Journal of
Neurochemistry

@ JOURNAL OF NEUROCHEMISTRY | 2013 | 127 | 793-804

doi: 10.1111/jnc.12365

Superoxide-dependent uptake of vitamin C in

Federico S. Rodriguez,* Katterine A. Salazar,* Nery A. Jara,*
Maria A Garcia-Robles,t Fernando Pérez,} Luciano E. Ferrada,*

*Laboratory of Neurobiology and Stem Cells, Center for Advanced Microscopy CMA BIOBIO,

tLaboratory of Cellular Biology, University of Concepcion, Concepcion, Chile

ORIGINAL
ARTICLE human glioma cells
Fernando Martinez*f and Francisco J. Nualart*
University of Concepcion, Concepcion, Chile
tHospital Guillermo Grant Benavente, Concepcion, Chile
Abstract

Glioblastomas are lethal brain tumors that resist current
cytostatic therapies. Vitamin C may antagonize the effects of
reactive oxygen species (ROS) generating therapies; how-
ever, it is often used to reduce therapy-related side effects
despite its effects on therapy or tumor growth. Because the
mechanisms of vitamin C uptake in gliomas are currently
unknown, we evaluated the expression of the sodium-vitamin
C cotransporter (SVCT) and facilitative hexose transporter
(GLUT) families in human glioma cells. In addition, as
microglial cells can greatly infiltrate high-grade gliomas (con-
stituting up to 45% of cells in glioblastomas), the effect of
TC620 glioma cell interactions with microglial-like HL60 cells
on vitamin C uptake (Bystander effect) was determined.
Although glioma cells expressed high levels of the SVCT

Gliomas are lethal tumors that occur in the CNS. The World
Health Organization (WHO) classified gliomas into four
histological categories; grades III and IV correspond to
malignant gliomas (Louis et al. 2007). Glioblastoma multi-
forme (GBM, WHO grade IV) accounts for 50% of all
intracranial tumors and 70% of primary malignant brain
tumors (Wen and Kesari 2008). Although GBM often occurs
in late adulthood (70% at a mean age of 53 years), up to
8.8% occur in children (Dohrmann et al. 1976; Ohgaki and
Kleihues 2005). Because of the absence of specific symp-
toms, tumors are often detected at advanced stages, leading
to poor prognosis with a mean survival of 1 year for GBM
(Wen and Kesari 2008). Clinical trials using directed
therapeutics, including bevacizumab, an angiogenesis inhib-
itor that targets vascular endothelial growth factor, have
reported limited efficacy because of the adaptive nature of
cancer cells (Watkins and Sontheimer 2012).

isoform-2 (SVCT2), low functional activity, intracellular local-
ization and the expression of the dominant-negative isoform
(dnSVCT2) were observed. The increased glucose metabolic
activity of glioma cells was evident by the high 2-Deoxy-
p-glucose and  dehydroascorbic acid (DHA) uptake rates
through the GLUT isoform-1 (GLUT1), the main DHA trans-
porter in glioblastoma. Co-culture of glioma cells and activated
microglial-like HL60 cells resulted in extracellular ascorbic acid
oxidation and high DHA uptake by glioma cells. This Bystander
effect may explain the high antioxidative potential observed in
high-grade gliomas.
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Reports have shown that vitamin C, a general antioxidant
that is concentrated in the CNS, could impact tumor growth
(Cameron and Pauling 1976; Heaney e al. 2008; Telang
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et al. 2007). Although more than three decades ago Linus
Pauling and Ewan Cameron proposed the benefits of
megadose vitamin C treatment for patients with advanced
cancer (Cameron and Pauling 1976, 1978), reproducible
effects have been lacking (Moertel et al. 1985). It is likely
that some of the conflicting data arose from incomplete
knowledge of vitamin C physiology and uptake mechanisms.
Vitamin C exists in two redox states: (i) ascorbic acid (AA),
which is the most stable and abundant form, and (ii)
dehydroascorbic acid (DHA), which is present at low levels
(<5%) and can be rapidly recycled to AA in the blood and
brain (Astuya et al. 2005; Mendiratta er al. 1998; Rice
2000). Two transporter families mediate cellular uptake of
vitamin C in the CNS. The sodium vitamin C co-transporter
isoform 2 (SVCT2) mediates concentrative AA uptake
(Liang et al. 2001). In addition, some of the 14 isoforms
of the facilitative hexose transporter (GLUT) family mediate
gradient-directed uptake of DHA (Nualart er al. 2003;
Rumsey et al. 1997).

Peripheral tumors, including leukemia, as well as breast
and prostate cancer cell lines are incapable of accumulat-
ing vitamin C through SVCT2 (Guaiquil ef al. 1997;
Nualart ef al. 2003). However, we have previously
described a mechanism that could allow massive DHA
uptake into tumor cells, termed the Bystander ' effect
(Nualart et al. 2003). This mechanism involves infiltration
of the tumor by superoxide-releasing neutrophils, generat-
ing stromal oxidation of AA to DHA and DHA uptake by
nearby tumor cells through GLUTI, GLUT3, or GLUT4
(Rumsey et al. 1997). To accumulate intracellularly, DHA
must be compartmentalized or reduced by enzymatic or
non-enzymatic mechanisms (Linster and Van Schaftingen
2007).

Gliomas contain an increasing proportion of microglial
cells with malignancy (Yi e al. 2011), resulting in enhanced
tumor growth (Zhai et al. 2011). For example, microglia can
account for up to 45% of the cell population in GBM
(Morantz et al. 1979; Nishie et al. 1999; Seyfried 2001;
Shinonaga et al. 1988). Because of the close association
between microglia and glioma cells coupled with superoxide
generation by microglia (Sankarapandi ef al. 1998), this
study tested the hypothesis that increased vitamin C uptake
through the Bystander effect induces increased antioxidative
capacity in gliomas that may mediate their resistance to
therapies. The mechanisms of vitamin C uptake in glioma
cells with histological correlation to glioma biology were
evaluated. Analysis of vitamin C transporter expression and
function in human glioma cells in vitro was undertaken.
However, glioma cells uptake very low levels of AA, their
high capacity for DHA uptake could generate massive
cellular loads of AA through GLUTI-mediated DHA
transport. A detailed description of vitamin C uptake by
glioma cells may yield novel therapeutic targets for patients
with malignant gliomas.

Materials and methods

Cell cultures

TC620 (Manuelidis et al. 1977; Astuya et al. 2005), US87TMG
(ATCC, Manassas, VA, USA) and HL60 cells (Nualart ez al. 2003)
were grown in Iscove’s Modified Dulbecco’s Medium (Sigma Life
Science, St. Louis, MO, USA) supplemented with 10% fetal bovine
serum (Hyclone Laboratories, Inc., Logan, UT, USA), 2 mM
glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin (Gibco,
Invitrogen, Grand Island, NY, USA), and 250 pg/mL fungizone
(Hyclone Laboratories, Inc.). AA was not detected in the culture
medium by HPLC method.

Primary glioma cultures were obtained from surgically resected
human astrocytomas (WHO grades III and IV) from two male
patients in accordance with the accepted standards of the ethics
committee on the use of human specimens at UCO 2013101H and
after informed consent was obtained from both patients. Tissues
were rapidly cut in pieces less than 1 mm in size, rinsed in 0.1 M
phosphate buffer (pH 7.4, 320 mOsm), incubated for 10 min in
0.25% trypsin, and dissociated mechanically to homogeneity with a
fire-polished Pasteur pipette. Cells were then seeded at low-density
(2 x 10° cells/em?) in 100-mm dishes (BD Corning™, Franklin
lanes, NJ, USA), and maintained in Dulbecco’s modified Eagle’s
medium/F12 (Sigma Life Science) supplemented with 5% fetal
bovine serum and antibiotics. Fresh medium was added every 2—
3 days, and after 30 days, selected cell colonies from grade III
(TC233) and IV (TC236) astrocytomas were harvested and plated
2 x 10° cells/cm?) for experimental analysis.

Immunocytochemistry

Formalin-fixed and paraffin-embedded human GBM tissue sections
(7 pm) were deparaffinized and rehydrated; endogenous peroxidase
activity was inhibited with 3% H,O, dissolved in methanol (Nualart
et al. 2012a). TC620 and U87 cells were cultured on 12-mm round
coverslips for 24 h and fixed 30 min in 4% paraformaldehyde.
HL60 cells were cultured on poly-L-lysine-coated coverslips after
addition of 1 uM phorbol-12-myristate-13-acetate (PMA) for 24 h
and processed for immunocytochemistry. Before incubation with the
primary antibodies, cells were permeabilized by incubation in 0.02%
triton X-100 phosphate buffer (pH 7.8) for 10 min. The following
affinity-purified polyclonal primary antibodies were used: anti-
GLUTI1-GLUTS5 (Alpha Diagnostic, San Antonio, TX, USA); anti-
SVCT2 (G19, Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA); anti-p47Phox (Upstate, Lake Placid, NY, USA); anti-Golgi-
specific brefeldin-A resistance guanine nucleotide exchange factor-1
(GBF-1; kindly donated by Dr Alejandro Claude); anti-calnexin,
anti-early endosome antigen-1 protein, and anti-mannose 6-phos-
phate receptor (M6PR) (all from Abcam Inc., Cambridge, MA,
USA); and anti-glial fibrilary acid protein (GFAP) and anti-vimentin
(Dako Inc., Glostrup, Denmark). After washing, tissue samples were
incubated for 2 h at 22°C with secondary antibodies conjugated
to horseradish peroxidase (Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA, USA), and labeling was performed with
the 3,3-diaminobenzidine and H,O, reaction (Godoy et al. 2006).
Cells on coverslips were incubated with secondary antibodies
conjugated to fluorescent dyes (Jackson ImmunoResearch
Laboratories Inc.), and DNA was stained using TOPRO-3
(1 :1000; Invitrogen, Rockville, MD, USA) or propidium
iodide (Molecular Probes Inc., Eugene, OR, USA). The cells were
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analyzed by confocal laser microscopy (Carl Zeiss LSM 780, Jena,
Germany).

RT-PCR analysis

Total RNA was extracted from cultured TC620 cells using TRIzol®
reagent (Invitrogen, Carlsbad, CA, USA). Synthesis of cDNA and
PCR were performed using standard procedures (Millan et al.
2010). The thermocycling conditions were as follows: 94°C for
5 min followed by 35 cycles of 94°C for 30 s, 55°C for 30-50 s,
and 72°C for 30 s for 35 cycles; with a final extension of 7 min at
72°C. The following sets of primers were used: B-actin, SN-5'-
GCTGCTCGTCGACAACGGCTC-3', AS-3-CAAACATGATCT
GGGTCATCTTCTC-5 (353 bp); SVCT2a, SN-5-GAGGCAAA
GCACCCAGCTTT-3", AS-5'- AACAGAGAGGCCAATTAGGG-
3" (700 bp); SVCT2b, SN-5-GGGGCTACAGCACTACCTG-3',
AS-5-AACAGAGAGGCCAATTAGGG-3" (461 bp); SVCT2c,
SN-5'-TTCTGTGTGGGAATCACTAC-3', AS-5-ACCAGAGAG
GCCAATTAGGG-'3 (340 bp); SVCT2d, SN-5-GGGGCTACAG
CACTACCTG-3', AS-5"-GGATGGCCAGGATGATAG-3' (647 bp
and 305 bp); GLUT1 SN-5"-TGAACCTGCTGGCCTTC-3', AS-5'-
GCAGCTTCTTTAGCACA-3" (399 bp); GLUT2, SN-5-CA
ACAGGTAATAATATC-3', AS-5-CTCGCACACCAGACAGG-
3’ (583 bp); GLUT3, SN-5-AAGGATAACTATAATGG-3', AS
-5'-GGTCTCCTTAGCAGGCT-3' (411 bp); GLUT4, SN-5'-CA
GAAGGTGATTGAACA-3", AS-3'-CAGGTAGCACTGTGAGG
-5' (493 bp); and GLUTS5, SN-5-GAATTCATGGAAGACTT-3/,
AS-5-GCCATCTACGTTTGCAA-3' (396 bp).

Immunoblotting

For immunoblot analysis, total protein extracts isolated from the
cytosol and membranes of 5 x 10° U-87 cells, membrane enriched
protein extracts from 5 x 107 TC620 cells, and equivalent volumes
of rat brain or dissected rat hypothalamus were obtained by
homogenizing samples in 0.3 mM sucrose, 1 mM EDTA and a
complete protease inhibitor cocktail (Roche, Indianapolis, IN, USA)
as previously described (Garcia Mde et al. 2005). Proteins (50—
100 pg) were resolved by 5-15% (w/v) gradient sodium dodecyl
sulfate—polyacrylamide gel electrophoresis, electrotransferred to
Immobilon®-P membranes (0.45 pum pore size; Millipore Corpora-
tion, Billerica, MA, USA) and probed overnight with anti-GLUT1,
anti-GLUT3 (1 : 1000; Alpha Diagnostic), or anti-SVCT2 (1 : 200;
Santa Cruz Biotechnology Inc.). After incubation with horseradish
peroxidase-conjugated secondary antibodies (1 : 5000; Jackson
ImmunoResearch), the reaction was developed with enhanced
chemiluminescence reagent (Amersham Biosciences, Pittsburgh,
PA, USA).

Uptake assays

For uptake assays, cells were grown in 6-well plates to a density of
8 x 10° cells/well as previously described (Garcia er al. 2003).
Briefly, cells were incubated in uptake incubation buffer consisting
of 15 mM HEPES pH 7.0, 135 mM NaCl, 5 mM KCI, 1.8 mM
CaCl,, 0.8 mM MgCl,, 320 mOsm (Nualart ez al. 2003) for 10 min
at 37°C for ion equilibration. Uptake was performed using 1 pCi 2-
Deoxy-p-glucose (2-DOG; 26.2 Ci/mmol; Dupont NEN, Boston,
MA, USA) or 5-100 uM 1-C-L-AA (8.5 mCi/mmol, PerkinElmer
Life Science, Boston, MA, USA) with 0.1 mM dithiothreitol for AA
preservation. DHA was yielded by oxidizing AA with 5 U/pmol of
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ascorbate oxidase (Sigma-Aldrich) (Nualart er al. 2003). Uptake
was stopped using ice-cold uptake incubation buffer with 0.2 mM
HgCl,, and cells were homogenized in 400 pL of lysis buffer
(10 mM Tris—HCI pH 8.0 and 0.2% sodium dodecyl sulfate). The
incorporated radioactivity was measured by liquid scintillation
spectrometry (Beckman Coulter LS 6500; Beckman Coulter, Inc.,
Brea CA, USA). Saturation assays were performed at the initial
velocity range. Uptake of 2-DOG and DHA was performed at 22°C
whereas AA uptake was performed at 37°C.

Detection of cellular superoxide production and liberation
Superoxide production was quantified by monitoring ferricyto-
chrome C reduction (Sigma-Aldrich). Cells were suspended in
modified Hepes Krebs Ringer buffer (20 mM Hepes, pH 7.4,
130 mM NaCl, 5 mM KCIl, 1.2 mM MgSO,, 1.2 mM CaCl,,
Na,HPO,, 1 mM p-glucose, 0.1% bovine serum albumin) contain-
ing 1 mg/mL ferricytochrome C and activated by the addition of
1 uM PMA. The reduction of ferricytochrome C was monitored by
determining the change in the absorbance at 550 nm, and extracel-
lular superoxide was calculated using an extinction coefficient of
21 000 M=l cm™' (Nualart ef al. 2003). Intracellular oxidant
generation was defined using the nitrobluetetrazolium (NBT)
reduction technique (Sudo et al. 1998). PMA-activated HL60 cells
were incubated 1 h with 0.5 mg/mL NBT in Hepes Krebs Ringer
buffer. Intracellular blue formazan deposits were microscopically
visualized after washing with 60% methanol and 4% paraformal-
dehyde fixation. Diphenylene iodonium (DPI), a NADPH-oxidase
inhibitor, and temperature dependence were used as controls.

Statistical analysis

Data presented in this article are the results of three indepen-
dent experiments performed in triplicates and expressed as
means £+ SD. Studies evaluating superoxide generation and uptake
of 2-DOG, AA, and DHA were analyzed using Student’s unpaired
1-tests.

Results

Glioma cells have low capacity for AA uptake because of
intracellular SVCT2 localization

Only few specialized glial cells, including tanycytes and
choroid plexus cells, are capable of AA transport in the CNS
(Angelow et al. 2003; Garcia Mde et al. 2005); however, the
ability of glioma cells to uptake AA had not been previously
assessed. Because SVCT2 was the only AA transporter
reported in the adult CNS to date (Nualart et al. 2012b), the
functional activity of SVCT2 was evaluated in cultured
human glioma cells. Radiolabeled AA uptake in TC620 cells
was extremely low at 5 min, reaching 40 pmol x 10° cells
(Fig. la); however, it was sensitive to both temperature and
sodium availability (Fig. 1b). In addition, the functional
identity of SVCT2 was defined through kinetic parameters in
dose-response assays. Uptake of 5-100 pM AA at 30 s
resulted in a Michaelian curve with saturation at 60 pM AA
(Fig. 1c), and the double reciprocal plot revealed a single
functional component with a Michaelis constant (K,,) of
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Fig. 1 Ascorbic acid (AA) uptake and immunolocalization of sodium-
vitamin C co-transporter isoform 2 (SVCT2) in glioma cells. (a) Time
course of 100 uM AA uptake. (b) Temperature- and sodium-dependent
AA (100 pM) uptake. (c) Saturation plot using 5-100 uM AA uptake at
30 s. Inset, Lineweaver-Burk plot of the data presented in (c). (d) AA
uptake in cultures of human glioblastoma multiforme biopsies. (e-g)

25 uM and a maximum velocity (Vi,.) of 7 pmol x 10°
cells/min (Fig. lc; inset) in accordance with a previous study
(Savini et al. 2008). Similar uptake assays in human GBM

cells (TC236) confirmed low AA uptake levels

Plane +3.0 um | (k)

Plane +4.5 um

)

Plane +6.0 um [(M) Plane +7.5 um

Mid-plane confocal immunolocalization of SVCT2 (green) in TC620
cells. (h-o0), Confocal 3D-rendering analysis showing pseudocolor
(blue) for highest SVCT2 immunolocalization. Kinetic data were
performed at 37°C unless indicated otherwise. Data represent
means + SD of three independent experiments. ***p > 0.001, Stu-
dent’s unpaired ttest. Scale bars, 25 pm.

(21 pmol x 10° cells/min) and sensitivity to sodium
(Fig. 1d). To confirm SVCT2 expression, confocal immu-
nocytochemical detection of SVCT2 was undertaken. Mid-
plane confocal images showed high levels of SVCT2 in
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glioma cells (Fig. le and f, green). However, the highest
immunocytochemical detection as represented by pseudo-
color (Fig. 1g; blue color) showed the intracellular localiza-
tion of SVCT2. Moreover, whole cell 3D-rendering analysis
(Fig. 1h—0) confirmed the intracellular localization of
SVCT2 in all focal planes across the cell.

Glioma cells express the dominant-negative SVCT2 isoform
Previous reports have shown that intracellular localization of
SVCT?2 and low AA uptake can be induced by the expression
of a dominant-negative isoform of SVCT2 termed, dominant-
negative SVCT2 (dnSVCT2) (Lutsenko et al. 2004; Wu
et al. 2007). To identify the possible cause of intracellular
SVCT2 localization, the expression of the dnSVCT2 in
TC620 cells was assessed. RT-PCR assays using specific
primers for SVCT2 isoforms, with antisense primers anneal-
ing within the predicted splice sequence (Fig. 2a) showed the
presence of a single amplification product of the correct size
(Fig. 2a; lanes 1-3). However, primers flanking the predicted
splice sequence amplified two PCR products with the
predicted sizes corresponding to the full length and
dnSVCT?2 isoforms (Fig. 2a; lane 4). Western blot analyses
of SVCT?2 expression in membrane-enriched protein extracts
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rat hypothalamus and whole brain were also undertaken
(Fig. 2b). Glioma samples showed three polypeptide bands
of different molecular mass (Fig. 2b, lane 1). The fainter
75 kDa band co-migrated with hypothalamic and whole
brain positive control tissues known to be functionally active
in AA uptake (Fig. 2b; lanes 2-3). Two additional bands of
approximately 50 kDa and 130 kDa, which were not
detected in the absence of the primary antibody, were
observed in the glioma samples (Fig. 2b, lanes 4-6). In
addition, the co-localization of SVCT2 with subcellular
organelles was assessed using markers for Golgi apparatus,
endoplasmic reticulum, early- and late-endosomes. The
highest co-localization was observed with Golgi (GBF-1)
and endoplasmic reticulum (calnexin) markers (Fig. 2c, d
and g, h), while no relevant co-localization was observed
with endosomes (Fig. 2e, f and 1i, j).

The in vitro localization experiments were confirmed using
human GBM biopsies (Fig. 3). GBM tumor cells were
identified by anti-vimentin and anti-GFAP immunostaining
and cell morphology as described previously (Schiffer et al.
2006). Representative bright-field microscopy images
revealed extensive vimentin and GFAP expression in cells
with typical gemistocytic and rhabdoid morphology

from TC620 glioma cells, and positive control tissues from (Fig. 3a—f). Immunocytochemical analysis for SVCT2
() (b)
- < 130 kDa
- — < 75kDa
4 Ad A 4 4
. L v ‘ e < 50kDa
1) 700 bp
| — 2) 340 bp 1 2 3 4 5 6
3) 461 bp
5) Control
Fig. 2 Molecular analysis of sodium- Anti-GBF1 Anti-CLNX Anti-EEA1 Anti-MEPR

vitamin  C  co-transporter isoform 2
(SVCT2) expression in cultured TC620
cells. (a) RT-PCR analysis using specific
primers for SVCT2 amplification as shown
in diagram (below). (b) Western blot
analysis for SVCT2 using membrane
protein extracts of TC620 cells (lane 1), rat

Late endosomes

(d) Endoplasmic Ret. |l (€) Early endosomes | (f)

hypothalamus (lane 2), and whole rat brain
(lane 3). Lanes 4-6 represent control
reactions without primary antibody. (c-f)
Immunolocalization of subcellular
organelles in cultured TC620 cells. (g-j)
Co-localization of SVCT2 immunoreactivity
with subcellular organelle markers shown in
the upper panels. Scale bars, 20 pm.
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Fig. 3 In situ immunolocalization of sodium-vitamin C co-transporter
isoform 2 (SVCT2) in human glioblastoma multiforme. Histological
sections (7 um) obtained from human paraffin embedded Glioblastoma
multiforme (GBM) tissues fixed in 10% formalin were immunoprobed
with glioma markers and anti-SVCT2. (a-f) Imnmunodetection of tumor

indicated high levels of intracellular SVCT2 expression in
tumor cells, which was not observed at the cell membrane
(Fig. 3g—i; i, arrow head), confirming SVCT?2 expression and
intracellular localization in sifu.

Human glioma cells show high levels of 2-DOG and DHA
uptake capacity

Tumor cells express high levels of GLUTSs that support high
glucose uptake and metabolism, some of which also transport
DHA (Spielholz et al. 1997). Thus, kinetic analysis for
2-DOG and DHA uptake in TC620 cells was undertaken.
High-level uptake of 2-DOG was observed at concentrations
ranging from 0.2-20 mM, reaching the half equilibrium
concentration in less than 1 min (Fig. 4a). 2-DOG uptake
revealed two slopes; the first linear uptake represents the

cells with anti-vimentin and anti-glial fibrilary acid protein (d-f)
antibodies. (g-i) Intracellular SVCT2 immunoreaction in glioma cells.
Insets show magnified details, and arrow head indicates the cell limit
(i). Scale bars, 50 pm (a, d, g) and 25 um (b, c, e, f, h, i). Data are
representative of at least six human GBM samples.

initial velocity, and the latter is influenced by non-phosphor-
ylated 2-DOG accumulation and efflux generated by
decreased hexokinase activity because of ATP-depletion.
To prevent miscalculation of transport kinetic parameters
during this second phase, we performed the analyses at 30 s,
a period in which all concentrations were in the initial
velocity phase (Fig. 4a). Uptake of 2-DOG was sodium-
insensitive as revealed when replacing sodium with choline
(Fig. 4b). Furthermore, a saturation plot using 0.05-20 mM
2-DOG showed a typical Michaelian curve and initial
saturation approximately at 2 mM 2-DOG (Fig. 4c). A
double reciprocal plot revealed a single functional compo-
nent for 2-DOG uptake with a Km of 4 mM and a Vmax of
7 nmol x 10° cells/min (Fig. 4c; inset). A semi-log plot for
cytochalasin B (Cyt B)-dependent inhibition of 0.2 mM
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1 mM DHA uptake up to 5 min. (f) Controls for facilitative hexose
transporter (GLUT)-specific uptake of 50 uM DHA at 15 min with

2-DOG uptake at 2 min showed a half-maximal inhibition
concentration (ICsg) of 0.1 pM, which was similar to
previous reports (Garcia ef al. 2003; Hresko and Hruz
2011). However, < 2-DOG uptake was not inhibited by
cytochalasin E, used as negative control (Fig. 4d).

The capacity of glioma cells for DHA uptake was next
evaluated. Time-course uptake assays up to 5 min using 0.05
and 1 mM DHA showed high DHA uptake at similar levels
to 2-DOG (Fig. 4e) and much higher than that observed for
AA uptake. As DHA uptake after 1 min showed a shift in the
slope using the highest concentration (Fig. 4e), we measured
uptake at 30 s (i.e., the initial velocity phase) throughout the
kinetic parameter analysis. Uptake of DHA was independent
of sodium ions but greatly inhibited by Cyt B (Fig. 4f).
Furthermore, uptake assays performed with cells isolated
from human glioma biopsies TC233 (grade III) and TC236
(grade IV) showed similar DHA uptake capacity, which was
6- to 10-fold higher than AA uptake (Fig. 4g). Dose response
assays with TC620 cells using 0.125-5 mM DHA at 30 s
showed a Michaelian curve (Fig. 4h), and double-reciprocal
analysis showed a single functional component with a K, of
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at 1 min. (h) Saturation plot for 0.1-5 mM DHA uptake at 30 s in
TC620 cells. Inset, Double reciprocal plot. Kinetic assays were
performed at 22°C unless otherwise indicated. Data represent
means + SD of three independent experiments. ***p > 0.001, Stu-
dent’s unpaired t-test.

0.8 mM and a Vmax of 6.8 nmol x 10° cells/min (Fig. 4h;
inset). Together these functional data indicate high levels of
glucose and DHA uptake in glioma cells with kinetic
parameters that signify the presence of functional GLUTI1.

High glucose and DHA uptake by glioma cells through
GLUT1

To better define GLUT isoform expression in glioma,
RT-PCR analysis using cDNA obtained from total RNA
extracts of TC620 glioma cells and specific primers for the
classical GLUTs (GLUTI1-5) was undertaken. As shown in
Fig. 5a, only GLUT1I mRNA expression was observed.
Western blot analysis of total protein extracts from TC620
cells and rat brain (positive control) showed a broad protein
band of 45 kDa (Fig. 5b) that was detected in rat brain and
co-migrated with the glioma samples (lanes 1 and 2).
Negative controls without primary antibody incubation
showed no immunoreaction (Fig. 5b; lanes 3 and 4).
Confocal microscopy using 3D-rendering analysis of
GLUT-1 immunoreactivity in TC620 cells showed high
intracellular and cell membrane GLUT1 labeling (Fig. S5c—h).
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In addition, immunolocalization in human GBM tissues
confirmed high' GLUTL expression in cells with tumor
morphology and blood vessels (Fig. 5i and j). Furthermore,
lower levels of GLUT3 expression were also observed
(Fig. 5m and n), and GLUT5 immunoreaction was detected
in ramified cells with small nuclei and defined as tumor-
associated microglia (Fig. 5q and r). Neither GLUT2 nor
GLUT4 was detected in GBM biopsies (Fig. 5k, I and o, p,
respectively). In addition to the analyses performed with
TC620 cells, we confirmed most of the results using human
GBM US87 cells (Figure S1). U87 cells had low AA uptake
capacity (Figure S1, Ia). Furthermore, like TC620 cells, U87
cells expressed the dnSVCT2 isoform (Figure S1, II),
expressed proteins of the same molecular mass as detected
by western blot analysis (Figure S1, Illa) and displayed
intracellular SVCT2 (Figure S1, IVc and d). Moreover, U87
cells expressed GLUT1 and GLUT3 (Figure S1, Illc—f) with
GLUT1 localization at the cell membrane (Figure S1, IVa
and b). Furthermore, DHA uptake was 8-fold greater than

Anti-GLUT5 _ 2

100 um (i, k, m, o, q), 50 um (c-h) and
25 um (j, I, n, p, 1).

AA uptake (Figure S1, Ia and b). Together, these data
indicate that glioma cells mainly depend on GLUTI and
possibly GLUTS3 for vitamin C uptake and accumulation.

The Bystander effect allows effective vitamin C uptake in
glioma cells

We have previously reported a mechanism for active
generation of stromal DHA called the Bystander effect,
which is a model for loading a peripheral tumor with vitamin
C (Nualart et al. 2003). To determine if the Bystander effect
could increase tumor vitamin C loading, microglial and
human glioma TC620 cells were employed. Because of the
high number of microglial cells required for Bystander
uptake assays and the complexity of their isolation, cultured
HL60 cells, which have a common origin with microglia
(Chan et al. 2007), were used as a microglial model. After
adherent TC620 cells were incubated with a HL60 cell
suspension in the presence of “C-AA and PMA, a NADPH-
oxidase activator (Fig. 61), superoxide generation by HL60
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Fig. 6 In vitro Bystander effect between human myeloid HL60 and
glioma TC620 cells. Cultured HL60 cells were analyzed for superoxide
generation and viability for the Bystander effect. (a and b) Intracellular
nitro blue tetrazolium (NBT) reduction in HL60 cells treated with 1 uM
phorbol-12-myristate-13-acetate (PMA) (a) or dimethylsulfoxide (b). (c)
Immunolocalization of NADPH-oxidase p47Phox subunit (green) in
HL60 cells treated 1 h with 1 pM PMA. Arrows indicate cell limit. (d),
Cytochrome c¢ superoxide liberation assay at 2 h in 1 pM PMA-
activated HL60 cells indicating temperature dependence. (e) Effect of
HL60 cell density on superoxide release at 1 h. (f) Dose-dependence

cells was assessed using the NBT assay that detects
intracellular oxidants. Activation with 1 pM PMA after 1 h
generated a dense formazan deposition at the cell membrane
that was not observed when incubated with dimethylsulfox-
ide (Fig. 6a and b, respectively). Similarly, the NADPH-
oxidase subunit, p47Phox, had similar distribution as
observed by the formazan deposits (Fig. 6¢). The cyto-
chrome ¢ reduction assay revealed high superoxide liberation
that was temperature-sensitive, decreasing by 27% at 20°C
compared to 37°C (Fig. 6d). Furthermore, a limited increase
in superoxide generation beyond 0.5 x 10° cells/mL was
observed, reaching a plateau of approximately 45 nmol
superoxide/l x 10° cells/h (Fig. 6e). Superoxide production
was effectively inhibited by increasing concentrations of the
NADPH-oxidase inhibitor, DPI, observing an ICsy of 1 uM
and a 92% inhibition at 5 uM DPI (Fig. 6f). Furthermore,
uptake of vitamin C in adherent cultures of TC620 cells
incubated with HL60 cells in suspension and 50 pM

curve for diphenylene iodonium (DPI) inhibition of superoxide release
showing an ICs5, of 1 uM. (g) Bystander effect between co-incubated
HL60 and TC620 cells, showing time course of vitamin C uptake C in
TC620 cells in the absence (filled triangles) or presence (white
triangles) of 1 uM PMA. (h) Bystander uptake of vitamin C in TC620
and HL60 cells indicated separately. (i) Diagram showing the
Bystander effect experimental settings. Data represent means + SD
of three independent experiments. **p > 0.01, ***p > 0.001, Student’s
unpaired t-test. Scale bars, 10 pm.

radiolabeled = AA  showed low  uptake levels
(< 100 pmol x 10° cells) up to 60 min (Fig. 6g; black
triangles). However, after addition of 1 pM PMA to the
co-cultures, vitamin C uptake increased more than 18-fold at
60 min (Fig. 6g; white triangles), which was inhibited by
92% with 30 uM Cyt B, indicating DHA uptake through
GLUT1 (Fig. 6h). Although these results indicate the
efficiency of the Bystander effect in promoting DHA uptake
by glioma cells, HL60 cells competed for approximately 1/3
of the generated DHA.

Discussion

Malignant gliomas are among the most devastating and
untreatable cancers. Despite therapy-related progress for
other types of cancers, the life expectancy of glioma patients
has not increased significantly during the past half century
due at least in part to the tumor’s resistance to oxidative
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damage (Bao et al. 2006). AA, the reduced form of vitamin
C, is one of the most important scavengers of ROS in the
CNS, and its uptake through SVCT?2 has been characterized
in normal CNS cells. This study determined the expression,
localization, and function of SVCT2 and GLUTSs to define
the preferential mechanism of vitamin C uptake in cultured
human glioma cells and GBM tissues. The low AA uptake
rates coupled with the intracellular localization of SVCT2
indicated that accumulation of vitamin C by this mechanism
was not possible. In addition, high 2-DOG uptake through
GLUT1, which also permitted uptake of high levels of DHA,
was observed. Furthermore, uptake of large levels of vitamin
C by glioma cells was observed upon oxidation of extracel-
lular AA to DHA through the Bystander effect. Finally, the
role of microglial oxidative burst in modulating vitamin C
availability in glioma microenvironment was evaluated.

In this study, immunocytochemical analysis of glioma
cells revealed high levels of SVCT2 expression both in
cultured TC620 human glioma cells and human GBM
tissues. However, SVCT2 was primarily localized within the
intracellular compartment, co-localizing mainly with the
Golgi apparatus and endoplasmic reticulum markers, GBF-1
and calnexin, respectively. Previously, a short SVCT2
mRNA isoform, lacking 342 bp, was cloned from human
fetal brain; this isoform inhibited AA uptake in a dominant-
negative fashion when over-expressed (Lutsenko ef al.
2004). Although different molecular weights have been
reported for SVCT?2 in the literature, the predicted molecular
mass is around 70 kDa for the full length isoform. In
addition, phosphorylation and glycosylation would increase
the molecular weight by an additional 5-10 kDa. On the
other hand, little is known about the dnSVCT2 in human
samples. Lutsenko ef al. (2004) showed an abnormally
heavy 70 kDa band when over-expressed as a His-tagged
recombinant protein. However, many His-tagged proteins
show abnormal migration in sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis. In this article, the expression
of glioma cells SVCT2 isoforms was detected using western
blot analysis. A small polypeptide with a molecular mass of
50 kDa was detected, which was similar to the 55 kDa
dnSVCT?2 isoform cloned previously (Wu et al. 2007). Thus,
the expression of this short isoform in glioma cells could be
responsible for the intracellular localization of SVCT2.
Similarly, a SVCT2-positive band of 130 kDa was observed
in glioma samples, which could represent a hetero-oligomer
of the 50 kDa and 75 kDa isoforms. Supporting this finding,
several reports have shown that the cellular localization of
membrane proteins can be regulated by dominant-negative
proteins or SDS-resistant oligomerization (Galbiati et al.
1999; Haugeto et al. 1996; Hong et al. 2005; Kilic and
Rudnick 2000; Sarmiento et al. 2004).

As with most tumor cells, glioma cells undergo metabolic
transformations that lead to increased glucose uptake through
up-regulation of glycolytic enzymes and glucose transporter

expression (Mangiardi and Yodice 1990). In this study,
TC620 cells had an elevated capacity for 2-DOG uptake.
Because this 2-DOG uptake was sodium-independent, trans-
port was not through sodium-dependent glucose transporters.
Furthermore, GLUT specificity was confirmed using the
classic inhibitor, Cyt B (Deves and Krupka 1978), and
determination of 2-DOG Kkinetic parameters. In addition,
strong immunolabeling of GLUT! in cultured TC620 cells
and in human GBM tissues was observed, which also
transported DHA with high affinity.

Tumoricidal effects of AA have been observed in
glioblastoma xenografts that were subjected to parenteral
administration of pharmacological doses of ascorbate (Chen
et al. 2007). The authors reported that hydrogen peroxide
was produced in the tumoral millieu when AA reacted with
extracellular metalloproteases and oxygen, thereby inducing
cell damage that concluded in evident tumor cell death (Chen
et al. 2007). Thus, the effect of AA on different tumor types
could be highly dependent on its histological context. In the
brain, glioblastoma tumors are highly infiltrated with micro-
glia; thus, the final effect of AA could be different from that
observed in peripheral xenograft tumors treated with paren-
teral ascorbate administration.

We have previously proposed that peripheral tumors, which
are unable to capture AA, could increase their vitamin C uptake
by oxidizing stromal AA to DHA by superoxide-releasing
infiltrating neutrophils through the oxidative burst, called the
Bystander effect (Nualart er al. 2003). Similarly, several
studies using rodent glioma models and human biopsies
showed that gliomas can be comprised of up to 45% of
microglial cells in their microenvironment (Morantz et al.
1979; Nishie et al. 1999; Seyfried 2001; Shinonaga et al.
1988), because of chemotaxis induced by glioma-secreted
chemokines, including MCP-1, and vascular leakage (Nakam-
ura 2002; Nimmerjahn e al. 2005). Like neutrophils, acti-
vated microglia, can produce extracellular superoxide (Dheen
et al. 2007; Sankarapandi et al. 1998). We propose that the
increase in microglial cell density with malignant progression
of gliomas may produce an oxidizing microenvironment for
AA oxidation, similar to the Bystander effect. This is supported
by data from this study in which glioma cells captured DHA at
rates 8-fold higher than that observed for AA uptake. In
addition, DHA kinetic assays showed sodium independence,
Cyt B inhibition and kinetic parameters concordant with
GLUT]1 functionality (Rumsey et al. 1997). Our findings are
further supported by the in situ detection of GLUT1 expression
as the main DHA transporter in human GBM tissues and by
human GBM cell culture uptake assays that confirmed a 7-fold
DHA uptake preference over AA. U887 GBM cells with
astroglial characteristics expressed GLUT3; however, our
in situ data revealed no clear membrane localization as observed
for GLUTI. Overall, glioma cells showed molecular features
indicating a vitamin C accumulation system dependent on
DHA availability.
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In this study, the influence of the Bystander effect on glioma
cells was undertaken using HL60 cells as a superoxide-
releasing microglia cell model because of the complexity of
isolation and high number of microglial cells needed for uptake
assays. As we had previously defined with peripheral tumor
cells (Nualart et al. 2003), the Bystander effect induced a
staggering 18-fold increase in vitamin C uptake by glioma cells
after 1 h co-incubation with activated HL60 cells.

In conclusion, the data from this study indicate that like
other tumor cells, human glioma cells are poorly able to
accumulate vitamin C in the form of AA (Fig. 7), which
could be related to the intracellular localization of SVCT2
and the expression of dnSVCT2. However, unlike most
tumors, the histological context of gliomas and the presence
of a cellular partner, namely microglia, give high-grade
gliomas an additional option for vitamin C uptake that
depends on microglial activation and superoxide release. In
this context, the close contact between glioma and activated
microglial cells (Fig. 7) could induce the Bystander effect,
oxidizing extracellular AA to DHA, which can be captured
by glioma cells through GLUTI1. Subsequent intracellular
reduction of DHA would prevent DHA efflux through
bi-directional GLUT1, thereby loading glioma cells with
high levels of AA, which may induce resistance to cytostatic
therapies and/or support glioma growth.

HUMAN GLIOMA CELLS

SUPEROXIDE SECRETING
CELLTYPE

BYSTANDER EFFECT IN GLIOBLASTOMA

Fig. 7 Bystander uptake mechanism in human gliomas. Human
glioma cells are unable to capture elevated levels of ascorbic acid
(AA) because of intracellular localization of sodium-vitamin C co-
transporter isoform 2; however, increased expression of facilitative
hexose transporter1 enables glioma cells to capture DHA if present.
Active generation of DHA could be possible in high-grade gliomas
because of the high infiltration of microglial cells (up to 45%).
Microglial-mediated Bystander effect, as shown with HL60 cells, could
allow extracellular generation of DHA through NADPH-oxidase super-
oxide liberation and oxidation of stromal AA to DHA. Intracellular
enzymatic reduction of DHA to AA would then allow for scavenging of
therapy-induced reactive oxygen species, preventing cellular damage
and/or death.
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