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Abstract

Lung cancer is the leading cause of cancer-related deaths worldwide. Loss of STK11 in KRAS-
driven lung adenocarcinoma (LUAD) is observed in approximately 15,000 US lung cancer cases
annually and drives an aggressive, resistant disease. STK11 regulates many cellular processes,
including metabolism, and loss of this tumor suppressor drives a “glutamine addicted” phenotype
that is being considered for targeted therapy. However, recent work from our group revealed the
activation of pro-oncogenic signaling in KRAS/STK11-mutant LUAD cells upon glutamine
deprivation, suggesting the development of an advantageous adaptation. Here,
we demonstrate that STK11 loss in KRAS-driven LUAD cells increases glutamine-dependent
mitochondrial respiration, which is metabolically rewired upon exogenous glutamine deprivation
to enhance the hexosamine biosynthetic pathway (HBP). Furthermore, our results reveal that
enhanced HBP flux in STK 11 null KRAS-driven LUAD cells promotes a pro-metastatic phenotype
characterized by adherent cell detachment, resistance to apoptosis, and 3D spheroid invasion. This
study highlights, for the first time, enhanced HBP flux as a protective shunt in response to
glutamine deprivation in KRAS/STK11-mutant LUAD. Our results challenge the potential benefit
of glutamine deprivation as a therapeutic intervention in this patient population. Future work aims
to further elucidate the role of the HBP in promoting metastasis and to determine the mechanism(s)

by which STK 11 null KRAS-driven LUAD cells upregulate the HBP.
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Introduction

Lung cancer remains the leading cause of cancer-related deaths in the US [1]. Patients with
KRAS-mutant lung adenocarcinoma (LUAD) harboring concurrent loss-of-function mutations in
STKI11 (KRAS/STKI11) often present with aggressive disease characterized by increased
metastatic spread [2] and resistance to therapy [3]. Advances in genomic medicine have improved
cancer treatment by enabling molecular classification and precision therapies tailored to individual
tumor profiles. However, these advances have not yet translated into effective treatment options
for patients with KRAS/STK11-mutant LUAD, highlighting the need for further research into the
molecular underpinnings of this genetic profile.

The tumor suppressor, STK11, acts as a master kinase to regulate signaling networks
involved in metabolism, proliferation, survival, and cell migration upon nutrient stress [4]. Loss
of STK11 in KRAS-driven LUAD has been shown to result in enhanced glutamine-dependent
metabolic rewiring to drive energy homeostasis [5-7]. While cancer therapies aimed at exploiting
glutamine addiction represent an attractive therapeutic approach for such vulnerable cancers, it is
important to note that deprivation of glutamine can paradoxically induce stress responses that
promote tumor progression by selecting for cells capable of metabolic adaptation. Indeed, studies
show that glutamine restriction can induce dedifferentiation [8], drug resistance [9], epithelial—
mesenchymal transition [10], and nutrient-scavenging behaviors such as micropinocytosis [11-13]
- all of which are characteristics of aggressive cancer. Previous work by our group revealed
transcriptional upregulation of pro-oncogenic signaling pathways in KRAS/STK11-mutant LUAD
cell lines following exogenous glutamine deprivation [14], supporting the existence of an

advantageous adaptive response in this LUAD subtype that remains to be elucidated.
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In addition to driving glutamine dependency, STK11 loss in KRAS-driven LUAD cells
has been shown to promote the flux of glutamine through the hexosamine biosynthetic pathway
(HBP) [15]. The HBP is a heavily regulated cytoplasmic metabolic pathway used to generate
uridine diphosphate N-acetylglucosamine (UDP-GIcNAc) for glycosylation and O-
GlcNAcylation. The plasticity of the HBP enables it to function as a metabolic reserve that can be
rapidly upregulated under conditions of nutrient stress or increased demand [16]. Given its
adaptive role, the HBP serves as a metabolic hub to drive multiple cancer-promoting pathways
during cellular stress [17]. For instance, O-GIcNAcylation, the addition of a single GIcNAc moiety
onto serine or threonine residues of target proteins, activates oncogenic transcription factors that
increase the metastatic potential of cancer cells [18-20]. Kim et al. demonstrated upregulation of
HBP flux in KRAS/STK11-mutant LUAD cells and correlated increased HBP enzyme expression
with poor patient prognosis [15]. However, it remains to be established how nutrient stress,
specifically glutamine restriction, affects metabolic rewiring in KRAS/STK11-mutant LUAD cells
and consequently regulates HBP-dependent processes that may underly tumor progression.

In this study, we demonstrate that depletion of exogenous glutamine induces metabolic
rewiring in KRAS/STK11-mutant LUAD cells such that endogenous glutamine is redirected from
the TCA cycle towards the HBP. Consistent with reports of metabolic plasticity and glutamine
dependency, the results reported here indicate that this adaptive shift promotes a pro-survival
phenotype in STKI11 null cells that mimics the aggressive nature of nutrient-deprived,
metastasizing cancers in vivo. Specifically, increased HBP activity promotes key features of
metastatic competence such as loss of adhesion, resistance to anoikis, and increased spheroid
invasion. These findings support a model in which glutamine-addicted KRAS/STK11-mutant

LUAD cells respond to glutamine scarcity, a characteristic feature of the tumor microenvironment,
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by reallocating intracellular glutamine stores to the HBP thereby coupling metabolic adaptation to

the acquisition of a pro-metastatic phenotype.

Materials and Methods

Cell culture and treatment

NCI-H2009 (ATCC# CRL-5911) and NCI-H441 (ATCC# HTB-174) cells with
(“parental”) and with STK 11 knocked-out (ASTK11; “STK11 null”) [14] were cultured in RPMI-
1640 (Gibco, 11875093) supplemented with 10% fetal bovine serum (FBS) (Corning, 35-011-CV)
and L-Glutamine (Gibco, 25030081) (4 mM final concentration; “full RPMI”). The following
reagents were used for cell maintenance and treatments: PBS (Gibco, 10010023), 0.25% Trypsin
(Gibco, 25200056) and RPMI-1640 without L-Glutamine (Gibco, 21870076). Cells were
passaged, maintained in full RPMI and treated at ~80% confluency unless otherwise specified. For
glutamine deprivation experiments, cells were washed with 1X PBS at confluency and then either
RPMI-1640 without L-Glutamine (“glutamine deficient”) or RPMI-1640 without L-Glutamine
supplemented with 2 mM L-Glutamine (“glutamine proficient”) was added for the indicated

time(s).

Seahorse mitochondrial stress test

The Seahorse mitochondrial stress test (MST) was performed as described previously [21].
In brief, cells were seeded in glutamine proficient or deficient RPMI media, as indicated, and
allowed to culture for 5 hours before media was swapped to respective 0 mM or 2 mM glutamine-
containing Seahorse XF RPMI media (Agilent, 103576-100) supplemented with 11.1 mM glucose

(Gibco, A2494001) and 10% FBS. Oligomycin (Thermo Fisher Scientific, JS51898MA), fluoro-
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carbonyl cyanide phenylhydrazone (FCCP; Cayman Chemical, 15218), and rotenone (MP
Biochemicals, 150154)/antimycin (Sigma Aldrich, A8674) were used for MST injections.
Quantitation was performed on 3 biological replicates (n=3) using an ordinary two-way Anova
with Tukey’s multiple comparisons test, with a single pooled variance. Significance was defined

as p < 0.05 (95% CI).

Glutamine metabolic tracing

H2009 cells were incubated in glutamine-free RPMI media supplemented with 10% FBS
and 4 mM BCN-glutamine (Cambridge Isotope Laboratories, 285978-14-5) for 4 hours.
Glutamine deficient RPMI was then added for 6 or 24 hours, as indicated. Samples were sent to
the University of Colorado Anschutz Metabolomics Core where global unlabeled metabolomic
analysis along with '*C'°N-glutamine flux analysis was performed via ultra-high performance

liquid chromatography-mass spectrometry (n = 3).

Western and far western blots

Whole cell protein extracts (WCE) were prepared using NP40 lysis buffer (25 mM Tris pH 7.2,
137 mM NaCl, 25 mM NaF, 10 mM Na pyrophosphate, 10% glycerol and 1% IGEPAL; pH 7.4)
supplemented with 1X protease inhibitor (Thermo Fisher, 78441) and 20 uM Thiamet-G (TMGQG)
(ApexBio, B2048). Extracts were centrifuged at 14,000 x g for 10 min at 4°C and protein
concentrations were then determined using the Pierce BCA Protein Assay Kit (Thermo Fisher,
23227). Twenty ng of WCE were subjected to SDS-PAGE electrophoresis using 8% acrylamide
(Protogel, EC-890) at 200 V for 1 hour. Gels were then transferred to nitrocellulose membranes

(BioRad, 1704270), blocked in Tris-buffered saline with 0.1 % Tween 20 (Thermo Fisher, P7949)
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(TBST) containing 1% bovine serum albumin (BSA) (Thermo Fisher, 9048-46-8) for 1 hour at
room temperature (western blot) or overnight at 4°C (far western blot). Sequential incubation with
target-specific primary antibodies (overnight at 4°C) or biotin-tagged wheat germ agglutinin
(WGA) lectin (Vector Labs, B-1025-5; 2 hours at room temperature), followed by appropriate
horseradish peroxidase (HRP)-conjugated secondary antibodies (western blot) or streptavidin (far
western blot) was then performed (Table 1). Resulting bands were visualized using a
chemiluminescence substrate (Thermo Fisher, 1863094). Full, uncropped images of all blots are
provided in Supplementary information. Densitometry was performed using Image]J on 3
biological replicates (n=3) and significance was determined using an ordinary two-way Anova
with Tukey’s multiple comparisons test, with a single pooled variance. Significance was defined

as p < 0.05 (95% CI).

Hexosaminidase treatment

Cells lysates were normalized to 1 mg/mL concentration and 40 pL B-N-
acetylhexosaminidaser (New England Biolabs, P0721S) was added per 1 mg of protein. Mixtures
of protein lysates and hexosaminidase were incubated at 37°C for 1 hour and then prepped for
SDS-PAGE and subsequent western and far western blot analysis as described above.
Corresponding untreated samples were used for the analysis of the time course of glutamine

deprivation.

FRO054 treatment
FR054 (MedChemExpress, 35954-65-5) was solubilized in DMSO (Fisher Scientific,

191418) to a stock concentration of 10 mM and treated at concentrations indicated. For detachment
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and apoptosis assays cells were pretreated for 3 hours with 50 uM FR054 prior to continued
treatment in glutamine proficient or deficient media. For 3D invasion experiments, in accordance

with previous studies [22], an increased dose of 250 uM FR054 was used.

Quantification of detached cells

Detached cells were isolated via centrifugation at 135 x rcf for 5 min at 4°C. Cell pellets
were resuspended in 100 puL respective media and live/dead cells were quantified using Trypan
Blue (Gibco, 15250061). Quantitation was performed on 3 biological replicates (n=3) using an
ordinary two-way Anova with Tukey’s multiple comparisons test, with a single pooled variance.

Significance was defined as p < 0.05 (95% CI).

Annexin V and propidium iodide (PI) apoptosis assay

Detached cells were isolated via centrifugation at 135 x rcf for 5 min at 4°C. Cell pellets
were resuspended in 100 uL AnnexinV Binding Buffer (BioLegend, 422201) and stained with
AnnexinV and propidium iodide at ratios of 0.35:100 and 10:100. Flow cytometry was performed
using the BD LSRII (BD Biosciences) and data acquisition and analysis were performed with
assistance from the UVM Flow Cytometry and Small Particles Detection Facility using BD
FACSDiva v8 software (BD Biosciences). Cells were gated on single-stain controls for each
experiment, with cells staining negative for both annexin V and PI deemed “non-apoptotic” while
“apoptotic” cells were cumulatively referred to as annexin V positive. Quantitation was performed
on 3 biological replicates (n=3) using an ordinary two-way Anova with Tukey’s multiple

comparisons test, with a single pooled variance. Significance was defined as p < 0.05 (95% CI).
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Quantification of reestablished cells post-detachment

Fifty-thousand detached trypan-negative cells/condition into wells of a 24-well plate and
cultured for 7 days prior to fixation with 4% paraformaldehyde and staining with 1X DAPI. Re-
adherent cells were quantified on the Lionheart FX Live Cell Imager (BioTek) using 9x6 4x PCH
and DAPI objectives. Images were taken using the Gen5 BioTek software (Gen5Image + 3.06)
and DAPI images were stitched. Utilizing the cell count feature, objects greater than 5 pm were
quantified to produce cell counts per well. Quantitation was performed on 3 biological replicates
(n=3) using an ordinary one or two-way Anova with Tukey’s multiple comparisons test, with a

single pooled variance. Significance was defined as p < 0.05 (95% CI).

Spheroid 3D invasion

Spheroids were generated using a modified hanging drop method [23], after which they
were washed and resuspended in Matrigel (Corning, 356231) diluted to 5 mg/mL in glutamine
proficient or deficient media. For time-point imaging of invasion, spheroids were cultured for 48
hours and imaged using a Laxco, LMI6-FL12 inverted microscope. Single disseminated cell
counts from 3 biological replicates of spheroids were obtained using Fiji (magej.net/software/fiji/).
For live-cell imaging of invasion, spheroids were cultured at 37°C and 5% CO: for 48 hours
(H2009) or 72 hours (H441) and imaged using the LIONHEART FX (BioTek, Winooski, VT)
every 30 min. Images were stitched and converted to videos using the Gen5 Software
(Gen5Image+ 3.06). Quantitation was performed on pooled spheroid invasion from 3 biological
replicates (n=3) using an ordinary one or two-way Anova with Tukey’s multiple comparisons test,

with a single pooled variance. Significance was defined as p < 0.05 (95% CI).
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Results

Loss of STK11 drives increased glutamine-dependent mitochondrial respiration in KRAS-
driven LUAD cells

Given the heightened dependency on glutamine metabolism in KRAS/STK11-mutant
LUAD, we used the Seahorse Mitochondrial Stress Test (MST) [21] to assess the contribution of
glutamine in driving mitochondrial respiration upon STK11 loss in KRAS-driven LUAD [24]. As
shown in Figure 1, both H2009 (Fig. 1A and Fig. 1C) and H441 (Fig. 1B and Fig. 1D) STK11
null cells displayed elevated basal oxygen consumption rates (OCR) compared to parental lines.
Interestingly, in H2009 cells, STK11 null cells almost entirely lacked spare respiratory capacity
(SRC) in nutrient replete conditions, indicating a “maxed out” bioenergetic status and inability to
respond to metabolic stress at baseline [21]. Upon glutamine deprivation, while parental cells had
reduced SRC, H2009 STK11 null cells demonstrated an increase (Fig. 1C), suggesting such
nutrient stress results in a shift from full capacity to a state of energy conservation. A similar result
indicative of metabolic efficiency was observed in the H441 line in which STK11 null cells
maintained an SRC following the depletion of glutamine, while the SRC of parental cells was
entirely abolished (Fig. 1D). Of note, extracellular acidification rates (ECAR) of both H2009 cell
lines were comparable throughout the MST, indicating sustained glycolysis following glutamine
deprivation (Fig. SIA-B). Additional MST parameters are reported in Supplemental Figure S1.

We next performed a modified MST to confirm the contribution of glutamine in driving
the elevated basal respiration observed in STK11 null cells. Glutamine-deprived H2009 cells
received an initial injection of glutamine and OCR levels were allowed to reach a steady state prior
to MST injections (Fig. 1E). As expected, the glutamine-driven basal respiration of H2009 STK 11

null cells was approximately two-fold that of the H2009 cells (Fig. 1F).
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Lastly, to elucidate the timing at which STK 11 null cells switch from a hypermetabolic to
a stress-primed state upon glutamine stress, we performed a time course of deprivation prior to the
MST in our H2009 model. Three hours of glutamine deprivation reduced the basal OCR of H2009
STKI11 null cells to levels similar to parental cells in glutamine-rich media, with only a slight
additional reduction observed at the 5-hour deprivation time point (Fig. S1E). Given these results,
subsequent experiments were focused on the early hours (1-3 hours) of glutamine deprivation.

Taken together, these results reveal that KRAS-driven LUAD cells lacking functional
STK11 have greater mitochondrial respiration in nutrient rich conditions, largely due to enhanced
glutamine utilization. Upon early hours of glutamine deprivation, however, there appears to be a
shunt away from mitochondrial respiration. We hypothesize that this could be an advantageous
adaptation upon STK11 loss, preserving the ability of these cells to survive under such metabolic

stress.

Glutamine deprivation rewires endogenous glutamine flux from the TCA cycle to the HBP
in KRAS/STK11-mutant LUAD cells

Given the unexpected finding that exogenous glutamine deprivation, a characteristic of the
tumor microenvironment [25-27], reduced SRC in STK11 proficient cells but led to increased or
sustained SRC in STK11 null cells, we decided to next examine metabolic flux. Heavy-labeled
glutamine ('*C'°N-glutamine) was added to H2009 cell culture media for 4 hours, followed by a
swap to glutamine-deficient media for 0, 6 and 24 hours. As shown in the principal component
analysis (PCA) in Figure 2A, parental and STK11 null cells clustered similarly immediately post-
pulse of *C!*N-glutamine, however there was a distinct difference at 6 hours of deprivation that

was exacerbated by 24 hours. Of note, glutamine levels in STK11 null cells were reduced at

11
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baseline compared to those in parental cells (Fig. 2B), indicating either decreased uptake of labeled
glutamine or increased utilization - the latter of which many studies support [5-7]. By 6 hours of
exogenous glutamine deprivation, and maintained at 24 hours, levels of unlabeled and labeled
glutamine were abolished in both H2009 cell lines, revealing the rapid utilization of intracellular
glutamine upon extracellular scarcity. In correspondence with our Seahorse data, deprivation of
glutamine for 6 hours resulted in decreased flux to all TCA cycle intermediates measured in both
H2009 cell lines (Fig. 2C). The top 50 unlabeled metabolites from this modified pulse chase
experiment are reported in Supplemental Figure S2.

To investigate whether there is a metabolic “sink” to which intracellular glutamine is
shunted upon extracellular glutamine stress, additional heavy labeled glutamine-derived
metabolites were examined. Interestingly, we observed maintenance of hexosamine biosynthetic
pathway (HBP) metabolites, GlcNAc-phosphate (GlcNAc-P) and UDP-GlcNAc, in H2009 STK 11
null cells. Furthermore, CMP-sialic acid (CMP-NeuAc), a downstream activated metabolite of the
HBP, was elevated in STK11 null cells following 6 hours of glutamine deprivation (Fig. 2D).
Given that O-GlcNAcylation [28] and increased sialylation [29] have been associated with
aggressive, pro-metastatic characteristics of cancer cells, this pathway piqued our interest as a
potential protective metabolic shunt in KRAS-driven LUAD cells lacking STK11.

To confirm elevated flux through the HBP upon early hours of glutamine deprivation, we
used a combination of western blot and far western blot approaches. The lectin, wheat germ
agglutinin (WGA), was used to measure both global sialylation and O-GlcNAcylation while two
different antibodies (multi mAb and RL2; Table 1) were used to specifically measure global O-
GlcNAcylation. As shown in Figure 3, and in support of the metabolic flux analysis, both lectin

(Fig. 3A) and antibodies (Fig. 3B and 3C) revealed a similar trend in signal following glutamine

12
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deprivation. Specifically, while signals across all probes diminished over early hours of glutamine
deprivation in H2009 parental cells, there was a consistent increase in signals in STK11 null cells
that was most pronounced at the 3-hour deprivation time point. We verified the results of all probes
with hexosaminidase treatment, which cleaves O-GlcNAc residues from proteins thus confirming
the specificity of O-GlcNAc signal [30] (Fig. 3A-C).

The selective small-molecule inhibitor, FR054, targets the intermediary HBP enzyme
phosphoglucomutase 3 (PGM3) and has demonstrated efficacy in both breast cancer [31] and
KRAS/STK11-mutant lung cancer cells [32], and thus was used to inhibit HBP activity in our cell
model system. As shown in Figure 3D, 50 uM FR054 was sufficient to reduce sialylation and O-
GlcNAcylation levels in H2009 STK11 null cells while the parental line remained relatively
unaltered. Validation of HBP induction following 3 hours of glutamine deprivation along with
sensitivity to 50 uM FR054 was performed in H441 cells using the WGA lectin-based far western
approach (Fig. 3E). Together, these results highlight novel metabolic rewiring during glutamine
scarcity and a potential shift to a pro-metastatic state in KRAS-driven LUAD cells that lack

STK11.

HBP activity in KRAS/STK11-mutant LUAD cells promotes cell detachment and apoptotic
resistance upon glutamine deprivation

While conducting glutamine deprivation experiments, a striking observation was made -
upon 24 hours of extracellular glutamine starvation, STK11 null cells detached at a much greater
level than parental cells and, surprisingly, appeared to be viable as evidenced by Trypan Blue
staining (Fig. 4 and S3). Survival of cells following detachment from the extracellular matrix is

widely considered the initiating step in the metastatic cascade as it enables dissemination of tumor
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cells from their primary site [33]. Our finding that glutamine deprivation increases HBP products
in STKI11 null cells, coupled with evidence that HBP-mediated surface sialylation and O-
GlcNAcylation regulate cell adhesion and motility [34], led us to test whether enhanced HBP
activity mediates the increased cell detachment phenotype observed in STK11 null cells under
glutamine-deprived conditions.

In nutrient replete conditions, H2009 (Fig. 4A) and H441 (Fig. 4B) STK11 null cells
displayed a greater ratio of Trypan Blue exclusive (i.e. live) /inclusive (i.e. dead) detached cells as
compared to parental cells. However, unlike parental cells which maintained comparable levels of
live detached cells under nutrient-replete and glutamine-deprived conditions, STK11 null cells
exhibited a significant increase in live cell detachment and thus live/dead cell ratio in response to
glutamine deprivation. Treatment with FR054 significantly reduced the number of live detached
STK11 null cells under both conditions while leaving parental cells unaltered, indicating the HBP
does indeed play a role in driving the detachment phenotype of KRAS/STK11-mutant LUAD cells.

To further investigate the viability of STK11 null cells upon glutamine deprivation-induced
detachment, annexin V and propidium iodide staining was performed to measure apoptotic cells,
as described previously [35]. Similar to nutrient replete conditions (Fig. SA), 24 hours of glutamine
starvation (Fig. SB) resulted in significantly more apoptotic detached H2009 parental cells (those
staining positive for annexin V and/or propidium iodide) as compared to STK 11 null cells. In line
with its effect on cell detachment, treatment with FR054 had no effect on the number of apoptotic
or non-apoptotic parental cells in either condition. In contrast, STK 11 null cells that detached upon
glutamine deprivation were significantly affected by FR054 treatment which increased the number

of apoptotic cells (Fig. 5B).
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Since metastatic cells must survive detachment and subsequently colonize distant tissues,
we next investigated whether H2009 cells detached under glutamine-deprived conditions retained
the ability to reattach and proliferate when returned to nutrient-replete media. As shown in Figure
5C, detached H2009 parental cells exhibited little to no capacity to re-adhere and survive when
replated in nutrient-replete conditions. Detached STK11 null cells, however, demonstrated a
significantly greater capacity to reestablish growth — a phenomenon which was markedly reduced
upon inhibition of the HBP (Fig. SC). Overall, these results suggest that enhanced HBP flux in
KRAS/STKI11-mutant LUAD cells promotes cell detachment, apoptotic resistance, and survival

upon glutamine deprivation - all of which are key features of metastasis.

Inhibition of the HBP blunts invasive phenotypes of KRAS/STK11-mutant LUAD spheroids
induced upon glutamine deprivation

Acquisition of an invasive phenotype, characterized by the ability to degrade and traverse
the extracellular matrix, is another defining feature of metastatic progression. To evaluate invasive
behavior in a physiologically relevant microenvironment, we performed 3D spheroid invasion
assays which measure the ability of tumor cells to invade the surrounding extracellular matrix.
Using this model, we determined whether HBP activity contributes to the enhanced invasion of
STK11 null cells under glutamine-deprived conditions. As shown in Figure 6 and in Supplemental
Videos, parental H2009 spheroids maintained uniform, collective invasion for 48 hours regardless
of culture in 2 mM versus 0 mM glutamine. In contrast, H2009 STK 11 null spheroids displayed a
striking single cell invasive phenotype that was significantly enhanced upon glutamine deprivation
— an established feature of aggressive, metastasizing cancers [36]. HBP inhibition via FR054

treatment almost entirely abolished the aberrant, single-invasion phenotype of STK11 null cells
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under glutamine proficient and deficient conditions (Fig. 6A). In contrast, however, FR054
treatment had minimal effect on H2009 parental spheroid invasion regardless of nutrient status,
highlighting the significance of STK11 loss in driving such metabolic rewiring. The effect of HBP
inhibition was corroborated in H441 spheroids, in which FR054 treatment prevented STK11 null
spheroid invasion upon glutamine deprivation while having minimal impact on parental spheroids
(Fig. S4 and Supplemental Videos). Interestingly, H441 STK11 null spheroids displayed more of
a membrane blebbing phenotype under conditions of glutamine stress rather than single cell
dissemination characteristic of H2009 STK11 null spheroids. This distinction suggests that H441
cells may employ an alternative mode of motility in which cell-cell contacts are maintained,
consistent with actomyosin-driven membrane blebbing during collective invasion — a migratory
phenotype associated with enhanced invasive capacity and metastatic plasticity in multiple cancer
models [37]. Taken together, these results support the notion that glutamine scarcity induces
increased aggressive, pro-metastatic features in KRAS/STK11-mutant LUAD cells, largely driven

by HBP activity.

Discussion

Metastasis remains the leading cause of cancer-related mortality, accounting for
approximately 90% of all patient deaths [38]. Progression from a confined primary tumor to
metastatic spread requires tumor cells to adapt to multiple stresses, including nutrient deprivation,
loss of matrix attachment, and oxidative stress [33]. KRAS/STK11 mutant LUAD is characterized
by aggressive metastatic behavior and profound metabolic rewiring, thus understanding how these
tumors adapt to nutrient stress is critical. Here, we demonstrate that glutamine deprivation rapidly

redirects intracellular glutamine away from the TCA cycle toward the hexosamine biosynthetic
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pathway (HBP). This shunt promotes O-GIlcNAcylation and sialylation together with increased
cell detachment, anoikis resistance, the ability to re-establish growth following detachment, and
three-dimensional invasion. Collectively, these findings identify the HBP as an adaptive metabolic

program that links glutamine stress to metastatic features.

Although STKI1 loss creates a previously recognized dependence on glutamine
metabolism in lung cancer, therapeutic strategies targeting glutamine utilization have shown
limited clinical success. Recent work has proposed that glutamine stress follows a biphasic
hormetic response, in which moderate nutrient stress activates adaptive programs that enhance
tumor aggressiveness before more severe stress becomes growth inhibitory or cytotoxic [39] — a
model which our findings strongly support. Rather than undergoing metabolic collapse following
glutamine deprivation, STK11 null cells rapidly entered an adaptive state characterized by reduced
glutamine-derived TCA cycle activity while preserving glutamine flux through the HBP. This
metabolic shift coincided with the acquisition of multiple pro-metastatic phenotypes that were
markedly reduced upon pharmacologic inhibition of the HBP, suggesting activation of this
pathway represents an adaptive mechanism to glutamine stress in KRAS/STK11-mutant LUAD

cells.

Supporting this interpretation is the timing of the observed changes — during the early hours
of glutamine deprivation, STK11 null cells transitioned from a hypermetabolic state to one
exhibiting reduced mitochondrial respiration but increased or sustained SRC, indicating metabolic
reprogramming rather than bioenergetic failure. Simultaneously, HBP activity was increased
despite extracellular glutamine depletion. Together, these findings suggest that glutamine stress
induces a coordinated redistribution of intracellular glutamine toward pathways that prioritize

survival and metastatic fitness over oxidative metabolism.
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The HBP is uniquely positioned to mediate this adaptive response as its end product, UDP-
GlcNAc, supports both protein O-GIcNAcylation and surface glycosylation, processes known to
regulate cell adhesion, migration, signaling, and immune interactions [34]. Shunting of nutrients
through the HBP is relatively low under normal conditions, however upregulation is often observed
in cancer, and is associated with more aggressive disease [40]. In our study, pharmacologic
inhibition of the HBP with FR054 significantly reduced glutamine deprivation-induced cell
detachment, impaired re-establishment after detachment, and suppressed spheroid invasion. These
findings suggest that HBP activation is not merely a metabolic consequence of glutamine stress

but a functional driver of the aggressive phenotype observed in KRAS/STK1 mutant LUAD cells.

Beyond regulating cell adhesion and glycosylation, enhanced HBP activity may couple
metabolic adaptation to the transcriptional reprogramming induced by glutamine stress. We
previously demonstrated that glutamine deprivation in KRAS/STK11-mutant LUAD activates
multiple oncogenic pathways, including YAP1, NF-xB, TNF, HIF-1, chemokine, and focal
adhesion signaling [14]. Our current findings suggest that increased HBP flux may act upstream
of these transcriptional programs. O-GlcNAcylation is a nutrient-sensitive modification that
regulates the activity of several oncogenic and tumor suppressive transcription factors, including
YAP [41], NF-xB [18], p53 [42], and more. Thus, one possibility is that glutamine stress redirects
intracellular glutamine toward the HBP, enabling glycosylation-dependent activation of

transcriptional programs that promote metastatic phenotypes, yet this remains to be confirmed.

In summary, we demonstrate that glutamine deprivation induces metabolic rewiring in
KRAS/STK11-mutant LUAD that redirects intracellular glutamine toward the HBP, promoting
glycosylation-dependent processes that enhance metastatic behavior. These findings identify the

HBP as a previously unrecognized adaptive response to glutamine stress and provide mechanistic
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support for the emerging hormetic model of glutamine metabolism [39]. Targeting both glutamine
utilization and the adaptive HBP response may represent a more effective therapeutic strategy for
patients with KRAS/STKI11-mutant LUAD. Future work will determine whether the HBP
functions upstream of nutrient-responsive transcriptional programs through which glutamine stress

promotes metastatic features in KRAS/STK11-mutant LUAD.
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Figure 1. STK11 loss drives enhanced glutamine-dependent mitochondrial respiration in
KRAS-driven LUAD cells.

(A) Representative oxygen consumption rate (OCR) traces of a Seahorse Mitochondrial Stress Test (MST)
in NCI-H2009 KRASY?A and KRASCS?AASTK 11 cells treated with either 0 mM or 2 mM glutamine. Cells
were seeded in respective glutamine deficient or replete media approximately 5 hours prior to and during
the MST. (B) Representative OCR traces of a Seahorse MST in NCI-H441 KRASS?V and
KRASS2VASTK11 cells treated with either 0 mM or 2 mM glutamine. Cells were seeded in respective
glutamine deficient or replete media approximately 5 hours prior to and during the MST. (C) Quantification
of H2009 KRASS>A and KRASCS?AASTK11 primary MST parameters (basal respiration, maximal
respiration and spare respiratory capacity (SRC)) in 0 mM and 2 mM glutamine conditions (n = 3; two-way
ANOVA with Tukey’s multiple comparisons test). (D) Quantification of H441 KRASS?P and
KRASY?PASTK 11 primary MST parameters (basal respiration, maximal respiration and spare respiratory
capacity (SRC)) in 0 mM and 2 mM glutamine conditions (n = 3; two-way ANOVA with Tukey’s multiple
comparisons test). (E) Representative traces of a modified Seahorse MST in which cells were seeded in
respective glutamine deficient or replete media approximately 5 hours prior to the MST and then treated
with an injection of 2 mM glutamine and allowed to equilibrate before the MST injections. (F)
Quantification of H2009 KRASY!?* and KRASY?2ASTK 11 modified Seahorse MST parameters — BR, %
glutamine-linked BR (defined as ((+gln BR — -gln BR)/+gIn BR) * 100)), and glutamine-linked BR as OCR
(defined as (-gln OCR post-glutamine injection — -gln BR)) (n = 3; two-way ANOVA with Tukey’s multiple
comparisons test). Oligo = oligomycin, R/A = rotenone/antimycin. * p < 0.05, ** p < 0.01, standard

deviation (SD) shown.
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Figure 2. Exogenous glutamine deprivation promotes a shunt of endogenous glutamine from
the TCA cycle to the HBP in KRAS/STK11-mutant LUAD cells.

(A) Principal component analysis (PCA) plot demonstrating variance of NCI-H2009 KRAS®"?A and
KRASC2AASTK 11 cells following a modified pulse-chase experiment in which cells were pulsed with mM
BCI5N-glutamine for 4 hours which was then chased following exogenous glutamine deprivation for either
0 (i.e. immediately post-pulse), 6 or 24 hours. Global unlabeled metabolic and stable '*C'*N-glutamine flux
analysis were performed via UHPLC-MS/MS at the University of Colorado Anschutz Metabolomics Core
(n = 3). (B) Abundance of glutamine (both labeled and unlabeled) in NCI-H2009 KRASS!?A (K€!?4) and
KRASSPZAASTK11 (KS'22AS) cells subjected to the modified pulse-chase experiment. (C) Abundance
(both labeled and unlabeled) of glutamate, glutathione and TCA intermediates, a-ketoglutarate, succinate,
fumarate, malate and citrate in NCI-H2009 KRASS!?A (K6'24) and KRASCS?AASTK 11 (KS!2AAS) cells
subjected to the modified pulse-chase experiment. (D) Abundance (both labeled and unlabeled) of the HBP
intermediate, GIcNAc-phosphate (GlcNAc-P), the HBP product, UDP-GlcNAc, and the downstream HBP
metabolite, CMP-sialic acid (CMP-NeuAc) in NCI-H2009 KRASY!24 (K9!?4) and KRASC?AASTK11

(KS122AS) cells subjected to the modified pulse-chase experiment.
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Figure 3. Western and far western blot analyses confirm elevated HBP activity upon
glutamine deprivation in KRAS/STK11-mutant LUAD cells.

(A) Far western blot (wheat germ agglutinin; WGA) and western blot analysis (a-O-GlcNAc antibodies,
(B) mAB and (C) RL2) of a glutamine deprivation time course ranging from 0 — 3 hours in NCI-H2009
KRASY?A (black) and KRASC®?AASTK11 (red) cells. For both control (i.e. 0 hours glutamine deprivation)
and 3-hour time points, a hexosaminidase treatment was included to demonstrate specificity of each probe.
Densitometry is displayed as fold-change (FC) of probe/tubulin loading control for each condition relative
to the respective cell line 0-hour control (n = 3; two-way ANOVA with Tukey’s multiple comparisons test).
* p < 0.05, standard deviation (SD) shown. (D) Representative far western blot (WGA) and quantification
showing the dose response following 24 hours of treatment with 0 uM to 100 uM FR054 in NCI-H2009
KRASY?A and KRASS?AASTK 11 cells. Densitometry is displayed as fold-change (FC) of WGA/tubulin
loading control for each condition, and dashed lines are indicating average basal (i.e. 0 uM FR054) signal
(n = 3; two-way ANOVA with Tukey’s multiple comparisons test). (E) Representative far western blot
(WGA) and quantification of NCI-H441 KRASC'?V and KRASS!2VASTK 11 cells cultured for 3 hours in
either 2 mM or 0 mM glutamine and concurrent DMSO or 50 uM FR054, as indicated. Densitometry is
displayed as fold-change (FC) of probe/tubulin for each condition relative to their respective 2 mM

glutamine DMSO control (n = 3; two-way ANOVA with Tukey’s multiple comparisons test).
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Figure 4. HBP activity induced upon glutamine deprivation promotes detachment and
survival in KRAS/STK11-mutant LUAD cells.

(A) Representative 10X figures and quantification of NCI-H2009 KRASS'?A and KRASC'?AASTK 11 cells,
and (B) NCI-H441 KRASY!?Y and KRASC'?YASTK 11 cells subjected to 24 hr of culture in 0 or 2 mM
glutamine and 0 (i.e. DMSO vehicle) or 50 uM FR054, as indicated. Quantification was performed using
Trypan Blue stain and analysis is presented as ratios of Trypan Blue exclusive/inclusive (i.e. “live/dead”)
cells for each cell line (n = 3; one-way ANOVA with Tukey’s multiple comparisons test). * p < 0.05,

standard deviation (SD) shown.
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Figure 5. HBP activity induced upon glutamine deprivation promotes apoptotic resistance in
detached KRAS/STK11-mutant LUAD cells.

Representative flow cytometry plots of detached NCI-H2009 KRASS!?A and KRASY?AASTK11 cells
following 24 hours of culture in (A) 2 mM or (B) 0 mM glutamine-containing media with 0 uM or 50 uM
FRO54, as indicated. Cells were stained with annexin V and PI for assessment of apoptosis and gated on
single stain controls. Data is displayed as percent of entire detached cell population. Non-apoptotic, annexin
V-negative cells are gated in quadrant 4 ("non-apoptotic"), while annexin V-positive cells, both alive and
dead, are gated in quadrants 3 and 4, respectively (cumulatively referred to as "apoptotic"). Quantification
of "non-apoptotic" and "apoptotic" cell populations was performed (n = 3 biological replicates; two-way
Anova with Tukey's multiple comparisons test). (C) Representative images and quantification of DAPI
stained NCI-H2009 KRASY!?* and KRASC!?AASTK 11 cells following detachment induced by 24 hours of
glutamine deprivation and 0 uM or 50 uM FRO054, as indicated, and subsequent culture in nutrient replete
media for 7 days (re-seeded at 50,000 trypan exclusive detached cells/well) (n = 3; unpaired t-test, two-

tailed). * p <0.05, ** p <0.01, *** p <0.001, **** p < (0.0001, standard deviation (SD) shown.
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Figure 6. H2009 KRAS/STK11-mutant LUAD spheroids display enhanced single cell
invasion upon glutamine deprivation that is abolished with FR054 treatment.

(A) Representative images of NCI-H2009 KRASS!*A and KRASC'?AASTK 11 spheroid invasion after 0
hours, 24 hours and 48 hours of culture in glutamine-replete (i.e. 2 mM) and glutamine-deficient (i.e. 0
mM) conditions. Quantification of single cell invasion at 48 hours was performed, with cells that were no
longer touching the main spheroid core nor other invading cells at the time of imaging considered as
“dissociated cells” (n = 3; varying technical replicates per biological experiment for a total of 40 KRASY!2A
(2 mM), 53 KRASY!?A(0 mM), 53 KRASCS?AASTK 11 (2 mM) and 53 KRASS?AASTK 11 (0 mM) spheroids
analyzed. One-way ANOVA with Tukey’s multiple comparisons test). (B) Representative images of NCI-
H2009 KRASC"?A and KRASCS?AASTK 11 spheroid invasion at 48 hours following culture in glutamine-
deficient (i.e. 0 mM) conditions with concurrent 0 uM (i.e. DMSO vehicle) or 250 uM FR054 treatment,
as indicated. Quantification of single “dissociated cells” was performed (n = 3; varying technical replicates
per biological experiment for a total of 37 KRASY!?A (2 mM + DMSO), 24 KRASS!?A(2 mM + FR054), 32
KRASY?A (0 mM + DMSO), 32 KRASY?A(0 mM + FR054), 39 KRASC?2ASTK 11 (2 mM + DMSO), 35
KRASY?AASTK 11 (2 mM + FR054) 38 KRASC?AASTK 11 (0 mM + DMSO) and 41 KRASC®"?AASTK 11
(0 mM + FRO054) spheroids analyzed. Two-way ANOVA with Tukey’s multiple comparisons test). * p <

0.05, **** p <(0.0001, standard deviation (SD) shown.
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Figure 7. Working model.

While KRAS lung adenocarcinoma (LUAD) primarily rewires glutamine metabolism to drive energy
production via TCA flux and mitochondrial respiration, glutamine-deficient conditions such as the tumor
microenvironment or glutaminase inhibition trigger a protective shunt of glutamine from the TCA to the
hexosamine biosynthetic pathway (HBP) in KRAS/STKI11-mutant LUAD. This rewired metabolism
favoring HBP signaling rather than energetic production drives pro-metastatic signaling pathways that
enable the KRAS/STK11-mutant LUAD cell to evade death by nutrient stress and, instead, disseminate to
a distant location. As such, we propose that this pathway should be heavily considered when involving
glutaminase inhibition as a treatment strategy for KRAS/STK11-mutant LUAD patients given that such an

approach could promote more aggressive, metastatic disease.
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Supplemental Figure 1. STK11 loss drives enhanced glutamine-dependent mitochondrial
respiration in KRAS-driven LUAD cells.

(A) Representative extracellular acidification rate (ECAR) traces of a Seahorse MST in NCI-H2009
KRASS!?A and KRASC!AASTK 11 cells treated with either 0 mM or 2 mM glutamine. Cells were seeded in
respective glutamine deficient or replete media approximately 5 hours prior to and during the MST. (B)
Representative extracellular acidification (ECAR) traces of a Seahorse MST in NCI-H441 KRASY!?P and
KRASC!2PASTK 11 cells treated with either 0 mM or 2 mM glutamine. Cells were seeded in respective
glutamine deficient or replete media approximately 5 hours prior to and during the MST. (C) Quantification
of H2009 KRASY!?* and KRASCY!?AASTK 11 secondary MST parameters (ATP-linked respiration, proton
(H+) leak and coupling efficiency) in 0 mM and 2 mM glutamine conditions (n = 3; two-way ANOVA with
Tukey’s multiple comparisons test). (D) Quantification of H441 KRASY'?® and KRASS!?PASTKI11
secondary MST parameters (ATP-linked respiration, proton (H+) leak and coupling efficiency) in 0 mM
and 2 mM glutamine conditions. (E) Representative traces of a Seahorse MST in NCI-H2009 KRASY!?A
and KRASS?AASTK 11 cells treated with either 2 mM glutamine or 0 mM glutamine. Cells were seeded in
either 2 mM or 0 mM glutamine approximately 5 hours prior to the MST, and 3-hour glutamine deprivation
samples were swapped to 0 mM glutamine deficient media at 2 hours post-seeding. Oligo = oligomycin,
R/A = rotenone/antimycin. * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001, standard deviation (SD)

shown.
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Supplemental Figure 2. Top 50 unlabeled metabolites from modified glutamine pulse-chase.
Heat map of top 50 unlabeled metabolites by ANOVA p value in NCI-H2009 KRAS®"™# and
KRASS2AASTK 11 cells following a modified pulse-chase experiment in which cells were pulsed with mM
BCI5N-glutamine for 4 hours which was then chased following exogenous glutamine deprivation for either
0 (i.e. immediately post-pulse), 6 or 24 hours. Analysis was performed via UHPLC-MS/MS at the

University of Colorado Anschutz Metabolomics Core (n = 3).
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Supplemental Figure 3. HBP activity induced upon glutamine deprivation promotes
detachment and survival in KRAS/STK11-mutant LUAD cells.

Quantification of (A) NCI-H2009 KRASY!?A and KRASCS?AASTK11 and (B) NCI-H441 KRASS!?Y and
KRASS2VASTK 11 cells subjected to 24 hr of culture in 2 mM glutamine and 0 pM (i.e. DMSO vehicle) or
50 uM FRO54, as indicated. Quantification was performed using Trypan Blue stain and analysis was done
on Trypan Blue exclusive (i.e. live) versus inclusive (i.e. dead) cells (n = 3; one-way ANOVA with Tukey’s

multiple comparisons test).
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Supplemental Figure 4. FR054 diminishes invasive blebbing phenotype of H441

KRAS/STK11-mutant LUAD spheroids.
Representative images of NCI-H441 KRASY!?Y and KRASS!2YASTK 11 spheroid invasion at 0 and 72 hours
following culture in (A) glutamine-replete (i.e. 2 mM) and (B) glutamine-deficient (i.e. 0 mM) conditions

with concurrent 0 uM (i.e. DMSO vehicle) or 250 uM FR054 treatment, as indicated.
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Figure 1. STK11 loss drives enhanced glutamine-dependent
mitochondrial respiration in KRAS-driven LUAD cells.
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Figure 2. Exogenous glutamine deprivation promotes a shunt of endogenous
glutamine from the TCA cycle to the HBP in KRAS/STK11-mutant LUAD cells.
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KRAS/STK11-mutant LUAD cells.
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