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ABSTRACT

Glioblastomas, the most common primary brain caneespond poorly to current treatment modalities a
carry a dismal prognosis. In this study, we denramestl that the transcription factor nuclear fa¢hd¥)-kB is
constitutively activated in glioblastoma surgicairgles, primary cultures, and cell lines and premdheir
growth and survival. Sulfasalazine, an anti-inflaatony drug that specifically inhibits the activatiof NF«B,
blocked the cell cycle and induced apoptosis iesghglioblastoma cell lines and primary cultusdid gene
therapy with a vector encoding a super-repressbiFetB. In vivo, sulfasalazine also significantly inhibited the
growth of experimental human glioblastomas in nonilge brains. Given the documented safety of sulizsse

in humans, these results may lead the way to actesg of glioma treatment.

INTRODUCTION

Glioblastomas account for 40% of all human primzggtral nervous system tumors and affect mostlypleeo
ages 45-70 years (1). These cancers infiltrate rdsmaan parenchyma, destroy its function, and respmoorly
to surgery, chemotherapy, and radiotherapy. Thay eadismal prognosis (2), with an overall mediarvi/al
time of 11 months. Recent advances in the treatofegitoblastomas have been disappointing and havely
managed to increase the median survival of selgigdnt populations to 18-24 months (3, 4). Thetbus an
urgent need for a more thorough study of glioblmstdiology and the development of new, specifiattrents.

The nuclear factor (NRB transcription factor is present in most cell types a latent cytoplasmic complex that
can be rapidly activated in response to a largetyaof signals such as pro-inflammatory cytokirneddative
stress, infection, or DNA-damaging agents (5).®B-€onsists of heterodimers from five different progi
namely, p50, p65, Rel-B, c-Rel, and p52. Theseedérare trapped in the cytoplasm through a noneaval
interaction with one specific protein inhibitokBa, IxBp, or kBe). In response to a variety of specific signals,
these inhibitors are phosphorylated by the IKK kmaomplex and are subsequently degraded by the
proteasome. A nuclear translocation signal is thenasked that allows N&B migration to the nucleus and the
transcription of several genes involved in the oardf cell proliferation, death, and migration @, In a few
normal cell types (7) as well as in a variety atteglial tumors and lymphoid cancers such as Hadgldisease,
multiple myeloma, or breast carcinoma (8, 9), RB-is constitutively activated and appears to pr@amot
tumorigenesis or tumor cell survival (10). Suchaativation was also described recently in some ghd
neuronal brain cancers (11-13).

Sulfasalazine is an anti-inflammatory drug that Ikesn used for decades in the treatment of inflaiompa
bowel diseases and in the treatment of severstaesirheumatoid arthritis. Its properties havendaded
recently to its ability to block the IKK kinase cplax and hence NkB activation. In this study, we have
sought to confirm the constitutive activity of tNE-«xB transcription factor in glioblastomas and to sttle
therapeutic potential of inhibitors such as sulf@€ae in human glioblastoma.
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MATERIALSAND METHODS
Cdll Cultureand Treatment

LN18 and U87 cells were grown in RPMI 1640 contagninglutamine (Life Technologies, Inc., Gent, Belgjum
and supplemented with 10% (v/v) fetal bovine se(life Technologies, Inc.) and penicillin. Rat astrtesy

were obtained as described previously (14) fromlerbeain hemispheres of newborn Wistar rat pupgyTh
were cultivated in minimum Eagle's medium (Life Tealogies, Inc.) supplemented with 10% (v/v) fetaline
serum (Life Technologies, Inc.) and penicillin (6@¢/ml). Rat C6 cells (American Type Culture Collenjio

were grown in Dulbecco's modified Eagle's mediumgiechnologies, Inc.) supplemented with 10% fetal
bovine serum and penicillin.

Primary cultures of human brain tumor (GM-1, -2,-8 and -5) and astrocytes were obtained by minfriesh
surgical tumor samples or pieces of temporal ladrais in Petri dishes containing Dulbecco's modifiagle's
medium supplemented with 10% fetal bovine seruml&sdsodium pyruvate. These cultures were obtaimed i
agreement with the Ethical Committee of the Uniugrsf Liege and after obtaining the informed consatthe
patients.

Sulfasalazine (Sigma, Bornem, Belgium) was diredibgolved in the culture medium and used at
concentrations of up to 1 mM. BAY 11-7085 was pas#d from BioMol (Plymouth Meeting, PA) and
dissolved in ethanol (stock solution, 40 mM).

I mmunohistochemistry

Sections (4-um thick) were cut from formalin-fixguhraffin-embedded tumor tissue. They were hydrated
through graded alcohols and incubated in 0.3%,Hor 15 min. Sections were autoclaved for 11 mia26°C
in citrate buffer (pH 6) for antigen retrieval (OmkGlostrup, Denmark) and then incubated in primary
monoclonal antibody anti-p65 (1:1000; Santa Cruztddihnology, Santa Cruz, CA) or primary polyclonal
antibody anti-p50 (1:1100; Upstate Biotechnologyfielweyersheim, France) for 1 h at room tempeeatu
followed by peroxidase-conjugated En Vision (Dakojmunoreactivity was visualized with 3,3'-
diaminobenzidine (Dako). The LN18 glioblastoma dekIwas used as a control for specific positivdearc
staining. Rat astrocytes were used as a contr@dsitive staining restricted to the cytoplasmhie absence of
nuclear staining. On glioblastoma sections, readstrocytes surrounding the tumor provided aduitio
internal control with NReB positivity restricted to the cell cytoplasm. Gédlfnucleus and cytoplasm) negative
controls were obtained by omitting the primary lotiies.

Electrophoretic M obility Shift Assay

Nuclear protein extracts were obtained as descpbedously (15). Briefly, pelleted nuclei were uepended in
nuclear buffer containing 20mHEPES (pH 7.9), 1.5 mMgCl,, 0.2 nm EDTA, 0.63m NaCl, 25% glycerol,
and Complete protease inhibitors (Roche, Mannh@&iemmany); incubated for 20 min at 4°C; and cengefl
for 30 min at 14,000 g. Protein amounts were quantified as described byfBrd (16). To perform the
electrophoretic mobility shift analysis (EMSA), 5 pfproteins were incubated with a radioacti&probe
containing the sequence of the HIV promoter siteeich condition. For antibody supershift experitaeh pul

of antibody was preincubated at 4°C with the extréar 30 min before the addition of the labeled-®B-probe.
The p50, p52, p53, and p65 (RelA) antibodies wereh@ased from Upstate Biotechnology, and the c-Rek;
B, and c-jun antibodies were obtained from Santa &iotechnology. The p53 and c-jun antibodies wesed
as controls to assess the specificity of supesst@fdmpetition experiments were performed in tles@nce of an
excess of unlabeled wild-type or mutated &B-probe. Further verification of protein loadingnmageneity was
performed in sulfasalazine and BAY 11-7085 inhditexperiments by performing SP1 Western blotden t
same extracts used for EMSA gels (data not shown).

Transient Transfections and L uciferase Assays

Reporter gene assays were performed with a plasntdding the firefly luciferase gene driven by swiated
triple repeat of th&B sequence of the human intercellular adhesion midegne promoter (a gift from Dr. E.
Caldenhoven; Utrecht University, Utrecht, the Netoeds). The binding specificity of this transcript NF«B
has been largely described previously (17-19). Sfemtion efficacy was controlled by cotransfectidth a
plasmid carrying th@-galactosidase gene driven by a Rous sarcoma piamoter sequence (RPGAL; a

gift from Dr. R. Winkler, University of Liege, Lieg&elgium). Cells were transiently transfected witase
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plasmids and FUGENE (Roche) as per the manufactumettuctions. Luciferase afidgalactosidase activities
were measured using tRegalactosidase reporter gene assay chemilumines¢Bache) and the luciferase
reporter gene assay (Roche) kits, respectivelyivilies were normalized according to the protein
concentrations of the cellular extracts.

Viral Infections

NF-kB inhibition was obtained by infection with a regation-incompetent type 5 adenovirus lacking theaid
E3 sequences and carrying a transgene coding fokBeeinhibitor mutated at amino acids 32 and 3@@Ay; a
gift from Dr. C. Jobin; University of North Carolin Chapel Hill, NC). Infections rates were assessed
infection of control cells with a similar adenovixector encoding the green fluorescent protein (JG&M®, 50,
100, and 200 plague-forming units (pfu)/cell. Cellsre harvested after 24 h of culture and eithentexd using
the trypan blue exclusion test or processed faréiscence-activated cell-sorting (FACS) analysiGieP
fluorescence.

Flow Cytometry

Cells grown in 35-mm dishes were infected withdlenoviruses carrying the gene coding for the GHRRBu.
mutant protein and grown for 24 h. They were haadand fixed in ice-cold ethanol (70%) for 24 leli€were
then washed in phosphate-buffered saline (PBSpaatyzed for GEP expression by detecting green
fluorescence with a Becton Dickinson (Franklin Laké3) cytometer.

For cell cycle analysis, cells were fixed in icdecethanol (70%) and treated with RNase A (RocbeBD min
at room temperature. They were then incubated atwaating concentration of propidium iodide (Sigraajl
analyzed using a Becton Dickinson FacsCalibur figtometer and WinMDI Version 2.8 software (Joseph
Trotter; Scripps Research Institute).

All flow cytometry studies were performed on 10,@0®ated cells as counted by the flow cytometer.
Thymidine Incor poration

Cells were seeded at a density of ¢@lis/well in 24-well plates and grown for 24 htfireir respective media
supplemented with 4 pCi/miH] thymidine (Pharmacia-Amersham, Rosendaal, thiaétknds) in the presence
or absence of sulfasalazine (0.5)nThe incorporation was stopped after PBS washeaidestion of the cells

in 1 ml of 0.1 N NaOH, andifijthymidine activity was recorded with a Wallac D4€xintillation counter.
Results were normalized to the protein contentagheculture well. All experiments were run threeds in
triplicate. Statistical analysis was done with 8tadent's test, using GraphPad Instat software (GraphPad
Software Inc., San Diego, CA).

Apoptosis

Apoptosis was determined on cell cycle analysesv(flytometry) as the fraction of cells detectethe sub-G
zone of the plotd,e., the hypodiploid cells.

Terminal deoxynucleotidyl transferase-mediated eiclt labeling (TUNEL) was performed using thesitucell
death detection kit and fluorescein kit (Rochegoading to the manufacturer's instructions, onscgtbwn in
Labtek (Nalge Nunc International) coverslip cultahrembers and analyzed on a Zeiss confocal microscope

For DNA laddering experiments, cellular DNA wasragted from control and treated cells and sepa@ie
1% agarose electrophoretic gel.

Caspase 3, 9, and 8 activity was also assessédowith the Caspatag assay (Intergen, Oxford, United
Kingdom). U87 or LN18 cells were grown to near coafice on polyornithine-coated Labtek Slide culture
chambers. Treatment was then initiated, and tHeeemeable, nontoxic caspase fluorogenic substratzre
added after various times according to the manufacs instructions. Cells were then washed androkd
under a Zeiss confocal microscope. Pictures weentfilom randomly chosen microscopic fields showing
similar confluences.
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Cell Survival

Cell survival in response to the various treatmerats assessed using either trypan blue exclusitred-(4,5-
dimethylfhiazol-2-yl)-2,5-diphenyltetrazolium brodd (MTT) survival test. Briefly, the survival of prary
malignant gliomas cells in response to RB-inhibitors was assessed directly in 24-well celture dishes.
Four-week-old cultures were treated with eithefamallazine (1 m) or BAY 11-7085 (10 p) for 24 h and
subsequently trypsinized, collected in a minimur ofil of saline to avoid cell damage, and staingd treypan
blue. Cells (100-500 cells) were counted on a Thdmeaisocytometer for each cell type and condition, @ach
experiment was carried out in triplicate wells. B&sare shown as the mean ratio (+SD) betweeredyghiding
and dye-incorporating cells in these conditions aredrepresentative of two independent experim&oisMTT
tests, as described elsewhere (20), cells wereedesdan initial density of 10,000 cells/well in@@ll plates
and grown in culture according to individual coratis described in "Results." Survival data wereawtatd as
the percentage of the optical density (directlyportional to the amount of live cells with thistleis a given
treatment condition with respect to the opticalsiignof control, untreated wells. Results are egpeel as the
mean + SD of these survival data for each conditicgach of the three independent experiments.

Western Blot Analysis

Western blots were run with total protein extraditained in 25 m HEPES supplemented with 0.5% Triton,
10% glycerol, 1 mn dithiothreitol, 150 mn NaCl, 1 mu sodium orthovanadate, 25nf-glycerophosphate, 1
mmM sodium fluorure, and Complete protease inhibi(Bache). Forty micrograms of protein/well were nm
polyacrylamide gels and then transferred onto polgfidene difluoride membranes (Roche), blockechwit
powdered milk, and probed with primary antibodisslascribed in the text. A horseradish peroxidasgied
secondary antibody (Roche, Brussels, Belgium) Wwas incubated, and peroxidase activity was evidingth
a chemiluminescent reagent (Perbio, Rockford, IL).

In vivo Experiments

Models of human brain tumors were obtained as destpreviously (21), in accordance with the Hagvar
University and University of Liége ethical recommatidns. Briefly, 16 U87 cells in 2 ul of PBS were injected
into the right striatum of anesthetized 5-weekdfelthale Swiss/ hude mice using a Hamilton microgeiheld
in a stereotactic device. Animals were randomlygeesd to either the treatment or control groupotaltof 10
mice were assigned to each group in two separtg@Eexperiments. Tumors were allowed to grow fdags
before the initiation of daily intraperitoneal saghlazine or PBS treatment for 21 days. Animal®wlezn
sacrificed by cervical dislocation, and their beaivere removed and frozen at -70°C. No animal fi@d any
other cause or showed any sign of discomfort. Braiare then postfixed in formol and embedded iaffiar
Five-micrometer serial sections were obtained e®€f/um and stained with H&E. Careful analysistéonor
was carried out on these slices, and microphottgrapthe tumor sections were obtained. Volume
reconstruction was then performed with IGL Tracdvgafe (Boston University). Statistical analysesaver
performed with Statview software version 5.0 (SAStitute, Cary, NC).

RESULTS
Constitutive Nuclear Factor-kB Activity in Glioblastomas

EMS As showed a spontaneous NB-nuclear activity in several different glioblastarcells (rat C6 and 9L
cells; human LN18 and U87 cells), but not in priyneat astrocytes (Fig.AL data not shown). Similarly, EMSA
results showed a constitutive NB-activity in nuclear extracts from primary cultaref three human malignant
gliomas, but not from human astrocytes (Figsahd Z; data not shown). Supershift experiments dematestra
p50 and p65 NkeB DNA binding in nuclear extracts from U87, LN18da@6 cells (Fig. B; data not shown).
Immunocytochemistry using anti-p50 and anti-p63bamties showed further evidence for a nuclear leatibn

of these subunits in tumor cells from several frastyical specimens of human glioblastomas, assmapto
normal astrocytes surrounding the tumors (Fig). 1

The discrepancy between the nuclearifFactivity of glioblastoma cells and astrocytes uather
demonstrated using transient transfections ofstabeytes and C6 glioblastoma cells with a repgrtasmid
carrying a NFeB-driven luciferase reporter gene and a Rous saxogrus (RSV) promoter-driven
galactosidase reporter gene. In these experimei®;fold increase in the luciferase/galactosidate was
observed in C6 cells as compared with normal rabeges (Fig. D).
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Fig. 1 Constitutive NFxB activity of glioblastomas. A, EMSAs performed witliFexB probe on nuclear
extracts of glioblastoma cell lines (C6 and LNI@8)mary cultures from human glioblastomas (GM-1 &d-
2), and normal rat and human astrocytes. B, supfrahalysis performed on LN18 nuclear extractaipated
with p50, p65, Rel-B, c-Rel, and p52 antibodies (@Mpetition EMSA run in the presence of an excess of
unlabeled, wild-type NFB probe; CCM, competition EMSA run with an excessutlted, inactive, unlabeled
NF-xB probe). Similar shifts performed with p50 and pB#bodies are also shown as a control on the right
panel. Similar supershifts were obtained with C@ &87 cells (data not shown). C, luciferase assaygomed
after transfection of rat C6 cells and primary eukts of normal rat astrocytes with a plasmid enogdh NF-
kB-driven luciferase reporter gene and a RSV-driggyalactosidase gene. The ratios of
luciferase/galactosidase activities confirm the stitntive NF«B activity in glioblastoma cells (n = 3;P < 0.05,
Student's t test). D, immunohistochemistry perfdrmi¢h p65 and p50 antibodies on a surgical sangble
human glioblastoma and its surrounding normal braihe immunoreactivity (brown) is confined to the
cytoplasm of normal astrocytes but is present érthclei of tumor cells.
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Fig. 2 Effects of NF«B inhibitors on the survival of glioblastoma cefids, primary cultures of human
glioblastoma cells, and normal rat and human asjtes. A, effects of sulfasalazine and BAY 11-7085erBN
activity in U87 and LN18 cells as evidenced with BMSC, competition assay performed with an excéss o
unlabeled, wild-type NF«B probe). B, differential effects of sulfasalazine &#dy 11-7085 on the survival of
the glioblastoma C6, U87, and LN18 cells and norrathstrocytes are dose-dependent. The results are
expressed as the percentage of surviving cellsdrgiven condition in comparison with control, watted wells
and were assessed using a MTT test (n = 3; medd)£G, effects of sulfasalazine and BAY 11-7085 o BIF
activity of primary cultures of human glioblastocglls (GM-1, GM-2, and GM-3) as evidenced with EMSA
(CC, competition assay performed with an excessldf wild-type NFxB probe). D, differential effects of
sulfasalazine and BAY 11-7085 on the survival of @nyneultures of glioblastoma and human astrocytes a
assessed by the ratio of live to dead cells irucealtishes of each cell type (trypan blue exclugést). Counts
were performed in three separate dishes for eatthygee and each condition and are shown as me&b+
This panel is representative of two independentéxgents.
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Nuclear Factor-kB Promotes Glioblastoma Cell Survival and Proliferation In vitro

Treatment of LN18, C6, and U87 cells for 24 h witheral NF«B inhibitors (sulfasalazine and BAY 11-7085)
led to NF«B inhibition as seen on EMSA (FigARand to a dose-dependent decrease in cell pratiiéer and/or
cell survival (Fig.2B). These results were confirmed on cells from sey@iaiary cultures of human
glioblastoma with either sulfasalazine or BAY 1183(Fig. 2,C andD). On the contrary, NikB drug

inhibitors did not significantly affect the survivaf primary rat and human normal astrocytes (Bid® andD).

Likewise, the infection of C6 and LN18 glioblaston®lls with a replication-defective adenovirus eringc
mutant, dominant negativesBa protein (kBAy) reduced cell survival but did not have any effatiprimary
astrocytes. Infection of controls with similar ademuses encoding enhanced GEP (eGFP) did not riesult
cytotoxicity (Fig. 3A). Protein expression was damied by FACS analysis of eGEP-related fluorescafdhe
controls. Incidentally, loss of survival at a da$00 viral pfu/ml of kBAy adenoviruses grossly paralleled the
proportion of infected cells as estimated by eGE#tession (Fig. 3B)As a control, thedBAy adenoviruses
were shown to inhibit the activity of NiB-driven luciferase reporter genes in LN18 cellsaspared with
eGEP adenovirus-infected cells (Fig. 3C).

Cell cycle analysis was performed on a primarywelof human glioblastoma treated with sulfasa£inmin)
or infected with kBAy adenoviruses (200 pfu/cell) and compared with dhamntreated cells and cells infected
with eGFP adenovirus (200 pfu/cell), respectivélg.shown in Fig. 4A, which is representative of two
independent sets of experiments, sulfasalazineerda and #BAy, adenovirus infection largely increased the
amount of dead cells (67% and 66%, respectiwaysus33% and 28% in control and eGFP conditions) and
decreased the amount of cells if& (26% in both treatment conditiomersus49% in both untreated and
eGEP controls) and those in the S aneM3hases of the cell cycle (5% and &&rsusl2% and 19%,
respectively). These results suggested that beiB,@ell cycle arrest and necrotic/apoptotic cell Hestcurred
after sulfasalazine treatment &BlAy adenovirus infection. Similar alterations of tled#l cycle were observed
on the C6, LN18, and U87 cells treated with eithdfasalazine (1 m) or BAY 11-7085 (10 p) for 24 h (data
not shown). Sulfasalazine (0.5wwas also found to reduce the incorporatior’ifhymidine in C6, U87, and
LN18 cells, although the decrease did not reacksstat significance in LN18 cells (Fig. 4B).

Treatment of U87, LN18, and C6 cells with sulfasalazieduced the overall cyclin D1 content of thesdis @s
assessed by Western blot (Fig. 4C; data not shown).

Evidence of a subdiploid population of cells thajgested apoptosis on FACS cell cycle analysis of
sulfasalazine-treated C6, LN18, and U87 cells vaadioned by TUNEL (Fig. 5A; data not shown). Moreove
using fluorogenic caspase substrates, an activafioaspases 8, 9, and 3 was observed in sulfasalaeated
human U87 and LN18 cells (Fig. 5A; data not showany these activations were confirmed by Westesh bl
(Fig. 5B). Pan-caspase inhibitors partially prateldboth U87 (22%P = 0.0376) and LN18 (25%2 = 0.0216)
cells from sulfasalazine-induced toxicity (Mpig. 5C).When used alone, benzyloxycarbonyl (Z)-LEHD-
fluoromethyl ketone (FMK; 20 y), a caspase 9 inhibitor, slightly yet significgmrotected LN18 (9% =
0.0005) and U87 cells (10%;= 0.0317), but the caspase 8 inhibitor Z-IETD-FMK-@Dum) did not (Fig. 5C;
data not shown). Combinations of caspase 8 anHiBiiors more strongly protected both LN18 (1596;
0.0484) and U87 cells (20%;= 0.0487) from sulfasalazine (IMmFig. 5C).Similar results were obtained with
respect to BAY 11-7085-induced toxicity (data nodwn).
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Fig. 3 Effects of AB super-repressor encoding adenoviruses on rabagte, C6, and LN18 cell survival. A,

survival of rat astrocytes, LN18 cells, and C6 £élifected with increasing doses of replicationigleft
adenoviruses encodingB4y, (¢) or eGFP @; control groups). Results were assessed with atrygue

exclusion test (n = 3; mean +SD). B, FACS analysis@FP expression in astrocytes, C6 cells, and LNIS ce
infected with 200 pfu/cell of replication-deficieadenoviruses encoding eGFP. In this experiment,wikic
representative of two independent experiments684,.20.8%, and 48.44% of astrocytes, LN18 celld, @&
cells, respectively, were infected and expressdePeG, NF«B-driven luciferase reporter gene activity of
LN18 cells infected with replication-deficient ademmuses encoding«B4y, (200 pfu/cell) or eGFP. Results are

expressed as the ratio of luciferase activitpigalactosidase activity (after cotransfection wétiplasmid

encoding a NFeB-driven luciferase gene and a RSV-driyegalactosidase gene).
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Fig. 4 Effects of NF¢B inhibition on the cell cycle. A, cell cycle anadysf primary human glioblastoma cells
(GM-2; 1 cells/analysis) under control conditions, aftezatment with sulfasalazine (IMn24 h) and

infection with replication-deficient adenovirusexeding eGFP or#B4y, (200 pfu/ cell). These illustrations are
representative of two independent experiments. &tarére set as follows: M1, sub-Gr dead cells; M2, &G,
cells; and M3, S and £M cells. B, fH]thymidine incorporation in C6, U87, and LN18 aeih response to
sulfasalazine treatment. Results are expressedrasmeages of control, untreated wells (124 h; *, P <

0.05, one sample t test). C, in both U87 and LNAB csulfasalazine treatment (Inl8 h) reduced the
expression of cyclin DI in whole cell protein extim The loading homogeneity was assessed witletan a
antibody. These Western blots are representatit@@fndependent experiments.
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Fig. 5 Apoptosis is induced in glioblastoma cells afteatment with sulfasalazine. A, apoptotic cell daath
response to treatment of LN18 and U87 cells witfasalazine (1 m, 24 h) as evidenced with the TUNEL
reaction. B, cleavage of cell permeant, fluorogenibstrates of caspases 3, 8, and 9 in responsdftsalazine
treatment (1 ma, 18 h) in U87 cells. These illustrations are reg@ptative of two independent experiments.
Right, Western blot showing the disappearance dieanved caspases 3, 8, and 9 in U87 cells treatéd wi
sulfasalazine (1 m, 18 h). Similar results were obtained with LN18xceC, effects of caspase 9, caspases 8 and
9, and caspase 3 inhibitors (Z-LHED-FMK, Z-LHED-FMKZHETD-FMK, and Z-DEVD-FMK) on the toxicity
of sulfasalazine (1 mM, 24 h). Results are expreasdte absolute difference between the surviveditd
treated with sulfasalazine and caspase inhibitoirsus that of cells treated with sulfasalazine anelNK-
negative control (cathepsin inhibitor Z-FA-FMK). Bdteatment survivals were calculated with respect to
completely untreated wells (n = 3; mean +SD).
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Intraperitoneal treatment with sulfasalazine ofergecafted in the brain with U87 human glioblastomas
significantly reduced the mean volume of these tsmbhe amplitude of this reduction was independéiite
sulfasalazine dose administered in our experimdiis.mean tumor volume was 26.268 fimcontrol animals
(n=10)versus8.575 mm[n = 10;P = 0.0194, analysis of variance (ANOVA)] and 9.815 #fm= 10; P =
0.0248, ANOVA,; Fig. 6) in animals treated with 1fda30 mg/kg of sulfasalazine, respectively. Howetrezre
may be some advantage to the higher dosage screraede 2 of the 10 animals treated with 30 mg/kg of
sulfasalazine were tumor-free at the time of saerifand only 3 animals showed microscopic sigrtsimir
presence on autopsyefrsus0 and 2 animals, respectively, for the lower dosgeme).
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However, two animals in the higher dosage groumdidseem to respond to the treatment and grewaldikte
tumors.

Fig. 6 Effect of sulfasalazine on the growth of experimldd87 tumors in the brain of nude mice. U87 cells
were implanted in the right hemisphere of nude raim allowed to grow for 5 days before a daily treant
with increasing amounts of sulfasalazine (0, 153@mg/kg every day in PBS) for 21 days. The animeais
then sacrificed, and serial sections of the brairese obtained to assess the total volume of therewrpntal
tumors. Both treatment conditions with sulfasalaaignificantly reduced the final size of the braimors as
compared with control (PBS-treated) conditions (fiG=animals/group; mean +SD; P < 0.05 for each group
with respect to controls, ANOVA).
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DISCUSSION

In this report, we provide evidence for constitatNF«B activity in glioblastoma cell lines, primary cules,
and human surgical specimens. In the latter, Mist@d tumor cells proved positive for nuclear p50
immunoreactivity, whereas only a variable propartid the cells did so for p65. Whether this repneséhe
fraction of cells at specific stages of the celtleyas suggested by Ansatial.(22), or exposed to various
microenvironmental factors is currently under irigegion. In contrast to tumor cells, normal rneriand
human astrocyteis vitro or in the vicinity of human tumors did not presany constitutive NReB activity.

Over the past few years, a similar constitutive®ifFactivation has been described in a variety ahetial and
lymphoid cancers (23). Recently, Nagaal.(12) and Gillet al.(13) provided some evidence for a role of this
transcription factor on the proliferation and sualiof glioblastoma cell lines. Weaver al.(24) also recently
reported that NReB activation in response to chemotherapeutic agentewhat protected U87 and U251
glioblastoma cellén vitro. In this study, we extended these findings to detnatesthat constitutive NkB
activity in glioblastomas constitutes a specifigyt for their treatment pee In vitro indeed, infection with
replication-deficient adenoviruses encoding forFad super-repressor or treatment with pharmacological
inhibitors of NF«B is harmless for astrocytes, whereas it is styotufic to a variety of glioblastoma cell lines
and human primary cultures. This differential togftect was observed with both a variety of pharnagioal
inhibitors of NF«B [sulfasalazine, BAY 11-7085, purrolidine dithisbanate, and caffeic acid phenetyl ester
(data not shown)] and mutant, stableBd and thus appears to be specific for RB-inhibition.

The mechanisms that explain constitutive RB-activity in glioblastoma cells may involve autimer or
constitutive receptor activation in these cells, @5). Other causes of constitutive NB-activation have also
been described, such as mutations of tiBeimhibitor (27) or viral infection and expressiohTax (T-
lymphotrophic virus) or v-FLIP (HHV8) protein (2892 The mechanisms underlying this activity in
glioblastomas have not yet been discovered, bat eauses are most unlikely. Preliminary resultsioled in
our laboratory show that glioblastoma cells presetnstitutive activity of the IKK complex thatrche
abolished by BAY 11-7085 treatméetitikely uptstream activators of this N&B signaling pathway include the

® M. Bonif and P. R. Robe, unpublished data.
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tumor necrosis factor superfamily of receptor, gletelet-derived growth factor receptor, and thieepnal
growth factor receptor.

NF-xB inhibition in glioblastomas reduced the expressibcyclin D1, a known target of NiB (5), decreased
the incorporation of fhymidine, and induced celtleyarrest. Sulfasalazine and BAY 11-7085 alsovatgil
caspases 8, 9, and 3 and induced apoptosis irpartian of cells. DNA laddering was also obsenathough
only in LN18 cells (data not shown), which mightataly result from a higher apoptotic sensitivitytioése cells
to the treatment as suggested by our FACS rediilesfact that a pan-caspase inhibitor or a comininaf the
caspase 8 and 9 inhibitors protected U87 and LNAI8 much more efficiently than either caspase 8 or
inhibitor alone suggests that both caspase 8- atep@ndent pathways are independently involvelia t
toxicity.

Finally, sulfasalazine was also able to strongtue and, in a few cases, even suppress the gofwtiman
glioblastomas in am vivomodel of brain tumor. The reason why some tumorapestits antiproliferative
effects is not currently understood, but this esdags been observed in a variety of other therapewtdels and
possibly somewhat reflects the situation in humaiere tumors respond variably to even the mostéffe
treatments (2, 30). This may result from individoedtabolization of the drugs, altered delivery @& thug,
experimental flaws, or modified tumor biology. Asvhole, the effects of sulfasalazine were staifitic
significant and were not associated with any okagevtoxicity. Given these promising experimenésiults
with a drug that is well tolerated in humans (349 &ecause glioblastomas carry such a dismal psigno
despite the current treatments, we believe thatamuexperimentation of the therapeutic use of saléaine in
recurrent glioblastomas may be warranted undeic skperimental protocol.
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