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Abstract Transferrin receptors (TfR) are overexpressed
in brain tumors, but the pathological relevance has not
been fully explored. Here, we show that TfR is an
important downstream effector of ets transcription
factors that promotes glioma proliferation and increases
glioma-evoked neuronal death. TfR mediates iron
accumulation and reactive oxygen formation and thereby
enhanced proliferation in clonal human glioma lines, as
shown by the following experiments: (1) downregulating
TfR expression reduced proliferation in vitro and in
vivo; (2) forced TfR expression in low-grade glioma
accelerated proliferation to the level of high-grade
glioma; (3) iron and oxidant chelators attenuated tumor
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proliferation in vitro and tumor size in vivo. TfR-
induced oxidant accumulation modified cellular signal-
ing by inactivating a protein tyrosine phosphatase
(low-molecular-weight protein tyrosine phosphatase),
activating mitogen-activated protein kinase and Akt
and by inactivating p2l/cdknla and pRB. Inactivation
of these cell cycle regulators facilitated S-phase entry.
Besides its effect on proliferation, TfR also boosted
glutamate release, which caused N-methyl-D-aspartate-
receptor-mediated reduction of neuron cell mass. Our
results indicate that TfR promotes glioma progression by
two mechanisms, an increase in proliferation rate and
glutamate production, the latter mechanism providing
space for the progressing tumor mass.

Keywords Neuroscience - Neuro-oncology - Glioma - ETS -
Free radicals - Oxidative stress

A. Otto - E. Wanker

Proteomics and Molecular Mechanisms of Neurodegenerative
Diseases, MaxDelbriick Center for Molecular Medicine (MDC),
Berlin, Germany

M. Schifer
Insitute of Anatomy and Cell Biology, University of Freiburg,
Freiburg, Germany

P. Chiarugi
Department of Biochemical Sciences, University of Florence,
Florence, Italy

D. S. Markovic

Department for Neurosurgery, Helios Klinikum,
Schwanebecker Chaussee 50,

13125 Berlin, Germany

@ Springer


http://dx.doi.org/10.1007/s00109-008-0414-3

154

J Mol Med (2009) 87:153-167

Introduction

Cells produce reactive oxidants as metabolic by-products
and as messengers for specific cellular signaling pathways
[1]. However, under pathological conditions, oxidants are
often produced in excess and account for abnormal levels
of proliferation, differentiation, migration, and apoptosis
[2]. High oxidant levels may even oxidize proteins and
lipids and thereby cause cellular transformation [3].
Consequently, many tumors—including gliomas—contain
very high levels of reactive oxidants, which initiate tumor
proliferation by an unknown mechanism [4].

Glioma is the most common primary brain cancer and
represents a morphologically diverse group of tumors [5].
These cancers are rapidly proliferating and leave patients
with a mean survival of only 12 months after diagnosis [6].
Gliomas most likely arise from transformed stem and
progenitor cells of the brain after combined overactivation
of the Ras/mitogen-activated protein kinase (MAPK) and
Akt (PKB) pathways [7]. Together with frequently occur-
ring mutations in tumor suppressors of the Gl cell cycle
check point, the activated MAPK and Akt signaling
maintains high proliferation levels and strong apoptosis
resistance in gliomas. In order to progress, gliomas release
high amounts of glutamate which induces excitotoxic
neuronal cell death [8, 9]. The elimination of neurons is
necessary for the tumor to grow since otherwise the
progressing glioma would press the brain mass against the
skull and the tumor size could be limited by the increasing
intracranial pressure.

Gliomas are long known to overexpress transferrin
receptors (TfR) and the extent of TfR expression
positively correlates with tumor grading [10]. As in
other neoplasms, TfR in gliomas induces increased
intracellular iron accumulation [11], which can catalyze
the generation of reactive oxidants via the “Fenton
reaction” [1, 12]. Although in some tumors like breast
cancer TR has been discussed to fulfill growth-factor-like
functions [13], the exact role of TfR overexpression in
glioma is largely unexplored. How TfR overexpression in
glioma is regulated is also not known. Under physiolog-
ical conditions, transcription of TfR is controlled by
binding of etsl to the TfR promoter region [14, 15] but
is also extensively regulated on the posttranscriptional
level [16]. In glioma and many other cancers, ets
transcription factors control a range of tumor-promoting
pathways [17-19].

In our present study, we provide evidence that in
gliomas TfR is an important downstream effector of ets
transcription factors which induces excess oxidant
production, promotes tumor growth, and causes N-
methyl-D-aspartate (NMDA )-receptor-mediated reduction
of neuronal cell mass.
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Materials and methods
Cell cultures

U373 human glioblastoma, 132N1 low-malignancy human
astrocytoma, and GL261 mouse glioblastoma cell lines
were purchased from the National Cancer Institute, NCI-
Frederick (MD, USA) and cultured in Dulbecco’s modified
Eagle’s medium with 10% heat-inactivated fetal calf serum
(Atlanta Biological), 4 mM glutamine, 100 U/ml penicillin,
and 100 pg/ml streptomycin in 25-cm? tissue culture flasks
(Falcon model 3023, Becton Dickinson, Lincoln Park, NJ,
USA). The medium was changed every 2 days and cells
were passaged when the cell density reached confluency.
Cell cultures were maintained at 37°C in humidified 5%
CO,-95% air incubator (Heraeus, Hanau, Germany).

Cell lines

The cDNA-encoding EtsDN (Kind gift from H. Sato), which
lacks a transcription activation domain and corresponds to
amino acid residues 306-441 [20], was inserted into the
pCEP4-IRES-EGFP expression plasmid (Invitrogen), allow-
ing bicistronic expression of EtsDN and EGFP. Bulk U373
EtsDn cultures were obtained by stable transfection of that
construct into U373 cells with Lipofectamine 2000 (Invi-
trogen, Carlsbad, USA). Transfected U373 cells were
cultured in the presence of 800 pg/ml hygromycin B, and
resistant cells were cloned. U373 wild-type cells were seeded
at clonal density and then cultivated to give rise to a number
of clonal U373-WT cultures. A tetracycline-inducible system
was used to get single clones of etsDn-expressing cells of
U373. EtsDn-IRES-EGFP was subcloned in to the pTRE-
tight vector (kind gift from M. Gossen). Doxycycline
(200 ng/ml) was used to induce the expression of the insert.
U373-etsDN cultures were then grown from single clones of
the stably transfected cells (as described for U373-WT cells).
Further, we subcloned the open reading frame for TfR
(from pCD-TR1; a kind gift from L. Kuhn; [16]) into a
cytomegalovirus (CMV)-promoter-containing vector (Rc-
CMYV;, Invitrogen) and then transfected U373 cells constitu-
tively expressing EstDN and WT 1321N1 cells with the TfR
construct by using Lipofectamin-2000 Selection of cells
stably expressing etsDN + TfR was achieved with hygrom-
ycin and G418 (0.6 mg/ml; Gibco, Gaithersburg, MD, USA).
Finally, cultures were grown from single clones of U373-
etsDN + TfR cells. All reagents were purchased from Sigma
(Taufkirchen, Germany), unless otherwise specified.

Hippocampal cell culture

All animals were sacrificed and hippocampal cultures from
E19 Wistar rats were prepared as previously described [21]
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and maintained in B27- and 1%-FCS-supplemented Neuro-
basal medium (GibcoBRL, Bethesda, MD, USA). The
initial cell density was 45,000 per square centimeter. Tumor
cells (2,800 per square centimeter) were added to the
hippocampal cell culture 2 weeks after plating. After 24 h
of tumor cell growth, hippocampal neurons were processed
for immunocytochemistry. Neuron integrity was assessed
according to previously published experimental parameters
(dendrite length, dendritic swellings and varicosities,
fragmentation, as described [22, 23]). In addition, cell
nuclei were visualized using 4',6-diamidino-2-phenylindole
(DAPI)-containing vectashield mounting medium (Vector
Laboratories, Burlingame, CA, USA). Finally, the total
number of microtubule-associated proteins 2 (MAP2)-
positive neurons per view field was quantified. Data are
presented as means + SEM obtained from three indepen-
dent experiments, each including analysis of at least two
different coverslips and five to ten randomly chosen view
fields.

Immunofluorescence

All stainings were performed on the cells on coverslips
and the primary antibodies were applied overnight in the
Tris-buffered saline buffer (100 mM Tris and 150 mM
NaCl) containing 1% Tx-100 and 3% donkey serum. We
used the following primary antibodies: rabbit anti p21
(Santa Cruz Biotechnology, USA), mouse anti-TfR
(Dianova, Germany), goat anti-GFP (Acris Antibodies,
Hiddenhausen, Germany), and microtubule-associated
proteins (MAP) 2a and 2b (Sigma-Aldrich, Deisenhofen,
Germany). Fluorescein-isothiocyanate- and Rhodamine-
Red-conjugated secondary antibodies were purchased
from Jackson ImmunoResearch Laboratories (West
Grove, PA, USA).

Confocal microscopy

All confocal microscopy was performed using a spectral
confocal microscope (Leica TCS SP2). Appropriate gain
and black level settings were determined on control tissues
stained with secondary antibodies alone. Overview images
were processed with Photoshop (Version CS, Adobe, San
Jose, CA, USA) and colocalization images with Volocity
(Version 2.6.1, Lexington, MA, USA).

Immunoprecipitation and Western blot analysis

The 10° cells were lysed for 20 min on ice in 500 ul of
complete radioimmunoprecipitation assay lysis buffer
(50 mM Tris—HCI, pH 7.5, 150 mM NacCl, 1% Nonidet P-
40, 2 mM ethylene glycol tetraacetic acid, complete
protease and phosphatase inhibitors). Lysates were clarified

by centrifugation and immunoprecipitated for 4 h at 4°C
with 1-2 pg of the specific antibodies. Immune complexes
were collected on protein A Sepharose, separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and transferred onto nitrocellulose. Immuno-
blots were incubated in 3% bovine serum albumin, 10 mM
Tris-HCL, pH 7.5, 1 mM ethylenediaminetetraacetic acid,
and 0.1% Tween-20 for 1 h at room temperature, probed
first with specific antibodies and then with secondary
antibodies.

Oxyblot and detection of oxidized proteins

To identify carbonyl groups that are introduced into the
amino acid side chain after oxidative modification of
proteins, oxyblot analysis was performed. The derivative
that is produced by reaction with 2,4-dinitrophenylhydra-
zine was immunodetected by an antibody specific to the
attached dinitrophenol (DNP) moiety of proteins using a
commercial kit (Chemicon, Temecula, CA, USA). Briefly,
the electrophoresis was performed in the same way as
described earlier [24], and the gels were transferred to a
nitrocellulose membrane using a semidry transfer system
(BioRad, Munich, Germany). Membranes were then
blocked and incubated with a rabbit anti-DNP antibody
(1:150; Chemicon) for 1 h at room temperature. The
secondary antibody incubation was performed using
horseradish-peroxidase-conjugated antirabbit immuno-
globulin G (IgG; 1:300; Chemicon) for 1 h at room
temperature. The immunoreactivity was visualized by
enhanced chemiluminescence using commercial reagents
(Roth, Germany). The kit used for the oxyblot analysis is
sensitive to detect as little as 10 fmol of dinitrophenol
residues.

Reporter assays

A 455-bp fragment of the human TfR promoter region [16]
was cloned in front of luciferase gene and the resulting
construct was transiently transfected into U373 wild-type
glioma cells using an electroporator (Amaxa, Cologne,
Germany). The activity of pTfR-Luc was compared with
mutated TfR promoter constructs in which the Ets respec-
tively the AP1, ATF, and CREB sites had been altered by
site-directed mutagenesis (Strategene, La Jolla, CA, USA)
with the following primers (from MWG Biotech, Ebersberg,
Germany): m-EBS: fwd: 5'-CTCGCGAGCGTACGTGCCT-
CACATCGTGACGCACAGCCCCCCTGG-3', rev:
5'-CCAGGGGGGCTGTGCGTCACGATGTGAGGCACG-
TACGCTCGCGAG-3'; mutated-AP1/Cre/EBS: fwd: 5'-
CGTGCCTCACATCGTGTGGTGCAGCCCCCCTG-3';
rev: 5'-CAGGGGGGCTGCACCACACGATGTGAGC-
GACG; mutated AP1/Cre: fwd: 5'-CGTGCCTCAG-
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GAAGTGTGGTGCAGCCCCCCTG-3"; rev: 5'-
CAGGGGGGCTGCACCACACTTCCTGAGGCACG-3'.

The Dual Luciferase assay (Promega, Mannheim,
Germany) was used according to the manufacturer’s
instructions. Briefly, cells were seeded at 10° cells per
3.5-cm-diameter dish, incubated in medium with or without
tet for 48 h, then washed with phosphate-buffered saline
and agitated gently for at least 20 min with 500-pl passive
lysis buffer. The cell lysate was cleared by centrifugation
and 20 ul was added to 100 pl of luciferase assay reagent
in a luminometer tube. The relative light units (RLU) were
measured immediately in a Berthold-2000 luminometer.
The average of ten RLU measurements taken at 2-s
intervals was recorded.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (chIP) assays were
carried out using a commercially available kit the
chIP-IT™ Express (Active Motif) according to the
manufacturer’s instructions. One 30-cm dish of 80%
confluent wtU373 cells and U373 cells stably express-
ing etsDN or etsDN + TfR was used for one
immunoprecipitation (IP) reaction. Cross-linking of
DNA proteins was induced by an addition of formalde-
hyde (1% final concentration) directly to the culture
medium for 10 min at 37°C. Cells were lysed and DNA
in the supernatant was sheared by enzymatic digestion
for 10 min at 37°C. An aliquot of the digested
chromatin sample (“input”) was removed for polymerase
chain reaction (PCR) analysis, and the remainder was
used for IPs. Immunoprecipitation was performed with
1 pg of Etsl (C-20) antibody (Santa Cruz Biotechnol-
ogy) or normal goat IgG (Active Motif) that had been
precoated onto Protein G-magnetic Sepharose beads, and
reactions were incubated for 4 h with constant rotation
at 4°C. Protein G beads were collected using magnetic
stand and protein DNA complexes were eluted from the
beads followed by a cross-link reversal step. DNA from
each IP reaction (3 pl) was used for PCR with a primer
pair to amplify the 110-bp region of interest of human
TfR gene: forward primer, TGTAGGCTGCCCATTG-
TAAC; reverse primer, CAGAATTCCCACACATC-
CACT. Input or immunoprecipitated DNA was
amplified by PCR (94°C, 20 s; 55°C, 30 s; and 72°C,
30 s) for 35 cycles. In parallel, chromatin was
precipitated with positive control antibody (RNA polll)
and negative control IgG from the chIP-IT™ control kit
(Active Motif); then, input and immunoprecipitated
DNA was amplified by 35-cycle PCR with human-
specific positive GAPDH primers under recommended
conditions, generating 166-bp products. All PCR prod-
ucts were resolved in 1.5% agarose gels.
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Iron imaging

Iron measurements were performed using a previously
established method [25]. Briefly, cells plated on glass
coverslips were loaded with the fluorescent dye Phen
Green SK (20 uM; Molecular Probes, Karlsruhe, Germany;
488-nm excitation and 505-nm emission) for 15 min at 37°
C. Cells were then transferred to a microscope (Avioskop
FS; Zeiss, Oberkochen, Germany) equipped with a perfu-
sion chamber and superfused with Hepes buffer; 5 mM
1,10-phenantroline (Sigma) was used to chelate the free
intracellular iron (Fe*"), which liberated the fluorescent dye
from Fe" and thereby led to an increase in fluorescence.
The difference in fluorescence intensity before and after
iron chelation is a direct measure for the amount of free iron
in a cell. Fluorescence changes were detected with a cooled
charge-coupled device camera (SensiCam; Pico, Kelkheim,
Germany) and images were analyzed with conventional
software (Image Pro; Media Cybernetics, Silver Spring,
MD, USA).

ROS measurement

Intracellular reactive oxygen species (ROS) production was
assessed using 2'7'-dichlorodihydrofluorescin diacetate
(DCFH-DA; Molecular Probes). DCFH-DA is oxidized by
ROS within cells to the fluorescent product DCF. Cells
seeded in 96-well plate were treated with 50 uM of dye and
incubated at 37°C for 1 h and the fluorescence was
measured using 96-well plate Wallac reader (Wallac, Turku,
Finland).

Animals

Wild-type C57BL/6 (Charles River Breeding Laboratories;
Schoneiche, Germany) and nude mice (genetic background
athymic Nude-Foxnl, Harlan, Holland) were housed with a
12-h light-dark cycle and received food ad libitum. All
governmental and institutional regulations regarding animal
ethics were followed.

In vivo studies

Tumor xenografts were obtained by subcutaneous injection
of one million cells of U373wt, U373EtsDn, and TfR/U373
EtsDn into the right and left flanks of female nude mice and
two more groups which were injected with U373wt were
given deferoxamine (DFO; 200 uM) and N-acetylcysteine
(NAC; 200 uM) in drinking water.

The tumors were measured in two diameters and the
tumor volume (TV) was calculated by the formula TV:
length (mm)xwidth®> (mm)/2=mm>® [26] over the time
course of 2 months.
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Results

Transferrin receptor expression in glioma is regulated by an
ets transcription factor binding site in the TfR promoter

We confirmed by Western blotting that TfR is overex-
pressed in human U373 glioma cells, compared to low-
malignancy 1321N1 astrocytomas and to primary astrocytes
(Fig. 1a, left; please note that raw data of all blot and gels
are available as supplementary data on the JIMM website).
In the same blot, we show that blockade of ets transcription
factors, by overexpression of an etsl dominant-negative
protein etsDN [27] substantially downregulated TfR in
U373 cells; the TfR expression in ets dominant-negative
cells could be rescued by forced expression of human TfR
(Fig. la, left). Next, we investigated if other transcription
factors could also control TfR expression in U373 cells.
Therefore, we used a synthetic luciferase-coupled TfR
promoter construct containing an overlapping consensus
sequence for the binding of AP1, CREB, and ATF in
addition to an ets binding site [16]. We determined the
relative contribution of the respective transcription factors
to TfR expression by mutating their binding sites in the TfR
promoter as described [15]. Mutation of the ets binding site
(m-EBS) strongly attenuated TfR expression, whereas
mutation of the AP1 (m-AP1) and CRE/ATF (m-Crem)
site remained largely without effect. However, a triple
mutant (containing m-EBS, m-AP1, and m-Crem) abrogat-
ed the promoter activity; altogether, this suggests that ets
transcription factors drive the expression of TfR in gliomas
(Fig. la, right).

A chIP revealed that ets] directly binds to the promoter
region of the TfR gene (Fig. 1b, left). Etsl binding is seen
only in WT cells (see arrow in Fig. 1b, left) and is
prevented in etsDN-expressing cells. These data show that
etsDN overexpression directly blocks etsl function. West-
ern blotting for a phosphorylated (and therefore hyper-
activated) form of ets] in nuclear and cytosolic fractions of
U373 cells (Fig. 1c) indicated phosphorylation of etsl in
WT cells, which was attenuated by etsDN expression.
However, forced expression of TfR rescued the phosphor-
ylation of etsl in etsDN-expressing cells, suggesting a
positive feedback signal from TfR for etsl activation.

Under hypoxic conditions or during iron deficiency, TfR
expression may be induced by the transcription factor
Hifl o, which can also bind to the DNA sequence used in
our reporter gene assay (see above). However, TfR
expression did not change under hypoxic conditions (5%
CO,, p0,<0.2 h Pa, for 24 h) and after pharmacological
inhibition of Hiflx with YCI [28] in hypoxic glioma
(Fig. le, left panel). The corresponding controls show that
hypoxia induced and YC1 efficiently blocked accumulation
of nuclear Hifl « (Fig. le, center). Hypoxic U373 cells also

had higher Hifl activity as measured with a luciferase-
based reporter construct containing Hifl binding sites
(Fig. le, right).

In an additional experimental approach, we cocultured
etsDN-expressing U373 cells together with wild-type cells
ensuring that both cell types grow under identical con-
ditions, especially with respect to the iron content in the
culture. As shown by immunocytochemistry (Fig. 1d), in
these cocultures, the vast majority of wild-type cells (74%,
+4%) overexpressed TfR, whereas only very few U373-
etsDN cells (5%, +2%) overexpressed TfR.

TfR expression in glioma is increased by oxidants, but
largely independent of the cellular iron concentration

Western blotting for TfR from U373 cells cultivated under
control conditions or together with the iron chelator DFO
(200 uM, for 24 h) or the iron donor ferric ammonium
citrate (50 pg/ml, for 24 h) revealed unchanged levels of
TR expression (Fig. 1f, left). Whereas transcription factors
besides ets factors and also the cellular iron level had no
major effect on TfR expression, the cellular oxidant content
induced TfR expression. Application of the oxidant H,O,
(50 uM, for 24 h) further increased TfR expression in U373
WT cells, whereas the antioxidant NAC (200 uM, for 24 h)
reduced TfR protein expression (Fig. 1f, right).

Transferrin receptors control redox signaling and
proliferation

Next, we addressed the question whether the ets transcrip-
tion-factor-mediated increase in TfR expression had phys-
iological consequences like increased intracellular iron
accumulation and increased oxidant production by the
labile iron pool [12]. We clonally expanded U373 glioma
cells that were derived from wild-type (U373-WT) cells,
from cells containing a tetracycline-inducible etsDN con-
struct (U373-estDN) and from cells expressing etsDN plus
the human TfR (U373-etsDN + TfR). For iron and ROS
measurements and BrdU assays with these cells, we
averaged data obtained from three individual clonal lines.

Tetracycline-induced expression of etsDN in U373 cells
strongly attenuated intracellular iron accumulation, when
compared to U373-WT and U373-etsDN cells without
tetracycline, as measured by iron imaging using Phen-
Green-SK as an indicator [25]. In U373-etsDN+T1fR cells,
intracellular iron accumulation was fully rescued, i.e., the
intracellular iron content was comparable to U373-WT cells
and to U373-etsDN without tetracycline (Fig. 2a).

Induced expression of etsDN substantially reduced ROS
levels in U373 gliomas, as compared to U373-WT and
U373-etsDN without tetracycline, which was evaluated by
ROS imaging using DCFH-DA as an indicator [29]. Re-
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Fig. 1 Overexpression of TfR in gliomas is controlled by Ets factors and
reactive oxygen but not by iron or Hifl. a Western blot for transferrin
receptors (7fR) in wild-type (WT) U373 glioma vs. primary astrocytes
and a low-malignancy astrocytoma line (1321N1). TfR levels were also
compared between WT and Ets dominant-negative U373 (EtsDN) and
in EtsDN cells with forced TfR expression (EtsDN + TfR); actin control
indicates equal loading (/eff). TfR promoter luciferase-reporter assay
showing high activity in a promoter containing an Ets, Apl, and ATF/
Cre binding sites (nonmutant) compared to basic vector. Reporter
activity is reduced after mutation of the Ets binding site (m-EBS) but not
after mutation of Apl and ATF/Cre sites (m-Apl and m-Crem; right). b
WT, etsDN, or etsDN + TfR cells were taken for chromatin
immunoprecipitation assays, either using an anti-Ets1 (C-20) antibody
or an unspecific IgG (Neg IgG) as a control. Total cell lysates were used
as a positive control (input). The specific PCR product is a 110-bp
sequence of the promoter region of the TfR gene. Positive chIP is
indicated by an arrow (left panel). A control immunoprecipitation and
PCR reaction with GAPDH primers was carried out in parallel on WT
cells (right panel). ¢ Western blotting for phosphorylated ets1 on nuclear
and cytosolic fractions of WT, etsDN, and etsDN-TfR cells; cross-
reactivity of an etsl antibody with annexin-V was used as a loading
control. d Ds-Red expressing U373 cells strongly immunolabeled for
TfR (arrowhead) while GFP-expressing EtsDn cells show low TfR
levels in the same culture; note TfR localization in a magnified image
(rectangle). e Immunoblot for TfR from U373 WT cells subjected to
normoxia or hypoxia for 24 h, with and without the HIF-1 blocker YCI;
note that TfR expression is independent of hypoxia or Hifl (/eff) and
showing nuclear localization and activity of HIF-1 in U373 WT cells
under normoxia or hypoxia for 24 h, with and without HIF-1; note that
hypoxia enables Hifl function that can be blocked by YC1 (middle and
right). f Immunoblot reveals no change of TfR expression in U373 WT
cells exposed to the iron chelator deferoxamine (DFO) or the iron
donator ferric ammonium citrate (FAC; lefi), Western blot showing
altered TfR expression upon treatment of U373 WT cells with the
oxidant scavenger N-acetyl cysteine (NAC) and the oxidant hydrogen
peroxide (H,0,; right). Scale bars in d are 30 um

expression of TfR in etsDN cells fully restored iron
accumulation in gliomas (Fig. 2b, left). Fluorescence-
activated cell sorting (FACS) analysis of DCFH-DA
fluorescence in U373-WT, tetracycline-treated U373-
estDN, and U373-etsDN + TfR revealed that ROS levels
specifically in the U373-estDN cells were homogenously
diminished throughout the whole cell population (Fig. 2b,
right). This figure indicates that the entire population of
U373-etsDN cells produces a very low fluorescence signal
for ROS signaling (blue line, which is on the level of the
background signal—the background signal is not shown),
whereas the populations of WT (red line) and etsDN + TfR
(black line) cells homogenously have a much higher signals
for ROS production.

Measuring BrdU incorporation of our glioma lines
showed that in tetracycline-treated U373-etsDN cells prolif-
eration levels were profoundly decreased, as compared to
U373-WT, U373-etsDN without tetracycline, and U373-
etsDN + TfR cells (Fig. 2c). The proliferation of U373 cells
directly depended on iron and ROS levels since DFO and the
NAC largely attenuated glioma proliferation (Fig. 2d).

Further, we compared the results in the U373 glioma line
with those of the low-grade astrocytoma line 1321N1.
These cells constitutively had a significantly lower iron
content, ROS levels, and proliferation rate as compared to
U373 cells. Overexpression of TfR in the low-malignancy
1321N1cells increased all three pathological parameters
(iron accumulation, oxidant production, and excessive
growth) as shown in Fig. 2. The role of oxidant production
and ets factors for cancer cell proliferation is also
highlighted by another observation: U373 cells constitu-
tively expressing etsDN do not grow at clonal level, i.e.,
clonal U373-etsDN cells could only be generated when
etsDN expression was induced (by addition of tetracycline
to the culture medium) after the cells had reached 30%
confluency. However, when we overexpressed TfR in bulk
etsDN cultures we could clonally expand these cells (U373-
etsDN + TfR cells; not shown).

LMW-PTP is a target of TfR-mediated redox signaling

After establishing that high proliferation levels in gliomas
are maintained by ets-driven TfR overexpression and
subsequent iron accumulation and ROS generation, we
investigated which molecules downstream of ROS mediate
signals for the accelerated cell division rate. Hence, we
searched for proteins, which are known to transduce growth
signals and which are sensitive to ROS. Therefore, we
electrophoretically separated whole protein contents of
U373-WT, U373-estDN, and U373-etsDN + TfR and in
parallel performed an immunoblotting procedure for the
detection of oxidized proteins (oxyblot). From the blots, we
identified bands containing high amounts of differentially
oxidized proteins among our cell lines. The corresponding
bands were excised from gels separating the total protein
contents of glioma cells and were analyzed by mass
spectrometry. With this procedure, we identified low-
molecular-weight protein tyrosine phosphatase (LMW-
PTP) [30, 31] as a potential target for ROS-mediated
growth signaling (Fig. 3a).

The total amount of LMW-PTP expression was in-
creased in U373-WT and U373-etsDN + TfR cells
compared to U373-estDN (Fig. 3b, left). However, LMW-
PTP was also differentially oxidized (and hence inacti-
vated) in these three lines. In cells with high TfR and ROS
content (U373-WT and U373-etsDN + TfR), we detected
much higher amounts of oxidized LMW-PTP than in U373-
estDN (containing low TfR and ROS levels; Fig. 3b, right).

Importantly, we observed that oxidation of LMW-PTP
can account for the increased proliferation in cells with high
ROS content. We found that overexpression of a point
mutated form of LMW-PTP—with an inactivated catalytic
site mimicking the oxidized form of LMW-PTP [32]—in
U373etsdDN cells fully rescued glioma proliferation

@ Springer



J Mol Med (2009) 87:153-167

160
A —_— * %k
"E EBO * %%
2560 I
S 240
el S

WT +Tet -Tet etsDN WT TiR
Tet-ON +TfR 1321N1
etsDN
B - % kb 2
- & % % <
oz 12 I I ° WT
25 = o etsDN
a0 8 x s etsDN
ws 4 = | 5 +TfR
o3 | a \
14 E — AIE £ } b
- WT +Tet -Tet etsDN WT TfR 20 gl g
Tet-ON +TfR 1321N1 log fluorescence
etsDN
* %k % o
* % %
C 35 — aleda D 375 =
0n = wn
= 4 T =4
© 5 \ | © 5 \
o 3 Q- 3
+ 3 + 3
=2 1 =319
@p — o2
= WT +Tet -Tet etsDN WT TIR =  WT WT WwT
Tet-ON +TfR 1321N1 +DFO +NAC
etsDN

Fig. 2 Induction of transferrin-receptor-mediated redox signaling is a
central proto-oncogenic function of Ets factors, leading to accelerated
glioma growth. Intracellular iron content and ROS production and
proliferation were measured in U373 (WT) cells, tetracycline-
inducible EtsDN-expressing U373 cells (EtsDN), TfR-overexpressing
EtsDN U373 (EtsDN + TfR) cells, and a low-malignancy astrocytoma
with and without forced TfR expression (1321N1-TfR, respectively,
WT). a High intracellular iron levels are observed in U373 cells
having intact Ets signaling or in U373 EtsDN cells overexpressing
TfR but not in U373 cells expressing EtsDN alone. Higher
intracellular iron accumulation was also measured in 1321N1 cells
overexpressing TfR compared to WT 132IN1. b Similarly, high
oxidant levels were measured in U373 cells with intact Ets signaling

(Fig. 3c). This suggests that the high redox levels in glioma
may facilitate growth factor signaling in the brain tumors,
partly through oxidizing LMW-PTP.

Catalytically active LMW-PTP antagonizes Akt and
MAPK signaling, but an elevated redox level inactivates
LMW-PTP and augments Akt and MAPK activity ([32] and
Fig. 3d). In gliomas, Akt and MAPK signaling are the main
pro-proliferative pathways [33].

TfR expression triggers Akt and MAPK signaling
and inhibits p21 and pRB

Next, we sought to establish if U373-WT and U373-etsDN +
TfR have altered MAPK and Akt signaling compared to
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or in TfR-overexpressing EtsDN cells but not in U373 cells expressing
EtsDN alone; additionally, high oxidant generation was observed in
TfR-overexpressing 1321 cells (left). Flow cytometry revealed that
increased oxidant levels in U373 cells with high TfR expression were
homogenous throughout the cell populations (right). ¢ BrdU incorpo-
ration assay showed high proliferation levels in U373 cell having
intact Ets signaling or in U373 EtsDN cells overexpressing TfR but
not in U373 cells expressing EtsDN alone; proliferation was also
drastically increased after TfR overexpression in 1321N1 cells. d
Levels of BrdU incorporation in U373 WT cells are strongly decreased
after iron (DFO) or oxidant (NAC) chelation. Statistical significance is
indicated: **p<0.005; ***p<0.001

U373-etsDN cells. Indeed, cells with high TfR levels like
U373-WT, U373-etsDN + TfR, and U373-etsDN cells
without tetracycline exhibited high levels of phosphorylated
Akt indicating the activation of the Akt pathway. Conversely,
cells with low iron and ROS levels like tetracycline-stimulated
U373-etsDN and DFO or NAC-treated U373-WT cells had
lower levels of phosphorylated Akt (Fig. 4a, left). However,
the total Akt levels in U373-etsDN were even increased
compared to all other cells, suggesting some compensatory
mechanism in these glioma cells, e.g., to cope with low
levels of Akt phosphorylation under low ROS conditions.
Akt signaling in U373 cells was phosphatidylinositol 3'-
kinase (PI3K) dependent as indicated by the inhibition of
phosphorylated Akt levels by wortmannin (Fig. 4a, right).



J Mol Med (2009) 87:153-167

161

A _total protein
ets etsDN

els etsDN

: !' /—> Maldi-MS 9 LMW-PTP

+TfR

—p - ﬂ W «15k0a

Oxyblot
WT ets etsDN
B DN +TfR
S o e total LMW-PTP
S e actin
C 12. *okk
=2 10-
o C
s R mWT
5> 6 C etsDN
] metsDN +
S8 4. mLMW-PTP
2 2.

Fig. 3 LMW-PTP inactivation is downstream of Ets/TfR-mediated
redox signaling and permits accelerated glioma growth. a shows the
differential expression of oxidized proteins (Oxyblot) in U373 (WT),
U373 EtsDn (EtsDN), and EtsDN + TfR U373 (EtsDN + TfR) cells
and a corresponding (18 kDa) band, which was subsequently excised
from a SDS-PAGE gel (total protein) and taken for proteomics
analysis. One of the proteins in this band was identified by Maldi-MS
as low-molecular-weight protein tyrosine phosphatase (LMW-PTP). b
shows that the total expression of LMW-PTP is higher in U373WT
and EtsDN + TfR cells compared to U373 EtsDN cells (leff). For
immunoprecipitation, the amount of LMW-PTP was brought to equal
level in U373WT, EtsDn, and EtsDN + TfR cells (inpuft); then,
oxidized proteins were immunoprecipitated (IP: oxidized proteins) and

Similar to the findings obtained for Akt phosphorylation,
we observed that all three major MAPK pathways are
phosphorylated in cells with high iron and ROS content
(U373-WT, U373-etsDN + TfR) and that tetracycline-
induced expression of etsDN and subsequent attenuation
of ROS generation abrogated MAPK signaling (Fig. 4b).
Importantly, TfR-overexpressing cells showed increased
activation (phosphorylation) of p38, ERK, and JNK
MAPKSs, but the expression of total (nonphosphorylated)
MAPKSs was at equal level in all three cell lines or even
increased in the etsDN-expressing glioma. This indicates
that etsDN only interferes with MAPK signaling but does
not attenuate MAPK expression.

Altered Akt and MAPK signaling can have direct impact
on cell proliferation through phosphorylation of pRB by p38
MAPK [34] and through phosphorylation and translocation
of p21cdkntamwall/eipl) gom the nucleus to the cytosol, which

wTt ets etsDN
DN +TfR

S 7t LNW-PTP

IP: oxydized proteins
— e Blot: LMW-PTP

LMW-PTPT| "‘@
ROS \‘®

oxidized * Akt

LMW-PTP MAPK
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immunoblotted for LMW-PTP (blot: LMW-PTP); note that the
amount of oxidized LMW-PTP is much higher in U373WT and
EtsDn + TfR cells as compared to U373 cells expressing EtsDN alone
(right). ¢ BrdU incorporation assay showing the proliferation of U373
EtsDN cells compared to U373 EtsDN cells overexpressing a mutated
(catalytically inactive) LMW-PTP and compared to (WT) U373 cells;
note that the mutant LMW-PTP rescues proliferation in U373 EtsDn
cells. d Catalytically active LMW-PTP suppresses PI3K and Ras
pathways, whereas oxidized LMW-PTP facilitates Ras activation and
MAPK phosphorylation and permits PI3K signaling and Akt
activation (details, see text). Statistical significance is indicated: **p
<0.005; ***p<0.001

inactivates p21 [35]. Indeed, we observed that in TfR-
overexpressing gliomas pRB was overphosphorylated and
therefore inactivated (Fig. 4c). Likewise, p21 had a
predominantly cytosolic localization in glioma cells with
high TfR expression, active iron accumulation, and abundant
ROS generation. By quantification of p21 localization in the
respective cell lines, we observed that 95% of all U373-WT
cells exhibited cytosolic p21; only 19% of all tetracycline-
treated U373-etsDN had cytosolic p21 localization (conse-
quently, 81% of p21 was nuclear) whereas U373-etsDN +
TR had again cytosolic p21 in 89% of all cells.

The tumor suppressors p21 and pRB control cell cycle
entry in Gl and prevent cells from entering S-phase. To
investigate if p21 and pRB activation in the TfR-over-
expressing gliomas can account for the increased prolifer-
ation of these cell lines, we quantified cell cycle phases in
our glioma cell lines by FACS analysis, measuring ploidity
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Fig. 4 Pro-proliferative AKT and MAPK signaling and facilitated S-
phase entry is restricted to TfR-overexpressing glioma cells. We
compared the activity of the Akt and MAPK signaling by Western
blotting in U373 (WT), U373 EtsDn (EtsDN), and EtsDN + TfR U373
(EtsDN + TfR) cells and investigated the effect of altered redox
signaling on G1 checkpoint control and cell cycle progression. a
Levels of active Akt (phopho-AKT; P-Akt) compared to total AKT
expression (Akt) in the various U373 cell lines; note that P-Akt is
reduced after tetracycline-induced EtsDN expression and after iron
(DFO) and ROS (NAC) chelation but remains high in all other cells
(left). P-AKT levels are reduced after application of the PI3 kinase
blocker wortmannin (right). b MAPK (p38, Erk, and JNK) are
inactive (nonphosphorylated; P-p38, p-Erk, P-JNK) after tetracycline-
induced EtsDN expression in U373 cells, but expression of total
MAPK is not affected; note that MAPK signaling is rescued in EtsDN
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cells after TR overexpression (EtsDN + TfR). Phosphorylation of the
RB protein (P-RB) is absent after tetracycline-induced EtsDN
expression, whereas pRB is strongly phosphorylated (inactivated) in
U373-WT and U373-EtsDN + TfR cells. Likewise, p21 is active
(nuclear localization) after tetracycline-induced EtsDN expression but
inactive (cytoplasmic localization) in U373-WT and U373-EtsDN +
TfR cells (loading controls are for cytoplasm: actin; for nuclear
fraction: TATA-binding protein; TBP). ¢ Immunostaining also identi-
fies cytoplasmic localization (nuclei are blue) of p21 (red) in U373-
WT and U373-EtsDN + TfR cells but nuclear p21 in tetracycline-
induced EtsDN cells. d Cell cycle analysis for WT, EtsDN, and EtsDN
+ TR U373 cells by flow cytometry using propidium iodide staining;
note that in WT and EtsDN + TfR the number of cells entering S-
phase is twice as high as after tetracycline-induced EtsDN expression
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of the cellular DNA with propidium iodide. We observed
that in U373-WT and U373-etsDN + TfR the amount of
cells, which had entered S-phase, was approximately 50%
higher than in tetracycline-stimulated U373-etsDN glioma
cells. These data indicate that TfR overexpression can
facilitate S-phase entry and proliferation of gliomas
(Fig. 4d).

TfR-mediated redox signaling accelerates glioma growth
in vivo

Experimental gliomas were induced by injection of a
glioma cell line (GL261 cells overexpressing EGFP) into
syngeneic mice [36]. The majority of the glioma cells
showed high expression of TfR when compared to normal
parenchyma (Fig. 5a, b). To investigate if TfR expression
correlated with proliferation, we systemically applied a
single dose of BrdU to mice bearing a glioma in the caudate
putamen, thereby labeling all cells in S-Phase. Two hours
after injection, the animals were sacrificed and subsequent-
ly the brains were inspected for TfR and BrdU immunolab-
eling. We found that all BrdU + cells had high T{R
expression but not all TfR + cells were BrdU-labeled
(Fig. 5¢).To examine if the TfR-mediated increase in iron
accumulation, redox signaling, and cell cycle acceleration
had direct consequences for the progression of gliomas in
vivo, we subcutaneously implanted the U373 wild-type
cells, U373 cells overexpressing etsDN, and the etsDN +
TfR-expressing glioma line in immune-compromised mice
and monitored tumor growth over a time course of 8 weeks.
Additionally, we examined if the suppression of iron and
ROS accumulation in gliomas could be used as a
therapeutic approach for glioma treatment by supplying
mice with DFO or NAC in the drinking water. The tumor
sizes were determined weekly. We observed that gliomas
with high TfR activity had the strongest growth over the
whole time course examined, whereas iron chelation by
DFO greatly reduced tumor growth. In U373 cells over-
expressing etsDN, we detected only little tumor growth
during the 8 weeks of the experiment. Most striking
therapeutic results were obtained with the ROS chelator
NAC, which reduced in vivo glioma growth almost to the
level of etsDN-expressing cells (Fig. 5d, left).

Next, we compared the tumor sizes we had obtained
by volumetric measurement over time with the actual
tumor mass at the end point of our experiment. Animals
were sacrificed 8 weeks after glioma injection and the
tumor was isolated. Again, the TfR-overexpressing cells
and gliomas with active iron accumulation and redox
signaling (U373-WT and U373-etsDN + TfR) had
drastically increased tumor weights compared to U373
expressing etsDN and DFO- or NAC-treated gliomas
(Fig. 5d, right).

TR expression in glioma cells induces glutamate secretion
and NMDA-receptor-mediated reduction of neuron mass

We had initially found that TfR expression is not modulated
by cellular iron levels and therefore appears to be
independent of iron regulatory proteins (IRPs, see also
Fig. 1f). However, IRPs have a dual role and acquire
aconitase activity when iron concentration is high [37].
Under high iron conditions, this enzyme has a key role in
the biosynthesis of glutamate [38]. Hence, we investigated
whether the expression level of TR is linked to glutamate
release. Indeed, we found glioma cells with a high
expression level of TfR, namely U373-WT and U373-
etsDN + TR, released large amounts of glutamate into the
supernatant. Glutamate levels reached 400 to 500 uM
within 8 h and a plateau value of approximately 700 pM
within 72 h. In contrast, glioma cells with low level of TfR
expression, the U373-etsDN, released only 15 uM gluta-
mate within 8 h and approximately 50 uM within 72 h
(Fig. 6d).

To study the pathological impact of the glioma-derived
glutamate, we cocultivated the tumors with hippocampal
neurons (Fig. 6a—c). In the presence of U373-WT and
U373-etsDN + TfR, we observed a massive reduction of
neuron mass, i.e., the majority of hippocampal neurons
(more than 80%) had drastically shortened or even
fragmented dendrites (Fig. 6b, c, left). This effect was
almost fully reversed (to about 15% of neurons with
morphological changes) in cultures treated with an NMDA
receptor blocker (I pM MKS801) or in glioma with little
TfR signaling and low iron content (U373-etsDN). Like-
wise, the total number of neurons was reduced (Fig. 6c,
right) in cocultures with U373-WT and U373-etsDN + TfR
gliomas (by about 45%) compared to U373-etsDN, U373 +
MKS801, and neurons alone. Finally, the remaining neurons
exhibited a faint DAPI signal that appeared unusually
homogenous, as if the nuclear compartment was dissolving
(see inset in Fig. 6b); this effect has previously been
described as karyolysis and occurs during necrosis [39].

Discussion

In our present study, we showed that ets factors promote
brain tumor progression by increasing cellular redox levels.
Increased oxidant production in gliomas occurred down-
stream of TfR overexpression and excess iron accumula-
tion. ROS production led to LMW-PTP oxidation
(inactivation) and MAPK and Akt activation and resulted
in loss of Gl checkpoint control and enhanced glioma
proliferation. Concomitantly, TfR mediated high glutamate
release, making iron-accumulating glioma cells excitotoxic
for neurons. Overall, our data indicate that in glioma TfR
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Fig. 5 TfR-mediated redox signaling accelerates glioma growth in
vivo. a Immunostaining for TfR (blue) in an experimental glioma
induced by injection of the mouse glioma cell line, G1261(expressing
Ds-Red) into syngeneic BL/6 mice; note that TfR is strongly
overexpressed only in the glioma. An area marked by the rectangle
was magnified in b. TfR overexpression colocalizes with the glioma
cells in the tumor area and on the single-cell level; a single cell
(highlighted by arrow) was 3D reconstructed cell (insert in b). ¢
shows strong labeling for TfR (red) in GL261 glioma cells (expressing
GFP), which have incorporated BrdU (labeling in blue), after systemic
BrdU administration. d Tumor growth of subcutaneously implanted

coordinately promotes tumor growth and boosts excitotox-
icity to provide space for the advancing tumor.

Under physiological conditions, the expression of TfR is
regulated in a complex fashion on the transcriptional [14,
15] and posttranscriptional [16] level. However, in the
U373 glioma cells, TfR expression remained largely
unchanged after iron chelation or iron administration. This
suggests that the diverse cellular iron regulatory mecha-
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U373 WT, EtsDn, and TfR + EtsDn glioma in nude mice (n=6 per
group) was followed over a time course of 8 weeks. Additionally,
DFO and NAC were given with the drinking water to nude mice
implanted with WT cells. Glioma grew rapidly in WT and EtsDN +
TfR-implanted mice but progressed much slower in EtsDN-inoculated
animals or in mice receiving DFO or NAC (left; error bars are smaller
than symbols). Finally, the tumors were resected from the mice and
glioma masses were measured by weighing the resections; note that
tumor masses are much higher in WT and EtsDN + TfR-implanted
mice but significantly lower (»p<0.001) in EtsDN-inoculated animals
or in mice receiving DFO or NAC with the drinking water (right)

nisms, which cocontrol TfR mRNA stability according to
the intracellular iron level under physiological conditions
[12], have a minor role for TR expression in glioma. Using
a reporter gene assay, we screened for factors exerting
transcriptional control over TfR expression and observed
that mainly ets factors are responsible for the elevated TfR
levels in glioma. Furthermore, interfering with ets signaling
strongly attenuated TfR expression, which could be rescued
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Fig. 6 Only TfR-overexpressing U373 glioma induces excitotoxic
neuronal death. a MAP2 staining of hippocampal neurons cultured for
24 h under control conditions or cocultivated with U373 cells. Control
neurons without U373 cells have numerous and elongated dendrites
without dendrite fragmentation; note that neurons intensely label for
MAP2 and display nuclear integrity (insert in a). b In the presence of
U373 cells, hippocampal neurons display a strongly altered dendrite
morphology. The majority of neurons have short (if any) dendrites,
often characterized by dendrite fragmentation, not that these neurons
also lose their nuclear integrity (as indicated by DAPI staining in the
insert in b). ¢ Quantification of the fraction of neurons with abnormal
dendrite morphology cultured under different experimental conditions
(left panel); note that reduction of neuron mass occurs only in
coculture with TfR-overexpressing glioma and that this process is
prevented by the NMDA receptor antagonist MK801 (/eff). Likewise,
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the total number of MAP2-positive neurons declines specifically in
coculture with TfR-overexpressing glioma; this neuronal loss is
prevented by MK801 (right panel). d Time-course experiment (n=3)
quantifying glutamate release from U373 glioma; note that excessive
glutamate release is restricted to TfR-overexpressing glioma (error
bars are smaller than symbols). e Schematic drawing summarizing the
findings: Ets factors induce TfR expression; TfR activity increases the
labile iron pool and catalyzes reactive oxygen formation (ROS); ROS
facilitates proto-oncogenic pathways (MAPK, Akt) and blunts tumor
suppressor pathways (p21, pRB) leading to accelerated growth;
simultaneously, ROS enables glutamate synthesis and release which
leads to neuronal loss, i.e., creates space for tumor expansion (details,
see text). Significance levels (Student’s ¢ test and ANOVA) are
indicated as p<0.05 (*) and p<0.001 (***). Scale bar 100 um
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to control levels by overexpressing TfR from a vector. Hifl
and hypoxia did not alter TfR expression in glioma.

Downregulation of TfR expression by attenuating ets
activity decreased intracellular iron accumulation and de-
creased the redox level in glioma. The generation of reactive
oxygen species is catalyzed by excess intracellular iron and
contributes to brain pathology [12] and high oxidant levels
can promote cancer cell proliferation [3]. Proliferation of
U373-etsDN cells was largely diminished compared to wild-
type cells but could be fully rescued by forced TfR
expression. Furthermore, the overexpression of TfR was
sufficient to rescue clonal growth of etsDN cells. These data
show for the first time that modulation of redox signaling is
an important protumorigenic effect of ets transcription
factors. Next, we identified LMW-PTP as a target of ROS
in brain tumor cells. We showed that oxidized LMW-PTP
was much more abundant in cells expressing TfR at high
level than in U373etsDN cells containing TfR only at low
level. Forced expression of a point mutated (inactive) form
of LMW-PTP rescued U373etsDN cell growth, showing the
importance of the oxidization (inactivation) of this molecule
for glioma proliferation.

LMW-PTP counteracts activation of the Ras/MAPK and
PI3Kinase/Akt signaling pathways [32, 40, 41]. In the
present study, we provided evidence that the MAPK and
Akt pathways are only fully active in gliomas with high
TfR expression. Elevated Akt and MAPK signaling is
found in most glioma and may be one of the primary
pathways driving brain tumor initiation and progression [7].
Our study suggests that TfR-mediated redox signaling—in
addition to mutations of growth factor receptors and of
PTEN—is important for the activation of Akt and MAPK.

Akt and MAPKSs exert growth control by inactivation of
G1 checkpoint proteins p21 and pRB [35, 42, 43]. In
glioma cells with high redox signaling (U373WT and
U373etsDN+T1R cells), we observed hyperphosphorylated
(inactivated) pRB, whereas U373etsDN cells contained
hypophosporylated pRB, which actively blocks cell cycle
entry in G1. Likewise, cells with high TfR expression and
activated Akt showed inactivation of the G1 cell cycle
arrest protein p21. The tumor suppressor p21 is phosphor-
ylated by Akt, which induces shuffling of p21 out of the
nucleus and loss of tumor suppressor function [35]. We
observed high nuclear p21 in U373etsDN cells and high
cytoplasmic p21 in U373WT and U373etsDN + TfR cells.
On the contrary, the TfR-low cells (U373-etsDN) were
arrested in G1 and in G2.

The increased cell cycle arrest in TfR-low cells explains
the results from our BrdU assay, which showed that
U373etsDN cells proliferate less than U373WT and
U373etsDN + TfR cells. Furthermore, in an in vivo model,
tumors were growing at much higher pace in glioma
expressing TfR at high level. Systemic abrogation of high
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iron and ROS levels with an iron chelator or an antioxidant
yielded reduced tumor growth, further indicating the
relevance of redox signaling for glioma progression.

Accelerated proliferation rates in glioma could not lead
to continuous glioma progression without coordinated
provision of space for the expanding tumor mass. On this
point, gliomas have requirements different from other solid
tumors since the skull prevents the brain tissue to be
invariably be pushed aside. Gliomas circumvent this
problem by actively creating space for their own growth,
i.e., by killing surrounding neurons [8, 9]. We show that
TfR promotes both excessive proliferation and massive
reduction of neuron mass, which most likely reflects
NMDA -receptor-mediated excitotoxicity [23]. Hence, TfR
represents an important target for glioma therapy, by which
neural tumor cell cycles [44, 45], glioma expansion [46],
and neurological problems—that are frequently occurring
with these tumor—may be suppressed.
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