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Glutaminase (GLS), which converts glutamine to glutamate, plays a key role in cancer cell metabolism, growth, and
proliferation. GLS is being explored as a cancer therapeutic target, but whether GLS inhibitors affect cancer cell-autonomous
growth or the host microenvironment or have off-target effects is unknown. Here, we report that loss of one copy of GIs
blunted tumor progression in an immune-competent MYC-mediated mouse model of hepatocellular carcinoma. Compared
with results in untreated animals with MYC-induced hepatocellular carcinoma, administration of the GLS-specific inhibitor

for cancer therapy.

Introduction

Cancer cells show profound metabolic changes, driven by onco-
genes, such as RAS, PI3K, and MYC, or loss of tumor suppressors,
such as p53, VHL, and LKB1 (1-5). Aerobic glycolysis or the War-
burg effect is a metabolic hallmark of many cancer cells, which
consume large amounts of glucose, but cancer cells also depend
on many other nutrient sources for growth and proliferation (1,
5). While fatty acids, acetate, and other amino acids also serve as
nutrients, a significant fraction of the biosynthetic needs of cancer
cells in vitro are met by glutamine (6-8). Glutamine, which is the
most abundant (0.5 mM) circulating amino acid in human plasma,
is a significant nutrient source in vivo (6). It provides carbons to
highly proliferative tumor cells to produce TCA cycle intermedi-
ates, glutathione, fatty acids, and nucleotides (6, 9, 10). Gluta-
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bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulfide (BPTES) prolonged survival without any apparent toxicities.
BPTES also inhibited growth of a MYC-dependent human B cell lymphoma cell line (P493) by blocking DNA replication,
leading to cell death and fragmentation. In mice harboring P493 tumor xenografts, BPTES treatment inhibited tumor cell
growth; however, P493 xenografts expressing a BPTES-resistant GLS mutant (GLS-K325A) or overexpressing GLS were not
affected by BPTES treatment. Moreover, a customized Vivo-Morpholino that targets human GLS mRNA markedly inhibited
P493 xenograft growth without affecting mouse GIs expression. Conversely, a Vivo-Morpholino directed at mouse G/s had

no antitumor activity in vivo. Collectively, our studies demonstrate that GLS is required for tumorigenesis and support small
molecule and genetic inhibition of GLS as potential approaches for targeting the tumor cell-autonomous dependence on GLS

mine also contributes its amide nitrogen to produce hexosamines,
nucleotides, and nonessential amino acids (6, 9, 10). Together
with glucose, glutamine contributes to the building blocks for
macromolecular synthesis and biomass accumulation in prolifer-
ating cancer cells (8, 11). Both the MYC oncogene (4, 12, 13) and
p53 tumor-suppressor protein (14, 15) transcriptionally regulate
glutamine metabolism so that its usage meets the biomass produc-
tion and redox homeostasis requirements of cancer cells.

The central role of glutamine metabolism in cancer cell
growth makes glutaminolytic enzymes attractive targets for anti-
cancer therapy (9, 16-20). Glutaminase catalyzes the first step of
glutamine metabolism by converting glutamine to glutamate and
ammonia. Glutamate is further catabolized by glutamate dehydro-
genase or transaminases to a-ketoglutarate, which is then oxidized
via the TCA cycle (21). The major transaminases are glutamic-oxa-
loacetic transaminase (GOT) and glutamic pyruvate transaminase
(GPT); both occur as cytoplasmic and mitochondrial isoforms.
Two genes encode glutaminases in humans. The kidney type glu-
taminase, GLS, is encoded by GLS, and the liver type glutaminase,
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GLS2, is encoded by GLS2. Herein, the murine genes are termed
Gls and GIs2. The role of GLS2, a p53 target, in cancer is contro-
versial, with conflicting reports concerning its function as a tumor
suppressor (14, 15,22, 23). GLS, however, has emerged as a critical
enzyme in a number of cancer types (9, 16, 17, 19). Its activity is
increased by NF-xB (19), and its expression is induced by MYC,
whose overexpression rendered transformed cells addicted to glu-
tamine (9, 12, 13). GLS is expressed as a long mRNA splice vari-
ant, KGA, or a shorter form, GAC, which is increased in cancers
relative to normal tissues (19, 24). siRNA-mediated knockdown of
GLS slowed the growth of several different cancer types (13, 17, 19,
25-27), suggesting that pharmacological inhibition of GLS offers a
potential therapeutic approach for treating cancer.

Glutamine analog inhibitors, such as azaserine and acivicin,
can inhibit tumor growth, but they often have considerable off-tar-
get effects (6). The glutamine analog 6-diazo-5-o0xo-L-norleucine
(DON) inhibits a range of glutamine-dependent enzymes, such
as glutamine fructose-6-phosphate amidotransferase and gluta-
minase, as well as other glutamine-dependent reactions (28, 29).
Similarly, amino-oxyacetate (AOA), a transaminase inhibitor, has
also been used to target a part of glutamine metabolism by inhib-
iting the production of a-ketoglutarate from glutamate, which is
in turn derived from glutamine (12, 30). AOA, however, has been
documented to inhibit a wide range of other pyridoxal-dependent
enzymes in addition to GOT and GPT (31). Hence, AOA’s biologi-
cal activity is also nonspecific.

The identification of an allosteric GLS-selective inhibitor,
bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl  sulfide
(BPTES), raised the possibility of specifically inhibiting gluta-
mine metabolism with minimal off-target effects (32). The crys-
tal structure of BPTES-bound GLS reveals that BPTES docks in
the GLS tetramer interfaces, locking GLS in an off mode and
disabling phosphate-dependent activation of the enzyme (24,
33, 34). Other GLS inhibitors have been developed, including
the BPTES-like drug candidate CB-839 and compound 968,
which has a different mechanism of GLS inhibition (16, 35). We
and others have demonstrated that pharmacological inhibition
of GLS slowed proliferation in several cancer cell types in vitro
and in xenograft models (9, 17, 19, 26, 36). However, previous
studies have not directly addressed the mechanism of growth
inhibition or whether off-target effects of BPTES, CB-839, or
968 could underlie their antitumor activity (9, 16, 19, 35).

GLS inhibition in vivo has been restricted to xenograft stud-
ies in immunocompromised mice, in which the potential negative
effects on the immune system could not be measured. Activated T
cells are known to use high levels of glutaminolysis for prolifera-
tion, and inhibition of glutaminase may hinder the natural immune
response to the formation of new tumors (37). Whether or not GLS
inhibition is effective in immunocompetent mice is not known, par-
ticularly since many metabolic pathways used by cancer cells are
shared with normal activated T lymphocytes (38). Further, altered
glutamine metabolism in the tumor stroma has been reported (39),
raising the possibility that non-cell autonomous roles of GLS inhi-
bition may underlie the effects of GLS inhibition in vivo.

In this report, we used an immunocompetent MYC-depen-
dent genetically engineered model (LAP/MYC) of murine hepa-
tocellular carcinoma (HCC) to determine the role of Gis in liver
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tumorigenesis. The animal age at the time of MYC activation
in this model affects the biology, such that earlier MYC activa-
tion resulted in more aggressive tumors (40, 41). In utero MYC
activation induces an aggressive hepatoblastoma-like disease
upon birth, as compared with the HCCs induced when MYC is
activated after birth (40). Activation of MYC 4 weeks after birth
resulted in multinodular HCC and an overall mean survival time
of 15 weeks (40). These tumors display increases in both glucose
and glutamine metabolism (42, 43). Here, we report that animals
derived from crosses of LAP/MYC mice with Glis (GIs*) heterozy-
gotes (44) had delayed liver tumorigenesis and a trend toward pro-
longed survival. The genetic experiments were corroborated by
our findings that inhibition of glutaminase with a small molecule
inhibitor, BPTES, resulted in significantly (P < 0.0001) prolonged
survival of LAP/MYC animals wild-type for Gls (GIs*/*) without
obvious toxic side effects. We found that BPTES inhibited P493
lymphoma cell growth by causing DNA replication defects that
triggered cell death and fragmentation. Ectopic overexpression
of a GLS mutant, which resists inhibition by BPTES (24), could
rescue P493-cultured cells or xenografts from BPTES-mediated
growth inhibition, attesting to an on-target effect of BPTES. We
further corroborated animal genetic and pharmacological studies
using a human-specific Vivo-Morpholino that induces nonsense-
mediated GLS mRNA decay and found that P493 tumor xeno-
graft growth in mice could be markedly and specifically inhibited
only by Vivo-Morpholino directed at human GLS, but not by that
directed at mouse GIs.

Results

Glutaminase isoform switch in HCC. We sought to determine the
role of Gls in an inducible MYC-mediated murine model of HCC,
which has been documented as undergoing enhanced glycolysis
and glutaminolysis (42). Whether GIs is required for tumorigen-
esis and tumor progression has not been known. In this model,
MYC expression is under the control of a tetracycline-off (Tet-off)
system regulated by the Tet transactivating protein (tTA), which
in turn is driven by the liver-activating protein (LAP) promoter
in LAP/MYC mice (40, 41). Multifocal tumors in adult animals
with varying aggressiveness can be induced according to the age
at which MYC is activated by doxycycline withdrawal. The earlier
the age at which MYC is activated, the more aggressively the dis-
ease develops (40). This model also offers a unique opportunity to
compare frank tumor tissues with surrounding normal-appearing
nontumor transgenic liver. In this study, we chose to investigate
a more aggressive disease model by activating MYC at birth or
1week after birth as compared with previous HCC metabolic stud-
ies, in which MYC was activated at 4 weeks (40, 42, 43).

We determined the expression of glutaminase mRNAs in
MYC-induced tumors and found that liver-type GIs2 mRNA
expression was decreased in most tumors, while kidney type Gls
mRNA was increased in the tumors when compared with sur-
rounding nontumor liver (Figure 1, A and B). When MYC expres-
sion was induced 1 week after birth, mice exhibited small tumor
nodules by 3 weeks after birth. We then studied MYC and GLS
protein expression by immunohistochemistry (IHC). We found
that MYC was highly expressed in the tumor nodules compared
with the surrounding nontumor transgenic livers (Figure 1, C and
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Figure 1. Increased GLS and decreased
GLS2 expression in mouse HCC model
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D). Immunostaining revealed a slight increase in GLS protein lev-
els in tumor nodules at 3 weeks of age (Figure 1E). These observa-
tions indicate that GLS is increased, while GLS2 is decreased, in
this model of liver tumorigenesis.

To determine whether these observations could be general-
ized to human disease, we conducted a paired analysis of GLS
and GLS2 levels in cancerous and noncancerous regions of liver
in patients with HCC. We found that GLS2 mRNA was downreg-
ulated in most tumors (P < 0.05; Supplemental Figure 1B; supple-
mental material available online with this article; doi:10.1172/
JC175836DS1) and GLS mRNA was upregulated (P < 0.05; Sup-
plemental Figure 1A) in primary human HCC (Figure 1, F and G).
In another set of human HCC samples, we found with IHC that
GLS protein levels were increased in 11 of 15 tumors (Supplemen-
tal Figure 1, E and F). GLS2 IHC, however, showed a less con-
sistent pattern, with 1 nontumor sample having a GLS2 staining
score of less than or equal to 2 and 7 tumors having scores less
than or equal to 2 (Supplemental Figure 1, G and H). These obser-
vations suggest that GLS is increased in HCC and hence could
play a role in tumorigenesis and tumor progression. It is notable
that, while MYC mRNA levels were elevated in the tumors as
compared with in normal-appearing liver (P < 0.05; Supplemen-
tal Figure 1C), they did not correlate directly with GLS mRNA
levels (Supplemental Figure 1D), suggesting that factors other
than MYC could affect HCC GLS mRNA levels. Nonetheless, the
switch from GLS2 to GLS expression in human HCC samples was

consistent across virtually all paired samples (Figure 1, F and G),
underscoring the glutaminase isoform switch that occurred in
mouse and human HCC tissues.

GLS is required for full MYC-induced murine liver cancer devel-
opment. Because the glutaminase isoform switch (Gis2 to Gls)
was conserved between mice and humans, we determined the
role of GIs in tumorigenesis and tested to determine whether a
50% allelic reduction of Gls would affect MYC-mediated mouse
HCC. We were unable to use GIls homozygous null mice because
they died perinatally (44). Hence, we crossed the LAP/MYC mice
with Gis”~ heterozygotes, which were previously documented to
have decreased GLS protein and enzymatic activity (44). These
Gls*~ heterozygotes developed normally, with subtle neurologi-
cal findings (44, 45). We compared LAP/MYC heterozygous (LAP/
MYC:GIs”") to homozygous (LAB/MYC:Gls”*) animals. MYC
expression was induced at 1 week postnatally by withdrawal of
doxycycline. By 7 weeks of age, the LAB/MYC mice had visibly
increased abdominal girth and tumor load, which was measured
by CT imaging (Figure 2A and Supplemental Figure 2). The CT-
estimated tumor load is consistent with representative images of
livers retrieved from some of these animals at 7 weeks (Figure 2B).
The estimated tumor load in heterozygous LAP/MYC:Gls”~ mice
was significantly less than in the wild-type LAP/MYC:Gls”* mice
(Figure 2C; n = 8; P < 0.001; see Supplemental Figure 2 for CT
scans). Cohorts of LAB/MYC:GIs*~ (n=11) and LAP/MYC:GIs** (n
=19) mice were followed for survival. While cohorts of these sizes
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did not show a statistically longer survival of the LAP/MYC:Gls*"
animals (P = 0.12), there was a trend toward longer survival (mean
survival time ~11.5 weeks vs. ~10.2 weeks) (Figure 2D). This sug-
gests that a 50% allelic reduction of Gis can significantly delay
early tumor progression, but may not ultimately prolong survival.

To assess the transcriptional consequence of a 50% allelic
reduction of Gls, we harvested tumors and paired normal-appear-
ing liver tissue from Gis”* and Gls*~ LAP/MYC mice. Using quan-
titative PCR (qQPCR), we found that Gis mRNA levels were sig-
nificantly induced in homozygous Gls** tumors as compared with
normal-appearing surrounding livers (Figure 2E). The normal liv-
ers from heterozygous Gls*/~ tumor-bearing mice had diminished
Gls expression as compared with livers from homozygous mice
(>70% reduction), indicating that allelic reduction was accompa-
nied by decreased gene expression. The homozygous liver tumors
displayed much higher levels (>5-fold) of Gis expression as com-
pared with paired normal liver tissues (Figure 2E). Consistent
with the 50% allelic reduction, the levels of GIs mRNA in hetero-
zygous Gls”~ tumors were reduced by 2-fold relative to those in
homozygous GIs*/* tumors.

BPTES prolongs survival of a genetically engineered mouse model
of liver cancer. Based on the observation that loss of 1 copy of Gls
could delay tumorigenesis, we sought to determine whether phar-
macological inhibition of GLS with BPTES could prolong survival
in immunocompetent transgenic mice. We first determined the in
vitro effect of BPTES (10 uM) on growth of a LAP/MYC-derived
mouse HCC cell line (mHCC 3-4 cells), which displayed MYC-
dependent expression of Gls mRNA and protein (Figure 3A and
Supplemental Figure 3, A and B). We found that BPTES inhibit-
ed growth of mHCC 3-4 cells as did the clinical candidate drug
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Figure 2. Allelic GIs reduction slows early
tumor progression. (A) Representative

CT scans (for complete set, see Supple-
mental Figure 2) for LAP/MYC:GIs**, LAP/
MYC:Gls*~, and wild-type mice at 7 weeks

of age. (B) Representative whole livers for
LAP/MYC:Gls*"*, LAP/MYC:Gls*~, and wild-
type mice at 7 weeks of age. (C) Surrogate
CT scan-based abdominal sizes in LAP/
MYC:Gls*’*, LAP/MYC:Gls*~, and wild-type
mice at 7 weeks of age. (D) Kaplan-Meier plot
of survival of LAP/MYC:Gls*- mice (n =11)
compared with LAP/MYC:GIs** mice (n = 19).
P = 0.12. (E) Relative GIs mRNA expression
in normal-appearing liver or liver tumors
obtained from GIs homozygous (G/s**, blue)
or heterozygous (G/s*~, red) LAP/MYC mice
(n =3, each group). Values are shown as
mean + SD. Student’s t test was used.
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CB-839 (ref. 16 and Figure 3, A and B) in a dose-dependent man-
ner (Supplemental Figure 3C). While approximately 300 nM of
BPTES (307 nM) did not affect growth, a similar concentration of
CB-839 (333 nM) significantly diminished growth, indicating that
CB-839 is a more potent inhibitor of GLS than BPTES (Supple-
mental Figure 3C and refs. 16, 32).

We then sought to test BPTES in vivo in an aggressive MYC-
induced liver cancer model by activating MYC at birth, which
normally results in the death of all animals by 11 weeks of age
(40). We chose to treat with BPTES or vehicle at 3 weeks after
birth because early tumor formation and increased GLS expres-
sion were evident by this time (Figure 1, C and E). Vehicle DMSO-
treated LAP/MYC mice showed a median survival of approxi-
mately 7 weeks (n = 15) (Figure 3C). Remarkably, BPTES-treated
LAP/MYC mice (n = 14) survived significantly longer than control
mice, with a median survival of 11 weeks (P < 0.0001, Figure 3C).
We performed IHC to determine whether BPTES might alter
MYC protein levels rather than just inhibiting GLS and found
no significant changes in MYC, GLS, or GLS2 levels with BPTES
treatment (Supplemental Figure 3D).

To gain insight into the in vivo biological effects of BPTES, we
studied its effects on glutamine and glutamate levels in tumors
as well as its effects on proliferation, as determined by Ki-67
staining. For these studies, we collected tumors from 5-week-old
cohorts of BPTES-treated and DMSO-treated LAP/MYC mice
as well as control normal livers from identically treated 5-week-
old littermate MYC mice (without the LAP activator). We readily
noted that the livers from the BPTES-treated mice were smaller
than those from the control-treated mice, and importantly, there
were fewer and smaller tumor nodules (Supplemental Figure 4,



The Journal of Clinical Investigation

>
w

mHCC 3-4 CB-839

4 1 Vehicle
10 uM CB-839

mHCC 3—4 cells BPTES

4 1@ Venhicle
3 10 uM BPTES

Cells (x10°)
N
Cells (x10%)

-

RESEARCH ARTICLE

Figure 3. GLS inhibition prolongs survival in mouse HCC
model. (A) Effect of 10 uM BPTES on the in vitro growth of
mHCC 3-4 cells derived from LAP/MYC tumors. n = 3.

P < 0.001. (B) Effect of 10 uM GLS inhibitor CB-839 on the
growth of mHCC 3-4 cells in vitro. n = 3. P < 0.001. (C) Kaplan-
Meier plot of survival of BPTES-treated (n = 14) versus vehicle
DMSO-treated LAP/MYC mice (n = 15). (D) Micrographs of rep-
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glutamate levels in tumors or normal livers from mice treated
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treated versus DMSO-treated control animals (Supple-
mental Figure 5). Further, BPTES did not show any sig-
nificant effects on body weight, blood chemistries, and
hematology measurements (Supplemental Figure 6).

4 8 10 12
Survival postnatal (wk)

[o+]
o

Ki67 DMSO - Ki67 BPTES

o

S,
N B O
o

% of area Ki67+
o

o

BPTES DMSO

E Glutamine
P=0.61

T

Glutamate
P<0.001

Glutamine
3 P =0.004
2

|

-

Rel. glutamine

(=]
Rel. glutamate
Oo000o A=
oOMNBEOOON
Rel. glutamine
OO00o0o 2=
OMNPEOOON
Rel. glutamate
OOoo00o 2=
oOMNBRDOON

2,
S
)
%O

7
/2%‘

S

N

o)
&,

Tumor Liver

A and B). We also found a significant decrease in Ki-67 staining,
suggesting that blocking GLS in vivo slowed proliferation (Figure
3D). To determine the effect of BPTES treatment on glutamin-
ase-mediated conversion of glutamine to glutamate in vivo, we
extracted metabolites from liver tumors or the littermates’ nor-
mal livers. As expected, control DMSO-treated tumors had rela-
tively higher levels of glutamate and lower levels of glutamine
as compared with levels in BPTES-treated tumors, indicating
that inhibition of GLS resulted in the accumulation of glutamine
(P = 0.004, Figure 3E). Normal livers from littermate mice did
not show a differential effect of BPTES versus DMSO on gluta-
mine and glutamate levels. We surmise that normal liver tissues
are largely dependent on normal hepatocyte GLS2, which is not
inhibited by BPTES.

Collectively, our studies provide proof of concept that GLS
inhibition offers a potential therapeutic approach to treating HCC,
particularly since treatment with BPTES was well tolerated in
immunocompetent mice. Histopathology of brain, heart, skeletal
muscle, and kidney did not reveal any gross pathology in BPTES-
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Biological effects and specificity of GLS inhibitors in
vitro. We sought to determine how BPTES inhibits cell
proliferation based on our observations that it could
diminish tumorigenesis and decrease Ki-67 levels (Fig-
ure 3D and ref. 7). For these studies, we used the human
P493 B cell model of lymphoma, which we have previ-
ously shown to be BPTES sensitive (9). P493 cells were
engineered with an EBV genome that includes the EBV
EBNA2-estrogen receptor hormone-binding domain
fusion gene and a Tet-repressible human MYC gene
expression cassette (46). P493 cells were treated with
- Tet for 24 hours and then exposed to BPTES or DMSO
and released from Tet to induce MYC. The cells were
collected at various time points for cell-cycle analy-
sis and BrdU incorporation studies. Tet-treated P493
cells arrested primarily in the G, phase. Upon release
from Tet and activation of MYC, DMSO-treated P493
cells progressively entered the cell cycle, as seen in
Figure 4A. In contrast, BPTES-treated P493 cells
slowly entered S phase and had increased cell death
(<2 N DNA content) after several days. To determine the nature
of cell death, we collected control or treated cells at various time
points after MYC induction. The control or BPTES-treated P493
cells were then pulse labeled with BrdU and counterstained with
7-AAD for flow cytometry. As seen in Figure 4B, DMSO-treated
cells progressively incorporated BrdU into DNA as cells entered S
phase from G, between O and 24 hours after MYC induction. Upon
exiting S phase, pulse-labeled cells incorporated less BrdU as they
entered G,, resulting in an overall arc of BrdU-labeled cell going
from G, into S phase and then to G,/M. In contrast with control
cells, the BPTES-treated P493 cells had delayed and diminished
incorporation of BrdU 24 hours after MYC induction. As time
proceeded, the BPTES-treated P493 cells progressively incorpo-
rated less BrdU between 48 and 72 hours, resulting in a distinctly
lower BrdU-labeled arc of cells that did not progress further into
S phase (Figure 4C). In fact, there was a progressive increase in
BrdU-labeled cells with less than 2 N DNA, particularly at 72 and
96 hours. These cells appeared to have aborted DNA synthesis
and exited the cell cycle by dying.
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Figure 4. Effects of GLS inhibition by BPTES on cell cycle, BrdU incorporation, cyclins, yH2AX, cleaved PARP levels, and morphology of P493 cells. (A)
Arrested P493 cells were washed to remove Tet to induce MYC expression and were untreated, DMSO treated, or BPTES treated. Cells at the indicated time
points after wash were stained with propidium iodide to measure total DNA content by flow cytometry. (B) DMSO-treated control cells were pulse labeled
with BrdU and then counterstained with 7-AAD for flow cytometry of samples obtained at the indicate times after MYC induction. Zero-hour control cells
were untreated. (C) BPTES-treated cells were studied under conditions outlined in B. (D-G) Protein lysates from control or BPTES-treated unsynchronized
cells at the indicated times after treatment were obtained and then immunoblotted for the following: (D) cyclin E1(CycE1); (E) cyclin B1 (CycB1); (F) YH2AX;
and (G) cleaved PARP. D and E share a tubulin blot from sequential staining of the same blot. (H) Photomicrographs of DMSO- and BPTES-treated P493
cells at low and high power. Scale bars: 50 um (left panels); 20 um (right panels).
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We also treated unsynchronized P493 cells with DMSO and
BPTES and collected cell lysates at various time points following
treatment. The samples were immunoblotted for cell-cycle mark-
ers as well as cleaved poly-(ADP-ribose) polymerase (PARP), a
marker of cell death. The immunoblots for cleaved PARP, yH2AX,
and cyclins E1 and Bl corroborate the BrdU labeling results.
As compared with control cells, BPTES-treated cells displayed
decreased cyclins E1 and Bl levels (Figure 4, D and E), which are
compatible with diminished S phase entry of unsynchronized cells.
Consistent with the BrdU incorporation study, when compared
with the controls, the BPTES-treated cells had a higher level of
the DNA-damage marker yH2AX, which progressively increased
from 4 to 24 hours following MYC induction (Figure 4F). Cleaved
PARP, a marker of cell death, began to increase at 4 hours after
MYC induction and remained elevated in BPTES-treated cells
(Figure 4G). We also studied P493 cells by microscopy and found
that BPTES-treated cells were dysmorphic and remarkably frag-
mented, with frequent bare nuclei as compared with the normal-
appearing control DMSO-treated P493 cells (Figure 4H). These
results together with the cell-cycle and BrdU incorporation stud-
ies indicate that BPTES caused DNA replication arrest, cell death,
and fragmentation of P493 cells.

Because BPTES profoundly affected cell growth through
inhibiting DNA replication, we used the P493 B cell lymphoma
model to determine whether the effects of BPTES in vitro and
in vivo resulted from off-target effects (9). Using lentiviruses
expressing the V5-tagged GAC forms of GLS, we created stable
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Figure 5. On-target inhibition of GLS by BPTES in vitro. (A) Western blot
of V5-GLS and V5-GLS K325A expression in P493 cell lines. GLS, anti-GLS
Ab; V5, anti-V5 tag Ab; Tub, anti-tubulin Ab. (B) Effects of 5 uM and

10 uM BPTES on the growth of the P493 parent cell line in vitro. P < 0.001.
(€) Overexpression of V5-GLS does not rescue 5 uM or 10 uM BPTES
inhibition of P493 growth in vitro. P < 0.001. (D) Overexpression of V5-GLS
K325A strongly rescues 5 uM or 10 uM BPTES inhibition of P493 growth in
vitro. P < 0.001. (E) 5 uM and 2 uM BPTES similarly inhibit P493 growth in
vitro. 2 uM vs. 5 uM, P = 0.91. (F) V5-GLS overexpression partially rescues
P433 growth at 2 uM BPTES but not at 5 uM BPTES in vitro, 2 uM vs. 5 pM,
P =0.02. Values are shown as mean + SD. Student’s t test was used.

P493 cell lines overexpressing either wild-type V5-GLS or the
BPTES-resistant V5-GLS-K325A mutant (ref. 24 and Figure 5A).
We observed that the P493 V5-GLS-K325A cell line resisted
BPTES while the P493 parental and P493 V5-GLS cell growth
rates were inhibited by 5 uM and 10 uM BPTES, respectively (Fig-
ure 5, B-D). These biological effects are consistent with our bio-
chemical findings of the inhibitory effects of BPTES on various
forms of engineered cellular GLS. When compared with GLS or
V5-GLS, the glutaminase activity from the V5-GLS-K325A cells
was most resistant to BPTES (Supplemental Figure 7, A-C). We
observed similar biological effects of BPTES using PC-3 prostate
cancer cells overexpressing V5-GLS or V5-GLS-K325A (Supple-
mental Figure 7, D-F), suggesting that the rescue by the mutant
GLS-K325A is not a cell line-specific effect. We also tested the
clinical candidate drug CB-839 and found that the GLS K325A-
expressing PC3 cell line was more resistant to CB-839 treatment
as compared with control PC-3 cells (Supplemental Figure 7G).
Collectively, these results indicate that BPTES- and CB-839-
mediated growth inhibition are on target.

To further determine the target specificity of BPTES, we tested
the ability of the overexpressed wild-type V5-GLS to decrease the
sensitivity of P493 cells to intermediate doses of BPTES, because
high target protein levels in cells have been shown to increase the
IC,, of drugs (47). While both P493 and P493 V5-GLS had similarly
diminished proliferation at 5 uM BPTES (Figure 5, E and F), both
proliferated rapidly when exposed to DMSO vehicle control. At 2
uM BPTES, however, the P493 V5-GLS cell line proliferated mark-
edly more than the parental P493 cell line, suggesting that GLS
protein levels can affect BPTES sensitivity in vitro. Similarly, over-
expression of V5-GLS shifted the dose-response curve in CB-839-
treated PC-3 prostate cancer cells (Supplemental Figure 7G).
These observations also attest to an on-target effect of BPTES and
CB-839, because an increase in target protein levels can increase
the IC, . Further, we found that neither BPTES nor CB-839 pro-
foundly affected the activation of normal T lymphocytes as com-
pared with metformin treatment (Supplemental Figure 8), support-
ing the lack of obvious side effects seen in BPTES-treated mice.

On-target inhibition of GLS by BPTES in vivo. To determine
the effects of GLS overexpression in vivo, xenografts of the P493,
P493-V5-GLS, or P493-V5-GLS-K325A cell lines were grown in
athymic nude mice. When the xenografts reached approximately
100 mm?, the mice were treated with BPTES every 3 days and
tumor sizes were measured. BPTES reduced the growth of P493
xenografts by approximately 50% over a 10-day treatment period
(Figure 6A), as we have previously reported (9). BPTES, however,
did not inhibit the growth of P493 xenografts overexpressing wild-
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type V5-GLS or the BPTES-resistant mutant V5-GLS K325A (Fig-
ure 6, Band C). Metabolic analysis of the parental P493 xenografts
showed that BPTES treatment elevated tumor glutamine levels
(P<0.001, Figure 6D) and decreased glutamate levels as expected
with glutaminase inhibition (P = 0.001; Figure 6D). Further, the
mutant V5-GLS K325A tumors treated with BPTES continued to
have reduced glutamine and elevated glutamate levels, reflecting
uninhibited GLS activity (Figure 6E). These observations collec-
tively suggest that the lower levels of BPTES, which were likely
achieved in vivo, could only inhibit the parental P493 xenografts,
but were not sufficient to inhibit those overexpressing either wild-
type or mutant GLS. These findings further underscore the on-
target effect of BPTES, particularly in vivo.

Antisense morpholino targeting of GLS diminishes in vivo cell-auton-
omous tumorigenesis. To further corroborate the requirement of GLS
for in vivo P493 lymphomagenesis, we sought to inhibit GLS expres-
sion through Vivo-Morpholino-mediated targeting of gene expres-
sion. Vivo-Morpholinos, which are octaguanidine-modified anti-
sense oligonucleotides capable of altering pre-mRNA processing in
vivo (48), have been used in human cell line-derived xenografts (49).
We designed a human GLS pre-mRNA targeting Vivo-Morpholino,
which binds to the exon 4-intron 5 junction, blocks junction complex
binding to the exon 4 splice donor, and causes exon 4 skipping. Skip-
ping of exon 4 puts GLS out of frame, causing an exon 5 premature
truncation codon, which triggers nonsense-mediated decay (NMD)
of the frame-shifted GLS mRNA (Figure 7A). We termed this Vivo-
Morpholino “NMD-VMorph” and the accompanying standard con-
trol (nontargeting) Vivo-Morpholino “Cont-VMorph.”

Treating the P493 cells with NMD-VMorph caused an
approximately 60% reduction in GLS mRNA level (Figure 7B)
and a corresponding reduction of GLS protein level compared
with treatment with Cont-VMorph (Figure 7C). Additionally, the
NMD-VMorph-treated P493 cells showed a decrease in glutamin-
ase activity compared with P493 cells treated with Cont-VMorph
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(Figure 7D). Consistent with the role of glutaminase in glutathione
production, NMD-VMorph treatment also increased ROS in P493
cells, as evaluated by DCFDA flow cytometry (Figure 7E). Impor-
tantly, P493 cells treated with NMD-VMorph had significantly
diminished proliferation as compared with P493 cells treated
with Cont-VMorph (Figure 7F). To corroborate that the NMD-
VMorph’s target was GLS, we performed rescue experiments with
oxaloacetate, a TCA cycle intermediate derived from glutamine,
and N-acetylcysteine (NAC), which titrates ROS and substitutes
for diminished glutamate-dependent glutathione synthesis. Con-
sistent with our previous observation of GLS knockdown in P493
cells (13), oxaloacetate and NAC were able to rescue growth (Fig-
ure 7F), supporting the hypothesis that NMD-VMorph diminished
the contribution of glutamine to the TCA intermediates and to
glutathione synthesis.

It is noteworthy that the NMD-VMorph does not target
mouse Gls mRNA due to mismatches with the targeted human
sequence (Figure 7G). We confirmed in mouse mHCC 3-4 cells
that the human NMD-VMorph did not affect mouse GLS protein
levels (Figure 7C). P493 xenografts (~100 mm?®) were treated by
subcutaneous injection every other day for 13 days with vehicle
PBS control (n = 5), Cont-VMorph (n = 6), or GLS NMD-VMorph
(n = 6). PBS- or Cont-VMorph-treated P493 xenografts showed
similar growth, with tumor volume increasing approximately 6- to
7-fold over 13 days (Figure 7H). In contrast, NMD-VMorph-treated
P493 xenografts showed a drastic reduction in tumor growth with
signs of tumor regression (Figure 7H). Similar results were found
with larger P493 xenografts (~200 mm?; Figure 7I). To confirm the
in vivo effect of the NMD-VMorph, we immunostained for GLS
levels in P493 xenografts (Figure 7J), which showed reduced GLS
staining when compared with Cont-VMorph-treated xenografts.
These experiments indicate that cell-autonomous reduction of
P493 GLS levels with a human-specific Vivo-Morpholino in mice
was sufficient for an antitumor effect.
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Figure 7. Anti-GLS Vivo-Morpholino inhibits xenograft growth cell autonomously. (A) The GLS NMD Vivo-Morpholino (red bar) caused skipping of human
GLS exon 4, resulting in a premature truncation codon (PTC) in exon 5. (B) 2 uM GLS NMD Vivo-Morpholino (Vivo-Mo) reduced GLS mRNA in P493 cells.
Data are shown as mean + SEM. n = 3. (C) 10 uM GLS NMD Vivo-Morpholino reduced GLS protein in human P493 cells but not mouse GLS in mHCC 3-4
cells. (D) 2 uM GLS NMD Vivo-Morpholino decreased glutaminase activity in P493 cells. P = 0.01. (E) GLS knockdown in P493 increased ROS as indicated

by increased DCFDA staining. (F) 2 uM GLS NMD Vivo-Morpholino inhibited growth of P493 cells in vitro versus standard control morpholino. Growth is
rescued with a combination of TCA cycle intermediate oxaloacetate (OAA) and the antioxidant NAC. Data are shown as mean + SD. n = 3. GLS NMD Vivo-
Morpholino vs. GLS NMD Vivo-Morpholino OAA + Nac, P < 0.01. (G) Mismatch between human and mouse sequence provides species specificity for human
GLS NMD Vivo-Morpholino (exon, underlined; intron, not underlined). (H and I) The GLS NMD Vivo-Morpholino slowed growth of P493 xenografts when
treatment was begun at a xenograft volume of (H) 100 mm? (PBS and standard control, n = 5; GLS NMD, n = 6) or (H or 1) 200 mm? (PBS, n = 5; standard
control, n = 4; GLS NMD Vivo-Morpholino, n = 6). SD of replicates. GLS NMD versus standard control final day for G and H. P < 0.01. (J) GLS IHC of P493
xenografts treated with GLS NMD or standard control Vivo-Morpholino shows reduced GLS staining in GLS NMD Vivo-Morpholino-treated xenografts.

Original magnification, x100. Student’s t test was used.

We further studied the specificity of the NMD Vivo-Morpho-
lino targeting human GLS with a mouse-specific Gls targeting
Vivo-Morpholino (termed mGls-NMD). By binding to the exon 1-
intron 1 boundary of the mouse Gis, the mGls NMD caused the
retention of intron 1, resulting in NMD (Supplemental Figure 9A).

Treatment of mHCC 3-4 cells with mGls-NMD Vivo-Morpholino
decreased levels of GIs mRNA and protein (Supplemental Figure 9,
B and C). Of the 25 bases in mGls NMD Vivo-Morpholino, 7 were
mismatched with the homologous human sequence (Supplemental
Figure 9D). Treatment of human P493 cells with 5 uM mGls-NMD
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did not decrease human GLS protein (Supplemental Figure 9E),
and treatment by subcutaneous injections did not inhibit growth of
human P493 xenografts (Supplemental Figure 9F). These observa-
tions further indicate that inhibition of the human tumor GLS in
a cell-autonomous fashion is sufficient to diminish tumorigenesis.

Discussion

The in vivo and in vitro results of this work with MYC-inducible
liver and lymphoma cancer models support the feasibility of using
glutaminase inhibition as a therapeutic strategy. We addressed
whether glutaminase, Gs, is required for a MYC-inducible trans-
genic model of liver cancer. We found that a 50% GIs allelic loss
slowed liver tumorigenesis, indicating that GIs participated in
tumorigenesis. This observation was further corroborated by phar-
macological inhibition of GLS with the tool compound BPTES,
which significantly (P < 0.0001) prolonged the survival of treated
animals without obvious side effects.

The means by which BPTES inhibited growth was delineat-
ed through a time series experiment after MYC activation with
BPTES-treated P493 cells. These studies document that BPTES
caused a delay in G,-S cell-cycle transition and subsequent DNA
replication arrest, cell death, and fragmentation. These findings
are consistent with reports that Ras-transformed cells are also
dependent on glutamine and glutaminase, such that glutamine
deprivation caused DNA replication arrest (50-52). The effect of
BPTES inhibition or glutamine withdrawal on DNA replication
is consistent with the biochemical role of glutamine in de novo
aspartate synthesis, required for pyrimidine biosynthesis. Using
BC-labeled glutamine for metabolic studies of P493 cells, we have
found that glutamine provided the bulk of de novo aspartate syn-
thesis that was mostly used for production of pyrimidine nucleo-
tides (T.W. Fan et al., unpublished observations). These findings
are compatible with the role of GLS in nucleotide synthesis, such
that GLS inhibition would result in DNA replication arrest and
subsequent cell death as we document in this report. Because the
DNA replication damage response requires PARP activation and
NAD" for repair, our mechanistic studies with BPTES also pro-
vide the foundation for future studies on combination therapies.
We surmise that the combination of BPTES or CB-839 with PARP
inhibitors or inhibitors of NAMPT, which participates in NAD*
synthesis, would have synergistic antitumor effects.

We addressed in this study whether the antitumorigenic
effect of BPTES depended on its on-target GLS inhibitory activ-
ity or off-target effects. While previous studies suggest that target-
ing glutamine metabolism could have a positive therapeutic out-
come, whether the possible inhibition of host GLS could diminish
tumorigenesis was not addressed. For example, it is possible that
host neovascular or immune cells could depend on glutaminase
and systemic treatment targeting GLS could have antiangio-
genic or immunomodulatory effects. We provide evidence that
cell-autonomous inhibition of glutaminase is sufficient to inhibit
tumorigenesis without invoking the potential effects of inhibitors
on the tumor microenvironment. We also found that BPTES or
CB-839 did not blunt T cell activation compared with metformin
treatment. Further, rescue experiments using a BPTES inhibi-
tion-resistant GLS mutant provide evidence that BPTES is indeed
a specific inhibitor and that its effects in vitro and in vivo are on
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target. The use of Vivo-Morpholinos specific for human glutamin-
ase further corroborates that inhibition of tumor GLS is sufficient
for a therapeutic effect. This was underscored by the finding that
amouse-specific GLS Vivo-Morpholino did not inhibit the growth
of a human tumor xenograft. Our data also suggest that, in addi-
tion to small molecule inhibition of GLS, the use of morpholinos
provided additional evidence for the requirement of GLS in P493
tumor xenograft growth.

Although BPTES is an effective tool compound for study-
ing GLS, efforts have now yielded a new, more potent allosteric
inhibitor of GLS, CB-839, that is being tested clinically (16). The
challenge now lies in the ability to predict which tumors would
respond to glutaminase inhibition and which combination therapy
should be used in specific types of cancers (53). Previous work
suggests that the presence of glutamine synthetase in breast can-
cers predicts independence from glutamine addiction and, hence,
these tumors are not expected to respond to glutaminase inhibi-
tion (19). To date, triple-negative breast cancers have the features
that suggest sensitivity to GLS inhibition (16). Further, a recent
study, which requires validation, suggests that a subset of estrogen
receptor-negative breast cancers with elevated MYC expression
produced high levels of the oncometabolite 2-hydroxyglutarate
(2HG) in a glutamine-dependent fashion (54). Since BPTES was
demonstrated to inhibit the growth of an engineered gliomas cell
line with a mutant isocitrate dehydrogenase (IDH), which pro-
duces 2HG in a glutamine-dependent fashion, 2HG could serve
as a biomarker for this subset of breast cancers (55, 56). Several
hematological malignancies, including multiple myeloma, are
also expected to be responsive to GLS inhibition due to the preva-
lent role of MYC in their pathogenesis (7, 57, 58). In fact, myeloma
may depend on GLS, since low circulating glutamine levels mea-
sured before therapy return to normal after standard treatment
(59). With the emergence of new chemical GLS inhibitors heading
for clinical use, our foundational study paves the way for explor-
ing whether inhibition of GLS alone or in combination with other
therapies will prove to be useful clinically.

Methods

Cell culture. PC-3 and P493 cells were maintained in RPMI 1640 with
10% FBS and penicillin/streptomycin. mHCC 3-4 cells were main-
tained in DMEM high glucose, 10% FBS with sodium pyruvate, non-
essential amino acids, and glutamine supplementation. Cells were
counted using a hemocytometer.

Stable P493 cell line production. pCDNA3.1 V5-GLS and pCD-
NA3.1 V5-GLS K325A (mutagenized with hGAC.K325A F-5-GTG
GACTAAGATTCAACGCACTATTTTTGAATGAAG-3' and hGAC.
K325A R-5-CTTCATTCAAAAATAGTGCGTTGAATCTTAGTCC
AC-3') vectors were obtained as a gift from Andre Ambrosio (Labo-
ratorios Nacionais de Biociéncias, Centro Nacional de Pesquisa em
Energia e Materiais, Campinas, Brazil) and Sandra Gomes (Labo-
ratorios Nacionais de Biociéncias) (24). The CMV promoter-GLS
coding sequence and polyadenylation site were amplified using the
primers F-5-GATCCAGTTTGGTTAATTAATGCTTAGGGTTAGG
CGTTTT-3' and R-5’GCCGCTGCACCCTTAATTAAGGTTCTTT
CCGCCTCAGAAG-3'. The CMV promoter-GLS coding sequence-
polyadenylation site was cloned into the PacI site of the FUGW lenti-
viral (60) vector using the In-fusion HD Cloning Kit (Clontech). The
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vectors were confirmed by sequencing. FUGW V5-GLS and FUGW
V5-GLS K325A vectors were used to make lentivirus using stan-
dard protocols in 293T cells using the pMD2.G and psPAX2 vectors.
FUGW-V5 GLS or FUGW V5-GLS K325A virus was added to P493 or
PC-3 cells with polybrene for 24 hours, as previously described (61).
Cells were expanded, and then GFP-positive cells were isolated by
fluorescence-activated cell sorting (FACS). Transgene expression
was confirmed with Western blot for the V5 tag using an anti-V5 Ab
(Invitrogen) and an anti-GLS Ab (GTX81012, GeneTex).

Transgenic mice: LAP/MYC model. LAP-tTA/TRE-MYC (herein
termed LAP/MYC; FVB/N background) transgenic mice that condi-
tionally express human MYC ¢cDNA in hepatocytes (40, 41) were used
to generate mice with primary liver tumors. As TRE-MYC is integrated
in the Y chromosome, TRE-MYC male mice were crossed with female
mice carrying LAP-tTA, whereby the tTA express is driven in the liver
by LAP. Mice possessing both LAP-tTA and TRE-MYC ectopically
express MYC in the liver, while LAB/MYC mice treated with doxycy-
cline or lacking 1 of the transgenes fail to express MYC. MYC expres-
sion was induced by removing doxycycline (100 pg/ml) from the
drinking water of mice.

Transgenic mice: Gls mutant. Previously described GIs mutant mice
(44) were maintained on the 129SvEv x C57BL/6] background. Mice
were genotyped using the 3-primer strategy as previously described (44).

LAP/MYC: Gls*/~ murine survival study. LAP/MYC mice (40, 41)
were crossed with heterozygous Gls null mice (44). Male animals were
genotyped to identify those carrying the desired combination. Mice
were designated LAP/MYC:Gls**, LAP/MYC:GIs*~, or wild type by
genotyping and were tracked for survival (44). MYC was induced by
doxycycline removal at 1 week after birth.

BPTES treatment of mouse HCC model. MYC expression was
induced in LAB/MYC mice by doxycycline removal on the day of birth.
LAP/MYC mice were randomly assigned to the BPTES or vehicle treat-
ment group. Intraperitoneal injections (12.5 mg/kg body weight every
3days) of BPTES or vehicle control (10% DMSO in 200 pl of PBS every
3 days) were initiated 3 weeks after birth.

BPTES treatment of tumor xenografts. P493 cells (2 x 107) were
injected subcutaneously into the flank of athymic nude mice (Charles
River Laboratories). When the tumor volumes reached approximately
100 mm?, intraperitoneal 0.2 ml injections of BPTES (200 pg) or vehi-
cle control (10% DMSO in PBS) were initiated and carried out every 3
days for 10 days. The tumor volumes were measured using digital cali-
pers every 3 days and calculated using the following formula: length
(mm) x width (mm) x width (mm) x 0.52.

Vivo-Morpholino design. The human GLS mRNA was analyzed for
which exons would trigger NMD if skipped, with exon 4 being a can-
didate for triggering NMD. The exon 4-intron boundaries were sub-
mitted to the Gene Tools design service for morpholino design (http://
www.gene-tools.com/). The GLS NMD Vivo-Morpholino sequence
is 5-ACATCAAAAGCATTACCTTTCCTCC-3'. The standard control
nontargeting Vivo-Morpholino is the sequence designed and pub-
lished by Gene Tools (CCTCTTACCTCAGTTACAATTTATA). The
exon 1-intron 1 mouse boundary was submitted to Gene Tools design
service for morpholino design. The mouse G/s NMD Vivo-Morpholino
sequence is 5-GCCTCACCCACGCAACTCACTTGTC-3'.

Vivo-Morpholino treatment of nude mice with xenografts. Athymic
nude mice (Charles River Laboratories) subcutaneously inoculated
with P493 lymphoma cells as described above were allowed to form
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tumors with an average volume of approximately 100 or 200 mm?
before therapy was initiated. To test the therapeutic efficacy of Gls
gene silencing, we randomly sorted mice bearing P493 tumors into 3
groups (n = 4-6 mice per group). Knockdown of human GLS gene was
carried out with the GLS NMD Vivo-Morpholino obtained from Gene
Tools. Equal volumes (60 pl) of PBS and standard control (nontarget-
ing) Vivo-Morpholino (Gene Tools) were used as negative controls.
Vivo-Morpholino or vehicle (PBS) was injected subcutaneously next
to (~0.1to 0.5 cm from the tumor), but not into, the xenografts every
other day for 11 to 13 days. The tumor volumes were measured using
digital calipers every other day and calculated using the following
formula: length (mm) x width (mm) x width (mm) x 0.52. Complete
regression was defined as absence of palpable tumor.

qPCR analysis of mouse tissue. RNA was extracted from liver tumor
or surrounding nontumor liver from LAP/MYC mice using the RNeasy
Plus Mini-Kit (QIAGEN). RNA was reverse transcribed into cDNA
with Superscript ITI Reverse Transcriptase Kit with random hexamers.
Expression was analyzed using predesigned IDT PrimeTime primer/
probe assays for mouse Gls, Gls2, and Actb using ABI TagMan Gene
expression master mix. Predesigned IDT PrimeTime primer/probe
assay IDs were as follows: mouse Gls Mm.PT.45.6877164; mouse GIs2
Mm.PT.45.16450030.g; and mouse ActB Mm.PT.45.9990212.g.

Mouse tissue IHC. Mouse IHC was performed essentially as
described above. The slides were exposed to GLS2 Ab HPA038608
(Sigma-Aldrich; 1:100), GLS Ab ab156876 (Abcam; 1:100), anti-Ki67
Ab (ab16667), or the MYC Ab ab32072 (Abcam; 1:200).

CT imaging. CT images were acquired on an X-SPECT small ani-
mal SPECT/CT system (Gamma Medica-Ideas). Mice were induced
and maintained with 3% and 1.5% isoflurane (v/v), respectively. Data
were analyzed using Image] software (http://imagej.nih.gov/ij/).
For estimation of abdominal girth as a measure of tumor load, the
maximum abdominal width was divided by the length of the abdo-
men (defined as the top of the pelvis to the bottom of the sternum).
Abdominal girth and abdomen length measurements were performed
with genotypes blinded from the analyzer.

Hematology. Blood samples from BALB/c mice treated for 2 weeks
with BPTES (12.5 mg/kg body weight every 3 days) or vehicle (10%
DMSO in 200 pl of PBS every 3 days) were analyzed using the Hema-
vet 950FS hematology system (Drew Scientific) using the mouse key.

Toxicity study. After a 14-day quarantine period, BALB/c mice were
assigned at random to 2 groups. The study included a treatment group
(12.5 mg/kg body weight every 3 days) and a control group (10% DMSO
in 200 pl of PBS every 3 days). Mice were treated for 10 days (4 injections
on days 1, 4, 7, and 10). Observations were made twice daily for clinical
signs of pharmacologic and toxicologic effects of the BPTES. Histopath-
ologic evaluation of brain, heart, skeletal muscle, lung, and kidney was
done by a pathologist without any animal group information.

Liver, tumor, or xenograft glutamine/glutamate measurements. Xeno-
grafts, liver, or tumors from anesthetized mice were frozen using a lig-
uid nitrogen cold clamp. Tumors were weighed and dissected without
thawing, and metabolites were extracted with 80/20 cold methanol/
water, with the volume of methanol/water 15 or more times the vol-
ume of the tumor (0.2-1 g); the extracts were cleared by centrifuga-
tion, evaporated with a nitrogen evaporator, and then lyophilized.
Metabolites were resuspended in 1 ml or less PBS and analyzed on a
YSI 7100 analyzer. Concentration values were derived from metabo-
lite standard curves, corrected for the volume of PBS used for resus-
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pension, and then divided by the tissue wet weight to obtain a surro-
gate value for tissue metabolite concentration.

RNA analysis of human samples. Pairs of freshly snap-frozen
human HCC and adjacent normal tissues (n = 18) were collected and
histopathologically diagnosed at the First Affiliated Hospital of Sun
Yat-sen University. The qPCR analysis was performed essentially as
described above with the following primers: GLS F-TCTACAGGATT-
GCGAACGTCT; GLS R-CTTTGTCTAGCATGACACCATCT; GLS2
F-TCTCTTCCGAAAGTGTGTGAGC; GLS2 R-CCGTGAACTCCT-
CAAAATCAGG; C-MYC F-AACGATTCCTTCTAACAG; and C-MYC
R-GGCTAAATCTTTCAGTCT.

Human tissue IHC. The tumors and paired adjacent nontumorous
tissues from 15 HCC patients were obtained from the National Can-
cer Centre Singapore Tissue Repository. Abs used for IHC were GLS2
Ab HPAO038608 (Sigma-Aldrich) and GLS Ab ab156876 (Abcam).
The tissue specimens were deparaffinized with xylene, dehydrated in
alcohol, boiled in antigen retrieval buffer (Vector Labs, low pH), and
treated with hydrogen peroxide for 5 minutes before incubation with
primary Ab overnight at 4°C. Concentrations of Abs used were as fol-
lows: anti-GLS: 1:50; anti-GLS2: 1:200. The isotype control rabbit IgG
(I-1000, Vector Labs) showed no positive staining. Semiquantitative
scoring of IHC was performed by a pathologist using the O, 1+, 2+, and
3+ system. Heterogeneity of randomly selected microscopic fields
was scored by estimated percentage of the tissue section staining at
various levels. Overall scoring was determined by weighted average in
samples with staining heterogeneity.

Cytospin methods. P493 cells were cytospun onto the slides
through SS-215 Dual Sample Chambers with Fast Cytopads (Wescor)
in a 7620 Cytopro Cytocentrifuge Centrifuge (Wescor) at 212 g for 7
minutes. The slides were stained with H&E.

Primary human T cell proliferative analysis. Primary human T
lymphocytes were cultured in RPMI 1640 (Gibco; Life Technolo-
gies) supplemented with 10% FBS (HyClone), 10 mM HEPES, 2 mM
L-glutamine, 10 U/ml penicillin G, and 100 pg/ml streptomycin. T
cells were activated with 4.5 pm microbeads containing immobilized
anti-human CD3 and anti-human CD28 (Gibco; Life Technologies) at
a ratio of 3 beads to 1 cell. After 72 hours of stimulation in the pres-
ence of either DMSO or BPTES (10 uM), T cells were counted by flow
cytometry using CountBright Beads (BD Biosciences), Via-Probe
(BD Biosciences), and mAbs to human CD4/CDS8. Cell volume was
assayed using a Multisizer I1I particle counter (Beckman-Coulter).

Indirect coating of tissue culture surfaces with Abs for T cell stimula-
tion. Twelve-well tissue culture plates were treated with 10 pg/ml goat
anti-mouse IgG (Cappel) overnight at 4°C. The plates were then rinsed
3 times with PBS, and a blocking buffer containing 5% BSA in PBS was
applied for 1 hour. After a series of washes, the plates were incubated
with 5 pg/ml of Okt3 (BioLegend) for 2 hours. Following a final series
of washes, T cells were seeded at 1 x 10° cells/well and supplemented
with soluble 9.3 (Bio-X-Cell). Additionally, T cells were treated with
either DMSO or BPTES (10 uM). After 72 hours, T cells were counted
by flow cytometry using CountBright Beads (BD Biosciences) and
Viaprobe (BD Biosciences). Cell volume was assayed using a Multi-
sizer 111 particle counter (Beckman-Coulter).

ROS staining. Intracellular ROS staining was performed by incu-
bating cells with 5-(and-6)-carboxy-2',7"-dichlorodihydrofluorescein
diacetate (carboxy-H2DCFDA; Molecular Probes) at 37°C for 20
minutes; cells were washed in PBS according to the manufacturer’s
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instructions. To quantify the ROS level, the fluorescence intensity in
the cells was detected by FACScan flow cytometers (BD Bioscience).

Glutaminase activity. Glutaminase activity measurements in P493
B cells were adapted from previously described protocols (62).

CB-839 preparation. CB-839 was a gift from Calithera BioSciences
(16). CB-839 doses were made by serial dilutions in DMSO, with all
CB-839 experiments carried out with 0.1% DMSO in media.

Flow cytometry. P493 cells were treated with Tet for 24 hours. They
were then exposed to BPTES or DMSO and released from Tet to induce
MYC. The cells were collected at various time points for cell-cycle and
BrdU incorporation studies. For cell-cycle distribution, after treatment
with BPTES or DMSO, P493 cells were harvested by centrifugation
and washed with PBS. Cells were stained with propidium iodide after
fixation with 70% ethanol at 4°C overnight. Labeled cells were washed
with PBS and then analyzed on a BD FACSCalibur platform (Bioscienc-
es). CellQuest Pro software was used for data acquisition and evalua-
tion. For the cell proliferation assay, the staining protocol from the BD
Biosciences — Pharmingen BrdU Flow Kits instruction manual was fol-
lowed. P493 cells were treated with either BPTES or DMSO and pulsed
with BrdU for 1 hour; this was followed by staining with anti-BrdU FITC
and 7-AAD. BrdU FITC-A versus DNA 7-AAD dot plots with gates for
different cell-cycle phases were generated with BD CellQuest Pro soft-
ware on a Mac. FlowJo software was used for the reanalysis of data. For
each experiment, 100,000 events per sample were recorded.

Western blot analysis. Cell pellets were harvested in M-PER
reagent with phosphatase and protease inhibitors (Pierce) after wash-
ing with PBS. The protein concentration of lysates was determined by
BCA assay (Pierce), and approximately 60 pg of protein per well was
separated by SDS/PAGE and transferred by iBlot gel transfer stacks
(Invitrogen). The membrane was probed with rabbit anti-cyclin B1
AD (ab2949), anti-cyclin E1 Ab (ab3927), PARP Ab (sc-25780), and
anti-yH2AX (ab11174); this was followed by peroxidase-conjugated
anti-rabbit Ab (1:8000 dilution, Pierce). Blots were reprobed with
mouse anti-a-tubulin to confirm equal protein loading. LI-COR Odys-
sey CLX infrared imaging system (LI-COR Biosciences) was used for
detection. GLS Western blots were performed essentially as described
above using Ab GTX81012 (GeneTex).

Statistics. Values are shown as mean * SD. Data were analyzed
using Student’s 2-tailed ¢ test, and significance was defined as P <
0.05. MedCalc was used in this project to perform survival analysis
and generate Kaplan-Meier plots.

Study approval. Human tissue collections were obtained and stud-
ied according to institutional guidelines using protocols approved by
the Partners (Singapore General Hospital and National Cancer Centre,
Singapore) Human Research Committee or the Institutional Research
Ethics Committee of Sun Yat-sen University Cancer Center. Writ-
ten, informed consent was obtained from study participants. Tumors
and paired adjacent nontumorous tissues from 15 HCC patients were
obtained from the National Cancer Centre Singapore Tissue Reposi-
tory with prior approval from the SingHealth Centralized IRB (Sing-
Health CIRB no: 2008/440/B). Primary human T lymphocytes were
obtained under approval by the University of Pennsylvania Institution-
al Review Board. All mouse experiments were carried out according to
the NIH’s Guide for the Care and Use of Laboratory Animals (8th ed. The
National Academies Press. 2011.), and protocols were approved by the
Animal Care and Use Committees at the University of Pennsylvania
and Johns Hopkins University.
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