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Glioblastomas (GBMs) are the most frequent and malig-
nant brain tumors in adults. Glucocorticoids (GCs) are rou-
tinely used in the treatment of GBMs for their capacity to
reduce the tumor-associated edema. Few in vitro studies have
suggested that GCs inhibit the migration and invasion of
GBM cells through the induction of MAPK phosphatase 1
(MKP-1). Macrophage migration inhibitory factor (MIF),
an endogenous GC antagonist is up-regulated in GBMs.
Recently, MIF has been involved in tumor growth and migra-
tion/invasion and specific MIF inhibitors have been devel-
oped on their capacity to block its enzymatic tautomerase
activity site. In this study, we characterized several glioma
cell lines for their MIF production. U373 MG cells were
selected for their very low endogenous levels of MIF. We
showed that dexamethasone inhibits the migration and inva-
sion of U373 MG cells, through a glucocorticoid receptor (GR)-
dependent inhibition of the ERK1/2 MAPK pathway. Oppo-
sitely, we found that exogenous MIF increases U373 MG
migration and invasion through the stimulation of the
ERK1/2 MAP kinase pathway and that this activation is CD74
independent. Finally, we used the Hs 683 glioma cells that are
resistant to GCs and produce high levels of endogenous MIF,
and showed that the specific MIF inhibitor ISO-1 could
restore dexamethasone sensitivity in these cells. Collectively,
our results indicate an intricate pathway between MIF
expression and GC resistance. They suggest that MIF inhibi-
tors could increase the response of GBMs to corticotherapy.
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Glioblastomas (GBMs)? are the most frequent primitive cer-
ebral tumor in adults. These highly invasive cancers are prone
to infiltrate the surrounding brain parenchyma at considerable
distance from the main tumor mass (1). This unavoidably leads
to local recurrence and death despite combined surgery, irradi-
ation, and chemotherapy (2, 3).

Glucocorticoids (GCs) are routinely used in the treatment
of GBMs as they dramatically reduce the tumor-associated
edema. There is growing evidence that GCs also inhibit gli-
oma cell proliferation in vitro and tumor growth in vivo
(reviewed in Ref. 4). The capacity of GCs to alter migration
and invasion in gliomas has received less attention (5, 6).
However, dexamethasone was reported to inhibit cell migra-
tion and invasion by opposing epidermal growth factor-in-
duced enhancement of urokinase-type plasminogen activa-
tor and urokinase-type plasminogen activator receptor in
squamous cell carcinoma cells (7), by modulating matrix
metalloproteinase activity in vascular smooth muscle cells
(8), by enhancing a1p1 integrin expression in human gastric
carcinoma cells (9), and by altering the cytoskeleton of
human neurobastoma cells (10). In gliomas, the exact mech-
anisms of this inhibition are yet largely unknown. Bauman et
al. (5) showed that dexamethasone inhibits the migration/
invasion of several glioma cell lines (C6, U251, U373, and
A172) and that it enhances the inhibition induced by irradi-
ation. Lin et al. (6) recently showed that dexamethasone
decreases matrix metalloproteinase-2 secretion and inhibits
invasion of U87 MG glioma cells through MAPK phospha-
tase 1 (MKP-1) induction.

Macrophage migration inhibitory factor (MIF) is one of the
most up-regulated transcripts in GBMs (11, 12). MIF was ini-
tially described as a proinflammatory cytokine acting as an
endogenous antagonist of GCs (13, 14). More recently, MIF has
been shown to promote prostate cancer, lung adenocarcinoma,

3 The abbreviations used are: GBMs, glioblastomas; GCs, glucocorticoids; MIF,
macrophage migration inhibitory factor; MKP-1, MAPK phosphatase 1;
ANXA1, annexin A1; GR, glucocorticoid receptor; MAPK, mitogen-acti-
vated protein kinase; MEK, mitogen-activated protein kinase/extracellular
signal-regulated kinase; ERK, extracellular signal-regulated kinase; ECLIA,
electrochemiluminescence immunoassay; DMEM, Dulbecco’s modified
Eagle’s medium; RT, reverse transcriptase; ELISA, enzyme-linked immu-
nosorbent assay; Ab, antibody; HRP, horseradish peroxidase; MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.
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TABLE 1
RT-PCR characteristics
Gene and Pri Initial PCR cycles Final Number of  Expected
. rimers (forward and reverse) . . .
accession number denaturation penaturation Annealing  Elongation elongation cycles size
MIF 5'-GAACCGCTCCTACAGCAAGCT-3' 95°C 94°C 60 °C 72°C 72°C 35 (U373 MQG) 121 bp
NM_002415 5'-GCGAAGGTGGAGTTGTTCCA-3' 2 min 15s 30s 15s 2 min 28 (other)
CD74 5'-TGACCAGCGCGACCTTATCT-3' 95°C 94.°C 52°C 72°C 72°C 38 223 bp
NM_00102515 5'-GTTCTCCAGCTGCAGGTTCT-3’ 2 min 15s 30s 15s 2 min
5/ -TGATAGCTCTGTTCCAGACTCAAC-3’ 95 °C 94.°C 60 °C 72°C 72°C 26 269 bp

X03225 5'-AGGGTAGAGTCATTCTCTGCTCAT-3’ 2 min 155 20s 20s 2 min
MKP-1 5'-CCTGACAGCGCGGAATCT-3' 95°C 94.°C 50°C 72°C 72°C 30 221 bp
NM_004417 5'-TCCTCCACAGGGATGCTC-3" 2 min 15s 20s 15s 2 min
ANXAI 5’ -TGAGCCCCTATCCTACCTTCAATC-3' 95 °C 94.°C 68 °C 72°C 72°C 20 209 bp
NM_000700.1 5'-TCAAGGTGACCTGTAAGGGCTTC-3’ 2 min 15s 20s 10s 2 min
28 STRNA 5'-GTTCACCCACTAATAGGGAACGTGA-3’ 95°C 94.°C 66 °C 72°C 72°C 15 212 bp
U13369 5'-GATTCTGACTTAGAGGCGTTCAGT-3’ 2 min 155 20s 10s 2 min

and proliferation and migration/invasion of neuroblastoma
cells (15-17). In addition, specific MIF inhibitors have been
developed on their capacity to block the enzymatic tautomerase
activity site of the MIF peptide (18).

MIF and GCs have been shown to interact in several path-
ways: the AP-1 pathway (19, 20), the NF-kB pathway (21), and
the ERK1/2 MAPK pathway (22). The ERK1/2 MAPK pathway
has been linked to cell proliferation (reviewed in Ref. 23),
migration and invasion (24, 25), and is particularly active in
malignant gliomas through the epidermal growth factor recep-
tor (for a review see Ref. 26). GCs have been shown to inhibit
the ERK1/2 MAPK pathway by induction of MKP-I and
annexin Al (ANXAI) expression (27) and phosphorylation of
ANXAI1 (28). Reciprocally, MIF activates the ERK1/2 MAP
kinase pathway through phosphorylation of ERK1/2 following
endocytosis or binding with CD74, the recently described MIF
receptor (29), and overrides the GC-induced inhibition of the
ERK1/2 MAPK pathway (22). In addition, MIF inhibits the
induction of MKP-1 induced by GCs in macrophages (27, 30).

In this study, we tested the hypothesis that: 1) MIF and GCs
exert opposite effects in GBMs, 2) their antagonism is mainly
transduced by the ERK1/2 MAPK pathway, and 3) specific MIF
inhibitors can increase the glioma cell response to GCs. We
characterized several glioma cell lines for their MIF production
and selected the U373 MG cell line for its very low MIF expres-
sion. U373 MG cells were treated with GCs and MIF, alone or in
combination, and their effects on proliferation, migration, and
invasion were analyzed. The mechanisms underlying the MIF-
GCs antagonism were studied with particular emphasis on the
ERK1/2 MAPK pathway, MKP-1, and ANXA1. Finally, we used
the Hs 683 cell line, which produces high levels of MIF to test if
the specific MIF inhibitor ISO-1 could increase the effects of
GCs on glioma cells.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—The human glioblastoma cells
U373 MG were obtained from the European Collection of Cell
Cultures (ECACC; C89081403). Human glioma cell lines U87
MG, T98G, and Hs 683 were obtained from the American Type
Culture Collection (ATCC; HTB-14, CRL-1690, and HTB-
138). The human glioma cell line LN-18 was obtained by cour-
tesy of the Laboratory of Tumor Biology and Genetics, Neuro-
surgery Service, Centre Hospitalier Universitaire Vaudois
(CHUV), Lausanne, Switzerland. The U87 MG, U373 MG, and
T98G cells were routinely cultured in minimal essential
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medium + Glutamax®-I, containing 10% fetal bovine serum,
penicillin (100 units/ml), and streptomycin (100 pg/ml), non-
essential amino acids (0.1 mm), sodium pyruvate (1 mm), and
sodium bicarbonate (1.5 g/liter). Hs 683 and LN-18 cells were
routinely maintained in DMEM + 4.5 g/liter glucose +
Glutamax®-1, containing 10% fetal bovine serum, penicillin (100
units/ml), streptomycin (100 pg/ml), nonessential amino acids
(0.1 mm), and sodium bicarbonate (1.5 g/liter). Before treat-
ment, cells were grown in DMEM/F-12 without phenol red,
containing penicillin (100 units/ml) and streptomycin (100
pg/ml), nonessential amino acids (0.1 mMm), sodium pyruvate (1
mm), and glutamine (2 mm) and 5% charcoal-treated fetal
bovine serum for 24 to 48 h. For treatment, the medium was
changed for DMEM/F-12 without phenol red, without fetal calf
serum, and with 0.5% bovine serum albumin. Cells were main-
tained in a humidified incubator at 37 °C with 5% CO,. All
culture reagents were purchased from Invitrogen. We used
recombinant mouse MIF from R&D Systems Inc., Minneapolis,
MN (1978-MF/CF), and recombinant human MIF, purified
from Escherichia coli as previously described (31). Dexametha-
sone (D-1756), RU 486 (M 8046), and PD 98059 (P-215) were
from Sigma. MIF antagonist ISO-1 (475837) was from Calbio-
chem, Darmstadt, Germany.

Semi-quantitative End Point PCR—3.5 X 10* cells were
grown in a 12-well culture plate for 24 h. Total RNA was
extracted with the High Pure Isolation Kit (Roche Diagnostics
GmbH, Mannheim, Germany) according to the manufacturer’s
protocol. Primers for human MIF, CD74, GR, MKP-1, and
ANXAI genes (GenBank) were chosen using the primer design
software Primer Express™ (PerkinElmer Life Sciences). We
conducted BLASTn (National Center for Biotechnology Infor-
mation, Bethesda, MD) searches against dbEST and the nonre-
dundant set of GenBank, EMBL, and DDB] data base sequences
to confirm the total gene specificity of the nucleotide sequences
chosen for the primers. RT-PCR were performed starting with
10 ng of total RNA and using the GeneAmp Thermostable rTth
reverse transcriptase RNA PCR kit (PerkinElmer Life Sciences).
Characteristics of primers and RT-PCR are described in Table
1. PCR products were resolved on 10% polyacrylamide gels
(Bio-Rad) and analyzed using a Fluor-S Multilmager (Bio-Rad)
after gelstar staining (Molecular Probes, Eugene, OR). Specific
mRNA levels were expressed as the ratio of specific tran-
scripts/28 S rRNA. The experiment was repeated at least 2
times in duplicate.
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TABLE 2

MIF-Glucocorticoid Interactions in Glioblastomas

Characterization of U373 MG, Hs 683, U87 MG, LN-18, and T98G glioma cell lines

MIF promoter polymorphisms were determined by PCR and nucleotide sequencing.

MIF status
Cellline  mRNA  Intracellular Protein —173 G/C single Numberof ~ CD74status  Cortisol secretion®  GR status
level” protein secretion” nucleotide polymorphism  CATT repeats
pg/ml/ug of DNA

U373MG  Low —e 0 cc 6 — no secretion fade
Hs 683 High +%e 54 GC 6 + no secretion fade
U87 MG High + 350 GC 6 + ND/ +ad
LN-18 High +d 90 GG 6 —a ND fad
T98G High + 145 GC 6 + ND +ad

“ MIF, CD74, and GR expression was assessed by RT-PCR.

» MIF, CD74, and GR expression was assessed by ELISA.

¢ The endogenous cortisol production was assessed by ECLIA testing.

4 MIF, CD74, and GR expression was assessed by immunohistochemistry.
¢ MIF, CD74, and GR expression was assessed by Western Blot.

/ND, not determined.

A _ 2007 D Paraffin Immunohistochemistry—
2 1754 Sections (4 wm-thick) were cut from
§ S 1507 formalin-fixed, paraffin-embedded
§ fﬁ 1254 ! = - tissue. They were hydrated through
‘5 S 1001 Spha=ics S — graded alcohols and incubated in
%é" 751 H,O, (0.3% 15 min). Sections were
© 8 509 autoclaved for 11 min at 126 °C in
& 259 Total-ERK  —p -.- citrate buffer (pH 6) for antigen
L —— — —— retrieval. They were incubated with
primary Abs directed against MIF
B 5 150 Dex LM . * (monoclonal, mAB289 diluted
; % 1254 = i 1:3000, R&D Systems) and anti-GR
£ ;.j 1004 1504 (monoclonal, NCL-GCA diluted
8% s 1:25, Novocastra Laboratories Ltd.,
E & 1254 Newcastle upon Tyne, United King-
3 % 20 EE N S dom) for 1 h at room temperature,
§ 55 1007 followed by secondary Ab (K 4007
~ 0 = § HRP mouse 3,3’-diaminobenzidine,
C = 150, 2E K 4011 HRP rabbit 3,3'-diamino-
g s ” . %% 5 1 benzidine, ENVISION Systems,
g9 100 R 52% DAKO, Glostrup, Denmark) for 30
g RS min at room temperature. Positivity
= ;D 73 was visualized with 3,3’-diamino-
3 0 0 - . benzidine (Dako). Negative controls
% 251 Dex. 1 pM - + were obtained by omitting the pri-
= mary Abs. For MIF, pellets of U373
Dex. 1 uM - - + + MG cells were used as an additional
RU 486 10 M. - & - S negative control.

FIGURE 1. Effects of dexamethasone (Dex) (1 and 10 um) and RU 486 (10 um) on U373 MG cells. Cell
proliferation (A, n = 15) was evaluated after 48 h using the MTT assay. Migration (B, n = 7) and invasion (C,n =
5) were assessed using the modified Boyden chamber assays as described under “Experimental Procedures.”
Representative Western blot of phospho-ERK1/2 and total ERK1/2 (D) and quantification of Western blot anal-
ysis (ratio of phospho-ERK1/2/total ERK1/2) (n = 9).*, p < 0.05; **, p < 0.01; ***, p < 0.005. Results are expressed

as mean = S.E. (error bars).

ELISA—50,000 cells were grown in a 6-well culture plate for
24 h. 100 ul of conditioned media was tested for human MIF
using the DuoSet ELISA Development kit according to the
manufacturer’s protocol (DY289, R&D Systems). MIF protein
quantities were normalized to the amount of total DNA per
well, as measured by fluorimetric DNA titration according
Labarca and Paigen (32). ELISA was repeated twice in
duplicate.
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MIF Genotype—Two MIF pro-
moter polymorphisms (—173Gto C
transition and seven copies of the
CATT repeat) are associated with
increased MIF expression and
strongly associated with protein
production. These genotypes were
determined in U373 MG, U87 MG, T98G, LN-18, and Hs 683
cells by isolating genomic DNA from 1 X 10° subconfluent cells
using DNA Nucleospin Tissue (740952.250, Macherey-Nagel,
Duren, Germany) and genotyping as described previously (33,
34).

Cortisol Quantification—Cells were plated in a 6-well tissue
culture plate (70,000 cells per well) as described above. Treat-
ments were started 24 h after plating. Conditioned media were
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A 2001 - D

Cell proliferation
(percentage of the control)

MIF 50 ng/ml MIF 250 ng/ml

Phospho-ERK  —»

TotalERK  —# ~ .

continued for 6 h for the migration
assay and 24 h for the invasion assay.
Recombinant mMIF (50 ng/ml) and
ISO-1 (100 or 1000 um) were added
to the lower compartment; dexam-
ethasone (1 and 10 um), RU 486 (10
uM), and/or PD 98059 (25 um) were
added to the cells in the upper
chamber. The filters were then fixed
in methanol for 20 min and stained

B = 150 MIF 50 ng/ml - + with Giemsa for 30 min. The cells at

% . - the upper surface of the filters were

£ S wiped away with a cotton swab.

g% 100 1507 Quantification of the invasion assay

Eg B 1251 e was performed by counting the num-

3 éﬂ 507 E g — ber of cells at the lower surface of the

S 25 =5 100] 114% filters (9 fields at 100-fold magnifica-

S 2g tion). Data were expressed as average

& E 757 numbers of cells per treatment

C :E 1507 e j— jo g per X100 fields = S.E. and were ana-

_§ 125 g‘ g o0 lyzed by a two-tailed paired ¢ test; p <

% £ 1007 a5 25 0.05 was considered statistically sig-

z% 754 nificant. Statistical analysis was per-

= gb 504 0 . . formed using the Prism 4.0 software
O g ] MIF 50 ng/ml + (GraphPad).

g N Western Blot Analysis—Cells sam-

ples were lysed with RIPA lysis

%gp();%gg/;“; ™ i N & i buffer (50 mm Tris-HCI, pH 7.4, 150

FIGURE 2. Effects of MIF (50 and 250 ng/ml) and PD 98058 (25 um), a specific inhibitor of MEK1/2 phos-
phorylation, on U373 MG cells. Cell proliferation (A, n = 10) was evaluated after 48 h using the MTT assay.
Migration (B, n = 7) and invasion (C, n = 5) were assessed using the modified Boyden chamber assay. Repre-
sentative Western blot of phospho-ERK1/2 and total ERK1/2 (D) and quantification of Western blot analysis
(ratio of phospho-ERK1/2/total ERK1/2) (n = 12). **, p < 0.01; ***, p < 0.005. Results are expressed as mean

= S.E. (error bars).

collected after 24 h. Cortisol was quantified by the electro-
chemiluminescence immunoassay “ECLIA” technique, on
Modular Analytics E170 (Roche Diagnostics GmbH).

Cell Proliferation Assay—Cells were plated in a 96-well tissue
culture plate (625, 1,250, or 2,500 cells per well). Cell prolifera-
tion was performed after 48 h using the MT'T kit as described by
the manufacturer (Roche Diagnostics GmbH). The experiment
was repeated at least eight times in duplicate. The data were
expressed as mean = S.E. and analyzed by paired ¢ test; p < 0.05
(two-tailed) was considered statistically significant. Statistical
analysis was performed using the Prism 4.0 software (Graph-
Pad, San Diego, CA).

Modified Boyden Chamber Assay—Modified Boyden cham-
ber assay was conducted in 24-well Transwell culture plates
(Transwell® Permeable Support, 3422, Corning Inc., Corning,
NY) containing microporous membranes (8.0 um) coated with
collagen IV (collagen from human placenta, 27663, Sigma) for
the invasion assay. Cells (8 X 10* for the migration assay; 2.5 X
10* for the invasion assay) were added to the upper chamber
containing serum-free medium (DMEM/F-12 without phenol
red with 0.1% bovine serum albumin) and transmigration
toward a serum gradient (DMEM/F-12 without phenol red with
1% bovine serum albumin and 1.5% fetal bovine serum for
migration assay or 20% fetal bovine serum for invasion assay)

32486 JOURNAL OF BIOLOGICAL CHEMISTRY

mM NaCl, 1% Nonidet P-40, 1% Tri-
ton X-100, 1% sodium deoxy-
cholate, 0.1% SDS, 5 mM iodoacet-
amide, 2 mM phenylmethylsulfonyl
fluoride) then kept at —20 °C. Pro-
tein concentration was determined
by using a DC protein assay kit (Bio-Rad). 5 to 10 ug of whole cell
extracts were resolved on 10% SDS-PAGE. Proteins were trans-
ferred onto polyvinylidene difluoride membranes, then immuno-
labeled with the appropriate primary Abs and HRP-linked second-
ary Abs at the concentration recommended by the manufacturer.
Immunocomplexes were visualized by a chemiluminescence reac-
tion with ECL Western blotting substrate (Pierce) and scanned
with a luminescent image analyzer LAS-4000 (Fujifilm). Protein
loading was controlled by glyceraldehyde-3-phosphate dehydro-
genase or total ERK1/2 MAPK immunodetection. Abs used were:
rabbit anti-phospho-p44/42 MAPK Ab (ERK1/2) (number 9101,
Cell Signaling Technology), rabbit anti-p44/42 MAPK Ab (num-
ber 9102, Cell Signaling Technology), anti-ANXA1 Ab (610067,
BD Transduction), rabbit anti-glyceraldehyde-3-phosphate dehy-
drogenase Ab (number 2275-PC-1, R&D Systems), rabbit anti-
MKP1 Ab (sc1199, Santa Cruz Biotechnology), mouse anti-GR Ab
(NCL-GCA, Novocastra Laboratories Ltd.), goat anti-mouse IgG
HRP linked Ab (number 7076, Cell Signaling Technology), and goat
anti-rabbit IgG HRP-linked Ab (number 7074, Cell Signaling).

RESULTS
U373 MG Glioma Cells Express Very Low Levels of MIF and

Have No Endogenous Production of Cortisol—RT-PCR, ELISA,
and immunohistochemistry were used to characterize the
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FIGURE 3. Expression of CD74in U373 MG cells. RT-PCR for CD74 and 28 Sin
U373 MG cells (7), U87 MG cells (2), LN-18 cells (3), T98G cells (4), and Hs 683
cells (5). A sample of human glioblastoma (6) was used as positive control.
H,O (7) was used as negative control (MW, molecular weight).

. 150 .
£ 1251 y '
g 3
1S 4
-§§ 100
.80 4
Eg P
T8 50-
© 8
8 254
=
0_
ISO-1 100 uM - + - +
MIF 50 ng/ml - - + +

FIGURE 4. Effects of MIF (50 ng/ml) and ISO-1 (100 um), a specific inhibitor
of the enzymatic site of MIF, on migration of U373 MG cells (n = 3),
assessed using the modified Boyden chamber assay. *, p < 0.05. Results
are expressed as mean = S.E. (error bars).

expression of MIF in U373 MG, Hs 683, U87 MG, LN-18, and
T98G glioma cell lines. U373 MG cells expressed very low base-
line levels of MIF mRNA and protein in contrast to all other
glioma cell lines (Table 2). Furthermore, exogenous dexameth-
asone at 1 and 10 um did not increase MIF production by U373
MG cells (data not shown).

MIF production has been linked to MIF promoter polymor-
phism on —173 G/C and 5'-CATT repeats. Using nucleotide
sequencing, we found that Hs 683, T98G, and U87 MG have
a common —173 GC genotype, whereas U373 MG shows a
unique homozygote —173 CC genotype and LN-18 has a
homozygote —173 GG genotype. All cell lines show 6 CATT
repeats (see Table 2). The ECLIA showed that U373 MG cells
did not produce any endogenous cortisol, neither at baseline,
nor after exposure to dexamethasone (1 or 10 um) or MIF (50 or
250 ng/ml) (Table 2).

Dexamethasone Decreases the Proliferation, Migration, and
Invasion of U373 MG Glioma Cells through a GR-dependent
Mechanism and Inhibits the ERK1/2 MAP Kinase Pathway—
Dexamethasone (10 um) significantly decreased U373 MG cell
proliferation to 72% of control values (p = 0.0077), whereas it
had no effect at 1 um (Fig. 1A). Flow cytometry analysis showed
no induction of apoptosis in U373 M@ cells by dexamethasone
at 1 and 10 uMm (see supplementary data). Using the modified
Boyden chamber migration and invasion assays, we showed
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A %k
2001 16s —

175+
150
1254
100

Cell proliferation
(percentage of the control)

MIF 50 ng/ml = + F; * s
MIF 250 ng/ml - - - - +
Dex. 1 pM = - + = =
Dex. 10 yM = - . + = -

B

+ o+
I+I

-+

1507
3
£ 1259
[
S o 100-
8 5
R R
2% 75
3
3§ 50
[&]
5 259
S
0_
C
1507
S
£ 1259
§ o 100
2 g
2% 75
)
ok
O E 501
3
o 257
&
0_
Dex. 1 pM : + + -
MIF 50 ng/ml - - + +

FIGURE 5. Effects of dexamethasone (Dex 1 and 10 um) and MIF (50 and
250 ng/ml) on U373 MG cells. Cell proliferation (A, n = 8) was evaluated after
48 h using the MTT assay. Migration (B, n = 7) and invasion (C, n = 5) were
assessed using the modified Boyden chamber assay. *, p < 0.05; **, p < 0.01;
*** p < 0.005. Results are expressed as mean = S.E. (error bars).

that dexamethasone (1 uMm) decreased cell migration to 74% of
control values (Fig. 1B, p < 0.0001, r = 0.9573) and cell invasion
to 61% of control values (Fig. 1C, p = 0.0015, r = 0.8498).
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We used RU 486, a glucocorticoid receptor (GR) antagonist,
to test whether the effects of dexamethasone on migration and
invasion were mediated through interaction with GR. RU 486 at
10 uMm did not modify the migration or invasion capacity of
U373 M@ cells when given alone but reversed the inhibition of
dexamethasone on migration (74 to 91%, Fig. 1B) and invasion
(61 to 104%, Fig. 1C), indicating that dexamethasone effects are
GR-dependent.

We further tested if dexamethasone effects on U373 MG
cells were mediated through the ERK1/2 MAPK pathway.
Using Western blot, we found that dexamethasone
decreased ERK1/2 phosphorylation 2-fold after 24 h (p =
0.0027) (Fig. 1D).

MIF Enhances the Proliferation, Migration, and Invasion of
U373 MG Glioma Cells through a CD74-independent and
Enzymatic Site-dependent Activation of ERK1/2 MAPK
Pathway—With the MTT proliferation assay, we showed that
50 and 250 ng/ml of MIF increased U373 MG cell proliferation,
respectively, to 151 and 122% of control values (p = 0.0222,
one-tailed analysis) (Fig. 2A4).

We further tested the MIF effects on migration and invasion.
MIF increased U373 MG cell migration to 121% of control val-
ues (Fig. 2B, p < 0.0001, r = 0.9827) and also enhanced U373
MG invasion to 123% of the control (Fig. 2C, p = 0.0002, r =
0.9776).

We used PD 98059, a specific inhibitor of MEK1/2 phosphor-
ylation to test if MIF effects on cell migration and invasion
were mediated through the ERK1/2 MAPK pathway. Used
alone, PD 98059 (25 um) did not modify U373 MG cell migra-
tion (106% of control value, Fig. 2B) or invasion (101% of con-
trol value, Fig. 2C) but it overrode the stimulatory effect of MIF
on cell migration (Fig. 24) and invasion (Fig. 2B, p = 0.079).
Moreover, MIF (50 mg/ml) induced ERK1/2 phosphorylation
after 24 h (p = 0.0019) (Fig. 2D).

CD74 has been proposed as a potential membrane receptor
for MIF, capable of promoting the activation of the ERK1/2
MAPK pathway. However, we surprisingly found no expression
of CD74 in U373 MG cells by immunohistochemistry and RT-
PCR, in basal conditions and after treatment with dexametha-
sone or MIF (Table 2 and Fig. 3).

Some of the biological activities of MIF have been linked to
its enzymatic site and have led to the synthesis of ISO-1, a spe-
cific inhibitor of the enzymatic site (35). Used alone at 100 um,
ISO-1 did not modify the migration of U373 MG cells. When
added to MIF (50 ng/ml), ISO-1 completely abolished the stim-
ulatory effect of MIF (Fig. 4, p = 0.0299, one-tailed analysis),
suggesting that the effect of MIF on migration depends on its
catalytic site.

MIF Antagonizes the Dexamethasone-induced Inhibition of
Migration and Invasion of U373 MG Glioma Cells through a
MKP-1 and ANXAI-independent Mechanism—Dexametha-
sone at 1 (p = 0.0065) and 10 um (p = 0.0015) abolished the
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FIGURE 7. Effects of dexamethasone (Dex) (1 um) and ISO-1 (100 um and
1000 um) on migration and invasion of Hs 683 cells. Migration (A, n = 3-9)

and invasion (B, n = 3-9) were assessed using the modified Boyden chamber
assay. Results are expressed as mean = S.E. (error bars).

stimulation of U373 MG cell proliferation induced by MIF at
250 ng/ml (Fig. 5A).

When MIF at 50 ng/ml was added to dexamethasone at 1 um,
U373 MG cell migration reaches 88% of controls (Fig. 5B). This
value significantly differs from cell migration in the presence of
MIF alone (121%) (p = 0.0496, r = 0.9909) or dexamethasone
alone (74%) (p = 0.0276, r = 0.9762). Similarly, in the presence
of MIF and dexamethasone, cell invasion reached an interme-
diate value at 69% of the control, differing significantly from
values with MIF alone (123%) (p = 0.004, r = 0.7585) or with
dexamethasone alone (61%) (p = 0.0262, r = 0.9891) (Fig. 5C).

We have shown that MIF and GCs both act on the ERK1/2
MAPK pathway and modify ERK1/2 phosphorylation in oppo-
site directions (see above). In inflammatory models, MKP-1 and
ANXA1 have been proposed to be the targets of the MIF-GCs
antagonism. Dexamethasone at 1 um strongly enhanced the
MKP-1 mRNA level (p = 0.0002) (Fig. 6, A and B), but did not
modify protein expression after 24 h (Fig. 6C). By contrast, MIF
at 50 ng/ml did not modify the basal expression levels of MKP-1

FIGURE 6. Effects of dexamethasone (Dex) (1 and 10 um) and MIF (50 and 250 ng/ml) on MKP-1, ANXA1, and GR mRNA and protein expression in U373
MG cells. A, D, and G, representative gels of RT-PCR products. B, £, and H, quantification of RT-PCR products normalized with the level of 28 S rRNA (n = 5 for
MKP-1,n = 3 for ANXA1, n = 4-7 for GR). C, F,and |, representative Western blot of MKP-1, ANXAT1, and GR. ¥, p < 0.05; **, p < 0.01; *** p < 0.005. A.U., arbitrary

units. Results are expressed as mean = S.E. (error bars).
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FIGURE 8. Mechanisms of MIF-GCs interactions in U373 MG glioma cells (continuous arrows) and inflammatory models (dashed arrows). GCs decrease
cell proliferation, migration, and invasion through a GR-dependent mechanism and inhibit the ERK1/2 MAPK pathway by enhancing the expression of MKP-1
and ANXAT. MIF enhances cell proliferation, migration, and invasion through the enzymatic site-dependent activation of the ERK1/2 MAPK after endocytosis or
interaction with CD74. Both GCs and MIF down-regulate the expression of GR. RU 486 is a GR antagonist, PD 98059 is a specific inhibitor of MEK1/2 phosphor-

ylation, and ISO-1 is a specific inhibitor of the enzymatic site of MIF. EGFR, epidermal growth factor receptor.

mRNA and protein levels and could not overcome the dexa-
methasone-induced MKP-1 overexpression. Furthermore, we
did not observe any modification of the mRNA and protein
levels of ANXA1 following treatment with dexamethasone (1
uM), MIF (50 ng/ml), or a combination (Fig. 6, D-F).

Because the effects of dexamethasone on U373 MG glioma
cell migration and invasion are GR-dependent, we tested
whether dexamethasone and MIF could modulate their GR
expression. The GR mRNA level was down-regulated by dexa-
methasone at 1 (p = 0.0359, » = 0.21) and 10 uMm (p = 0.0095,
r = 0.26) (Fig. 6, G-I). Furthermore, dexamethasone decreased
the protein level of GR. MIF also decreased the GR mRNA at 50
(p = 0.0192, r = 0.95) and 250 ng/ml (p = 0.0091, r = 0.94) but
did not modulate the GR at the protein level.

ISO-1 Sensitizes the Hs 683 Glioma Cell Line to the Inhibitory
Effects of GCs on Migration and Invasion—W e tested the effects
of dexamethasone on migration and invasion of the Hs 683
glioma cells, which produce endogenous MIF (Table 2). Dexa-
methasone did not exert any effect on the migration and inva-
sion capacity of these cells (109 and 98% of the control, respec-
tively) (Fig. 7). The MIF inhibitor ISO-1 had no effect on Hs 683
glioma cells at 100 uMm but inhibited their migration and inva-
sion at the dose of 1000 um (85 and 72% of the control, respec-

32490 JOURNAL OF BIOLOGICAL CHEMISTRY

tively). Furthermore, when used in combination with 1 um dex-
amethasone, ISO-1-sensitized Hs 683 glioma cells to the
inhibitory effects of GCs on migration (86% with ISO-1 at 100
pM and 63% with ISO-1 at 1000 uMm) and invasion (86% with
ISO-1 at 100 uM and 57% with ISO-1 at 1000 uM).

DISCUSSION

Glucocorticoids are routinely used in the treatment of glio-
blastomas either preoperatively, postoperatively, or in the
course of radiotherapy. The benefit of their use has been asso-
ciated with their capacity to reduce the tumor-associated
edema (4). Very few in vitro studies have suggested that GCs
can inhibit the migration and invasion of various glioma cell
lines (5) and that this effect is linked to the induction of MKP-1
(6). Our results extend these observations to the glioma cell line
U373 MG and suggest that the underlying mechanism involves
a GR-dependent inhibition of the ERK1/2 MAPK pathway. This
pathway is particularly active in GBMs due to frequent epider-
mal growth factor receptor amplification and/or mutation (36).

On the contrary, MIF has been shown to stimulate the
growth and invasion of prostate carcinoma (15), lung adenocar-
cinoma (16), and neuroblastoma cells (17). We previously
reported that MIF is highly expressed in GBMs (12). Here, we
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studied the effects of MIF on proliferation, migration, and inva-
sion of glioma cell lines and its potential antagonism to GCs
(summarized in Fig. 8). After characterization of several glioma
cell lines, we selected U373 MG for its very low MIF production,
and showed that exogenous MIF stimulates U373 MG cell pro-
liferation, migration, and invasion through activation of the
ERK1/2 MAPK pathway. CD74 has been proposed as a MIF cell
surface receptor transducing ERK1/2 phosphorylation (29, 37).
Surprisingly, U373 MG cells do not express CD74. This sug-
gests that MIF could act by endocytosis, as previously described
in NIH3T3 fibroblasts (38) or could use a different cell surface
receptor, as CXCR2 and CXCR4, which have recently been
identified as functional receptors for the MIF (39, 40). We are
currently investigating those hypotheses in the U373 MG cell
line.

The MIF protein presents an enzymatic site with tautomer-
ase activity, for which potential substrates are actively searched
(18). In this study, the stimulatory effects of MIF on glioma cells
could be blocked by a specific inhibitor of MIF tautomerase
activity, ISO-1 (35). Whether this inhibition is directly linked to
MIF enzymatic properties or is dependent on other non-enzy-
matic activities involving the MIF catalytic site (protein confor-
mation, receptor exposure) is still unknown. Mutations that
block selectively the enzymatic activity of MIF variously affect
MIF functions (41-43). One such mutation study has shown
that the P2S mutant form of MIF keeps its in vitro anti-GC
properties (44). Recently, a genetic approach consisting in the
creation of a tautomerase-null knock-in mouse supported a
role for protein-protein interactions rather than tautomerase
activity (45).

In this study, GCs and MIF exerted an opposite modulation
of the ERK1/2 MAPK pathway. These effects could be consis-
tently shown at 24 h (sustained activation) but not always in
shorter time intervals (data not shown). The lability of ERK1/2
activation and its dependence on various factors such as pH,
temperature, volume, salt concentration, and cell stress has
already been emphasized by others and may account for the
lack of reproducibility at early time intervals (38). However, the
persistence of GCs and MIF effects on the ERK1/2 MAPK path-
way beyond 24 h has important implications as ERK1/2 MAPK
activation subsides after 90 min in physiological conditions and
as the temporal pattern of activation (i.e. transient versus sus-
tained) has been reported to orientate the cell response (46).

Here we show that GCs can reduce the expression of their
own receptor in the U373 MG cell line. This observation has
been made in other cell lines as well (47). Interestingly, we
found that MIF reduces GR transcription, although there was
no change at the GR protein level. We are currently investigat-
ing the possibility that MIF could affect GR by post-transla-
tional changes, such as phosphorylation. Classically, GR is
phosphorylated after combining with its ligand and it is this
phosphorylation process that determines the specificity of
the linkage to the target promoter, the interaction with co-
factors, the intensity and duration of the signaling, and GR
stability (48, 49).

Because most GBMs produce MIF abundantly (12), it was
important to investigate whether an anti-MIF strategy could
increase the inhibitory effects of GCs on glioma cell migration/
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invasion. Our observations with the Hs 683 cell line suggest that
GC resistance is related to MIF production and that ISO-1 can
sensitize glioma cells to GC inhibitory effects. These experi-
ments will have to be extended to in vivo models of tumor
xenografts as there are important potential applications for the
treatment of human gliomas. Indeed, current adjuvant treat-
ments such as radiotherapy and chemotherapy are mainly
targeting proliferating cells. Continuous efforts are made to
identify new molecules that could act on the invasive tumor
component, which is typically slow or nonproliferating (50).
ISO-1, in combination with GCs, could be a valuable adjunct to
the current therapeutic arsenal used in glioblastomas.
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