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Abstract

Glutamine addiction is an important phenotype displayed in some types of cancer. In these 

cells, glutamine depletion results in a marked reduction in the aggressive cancer phenotype. 

Mesothelioma is an extremely aggressive disease that lacks effective therapy. In the present 

study we show that mesothelioma tumors are glutamine addicted suggesting that glutamine 

depletion may be a potential therapeutic strategy. We show that glutamine restriction, by 

removing glutamine from the medium or treatment with inhibitors that attenuate glutamine 

uptake (V-9302) or conversion to glutamate (CB-839), markedly reduces mesothelioma cell 

proliferation, spheroid formation, invasion and migration. Inhibition of the SLC1A5 glutamine 

importer, by knockout or treatment with V-9302, an SLC1A5 inhibitor, also markedly reduces 

mesothelioma cell tumor growth. A relationship between glutamine utilization and YAP1/TEAD 

signaling has been demonstrated in other tumor types, and the YAP1/TEAD signaling cascade is 
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active in mesothelioma cells and drives cell survival and proliferation. We therefore assessed the 

impact of glutamine depletion on YAP1/TEAD signaling. We show that glutamine restriction, 

SLC1A5 knockdown/knockout, or treatment with V-9302 or CB-839, reduces YAP1 level, 

YAP1/TEAD-dependent transcription, and YAP1/TEAD target protein (e.g., CTGF, cyclin D1, 

COL1A2, COL3A1, etc.) levels. These changes are observed in both cells and tumors. These 

findings indicate that mesothelioma is a glutamine addicted cancer, show that glutamine depletion 

attenuates YAP1/TEAD signaling and tumor growth, and suggests that glutamine restriction may 

be useful as a mesothelioma treatment strategy.
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Introduction

The high level of glutamine in blood provides a ready source of carbon and nitrogen that 

can be used by cancer cells to support rapid cell prolifeation and drive tumour growth 1. 

Glutamine is transported into cells via the SLC1A5 transporter (ASCT2) 1. After uptake by 

the cell, glutamine is converted by mitochondrial glutaminases to glutamate and ammonium 

ion. Glutamate can then be converted to α-ketoglutarate, which enters the tricarboxylic 

acid cycle to generate adenosine triphoasphate through production of NADH and FADH2 
2,3. There are two glutaminase enzymes, kidney-type glutaminase (GLS) and liver-type 

glutaminase (GLS2) 4. GLS is broadly expressed in tissues and plays an important role in 

cancer.

The importance of glutamine/glutamate as cancer cell survival substrates has driven studies 

designed to limit their availability to cancer cells 5-8 and the clinical importance of 

glutamine depletion therapy has been demonstrated by studies showing that inhibiting 

glutamine utilization attenuates patient cancer 9,10. Glutamine depletion strategies include 

reducing blood glutamine level, inhibiting cancer cell glutamine uptake and conversion to 

glutamate 9,10, and increasing cancer cell glutamate export and conversion to glutathione 

(GSH) 11,12. Agents that have been used to modulate intracellular glutamine/glutamate level 

include asparaginase (Asp) treatment which depletes blood glutamine level by deaminating 

glutamine 10,13, treatment with V-9302 which inhibits SLC1A5-dependent glutamine uptake, 

and treatment with CB-839 which inhibits GLS catalyzed conversion of glutamine to 

glutamate 3. Treating with one or more of these agents can markedly reduce intracellular 

glutamate levels 3,14,15.

YAP1/TEAD signaling is an important pro-cancer signaling pathway 16-19. YAP1 and TAZ 

factors interact with nuclear TEAD transcription factors to drive cancer cell survival, gene 

expression and tumor growth 20. YAP1/TAZ and TEAD have a role in mesothelioma where 

they are overexpressed and drive the malignant phenotype 21-23 and our previous study 

shows that YAP1/TEAD signaling is required for optimal mesothelioma cell proliferation 

and tumor formation 24. YAP1/TEAD signaling modulates nutrient utilization including 

glutamine metabolism. For example, YAP1/TEAD signaling upregulates GLS activity to 
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facilitate glutamine conversion to glutamate 25,26 and stimulates transcription activity of 

genes encoding glutamine-metabolizing enzymes 26-29. In addition, silencing YAP1/TEAD 

signaling reduces SLC1A5 levels 27.

Mesothelioma is an aggressive/fatal cancer 30,31 that is treated by tumor-reduction surgery 

coupled with cisplatin/pemetrexed chemotherapy 31. This protocol, which has been in place 

for several decades, is only marginally successful leaving a poor clinical outcome, prolonged 

patient suffering and reduced life expectancy. These observations point to a pressing 

need for new treatment strategies. Our novel preliminary findings provide evidence that 

mesothelioma is a glutamine addicted cancer and that glutamine depletion reduces YAP1/

TEAD pro-cancer signaling. These findings suggest that glutamine/glutamate restriction 

may be a viable and potent mesothelioma treatment option.

Materials and Methods

Antibodies and Reagents

RPMI1640 with L-glutamine (10-040-CV) and RPMI1640 without L-glutamine (15-040-

CV) were purchased from Corning (Glendale, AZ). L-glutamine (25030-081) and 0.25% 

trypsin-EDTA (25200-056) were obtained from Gibco (Gaithersburg, MD). Fetal calf 

serum (FCS, F4135), anti-β-actin (A5441) and 4’,6-diamidino-2-phenylindole (DAPI, 

D9542) were purchased from Sigma (St. Louis, MO). Matrigel (354234) and BioCoat 

Millicell inserts (359097) were obtained from BD Bioscience (Franklin Lake, NJ). Peroxide 

conjugated anti-rabbit IgG (NA934V) and peroxide-conjugated anti-mouse IgG (NA931V) 

were purchased from GE Healthcare (Piscataway, NJ) and used at 1:5000 dilution. V-9302 

(S8818) and CB-839 (S7655) were obtained from Selleck Chemicals LLC (Houston, 

TX). Control-siRNA (D-001206-13-05) and SLC1A5-siRNA (M-007429-01-0005) were 

purchased from Dharmacon (Lafayette, CO). Electroporation of siRNA was done using 

Amaxa Solution (VPD-1002) from Lonza (Williamsport, PA). The 8xGTIIC-Luciferase 

plasmid (8xGTIIC-Luc) was obtained from Addgene (Watertown, MA) and Empty vector-

luciferase (EV-Luc) control plasmid, which lacks enhancer elements, was purchased 

from Promega (Madison, WI). Anti-SLC1A5 (8057S), anti-YAP1 (4912S), anti-YAP1-P 
(13008S), anti-TAZ (4883), anti-pan-TEAD (13295S), anti-CTGF (10095S), anti-CCND1 

(cyclin D1, 2922S) and anti-Snail (3895S) antibodies were purchased from Cell Signaling 

Technology (Danvers, MA). Anti-Twist (ab49254), anti-Slug (ab27568) and anti-COL1A2 

(ab96723) antibodies were obtained from Abcam (Waltham, MA). Anti-COL3A1 was 

purchased from GeneTex (Irvine, CA). The Student‘s t-test was used to assess significance. 

All values are presented as mean ± SEM. Asterisks indicate a significant reduction.

Cell proliferation, spheroid formation, invasion and migration assays

Meso-1 and NCI-Meso-17 are malignant cell lines derived, respectively, from peritoneal 

and pleural mesothelioma 32,33. Routine growth was in RPMI1640 supplemented with 2 

mM L-glutamine and 5% FCS. For cell growth assays, cells were plated at low density on 

standard plastic dishes and growth was monitored by cell counting on the days indicated 

in indvidual figures. Spheroid assays were used to derive highly enriched mesotheliomal 

cancer stem cell-like cells (MCS cells) and to measure the impact of glutamine restriction 
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on cell function 34. In this assay, cells were plated into ultra-low attachment dishes and 

spheriod growth was monitored 34. Spheroids, defined as a collection of cells with diameter 

≥ 25 μM, were counted at 0 - 6 d. For invasion assay, BioCoat Millicell inserts (1 cm 

diameter, 8 μm pores), coated with 120 μl of 250 μg/ml Matrigel (BD Biolabs) diluted in 

0.01 M Tris-HCl/0.7% NaCl, were placed individually into wells of a flat-bottom 24-well 

plate. Cells (20,000) were seed atop the Matrigel in growth medium containing 1% FCS, 

while the bottom chamber contained growth medium containing 10% FCS. Cell invasion 

was measured from 0 - 20 h and invaded cells were detected by staining with DAPI. For 

migration, confluent monolayer cultures were wounded using a 10 μl pipette tip, washed to 

remove excess cells, and wound closure was monitored from 0 - 24 h. Cell line authenticity 

was confirmed by short tandem repeat analysis in the Translational Genomics Shared 

Service of the Greenebaum Comprehensive Cancer Center at the University of Maryland 

School of Medicine.

Gene knockdown

Near-confluent cells were harvested with trypsin and replated the night before 

electroporation. For electroporation, 1.2 million cells/group were resuspended in 100 μl 

of Lonza VPD-1002 nucleofection reagent (Wakersville, MD) containing 3 μg of siRNA 

and electroporated using an AMAXA electroporator on the T-018 setting 35,36. At 48 h, this 

process was repeated and the cells were permitted to recover before use in biological assays.

Luciferase assay

To measure the impact of SLC1A5 knockdown on YAP1/TEAD transcription, Meso-1 

or NCI-Meso-17 cells were double electroporated with control- or SLC1A5-siRNA 37,38. 

At 48 h after the second electroporation 40,000 cells were seeded in 12 well plates and 

transfected with 1 μg of EV-Luc or YAP1/TEAD response element containing vector 

(8XGTIIC-Luc) using Fugene 6. DNA and transfection reagent were prepared as per the 

manufacturer’s protocol. After 24 h, extracts were prepared for luciferase activity assay. 

For inhibitor treatment 40,000 cells were plated in 12 well plates and transfected with 1 

μg of EV or 8XGTIIC-Luc vector using Fugene 6 and then treated with 15 μM V-9302 or 

1 μM CB-839. At 24 h extracts were prepared for luciferase activity. To characterize YAP1/

TEAD transcription activity in SLC1A5 knockout cells, 40,000 Meso-1 or Meso1-SLC1A5 

knockout cells were seeded in 12 well plates and transfected with 1 μg of EV or 8XGTIIC-

Luc and after 24 h extracts were prepared for luciferase activity assay.

Creating SLC1A5 knockout cells

SLC1A5-specific CRISPR guide RNA, forward (5’-cacc GAG CTG TGC AAT GAA CAC 

TG) and reverse (5’-aaac CAG TGT TCA TTG CAC AGC TC), were identified at http://

crispr.technology and cloned in the U6-driven pSpCas9(BB)-2A-Puro (PX459) V2.0 vector 

from Addgene (#2429). Cells were electroporated with 3 μg of plasmid using the AMAXA 

electroporator. At 48 h post-electroporation cells were treated with 2 μg/ml puromycin for 

24 h and single cell-derived SLC1A5 knockout clones were selected by dilution cloning.
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Immunoblot

Lysates were prepared in Laemmli buffer (0.063 M Tris-HCl, pH 7.5, 10% glycerol, 

5% sodium dodecyl sulfate, 5% β-mercaptoethanol) and equal amounts of protein were 

electrophoresed on denaturing and reducing polyacrylamide gels prior for transfer to 

nitrocellulose. The membranes were blocked in 5% non-fat dry milk for 1 h and then 

incubated with primary antibodies (1:1000) followed by washing and incubation with 

secondary antibody (1:5000) for 2 h. Protein blots were performed a minimum of two times 

and a representative findings are presented.

Tumor xenografts

MCS cells, grown as spheroids on ultralow attachment plates, were prepared as a single 

cell suspension and 3 million cells were resuspended in 100 μl phosphate buffered saline 

containing 30% Matrigel and injected subcutaneously into each front flank of five eight-

week-old female NOD/scid/IL-2 receptor gamma chain (NSG) knockout mice. At 7 weeks 

after tumor cell injection, when the tumors became palpable, treatment was initiated with 

0 or 15 mg/kg V-9302, dissolved in 2% dimethyl sulfoxide in phosphate buffered saline, 

and delivered by intraperitoneal injection three times per week. Wild-type and SLC1A5 

knockout Meso-1 tumor growth was also compared. Meso1-SLC1A5-KOc1-1-1 SLC1A5 

knockout cells were injected at 3 million cells/each front flank and tumor growth was 

monitored in comparison to wild-type Meso-1 cells 34. Tumors were harvested and stored 

frozen. To prepare tumor lysates, frozen tumors were puliverized and then the powder 

was dissolved in Laemmli sample buffer and boiled before immunoblot. Tumor growth 

was monitored over ten weeks and tumor volume was measured using the formula 4/3π x 

(diameter/2)3. The animal procedures were approved by the Institutional Animal Care and 

Use Committee at the University of Maryland Baltimore.

Results

Glutamine depletion reduces the mesotheliom cancer phenotype

Glutamine addiction is an important property of various cancer types that can be exploited 

therapeutically 2,3. A major goal of this study is to assess the response of mesothelioma 

cancer cells to glutamine restriction. To assess the role of glutamine in maintaining the 

mesothelioma cancer cell phenotype, we grew Meso-1 cells in medium containing 0 or 

2 mM glutamine and monitored the impact on cancer endpoints. We observed a marked 

reduction in cell proliferation (Fig. 1A), spheroid formation (Fig. 1B), invasion through 

matrigel (Fig. 1C) and migration (Fig. 1D) in glutamine-free conditions. To confirm that 

the cells require glutamine to maintain the aggressive cancer phenotype, we treated with 

V-9302, which inhibits SLC1A5, a plasma membrane transporter that imports glutamine 
39, and CB-839 which inhibits GLS, the enzyme that converts glutamine to glutamate 11. 

Treatment with V-9302 produces a dose-dependent decrease in cell proliferation (Fig. 1E), 

inhibits spheroid formation (Fig. 1F) and reduces invasion through matrigel (Fig. 1G). 

Treatment with CB-839 also reduces these cancer cell characteristics (Fig. 1H/I/J). We also 

measured the impact of SLC1A5 knockdown on the cancer phenotype. Treatment of Meso-1 

cells with SLC1A5-siRNA reduced cell proliferation (Fig 2A) and invasion (Fig. 2B). These 
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findings strongly suggest that mesothelioma cancer cells require glutamine to maintain the 

aggressive cancer phenotype and are glutamine addicted.

Role of YAP1/TEAD signaling

YAP1/TEAD signaling has been reported to be impacted by alterations in glutamine 

metabolism 25,40 and so we monitored the impact of SLC1A5 knockdown, and treatment 

wtih V-9302 and CB-839, on YAP1/TEAD dependent transcription. Meso-1 cells were 

transfected with EV-Luc or a YAP1/TEAD transcription reporter plamid (8xGTIIC-Luc) 

encoding the TEAD response element linked to the luciferase gene 41,42. Fig. 2C shows 

that SLC1A5 knockdown reduces YAP1/TEAD dependent transcription, as does treatment 

with V-9302 or CB-839 (Fig. 2D). To better understand this regulation, we examined the 

effect of SLC1A5 knockdown on expression of Hippo signaling related proteins 24,43. 

Fig. 2E shows that YAP1, TAZ and pan-TEAD protein levels are reduced in response to 

SLC1A5 knockdown and that this is associated with a reduction in YAP1/TEAD regulated 

collagen gene (COL1A2 and COL3A1) expression. Consistent with these findings, treatment 

with CB-839 reduces YAP1, TAZ, COL1A2 and COL3A1 levels (Fig. 2F), while V-9302 

treatment reduces YAP1, TAZ, pan-TEAD, and COL3A1, but not COL1A2 (Fig. 2G). We 

also show that V-9302 treatment reduces the levels of the Twist, Slug and Snail sugggesting 

that EMT (epithelial mesenchymal transition) is attenuated (Fig. 2G).

We next examined the impact of SLC1A5 knockout on the cancer cell phenotype and 

expression of YAP1/TEAD signaling proteins. We constructed SLC1A5 knockout clones 

using CRISPR/Cas9. Fig. 3A/B shows that proliferation of the SLC1A5 knockout cell lines 

(Meso1-SLC1A5-KOc2-6-1 and Meso1-SLC1A5-KOc1-1-1) is markedly reduced compared 

to wild-type Meso-1 cells. Moreover, as shown in Fig. 3C, SLC1A5 knockout results 

in a marked reduction in YAP1/TEAD transcription as measured by the reduction in 

8xGTIIC-Luc activity. We also compared the impact of SLC1A5 knockout on expression 

of YAP1/TAZ/TEAD and selected downstream targets. Fig. 3D/E show a reduction in YAP1 

and YAP1-P in both SLC1A5 knockout cell clones. TAZ levels are also slighty decreased, 

but pan-TEAD levels are increased. It is possible that the increase in pan-TEAD level is an 

effort by the cells to compensate for the loss of YAP1 signaling. Among the downstream 

target genes, CTGF, cyclin D1 and COL1A2 are reduced. These findings indicate that 

SLC1A5 knockout reduces YAP1/TEAD level and YAP1/TEAD dependent transcription and 

that this is associated with a reduction in some YAP1/TEAD target proteins.

Glutamine depletion suppresses the cancer phenotype in NCI-Meso-17 cells

It is important to confirm these findings in a second mesothelioma cell line. We selected 

NCI-Meso-17 cells which is an aggressive tumor-forming cell line derived from pleural 

mesothelioma 33. Glutamine restriction reduces NCI-Meso-17 cell proliferation (Fig. 4A) 

and ability to form cancer stem-like cell enriched spheroids (Fig. 4B). Glutamine restriction 

also reduces the ability of these cells to invade matrigel (Fig. 4C) and migrate in monolayer 

culture (Fig. 4D). In addition, V-9302 treatment produces a dose-dependent reduction in cell 

proliferation (Fig. 4E), spheroid formation (Fig. 4F) and matrigel invasion (Fig. 4G). We 

repeated these experiments with the GLS inhibitor, CB-839, and found a similar reduction in 

proliferation, spheroid formation and matrigel invasion (Fig. 4H/I/J).
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To assess the impact of SLC1A5 knockdown on the cancer phenotype, we treated NCI-

Meso-17 cells with SCL1A5-siRNA. SLC1A5 knockdown causes NCI-Meso-17 cells to 

grow more slowly (Fig. 5A) and invade matrigel less efficiently (Fig. 5B). In addition, 

SLC1A5 knockdown (Fig. 5C), or treatment with V-9302 or CB-839 (Fig. 5D), reduces 

YAP1/TEAD-dependent transcription and this is associated with reduced YAP1 levels with 

variable change in TAZ and pan-TEAD levels (Fig. 5E/F/G). The reduction in YAP1 level in 

these cells most likely accounts for the reduction in YAP1/TEAD-dependent transcription.

Impact of glutamine depletion on tumor formation

We next monitored the impact of V-9302 treatment and SLC1A5 knockout on tumor 

growth. Spheroid-derived Meso-1 cells were injected into each front flank in NSG mice 

and when tumors became palpable treatment was initiated with V-9302. Fig. 6A/B show 

that V-9302 treatment causes a marked reduction in tumor formation. Moreover, this is 

associated with reduced levels of SLC1A5, YAP1, TAZ, pan-TEAD and the Slug EMT 

marker. Characteriztaion of SLC1A5 knockout cells (Meso1-SLC1A5-KOc1-1-1) (Fig. 

6C/D) revealed a marked reduction in tumor growth which was associated with reduced 

SLC1A5, YAP1 and TAZ, and reduced Slug levels. Pan-TEAD levels are increased in this 

case, perhaps to compensate for the loss of YAP1/TAZ stimulation.

Discussion

Glutamine metabolism in cancer

Glutamine is the most abundant amino acid in blood and as such serves as an important 

metabolic substrate to maintain tissues. Moreover, glutamine is essential for cancer cell 

survival and proliferation in a range of cancer types. This is because glutamine can 

serve as a substrate to fuel multiple metabolic pathways including the Krebs cycle, 

redox homeostasis, and synthesis of cellular building blocks including nucleic acids, fatty 

acids, GSH and amino acids 44. Moreover, enhanced glutaminolysis has been linked to 

the accumulation of oncogenic metabolites including 2-Hydroxyglutarate, succinate and 

fumarate 44. The importance of glutamine has led to consideration of glutamine depletion as 

a strategy to treat a range of cancers including melanoma 45, lung 46, pancreatic 47, breast 48, 

prostate 49 and acute myeloid leukemia 9,10,50-52.

Mesothelioma is a glutamine addicted cancer

Mesothelioma is a highly aggressive and fatal cancer 30,31. Treatment involves tumor-

reduction surgery, cisplatin/pemetrexed chemotherapy 31 and/or immune therapy 53-55. 

However, these strategies are only marginally successful leaving an extremely poor clinical 

outcome and limited life expectancy. These observations point to a significant need for new 

treatment strategies. Although, as noted above, the use of glutamine depletion strategies 

has been reported for a range of leukemias and solid tumor types, to our knowledge no 

manuscripts have reported glutamine depletion studies using mesothelioma cancer models.

Our present studies suggest that mesothelioma is a glutamine addicted cancer. This is 

based on glutamine depletion and pharmacologic inhibitor studies showing that removing 

glutamine from the cell culture medium, or treating with glutamine uptake inhibitor or 
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glutaminase inhibitor, suppress mesothelioma cell proliferation, spheroid formation, invasion 

and migration. Moreover, treatment with V-9302, a SLC1A5 inhibitor, which inhibits cancer 

cell uptake of glutamine, markedly reduce tumor xenograft growth. SLC1A5 knockout 

also produced a marked reduction in tumor growth. These findings suggest that glutamine 

depletion therapy may benefit mesothelioma patients.

YAP1/TEAD signaling changes in glutamine depleted cells

YAP1/TEAD signaling is a centrally important pro-cancer signaling pathway 16 and is often 

highly activated cancer cells 17-19. YAP1 and TAZ factors interact with nuclear TEAD 

transcription factors to drive cancer cell survival-related gene expression and tumor growth 
20 and are considered important cancer therapy targets 20. YAP1/TAZ and TEAD have a 

role in mesothelioma where they are overexpressed and drive the malignant phenotype 21-23. 

Our previous study shows that YAP1/TEAD signaling is required for optimal mesothelioma 

cell proliferation and tumor formation 24. We now show that glutamine depletion reduces 

mesothelioma cell YAP1/TEAD signaling. YAP1 level is reduced in SLC1A5 knockdown 

cells and in cells treated with agents that inhibit glutamine uptake (V-9302) and conversion 

to glutamate (CB-839). Using a TEAD transcription promoter linked to luciferase, we 

showed that these treatments reduce YAP1/TEAD dependent transcription and that this is 

associated with reduced levels of selected downstream YAP1/TEAD target proteins (CTGF, 

COL1A2, COL3A1). Similar changes were observed in SLC1A5 knockout cells. Although 

we do not yet know the detailed mechanism, these findings suggest that glutamine starvation 

communicates to the cell that proliferation is not permitted thereby reducing YAP1/TEAD 

signaling. We note that that these responses are observed in both Meso-1 and NCI-Meso-17 

cells, suggesting that these responses represent a common mode of regulation in multiple 

mesothelioma tumor cell lines. An interesting feature is that manipulations that target 

SLC1A5 (SLC1A5 knockdown and V-9302 treatment) are more effective than treatment 

with CB-839 which targets GLS activity.

These findings are consistent with reports in other cancers that glutamine restriction 

modifies signaling cascades related to nutrient deprivation and cell proliferation. Prominent 

among these responses are changes in YAP1/TEAD signaling 25,40. Moreover, YAP1/TEAD 

signaling modulates nutrient utilization including glutamine metabolism. For example, 

YAP1/TEAD signaling upregulates GLS activity to facilitate glutamine conversion to 

glutamate 25,26, stimulates transcription activity of genes encoding glutamine-metabolizing 

enzymes 26-29 and increases transcription of SLC1A5 to enhance cellular glutamine uptake 
27. In addition, silencing YAP1/TEAD signaling reduces SLC1A5 levels 27. Our previous 

studies show that YAP1/TEAD signaling is an important survival pathway in mesothelioma 
24 and the present studies show that YAP1/TEAD signaling is reduced by inhibiting 

glutamine utilization.

Glutamine starvation and tumor growth

We also examined the impact of glutamine depletion using a xenograft tumor model. We 

show that both SLC1A5 knockout and treatment with V-9302 reduces tumor formation. A 

minimum 50% reduction in tumor size is observed in each case. Analysis of tumor extracts 

reveal a substantial and consistent reduction in YAP1 signaling. V-9302 treated cells display 
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reduced levels of SLC1A5, YAP1, TAZ and pan-TEAD and reduced levels of the EMT 

marker, Slug. SLC1A5 knockout tumors display reduced SLC1A5, YAP1, TAZ and Slug 

levels. In this case pan-TEAD levels are elevated, perhaps as a compensatory mechanism. 

These studies confirm that mesothelioma tumor growth is highly suppressed by inhibition of 

SL1CA5 activity either, using an inhibitor or by SLC1A5 knockout, and that this reduction 

is associated with reduced YAP1/TEAD signaling.

As shown in the model in Fig. 6E, our studies suggest that that mesothelioma is a glutamine 

addicted cancer and that depletion of glutamine in the cell culture medium, inhibition 

or knockdown/knockout of the SLC1A5 glutamine importer, or inhibition of glutaminase, 

the enzyme that converts glutamine to glutamate, reduces nutrient availability to MCS 

cells and attenuates YAP1/TEAD signaling. The nutrient deprivation and the accompanying 

reduction in YAP1/TEAD signaling results in a reduction in cell proliferation, spheroid 

growth, invasion, migration and tumor growth.

Glutamine is the most abundant amino acid in blood that serves as an important substrate to 

cancer cells for production of cell substrates and energy. Asparaginase converts asparagine 

and glutamine to aspartate and glutamate, respectively, thereby decreasing plasma 

concentrations of asparagine and glutamine which ultimately reduces glutamine availability 

to the cancer cells 56. Recent studies support the use of asparaginase and asparaginase 

derivatives as cancer therapeutics 9,10,52,57,58. Mesothelioma is a highly aggressive and 

treatment-resistant cancer, and our findings suggest that asparaginase-dependent glutamine 

depletion may be a useful mesothelioma treatment strategy.
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Fig. 1. 
Glutamine is essential to maintain an aggressive mesothelioma cell phenotype. A/B Meso-1 

cells were grown as monolayer cultures in regular cell culture dishes or as cancer stem-like 

cell-enriched spheroids in ultra-low attachment dishes. The absence of glutamine reduces 

proliferation and spheroid growth. C/D Absence of glutamine reduces Meso-1 cell invasion 

through matrigel and wound closure. E/F/G Treatment with the glutamine transporter 

inhibitor, V-9302, reduces Meso- 1 cell growth, spheroid formation and invasion. H/I/J 
Treatment with the glutaminase (GLS) inhibitor, CB-839, reduces Meso-1 cell growth, 

spheroid formation and cell invasion. Cell growth, spheroid formation and invasion were 

monitored as outlined in Materials and Methods. The values are mean ± SEM an asterisk 

indicates a significant reduction in response compares to control, n = 3, p < 0.05. Bars = 50 

microns in all panels.
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Fig. 2. 
Knockdown of the SLC1A5 glutamine transporter reduces the Meso-1 cell cancer 

phenotype. A/B Meso-1 cells treated with 3 μg of control- or SLC1A5-siRNA and cell 

growth and matrigel invasion were monitored. C Meso-1 cells were electroporated with 3 μg 

of control- or SLC1A5-siRNA and then transfected with 1 μg of EV-Luc or 8xGTIIC-Luc 

(encodes TEAD response elements) plasmids and luciferase activity was monitored at 24 

h. D Meso-1 cells were transfected with 1 μg of EV-Luc or 8xGTIIC luciferase plasmids 

and then treated with the indicated level of V-9302 or CB839 and at 24 h luciferase activity 

was measured. E/F/G Effect of SLC1A5 knockdown and CB-839 or V-9302 treatment on 

SLC1A5 and YAP1/TEAD signaling proteins in Meso-1 cells. The values are mean ± SEM 

and the asterisks indicate a significant reduction compared to control, n = 3, p < 0.05. Bars 

= 50 microns in all panels. Cell growth and invasion were monitored as outlined in Materials 

and Methods.
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Fig. 3. 
SLC1A5 knockout reduces Meso-1 cell growth and YAP1/TEAD signaling. A/B Cell 

growth assays show that two independent Meso-1 SLC1A5 knockout cell lines display 

reduced cell proliferation. C Wild-type Meso-1 cells and two SLC1A5 knockout Meso-1 

cell lines were transferted with 1 μg of EV-Luc or 8xGTIIC luciferase reporter vector and 

after 24 h extracts were prepared to monitor luciferase activity. D/E Extracts of wild-type 

and SLC1A5 knockout Meso-1 cells were prepared and assayed for the level of YAP1/

TEAD and related proteins. The values are mean ± SEM and asterisks indicate a significant 

reduction in response compares to control, n = 3, p < 0.05. Bars = 50 microns in all panels. 

Cell growth was monitored a described in Materials and Methods.
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Fig. 4. 
Glutamine is essential to maintain the cancer phenotype of NCI-Meso-17 cells. A/B 
NCI-Meso-17 cells were grown as monolayer or spheroid (MCS cell enriched) cultures. 

Treatment with glutamine-free medium reduces proliferation and spheriod growth. C/D 
NCI-Meso-17 cells were grown in glutamine-free or 2 mM glutamine containing medium. 

Treatment with glutamine-free medium reduces invasion and migration. E/F/G Treatment of 

NCI-Meso-17 cells with V-9302 reduces cell growth, spheroid formation and cell invasion. 

H/I/J Treatment of NCI-Meso-17 cells with CB-839 (GLS inhibitor) reduces cell growth, 

spheroid formation and cell invasion. The values are mean ± SEM and asterisks indicate a 

significant change reduction as compared to control, n = 3, p < 0.05. Bars = 50 microns 

in all panels. Cell growth, spheroid formation, invasion and migratoin were monitored as 

outlined in Materials and Methods.
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Fig. 5. 
Knockdown of the SLC1A5 glutamine transporter reduces the NCI-Meso-17 cell cancer 

phenotype. A/B NCI-Meso-17 cells were treated 3 μg of control- or SLC1A5-siRNA and 

after 48 h cell growth and matrigel invasive were monitored. C NCI-Meso-17 cells were 

electroporated with 3 μg of control- or SLC1A5-siRNA and then transfected with 1 μg of 

EV-Luc or 8xGTIIC-Luc. At 24 h extracts were prepared to monitor luciferase activity. D 
NCI-Mesoo-17 cells were transfected with 1 μg of EV-Luc or 8xGTIIC-Luc and then treated 

with or V-9302 or CB-839. At 24 h extracts were prepared to monitor luciferase activity. 

E/F/G NCI-Meso-17 cells were treated with control- or SLC1A5-siRNA, or with V-9302 

(SLC1A5 inhibitor) or CB-839 (GLS inhibitor), and the impact on YAP1/TEAD signaling 

proteins was monitored by immunoblot. The values are mean ± SEM and asterisks indicate a 

significant reduction compared to control, n = 3, p < 0.05. Bars = 50 microns in all panels.
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Fig. 6. 
Inhibition of SLC1A5 activity suppresses mesothelioma tumor growth. A/B Meso-1 cells, 

grown as spheroids, were injected (3 million cells/site) into each front flank in NSG mice 

(5 mice/group). When tumors were first detected, at 7 weeks, treatment was initiated three 

times/week with 0 or 15 mg/Kg V-9302 (SLC1A5 inhibitor). Tumor size was monitored 

weekly and at 10 weeks the tumors were harvested and imaged, and total tumor lysate 

was prepared to detect expression of the indicated markers. C/D Wild-type and SLC1A5 

knockout (Meso1-SLC1A5-KOc1-1-1) Meso-1 cells, grown as spheroids, were injected 

into each front flank (3 million cells/site) in NSG mice (5 mice/group). Tumor size was 

measured weekly and at 12 weeks the tumors were harvested and imaged, and total cell 

lysate was prepared to detect expression of the indicated markers. Values are mean ± SEM 

and asterisks indicate a significant reduction as compared to control, n = 10 tumors, p < 

0.05. E Schematic describing the impact of glutamine restriction on human mesothelioma 

cells and tumors. The model is described in the Discussion.
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