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Abstract 
 
Mantle cell lymphoma (MCL) is an incurable B-cell non-Hodgkin lymphoma characterized by frequent relapses. The 
development of resistance to ibrutinib therapy remains a major challenge in MCL. We previously showed that glutami-
nolysis is associated with resistance to ibrutinib. In this study, we confirmed that glutaminase (GLS), the first enzyme 
in glutaminolysis, is overexpressed in ibrutinib-resistant MCL cells, and that its expression correlates well with elevated 
glutamine dependency and glutaminolysis. Furthermore, we discovered that GLS expression correlates with MYC ex-
pression and the functioning of the glutamine transporter ASCT2. Depletion of glutamine or GLS significantly reduced 
cell growth, while GLS overexpression enhanced glutamine dependency and ibrutinib resistance. Consistent with this, 
GLS inhibition by its specific inhibitor telaglenastat suppressed MCL cell growth both in vitro and in vivo. Moreover, 
telaglenastat showed anti-MCL synergy when combined with ibrutinib or venetoclax in vitro, which was confirmed 
using an MCL patient-derived xenograft model. Our study provides the first evidence that targeting GLS with telagle-
nastat, alone or in combination with ibrutinib or venetoclax, is a promising strategy to overcome ibrutinib resistance 
in MCL.  
 

Introduction 
Mantle cell lymphoma (MCL) is highly refractory to clinical 
treatments and very frequently relapses, which has cre-
ated a great demand for more effective therapy.1 For 
example, ibrutinib is a potent inhibitor of Bruton tyrosine 
kinase (BTK) with proven efficacy in the treatment of 
MCL,2 but nearly all initially responsive patients eventually 
develop ibrutinib resistance. Our group has recently 
shown that ibrutinib-resistant MCL cells exhibit increased 
glutaminolysis, the process of glutamine metabolism con-
tributing to the tricarboxylic acid cycle.3 This suggests that 
glutaminolysis could be targeted as a potential thera-
peutic strategy to overcome ibrutinib resistance. 
The rapid growth of cancer cells requires a fast metabolic 
rate and large energy supply, so cellular metabolic pro-
cesses, especially glycolysis and glutaminolysis, are often 
dysregulated.4 Glycolysis is preferentially used for fuel in 
many types of cancer (the Warburg effect), generating a 
sufficient ATP supply to support cancer cell growth while 

using less oxygen than the canonical Krebs cycle.5 How-
ever, there is increasing evidence that glutaminolysis is 
the main source of ATP supply in some other types of 
cancer, including MCL3 and multiple myeloma.6 Glutamine 
is first transported from the extracellular space to the 
cytosol and then to mitochondria for glutaminolysis.7 The 
first step of glutaminolysis is catalysis of glutamine to 
glutamate, which is performed by the glutaminase (GLS) 
enzymes coded by two paralogous genes: GLS on chro-
mosome 2 and GLS2 on chromosome 12.8 We previously 
showed that overexpression of GLS, but not GLS2, is as-
sociated with ibrutinib resistance in MCL.3 This suggests 
that GLS is potentially vulnerable for targeting of glutami-
nolysis to overcome ibrutinib resistance in MCL. 
In this study, we confirmed that GLS expression is in-
creased in multiple ibrutinib-resistant cell lines and pri-
mary patients’ samples. We investigated the role of 
glutamine dependency and GLS overexpression in ibruti-
nib-resistant MCL cells. Furthermore, we evaluated the 
preclinical efficacy of targeting GLS either alone or in 
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combination with BTK or BCL2 inhibitors to overcome 
therapeutic resistance in vivo and in vitro.  

Methods 
Patients and collection of their samples 
Fresh surgical biopsies and peripheral blood specimens 
were collected from patients after provision of informed 
consent and approval by the Institutional Review Board at 
the MD Anderson Cancer Center. Ficoll-Hypaque density 
centrifugation was used to isolate mononuclear cells as 
previously reported.9 The patients’ characteristics are 
summarized in Online Supplementary Table S1.  

Cell culture and reagents 
The MCL cell lines JeKo-1, Rec-1, Mino, Maver-1, and Z138 
were obtained from the American Type Culture Collection. 
JeKo-1, Rec-1, and Mino are ibrutinib-sensitive cell lines, 
while Maver-1 and Z138 cell lines show primarily resis-
tance to ibrutinib. The ibrutinib-resistant JeKo-R and 
JeKo-BTK-KD cell lines were established as previously de-
scribed.10 Briefly, JeKo-R cells were established from 
JeKo-1 cells by exposing these latter to stepwise dose in-
creases of ibrutinib, while JeKo-BTK KD cells were gen-
etically edited by CRISPR-Cas9 technology to have one 
allele of the BTK gene knocked out, resulting in dramati-
cally reduced expression of BTK. The MCL cells were cul-
tured in a 5% CO2 incubator at 37°C. Telaglenastat 
(A14396) was purchased from Adooq Biosciences; ibrutinib 
(S2680) and venetoclax (S8048) were purchased from Sel-
leck Chemicals; V-9302 (HY-112683) was purchased from 
MCE/Fisher. 

Cell viability, apoptosis and cell cycle assay 
Cell viability, apoptosis and cell cycle assays were per-
formed as described previously by Zhang et al.11    

Western blot analysis 
Western blots were performed as described previously.10 

The antibody against GLS was purchased from Abcam 
(Cat. # AB156876) and the antibody against b-actin was 
purchased from Sigma (A1978-200UL); all the other 
antibodies were purchased from Cell Signaling Technol-
ogy (GAPDH, Cat. # 5174s; MYC, Cat. # 9402s; ASCT2, 
Cat. # 8057s; cyclin D1, Cat. # 2922s; CDK4, Cat. # 
12790s; cyclin B1, Cat. # 4138s; ERK, Cat. # 12950s; 
cleaved PARP, Cat. # 5625S; and cleaved caspase 3, Cat. 
# 9661s). 

Mitochondrial membrane potential and ATP 
production assays 
Assays of mitochondrial membrane potential and ATP 
production were performed as described previously.3  

Lentiviral packaging and lentiviral transduction for gene 
knockdown or overexpression 
Lentiviral packaging and lentiviral transduction for gene 
knockdown or overexpression of genes were performed 
as described previously by Jiang et al.12 

Mantle cell lymphoma cell line-derived xenograft or 
patient-derived xenograft mouse models 
All experimental procedures and protocols were approved 
by the Institutional Animal Care and Use Committee of The 
University of Texas MD Anderson Cancer Center. Drug 
evaluation, using cell line-derived xenograft (CDX) or pa-
tient-derived xenograft (PDX) mouse models, was per-
formed as described previously.11 Briefly, CDX and PDX 
tumors were established in mice that were treated orally 
twice daily with 100 mg/kg telaglenastat or daily with 50 
mg/kg ibrutinib, 10 mg/kg venetoclax, or vehicle, until the 
maximum diameter of the tumor reached 15 mm. Tumor 
size was measured weekly, and tumor volume (in mm3) 
was calculated as 0.5 × length × width2. Tail blood was 
collected biweekly, and serum b2-microglobulin level was 
measured according to the manufacturer’s protocol.11 The 
percentage of tumor cells (CD20+CD5+) in each tumor was 
determined by flow cytometry.  

Gene set enrichment analysis and correlation with gene 
expression and patient survival. 
These analyses were performed as described previously.11 

Briefly, alignment and read counting of the RNA-sequenc-
ing data were performed using STAR 2-pass alignment 
(v2.7.8a)13 with the parameter quantMode as GeneCounts. 
Reads overlapping with the exons of each gene in the 
STAR ReadsPerGene.out.tab were determined. The batch 
effect was corrected using R package sva and differen-
tially expressed genes were identified by DESeq2 
(v1.32.0).14 The enriched signaling pathways were deter-
mined by DESeq2 and gene set enrichment analysis 
(GSEA)15 against the curated gene sets C2 from MSigDB.15,16 
Pathways related to glutamate metabolism were selected 
for further analysis. The GSEA pathway signature score 
was generated by the package TBSignatureProfiler with 
the gene list of interested pathways. Kaplan-Meier survival 
curves were analyzed with package survival.17  

Statistical analysis 
All statistical analyses were performed using GraphPad 
Prism. Data are represented as mean ± standard error of 
mean. An unpaired Student t test was used for compari-
sons between two groups. One-way or two-way analysis 
of variance was performed for comparisons of two or 
more groups. P values <0.05, 0.01, 0.001, and 0.0001 are 
flagged with *, **, *** and ****, respectively. In vitro experi-
ments were performed at least twice, and each sample 
was tested in technical replicates. 
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Results 
Ibrutinib-resistant mantle cell lymphoma cells 
overexpress glutaminase and are metabolically 
dependent on glutamine  
Our previous study revealed that glutaminolysis is upregu-
lated in ibrutinib-resistant MCL cells.3 To validate this, we 
compared glutaminolysis signaling pathways in ibrutinib-
resistant versus ibrubtinib-sensitive patients. Multiple sig-
naling pathways involved in glutaminolysis were increased 
in ibrutinib-resistant patients (n=35) compared to ibruti-
nib-sensitive patients (n=35) (Figure 1A). Importantly, GLS 
expression correlated with glutaminolysis, including glu-

tathione synthesis and recycling pathways (R=0.27, 
P=0.025) (Figure 1B). These data demonstrate the clinical 
significance of glutaminolysis and GLS overexpression in 
contributing to ibrutinib resistance. To further validate 
GLS overexpression in ibrutinib-resistant cells, we 
checked GLS protein expression by re-visiting our pre-
vious reverse phase protein array dataset.3 GLS protein 
was confirmed to be overexpressed in ibrutinib-resistant 
cells (Z138 and Maver-1) compared to ibrutinib-sensitive 
cells (Rec-1 and Mino) (Figure 1C). This was further vali-
dated in additional MCL cell lines (n=5, P=0.0405) and pri-
mary patients’ samples (n=6, P=0.0047) by western 
blotting (Online Supplementary Figure S1A, B). Based on 

Figure 1. Ibrutinib-resistant mantle cell lymphoma cells overexpress glutaminase and are dependent on glutaminolysis. (A) Hall-
mark pathways from gene set enrichment analysis of bulk RNA-sequencing datasets were analyzed in ibrutinib-resistant (IBN-
R) patients’ samples (n=35) compared with ibrutinib-sensitive (IBN-S) patients’ samples (n=35). (B) Pearson correlation of the 
glutamate and glutamine metabolic pathways with glutaminase (GLS) expression in patients’ samples. (C) Reverse phase protein 
array in IBN-S and IBN-R cell lines as indicated. (D, E) IBN-S cell lines (JeKo-1 and Mino) and IBN-R cell lines (Z138 and Maver-1) 
were cultured in medium with (Q-/glucose+) or without (Q+/glucose+) depletion of glutamine (Q) for 24 h. Cell viability (D) and 
ATP production (E) were determined. The results are represented as mean ± standard deviation. An unpaired Student t test was 
used to determine statistical significance. *P<0.05; **P<0.01; ***P<0.001; ****P< 0.0001.
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these observations, we hypothesized that the survival and 
growth of ibrutinib-resistant MCL cells are dependent on 
glutaminolysis and glutamine supply. To test this, we de-
pleted glutamine from the culture medium. Ibrutinib-re-
sistant Z138 and Maver-1 cells, but not ibrutinib-sensitive 
Rec-1 and Mino cells, showed cell growth defects when 
glutamine was depleted (Figure 1D). Correspondingly, ATP 
production was greatly reduced by glutamine depletion 
(Figure 1E). Taken together, these data demonstrate that 
ibrutinib-resistant MCL cells overexpress GLS, the first 
enzyme in the process of glutaminolysis, and are meta-
bolically dependent on the glutamine supply. 

The glutamine transporter ASCT2 is required for 
ibrutinib resistance-associated glutamine dependency 
To be used for glutamate synthesis in mitochondria, 
extracellular glutamine must be transported into the 
cytosol and then into the mitochondria. The transport into 
the cytosol relies on glutamine uptake mediated by the 

glutamine transporter ASCT2. We therefore examined 
ASCT2 expression in patients’ samples. In the same cohort 
of patients as in Figure 1A-C, ASCT2 expression correlated 
well with glutathione synthesis and recycling pathways in 
ibrutinib-resistant MCL cells (R=0.61, P=1.4x10-8) (Figure 
2A) and with poor outcomes (P=0.019) (Figure 2B). There-
fore, ASCT2 expression correlates with glutamine depend-
ency in ibrutinib-resistant MCL cells.  
To address whether there is any correlation between 
ASCT2 and GLS, we treated MCL cells with V-9302, an 
ASCT2-specific inhibitor, to block glutamine uptake. 
ASCT2 inhibition reduced GLS expression in JeKo-R and 
Z138 cells that normally express high levels of GLS (Figure 
2C). To further address this, we knocked down GLS in Z138 
cells using two independent short hairpin (sh)RNA (Figure 
2D). Again, ASCT2 inhibitor treatment dramatically re-
duced the expression of GLS in Z138 with shCtrl, but no 
further reduction was observed in Z138 with shGLS#1 or 
shGLS#4. These data demonstrate that GLS expression 

Figure 2. Glutaminase expression is regulated by the MYC-ASCT2 axis. (A) Pearson correlation of the glutamate and glutamine 
metabolic pathways with ASCT2 expression in samples from patients with mantle cell lymphoma (MCL), using the same cohort 
of patients as that in Figure 1A, B. (B) Kaplan-Meier survival curve plotted for patients’ outcome based on ASCT2 expression 
using the same cohort of patients as that in Figure 1A, B. (C) JeKo-1 and Z138 cells were treated with 20 µM V-9302 (an ASCT2 
inhibitor) for 48 h and harvested for immunoblotting with the indicated antibodies. (D) Z138 cells stably transduced with shCtrl, 
shGLS#1, or shGLS#4 were treated with 20 µM V-9302 for 8 h and harvested for immunoblotting with the indicated antibodies. 
(E) JeKo-1 cells stably transduced with shMYC or the corresponding control vector (shCtrl) were subjected to immunoblotting 
with the indicated antibodies. (F) Z138 cells were transduced with a control empty vector (EV) or MYC overexpression (MYC) 
were subjected to immunoblotting with the indicated antibodies. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
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was sensitive to the blockage of glutamine uptake. ASCT2 
is a MYC target18 and MYC promotes GLS transcription 
through targeting of miR-23;19 therefore, MYC is likely to 
be the master regulator of ASCT2-GLS-mediated glutami-
nolysis. To test this hypothesis, we knocked down MYC 
expression by shRNA in JeKo-1 cells. When MYC ex-
pression was low, GLS expression was barely detectable 
(Figure 2E). Meanwhile, when MYC was overexpressed in 
Z138 cells, GLS expression was upregulated (Figure 2F). 
These data suggest a positive feedback loop of MYC-
ASCT2-GLS-mediated glutaminolysis: MYC promotes the 
expression of ASCT2 and GLS, and ASCT2-GLS-mediated 
glutaminolysis in turn leads to upregulated MYC ex-
pression. 

Glutaminase is crucial for glutamine dependency in 
ibrutinib-resistant mantle cell lymphoma cells  
To understand the role of GLS in contributing to glutamine 
dependency and ibrutinib resistance, we generated MCL 
cells with stable GLS overexpression from ibrutinib-sen-
sitive JeKo-1 and Rec-1 cells (Figure 3A, Online Supple-

mentary Figure S2A). We observed increased ibrutinib re-
sistance in both cell lines engineered to overexpress GLS 
(Figure 3B, Online Supplementary Figure S2B). These GLS-
overexpressing cells also showed enhanced dependency 
on glutamine for cell growth (Figure 3C, Online Supple-
mentary Figure S2C). To investigate this further, we 
knocked down GLS expression in ibrutinib-resistant JeKo-
R and Z138 cells (Figure 3D, Online Supplementary Figure 
S2D) with two independent shRNA. When GLS was 
knocked down, these cells became more sensitive to 
ibrutinib treatment (Figure 3E, Online Supplementary Fig-
ure S2E) and more dependent on glucose (Figure 3F, On-
line Supplementary Figure S2F). Taken together, these data 
demonstrated that GLS was crucial for glutamine depend-
ency in ibrutinib-resistant MCL cells, and its over-
expression contributed to ibrutinib resistance.  

Glutaminase-mediated glutamine dependency promotes 
cell proliferation and ATP production in ibrutinib-
resistant cells 
To study the mechanism underlying cellular dependence 

Figure 3. Glutaminase expression affects cell proliferation and ibrutinib sensitivity of mantle cell lymphoma cell lines. (A) JeKo-1 
cells with or without stable glutaminase (GLS) overexpression (JeKo-1 EV and JeKo GLS, respectively) were harvested for immu-
noblotting with the indicated antibodies. (B) JeKo-1 EV and JeKo-1 GLS cells were treated with ibrutinib for 72 h at the indicated 
concentrations and cell viability was determined and plotted. (C) JeKo-1 EV and JeKo GLS cells were seeded for 24 h in culture 
medium with or without depletion of glutamine (Q) and cell viability was determined. (D) Z138 cells with or without stable GLS 
knockdown by shRNA (Z138-shCtrl, -shGLS#1, and -shGLS#4) were harvested for immunoblotting with the indicated antibodies. (E) 
Z138-shCtrl, -shGLS#1 and -shGLS#4 cells were treated with ibrutinib for 72 h at the indicated concentrations and cell viability 
was determined and plotted. (F) Z138-shCtrl, -shGLS#1 and -shGLS#4 cells were seeded for 24 h in culture medium with or without 
depletion of glucose and cell viability was determined. Two-way analysis of variance was used to determine statistical significance.  
ns: not significant; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; IBN: ibrutinib; Q: glutamine; EV: empty vector; GLS: glutaminase.
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on GLS-mediated glutamine metabolism, we examined 
GLS expression by depleting either glutamine or glucose 
in the culture medium. GLS expression was diminished by 
glutamine depletion but not glucose depletion in ibruti-
nib-resistant Z138 cells with control shRNA. Interestingly, 
cyclin D1 showed a similar expression pattern to GLS in 
these cells upon glutamine depletion (Figure 4A). Consist-
ent with this, expression of cyclin D1 and GLS was higher 
in cells with acquired resistance to ibrutinib (JeKo-IBN-
R) or venetoclax (Rec-Ven-R and Mino-Ven-R) compared 
to parental cells (Online Supplementary Figure S3A). Fur-
thermore, expression of Ki-67, as a proliferation marker, 
and MYC was also higher in these resistant cells. This sug-

gests that the MYC-GLS axis may promote cell cycle pro-
gression and cell proliferation. Indeed, cell proliferation 
was significantly reduced in ibrutinib-resistant Z138 and 
JeKo-R cells when GLS expression was depleted by 
shGLS#4 (Figure 4B, Online Supplementary Figure S3B). 
Z138-shGLS#4 consequently became more sensitive to 
glucose depletion (Figure 4C, D).  
The maintenance of mitochondrial membrane potential is 
essential for cell proliferation.20 Glycolysis is important for 
maintaining mitochondrial membrane potential and glu-
taminolysis associates with increased mitochondrial po-
tential.21 Both glutamine and glucose depletion in culture 
medium triggered a loss in mitochondrial potential in 

Figure 4. Glutaminase-mediated glutamine dependency promotes cell growth in ibrutinib-resistant cells. (A) Z138-shCtrl or 
Z138-shGLS#4 cells were cultured in medium with or without depletion of glutamine or glucose for 24 h and harvested for im-
munoblotting with the indicated antibodies. The dotted line indicates that the data were from different parts of the same gels. 
(B) Z138-shCtrl or Z138-shGLS#4 cells were cultured for 7 days and the cell titers were monitored. (C-F) Z138-shCtrl or Z138-
shGLS#4 cells were seeded in complete medium containing glutamine and glucose (Q+/glucose+), or media deprived of glutamine 
(Q-/glucose+) or glucose (Q+/glucose-) and cultured for 24 h before proceeding with cell number counting (C), a cell viability 
assay (D), tetramethylrhodamine ethyl ester assay for mitochondrial membrane potential (E), or ATP generation assay (F). Two-
way analysis of variance was used to determine statistical significance. ns: not significant; *P<0.05; **P<0.01; ***P<0.001; 
****P<0.0001. GLS: glutaminase; Q: glutamine; TMRE: tetramethylrhodamine ethyl ester; RFU: relative fluorescence units.
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Z138-shCtrl cells (Figure 4E), while Z138-shGLS#4 cells 
showed a further loss of mitochondrial potential in re-
sponse to glucose depletion but not glutamine de-
pletion. Moreover, glutamine-dependent ATP production 
was greatly decreased by GLS knockdown (Figure 4F). 
Together, these data demonstrate that GLS-mediated 
glutamine dependency correlates with cell growth and 
ATP production in ibrutinib-resistant MCL cells. The data 
support our hypothesis that targeting GLS has the thera-

peutic potential to overcome ibrutinib resistance in 
MCL. 

Glutaminase inhibition suppresses glutaminolysis and 
cell growth in mantle cell lymphoma cells. 
Multiple GLS inhibitors are under clinical investigation for 
a broad range of solid tumors but not yet for MCL. These 
inhibitors include telaglenastat (CB-839), a specific, first-
in-class GLS inhibitor that is in multiple clinical trials in 

Figure 5. The glutaminase inhibitor telaglenastat suppresses growth of mantle cell lymphoma cells in vitro and in vivo. (A) Mantle 
cell lymphoma (MCL) cell lines were treated with telaglenastat at a 2-fold serial dilution from 20 µM and cell viability was de-
termined at 72 h after treatment. The half maximal inhibitory concentration (IC50) values were calculated and are shown on the 
right. (B) A patient’s sample (Pt7) was treated with telaglenastat and cell viability was determined at the indicated time. The IC50 
values were calculated as shown on the right. (C) JeKo-1 cells with or without stable glutaminase (GLS) overexpression (JeKo-1 
EV and JeKo-1 GLS, respectively) were treated with telaglenastat at a 2-fold serial dilution from 20 µM and cell viability was de-
termined at 72 h after treatment. (D) Z138-shCtrl and  shGLS#4 cells were treated with telaglenastat at a 2-fold serial dilution 
from 20 µM and cell viability was determined at 72 h after treatment. (E) JeKo-1 or Z138 cells were treated with telaglenastat 
and cell cycle status was determined at 24 h after treatment. (F) JeKo-1 EV and JeKo-1 GLS and Z138 cells with or without GLS 
knockdown (Z138-shCtrl and Z138-shGLS#4) were treated with dimethylsulfoxide or 10 µM or 2 µM telaglenastat, respectively. 
The status of apoptosis was determined at 24 h after treatment. **P<0.01; ***P<0.001; ****P<0.0001. EV: empty vector; GLS: 
glutaminase; n/a: not available; DMSO: dimethylsulfoxide.

A

B

C

D

E F

Haematologica | 108 June 2023 

1622

ARTICLE - Targeting glutaminase in mantle cell lymphoma L. Li et al.



combination with other regimens. We therefore chose te-
laglenastat to inhibit GLS in MCL cells in this study. Te-
laglenastat effectively inhibited the proliferation of MCL 
cell lines with an IC50 of 0.22-9.2 µM (Figure 5A) and pa-
tients’ MCL cells with an IC50 of 11.3 µM (Figure 5B) upon 
72 hours of treatment. Telaglenastat showed greater effi-
cacy in JeKo-1 cells with GLS overexpression than in the 
cells transduced with an empty vector control (Figure 5C). 
In line with this, Z138-shGLS#4 cells were more resistant 
than Z138-shCtrl cells to GLS inhibition (Figure 5D). Te-
laglenastat induced limited cell cycle arrest at the G0/G1 
phase in JeKo-1 cells and more extensive arrest in Z138 
cells (Figure 5E). Telaglenastat induced apoptosis in JeKo-
1 EV cells but less in JeKo-1 cells with GLS overexpression 
(Figure 5F, left panel). Telaglenastat also induced apopto-
sis in Z138 with GLS knockdown but only slightly in Z138 
control cells (Figure 5F, right panel). These data suggest 
that telaglenastat inhibits tumor cell growth primarily by 

blocking cell proliferation and not by inducing apoptosis 
in GLS-overexpressing cells. Indeed, telaglenastat treat-
ment led to reduced expression of cell cycle-related pro-
teins, including CDK4, cyclin D1, and cyclin B, in both 
JeKo-1 and Z138 cells (Online Supplementary Figure S3C).  
To assess the in vivo efficacy of GLS inhibition, we estab-
lished a CDX model in immunodeficient NSG mice using 
Z138 cells. Telaglenastat treatment (200 mg/kg, orally, 
twice daily) significantly inhibited the growth of Z138 CDX 
tumors (P=0.004) and prolonged mouse survival 
(P=0.0017) (Figure 6A-C). As a systemic marker of tumor 
burden, serum b2-microglobulin levels were also reduced 
in telaglenastat-treated mice compared to vehicle-treated 
ones (Figure 6D). Flow cytometry analysis using the 
tumor-specific cell surface markers CD20 and CD5 con-
firmed the tumor cell growth in each CDX tumor (Online 
Supplementary Figure S4A, B). Expression of Ki67 was 
markedly suppressed by telaglenastat treatment in vivo, 

Figure 6. The glutaminase inhibitor telaglenastat suppresses cell growth of Z138 cells in vivo. (A) In vivo scheme of Z138 subcu-
taneous xenografts treated with vehicle or telaglenastat (200 mg/kg, twice/day) orally. (B) Tumor volume was documented at the 
indicated time points, with statistical significance of differences calculated at the endpoint. (C) A Kaplan-Meier plot for mouse 
survival was generated based on mouse survival after tumor inoculation. (D) Serum b2-microglobulin levels were determined by 
enzyme-linked immunosorbent assay at the indicated time points. (E) Mouse body weight was monitored along with the treat-
ments and percentage of body weight change relative to day 8 is shown. Two-way analysis of variance was used to determine 
statistical significance. ns: not significant; **P<0.01; ***P<0.001; ****P<0.0001. s.c.: subcutaneous; B2M: b2-microglobulin.
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when compared to that of vehicle-treated controls (Online 
Supplementary Figure S4C). No gross abnormalities were 
observed in the telaglenastat-treated mice, and there was 
no change in body weight (Figure 6E). These data demon-
strate that targeting GLS by telaglenastat can effectively 
and safely inhibit the growth of Z138 CDX tumors and 
overcome ibrutinib resistance in vivo.  

Telaglenastat improves the efficacy of ibrutinib or 
venetoclax in vitro and in vivo 
Based on our data and previous studies,22 telaglenastat 
acts primarily by inhibiting cell proliferation and not by in-
ducing apoptosis. The aim of combination therapy in 
cancer treatment is to prevent the occurrence of resis-
tance by acting synergistically.23 We hoped that a com-

bination of the cell proliferation blocker telaglenastat with 
clinically proven inducers of apoptosis, such as ibrutinib 
(a BTK inhibitor) and venetoclax (a BCL-2 inhibitor), might 
be synergistic. Indeed, we observed anti-MCL synergy in 
all MCL cell lines exposed to either telaglenastat plus 
ibrutinib or telaglenastat plus venetoclax (Figure 7A, B, 
Online Supplementary Figure S5A, B and Online Supple-
mentary Table S2). Consistent with this, anti-MCL synergy 
was observed in the primary cells from a patient with MCL 
and two MCL PDX models (Online Supplementary Figure 
S7C, D, Online Supplementary Table S2). No apparent 
toxicity was observed for telaglenastat in peripheral blood 
mononuclear cells from a healthy donor (Online Supple-
mentary Figure S5C, D), indicating that the dose range 
used (0-30 µM) does not cause off-target effects in 

Figure 7. Telaglenastat shows synergistic anti-mantle cell lymphoma activity in combination with ibrutinib or venetoclax in vitro. 
(A, B) Cell viability was determined in Z138 cells treated with telaglenastat alone or in combination with ibrutinib (A) or venetoclax 
(B) for 72 h. The 2-fold serial dilutions of ibrutinib (A) and venetoclax (B) are indicated on the x-axis. The 2-fold serial dilutions 
of telaglenastat (0-20 µM) were used alone or in combination with ibrutinib or venetoclax, but are not indicated on the x-axis. 
(C-F) JeKo-1 and Z138 cells were treated with telaglenastat alone or in combination with ibrutinib (C, D) or venetoclax (E, F) for 
24 h. The cells were harvested for assessment of apoptosis status by flow cytometry (C, E) and for immunoblotting using the in-
dicated antibodies (D, F). Two-way analysis of variance was used to determine statistical significance. ns: not significant; *P<0.05; 
**P<0.01; ****P<0.0001. Combo: combination treatment; DMSO: dimethylsulfoxide; GLS: glutaminase.
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healthy cells. The combinations of telaglenastat plus 
ibrutinib (Figure 7C), and telaglenastat plus venetoclax 
(Figure 7E) both showed potent synergy in inducing apop-
tosis, which was further validated by immunoblotting 
showing increased cleavage of caspase 3 and PARP (Figure 
7D, F). Together, these data show the synergy between the 
clinically safe and potent drugs ibrutinib or venetoclax in 
combination with telaglenastat in MCL cells. 
To further establish the clinical relevance of our findings, 
we took advantage of the previously established PDX-2 
mouse model to investigate the combined effects of the 

drugs in vivo (Online Supplementary Figure 6A). The PDX-
2 cells were not completely resistant to either ibrutinib 
or venetoclax when tested in vitro for 24 hours, suggesting 
that there is a window for improving efficacy. We hypo-
thesized that targeting GLS might augment the efficacy of 
ibrutinib or venetoclax in the PDX, which did indeed show 
partial sensitivity to ibrutinib or venetoclax (Figure 8A, B). 
Both telaglenastat plus ibrutinib (Figure 8A, C), and telag-
lenastat plus venetoclax (Figure 8B, D) showed improved 
efficacy beyond that of single agents. This was further 
confirmed by serum b2-microglobulin levels at day 86, an 

Figure 8. Telaglenastat in combination with ibrutinib or venetoclax shows synergistic anti-mantle cell lymphoma activity in a 
patient-derived xenograft model. PDX-2 subcutaneous xenografts were established in NSG mice. The mice were randomly 
grouped and treated orally with vehicle (daily), telaglenastat (100 mg/kg, twice daily), ibrutinib (50 mg/kg, daily), venetoclax (10 
mg/kg, daily) or combinations of drugs at day 56 after cell inoculation. (A, B) Tumor volume at the indicated time-points, with 
the statistical significance of differences calculated at the endpoint when the first mouse in the treatment group reached the 
limit of tumor size. (C, D) Kaplan-Meier plots were generated based on the survival time of each individual mouse. (E, F) Serum 
b2-microglobulin levels were determined by enzyme-linked immunosorbent assay at day 15 (pre-treatment), day 56 (start of 
treatment) and day 86 (after 30 days on treatment), before the tumors in all mice carrying the patient-derived xenograft model 
became measurable. Two-way analysis of variance was used to determine statistical significance. ns: not significant; *P<0.05; 
**P<0.01; ****P<0.0001. Combo: combination treatment; B2M: b2-microglobulin.
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early time-point of tumor growth before the tumors in all 
mice carrying the PDX model became measurable (Figure 
8E, F). Again, we confirmed that the percentages of MCL 
cells present in the tumors were comparable across the 
treatment groups (Online Supplementary Figure S6B-D), 
and no gross abnormalities were observed in mice treated 
with any of the single agents or combinations (Online Sup-
plementary Figure S6E, F). Taken together, these findings 
demonstrated improved efficacy of the two combinations 
tested in MCL cells, both in vitro and in vivo, paving the 
way for future clinical investigation of telaglenastat drug 
combination strategies in MCL. 

Discussion 
For the many types of cancer relying on glutaminolysis for 
energy metabolism to support rapid tumor growth,24 tar-
geting glutaminolysis is a plausible therapeutic strategy. 
To examine this possibility, we determined the role of GLS 
in ibrutinib resistance and assessed the potential of tar-
geting GLS alone or in combination with either ibrutinib 
or venetoclax in preclinical MCL models. We confirmed 
that GLS expression was upregulated in ibrutinib-resis-
tant MCL cells and associated with a poor clinical out-
come. The cancer hallmark MYC_TARGETs_v1 was the 
predominant signaling pathway associated with ibrutinib-
resistance in MCL patients.3 The proto-oncogene MYC 
promotes glutaminolysis and glutamine dependency by 
inducing expression of the major glutamine transporters 
ASCT2 and SN2  and the enzyme GLS, which is respon-
sible for the first catalytic event of glutaminolysis. In this 
study, we confirmed that the expression of both GLS and 
ASCT2 was associated with glutaminolysis in MCL. Block-
ing glutamine uptake with the ASCT2-specific inhibitor V-
9302 led to marked reduction of both GLS expression and 
MYC expression. MYC knockdown resulted in reduced GLS 
and ASCT2, while MYC overexpression promoted their ex-
pression. Therefore, glutamine dependency in ibrutinib-
resistant MCL cells is likely due to a positive feedback 
loop of MYC-ASCT2-GLS-glutaminolysis (Online Supple-
mentary Figure S7). It will be interesting to investigate 
whether this positive feedback loop in contributing to 
therapeutic resistance to BTK inhibitors also applies to 
other types of non-Hodgkin lymphoma with MYC over-
expression, such as diffuse large B-cell lymphoma.  
Depleting GLS from formerly GLS-overexpressing cells led 
to release from glutamine dependency and a switch to 
greater dependency on glycolysis. Conversely, GLS ectopic 
overexpression resulted in enhanced glutamine depend-
ency for tumor cell growth. Therefore, GLS overexpression 
promotes glutaminolysis. GLS depletion did not affect cell 
survival, but greatly affected mitochondrial membrane po-
tential, ATP production, and cell growth. Consistent with 

this, GLS inhibition by telaglenastat in cells with high GLS 
expression did not cause marked cell death, but signifi-
cantly slowed cell growth. However, we observed strong 
synergy in inducing cell death when telaglenastat was 
combined with the potent apoptosis inducers ibrutinib or 
venetoclax. It is possible that targeting GLS to turn off 
glutaminolysis-dependent cellular energy metabolism 
may prime cells expressing high levels of GLS to be more 
sensitive to agents such as ibrutinib and venetoclax, 
which potently induce apoptosis. Therefore, GLS is a 
therapeutic target for MCL cells with glutamine depend-
ency, and GLS inhibition-based combination treatment 
will act synergistically to induce tumor vulnerability. A 
synergistic anti-tumor activity of telaglenastat in com-
bination with venetoclax has also been seen in acute 
myeloid leukemia.25 It is, therefore, possible that a com-
bination of a GLS inhibitor with other agents used in the 
treatment of non-Hodgkin lymphomas, such as cytotoxic 
agents, could also augment the efficacy of therapy beyond 
that of the single agents, although this requires further 
investigation.  
This is the first study dissecting the role of GLS in gluta-
mine dependency associated with ibrutinib resistance in 
MCL and targeting glutaminolysis using the clinically in-
vestigated GLS inhibitor telaglenastat in MCL cells. Telag-
lenastat is currently under multiple clinical investigations 
in combination with other regimens to enhance the clini-
cal efficacy over that of single agents. Our study provides 
preclinical evidence supporting the combination approach 
in targeting GLS and other vulnerabilities in treating MCL. 
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