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Abstract

Many cancers appear to activate intrinsic antioxidant systems as

ameans to counteract oxidative stress. Some cancers, such as clear

cell renal cell carcinoma (ccRCC), require exogenous glutamine

for growth and exhibit reprogrammed glutamine metabolism, at

least in part due to the glutathione pathway, an efficient cellular

buffering system that counteracts reactive oxygen species and

other oxidants. We show here that ccRCC xenograft tumors under

the renal capsule exhibit enhanced oxidative stress comparedwith

adjacent normal tissue and the contralateral kidney. Upon glu-

taminase inhibition with CB-839 or BPTES, the RCC cell lines

SN12PM-6-1 (SN12) and 786-O exhibited decreased survival and

pronounced apoptosis associated with a decreased GSH/GSSG

ratio, augmented nuclear factor erythroid-related factor 2, and

increased 8-oxo-7,8-dihydro-2'-deoxyguanosine, a marker of

DNA damage. SN12 tumor xenografts showed decreased growth

when treated with CB-839. Furthermore, PET imaging confirmed

that ccRCC tumors exhibited increased tumoral uptake of
18F-(2S,4R)4-fluoroglutamine compared with the kidney in the

orthotopicmousemodel. This technique can be utilized to follow

changes in ccRCC metabolism in vivo. Further development of

these paradigms will lead to new treatment options with gluta-

minase inhibitors and the utility of PET to identify and manage

patients with ccRCC who are likely to respond to glutaminase

inhibitors in the clinic. Cancer Res; 77(23); 6746–58. �2017 AACR.

Introduction

Oxidative stress is characterized as an imbalance between the

generation of cellular oxidants and the process of scavenging their

byproducts. If this redox balance is perturbed, then damage of

essential components of the cell, including proteins, lipids, and

DNA, will occur, thereby disturbing organismal homeostasis and

leading to a variety of adverse outcomes including oncogenesis

and progression of cancer (1–4). Reactive oxygen species (ROS),

whose appearance can be considered a signature of oxidative

stress, are generated primarily in the mitochondrial electron

transport chain during the course of cellular metabolism and

play a vital role in normal cell signaling pathways such as

proliferation and apoptosis (5, 6). However, during periods or

locations of environmental stress, such as a highly metabolically

activemalignancy, excessive ROS are produced, which can lead to

structural damage within the cell and can actually hinder the

progression of themalignancy (7); in such cases, cancer cells often

compensate for the higher levels of intrinsic ROS by evolving

adaptive mechanisms that increase the cellular antioxidants and

corresponding pathways (8).

The role of ROS and antioxidants has been controversial in

cancer research (9, 10). Although the oxidative stress induced by

ROS can act in a protumorigenic fashionby inducingmutations, it

can also be antitumorigenic by inducing (cancer) cell death and

decreasing hypoxia-inducible factor (HIF) 1 levels (11). Despite

the lay concept of antioxidants promoting overall health, many

well-designed studies have failed to confirm this idea (12). In fact,

there are several recent examples of cancers that are worsened,

specifically by increasing metastasis, by the addition of antiox-

idants (7, 13, 14). Thus, the balance of pro- and antioxidative

systemsneeds to befinely tuned for the "success" of the tumor, but

this same system also has the potential to be subverted for

therapeutic benefit.

In light of the recently recognized tenet that one of the hall-

marks of cancer is metabolic reprogramming (15, 16), it is

becoming clear that metabolism of many cellular nutrients,

including the amino acids, follows reprogrammed pathways in

cancer (17–20). Glutathione (GSH) is considered the predomi-

nant endogenous cellular antioxidant, playing a critical role in the

cellular defensive response to oxidative stress by neutralizing free

radicals and ROS (21). In clear cell renal cell carcinoma (ccRCC)

in particular, the conditionally essential amino acid glutamine is

subjected to reductive carboxylation leading to production of the
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oncometabolite 2HG (22) as well as being a precursor for the

major antioxidant system comprised of GSH and GSSG (19, 23).

Indeed, a recent study showed that metabolites that eventually

contribute to GSH biosynthesis were able to significantly separate

ccRCC tumors from normal tissues (24), emphasizing the impor-

tance of this metabolic pathway to ccRCC.

There exist two glutaminases, GLS (kidney-type KGA and

GAC isoforms) and GLS2 [liver isoform (LGA) and glutaminase

B (GAB)], yet GLS is the isoform upregulated in cancer as well

as the main glutaminase within the kidney (25, 26). Because

GSH synthesis requires glutamate in addition to glycine and

cysteine, we tested the hypothesis that blocking glutamate

production from glutamine by GLS inhibition will downregu-

late this important antioxidant pathway, resulting in higher

ROS levels, which will be selectively toxic to cancer cells due to

their increased local ROS levels. As GLS regulates the first step

of glutamine conversion to glutamate, in this study we utilized

CB-839 as a glutaminase inhibitor.

CB-839 is a potent, selective, and orally bioavailable inhib-

itor of both splice variants of the glutaminase encoded by the

GLS gene (KGA and GAC; refs. 27, 28). Recently, CB-839, as

well as the selective KGA and GAC inhibitor BPTES, has been

tested in glutamine-avid malignancies such as breast (29) and

kidney cancer (30), and has showed success in inhibiting tumor

growth. However, in prior studies, the role of glutamine repro-

gramming to the GSH/GSSG pathway had not been linked to

either the promotion of oxidative stress or the inhibition of

tumor growth.

Although PET using 18F-fluorodeoxyglucose (18F-FDG) has

revolutionized imaging for many malignancies such as melano-

ma and lung cancer, it has been somewhat challenging for RCC

due to excretion of the radiotracer in the urinary system (31, 32).

However, based on the finding that many ccRCCs are quite

glutamine avid (19, 33, 34) and that the PET radiotracer 18F-

(2S,4R)4-fluoroglutamine (18F-FGln) is taken up by glioma and

mammary tumor cells both in vitro and in vivo (35–37), whether

uptake of the radiotracerwill be applicable to kidney cancer cells is

a rationale for the current study.

Due to the increasing evidence that ccRCCs are glutamine

addicted (19, 33, 34) and that this amino acid is reprogrammed

to feed an intrinsic antioxidant system, we now show that (i) the

mechanism of the salutary effect of GLS inhibition in ccRCC

relates to its effects on antioxidation and enhancement of oxida-

tive stress, and (ii) glutamine reprogramming in ccRCC can be

evaluated using 18F-FGln-PET to dynamically study the tumor's

biology and response to glutaminase inhibition therapy. Such

molecular imaging has the potential to improve clinical practice

by (i) earlier diagnosing and staging RCCs, and (ii) stratifying

which patients are likely to respond to glutaminase inhibition by

dynamically monitoring glutamine uptake in patient tumors

before and after treatment with a GLS inhibitor.

Materials and Methods

Materials

PARP antibodywas purchased fromCell Signaling Technology,

Inc., goat anti-mouse and goat anti-rabbit HRP-conjugated IgG

from Bio-Rad, anti-nuclear factor erythroid-related factor 2

(NRF2) antibody from Abcam, and ECL Plus solution from

Thermo Fisher Scientific. CB-839 was supplied by Calithera

Bioscience and was dissolved either in DMSO for in vitro experi-

ments (10 mmol/L stock, stored at –20�C) or in vehicle for in vivo

experiments. The in vivo vehicle consisted of 25% (w/v)

hydroxypropyl-b-cyclodextrin in 10 mmol/L citrate (pH 2).

The GLS inhibitor BPTES (bis-2-(5-phenylacetamido-1,2,4-

thiadiazol-2-yl)ethyl sulfide) and all other reagents were pur-

chased from Sigma-Aldrich.

Cell lines and media

786-O cells were purchased from the ATCC in January 2014

and authenticated originally by the source using short tandem

repeat. The RCC cell line SN12PM-6-1 (abbreviated as SN12

throughout the article) was obtained from Dr. Robert Kerbel

(Sunnybrook Research Institute, Toronto, ON, Canada); these

cells have been previously selected for their ability to retain

luciferase expression and to form primary orthotopic tumors

(38). These cells were authenticated by Dr. Kerbel's laboratory

as described (38). All cells were expanded and then frozen at

low passage (passage 5) within 2 weeks after receipt of the

original stocks. All cells used for in vitro experiments were

between passages 7 and 15. All cells were routinely monitored

in our laboratory for cellular morphology and microbial pres-

ence by microscopic observation, and they were Mycoplasma

tested after each thaw or every 6 weeks when growing in culture.

The kit used forMycoplasma test was the MycoAlert Mycoplasma

Detection Kit from Lonza. SN12 and 786-O cells were all

maintained at 5% CO2 and at 37�C in DMEM containing

5.5 mmol/L glucose and supplemented with 10% FBS,

100 units/mL streptomycin, and 100 mg/mL penicillin.

Metabolite analysis

786-OandSN12 cellswere plated in 6-well tissue culture dishes

at a density of 2.5 � 105 cells per well in triplicates for each

treatment group for both cell lines. The second day cells were

washed with PBS and incubated with 1 mmol/L CB-839 or DMSO

for 24 hours before harvesting.Metabolite extractionwasmade in

200mLof ice-cold 50%methanol/50%water, and then200mL ice-

cold chloroform was added. After centrifugation, the upper aque-

ous phasewas collected in a fresh tube and kept in –80�Cuntil the

time of analysis. Metabolites were separated on a Waters Acquity

H Class high-performance liquid chromatography (HPLC) sys-

tem and measured with a Waters Xevo G2-XS QTOF instrument

(Waters Corporation). For amino acid separations, the HPLC

method reported by Guo and colleagues (39) was used with

minor modifications as follows: acetonitrile with 0.15% formic

acid was used as the organic mobile phase (B), and the gradient

starting at 85% B; 6 minutes, 80% B; 10 minutes, 55% B; 12.5

minutes, 45% B, 12.6 minutes, 5% B; 14 minutes, 5% B; 14.1

minutes, 85% B; and 18 minutes, 85% B. The column was a

Waters Acquity BEH Amide 1.7 mm, 2.1 � 150 mm column; the

flow rate was 0.4 mL/minute; and the run time was 18 minutes.

Metabolite standards were prepared in concentrations from 1 to

400 mmol/L in 50% acetonitrile/50% 10 mmol/L ammonium

formate þ 0.15% formic acid for quantitation. Detection was

accomplished in positive electrospray, centroid MSe data acqui-

sition mode over m/z range of 50 to 1,000. Low-energy collision

voltage was 6V, and high energy voltage ramped from 10 to 40V.

Lock mass correction was applied using leucine enkephalin. Data

acquisition was accomplished using MassLynx 4.1 software, and

data analysis was performed with TargetLynx software (Waters

Corporation).
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GSH and GSSG quantitation

Levels of GSH andGSSGwere assayed in cells and tissues using

the GSH/GSSG-Glo Assay Kit (Promega) as previously described

(19). The cells were plated on 96-well culture plates (1,500 cells/

well), and the next day treated with DMSO, or 1 or 5 mmol/L of

CB-839 (n ¼ 6/treatment group) for 24 hours. The GSH and

oxidized glutathione (GSSG) concentrations were measured in

each well. Tumor and kidney tissue homogenates were utilized to

measure absoluteGSHandGSSG levels using the same kit. Briefly,

frozen tissues were homogenized in 5% sulfosalicylic acid at

either 100 or 47.3 mg/mL, proteins were precipitated by centri-

fugation, acid extracts were neutralizedwith 1 to 1.7 vol 0.5mol/L

HEPES (pH 8) and, if necessary, diluted with 0.25 mol/L HEPES

(pH 7.5) to either 16.7 or 17.5 mg/mL, respectively. GSH and

GSSG standard curves were prepared in the same concentration of

5% sulfosalicylic acid, 0.5 mol/L HEPES (pH 8), and 0.25 mol/L

HEPES (pH 7.5), as was used for tissue extract preparation and

neutralization.

Cell viability assay

Cell viability assays were performed as previously described

(40). Briefly, SN12 and 786-O cells were plated in 96-well culture

plates at a density of 3,000 cells/well, and after the indicated

treatments (DMSO, CB-839, or BPTES) at the indicated concen-

trations for 72 hours, the cells were incubated in theMTT solution

(40) for 3 hours. Then, the MTT solution was removed, and the

blue crystalline precipitate in each well was dissolved in DMSO.

Visible absorbance of each well at 540 nm was quantified using a

microplate reader.

Cell-cycle analysis

Cell-cycle analysis was performed on the Muse Cell Analyzer

(Millipore) following the manufacturer's instructions as previ-

ously described (41). Briefly, SN12 and 786-O cells were cultured

in T25 cell cultureflasks (n¼3per condition) at an approximately

50% confluence, and after 24 hours, the cells were incubated with

the indicated treatments (DMSO or CB-839) at the indicated

concentrations for 72 hours. The cells were washed with PBS,

fixed in 70% iced ethyl alcohol for 3 hours, and stained with

propidium iodide (PI). After staining, the cells were processed for

cell-cycle analysis using the Muse Cell Analyzer.

Apoptosis assay

Apoptosis in cells wasmeasured using the Annexin V andDead

Cell Assay Kit on theMuseCell Analyzer (Millipore) following the

manufacturer's instructions as previously described (41). Briefly,

SN12 and 786-O cells were cultured in T25 cell culture flasks (n¼

3 per condition) at an approximately 50% confluence. After the

indicated treatments for 72 hours, the cells were incubated with

Annexin V andDeadCell reagent (7-AAD) for 30minutes, and the

events for dead, late apoptotic, early apoptotic, and live cells were

counted using the Muse analyzer.

Immunostaining of NRF2 and 8-oxo-7,8-dihydro-2'-

deoxyguanosine in tumor and kidney tissues

Mouse tumors, adjacent normal kidney tissues, and right

normal kidney tissues were harvested from animals and fixed in

10% formalin for 24 hours. Paraffin-embedded sections (4 mm)

were stained for NRF2 using heat-induced antigen retrieval in

citrate buffer (pH 6.0) and anti-human NRF2 (1:200 overnight),

followed by 1-hour incubation with Rabbit HRP-Polymer (Bio-

Care Medical) and ImmPACT diaminobenzidine peroxidase sub-

strate (Vector Laboratories). All sections were viewed and photo-

graphed using light microscopy. For 8-oxo-7,8-dihydro-2'-deox-

yguanosine (8-oxodG) staining, a double-fluorescent labeling

method of immunostaining was performed in kidney and tumor

sections of mice as previously described (42). Briefly, sections

were stained with an 8-oxodG antibody, FITC-labeled secondary

antibody, and nuclei stained with PI. FITC was detected using a

450–490 nm filter and PI using a 535 nm filter. All sections were

viewed and photographed using a Nikon Research microscope

equipped for epifluorescencewith excitation andbandpassfilters.

To demonstrate staining specificity, control tissue sections were

stained without primary antibody.

Immunostaining of NRF2 in cells

SN12 cells were plated on multichamber glass slides (Fisher

Scientific), and the second day cells were washed with PBS and

incubated with DMSO or CB-839 (1 mmol/L) for 24 hours. H2O2

(500 mmol/L) was added in the last 4 hours of the treatment

to indicated groups (DMSO/H2O2, CB-839/H2O2)). After 24

hours, the media were removed, and the cells were fixed for 15

minutes in PBS containing 4%paraformaldehyde and 2% sucrose

and then permeabilized in PBS containing 0.3% Triton X-100 for

2minutes. The cells were incubated with NRF2 antibody (1:200),

an FITC-labeled anti-rabbit antibody, and the nuclei were stained

with DAPI. The cells were mounted onto slides and visualized

using fluorescence microscopy (Zeiss LSM 510 laser-scanning

confocal microscope image system), and for each treatment

group, fivemicroscopic fields were randomly chosen and counted

for NRF2-positive staining.

8-oxodG quantitation in cells and tissues

DNA was isolated from cells or frozen normal and tumor

kidney cancer samples as previously described (42). DNA purity

and concentration were determined spectrophotometrically.

Digestion of 8-oxodG was performed using nuclease P1 and

alkaline phosphatase as previously described (42). Authentic

standards of 8-oxodG were analyzed, and its quantitation in each

sample was performed by linear regression analyses according to

the manufacturer's instruction (#589320; Cayman Chemical).

Immunoblotting

The cell lysates were prepared with RIPA lysis buffer (Fisher

Scientific) containing a protease inhibitor cocktail (Invitrogen).

Immunoblotting was done as described previously (19). Densi-

tometry was performed using ImageJ software.

Orthotopic RCC mouse model and in vivo experiments

All animal procedures were performed in compliance with the

University of California Institutional Animal Care and Use Com-

mittee (IACUC). In all three animal experiments, an orthotopic

model for SN12 cells was used in which cells were implanted

under the left kidney (LK) capsule. Briefly, for orthotopic injection

under the renal capsule, 2-month-old male Fox Chase SCID

(CB17SCID) mice from Charles River Laboratories were used as

described elsewhere (38). First, mice were anesthetized with

isoflurane (2%–3%), and then a small incision was made along

the leftflankof themouse. The abdominal cavitywas opened, and

the LK was exteriorized. An ultrafine needle attached to a 10 mL

Hamilton syringe was used to slowly inject a half million viable
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SN12 cells in a total of 10 mL volume in DMEM growth media

under the LK capsule. After 1 week, tumor growth was confirmed

and followed up by whole-body bioluminescence imaging (BLI)

as described below. A 90% success rate for tumor growth was

achieved in all three experiments.

Three animal experiments were performed in this study. The

first experiment was designed to measure the baseline oxidative

stress biomarkers where all animals (10 mice) received no treat-

ment. In this experiment,micewere euthanized at day 28 after cell

implantation, and samples were collected as indicated. The sec-

ond experiment was designed to investigate the effect of the GLS

inhibitor CB-839 (total 10 mice, n ¼ 5 in CB-839 and vehicle-

treated groups) on the oxidative stress biomarkers and to test

whether PET using 18F-FGln can be used to visualize RCC tumors.

In the third experiment, designed to increase the power of the
18F-FGln-PET studies, more mice (total 16 mice, n ¼ 8 in CB-839

and vehicle-treated groups) were utilized to confirm the findings

from the second experiment. For the last two animal experiments,

when tumors reached a considerable size at 3 weeks after cell

implantation (according to our and others' (38) experience with

this model), mice were randomly assigned to one of the two

treatment groups (vehicle or CB-839). CB-839 was formulated at

20 mg/mL (w/v) in vehicle (29). The animals in both latter

experiments were orally dosed with vehicle or 200 mg/kg of

CB-839 twice a day. For the second experiment (n¼ 5 per group),

the treatment was for 3 weeks to allow for sufficient tissue for the

indicated assays, and the animals were weighed every 4 days and

euthanized at day 20 (4 hours after last dosing with vehicle or CB-

839). For the third animal experiment, the treatment continued

for 2 weeks to test the effect of CB-839 on tumor growth and

evaluate 4-[18F]fluoroglutamine uptake, and the animals were

weighed every 3 days and euthanized at day 14 (4 hours after last

dosing with vehicle or CB-839). All animals were monitored for

signs of adverse reactions. Tumor samples and organs were

collected for indicated analyses.

BLI

In all three in vivo experiments, whole-body BLI was performed

on all animals every week during the experiment to monitor

tumor progression as follows: luciferin (15 mg/mL in PBS; Gold

Biotechnology, Inc.) was administered intraperitoneally at 150

mg/kg. The mice were anaesthetized with isoflurane (2%–3%)

and imaged 10 minutes after injection in the IVIS Spectrum

(PerkinElmer). The exposure time was 3 minutes, and 2 to 3

mice were imaged at a time. Data processing was performed using

the vendor-provided Living Image software. The BLIs were quan-

titated using Living Image software as follows: regions of interest

(ROI) for BLIs fromall 16micewere designated inside theprimary

(notmetastatic) tumor sites on the LKusing the free draw function

and quantified as a mean of total flux (photons/second).

Radiochemistry
18F-FGln was synthesized as previously described by Kung and

colleagues (35, 36). 4-[18F]fluoroglutamine (18F-FGln) was eval-

uated by chiral HPLC to determine radiochemical purity and

optical purity, and to verify identity, by coinjection with reference

standards (35, 43).

18F-FGln cell uptake

SN12 cells and 786-O cells were grown in T75 cell culture plates

at an approximately 75% confluence, and 24 hours later, cells

were incubated with 1 mmol/L CB-839 or DMSO for the last 4

hours before harvesting the cells for the uptake assay tomaintain a

high cell viability. The cells were then collected and washed

with PBS, and the viability was tested using Muse Cell Analyzer

(viability was 98%). The cells were resuspended in DMEMmedia

(low glucose) supplemented with 2 mmol/L glutamine, and the

assay was performed as follows: 18F-FGln (7.4 KBq) was added

to cell suspensions (3.0 � 106 cells) in DMEM (50 mL) and

incubated at room temperature for 30 minutes in closed Eppen-

dorf tubes [pretreated with BSA (5% w/v in PBS) to block

nonspecific binding] with regular agitation. Following centrifu-

gation at 130 x g for 3 minutes, the supernatant was removed,

and the cell pellet was washed with DMEM (0.5 mL). The super-

natants were combined, and the cells were resuspended inDMEM

(0.6 mL). The cells (containing bound 18F-FGln) and the DMEM

supernatant solution (containing unbound 18F-FGln) were sep-

arated and counted. The fraction of radioactivity inside the cells

was determined with a g-counter and the percent uptake calcu-

lated as radioactivity in the cellular fraction divided by total

radioactivity in cells plus supernatant.

PET and CT imaging and analysis

Five mice in each treatment group (CB-839 or vehicle treated)

were imaged before the start of the treatment (day 0) and 14 days

after treatment. All imaging was performed under an IACUC-

approvedprotocol. The animalswere anesthetizedwith isoflurane

(2.5%) and administered approximately 225 mCi 18F-FGln via tail

vein catheter injection, and then the animals were imaged. Imag-

ing of animals at day 0 (base line) was performed with no prior

treatment, but at day 14 of treatment, imaging was started at least

4 hours after orally dosing of vehicle or CB-839 (29). PET images

were acquired for 30 minutes using a small-animal PET scanner

(DPET; SiemensPreclinical Solutions), starting at 15minutes after

injection of 18F-FGln. PET images were reconstructed using a

conventional 3D MAP reconstruction with a single hyperbolic

prior (SP-MAP) provided by the vendor. After the PET scan, the

animal bed was moved to a CT scanner (Inveon CT; Siemens

Preclinical Solutions) for anatomical image acquisition. Ellipsoid

19.06 mm3 ROIs were drawn using the AMIDE software on the

PET/CT overlay images to calculate themean standardized uptake

value (SUV) for each right kidney (RK) and each tumor in the LK.

Statistical analysis

The day 14 mean SUVs from 18F-FGln-PET images were ana-

lyzedbyANOVAusing SASversion9.3 and theProcGLMprogram

to test for differences between tissues (kidney vs. tumor) and

differences between vehicle and CB-839 treatments. Tukey and

Dunnett post hoc tests were used. All other data were statistically

analyzed using two-sample equal variance Student t tests with a

two-tailed distribution. A P value of < 0.05 was considered

statistically significant.

Results

Subcapsular ccRCCxenograft tumors demonstrate higher levels

of oxidative stress compared with adjacent normal and

contralateral normal renal tissues in an orthotopic mouse

model of ccRCC

The free radical scavenging function of GSH is evidenced by

the appearance of GSSG, the oxidized form of GSH, such that a

decreased GSH/GSSG ratio serves as a signature of oxidative

Glutamine Addiction and Imaging in Kidney Cancer
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stress in a biological system (44, 45). We established a ccRCC

orthotopic mouse model by implanting luciferase-expressing

SN12-PM6-1 cells (SN12; ref. 38) under the LK capsule of SCID

mice, leaving the contralateral RK untouched. Tumor growth

rates in these mice were evaluated using weekly BLI (Fig. 1A),

and for this first (treatment-na€�ve) in vivo experiment, the

tumors were collected at sacrifice, 4 weeks after subcapsular

cell implantation, to evaluate their redox status compared with

tumor-adjacent and normal kidney tissues. The xenograft

tumors showed increased levels of reduced and oxidized forms

of glutathione (GSH and GSSG, respectively) compared with

tissues from the normal RK and from the adjacent normal LK

(Fig. 1B), likely as a result of their dealing with a higher level of

oxidative stress due to their faster metabolism and activation

of proliferative pathways. In addition, the GSH/GSSG ratios

were significantly decreased in tumor tissues as compared with

tissues from the normal RK but with less extent in the adjacent

normal LK (Fig. 1C), indicating that the RCC microenviron-

ment was associated with higher levels of oxidative stress

compared with normal kidney tissues.

Because the direct measurement of ROS is challenging due to

the short lifetimeof this species and to its immediate reactionwith

redox state regulating components, we utilized indirect measure-

ments of oxidative stress. We evaluated levels of NRF2, a tran-

scription factor that controls enzymes that regulate the antioxi-

dant response in cells (46), and we also used indirect measure-

ments of oxidative damage to DNA by measuring levels of 8-

oxodG (47).

Immunohistochemistry analysis revealed increased NRF2

expression in tumor as compared with normal contralateral

kidney tissues (Fig. 1D; Supplementary Fig. S1). Similarly, immu-

nohistochemistry for 8-oxodG showed greater numbers of sub-

capsular tumor cells expressing this marker of oxidative damage

compared with cells in the contralateral normal kidney (Fig. 1E).

8-oxodG levels were quantified and found to be significantly

increased in tumors (P ¼ 0.006; Fig. 1F). Taken together, these

results suggest that, at least in the ccRCC subcapsular xenografts

used in this study, the tumors showed increased levels of oxidative

stress, as well as an enhanced antioxidant buffer system, when

compared with normal kidney tissue.

Glutaminase inhibitionbyCB-839blocks glutamineutilization

in RCC cells and tissue

After validating and confirming the high oxidative stress sig-

nature in tumors in the mouse model, we next asked whether the

glutamine pathway is involved in the regulation of oxidative stress

in both in vitro and in vivomodels of RCC. Glutamate is produced

from glutamine, the most abundant amino acid in plasma (18,

23), by the mitochondrial enzyme GLS (27). Because GSH

requires glutamate (in addition to glycine and cysteine) for its

synthesis, we next asked whether the selective GLS inhibitor CB-

839 (29, 30) blocks this key antioxidant pathway and thereby

reduces GSH in RCC cells; such a finding would be expected to

adversely affect several critical metabolic pathways including the

tricarboxylic acid cycle and redox balance (Fig. 2A). Incubating

SN12 and 786-O cells with CB-839 significantly increased gluta-

mine levels in both the cells and the media as compared with

control cells, and intracellular glutamate was significantly

decreased. These data are expected given that the conversion of

glutamine to glutamate is blocked by GLS inhibition (Fig. 2B;

Supplementary Fig. S2A) and are consistent with a recently

published breast cancer study using CB-839 (37). Furthermore,

GSH, which has glutamate as a precursor, was decreased by CB-

839 treatment, and GSSG was relatively increased (also reflected

by a decreased GSH/GSSG ratio), demonstrating increased levels

of oxidative stress within the cells in the presence of GLS inhibi-

tion (Fig. 2B). These results are consistent with our previous work

in other RCC cell lines using glutamine-depleted media in which

the GSH/GSSG ratio was reduced under these growth conditions

(19). The tumors from mice treated with CB-839 also showed a

decreased trend inGSH/GSSG (P¼ 0.139) comparedwith tumors

from mice treated with vehicle (Fig. 2B, far right plot), indicative

of increased oxidative stress as a result of GLS inhibition and

consistent with the in vitro data. Taken together, these results

demonstrate that CB-839 decreases glutamate production and

results in enhanced oxidative stress within SN12 and 786-O RCC

cells via attenuation of the GSH pathway. In light of these results,

we next asked if GLS inhibition could be beneficial to treat RCCby

testing its biological effects in RCC cells and tumors using both in

vitro and in vivo models.

Glutaminase inhibition increases oxidative stress and

attenuates viability in RCC cells

To elucidate a more detailed response to GLS inhibition in

ccRCC cells, we incubated SN12 as well as 786-O cells with

CB-839 or another GLS inhibitor, BPTES (48), at several doses

for 72 hours and evaluated cell viability, cell-cycle arrest, and

measures of DNA damage and apoptosis (Fig. 3). Both CB-839

and BPTES share a similar allosteric binding mechanism and

selectivity profile upon GLS (29), and we show that both dose-

dependently attenuated cell viability or proliferation as mea-

sured by an MTT assay (Fig. 3A). Incubation of RCC cells with

CB-839 (from 10 nmol/L to 5,000 nmol/L) for 72 hours

showed a cell viability IC50 of 740 nmol/L for SN12 cells and

970 nmol/L for 786-O cells (Supplementary Fig. S2B); thus,

1 mmol/L of CB-839 was used in the subsequent in vitro

experiments. Because CB-839 showed a higher magnitude of

cell viability reduction (see Fig. 3A), and because it is a clinical

candidate for ccRCC (30), we used only CB-839 as a GLS

inhibitor in all subsequent experiments.

CB-839 caused cell arrest in G0–G1 (Fig. 3B), and 72 hours of

treatment significantly increased the percentage of apoptotic cells

that were Annexin V and 7-AAD positive (Fig. 3B), which indicate

increased late-stage apoptotic and dead cells. To further support

the role of the GSH pathway in neutralizing ROS, we incubated

SN12 cells with CB-839 for 20 hours and then induced oxidative

stress by adding H2O2 for 4 hours. Under these conditions, CB-

839 dose-dependently sensitized RCC cells to H2O2, as evidenced

by an increased percentage of apoptotic and dead cells demon-

strated both by flow cytometry using Annexin V and 7-AAD

staining (Fig. 3C; Supplementary Fig. S3). These data were sup-

ported by the observed increase in PARP cleavage under the same

conditions (Fig. 3D).

To further validate the effect of CB-839 on oxidative stress

biomarkers in vitro, we evaluated oxidative DNA damage by

measuring cellular levels of 8-oxodG. Incubation of SN12 and

786-O cells with 1 mmol/L CB-839 for 24 hours significantly

increased 8-oxodG in these cells (Fig. 4A, left two plots), suggest-

ing that the cells had a reduced capacity to repair ROS-induced

damage while in a state of enhanced oxidative stress due to the

presence of glutaminase inhibition. A significant increase of

8-oxodG was also detected in tumors from mice treated with

Abu Aboud et al.
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Figure 1.

RCC tumors show higher oxidative stress as compared with adjacent normal and contralateral renal tissues. A, SN12 cells were implanted under the renal capsule of

the LK in SCID mice, and whole-body BLI was acquired in the three animal experiments as described in Materials and Methods. A representative imaged

mouse is shown. B, Themetabolites GSH and GSSGweremeasured in RCC tumors, tumor-adjacent normal tissue in LK, and untouched RK in untreated mice (n¼ 3).

Data aremean� SEM. � , P <0.05 comparedwith tumor tissue. For GSH, P¼0.008 for tumor vs. RK and P¼0.032 for tumor vs. LK. For GSSG, P¼0.006 for tumor vs.

RK and P ¼ 0.071 for tumor vs. LK. Results shown are representative of at least three independent experiments. C, The ratio of GSH/GSSG from the same

measurements in B was calculated in RCC tumors, adjacent renal tissue in LK, and tissue from RK (n ¼ 3/group). Error bars, SEM. � , P < 0.05 compared with tumor

tissue. For tumor vs. RK, P ¼ 0.023 and for tumor vs. LK, P ¼ 0.069. Results shown are representative of at least two independent experiments. D, Representative

sections of normal RK and tumor tissues were subjected to immunoperoxidase staining for NRF2. E, Representative sections of normal and tumor kidney

tissueswere subjected to immunofluorescence staining for 8-oxodGandPI (nuclear stain).F,Quantitation of 8-oxodG levelswasmeasured in theDNAofRCC tumors

and normal kidney tissues from 5 mice, which were randomly selected from 10 untreated mice, and the average is shown. Data are mean �SEM. � , P < 0.05 tumor

compared with normal kidney (P ¼ 0.006).
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CB-839 (Fig. 4A, right plot), demonstrating thatCB-839 is increas-

ing oxidative stress at the DNA level.

We next examined NRF2 expression in our RCC cell model in

the presence of the GLS inhibitor. In SN12 and 786-O cells,

there were low basal levels of NRF2 protein in DMSO-treated

cells, which was dose-dependently augmented after incubation

of these cells with CB-839 (Fig. 4B). Subcellular localization of

NRF2 in SN12 cells after incubation with CB-839 and H2O2

showed an increase in nuclear NRF2 in CB-839–treated cells,

which was more pronounced upon H2O2 treatment (Fig. 4C

and D). Thus, in the presence of CB-839, NRF2 orchestrates an

enhanced response to the oxidative stress that is unleashed by

means of a CB-839–mediated decrease in production of oxi-

dative stress buffers.

CB-839 attenuates RCC tumor growth in the RCC orthotopic

mouse model

To extend our findings to an in vivomodel of ccRCC,we utilized

CB-839 in the subcapsular orthotopic mouse model of ccRCC

described earlier. In a third in vivo experiment, mice (n¼ 8/group)

were dosed orally twice a day with vehicle or 200 mg/kg CB-839

for 2 weeks, and BLI was performed weekly (Fig. 5A; Supplemen-

tary Fig. S4A). The change in mean total flux for bioluminescence

(photon/second) over the treatment period was calculated as a

ratio for each animal (flux at day 14/flux at day 0; Fig. 5B).

Treatment with CB-839 significantly inhibited growth of the

tumors (Fig. 5B). As a general measure of lack of toxicity of this

treatment, no mice treated with CB-839 showed a significant

weight change (Supplementary Fig. S4B)

Figure 2.

Inhibition of glutaminase with CB-839

attenuates the GSH pathway in RCC.A,

The antioxidant pathways that

neutralize ROS. The glutamine

pathway is reprogrammed in ccRCC to

increase production of GSH and

oxidized glutathione (GSSG).

Glutamate, cysteine, and glycine are

required to synthesize GSH. The

conversion of glutamine to glutamate

is regulated by GLS, which can be

targeted and inhibited by CB-839 (or

BPTES). Thioredoxin also reduces ROS

levels and is generated by NADPH,

which in turn regulates the conversion

of GSH and GSSG. Catalase is another

pathway, NADPH independent, which

reduces ROS. TCA, tricarboxylic acid

cycle. B, SN12 cells were incubated

with 1 mmol/L CB-839 or DMSO for 24

hours (n ¼ 3/group). The cells and

conditioned media were obtained and

analyzed by HPLC-MS/MS for the

metabolites indicated as described in

Materials and Methods. Data are mean

�SD. � ,P <0.05 comparedwith DMSO-

treated cells. For tumor tissue (far right

plot), tissues were collected from the

second animal experiment (orally

dosed with vehicle or CB-839; n ¼ 5/

group), and GSH and GSSG were

measured using the GSH/GSSG Kit

from Promega. Data are mean � SEM.

Abu Aboud et al.

Cancer Res; 77(23) December 1, 2017 Cancer Research6752

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/7

7
/2

3
/6

7
4
6
/2

7
5
8
1
0
9
/6

7
4
6
.p

d
f b

y
 g

u
e
s
t o

n
 2

6
 A

u
g
u
s
t 2

0
2
2



In light of the fact that FDG-PET is challenging for RCC diagnosis

and staging (31, 32), we next asked, based on our findings here and

in previous publications of glutamine requirements of RCC (19),

whether 18F-FGln-PET could be employed for in vivo monitoring

of this cancer. After confirming that SN12 as well as 786-O cells

uptake 4-[18F]fluoroglutamine in vitro (Fig. 6A) and that CB-839

resulted in tracer retention in SN12 cells (Fig. 6B), we subjected

the mice to 18F-FGln-PET and CT scanning immediately prior to

starting treatments (day 0; Supplementary Fig. S5; Fig. 6C) and after

2 weeks of CB-839 treatment (day 14; Supplementary Fig. S5;

Fig. 6C). The PET images were acquired 4 hours after the last dose

of CB-839, which has been shown to be sufficient time for CB-839

Figure 3.

CB-839 inhibits RCC cell viability by inducing both cell-cycle arrest and apoptosis in SN12 and 786-O RCC cells. A, SN12 and 786-O cells were grown and

incubated with DMSO, CB-839, or BPTES at the concentrations indicated for 72 hours (n ¼ 8 wells/group) and then subjected to MTT assay. Data are mean � SD.
� , P < 0.001 compared with DMSO control. Results shown are representative of at least three independent experiments. B, SN12 and 786-O cells were grown

and incubated with CB-839 or DMSO (1 mmol/L) for 72 hours (n ¼ 3/group). Cell-cycle populations and total apoptosis were measured by flow cytometry of

stained cells. Results shown are representative of at least three independent experiments.C, SN12 cellswere grown and incubatedwith CB-839 at the concentrations

indicated for 20 hours, followed by 4-hour H2O2 where indicated (n ¼ 3/group). Total apoptosis was measured by Annexin V and 7-AAD staining using flow

cytometry. Percentages of total apoptosis are plotted. The results shown are representative of at least three independent experiments. Data are mean � SD.

D, At the same conditions in C, levels of cleaved PARP were measured by immunoblotting. The results shown are representative of at least three independent

experiments.
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Figure 4.

Glutaminase inhibition augments oxidative stress in SN12 and 786-O cells and tumor tissue. A, SN12 and 786-O cells were grown, incubated with 1 mmol/L CB-839 or

DMSO for 24 hours, and 8-oxodG levels were measured (left plots). Data are mean � SD. � , P < 0.05 compared with control (DMSO). Tumor tissues from

the second animal experiment (orally dosed with vehicle or CB-839) were harvested, and 8-oxodG levels were quantified (right plot). Data are mean

�SEM. � ,P<0.05 vehicle-treated group as comparedwithCB-839–treatedgroup (n¼4).B,SN12 and786-O cellsweregrownand incubatedwithCB-839orDMSOat

the concentrations indicated for 24 hours. NRF2 levels inwhole-cell lysatesweremeasured by immunoblotting. Densitometry relative to loading controls is shown.C,

SN12 cells were grown and treated with CB-839 or DMSO at the concentrations and time indicated, followed by H2O2 treatment (where indicated) for

4 hours. The cells were fixed and subjected to immunofluorescence staining with NRF2 (green) and DAPI (blue), and then visualized with confocal laser-scanning

microscopy. The results shown are representative of at least two independent experiments. D, For each treatment in C, five randomly selected

microscopic fields (�40) of NRF2 positively stained cells were counted. Data are mean � SD. � , P < 0.05 compared with DMSO control.
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to be internalized in tumors and other tissues (29). The sub-

capsular xenografted tumors were visualized by 18F-FGln uptake,

as demonstrated by significantly higher uptake compared with

the contralateral kidney (Fig. 6C and D). On day 0, the tumor

SUV was 4.8, and the kidneys were 2.5. On day 14 in the vehicle-

treated animals, the tumor SUV was 5.2, and the kidneys were

3.1. In addition, the kidneys and tumors both increased their

4-[18F]fluoroglutamine uptake after treatment with CB-839 (P ¼

0.026; Fig. 6D), as expected from the in vitro data (see Fig. 6B) as

well as a recently published study in breast cancer (37).

Discussion

In aerobic conditions, rapidly proliferating cancer cells are

invariably exposed to metabolites that produce oxidative stress

Figure 6.
18F-FGln cell uptake and 4-[18F]fluoroglutamine-PET imaging. A, Intracellular

uptake of a 4-[18F]fluoroglutamine tracer after 30-minute incubation in SN12 and

786-O RCC cell lines (n ¼ 3 for each cell line). The y-axis represents

percent uptake of total radioactivity by the cells. Data are mean � SD. B,

4-[18F]fluoroglutamine uptake in SN12 cells after 4-hour incubation with

1 mmol/L CB-839 (n ¼ 3) or DMSO (n ¼ 3) and 30 minutes with the

4-[18F]fluoroglutamine. The y-axis represents percentage of total radioactivity

contained in each group of cells. Data are mean� SD. � , P < 0.05 compared with

DMSO control. C, Representative mouse images from each treatment

group are presented. Coronal and axial sections from PET (color) are overlaid on

CT images (grayscale). Adjacent to each coronal PET/CT image is the coronal

whole-body maximum intensity projection generated from the PET. Yellow

arrows, tumors. D, Comparison of 18F-FGln uptake in the tumors compared with

the normal RKs at day 0 (n ¼ 10) and day 14 of treatment (n ¼ 5/group). Two

ROIs (19.06 mm3 ellipsoids) were drawn on the PET images of each mouse, one

on the tumor and one on the RK. Mean SUV of 18F-FGln for each ROI was

calculated using AMIDE software. Data are mean � SEM. ��� , P ¼ 0.002 for

tumor compared with RK.

Figure 5.

CB-839 significantly attenuates tumor growth in an orthotopic RCC mouse

model. A, SN12 cells were injected under the LK capsule of SCID mice (n ¼ 8

per condition; third animal experiment). After 3weeks, twomiceweredosedorally

twice a day with vehicle or 200 mg/kg CB-839 for 2 weeks. Weekly BLIs

were performed to monitor tumor progression. In vivo BLI for one representative

mouse per group before and after CB-839 treatment is shown demonstrating

significant reduction in tumor growthwith CB-839 after 2weeks. Color scale for all

images was set on a minimum of 500 and a maximum of 6,000 counts. B, ROIs

for all BLI images (n ¼ 8 mice per group) before and after treatment were

designated inside the primary tumor sites on the LK and quantified as a mean of

total flux [photons/second (P/s)] using the Living Image software. The ratio of

flux (P/s) at day 14/day 0 for each animal was calculated, and the average

presented for each treatment group. Data are mean � SEM. �, P ¼ 0.013.
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(49); thus, "successful" malignancies and metastases are those

that are able towithstand such conditions through the production

of intrinsic antioxidants (7, 8). Indeed, there are several recent

reports that demonstrate that, contrary to lay press reports of

antioxidants being beneficial dietary supplements (7), these

compounds can in fact accelerate lung cancer progression inmice

(13) and promote distant metastases in human melanoma cells

(50, 51); similar findings have most recently been shown in

pancreatic cancer by deletion of malic enzyme 2 (52). Although

ccRCC cells have been shown to require glutamine for growth and

survival (19), the direct role of this amino acid in the response of

ccRCC cells and kidney cancers to oxidative stress has, prior to the

current study, not been described.

Although our previous study suggested that the conditionally

essential amino acid glutamine is required for production of the

oxidative stress "buffers" GSH and GSSG (19), we now show that

decreasing intracellular glutamate by the GLS inhibitor CB-839

(by blocking glutamine conversion to glutamate) has the direct

effect of decreasing production of these buffers in vitro and in vivo.

This in turn leads to an increase in oxidative stress with its

resulting increase inDNAdamage,which likely serves to attenuate

growth of these tumors in vivo. These data are supported by a

melanoma model of lymph node metastases, where an opposite

approach to ours was used; in that study, administration of

exogenous antioxidants resulted in increased levels of GSH syn-

thesis (increase in ratio of GSH/GSSG) that was associated with

increased metastases (51).

Because cancer cells possess many of the qualities of normal

cells, they too can be damaged by ROS. Indeed, for a variety of

reasons (53), cancer cells actually generate more ROS than

normal cells and hence show more evidence of DNA damage

and buffer system engagement (as we showed in this study),

requiring them to have a greater antioxidant capacity. Such

intrinsic antioxidants are thus required of "successful" cancers

to reduce distant ROS damage while simultaneously allowing

localized ROS signaling that promotes cell proliferation and

survival (8). It is conceivable (7, 8) that systemic antioxidants,

taken by many individuals in the hope that they are generally

beneficial, could ultimately adversely affect ccRCC; thus,

our data presented here could affect public health with respect

to a cancer type that is growing in incidence and is lacking

effective therapies.

Although there exists a robust and profitable industry that

sells antioxidant supplements for a variety of ailments includ-

ing cancer, there are few positive studies of such supplements in

prolonging lifespan of cancer patients (8). That protection from

oxidative stress plays a role in cancer progression and metas-

tasis is only recently becoming apparent, and we and others

have shown data suggestive that metabolic reprogramming

of the glutamine and NADH pathways is responsible for this

state of affairs, at least in kidney cancer (19, 23). Based on our

work in this study elucidating the mechanism of their action,

additional drugs targeting glutamine reprogramming are ripe

for clinical trials; indeed a phase I trial of the glutaminase

inhibitor CB-839 was the first salvo in applying this paradigm

to RCC (although in that study CB-839 was compared with a

combination therapy; ref. 30). In addition, dissuading patients

with RCC from taking over-the-counter antioxidants may now

be appropriate.

Although 18F-FDG-PET is frequently used both to screen for

and stage cancers, it has (despite highly reprogrammed aerobic

glycolysis; refs. 19, 54) been problematic for ccRCC and is

therefore not commonly used in the clinic for routine RCC staging

(31, 32). Furthermore, the use of 18F-FGln-PET has recently been

developed for glioma (36, 55) and other tumors (35, 37). Cap-

italizing on glutamine reprogramming in antioxidant production

in RCC and the inhibition of ccRCC tumor growth by the GLS

inhibitor CB-839 as described in this study, we evaluated
18F-FGln-PET in our in vivo RCC model and found that it suc-

cessfully detected ccRCC tumors in our orthotopic mouse model.

As proof of the likelihood of using this technique to monitor

therapeutic response, we further showed, despite a decrease in

tumor growth as evaluated by BLI, an increase in 18F-FGln uptake

in response to glutaminase inhibition with CB-839; the latter is

consistent both with our cell culture uptake studies for 18F-FGln

reported here and a very recent study in breast cancer (37).

Our study thus demonstrates that such glutamine dependence

can potentially be evaluated using 18F-FGln-PET imaging and

could lead to stratification of patients into thosewhose tumors are

more glutamine avid and are thus more likely to respond to

glutaminase inhibition. We also show here that this approach

could be amenable to in vivo monitoring of the progress of these

tumors to glutaminase inhibition therapy by following the effect

on tumoral glutamine in the presence of CB-839 or other gluta-

minase inhibitors. This is the first time to our knowledge that this

technique has been used in identifying and imaging kidney

malignancy under basal as well as therapeutic conditions.

The limitations of our study relate principally to the mouse

model and cell line used, because, given the known hetero-

geneity of RCC (56), it is likely that human tumors will have

variable degrees of oxidative stress depending on the makeup

of their tumors. Consistent with this, and dependent on the

degree of angiogenesis within each tumor, it is possible

that CB-839 will have variable penetration into the tumor

and hence inconsistent effect on both oxidative stress and

tumor growth.

In summary, we have shown in this study that a glutamine-

dependent antioxidant effect is present in ccRCC and likely

provides this malignancy with a key mechanism for its survival

in a hostile host environment. Furthermore, this reprogrammed

pathway not only suggests an Achilles' heel that can be exploited

by glutaminase inhibitors but also provides a means to use 18F-

FGln-PET imaging for diagnosis, stratification, and real-time

response to therapy. Continuing translation of CB-839 and other

inhibitors of the reprogrammed glutamine pathway to human

trials, either singly or in combinationwith other therapies, has the

potential to revolutionize clinical management of a cancer that is

increasing in incidence and that currently has woefully limited

treatment options.
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