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Increased production of mitochondrion-derived reactive oxygen species (ROS) is characteristic of a metabolic shift observed
during malignant transformation. While the exact sources and roles of ROS in tumorigenesis remain to be defined, it has become
clear that maintaining redox balance is critical for cancer cell proliferation and survival and, as such, may represent a vulnerabil-
ity that can be exploited therapeutically. STAT3, a latent cytosolic transcription factor activated by diverse cytokines and growth
factors, has been shown to exhibit an additional, nontranscriptional function in mitochondria, including modulation of electron
transport chain activity. In particular, malignant transformation by Ras oncogenes exploits mitochondrial STAT3 functions. We
used mass spectrometry-based metabolomics profiling to explore the biochemical basis for the STAT3 dependence of Ras
transformation. We identified the gamma-glutamyl cycle, the production of glutathione, and the regulation of ROS as a mito-
chondrion-STAT3-dependent pathway in Ras-transformed cells. Experimental inhibition of key enzymes in the glutathione cy-
cle resulted in the depletion of glutathione, accumulation of ROS, oxidative DNA damage, and cell death in an oncogenic Ras-
and mitochondrial STAT3-dependent manner. These data uncover a synthetic lethal interaction involving glutathione produc-
tion and mitochondrial ROS regulation in Ras-transformed cells that is governed by mitochondrial STAT3 and might be ex-
ploited therapeutically.

STAT3 is a latent cytosolic transcription factor activated by
phosphorylation on tyrosine 705 in response to many growth

factors and cytokines. In normal tissues, STAT3 target genes reg-
ulate proliferation, survival, angiogenesis, immune responses, in-
flammation, and self-renewal (1). STAT3 is also implicated in ma-
lignancy (2). Constitutively active STAT3 mutants facilitate
experimental transformation (3), and STAT3 is aberrantly phos-
phorylated or overexpressed in many human tumors. Typically,
enhanced STAT3 activation is due to the mutation of upstream
tyrosine kinases or receptor tyrosine kinases (e.g., JAK2 in my-
eloproliferative disease, ALK in some lymphomas, or epidermal
growth factor [EGFR] in head and neck cancer) or heightened
secretion of cytokines (e.g., interleukin-6 [IL-6] in multiple my-
eloma or IL-11 in gastric cancer), and STAT3 often has been found
to be essential for tumors driven by these stimuli (4). Intriguingly,
STAT3 is also required for transformation driven by oncogenic
mutations in the Ras-GTPase family in the absence of STAT3
Y705 phosphorylation (5–7). In the context of oncogenic Ras mu-
tations, a mitochondrial pool of STAT3 regulates the activity of
the electron transport chain, which is necessary for tumor forma-
tion (8). These varied involvements of STAT3 in human cancer
have made it an attractive therapeutic candidate (9), although this
promise has yet to be fulfilled (10).

Metabolic reprogramming is considered a hallmark of cancer.
As cells adopt a transformed phenotype, they switch the major
source of ATP synthesis from oxidative phosphorylation (OXPHOS)
utilizing the electron transport chain (ETC) to aerobic glycolysis,
a process named Warburg metabolism (11). Cancer cells rely
heavily on aerobic glycolysis for ATP and biomolecule produc-
tion, but they also maintain electron transport chain and tricar-

boxylic acid (TCA) cycle activity, which contribute to tumor cell
anabolism (12). Indeed, Ras-driven tumors require complex I of
the ETC to maintain aerobic glycolysis in support of tumor devel-
opment (13). STAT3 has been found to be a key player in both
aerobic glycolysis and ETC. Under conditions in which STAT3 is
phosphorylated on Y705 to activate its transcriptional functions,
it drives the expression of HIF1� and c-Myc, both of which can
regulate the switch from OXPHOS to aerobic glycolysis (14). Ad-
ditionally, mitochondrial STAT3 enhances ETC activity through a
nontranscriptional mechanism, which is required for Ras trans-
formation (5, 7). Therefore, there is a complex relationship be-
tween STAT3 and cancer metabolism that involves both nuclear
transcriptional activities as well as mitochondrial nontranscrip-
tional functions that may be distinct from actions in nontrans-
formed cells.

Activating mutations in Ras GTPases occur in about 25% of
human cancers (15), and the mitochondrial pool of STAT3 is
critical for transformation by this family of oncogenes, due at least
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in part to regulation of metabolic processes (5–7). The genetic
alterations that drive Warburg metabolism in cancer cells have
provided new therapeutic avenues for cancer treatment (e.g., tar-
geting IDH mutations in glioma and AML [16, 17]). The complex
roles of STAT3 in the regulation of metabolism likely are depen-
dent on the driving oncogene. However, the precise metabolic
changes dependent on mitochondrial STAT3 in response to Ras
oncogenes are largely unknown.

We used an unbiased mass spectrometry (MS) screen to ex-
plore mitochondrial STAT3-dependent metabolic processes. We
analyzed metabolites in Ras-transformed mouse embryo fibro-
blasts (MEFs) and T24 human bladder carcinoma cells to identify
substances whose abundance depended on the presence of mito-
chondrial STAT3. We found that metabolites generated by the
�-glutamyl cycle were altered in abundance depending on mito-
chondrial STAT3 status. The �-glutamyl cycle is required for the
synthesis of glutathione (GSH), which is the major cellular reac-
tive oxygen species (ROS) scavenger. In the absence of STAT3,
cellular glutathione concentrations were diminished, and block-
ing glutathione synthesis resulted in increased ROS and oxidative
DNA damage, leading to the death of tumor cells but not of un-
transformed cells. Therefore, targeting the �-glutamyl cycle or
GSH accumulation kills cancer cells in a mitochondrial STAT3-
dependent manner, which may prove to be an effective therapeu-
tic approach.

MATERIALS AND METHODS
Antibodies and reagents. The antibodies against the following proteins
were obtained from commercial sources: phospho-S139-�H2A.X (Active
Motif), Mc1-1 (Rockland), Bcl-X (Cell Signaling Technology), cleaved
caspase 3 (Cell Signaling Technology), poly(ADP-ribose) polymerase
(PARP) and tubulin (Santa Cruz Biotechnology), anti-rabbit Ig–IRDye800
and anti-mouse Ig–IRDye680 (LI-COR), and anti-rabbit Ig–Alexa Fluor
594 (Invitrogen). All chemicals were purchased from Sigma.

Mice. All work with animals was approved by the Institutional Animal
Ethics Committee. K-RasG12DLSL mice (18) were interbred STAT3-fl/fl
mice (19). Bone marrow cells were harvested from femurs of adult mice.

Cell culture. Spontaneously immortalized mouse embryo fibroblasts
(MEFs) and HEK293T cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% bovine calf serum (BCS) at
37°C and 5% CO2. A549, T24, and SK147 cells were cultured in advanced
RPMI medium supplemented with 1% FCS. Bone marrow was cultured at
2 � 106 cells/ml in Opti-MEM with 10% fetal calf serum (FCS), 100 �M
�-mercaptoethanol, recombinant mouse TPO (20 ng/ml), and SCF (100
ng/ml). Recombinant retroviruses were generated in HEK293T cells (5).

Flow cytometry. Bone marrow cells were treated with Fc block (Bio-
Legend) and stained with Pacific Blue lineage cocktail or Ig control
antibodies (133306; BioLegend) and sorted using an Influx cell sorter (BD
Biosciences). Cells were incubated with tetramethylrhodamine, ethyl es-
ter (TMRE), or monochlorobimane for 30 min, washed, and analyzed for
mitochondrial membrane potential or GSH on a FACSCanto II (BD Bio-
sciences). Fluorescence-activated cell sorter (FACS) data were analyzed
using Cyflogic (CyFlo Ltd.) or FlowJo (FlowJo LLC).

Western blotting. Cells were lysed in 150 mM NaCl, 50 mM Tris (pH
7.4), 1 mM EDTA, 0.5% Triton X-100, protease inhibitor cocktail (Sigma-
Aldrich), 1 mM NaF, 1 mM �-glycerophosphate, 1 mM Na3VO4, and 1
mM dithiothreitol (DTT), resolved by SDS-PAGE, transferred onto poly-
vinylidene difluoride (PVDF) membranes (Millipore), and probed with
antibodies diluted in Tris-buffered saline (TBS)– 0.1% Tween 20 over-
night at 4°C. Blots were developed with a 1:15,000 dilution of fluor-con-
jugated secondary antibody (LI-COR).

GSH/GSSH measurement. GSH and glutathione disulfide (GSSG)
concentrations were measured using the GSH/GSSG-Glo assay (Pro-
mega) per the manufacturer’s instructions.

ROS measurement. ROS were measured by fluorescent flow cytom-
etry or fluorescent spectroscopy following treatment of cells with 0.5 �M
dihydroethidium (DHE; Sigma-Aldrich), 2.5 �M 2=,7=-dichlorofluores-
cein diacetate (DCFDA; Sigma-Aldrich), or 5 �M MitoSOX (Thermo-
Fisher).

Immunofluorescence. Cells were cultured in 24-well plates on sterile
coverslips. Following appropriate treatment, cells were washed, fixed in
4% formaldehyde for 15 min, and permeabilized and blocked in Odyssey
blocking buffer (LI-COR) with 0.1% Triton X-100. Primary antibody
incubation was performed (1:100 phospho-S139-�H2A.X [Active Motif])
overnight at 4°C, and secondary antibody incubation (1:1,000; anti-rabbit
antibody–Alexa 594 [Invitrogen]) was performed for 1 h at room temper-
ature. Cells were mounted in VectaShield (Vector Laboratories) with 4=,6-
diamidino-2-phenylindole (DAPI) and imaged using an API Deltavision
deconvolution microscope (GE Healthcare), and images were analyzed
using Image J software.

Measuring apurinic/apyrimidinic sites. Cells were cultured in com-
plete media and treated with vehicle or with 1 �M azaserine or 1 �M
azaserine in combination with 1 mM N-acetyl-L-cysteine or 10 �M Mito-
Tempo. After 48 h of treatment, the number of apurinic/apyrimidinic
sites per 100,000 bp was measured using the OxiSelect oxidative DNA
damage kit per the manufacturer’s instructions (Cell Biolabs).

Generating �0 cells. Cells were cultured in complete media supple-
mented with 5 ng/ml ethidium bromide, 5 �g/ml uridine, and 10 mM
sodium pyruvate for 2 weeks or until the loss of electron transport chain
activity was confirmed by high-resolution respiritometry, as described
below.

High-resolution respiritometry. Oxygen consumption was measured
using an Oxygraph-2k (Oroboros Instruments). Cells (2 � 106) were
added to a closed chamber containing prewarmed DMEM supplemented
with 4.4 mM glucose and 25 mM HEPES (pH 7.4) without added glu-
tamine, pyruvate, or NaHCO3. Once O2 consumption stabilized (routine
respiration), cells were treated with oligomycin (500 nM final concentra-
tion) to measure leak respiration, carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP; 200 nM final concentration) to measure the
maximal respiratory rate, and antimycin A (20 nM final concentration) to
measure nonmitochondrial O2 consumption.

Metabolite identification. Cells (4 � 106) in log-phase growth cul-
tured in DMEM supplemented with 4.5 g/liter glucose and 5% BCS were
harvested, and metabolite abundance was identified by Metabolon using
their standard protocols. Briefly, metabolites were extracted from 6 inde-
pendent replicates using organic and aqueous extractions to remove the
protein fraction. Extracts were divided into two fractions for analysis by
liquid and gas chromatography (LC and GC, respectively). Samples then
were prepared for either LC-MS or GC-MS. LC-MS analysis was per-
formed using a Waters Acquity ultraperformance liquid chromatograph
(UPLC) and a Thermo-Finnigan LTQ mass spectrometer, which con-
sisted of an electrospray ionization (ESI) source and linear ion trap (LIT)

TABLE 1 Summary of metabolomics dataa

Genotypes

No. of biomolecule changesb

Total Up/down

WT vs STAT3�/� 155 77/78
STAT3�/� vs MTS 48 19/29
a Summary of the number of biomolecules with significantly altered abundance
between different H-RasG12V-transformed cells.
b The numbers of biomolecules changing between STAT3 wild-type (WT) and
STAT3�/� MEFs and between WT and mitochondrially restricted STAT3 (MTS) MEFs
are shown, including a breakdown of those whose abundance increased (up) or
decreased (down). Relative abundance was determined from 6 independent replicates,
and statistical significance was calculated by Welch’s t test (P � 0.05).
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mass analyzer. The MS analysis alternated between MS and data-depen-
dent MS2 scans using dynamic exclusion.

Samples for GC-MS analysis were redried under vacuum desiccation
prior to being derivatized using bistrimethyl-silyl-trifluoroacetamide
(BSTFA) under nitrogen. The GC column was 5% phenyl, and the tem-
perature ramp was from 40° to 300°C in a 16-min period. Samples were
analyzed on a Thermo-Finnigan Trace DSQ fast-scanning single-quadru-
pole mass spectrometer using electron impact ionization.

Statistical analysis. For pairwise comparisons of metabolite data
sets, statistical significance was tested using Welch’s t tests and/or
Wilcoxon’s rank sum tests using the statistical analysis package within
the R environment. Student’s t tests were used for pairwise compari-
sons of smaller data sets.

RESULTS
STAT3 is required for glutathione synthesis. To identify mito-
chondrial STAT3-dependent metabolites in Ras-transformed
cells, we performed an unbiased mass spectrometry-based
metabolomics screen using two separate panels of cells. The first
set was an isogenic trio of H-RasV12-transformed mouse embryo
fibroblasts (MEFs) expressing or lacking endogenous STAT3 fol-
lowing STAT3 gene ablation. These H-RasV12:STAT3�/� MEFs
were engineered to express a mitochondrially restricted STAT3
mutant, such that all detectable STAT3 was localized to the mito-
chondria (5). The second set of cells was derived from the human
T24 bladder carcinoma, which harbors a spontaneous H-RasV12
mutation. These cells were stably transduced with control or
STAT3-targeting short hairpin RNA (shRNA) to ablate STAT3
expression. Biomolecules were extracted from cells cultured in
identical media and conditions in log-phase growth and were
identified using gas chromatography-mass spectrometry or liquid
chromatography-tandem mass spectrometry. A total of 282
biomolecules were identified, of which 155 were significantly al-
tered in the absence of STAT3 from MEFs and 90 were signifi-
cantly altered in T24 cells depleted of STAT3. Of these biomol-
ecules, 56 changed in abundance in both MEF and T24 cells,
depending on STAT3 status. Importantly, 45 of these biomol-
ecules were reverted toward wild-type abundance following the
reexpression of mitochondrially restricted STAT3 in otherwise
STAT3-null MEFs (Table 1).

Pathway analysis of STAT3-dependent biomolecules, in par-
ticular those that were restored toward wild-type levels by mito-
chondrial STAT3 expression, identified the �-glutamyl cycle as
one of the highly affected biochemical pathways (Fig. 1A). The
�-glutamyl cycle contains 5 enzyme-catalyzed reactions required
for the synthesis of the most abundant cellular reactive oxygen
species scavenger, glutathione (20). In the absence of STAT3, the
abundance of metabolites generated by 4 of the 5 �-glutamyl cycle
enzymes was altered. This included a significant elevation in the
abundance of �-glutamyl amino acids, 5-oxoproline, glutamine,
and glycine in STAT3-null cells (Fig. 1B and data not shown).
However, the abundance of the end product, glutathione, was
reduced in STAT3-null cells, along with a significant decrease in
the abundance of cysteine, a glutathione precursor. Under cys-
teine-limiting conditions, �-glutamyl cysteine synthase substi-FIG 1 �-Glutamyl cycle is dependent on STAT3 expression. (A) The �-glu-

tamyl cycle engages 5 enzymatically catalyzed reactions to generate glutathione
(GSH). Metabolic intermediates in the �-glutamyl cycle include the �-glu-
tamyl amino acids, 5-oxoproline, glutamine, cysteine, and glycine. (B) The
abundance of various �-glutamyl amino acids, 5-oxoproline, cysteine, GSH,
norophthalmate, and ophthalmate were determined by mass spectrometry
analysis of H-RasG12V-transformed STAT3 wild-type, STAT3�/�, and MTS-
STAT3-reconstituted MEFs. ROS levels were measured by DCFDA fluores-
cence. (C) The relative abundance of �-glutamyl cycle metabolites was deter-

mined in T24 cells stably expressing control shRNA (sh.SCR) or STAT3 tar-
geting shRNA (sh.STAT3). Relative abundance was determined from 6 inde-
pendent replicates (8 replicates for the determination of ROS levels), and sta-
tistical significance was calculated by Student’s t test. *, P � 0.05; **, P � 0.01;
***, P � 0.0001.
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tutes 2-amino butyrate or alanine for cysteine, resulting in the
production of ophthalmate and norophthalmate at the expense of
glutathione (21). Consistent with this notion, we observed signif-
icantly elevated ophthalmate and norophthalmate in concert with
reduced cysteine abundance in STAT3-null cells (Fig. 1B). Com-
mensurate with the decrease in GSH in the absence of STAT3 was
an increase in cellular ROS (Fig. 1B). Importantly, the expression
of mitochondrially restricted STAT3 in otherwise STAT3-null
cells restored the wild-type pattern of �-glutamyl amino acids,
5-oxoproline, cysteine, glutamine, ophthalmate, norophthal-
mate, and glutathione abundance and restored normal ROS levels
(Fig. 1B). Analysis of biomolecule abundance in T24 cells con-
firmed an increase in �-glutamyl amino acids, ophthalmate, and
norophthalmate, and a decrease in glutathione, when STAT3 ex-
pression was ablated by shRNA knockdown (Fig. 1C). Together,
these data suggest that mitochondrial STAT3 impacts the �-glu-
tamyl cycle in H-Ras-transformed mouse and human cancer cells.

Acute inhibition of �-glutamyl transferase kills transformed
cells in a STAT3-dependent manner. To determine whether the
mitochondrial STAT3 dependence of the �-glutamyl cycle con-
tributed to Ras transformation, we tested two independent and
structurally distinct inhibitors (azaserine and acivicin) of �-glu-
tamyl transferase (GGT), the apical enzyme in this pathway.
Treatment of H-RasV12-transformed MEFs with escalating doses
of azaserine or acivicin resulted in significantly increased cell
death, which was not observed in nontransformed MEFs treated
with GGT inhibitors (Fig. 2A and B). Importantly, the azaserine-
or acivicin-induced cell death observed in the H-RasV12-trans-
formed MEFs was significantly reduced in the absence of STAT3
(Fig. 2A and B). Cell death was preceded by an accumulation of
cleaved caspase 3 and of cleaved poly-ADP ribose polymerase
(PARP) and by a loss of mitochondrial membrane potential,
which are indicative of apoptotic cell death in response to GGT
inhibition (Fig. 2C and D). Alteration of cellular ROS can affect
the expression of antiapoptotic proteins, such as Mcl-1 and Bcl-X,
leading to cell death (22), and expression of these proteins can be
modulated by inhibition of STAT3 (23). However, treatment of
K-Ras-transformed wild-type or STAT3-null MEFs with azaserine
did not affect Mcl-1 or Bcl-X expression (Fig. 2E), suggesting that
their expression was not sufficient to prevent azaserine-induced
apoptosis. Nonetheless, azaserine-induced cell death was im-
paired by the pancaspase inhibitor QVD (Fig. 2F).

To confirm that GGT inhibition-induced cell death was not
restricted to experimental overexpression of oncogenic Ras, we
tested the sensitivity of human cancer cell lines harboring sponta-
neous Ras mutations. When cells transformed by K-Ras (A549),
H-Ras (T24), or N-Ras (SK147) were treated with azaserine, we
observed significant cell death that was mitigated by stable knock-
down of STAT3 by RNA interference (RNAi) (Fig. 2G). To extend
this observation to primary transformed tissue, we tested GGT
inhibition in malignant mouse hematopoietic cells derived from
the activation of K-RasG12D from its endogenous promoter. On-
cogenic Ras expression in the mouse hematopoietic compartment
causes a disease similar to juvenile myelomonocytic leukemia (18,
24–27) that is in part dependent on STAT3 (7). We isolated the
lineage-negative stem cell population of bone marrow leukocytes
from K-RasG12DLSL mice (18) and infected them with adenoviral
Cre-green fluorescent protein (GFP) to delete the Lox-STOP-Lox
cassette and activate the expression of K-RasG12D from its endog-
enous promoter. As a control, cells were infected with adenoviral

GFP control virus. Primary bone marrow expressing K-RasG12D
displayed growth factor-independent growth, as expected (7).
Treatment with azaserine resulted in significant cell death that was
not observed in nontransformed leukocytes infected with control
GFP adenovirus, expressing only wild-type K-Ras (Fig. 2H).

To determine whether the toxicity observed by GGT inhibition
was due to the mitochondrial pool of STAT3, we reconstituted
H-RasV12-transformed, STAT3-null MEFs with a mitochondri-
ally targeted version of STAT3, so that STAT3 was restricted to the
mitochondrial matrix (5). In a parallel panel of cells, we expressed
mitochondrially restricted STAT3 in an N-Ras-transformed SK147
melanoma cell line in which endogenous STAT3 had been de-
pleted by stable RNA interference. In both panels of cells, we ob-
served that azaserine-induced toxicity was equivalent in cells ex-
pressing endogenous STAT3 or mitochondrially restricted STAT3
but was significantly reduced in cells lacking STAT3 (Fig. 2G).
These results indicated that inhibition of �-glutamyl amino-
transferase was selectively toxic to Ras-transformed cells of hu-
man or mouse origin in a mitochondrial STAT3-dependent
manner.

Inhibition of glutathione synthesis kills transformed cells in
a STAT3-dependent manner. To determine whether toxicity due
to GGT inhibition was specifically due to inhibition of �-glutamyl
aminotransferase or the resulting reduction in cellular glutathione
abundance, we inhibited other enzymes in the GSH synthesis
pathway or used domoic acid to efflux intracellular glutathione
and reduce cellular glutathione levels (28). Treatment with esca-
lating doses of L-butathione sulfoximine (BSO) to acutely inhibit
�-glutamyl cysteine synthase (29), a rate-limiting enzyme in glu-
tathione synthesis, was significantly more toxic to H-RasV12-
transformed cells that expressed STAT3 than corresponding
STAT3-null cells (Fig. 3A). Cell death (30 to 50%) of STAT3 wild-
type cells was observed with 0.25 to 1 mM BSO, while only 10 to
25% of STAT3-null MEFS were killed by BSO treatment. Simi-
larly, H-RasV12-transformed STAT3 wild-type MEFs treated
with domoic acid to efflux intracellular GSH displayed increased
cell death relative to STAT3-null cells (Fig. 3B). Moreover, the
simultaneous acute inhibition of new glutathione synthesis (aza-
serine treatment) with glutathione efflux (domoic acid) increased
cell death in a STAT3-dependent manner (Fig. 3B). Together,
these data confirmed that acute inhibition of glutathione synthesis
or depletion of cellular glutathione following efflux preferentially
kills Ras-transformed cells in a STAT3-dependent manner.

We also tested stable loss of GSH synthesis by depleting cells for
glutathione synthetase (GSS) by RNA interference. Depletion of
GSS had no significant effect on K-Ras-transformed human A549
lung carcinoma cells (Fig. 3C). However, loss of GSS significantly
protected cells from azaserine toxicity, similar to the degree of
protection afforded by STAT3 depletion. Therefore, while acute
loss of GSH induces cell death in K-Ras-transformed cells, stable
depletion, either by removal of STAT3 or inhibition of GSH syn-
thesis, removes the cellular dependence on reducing capacity, pre-
sumably through an adaptation process.

Acute inhibition of �-glutamyl transferase decreases intra-
cellular GSH concentration and increases reactive oxygen spe-
cies. Total GSH levels were reduced in STAT3-null cells, as mea-
sured by monochlorobimane fluorescent flow cytometry (Fig.
4A). Glutathione exists in two states, the abundant reduced form
(GSH) and the less abundant oxidized form (GSSG). We mea-
sured the abundance of both forms using a luciferase-based assay
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FIG 2 Inhibition of �-glutamyl transferase kills transformed cells in a STAT3-dependent manner. (A and B) Immortalized but not transformed STAT3 wild-type
(WT) or STAT3�/� MEFs or H-RasG12V-transformed STAT3 wild-type or STAT3�/� MEFs were treated with the indicated doses of acivicin (A) or azaserine
(B), and cell viability was measured after 72 h. (C and D) H-RasG12V-transformed STAT3 WT or STAT3�/� MEFs were treated with the indicated dose of
azaserine for 6, 18, or 24 h, and the induction of apoptosis was measured by the increase of cleaved caspase 3 and PARP by Western blotting (C) or by the loss of
mitochondrial membrane potential as measured by flow cytometry using tetramethylrhodamine ethyl ester (TMRE) (D). (E) H-RasG12V-transformed STAT3
WT or STAT3�/� MEFs were treated with 1 �M azaserine for 24 h, and the expression of Mcl-1 and Bcl-X was measured by Western blotting. (F) H-RasG12V-
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(Fig. 4B to D) and high-performance liquid chromatography
(data not shown). We observed a consistent decrease in both GSH
and GSSG in STAT3-null cells. As expected, azaserine treatment
further decreased the concentration of GSH independent of
STAT3 (Fig. 4C) and led to a significant increase in the concen-
tration of oxidized glutathione (GSSG) (Fig. 4D), consistent with
a shift in cellular redox state.

To determine whether treatment with �-glutamyl aminotrans-
ferase inhibitors shift cellular redox potential due to an accumu-
lation of reactive oxygen species (ROS), we measured ROS levels
using three independent fluorescent ROS probes. We measured
total cellular superoxide using dihydroethidium (DHE), cytosolic
hydroxyl, or peroxyl radicals using 2=,7=-dichlorodihrdrofluores-
cein (DCFDA), and we measured mitochondrial superoxide using
MitoSOX Red. Despite the higher basal ROS levels observed in
STAT3-null relative to wild-type cells (Fig. 1B), azaserine treat-
ment caused an acute increase in ROS accumulation in Ras-trans-
formed wild-type cells relative to cells lacking STAT3 (Fig. 4E).
These data document that �-glutamyl cycle inhibition leading to
the depletion of GSH caused a greater accumulation of ROS in
Ras-transformed cells in the presence of STAT3, likely contribut-
ing to cell death.

Azaserine-induced mitochondrial ROS accumulation leads
to cell death. To determine whether the STAT3-dependent cell
death induced by GGT inhibitors is due to the accumulation of
ROS and, in particular, mitochondrial ROS, we cotreated cells
with azaserine and the ROS scavengers N-acetylcysteine (NAC)
and glutathione ethyl-ester (GSH-EE) or the mitochondrion-spe-
cific scavenger MitoTempo. The presence of ROS scavengers sig-
nificantly rescued H-Ras-transformed STAT3-expressing MEFs
from azaserine-induced cell death (Fig. 5A). Scavenging the mito-
chondrial pool of ROS was as effective at reducing azaserine-in-
duced cell death as the general cellular scavenger NAC or GSH-EE,
strongly suggesting that mitochondrial ROS production is re-
sponsible for the observed azaserine toxicity. Mitochondrial ROS
are generated largely as a byproduct of the ETC, whose activity is
augmented in a mitochondrial STAT3-dependent manner (5, 30).
To definitively confirm that mitochondrial ROS production is re-
quired for azaserine-induced cell death, we generated cells lacking
mitochondrial DNA (	o); therefore, they lacked electron trans-
port chain activity. 	o cells were derived from both H-Ras-
transformed STAT3
/
 or STAT3�/� MEFs, and defective
ETC function was confirmed for these 	o cells by high-resolution
respiritometry (Fig. 5B). Loss of functional mitochondria led to a
significant decrease in azaserine-induced toxicity in 	o cells rela-
tive to H-Ras-transformed STAT3
/
 parental cells (Fig. 5C). Sig-
nificantly, loss of functional mitochondria reduced azaserine tox-

transformed STAT3 WT or STAT3�/� MEFs were treated with 1 �M azaserine in the presence or absence of 1 �M QVD, and cell death was quantified after 72
h. (G) Human cancer cell lines bearing mutant K-Ras (A549), H-Ras (T24), or N-Ras (SK147) were stably transduced with microRNA 30-based shRNA
constructs targeting renilla luciferase (ShRen) or STAT3 (shSTAT3) and treated with 1 �M azaserine. Cell viability was determined after 72 h. (H) Bone marrow
from LSLK-RasG12D mice was isolated and infected with adenoviral CreGFP to excise a lox-STOP-lox cassette, resulting in the expression of oncogenic
K-RasG12D. Hematopoietic progenitor lineage-negative, GFP-positive cells were purified by fluorescence-activated cell sorting and treated with 1 �M azaserine.
Cell viability was determined after 72 h. (I) H-RasG12V-transformed STAT3 wild-type or STAT3�/� MEFs were stably transduced with virus encoding an empty
vector control (EV), WT STAT3, or a mitochondrially restricted STAT3 (MTS). SK147 cells stably expressing control (shRen) or STAT3-targeting shRNA
(shSTAT3) were transduced with virus encoding WT STAT3 or mitochondrially restricted STAT3 (MTS STAT3). Cells were treated with 1 �M azaserine, and cell
viability was determined after 72 h. In all experiments, cell death was plotted as the average � 1 standard deviation of the percentage of death observed in three
independent experiments. Statistical significance determined using the Student t test is indicated. **, P � 0.01; ***, P � 0.001; ****, P � 0.0001. Enhanced
differences in cell death between untreated and azaserine-treated cells depicted in panel I were statistically significant (P � 0.0001), with the exception of
STAT3�/� plus EV (not significant [n.s.]).

FIG 3 Depleting intracellular glutathione kills H-RasG12V-transformed cells
in a STAT3-dependent manner. (A and B) H-RasG12V-transformed STAT3
wild-type or STAT3�/� MEFs were treated for 72 h with the indicated doses of
l-butathione-sulfoximine (BSO) to block �-glutamyl cysteine synthase (A) or
10 mM domoic acid to efflux intracellular GSH (B), in combination with the
indicated doses of azaserine. (C) A549 cells transduced with control, GSS, or
STAT3-targeting RNA interference hairpins were treated with azaserine for 72
h. In all experiments, cell death was determined by trypan blue exclusion and
plotted as the average � 1 standard deviation of the percentage of death ob-
served in 3 or 4 independent experiments. Statistical significance was deter-
mined using the Student t test. **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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icity to levels similar to those observed in the absence of STAT3,
suggesting that STAT3-dependent mitochondrial ROS produc-
tion contributes to cell death following azaserine treatment.

Azaserine treatment leads to oxidative DNA damage and
apoptosis. Increased ROS results in oxidative stress and damage
to protein, lipid, and DNA. To determine whether azaserine-in-
duced increases in ROS lead to DNA damage, we assessed the

accumulation of DNA double-strand breaks by phosphorylated
�-H2A.X (p�-H2A.X) staining. We observed a rapid increase in
the proportion of H-Ras-transformed MEF cells with greater than
20 p�-H2A.X puncta per cell following azaserine treatment. This
accumulation of p�-H2A.X puncta was significantly reduced in
H-Ras-transformed STAT3�/� MEFs (Fig. 6A and B). While DNA
double-strand breaks are a consequence of oxidative stress, they

FIG 4 Azaserine treatment decreases reduced glutathione but increases super-
oxide and oxidized glutathione. (A and B) The concentration of total glutathi-
one in untreated H-RasG12V-transformed STAT3 wild-type or STAT3�/�

MEFs was measured by flow cytometry of monochlorobimane-stained cells
(A), and reduced and oxidized glutathione abundance was measured by the
GSH/GSSG glo luciferase assay (B). (C and D) Reduced (C) and oxidized (D)
glutathione concentrations were determined after 24 h of treatment with 1 �M
azaserine. (E) The production of reactive oxygen species was determined using
specific probes for superoxide (DHE), mitochondrial superoxide (mitoSOX),
or cytosolic hydroxyl peroxyl radicals (DCFDA) by flow cytometry. Data plot-
ted are the means � 1 standard deviation from three independent experi-
ments. Statistical significance was determined using the Student t test. *, P �
0.05; **, P � 0.01.

FIG 5 Mitochondrial reactive oxygen species are required for azaserine-in-
duced cell death. (A) H-RasG12V-transformed STAT3 wild-type or STAT3�/�

MEFs were treated with 1 �M azaserine for 72 h in the presence or absence of
1 mM N-acetylcysteine (NAC), 1 mM glutathione ethyl ester (GSH-EE), or 10
�M MitoTempo (MitoT), as indicated, and cell viability was determined. (B)
Oxygen consumption was measured in H-RasG12V-transformed STAT3
wild-type (WT) or STAT3�/� 	0 MEFs using the oroboros oxygraph 2K. O2

consumption was measured on intact cells in the absence of glucose, gluta-
mate, and pyruvate (routine) or in the presence of 500 nM oligomycin (O), 200
nM carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (F), or 20 nM
antimycin A (A). (C) 	0 H-RasG12V-transformed STAT3 wild-type or
STAT3�/� MEFs were treated with the indicated dose of azaserine, and cell
death was determined after 72 h and plotted as the means � 1 standard devi-
ation of the percentage of death observed in three independent experiments.
Statistical significance was determined using the Student t test. **, P � 0.01;
***, P � 0.001; ****, P � 0.0001.
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are not a direct measure of DNA oxidation. The most common
ROS-induced DNA lesion is the oxidation of guanine to form
8-oxo-2=-deoxyguanosine (8-oxo-dG). We measured oxidative
DNA damage using an anti-8-OHdG monoclonal antibody-based
enzyme-linked immunosorbent assay (ELISA). We found that the
number of 8-oxo-dG residues per 100 kb of genomic DNA signif-
icantly increased following treatment of wild-type cells with aza-
serine (Fig. 6C). This increased oxidative DNA damage in re-
sponse to azaserine was not observed in STAT3-null cells.
Importantly, cotreatment of wild-type cells with azaserine and
NAC or mitoTempo reduced the accumulation of 8-oxo-dG to
that observed in untreated cells and in STAT3-null cells (Fig. 6C),
confirming both the ROS and STAT3 dependence of the oxidative
DNA damage. Taken together, these data support the hypothesis
that inhibition of GGT activity in Ras-transformed cells results in
enhanced toxicity due to accumulation of mitochondrial ROS de-
rived from ETC activity that depends on the presence of STAT3
(Fig. 6D and E).

DISCUSSION

A small pool of STAT3 accumulates in mitochondria and is critical
for enhanced ETC activity, altered metabolism, increased ATP
production, and oncogenic Ras-dependent transformation (5–7).
The function of mitochondrial STAT3 is independent of its ty-
rosine phosphorylation and does not require intact DNA binding
or SH2 domains. Nonetheless, its activity is dependent upon spe-
cific serine phosphorylation, a posttranslational modification
that, at least in Ras-transformed cells, occurs in response to mito-
gen-activated protein kinase (MAPK) signaling. Importantly, the
mitochondrial activity of STAT3 may be largely dispensable for
normal biology, as mice containing a mutant form of the STAT3
gene lacking the ability to be serine phosphorylated are viable and
outwardly normal (31), and the absence of STAT3 serine phos-
phorylation abrogates the ability of STAT3 to support Ras trans-
formation (5). Notably, the activity of mitochondrial STAT3 is
critical for transformed cell anchorage-independent growth in
vitro and tumor growth in vivo, even though it is dispensable for
anchorage-dependent cell growth. Therefore, the tumor-specific
action of mitochondrial STAT3 could provide a transformation-
selective vulnerability that could prove to be useful therapeuti-
cally.

The data from this study support a model in which the mito-
chondrial pool of STAT3 contributes to regulation of ROS and

FIG 6 Azaserine treatment leads to oxidative DNA damage. (A) H-RasG12V-
transformed STAT3 wild-type or STAT3�/� MEFs were treated with 1 �M
azaserine for 24 h, and DNA double-strand breaks were identified by staining
for phosphorylated �H2A.X. (B) The number of cells with greater than 20
phosphorylated �H2A.X puncta was counted from at least 4 microscopic fields

containing a minimum of 50 cells/field after 24- and 48-h treatments with 1
�M azaserine. Average numbers from 3 independent experiments are shown.
(C) The number of 8=-oxo-2=-deoxyguanosine DNA adducts (AP sites) per
100 kb of genomic DNA was determined following 24 h of incubation with 1
�M azaserine in the presence or absence of 1 mM N-acetylcysteine (NAC) or
10 �M MitoTempo (MitoT). Statistical significance was determined using the
Student t test. *, P � 0.05; **, P � 0.01. (D and E) Model for synthetic lethality
of GSH depletion and mitochondrial STAT3. Mitochondrial STAT3 phos-
phorylated on S727 in response to MAPK pathway activity in Ras-transformed
cells enhances ETC activity and ATP production. (D) ROS production is bal-
anced by GSH, which is enhanced in wild-type cells, possibly due to heightened
ATP levels. (E) Acute loss of GSH would lead to imbalanced ROS production,
oxidative stress, and cell death (not depicted). In the absence of STAT3, ETC
activity and ATP production are impaired and GSH levels diminish, resulting
in modestly increased ROS, possibly due to the increased proton motive force
from reduced proton dissipation resulting from impaired complex V activity.
Cell viability is maintained through adaptive responses.
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GSH that contributes to the redox balance of transformed cells
(Fig. 6D). Mitochondrial STAT3 augments the activity of the elec-
tron transport chain in transformed cells, which could be expected
to generate higher levels of cellular ROS. However, mitochondrial
STAT3 also contributes, probably indirectly, to increased GSH
levels, which likely buffers the total ROS. GSH synthesis is an
ATP-consuming process (32), which could be impaired by the
reduced ATP abundance observed in STAT3-null Ras-trans-
formed cells (5). Elevated ROS is thought to be beneficial to, or
even necessary for, cellular transformation (33). However, exces-
sive ROS accumulation would result in oxidative stress and cell
death. A common strategy to maintain acceptable cellular redox is
to engage the �-glutamyl cycle to generate GSH and scavenge
ROS, thereby avoiding detrimental oxidative stress. We found
that acute blockade of the GSH synthesis pathway, either by inhi-
bition of GGT or GCS or by depletion of GSH, leads to excess
accumulation of ROS, oxidative DNA damage, and cell death in
Ras-transformed cells in a mitochondrial STAT3-dependent
manner. In contrast, stable depletion of STAT3 allowed cells to
adapt to decreased GSH levels, although this resulted in an
increase in cellular ROS, albeit to lower levels than the toxic
amounts observed following acute GSH ablation. The increased
ROS production in STAT3-null Ras-transformed cells could be a
direct consequence of an increased proton motive force resulting
from decreased complex V activity (5, 34). These findings suggest
a synthetic lethal interaction between mitochondrial STAT3 func-
tion and impaired GSH generation, since neither STAT3 ablation
nor GSH inhibition alone is toxic, while GSH depletion becomes
toxic in the presence of mitochondrial STAT3. Since this synthetic
lethality was restricted to transformed cells, it could prove to be a
therapeutically amenable tumor-specific vulnerability (Fig. 6D
and E).

To define the metabolic consequences of mitochondrial
STAT3 function, we undertook a global analysis of metabolites
whose abundance depends on the presence of mitochondrial
STAT3 in Ras-transformed cells. This analysis uncovered a depen-
dence of the �-glutamyl cycle and glutathione production on mi-
tochondrial STAT3. A decreased trend and a significant decrease
in the reduced form of the tripeptide glutathione were observed in
STAT3-null and STAT3-depleted cells. This decreased trend
in GSH was reversed when mitochondrial STAT3 was reexpressed
in the absence of total cellular STAT3. Cysteine, which is utilized
during glutathione synthesis, also decreased in STAT3-null cells.
However, the small change in cysteine levels suggests that this is
not the sole underlying cause for the observed decrease in GSH
levels following STAT3 knockout and knockdown. Since glutathi-
one functions as one of the major antioxidants in cells, one plau-
sible explanation for the significant decrease in reduced glutathi-
one is an increased demand for glutathione due to increased
oxidative stress in these cells following loss of STAT3, which is
consistent with the heightened ROS observed following STAT3
ablation. There were additional metabolite changes observed in
the glutathione synthesis and utilization pathway that support the
notion that increased glutathione utilization could account for the
decreased GSH observed in the absence of STAT3. These findings
included significantly increased levels of gamma-glutamyl dipep-
tides and significant increases in the tripeptides ophthalmate
(gamma-glutamyl-alpha-aminobutyrylglycine) and norophthal-
mate (gamma-glutamyl-alanylglycine) in both mouse and human
tumor cells lacking STAT3. Importantly, levels of ophthalmate

and norophthalmate were returned to normal levels upon reintro-
duction of mitochondrial STAT3, commensurate with restored
GSH levels and reduced ROS. Synthesis of ophthalmate involves
both gamma-glutamylcysteine synthetase and glutathione synthe-
tase, except cysteine is replaced with 2-aminobutyrate; thus, oph-
thalmate typically is synthesized when cysteine levels are depleted,
as was observed in the absence of STAT3. Moreover, GSH also
functions as an inhibitor of gamma-glutamylcysteine synthetase.
Thus, reduced levels of GSH could drive increased gamma-glu-
tamylcysteine synthetase activity, and the resulting increase in
gamma-glutamylcysteine synthetase catalysis could increase its
utilization of substrates such as 2-aminobutyrate and result in the
observed increase in ophthalmate (21, 35). Increased gamma-glu-
tamylcysteine synthetase activity acting on alanine as a substrate
would result in the increased norophthalmate observed in STAT3-
null and depleted cells. Although the underlying molecular mech-
anisms through which mitochondrial STAT3 regulates glutathi-
one levels and cellular redox balance remain to be defined, these
STAT3-dependent metabolic parameters encouraged investiga-
tion of the consequences of perturbing redox balance in Ras-
transformed cells.

The dependence of GSH accumulation on mitochondrial STAT3
in Ras-transformed cells prompted us to investigate whether this
represented a physiologic requirement. Acute inhibition of gluta-
thione synthesis resulted in an accumulation of ROS, oxidative
DNA damage, and death, but only in transformed cells that ex-
pressed mitochondrial STAT3. In contrast, stable depletion of
GSH, either by inhibition of its synthesis through RNAi-mediated
diminution of GSS or by removal of STAT3, protected cells from
acute loss of GSS. These observations suggest that Ras-trans-
formed cells become “addicted” to heightened GSH levels. Just as
stable loss of STAT3 reverts many hallmark characteristics of
transformed cells without altering viability under standard in vitro
culture conditions (5), stable inhibition of GSH production allows
cells to adapt by losing their acute dependence on glutathione.
These observations support a model in which the mitochondrial
pool of STAT3 increases ETC activity, resulting in increased mi-
tochondrial ROS production that becomes balanced by cellular
antioxidant buffering through an adaptive increase in GSH pro-
duction. It is known that increased ROS production enhances
tumorigenicity, but it must not be allowed to accumulate to levels
that induce debilitating oxidative stress. The potentially toxic ef-
fects of ROS would be mitigated by the increased glutathione pro-
duced by wild-type cells. Thus, depleting glutathione through
acute synthesis inhibition causes increased toxicity due to the un-
balanced accumulated ROS in the absence of allowing adaptation
under the selective pressure of stable depletion (Fig. 6D and E).

The role of ROS in tumorigenesis is complex. ROS is a driver of
malignancy in the context of inflammation-induced tumors (e.g.,
gastric cancer following chronic Helicobacter pylori infection or
colon cancer in animals repeatedly dosed with dextran sodium
sulfate) (36). However, the importance of ROS to tumor develop-
ment is not restricted to inflammation-induced cancer. Expres-
sion of oncogenic Ras increases ROS production, which is required
for mitogenic signaling (37), and the incubation of Ras-trans-
formed cells with ROS scavengers inhibits proliferation (38). Con-
versely, the ability to overwhelm endogenous ROS scavenging
pathways leads to the death of Ras-transformed cells via apoptosis
(39), and blocking of GSH synthesis can be toxic for Ras-trans-
formed MEFs (40). These earlier observations are in close agree-
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ment with our data showing that pharmacological inhibition of
the GSH synthesis pathway kills transformed cells in both mouse
and human cell lines and primary mouse leukemia cells. Further-
more, this GSH depletion-induced cell death can be reversed by
coincubation with ROS scavengers that specifically target mito-
chondrial ROS or total cellular ROS.

The data in this study suggest the use of compounds impeding
GSH synthesis or increasing ROS (including azaserine, acivicin, or
BSO) as anticancer agents, particularly in the presence of an active
mitochondrial STAT3 pathway. Indeed, there have been a number
of studies supporting the concept of targeting GSH production.
Acivicin efficiently reduced metastatic disease in the B16F10
mouse melanoma model (41) and has been tested in a number of
clinical trials for both solid and liquid tumors. The results from
these studies show some patient responses in non-small-cell lung
carcinoma (42, 43) and astrocytoma (44) but no response in re-
lapsed or refractory acute leukemia (45), hepatocellular carci-
noma (46), or ovarian carcinoma (47). Intermittent responses,
severe central nervous system side effects, and myelosuppression
and its reported ability to increase the formation of pancreatic
cancer in rats (48) have limited the further development of this
compound. Although azaserine and acivicin inhibit �-glutamyl
transferase and are effective at killing leukemic and melanoma cell
lines in vitro (49), they have additional cellular targets. For in-
stance, acivicin also inhibits other enzymes, including the alde-
hyde dehydrogenase ALDH4A1 (50). Our approach of using mul-
tiple pharmacologic and genetic approaches provides compelling
evidence that the Ras- and mitochondrial STAT3-dependent cell
death resulting from acute enzyme inactivation is due to GSH
depletion rather than uncharacterized off-target effects. Nonethe-
less, the development of new and more specific compounds capa-
ble of impeding GSH synthesis is needed for an effective antican-
cer strategy. It also may be beneficial to stratify tumor cell lines and
patient samples for GSH concentration and mitochondrial STAT3
activity in order to focus the use of redox modulators on appro-
priate cases. Targeting GSH synthesis pathways or the activity of
mitochondrial STAT3 may prove to be an effective therapeutic
strategy for a subset of human cancers.
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