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Abstract

Mitochondrial glutaminase (GA) plays an essential role in
cancer cell metabolism, contributing to biosynthesis, bioener-
getics, and redox balance. Humans contain several GA iso-
zymes encoded by the GLS and GLS2 genes, but the specific
roles of each in cancer metabolism are still unclear. In this
study, glioma SFxL and LN229 cells with silenced isoenzyme
glutaminase KGA (encoded by GLS) showed lower survival
ratios and a reduced GSH-dependent antioxidant capacity.
These GLS-silenced cells also demonstrated induction of ap-
optosis indicated by enhanced annexin V binding capacity and
caspase 3 activity. GLS silencing was associated with de-
creased mitochondrial membrane potential (A¥m) (JC-1
dye test), indicating that apoptosis was mediated by
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mitochondrial dysfunction. Similar observations were made
in T98 glioma cells overexpressing glutaminase isoenzyme
GAB, encoded by GLS2, though some characteristics (GSH/
GSSG ratio) were different in the differently treated cell lines.
Thus, control of GA isoenzyme expression may prove to be a
key tool to alter both metabolic and oxidative stress in cancer
therapy. Interestingly, reactive oxygen species (ROS) genera-
tion by treatment with oxidizing agents: arsenic trioxide or
hydrogen peroxide, synergizes with either KGA silencing or
GAB overexpression to suppress malignant properties of gli-
oma cells, including the reduction of cellular motility. Of note,
negative modulation of GLS isoforms or GAB overexpression
evoked lower c-myc and bcl-2 expression, as well as higher
pro-apoptotic bid expression. Combination of modulation of
GA expression and treatment with oxidizing agents may be-
come a therapeutic strategy for intractable cancers and pro-
vides a multi-angle evaluation system for anti-glioma pre-
clinical investigations.

Key message

» Silencing GLS or overexpressing GLS2 induces growth
inhibition in glioma cell lines.

 Inhibition is synergistically enhanced after arsenic trioxide
(ATO) or H,0, treatment.

* Glutatione levels decrease in GLS-silenced cells but aug-
ment if GLS2 is overexpressed.

* ROS synergistically inhibit cell migration by GLS silenc-
ing or GLS2 overexpression.

* c-myc, bid, and bcl-2 mediate apoptosis resulting from
GLS silencing or GLS2 overexpression.

Keywords Apoptosis - Cancer - Glioma - Glutaminase -
Glutathione - ROS

@ Springer



278

J Mol Med (2014) 92:277-290

Introduction

Mammalian glutaminases (GA) catalyze the hydrolytic
deamidation of glutamine to glutamate [1], which is further
catabolized in the Krebs cycle for the production of ATP,
nucleotides, certain amino acids, and lipids [2]. Although
there is no doubt about the importance of GA in brain [3, 4],
its key role in cancer [5, 6] and oxidative stress has been
recently highlighted [7, 8]. In fact, several recent findings
support the notion of GA as a multifaceted protein involved
in other functions besides glutamate generation from gluta-
mine [1, 5, 9]. Of outstanding interest, the presence of multiple
GA transcripts has been demonstrated even in a single cancer
cell type [10]. In humans, the GA family consists of two main
members: the GLS gene encodes two isoforms, known as
kidney (K-type) glutaminase or KGA, and glutaminase C or
GAC [4]. These two isoenzymes are usually referred to as
GLS [8]. On the other hand, the GLS?2 gene codes for liver (L-
type) isozymes, named LGA, as well as for a longer isoform
named GAB [11, 12]. Both isoenzymes are designated collec-
tively as GLS2 [8]. GLS has been demonstrated to be regu-
lated by oncogenes and to support tumor cell growth [5, 6, 9,
13, 14]. In contrast, GLS2 is a transcriptional target of p53 and
has been argued to have tumor suppressor properties, and re-
expressing it in p53-deficient cells limits malignancy [7, 15].
It is unclear why these isozymes have such different biological
properties despite their ability to catalyse the same enzymatic
reaction.

The process of oncogenic transformation places energy
demands on cancer cells to support proliferation, expansion,
and invasion [16, 17]. Deregulated tumor metabolism is a
critical part of oncogenesis and may be targeted for therapeu-
tic benefits [6], including glioma treatment [18]. Both gluta-
mine addiction and GLS activity are critical for c-myc-
mediated oncogenesis [9, 14, 19, 20]; they have been linked
to glutamine synthetase requirement [17], and proposed as
attractive targets for therapeutic intervention [5, 6, 8]. The
Warburg effect (increased aerobic glycolysis) [16] and
glutaminolysis (increased mitochondrial activity from gluta-
mine catabolism) [5] are well-known hallmarks of cancer [21],
and are accompanied by increased lactate production [22] as
well as increased generation of reactive oxygen species (ROS)
[23-25]. Arsenic trioxide (ATO) and hydrogen peroxide
(H,0,) can depolarise mitochondrial membrane potential
(AW¥m), increase intracellular ROS production, and induce
apoptosis [24]. Based on these observations, and on the fact
that GLS has oncogenic properties [14], and GLS2 isoenzyme
can be designed as a tumor suppressor [15] and a ROS
regulator [7], we sought to compare and contrast the effects
of GLS (KGA and GAC) silencing and GLS2 (GAB) over-
expression on malignant properties of tumor cells, alone and
when combined with oxidative stress. We used glioma cells
lines as a model, because several such cell lines have been
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shown to be glutamine dependent in culture and to use gluta-
mine as a major substrate for anaplerosis and oxidative me-
tabolism [13]. For GLS silencing experiments, we used the
glioblastoma cell lines LN229 and SFxL. Both of these cell
lines use glutamine as an anaplerotic precursor for the TCA
cycle, and both display significant reductions in
ammoniagenesis, cell proliferation, and tumor growth upon
GLS silencing [13]. On the other hand, human glioblastoma
T98G cell line expresses high amounts of GLS tran-
scripts, while GLS2 transcripts are hardly detectable in
these cells [12]. Interestingly, transfection of T98G cells with
a GAB cDNA sequence diminished cell proliferation and
survival [12].

Methods

Cell lines, culture conditions, stable transfections and RNA
interference

All cell lines were tested for mycoplasma contamination.
SFxL and LN229 cells were cultured in Dulbecco's modified
eagle medium (DMEM) supplemented with 10 % fetal bovine
serum (FBS), penicillin/streptomycin, and 6 mM L-glutamine
as previously described [13]. All RNA interference (RNA1)
experiments used pools of cells. Vectors for RNAI, lentiviral
particles, and details have been described previously [13]. Of
note, SFxL and LN229 control cells are expressing a non-
targeting shRNA. Stably infected pools with adequate silenc-
ing were maintained in 1 pg/mL puromycin. In all stable
knockdown experiments, very few detached cells were noted
in the culture, and these were not included in growth and
viability counts. T98G human glioblastoma cells were pur-
chased from American Type Culture Collection and
were maintained in minimum essential medium, supple-
mented with 10 % FBS, 1 % non-essential amino acids,
100 IU/mL penicillin and 100 pg/mL streptomycin, all
supplied by Sigma-Aldrich, St. Louis, MO, USA. Cul-
tures were maintained at 37 °C in a humidified atmo-
sphere with 95 % air and 5 % CO,. T98G-GAB and T98G-
pcDNA cell lines were obtained by stable transfection
of T98G cells with a full cDNA sequence encoding
human GAB or empty pcDNA3 vector, respectively,
exactly as described previously [12]. The culture medi-
um for the polyclonal populations of T98G-GAB and
T98G-pcDNA cells containing the neomycin-resistance
gene was supplemented with 0.5 mg/mL geneticin
(Sigma-Aldrich). Relative baseline expression of GLS
and GLS2 in all assayed cell lines shows that SFxL and
LN229 GLS-silenced cell lines significantly diminished
GLS expression, and T98G-GAB cell line significantly
overexpressed GLS2 (Fig. 1).
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Fig. 1 Expression of GLS and GLS2 in assayed cell lines. Western blots
show that SFXL and LN229 GLS silenced cell lines diminished GLS
expression, and T98G-GAB cell line effectively overexpressed GLS2
isoform. Transacted controls were equivalent to non-transfected cells
for all type of cells. Data are from one of three representative experiments.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as
loading control

Cell viability assays

For viability assays, 5% 10* cells in 100 pL of medium were
seeded in a 96-well culture plate. Next, the cells were exposed
to increasing (0-300 pM) concentrations of ATO (Sigma-
Aldrich) or H,0, (Sigma-Aldrich) for 15 min, 1, 6, 24, 48
and 72 h. After treatments, the medium was removed, the cells
were washed with phosphate-buffered saline (PBS), and cell
number was evaluated. In brief, 10 pL of 3-(4,5-dimethyl-
thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) (Promega, Southampton,
UK) was added to each well (0.5 mg/mL), and then the plates
were incubated at 37 °C for 3 h. The absorbance at 570 nm
was measured using an Elisa BioRad Microplate Reader
(BioRad, Hercules, CA, USA).

Annexin V and caspase 3 activity assays

Apoptosis was quantified by flow cytometry after staining
cells with R-phycoerythrin (R-PE)-labelled annexin V
(Invitrogen, Grand Island, NY, USA) and propidium iodide
(PI). After 48 h of ATO treatment (5 uM for SFXL and LN229
pairs, and 50 pM for T98G derivative cells), 1 x10° cells/mL
were harvested and centrifuged at 900xg for 5 min; the pellets
were washed twice with PBS and resuspended in 100 pl of
annexin V binding buffer (0.14 M NaCl, 2.5 mM CaCl,,
0.01 M HEPES pH 7.4). Annexin V (5 uL) was added to
the samples and incubated in the dark for 30 min. For PI assay
(Sigma-Aldrich), the same amount of cells was washed with
PBS and then resuspended in 500 ul of PBS containing 20 pg/
mL RNase A, 0.1 % Triton X-100 and PI (20 pg/mL). Un-
treated cells were used as control for double staining. Samples
were kept on ice after incubation until fluorescence-activated
cell sorting (FACS) analysis was performed, and apoptosis
evaluated based on the percentage of annexin V-positive cells.
Annexin V can be detected in both the early and late stages of
apoptosis. PI enters the cell in late apoptosis or necro-
sis. Early apoptosis is defined by annexin V'/PI" stain-
ing, late apoptosis is defined by annexin V'/PI" staining
and necrosis is defined by annexin V /PI" staining.
Fluorimetric assay of caspase-3 activity was performed

according to the instructions of the manufacturer with-
out modifications (Promega, Madison, Wisconsin, USA).

Evaluation of mitochondrial membrane potential

AWUm was assessed using a sensitive fluorescent probe 5,50,6,
60-tetrachloro-1,10,3,30-tetraethyl-
benzamidazolocarbocyanin iodide (JC-1, Invitrogen), calcu-
lated as the ratio of fluorescence intensities at 640+30 nm and
525420 nm (640/525), with excitation at 485 nm and a
beamsplitter at 505 nm. Red emission from the dye is attrib-
uted to a potential-dependent aggregation of JC-1 in the
mitochondria. Green fluorescence reflects the monomeric
form of JC-1, appearing in the cytoplasm after mitochondrial
membrane depolarization. 0.25-0.5x 10° cells were grown on
25-cm” flasks, followed by ATO (2.5 uM, 48 h) or H,0,
(200 uM, 1 h) treatment. Cells were then incubated with
1.5 mM JC-1 dye diluted in culture medium at 37 °C for
30 min. Cells were washed with PBS and analyzed immedi-
ately using a FACScalibur (Becton and Dickinson, Franklin
Lakes, NJ Franklin Lakes, NJ, USA).

Intracellular antioxidant levels

Total glutathione (GSH+GSSG), oxidized glutathione
(GSSG) and reduced glutathione (GSH) were measured spec-
trophotometrically by the glutathione reductase (GR)
recycling assay at 412 nm in the presence of 5,5'-
dithiobis(2-nitrobenzoic) acid (DTNB) (Sigma-Aldrich).
0.75x10° cells were grown on 25-cm” flasks suspensions
and left untreated or were treated with different concentrations
of ATO or H,0,. For SFxL, SFxL-GLS(-), LN229, LN229-
GLS(-) cells, 2.5 uM ATO (24 h), and 200 uM H,0, (1 h)
were used. For T98G, T98G-GAB, T98G-pcDNA cells, 5 uM
ATO (24 h) and 300 uM H,O, (1 h) were used. For sample
preparation, cells were trypsinized and washed twice in cold
PBS, and then resuspended to the same volume in PBS, lysed
in PBS supplemented with 0.1 % Triton X-100, 0.6 %
sulfosalicylic acid, vortexed, and then incubated 30 min at
4 °C. After centrifugation for 4 min at 3,000xg, supernatant
was recovered and divided in two aliquots: one was conserved
at 4 °C for GSH+GSSG quantification, the other one was
treated with 2-vinylpyridine (C=5 %) during 1 h at room
temperature (RT), and triethanolamine (C¢=1 %) during
10 min at RT to mask the GSH present in the extract and
prevent its measurement [26]. Using a 96-well culture plate,
20 pL of the supernatant was added to 120 uL of DTNB
reagent (0.040 g of DTNB dissolved in 10 mL of PBS). This
was mixed and incubated for 30 s at RT. Then, 60 puL of I mM
NADPH was added, and the absorbance was read at 412 nm,
using an Elisa BioRad Microplate Reader (BioRad, Hercules,
CA, USA). The amount of GSH was obtained by subtracting
the amount of GSSG from that of total glutathione.
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Transwell migration assay

Migration assays were performed using a 24-well Boyden
chamber plate with 8-pum pore size polycarbonate membrane
filters (BD- Biosciences San Jose, CA, USA). SFxL, SFxL-
GLS(-), LN229, LN229-GLS(-) cells (2x 10%/well), and
T98G, T98G-GAB, T98G-pcDNA cells (4x 10*/well) were
placed in the upper part of the Boyden chamber containing
DMEM and 10 % FBS, the lower chamber also contained
DMEM and 10 % FBS. When treated cells were assayed, after
a period of cell adhesion (12 h) the medium was changed to
introduce the oxidizing agents (2.5 uM ATO for SFxL and
LN229 cells, and 5 uM ATO for T98G cells, 24 or 48 h; and
1 uM H,O0, for SFxL and LN229 cells, and 2 uM H,0, for
T98G cells, 24 h) to both compartments of the chamber. The
culture media was changed daily (ATO) or every 12 h (H,0,).
After incubation, the cells on the membrane filter were fixed
with methanol and stained with 0.05 % crystal violet for
30 min. The cells on the upper surface of the filter were
removed with a cotton swab. The membranes were then rinsed
in PBS until excess stain was removed. The membranes were
then air-dried for 20 min. The migratory cells were determined
by counting the cells that migrated to the lower side of the
filter by bright field microscopy at x200 magnification. Leica
model SP5 IT and Nikon model Optiphot-II microscopes, with
%20 objectives, were used to examine the cells, with Leica
LAS AF and Nikon Image Pro plus image acquisition soft-
ware, respectively. Ten random fields were counted for each
filter, and each sample was assayed in triplicate.

Protein expression

The cells were harvested and washed in PBS, keep in ice and
lysed in RIPA buffer supplemented with a Complete Protease
Inhibitor kit (Roche, Indianapolis, IN, USA). Lysates were
centrifuged at 10,000xg for 10 min at 4 °C, and the superna-
tants were collected and stored at —80 °C. Protein concentra-
tion was determined using the Bradford Protein Assay Kit
(BioRad, Hercules, CA, USA). After heating for 5 min in
boiling water, 25 pg of protein was resolved on 12 %
polyacrylamide-SDS gels and then electrotransferred to nitro-
cellulose membranes. Membranes were washed in TBST
(20 mm Tris—HCL, pH 7.5, and 500 mm NaCl, containing
0.1 % Tween 20) and blocked for 1 h in TBST containing
0.5 % Tween 20 and 5 % dried milk, or 5 % bovine serum
albumin (BSA). The following antibodies were purchased: c-
myc (Abcam, Cambridge, UK), bcl-2 (Cell Signaling, Dan-
vers, MA, USA), bid (Cell Signaling), and used as recom-
mended by suppliers. After incubation with respective prima-
ry antibodies, membranes were incubated with a horseradish
peroxidase-conjugated secondary antibody (Sigma-Aldrich),
for 1 h at RT with gentle rocking, and visualized on Kodak X-
ray film using an enhanced chemiluminiscence (ECL)
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detection system (SuperSignal West Pico, Pierce, Rockford,
IL, USA). The membranes were stripped for 30 min in Strip-
ping Buffer (60 mM Tris—HCI pH 6.8, 0.7 % f3-
mercaptoethanol, 2 % SDS) and re-probed with anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) anti-
body as a loading control (Sigma-Aldrich). Independent ex-
periments validated that this stripping procedure did not lead
to loss of signal.

Statistical analysis

Data were expressed as the mean+SD from independent
experiments. Statistical analysis was performed using SPSS
13.0 for Windows. Comparisons between two groups were
performed by unpaired-test. Multiple comparisons between
more than two groups were performed by one-way analysis
of variance (ANOVA). Significance was considered to be P <
0.05. Experiments were performed at least three times.

Results

Silencing GLS or overexpressing GLS2 induces growth inhi-
bition in different glioma cell lines and inhibition is synergis-
tically augmented after oxidative stress

Cell proliferation (MTS) assays were performed to charac-
terize growth of control and glutaminase-modified glioma cell
lines (Fig. 2). In all inhibitory studies, non-transfected controls
are equivalent to transfected controls. To avoid repetition,
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Fig. 2 Effect of GLS silencing or GLS2 overexpression on the prolifer-
ation of glioma cells after 24 h without treatment. Proliferation of SFxL-
GLS(—) and LN229-GLS(—) versus SFxL and LN229 cells, and T98G-
GAB versus T98G cells, respectively, were assayed by MTS method.
White bars for SFXL and LN229 cells represent cells transfected with a
non-silencing shRNA. For T98G, white bar represent value for wild-type
cells. Dark grey bars represent values for GLS-silenced cells, or cells
overexpressing GLS2. Light gray bars represent values for transacted
control (T98G-pcDNA cell line). Data are presented as the mean+S.E. of
triplicate experiments. Value for each control cell type was set at 100 %.
Differences were always significant (n=3, *P<0.01) between SFxL-
GLS(—), LN229-GLS(-) or T98G-GAB cells and their respective control
cells. Transacted controls were equivalent to non-transfected cells for all
type of cells. Three asterisks indicated significantly different values
between T98G-GAB cells and T98G-pcDNA cells (***P <0.01)
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only non-silencing controls are shown for SFxL and Ln229
cells. White bars for SFXL and LN229 cells represent cells
transfected with a non-silencing shRNA (Fig. 2). A rapid
(24 h) effect was found in proliferation ratio when GLS was
silenced in SFxXL (41 %) and LN229 cells (38 %). Minor, but
significant (P <0.01), effect was depicted in T98G cells
(63 %) in cells overexpressing GLS2 (Fig. 2). No significant
differences were found at 48 or 72 h (results not shown). Then,
we used these human glioma cancer cell lines to evaluate the
effects of ATO and H,O5 in cell survival. To assess the effect
of these agents, each viability value was standardized setting
100 % to the respective value without treatment. All tested cell
lines showed dose- and time- dependent sensitivity to oxida-
tive stress by both oxidative agents. Thus, these cell lines
provide us an excellent system to evaluate how silencing of
GLS or overexpression of GLS?2 alters survival of glioma cell
lines when an oxidative stress occurs. First, MTS assays were
carried out to study the responsiveness of SFxL versus SFxL-
GLS(-) to ATO (Fig. 3a). GLS-silenced cells were more
sensitive to this oxidative agent than control cells. For exam-
ple, a significant (P <0.01) synergistic inhibition was shown
(50 %) after 24 h of 20 uM ATO incubation. When incubation
time was 48 h, more than 20 % inhibition was found at 2.5 uM
ATO, but the highest effect was depicted at 5, 10, and 20 uM
(more than 50 % inhibition). Finally, after 72-h treatment, the
effect was stronger, 35 % at 2.5 uM and 50 % at 5, 10, and 20
(Fig. 3a). Regarding H,0, effect, in SFXL pair, after 1 h (at 50,
100, and 200 uM) and 6 h (at 50 and 100 uM) treatments, the
highest differences were observed (Fig. 3b). Moreover, sig-
nificant differences were found at 200 uM (6 h). In LN229
system, similar survival rates were found (Fig. 3c,d). After
treatment for 72 h, more than 75 % inhibition was noticed at
10 and 20 uM ATO (Fig. 3c). Large differences (P<0.01)
were also obtained for H,O, treatment (Fig. 3d). Spe-
cifically, inhibition was>25 % at 100 puM (6 h) and
200 uM (15 min), and>35 % at 200 uM (1 and 6 h).
For 300 uM H,0, 50, 60 and 80 % inhibition were
found respectively (15 min, 1 and 6 h). When overex-
pression of GLS2 was studied, opposite results were
obtained at 48 h for lower (10 and 20 uM) and higher
(50 uM) ATO (Fig. 3e). When ATO concentration was
50 uM T98G-GAB cells showed higher survival ratio for
48-h treatment but no differences were observed after 24 and
72 h. However, clear inhibition values were found at 50 uM
(24 and 72 h) and even at lower concentrations (5 and 10 M)
for 48 h. For H,0, treatment, a similar heterogeneous pattern
of survival was obtained, including a clear higher sur-
vival rate at 100 uM (6 h) (Fig. 3f). However, signif-
icant lower values were obtained at 200 uM (15 min
and 1 h) as well as at 300 uM (1 and 6 h). For T98G and
T98G-pcDNA control cell lines significant differences
were not found (results not shown) neither for ATO or
H,0, treatment.

GLS silencing synergizes with induction of intrinsic apo-
ptosis but GLS2 overexpression can reduce apoptosis after
oxidative stress

When assaying SFxL and LN229 pairs, after treatment for
48 h with 5 uM of ATO, the percentage of early apoptotic cells
was 69 and 70 %, respectively (both P <0.01 versus control),
compared to untreated control cells (23 and 28 %) (Fig. 4a).
Then, ATO clearly induced higher apoptotic activity in these
glioma cells when GLS was silenced. Conversely, after treat-
ment with 50 pM of ATO (48 h) T98G and T98G-GAB cells
showed 60 and 30 % of apoptosis, respectively (Fig. 4a).
Additional fluorimetric assays were then performed to verify
whether GLS- and GLS2-mediated apoptosis was associated
with caspase 3 activity and, consequently, through the intrinsic
mechanisms. A large increase of caspase-3 activity was ob-
served in both SFxL and LN229 pair cells after 48 h of
exposure to 5 uM of ATO (Fig. 4b). Simultaneously, a clear
decrease in caspase 3 activity was found in the pair of T98G
and T98G-GAB cells when exposed to 50 pM of ATO (48 h).

GLS silencing and GLS2 overexpression synergize with
oxidative stress evoking formation of dysfunctional
mitochondria

To prove whether the reduction of viability produced by ATO
and H,O, was the result of accumulation of dysfunctional
mitochondria, the A¥m dissipation as a consequence of a
48 h-long treatment with ATO, or a 1 h-short treatment with
H,0,, was analyzed in detail. As expected, control tumor cells
showed a high mean red fluorescence (set to 100 %) after
staining with JC-1 (Fig. 5). Cells silencing GLS or overexpress-
ing GLS2 show levels of fluorescence 10-20 % lower than
controls. After treatment with oxidant agents (ATO and H,0,),
the mean red fluorescence of the mitochondria dropped (40—
55 %) in cells with knocked-down expression of GLS, indicat-
ing that the A¥m had collapsed, and that GLS silencing and
ROS have a synergistic effect against functional mitochondria.
As shown in Fig. 5 GLS silencing was able to produce sustained
AWm dissipation that was highly increased after a ROS insult
(P<0.01). SFxL and SFxL-GLS(—) cells, with or without treat-
ment of 2.5 uM ATO (48 h), showed a significant reduction (P
<0.01) in the mean red fluorescence intensity (Fig. 5a), which,
in repeated experiments, was similar to that seen for LN229 and
LN229-GLS(-) cells (Fig. 5a). When experiments were carried
out using the T98G glioma model, including cells overexpress-
ing GLS2, similar results were found for 5 uM ATO (48 h)
(Fig. 5a). On the other hand, treatment of glioma cells with
cytotoxic doses of H,O, (200 M) causes a more rapid (1 h) loss
of A¥m (Fig. 5b). Also in this case, such effect was shown for
SFxL and LN229 models. Equally, significant lower AWUm were
found for the T98G glioma model that overexpresses GLS2
after 200 uM H,O, (1 h) treatment (Fig. 5b).

Antioxidant glutathione levels were decreased in GLS-si-
lenced glioma cells but augmented in glioma cells overexpress-
ing GLS?2 . Both effects were augmented after an oxidative insult
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Fig. 3 Dose-dependent decrease in cell viability of the assayed glioma
cell lines by MTS method after treatment with ATO or H,O,. a Bar chart
showing percentages of survival in SFXL (white bars) and SFXL-GLS(-)
(gray bars) cells when treated with 1.25-20 uM ATO for 24, 48, and
72 h. b Bar chart showing percentages of survival in SFXL (white bars)
and SFXL-GLS(-) (gray bars) cells when treated with 50-300 uM H,0,
for 15 min, 1 h, and 6 h. ¢ Bar chart showing percentages of survival in
LN229 (white bars) and LN229-GLS(-) (gray bars) cells when treated
with 1.25-20 uM ATO for 24, 48, and 72 h. d Bar chart showing
percentages of survival in LN229 (white bars) and LN229-GLS(-) (gray
bars) cells when treated with 50-300 uM H,0, for 15 min, 1 h,and 6 h. e
Bar chart showing percentages of survival in T98G (white bars) and

Levels of GSH, the major cellular antioxidant, were affect-
ed by both GLS silencing and GLS2 overexpression (Fig. 6a).
However, the GSH/GSSG ratio was not significantly
modified in any assayed cell type (Fig. 6b). Neverthe-
less, when cells were treated with 2.5 uM ATO (24 h)
or 200 uM H,O, (1 h), differences were much larger
between control cells and their counterparts (Fig. 6c,e).
Curiously, after treatment with oxidative agents, a clear
difference appeared in GSH/GSSG ratio (P<0.01); spe-
cifically lower GSH/GSSG ratios for SFxL-GLS(—) and
LN229-GLS(-), and higher GSH/GSSG ratios for
T98G-GAB cells (Fig. 6d, f).
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T98G-GAB (gray bars) cells when treated with 10-50 uM ATO for 24,
48, and 72 h. f Bar chart showing percentages of survival in T98G (white
bars) and T98G-GAB (gray bars) cells when treated with 50-300 uM
H,0, for 15 min, 1 h, and 6 h. Each value is mean from three independent
experiments. Error bars are not shown in this figure for clarity.
Transfected controls were equivalent to non-transfected cells for all type
of cells. Asterisks indicated significantly decreased values between SFxL-
GLS(-), LN229-GLS(-), or T98G-GAB cells and their respective control
cells (*P<0.05, **P<0.01). Three asterisks indicated significantly in-
creased values between T98G-GAB cells and their respective control
cells (***P<0.05)

Inhibition of cell migration by GLS silencing or by GLS2
overexpression, and synergistic effect after a ROS insult

For ATO treatment, the number of cells migrating across
the upper well was decreased by 25 % and 20 % (P <0.05),
respectively, when GLS was silenced in SFXL and LN229
cells, after oxidative insult for 24 h (Fig. 7a). Treatment was
also assayed after 48 h and similar results were found. The rate
of migrated cells was equally lower in T98G-GAB cells than
the control cells. In fact, we observed that the migration rate of
T98G-GAB cells decreased approximately 30 % (P <0.05)
compared to both transacted and non-transfected control cells
(Fig. 7a). Treatment was also assayed after 48 h showing
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Fig. 4 Assessment of apoptosis. Color code for bars as depicted in
Fig. 2. a Apoptosis assay using cytometry after staining with annexin
V-PE/propidium iodide (PI). b Caspase 3 activity using a fluorimetric
assay as described in the materials and methods. Results are expressed as
percentage of relative fluorescence units (RFU) per minute per milligram
of protein detected in untreated cells, which are arbitrarily expressed as
100 %. SFxL and LN229 cells were treated with 5 uM ATO (48 h), and
T98G cells were treated with 50 pM ATO (48 h). For SFxL and LN229
pair cells caspase activity of GLS-silenced cells were set at 100 %.
Conversely, for T98G cell type cells caspase activity was set at 100 %
for wild-type T98G. Data are presented as the mean+S.E. of triplicate
experiments. Differences were always significant (n=3, *P<0.01) be-
tween SFxL-GLS(—), LN229-GLS(-), or T98G-GAB cells and their
respective control cells. Transacted controls were equivalent to non-
transfected cells for all type of cells. Three asterisks indicated signifi-
cantly different values between treated T98G-GAB cells and treated
T98G-pcDNA cells (***P<0.01)

Ry
23

significant differences that were somewhat reduced in scope
(Fig. 7a). When oxidative stress was induced with 1 uM of
H,0, (24 h), the number of SFxL and LN229 cells migrating
across the upper well also decreased significantly (20 and
22 % respectively) when compared with the respective non-
silencing control cells (P <0.05) (Fig. 7b). The same experi-
ment was performed with 2 uM of H,O, (24 h) for T98G-
GAB cells and they showed a similar 30 % decrease (P <
0.05), compared to both transfected and non-transfected
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Fig. 5 Flow cytometry analysis showing alterations in the AWm of SFxL,
LN229, and T98G cells. Upon completion of treatments, the cells were
stained with JC-1 and the alterations in AWm were analyzed as mentioned
in methods. White bars represent non-silencing controls for SFxL and
LN229 cells, as well as non-transfected controls for T98G cell line.
Transfected controls were equivalent to non-transfected cells for all type
of cells. Dark grey bars represent values for GLS-silenced cells, or cells
overexpressing GLS2. Light gray bars represent values for control T98G-
pcDNA cell line. Non-hatched bars represent untreated cells. Hatched bars
represent treated cells with ATO (a) or H,O, (b). a Bar chart showing
percentages of relative fluorescence intensity of AWm in SFXL versus
SFXL-GLS(-) cells, LN229 versus LN229-GLS(-) cells, and T98G and
T98G-pcDNA versus T98G-GAB cells for untreated (unfilled pattern) and
2.5 uM (SFXL and LN229 derivative cells) or 5 uM (T98G derivative cells)
ATO (48 h) treated cells (angular stripes pattern). b Bar chart showing
percentages of relative fluorescence intensity of AWm in SFxL versus
SFXL-GLS(—) cells, LN229 versus LN229-GLS(-) cells, and T98G and
T98G-pcDNA versus T98G-GAB cells for untreated (unfilled pattern) and
200 uM H,0, (1 h) treated cells (angular stripes pattern). Each value is
mean=+S.E. from at least three independent experiments. Asterisk indicated
significantly different values between treated and control (untreated) cells
(*P<0.01). To asterisks indicated significantly different values between
treated silenced/overexpressed cells and treated control cells (¥*P <0.01).
Three asterisks indicated significantly different values between treated
T98G-GAB cells and treated T98G-pcDNA cells (¥**¥*P<0.01)
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Fig. 6 Glutathione levels (nmol/mg protein) were measured in pooled
control or GLS-silenced/GLS2-transfected cells. Color code for bars as
depicted in Fig. 2. a GSH levels in SFXL-GLS(—), LN229-GLS(-), and
T98G-GAB cells versus SFxL, LN229, and T98G/T98G-pcDNA cells,
respectively. b GSH/GSSG ratios in SFXL-GLS(—), LN229-GLS(-), and
T98G-GAB cells versus SFxL, LN229, and T98G/T98G-pcDNA cells,
respectively. ¢ GSH levels in SFxL-GLS(—), LN229-GLS(-), and T98G-
GARB cells versus SFxL, LN229, and T98G/T98G-pcDNA cells, respec-
tively, after 24-h ATO treatment (2.5 uM for SFxL and LN229 pairs, and
5 uM for T98G derivative cells). d GSH/GSSG ratios in SFxL-GLS(-),
LN229-GLS(-) and T98G-GAB cells versus SFxL, LN229 and T98G/
T98G-pcDNA cells, respectively, after 24-h ATO treatment (2.5 uM for
SFxL and LN229 pairs, and 5 uM for T98G derivative cells). e GSH
levels in SFXL-GLS(-), LN229-GLS(-), and T98G-GAB cells versus

control cells (Fig. 7b). Representative images of migrated cells
are shown for non-silencing control and silenced SFxL,
LN229 pair cells, as well as for non-transfected control
T98G and T98G-GAB cells, after ATO (Fig. 8a) and H,O,
treatment (Fig.8b), respectively. A representative synergistic
effect between GLS inhibition and ATO treatment (5 pM,
48 h) is shown for LN229 pair of cells (Fig. 9a). As higher
rates of migration inhibition were obtained after ATO treat-
ment (Fig. 9b), panels for non-treated cells were omitted.
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SFxL, LN229, and T98G/T98G-pcDNA cells, respectively, after 1-h
treatment with H,O, (200 uM for SFXL and LN229 pairs, and 300 uM
for T98G derivative cells). f GSH/GSSG ratios in SFXL-GLS(—), LN229-
GLS(—), and T98G-GAB cells versus SFxL, LN229, and T98G/T98G-
pcDNA cells, respectively, after 1-h treatment with H,O, (200 uM for
SFxL and LN229 pairs, and 300 pM for T98G derivative cells). Differ-
ences were always significant (n=3, ¥*P<0.01) between SFxL-GLS(-),
LN229-GLS(-), or T98G-GAB cells and their respective control cells.
Trasfected controls were equivalent to non-transfected cells for all type of
cells. Two asterisks (**P<0.01) indicated significantly different values
between treated silenced/overexpressed cells and untreated control cells
(panels ¢ and e versus a, and panels d and f versus b). Three asterisks
indicated significantly different values between treated T98G-GAB cells
and treated T98G-pcDNA cells (***P<0.01)

GLS silencing or GLS2 overexpression reduced the ex-
pression of c-myc, as well as changed the expression of bid
and bcl-2

To verify the role of GLS silencing in the expression of the
oncoprotein c-myc, as well as pro-apoptotic bid and anti-
apoptotic bcl-2 proteins, Western blot analysis of these key
proteins was performed with lysates of SFxL, SFXL-GLS(-),
LN229, and LN229-GLS(—) glioma cells after 48-h treatment
with 2.5 uM ATO. Indeed c-myc, bid, and bcl-2 were present
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Fig. 7 GLS silencing and GLS2 overexpression reduces glioma cells
migration after an oxidative insult. Color code for bars as depicted in
Fig. 2. Unfilled pattern means 24-h treatment. Dotted pattern means 48-h
treatment. a Cell migration of SFXL-GLS(-) cells versus SFxL, LN229-
GLS(—) cells versus LN229, and T98G-GAB cells versus T98G/T98G-
pcDNA after ATO treatment. b Cell migration of SFXL-GLS(-) cells
versus SFxL, LN229-GLS(—) cells versus LN229, and T98G-GAB cells
versus T98G/T98G-pcDNA after H,O, treatment. Data are the mean of
three independent experiments. Transacted controls were equivalent to
non-transfected cells for all type of cells. Asterisk indicated significantly
different values between treated silenced/overexpressed cells and treated
control cells (*P<0.01). Two asterisks indicated significantly different
values between 24-h treated silenced/overexpressed cells and 48-h treated
control cells (**P <0.01). Three asterisks indicated significantly different
values between treated T98G-GAB cells and treated T98G-pcDNA cells
(***P<0.01)

in all samples, although at different levels (Fig. 10a). Our find
that protein levels vary between control and their correspond-
ing GLS-silenced cell line is in agreement with our earlier
findings where GLS-silenced cells showed a less tumorigenic
phenotype. Note that levels of c-myc in GLS-silenced cells are
much lower (ten times lower for SFXL and two times lower for
LN229, based on densitometry than those for controls

(Fig. 10b). These data suggest that c-myc plays a more im-
portant role in SFXL cells than in LN229 cells. Conversely, the
abundance of bid band was augmented by twofold for both
SFxL and LN229 cells, in comparison to GLS-silenced cells,
respectively (Fig. 10b). This finding is consistent with an
essential role of GLS in the effect of this pro-apoptotic factor
in those cells. Additional support to the hypothesis that apo-
ptosis is a pivotal process related to GLS expression came
from bcl-2 protein expression levels: anti-apoptotic bcl-2 was
less than 2.5- and 6-fold, respectively, expressed in both SFxL
and LN229 cells, versus to their corresponding GLS-silenced
cells (Fig. 10b). GLS2 is a key isoenzyme linked to pro-
apoptotic and tumor suppressor properties [7, 8, 15]. Consis-
tently, when GLS2 was overexpressed in T98G cells, c-myc
and bcl-2 were less than 4- and 6-fold respectively expressed.
In contrast, pro-apoptotic bid was 2.3-fold overexpressed

(Fig. 11).

Discussion

Expression of glutaminase isoenzymes is a key switch
in oncogenic signaling pathways

Glutaminase expression has been shown to be increased in
several tumor types, such as lymphoma, prostate, brain
(glioblastoma), and kidney cancers [9, 18]. Elevated gluta-
minase activity is under regulatory control of the oncogenic
transcription factor c-myc, which itself is amplified in many
cancers [5, 9, 20]. Glutaminase is also upregulated by other
oncogenic signaling pathways [27], and by the small GTPase
Rho in a NF-kB-dependent manner [6]. Defective signaling
through tightly regulated apoptotic pathways that involve
oxidative stress can contribute to both unbalance in apoptosis
[25] and development of cancer [23]. Glutamine (via gluta-
mate) is one of the precursor amino acid for glutathione,
which is present within the cell as GSH and GSSG forms
[8]. The ratio of GSH/GSSG is the most important regulator of
the cellular redox potential [25]. Total GSH is used by cells for
many purposes, but the GSH/GSSG ratio may indicate that the
cells can utilize both GSH and GSSG, and both forms of
glutathione could be used to bind free sulfydryl groups of
cysteine residues in proteins [8]. In our experiments, T98G
cells transfected with GLS2 showed augmentation of both
GSH and GSSG, while SFxL and LN229 cells which are
deplete of GLS exhibited lower levels of both GSH and
GSSG, consistent with GLS2's prominent role in controlling
overall redox status [8, 15]. In addition, silencing of GLS kills
cells that overexpress c-myc and catabolize glutamine [20].
On the other hand, while lacking GLS expression, breast cell
lines have shown a higher level of GLS2 [17], according with
the higher p53 levels given the ability of p53 to regulate GLS2
[7, 15]. Nonetheless, an isoenzymatic balance exists between
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GLS and GLS2 in most human cancers [8], and simultaneous
control of the expression of both isoenzymes might be used as
a valuable tool for some types of cancer.

Lower c-myc and bcl-2 expression, as well as higher pro-
apoptotic bid expression were found as potential mediators of
glioma cell apoptosis resulting from the combination of GLS-
silencing and ATO treatment. To highlight, GA isoenzymes
can regulate ROS generation [7], generate pro-apoptotic sig-
nals [8], and disturb reprogrammed metabolism
(glutaminolysis) [14]. One of the biochemical hallmarks of
tumor cells involves the reprogramming of energy metabolism

untreated + 5uM ATO

LS

Fig. 9 Photomicrographs of crystal violet-stained cells are shown for
untreated and ATO-treated LN229 and LN229-GLS(-) cells. After cul-
ture for 12 h, more untreated cells migrated to the centre of the wound
field, whereas less ATO-treated cells and even fewer ATO-treated plus
GLS-silencing cells did so. The number of transmigrated glioma cells was
counted at x200 magnification in ten microscopic fields randomly select-
ed and calculated as mean cell number per field. a Representative
photomicrograph of LN229 and LN229-GLS(-) cells is shown with or
without 5 uM ATO treatment (48 h). b Relative number of migrated cells
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from primarily oxidative phosphorylation (OXPHOS) to-
wards an enhanced rate of anaerobic glycolysis, a phenome-
non termed the Warburg effect [16]. Interestingly, inhibition of
GLS also provoked a significant decrease in the ratio of O-
glycosylated to total proteins [28]. Accordingly, posttransla-
tional modification of proteins by O-linked (-N-
acetylglucosamine (O-GlcNAcylation) is a key metabolic reg-
ulator of glucose metabolism in cancer cells. In fact, blocking
glycosylation of phosphofructokinase 1 (PFK1) reduced can-
cer cell proliferation in vitro and impaired tumor formation
in vivo [29].
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are represented (value for untreated LN229 cells was set at 100 %). White
bars represent cells transfected with a non-silencing shRNA. Grey bars
represent values for GLS-silenced cells. Asterisk indicated significantly
different values between GLS silenced LN229 and non-silencing control
for untreated or treated cells (*P<0.01). Two asterisks indicated signif-
icantly different values between untreated and treated non-silencing cells
(**P<0.01). Three asterisks indicated significantly different values be-
tween untreated and treated GLS silenced LN229 cells (***P <0.05)
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Fig. 10 Results of expression of c-myc, bid and bcl-2 proteins in SFxL
and LN229 cells silenced cells. a Western blot analysis of glioma cell
shows significant differences in the expression of some key proteins when
simultaneously GLS was silenced and cells were treated during 48 h with
2.5 uM ATO. GAPDH was used as loading control. Data are from one of
three representative experiments. b Relative levels of proteins as assessed
by grey values. White bars represent cells transfected with a non-

A synergistic effect by GLS silencing or GLS2 overexpres-
sion plus an oxidative insult decreased apoptosis, antioxidant
status and cellular motility

g
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silencing shRNA. Grey bars represent values for GLS-silenced cells.
Quantifications were normalized to value obtained for GAPDH protein
expression and represented as integrated optical density (IOD). Asterisk
indicated significantly different values between GLS silenced SFxL or
GLS silenced LN229 cells and their respective non-silencing control cells
(*P<0.01). Two asterisks indicated significantly different values between
GLS silenced LN229 cells and non-silencing control cells (**P <0.05)

In this study, silencing GLS or overexpressing GLS2 genes
decreased glioma cell survival. This effect was increased by
an oxidative insult. Overall, the survival experiments firstly
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Fig. 11 Results of expression of c-myc, bid and bcl-2 proteins in T98G
cells overexpressing GAB versus cells transfected with the empty vector.
a Western blot analysis of glioma cell shows significant differences in the
expression of some apoptotic key proteins when GAB was
overexpressed. Non-transfected controls were equivalent to transacted
controls. To avoid repetition, only transacted controls are shown.
GAPDH was used as loading control. Data are from one of three

representative experiments. b Relative levels of proteins as assessed by
grey values. White bars represent value for T98G-pcDNA (transfected
control). Grey bars represent values for cells overexpressing GAB iso-
form. Quantifications were normalized to value obtained for GAPDH
protein expression and represented as integrated optical density (I0D).
Asterisks indicated significantly different values between T98G-GAB
cells and transacted control T98G-pcDNA cells (¥*P<0.01; **P <0.05)
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suggest that longer periods of oxidative stress were required to
achieve similar antiproliferative effects with ATO versus
H,0,. Secondly, GLS silencing had a stronger synergistic
inhibitory effect in cell survival than GLS2 overexpression.
Third, only higher concentrations and longer periods of both
ATO and H,0, evoke decreased cell viability in the T98G
pair. A kind of balance exists and, in some other conditions, an
opposite effect was observed. To test whether the decrease in
SFxL and LN229 cell number observed after oxidative treat-
ment was the result of apoptosis, ATO-treated cells were
assayed for annexin V/PI staining and caspase 3 activity. We
also tested apoptosis and caspase 3 activity for critical condi-
tions that evokes higher survival ratios for T98G-GAB cells.
Altogether, these results suggest that both the antiproliferative
effect of GLS silencing and the higher survival in GLS2
overexpressing cells may be caused by opposite ratios of
intrinsic apoptosis. Additionally, after GLS2 overexpression
T98G glioma cells became more resistant to oxidative stress,
reinforcing the idea of GLS2 having a key role in GSH
antioxidant function [7, 8, 15]. Both GLS silencing and
GLS?2 overexpression showed diminished AWm and cell vi-
ability, but the decrease was substantially augmented after
inducing oxidative stress with either agent, ATO or H,O,.
Apoptosis and mitochondrial swelling is often associated with
the loss of AW¥m [25]. In our research, these results mirror the
data obtained for annexin V positive cells, as well as for
caspase 3 activity, indicating that loss of A¥Um is linked to
GLS and ROS-mediated cell killing. Loss of AWm is an early
event of the apoptosis processes, which could be regulated by
other pro-survival effectors, including higher glutathione
levels [8]. Significantly, after oxidative treatments, GLS si-
lencing disturbs redox balance severely disrupting ROS scav-
enging by GSH, as evidenced by a prominent lower GSH/
GSG ratio in GLS silenced glioma cells. On the contrary,
T98G-GAB cells showed the highest GSH/GSSG ratio after
both ATO and H,0O, treatment. Evidently, this increased GSH/
GSSG appeared insufficient to effectively counteract the pro-
apoptotic pathway. These striking results obtained for GSH/
GSSG ratios could be explained by the key role of GLS
isoenzymes regulating oxidative stress [7, 15].

In addition, the lack of sensitivity of non-cancerous cell
lines to the clinically relevant concentrations of ATO also
suggests that this treatment is an adequate strategy to study
the effect of GLS inhibition and/or GLS2 overexpression on
both oxidative stress and cancer growth. Certainly, non-
transformed cells are less sensitive to oxidative injury [25],
and tumor cells tend to display higher dependence on gluta-
mine than non-malignant cells [5]. Moreover, H,O, sensitivity
of tumor cells can be modified by GSH-dependent mecha-
nisms [25]. On the other hand, invasive ability and aberrant
motility are key hallmarks of cancer [8]. To address whether
GLS inhibition or GLS2 overexpression plays a role in regu-
lating the migration of SFxL, LN229, and T98G cells, we
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investigated the influence of an oxidative insult on cells mi-
gration by a transwell assay, using controls and GLS/GLS2
modified cells. The results point out an important relation
between GA isoenzymes expression and migration rate of
these glioma cell lines after both ATO and H,O, treatment,
and suggest that the decrease in migration rate might be
synergistically related to the downregulation of GLS expres-
sion and/or overexpression of GLS?.

Future prospect of combination therapy as an effective
strategy to combat glioma

Recently, selective pharmacological inhibition of bcl-2 has
shown antitumor activity inducing apoptosis in bcl-2-
dependent hematological cancers [30]. Efforts against glioma
malignancies have focused on therapies which target key
intracellular apoptotic pathways which may confer tumor
resistance, such as p53 family, and more recently miRNAs
[31]. This research by Liu et al. proposes a combination
therapy which incorporates chemotherapy, radiotherapy, and
selective apoptotic inhibitors and miRNA-based therapy,
which is likely to be the future direction for the treatment of
glioblastoma. Otherwise, caspase 3 and bcl-2 family proteins
have been also involved in therapies targeting apoptosis sig-
naling pathways in T98G cells [31]. In a very recent research,
the expression of KGA and GAC isoforms was knocked down
in T98G and T98G-GAB; the GLS silencing reduced prolif-
eration and viability of glioblastoma cells and strengthen the
antiproliferative effect evoked by GLS2 overexpression.
Therefore, combination of negative modulation of GA iso-
forms arising from GLS gene with the introduction of GLS2
gene product, GAB, may in the future provide a useful means
to curb glioblastoma growth in situ [32].

As previously proposed, GA modification will not be ef-
fective as a single-arm therapy but will be a part of a more
complex strategy that may involve other metabolic targets,
including inhibition of glycolysis [18]. Combination and se-
quential treatments to improve therapeutic efficacy are recom-
mended [33], including synergistic antitumor effects of sever-
al natural antioxidants with current anticancer drugs [34]. In
other study, an allosteric inhibitor of glutamine metabolism,
the small molecule bis-2-(5-phenylacetamido-1,2,4-
thiadiazol-2-yl)ethyl sulfide (BPTES) has been found to slow
growth of glioblastoma cells targeting GLS but not GLS2
isoenzymes [18]. The small molecule 968, a
dibenzophenanthridine, was recently shown to inhibit GAC,
blocking the proliferation and inhibiting tumor formation in
mouse xenograft models. Of outstanding interest, an additive
effect was observed when cancer cells are dosed with 968 and
BPTES simultaneously [35]. As a main conclusion of our
research, GLS silencing and overexpression of GLS2 while
simultaneously disrupting glutathione-dependent antioxidant
capacity can synergistically contribute to an important effect
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against tumor cell growth caused by ROS (ATO or H,O,
insult). Consistently, blocking GLS and/or overexpressing
GLS?2 could help to reset cellular metabolism toward normal
cell growth, providing a new strategy to combat some types of
cancer, as those having mutant isocitrate dehydrogenase 1
(IDH1) cancer cells [18]. In another investigation, stable
transfection with GLS2 inhibited cell growth of T98G glio-
blastoma through downregulation of O%-methylguanine-DNA
methyltransferase, and sensitized these cells to alkylating
agents as temozolomide and carmustine. Consequently, en-
richment with GLS2, in addition to inhibiting glioma growth,
may facilitate chemotherapeutic intervention [36].

Reprogramming glutamine metabolism is a promising tool
against cancer

Cancer often involves perturbations of normal signal trans-
duction, including glutamine metabolism [2, 5, 13, 16]. Al-
though metabolic profiles of tumors depend on both the
genotype and tissue of origin [20], cancer cells have a very
different metabolic profile compared to normal cells [21]. Of
note, targeting metabolism of breast cancer cells with ATO has
been a very useful strategy. Interestingly, lower sensitivity of
normal cells to the concentrations of ATO tested in this study
states that this agent as a promising treatment against solid
tumors in vivo [24]. Given the importance of glutamine me-
tabolism in maintaining the redox state in cancer [8] future
therapeutic approaches could synergize with ATO or H,0O,
treatment. In fact, when combined with H,O,, the growth-
suppressive effect on pancreatic cancer cells was notably
augmented, indicating that cancer cells are markedly more
sensitive to ROS when glutamine metabolism is impaired
and glutathione levels are reduced [37]. Hence, these authors
revealed that inhibition of glutaminase in cancer cells can
potentially synergize with therapies that increase intracellular
ROS, for example chemotherapy and radiation [37].
Multiple nuclear proteins may regulate the transcription of
the human GLS2 gene promoter [38], suggesting its possible
involvement in transcription regulation [3]. Interestingly, there
is a growing body of evidence pointing to glutamine as a
signaling molecule involved in gene expression [8]. The sig-
nificance of the nuclear GLS2 localization could be as simple
as being an enzyme controlling in situ the glutamine levels in
the nucleoplasm and therefore being indirectly involved in the
expression of glutamine-regulated genes [3]. It is becoming
clear that metabolic reprogramming network is induced by
many proteins, such as IDH1, c-myc, p53, GLS, GLS2, and
other molecules that act both independently and in concert
with each other [39]. Therefore, RNAi-mediated downregula-
tion of GLS and overexpression of GLS2 could be valuable
tools for defining gene expression and functional programs
downstream of oncogenic GLS as well as tumor suppressor
GLS?2 signals, which, in turn, may be helpful to isolate novel

diagnostic markers, and for designing tumor-specific interven-
tion at downstream targets of GLS and GLS2.
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