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Abstract
Background.  Metabolic reprogramming is a common feature in cancer, and it is critical to facilitate cancer cell 
growth. Isocitrate Dehydrogenase 1/2 (IDH1 and IDH2) mutations (IDHmut) are the most common genetic alteration 
in glioma grade II and III and secondary glioblastoma and these mutations increase reliance on glutamine metabo-
lism, suggesting a potential vulnerability. In this study, we tested the hypothesis that the brain penetrant glutamine 
antagonist prodrug JHU-083 reduces glioma cell growth.
Material and Methods. We performed cell growth, cell cycle, and protein expression in glutamine deprived or 
Glutaminase (GLS) gene silenced glioma cells. We tested the effect of JHU-083 on cell proliferation, metabolism, 
and mTOR signaling in cancer cell lines. An orthotopic IDH1R132H glioma model was used to test the efficacy of 
JHU-083 in vivo.
Results.  Glutamine deprivation and GLS gene silencing reduced glioma cell proliferation in vitro in glioma 
cells. JHU-083 reduced glioma cell growth in vitro, modulated cell metabolism, and disrupted mTOR signaling 
and downregulated Cyclin D1 protein expression, through a mechanism independent of TSC2 modulation and 
glutaminolysis. IDH1R132H isogenic cells preferentially reduced cell growth and mTOR signaling downregulation. 
In addition, guanine supplementation partially rescued IDHmut glioma cell growth, mTOR signaling, and Cyclin 
D1 protein expression in vitro. Finally, JHU-083 extended survival in an intracranial IDH1 mut glioma model and 
reduced intracranial pS6 protein expression.
Conclusion. Targeting glutamine metabolism with JHU-083 showed efficacy in preclinical models of IDHmut 
glioma and measurably decreased mTOR signaling.

Key Points

•	 The glutamine antagonist prodrug, JHU-083, inhibits glioma cell growth.

•	 Antagonizing glutamine metabolism with JHU-083 inhibits mTOR signaling.

•	 JHU-083 extends survival in an orthotopic glioma model.

Gliomas, the most frequent brain cancer, are a group of ge-
netically diverse nervous system tumors arising from glial 
cells. With decades of research and progress in surgery, radio 
and chemotherapy survival for malignant glioma patients has 
steadily increased, but only incrementally. Seminal studies 

showed that the mutually exclusive Isocitrate Dehydrogenase 
1/2 (IDH1 and IDH2) mutations are the most common genetic 
alteration in glioma (grade II and III) and IDHmut glioblastoma 
(grade IV) that normally arises via progression from the lower 
grades.1 Subsequent studies have identified IDH1/2 mutation in 

The glutamine antagonist prodrug JHU-083 slows 
malignant glioma growth and disrupts mTOR signaling
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several cancer types such as leukemia, chondrosarcomas, 
melanoma.2 Recently, World Health Organization had ad-
vanced the glioma classification according to the pres-
ence of IDHmut and grade, in addition to histological 
features.3 IDH1/2 mutation in the catalytic pocket generates 
a neomorphic enzyme, which converts αKG and NADPH to 
(R)-2hydroxyglutarate (2-HG).2 The IDHmut and the accu-
mulation of the “oncometabolite” 2-HG are associated with 
hypermethylation phenotype, called glioma CpG island 
methylator phenotype, through competitive inhibition of 
Ten-eleven Translocation enzyme and JmjC family of his-
tones deacetylases.2,4

Metabolism is altered to promote malignant growth 
and survival in many cancers and has been considered 
as a potential therapeutic target. A body of evidence dem-
onstrates that not only glucose, but also glutamine is 
an essential metabolic pathway for cancer cell growth.5 
Glutamine plays an important role in nucleotide, lipid, 
and protein synthesis, redox balance, and supports in-
creased demand for ATP. Glutamine metabolism impor-
tance is underscored by the robust efficacy afforded by 
(glutaminase) GLS inhibitors/glutamine antagonist in pre-
clinical cancer studies6–9 and a recent phase I clinical trial 
for IDH mut glioma testing GLS inhibitor (NCT03528642). 
Glutamine metabolism is controlled by several onco-
genes and tumor suppressors. In glioblastoma, activa-
tion of PI3K/AKT/mechanistic target of rapamycin (mTOR) 
signaling by EGFRvIII mutation induces high dependence 
of glutamine metabolism and treatment with mTOR and 
GLS inhibitors induced synergistic cell death.7 In addition, 
glioblastoma cells have high dependence of glutamine for 
nucleotide synthesis and lower dependence for TCA cycle 
anaplerosis in glutamine-deprived conditions, suggesting 
that GLS inhibition may not be enough to reduce glioblas-
toma growth.10 In addition, IDH1 mutant glioma cells are 
highly dependent on glutamine metabolism and are more 
responsive to GLS inhibitors/glutamine antagonists or 
GLS gene silencing.11,12

Considerable effort has been directed to the develop-
ment of metabolic inhibitors for cancer therapy. 6-diazo-5-
oxy-L-norleucin (DON) is an irreversible glutamine inhibitor 
that showed initial clinical benefit, but further trials showed 
limited clinical application due to its toxicity.6 Although 
glutamine metabolism has been shown as a potential 
target therapy in several cancer types, few studies have ad-
dressed the impact of glutamine antagonist in IDH1R132H 
mutant gliomas in vivo. Taking the advantage of DON’s 
antiproliferative properties, in this study, we explore the 

effect of a brain penetrant DON prodrug, named JHU-083, 
in a preclinical model of IDH1mut mouse model. IDHmut 
glioma reliance on glutamine metabolism has led us to 
hypothesize that targeting glutamine metabolism via JHU-
083 could reduce cell proliferation and extend survival in 
vivo for mice bearing these intracranial malignancies.

Materials and Methods

Cell Culture and Reagents

Cell culture was performed as previously described.13 
Detailed cell culture conditions, gene silencing, and re-
agents are described in the Supplementary Material 
and Methods. Glutamine antagonist JHU-083 (Ethyl 
2-(2-Amino-4-methylpentanamido)-DON) and JAM326 
(Isopropyl 2-(2-Amino-4-methylpentanamido)-DON) syn-
thesis were conducted by Redicius s.r.o (Czech Republic) as 
previously described.14 For in vitro experiments, JHU-083 
and JAM326 were diluted in HEPES buffered saline.

Cell Viability, Colony Formation, Neurosphere 
Formation Assay, and 5-Bromo-2′-Deoxyuridine 
Incorporation Assay, and Metabolites 
Quantification

Cell viability was assessed using the fluorescent 
alamarBlue cell proliferation assay (ThermoFisher 
Scientific) as instructed by the manufacturer. Briefly, single 
suspension cell or adherent viable cells were plated in 
96-well black flat-bottom plates and treated with the in-
dicated drug concentration. Fluorescence was read in 
Victor-3 automated plate reader (Perkin-Elmer), with a 
540-nm excitation/590-nm emission filter. For colony for-
mation assays, cells were treated 24  h after plating and 
media was changed every 3–4 days. Cells were incubated 
for 10–12 days until visible colonies were observed. Cells 
were washed in phosphate-burred saline (PBS), fixed in 4% 
paraformaldehyde, and stained with crystal violet 0.5%. 
Colonies were counted under a dissecting microscope. 
For neurosphere formation assay, neurospheres were dis-
sociated in single cells, plated in 96-well plates in serum-
free media with indicated drug, and neurospheres were 
counted 12–14  days after drug exposure. Luminescent 
5-bromo-2′-deoxyuridine (BrdU) incorporation assay was 
conducted according to the manufacturer’s instruction 

Importance of the Study

Gliomas are the most frequent primary brain 
malignancy and although there has been 
steady progress in improved therapy, most 
patients with a diagnosis of malignant glioma 
die of the disease. A brain penetrant glutamine 
antagonist prodrug, JHU-083, extends survival 
in an intracranial model of IDH mutant glioma. 

The mechanism of action of JHU-083 is associ-
ated with mTOR signaling downregulation and 
impairment of purine biosynthesis. This study 
provides support for targeting glutamine me-
tabolism as an effective way to slow growth or 
progression of IDH mutant malignant gliomas, 
a potentially lethal brain tumor of young adults.

https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa149#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa149#supplementary-data
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(Roche). Florescence and luminescence was read in 
Victor-3 automated plate reader (Perkin-Elmer). Metabolite 
quantification is described in the Supplementary Material 
and Methods.

Western Blot and Immunohistochemistry

Detailed Western blot and immunohistochemistry 
(IHC) procedures and antibodies are described in the 
Supplementary Material and Methods.

Animal Studies

All animal protocols and procedures were performed 
in accordance with the Johns Hopkins Animal Care and 
Use Committee Guidelines. Female athymic nude mice 
(6–8 weeks), purchased from National Cancer Institute, 
were kept in a pathogen-controlled environment with ac-
cess to food and water ad libitum. After mice adaptation 
(2 weeks) at animal facility, orthotopic glioma xenografts 
were performed as previously described.15 BT142 cells (3 × 
105) were orthotopically implanted in nude mice fixed in a 
stereotaxic frame. Mice were randomized and treatment 
was initiated 5 days after tumor implantation. JHU-083 was 
diluted in PBS immediately before treatment and admin-
istered through intraperitoneal injection until the end of 
experiment at the indicated dose and regimen. Low-dose 
JHU-083 (1.9 mg/kg) was administered 5 days/week for 3 
weeks and then 2 days/week. High-dose JHU-083 (25 mg/
kg) was administered 2  days/week. Animals were moni-
tored daily and euthanized in accordance with the Johns 
Hopkins Animal Care and Use Guidelines.

Statistical Analysis

The statistical analysis was performed using GraphPad 
Prism 8.4 (GraphPad Software Inc.). The data were ex-
pressed as mean ± SEM. Student’s t-test was used to com-
pare two means. One-way or 2-way analysis of variance 
followed by Tukey’s Multiple Comparison and Bonferroni 
post-tests were used for multiple comparisons when ap-
propriated, respectively. Log-rank (Mantel-Cox) test was 
used to analyze Kaplan–Meier survival curves. P < .05 was 
considered as statistically significant.

Results

Glutamine Is Required for Glioma Cell Growth

Complete glutamine deprivation strongly reduced colony 
numbers in glioma cells. U87 cell line was the most resistant 
cell line, reducing only by 54% in colonies number after 
complete glutamine deprivation (Figure  1A). Glutamine 
deprivation reduced glioblastoma cells proliferation in a 
dose-dependent fashion (Supplementary Figure 1A). The ef-
fect of glutamine deprivation was further characterized in a 
U251 cell line. Cell cycle analysis showed G0/G1 cell cycle 
arrest and reduction in cells in S and G2/M cell cycle phase 

with glutamine deprivation (Figure  1B). Cleaved-PARP 
was slightly increased and Cyclin D1 and phosphorylated 
4E-BP1(thr37/46) protein expression were reduced in the 
glutamine deprivation (Figure 1C). Glutamate (Glu) supple-
mentation in glutamine-deprived media restored U251 cell 
growth (Figure  1D). U251 viable cells and colony forma-
tion were partially restored with Glu supplementation in 
glutamine-deprived media (Supplementary Figure 1B and 
C). To understand specifically the impact of glutaminolysis 
in cell proliferation, we generated stable and transient GLS 
gene silencing, with 2 distinct shRNA or siRNA, respectively. 
Both stable and transient GLS gene silencing isoforms (KGA 
and glutaminase C [GAC]) slightly reduced U251 cells, com-
pared with respective transfection controls, likely due the 
preferential reduction in kidney-type glutaminase (KGA) 
isoform protein expression (Figure 1E and F).

Heterotrophic cancer cells can reciprocally control glu-
cose and glutamine consumption in vitro and this mech-
anism explains, at least in part, why some cell lines are 
resistant to glutamine deprivation. Glutamine depri-
vation did not modulate glucose analog (2-NBDG) up-
take and glucose-free media did not affect cell growth 
(Supplementary Figure 1D and E). Furthermore, glutamine-
free media supplemented with increased glucose con-
centration or cells treated with 2-deoxy-D-glucose, which 
inhibits hexokinase activity, did not have an effect on cell 
proliferation (Supplementary Figure 1F), suggesting that 
glucose metabolism alteration has limited impact in cell 
growth in this context.

Targeting Glutamine Metabolism Reduces 
Glioma Cell Growth

Variable GLS (KGA and GAC) protein expression was ob-
served in cancer cell lines (Supplementary Figure 2A). 
Gene expression analysis detected GLS1 isoforms (KGA 
and glutaminase C [GAC]), using specific primer sets, and 
GLS2 mRNA in JHH520, TS603, BT142 glioma neurospheres 
and in JHH273 xenograft tumor. We also detected stem-like 
cell markers NES and SOX2 gene expression in these cells 
(Supplementary Figure 2B). We have previously shown that 
isogenic glioblastoma cells expressing IDH1R132H mutant 
are more sensitive to GLS pharmacological inhibition or 
GLS gene silencing.11 In addition, GLS pharmacological in-
hibition preferential inhibits IDH1/2 mutant patient-derived 
AML cells proliferation in vitro.16 Therefore, we explored 
the direct effect of 2 glutamine antagonist prodrugs 
(JAM326 and JHU-083) in genetically diverse cancer cells. 
Both prodrugs showed a dose-dependent antiproliferative 
effect in all cancer cell lines tested, including IDH1wt ad-
herent serum-cultured glioblastoma cells (GL261, U251, 
D54, and U87), IDH1wt suspension serum-free glioblas-
toma cells (Br23c and JHH520), IDH1R132Hmut suspension 
serum-free glioma cells (BT142), HT1080 fibrosarcoma and 
SW1353 chondrosarcoma cells, harboring IDH1R132C and 
IDH2R132S mutations, respectively (P < .05 to P < .0001; 
Figure  2A). Reduction in neurosphere formation assay 
was observed in JHU-083-treated glioma cells (Figure 2B). 
Antiproliferative dose-dependent effect was observed in 
all cell lines exposed with both JAM326 and JHU-083 glu-
tamine antagonists in colony formation assay (Figure 2C). 

https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa149#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa149#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa149#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa149#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa149#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa149#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa149#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa149#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa149#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa149#supplementary-data
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Furthermore, we tested the effect of JHU-083 on cell pro-
liferation in 2 isogenic IDH1R132H cell lines. Heterozygous 
IDH1R132H expression in human normal astrocyte SVG 
cells17 and doxycycline-inducible IDH1R132H expression 
in D54 glioma cell line11 showed reduced cell proliferation 
when exposure to JHU-083 (Figure 2D).

JHU-083 Reduces Cell Growth Independently of 
Glutaminolysis

JHU-083 has been shown effective in several preclin-
ical cancer and central nervous system disease in vivo 
models.8,14,18 Therefore, we focused in characterizing 
the effect of JHU-083 in glioma cells. DNA synthesis 

assessed by BrdU incorporation into DNA was de-
creased with JHU-083 treatment in BT142 and Br23c cell 
lines (Figure  3A). JHU-083 treatment reduced ATP, Glu, 
and lactate in both BT142 and Br23c cells (Figure  3B). 
Glutathione was reduced in BT142 and Br23c after JHU-
083 treatment, but GSH/GSSH ratio was downregulated 
only in BT142 cells. These data showed that JHU-
083 deregulates cell metabolism in glioma cells. 
Glutaminolysis is essential to provide precursors for glu-
tathione synthesis and to sustain anaplerosis in tricar-
boxylic citric acid (TCA) cycle in cancer cells. Therefore, 
we tested if replenishing the antioxidative system or 
glutaminolysis/TCA intermediates rescued cell prolifera-
tion in the presence of JHU-083. Antioxidant compounds 
(NAC and GSH) or glutaminolysis/TCA intermediates 
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Figure 1.  Glioma cells require glutamine for cell proliferation. (A) Colony-forming assays were performed in glioma cells cultivated in glutamine-
free media. (B and C) U251 were cultivated in glutamine-free media (24 h) and cell cycle and protein expression were analyzed. (D) U251 cell growth 
cultivated in glutamine-free media supplemented with Glu. (E and F) Constitutive and transient shRNA and siRNA-mediated GLS silencing, respec-
tively. GLS protein expression was analyzed by Western blot. Cell viability was conducted over 7 days (shRNA) or 3 days after transfection (siRNA). 
*P < .05; **P < .01; ***P < .001; ****P < .0001 versus Control. Gln: glutamine. Glu: glutamate. siNT: small interfering Non-target control. Gln (+): gluta-
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(Glu and DM-αKG) did not restore BT142 cell prolifer-
ation in the presence of JHU-083 (Figure 3C). GSH and 
Glu moderately rescue cell proliferation in U251 cell in 
glutamine-deprived media (Supplementary Figure 3C). 
To test if the oncometabolite 2HG is essential for JHU-
083 antiproliferative effect, we treated BT142 IDH1R132H 
mutant cells with the IDH1R132H inhibitor, AGI-5198, in 
combination with JHU-083. The combination of JHU-
083 with AGI-5198 did not further modulate cell growth 
in BT142 cells. Additionally, it has been shown that 
targeting glutamine metabolism activates autophagy. 
Therefore, we used Chloroquine, a late-stage autophagy 
inhibitor, in combination with JHU-083. Chloroquine 
treatment did not further modulate cell proliferation in 
the presence of JHU-083 (Figure 3C). Finally, nonessen-
tial amino acids (in combination or in high concentration 
individually) did not restore cell proliferation reduction 
induced by JHU-083 (Supplementary Figure 3A and B).

JHU-083 Disrupts mTOR Signaling Pathway and 
Reduces Cyclin D1 Expression

mTOR is a serine/threonine kinase highly conserved 
among species and functions in 2 structural distinct pro-
tein complexes, named mTORC1 and mTORC2. mTORC1 

integrates growth factor signaling and nutrient levels, 
acting as an intracellular nutrient sensor, while mTORC2 
phosphorylate AGC kinases, such as AKT(ser473), in re-
sponse to growth factors. The best characterized down-
stream effectors of mTORC1 are p70 S6 kinase and 
eukaryotic initiation factor (eIF)4E-binding protein (4E-
BP), and pAKT(ser473) for mTORC2. These mTOR down-
stream pathways have been implicated in brain cancers.19 
The interaction between glutamine metabolism and 
mTOR signaling is mediated by αKG generated from 
glutaminolysis and it supports mTORC1 lysosomal trans-
location and activation.20 The observation that JHU-083 
reduced Glu levels representing a potential regulation of 
mTOR signaling through glutaminolysis.

To further explore the impact of JHU-083 in signaling 
pathways associated with glutamine metabolism, cancer 
cell lines and SVG (wt/wt) and SVG (wt/IDH1R132H) 
were treated with JHU-083. Cyclin D1 protein expres-
sion was reduced and correlated with pS6(Ser235/236) 
downregulation in 5 of 7 cancer cell lines treated 
with JHU-083. pAKT(ser473) expression were slightly 
downregulated in some cell lines. SVG (wt/IDH1R132H) 
showed preferential reduction in pS6(Ser235/236) and 
Cyclin D1 when compared with SVG (wt/wt) (Figure  4A). 
Time-course JHU-083 treatment showed consistent Cyclin 
D1, pS6(ser235/236), 4E-BP(thr37/46) protein expression 
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Figure 3.  JHU-083 reduces cell growth independently of glutaminolysis. (A) BrdU incorporation into DNA was analyzed in glioma cells treated with 
JHU-083 (24 h). (B) ATP, Gln, Glu, glutathione, GSH/GSSH ratio, and lactate levels were determined in glioma cells treated with JHU-083 (24 h). (C) 
Cell viability were performed in BT142 treated with JHU-083 in combination with NAC (4 mM), GSH (4 mM), Glu (4 mM), DM-αKG (10 mM), AGI-5198 
(1 µM), and Chloroquine (20 µM) for 72 h. AGI: AGI-5198. Chlo: Chloroquine. *P < .05; **P < .01; ***P < .001; ****P < .0001 versus Control.
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reduction, and a slight decrease in pAKT(ser473) expres-
sion in BT142 cells (Figure  4B). JAM326 showed similar 
reduction in pS6(ser235/236) protein expression in BT142 
cells (Supplementary Figure 4A). Cells cultivated in media 
supplemented with Glu did not rescue pS6(ser235/236) 
and Cyclin D1 downregulation induced by JHU-083 
(Supplementary Figure 4B). Dose-dependent reduction 
was observed in Cyclin D1, pS6(ser235/236), but SVG 
(wt/IDH1R132H) preferentially reduced those proteins 
when compared with parental cells. pAKT(ser473) protein 
expression was consistently reduced in BT142 (Figure 4C). 
In addition, cleaved-PARP and LC3I/II were not modu-
lated by JHU-083, suggesting no impact in apoptosis and 
autophagy-associated cell death, respectively. Long-term 
JHU-083 exposure did not modulate cleaved-PARP pro-
tein expression (Supplementary Figure 4C). To characterize 
Cyclin D1 localization, cytosolic and nuclear fractions from 
BT142 cells treated with JHU-083 were collected and Cyclin 
D1 subcellular location protein expression was analyzed. 
JHU-083 reduced total and cytoplasmic Cyclin D1 protein 
expression and completely abolished Cyclin D1 localiza-
tion in the nucleus (Figure 4D).

A central node in the mTOR signaling pathway is 
the TSC1/2 complex, which integrates growth factors 
signaling, cellular stress, and energy levels with mTOR 
signaling. TSC2 is a GTPase-activating protein upstream 
of mTOR protein complex that negatively modulates 
mTORC1 signaling at the lysosomal level.21 To obtain in-
sight on how growth factors and others mTOR upstream 
factors impact cell proliferation by JHU-083, we silenced 
the TSC2 gene and analyzed cell proliferation and mTOR 
signaling. TSC2 gene silencing was confirmed by TSC2 
protein expression reduction after siTSC2 transfection 
in BT142 cells. JHU-083 treatment, as expected, reduced 
pS6(ser235/236) and slightly reduced pAKT(ser473) in 
BT142 cells. Interestingly, JHU-083 showed similar pro-
tein expression (pS6(ser235/236) and pAKT(ser473)) effect 
in TSC2 gene silencing and controls (mock and non-target 
siRNA) (Figure 4E). Furthermore, TSC2 gene silencing did 
not modulate growth inhibition induced by JHU-083 in 
BT142 cells (Figure 4F).

Guanine Partially Restores JHU-083 
Antiproliferative Effect and mTOR Signaling

Glutamine is essential to de novo purine and pyrimidine 
synthesis through γ-nitrogen donation. In glioblastoma 
stem-like cells, carbons derived from glucose are used in 
de novo purine synthesis pathway. In addition, enzymes as-
sociated with purine biosynthesis pathway are upregulated 
in glioblastoma stem-like cells.22 It has been shown that 
DON can directly inhibit glutamine amidotransferase ac-
tivity and compromise de novo nucleotide synthesis.6 
Therefore, considering glutaminolysis had small impact on 
JHU-083-mediated cell proliferation inhibition, it was rea-
sonable to test whether guanine and adenine impact cell 
proliferation. Guanine treatment partially rescued the JHU-
083 antiproliferative effect in BT142 cells (IDHmut), but not 
in Br23c cell line (IDH wild type) (Figure 5A). Additionally, 
BT142 cells supplemented with guanine in the presence 
of DON partially restored cell proliferation (Figure  5B). 

Adenine showed small cell proliferation recovery in BT142 
cells treated with JHU-083. To complement the cell prolif-
eration assay, we measured DNA synthesis by BrdU incor-
poration in this condition (Figure 5C). Guanine at different 
concentrations was found to restore pS6(ser235/236), 
pAKT(ser473), and Cyclin D1 protein expression in BT142 
cells cotreated with JHU-083 (Figure  5D). The combina-
tion of guanine with adenine or DM-αKG in cells treated 
with JHU-083 did not further rescue cell proliferation 
(Supplementary Figure 5). These data suggest that gua-
nine abrogates JHU-083-mediated cell proliferation reduc-
tion and mTOR signaling downregulation. Based on this 
model proposed and the data acquired in Figure 5A–D, we 
wondered whether the effect of cell proliferation inhibi-
tion induced by JHU-083 is dependent on mTOR signaling. 
Cells treated with JHU-083 and guanine in the presence 
of mTOR inhibitor (everolimus) reduced pAKT(ser473) 
and pS6(ser235/236) and further reduced Cyclin D1 pro-
tein expression (Figure  5E). Everolimus as single agent 
reduced cell proliferation and this effect was enhanced in 
combination with JHU-083. Guanine in the presence of 
JHU-083 and everolimus did not restore cell proliferation 
(Figure 5F). Taken together, these results demonstrate the 
requirement of mTORC1 signaling activation to recovery 
cell proliferation induced by guanine in cells treated with 
JHU-083.

JHU-083 Treatment Prolongs Survival of 
Orthotopic IDH1R132H Glioma Model

We next evaluated if targeting glutamine metabolism 
with JHU-083 could extend survival in an orthotopic 
glioma model. It has been shown that JHU-083 prodrug 
efficiently delivers DON into the brain.8,18 Therefore, 
BT142 IDH1R132H glioma cells were implanted in nude 
mice to evaluate the efficacy of chronic administra-
tion of JHU-083 in vivo. At the lower dose of JHU-083 
tested (1.9  mg/kg) survival benefit was not apparent 
(P  =  .053 vs control), but the higher JHU-083 dose 
(25  mg/kg) improved survival (P  =  .027 vs control; 
Figure 6A). Daily low doses of JHU-083 decreased mice 
body mass, but recovery was observed when JHU-083 
was administrated at a lower frequency (2×/week). No 
toxicity was observed with higher JHU-083 (2×/week) 
(Supplementary Figure 6). Histological evaluation 
of orthotopic BT142 from mice treated with JHU-083 
showed strong IDH1R132H protein expression and re-
duced pS6(ser235/236) staining (Figure 6B), suggesting 
that JHU-083 reaches intracranial cells and targets 
mTORC1 signaling pathway in vivo.

Discussion

Cancer cells rely upon a metabolic reprogramming, with 
high glycolytic flux in normoxic conditions and a high rate 
of glutaminolysis. Glutamine is a donor of γ-nitrogen to 
purine and pyrimidine biosynthesis, and contributes to 
TCA cycle anaplerosis, lipid and protein synthesis, and 
redox balance.5 IDHmut glioma showed deregulated 

https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa149#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa149#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa149#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa149#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa149#supplementary-data
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glutamine metabolism with more reliance on glutamine 
utilization.11,12 Here, we showed that JHU-083, a glutamine 
antagonist prodrug, reduces cell proliferation in molecu-
larly diverse cancer cells and decreases mTOR signaling. 
Mechanistically guanine nucleobase treatment was found 
to partially restore cell proliferation, DNA synthesis, and 
mTOR signaling downregulation in vitro in cells treated 
with JHU-083. Importantly, we show that JHU-083 extends 
survival in orthotopic IDH1mut glioma model, through 

targeting mTORC1 signaling pathway and cell growth 
inhibition.

The precise biological role of each GLS isoforms (KGA 
and GAC) and GLS2 gene in brain cancer is not com-
pletely understood. siRNA-mediated GLS gene silen-
cing or GLS2 overexpression reduces glioblastoma cell 
growth in vitro.23 Modest growth inhibition in glioma 
cells was observed with GLS gene silencing, likely due 
to the incomplete mitochondrial GAC isoform silencing 
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that compensates the almost complete KGA isoform si-
lencing. GLS gene silencing or allosteric inhibition by 
pharmacological compounds is not directly comparable 
with glutamine deprivation because glutamine par-
ticipates in other reactions than the generation of Glu 
catalyzed by GLS enzyme. In contrast with GLS gene si-
lencing, glutamine deprivation noticeably reduces cell 
growth and it has been shown to be associated with in-
trinsic apoptosis activation.24 Although glutamine-free 
cell culture conditions are a consistent tool to evaluate 
the role of exogenous glutamine metabolism in cancer 
biology in vitro, strategies to target glutamine metabo-
lism specifically in glioma cells in vivo are lacking. On 
the other hand, targeting glutamine metabolism with 
broad glutamine antagonists or GLS inhibitors are cur-
rently available and they have demonstrated preclinical 
efficacy in several cancer types.8,11 The pleiotropic effect 
of a glutamine antagonist provides a possible opportu-
nity to disrupt the glutamine metabolism addiction ob-
served of malignant growth. We observed that JHU-083 
induces growth inhibition in cancer cells irrespectively 
of IDH1/2mut status, likely due to additional intrinsic ge-
netic and molecular differences between cell lines evalu-
ated in our study. However, isogenic human normal 
astrocyte (SVG cells) with heterozygous IDH1R132H mu-
tation and D54 glioma cell with doxycycline-inducible 
IDH1R132H protein showed reduced cell proliferation in 
the presence of JHU-083. In addition, it has been shown 
that allosteric inhibition of GLS with BPTES or CB-839 
preferentially decreases IDH1mut isogenic glioma and 
AML cells.11,12,16,25,26

JHU-083 can deliver DON to the brain at micromolar 
concentrations achieving therapeutic levels after sys-
temic administration in mouse, swine, and monkey 

models.8,14,27 The growth reduction observed after 
JHU-083 is likely associated with G0/G1 cell cycle ar-
rest by decreased mTORC1 activity and Cyclin D1 pro-
tein expression reduction. mTORC1 signaling regulates 
Cyclin D1 protein expression through a mechanism in-
dependent of gene transcription and directly regulates 
cell cycle progression from G0/G1 to S phase.28 Cyclin 
D1 is overexpressed in multiple cancer types, including 
glioma. Importantly, Cyclin D1 which is downregulated 
in the nucleus, controls the transition of G0/G1 cell cycle 
phase to S phase and it is correlated with lower DNA 
synthesis and cell proliferation after JHU-083 treat-
ment. Based on our data, it is tempting to speculate that 
the downregulation of Cyclin D1 protein expression/lo-
cation and cell proliferation inhibition are both directly 
associated with mTOR signaling disruption induced by 
JHU-083. Changing the threshold for cell cycle phase 
transition and delaying DNA replication are critical 
steps for cancer cell growth control and this approach 
has been recently exploited with cell cycle modulation 
inhibitors for cancer therapy.29

There are mixed results determining the effect of an 
IDH1R132H mutation on mTOR signaling. IDH1R132H 
mutation activates the mTOR signaling pathway and 
pharmacological inhibition of IDH1R132H by AGI-5198 
reduces (R)-2HG and decreases mTOR signaling.30 
However, glioma cells overexpressing IDH1R132H or 
parental cells treated with (R)-2HG inhibit mTORC1 
signaling in an AMPK-dependent manner.31 mTORC1 
can be regulated by glutaminolysis, and other amino 
acids, for example, leucine through distinct mechan-
isms,20,32 and through intracellular purine and pyrimi-
dine nucleotide levels.33–35 Recently, it has been shown 
that purine nucleotide levels can inhibit mTOR signaling 
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through Rheb protein expression downregulation or 
post-translational modifications.33,36 Conversely, mTOR 
can positively regulate de novo pyrimidine and purine 
synthesis,34,35 suggesting a bidirectional regulation 
between nucleotide levels and mTOR signaling stimu-
lating nucleotide synthesis. Interestingly, cancer cells 
supplemented with exogenous nucleotides, but not 
with intermediates of TCA, rescue to some extent cell 
growth in glutamine-deprived condition.10 Collectively, 
these data suggest that mTOR integrates growth factor 
signaling with amino acids and nucleotide levels in a 
context-dependent mechanism. Although we did not 
design our experiments to directly compare the relative 
contribution of amino acids and nucleotides to mTOR 
signaling, we believe that the main mechanism of 
mTOR regulation in the presence of JHU-083 is through 
purine de novo biosynthesis. DON inhibits enzymes as-
sociated with purine biosynthesis and reduction in this 
pathway inhibits mTORC1 signaling independently of 
the energy status and AMPK signaling.36 Conversely, 
guanine nucleobase supplementation, but not TCA 
cycle intermediates and nonessential amino acids, re-
cover to some extent cell proliferation, DNA synthesis, 
and mTORC1 inhibition induced by JHU-083 exposure, 
supporting that mTOR signaling and de novo purine 
synthesis are the main pathway disrupted by JHU-083 
in vitro.

JHU-083 showed a significant survival benefit in an 
orthotopic IDH1mut glioma model, highlighting the im-
portance of glutamine metabolism for in vivo growth. The 
limited effect observed in mice treated with JHU-083 is 
perhaps determined by the ability of cells in the microenvi-
ronment to synthesize and release purine nucleobase and 
other related nucleotides. Indeed, recently, this was de-
scribed as a mechanism of gemcitabine, a deoxycytidine 
analogue, resistance in pancreatic ductal adenocarci-
noma. Tumor-associated macrophages release pyrimidine 
to the microenvironment driving gemcitabine resistance in 
a paracrine fashion into cancer cells via competition with 
gemcitabine uptake and metabolism.37 In addition, we 
should take into account that glioma cells can compensate 
disrupted pathways and metabolites/substrates limitation 
by activation of additional energy sources.24 Because cell 
division and appropriate intracellular carbon and nitrogen 
precursors levels are tightly connected in cancer cells, dis-
turbing both mTOR signaling and glutamine metabolism 
is a clinically significant strategy. Regardless of JHU-083 
efficacy in IDH1mut model, this prodrug, with brain pene-
trant properties and known intracellular targets, could be 
used as a platform for future drug combinations. In fact, 
few therapies are used as single agents to treat cancer, 
and additional drug combination could improve survival 
with tolerable toxic effect in normal cells. Additional pre-
clinical evidence suggests the utility of broad glutamine 
antagonism in cancer therapy. Recently, orally admin-
istrated JHU-083 extended survival in vivo in orthotopic 
MYC-amplified medulloblastoma models.8 Another oral 
glutamine antagonist prodrug, termed JHU395, reduced 
malignant peripheral nerve sheath tumor through pu-
rine synthesis inhibition with no apparent toxicity in 
vivo.9 IDH1R132H mutant cells bear dependence to glu-
tamine metabolism through BCAT1 and BCAT2 enzyme 

activity inhibition and consequently Glu reduction levels, 
a mechanism that explains the high Glu-dependent  
production by glutaminolysis in IDH1mut gliomas.12 
Targeting IDH1R132H mutant glioma with the glutaminase 
inhibitor CB-389 showed cell growth reduction in vitro, but 
not in vivo as single agent. However, combination with 
radiation extends survival, suggesting that further drug 
combinations are needed to optimize GLS inhibitors for 
glioma therapy.12

Targeting metabolism for brain and other cancer therapy 
has garnered recent interest and research. Improving 
drugs with known metabolic targets is a reasonable 
strategy to evaluate for potential metabolic therapies. The 
antiproliferative effect of JHU-083 is mediated by a mech-
anism that is associated with reprogramming of glutamine 
metabolism, which in turn deregulates purine metabo-
lism, and mTORC1 signaling. These data are of great im-
portance because several clinical trials are currently testing 
GLS inhibitors in solid cancers. In conclusion, the admin-
istration of JHU-083 was tolerated and extended survival 
in orthotopic IDH1R132H mutant model, likely due the 
cell cycle arrest and mTOR signaling pathway inhibition. 
Taken together, these data support the current concept 
of targeting glutamine metabolism in cancer. This study 
highlights the essential role of glutamine metabolism in 
glioblastoma cells and provides a potential therapeutic op-
portunity to target glutamine metabolism in IDH1/2 mutant 
cancers.

Supplementary Material

Supplementary material is available at Neuro-Oncology 
Advances online.
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