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ARTICLE INFO ABSTRACT

Keywords: Glutamine is a conditionally essential amino acid for the growth and survival of rapidly proliferating cancer cells.
Glutamine Many cancers are addicted to glutamine, and as a result, targeting glutamine metabolism has been explored
Autophagy

clinically as a therapeutic approach. Glutamine-catalyzing enzymes are highly expressed in primary and meta-
static head and neck squamous cell carcinoma (HNSCC). However, the nature of the glutamine-associated
Head and neck squamous cell carcinoma pathways in this aggressive cancer type has not been elucidated. Here, we explored the therapeutic potential
Targeted therapy of a broad glutamine antagonist, DRP-104 (sirpiglenastat), in HNSCC tumors and aimed at shedding light on
Precision medicine glutamine-dependent pathways in this disease. We observed a potent antitumoral effect of sirpiglenastat in HPV-
and HPV + HNSCC xenografts. We conducted a whole-genome CRISPR screen and metabolomics analyses to
identify mechanisms of sensitivity and resistance to glutamine metabolism blockade. These approaches revealed
that glutamine metabolism blockade results in the rapid buildup of polyunsaturated fatty acids (PUFAs) via
autophagy nutrient-sensing pathways. Finally, our analysis demonstrated that GPX4 mediates the protection of
HNSCC cells from accumulating toxic lipid peroxides; hence, glutamine blockade sensitizes HNSCC cells to
ferroptosis cell death upon GPX4 inhibition. These findings demonstrate the therapeutic potential of sirpigle-
nastat in HNSCC and establish a novel link between glutamine metabolism and ferroptosis, which may be
uniquely translated into targeted glutamine-ferroptosis combination therapies.

Ferroptosis
Poly-unsaturated fatty acids

1. Statement of significance 2. Introduction

Our study establishes a novel link between glutamine metabolism Head and neck squamous cell carcinomas (HNSCC) arise in the oral
and ferroptosis and demonstrates the therapeutic potential of a broad cavity, oropharynx, and larynx and rank sixth overall in incidence, with
glutamine antagonist, DRP-104 (sirpiglenastat), in head and neck more than 600,000 cases worldwide each year [1]. Despite advances in
cancer. therapies such as immune checkpoint blockade, survival rates for pa-

tients with HNSCC have improved marginally over the past four de-
cades, especially in oral cavity cancers associated with heavy tobacco
use and alcohol consumption [2]. Multiple genetic alterations underlie
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the development of this aggressive malignancy, including mutations and
genetic alterations in the TP53, FAT1, NOTCHI1, CASP8, CDKN2A
(p1 61NK4A), and PIK3CA genes [3-6]. In particular, PIK3CA, which en-
codes the PI3Ka catalytic subunit, is the most commonly mutated
oncogene in HNSCC (~20 %), aligned with our early observations that
the aberrant activation of the PI3K/mTOR signaling pathway is a
widespread event in HNSCC (>80 % of all HPV~ and HPV ™ cases; [7,8]).
In addition, we have also observed that inhibitors of mechanistic target
of rapamycin (mTOR) display potent antitumor activity in a large va-
riety of genetically defined and chemically induced experimental
HNSCC models [8-13] and our recently reported phase II clinical trial in
patients with HNSCC [14]. This supports that PI3K/mTOR signaling
may represent a druggable candidate in HNSCC. However, the potential
immunosuppressive activity of direct mTOR inhibitors may raise safety
concerns regarding their long-term use [15] or in conjunction with
immunotherapies. This prompted us to focus on alternative methods of
inhibition of mTOR by specifically depriving tumors of nutrients. We
hypothesized that blocking key metabolic pathways would inhibit tumor
growth and reveal therapeutically lethal vulnerabilities.

One of the hallmarks of cancer is its ability to alternate energetic
pathways depending on its genetic profile and substrate availability [16,
17]. Cancer cells can shift from aerobic respiration (TCA cycle) to lactic
acid fermentation by increasing glucose uptake and lactate production
for energy production even in excess of oxygen, a phenomenon known as
the Warburg Effect [18,19]. In addition, cancer cells can also shift to
alternative energy sources, for example, transitioning from glycolysis or
lactic acid fermentation to glutaminolysis [16,20,21]. The conversion of
glutamine to lactate via glutamate, alpha-ketoglutarate, and the TCA
cycle (glutaminolysis) provide many high-energy sources that comple-
ment glucose metabolism and the Warburg effect [22]. Glutaminolysis
dependence may supersede glucose dependence for synthesizing specific
metabolic components, leading to some cancer cells becoming addicted
to glutamine catabolism [20]. This highlights the critical concept that
cancer cells may exhibit metabolic vulnerabilities that can be exploited
therapeutically.

Analysis of saliva and tissue metabolites from normal and HNSCC
patients identified glutaminolysis pathways and its components as one
of the metabolic signatures distinguishing normal from disease states
[23]. Glutaminase, which catalyzes the hydrolysis of glutamine to
glutamate, is also highly expressed in primary and metastatic HNSCC
tissues. Glutamine is important for nucleotide synthesis, amino acid
production, redox balance, glycosylation, extracellular matrix produc-
tion, autophagy, and epigenetics [24,25]. Thus, glutamine metabolism
may represent a critical component of HNSCC cell metabolism and a
promising target to deprive of tumors. In turn, we posit that glutamine
dependency may represent a potential vulnerability that could be
exploited therapeutically, as single agents, or as part of synergistic
strategies improving the efficacy of existing treatments.

At a serum concentration of several hundred micromolar, glutamine
is one of the most abundant amino acids in the blood [24]. Rapidly
proliferating cells or cells under physiological stress have a high demand
for glutamine. Glutamine is transported into cells through various amino
acid transporters, which tend to be upregulated in cancer [25]. Inside
the cell, glutamine is metabolized by multiple processes: (i) It is hy-
drolyzed to glutamate and ammonia (glutaminase); (ii) it has one of its
amino groups catalyzed by glutamine aminotransferases to serve as
building blocks for nucleic acids, amino acids, hexosamine sugars and
NAD(+); and (iii) it can charge tRNAs for protein synthesis [25]. Thus,
glutamine metabolism may represent a critical component of HNSCC
cell metabolism and a promising target to deprive of tumors. In turn, we
posit that glutamine dependency may represent a potential vulnerability
that could be exploited therapeutically, as single agents, or as part of
synergistic strategies improving the efficacy of existing treatments.
Targeting tumor glutamine dependence has focused on selective gluta-
minase inhibitors. Allosteric inhibitors such as compound 968 or CB-839
(telaglenastat) have shown promising single-agent activity in preclinical
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studies [26] but had minimal single-agent anti-tumor activity in phase 2
combination trials [27]. Tumors have been shown to resist single-agent
glutaminase inhibition by being extraordinarily adaptable, altering
nutrient uptake and/or compensatory metabolic networks [28]. These
findings favor the application of broadly active glutamine antagonists
such as 6-diazo-5-oxo-L-norleucine, DON (Supplemental Fig. 1A). DON
binds  competitively to the active site of multiple
glutamine-using-enzymes, forming a covalent adduct that irreversibly
inhibits the enzyme [29]. In the clinic, DON showed promising efficacy
in treating glutamine-dependent tumors, particularly with low daily
doses. Still, due to non-specific exposure to the gut, stomatitis and
diarrhea were consistently observed [30-33], and thus, future studies
were paused. The development of DRP-104 (sirpiglenastat), a prodrug of
DON (Supplemental Figs. 1A-B), may avoid toxicity because it is pref-
erentially activated in the tumor microenvironment, delivering DON
preferentially to the tumor while minimizing its peripheral and GI tissue
exposure, leading to significantly reduced toxicity [34].

Our study explores the therapeutic implications of inhibiting gluta-
mine metabolism in HNSCC. We investigated the effects of broad
glutamine metabolism antagonism on human HNSCC cells, revealing
that this blockade impairs mTOR signaling, induces autophagy, and
leads to the accumulation of polyunsaturated fatty acids (PUFAs). This
metabolic disturbance sensitizes cells to lipid peroxidation, triggering
ferroptosis and enhancing the efficacy of ferroptosis-inducing agents.
Our findings suggest that a dual approach targeting glutamine meta-
bolism and ferroptosis could represent a potent strategy against HNSCC.

3. Methods
3.1. Cell lines, culture procedures, and reagents

Human HNSCC cell lines CAL27, CAL33 HN12, SCC47, and Detroit
562 were obtained from the NIDCR (National Institute of Dental and
Craniofacial Research) cell collection and cultured as previously re-
ported [35]. Please see the supplemental information for the full
description of the reagents used.

3.2. Cell viability assay and synergy determination

Cells were seeded at a density of 5000 cells/well in 96-well plates,
and 10 dilutions of each inhibitor (DON or DRP104) were assayed in
technical triplicates for 72 h. Live cell number was measured with the
CellTiter-Fluor Cell Viability Reagent. The half-maximal inhibitor con-
centration values (Glsp) were determined from the curve using the
nonlinear log (inhibitor) versus response-variable slope (three parame-
ters) equation. For synergy determination, cells were treated with either
single inhibitors, siRNA, or combinations thereof using six different di-
lutions of each inhibitor and in technical triplicates and incubated for
72 h. Live cell number was measured as above, and the Bliss indepen-
dence model (BLISS-Chou) was used to determine if the interaction is
additive (ABliss = 0), synergistic (<0), or antagonistic (>0), respec-
tively. Please see supplemental information for the full description.

3.3. Sphere formation assay and human xenograft tumor models

Cells were seeded in 96-well ultralow attachment culture dishes and
treated with the indicated concentration of 3 mM or 10 mM DON. Ten
days after seeding, photos of wells were taken, and the number of
spheres in each well and their sizes were assessed by bright-field mi-
croscopy and quantified using Qupath. Female 4- to 6-week-old NOD.
Cg-Prkdcescid 112rgtm1Wjl/SzJ (SCID-NOD) mice were injected subcu-
taneously in both flanks with 5 x 10° of each human HNSCC cell line.
Mice were monitored 3 times weekly for tumor development. After 14
days post-implantation, mice were evenly distributed by size and treated
with either vehicle or DRP-104 (3 mg/kg) subcutaneously according to
their weight; 5 days ON, 2 days OFF. RSL3 (100 mg/kg) was
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administered intratumorally after 23 days post-implantation, twice a
week for 2 weeks. The control group was treated with each vehicle. Mice
were euthanized at the indicated time points, and tumors were isolated
for histologic and IHC evaluation. Results of mice experiments were
expressed as mean + SEM of a total of tumors analyzed. Please see the
supplemental information for the full description.

3.4. Metabolite extraction and LC-MS metabolomics

CAL33 cells were prepared and analyzed by liquid chromatography
with tandem mass spectrometry (LC-MS/MS) as previously described
[36]. LC-MS/MS-based metabolomics analysis was performed using a
Thermo QExactive orbitrap mass spectrometer coupled to a Thermo
Vanquish UPLC system. For data processing, in-house R-scripts per-
formed initial bulk feature alignment, MS1-MS2 data parsing,
pseudo-DIA-to-DDA MS2 deconvolution, and CSV-to-MGF file genera-
tion. RAW to mzXML file conversion was performed using MSconvert
version 3.0.9393. Feature extraction, secondary alignment, and com-
pound identification were performed using mzMine 2.21 [37]. When
available, the preliminary ID was given based on mass and retention
time. Compounds identified as "EIC_X" or "Novel EIC_X" indicate com-
pounds that were putatively identified as previously described [36].
Statistical analysis was performed using R (3.3.3). The data generated in
this study are available upon request from the corresponding author.

3.5. Statistical analysis

All data analyses were performed using GraphPad Prism, version
9.4.0 for Mac. The data were analyzed by one-way ANOVA test with
correction for multiple comparisons or t-test (asterisks denote: *p < 0.05,
**p < 0.01, ***p < 0.001, and ****p < 0.0001). All experiments were
repeated independently with similar results at least three times.

Transfections, immunoblotting, immunohistochemistry, CRISPR
screen and analysis and immunofluorescence.

Please see supplemental information for the full description.

3.6. Data availability

The code and data generated in this study are available upon request
from the corresponding author.

4. Results

4.1. Glutamine metabolism blockade limits HNSCC cell line proliferation
and tumorigenesis

To examine the ability of DRP-104 to inhibit HNSCC cell prolifera-
tion relative to DON, we performed a series of experiments using a panel
of human cell lines representing a spectrum of human papillomavirus
(HPV+) and HPV- HNSCC. Cells were treated with serial concentrations
of DON or DRP-104 for 72 h in a 96-well plate (Fig. 1A). No significant
changes were observed between ICso values calculated for DON and
DRP104, indicating that DRP-104 was just as efficacious as DON due to
these HNSCC cell lines bearing the tumor-specific enzymes required to
activate the pro-drug (Fig. 1A and Supplemental Figs. 2A-B). Remark-
ably, HNSCC cells carrying genetic alterations in the PIK3CA/PTEN
pathway were more sensitive to glutamine metabolism antagonism than
unaltered HNSCC cells (Supplemental Figs. 2A-B).

We next investigated whether glutamine metabolism blockade could
inhibit the tumorigenic potential by comparing the ability of sphere
growth (orospheres) of vehicle-treated and DON-treated cells (Fig. 1B).
In all HNSCC cell lines used, DON significantly reduced the number of
large spheres formation; correspondingly, cell lines bearing PIK3CA/
PTEN alterations resulted in a more pronounced reduction.

Given the ability of DON and DRP-104 to inhibit cell proliferation,
we next tested the antitumor activity of DRP-104 using HNSCC
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xenograft tumor models. SCID/NSG mice were injected subcutaneously
with HNSCC cell lines. Orthotopic tumor implantation may have been
preferable, but this can cause difficulty in eating and drinking, thus
affecting overall metabolism and confounding our results. Despite this
limitation, for each tumor type tested, treatment with DRP-104 led to a
marked decrease in tumor growth and tumor weight and improved
survival (Fig. 1C and D and Supplemental Figs. 2C-D). Due to past
clinical studies reporting gastrointestinal toxicities with the drug form of
DON, we measured the weight of the mice treated with the pro-drug
(DRP-104) throughout our studies, finding that no changes in weight
were observed (Fig. 1E and Supplemental Fig. 2E).

4.2. Glutamine metabolism antagonism leads to the dysregulation of
autophagy and poly-unsaturated fatty acid accumulation

DON and DRP-104 can reshape the cellular metabolic and energy
networks by inhibiting a wide range of glutamine-utilizing enzymes. To
capture the metabolic shifts and compensations in HNSCC cells in
response to glutamine metabolism, CAL33 cells were treated with DON
for 24 h, and their lysates were analyzed and quantified by LC/MS/MS.
As demonstrated in Supplemental Fig. 3A, the dose of DON used in these
experiments did not induce cell death, ensuring that cellular mortality
events did not confound our metabolic analysis. Three hundred sixty-
one metabolites were identified, of which 42 (12 %) were significantly
modulated by glutamine metabolism blockade, with 32 metabolites
being upregulated while 10 metabolites were downregulated with
treatment (Fig. 2A and Supplemental Table 1). Enrichment analysis of
significant metabolites found a remarkable accumulation of metabolites
derived from alpha-linolenic acid and linoleic acid, while broad nucleic-
acid metabolism was depleted (Fig. 2B). To better understand the effect
of glutamine metabolism antagonism on fatty acid metabolism, we
examined the distribution and abundance of fatty acids in CAL33 cells
following a 24-h DON treatment. In contrast to vehicle-treated cells,
glutamine metabolism blockade induced a robust increase in lipid
droplets, exhibiting approximately 10-fold more lipid droplets than
vehicle-treated cells (Fig. 2C). To provide a comparative perspective, it
is noteworthy that CAL27 cells, despite also being subjected to gluta-
mine metabolism blockade, exhibited fewer lipid droplets than CAL33
cells, albeit still showing a significant increase (Supplemental Fig. 3A).
An increase in lipid droplets during starvation has also been observed in
human cells [38], suggesting

that glutamine metabolism antagonism induces a similar general
cellular response to nutrient deprivation. mTOR is a central nutrient-
sensitive kinase and a regulator of cell growth and autophagy [39,40].
Under sufficient amino acids, mTOR phosphorylates and prevents the
activation of ULK1, a central component of the autophagy pathway
(Fig. 2D) [40,41]. Conversely, mTOR is inhibited without amino acids,
and autophagy is activated. Starvation-induced autophagic degradation
of membranous organelles releases fatty acids, which accumulate to
form lipid droplets [38] (Fig. 2D). In agreement with the inhibition of
mTORCI activity during starvation, treating CAL27 and CAL33 cells
with the glutamine metabolism antagonist DON resulted in a substantial
loss of phosphorylated S6, a downstream target of mTOR and hence
reflecting a decrease in mTOR activity (Fig. 2E).

Additionally, we monitored the phosphorylation of ATG13 on Ser-
355, which can be used as a read-out for ULK1 kinase activity in cells
[39]. HNSCC cells treated with DON had higher levels of ATG13
pSer-355, indicating that ULK1 was activated, likely initiating auto-
phagy (Fig. 2E). Moreover, the levels of p62/A170/SQSTM1 (p62),
another marker of autophagy that is known to be degraded by auto-
phagy, decreased in CAL27 and CAL33 cells treated with DON (Sup-
plemental Fig. 3B). To further investigate the role of autophagy, we
examined the expression levels LC3B in CAL27 and CAL33 cells treated
with DON and the autophagy inhibitor hydroxychloroquine (HCQ). We
found that DON led to increased LC3B concomitant with decreased p62
levels, aligned with enhanced autophagy (Supplemental Fig. 3B).
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Fig. 1. Effects of glutamine metabolism antagonism on HNSCC tumorigenesis. A. Representative HNSCC cells (CAL33, CAL27, UDSCC2, and UMSCC47) were
treated with the indicated concentrations of DON or DRP104 for 72 h. Live cell number was normalized with the corresponding vehicle control (0.1 % DMSO)-treated
cells. Driver gene alterations are highlighted in red. B. HNSCC cells were treated with vehicle control (0.1 % DMSO) or DON (3 and 10 pM). Wells were imaged, and
the size/number of spheres was quantified via QuPath. Representative spheres obtained are displayed on the right. C. Corresponding cell lines were transplanted into
NSG mice and treated subcutaneously with vehicle control diluent or DRP-104 (3 mg/kg) once daily 5 days-ON + 2days OFF x indicated cycles. Treatment was
continued for four weeks. D. Lesions from corresponding xenograft studies were collected and weighed on day 35 (n = 6 mice per group). Representative H&E images
of the tumors are displayed on the right. E. Mice weight throughout each preclinical study. All data represent averages +SEM, except where indicated. *P < 0.05,

***P < 0.001, ****P < 0.0001.
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Fig. 2. Glutamine metabolism blockade induces autophagocytotic accumulation of polyunsaturated fatty acids. A. CAL33 HNSCC cells were treated with 3
pM DON for 24 h and analyzed by HILIC LC-MS. Volcano plot depicting polar molecule, eicosanoids, and other bioactive lipid species alterations in CAL33 cells; n = 4
samples per treatment group. B. Metabolite set enrichment analysis depicted sets of metabolites accumulated or depleted after glutamine metabolism blockade
treatment with DON. C. CAL33 cells were treated for 24 h with DON (3 pM). Cells were fixed and stained with Hoechst (Blue), Wheat Germ Albumin (Red), and
LipidTOX™ (Yellow). Intracellular accumulation of neutral lipid droplets was quantified per cell in 4 regions of interest per replicate (n = 3). D. A model illustrates
that in the presence of sufficient amino acids, active mTOR inhibits the initiation of autophagy and the degradation of membranous organelles that release fatty acids.
E. Lysates of CAL27 and CAL33 cells treated with DON (1 and 3 uM) were analyzed for indicated proteins by western blotting. F. CAL33 HNSCC cells were treated
with non-targeting or ATG13-siRNA and subsequentially treated with DON (3 pM) for 24 h. Neutral lipid droplets were quantified. Cell lysates of siRNA-treated cells
were analyzed for indicated proteins via Western blot analysis. All data represent averages +SD, except where indicated. ***P < 0.001.
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Inhibition of autophagosome degradation by HCQ further accumulated
LC3B levels. This supports the involvement of autophagy in the response
to glutamine metabolism blockade. In turn, since ATG13 is essential for
the stability of the ULK1-ATG13-FIP200 complex-inducing autophagy
[39,40,42], we wanted to examine how knocking out ATG13 would
affect the development of lipid droplets after glutamine metabolism
blockade. As expected, the quantity of lipid droplets was remarkably
reduced in cells with low expression of ATG13 despite being unable to
access glutamine, suggesting that autophagy is required to accumulate
PUFAs and lipid droplets (Fig. 2F). These results underscore the neces-
sity of autophagy for managing lipid metabolism and highlight the
interplay between glutamine metabolism and autophagic processes in
HNSCC.

Lipid droplet biogenesis can play a protective role in cells by main-
taining mitochondrial function during starvation-induced autophagy
[38]. To explore whether glutamine blockade affects the function of the
mitochondria, we performed a Seahorse Metabolic Stress test. The
Seahorse assay results further illustrate this interplay: cells treated with
DON exhibited significantly reduced basal oxygen consumption rate
(OCR) (Supplemental Fig. 3D right panel), compared to untreated cells
but showed a marked increase in maximal OCR upon carbonyl
cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) treatment (Sup-
plemental Fig. 3D bottom panel). Glutamine antagonism may reduce
substrate availability for the TCA cycle, leading to lower basal mito-
chondrial respiration observed. However, while glutamine antagonism
initially suppresses mitochondrial respiration, it may prime the cells to
exhibit a heightened respiratory capacity under uncoupled conditions,
likely due to the reported adaptive mitochondrial responses initiated by
autophagy and lipid biogenesis [38]. The extracellular acidification rate
(ECAR), which measures the conversion of glucose to lactate, Supple-
mental Fig. 3E showed that ECAR was decreased at all metabolic stress
points.

4.3. Genome-wide CRISPR/Cas9 screen reveals the interaction of PUFA
metabolism with glutamine metabolism blockade and identifies novel
synthetic lethal targets

To profile the effect of glutamine metabolism antagonism on the
genetic interactome, we performed a genome-wide CRISPR knock-out
screen in HNSCC in the context of glutamine metabolism blockade
(Fig. 3A). Using Cas9-expressing CAL33 HNSCC cells infected with the
Brunello Human Genome pooled sgRNA library, cells were passaged
under 0.25 pM DON or vehicle for 18 cell doublings (Fig. 3A right
panel). To evaluate pathways that, when modulated, resulted in resis-
tance to glutamine metabolism inhibition, we examined sgRNAs
enriched in the DON treatment condition (Fig. 3B). Aligned with the
metabolomic analysis, the top hits were genes involved in alpha-
linolenic acid and linoleic acid KEGG pathways, suggesting that
reduced PUFA metabolism could drive resistance to glutamine meta-
bolism blockade (Fig. 3C). We also observed the enrichment of cells with
SOD1 and CYP2E1 in the DON treatment condition (Fig. 3D), which are
regulators of the peroxisome pathway [42,43] that converts superoxide
(O2) to hydrogen peroxide (HO2). Aligned with this, we observed a
depletion of sgRNAs for antioxidant enzymes IDH1 and GPX4 (Fig. 3D),
which play crucial cellular defense roles against oxidative stress and
lipid peroxidation [44,45].

The CRISPR knock-out screen revealed PUFA metabolism and per-
oxidation genes as resistor genes, while antioxidant enzymes sensitize to
glutamine metabolism blockade. This raises the possibility of a link
between glutamine metabolism antagonism and the accumulation of
lipid peroxides, a hallmark of iron-dependent cell death, ferroptosis
[46]. Further delineation of the sgRNA targeting genes for critical
players in the ferroptosis pathways (e.g., GPX4, FTL, GSS, STEAP3, and
others) strengthened our hypothesis that glutamine metabolism
blockade can sensitize HNSCC cells to lipid peroxidation (Fig. 3 D, E).
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4.4. Glutamine metabolism blockade leads to the accumulation of ROS
and sensitizes cells to ferroptosis

To validate our screen, we performed siRNA-mediated knockdown of
essential genes sensitizing to ferroptosis (GPX4 and FTL) and fatty acid
biosynthesis (ACLY) to evaluate the effect on live cell number with
glutamine metabolism inhibition. As anticipated, the knockdown of
GPX4 and FTL significantly increased sensitivity to glutamine meta-
bolism antagonism (Fig. 4A). GPX4, a critical defense against ferropto-
sis, is notably vulnerable to inhibition in therapy-resistant tumors [46].
We observed a synergistic interaction between GPX4 knockdown and
DON using the ABliss model to assess drug interactions (Fig. 4A). Both
CAL27 and CAL33 cells in-vivo and in-vitro exhibited increased GPX4
expression upon DON treatment, potentially as a cellular response to
mitigate oxidative degradation of PUFAs (Fig. 4B and Supplemental
Figs. 5B-C). Additionally, glutathione (GSH) and its oxidized form
(GSSG) levels were significantly decreased following DON treatment
(Supplemental Fig. 3C). To further investigate the impact of reduced
antioxidants due to glutamine antagonism on cellular reactive oxygen
species (ROS) homeostasis, we measured H>O5 levels and the oxidation
of DCFH, which produces green-fluorescent molecules (Fig. 4C and D
and Supplemental Figs. 4A-B). DON treatment led to elevated hydrogen
peroxide levels (Fig. 4C) and increased oxidation of the ROS-probe
DCFH in CAL33 and CAL27 cells (Fig. 4D, Supplemental Figs. 4A-B).
These findings are aligned with our CRISPR screen data, which suggests
that the peroxisome as a significant source of HyO2 and a contributor to
resistance against glutamine antagonism.

In light of these findings, we sought to explore whether blocking
glutamine metabolism could sensitize cells to ferroptosis. To investigate
this, cells were treated with escalating concentrations of DON and the
ferroptosis activator RSL3 [45-47]. Synergistic antiproliferative effects
were observed across multiple HNSCC cell lines (HPV- and HPV+),
supporting a general drug-drug class pharmacodynamic interaction
(Fig. 4G). In addition, HNSCC cells co-treated with escalating doses of
DON and other ferroptosis inducers, such as erastin and
imidazole-ketone-erastin (IKE), also showed synergy, albeit to a lesser
extent than with RSL3 (Supplemental Fig. 5E).

As glutamine blockade sensitized cells to ferroptosis, we wanted to
determine how supplementation of essential nutrients regulated fer-
roptosis induction. To explore the interplay between glutamine and
glucose in ferroptosis, we assessed the response to RSL3 in cells incu-
bated with different concentrations of these nutrients. We found that
higher concentrations of both glutamine and glucose resulted in
decreased sensitivity to RSL3 in HNSCC cells (Supplemental Fig. 4D and
Supplemental Fig. 5A), suggesting that both nutrients can protect cells
from ferroptosis, possibly via increased antioxidants from either the
glutathione (glutamine) or pentose phosphate (glucose) pathways.

In contrast, supplementation with polyunsaturated fatty acids (e.g.,
linoleic acid), which were found to be increased upon glutamine
blockade, potentiated HNSCC cell sensitivity to DON, RSL3, or combi-
natory treatment (RSL3+DON). We observed synergistic activity of
linoleic acid with RSL3+DON, suggesting that dysregulation of PUFA
metabolism can contribute to increased sensitivity to ferroptosis when
cells do not have access to glutamine (Supplemental Fig. 4E). Interest-
ingly, the DON and RSL3 administration sequence significantly influ-
enced the cells’ susceptibility to ferroptosis (Supplemental Fig. 5D).
Specifically, cells treated first with DON for 24 h before RSL3 exhibited
increased resistance to ferroptosis, suggesting that the induced upre-
gulation of GPX4 by DON may provide cells with a means to escape
ferroptosis.

To further elucidate how DON affected the growth of HNSCC cells,
we incubated drug-treated cells with inhibitors of cell death pathways
(e.g., apoptosis, ferroptosis, and necroptosis). As expected, concomitant
treatment of RSL3 and the synthetic antioxidant ferrostatin-1 abolished
RSL3’s deleterious effect, serving as a control (Supplemental Fig. 4F).
Conversely, we observed no reduction in DON’s anti-proliferative effect
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Fig. 3. A genome-wide CRISPR/Cas9 screen reveals synthetic lethal and resistance interactors of glutamine metabolism antagonism. A. CAL33 HNSCC cells
expressing Cas9 were infected with the Brunello Human CRISPR sgRNA KO library at an MOI of 0.5. After selection, cells were treated with vehicle or 0.25 pM of
DON until cells doubled roughly 18 times, as displayed on the right. B. Beta scores for all tested genes are shown ordered by score. Genes found to be significantly
enriched or depleted are colored in shades of red based on their p-value. C. Normalized enrichment scores of top 10 enriched, and all depleted KEGG pathways in
MsigDB as measured by single-sample GSEA. D. Left, top genes of interacting KEGG pathways. Beta scores represent either essential (blue) or resistant (red) genes
under DON treatment. Asterisks indicate significance; *p < 0.05, **p < 0.01, and ***p < 0.001. E. Graphical model depicting the interaction of peroxisome, linolenic
and alpha-linoleic metabolism, and ferroptosis. PLA2 catalyzes the release of polyunsaturated fatty acids, which are metabolized by CYP2E1 into substrates for lipid
peroxidation. Hydrogen peroxide produced by SOD1 can be converted into highly reactive hydroxyl radicals, enhancing lipid peroxidation and ferroptosis. This
process is delicately regulated by GPX4, which uses glutathione, derived from cysteine, glycine, and glutamate, to neutralize lipid peroxides. Any imbalance in these
i‘nterconnected processes can tip the scale towards ferroptosis. Essential (blue) or resistant (red) genes are highlighted by color.

<

when combined with any cell death pathway inhibitor, indicating that
DON does not induce cell death through these pathways. However, in
cells treated with both DON and RSL3, ferrostatin and the apoptosis
inhibitor (z-VAD-FMK) significantly increased live cell numbers, sug-
gesting that the observed synergy involves both apoptosis and ferrop-
tosis pathways (Supplemental Fig. 4F).

To explore whether DON treatment reduces cell proliferation rather
than activating a cell-death pathway, we performed a MultiTox-Glo
Assay, which sequentially measures both live-cell protease activity
(indicating cell viability) and dead-cell protease activity (indicating
cytotoxicity). Cells treated with DON and RSL3 had decreased cell
numbers (Supplemental Fig. 4G), but when compared to cytotoxic cell
death, RSL3-treated cells had high levels of the dead-cells, in contrast to
DON-treated cells, suggesting that DON reduces proliferation rather
than increasing cell death (Supplemental Fig. 4H).

4.5. Glutamine metabolism antagonism increases the response to GPX4
inhibition in xenograft HNSCC mouse models

Based on our findings, we then used HNSCC xenograft models to
evaluate the anticancer activity of the DON-prodrug DRP-104 and RSL3
combination in vivo. SCID/NSG mice were injected subcutaneously with
HNSCC cell lines (CAL27 and CAL33) and randomly divided into four
groups: Vehicle, RSL3, DRP-104, and RSL3+DRP-104. Mice were
injected intratumorally with 100 mg/kg of RSL3 twice weekly for two
weeks, as described previously [45]. DRP-104 was administered sub-
cutaneously 5 days per week. Contrary to what we observed in-vitro,
treatment with RSL3 alone in-vivo did not reduce tumor growth or tumor
weight (Fig. 5A and Supplemental Fig. 6A). However, when combined
with DRP-104, we observed a significant reduction in tumor volume and
weight compared with the vehicle-treated control group and DRP-104 as
a monotherapy (Fig. 5A). The observed rapid drop in tumor volume
when using the combination of DRP-104 and RSL3 versus DRP-104
alone is still not fully understood and can likely reflect the synergistic
action of these drugs. For instance, RSL3 action upon GPX4 inhibition
may be more potent when glutamine metabolism is simultaneously
hampered by DRP-104, leading to a faster and more potent onset of
ferroptosis and the consequent rapid reduction in tumor volume. While
these possibilities warrant further investigation, we evaluated the pro-
liferation marker Ki67 in the HNSCC xenograft tumor specimens by IHC
(Fig. 5B and Supplemental Fig. 6B).

We also evaluated the levels of 4-hydroxynonenal (4HNE), a marker
of lipid peroxidation, in the tumor tissues [48]. The combination of
DRP-104 and RSL3 led to a significant increase in 4HNE-positive cells
compared to the vehicle and individual treatments (Fig. 5C). This in-
crease in the lipid peroxidation marker supports enhanced ferroptosis
observed with the combination treatment. Taken together, these find-
ings suggest a direct connection between repressed glutamine meta-
bolism and ferroptosis through autophagy-mediated PUFA
accumulation, increased HyO5 and ROS levels, and reduction of pro-
tective antioxidant systems (Fig. 5D).

5. Discussion

Glutamine plays a significant role in the metabolism of highly

proliferating cells, including HNSCC [23]. Thus, a deep understanding of
the shift in metabolic networks in response to glutamine deprivation
may provide an opportunity to identify novel metabolism-based target
therapies for HNSCC. However, targeting glutamine dependence
through selective glutaminase antagonists, such as CB-839, although
promising in pre-clinical studies, has been a disappointment in the clinic
[27,49]. Presumably, inhibiting all known glutamine-metabolizing en-
zymes, rather than only glutaminase, with the glutamine analog DON
would confer a better anti-tumor response. Our findings demonstrate
that DON is an attractive therapeutic agent for preventing HNSCC tumor
growth. We also observed that HNSCC cells carrying genetic alterations
in the PIK3CA/PTEN pathway were more sensitive to glutamine meta-
bolism antagonism than unaltered HNSCC cells. This increased sensi-
tivity of HNSCC cells harboring PIK3CA/PTEN mutations could indicate
a reliance on glutamine metabolism in these hyperactive mTOR
signaling cells. While further work is required to elucidate the molecular
basis of the increased dependence on glutamine metabolism, this
sensitivity may be clinically relevant, as PIK3CA pathway hyperactivity
is a frequent event in HNSCC [3], and its activation status can allow for
further eligibility/stratification in future clinical trials.

Therapeutic opportunities targeting glutamine metabolism extend
beyond HNSCC. Recent studies in preclinical models of pancreatic
ductal adenocarcinoma (PDAC) using DRP-104 have highlighted the
potential of this approach though tumors adapt and develop resistance
through persistent MEK/ERK signaling, which can be counteracted with
the MEK inhibitor trametinib [50]. A parallel study showed that DON
triggers PDAC tumors to upregulate asparagine synthesis, rendering
them vulnerable to asparaginase treatment [51]. These studies reinforce
the therapeutic potential of targeting glutamine metabolism in cancer
therapy and provide a mechanistic rationale for patient selection in
future precision clinical trials and targeted options to overcome treat-
ment resistance. In the case of HNSCC, our dissection of the metabolic
network regulated by glutamine, using the glutamine analog DON, led to
the finding that poly-unsaturated fatty acid metabolism is dysregulated
upon glutamine metabolism blockade. Further interrogation into the
underlying mechanism revealed that nutrient-sensing kinase mTOR is
inhibited, leading to the activation of autophagy through
ULK1-mediated phosphorylation of ATG13 at Ser-355. In addition, our
CRISPR screen confirmed the convergence of PUFA and glutamine
metabolism while identifying that the loss of pathways that play crucial
cellular defense roles against oxidative stress and lipid peroxidation can
sensitize HNSCC cells to glutamine metabolism blockade. Finally, we
demonstrate that disruption of glutamine pathways using DON and its
prodrug DRP-104 (sirpiglenastat) can significantly augment the sensi-
tivity of HNSCC cells to ferroptosis activators. These findings revealed
that glutamine metabolism blockade causes the rewiring of metabolic
networks in cancer cells to fulfill their needs for nutrients and energy.
This reprogramming exposes new metabolic liabilities, rendering them
uniquely vulnerable to ferroptosis, which may present as a promising
therapeutic option for patients with advanced and metastatic HNSCC, as
well as for other human malignancies.

In this regard, while conducting these studies, we observed that the
sequence of administration of DON and RSL3 influences the activation of
ferroptosis, as their co-administration is synergistic, but pre-treatment
with DON before RSL3 reduces the response. We can hypothesize that
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Fig. 4. Antagonism of glutamine metabolism sensitizes cells to ferroptosis. CAL33 cells were treated with siRNAs targeting ACLY, FTL, or GPX4 and subsequently
with 3 uM DON for 24 h, followed by measurement of live cell number and determination of combination indices using ABLISS (score <0 indicates synergism, score
= 0 indicates additivity, score >0 indicates antagonism, scale from —1 to +1) (A). CAL27 and CAL33 cells were treated with increasing concentrations of DON (0, 1,
3 pM) and analyzed by Western blot for levels of ACLY, FTL, and GPX4 (B). ROS levels in CAL33 cells were measured using H202 substrate dilution buffer, and
luminescence was recorded after 6 h of treatment, showing significant increases in ROS levels with higher concentrations of DON (C). ROS levels were also measured
using DCFH-DA in CAL27 and CAL33 cells treated with vehicle or 3 pM DON, demonstrating increased ROS levels in DON-treated cells (D). Lipid peroxidation was
analyzed in CAL27 cells treated with 3 pM DON, ferrostatin-1 (1 pM), and RSL3 (2 pM), with cells stained for oxidized (510 nm) and non-oxidized (590 nm) lipids (E).
Quantification of the lipid peroxidation ratio (590/510 nm) in CAL27 and CAL33 cells treated with vehicle (V), 3 pM DON (D), DON and ferrostatin-1 (D/F), or RSL3
and ferrostatin-1 (R/F) showed significant increases in lipid peroxidation with DON and RSL3 treatments (F). The viability of CAL27, CAL33, and UMSCC47 cells
treated with various combinations of DON and RSL3 was assessed, with heatmap representation of live cell number and determination of combination indices using
ABLISS (scale from —2 to +2) (G). All data represent averages +SD, except where indicated. *P < 0.05, *P < 0.01, ***P < 0.001, ****P < 0.0001. Source data are

provided as a Source Data file.

the adaptive induction of GPX4 expression by DON may provide cells
with a means to escape ferroptosis. Indeed, the feedback upregulation of
GPX4 suggests the existence of a therapeutic window during which cells
are particularly vulnerable to ferroptosis following glutamine antago-
nism. This hypothesis is supported by previous studies showing that
GPX4 expression can be increased by certain fatty acids, potentially
enhancing cellular defense mechanisms against ferroptosis [52]. We also
observed that specific HNSCC cells that express low levels of GPX4 (e.g.,
CAL27 and SCC47 cells) are more sensitive to RSL3, which suggests that
their adaption to low GPX4 may make them more sensitive to GPX4
inhibition by RSL3. These studies underscore the possibility of predict-
ing treatment sensitivity by leveraging the balance between metabolic
pathways and adaptive cellular defense processes for inducing ferrop-
tosis. These findings also support the idea that fully elucidating the
underlying mechanisms may enable the full exploitation of this
vulnerability window.

While apoptosis evasion has been recognized as a hallmark of cancer,
novel modes of cell death that are mechanistically and morphologically
different from apoptosis and, therefore, hold great potential for cancer
therapy have more recently come into focus. Ferroptosis is an iron-
dependent form of regulated cell death triggered by the toxic build-up
of lipid peroxides on cellular membranes [44,45]. Morphologically,
this leads to the rupture of the mitochondrial outer membrane and
cellular disintegration [44,45]. The most essential mitigator of ferrop-
tosis is the selenoprotein glutathione peroxidase 4 (GPX4), which
scavenges cellular ROS through glutathione (GSH) to convert lipid
peroxides to non-toxic lipid alcohols, directly suppressing lipid peroxi-
dation. Unfortunately, most GPX4 inhibitors have exhibited poor (or
unclear) pharmacological properties in animal models, limiting their
potential for clinical translation [53]. Therefore, several additional
challenges remain to be addressed to realize the full potential of
glutamine-based ferroptosis-inducing strategies. Here, we show that
DON sensitizes cells to ferroptosis-inducing agents, such as RSL3, erastin
and IKE, albeit the degree of synergy may vary depending on the specific
inhibitor used. Mechanistically, this process may involve the adaptive
response to glutamine metabolism inhibition, which results in the
accumulation of PUFAs that are direct substrates of peroxidizing en-
zymes. In turn, this suggests that the future development of
ferroptosis-inducing agents could benefit from exploring synergistic
combinations, such as upon glutamine metabolism inhibition in HNSCC
cancer cells and yet-to-be-identified sensitizing mechanisms in other
cancer types, thus increasing the effectiveness of ferroptosis-based
therapies while limiting their toxicities.

In addition to cancer cells, immune cells that promote or suppress
antitumor immunity might also be susceptible to glutamine metabolism
antagonism and ferroptosis. Therefore, balancing the glutamine
blockade-induced ferroptosis vulnerabilities of cancer cells, antitumor
immune cells, and immunosuppressive cells represents an exciting area
of future investigation. In this regard, it has been recently shown that
DON shuts down glycolysis and oxidative phosphorylation in mouse
cancer cells while enhancing T cell oxidative phosphorylation and
anticancer immune responses [54]. In addition, targeting glutamine
metabolism can modulate the tumor microenvironment by inhibiting

10

the recruitment of myeloid-derived suppressor cells [55]. Furthermore,
DRP-104 increased activated T, NK, and NKT cell infiltration to tumors,
polarized macrophages to M1 phenotype, increased CD1037DC, and
demonstrated therapeutic synergy with multiple immune checkpoint
inhibitor approaches in preclinical models [56]. This suggests that the
comprehensive understanding of the mechanisms underlying the dif-
ferential sensitivities of cancer cells and immune cells to glutamine
metabolism inhibition may enable the development of suitable combi-
nations with immune checkpoint-blocking therapies.

Glucose metabolism is crucial for HNSCC growth [16,20,21], and a
metabolic shift from glucose to glutamine might occur under certain
conditions, such as hypoxic stress [24,57]. As such, the dual inhibition of
glutamine and glucose metabolism may represent a promising strategy
worth investigating in future studies. In this regard, our current findings,
in the context of a prior body of literature, underscore the complex
relationship between glutamine metabolic networks and oxidative ho-
meostasis in cancer. Indeed, pathways identified by our screen and
metabolomics may represent compensatory mechanisms that converge
to attempt to ensure survival when cancer cells do not have access to
glutamine. Ultimately, glutamine metabolism blockade may induce a
ferroptosis-sensitive state through multiple pathways that, when maxi-
mally unleashed, may be uniquely translated to potent, targeted fer-
roptosis combination therapies.
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Fig. 5. Glutamine metabolism blockade and ferroptosis activation reduce HNSCC tumor growth. A. CAL27 and CAL33 HNSCC cells were transplanted into NSG mice
and treated subcutaneously with vehicle control diluent or DRP-104 (3 mg/kg) five times per week for four weeks. Mice were also treated intratumorally with four
doses of RSL3 or vehicle diluent. Bottom, Kaplan-Meier survival curve representing the survival of the mice in each treatment group, with a cut-off at 250 mm (n =5
mice per group). B. Top, Representative immunohistochemical analysis of proliferation marker Ki67. Middle, Ki67 positive or negative nuclei identified by QuPath
cell detection tool. Bottom, quantification of total nuclei and percentage of Ki67 is displayed below. C. Inmunohistochemical analysis of 4-HNE in CAL27 xenografts
treated with vehicle, RSL3, DRP104, or the combination of RSL3 and DRP104, with quantification of 4-HNE positive cells presented. *P < 0.05, *P < 0.01, ***P <
0.001, ****P < 0.0001. D. Model depicting proliferative and physiological conditions (left), glutamine-inhibition (center), and enhanced ferroptosis induction of
HNSCC cells (right). Highly proliferative cells in glutamine-rich environments engage regulator pathways to inhibit autophagy and prevent the formation of toxic
lipid reactive oxygen species (ROS). Disruption of glutamine metabolism in HNSCC cells leads to the inhibition of mTOR and, subsequentially, the accumulation of
intracellular fatty acids through autophagy-mediated degradation of organelles. Augmented levels of polyunsaturated fatty acids and reductions of the anti-oxidant

glutathione due to glutamine blockade sensitize HNSCC cells for ferroptosis-induction via RSL3.
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