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E2F1 identified by promoter and biochemical analysis as a central target
of glioblastoma cell-cycle arrest in response to ras inhibition

Roy Blum', Itay Nakdimon', Liat Goldberg', Ran Elkon?, Ron Shamir®, Gideon Rechavi'*

and Yoel Kloog'*

'Department of Neurobiochemistry, The George S. Wise Faculty of Life Sciences, Tel-Aviv University, Tel-Aviv, Israel
>The David and Inez Myers Laboratory for Genetic Research, Department of Human Genetics, Sackler School of Medicine,

Tel-Aviv University, Tel-Aviv, Israel
3School of Computer Science, Tel-Aviv University, Tel-Aviv, Israel

4Depan‘mem‘ of Pediatric Hematology-Oncology, Safra Children’s Hospital, Sheba Medical Center, Tel Hashomer
and Sackler School of Medicine, Tel-Aviv University, Tel-Aviv, Israel

Active Ras contributes to the malignant phenotype of glioblastoma
multiforme. Recent studies showed that the Ras inhibitor farnesyl
thiosalicylic acid downregulates the transcription factor hypoxia-
inducible factor-la, causing shutdown of glycolysis in U87 glio-
blastoma cells. Farnesyl thiosalicylic acid also inhibited the
growth of U87 cells. The way in which Ras inhibition affects U87
cell proliferation was not clear. Here we applied a computational
method in which gene expression profile clustering is combined
with promoter sequence analysis to obtain global dissection of the
transcriptional response to farnesyl thiosalicylic acid in U87 cells.
The analysis revealed a prominent Ras-dependent cell-cycle arrest
response, in which a major component is highly enriched for the
binding-site signature of the transcription factor E2F1. Electro-
phoretic mobility shift assays together with E2F-luciferase re-
porter assays showed that E2F1 was inactivated by the Ras inhibi-
tor. Inhibition of Ras by farnesyl thiosalicylic acid promoted pro-
teasomal degradation of cyclin D1, with a concomitant decrease in
phosphorylated retinoblastoma protein accompanied by downre-
gulation of E2F1 and decreased expression of key E2F1-regulated
genes critical for cell-cycle progression. U87 cell growth arrest
induced by farnesyl thiosalicylic acid was overridden by constitu-
tive expression of E2F1. Thus, downregulation of E2F1 and of hy-
poxia-inducible factor-1a represents 2 distinct arms of the antion-
cogenic effect of Ras inhibitors in glioblastoma.

© 2006 Wiley-Liss, Inc.

Key words: ras; glioblastoma; ras inhibitors; FTS; E2F1

Overexpression and activation of receptor tyrosine kinases
(RTKSs) lead to proliferation of malignant astrocytoma and glio-
blastoma multlforme (GBM), the most frequent types of primary
human brain tumors.' The activated RTKs trigger several common
pathways, in particular those leading to activation of Akt and Ras
proteins." The active GTP-bound Ras proteins, through their
downstream effectors, including Raf, phosphatidylinositol-3-OH
kinase (PI3-K) and Ral-guanine nucleotide exchange factors, pro-
mote cell-cycle progression, cell survival and cell migration.>?
Although activating (oncogenic) mutations, commonly found in
many human tumors,” are not prevalent in human gllomas the
abundant presence of Ras-GTP in these tumors® and in glioblas-
toma cell lines® is well documented. The increased presence of
Ras-GTP in glioblastoma appears to be secondary to mitogenic
signals originating from activated RTKs.! It follows that receptor-
mediated activation of Ras signaling might be required for the pro-
gression of the glioma cell cycle. Consistent with this suggestion
are the findings that the pharmacologloal inhibition of Ras67 or
expression of dominant negative Ras in glioma cell lines® result in
inhibition of Ras signaling to Raf/MEK/extracellular-signal-regu-
lated kinase (ERK) and to phosphatidylinositol-3-OH kinase (PI3-
K)/Akt, with consequent attenuation of cell growth.

Recently we showed that the low-molecular-weight Ras inhibitor
farnesylthiosalicylic acid (FTS) exhibits profound antioncogenic
effects in U87 GBM cells. FTS inhibited active Ras and attenuated
Ras signaling to extracellular ERK, PI3-K and Akt, resulting in
arrest of U87 cell growth.® We further showed that FTS induces dis-
appearance of hypox1a-1ndu01ble factor (HIF-1a), leading to down-
regulated expression of key enzymes of the glycolysis pathway.®
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Moreover, gene-expression profiling revealed that FTS alters the
expression of a large group of genes that participate in cell-cycle
control. Indeed, except for a metabolic group of genes, the cell-
cycle genes constituted the second largest functional group whose
expression was altered by FTS treatment. These observations are
consistent with the possibility that the Ras inhibitor affects the
prominent pathways regulating mitosis and cell-cycle progression
This possibility is strengthened by ample ev1dence that Ras posi-
tively regulates cyclin D1 at the transcriptional® ™' and translational
levels'? and at the level of cyclin D1 protein stabrlrt}/ and also con-
trols the assembly of the cyclin D1/CDK4 complex.'*'> Cyclin D1/
CDK4 in turn phosphorylates the retinoblastoma (RB) protein,' '
leading to disassembly of the RB-E2F1 transcriptional repressor
complex and activation of E2F1-regulated transcription, which is
critical for G1-S transition,'®™'®

We therefore sought to identify significant transcription factors
(TFs) that would participate in the FTS-induced changes in cell-
cycle-associated gene profiles. We did this by using an advanced
computational approach that combines clustering of the gene
expression profile with the analyses of promoter sequences.

Material and methods
Analysis of gene expression data

Gene expression profiling of untreated U87 cells (0 time and 24-
h and 48-h vehicle controls) and of cells treated with 70 pmol/l FTS
for 24 or 48 h (a single microarray for each condition) was per-
formed earlier using Affymetrix Human Genome Focus oligonu-
cleotide arrays, and a list of 5054 ‘valid genes’’ obtained by the
mlcroarray analysis was presented.® Prior to clustenng, the expres-
sion levels of each gene were standardized as ‘‘mean’’ equal to zero
and “‘variance’ equal to one. The EXPANDER program'® was
used to discover and analyze prominent expression patterns. EX-
PANDER 1ncludes the CLICK algorlthm for clustering of expres-
sion patterns”® and the PRIMA algorlthm for detecting TF bind-
ing-site signals that are enriched in the promoters of a cluster of
genes. When provided with target sets and a background set of pro-
moters, PRIMA performs statistical tests to identify TFs, whose
binding-site signatures are significantly overrepresented in any of
the target sets relative to the background set (TF enrichment is indi-
cated by p-value). For analysis, each gene cluster was considered a
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target set, while the list of “‘valid genes’” was used as the back-
ground set. PRIMA default parameters were used.”' Functional
analysis was performed with the EASE software,* which calculates
enrichment of GO (Gene Ontology) functional categories in the tar-
get set when compared with the background set (functional category
enrichment is represented by an EASE score). The group of genes
of interest was used as a target set, while the list of ‘‘valid genes”’
was used as the background set.

Cell culture and reagents

The glioblastoma cell lines used and their growth conditions
(U87, LN229, DBTRG-05MG (20/20) and U373) have been
described previously.6 U87 cells stably expressing E2F1 (U87-
E2F1 cells) were established by transfection with pcDNA3-E2F1
expression vector followed by G418 (1 mg/ml) selection. FTS was
prepared as described.”? Cells were plated at density of 2.5 X 10°
cells in 6-well plates for immunocytochemical assays and for
assays of luciferase reporter gene, and at a density of 1.5 X 10°
cells in 10-cm dishes for all other assays. Twenty-four hours after
plating we added drugs or vehicle (0.1% DMSO) to the cells. FTS
was added at the concentrations indicated, U0126 at 30 pmol/l and
LY294002 at 40 pumol/l. Hoechst dye 33258 was from Sigma-—
Aldrich (St. Louis, MO); the enhanced chemiluminescence (ECL)
kit was from Amersham (Arlington Heights, IL); mouse anti-3-
tubulin Ab (AK-15) and monoclonal mouse antiphospho-retino-
blastoma (pS795) Ab (R6878) were from Sigma—Aldrich; rabbit
anticyclin D1 (M-20), rabbit anti-RB (C-15), rabbit anti-E2F1
(C-20), monoclonal mouse anti-E2F1 Ab (KH95), rabbit anti-CDC6
(H-304), rabbit anti-MCM5 (H-300) and mouse anti-c-Myc (C-33)
were from Santa Cruz Biotechnology (Santa Cruz, CA); peroxi-
dase-goat anti-mouse IgG and peroxidase-goat anti-rabbit IgG
were from Jackson ImmunoResearch Laboratories (West Grove,
PA); carbobenzoxy-L-leucyl-L-leucinal Z-LLL-CHO (MG132),
LY294002, and U0126 were from Calbiochem (La Jolla, CA).

Cell proliferation and cell cycle assays

We plated 1.5 X 10* cells in 96-well plates for cell proliferation
assays. The cells were treated 24 h after plating with different
concentrations of FTS or with the vehicle (0.1% DMSO). Cell pro-
liferation was determined after 3 days by using the [3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyl]tetrazolium bromide (MTT) assay,
which determines mitochondrial activity in living cells. The cells
were incubated with 0.1 mg/ml MTT for 1 h at 37°C then lysed
with 100% DMSO. Results were quantified by reading the optical
density at 570-630 nm. For the FACS analysis we plated 1 X 10°
cells in 10-cm dishes. At the next day 75 pmol/l FTS or the vehi-
cle 0.1% DMSO were added. After 36 h the cells were collected
and suspended with PBS containing propidium iodide (50 pg/ml)
(Sigma) and 0.05% Triton X-100 (BDH, Poole, UK) for nuclear
staining, then analyzed with a fluorescence-activated cell sorter
(FACS Caliber, Becton Dickinson).

Statistical analysis

All assays were performed in triplicate or quadruplicate. Data
were expressed as mean = SD. Statistical significance was deter-
mined by an unpaired Student’s #-test.

Immunoblotting assays of cell-cycle regulators

To examine the effects of FTS on cyclin D1, pRB, ppRB, E2F1,
CDC6 and MCMS5, we used lysates of FTS-treated or vehicle con-
trol cells and performed Western immunoblotting analysis.>* Pro-
tein bands were visualized by ECL and quantified as previously
described.** All biochemical and immunoblotting assays were
repeated at least 3 times. Data are presented as mean * SD. For
immunoprecipitation, lysates containing 1 mg of protein were pre-
cleared with 3 pg of naive mouse IgG and protein G-Sepharose
beads and then were incubated with 3 pg of mouse anti-E2F1 Ab
at 4°C overnight. Immunocomplexes were incubated with protein
G-Sepharose beads in excess, and the mixture was rocked at 4°C
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for another 6 h. Immunoprecipitants were washed 3 times with
ice-cold lysis buffer. The pellet was resuspended in 1X SDS load-
ing buffer, boiled for 10 min, and centrifuged at 14,000 rpm for 2
min. The supernatant was collected, subjected to SDS-PAGE and
Western immunoblotting with either rabbit anti-RB Ab or mouse
anti-E2F1 Ab.

Immunocytochemical assays

U87 glioblastoma cells were cultured on glass coverslips and
incubated with FTS, or with U0126, or with LY294002 or with ve-
hicle, as described earlier. Alternatively, the cells were transfected
with vectors (total amount of 2.3 g DNA) encoding green fluores-
cent protein (GFP), GFP-H-Ras(V12), H-Ras(17N) or pcDNA3,**
using the JetPEI reagent according to the manufacturer’s instruc-
tions (Talron, Rehovot, Israel). Forty-eight hours after drug treat-
ment or transfection, the cells were fixed, permeabilized, and la-
beled with anti-E2F1 Ab (5 pg/ml) and Cy3-conjugated donkey
anti-rabbit secondary Ab (2 pg/ml), as described elsewhere.'® The
cells were also labeled with Hoechst dye 33258. Typical fluores-
cence images of E2F1 (Cy3, red), cell nuclei (Hoechst, blue), and
GFP or GFP-H-Ras(12V) (green) were collected using a fluores-
cence microscope (IX70, Olympus America, Melville, NY) as pre-
viously described.®

Plasmids

The expression vectors pEGFP-C3-H-Ras(G12V) and pRSV-H-
Ras(17N) have been described previously.?* pcDNA3-E2F1, E2F-
luciferase reporter plasmid, pPCMV-RB plasmid, and pRL-CMV
plasmid® were a gift from A. Toren (Sheba Medical Center, Tel
Hashomer, Israel).

Luciferase reporter gene assay

Cells were cotransfected with E2F-luc reporter plasmid (1.5 pg
DNA) and pRL-CMV plasmid (0.1 pg, Renilla luciferase control
reporter; Promega, Madison, WI) using 3 pl of FuGENE (Boeh-
ringer Mannheim, Mannheim, Germany). Twenty-four hours after
transfection the cells were treated with FTS at the indicated con-
centration or with the vehicle, and then assayed for luciferase
using the dual-luciferase reporter assay system (Promega, Madi-
son, WI). The effect of RB or of dominant negative Ras on E2F
activity was determined by the same procedure as that described
earlier, except that the cells were not treated with drugs but were
transfected with pCMV-RB (1 pg DNA) or pRSV-H-Ras(17N)
(1 pg DNA). All assays were performed in triplicate and the data
are presented as mean * SD.

Nuclear extracts and electrophoretic mobility
shift assays (EMSA)

U87 cells were grown and treated with FTS as described earlier.
Cells were scraped, centrifuged for 5 min at 1,000g and washed
with ice-cold phosphate-buffer saline, then centrifuged again for
15 sec at 10,000g. The pellet was homogenized in ice-cold buffer
A (10 mM HEPES (pH 7.4), 10 mM KCI, 0.1 mM EDTA, 0.1 mM
EGTA, 1mM dithiothreiol, 0.5 mM PMSF, protease inhibitor mix-
ture (Roche Molecular Biochemicals, Mannheim, Germany), 0.2
mM Na3zVO,, and 0.625% NP40). The lysates were allowed to
incubate for 15 min on ice and were then centrifuged for 30 sec at
10,000g. The supernatants (cytoplasmic extracts) were removed,
and the nuclear pellets were resuspended in buffer C (20 mM
HEPES, 0.5 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM dithio-
threitol, 0.5 mM PMSF, 0.2 mM Na3VQy,), then vortexed for 15
min at 4°C and centrifuged for 10 min at 10,000g. The superna-
tants (nuclear extract) were collected and used for electrophoretic
mobility shift assays (EMSA). The binding-reaction mixture, con-
taining 10 mM Tris—HCI (pH 7.9), 60 mM KCl, 0.4 mM dithio-
threitol, 10% glycerol, 2 pg bovine serum albumin, 1 pg poly(dI-
dC), and 15,000 cpm of **P-labeled E2F1 oligonucleotides
(5-ATTTAAGTTTCGCGCCCTTTCTCAA-3') (Santa Cruz Bio-
technology, CA), was incubated for 30 min with 6 ng of nuclear
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extract. For specificity control, a 100-fold excess of unlabeled
consensus oligonucleotides was incubated for 30 min at room tem-
perature with radiolabeled probe. Supershift EMSA was per-
formed by preincubating the nuclear extracts, as described earlier,
with 0.5 pg anti-E2F1 rabbit polyclonal antibodies or 0.5 pg anti-
c-Myc mouse polyclonal antibodies (as control) for 1 h at room
temperature. Products were analyzed on 5% acrylamide gels made
up in 1X TGE (50 mM Tris, 400 mM glycine, 2 mM EDTA).
Dried gels were exposed to Kodak BioMax X-ray film (Kodak,
Rochester, NY). Quantitative data were obtained by phosphoimag-
ing analysis (Molecular Dynamics, Sunnyvale, CA).

Real-time PCR analysis

Extracts of total RNA (1 pg) from cells treated with FTS (70 pmol/l)
or vehicle (control) for 48 h were reverse-transcribed in a total
volume of 20 ml using the iSCRIPT ¢cDNA Kit (Bio-Rad Labo-
ratories, Hercules, CA). The cDNA samples were then used for
real-time PCR (Syber Green PCR Kit, Roche Diagnostics,
Mannheim, Germany). For the CDC2 gene we used the forward
5'-ACT-GGC-TGA-TTT-TGG-CCT-TG-3’ primer and the re-
verse 5'-TTG-AGT-AAC-GAG-CTG-ACC-CCA-3" primer; for the
CDC6 gene we used the forward 5'-AGG-AAA-CGT-CTG-GGC-
GAT-G-3' primer and the reverse 5'-TCT-TGC-CTT-GCT-TTG-
GTG-G-3' primer; for the POLA2 gene we used the forward 5'-
GGA-GTG-ATC-TTC-GGC-TTG-AC-3’ primer and the reverse
5'-TGT-GCT-TGA-GTA-TTC-GGC-TG-3' primer; for the MCM3
gene we used the forward 5'-GCA-GAC-TCA-CAG-GAG-ACC-
AAG-3' primer and the reverse 5-ATG-AGC-TTC-CCG-GAA-
CAC-ATC-3' primer; for the MCM35 gene we used the forward 5'-
ATC-TTG-TCG-CGC-TTC-GAC-A-3’ primer and the reverse 5'-
CGT-GCA-GAG-TGA-TGA-CAT-GCT-3' primer; for the house-
keeping gene HMBS we used the forward 5'-TGC-ACG-ATC-
CCG-AGA-C-3' primer and the reverse 5'-CGT-GGA-ATG-TTA-
CGA-GC-3' primer and for the housekeeping gene ARF1 we used
the forward 5-GAC-CAC-GAT-CCT-CTA-CAA-GC-3’ primer
and the reverse 5'-TCC-CAC-ACA-GTG-AAG-CTG-ATG-3' primer.
PCR amplifications were carried out using the Syber Green
method with the 7300 PCR System (Applied Biosystem, Foster
City, CA), according to the manufacturer’s instructions. cDNA
samples of control and FTS-treated cells (at least 2 dilutions for
each) and cDNA standards were coamplified in the same reaction
plate. The standard curve demonstrated a linear relationship
between the cycle threshold (Ct) values and the cDNA concentra-
tion. The relative expression of each gene was normalized using
the expression levels of the housekeeping genes HMBS and ARF1
as standard.

Results
Identification of major gene expression patterns
in FTS-treated US7 glioblastoma cells

Ras-regulated cell growth is mediated by signaling cascades
that control the transcription of genes required for cell cycle pro-
gression. A previous study by our group showed that the Ras in-
hibitor FTS (70 pmol/l) induces growth arrest in U87 cells, and
that this was accompanied by marked changes in gene expression
as evident from DNA microarray analysis of cell samples tested at
0 time and after 24 h and 48 h of drug treatment or of vehicle-
treated controls.® Of 5, 054 “‘valid genes’’ examined i in that study,
1,212 were “‘active genes’” at least at one time point.® To discover
prominent expression patterns in the microarray data, in the pres-
ent study, we searched for active genes whose expression was
altered by at least 2-fold relative to the matching vehicle control.
Our search yielded a group of 376 genes, which we then subjected
to cluster analysis by CLICK, a clustering algorithm that balances
intracluster homogeneity and intercluster separation.”’ Prior to
clustering, the expression levels of each gene were standardized
so that the mean was eqzual to zero and the variance equal to 1.0,
as prevrously described?’; hence, genes clustered together share
expression patterns across the tested conditions, but might differ
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in the magnitude of their expression. In the group of 376 genes,
CLICK identified 2 major clusters with high homogeneity (homo-
geneity values ranging between —1 and +1, where the latter rep-
resents perfect correlation between all genes in the cluster). Clus-
ter 1, with very high homogeneity (0.916), contained 158 genes
whose expression was increased by the FTS treatment (Fig. 1a).
Cluster 2, with even higher homogeneity (0.957), contained 134
genes whose expression was decreased by the FTS treatment (Fig.
la). A third, smaller cluster, consisted of 84 genes whose expres-
sion was decreased by FTS treatment, exhibited a more complex
pattern and was significantly less homogeneous (0.815) than the
other 2 clusters (not shown). The significantly high homogeneity
of the first 2 clusters would suggest that the coclustered genes in
each of these clusters are regulated by common TFs that were
affected by the Ras inhibitor.

On the assumption that genes that exhibit similar transcriptional
expression patterns across multiple conditions share cis- regulatory
elements in the1r promoters, we performed promoter analysis using
EXPANDER,?! a computational tool that seeks out common
sequence elements (i.e., sequences that serve as binding sites for
TFs). In cluster 3, EXPANDER did not detect any TF with a bind-
ing site profile that was overrepresented. As shown in Figure 15, in
cluster I EXPANDER identified a single overrepresented transcrip-
tion factor -binding site signature (TATA), with a p-value of 8.77
X 107> (where p represents the statistical significance of enrich-
ment of the TF signature in the cluster relative to the background of
“‘valid genes’’). In cluster 2 EXPANDER identified 3 TFs namely
E2F4/DP1 NF-Y, and E2F1, with p-values of 5.2 X 107° ,3.22 X
107°, and 1.62 X 10~ °, respectively. These results are in lme w1th
the prevrously descrlbed regulation of E2F1%° and of NE-Y?’ by
Ras. It is important to note that the Ras/E2F1 signaling pathway
plays a key role in the mitotic processes of glioblastoma.28
Increased E2F1 activit; 2/ and high levels of active Ras are typically
found in most GBMs.” EXPANDER identified 25 promoters that
contained at least 1 high-scoring putative E2F1-binding site (Table
1). Indeed, several of these genes (including ASK, CDC6, DNMT1,
MCM2, MCM3, MCM5, MCM6, MSH2, PCNA, POLE, POLE2,
TYMS) are reportedly under direct control of E2F1, while the others
might represent novel putative E2F1 targets.

Clearly, then, the results of the EXPANDER promoter analysis
point to a major effect of the Ras inhibitor on E2F1 and conse-
quently on genes regulated by this important TF. We therefore
examined the functional relevance of these genes. Functional analg
sis of the 25 E2F1-regulated genes, usmg the EASE software tool,*
showed extremely high enrichment in those related to S-phase,
DNA replication, and DNA replication-initiation categories (see
Tables 1 and 2). Interestingly, similar analysis of the non-E2F1
genes in cluster 2 showed enrichment of these genes in other cate-
gories, namely those related to mitotic cell cycle, M phase and cell
proliferation. The observed difference in gene enrichment between
the categories reemphasizes the power of EXPANDER to assign a
known biological function to its specific TF. This finding is sup-
ported by a previous demonstration that E2F1 regulates genes
involved in the S-phase of the cell cycle.”’ Altogether our analysrs
indicates that a clear FTS-related gene-expression signature is asso-
ciated with the inhibition of E2F1-regulated genes in U87 cells.

FTS decreases the expression of genes regulated by E2F 1

Next we carried out a real-time PCR analysis to validate the
gene-expression profiling and verify the results of the EX-
PANDER analysis. The analysis showed that FTS reduces the
expression (values [mean *= SD] represent the fold decrease in
expression relative to control) of MCM3 (2.63 = 0.03) and MCMS5
(6.66 = 0.01), key components of the prereplication complex
involved in the formation of replication forks and in the recruit-
ment of other DNA replication-related proteins; CDC2 (33.33 =
0.003) and CDC6 (11.11 = 0.01), regulatory cyclins important for
cell cycle control; and POLA2 (4.54 = 0.04), a central participant
in DNA replication. The decrease in the expression of genes of the



530

(a)

Cluster 1 - 158 genes, Cluster 2 - 134 genes,

Homogeneity 0.916 Homogeneity 0.957
F48
co
15 F24 1.5 i
c24
1.0 1.0 }
0.5 1 0.51
0 0
0.5 i 0.51 C48 i
107 o c24 cag 07 F24 §
F48

(b)

BLUM ET AL.

Figure 1 — E2F1 is the major TF affected
by FTS in U87 cells. (a) Cluster analysis by
EXPANDER identified 2 major clusters with
very high homogeneity values. Cluster 1 con-
tained 158 genes whose expression was
increased by the FTS treatment, and cluster 2
contained 134 genes whose expression was
decreased by the FTS treatment. The x-axis
corresponds to the following conditions: sam-
ples of cells at the zero time point (C0), and
after treatment for 24 h (C24) or 48 h (C48)
with vehicle or FTS (F24 and F48). The y-
axis represents the averages of standardized
gene expression values. Error bars display the
measured standard deviation. The total num-
ber of genes in each cluster and the cluster

homogeneity value are indicated. (b) TFs

Transcription factor Cluster number Accession number in Relative frequency p-value whose binding site profiles were enriched in

TRANSFAC database the 2 clusters. EXPANDER identified signifi-

cant enrichment for 3 TFs in cluster 2, as

5 indicated by the p-values shown; the most

TATA 1 Mooz52 2.25 BIT x 10 significant factor was E2F1. The p-values

o indicate the statistical significance of enrich-

E2F1 2 Moo 3.461 1.62x107° ment of the TF signature in the cluster rela-

E2F4/DP1 2 MO0738 4674 5.2 x 10~° tive to the background of ‘‘valid genes’’. Rel-

: ative frequency values indicate the frequency

NF-Y 2 MO0287 1.712 3.22 x 1078 of the TF signature in a cluster divided by its
frequency in the background set.

TABLE I - SUMMARY OF 25 E2F1-REGULATED GENES WHOSE EXPRESSION WAS DECREASED
BY FTS TREATMENT

Affymetrix ID Gene Title Fold
204244 _s_at ASK Activator of S phase kinase 3

205345 _at BARD1 BRCAT1 associated RING domain 1 24.3
222201_s_at CASPSAP2 CASP8 associated protein 2 2.6
204826_at CCNF Cyclin F 2.1
203968 _s_at CDC6 CDC6 cell division cycle 6 homolog 3.5
204510_at CDC7LI CDCT cell division cycle 7-like 1 2.8
201697_s_at DNMTI DNA (cytosine-5-)-methyltransferase 1 3

218530_at FHODI Formin homology 2 domain containing 1 7.5
221521_s_at LOC51659 HSPCO37 protein 422
202107_s_at MCM?2 MCM2 minichromosome maintenance deficient 2 2.6
201555_at MCM3 MCM3 minichromosome maintenance deficient 3 4.3
216237_s_at MCMS5 MCMS5 minichromosome maintenance deficient 5 9.2
201930_at MCM6 MCM6 minichromosome maintenance deficient 6 49
209421 _at MSH?2 mutS homolog 2, colon cancer, nonpolyposis type 1 2

202911 _at MSH6 mutS homolog 6 3

201202_at PCNA Proliferating cell nuclear antigen 4.3
213226_at PMSCLI Polymyositis/scleroderma autoantigen 1 9.2
216026_s_at POLE Polymerase (DNA directed), epsilon 8

205909_at POLE2 Polymerase (DNA directed), epsilon 2 (p59 subunit) 3

205296_at RBLI Retinoblastoma-like protein 1 3.2
204127_at RFC3 Replication factor C (activator 1) 3 7.5
205339 _at SIL TALI (SCL) interrupting locus 13.9
201589 at SMCILI SMCT1 structural maintenance 3.5
204822 _at TTK TTK protein kinase 59.7
202589 _at TYMS Thymidylate synthetase 11.3

cell-cycle pathway was also manifested at the protein level. This
is shown by the observed decrease in the amounts of 2 important
key enzymes, MCMS5 and CDC6 (Fig. 2).

FTS inhibits E2F 1 DNA-binding activity
Because the results of our promoter analysis suggested that
E2F1 is significantly inactivated by treatment with FTS, we next

examined whether FTS treatment was followed by a change in
DNA-site occupancy of the E2F1 promoter. We did this by using
the electrophoretic mobility shift assay (EMSA) of U87 cells incu-
bated for 48 h with various concentrations of FTS. Extracts of nu-
clear protein from the cells were then incubated with radioactively
labeled double-strand consensus oligonucleotides of E2F1-binding
sites and analyzed for DNA-binding activity, i.e., for the ability of
E2F1 found in the nuclear extracts to bind the labeled DNA probe.



E2F1 AS A CENTRAL TARGET OF GLIOBLASTOMA CELL-CYCLE ARREST IN RESPONSE TO RAS INHIBITION

531

TABLE II - PUTATIVE E2F1 TARGETS ARE EXTREMELY ENRICHED FOR S-PHASE AND FOR DNA REPLICATION
FUNCTIONAL CATEGORIES

Functional Category

Cluster 2-EASE score

E2F1 genes (25 genes) non-E2F1 genes (95 genes)

DNA replication and chromosome cycle

S-phase of mitotic cell cycle

DNA replication

DNA-dependent DNA replication

DNA metabolism

DNA replication initiation

Nucleus

Nucleobase, nucleoside, nucleotide
and nucleic acid metabolism

M-phase

Mitosis

Spindle

732 %108 573 %X 10°°
543 x 1077 294 %107
543 x 107" 294 x 107>
5.08 X 10714 1.08 X 1072
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517 X 1078 Not represented
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Not represented 171 x 10°¢

The 134 genes in cluster 2 were subjected to promoter analysis and the results of the EASE functional
classification of the group of E2F1-regulated genes (‘‘E2F1 genes’’) and the group of non-E2F1-regu-
lated genes (‘‘non-E2F1 genes’’) are shown. The functional analysis showed an extremely high enrich-
ment in the E2F1 genes related to S-phase and DNA replication. On the other hand, in the non-E2F1
genes the high enrichment was for entirely different categories that are related to mitotic cell cycle,
M phase, and cell proliferation. ‘‘Not represented,”” Functional category with non-represented genes.
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Ficure 2 — FTS downregulates E2F1-regulated proteins in U87
GBM cells. Cells were treated with 0.1% DMSO or 75 pmol/l FTS for
the indicated times, then lysed and subjected to SDS-PAGE and im-
munoblotting using anti-CDC6 or anti-MCMS5 Abs. Samples of total
cell lysates were also immunoblotted with anti-B-tubulin Ab (loading
control). Immunoblots of a typical experiment are shown. The experi-
ment was performed 3 times and results of densitometric analysis are
shown in the lower panel. Data represent mean = SD. *p < 0.005,
control relative to FTS treatment.

To demonstrate the E2F1 specificity of the shifted bands, we
exposed nuclear proteins isolated from control cells (DMSO-
treated) to 100-fold excess of unlabeled consensus oligonucleo-
tides and then incubated them with the radiolabeled probe (DMSO
+ E2F1 consensus). As shown in Figure 3a, E2F1 complex forma-
tion was abundant in the controls (DMSO), in which complex for-
mation was specifically blocked by the excess of the unlabeled
consensus oligonucleotides. Further conformation of specificity
came from supershift analysis using anti-E2F1 antibody (Fig. 3b).
As shown, the addition of anti-E2F1 antibodies to the nuclear
extracts resulted in a supershift of the labeled probe (Fig. 3b, lane

4) while the addition of control c-Myc antibody had no effect on
the mobility (Fig. 3b, lane 2).

Quantitative comparison of the E2F1-binding complexes of the
control and the FTS-treated cells disclosed a clear dose-dependent
decrease: treatment with FTS at a concentration of 60, 75 or 90
pmol/l FTS caused a decrease (mean = SD, n = 4) of 41.5 =
1.6% (p < 0.001), 69.6 = 2% (p < 0.001), or (754 = D)% (p <
0.001), respectively, in the apparent amounts of E2F1-binding
complexes. This would be consistent with a decrease in the
amounts of E2F1 and hence its transcriptional activity.

FTS reduces the transcriptional activity of E2F1

Next we examined whether treatment of U87 cells with FTS
alters the transcriptional activity of E2F1. We used a luciferase re-
porter-gene assay in which luciferase expression is under the con-
trol of a minimal promoter containing 3 E2F1-binding sites in tan-
dem.”® As a control for the assay we used cells cotransfected with
the reporter gene and with the RB expression vector. RB binds
E2F1 and neutralizes its transcriptional activity.'®™'® The results
of these experiments (Fig. 3b) demonstrated that endogenous
E2F1 is sufficient to induce significant expression of the luciferase
reporter gene in U87 cells, and that expression of RB indeed
causes a strong decrease ((85.2 = 2.8)%) in reporter-gene expres-
sion. FTS treatment also induced a dose-dependent decrease in
expression of the luciferase reporter gene (Fig. 3b). The decrease
observed with FTS ((83% = 4.3)%) at 90 pmol/l was as strong as
that observed with RB. The effect of FTS on expression of the lu-
ciferase reporter gene was mimicked by the expression of the
dominant-negative mutant H-Ras(17N), which induced a decrease
of (63.1 = 4.2)% (Fig. 3b). Taken together, these results strongly
suggested that inhibition of Ras by FTS (or by dominant negative
Ras) downregulates the transcriptional activity of E2F1 in U87
cells. This suggestion is consistent w1th the knowledge that E2F1
is under the positive control of Ras,?® and with the previous dem-
onstration that FTS reduces the levels of actlve Ras, phospho-
ERK, active PI3-K and phospho-Akt in U87 cells.®

FTS induces proteasomal degradation of cyclin D1
and decreases retinoblastoma phosphorylation

Two distinct Ras pathways mediate the positive control of E2F1
by Ras. One is the Raf/MEK/ERK pathway, which increases
cyclin D1 mRNA levels and increases cyclin D1/CDK4 assem-
bly.¥'? The other is the PI3-K/Akt/GSK3[ pathway.'*'> GSK3
phosphorylates cyclin D1, thereby tar%etmg it to the ubiquitin-pro-
teasome protein degradation pathway.'*'> GSK3 itself, however,
is negatively regulated by Akt, which phosphorylates and inacti-
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vates it. Therefore, a Ras/PI3-K/Akt signal eliminates the GSK33-
mediated degradation of cyclin D1.'*'> We examined whether
FTS or inhibitors of either of the earlier mentioned 2 Ras path-
ways would affect the levels of cyclin D1 in U87 cells. The cells
were incubated for 24 or 48 h with 75 pmol/l FTS and lysed. The
lysed cells were subjected to Western immunoblot analysis with
anticyclin D1 antibody (Ab). FTS caused a reduction in cyclin D1
(mean = SD) of (44.3 = 3)% or (75 = 2.3)%, respectively (Fig.
4a). Similar reductions in cyclin D1 were observed in U87 cells
that were treated with the MEK inhibitor U0126 (Fig. 4b) or the
PI3-K inhibitor LY294002 (Fig. 4b). These results suggested that
FTS-induced inhibition of both Ras pathways contributes to the
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decrease in amount of cyclin D1. The FTS-induced decrease in
cyclin D1 was blocked by the proteasome inhibitor MG132 (Fig.
4a), suggesting that the inhibition of the Ras/PI3-K/Akt pathway
relieves the inhibition of GSK3 by Akt.

Using Western immunoblotting, we next examined the level of
the phosphorylated RB (ppRB) protein, whose initial phosphoryla-
tion is mediated by the cyclin D1/CDK4 complex.'®"'® RB is not
mutated in U87 cells®® and therefore the observed decrease in
cyclin D1 (Fig. 4a) was expected to reduce both cyclinD1/CDK4
activity and phosphorylated RB. Consequently, the unphosphoryl-
ated RB would retain its binding to E2F1, causing the inhibition
of E2F1 transcriptional activity. To examine this possibility we
treated U87 cells with FTS for 24 and 48 h and used anti-RB Ab
to determine the levels of RB and ppRB. We found a significant
(36.5 = 4)% and (55 % 5.2)% decrease in the ppRB band at 24
and 48 h, respectively (Fig. 4c, upper left). The total amount of
RB seemed to be slightly, though nonsignificantly, reduced in
some experiments. However, the ratio of ppRB to the total amount
of RB was markedly and significantly lower in the FTS treated
cells when compared with the controls (Fig. 4c¢, lower left). To
strengthen these observations we repeated the experiment using 2
additional approaches. First, we used specific anti-ppRB Ab (the
phospho-Ser-795Ab) and found that the FTS treatment indeed
caused marked reduction in ppRB protein (Fig. 4c¢, upper right).
Second, we examined the formation of RB-E2F1 complex in con-
trol and in FTS treated U87 cells by immunoprecipitation with anti
E2F1 Ab followed by immunoblotting with anti RB Ab. We found
that the levels of the RB-E2F1 complex was increased in cells
treated with FTS for 36, 48 and 72 h (Fig. 4c¢, lower right). These
results are clearly consistent with the observed FTS-induced
decrease in ppRB and show that the drug treatment prevented the
release of E2F1 transcription factor, which can explain the FTS-
induced inhibition of E2F1 transcriptional activity (Fig. 3).

The earlier mentioned effects of FTS on the cyclin D1/RB/
E2F1 pathway strongly support the notion that the inhibition of
U87 cell growth by FTS is at least in part a result of reduction in
cyclin D1 levels. If so then overexpression of cyclin D1 should
lessen the growth inhibitory effect of FTS. We thus compared the
impact of FTS on growth of U87 and U251 GBM cells that
express relatively low levels of cyclin D1 with its impact on
growth of 20/20 GBM cells that express relatively high levels of

FiGure 3 — FTS decreases DNA-binding activity and transcrip-
tional activity of E2F1 in U87 cells. (a) FTS decreases E2F1-binding
activity in a dose-dependent manner. Cells were incubated for 48 h in
the absence and in the presence of the indicated concentration of FTS.
Nuclear extracts were then prepared and assayed for E2F1-binding
activation by EMSA, as described in Material and Methods. The arrow
indicates the position of the E2F1-DNA complexes. To demonstrate
the E2F1 specificity of the shifted bands, nuclear proteins isolated
from control (DMSO-treated) cells were exposed to a 100-fold excess
of unlabeled consensus oligonucleotides, and then incubated with
radiolabeled probe (DMSO + consensus). Under these conditions the
band intensity was significantly reduced. Results of a typical experi-
ment performed in duplicate are shown. The experiment was per-
formed twice and densitometric analysis of the results is shown in the
lower panel (means = SD, n = 4);*p < 0.001, control relative to FTS
treatment. (b) Supershift EMSA assay of the E2F1. Nuclear protein
extracts from untreated U87 cells were preincubated with vehicle
(lane 1), c-Myc antibody (lane 2), E2F-1 consensus (lane 3) or with
E2F1 antibody (lane 4) then exposed to the radiolabeled probe as
described in Material and Methods. The probe without nuclear extract
was loaded as a control (lane 5). (¢) FTS suppresses E2F promoter ac-
tivity in U87 cells. Cells were transfected with E2F-luc/pRL-CMV
and then incubated for 24 h in the absence and in the presence of the
indicated concentration of FTS. Alternatively, the cells were cotrans-
fected with E2F-luc/pRL-CMV and RB or H-Ras(17N) expression
vectors. The cells were then subjected to the luciferase assay as
described in Material and Methods. Data represent fold activation of
E2F-luciferase transcriptional activity (means = SD, n = 4); *p <
0.05, control relative to FTS treatment.
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cyclin D1 (Fig. 4d). We found that the 20/20 cells exhibited lower
sensitivity to FT'S when compared with U87 and U251 cells.

FTS reduces E2F1 in GBM cell lines

Because E2F1 positively regulates its own transcription, the
observed FTS-induced reduction in E2F1 transcriptional activity
suggested that the inhibition of Ras by FTS or inhibition of its
downstream signals by the MEK or the PI3-K inhibitor causes a
decrease in E2F1 protein. We examined this possibility by 2 inde-
pendent methods, Western immunoblotting and immunocyto-
chemistry employing anti-E2F1 Ab. Immunoblot analysis was per-
formed in FTS-treated U87 cells and in 3 additional GBM cell
lines, LN229, 20/20 and U373, that express wild-type RB.>* The
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cells were incubated with 75 pmol/l FTS for the indicated times,
then lysed and subjected to the analysis. Results of typical experi-
ments are shown in Fig. 5 and 5b. Treatment of U87 cells with
FTS resulted in a marked decrease in E2F1 protein within 24—48 h
(Fig. 5a). E2F1 was almost undetectable after 72 h of treatment,
being as low as (10 = 3)% of the control (p < 0.005). Similar
results were obtained with the 3 other GBM cell lines. After 48 h
of FTS treatment, E2F1 was reduced to (59.4 = 2.3)%, (37.8 £
4)% and (62.3 = 3.7)% of the control in LN229, 20/20 and U373,
respectively (Fig. 5b). To examine whether the reduction in E2F1
levels was a consequence of FTS-induced growth arrest, we deter-
mined the impact of FTS in U87 cells, whose growth was arrested
by serum deprivation prior to the addition of the drug. Serum de-
privation that strongly inhibited U87 cell growth (not shown) was
accompanied, as expected, by reduction in the amount of E2F1
(Fig. 5¢c). Under these conditions, where cell growth was already
arrested but yet no cell death was detected, the treatment with FTS
caused an almost complete disappearance of E2F1 (Fig. 5c). Thus
the reduction in E2F1 seems to be a direct consequence of the in-
hibition of Ras pathways by FTS and not a consequence of FTS-
mediated growth arrest.

For the immunocytochemical analysis, control and FTS-treated
U87 cells were double-stained with rabbit anti-E2F1 Ab and then
with Cy3-conjugated anti-mouse Ab (red, Cy3 fluorescence) and
with Hoechst to label the cell nuclei (blue). Typical dual fluores-
cence images (shown in Fig. 6a) demonstrate localization of E2F1
almost exclusively to the cell nuclei of the control cells, in which
FTS treatment caused a marked reduction in nuclear E2F1 (Fig.
6a). Accumulation of E2F1 was not detectable in the cytosol (Fig.
6a). By expressing the number of cells exhibiting nuclear E2F1 as
a percentage of the total number of cells, we showed that FTS
caused disappearance of E2F1 from 80% of the cells (Fig. 6a).
Comparable effects on nuclear E2F1 were observed in U87 cells
treated with the MEK inhibitor U0126 and the PI3-K inhibitor
LY294002 (Fig. 6a). Taken together, these findings supported the
results obtained by Western immunoblotting and indicated that the
Ras inhibitor FTS, as well as the Ras-pathway inhibitors, causes a
reduction in nuclear E2F1.

FI1GURE 4 — The relationships between cyclin D1/RB phosphoryla-
tion and cell growth in FTS treated GBM cells. (a) FTS induces pro-
teasomal degradation of cyclin D1 in U87 GBM cells. Cells were
incubated for the indicated times with 0.1% DMSO or 75 pmol/l FTS
with or without 5 pmol/l MG132 then processed for determination of
cyclin DI1. Results of representative experiments (each performed 3
times) are shown and densitometric analysis is given in the lower
panel. (b) Effects of U0126 (30 umol/l), LY294002 (40 pmol/l), or
FTS on the levels of cyclin D1. U87 cells were treated with the inhibi-
tors as in panel a and then processed for determination of cyclin D1.
Results of representative experiments (each performed 3 times) are
shown and densitometric analysis is given in the lower panel. (c)
Effects of FTS on the levels of ppRB and of pRB-E2F1 complex. U87
cells were treated with FTS as in panel a and then subjected to the
determination of pRB and ppRB using anti RB Ab (upper left) or to
the determination of ppRB using phospho-Ser-795 Ab (upper right).
Results of representative experiments (each performed 3 times) are
shown. Densitometric analyses of the results indicated (36.5 = 4)%
and (55 £ 5.2)% decreases in the ppRB band at 24 and 48 h of the
treatment. The left lower panel shows the decrease in the ratio of
ppRB/(ppRB + pRB). Separate samples were also subjected to immu-
nopreciptiation with anti-E2F1 Ab followed by immunoblotting with
either anti-E2F1 Ab or with anti RB Ab (lower right). (d) Cyclin D1
levels determine the sensitivity of GBM cells to growth inhibition by
FTS. U87, U251 and 20/20 cells were incubated with 0.1% DMSO or
with the indicated concentrations of FTS for 5 days. The number of
cells was then estimated by direct counting. Data are expressed in
terms of percentage of DMSO control (means = SD, n = 4). Inset:
levels of cyclin D1 in the various cell lines. In all experiments samples
of total cell lysates were also immunoblotted with anti-B-tubulin Ab
(loading control). *p < 0.001, control relative to drug treatments.
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FiGure 5 — FTS reduces E2F1 in GBM cell lines. GBM cell lines
were incubated for the indicated times with 0.1% DMSO or 75 pmol/l
FTS and then processed for determination of E2F1 by immunoblotting
with anti E2F1 Ab. Samples of total cell lysates were also immuno-
blotted with anti-B-tubulin Ab. Results of representative experiments
(each performed 3 times) are shown. (a) Time-dependent in E2F1 pro-
tein after treatment with FTS. (b) FTS induces a decrease in E2F1 in
the GBM cell lines LN229, 20/20 and U373. The cells were grown
with or without FTS for 48 h. Densitometric analyses of the results are
shown in the lower panels. Data represent mean = SD (n = 3); *p <
0.05, control relative to drug treatments. (¢) FTS reduces the levels of
E2F1 in U87 cells grown in the absence of serum. The cells were first
grown for 24 h in 0% serum then treated with 20 pmol/l FTS for 24 h
and processed for the determination of E2F1 as in panel a. Levels of
E2F1 in cells that were grown for 48 h in 5% serum are shown as
well.
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To further support the contention that Ras inhibition by FTS
was the main cause of disruption of E2F1 nuclear accumulation,
we examined the effect of dominant negative Ras on nuclear
E2F1. U87 cells were cotransfected with GFP (to identify the
transfected cells) and with an excess (6-fold) of the dominant-neg-
ative mutant H-Ras(17N). Controls were cotransfected with GFP
and empty pcDNA3 vector. We also used cells transfected with
the constitutively active GFP-H-Ras(12V) vector. The cells were
then double-stained with mouse anti-E2F1 Ab, and then with Cy3-
conjugated anti-mouse Ab (red, Cy3 fluorescence) and with
Hoechst to label the cell nuclei (blue). Triple fluorescence images
were then obtained. Typical images (Fig. 6b) demonstrate that in
the control GFP-expressing cells E2F1 was localized to the cell
nuclei, in which H-Ras(17N) caused a strong reduction in nuclear
E2F1. In contrast, GFP-H-Ras(12V) strengthened the nuclear
localization of E2F1 (Fig. 6b). By expressing the number of GFP-
expressing cells exhibiting nuclear E2F1 as a percentage of the
total number of cells, we showed that H-Ras(17N) caused disap-
pearance of E2F1 from 80% of the cells whereas GFP-H-
Ras(12V) caused an increase in the number of cells with nuclear
E2F1 (Fig. 6b). Remarkably, the effect of H-Ras(17N) on nuclear
E2F1 was indistinguishable from that of FTS.

To further evaluate the role of E2F1 deregulation by FTS in the
inhibition of U87 cell growth, we established U87 cells stably
expressing E2F1 (U87-E2F1 cells, Fig. 7a, left) and examined
whether the forced expression of E2F1 diminishes the inhibitory
effect of FTS. It is important to note that cells with highly overex-
pressed E2F1 undergo apopt051s3 and are eliminated during
selection. Thus, the U87-E2F1 cell line and similarly selected
clones (not shown) represent cells in which the relatively high
E2F1 levels are not sufficient to induce cell death. In agreement
with other earlier studies*>>* we found that U87-E2F1 cells grown
in 5-10% serum did not exhibit an increase in S phase and
enhanced growth rate. However, when such cells with forced
E2F1 expression were grown in 0.5-1% serum they exhibited
enhanced rate of proliferation.**** We also observed that U87-
E2F1 cells grown at 1% serum, but not at high serum, exhibited an
increase in growth rate when compared with U87 cells (Fig. 7a,
right). U87-E2F1 cells were then treated with 75 pmol/l FTS and
subjected to FACS analysis 36 h after the FTS treatment. Consist-
ent with earlier results,6 we found that FTS induced a 2.5 fold
decrease in S/G2 population of U87 cells (from 32.8% in control
to 13.08% in the drug treated cells, Fig. 7b). Under the same con-
ditions, U87-E2F1 cells exhibited resistance to FTS; the percent-
age of S/G2 population of cells was 34.88 in controls and 31.02 in
the drug treated cells (Fig. 7b). Thus, constitutive expression of
E2F1, unlike Ras-controlled expression of E2F1, prevents FTS
from inhibiting cell cycle progression. This was further supported
by results of cell proliferation assays. As shown in Figure 7¢, FTS
inhibited U87 cell growth in a dose dependent manner but had
almost no effect on U87-E2F1 cells.

Discussion

Active Ras is abundantly present in most GBMs' and helps to
maintain the malignant phenotype by causing transcrlptlonal
changes2 that promote disruption of cell-cycle arrest and increase
cell proliferation.?® In a recent study by our group, in which both
gene expression profiling and biochemical analyses were
employed, it was shown that the Ras inhibitor FTS exhibits pro-
found antioncogenic effects in U87 cells.” Concomitantly with the
inhibition of active Ras and its downstream signals, treatment with
FTS also led to the dlsappearance of HIF-1a and shutdown of gly-
colysis in U87 cells.® In the present study we apphed a computa-
tional method, in which clustering of gene expression profiles was
combined with promoter sequence analysis to achieve global dis-
section of the transcriptional response to FTS in U87 cells. When
focusing on the downregulated genes, EXPANDER disclosed a
prominent Ras-dependent cell-cycle-arrest response with a major
component that was highly enriched in binding-site profiles of the
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transcription factor E2F1 (Fig. 1 and Table 2). This suggested that
downregulation of this TF mediates a major aspect of the FTS-
induced effects. The EMSA results, taken together with the results
of E2F-luciferase reporter assays (Fig. 3), supported the conten-
tion that E2F1 is inactivated by treatment with the Ras inhibitor.
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Both real-time PCR analysis and Western immunoblotting showed
that FTS attenuates the expression of several key enzymes of the
cell-cycle pathway that are known to be positively regulated by
E2F1 (Fig. 2).

The present results are also in line with those of early experi-
ments pointing to the significance of Ras and its pathways in cell-
cycle control. Active Ras, operating via the Raf/MEK/ERK and
the PI3- K/AKT/GSK3B pathways, stimulates Ztgene expression,®'?
translation,'? and stabilization of cyclin D1."*'> Cyclin D1 binds
CDK4, and the active cyclinD1/CDK4 complex phosphorylates
RB,' 18 leadmg to the release of E2F1 from the RB-E2F1 com-
plex. This in turn leads to an increase in E2F1 transcriptional ac-
tivity, which upregulates its own transcription and the transcrip-
tion of other E2F1-regulated genes needed for S-phase progres-
sion.'®'® Consistent with these observations, recent studies by our
group showed that the Ras inhibitor FTS attenuates Ras activation
and reduces Ras signaling to ERK, PI3-K and Akt. Accordingly,
inhibition of Ras by FTS promoted proteasomal degradation of
cyclin D1 (Fig. 4a,b), with a concomitant decrease in phosphoryl-
ated RB (Fig. 4c¢). Consequently, as shown by immunoblotting
(Fig. 5) and by immunocytochemistry (Fig. 6), E2F1 in FTS-
treated cells was significantly downregulated. This prominent
effect of FTS on E2F1 appeared to be general, as similar results
were obtained with 3 other GBM cell lines (Fig. 5). Taken to-
gether these experiments provided a mechanistic explanation for
the observed inhibition of U87 cell growth by FTS. In this context
it is important to note that E2F1 has been reported to play a major
role in human glioblastoma cell cycle progression where downre-
gulation of E2F1 by antisense RNA resulted in a marked delay in
DNA synthesis.**

Although we cannot role out the possibility that FTS affects tar-
gets other than Ras, early experiments have demonstrated signifi-
cant selectivity of FTS towards active Ras. For example in Rat-1
cell the active farnesylated Ras proteins (but not the prenylated
Gy-subunits of heterotrlmerlc G- protems) are released from the
cell membrane by FTS.? > Similarly, in human melanoma cells
FTS induces a decrease in the amounts of Ras but not of Rac or
RhoA.*® Recent experiments with K-Ras-expressing mouse glio-
blastoma cells have also shown that FTS induces a strong decrease
in activated K-Ras but has no effect on active GTP-bound Rap,
Rac or Rho proteins (Lyustikman et al., unpublished data).
Finally, our experiments showed that the effects of FTS on expres-
sion of the E2F1 luciferase reporter gene and on nuclear localiza-
tion of E2F1 were mimicked by expression of the dominant-nega-
tive mutant H-Ras(17N). Taken together, these results strongly
suggested that it is mainly the inhibition of the Ras protein by FTS
(or by dominant negative Ras) that downregulated the transcrip-
tional activity of E2F1 in U87 cells. However, because growth

FiGure 6 — FTS inhibits nuclear accumulation of E2F1 in U87
GBM cells. (a) U87 cells were incubated for 48 h with 0.1% DMSO
or with FTS (75 pmol/l), U0126 (30 pmol/l) or LY294002 (40 pmol/
1). The cells were then fixed and permeabilized, labeled and visualized
under a fluorescence microscope (X63 objective), as described in Ma-
terial and Methods. Typical dual fluorescence images of E2F1 local-
ization (Cy3, red) and of the cell nuclei (blue) collected in cultures
under the various experimental conditions are shown along with a
merged version of these images. Histogram: percentage of cells with
nuclear E2F1. Bars represent the mean = SD of 5 samples in each
case, with 100 cells per sample scored for nuclear localization of
E2F1. *Significantly different from control (p < 0.005, Student’s ¢-
test). (b) U87 cells were cotransfected with 0.3 pg GFP (to identify
the transfected cells) and with 2 pg of the dominant-negative mutant
H-Ras(17N) or with 2 pg of the constitutively active GFP-H-Ras(12V)
or with 0.3 pg GFP and 2 pg empty pcDNA3 vector (control). The
cells were then labeled and visualized as in panel a. Histogram: per-
centage of cells with nuclear E2F1. Bars represent the mean = SD of
4 samples in each case, with 100 cells per sample scored for nuclear
localization of E2F1. *Significantly different from control (p < 0.05,
Student’s ¢-test).
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arrest by any means would result in decreased E2F1 expression
(e.g. low serum, see also Fig. 5¢), we can rule out the possibility
that FTS attenuated the U87 cell growth by inhibiting pathways
distinct of Ras/cyclin D1-CDK4/ RB/E2F1. In this case the reduc-
tion in E2F1 levels would be a consequence of the growth arrest
induced by FTS. Namely, in such a case FTS would affect addi-
tional growth-promoting pathways in U87 cells and thereby inhib-
ited their growth. Among such pathways could be those that regu-
late other transcription factors such as nuclear factor-x B,3 7 c-Jun/
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FiGure 8 — Inhibition of Ras pathways induces cell-cycle arrest and
glycolysis shut-down in GBM. Schematic representation of Ras path-
ways involved in regulation of cell-cycle progression and glycolysis
in U87 GBM cells. Ras inhibition by FTS results in reduced ERK acti-
vation of HIF-la and cyclin DI/CDK4 assembly, as well as an
increase in GSK3£3—mediated phosphorylation and proteasomal degra-
dation of HIF-1a” and cyclin D1 (present work). Inhibition of PI3-K
by LY294002 or of MEK by U0126 mimics inhibition of Ras, result-
ing in downregulation of E2F1. Consequently, HIF-1a and E2F]1 tar-
get genes are downregulated. The scheme depicts a number of critical
HIF-1a-regulated and E2F1-regulated genes (Blum et al., ¢ and pres-
ent work) that were downregulated by FTS.

AP1,*%% NE-Y* and Myc.*!"*? These possibilities must be inves-
tigated in future experiments.

Ample evidence attests to the strong association between the
Ras/E2F1 pathway and tumorigenicity. Induction of activated Ras
in HEK293 cells®™ and in breast adenocarcinoma cells** leads to
an increase in E2F1 mRNA and protein. Ras signaling is required
both for induction of cyclin D1 and for downregulation of the
CDK inhibitor p27 in NIH3T3 cells.® In another study it was dem-
onstrated that transforming Ras induces transcription of cyclin D1
in human trophoblasts, mink lung epithelium, and Chinese ham-
ster ovary fibroblast cell lines.” Related studies in human gliomas
showed amplification of cyclin Dl,44 CDK4,45 or, less commonly,
CDKS6,* resulting in increased phosphorylation of RB. Also, the
protooncogene MDM?2, which stimulates E2F1 activity, is ampli-

FiGure 7 — Constitutive expression of E2F1 overcomes the growth
inhibitory effects of FTS. (a) U87 and U87-E2F1 cells were grown in
DMEM/5% FCS then processed for determination of E2F1 by immu-
noblotting with anti E2F1 Ab or with anti-B-tubulin Ab (left) or grown
in DMEM/1% FCS for 48 h and counted (right). Results of a represen-
tative experiment (performed 3 times) are shown. (b) FACS analysis
of FTS treated U87 and U87-E2F1 cells. Cells were grown in DMEM/
5% FCS and treated with 75 pmol/l FTS for 36 h and then subjected
to FACS analysis as detailed in Material and Methods. Cell cycle dis-
tribution of the control and of the FTS treated cells was monitored by
flow cytometry. (c¢) The impact of FTS on growth of U87 and of U87-
E2F1 cells. The cells were grown in DMEM/5% FCS with and with-
out the indicated concentrations of FTS for 48 h and imaged (left).
The number of viable cells was then determined by the MTT method
as detailed in Material and Methods. Data are expressed as percentage
of control (mean = SD, n = 6).
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fied in a small subset of malignant gliomas 4748 The ultimate tar-
get of all of the above alterations is the deregulatlon of E2F1,
thereby fulfilling the criteria of an oncogene in GBM.?® Consistent
with these notions, our promoter and biochemical analysis in
GBM cells spotted the Ras/E2F1 pathway as a central target that
is downregulated by FTS, emphasizing the antitumorigenic effect
of the Ras inhibitor.

It is important to note that in addition to the central role of Ras
in cell-cycle regulation, Ras plays a critical role in regulating the
control of cell survival, apoptosis, migration, metabolism and
angiogenesis.*” Many of these Ras-regulated processes involve
different arms of transcriptional activities known to be deregulated
in GBM. For example, GBMs depend on glycolysis, where key
enzymes of the glycolytic pathway are regulated by the transcrlp—
tion factor HIF-la, which is strongly expressed in GBM.™® A
recent study by our group showed that inhibition of Ras in GBM
cell lines leads to proteasomal degradation of HIF-1a, consistent
with the knowledge that Ras regulates its stability via mechanisms
that involve GSKBB dependent and ERK-dependent phosphoryla-
tion of HIF-1c..® Gene expression profiling combined with func-
tional clustering analysis indeed showed that inhibition of Ras in
GBM induces downregulation of HIF-1a-regulated genes, includ-
ing glycolyms enzymes glucose transporter-1, VEGF-C and
PDGFR.® Biochemical data confirmed these observations and
demonstrated that FTS induces shut-down of glycolysis in U87
cells.® Nonetheless, according to our EXPANDER promoter anal-
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ysis HIF-1aw was not the most overrepresented TF, whereas E2F1
was clearly overrepresented. Because EXPANDER identifies TFs
whose binding-site profiles are significantly more prevalent in the
target set than in the background set, these observations strongly
suggested that E2F1 is a dominating TF affected by inhibition of
Ras in GBM.

On the basis of our recent work® and the results of the present
study, we conclude that FTS suppresses 2 major pathways that are
crucial for energy production and proliferation in U87 glioblastoma
cells, as depicted in Figure 8. Inhibition of Ras signals to ERK and
Akt downregulates HIF-1a, leading to glycolysis shut-down,® and
at the same time downregulates E2F1, leading to cell-cycle arrest.
The suppressive effect of FTS on cell proliferation is an indication
of its potential application as a therapeutic agent for GBM.
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