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Glioblastoma multiforme (GBM) is the most malig-
nant variant of human glial tumors. A prominent fea-
ture of this tumor is the occurrence of necrosis and
vascular proliferation. The regulation of glial neovas-
cularization is still poorly understood and the char-
acterization of factors involved in this process is of
major clinical interest. Macrophage migration inhib-
itory factor (MIF) is a pleiotropic cytokine released by
leukocytes and by a variety of cells outside of the
immune system. Recent work has shown that MIF
may function to regulate cellular differentiation and
proliferation in normal and tumor-derived cell lines,
and may also contribute to the neovascularization of
tumors. Our immunohistological analysis of MIF dis-
tribution in GBM tissues revealed the strong MIF pro-
tein accumulation in close association with necrotic
areas and in tumor cells surrounding blood vessels. In
addition, MIF expression was frequently associated
with the presence of the tumor-suppressor gene p53.
To substantiate the concept that MIF might be in-
volved in the regulation of angiogenesis in GBM, we
analyzed the MIF gene and protein expression under
hypoxic and hypoglycemic stress conditions in vitro.
Northern blot analysis showed a clear increase of MIF
mRNA after hypoxia and hypoglycemia. We could
also demonstrate that the increase of MIF transcripts

on hypoxic stress can be explained by a profound
transcriptional activation of the MIF gene. In parallel
to the increase of MIF transcripts, we observed a
significant rise in extracellular MIF protein on angio-
genic stimulation. The data of our preliminary study
suggest that the up-regulation of MIF expression dur-
ing hypoxic and hypoglycemic stress might play a
critical role for the neovascularization of glial tumors.
(Am J Pathol 2003, 162:11-17)

Glioblastoma multiforme (GBM; World Health Organiza-
tion grade V) is the most common and also the most
malignant variant of human glial tumors.” The pathologi-
cal hallmark of the tumor is its histological heterogeneity
and its most prominent feature is the occurrence of ne-
crosis and abundant vascular proliferation. The regula-
tion of angiogenesis in human GBM is poorly understood.
The role of the vascular endothelial growth factor and its
receptor in glial neovascularization has been investi-
gated in detail.? However, complex interactions of addi-
tional factors seem also to be important in vascular pro-
liferation. The identification and characterization of
factors involved in these processes is of major clinical
interest because interference with glial tumor angiogen-
esis might open novel approaches to rational, targeted
tumor therapies.

Macrophage migration inhibitory factor (MIF) is a pleio-
tropic cytokine released by macrophages, T cells, and by
a variety of cells outside of the immune system.®> 8 It has
been shown to act as a proinflammatory cytokine, playing
amajor role in endotoxin shock and counterregulating the
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effects of glucocorticoids.®'° In addition, antibodies to
MIF diminish the manifestation of autoimmunity in certain
animal models.'" 12

Recent studies have shown that MIF may function to
regulate cellular differentiation and proliferation in normal
and tumor-derived cell lines, and may also contribute to
the neovascularization of murine tumors.’™ ' Accord-
ingly, in an approach to identify candidate genes for the
hypoxic tumor phenotype, MIF mRNA was found to be
induced by hypoxia in human carcinoma cells,'” and one
investigation detected enhanced levels of MIF transcripts
in GBM tissues using microarrays.'®

Mutations of the tumor-suppressor gene p53 were found
to be associated with the progression of individual gliomas.
Interestingly, two recent reports have shown the ability of
MIF to inhibit p53-dependent apoptosis.’®2° To provide a
possible link between MIF and p53 in GBM, we have com-
pared the expression pattern of MIF and p53. In addition,
we evaluated the regulation of MIF gene and protein ex-
pression after hypoxic and hypoglycemic stress.

Materials and Methods

Tumor Samples

We have constructed a tissue array containing 49 indi-
vidual GBM samples. Serial sections of these tissues
have been stained for MIF and p53. Formalin-fixed and
paraffin-embedded samples of surgically removed glio-
mas were classified as GBM according to the guidelines
published by the World Health Organization. Normal
brain tissue from frontal cortex and subcortical white
matter of an autopsy case without pathological findings
served as control.

Immunohistochemistry

Immunolabel was performed using the labeled streptavi-
din biotin (LSAB) kit according to the manufacturer’s
instructions (DAKO, Hamburg, Germany). Briefly, sec-
tions (3 wm) were dewaxed in graded alcohols and xy-
lene, thereafter the endogenous peroxidase activity was
blocked with 3% hydrogen peroxide solution. For antigen
retrieval, the sections were incubated with 0.1 mol/L of
sodium citrate buffer in a microwave oven (3 X 5 minutes/
600W). The slides were then treated with 0.001% trypsin
at 37°C for 15 minutes and washed (3 X 5 minutes) with
phosphate-buffered saline (PBS)/Tween. The sections
were then incubated with polyclonal antibodies against
human MIF, or a monoclonal antibody against human p53
(clone DO-7, DAKOQ), at a dilution of 1:1000 for 1 hour at
37°C, washed (3 X 5 minutes) in PBS/Tween, and incu-
bated with biotinylated polyclonal antibodies (DAKO), for
30 minutes, washed again (3 X 5 minutes) in PBS/Tween,
and subsequently incubated with a streptavidin/peroxi-
dase-conjugated antibody for 30 minutes. Sections were
then developed with 3,3-diaminobenzidine, giving a
brown product.

For preabsorption the polyclonal MIF antibody was
incubated overnight at 4°C, at a dilution of 1:1000 with

100 pg of recombinant MIF. Immune complexes were
removed by centrifugation at 12,000 rpm for 10 minutes.
Incubation of the sections with preabsorbed MIF anti-
body did not result in a specifically positive immunohis-
tochemical reaction.

Evaluation of MIF and p53 Immunoreactivity

The scoring was performed under very stringent condi-
tion. Only those samples were scored positive in which
the majority of the tumor samples showed a positive
immunolabel. In a few cases, in which only discrete im-
munostain was detected, these samples were scored
negative.

Northern Blot Analysis

For Northern blot analysis, the cells were harvested at dif-
ferent time points as indicated, and the total RNA was
isolated with Trizol (Gibco, Karlsruhe, Germany). RNA (5
ng) was electrophoresed through 1% agarose-formalde-
hyde gels, transferred onto positively charged nylon mem-
branes (Boehringer, Mannheim, Germany), and hybridized
with a human MIF riboprobe. Probes were labeled with
digoxigenin using the DIG RNA labeling kit (Boehringer).
Chemiluminescence detection was achieved according to
the instructions for the use of the CDP-Star (Tropix, Bedford,
MA) chemiluminescent substrate for alkaline phosphatase.
Blots were exposed to Hyperfilm MP autoradiographic film
(Amersham Pharmacia Biotech, Freiburg, Germany) and
the films were processed in an Optimax automatic devel-
oping machine (MS Laborgerate, Heidelberg, Germany).
To confirm equal loading of the RNA samples, equal
amounts of total RNA were blotted onto nitrocellulose mem-
branes and stained with methylene blue as described.?"

Transfection Studies

RGL-3 cells were cultured at 0.75 X 10%/ml in Dulbecco’s
modified Eagle’s medium in the presence of 5% fetal calf
serum, 1% glutamine, and antibiotics for 24 hours before
transient transfection. All constructs including the pGL3
basic were transfected into RGL-3 cells using Lipo-
fectAMINE reagent as recommended by the supplier
(Gibco, Freiburg, Germany). Plasmid DNA (1.5 ul), 15 ul
of LipofectAMINE reagent, and medium without antibiot-
ics were used for transient transfection of 1.5 X 10° RGL3
cells. After 5 hours the medium containing DNA and
LipofectAMINE was replaced with fresh, complete me-
dium. Cells were cultured for another 8 hours under either
normoxic or hypoxic conditions. The cells were harvested
with M-PER lysis buffer (Pierce, Rockford, IL), the cellular
debris was removed by centrifugation and the superna-
tants were collected. Protein concentrations were deter-
mined using the BCA Protein Assay Kit (Pierce, Rockford,
IL). Each set of experiments was repeated 5 to 10 times
in duplicates. Luciferase activity was measured with 10 to
30 ng protein cell extracts in a luminometer analyzer
(Lumistar; BMG Lab Technologies, Offenburg, Germany)
using the Promega Luciferase Assay Kit as recom-



mended by the manufacturer. One hundred ul of sub-
strate was automatically added to each probe.

Western Blot Analysis

For the determination of the extracellular MIF protein
content, supernatants of the glioma cell cultures (1 X 107
cells/Petri dish) were concentrated using Centricon 10
concentrators (Amicon, Beverly, MA) according to the
operating manual. Samples were run under reducing
conditions on 4 to 12% Nu PAGE gels (Novex, San Diego,
CA) and blotted onto Optitran nitrocellulose membranes
(Schleicher & Schuell, Dassel, Germany). Western blot-
ting was performed according to the instructions of the
Super Signal Ultra Western blot kit (Pierce). Briefly, the
blots were blocked for 1 hour in Roti-Block (Roth,
Karlsruhe, Germany) blocking buffer and then incubated
with anti-murine MIF polyclonal antibodies (dilution,
1:12,000). The membranes were washed four times with
PBS containing 0.05% Tween 20, and incubated for 1
hour with horseradish peroxidase-conjugated secondary
antibody [goat anti-rabbit 1gG (Pierce) at a 1:250,000
dilution]. The blots were washed four times for 10 min-
utes, incubated for 5 minutes in Super Signal Ultra sub-
strate working solution (Pierce) and exposed to autora-
diographic film (Hyperfim MP, Amersham Pharmacia
Biotech). The films were processed in an Optimax auto-
matic developing machine.

MIF-Enzyme-Linked Immunosorbent Assay
(ELISA)

For measurement of MIF protein, supernatants from nor-
mal, hypoxic, or hypoglycemic LN-18 cell cultures were
analyzed by sandwich ELISA, using a monoclonal anti-
human MIF capture antibody, and biotinylated goat anti-
human MIF IgG detection antibody (R&D Systems, Wies-
baden, Germany), and purified human rMIF as standard.

Cell Culture

Human glioblastoma cells (LN18) were cultured in Dul-
becco’s modified Eagle’s medium (Gibco) with 5% fetal
calf serum (Biochrom, Berlin, Germany) supplemented
with Pen/Strep and L-Glut (Gibco). They were subcultured
twice weekly and plated out for the experiments 24 hours
before start in semiconfluent density in Dulbecco’s mod-
ified Eagle’s medium with 1% fetal calf serum. Before the
start of the kinetics, medium had been exchanged.

Hypoxia/Hypoglycemia

Anaerobic atmospheres were generated by the use of
the GasPak Plus system (Becton Dickinson, Heidel-
berg, Germany) according to the manufacturer’s instruc-
tions. Hypoglycemic conditions have been created by
using glucose-free Dulbecco’s modified Eagle’s medium
(Gibco) supplemented with 1% fetal calf serum as a
culture medium.
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Results
MIF and p53 Expression in Human GBM

Immunohistochemistry using polyclonal antibodies di-
rected against human MIF demonstrated immunoreactiv-
ity in 17 (35%) of 49 malignant gliomas examined (Figure
1; A, B, and C, and Table 1.). MIF immunoreactivity could
be detected in the cytoplasm of the tumor cells (Figure 1;
A, B, and C). In 16 samples (32%), we observed p53
protein label within the nuclei of tumor cells (Figure 2,
Table 1). Within the group of MIF-positive tumor samples,
we obtained in 11 samples (65%) a clear co-localization
with p53 (Table 1).

MIF Expression in Normal Human Brain

Analysis of normal human brain sections revealed MIF
immunolabel only within a few scattered cells and com-
plete lack of MIF immunostain within cerebral vasculature
endothelial cells (Figure 1D).

Up-Regulation of MIF Gene and Protein
Expression in a Human Glioma Cell Line during
Hypoxia and Hypoglycemia

We next examined MIF mRNA expression in normal, hy-
poxic, or hypoglycemic LN-18 glioma cells at 3, 6, and 12
hours by Northern blot. There was a clear increase of MIF
mRNA within 12 hours of hypoxic conditions, whereas
under hypoglycemic conditions MIF mRNA was only
slightly enhanced (Figure 3).

To investigate whether the increase of MIF steady-
state mRNA during hypoxia was paralleled by an induced
transcriptional activity, we performed a promoter analy-
sis. To this end, the murine MIF promoter fused to a
luciferase reporter gene (MIFluc) was transiently trans-
fected into rat RGL3 glioma cells. This construct has
been previously shown to be sufficient to drive reporter
gene expression in pituitary cells.®® A prominent basal
transcriptional activity was detected in unstimulated rat
glioma cells (29.3 + 4.5 x 10° relative light units (RLU),
~80-fold more than the promoterless parent vector). Un-
der hypoxic conditions, the transcriptional activity was
found to be 3.9-fold induced in the MIFluc-transfected
cells (118.9 = 11.1 x 10° RLU) (Figure 4).

We then analyzed the corresponding supernatants for
MIF protein content by Western blot or ELISA. In normal
cells, MIF started to accumulate after 24 hours in culture,
and was further increased after 48 hours (Figure 5). How-
ever, the extracellular MIF content was markedly induced
at these time points under hypoxic or hypoglycemic con-
ditions (Figure 5).

Discussion

Necroses and vascular proliferates are the most promi-
nent histopathological features in human malignant glio-
mas. It has been shown that withdrawal from blood sup-



14  Bacher et al
AJP January 2003, Vol. 162, No. 1

Figure 1. MIF immunolabel in human GBM sections A to C. A and B: Prominent MIF immunostain (brown label) was frequently detected in the vicinity of
tumor-associated blood vessels. MIF immunostain was also detected in tumor vasculature endothelial cells. C: MIF immunostain was frequently detected within the
cytoplasm of large tumor cells. D and E: Control sections of GBM samples in which the primary anti-MIF antibodies were preabsorbed with rMIF. F: MIF immunoreactivity
within a section of normal brain. MIF protein was only localized in a few scattered cells. We observed a complete lack of MIF in cerebral vasculature endothelial cells.
Immunolabel was performed using the labeled streptavidin biotin (LSAB) kit from DAKO. Original magnifications: X200 (A—E); X100 (F).

ply and hypoxia induce glioma angiogenesis and that
vascular endothelial growth factor and its receptor play
an important role in this process.” The regulation, how-
ever, seems to be more complex and other factors are

also involved. The identification of these factors is of
clinical importance because interference with glial tumor
angiogenesis might open novel approaches to targeted
tumor therapies.



Table 1. Analysis of MIF and p53 Immunoreactivity in 49
GBM Samples
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12 time (h)

MIF+/p53+ MIF+/p53— MIF—/p53+  MIF—/p53—

11 6 5 27

Tissues were scored under very stringent condition. Samples were
scored positive only when the majority of tumor cells were clearly
labeled. In a few cases in which only discrete staining was detected,
these samples were scored negative.

Here we show that MIF is expressed in one third of
GBM samples investigated. Moreover, MIF was mainly
expressed in the surrounding structures of necrosis
and/or vascular proliferates. These are the regions within
the tumor tissue where hypoxia plays an important role.
Consequently, hypoxia-induced factors are mainly ex-
pressed in these structures indicating that MIF expres-
sion in gliomas in vivo could also be regulated by hypoxia.
This hypothesis is corroborated by the experimental data
of the present study that demonstrate an up-regulation of
MIF mRNA and protein expression in LN18 glioma cells
after hypoxia. Thus, MIF seems to be one of the factors
involved in the complex response of glioma cells to hyp-
oxia. The induction of MIF mRNA during hypoxia has
been recently reported in cell lines derived from squa-
mous cell carcinomas.”” In contrast, when LN18 glioma
cells were stressed by hypoglycemia, the increase of
extracellular MIF protein levels was not because of a
transcriptional activation of MIF expression. These data
imply that MIF is functionally regulated by alternative
pathways in hypoxia and hypoglycemia, respectively.
Hypoxia clearly leads to an up-regulation of MIF expres-
sion by transcriptional activation.

Expression of MIF has been shown in several tumors
including lymphomas and solid tumors with a prominent
inflammatory reaction.'®'%2% The demonstration of MIF
expression in malignant gliomas by the present study
adds another tumor type to the list of MIF-associated
tumors. Inflammatory response to tumor growth, how-
ever, is not a characteristic feature of glial tumors. The
distribution of MIF expression around necroses and vas-

C H Hg(C H Hg ([C H Hg

g St wv w®s®e s MFmRNA

L e e e W e e e W S0 085

] W e e W v 185

Figure 3. Kinetics of MIF steady-state mRNA levels in a human glioblastoma
cell line (LN18) after normal (C), hypoxic (H), and hypoglycemic (Hg)
conditions. Total RNA was isolated from duplicate cultures at the indicated
time points. Five ug of RNA per sample was blotted onto Nylon membranes
and hybridized with a DIG-labeled human MIF ¢cRNA probe (top). To assess
integrity and equal loading of all RNA samples, the same amount of RNA was
also transferred onto nitrocellulose membranes and stained with methylene
blue (bottom).

cular proliferates in the GBM and the induction of MIF in
LLN18 GBM cells in vitro clearly demonstrates that hypoxia
stimulates MIF expression in glioma cells. Thus, MIF re-
lease because of inflammation in lymphoma and solid
tumors with strong inflammatory reaction or because of
hypoxia and necrosis in glial tumors could be functional
in tumor tissues.

This might have at least two consequences. First, MIF
might be directly involved in the complex regulation of
glial tumor angiogenesis. It has been shown in experi-
mental colon cancer that treatment with antibodies di-
rected against MIF suppresses angiogenesis in these
tumors. The demonstration of the angiogenic potential of
MIF not only indicates a comparable role in glial tumors
but also could open novel therapeutic options by inter-
ference with glial tumor neovascularization. Second, MIF
expression could be effective in inactivating p53 in glio-
mas. The latter concept has been recently established by
two investigations demonstrating the ability of MIF to
inhibit p53-dependent apoptosis in rat fibroblasts and
murine macrophages.'®2°

Figure 2. Immunolocalization of p53 in human GBM samples A to B. A: Profound p53 protein accumulation within the nuclei of tumor cells. B: Strong p53
immunostain was frequently observed in large tumor cells. A monoclonal antibody against human p53 (DAKO) was used as primary antibody. Original
magnifications, X200.



16  Bacher et al
AJP January 2003, Vol. 162, No. 1

140000

120000

0+ ‘ \

pG.3v pAd3 MAw MFluc}
Hpax Hypox

Figure 4. Transcriptional activity of the MIF promoter in rat glioma RGL3
cells. The MIF promoter fused to the luciferase gene was transiently trans-
fected into rat glioma cells. The construct drove very high transcriptional
activity (29.3 = 4.5 X 10° RLU, ~80-fold more than the promoterless plas-
mid), which was further enhanced (3.9-fold) when the cell cultures were
incubated for 8 hours under hypoxic conditions (118.9 = 11.1 X 10° RLU).
The bars represent the mean * SD of values obtained from duplicate culture
in eight separate experiments.

The p53 tumor suppressor gene product plays an
important role in glial tumorigenesis. It has been shown,
that a clinical and genetic subtype (secondary GBM) of
glial tumors is characterized by p53 mutations.®* This
type however constitutes only a minor part of GBMs and
none of the MIF-positive tumors of the present study
belongs to this subtype. The other GBM subtype, the de
novo occurring primary GBM, does not harbor p53 mu-
tations. However, we and others have shown previously
that p53 is functionally altered in these tumors with wild-
type p53.2° The inactivation of p53 by mutation or func-
tional alterations demonstrates the important role of p53
in glial tumorigenesis.?® Therefore, MIF-induced inactiva-
tion of p53 in tumors with wild-type p53 could be func-
tional in malignant gliomas and could protect cells
against hypoxia-induced apoptosis. Although, we did not
obtain a strict correlation between MIF and p53 expres-
sion pattern, the high incidence (65%) of MIF and p53
co-localization could provide a first hint that MIF and p53
could be functionally associated in GBM.

We would like to emphasize that this is a preliminary
study about a possible role for MIF in GBM tumorigenesis
and a correlation between MIF staining and other clinical
features has not yet been analyzed. Further studies are
required to substantiate and extend the link between MIF
and human glial tumors.
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Figure 5. Analysis of extracellular MIF production in normal LN18 cells, and
after hypoxic or hypoglycemic conditions by Western blot (A) and ELISA (B).
A: Supernatants were prepared as described in Materials and Methods.
Ten-pl aliquots of the supernatants at the indicated times were electropho-
resed and transferred onto nitrocellulose membranes and the MIF content
was analyzed by reaction with an anti-MIF antibody as described in Materials
and Methods. Recombinant MIF (50 ng) was electrophoresed as standard
(STD). B: MIF release was analyzed by sandwich ELISA of supernatants
collected at the indicated time points from control cells (filled circles), after
hypoxia (open circles), and after hypoglycemia (inverted filled triangle).
Measurements were performed in triplicate cultures; the data shown are the
mean * SD of one representative experiment of a group of five separate
experiments with similar results.
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