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Abstract

Pancreatic ductal adenocarcinoma (PDAC) arises in a nutrient-deprived microenvironment
through progressive stages from pancreatic intraepithelial neoplasia (PanIN) to invasive
carcinoma. While serine metabolism supports tumor growth across multiple cancer types, the
stage-specific role of de novo serine synthesis in PDAC evolution remains undefined. Here, we
show that expression of phosphoglycerate dehydrogenase (PHGDH), the rate-limiting enzyme of
serine biosynthesis, increases progressively from PanlIN to invasive PDAC in human and mouse
specimens. Using genetically engineered mouse models with inducible PHGDH knockdown, we
found that PHGDH loss delayed PDAC development. Unexpectedly, PHGDH-deficient tumors did
not increase reliance on exogenous serine, and dietary serine/glycine manipulation had no effect
on tumor development. Instead, stable isotope tracing and metabolomic profiling revealed that
PHGDH loss suppressed mTOR signaling, reduced expression of the glutamine transporter
ASCT2, and impaired glutamine uptake and utilization. Leveraging this metabolic liability, we
demonstrated that PHGDH-deficient tumors exhibited selective sensitivity to the glutamine
antagonist DRP-104, whereas PHGDH-intact tumors were resistant. These findings reveal an
unanticipated connection between serine biosynthesis and glutamine metabolism in PDAC and

identify a therapeutic vulnerability that may be exploited through combined metabolic targeting.

Statement of significance: PHGDH supports PDAC progression not primarily through serine
provision, but by maintaining glutamine metabolism and mTOR signaling. This unanticipated
metabolic crosstalk creates a synthetic lethal vulnerability to glutamine antagonism in PHGDH-
deficient tumors, providing a rationale for combining serine synthesis pathway inhibitors with

glutamine-targeting therapies in pancreatic cancer.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal solid malignancies, with high
mortality and limited therapeutic options (1, 2). PDAC progression is accompanied by extensive
metabolic rewiring that supports tumor growth and survival, highlighting the importance of defining

stage-specific metabolic requirements across precursor lesions and malignant transition (3, 4).

PDAC development follows a well-characterized histological progression through acinar-to-ductal
metaplasia (ADM) (5, 6) and pancreatic intraepithelial neoplasia (PanIN) stages before the
development of invasive carcinoma (7, 8). This progression is accompanied by distinct metabolic
rewiring that supports the energetic and biosynthetic demands of transformation. Among the
metabolic adaptations observed in PDAC, alterations in serine metabolism present a particularly
intriguing paradox. Serine is a central metabolic hub that supports nucleotide synthesis, redox
homeostasis, one-carbon metabolism, and lipid biosynthesis (9-13). Serine can be obtained from
the diet, de novo synthesis, or recycling of intracellular and extracellular components. Dietary
restriction of serine and glycine suppresses tumor growth in several murine cancer models (11,
14). Notably, Kras-driven pancreatic cancer is unresponsive to dietary serine and glycine
restriction (14). More broadly, serine availability can engage metabolic stress-adaptation
programs that shape cell survival and metabolism (12), and increased dependence on de novo
serine biosynthesis has been linked to tumor growth and therapeutic resistance across multiple
cancer contexts (15, 16). Moreover, while macropinocytosis supports most amino acid pools in
PDAC, it does not highly contribute to serine and glycine (17). While other exogenous sources,
including neuronal serine release within the PDAC microenvironment (18), may contribute to
resistance to dietary restriction, these observations indicate that intrinsic metabolic adaptations

could also contribute to dietary serine independence in PDAC.

Upregulation of de novo serine synthesis through the serine synthesis pathway (SSP) represents
one such intrinsic adaptation. The SSP converts the glycolytic intermediate 3-phosphoglycerate
into serine. Phosphoglycerate dehydrogenase (PHGDH), the first and rate-limiting enzyme of the
SSP, supports nucleotide production, redox control, lipid homeostasis, epigenetic regulation, and
stress adaptation (9, 10, 19-21). Increased activity of the SSP has been shown in multiple cancers
(22-25), driven by genomic amplification (26, 27), transcriptional regulation downstream of MYC
(28), and BRAF and KEAP1 mutations (25, 29), and other mechanisms (30). Genetic and
functional studies implicate PHGDH as a metabolic driver in cancer, including the requirement for
PHGDH for primary melanoma formation (29) and its metastatic survival in serine-low sites such

as the brain (31). PHGDH upregulation has also been reported in therapy-resistant contexts,
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consistent with metabolic adaptation to treatment-induced stress (32, 33). These observations
have motivated the development of PHGDH inhibitors, although none has yet demonstrated clear
clinical benefit (23, 24). Whether the SSP underlies the intrinsic serine independence of PDAC,

and whether this represents a therapeutically targetable dependency, remains unknown.

Here, we delineate the stage-specific role of PHGDH during PDAC progression in vivo. We found
that SSP enzymes increase from precursor lesions to invasive PDAC and that PHGDH loss delays
progression to carcinoma while promoting apoptosis in established tumors. Unexpectedly, despite
reduced serine biosynthesis, PHGDH-deficient tumors did not increase reliance on exogenous
serine. Instead, PHGDH loss impaired glutamine handling and created a selective vulnerability to
glutamine antagonism, revealing an unanticipated metabolic dependency that may offer

therapeutic opportunities.
Results

PHGDH expression increases during PDAC progression and contributes to PDAC

development

To determine whether the serine synthesis pathway is upregulated during PDAC progression, we
profiled laser capture microdissected ductal epithelial cells from human PanIN and PDAC
specimens (34). PDAC samples (N = 197) showed higher PHGDH and PSAT1 mRNA expression
than PanIN samples (N = 26) (Fig. 1A). A similar pattern was observed in mice, where PHGDH
expression was higher in PDAC from KPC mice (LSL-Kras®'?P; p531°¥fox: 548-Cre) than in PanIN
from KC mice (LSL-Kras®'?®; p48-Cre) (Fig. 1B). These findings indicate that SSP expression
increases during progression from PanIN to invasive PDAC, raising the question of whether

PHGDH is required for progression.

To test whether PHGDH is functionally required for PDAC development in vivo, we used an
embryonic stem cell-genetically engineered mouse model (ESC-GEMM) with pancreas-specific
Kras®'?P activation (LSL-Kras®'??; p48-Cre) and doxycycline-inducible, GFP-linked shRNAs (35).
Starting at postnatal day 30, doxycycline administration induced shRNA expression to silence
Trp53 (shp53) together with either a control shRNA targeting Renilla luciferase (shRen) or an
shRNA targeting Phgdh (shPhgdh), enabling temporally controlled silencing during progression
to adenocarcinoma (Fig. 1C). IHC confirmed reduced PHGDH expression in GFP-positive
shPhgdh PDAC cells, indicating efficient knockdown (Fig. 1D). Following U-"*Cs-glucose infusion,

LC-MS analysis showed decreased serine labeling in shPhgdh tumors, consistent with impaired
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de novo serine synthesis (Fig. 1E). PHGDH knockdown prolonged PDAC-free survival compared
with shRen controls (Fig. 1F), indicating that PHGDH supports efficient PDAC formation.

To determine whether PHGDH is required during the early stages of disease progression, we
induced shRen or shPhgdh with doxycycline and collected pancreata after 35 days for
histopathologic analysis. At this timepoint, disease was primarily acinar-to-ductal metaplasia
(ADM). PHGDH knockdown had minimal impact on overall disease burden (% of total tissue area)
but reduced the PDAC fraction within diseased regions, indicating impaired progression to
invasive carcinoma (Fig. 1G-I). Consistent with this, PHGDH knockdown decreased proliferation
in ADM lesions (Fig. 1J). By contrast, endpoint PDAC showed comparable proliferation between
groups (Fig. 1K), while PHGDH knockdown increased the number of apoptotic PDAC cells (Fig.
1L). These findings suggest PHGDH is preferentially required during the transition to invasive

carcinoma, rather than in sustaining proliferation in established PDAC.
PHGDH-deficient PDAC does not increase reliance on exogenous serine

Impaired de novo serine synthesis can potentially be compensated by increased uptake of
exogenous serine, as demonstrated in colorectal cancer models (36). If PHGDH-deficient PDAC
tumors similarly increase serine scavenging, dietary serine restriction might be synthetically lethal
with PHGDH loss. We therefore sought to examine whether PDAC tumors with impaired de novo
serine synthesis increase their reliance on exogenous serine. We first established a serine and
glycine supplementation strategy by providing C57BL/6J mice with drinking water containing 2%
serine and glycine (w/v) for 4 weeks. Metabolic profiling confirmed a marked increase in
pancreatic serine and glycine levels, with approximately 7.2-fold and 4-fold elevations,
respectively, compared with control water (Fig. 2A, B), indicating effective delivery of exogenous

amino acids to the pancreas.

Next, we tested whether altering exogenous serine and glycine availability modifies PDAC
development in the setting of PHGDH deficiency. Under doxycycline induction, shRen and
shPhgdh mice were maintained on a defined amino acid control diet, a serine and glycine-free
diet, or a control diet supplemented with either vehicle water or 2% serine and glycine water.
Serine and glycine supplementation or deprivation did not affect PDAC-free survival in either
genotype, and shPhgdh mice retained a pronounced PDAC-free survival advantage over shRen
controls under all conditions (Fig. 2C). These data indicate that tumor onset remains insensitive

to serine and glycine availability even when endogenous serine synthesis is genetically impaired.
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To directly determine whether PHGDH-deficient tumors compensate by increasing exogenous
serine uptake and utilization, mice were infused with "*Cs-serine. Serum serine labeling was
comparable between shRen and shPhgdh mice, confirming equivalent systemic tracer availability
(Fig. 2D). As expected, the SSP intermediate 3-phospho-L-serine was decreased in shPhgdh
tumors (Fig. 2E), consistent with reduced SSP activity in vivo. In PDAC tissue, PHGDH deficiency
did not increase fractional M+1 labeling of serine or glycine relative to shRen controls (Fig. 2F, G).
Instead, shPhgdh tumors exhibited lower fractional M+1 labeling of serine and glycine, with
decreased total levels of unlabeled (M+0) and labeled (M+1) forms (Fig. 2F-1). These findings
indicate that PHGDH loss does not trigger compensatory reliance on exogenous serine during

tumor development.
PHGDH deficiency limits glutamine uptake in PDAC

To define the metabolic consequences of PHGDH silencing in PDAC, we performed global
metabolomic profiling of shRen and shPhgdh tumors. This analysis revealed broad metabolic
changes in shPhgdh tumors, including reductions in serine, glutamine, threonine, and alpha-
ketoglutarate (a-KG) (Fig. 3A), suggesting that PHGDH loss impacts pathways beyond serine

production.

Among the depleted metabolites, the reduction in glutamine was particularly striking. Glutamine
is a critical nutrient in PDAC, where it supports both anaplerosis and redox balance (37, 38).
Moreover, glutamine-derived glutamate serves as the nitrogen donor in the PSAT1-catalyzed
transamination reaction during serine biosynthesis (Fig. 3B), creating a potential metabolic link
between the SSP and glutamine metabolism. We therefore investigated whether PHGDH loss
alters glutamine uptake and downstream glutamine metabolism. Tumor-bearing shRen and
shPhgdh mice were infused with "*Cs-glutamine. Serum glutamine M+5 labeling was comparable
between groups (Fig. 3C), but tumor glutamine M+5 labeling was significantly reduced in shPhgdh
tumors (Fig. 3D), indicating impaired glutamine uptake. Among downstream metabolites, a-KG
and glutathione M+5 labeling were significantly reduced in shPhgdh tumors, with glutamate
showing the same trend (Fig. 3E-G). Together, these data indicate that PHGDH deficiency impairs

glutamine uptake and utilization in PDAC tumors.

We next examined whether PHGDH deficiency alters expression of glutamine transporters.
ASCT2 (Sic1ab) protein expression was reduced in shPhgdh tumors despite elevated Sic1as
mRNA levels (Fig. 3H, Supplementary Fig. 1A, B), indicating post-transcriptional regulation. To

determine whether this requires PHGDH enzymatic activity, we treated tumor-bearing mice with
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the PHGDH inhibitor BI-9593 or inactive control BI-9594. BI-9593 (250 mg/kg) fully suppressed
serine biosynthesis, as assessed by U-'*Ce-glucose tracing (Supplementary Fig. 2). BI-9593
reduced ASCT2 expression (Fig. 3l), phenocopying genetic PHGDH knockdown.

Additionally, phosphorylated S6 [S240/244] (p-S6), a marker of mTOR-dependent protein
synthesis, was reduced in shPhgdh PDAC tumors compared to shRen controls (Fig. 3J).
Pharmacologic PHGDH inhibition with BI-9593 similarly reduced p-S6 expression (Fig. 3K),
confirming this effect depends on PHGDH enzymatic activity and occurs with acute inhibition
rather than as a long-term adaptation to PHGDH loss. These findings demonstrate that PHGDH
supports both glutamine metabolism and mTOR signaling in PDAC.

PHGDH loss creates a selective vulnerability to glutamine antagonism in PDAC

Given that PHGDH deficiency impairs glutamine uptake and utilization, we hypothesized that
PHGDH-deficient tumors would be more vulnerable to pharmacologic glutamine antagonism. We
therefore tested whether PHGDH silencing alters sensitivity to glutamine antagonism using DRP-
104, a pro-drug of the glutamine antagonist DON designed to reduce systemic toxicity and shown
to suppress PDAC tumor growth in preclinical models (39). Mice were placed on a doxycycline
diet starting at postnatal day 30, and treatment was initiated once tumors reached approximately
50 mm?® by ultrasound (Fig. 4A). DRP 104 was administered intraperitoneally at 3 mg/kg on a 5-

days-on/2-days-off schedule, and tumor volumes were monitored by serial ultrasound.

At the first on-treatment ultrasound, vehicle-treated shRen and shPhgdh tumors showed
comparable growth (Fig. 4B). DRP-104-treated shRen tumors did not shrink and continued to
increase in size, similar to vehicle-treated controls. In contrast, DRP-104 induced tumor
regressions specifically in shPhgdh mice, with most mice showing decreases relative to baseline.
Tumor volumes monitored over time showed that DRP-104 did not alter tumor growth compared
with vehicle in shRen mice (Fig. 4C). In contrast, DRP-104 reduced tumor burden in shPhgdh
mice relative to vehicle-treated controls, with tumors remaining smaller for much of the treatment
period; however, a subset of tumors exhibited late outgrowth near endpoint (Fig. 4D). While
overall survival from treatment initiation did not reach statistical significance across groups
(Supplementary Fig. 3), few mice in the shPhgdh cohort treated with DRP-104 exhibited extended
survival, consistent with the tumor responses observed by ultrasound. Together, these results

demonstrate that PHGDH deficiency sensitizes PDAC tumors to glutamine antagonism.

Discussion
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PDAC develops within an extremely nutrient-deprived microenvironment yet sustains aggressive
growth through distinctive metabolic adaptations, including atypical regulation of amino acid
metabolism (4, 40, 41). We identified PHGDH as a stage-specific requirement for PDAC
progression that operates through an unexpected mechanism. PHGDH suppression delayed
malignant progression and induced apoptosis in established tumors. However, PHGDH-deficient
PDAC did not compensate by increasing serine uptake as seen in other tumor types. Instead,
PHGDH loss impaired glutamine uptake and metabolism, reduced ASCT2 expression, and
created selective sensitivity to glutamine antagonism (Fig. 4E), revealing an unanticipated

metabolic coupling between serine synthesis and glutamine handling.

Prior work showed that Kras-driven pancreatic cancer is largely insensitive to dietary serine and
glycine restriction and proposed that SSP upregulation may preserve serine availability in PDAC
(14). Studies in other tumor contexts suggest that impairment of endogenous serine synthesis
can instead promote dependence on extracellular serine. For example, in colorectal cancer
models, PHGDH inhibition increases reliance on exogenous serine and sensitizes tumors to
serine limitation (36). We therefore tested whether PDAC tumors similarly compensate for
impaired de novo serine synthesis by increasing uptake and utilization of exogenous serine.
However, PHGDH-deficient PDAC tumors did not increase serine scavenging, and remained

insensitive to extracellular serine and glycine availability.

The failure to engage compensatory serine uptake distinguishes PDAC from other tumor types
and may be explained by the concurrent downregulation of ASCT2. As the primary transporter for
serine and several other amino acids including glutamine, alanine, and threonine (42), reduced
ASCT2 expression would impose a dual metabolic constraint: diminished de novo synthesis
coupled with impaired capacity for extracellular amino acid acquisition. Importantly, in our model,
PHGDH loss was restricted to tumor cells while host tissues retained intact serine biosynthesis,
maintaining systemic serine availability. This differs from pharmacologic PHGDH inhibition studies
in colorectal cancer, where systemic inhibitor treatment would be expected to reduce both tumor
and host serine production, potentially limiting extracellular serine pools and amplifying
dependence on dietary sources. Despite preserved host serine synthesis in our model, PDAC
tumors failed to compensate through increased uptake. This mechanism likely extends beyond
dietary sources to limit access to all extracellular serine pools. Notably, neuronal serine release
was previously identified as an important mechanism supporting human PDAC growth in the

setting of PHGDH deficiency (18). Additional work is needed to understand whether these tumors
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can maintain ASCT2 expression or upregulate alternative serine transporters (43) to compensate
for ASCT2 loss.

The most striking metabolic consequence of PHGDH loss was impaired glutamine metabolism,
an unanticipated phenotype that reveals a previously unrecognized link between serine
biosynthesis and glutamine handling in PDAC. This coupling may reflect the coordinated
requirement for both amino acids across multiple biosynthetic pathways. De novo purine
synthesis requires serine-derived one-carbon units through the folate cycle as well as glutamine
as a nitrogen donor at multiple steps. Similarly, pyrimidine and glutathione biosynthesis depend
on both serine-derived intermediates and glutamine. The SSP itself consumes glutamate through
PSAT1-catalyzed transamination. When PHGDH loss creates a serine-limited state, the cell's
capacity to productively utilize glutamine in these coupled biosynthetic pathways may become
constrained. Maintaining high glutamine uptake without sufficient serine to support coordinated
biosynthesis may be metabolically futile, providing a rationale for adaptive downregulation of
glutamine acquisition (42). This positions PHGDH not simply as a serine biosynthetic enzyme,
but as a regulator of broader biosynthetic capacity that coordinates serine and glutamine

utilization.

The reduction in ASCT2 protein despite elevated mRNA suggests post-transcriptional regulation,
potentially mediated through attenuated mTORC1 signaling, as evidenced by reduced p-S6. This
is consistent with established mechanisms linking amino acid availability, mMTORC1 activity, and
transporter expression (44, 45). Whether PHGDH loss suppresses mTORC1 through direct
effects on amino acid sensing pathways, energy stress, or secondary metabolic consequences
remains to be determined. Importantly, ASCT2 functions as a bidirectional antiporter for multiple
amino acids including glutamine, serine, alanine, and threonine (40), suggesting that its
downregulation would impose broad constraints on amino acid metabolism beyond glutamine
alone. This may explain both the failure to compensate through serine scavenging and the

selective vulnerability to glutamine antagonism.

The synthetic lethality between PHGDH deficiency and glutamine antagonism has important
therapeutic implications. Previous studies demonstrated that glutamine antagonism can suppress
PDAC growth in preclinical models (46, 47), but clinical development has been limited by
concerns about systemic toxicity and modest efficacy in unselected populations. Our findings
suggest that PHGDH expression status may stratify tumors based on glutamine dependency,
potentially identifying a subset of patients most likely to benefit from glutamine-targeted therapies.
Moreover, the differential sensitivity to DRP-104 between PHGDH-high and PHGDH-low tumors
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raises the possibility of a therapeutic window that could be exploited through combined SSP and

glutamine inhibition.

Several limitations of this study warrant consideration. First, our use of shRNA-mediated PHGDH
knockdown in an ESC-GEMM model may not fully recapitulate the effects of pharmacologic
PHGDH inhibition, which would produce systemic enzyme inhibition affecting both tumor and host
tissues. While our acute pharmacologic studies with BI-9593 phenocopied key features of genetic
PHGDH suppression, the long-term consequences of sustained systemic PHGDH inhibition on
tumor evolution and host physiology remain to be determined. Second, the timing of doxycycline
induction and PHGDH knockdown occurs after initial oncogenic transformation, potentially
missing even earlier developmental requirements during the initiation of ADM from normal acinar
tissue. Third, our KRAS; shp53-driven model represents one genetic context of PDAC, and it
remains unclear whether these metabolic dependencies extend to tumors with different genetic
alterations. Fourth, the mechanistic link between PHGDH loss and ASCT2 downregulation
remains incompletely defined. While reduced mTORC1 signaling provides one plausible
mechanism for decreased ASCT2 translation, the proximal signals connecting serine biosynthesis

to mTORC1 activity require further investigation.
Methods
Mouse Models

All experiments were approved by the University of South Florida IACUC (protocols IS00012540R
and 1S00011831R). KPC PDAC mice (LSL-Kras®'??"*; Trp53Moxfiex: nh48-Cre) and KC PanIN mice
(LSL-Kras®'?®*;  p48-Cre) were generated by standard intercrossing. LSL-Kras®'?P*
[RRID:IMSR_JAX:008179], Trp53M1x [RRID:IMSR_JAX:008462], p48-Cre
[RRID:IMSR_JAX:023329]. For inducible gene silencing studies, chimeric PDAC cohorts were
generated using a rapid ESC-GEMM platform as described (35). Embryonic stem cells harboring
LSL-KrasG12D, p48-Cre, CHC, and ROSA26-CAGs-LSL-rtTA3 alleles were obtained from the
laboratory of Dr. Scott Lowe and engineered by RMCE to integrate TRE-driven GFP-miRE shRNA
cassettes (shRen/shp53 or shPhgdh/shp53) into the Col1a1 locus. Correctly targeted clones were
screened by PCR and injected into blastocysts to generate chimeric mice. shRNA expression was
induced with doxycycline-containing diet (200ppm, AIN-93G diet, Teklad TD.94045) at 30 days of

age.

Histology and immunostaining
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Pancreatic tissues were fixed in 10% formalin, paraffin-embedded, and sectioned at 4 um
thickness. H&E-stained sections were scanned using Aperio ScanScope AT2 (Leica Biosystems)
at 20X magnification and analyzed in QuPath (v0.3.2) for disease and PDAC area quantification
based on established morphologic criteria (48, 49). For immunohistochemistry, sections were
deparaffinized in xylene and rehydrated through a graded ethanol series. Heat-mediated antigen
retrieval was performed by boiling sections in 10 mM citrate buffer (pH 6.0). Endogenous
peroxidase activity was quenched with 3% hydrogen peroxide, followed by blocking in 2.5%
normal goat serum for 1 hours. Sections were incubated overnight at 4°C with primary antibodies
against cleaved caspase-3 (Cell Signaling, #9664, 1:1000), Ki67 (Cell Signaling, #12202, 1:1000),
PHGDH (Sigma, HPA021241, 1:1000), GFP (Cell Signaling, #2956, 1:1000), phospho-S6
[S240/244] (Cell Signaling #5364, 1:1000), and ASCT2 (Thermo 20350-1-AP, 1:100).
Immunoreactivity was detected using an HRP polymer detection system according to the
manufacturer’s instructions (ImMmPRESS HRP kit, Vector Laboratories, RRID: AB_2631198,
matched to the host species of the primary antibody). Signal was developed using DAB substrate
(Vector Laboratories, SK-4105) and sections were counterstained with hematoxylin (Vector
Laboratories, H-3404), dehydrated, and mounted. For immunofluorescence, sections were
permeabilized, blocked, and incubated with primary antibodies against GFP (Cell Signaling,
#2956, 1:200) and phospho-S6 [S240/244] (Cell Signaling, #5364, 1:200). After washing, sections
were incubated with Alexa Fluor-conjugated secondary antibodies: donkey anti-rabbit IgG (H+L),
Alexa Fluor 488 (Invitrogen, A-21206) for phospho-S6 and goat anti-mouse IgG (H+L), highly
cross-adsorbed, Alexa Fluor 647 (Invitrogen, A-21236) for GFP. Sections were mounted using a
mounting medium containing DAPI (Vector Laboratories, H-1200). Quantification was performed

in QuPath using H-score and percent-positive cells or mean fluorescence intensity.
RNAscope In Situ Hybridization

RNAscope 2.5 chromogenic in situ hybridization was performed on FFPE PDAC sections to
detect Slc1a5 mRNA using the RNAscope 2.5 assay (ACD RNAscope® 2.5 HD Detection
Reagent - BROWN, 322310) following the manufacturer’s instructions. After hybridization with the
Slc1a5 probe (RNAscope™ Probe — Mm-Sic1a5, #455201) and signal amplification, slides were
counterstained with hematoxylin, dehydrated through graded ethanol, cleared in xylene, and
mounted with (Vector Laboratories, Cat# H-5700-60). RNAscope puncta were quantified in
QuPath (v0.3.2) using an analysis workflow guided by the RNAscope QuPath technical note (ACD
Bio-Techne). After hematoxylin-based cell segmentation, PDAC cells were manually curated by

excluding non-tumor cells. Subcellular detection was used to quantify DAB puncta with empirically


https://doi.org/10.64898/2026.03.11.711147
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.03.11.711147; this version posted March 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

optimized detection parameters to minimize background. Each cell was assigned an RNAscope
score (0-4) using established criteria, and H-score (%) was calculated as: 100 x (N1 x 1 + N2 x
2 + N3 x 3 + N4 x 4) / Ntotal, where N1-N4 are the numbers of cells assigned RNAscope scores
1 to 4 and Ntotal is the total number of cells analyzed. Representative images were captured

using the Axio Lab A.1 microscope (Carl Zeiss Microimaging Inc.) at 100X magnification.
Stable isotope tracing

In vivo isotope tracing was performed using continuous tracer infusion in awake animals.
Depending on the tracer and route, mice were catheterized via either the jugular vein or tail vein
using our established procedures (50). Jugular vein catheters were surgically implanted 3—7 days
prior to infusion to allow recovery from surgery, whereas tail vein catheters were placed on the
day of infusion. During infusions, mice were housed in a mouse harness with tether and swivel
(SAl Infusion Technologies) to prevent catheter dislodgement while allowing free movement within
the cage. Tracer solutions were prepared fresh in sterile saline, passed through a 0.22 um filter,
and infused using a syringe pump (BS-8000, Braintree Scientific). U-"*Cs-glucose (Cambridge
Isotope Laboratories, CLM-1396, 150mg/mL) was infused via the jugular vein at 100 yL/min for 1
minute, followed by a continuous infusion at 3 pL/min for 2.5 hours. '*Cs-serine (Cambridge
Isotope Laboratories, CLM-1573, 20mg/mL) was infused via the jugular vein at 2 yL/min for 4
hours. "*Cs-glutamine (Cambridge Isotope Laboratories, CLM-1822, 15 mg/mL) was infused via

the tail vein at 2 yL/min for 4 hours.

At the end of each infusion, blood was collected via the submandibular vein into serum separator
tubes (BD, cat# 365967) and kept on ice until serum isolation. Mice were euthanized by cervical
dislocation, and tumors and indicated tissues were rapidly dissected and snap-frozen in liquid

nitrogen. Serum and tissues were stored at —80°C until LC-HRMS analysis.

LC-MS analysis and data processing

Frozen tumors were pulverized under cryogenic conditions using a pre-chilled tissue pulverizer
(BioSpec, 59012MS). Metabolites were extracted by adding ice-cold 80% methanol (pre-chilled
to —80°C) at a final concentration of 50 mg tissue per mL of extraction solvent, followed by
incubation at —80°C for 24 hours. For endpoint tumor metabolomics comparing shRen and
shPhgdh samples, tumor samples were extracted using an 80% methanol-based solvent
containing 5 mM N-ethylmaleimide (NEM) prepared in 10 mM ammonium formate (pH 7.0), and
extracts were stored at -80°C overnight prior to centrifugation. For serum extraction, 10 pL of

serum was mixed with 90 uL of ice-cold extraction solvent (88.8% methanol, -80°C), vortexed for
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10 seconds, and incubated at —80°C for 15 minutes. Extracts were clarified by centrifugation at
17,000 g for 20 minutes at 4°C, and supernatants were analyzed by LC-HRMS on a Vanquish
UHPLC system coupled to a Q Exactive HF Orbitrap mass spectrometer equipped with a heated
electrospray ionization source (Thermo Fisher Scientific). Metabolites were separated using an
Atlantis Premier BEH Z HILIC VanGuard FIT column (2.1 x 150 mm, 2.5 ym; Waters) maintained
at 30°C. Mobile phase A consisted of 10 mM ammonium carbonate with 0.05% ammonium
hydroxide in water, and mobile phase B consisted of acetonitrile. The gradient was 80% B at 0
min, ramped to 20% B at 13 min, held at 20% B until 15 min, and then returned to initial conditions
for re-equilibration. The flow rate was 150 pyL/min and the injection volume was 5 pyL. MS data
were acquired in positive electrospray ionization mode. Full-scan MS1 spectra were collected
over m/z 65-950 at a resolution of 120,000 (at m/z 200) with an AGC target of 3 x 10°. Raw files
were converted to .cdf format using Xcalibur (v4.0) and processed in EI-Maven (v0.12.0). Peaks
were extracted using an EIC mass tolerance of £10 ppm, and metabolite assignments were made
based on accurate mass and retention time matching to an in-house library of authentic standards.
Peak areas for labeled and unlabeled isotopologues were integrated using EI-Maven (v0.6.1) or
Thermo Xcalibur Qual Browser. Isotopologue abundances were corrected for naturally occurring

isotope abundance using IsoCor (v2.2.0).
Dietary and Pharmacological Interventions

For serine/glycine studies, mice received (i) control diet (Envigo, TD.110839) plus control drinking
water, (ii) serine and glycine-free diet (Envigo, TD.160752) plus control drinking water, or (iii)
control diet (Envigo, TD.110839) plus 2% (w/v) serine and glycine supplementation in drinking
water. All diets contained 200ppm doxycycline. Diets were changed weekly and drinking water
was changed twice weekly. BI-9593 or inactive control BI-9594 were formulated in 0.5% Natrosol
administered by oral gavage at the indicated frequency. DRP-104 was administered at 3 mg/kg
in Tween80:ethanol:saline (5:5:90, v/v/v) by intraperitoneal injection on a 5-days-on/2-days-off

schedule as previously described (46).
Ultrasound imaging

Ultrasound imaging was performed using the Vevo F2 system (FUJIFILM VisualSonics) at the
SAIL core facility. Mice were anesthetized with isoflurane in oxygen according to the facility
standard protocol and maintained on a heated imaging platform to prevent hypothermia.
Abdominal hair was removed using clippers and depilatory cream, and ultrasound gel was applied

prior to image acquisition. Tumor imaging was performed in B-mode with 3D acquisitions using
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the UHF57x transducer, and tumor volumes were quantified using Vevo Lab software (v5.7.1)
with the facility’s standard analysis workflow. Ultrasound imaging was performed once weekly

prior to treatment initiation and then three times per week during DRP-104 treatment until endpoint.
Statistical analysis

Statistical analyses were performed using GraphPad Prism (v9). Two-group comparisons were
assessed using the Mann-Whitney test. Survival curves were compared using the log-rank
(Mantel-Cox) test. Data are presented as mean = SD unless otherwise indicated, and individual

mice are shown as dots when displayed. P-values < 0.05 were considered statistically significant.


https://doi.org/10.64898/2026.03.11.711147
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.03.11.711147; this version posted March 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Author Contribution

Y.K. and G.M.D. conceived the study, designed the experiments, and wrote the manuscript. Y.K.
performed the experiments and analyzed and interpreted the data. L.J.S. contributed to
histopathologic annotations. S.C. and M.L. assisted with animal experiments. H.C.M. and K.P.O.
contributed human PanIN and PDAC specimen data and related analyses. F.K. contributed to the
development of the PHGDH-targeting ESC-GEMM model. G.M.D. supervised the project,
acquired funding, and edited the manuscript. All authors discussed the results and commented

on the manuscript.
Acknowledgments

We thank members of the DeNicola laboratory for helpful discussions. We also thank members
of the Karreth and Gomes laboratories for sharing reagents and for helpful input throughout the
study. We are grateful to Dan K. Lester and Joseph L. Kissil for providing RNAscope reagents
and technical guidance. We also thank Joseph Johnson for microscopy support and helpful advice
on image acquisition and analysis, as well as William Dominguez Viqueira, Filip Konecny, Epi

Ruiz, and Alex J. Lundberg for assistance with ultrasound imaging.

This work was supported by the PanCAN/AACR Pathway to Leadership Award (G.M.D.), NIH/NCI
grants R21CA289213 (F.A.K.) and R0O1CA215607 (K.P.O.), and the 2025 Miles for Moffitt—Team
Science Postdoctoral Award (Y.K.). This work was also supported by the Gene Targeting Core,
Analytic Microscopy Core, Small Animal Imaging Lab Core, and Proteomics and Metabolomics
Core Facilities at the H. Lee Moffitt Cancer Center & Research Institute, which are supported in
part by the Moffitt Cancer Center Support Grant (P30CA076292). All schematics were created

with BioRender.com.


https://doi.org/10.64898/2026.03.11.711147
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.03.11.711147; this version posted March 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Reference

1. Halbrook CJ, Lyssiotis CA, Pasca di Magliano M, Maitra A. Pancreatic cancer:
Advances and challenges. Cell. 2023;186(8):1729-54.

2. Siegel RL, Kratzer TB, Giaquinto AN, Sung H, Jemal A. Cancer statistics, 2025. CA
CancerJ Clin. 2025;75(1):10-45.

3. Wu H, Fu M, Wu M, Cao Z, Zhang Q, Liu Z. Emerging mechanisms and promising
approaches in pancreatic cancer metabolism. Cell Death Dis. 2024;15(8):553.

4, De Santis MC, Bockorny B, Hirsch E, Cappello P, Martini M. Exploiting pancreatic
cancer metabolism: challenges and opportunities. Trends Mol Med. 2024;30(6):592-604.
5. Hruban RH, Adsay NV, Albores-Saavedra J, Anver MR, Biankin AV, Boivin GP, et al.
Pathology of genetically engineered mouse models of pancreatic exocrine cancer:
consensus report and recommendations. Cancer Res. 2006;66(1):95-106.

6. Parsa |, Longnecker DS, Scarpelli DG, Pour P, Reddy JK, Lefkowitz M. Ductal
metaplasia of human exocrine pancreas and its association with carcinoma. Cancer Res.
1985;45(3):1285-90.

7. Hruban RH, Adsay NV, Albores-Saavedra J, Compton C, Garrett ES, Goodman SN, et
al. Pancreatic intraepithelial neoplasia: a new nomenclature and classification system for
pancreatic duct lesions. Am J Surg Pathol. 2001;25(5):579-86.

8. Sipos B, Frank S, Gress T, Hahn S, Kloppel G. Pancreatic intraepithelial neoplasia
revisited and updated. Pancreatology. 2009;9(1-2):45-54.

9. Pacold ME, Brimacombe KR, Chan SH, Rohde JM, Lewis CA, Swier LJ, etal. A
PHGDH inhibitor reveals coordination of serine synthesis and one-carbon unit fate. Nat
Chem Biol. 2016;12(6):452-8.

10. Kang YP, Falzone A, Liu M, Gonzalez-Sanchez P, Choi BH, Coloff JL, et al. PHGDH
supports liver ceramide synthesis and sustains lipid homeostasis. Cancer Metab.
2020;8:6.

11. Muthusamy T, Cordes T, Handzlik MK, You L, Lim EW, Gengatharan J, et al. Serine
restriction alters sphingolipid diversity to constrain tumour growth. Nature.
2020;586(7831):790-5.

12. Maddocks OD, Berkers CR, Mason SM, Zheng L, Blyth K, Gottlieb E, et al. Serine
starvation induces stress and p53-dependent metabolic remodelling in cancer cells.
Nature. 2013;493(7433):542-6.

13. Yu L, Teoh ST, Ensink E, Ogrodzinski MP, Yang C, Vazquez Al, et al. Cysteine
catabolism and the serine biosynthesis pathway support pyruvate production during
pyruvate kinase knockdown in pancreatic cancer cells. Cancer Metab. 2019;7:13.

14. Maddocks ODK, Athineos D, Cheung EC, Lee P, Zhang T, van den Broek NJF, et al.
Modulating the therapeutic response of tumours to dietary serine and glycine starvation.
Nature. 2017;544(7650):372-6.

15. Wang K, Luo L, Fu S, Wang M, Wang Z, Dong L, et al. PHGDH arginine methylation by
PRMT1 promotes serine synthesis and represents a therapeutic vulnerability in
hepatocellular carcinoma. Nat Commun. 2023;14(1):1011.


https://doi.org/10.64898/2026.03.11.711147
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.03.11.711147; this version posted March 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

16. Ross KC, Andrews AJ, Marion CD, Yen TJ, Bhattacharjee V. Identification of the Serine
Biosynthesis Pathway as a Critical Component of BRAF Inhibitor Resistance of Melanoma,
Pancreatic, and Non-Small Cell Lung Cancer Cells. Mol Cancer Ther. 2017;16(8):1596-609.
17. Davidson SM, Jonas O, Keibler MA, Hou HW, Luengo A, Mayers JR, et al. Direct
evidence for cancer-cell-autonomous extracellular protein catabolism in pancreatic
tumors. Nat Med. 2017;23(2):235-41.

18. Banh RS, Biancur DE, Yamamoto K, Sohn ASW, Walters B, Kuljanin M, et al. Neurons
Release Serine to Support mRNA Translation in Pancreatic Cancer. Cell. 2020;183(5):1202-
18 e25.

19. Shen L, ZhangJ, Zheng Z, Yang F, Liu S, Wu Y, et al. PHGDH Inhibits Ferroptosis and
Promotes Malignant Progression by Upregulating SLC7A11 in Bladder Cancer. Int J Biol Sci.
2022;18(14):5459-74.

20. LuoL,WuX, FanJ, Dong L, Wang M, Zeng, et al. FBXO7 ubiquitinates PRMT1 to
suppress serine synthesis and tumor growth in hepatocellular carcinoma. Nat Commun.
2024;15(1):4790.

21. Ma X, Li B, Liu J, FuY, Luo Y. Phosphoglycerate dehydrogenase promotes pancreatic
cancer development by interacting with elF4A1 and elF4E. J Exp Clin Cancer Res.
2019;38(1):66.

22. Lee CM, HwangY, Kim M, Park YC, Kim H, Fang S. PHGDH: a novel therapeutic target
in cancer. Exp Mol Med. 2024;56(7):1513-22.

23. Zhao JY, Feng KR, Wang F, Zhang JW, Cheng JF, Lin GQ, et al. A retrospective overview
of PHGDH and its inhibitors for regulating cancer metabolism. EurJ Med Chem.
2021;217:113379.

24, Islam MM, Kasana S, Priya S, Kurmi BD, Gupta GD, Patel P. Harnessing PHGDH
Inhibition for Cancer Therapy: Mechanisms, SAR, Computational Aspects, and Clinical
Potential. Arch Pharm (Weinheim). 2025;358(8):e70083.

25. DeNicola GM, Chen PH, Mullarky E, Sudderth JA, Hu Z, Wu D, et al. NRF2 regulates
serine biosynthesis in non-small cell lung cancer. Nat Genet. 2015;47(12):1475-81.

26. Possemato R, Marks KM, Shaul YD, Pacold ME, Kim D, Birsoy K, et al. Functional
genomics reveal that the serine synthesis pathway is essential in breast cancer. Nature.
2011;476(7360):346-50.

27. Locasale JW, Cantley LC. Genetic selection for enhanced serine metabolism in
cancer development. Cell Cycle. 2011;10(22):3812-3.

28. SunlL, Song L, Wan Q, Wu G, Li X, WangY, et al. cMyc-mediated activation of serine
biosynthesis pathway is critical for cancer progression under nutrient deprivation
conditions. Cell Res. 2015;25(4):429-44.

29. Jasani N, Xu X, Posorske B, Kim Y, Wang K, Vera O, et al. PHGDH Induction by MAPK
Is Essential for Melanoma Formation and Creates an Actionable Metabolic Vulnerability.
Cancer Res. 2025;85(2):314-28.

30. Yang M, Vousden KH. Serine and one-carbon metabolism in cancer. Nat Rev
Cancer. 2016;16(10):650-62.

31. Ngo B, Kim E, Osorio-Vasquez V, Doll S, Bustraan S, Liang RJ, et al. Limited
Environmental Serine and Glycine Confer Brain Metastasis Sensitivity to PHGDH Inhibition.
Cancer Discov. 2020;10(9):1352-73.


https://doi.org/10.64898/2026.03.11.711147
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.03.11.711147; this version posted March 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

32. Yoshino H, Nohata N, Miyamoto K, Yonemori M, Sakaguchi T, Sugita S, et al. PHGDH
as a Key Enzyme for Serine Biosynthesis in HIF2alpha-Targeting Therapy for Renal Cell
Carcinoma. Cancer Res. 2017;77(22):6321-9.

33. BiF, AnY, SunT, YouY, Yang Q. PHGDH Is Upregulated at Translational Level and
Implicated in Platin-Resistant in Ovarian Cancer Cells. Front Oncol. 2021;11:643129.

34. Curiel-Garcia A, Holmstrom SR, Castillo C, Palermo CF, Sastra SA, Andren A, et al.
Ras-dependent activation of BMALZ2 regulates hypoxic metabolism in pancreatic cancer.
bioRxiv. 2025.

35. Saborowski M, Saborowski A, Morris JPt, Bosbach B, Dow LE, Pelletier J, et al. A
modular and flexible ESC-based mouse model of pancreatic cancer. Genes Dev.
2014;28(1):85-97.

36. Tajan M, Hennequart M, Cheung EC, Zani F, Hock AK, Legrave N, et al. Serine
synthesis pathway inhibition cooperates with dietary serine and glycine limitation for
cancer therapy. Nat Commun. 2021;12(1):366.

37. Son J, Lyssiotis CA, Ying H, Wang X, Hua S, Ligorio M, et al. Glutamine supports
pancreatic cancer growth through a KRAS-regulated metabolic pathway. Nature.
2013;496(7443):101-5.

38. Lyssiotis CA, Son J, Cantley LC, Kimmelman AC. Pancreatic cancers rely on a novel
glutamine metabolism pathway to maintain redox balance. Cell Cycle. 2013;12(13):1987-
8.

39. Rais R, Lemberg KM, Tenora L, Arwood ML, Pal A, Alt J, et al. Discovery of DRP-104, a
tumor-targeted metabolic inhibitor prodrug. Sci Adv. 2022;8(46):eabq5925.

40. Commisso C, Davidson SM, Soydaner-Azeloglu RG, Parker SJ, Kamphorst JJ, Hackett
S, et al. Macropinocytosis of protein is an amino acid supply route in Ras-transformed
cells. Nature. 2013;497(7451):633-7.

41. Xu R, Yang J, Ren B, Wang H, Yang G, ChenY, et al. Reprogramming of Amino Acid
Metabolism in Pancreatic Cancer: Recent Advances and Therapeutic Strategies. Front
Oncol. 2020;10:572722.

42, Conger KO, Chidley C, Ozgurses ME, Zhao H, Kim Y, Semina SE, et al. ASCT2 is a
major contributor to serine uptake in cancer cells. Cell Rep. 2024;43(8):114552.

43. Papalazarou V, Newman AC, Huerta-Uribe A, Legrave NM, Falcone M, ZhangT, et al.
Phenotypic profiling of solute carriers characterizes serine transport in cancer. Nat Metab.
2023;5(12):2148-68.

44, Dufner A, Thomas G. Ribosomal S6 kinase signaling and the control of translation.
Exp Cell Res. 1999;253(1):100-9.

45, Bohlen J, Roiuk M, Teleman AA. Phosphorylation of ribosomal protein S6
differentially affects mRNA translation based on ORF length. Nucleic Acids Res.
2021;49(22):13062-74.

46. Encarnacion-Rosado J, Sohn ASW, Biancur DE, Lin EY, Osorio-Vasquez V, Rodrick T,
et al. Targeting pancreatic cancer metabolic dependencies through glutamine antagonism.
Nat Cancer. 2024;5(1):85-99.

47. Recouvreux MV, Grenier SF, Zhang Y, Esparza E, Lambies G, Galapate CM, et al.
Glutamine mimicry suppresses tumor progression through asparagine metabolism in
pancreatic ductal adenocarcinoma. Nat Cancer. 2024;5(1):100-13.


https://doi.org/10.64898/2026.03.11.711147
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.03.11.711147; this version posted March 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

48. Tinder TL, Subramani DB, Basu GD, Bradley JM, Schettini J, Million A, et al. MUC1
enhances tumor progression and contributes toward immunosuppression in a mouse
model of spontaneous pancreatic adenocarcinoma. JImmunol. 2008;181(5):3116-25.

49. Lee JW, Komar CA, Bengsch F, Graham K, Beatty GL. Genetically Engineered Mouse
Models of Pancreatic Cancer: The KPC Model (LSL-Kras(G12D/+) ;LSL-

Trp53(R172H/+) ;Pdx-1-Cre), Its Variants, and Their Application in Immuno-oncology Drug
Discovery. Curr Protoc Pharmacol. 2016;73:14 39 1-14 39 20.

50. KimY, Caldwell S, Long M, Abrahams D, Baldwin M, DeNicola GM. A simple,
anesthesia-free infusion technique for in vivo metabolic tracing. bioRxiv. 2025.


https://doi.org/10.64898/2026.03.11.711147
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.03.11.711147; this version posted March 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Main Figure legends

Figure 1. PHGDH upregulation during PDAC progression supports tumor development. (A)
Expression of serine synthesis pathway genes in laser capture microdissection—enriched epithelial
compartments from human PanIN (n = 26) and PDAC (n = 197) samples. Each dot represents one
sample and values are shown as transcripts per million (TPM). (B) Representative PHGDH
immunohistochemistry (IHC) of pancreata from LSL-Kras®'?®*; p48-Cre (KC) mice collected at 120
days and LSL-Kras®'??"*; Trp53™/"x. n48-Cre (KPC) mice collected at 60 days. Scale bars = 50 um.
(C) Schematic of the ESC-GEMM PDAC model with doxycycline-inducible miRE shRNAs.
Doxycycline chow (200 ppm) was initiated at postnatal day 30 to induce shp53 together with either
control shRen or shPhgdh. GFP serves as a reporter of shRNA induction. (D) Representative IHC
staining for PHGDH and GFP in PDAC tissues from shRen and shPhgdh mice collected at endpoint.
Scale bars = 50 um. (E) De novo serine synthesis assessed by infusion of U-"*Ce-glucose (150 mg/mL;
3 uL/min for 2.5 hours) via jugular catheterization. Isotopologue-corrected serine labeling (M+1, M+2,
M+3) was quantified by LC-MS in shRen and shPhgdh tumors (n = 5 per group). Bars show mean *
SD. **P < 0.01. (F) Kaplan-Meier overall survival curves for shRen (n = 14) and shPhgdh (n = 20)
mice. P value was determined by the log-rank (Mantel-Cox) test. (G-l) Representative whole-slide
H&E images of pancreata collected 35 days after doxycycline induction from shRen (n = 7) and
shPhgdh (n = 19) mice. (G) Yellow outlines indicate regions annotated as disease (including ADM,
PanIN, and PDAC). (H) Quantification of ADM area expressed as a percentage of total pancreatic
area. (l) Quantification of PDAC area expressed as a percentage of total annotated disease area. (J)
Representative Ki67 IHC and quantification of Ki67-positive cells within disease regions in pancreata
from shRen (n = 7) and shPhgdh (n = 19) mice collected 35 days after doxycycline induction. Scale
bars = 20 um. (K) Representative Ki67 IHC and quantification of Ki67-positive cells in PDAC tissues
from shRen (n = 13) and shPhgdh (n = 17) mice collected at endpoint. Scale bars = 20 um. (L)
Representative cleaved caspase-3 (CC3) IHC and quantification of CC3-positive staining in PDAC
tissues from shRen (n = 14) and shPhgdh (n = 19) mice collected endpoint, reported as percentage
of H-DAB-positive area. Scale bars = 20 um. Violin plots show the distribution of values; each dot
represents an individual mouse. Center lines indicate the median and interquartile range. P values:
*P < 0.05; **P < 0.01; **P < 0.001; ns, not significant.

Figure 2. PHGDH knockdown tumors are refractory to serine/glycine dietary manipulation. (A-
B) Female C57BL/6NJ mice were provided control drinking water (n = 5) or drinking water
supplemented with 2% (w/v) serine and glycine (n = 5) for 28 days. Serine (A) and glycine (B) levels

were measured by LC-MS in pancreas tissue. Bars show mean + SD. ****P < 0.0001. (B) Kaplan-
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Meier overall survival curves for shRen and shPhgdh PDAC mice maintained on defined diets
containing doxycycline (200 ppm) that either included or excluded serine/glycine, with or without 2%
(w/v) serine/glycine supplementation in drinking water. Control diet (Ctrl): shRen (n = 9), shPhgdh (n
= 10); serine/glycine-free diet (SG-free): shRen (n = 12), shPhgdh (n = 15); Control diet with 2% (w/v)
serine/glycine supplementation in drinking water (2% SG): shRen (n = 11), shPhgdh (n = 10). P-values
were determined by the log-rank test. ns, not significant; ****P < 0.0001. (D-l) Serine uptake was
evaluated by infusion of "*Cs-serine (20 mg/mL) via jugular catheterization at 2 uL/min for 4 hours.
13C4-serine labeling was quantified by LC-MS in (D) serum and (E-I) PDAC tumors from shRen (n =
6) and shPhgdh (n = 4) mice. Bars represent mean + SD; each dot represents an individual mouse.
Unpaired two-tailed t tests were used for shRen versus shPhgdh comparisons. Symbols denote
significance for total pool size (*), M+0 (#), and M+1 (&). *P < 0.05; **P < 0.01; #P < 0.05; &&P < 0.01;
&&&P < 0.001; ns, not significant.

Figure 3. PHGDH deficiency reduces glutamine uptake and the expression of the glutamine
transporter ASCT2. (A) Volcano plot of metabolite abundance changes in endpoint PDAC tissues
from shRen and shPhgdh mice (n = 9 per group). Selected significantly altered metabolites are
annotated. (B) Schematic illustrating the relationship between PHGDH-dependent serine synthesis,
3Cs-glutamine uptake via ASCT2 (SLC1A5), and downstream glutamine-derived metabolites. (C-G)
Glutamine uptake and downstream metabolism were evaluated by infusion of U-"*Cs-glutamine (15
mg/mL; 2 pL/min) for 4 hours via tail vein catheterization in shRen (n = 9) and shPhgdh (n = 7) PDAC
mice. Glutamine isotopologue fractions were quantified by LC-MS: (C) serum glutamine M+0 and
M+5, and (D-G) PDAC tumor M+5 fractions for glutamine, glutamate, a-ketoglutarate (a«KG), and
glutathione (GSH). Bars show mean + SD; each dot represents one mouse. *P < 0.05; ns, not
significant. (H) Representative ASCT2 IHC images and H-score quantification in endpoint PDAC
tumors from shRen (n = 12) and shPhgdh (n = 17) mice. Scale bars = 20 um, *P < 0.05. (I)
Representative ASCT2 IHC images and H-score quantification in PDAC tumors from shRen mice
treated with BI-9593 (PHGDH inhibitor; n = 4) or BI-9594 (inactive control; n = 5) by oral gavage (250
mg/kg; three doses at 12-hour intervals) prior to tumor collection. Scale bars = 20 um. Violin plots
show distributions with each dot representing an individual mouse. *P < 0.05. (J) Representative
immunofluorescence images of GFP (green), p-S6 [S240/244] (red), and Merge (yellow indicates
colocalization) in shRen (n = 4) and shPhgdh (n = 4) PDAC tumors collected at endpoint. Violin
plots show quantification of p-S6 [S240/244] intensity in GFP-positive regions. *P < 0.05. (K)
Representative IHC staining for p-S6 [S240/244] following BI9594 (n = 5) or BI9593 (n = 4)
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treatment as in (1), with H-score quantification. Each dot represents an individual mouse; Scale bars
=20 um. * P < 0.05.

Figure 4. PHGDH deficiency sensitizes PDAC to glutamine antagonism. (A) Study schematic.
shRen and shPhgdh PDAC mice were switched to doxycycline diet at postnatal day 30 and
monitored for tumor development. Upon reaching ~50 mm? by ultrasound, mice were randomized
to vehicle or DRP-104 (3 mg/kg, intraperitoneally, 5-days-on/2-days-off schedule). Tumor volume
was measured by ultrasound three times per week, and tumors were collected at endpoint. (B)
Waterfall plot showing change in tumor volume at the first on-treatment ultrasound assessment,
normalized to baseline tumor volume at treatment initiation. shRen mice (vehicle, n = 14; DRP-
104, n = 14) and shPhgdh mice (vehicle, n = 16; DRP-104, n = 13). (C and D) Longitudinal tumor
volume measurements by ultrasound from treatment initiation to endpoint in (C) shRen cohorts
treated with vehicle (n = 16) or DRP-104 (n = 15) and (D) shPhgdh cohorts treated with vehicle
(n = 15) or DRP-104 (n =16). Lines represent individual mice. (E) Proposed model summarizing
PHGDH-dependent PDAC progression and response to glutamine antagonism. In control tumors,
PHGDH supports proliferation and sustains glutamine metabolism, resulting in a weak response
to glutamine antagonism. Following PHGDH depletion, reduced ASCT2 abundance, diminished
glutamine uptake, and reduced levels of glutamine-derived metabolites promote apoptosis and

increase sensitivity to glutamine antagonism.
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Supplementary Information

Supplementary Figure 1. PHGDH silencing does not decrease Sic1a5 mRNA. (A)
Representative RNAscope 2.5 HD-BROWN (DAB) images for Slc1a5 mRNA in endpoint PDAC
tumors from shRen and shPhgdh mice. Left, images acquired using a 100x objective; right,
enlarged views of the boxed regions. Scale bars = 10 uym. (B) H-score quantification of Slc1a5
RNAscope signal in endpoint PDAC tumors (shRen, n = 13; shPhgdh, n = 18).

Supplementary Figure 2. Does-dependent inhibition of Phgdh with BI-9593 in vivo. Endpoint
shREN mice (41-67 days post-doxycycline) received BI-9593 by oral gavage at 0, 25, 100, or
250 mg/kg (n = 3/group). At 4.5 hours post-treatment, mice were infused with U-"*Ce-glucose for
2.5 h, and tumors were collected for metabolomic analysis. Serine isotopologue fractions (M+1,

M+2, M+3) in tumors were quantified by LC-MS. Bars show mean + SD.

Supplementary Figure 3. Overall survival following glutamine antagonism in shRen and
shPhgdh PDAC mice. Kaplan—Meier overall survival from treatment initiation (defined as the day
tumors reached ~50 mm? by ultrasound) in shRen and shPhgdh cohorts treated with vehicle or
DRP-104 (3 mg/kg, i.p., 5 days on/2 days off). shRen+vehicle (n = 15), shRen+DRP-104 (n = 16),
shPhgdh+vehicle (n = 16), and shPhgdh+DRP-104 (n = 15). Survival was monitored until endpoint.

Statistical comparisons were performed using the log-rank (Mantel-Cox) test; ns, not significant.

Supplementary Table 1. Differential metabolite abundance in endpoint PDAC tissues from
shRen and shPhgdh mice. The table includes normalized values, fold changes, and p-values
from endpoint PDAC tissues of shRen and shPhgdh mice (n = 9 per group) used to generate the

volcano plot in Figure 3A.
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