOVA). The anchorage-independent
growth was documented at several time-points likewise (b) and (c). Figures
are presented from day 1, 11 and 24. Findings are documented at x35 magni-
fication. Expression of Ets-DB strongly inhibits anchorage-independent
growth of rat C6 glioma cells at day 24 compared to Neo and wild-type
cells. Colony numbers according to triplicate experiments were counted
for DB, Neo or C6 cells at day 24 and results presented in a graphic (c,
P=0.0001, one-way ANOVA).

We found constitutive Ets 1 expression in Neo and C6 control
cells (Fig. 1b). As expected signals in DB cells were stronger
than those in Neo and control cells.

Ets-DB inhibits C6 cell proliferation and anchorage-
independent growth in soft-agar. We first assessed the effect
of Ets-DB on cell proliferation using a modified MTT assay
(Fig. 2a). Ets-DB inhibited cell proliferation at all time-points.
A strong inhibition of proliferation was seen in DB cells at
late time-points (48 and 72 h). Neo and C6 cells exhibited
similar proliferation rates at all time-points (Fig. 2a), which
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Figure 3. Ets-DB inhibits cells migration of C6 glioma cells. Confluent mono-
layers of DB, Neo or C6 cells (a) cultured on dishes were scraped by a plastic
pipette tip and wound-induced cell migration documented after indicated
time-points. All pictures were taken at magnification of x35. A slight
inhibition of migration was evident for DB cells after 24 and 48 h compared
to Neo and C6 cells. Cells were further placed into fibronectin (b, P<0.0001,
one-way ANOVA) or collagen type I (¢, P=0.0002, one-way ANOVA) coated
Boyden chambers. Migrating cells were stained after 24 h and measured
by absorbance at 595 nm. All measurements were performed in triplicates.
The graphics show the mean value of all measurements. Ets-DB expression
more or less inhibits cell migration.

showed that the retroviral infection had no effect on proli-
feration of these cells.

In anchorage-independent growth experiments (Fig. 2b
and c¢) we found that Ets-DB strongly inhibited colony
formation in soft-agar (beginning at day 11) compared to
Neo and C6 controls. Colony numbers are quantified on
day 24 in Fig. 2c. Neo and C6 cells showed similar colony
formation properties.

Ets-DB reduces cell migration in wound assay as well as on
fibronectin and on collagen type I coated Boyden chambers.
We next investigated the effect of Ets-DB expression on cell
migration using the wound assay (Fig. 3a). The migration of
cells into the wound was slightly slowed down in DB cells
at 48 h after scraping, compared to Neo and C6 controls.
For evaluation of the effect of Ets-DB on cell migration,
we also used a quantitative migration assay with Boyden
chambers coated with the extracellular matrix (ECM) proteins
fibronectin and collagen type I, both known to play an
important role in cell migration (36). We found a significantly
stronger reduction of cell migration of DB cells on fibronectin
coated Boyden chambers (49%), compared to collagen type I
coated chambers (19%, Fig. 3b and c¢). Migration of Neo and
C6 cells was comparable in both experiments (Fig. 3b and c).

Ets-DB inhibits invasion of C6 glioma cells on matrigel coated
Boyden chambers. The biological roles of Ets 1 in tumors were
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Figure 4. Inhibition of C6 glioma cell invasion by Ets-DB expression. Cells
were placed into matrigel coated Boyden chambers. Invading cells were
fixed, stained and counted in four different areas after 24 h. The graphic
shows the mean value of cell numbers in 4 counted areas (P=0.0009,
one-way ANOVA).
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Figure 5. Ets-DB induced inhibition of tumor growth of C6 glioma cells on
the chicken chorioallantoic membrane (CAM). DB, Neo or C6 cells were
transplanted onto the CAM. Following incubation for 7 days, grown tumors
were photographed (x25, a, representative images of each group) and tumor
volumes were calculated by a mathematical formula (see Materials and
methods, b, P=0.0031, one-way ANOVA). A significant reduction of tumor
growth is evident for DB cells.

first linked to tumor angiogenesis and to invasion (9,41).
It is known that Ets 1 is expressed in several invasive human
tumors (11,42), where it participates to transcriptional regu-
lation of matrix degrading proteases (9,16,17). We therefore,
investigated the effect of Ets-DB expression on invasion
of rat C6 glioma cells through a three-dimensional matrix
using matrigel (an in vitro ECM) coated Boyden chambers.
Fig. 4 demonstrates the inhibition of invasion of DB cells,
compared to Neo and C6 cells. The observed inhibition was
about 51%. The invasive behaviour of Neo and C6 cells did
not differ significantly.

Ets-DB inhibits in vivo tumor growth on the chicken
chorioallantoic membrane (CAM). We next assessed the
effect of Ets-DB on tumor growth of rat C6 glioma cells
in vivo. Therefore, we transplanted DB, Neo or C6 cells onto
the chicken chorioallantoic membrane (CAM, Fig. 5a). We
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Table II. Number of grown and non-developed rat C6 glioma
tumors on the CAM.

Sample  No. of grown No. of non- Total no. of
tumors developed tumors samples
DB 6 4 10
Neo 9 1 10
C6 10 - 10
DB Neo C6

a

Ld
(=]
1

-
5]
L

bt
L]
1

Target genel/reference gene
-
(=]
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Figure 6. Ets-DB significantly reduces mmp-9 expression in rat C6 glioma
cells. Mmp-9 gene expression relative to the housekeeping gene rpLI3 was
evaluated by semi-quantitative (a) and quantitative RT-PCR (b, P=0.0057,
one-way ANOVA). Quantification of RT-PCRs was done automatically by
the relative quantification software (Roche Diagnostics) in which the ratio
of the target gene (mmp-9) and the reference gene (rpL/3) was assessed.
Amplification was performed in triplicate. (b) Shows the mean value of these
quantifications.

found that 4 of 10 transplantations of DB cells led to tumor
formation on the CAM (Table II).

In contrast only one of 10 transplantations (10%) of Neo
cells was not followed by tumor formation. Transplanted
C6 cells formed tumors in each case. It was evident by both
semiquantitative macroscopical evaluation (Fig. 5a) and
mathematical calculation of tumor volumes (Fig. 5b) that DB
tumors were significantly smaller (84.5%) than Neo and C6
control tumors. Histological analysis of the tumors showed
no significant differences between DB, Neo and C6-tumors
(data not shown).

Ets-DB inhibits mmp-9 expression in rat C6 glioma cells. To
further clarify the role of Ets blockade in glioma cell invasion
we evaluated the effect of Ets-DB on mmp-9 gene expression
using semi-quantitative (Fig. 6a) and quantitative RT-PCR
(Fig. 6b). Both analyses showed that expression of Ets-
DB caused a strong inhibition (quantitatively up to 87%) of
mmp-9 gene expression. Expression of mmp-9 gene was
comparable in Neo and C6-cells.
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Table III. Identification of subtracted sequences after SSH by sequence analysis.
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Function Gene Accession Incidence cDNA  Overexpression
name no. insert confirmed in
size DB cells
Translational elongation Translation elongation factor-1 NM_175838 7 1400 +
o (eeflal)
Translational elongation Translation elongations factor-1 XM_233713 1 800 +
v (eef-1by)
Collagen binding Osteonectin (sparc) NM_012656 4 300 +
Calcium binding Translationally controlled NM_053867 1 590
tumor protein (tctp, tptl)
Degradation of ECM Serine protease inhibitor
and neurogenesis (protease nexin I, PN-1, serpine 2) XM_343604 2 920 +
Glycolysis Lactate dehydrogenase-A (Idha) NM_017025 2 1600 +
Glycolysis Non-neural enolase (a enolase, XM_214956 1 900 +
enolase 1, nne)
Electron transport Thioredoxin (txn) NM_053867 1 400 +
Electron transport Glucose regulated protein, 58 kDa (grp58) NM_017319 1 900 +
Proton transport ATP synthase 3 (atpSB) NM_134364 1 900 +
Protein tyrosine Protein tyrosine phosphatase a, Q03348 1 400 +
phosphatase activity receptor type (Ptpra, Irp)
Nucleotid metabolism Ectonucleotid pyrophosphatase/ NM_053535 1 400 +
phosphodiesterase I (enppl)
Kinase activity Rho-associated kinase 2 (rock?2) NM_013022 1 440 -
Metal ion binding Cytochrome P450, subfamily 51 (cyp51) NM_012941 1 600 -
Ubiquitin-protein Ubiquitin conjugated enzyme E2D3 NM_031237.1 1 1000 -
ligase activity (ube2d3)
Actin filament 3-actin NM_031144 1 800 n.d.
polymerization
DNA binding H3 histon NM_053985 1 280 nd.
Structural constituent Ribosomal protein S6 (rps 6) NM_017160 2 800 n.d.
of ribosome
Unknown Similar to UPF0315 protein XP_215167 1 810 nd.
Unknown Rattus norvegicus similar to RIKEN XM_001072116 1 810 n.d.
cDNA 0610038D11 (predicted)
(RGD1309710_predicted), mRNA
Unknown LRRGT00174 AAS66265 1
Unknown AGENCOURT_66933310 NIH_MGC_367 DY310845 1 420 n.d.
Rattus norvegicus cDNA clone, IMAGE:
8372424 5', mRNA sequence
Unknown Liver regeneration after partial hepatectomy DW395162 2 800 nd.
Rattus norvegicus cDNA, mRNA sequence
Unknown AMGNNUC: NRHY7-00049-D3-A nrhy7  CB780399 1 800 nd.
(10850) Rattus norvegicus cDNA, clone
nrhy7-00049-d3 5' mRNA sequence
Unknown Rattus norvegicus insulinoma RINmSF BP502874 2 1100 n.d.
Rattus norvegicus cDNA clone RI01907 3,
mRNA sequence,
- Not previously identified - 1 570 n.d.

n.d., not defined.




384

SAHIN et al: DOMINANT-NEGATIVE INHIBITION OF Ets 1 IN RAT C6 GLIOMA CELLS

Table IV. The Ets binding sites in the promoter regions of differentially expressed genes in DB and Neo rat c6 glioma cells.

Differentially Ets binding sites Position Stream Sequence
expressed genes
eeflal Elk-1 119-135 ) cttgccGGAAtctacgt
Pu.1 (Pul20) 573-589 +) atacgaGGAAatcgtta
c-Ets-1 binding site 585-601 +) cgttaAGGAagtcagca
ETS family member FLI 647-663 ) ccaaCCAGaaattggca
c-Ets-1 (p54) 822-838 (+) cctccAGGALtgtctata
serpine2 Pu.1 (Pul20) 195-211 +) actcgaGGAActaggct
Elk-1 477-493 +) taaagtGGAAgtgcctt
Elk-1 537-553 ) ggtcctGGAAgttcaca
c-Ets-2 binding site 1236-1252 ) agaacAGGAaaggcctg
Elk-1 1513-1529 +) ctgtacGGAAgaacgaa
Elk-1 1654-1670 ) tctcccGGA Acgtcaca
Pu.1 (Pul20) 1753-1769 ) agaaaaGGAAttaaaaa
GABP:GA binding protein 1768-1784 ) tcgggtGGAAgtgagag
Elk-1 1843-1859 (-) agcaacGGAAacaacac
atp5b GABP:GA binding protein 294-310 +) tgecttGGAAgtgcaag
Pu.l (Pul20) 436-452 ) ccaacaGGAALtttgat
c-Ets-1 binding site 576-592 +) tgaacAGGAaattctgg
Ets-family member ELF-2 (NERF1a) 924-940 +) agaccaGGAAggccaag
Nuclear respiratory factor 2 (NRF 2) 960-976 ) tgaagcGGAAgatgttg
xn c-Ets-1 binding site 268-284 +) ctgccAGGAAgttgctg
Nuclear respiratory factor 2 (NRF 2) 307-323 ) agaactGGAAggtcggc
tptl Elk-1 218-234 ) ttcagcGGAAgcatttc
ETS family member FLI 250-266 +) ggtaCCGAaagcacagt
ldha c-Ets-1 (p54) 840-856 ) ggcccAGGAtgtgtaac
eef-1b Nuclear respiratory factor 2 (NRF 2) 618-634 ) ggectcGGAAgacccaa
ETS family member FLI 677-693 +) gtcaCCCGaagcttctg
GABP:GA binding protein 766-782 ) gcgeecGGAAgtgegte
ETS family member FLI 839-855 ) gaaaCTGGaaatacctg
Elk-1 980-996 +) cagaaaGGAAggtcagc
c-Ets-1 (p54) 1028-1044 ) cgggcAGGAagcecetge
c-Ets-1 binding site 1091-1107 ) caaacAGGAaggcaggg
c-Ets-1 binding site 1145-1161 +) cccacAGGAagttttgg
c-Ets-1 (p54) 1160-1176 +) ggcccAGGAagcaaatt
c-Ets-1 binding site 1180-1196 +) ggcccAGGAagtagcaa
GABP:GA binding protein 1352-1368 (+) tgcgttGGAAgtgcegt
sparc Ets-family member ELF-2 (NERF1a) 401-417 ) gtggcaGGAAgagtcga
Pu.1 (Pul20) 1005-1021 -) ggotagtGGAAgtgggte
Pu.1 (Pul20) 1272-1288 -) gcttgaGGAAggcaage
c-Ets-1 (p54) 1369-1385 ) accccAGGAagcccaca
Pu.1 (Pul20) 1746-1762 +) tcaagaGGAAgacagag
Elk-1 1868-1884 +) gccaacGGAAggaatgg
nne Pu.1 (Pul20) 69-85 ) tgcggaGGAAggaaaga
Nuclear respiratory factor 2 (NRF 2) 194-210 ) cagcacGGAAgagacct
GABP:GA binding protein 478-494 +) ccgtggGGAAggggte
Elk-1 628-644 ) gaaagaGGATgccccca
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Table IV. Continued.
Differentially Ets binding sites Position Stream Sequence
expressed genes
nne c-Ets-1 binding site 752-768 ) tctccAGGAtgttaggt
Pu.1 (Pul20) 1349-1365 +) cgaggaGGAActgggca
ETS family member FLI 1420-1436 +) tggaCCGGagatccctg
Irp Elk-1 273-289 +) gaaaccGGAAggccaga
c-Ets-1 binding site 648-664 ) tccgcAGGAagtgggga
Nuclear respiratory factor 2 (NRF 2) 696-712 ) tgcactGGAAggtagca
Elk-1 879-895 +) tcgtacGGAAggaggtg
grp58 Pu.1 (Pul20) 476-492 ) ctgagaGGAActgaagc
c-Ets-2 binding site 778-794 (+) tattcAGGAaagcattt
ETS family member FLI 1161-1177 +) gataCCTGaagtctgaa
enppl Ets-family member ELF-2 (NERF1a) 634-650 ) atgacaGGAAgaagtcc
Elk-1 1324-1340 ) gtctccGGAAccteggt
Elk-1 1398-1414 ) aaggccGGAAgtgetgg
GABP:GA binding protein 1531-1547 +) tattgtGGA Agtggatt
c-Ets-1 (p54) 1767-1783 ) gggacAGGAagctctet
Elk-1 1915-1931 +) cccaacGGAAggceecg
Elk-1 1925-1941 +) ggccccGGAAtctgecag
Pu.1 (Pul20) 1502-1518 ) gcaagaGGAAggctgaa

(-), up; (+), down.

Differentially expressed genes in DB and Neo cells selected
by SSH (suppression subtractive hybridization). In addition
to biological effects of Ets-DB expression on rat C6 glioma
cells we wanted to assess effects on gene expression in
order to find novel Ets target genes. We therefore identified
differentially expressed genes in DB and Neo cells, using
suppression subtractive hybridization (SSH). Differential gene
expression was confirmed by quantitative RT-PCR. Database
analyses revealed that 30 out of 40 analysed clones (75%)
represented known rat genes with previously known functions.
Three clones (7.5%) showed homology to known genes
with unknown functions (Table III). Seven clones (17.5%)
showed no homology to known rat sequences (Table III). Six
of these clones showed similarity to EST sequences. One
clone was identified as novel and showed no similarity to
ESTs at all. Validation of differential gene expression was
performed by quantitative RT-PCR (Lightcycler®, Roche
Diagnostics, Fig. 7). Twelve of 15 verified genes (80%)
showed a clear up-regulation in DB cells compared to Neo
control cells (B-actin, H3 histone and ribosomal protein S6
genes were not included into validation). These genes were
translation elongation factor-1a (eeflal) and gamma (eef1b),
serine protease inhibitor (serpine2), osteonectin (sparc),
thioredoxin (txn), ATP synthetase B (atp5b), glucose regulated
protein, 58kDa (grp58), translationally controlled tumor
protein 1 (#ptl), ectonucleotid pyrophosphatase/phospho-
diesterase 1 (enppl), lactate dehydrogenase-A (Ildha), non-

neuronal enolase (nne) and protein tyrosine phosphatase
a (Irp). For 3 of the 15 verified genes (20%) expression
differences could not be confirmed by quantitative RT-PCR.

Ets binding sites in promotor regions of differentially
expressed genes and identification of Ets family members
in addition to Ets 1 in rat C6 glioma cells. Following
identification of differentially expressed genes, we performed
database searches for identification of Ets binding sites in
the promoter regions of these genes. These analyses were
performed with Transfac-MatInspector program. The list of
binding sites for Ets transcription factors in the promoter
regions of differentially expressed genes is shown in Table I'V.
The list shows that the subtracted genes all contain Ets binding
sites in their promoter regions.

We next investigated if Ets family members other than
Ets 1 are expressed in rat C6 glioma cells. For this puropose,
we performed semi-quantitative RT-PCR analyses for Elk-1,
Elf-1, Etv-1 and Fli-1 in DB, Neo and C6 cells. We found
all these Ets members to be expressed in rat C6 glioma cells
(Fig. 8). No differences in mRNA expression levels of the
Ets members were seen between DB, Neo or C6 cells.

Discussion

In the present work, we demonstrated various suppressive
effects of an Ets 1 dominant negative mutant on proliferation,
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mRNA level (relative to rpL13)

Figure 7. Verification of differential gene expression (identified through
SSH) by quantitative RT-PCR. Specific primers for the actual genes were
used for amplification of mRNA transcripts (cDNA) (see Table I). Norma-
lization was performed by the housekeeping gene rpL/3 and was calculated
automatically by the relative quantification software. The graphic shows
mean values of mRNA (cDNA) levels of actual genes expressed in DB or
Neo cells ("P<0.05, "P<0.01, "“P<0.0001, Student's t-test, DB versus Neo).

Elf-1
Elk-1
Fli-1
Erv-1

rpli3

Figure 8. Identification of Ets family members other than Ets-1 in rat C6
glioma cells Specific primers for different Ets family members were used
for amplification of mRNA transcripts (cDNA) by semi-quantitative
RT-PCR (see Table I). The figure shows the relative expression of Ets
family genes relative to the housekeeping gene rpLi3.

anchorage-independent growth, migration, invasion, and
in vivo tumor growth of rat C6 glioma cells. Expression of
Ets-DB led to a strong reduction of proliferation. Analogous
to our results, the stable transfection of a transdominant
negative mutant of Ets 1 into the murine endothelial cell
line MSS31 resulted in inhibition of several angiogenic
properties including proliferation, migration, invasion, and
tube formation in type-1 collagen gel (43). The mechanisms
underlying reduced proliferation in these conditions are not
yet well defined. Ets family members are important tran-
scriptional effectors of the Ras-MAP-kinase signal trans-
duction pathway (44 45). Some of them affect cell proliferation
by regulating immediate early response genes such as c-fos,
c-jun and c-myc and growth-associated genes encoding cell
type specific growth factors, growth factor receptors, and
integrins (26,46-48).

Anchorage-independent growth is a characteristic hall-
mark of cancer and associated with in vivo tumor growth.
Accordingly we found an 80.2% inhibition of anchorage-
independent growth of C6 DB-cells in soft agar (starting at
day 11) compared to Neo and C6 control cells. The inhibition
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of colony formation was sustained at late time-points (day
24). Thus, the retroviral expression of Ets-DB is efficient over
a long period. However, in the in vivo angiogenesis mouse
ear model reported by Pourtier-Manzanedo and co-workers
the retroviral expression of Ets-DB was less efficient after 3
weeks (33).

Our results revealed that Ets-DB expression inhibited
further tumorigenic properties such as tumor cell migration
and invasion. Reduced migration was more efective in fibro-
nectin coated Boyden chambers than in collagen type I
coated chambers or in uncoated plastic dishes. a561-integrin
is known to play an important role in adhesion of U251
glioma cells to fibronectin (49) and this role may have been
affected by the present experiments (this has not been inve-
stigated). However, Kita et al (36) already showed that an
expression of a dominant negative mutant of Ets 1 actually
led to a down regulation of a5-integrin expression in U251
glioma cells and a binding site for Ets transcription factors
has been identified in the promoter region of the a5-integrin
gene near an AP1 binding site (50). Integrin mediated cell
adhesion to components of the ECM (51) [resulting in an
activation of the Ras-ERK cascade (52)] is not only important
for migration but also for cell proliferation.

In our experiments, expression of Ets-DB further led
to a 51% inhibition of invasion of rat C6 glioma cells
through a porous membrane coated with matrigel. According
to Delannoy-Courdent et al, invasion of murine breast
carcinoma cells (MMT) was likewise inhibited by Ets-DB
expressed through the same viral construct (31). In addition
to invasion, we examined mmp-9 expression in rat C6
glioma cells and found strong inhibition (87%) in DB cells
compared to control cells. Matrix metalloproteinases (MMPs)
not only participate in invasion but also directly or indirectly
regulate other cellular events important for cancer pro-
gression, such as proliferation, differentiation, apoptosis and
angiogenesis (39). Ets 1 is known to be involved in tran-
scriptional regulation of many genes playing a role in these
processes (53,54, reviewed in refs. 55-57). Besides the gene
of MMP-9, those encoding MMP-3, MMP-1, and the uroki-
nase type of plasminogen activator (uPA) are transactivated
by Ets 1 (12,13, reviewed in ref. 58). Overexpression of
MMP-9, in particular, correlates with aggressiveness and
malignancy of gliomas (18,59,60). In vitro transfection of
the human glioblastoma cell line SNB19 with an MMP-9
antisense construct has been shown to reduce invasion in
matrigel and in spheroids (60). In the present experiments,
diminished invasion of DB cells compared to control cells
could therefore be linked to the strong reduction of mmp-9
expression found in DB cells. Ets 1 is known to be involved
in the regulation of MMP-9 in other cell types as well. Ets 1
antisense oligonucleotides downregulate Ets 1, MMP-9, and
tenascin in bronchial fibroblasts (61) and suppression of
endogenous Ets 1 via RNA interference leads to a reduction
of mmp-1 as well as mmp-9 mRNA levels in the human breast
cancer cell line MDA-MB-231 (62). MMP-9 expression is
regulated via the PI 3-kinase (phosphatidylinositol 3-kinase)
signaling pathway (63) and Ets transcription factors might
be targets of this pathway. PI 3-kinase has already been shown
to play a key role in glioma development by contributing to
glioma cell survival (64). In addition to MMP-9, further
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proteases regulated by Ets 1 could be involved in inhibiting
invasion of Ets-DB expressing C6 cells. Among them is
MMP-2, which is frequently expressed in gliomas (18) and
which is transactivated by Ets 1, according to own unpublished
data.

In in vivo experiments, we found that 4 of 10 samples
of DB cells were unable to grow and form tumors on the
chicken chorioallantoic membrane (CAM). In contrast, only
1 out of 10 samples of Neo control cells failed to form a
tumor and 100% of C6 cells successfully formed tumors.
Diminished adhesion, involving reduced integrin expression,
could be responsible for decreased tumor formation of DB
cells on the CAM (36). Calculation of tumor volumes of
the three groups revealed an 84.5% reduced tumor volume
of DB cells compared to Neo and C6 control cells. These
results correlated well with those obtained for in vitro cell
proliferation.

Using suppression subtractive hybridization (SSH), we
identified a number of genes, which are differentially
expressed between DB cells and Neo control cells. Differential
gene expression was verified by quantitative RT-PCR. DB
cells had upregulated several genes encoding products
involved in cell metabolism. TXN and GRP58 are mito-
chondrial proteins implicated in electron transport (65,66).
ATP5B is a proton-transporter playing a role in ATP-bio-
synthesis (67). ATP5B, as well as ENPP1, have nucleotide
binding activities (68, reviewed in ref. 69). LDHA and NNE
have functions in glycolysis (70,71) and eEF1A1, as well as
eEF1B, are translation elongation factors (72). Besides its
role in translation, eEF1Al is up-regulated in cell death
and is thought to be involved in ubiquitin-mediated protein
degradation and a pro-apoptotic role in erythroleukemic
(73,74), cardiomyocyte (75) and 3T3 cell lines (76). We found
eeflb to be expressed 166.7-fold higher in DB cells compared
to Neo control cells. eEF1B is part of eukaryotic translation
elongation factor-1 complex and functions as the guanine
nucleotide exchange factor (GEF) for eEF1A (72).

Other differentially expressed genes encode proteins that
remodel the ECM. Among them are the serine protease
inhibitor SERPINE 2 (77) and SPARC (78,79). SERPINE 2
also plays an important role in neurogenesis (80). We found
sparc to be expressed 13.61-fold higher in DB cells compared
to Neo controls. /n vitro analyses showed that SPARC has a
growth suppressive effect on U87 glioma cells under normal
culture conditions and that it modulates migration of U87
glioma cells on brain matrix proteins (78,79). SPARC also
significantly reduced glioma growth as assessed by MIB-1
proliferation index and determination of tumor volume (22).
These findings are well in line with reduced migration and
proliferation of DB cells compared to Neo controls in our
experiments.

TPTI1 (translationally controlled tumor protein, TCTP)
is a calcium binding protein involved in the regulation of
apoptosis and the stabilization of microtubules (81). It plays
a role in cell cycle progression and malignant transformation
(reviewed in ref. 82). In mammalian cells overexpression
of TCTP is correlated with a reduced growth rate and a delay
in cell cycle progression (83). This is in accordance with
reduced proliferation of DB cells compared to Neo control
cells in our experiments.
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LRP has a protein tyrosine phosphatase activity and is
implicated in a variety of biological processes including
cell activation, differentiation, and neoplastic transformation
(84). The extracellular domain of LRP inhibits adhesion of
C6 glioma cells to tenascin (85). It has been hypothesized
that LRP not only plays a role in the modulation of neural
and glial adhesion, but also for neurit growth and signal
transduction (86).

We searched for Ets transcription factor binding sites in
the promoter regions of differentially expressed genes using
data banks specific for transcription factor binding sites. We
actually found binding sites not only for Ets 1, but also for
other Ets family members, such as Elk-1 and Fli-1. In this
context, it seems important that we demonstrated expression
of these two Ets-family members and both Elf-1 and Etv-1
in rat C6 glioma cells. Two other studies have already
shown that rat C6 glioma cells express Elk-1 (87,88). Thus
the effects demonstrated in this study are probably due to a
blockade of several Ets-family members including the proto-
type of this family, Ets 1. The fact that Ets-DB expression
in C6 glioma cells led to an increased expression of many
genes would imply that Ets transcription factors blocked
by this strategy have trans-repressive effects. Thus, further
investigations will have to define the precise roles of
different Ets members for the biological effects obtained in
rat C6 glioma cells by Ets DB-expression. However, in a
previous study (8) we found that specific inhibition of Ets 1
by double stranded decoy oligonucleotides is sufficient to
reduce proliferation and mmp-9 expression of rat C6 glioma
cells.

Our results encourage the use of Ets 1 and/or other
Ets-family members as future targets in experimental glioma
therapy.
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