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ABSTRACT

Metabolic stress responses in cancer cells are commonly examined through isolated pathway analysis, but the interconnectivity between metabolic stressors and immune evasion mechanisms such as Programmed Death-Ligand 1 (PD-L1) expression remains poorly understood.  This study investigated how serum starvation and glutaminase inhibition with CB-839 reshapes cell viability, cell cycle, and immune-related responses in MV4-11 acute myeloid leukemia and DU145 prostate cancer cells.  Serum starvation induced rapid, uniform collapse in both lines, including viability losses exceeding 60%, G1 arrest, and the downregulation of immune evasion genes, demonstrating acute stress that obscures metabolic and immune relationships.  Glutaminase inhibition revealed distinct responses based on cell type.  MV4-11 showed initial viability loss at 48 hours that stabilized by 72 hours, as well as recovery of GLS1 and PD-L1 expression, suggesting metabolic reprogramming from the TCA cycle toward glycolysis.  DU145 exhibited early tolerance followed by collapse at 72 hours with G1 arrest, and declining immune evasion gene expression, indicating failed adaptation.  Under serum starvation, DU145 upregulated GLS1, shifting toward the TCA cycle, but when CB-839 blocked this pathway, cells failed to metabolically reprogram to glycolysis.  MYC directly regulated PD-L1 in MV4-11 across all conditions, while in DU145 PD-L1 expression remained similar to control levels despite MYC decreases, indicating alternative PD-L1 expression pathways in DU145.  These findings demonstrate that prolonged glutaminase inhibition differentially impacts cell types based on metabolic flexibility.  Future work will target the KMT2A-AFF1 fusion via siRNA, restoring RUNX1 against premature CDK1 degradation to determine whether plasticity and immune evasion are fusion-dependent.
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1. INTRODUCTION

1.1 [bookmark: _Toc217058569][bookmark: _Toc223468339]Cancer Overview

Rather than just a rare occurrence within everyday society, cancer has caused extensive devastation to families, and hospitals, and will continue to do so for years to come.  According to the American Cancer Society, estimates in 2022 were 20 million new cancer cases, corresponding to 9.7 million deaths, with annual cases rising to 35 million by 2050.  More than half of these deaths are marked as preventable, yet the looming 9.7 million deaths remain, impacting low- and middle-income countries without proper access to vaccination, screening, and treatment.  Cancer is not just in one cell culture dish; it’s a growing instability within our society that needs to be treated [1].

1.2 [bookmark: _Toc223468340]Current Treatment Limitations and Metabolic Vulnerabilities

Despite current advances in oncology, current treatments remain inadequate and impose devastating consequences on patients.  Standard therapies of chemotherapy, radiation, immunotherapy, and surgical removal often fail to distinguish between cancer cells and healthy cells, particularly those that divide rapidly.  For example, chemotherapy agents target all proliferating cells, which is why patients experience nausea and vomiting, chronic fatigue, hair loss, anemia and low blood counts, cognitive impairment, and long-term damage to reproductive organs.  Radiation therapy, while more localized, still causes skin damage, organ inflammation in the lungs, liver, kidneys, and heart.  The list of adverse side effects can continue for most current treatments, devastating the victim [2; 3; 4].  These side effects aren’t just minor inconveniences; it demonstrates a larger issue with fundamental treatment failures where health tissue is collateral damage.  

The root of such an issue is the lack of selectivity.  Cancer cells and healthy cells share many of the same pathway, making it nearly impossible for traditional therapies to kill tumors without harming normal tissue.  However, cancer cells do exhibit unique vulnerabilities in the realm of metabolism that healthy cells do not.  Unlike normal cells that efficiently use oxidative phosphorylation to generate ATP, cancer cells frequently shift to aerobic glycolysis even in the presence of oxygen—known as the Warburg effect.   The altered metabolic dependencies represent a weakness that can then further be exploited.   Targeting these selective pathways offers the potential for selective intervention—to disrupt cancer cell survival while leaving metabolically flexible heathy cells largely unaffected.   This study then focuses on two specific metabolic stressors that exploit these vulnerabilities through the deprivation of necessary growth factors.

1.3 [bookmark: _Toc223468341]Metabolic Stress via Serum Starvation 

Cancer cells are frequently subjected to targeted growth factor deprivation to test cell viability and progression under stress [5].  In vitro, this condition of removing targeted growth factors required for the cell to develop is known as serum starvation.  A 2020 review notes how in vitro and in vivo studies show that reducing serum and targeted growth factors can have varying effects on cancer cells such as: G₀/G₁ cell-cycle arrest and apoptosis through the downregulation of PI3K/AKT signaling and the activation of p53-dependent pathways [6].  The responses due to the sheer stress exerted take many forms and have recently shown to be tied to the transitions between cell-cycle states, profiling how different cancer cell lines can respond to serum starvation through the phases of the cell cycle, and cell nutrient pathways.  

1.4 [bookmark: _Toc223468342]Serum Growth Factor Signaling and the PI3K/Akt/mTOR Pathway

Fetal Bovine Serum (FBS) contains essential growth factors, including epidermal growth factor (EGF) and insulin-like growth factor (IGF), that activate receptor tyrosine kinases (RTKs) on the cancer cell membrane.  Upon the binding of the ligand, these receptors initiate the phosphatidylinositol 3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR) signaling cascade, for cell growth, survival, and proliferation (Fig. 1).
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Figure 1.  Growth factor signaling pathways activated by fetal bovine serum (FBS).  EGF and IGF bind to their respective receptor tyrosine kinases (RTKs), activating the PI3K/Akt/mTOR pathway that drives protein synthesis, cell growth, and cell proliferation.  Created by Michael Cole using Biorender, 2026.

1.5 [bookmark: _Toc223468343]Glutamine Dependence in Cancer
 
[bookmark: OLE_LINK1]An alternative metabolic pathway than that of glycolysis and the serum starvation pathway involves several key components which make up glutamine metabolism.  Many cancer cells develop a tendency for dependence on glutamine, which serves as a source for nitrogen and carbon leading to biosynthesis and energy production [7].  More specifically, cancer cells upregulate multiple glutamine transporters: SLC1A5, SLC38A1/2, and SLC6A14, which together increase the glutamine uptake into the cell.  Zooming in on a specific transporter, high expression of SLC1A5, which is driven by MYC expression, led to increased tumor growth and a poor clinical application/outcome.  Once within the cell, the glutaminase isoforms (GLS1 and GLS2) break down glutamine.  Between GLS1 and GLS2, GLS1 is more predominant in cancers and will be the focus in this study.  Further downstream, glutamine-derived glutamate supports glutathione synthesis and redox balance, with NADPH required to maintain glutathione in its reduced state [7; Fig. 2].  In many tumors, this dependence on glutamine for proliferation and survival becomes so strong that cells are highly sensitive to glutamine availability leading to a term described as “glutamine addiction”.  The utilization of glutamine is integrated into a more general program driven by signals of MYC, mTOR, and more which coordinate the changes in glycolysis and lipid metabolism.  Removing glutamine from these glutamine-dependent cells causes a severe cellular interference which causes the cell to metabolically reprogram in times of survival [8; 9].
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Figure 2.  Glutamine metabolism and its integration with central carbon metabolism the TCA cycle in cancer cells.  Created by Michael Cole using Biorender, 2025.  

1.6 [bookmark: _Toc223468344]Immune Evasion through the PD-1/PD-L1 Checkpoint

The Programmed Death Protein 1 (PD-1) and Programmed Death-Ligand 1 (PD-L1) axis is the immune system’s regulatory checkpoint.  Cancer cells utilize this pathway by expressing PD-L1 on their surface, which binds to the PD-1 receptor on cytotoxic T lymphocytes (CTLs), thereby inhibiting their activation and immune response [10; 11].  PD-1 signaling primarily induces a metabolic shutdown within a T cell.  This study mainly focuses on the MYC proto-oncogene downstream pathway, frequently overexpressed in MV4-11, which boosts the expression of PD-L1 [12; Fig. 3].  Other notable pathways include NF-kB, Jak/STAT, IFN-y, and many more [13].   
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Figure 3.  c-MYC/PD-L1 regulatory axis.  The c-MYC proto-oncogene binds directly to the CD274 promoter to drive PD-L1 expression, facilitating T-cell deterrence and immune evasion Created by Michael Cole using Biorender, 2025.

1.7 [bookmark: _Toc223468345]Glutaminase Inhibition with Telaglenastat (CB-839)

Furthermore, cancer cells adapt to new environmental conditions by metabolically responding to the lack of growth factors, using alternative pathways to their advantage under stress to promote metastasis [8].  The small molecule CB-839 (Telaglenastat) is an investigational therapeutic agent developed to target the metabolic dependencies of glutamine in cancer cells.  It is classified as an oral, selective, and allosteric inhibitor of the mitochondrial enzyme Glutaminase (GLS) [14].  CB-839 functions by binding to an allosteric site on the enzyme, which prevents the conversion of glutamine (Gln) to glutamate (Glu), the first step in the process of glutaminolysis for the Tricarboxylic Acid cycle (TCA) [14; Fig. 4].  In clinical trials, the compound has shown a safety profile with a recommended phase II dose defined at 800 mg twice daily with food [14].  For the purpose of the current study, CB-839 was diluted in culture media to a final treatment concentration of 1 µM for all experiments.  This concentration was selected as consistent with prior in vitro studies applying micromolar telaglenastat to probe glutamine-dependent metabolism, and exposure durations were selected to capture time-dependent metabolic consequences [15].  Telaglenastat treatment for 72 hours has been shown to induce growth suppression across cancer cell lines, with earlier timepoints such as 48 hours commonly used to assess molecular and signaling responses preceding overt viability effects [16; 17; 15].
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Figure 4.  Mechanism of glutaminase inhibition by CB-839 and its impact on central carbon metabolism and MYC regulation.  Created by Michael Cole using Biorender, 2025.  

1.8 [bookmark: _Toc223468346]Therapeutic Targeting of Glutamine Metabolism 

Combination therapies are widely seen as a method that would be extremely beneficial to clinical therapeutic applications.  The intense reliance of cancer cells on glutamine for survival and proliferation establishes this vulnerability; however, the metabolic reprogramming of tumors allows them to activate and switch between metabolic pathways, leading to increased resistance and toleration to treatment [9; 18].  This adaptive response suggests the importance of combined therapy for avoiding metabolic adaptation in response to GLS1 inhibition [7].  The resulting disruption in the TCA cycle provides a strong rationale for its use as a metabolic induced stressor, especially when partnered with other therapies (Fig. 4).  Pre-clinical studies demonstrated that inhibiting glutamine utilization with CB-839 will increase Programmed Death-Ligand 1 (PD-L1) expression; however, when used in combination with anti-PD-L1 antibodies, it blocks the newly upregulated PD-L1, demonstrating a strong increase in antitumor efficacy of T cells in vitro and in vivo [19].  Furthermore, CB-839 also had advanced clinical trials, including a phase I/II trial examining its combination with the anti-PD-1 antibody nivolumab in patients with metastatic melanoma, renal cell carcinoma, and non-small-cell lung cancer.  Treatments included 240 mg of nivolumab by Intravenous Therapy (IV) on days 1 and 15 of a 28-day cycle and 600 or 800 mg of CB-839 given orally.  While the treatment was generally well tolerated, the overall response rate was variable, showing the necessity of continued research to understand the metabolic and immune signaling pathways that work in conjunction with CB-839, especially in other cell lines [20].

1.9 Metabolic Regulation of PD-L1 Signaling

The clinical application of immune evasion is rooted in the relationship between the PD-L1 immune checkpoint and the tumor cell’s metabolic processes.  First, studies show that PD-L1 actively promotes cancer cell survival by metabolically reprogramming the tumor.  When PD-L1 is stimulated, it enables leukemic cells to better utilize both glucose and fatty acids for energy and survival [21].   Secondly, the PD-L1 pathway is also used as a compensating defense against induced metabolic stress.  When cancer cells are deprived of glutamine, they trigger an emergency survival signal (EGFR/ERK/c-Jun) that rapidly upregulates PD-L1 expression [22].  This dual strategy for survival, where PD-L1 drives metabolism changes, and metabolic stress through glutamine deprivation drives the upregulation of PD-L1, proves the essential justification for combining the GLS inhibitor CB-839 to destabilize the tumor’s energy supply with other therapies.  For example, chemotherapy, radiotherapy, and a PD-1/PD-L1 inhibitor to simultaneously block immune escape mechanisms.  
 
1.10 [bookmark: _Toc223468349]Study Models: MV4-11 Acute Myeloid Leukemia and DU145 Prostate Carcinoma

During the initial planning of this project, the assumption was that any cancer cell line should respond similarly to metabolic stress.  The acute myeloid leukemia cell line, MV4-11, carrying the KMT2A-AFF1 (MLL-AF4) fusion, grows freely in solutions in suspension and proliferates at a slow rate (Fig. 5A).  On the other hand, DU145, an adherent prostate carcinoma cell line, has high proliferative capacity under standard culture conditions [23; Fig. 5B].  The stark difference between the two cell lines establishes the fragility and susceptibility of MV4-11, while DU145 is rather the opposite, where the cell culture is resilient (Green Elephant Bio Tech, 2025; AAT Bioquest, 2021; Fig. 6).  Suspension lines like MV4-11 require more gentle manipulation and have less published work with varying treatments, whereas DU145 has been used in a variety of experimental designs.  More specifically, acute myeloid leukemias frequently depend on and express the MYC proto-oncogene, bHLH transcription factor (MYC), to sustain survival and proliferation.  Recent work shows that AML models exhibit elevated MYC expression yet remain resistant to MYC-directed therapies, indicating a critical limitation of current MYC-targeted interventions.  Furthermore, current acute myeloid cases are most commonly treated by induction-based chemotherapy, where the rate of response falls below 50% for elderly patients, and for even younger patients, 40% do not live two years after the prognosis.  The mechanisms that account for this increase in MYC expression are trisomy 8, MYC amplification, and various mutations that result in a change in upstream pathways [12].  
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Figure 5.  Brightfield images of MV4-11 (A) and DU145 (B) cells captured using a SPOT camera.  Image taken by Michael Cole, 2025.  Taken by Michael Cole 2025.  
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Figure 6.  General proliferation curves illustrating growth behavior of adherent and suspension cancer cell lines.  Image created by Michael Cole using PowerPoint, 2025.

2. [bookmark: _Toc223516689]Research Questions

2.1 [bookmark: _Toc217058577][bookmark: _Toc223516690]Problem Statements

P1: In MV4-11 acute myeloid leukemia and DU145 prostate cancer cells, it remains unclear how differences between suspension and adherent cell lines correlate with cell death, G1 arrest, and metabolic changes over different timepoints under the treatments of serum starvation and glutaminase inhibition.

P2: In MV4-11 acute myeloid leukemia and DU145 prostate cancer cells, the way metabolic stress through FBS removal and CB-839 treatment reshapes the MYC-linked pathways that regulate PD-L1 leaves the question: to what extent is MYC a key pathway for PD-L1 expression?

P3: Although glutamine metabolism and immune checkpoints pathways have been linked in some tumor types, the direct effects of serum starvation and pharmacologic glutaminase inhibition through CB-839 on PD-L1-mediated immune evasion remain inadequately researched, especially in MV4-11 and DU145.  

2.2 [bookmark: _Toc217058578][bookmark: _Toc223516691]Objectives

O1: To track how serum starvation and Glutaminase Inhibition affect cell death, G1 arrest, and glutamine metabolism over different timepoints in MV4-11 and DU145, a Trypan Blue viability assay, BrdU flow cytometry, and GLS1 qRT-PCR should be used.  

O2: To measure the relative changes in MYC in each cell line, additional primer targets (h-MYC) should be tested across different timepoints and treatments to compare the transcriptional trends between MYC and PD-L1.  

O3: To determine how serum starvation and Glutaminase Inhibition through CB-839 alter PD-L1 expression at both the transcriptional and translational levels in MV4-11 and DU145, qRT-PCR and Western blot should be conducted.  

2.3 [bookmark: _Toc217058579][bookmark: _Toc223516692]Hypotheses

H1: Under both treatment conditions, MV4-11 and DU145 will exhibit different viability trends consistent with suspension and adhesion growth behavior, with DU145 maintaining higher viability, while both cell lines show evidence of G1 arrest and shifts between metabolic pathways [23; 25; 7].

H2: In MV4-11 cells, changes in MYC expression across both treatments will directly correspond to trends in PD-L1, whereas in DU145, PD-L1 expression will vary independently of MYC, possibly indicative of other PD-L1 pathways at play [26].  
H3: Serum starvation will reduce PD-L1 expression while Glutaminase Inhibition through CB-839 will lead to increased PD-L1 expression at the transcriptional and translational levels across both cell lines [27; 7].  

3. [bookmark: _Toc217058580][bookmark: _Toc223516693]Methodology

This study used multiple approaches to examine cancer cell responses to metabolic stress.  Cells were maintained under standard cell culture conditions (3.1) and subjected to metabolic stress through serum starvation (3.2) and glutaminase inhibition using CB-839 (3.3).  Cell viability was quantified using trypan blue assays (3.4), while cell cycle distribution was assessed by BrdU staining and flow cytometry (3.5).  Gene Expression changes were evaluated through quantitative real-time PCR targeting immune evasion markers (PD-L1, PD-L2, B2M), the MYC oncogene, glutamine metabolism (GLS1), and stress resistance genes (MCL1, CD44) (3.6).  To validate transcriptional findings at the protein level, Western blot analysis was performed on PD-L1 expression (3.7).  All experiments incorporated biological replicates and appropriate controls (3.8), with statistical significance determined through two-way ANOVA (3.9), and biosafety protocols were maintained throughout (3.10).  

3.1 [bookmark: _Toc217058581][bookmark: _Toc223516694]Cell Culture and Maintenance

[bookmark: _Toc217058582][bookmark: _Toc223516695]3.1.1 MV4-11

[bookmark: _Toc217058583]MV4-11 acute myeloid leukemia cells were defrosted from -180 oC liquid nitrogen deep freeze and then cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented with 10% or 50 mL of fetal bovine serum (FBS) and 1% or 5 mL of penicillin-streptomycin per 500 mL of IMDM base.  Cultures were maintained in 10 mL cell culture dishes at 37 oC in a humidified incubator with a 5% CO2 injector.  Post-defrosting, MV4-11 were transferred into 37 oC supplemented IMDM.  For maintenance, cells were monitored microscopically to confirm suspension distribution across the dish.  Once 24-48 hours passed, cells were then measured for total cell count and viability using a 10 µL Trypan Blue Assay and Countess II technology [28].  Around 5 x 105 cells were passaged into 3 cell culture dishes containing around 5 x 105 cells/mL.  Around 8 mL of IMDM media was added to the ~2 mL of cells.  Cultures were then set within the incubator to proliferate for 24-48 hours before use.  

[bookmark: _Toc223516696]3.1.2 DU145

DU145 prostate cancer cells were provided as an adherent culture.  Cells were passaged by aspirating media from the cell culture dish, then using 1 mL of trypsin enzyme to detach cells from the plate surface.  The trypsin was neutralized in a 50 mL Vazyme tube containing 9 mL of Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% or 50 mL of fetal bovine serum (FBS) and 1% or 5 mL of penicillin-streptomycin per 500 mL of DMEM base.  Once 24-48 hours had passed, cells were then measured for total cell count and viability using a 10 µL Trypan Blue Assay and Countess II technology [28].  Around 5 x 105 cells were passaged into 3 cell culture dishes containing around 5 x 105 cells/mL.  Around 9 mL of DMEM media was added to the ~1 mL of cells.  Cultures were then set within the incubator to proliferate for 24-48 hours before use.  

3.2 [bookmark: _Toc217058584][bookmark: _Toc223516697]Serum Starvation Assay

[bookmark: _Toc217058585][bookmark: _Toc223516698]3.2.1 MV4-11

[bookmark: _Toc217058586]MV4-11 leukemia cells were first separated into two 15 mL Vazyme tubes, centrifuged, and respective media were added.  Media included 10% FBS IMDM and FBS-free IMDM containing 1% or 5 mL penicillin-streptomycin in both.  Cells were then passaged at a density of 5 x 105 cells per well of complete IMDM medium and placed in a 6-well plate (3 biological replicates per experimental group).  If the density of cells was high, the remaining amount to 2 mL was added with respective media.  Cells were then gently distributed throughout the individual wells.  Culture was incubated at 37 oC and 5% CO2 for 24 hours.  

[bookmark: _Toc223516699]3.2.2 DU145

DU145 prostate cancer cells were cultured and maintained as described previously.  For serum starvation, fresh FBS-free DMEM containing 1% penicillin-streptomycin was added.  Cells were plated at a density of 5 × 10⁵ cells per well in 6-well plates with three biological replicates per condition.  Cultures were incubated at 37 °C and 5% CO₂; timepoints were first collected for 24 hours, then later expanded to 2, 8, 16, and 24 again twice to determine factual results even when repeated.  For each timepoint, the duration indicates the period that cells remained in serum-free media before harvesting; all wells were plated at t = 0 in full serum media then at t = 8/16/22 hours, media was replaced with serum-free media so that all conditions were harvested together at t = 24 hours.  As DU145 is an adherent cell line, centrifugation was only required during initial setup; other media changes were performed by aspiration without needing to detach cells.

3.3 [bookmark: _Toc223516700]Glutaminase Inhibition 

Glutaminase Inhibition by CB-839 assays were conducted by culturing cells (DU145 or MV4-11) at 1×10⁵ cells per well.  The respective media (DMEM or IMDM) were used with either DMSO (control) or CB-839 for 48 or 72 hours, after which they were harvested following the procedures described in the next sections.  To prepare the inhibitor, CB-839 powder was first dissolved in 1 mL DMSO to yield a 10 mM concentrated stock solution (Stock 1), which was vortexed thoroughly.  From this, a secondary intermediate stock (Stock 2) was prepared by diluting 50 µL of Stock 1 into 50 mL DMEM or IMDM to produce a 10 µM solution.  This working solution was again vortexed and stored at 4 °C until use.  Finally, each well received 200 µL of either DMSO or CB-839 media from Stock 2, resulting in a final concentration of 1 µM, as the secondary stock was added in a 1:10 ratio to the culture media.

3.4 [bookmark: _Toc217058587][bookmark: _Toc223516701]Cell Viability Measurement

[bookmark: _Toc217058588]For each experimental condition, total cell count and viability were determined using a 10 µL Trypan Blue exclusion assay where a 10 µL sample of cells was mixed with 10 µL trypan blue stain, mixed, and put onto a slide where the Countess II automated cell counter technology quantified results [28].  MV4-11 suspension cells were mixed and a 10 µL sample was transferred for analysis.  Live and dead cells were quantified, and viability was expressed as a percentage of total cells.  For DU145, which is an adherent line, cells were first detached using 1 mL trypsin enzyme and neutralized with 9 mL of complete DMEM prior to counting.  Samples were collected from three biological replicates per condition for each timepoint, and average viability percentages were recorded for comparison between control and experimental groups.

3.5 [bookmark: _Toc223516702]Cell Cycle Analysis

[bookmark: _Toc217058589]For bromodeoxyuridine (BrdU) incorporation assays, cells were pulsed with bromodeoxyuridine (BrdU) (10 µM; Sigma-Aldrich, #B5002) for 2 h, harvested (with adherent DU145 cells detached by trypsinization, while suspension MV4-11 cells were collected directly), washed with phosphate-buffered saline (PBS), and fixed with 80% ethanol overnight at 4°C.  DNA was hydrolyzed by incubating with 2 N HCl/0.5% Triton X-100 for 30 min at room temperature (RT) and neutralized by adding 0.1 M Na₂B₄O₇ (pH 8.5).  Subsequently, cells were incubated in 100 µl PBS/1% bovine serum albumin (BSA) containing fluorescein isothiocyanate–conjugated anti-BrdU antibody (BD Biosciences, #556028) 1:5 for 30 min at RT.  Cells were then washed twice with PBS, stained with 20 µl of 7-AAD (7-Aminoactinomycin D) (BD-Biosciences, #559925), resuspended in PBS, and analyzed by flow cytometry.  As a backup, cells were also stained with—the more stable—2 µl Propidium Iodide (PI).  Data acquisition was performed on a LSRFortessa Cell Analyzer flow cytometer (BD Biosciences), and data analysis was done with FlowJo software (v10.8.1).

3.6 [bookmark: _Toc223516703]Gene Expression Analysis 

[bookmark: _Toc217058591]RNA was isolated by first centrifuging cells and removing media and dead cells, then adding 1 mL Trizol (Thermo Fisher, #15596018) per sample and transferring to 1.5 mL tubes.  After isolation, 200 µL chloroform was added, mixed, and centrifuged at 4 °C for 15 minutes at maximum speed.  The upper aqueous layer (~400 µL) was collected and precipitated with 500 µL 100% isopropanol, vortexed, incubated for 15 minutes, and centrifuged for 10 minutes at maximum speed.  Following this, pellets were washed with 1 mL of freshly prepared 70% ethanol (35 mL ethanol + 15 mL DEPC water per 50 mL).  Samples were centrifuged again, pellets air-dried and resuspended in 40 µL DEPC-treated water.  RNA concentrations were then measured on a Nanodrop spectrophotometer and stored at −80 °C, if needed, overnight.  To standardize template input across samples for reverse transcription (RT), the RNA volume required for each sample was calculated as X = 1000 / (Nanodrop concentration in ng/µL) and the largest resulting X value was used as the common template volume for all samples.  This normalization strategy ensured equivalent RNA input across samples prior to reverse transcription, allowing downstream qRT-PCR comparisons to reflect biological differences rather than template variability.  For samples with smaller calculated X, RNase-free, DEPC-treated water was added to bring each to that common max X volume, so all RT reactions received equal total template volume.  RT reactions were 20 µL each using the equation 20 = 4 µL 5 × Supermix + 1 µL enzyme + X µL RNA + (water to 20 µL).  To ensure uniformity, I prepared an RT master mix (5 × Supermix + enzyme + water) scaled for the total number of reactions plus one extra (e.g., multiplied by 7 when making 6 cDNA reactions) to cover pipetting loss.  For plate setup, I dispensed (20 − X) µL of RT master mix into each well and then added X µL of the corresponding RNA to reach 20 µL total.  The thermal program was 50 °C for 15 minutes then 85 °C for 5 seconds.  Once cDNA was generated and stabilized, qPCR was performed on 96-well plates in technical triplicate for each biological replicate.  For each primer set, I prepared a master mix consisting of 10 µL qPCR SYBR Green mix (Applied Biosystems, #4367659) + 2 µL primer (prepared by mixing 50 µL forward primer + 50 µL reverse primer + 900 µL nuclease-free ddH₂O to yield a 1:20 dilution working stock), scaled to the number of wells required (rounded up) for each target.  Finally, 8 µL diluted cDNA was added to each well for a final 20 µL reaction volume.  Primer amplification efficiencies were validated to be comparable across targets based on consistent amplification behavior, supporting relative gene expression analysis.  Primers targeting PD-L1, MYC, GLS1, PDL2, B2M, MCL1, CD44 and the housekeeping gene GAPDH were used for qRT-PCR amplification, with forward and reverse primer sequences provided in Appendix A.  Relative gene expression was calculated using the ΔΔCt method, with Ct values for each target gene normalized to GAPDH and expression relative to the matched control condition.  GAPDH Ct values were assessed across all treatment conditions and timepoints and showed minimal variation, supporting its use as a housekeeping gene for stable reference and normalization.  

3.7 [bookmark: _Toc223516704]Protein Expression by Western Blot

[bookmark: _Toc217058592]For protein expression analysis, the setup included DU145 72-hour CB-839, MV4-11 72-hour CB-839, and DU145 24-hour serum starvation assays, with 5 × 10⁵ cells for DU145 and 1 × 10⁶ for MV4-11 (not as robust).  For MV4-11 suspension cells, cells in suspension were collected into a 15 mL tube, spun at 300 × g for 3–5 minutes, media aspirated, pellets resuspended in 5 mL PBS, spun again at 300 × g for 3–5 minutes, and finally the PBS was removed to retain the pellet.  For DU145 adherent cells, the media was removed from the dish, the cells were washed with 5 mL PBS, and the PBS was removed.  For lysis, 100 µL Pierce IP Lysis buffer (Thermo Fisher Scientific, #87788) supplemented with HALT Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific, #78442) were directly added to the pellet or dish, incubated on ice for 15 minutes, and the lysate was cleared by centrifugation at 15,000 × g for 15 minutes.  The supernatant containing the proteins was collected and stored at –80 °C.  Following protein quantification and the addition of loading buffer, samples were boiled at 100°C for 10 minutes to ensure complete protein denaturation.  

Protein concentration was determined using the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, #23225).  Following this, BSA standards from 2000 to 0 µg/mL were prepared as described in the Pierce BCA Protein Assay User Guide.  Using a multichannel pipette, 25 µL of each standard or unknown sample was dispensed in duplicate into a 96-well plate.  The Working Reagent (WR) was prepared by mixing Reagent A and Reagent B at a 50:1 ratio, then 200 µL WR was added to each well with a multichannel pipette.  The plate was mixed for 30 seconds, then incubated at 37 °C for 30 minutes.  After cooling to room temperature, absorbance was measured at 562 nm on a plate reader.  Standard curves were generated by averaging replicate absorbances and plotting against concentration.  A linear regression was obtained (e.g., Concentration = 2.4418 × Absorbance − 0.3462).  Concentrations of unknowns were determined by plugging each sample’s average absorbance into this regression equation.  If samples were diluted, the concentration was multiplied by the dilution factor.  Concentrations were then converted into µg/µL by dividing by 1000.  The volume of lysate required to load 20 µg protein was calculated as Protein µL = 20 / Concentration (µg/µL).  IP lysis buffer was added so that Protein + buffer = 20 µL.  These volumes were then multiplied by 2, giving a 40 µL subtotal, and 20 µL of 2× Laemmli SDS sample buffer was added to reach 60 µL total with the final 1× buffer.  Samples were heated at 100 °C for 5 minutes.  Equal amounts of protein (20 µg) were loaded onto 10% SDS-PAGE gels.  The 10% resolving gel mixture was prepared using approximately 4.0 mL H₂O, 3.3 mL of 30% acrylamide/bis, 2.5 mL of 1.5 M Tris pH 8.8, 100 µL 10% SDS, 100 µL 10% APS, and 4 µL TEMED, poured beneath a 4% stacking gel.  Samples were electrophoresed at 100–150 V for about 1 hour.  Proteins were transferred to PVDF membranes (pre-wet in methanol) in Towbin transfer buffer (25 mM Tris, 190 mM glycine, 20% methanol, without SDS) at 100 V for 90 minutes at 4 °C.  Membranes were briefly stained with Ponceau S to confirm transfer, then blocked in 5% non-fat milk in TBST for 1 hour at room temperature on a rocker.  Membranes were incubated overnight at 4 °C with primary antibodies against PD-L1 (Cell Signaling Technology, #13684; 1:1000) and GAPDH (Cell Signaling Technology, #5174; 1:2500) diluted in blocking buffer.  After washing three to five times in TBST, membranes were incubated with HRP-conjugated secondary antibodies for 1 hour at room temperature.  Blots were washed again three to five times in TBST, incubated with Pierce™ ECL Western Blotting Substrate (Thermo Fisher Scientific, #32106), and imaged using a General Electric chemiluminescent exposure machine with a CCD-based imager.  Membranes were then exposed to 15, 30, 45, and 60 seconds.  Western blot signal intensity was quantified using ImageJ (v1.53).

3.8 [bookmark: _Toc223516705]Replication and Controls

All experiments were performed in biological triplicates to ensure statistical reliability and reproducibility.  For each independent condition (Control, Serum Starvation, and CB-839 treatment), three biological replicates were maintained throughout all assays including viability, cell cycle, qRT-PCR, and Western Blot.  Technical replicates were also included during quantitative assays such as qRT-PCR and protein quantification.  Control groups were matched precisely to experimental conditions in every variable except for the independent factor being tested.  Media formulations, reagent volumes or stocks, and incubation durations were standardized across all replicates to minimize variability.  For each experimental run, both DU145 and MV4-11 cells were processed simultaneously under identical environmental conditions (temperature, CO₂, and timing) to minimize variability as well.

3.9 [bookmark: _Toc223516706]Statistical Analysis

Quantitative data are presented as mean ± standard error of the mean (SEM).  Statistical analyses were performed using BioRender.  For experiments involving multiple treatment conditions and timepoints, statistical significance was assessed using two-way analysis of variance (ANOVA) to evaluate the effects of treatment, time, and their interaction.  All experiments were performed using biological triplicates (n = 3), with quantitative assays additionally measured in technical triplicate per biological replicate.  For quantitative assays, values from technical replicates were averaged within each biological replicate prior to statistical analysis.  Statistical significance was defined as p < 0.05, and threshold-based reporting was used throughout the manuscript, with p < 0.05 considered significant and p > 0.05 considered not significant.  
[bookmark: _Toc217058593][bookmark: _Toc223516707]
3.10 Biosafety

All cultures and chemical/biological materials were handled in accordance with institutional biosafety protocols and disposed of following standard procedures under supervision from a supervisor (Dana-Farber Cancer Institute).  The laboratory is classified as Biosafety Level 2 (BSL-2).  The laboratory contains a Class II biosafety cabinet, access to an autoclave, biohazard disposal bins, and disinfecting agents.  Access to this laboratory is restricted.  

4. Results

Results are organized to follow the experimental progression from initial stress responses to more molecular responses underlying immune evasion.  Cell viability data demonstrated the immediate impact of both metabolic stressors on cancer cell survival (4.1).  Flow cytometry analysis demonstrated cell cycle distribution changes, particularly G1 arrest, that explained reduced proliferation (4.2).  Quantitative real-time PCR measurements tracked how metabolic stress shifted immune evasion gene expression, including PD-L1 and its transcriptional regulator MYC, as well as metabolic adaptation through GLS1 (4.3).  Western blot analysis confirmed that transcriptional changes in PD-L1 were parallel to protein level changes (4.4).  To set findings in context of broader metabolic changes, Gene Set Enrichment Analysis was performed on external RNA-sequencing datasets from multiple cell lines under serum starvation and glutamine deprivation (4.5).  Finally, gene-level expression patterns, displayed as heatmaps, from these external datasets validated the changes observed in MV4-11 and DU145 cells (4.6).  

4.1 [bookmark: _Toc217058595][bookmark: _Toc223516709]Cell Viability

Cell viability was assessed using Trypan Blue assay following serum starvation or CB-839 treatment in MV4-11 and DU145 cells compared to matched control conditions.  

[bookmark: _Toc217058596][bookmark: _Toc223516710]4.1.1 Serum Starvation 

[bookmark: _Toc217058597]In MV4-11, serum starvation resulted in a pronounced reduction in viability at 24 hours, with an average decrease of ~81% relative to each control across various trials (two-way ANOVA, p < 0.0001; Fig. 7A).  Similarly, in DU145, serum starvation produced a time-dependent decrease in viability.  At 24 hours, DU145 cells exhibited ~60% decrease in viability, while the 16-hour serum starvation trial resulted in a greater reduction of ~74% (two-way ANOVA, p < 0.01 at 24 h; p > 0.05 at 16 h; Fig. 7B).  

[bookmark: _Toc223516711]4.1.2 Glutaminase Inhibition (CB-839) 

Under CB-839, distinct viability patterns were exhibited between both cell lines.  In MV4-11, viability decreased by ~56% at 48 hours and 51% at 72 hours compared to control conditions (two-way ANOVA, p < 0.001 at both timepoints; Fig. 7C).  In DU145, CB-839 treatment led to a ~47% decrease in viability at 48 hours, followed by a more substantial reduction of ~74% at 72 hours (two-way ANOVA, p > 0.05 at 48 h; p < 0.0001 at 72 h; Fig. 7D).
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Figure 7.  Cell viability of MV4-11 and DU145 cells under serum starvation and glutaminase inhibition.  MV4-11 cell viability following serum starvation (A), DU145 cell viability following serum starvation (B), MV4-11 cell viability following CB-839 treatment (C), and DU145 cell viability following CB-839 treatment (D).  Created by Michael Cole using Biorender, 2025.

[bookmark: _Toc217058598][bookmark: _Toc223516712]4.2 Flow Cytometry
Flow cytometry analysis revealed clear shifts in cell-cycle distribution under serum starvation conditions, consistent with G1 arrest, whereas CB-839 treatment produced more minimal changes.   

[bookmark: _Toc217058599][bookmark: _Toc223516713]4.2.1 Serum Starvation 

In MV4-11, serum starvation for 24 hours resulted in a marked increase in the G1 population, exhibiting a 12.83% increase.  Correspondingly, the S phase population decreased 14.20%, with G2/M remaining relatively stable (3.37% to 4.47%; Fig. 8A-B).   In DU145, serum starvation induced time-dependent severity in cell-cycle distribution.  At 24 hours, G1 increased 26.80%, while S phase decreased 27.00%, with G2/M showing minimal change (4.99% to 5.16%; Fig. 8C-D).  At the 16-hour serum starvation time point, G1 increased 8.80%, while S phase decreased 6.70%, and a reduction in G2/M from 7.94% to 5.84% (Fig. 8E-F).   

[image: A screenshot of a graph  AI-generated content may be incorrect.][image: A collage of images of a number of dots  AI-generated content may be incorrect.]
Figure 8.  Flow cytometric analysis of cell cycle distribution following serum starvation in MV4-11 and DU145 cells.  MV4-11 cells under full serum (A) and serum starvation for 24 hours (B), and DU145 cells under full serum and serum starvation for 24 hours (C–D) and 16 hours (E–F).  Created by Michael Cole using FlowJo, 2025.

[bookmark: _Toc217058600][bookmark: _Toc223516714]4.2.2 Glutaminase Inhibition (CB-839)

In MV4-11, CB-839 treatment for 72 hours resulted in minimal changes to cell-cycle distribution.  G1 decreased by 1.53%, S phase changed from 30.62% to 30.97%, and G2/M increased slightly from 5.53% to 6.66% (Fig. 9A-B).  In DU145, CB-839 treatment for 72 hours produced a minor shift towards G1.  G1 increased by 6.60%, S phase decreased by 6.50%, and G2/M remained similar (5.86% to 5.77%; Fig. 9C-D).

[image: A group of images of a graph  AI-generated content may be incorrect.]
Figure 9.  Flow cytometric analysis of cell cycle distribution following CB-839 treatment in MV4-11 and DU145 cells.
MV4-11 cells treated with DMSO control (A) or CB-839 for 72 hours (B), and DU145 cells treated with DMSO control (C) or CB-839 for 72 hours (D).  Created by Michael Cole using FlowJo, 2025.

4.3 [bookmark: _Toc217058601][bookmark: _Toc223516715]Gene Expression Analysis by qRT-PCR

[bookmark: _Toc223516716]4.3.1 Serum Starvation

Under 24 hours of serum starvation, MV4-11 cells showed a decrease in PD-L1 relative mRNA expression normalized to GAPDH.  MYC expression also decreased substantially under serum starvation (Fig. 10A).  In DU145 cells exposed to serum starvation for 24 hours, PD-L1 expression decreased relative to control.  In contrast, MYC expression increased, and GLS1 expression showed a marked increase compared to control (Fig. 10B).  

[image: A screenshot of a graph  AI-generated content may be incorrect.]
Figure 10.  qRT-PCR analysis of relative mRNA expression following serum starvation.
Relative mRNA levels of target genes in MV4-11 cells following 24 hours of serum starvation (A) and DU145 cells following 24 hours of serum starvation (B), normalized to GAPDH expression and respective full-serum controls.  Created by Michael Cole using Biorender, 2025.

[bookmark: _Toc223516717]4.3.2 Glutaminase Inhibition (CB-839)

Following 48 hours of CB-839 treatment, MV4-11 cells exhibited decreased PD-L1, MYC, and GLS1 expression relative to control (Fig. 11A).  DU145 treated with CB-839 for 48 hours, PD-L1, MYC, and GLS1 increased relative to control (Fig. 11B).  Furthermore, after 72 hours of CB-839 exposure to MV4-11, PD-L1 expression increased compared to the 48-hour timepoint, MYC expression remained relatively unchanged, and GLS1 increased (Fig. 12A).  After 72 hours of treatment to DU145, PD-L1 expression showed a smaller, statistically insignificant increase, while MYC and GLS1 expression also exhibited minimal decrease and increase, respectively (two-way ANOVA, p > 0.05 for all comparisons; Fig. 12B).  

[image: A graph of a number of different sizes and colors  AI-generated content may be incorrect.]
Figure 11.  qRT-PCR analysis of relative mRNA expression following 48-hour CB-839 treatment.
Relative mRNA levels of target genes in MV4-11 cells treated with CB-839 for 48 hours (A) and DU145 cells treated with CB-839 for 48 hours (B), normalized to GAPDH expression and DMSO controls.  Created by Michael Cole using Biorender, 2025.

[image: A graph of a number of boxes  AI-generated content may be incorrect.]
Figure 12.  qRT-PCR analysis of relative mRNA expression following 72-hour CB-839 treatment.
Relative mRNA levels of target genes in MV4-11 cells treated with CB-839 for 72 hours (A) and DU145 cells treated with CB-839 for 72 hours (B), normalized to GAPDH expression and DMSO controls.  Created by Michael Cole using Biorender, 2025.

4.4 [bookmark: _Toc217058602][bookmark: _Toc223516718]Protein Expression by Western Blot

[bookmark: _Toc217058603]Western blot analysis was conducted to determine whether translational protein expression aligned with transcriptional protein expression from qRT-PCR.  Protein expression of PD-L1 was assessed in DU145 cells following 24 hours of serum starvation and 72 hours of CB-839 (1 µM) treatment, with GAPDH used as a loading control.  PD-L1 was detected as a ~45–50 kDa species and GAPDH at ~37 kDa, consistent with the expected molecular weights for each target.  Membranes were probed with anti–PD-L1 antibody (Cell Signaling Technology, #13684; 1:1000) and anti-GAPDH antibody (Cell Signaling Technology, #5174; 1:1000).  Densitometric quantification of PD-L1 signal normalized to GAPDH and expressed relative to matched controls showed that serum starvation reduced PD-L1 protein abundance to 0.356 relative to full serum (~64% decrease), whereas CB-839 treatment increased PD-L1 abundance to 1.622 relative to vehicle (~62% increase) (Fig. 13).  Complete densitometry values are provided in Appendix G.  In all conditions examined, PD-L1 protein expression changes were consistent with relative mRNA expression patterns.
 [image: ]
Figure 13.  PD-L1 protein expression in DU145 cells under metabolic stress.  Representative Western blots (top left and bottom left) show PD-L1 and the loading control GAPDH in DU145 cells following 24 h full-serum (FS) versus serum starvation (SS).  Representative Western blots (top right and bottom right) show PD-L1 and GAPDH in DU145 cells following 72 h vehicle (Veh, DMSO) versus CB-839 treatment (1 µM).  Created by Michael Cole using PowerPoint, 2025.  Corresponding densitometric quantification normalized to GAPDH is provided in Appendix G.

4.5 [bookmark: _Toc223516719]Gene Set Enrichment Analysis (GSEA)

To evaluate whether metabolic transcriptional responses observed in MV4-11 and DU145 were conserved across other cancer and non-cancer cell lines, Gene Set Enrichment Analysis (GSEA) was conducted on RNA-sequencing datasets subject to serum starvation or glutamine deprivation.  Enrichment analysis focused on Hallmark gene sets associated with proliferation, metabolism, stress responses, and immune signaling.  

[bookmark: _Toc223516720]4.5.1 Serum Starvation

Both MCF-7 and HUVEC cells showed consistent transcriptional signatures of metabolic stress and reduced proliferation.  In both cell lines, MYC was strongly downregulated; E2F targets, and mTORC1 signaling followed the same trend, while hypoxia and apoptosis signaling increased (Fig. 14; Appendix H).  Finally, glycolysis was downregulated in HUVEC and wasn’t highlighted in MCF-7 [29; 30].
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Figure 14.  Gene set enrichment analysis of MYC and E2F target pathways under serum starvation in HUVEC and MCF-7 cells.  Enrichment plots for MYC_TARGETS_V1 (left) and E2F_TARGETS (right) following serum starvation, with HUVEC cells shown in the top row and MCF-7 cells shown in the bottom row.  Created by Michael Cole using Gene Set Enrichment Analysis, 2025.

[bookmark: _Toc223516721]4.5.2 Glutaminase Inhibition (CB-839)

Analysis of HCT116 cells under glutamine deprivation was performed across two independent datasets.  In both, interferon gamma response, JAK/STAT signaling, apoptosis, and hypoxia pathways were upregulated.  mTORC1 signaling was downregulated, alongside strong suppression of E2F targets and the G2/M checkpoint (Appendix H).  MYC targets gene sets were also significantly downregulated [31; Fig. 15].
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Figure 15.  Gene set enrichment analysis of MYC and E2F target pathways under glutamine deprivation in HCT116 cells.  Enrichment plots for MYC_TARGETS_V1 (left) E2F_TARGETS (right) following glutamine deprivation in HCT116 cells, shown for two independent trials.  The top row represents Trial 1, and the bottom row represents Trial 2.  Created by Michael Cole using Gene Set Enrichment Analysis, 2025.  

4.6 [bookmark: _Toc223516722]RNA-sequencing Analysis

GSEA of independent RNA-sequencing datasets revealed transcriptional patterns similar to metabolic stress, including suppression of proliferation-associated pathways and activation of stress response pathways.  Based on the pathway-level findings, gene-level patterns were further examined to determine whether immune-related and metabolic genes exhibited consistent changes under both conditions.   

[bookmark: _Toc223516723]4.6.1 Serum Starvation

Under serum starvation, external datasets from multiple cell types demonstrated downregulation of immune-related and metabolic genes.  In both HUVEC (Fig. 16) and MCF-7 cells (Appendix F), PD-L1 and MYC expression decreased relative to control conditions, alongside reduced GLS expression, indicating a transcriptional response to serum starvation.
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Figure 16.  Transcriptional response of HUVEC cells to serum starvation.  Heatmap illustrating raw RNA-sequencing read counts of selected immune-related and metabolic genes in HUVEC cells under serum starvation compared to control conditions.  Expression patterns reflect coordinated transcriptional changes associated with global nutrient deprivation [30].  Created by Michael Cole using BioRender, 2025.

[bookmark: _Toc223516724]4.6.2 Glutaminase Inhibition (CB-839)

In contrast, glutamine deprivation in HCT116 cells produced a differing transcriptional pattern, with increased PD-L1 and decreased MYC expression (Fig. 17).  Together, these gene-level patterns are consistent with the metabolic stress genes by GSEA and support the presence of immune-related genes in MV4-11 and DU145.  Appendix E expands further than the two cell lines shown in Fig. 16 & 17; Appendix F shows the heatmap for MCF-7 cells under serum starvation.  
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Figure 17.  Transcriptional response of HCT116 cells to glutamine deprivation.  Heatmap illustrating raw RNA-sequencing read counts of selected immune-related and metabolic genes in HCT116 cells under glutamine deprivation compared to control conditions [31].
Created by Michael Cole using Biorender, 2025.

5. [bookmark: _Toc222775172]Discussion

5.1 [bookmark: _Toc222775173]Metabolic Stress Responses

Metabolic stress responses in cancer cells are inherently dynamic, changing over time rather than occurring as fixed outcomes or pathways.  This pattern was evident across both treatment conditions, serum starvation and Glutaminase inhibition, demonstrating that early and late responses reflect different cellular states.  Thus, timepoint selection was critical for acute stress responses or long-term adaptive responses.  

Serum starvation imposed a global and severe metabolic stress in both MV4-11 and DU145, resulting in a rapid loss of viability and disruption of cell cycle progression (Fig. 7A-B; Fig. 8A-F).  In both cell lines, reduced viability resulted in strong accumulation in the G1 phase and depletion of S-phase populations.  With effects at both 16-hour and 24-hour timepoints, indicating that serum deprivation overwhelms metabolic responses rather than allowing gradual resistance and adaptation.  Indeed, cellular behavior under serum starvation largely reflected acute stress and loss of proliferation, limiting its usefulness for examining regulated, time-dependent metabolic responses.  

In contrast, Glutaminase inhibition through CB-839 revealed a cell line-specific difference that was obscured under serum starvation.  Viability measurements demonstrated opposing patterns between MV4-11 and DU145, as reflected in proliferation curves between suspension and adhesion cells (Fig. 6; Fig. 7C-D).  MV4-11 cells exhibited a substantial reduction in viability at 48 hours that remained relatively stable at 72 hours, suggesting an early sensitivity followed by equilibrium and stabilization after prolonged exposure.  Conversely, DU145 cells displayed more modest viability loss at 48 hours but experienced a pronounced decline by 72 hours, indicating delayed vulnerability.  Furthermore, flow cytometry analysis at 72 hours supported these divergent trends, as MV4-11 cells showed no evidence of G1 arrest and instead indicated a relatively greater population in S-phase and G2/M, consistent with continued cell cycle progression under Glutaminase inhibition (Fig. 9A-B).  On the other hand, DU145 cells demonstrated a shift towards G1 arrest with a corresponding reduction in S-phase populations, showing impaired proliferative capacity at a later timepoint (Fig. 9C-D).  Together, these findings demonstrate that prolonged Glutaminase inhibition differentially constrains cell-cycle progression in suspension or adherent cell lines.   

5.2 [bookmark: _Toc222775174]Gene and Protein Regulation

To determine whether the time-dependent viability patterns observed under Glutaminase inhibition were accompanied by immunotherapy-relevant responses, transcriptional regulation of PD-L1, MYC, and GLS1 were examined by qRT-PCR.  These analyses revealed that gene expression changes were directly proportional to viability results per cell line in a timepoint-specific manner.  

Under serum starvation, transcriptional changes in both cell lines occurred in the context of acute metabolic collapse rather than adaptation over time.  In MV4-11 cells, both PD-L1 and MYC expression were reduced after 24 hours, consistent with the severe loss of viability and proliferative arrest (Fig. 10A).  In DU145 cells, PD-L1 expression similarly decreased; however, MYC and GLS1 expression increased relative to control (Fig. 10B).  Suggesting a stress-associated transcriptional response that did not preserve viability.  These findings support the interpretation that serum starvation induces global stress that obscures meaningful relationships between metabolism and immune-related genes.  

Glutaminase inhibition through CB-839 revealed transcriptional programs that tracked closely with the divergent viability responses observed over time.  At 48 hours, MV4-11 cells exhibited suppression of PD-L1, MYC, and GLS1 expression (Fig. 11A), aligned under this condition.  However, after 72 hours of CB-839 exposure, PD-L1 expression increased substantially relative to control, while MYC expression remained relatively stable and GLS1 expression increased (Fig. 12A).  This transcriptional stabilization and rebound is proportional to the relative decrease in viability percentage, suggesting that MV4-11 cells engage in a regulated adaptive response to prolonged inhibition.  As a side note, PD-L1 expression in MV4-11 closely mirrored MYC expression across both treatment conditions.  This coordinated behavior supports MYC as the main regulatory driver of PD-L1 expression within this cell line.  
Finally, DU145 cells’ transcriptional regulation of PD-L1 diverged from MYC expression under Glutaminase inhibition.  At 48 hours, PD-L1, MYC, and GLS1 expression increased relative to control (Fig. 11B), despite only modest reductions in viability compared to 72 hours.  By 72 hours, DU145 cells exhibited substantial loss of viability, yet PD-L1 expression showed only a small and statistically insignificant increase, while MYC expression decreased and GLS1 expression changed minimally (Fig. 12B).  This discontinuity in the relationship between PD-L1 and MYC suggests that PD-L1 expression may be driven by alternative pathways in DU145 cells.  

For clarity, these transcriptional patterns indicate that immune-related gene responses to metabolic stress align with time-dependent changes in viability and proliferative capacity in a cell line-specific manner.  In suspension cells, stabilization of viability under prolonged Glutaminase inhibition was accompanied by preserved proliferative activity and the regulation of immune genes—where earlier timepoints indicate acute stress.  In contrast, adherent cells exhibited declining viability and reduced proliferation at later timepoints, alongside disrupted immune-related gene expression—where earlier timepoints indicate treatment resistance.  From this, we can infer that growth patterns and cell type influence cellular viability and immune-related genes over different time points.

5.3 [bookmark: _Toc222775175]External Support

Gene set enrichment analysis of independent RNA-sequencing data sets identified transcriptional signatures of metabolic stress under both conditions, including suppression of proliferative pathways and activation of stress response pathways.  Consistent with these pathway findings, gene-level RNA-sequencing showed directionally similar changes in immune and metabolic genes.  These external datasets reinforce that the transcriptional and viability responses in MV4-11 and DU145 are consistent with established metabolic stress responses.

5.4 [bookmark: _Toc222775176]Metabolic Reprogramming 

Firstly, cancer cells exposed to sustained metabolic stress can adapt by reconfiguring their metabolic programs rather than undergoing immediate proliferative arrest or cell death.  Prior work has shown that nutrient limitation can drive tumor cells to reroute carbon and energy utilization through alternative metabolic pathways in order to sustain viability and proliferation, a process broadly known as metabolic reprogramming (Bergers & Fendt, 2021; Wise et al., 2010).  This adaptive flexibility allows some cancer cells to survive targeted metabolic stressors, while others may fail to sustain growth under prolonged stress.  

Secondly, in the present study, evidence consistent with time-dependent metabolic adaptation was most apparent in MV4-11 cells under Glutaminase inhibition.  Following CB-839 treatment, MV4-11 cells exhibited a pronounced reduction in viability at 48 hours that stabilized at 72 hours, indicating recovery (Fig. 7C).  Furthermore, this stabilization was directly correlated to the lack of G1 arrest and maintenance of S-phase and G2/M populations (Fig. 9A-B).  At the transcriptional level, this later timepoint was marked by increased GLS1 expression and recovery of PD-L1 expression relative to earlier exposure, while MYC expression remained relatively stable (Fig. 11A; Fig. 12A).  These coordinated changes across viability, cell-cycle progression, and gene regulation suggest that MV4-11 cells undergo an adaptive metabolic response from the TCA to glycolysis cycle to support continued proliferation within nutrient stress.  

Finally, DU145 cells, by contrast, displayed patterns consistent with compensatory signaling rather than efficacious metabolic adaptation.  Under serum starvation, DU145 cells showed marked upregulation of GLS1 despite pronounced loss of viability and strong G1 arrest, suggesting an attempted metabolic response that failed to preserve proliferation.  Similarly, under CB-839 treatment, DU145 exhibited early tolerance at 48 hours followed by substantial viability loss and proliferative arrest at 72 hours, accompanied by declining MYC expression and minimal transcriptional adjustment of immune-related genes (Fig. 7D; Fig. 9C-D; Fig. 11B; Fig. 12B).  The absence of viability stabilization and sustained cell-cycle progression at later timepoints indicates that DU145 cells lack the metabolic flexibility observed in MV4-11 cells.  Collectively, these findings support a model in which metabolic reprogramming under prolonged Glutaminase inhibition is cell-type dependent, enabling adaptive survival in suspension leukemia cells while remaining insufficient in adherent prostate cancer cells.    

5.5 [bookmark: _Toc222775177]Therapeutic Significance 

Targeting glutamine metabolism has emerged as a promising strategy to exploit metabolic vulnerabilities in cancer, particularly when used as part of a combination therapy.  By uncovering specific metabolic vulnerabilities that broader stressors such as serum starvation fail to reveal, this approach demonstrates strong relevance and efficacy in clinical applications.  Prior studies have shown that inhibition of glutaminase with CB-839 induces metabolic stress that can sensitize tumor cells to additional interventions rather than functioning as an effective monotherapy.  GLS inhibition has been shown to upregulate PD-L1 expression, and when combined with immune checkpoint blockade, results in enhanced antitumor efficacy in both in vitro and in vivo models [19].  Supporting the clinical rationale for using CB-839 as a metabolic sensitizer that reshapes tumor biology to improve responses to complementary treatments such as immunotherapy or chemotherapy.  

Rather than inducing uniform proliferative collapse, sustained metabolic stress revealed distinct adaptive behaviors that varied by cell type.  The observed divergence in adaptive ability between suspension and adherent cell lines indicates that metabolic flexibility plays a central role in determining treatment response over time, with some cells stabilizing proliferation under prolonged stress while others fail to do so.  Helping to explain why metabolic inhibitors often show limited durability when used alone, this highlights the importance of pairing these agents with additional therapies.  Rather than relying on pathway inhibition in isolation, effective treatment strategies must account for the ability of tumor cells to adjust metabolically under sustained stress.  

6. [bookmark: _Toc222775178]Conclusion

This study investigated how metabolic stress reshapes cancer cell viability, cell cycle progression, and immune evasion mechanisms in two distinct cancer models.  Three hypotheses were tested to determine whether cell-type differences, MYC-PD-L1 regulation relationships, and metabolic stressor identity contribute and interact within these responses.  

Hypothesis 1 predicted that MV4-11 and DU145 would exhibit different viability trends and G1 arrest under both treatments.  This hypothesis was partially supported, under serum starvation both cell lines displayed severe viability loss and G1 arrest, though DU145 showed greater resilience with a 60% decrease compared to MV4-11’s 81% decrease at 24 hours.  Under glutaminase inhibition, viability trends diverged, MV4-11 stabilized after initial decline, while DU145 exhibited G1 arrest and a corresponding S-Phase depletion.  These findings demonstrate that suspension and adherent cell lines respond differently to prolonged metabolic stress, with MV4-11 displaying adaptive metabolic flexibility and DU145 failing to compensate.  

Hypothesis 2 noted that MYC expression would directly regulate PD-L1 in MV4-11 but vary independently in DU145.  Fully supported, MV4-11’s MYC and PD-L1 expression tracked together across all conditions and timepoints, confirming MYC as the primary driver of PD-L1 expression in this leukemia model.  In contrast, DU145 demonstrated an inverse correlation: under CB-839 treatment at 72 hours, MYC expression decreased while PD-L1 remained elevated, indicating that alternative regulatory pathways control PD-L1 expression in adherent prostate cancer cells independent of MYC.

Hypothesis 3 predicted that serum starvation would reduce PD-L1 expression while CB-839 would increase PD-L1 at both the transcriptional and translation levels.  Partially supported, serum starvation reduced PD-L1 expression in both cell line as predicted.  However, the CB-839 response was time-dependent and cell-type specific.  Moreover, at 48 hours MV4-11 showed suppressed PD-L1 while DU145 showed an increase.  After 72 hours, MV4-11 exhibited recovery with rebounding PD-L1 and GLS1 expression, indicating metabolic reprogramming toward glycolysis.  Westen blot analysis confirmed these transcriptional patterns at the protein level in DU145, with PD-L1 decreasing 64% under serum starvation and increasing 62% under CB-839 treatment.  The directional changes align with the hypothesis, but the magnitude and timing of the CB-839 response depended on the cell line’s metabolic flexibility.  

Findings obscured by serum starvation treatment were revealed as time dependent and cell-type specific with CB-839.  Therapeutically, this suggests that CB-839 effectively targets metabolically inflexible cancers like DU145, but adaptive cell lines like MV4-11, combination therapy paring with anti-PD-L1 antibodies is necessary to prevent compensatory immune evasion.  

7. [bookmark: _Toc217058609][bookmark: _Toc222775179]Future Directions

This adaptive flexibility observed in MV4-11 under prolonged glutamine’s inhibition, particularly the recovery of both PD-L1 and GLS1 expression alongside sustained cell cycle progression, points to a highly imperative topic—the intrinsic ability of cellular plasticity that metabolic targeting alone cannot overcome.  This adaptivity is likely caused by the KMT2A-AFF1 fusion oncogene, a chromosomal translocation unique to AML & ALL lines that drives the up regulation of MYC, BCL2, and HOXA9 expression through epigenetic programming, locking cells in a stem-like progenitor state that resists therapeutic pressure by shifting lineage identity rather than undergoing apoptosis.  

Future work would therefore address this plasticity at its root by employing junction-targeting siRNA to knock down the KMT2A-AFF1 fusion transcript in MV4-11 cells, using the knockdown not as a killing strategy but rather a stabilization step.  In current studies employing WEE1 inhibitors, venetoclax, and menin inhibitor’s which lack efficacy due to cell plasticity fail to address the root cause of changing lineage identity.  

Following confirmed knockdown and epigenetic reset, verified through ChIP-PCR for H3K79me2 marks at HOXA9, MYC, and BCL2 loci, plasticity-triggering agents would be applied sequentially to determine whether restoring the G1/S checkpoint through RUNX1 eliminates the cell’s ability to undergo lineage switching.  Given the direct regulation of PD-L1 by MYC observed in the current study, PD-L1 expression would be measured at both the transcriptional and translational levels throughout the process to determine whether immune evasion is itself fusion-dependent and if targeting the fusion restores immune vulnerability in this leukemia AML model.  Should these findings prove promising in vitro, subsequent work would extend the study into in vivo mice models to evaluate therapeutic efficacy and tolerability under such conditions.  

8. [bookmark: _Toc222775181]Appendix

Appendix A – qRT-PCR Primer Sequences
	[bookmark: _Toc222775182]Target
	Species
	Forward (5' - 3')
	Reverse (5' - 3')
	Usage

	GAPDH
	Human
	ACCCAGAAGACTGTGGATGG
	TCTAGACGGCAGGTCAGGTC
	RT-qPCR

	CD274 (PD-L1)
	Human
	TGCCGACTACAAGCGAATTACTG
	CTGCTTGTCCAGATGACTTCGG
	RT-qPCR

	MYC
	Human
	CCTGGTGCTCCATGAGGAGAC
	CAGACTCTGACCTTTTGCCAGG
	RT-qPCR

	GLS1
	Human
	CAGAAGGCACAGACATGGTTGG
	GGCAGAAACCACCATTAGCCAG
	RT-qPCR

	PDL2
	Human
	CTCGTTCCACATACCTCAAGTCC
	CTGGAACCTTTAGGATGTGAGTG
	RT-qPCR

	B2M
	Human
	CCACTGAAAAAGATGAGTATGCCT
	CCAATCCAAATGCGGCATCTTCA
	RT-qPCR

	MCL1
	Human
	CCAAGAAAGCTGCATCGAACCAT
	CAGCACATTCCTGATGCCACCT
	RT-qPCR

	CD44
	Human
	CCAGAAGGAACAGTGGTTTGGC
	ACTGTCCTCTGGGCTTGGTGTT
	RT-qPCR



Appendix B – Total Cell Count

Throughout all trypan blue assays, total cell count was measured as well for each timepoint.  Representing the number of cells in a 10 µL sample of cell culture: 
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Appendix B1.  Supplementary cell viability data for MV4-11 cells under serum starvation.  Created by Michael Cole using Biorender, 2025.
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Appendix B2.  Supplementary cell viability data for DU145 cells under serum starvation.  Created by Michael Cole using Biorender, 2025.
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Appendix B3.  Supplementary cell viability data for MV4-11 cells under CB-839 treatment.  Created by Michael Cole using Biorender, 2025.
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Appendix B4.  Supplementary cell viability data for DU145 cells under CB-839 treatment.  Created by Michael Cole using Biorender, 2025.
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Appendix C – Supplementary Cell Viability Data

Early serum starvation timepoints omitted from the main Results are shown here.  In DU145 cells, serum starvation resulted in an approximately 94.2% decrease in viability at 8 hours and a 53.9% decrease at 2 hours relative to full-serum controls.  These early timepoints were excluded from the primary analyses to maintain focus on later timepoints and are provided here for completeness (Appendix Fig.  C).
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Appendix C.  Supplementary cell viability analysis of DU145 cells under serum starvation across multiple timepoints (2 h, 8 h, 16 h, and 24 h, including a repeat 24 h trial).  Early timepoints (2 h and 8 h), which were excluded from the primary Results, are shown here for completeness.  Created by Michael Cole using Biorender, 2025.

[bookmark: _Toc222775185]Appendix D – Supplementary qRT-PCR Data

Additional qRT-PCR graphs for all gene targets examined in this study are shown here.  These figures correspond to the primer sets listed in Appendix A and include conditions and timepoints not highlighted in the main Results.  This data was not included in the primary analyses.  The following figures represent the supplementary data for this study and their corresponding caption: Appendix D1.  Supplementary qRT-PCR data for MV4-11 cells under 24-hour serum starvation.  Created by Michael Cole using Biorender, 2025.  Appendix D2.  Supplementary qRT-PCR data for DU145 cells under 2-hour serum starvation.  Created by Michael Cole using Biorender, 2025.  Appendix D3.  Supplementary qRT-PCR data for DU145 cells under 8-hour serum starvation.  Created by Michael Cole using Biorender, 2025.  Appendix D4.  Supplementary qRT-PCR data for DU145 cells under 24-hour serum starvation.  Created by Michael Cole using Biorender, 2025.  Appendix D5.  Supplementary qRT-PCR data for MV4-11 cells under 48-hour CB-839 treatment.  Created by Michael Cole using Biorender, 2025.  Appendix D6.  Supplementary qRT-PCR data for MV4-11 cells under 72-hour CB-839 treatment.  Created by Michael Cole using Biorender, 2025.  Appendix D7.  Supplementary qRT-PCR data for DU145 cells under 48-hour CB-839 treatment.  Created by Michael Cole using Biorender, 2025.  Appendix D8.  Supplementary qRT-PCR data for DU145 cells under 72-hour CB-839 treatment.  Created by Michael Cole using Biorender, 2025.
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	Acc No#
	Cell line
	Condition
	Animal

	GSE271357
	OVCAR8
	Serum starvation
	Human

	GSE211066
	Hela
	Nutrient rich vs depleted
	Human

	GSE116087
	HCT116
	Glutamine Deprivation
	Human

	GSE270575
	A549
	Glutamine Deprivation
	Human

	GSE213323
	HUVEC
	Serum starvation
	Human

	GSE70976
	LoVo
	Serum starvation
	Human

	GSE64117
	HEK293T
	Serum starvation
	Human

	GSE112295
	MCF-7
	Serum starvation
	Human

	GSE285537
	A375; B16F10-OVA
	Serum starvation
	Human; Mouse

	GSE110903
	LNCaP
	Serum starvation
	Human

	GSE110903
	VCaP
	Serum starvation
	Human

	GSE110903
	MDA-PCa-2B
	Serum starvation
	Human

	GSE57872
	MGH26
	Serum starvation
	Human

	GSE57872
	MGH28
	Serum starvation
	Human

	GSE57872
	MGH31
	Serum starvation
	Human

	GSE59816
	MCF10A
	Serum starvation
	Human

	GSE173509
	MCF10A
	Serum starvation
	Human

	GSE158218
	KGN
	Serum starvation
	Human

	GSE173270
	PC9
	Serum starvation
	Human

	GSE139594
	MCF10A
	Serum starvation
	Human


 
[bookmark: _Toc222775187]Appendix F – Supporting Heatmaps 
For further external support, serum starvation in MCF-7 Cells demonstrates the same immune and metabolic expression seen within both cell lines tested (Appendix Fig.  F).
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Appendix F.  Supplementary heatmap data for MCF-7 cells under serum starvation.  Created by Michael Cole using Biorender, 2025.





[bookmark: _Toc222775189]Appendix G – Western Blot Densitometric Quantification 
	Lane
	PD-L1 (bg-sub, AU)
	GAPDH (bg-sub, AU)
	PD-L1/GAPDH
	Relative (FS & Veh = 1.0)

	FS
	107,494
	147,965
	0.726
	1

	SS
	38,550
	149,141
	0.258
	0.356

	
	
	
	
	

	Veh
	10,853
	71,082
	0.1527
	1

	CB-839
	17,202
	69,470
	0.2476
	1.622




[bookmark: _Toc222775190][image: A collage of a graph  AI-generated content may be incorrect.][image: A collage of a graph  AI-generated content may be incorrect.][image: A screenshot of a cell chart  AI-generated content may be incorrect.][image: A diagram of a cell  AI-generated content may be incorrect.]Appendix H – Supplementary Gene Set Enrichment AnalysisAppendix H1 (Top).  Gene set enrichment analysis data for HCT116 cells under glutamine deprivation (Trial 1).  Created by Michael Cole using GSEA, 2025.  Appendix H3 (Bottom).  Gene set enrichment analysis data for HUVEC cells under serum starvation (Trial 1).  Created by Michael Cole using GSEA, 2025.


Appendix H2 (Top).  Gene set enrichment analysis data for HCT116 cells under glutamine deprivation (Trial 2).  Created by Michael Cole using GSEA, 2025.  Appendix H4 (Bottom).  Gene set enrichment analysis data for HUVEC cells under serum starvation (Trial 2).  Created by Michael Cole using GSEA, 2025.
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Appendix H5.  Gene set enrichment analysis data for MCF-7 cells under serum starvation.  Created by Michael Cole using GSEA, 2025.
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