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Abstract

Background—Increased glutamine uptake is known to drive cancer cell proliferation, making
tumor cells glutamine-dependent. Glutamine provides additional carbon and nitrogen sources for
cell growth. The first step in glutamine utilization is its conversion to glutamate by glutaminase
(GLS). Glutamate is a precursor for glutathione synthesis, and we investigated the hypothesis that
glutamine drives glutathione synthesis and thereby contributes to cellular defense systems.

Methods—The importance of glutamine for glutathione synthesis was studied in H460 and A549
lung cancer cell lines using glutamine-free medium and Bis-2-(5-phenyl-acetamido-1,3,4-
thiadiazol-2-yl)ethyl sulfide (BPTES) a GLS inhibitor. Metabolic activities were determined by
targeted mass spectrometry.

Results—A significant correlation between glutamine consumption and glutathione excretion
was demonstrated in H460 and A549 tumor cells. Culturing in the presence of [13Cg]glutamine
demonstrated that by 12 hrs >50% of excreted glutathione is derived from glutamine. Culturing in
glutamine-free medium or treatment with BPTES, a glutaminase (GLS)-specific inhibitor, reduced
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cell proliferation and viability, and abolished glutathione excretion. Treatment with glutathione-
ester prevented BPTES induced cytotoxicity. Inhibition of GLS markedly radiosensitized the lung
tumor cell lines, suggesting an important role of glutamine-derived glutathione in determining
radiation sensitivity.

Conclusions—We demonstrate here for the first time that a significant amount of extracellular
glutathione is directly derived from glutamine. This finding adds yet another important function to
the already known glutamine dependence of tumor cells and probably tumors as well.

General significance—Glutamine is essential for synthesis and excretion of glutathione to
promote cell growth and viability.

Keywords

glutaminase; glutathione synthesis; glutamine utilization; H460; A549

Introduction

Lung cancer is the leading cause of cancer-related death in the US, with an expected
228,000 new cases and 160,000 deaths per year [34]. Despite immense research efforts, the
overall 5-year survival rate of <17% remains poor compared to other cancers. In the past,
treatment of advanced lung cancer followed a straightforward algorithm of platinum-based
combination therapies or third-generation cytotoxic drugs, irrespective of histopathology
subtypes [7,30,32]. More recently, treatment efficacies have improved due to pre-selection
based on histopathology sub-types and identification of specific driver mutations [3].
Including a patient’s tumor biology in therapy selection (personalized medicine) is
transforming the diagnosis and treatment of lung cancer [17,18]. We recently studied
metabolite profiles in lymph node aspirates containing malignant lung tumor cell lines and
found a strong correlation between glutamine consumption and glutathione excretion
(Sappington et al. submitted Lung Cancer).

Mechanistic studies in tissue culture and animal models suggest glutamine utilization and
glutathione synthesis are important in cancer promotion and progression [16,24,36,38,42].
Glutamine (GIn) is an essential nutrient and the most abundant free amino acid in human
serum [4]. The first step in utilization of glutamine is its conversion to glutamate by
glutaminase (GLS). Glutamate dehydrogenase converts glutamate to alpha-ketoglutarate an
important tricarboxylic acid cycle (TCA) metabolite. The glutamine dependence of tumor
cells has been known and GLS inhibitors are under development [37,38]. In parallel, tumor
cells are known to increase glutathione synthesis, and intracellular glutathione
concentrations in tumor cells are reported to be as high as 10 mM [1,10,22,28,40].
Glutathione, the most abundant thiol-compound, (i) functions as an antioxidant, (ii) is a
precursor for conjugation reactions, (iii) participates in maintenance of the cysteine pool and
(iv) contributes to the regulation of cellular processes, including apoptosis [20].

Glutamate is a precursor for glutathione synthesis, which is carried out by two conjugation
reactions catalyzed by glutamate cysteine ligase and glutathione synthase [37]. Therefore,
we hypothesize that glutamine-derived glutamate might also contribute to cellular defense
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by supplying necessary glutamate for glutathione synthesis. To test this hypothesis,
glutamine consumption and glutathione synthesis and excretion patterns of H460 and A549
lung tumor cells were established. The importance of glutamine-derived glutamate for
glutathione synthesis and cell proliferation is demonstrated by (i) culturing in glutamine-free
media, (ii) utilization of stable isotope-labeled [13Cs]-glutamine, (iii) inhibition of GLS by
BPTES, a known GLS inhibitor [33] and (iv) the presence of glutathione-ester, the
bioavailable form of glutathione, prevents BPTES-induced cytotoxicity. Lastly, sensitivity
to radiation treatment demonstrated the role of glutamine-derived glutathione in
radiotherapy resistance.

Materials and Methods

Cell culture

H460 and A549 lung tumor and MRC-5 alveolar fibroblast cell lines were purchased from
ATCC and cultured in standard incubation conditions using 89% RPMI Medium 1640 + L-
Glutamine (Sigma St. Louis, MO), 10% fetal bovine serum (FBS), and 1% penicillin-
streptomycin (complete medium) at a humidified 37°C with 5% CO». Each cell line was
propagated from an initial concentration of 100,000 cells per flask. Sub-cultures of each cell
line were then seeded into 25-T flasks at 100,000 cells/flask. Cells were allowed to attach
for 24 hours.

Glutamine-free medium experiments—Media were removed from all flasks (Time
0Ohrs) and 5 replicates from each line were given 5 mL complete medium and 5 replicates
were given 5 mL glutamine-free complete medium (89% RPMI Medium 1640 without
glutamine, 10% fetal bovine serum (FBS), and 1% penicillin-streptomycin) (Sigma St.
Louis, MO). Media aliquots of 100 ul were removed from each flask at 12 hour intervals to
monitor the metabolomic footprint [12]. After 48 or 84 hours, media were removed, cells
were washed with water (5 sec), and immediately flash frozen by the addition of 15 ml
liquid nitrogen into the culture flasks and stored at —80°C as describe previously [19].

BPTES experiments—In the mechanistic experiments with BPTES, cells (7500) were
seeded (Time -24hrs) into 96-well plates containing 100 pl complete medium, and allowed
to attach for 24 hrs. Complete medium was added (Time Ohrs) containing various
concentrations of BPTES to give the final concentrations of 1, 2, 5, 10, 20, 40, and 100 uM
BPTES. Media aliquots of 25 pl were removed from each well at 24, 36, and 48 hrs to
monitor the time course of metabolite consumption and production (metabolomic footprint).
Cells were maintained at 37°C, 5% CO, and 40% humidity until time of harvest.

[13Cs]-glutamine experiments—To determine the fraction of glutathione that is derived
directly from glutamine, A549 and H460 cell lines were cultured in 96-well plates in
glutamine-free complete medium supplemented with 0.3 g/L [*3Cs]-glutamine. Cell media
aliquots were harvested at 12, 24, 36, and 48 hrs. Light microscopy was used at 12 hours to
visualize the cells at each dosage. After 48 hours the CellTiter 96, CellTiter-Glo® 2.0, and
CellTox™ Green Cytotoxicity assays, (Promega, Madison, WI) were utilized to
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respectively assess cell proliferation, cell viability, and cell death of both the BPTES and
[13Cs]-glutamine experiments.

Glutathione-monoethyl ester (GSHE) experiments. Cells (7500) were seeded into 96 well
plates containing 100 ul complete media. Cells were treated with 10 uM BPTES in DMSO
and 0, 1, 5 and 10 mM GSHE. After 48 hrs cells were harvested and cell viability and
toxicity were assessed as described above.

Radiation exposure of lung tumor cell lines

Radiation sensitivity was determined by methods described previously [39]. In brief, for
colony formation A549 and H460 cells were seeded in 6-well plates containing 3 ml
standard complete medium and allowed to attach for 24 h. Media were changed and cells
were grown for another 24h in standard medium, glutamine-free medium, medium
containing 2 UM BPTES (to deplete glutathione), and medium containing only the vehicle.
Cells were subsequently radiated using a Faxitron X-ray Generating System (CP-160,
Faxitron X-Ray Corp., Wheeling, IL). Single-doses of 4 or 8 Gy (Gray) were delivered at a
dose rate of 1 Gy/min (150 kVp and 6.6 mA). Cells were then placed in standard complete
RPMI medium and allowed to form colonies for 8 days. The surviving colonies (containing
> ~50 cells) were stained and counted on a stereomicroscope. Plating efficiency (PE) of cells
with each treatment were determined and normalized to that of control untreated cells and
the surviving fractions were calculated by dividing the PE of the treated cells by the PE of
the control untreated cells.

LC-MS quantitation by liquid chromatography tandem mass spectrometry
(LC-MS/MS)—Metabolites were extracted from cell pellets by the addition of 3 ml of 50%
methanol/0.2% formic acid to the frozen cells in the culture flasks. Cells were scraped from
the culture flasks and transferred to 15 ml tubes. Proteins were precipitated from 750 ul cell
pellet suspensions by addition of 1050 pl acetonitrile/0.2% formic acid. Metabolites were
extracted from 25 or 100 pl culture media from 96 well plates or 25-T flasks, respectively,
and with the respective addition of 275 pl or 1300 pl of 40% methanol/60% acetonitrile/
0.2% formic acid. Cell pellets or media suspensions were incubated on ice for 30 min,
followed by centrifugation for 10 min at 13000 g. Supernatants were transferred to new
vials, solvents were removed in a speed vac and the concentrated metabolites stored at
—80°C until analysis.

Samples were reconstituted in 0.2% formic acid and analyzed by LC-MS/MS (Agilent, 1290
Infinity LC coupled to an Agilent 6490 triple quadrupole mass analyzer). An Agilent
Poroshell 2.7um C18 (2.1mm x 100 mm) column was operated with a linear gradient from
2% Methanol/0.01% formic acid to 95% Methanol/0.01% formic acid in 10 min. Individual
metabolites were monitored in multiple reactions monitoring mode, monitoring specific ion
transitions shown in Supplemental Table 1 and Supplemental Figure 1 shows representative
extracted ion chromatograms. The specific ion transitions and retention times for each
metabolite were established experimentally using commercially available standard
compounds. Quantitation of the individual metabolites were based on external calibration
curves that were generated with each set of samples. In the stable isotope tracing
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experiment, 13Cs-incorporation into subsequent metabolites was determined by monitoring
the corresponding mvzion transitions (Supplemental Table 1).

Statistical Analysis

Results

Media and cell pellets were analyzed for differences between cell lines and glutamine
treatment and the surviving fractions of cell colonies were compared among each cell line
via Conover’s Kruskal-Wallis method [9]. The time-dependent relationships between
glutamine consumption and glutathione production were analyzed by linear regression on
each cell line. The resulting regression slopes (with their standard errors) were interpreted as
“glutathione production ratios,” i.e., UM glutathione produced per mM glutamine consumed.
Glutathione production ratios were compared for differences between cell lines via t-test
using the combined standard errors of the ratios. All post-hoc comparisons employed a
P<0.05 significance level despite the multiple comparisons, in order not to inflate Type II
error in this study.

The two lung carcinoma cell lines (H460 and A549) and one alveolar fibroblasts (MRC-5)
were grown in complete or glutamine-free media (Figure 2). Their doubling times,
calculated based on propagation over 48 hours in complete media, had means + standard
deviations (SDs) of 12.4 + 0.02, 16.2 + 0.08 and 29.0 £ 0.61 hours for H460, A549 and
MRC-5, respectively. The doubling times for H460 and A549 are reported as 17.8 and 22.9
hours, suggesting that the cells grow slightly faster in the complete medium chosen for this
study than in the recommended F12-K media [26]. In glutamine-free media, cell growth was
reduced and the doubling times had means + SDs of 15.1 + 0.43, 24.3 + 0.36 and 38.4 £
0.84 hours (H460, A549 and MRC-5, respectively). Of these, A549 was the most glutamine
dependent, with a 33% growth reduction in glutamine-free medium compared to 17% and
23% growth inhibition of H460 and MRC-5, respectively (Figure 2). The different cell lines
showed distinct variability in size and morphology (data not shown).

To study the potential mechanistic link between glutamine uptake and glutathione synthesis,
the time courses for glutamine consumption and glutathione excretion were established in
H460, A549 and MRC-5 cell lines (Figure 3a and 2b). The fastest growing H460 cell line
was the most efficient in glutamine uptake, while the slower growing A549 and MRC-5
lines used much less glutamine during the same time period. For glutamine uptake all
pairwise comparisons were statistically significant except between A549 and MRC-5 at 24
hrs. Likewise, the H460 cell line was the most efficient in glutathione synthesis, and MRC-5
the least efficient (Figure 3b). All pairwise comparisons at each time point for glutathione
were statistically significant. There was a statistically significant correlation between
glutamine consumption and glutathione excretion (Figure 3c). Regression analysis revealed
glutathione production ratios + standard errors (in uM/mM of glutamine) of 278 + 19.9 for
H460, 166 + 12.0 for A549, and 95 + 6.7 for MRC-5, all of which were statistically
significantly different from each other.

From the time course experiment, 48 hrs was chosen for subsequent studies, because
glutamine is essentially depleted at 60 hrs in the fast growing H460 cell line. The excretion
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of glutamate increased in all cell lines over time (Supplemental Figure 2a). Interestingly,
H460 cells start consuming glutamate after 48 hrs, coinciding with the depletion of
glutamine. All cell lines receiving complete media showed significant differences in
intracellular glutamine (Figure 4a), glutamate (Supplemental Figure 2b), y-glutamylcysteine
(Supplemental Figure 2c), and glutathione (Figure 4b) per mg protein as compared to
glutamine-free complete media. Intracellular glutathione per mg protein were significantly
higher (about 5-fold) in the carcinomas H460 and A549 cells than in MRC-5 fibroblasts,
although no significant differences were observed between the tumor cell lines. This was
true for the complete and glutamine-free media cultures. In presence of glutamine, the
amounts of intracellular glutamate were not different between A549 and MRC-5 cells
(Supplemental Figure 2b). Glutamate amounts were ~40% lower in H460 cells, a difference
that was significant for cultures in complete or glutamine-free media.

To test the hypothesis that glutathione is in part derived from glutamine, we incubated H460
and A549 cells with glutamine-free medium supplemented with [13Cs]-glutamine and
monitored 13Cs-incorporation into glutamate and glutathione at various time points (Figure
5). After 12 hrs, excreted glutamate was >38% labeled in both cell lines. Excreted
glutathione were 53% and 62% [13Cs] labeled for H460 and A549 cells, respectively,
indicating that it is derived from the [13Cs]-glutamine. The cell-free medium control did not
show any 13C-labeled glutamate or glutathione. [13Cs]-glutamine-supplemented media did
not affect cell growth compared to complete media (data not shown).

GLS catalyzes the conversion of glutamine to glutamate, a precursor of glutathione synthesis
and an essential step in glutamine utilization. To determine the role of glutamine as a pre-
cursor for glutathione synthesis, cells were treated with BPTES, a known GLS inhibitor
[33]. BPTES treatment led to significant growth inhibition, toxicity, and abolished
glutathione excretion (Figure 6a—c). The effects of GLS inhibition were similar to culturing
cells in glutamine-free medium (data not shown). Cell responses to BPTES were assessed by
four different assays (CellTiter, CellTiter-Glo, CellTox, colony formation), of which the
colony formation showed a dose response with EDsgq of 4.2 and 1.0 uM BPTES for H460
and A549, respectively (Figure 6a). The metabolic response to BPTES showed an EDsg of
7.2 and 4.0 uM BPTES for A549 and H460, respectively. At greater BPTES concentrations
formation and excretion of glutathione and the intermediate metabolites glutamate and -
glutamyl-cysteine were essentially abolished (data not shown). H460 and A549 responses to
BPTES treatments demonstrate a visual increase in cell death at concentration of 10, 20, 40,
and 100 puM, but no cell death was observed in cells cultured in glutamine-free medium.
(Figure 6d).

The importance of glutamine-derived GSH for cell viability and against cytotoxicity was
investigated using media supplemented with GSHE, the bioavailable form of GSH
[2,6,27,29]. Initial treatment with 10 uM BPTES reduced viability and induced cytotoxicity
(Figure 7a and 7b) in both tumor cell lines. Addition of 1-10 mM GSHE showed a dose-
dependent protection against BPTES-induced cytotoxicity in both cell lines. As in the
previous experiment the BPTES effects were less pronounced in the A549 compared to the
H460.
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To demonstrate that the glutamine-derived glutathione is biologically, and likely clinically
relevant, responses to ionizing radiation were determined in both tumor cell lines after
culturing in glutamine-free media or after treatment with BPTES, a known GLS inhibitor.
The results demonstrate the biological importance of glutamine-derived glutathione in
defense against oxidative stress induced by ionizing radiation. First, lack of glutamine
significantly increased radiation sensitivity for both A549 and H460 as compared to control
at both the 4 Gy and 8 Gy levels (p<0.01 for all) suggesting an essential role for glutamine-
derived glutathione in defense against radiation-induced injury (Figure 8a and 6b). Second,
inhibition of GLS by BPTES produced a radiation-induced reduction in colony formation in
H460 and A549 cells at 4 Gy and 8 Gy levels as compared to control cells (p<0.001).
Although sensitization was slightly less pronounced in A549 cells compared to H460
(Figure 8a and b). These results suggest that GLS is intimately linked to GSH production
and defense against the oxidative stress created by ionizing radiation exposure, and further
implicates glutamine in the response to therapeutics.

Discussion

Glutamine utilization has been shown to promote tumor cell proliferation and GLS activity
has been identified as a viable target for cancer therapy [15]. The common belief is that
glutamine provides additional building blocks for biosynthesis and energy production
[37,38]. We herein provide strong evidence that glutamine is essential for glutathione
production, and therefore contributes directly to cellular defense systems.

Studying the uptake and release of nutrients, we were not surprised to observe greater
glutamine uptake and glutamate excretion in the faster growing carcinoma cell lines (H460
and A549) compared to the MRC-5 alveolar fibroblasts (Figure 3a and a). Under our culture
conditions H460 cells consume glutamine and excrete glutamate over the first 48 hrs. After
that, glutamine is depleted in H460 cultures, and H460 cells start to utilize glutamate as a
carbon source. These results suggest that the initial abundance of glutamine leads to its rapid
uptake and conversion to glutamate. However, the intracellular glutamate pool is limited and
excessive glutamate is excreted into the medium (Supplemental Figure 2b). Adjusting for
doubling time, each cell line utilizes about 4 pmoles of glutamine per doubling. For
example, H460 reduced glutamine concentration in culture medium from 2 mM to 1.2 mM,
which translates to 0.8 umoles /ml. Therefore, H460 cells cultured in 5 ml media use 4
pumoles (5 ml x 0.8 umoles/ml) in 24 hours corresponding to approximately 2 doubling
times.

Surprisingly, both tumor cell lines excreted large amounts of glutathione (Figure 3b). The
H460 and A549 cultures starting with 100,000 cells produced and excreted over the first 48
hrs a minimum of 2.0 + 1.10 and 0.62 + 0.09 pmoles of glutathione, respectively. In
contrast, MRC-5 fibroblast excreted 0.12 £ 0.00 umoles during same time period. The
amounts of glutathione excreted by 48 hours corresponded to 28.3% and 15.6% of total
glutamine utilized by H460 and A549, respectively. The isotope-labeled glutamine
experiment indicates that at least 50% of the excreted glutathione is replaced within 12 hrs,
demonstrating rapid glutathione turnover. These steady state amounts do not account for any
glutathione consumed or utilized for cellular defense during that time period and therefore
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underestimate the actual amount synthesized and excreted. Together these results emphasize
the fact that lung tumors spend huge efforts on glutathione synthesis and excretion. The high
glutathione turnover is consistent with the short half-life (26 hrs) of glutathione reported in
lung tumors, and suggests that glutathione synthesis and cycling in lung tumors and tumor
cells is much higher than estimated from steady state measurements [21,23].

Correlation analysis clearly suggests a mechanistic link between the glutamine uptake and
glutathione excretion (Figure 3c). Subsequent culturing in glutamine-free media abolished
glutathione synthesis and excretion (data not shown) indicating that glutathione synthesis
and excretion are tightly linked to, and even dependent on, available glutamine. Culturing in
glutamine-free medium significantly reduces cell growth, suggesting that glutathione
excretion is important for cell proliferation. Intracellular concentrations of glutathione per
mg protein mirrored the observation in culture media, with glutathione being higher in
tumor cells compared to MRC-5 fibroblasts, however effects were less pronounced (Figure
4). This was not unexpected since intracellular metabolite concentrations are highly
controlled through synthesis and degradation processes, and therefore remain within
biologically acceptable ranges. In contrast, the extracellular metabolites corresponding to
cellular activity are less stringently regulated, and therefore their concentration ranges are
much wider than could be tolerated within the cell.

The first step in glutamine utilization for energy production is its conversion to glutamate by
GLS. Culturing in glutamine-free media drastically reduced cell proliferation and might
have confounded the results. Therefore, to test whether glutamine as an energy and nutrient
source was essential for cell proliferation and a precursor for glutathione synthesis, cells
were treated with a specific GLS inhibitor [24,35]. The dose-response of BPTES treatment
showed decreased cell viability based on the colony formation, CellTiter, CellTiter-Glo®,
and CellTox™ assays, while glutathione excretion was essentially abolished at >5 uM
BPTES (Figure 6c). Together these results provide evidence for a mechanistic link between
GLS activity and glutathione excretion. While the effect of BPTES on cell proliferation has
been reported previously [24,25] the fact that glutathione excretion was affected
demonstrates for the first time the essential roles of glutamine and GLS-activity for
glutathione synthesis and excretion. GLS knockdown in cervical cancer cells reduced
intercellular glutathione in radiation resistant HeLa cells to relative levels as normal HelLa
cells suggesting that GLS and glutathione synthesis are mechanistically linked in other
tumors as well[41]. The presented results extend this observation to lung cancer cells and
establish that glutamine-derived glutamate is in fact utilized for glutathione synthesis and
excretion.

The EDsgq for the metabolic effect (~>5.0 uM BPTES) was similar to the EDs for biological
responses, reduction in cell proliferation, suggesting a mechanistic link between glutathione
excretion and cell viability. Glutathione depletion has been reported previously by inhibition
of y-glutamyl-cysteine ligase using 100 to 10,000 uM buthionine sulfoximine [8,13]. The
presented results suggest that BPTES is at least 100-fold more effective in depletion of
glutathione, making it a better candidate for combination therapies [8,13].
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Glutamate is a common metabolite and can be derived from various sources such as glucose
metabolism, protein degradation or amino acid metabolism [25]. Based on the media time
courses of glutamate, H460 and A549 cells excrete significant amounts of glutamate,
suggesting that these cell lines synthesize or liberate large amounts of glutamate
(Supplemental Figure 1a). Glutamate is a known cofactor for membrane transports such as
the Xc™ antiport which imports cystine in exchange for one glutamate[5]. Therefore the
increased amounts of extracellular glutamate may reflect increased cystine uptake.
Surprisingly, the glutamate excretion and glutamate independence depends on the
availability of glutamine as a carbon source.

To determine the source of glutamate that is used for glutathione synthesis, cells were
cultured in glutamine-free media supplemented with [13Cs]-glutamine. Glutathione derived
from the [13Cs]-glutamine was distinguished from glutathione that is derived from other
sources using mass spectrometry. This experiment provided stunning proof that the majority
of glutathione is, in fact, synthesized from glutamine-derived glutamate. After 12 hours,
approximately 40% 13C-carbon incorporation was observed in the intermediate metabolite
glutamate (Figure 5a). Excreted glutathione contained the >50% 13C-carbon backbone
(Figure 5b), confirming the active utilization of the metabolic pathway proposed in Figure 1.
The stable isotope tracing experiment clearly demonstrates that glutamine is utilized for
glutathione synthesis and excretion. It is interesting to note that the lung tumor cells seem to
use mainly glutamine—derived glutamate for glutathione synthesis suggesting that the
glutamine-derived glutamate does not mix with the glutamate pool. The question of why
tumor cells spend so much effort on glutathione synthesis and excretion needs to be further
investigated.

These findings have wide implications in regard to the suitability of a GLS inhibitor in
chemotherapy. It is expected that low dose treatments with BPTES, and probably other GLS
inhibitors, may be sufficient to significantly reduce glutathione synthesis and thereby
increase sensitivity to radiotherapy and reduce multi-drug resistance. If this is true, it will
make GLS inhibitors a prime component of combination therapies [31]. To test the former,
we determined the radiosensitivity of the lung tumor cell lines after culturing in glutamine-
free media or after BPTES treatment. Both pretreatments caused glutathione depletion and
increased radiosensitivity (Figure 8a and 8b). This provides additional evidence of the
mechanistic link between glutamine consumption and glutathione synthesis and their
importance for cell viability.

The study was not designed to distinguish which of the known glutathione functions will be
most affected by GLS inhibition, but based on the uM amounts of excreted glutathione it is
unlikely that the increased glutathione production in lung tumor cells functions as
intracellular antioxidants. Endogenous concentration of reactive nitrogen or oxygen species
have been estimate to reach a maximum of 100 nM [11], which is orders of magnitude lower
than the >3 uM glutathione in the lung tumor cell lines. This strongly suggests that
biochemical turnover of glutathione is more important than spontaneous biochemical
detoxification of reactive oxygen species [14].
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In conclusion, we demonstrate here for the first time that a significant amount of glutathione
is directly derived from glutamine. This finding adds yet another important function to the
already known glutamine dependence of lung tumor. Glutaminolysis has been identified as a
suitable target for cancer therapies, and the findings presented herein suggest that a GLS
inhibitor leads to glutathione depletion and marked changes in response to radiation
treatment. Depleting glutathione in this manner is expected to reduce multi-drug resistance
and increase sensitivity to oxidative stress caused by radiation therapy, leading to greater
cytotoxicity and tumor response [8].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Glutathione synthesis is dependent of available glutamine and glutaminase activity.

Biochim Biophys Acta. Author manuscript; available in PMC 2017 April 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Sappington et al.

ﬁJ@ui

o

as

o}

o)

x>

551}90 48N

Figure 1.

¢

Page 14

fGIutathione Glutamine *

|
’/’_f—[__. ! §
fGIutathione \J )
BPTES Glutamine ¢

Glycine \

1‘ y-Glutamy-Cysteine

\Glutamate

Cysteine

& v

Rap, - -\.,
€9y metabolism via the TEA &Y
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lung tumor cell lines. Also shown are the glutaminase (GLS) enzyme and its inhibitor

BPTES.
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Growth curves of cell lines in complete and glutamine-free media. Cells were seeded in 96
well plates and incubate at standard condition see Material and Methods section. Some error
bars are smaller than the symbol and therefore are not visible. Cells grown in glutamine-free
media grew statically significant slower than cells grown in complete medium (P<0.05).
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Figure 3.
Time course of extracellular (a) glutamine and (b) glutathione in lung tumor cell lines. (c)

Correlation of glutamine consumption to glutathione production in H460, A549 and MRC-5
cells, respectively. At the indicated time points, 100 pl of medium from cultured cells was
analyzed. Some error bars are smaller than the symbol and therefore are not visible.
Metabolite concentrations (a and b) were statistically different between cell lines at each
time point except for glutamine between MRC-5 and A549 at 24 hrs (p<0.05). Regression
analysis of glutamine consumption and glutathione synthesis (c) and excretion showed
strong statistical correlation with RZ > 0.95 and paired-slope comparisons were significantly
different with p <0.0001.
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Figure 4.
Intracellular concentrations of (a) glutamine, and (b) glutathione at 48 hrs. Solid columns

indicate culturing in complete media and striped columns indicate culturing in glutamine-
free media. Intracellular amounts were significantly different in cells grown in glutamine-
free media compared to cells grown in complete media (p<0.001).
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glutamine in A549 and H460 cells. Cells were grown in glutamine-free medium
supplemented with 2 mM [13Cs]-glutamine. At the indicated time points, 25 l of culture
medium was analyzed for the presence of stable isotope-enriched metabolites.

Biochim Biophys Acta. Author manuscript; available in PMC 2017 April 01.

60



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Sappington et al.

g

BPTES

§

Control

Colonies Relative to Control

——HA60
40% 9
——-AS549
20% 4
0% -
0.000001 .0001
BPTES
120% <

.

Relative Cell Toxicity

40% A
20% 1
() 1 10 100
BPTES [uM]
120% - C

§

Relative GSH excretion

40% 4

20% o
0% s s i Scak bar=100 i
0.000001 0.0001 0.01 1 100

BPTES [uM]

Figure 6.

Page 19

Effect of GLS inhibition by BPTES on cell (2) clonogenic viability (b) cell toxicity and (c)
glutathione excretion in H460 and A549 cells. Shown are mean + SD of three independent
experiments. (d) Representative bright field images (40x magnification) of H460 and A549
cells after 48 hrs treatment with various concentrations of BPTES or culturing in glutamine-

free (GIn-) media.
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Figure 7.
Protective effect of GSHE on BPTES-treated cells. Shown are the (a) viability (b) cell

toxicity responses. H460 and A549 cells were treated with 10 uM BPTES in presence of 1-
10 mM GSHE. Shown are mean * SD of three independent experiments. BPTES treatment
significantly reduced cell viability and increased cell toxicity (p<0.01).
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Effect of culturing in glutamine-free media or 2 UM BPTES treatment on radiation response
in (A) H460 and (B) A549 tumor cells. Radiation sensitivity was determined utilizing the
clonogenic assay and normalizing to the plating efficiency in untreated cells. Shown are
mean + SD of three independent experiments. Some error bars are smaller than the symbol
and therefore are not visible. BPTES treatment or culturing in glutamine-free media
significantly increased radiation sensitivity (*, p<0.05).
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