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p53-dependent pancreatic cancer impairs metastasis

Cecilia R. Chambers'?, Supitchaya Watakul', Peter Schofield"'*3, Anna E. Howell’, Jessie Zhu'?,
Alice M. H. Tran", Nadia Kuepper1, Daniel A. Reed'?, Kendelle J. Murphy"z, Lily M. Channon’,
Brooke A. Pereira’?, Victoria M. Tyma1, Victoria Lee', Michael Trpceski1'2, Jake Henry1'2’3,
Pauline Melenec’, Lea Abdulkhalek', Max Nobis'>#, Xanthe L. Metcalf', Shona Ritchie'?,
Antonia Cadell**, Janett Stoehr, Astrid Magenau”z, Diego Chacon-Fajardo1'2'5,

JessicaL. Chitty1’2, Savannah O’Connell3, Anaiis Zaratzian', Michael Tayao1, Andrew Da Silva’,
Ruth J. Lyons1, Leonard D. Goldstein?®, Ashleigh Dale’, Alexander Rookyard7, Angela Connolly7,
Ben Crossett’, Yen T. H. Tran®, Peter Kaltzis®, Claire Vennin'?, Marija Dinevska'®"?, Australian
Pancreatic Cancer Genome Initiative (APGI)T, Australian Pancreatic Cancer Matrix Atlas (APMA)%,
David R. Croucher®?, Jaswinder Samra'', Anubhav Mittal'’, Robert J. Weatheritt®,

Andrew Philp12'13, Gonzalo Del Monte-Nieto?, Lei Zhangz'”, Ronaldo F. Enriquez"z,

Thomas R. Cox'?, Yan-Chuan C. Shi'2, Mark Pinese®', Nicola Waddell'®, Hao-Wen Sim"*"7,
Tatyana Chtanova''8, Yingxiao Wang”’zo, Anthony M. Joshua??®, Lorraine Chantrill?',

Thomas R. Jeffry Evans?*%3, Anthony J. Gill"""?* Jennifer P. Morton®*?3, Marina Pajicz's,

Daniel Christ"%3*, Herbert Herzogz'”*, Paul Timpson1’2*, David Herrmann'%*

Copyright © 2025 The
Authors, some rights
reserved; exclusive
licensee American
Association for the
Advancement of
Science. No claim to
original U.S.
Government Works.
Distributed under a
Creative Commons
Attribution License 4.0
(CCBY).

Pancreatic cancer (PC) is a highly metastatic malignancy. More than 80% of patients with PC present with
advanced-stage disease, preventing potentially curative surgery. The neuropeptide Y (NPY) system, best known
for its role in controlling energy homeostasis, has also been shown to promote tumorigenesis in a range of cancer
types, but its role in PC has yet to be explored. We show that expression of NPY and NPY1R are up-regulated in
mouse PC models and human patients with PC. Moreover, using the genetically engineered, autochthonous
KPR172HC mouse model of PC, we demonstrate that pancreas-specific and whole-body knockout of Npy1r signifi-
cantly decreases metastasis to the liver. We identify that treatment with the NPY1R antagonist BIBO3304 signifi-
cantly reduces KPR'721C migratory capacity on cell-derived matrices. Pharmacological NPY1R inhibition in an
intrasplenic model of PC metastasis recapitulated the results of our genetic studies, with BIBO3304 significantly
decreasing liver metastasis. Together, our results reveal that NPY/NPY1R signaling is a previously unidentified
antimetastatic target in PC.

INTRODUCTION localized disease to 3% for distant disease (1), which underscores

Pancreatic cancer (PC) remains one of the most lethal forms of
human cancer worldwide, with an estimated 5-year survival rate
of only 13% (1). PC exhibits widespread invasion in combination
with early-stage metastatic events, which leads to >45% of patients
with PC presenting with distant metastatic disease at diagnosis
and precludes surgical resection for most patients (~80%) (1, 2).
The 5-year survival rate of PC declines markedly from 44% for

the critical need to understand which signaling pathways regulate
PC metastatic colonization and to identify new ways to target
these mechanisms to improve outcomes for patients with meta-
static disease (3, 4). While advances have been made in the treat-
ment of PC in recent years with the addition of nab-paclitaxel
(Abraxane) to gemcitabine chemotherapy (8.5-month median sur-
vival for gemcitabine/Abraxane versus 6.8 months for gemcitabine
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alone) and FOLFIRINOX chemotherapy (11.1-month median sur-
vival), almost all patients eventually relapse with metastatic disease
and, therefore, better therapeutic options are urgently required in
the clinical management of this aggressive cancer (5, 6).

Pancreatic ductal adenocarcinoma (PDAC) is the most common
form of PC, representing >90% of human patients. Most PDAC
cases present with an activating mutation in KRAS (>90% of cases),
resulting in the formation of precursor lesions known as pancreatic
intraepithelial neoplasms (7-9). Progression to advanced stages of
disease is typically accompanied by alterations in tumor suppressor
genes, the most common being p53 (TRP53; 50 to 75% of patients
with PC) (10, 11). Metastasis is the result of a complex interplay
between both cancer cell-autonomous functions and feedback from
the tumor microenvironment (12-15). Cancer cell-autonomous
metastatic processes can be driven by the genetic landscape of PC,
exemplified by the gain-of-function mutation p53*'72", which pro-
motes significantly increased metastasis relative to a genetic loss of
p53 in Kras®?P mutant mice (11, 16). Moreover, alterations in sig-
naling pathways that regulate epithelial-to-mesenchymal transition
and components that promote cancer stemness also influence the
cancer cell phenotype, leading to increased metastasis (17, 18). Last,
pancreatic tumors are characterized by a poorly vascularized (19-
22), highly fibrotic (12, 19, 23-25), hypoxic (26-29), and immuno-
suppressive tumor microenvironment (30), where interaction with
both cellular and noncellular elements can stimulate the acquisition
of invasive and motile properties within PC cells (31-35). This can
lead to early and pervasive cancer cell dissemination (36). As metas-
tasis is a key factor in PC-related mortality, therapies that target the
cell-intrinsic and cell-extrinsic pathways that lead to metastatic
spread would be of great therapeutic value.

Neuropeptide Y (NPY), together with peptide YY (PYY) and
pancreatic polypeptide (PPY), form the NPY family of peptides,
which in humans signals through four different G protein-coupled
receptors (NPY1R, NPY2R, NPY4R, and NPY5R) (37, 38). NPY is
the most common neuropeptide in the central and peripheral ner-
vous system where it regulates appetite and energy homeostasis,
while PYY and PPY are gut-derived peptides acting in an endocrine
and paracrine fashion to control satiety and endocrine functions
(39, 40). NPY signaling has also been implicated in numerous bio-
logical processes that are commonly deregulated over the course of
cancer progression, including cell proliferation (41, 42), immune
cell function (43, 44), fibrosis (45), neural invasion (46), and angio-
genesis (47, 48). NPY family members have been shown to increase
the motility and chemotaxis of breast and prostate cancer cells in vitro
(49, 50) and have also been associated with metastatic spread of
sarcoma in vivo (51), two properties that are also characteristic of
PC tumorigenesis. There is also emerging evidence suggesting that
NPY contributes to tumorigenesis in several different cancer types
including neuroblastoma (NB) (52), prostate (50, 53), liver (54), co-
lon (55), and breast cancer (56, 57). However, its role in PC tumor
development is yet to be assessed.

Here, we identify that NPY and its receptor, Npylr, are up-
regulated in the highly metastatic genetically engineered KP*7*C
mouse model of PC (11, 16) and demonstrate that both ligand and
receptor are expressed in the primary tumor as well as liver metas-
tases. Pancreas-specific and whole-body NpyIr genetic ablation in
the autochthonous KP*'7?"C model led to a significant reduction
in liver metastases at the study end point. Critically, using the selec-
tive NPY1R antagonist BIBO3304, we show reduced motility of
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KPR*72HC cells when migrating on cell-derived matrices (CDMs).
Furthermore, we recapitulated the decrease in metastasis observed
upon Npylr knockout in the genetically engineered KP*7*1C
mouse model using an intrasplenic model of PC metastasis, where
BIBO3304 significantly decreased metastatic burden within the
liver. Overall, we reveal that NPY/NPY1R signaling is a previously
unidentified target in mutant p53-dependent metastasis in PC and
its inhibition may represent a potential novel antimetastatic strate-
gy in this highly aggressive and lethal cancer.

RESULTS

NPY expression is up-regulated in PC

Given the role of NPY in promoting disease progression in various
other cancers, we aimed to determine whether NPY signaling
could also affect pancreatic tumor development and progression.
Therefore, we initially assessed the expression of NPY ligands and
their receptors in two autochthonous, genetically engineered
mouse models (GEMMs) of PC: the low metastatic KP1°*C model
(Pdx1-Cre; LSL-Kras®1?P'*; Trp53ﬂW+; Fig. 1A) (16, 58) and the
highly metastatic KP*'7?"C model (Pdx1-Cre; LSL-Kras®'?"’*;
LSL-Trp53™71/*; Fig 1A) (11, 16, 58). In both mouse models, PC
tumorigenesis is driven by a point mutation in Kras®?", but the
GEMMs are distinct in their alteration status of the tumor sup-
pressor p53 (Trp53). The KP°*C model exhibits a loss of function
of p53, while the KP*'7?"C model expresses a gain-of-function
p53"72H mutation, which we, and others, have previously shown
drives a metastatic program to the liver relative to KP1*C mice
(Fig. 1A) (16, 35, 59). Here, quantitative real-time polymerase
chain reaction (Q-RT-PCR) analysis identified that Npy mRNA
was significantly up-regulated in KP*'7?"'C tumors relative to the
normal pancreas (Fig. 1Bi), while expression of its sister peptides,
peptide YY (Pyy) and pancreatic polypeptide (Ppy), was either
significantly down-regulated or unchanged (Fig. 1, Bii and Biii).
Next, we assessed NPY protein expression in primary PDAC tu-
mors isolated from end-stage KP*7?C and KP1*C mice as well
as in normal pancreas tissue. Immunohistochemistry (IHC) anal-
ysis revealed that NPY protein expression is significantly increased
in tumors from both the KP**C and KP*7?'C GEMM:s (16) rela-
tive to the age-matched normal pancreas (Fig. 1C). In addition,
NPY is also expressed in liver metastases of the highly metastatic
KP®*72HC model (Fig. 1D), suggesting that its elevated expression
is conserved during the metastatic cascade.

Moreover, this increase in NPY expression was further con-
firmed by chromogenic RNAscope, where staining for Npy (Fig. 1E,
red) and its receptor Npylr (Fig. 1E, blue) was readily detected in
KP!°*C and KP*7?MC tumors relative to the normal pancreas (Fig.
1E). Next, we investigated the spatial localization of Npy and NpyIr
using RNAscope by costaining with the epithelial cancer cell marker
Keratin 19 (Krt19). Npy (Fig. 1F, top panel) and NpyIr (Fig. 1F, bot-
tom panel) were predominantly colocalized in cancer cells in both
the KP™™*C and KP?'7?!C primary tumors (Fig. 1F). Both Npy and
Npylr expression was retained in KPR e primary tumor and
matched liver metastases, suggesting that it is maintained during
metastatic spread (Fig. 1F). Overall, these data show that expres-
sion of Npy/NPY and its receptor Npylr is up-regulated in PC
mouse models compared to the normal pancreas and warrant fur-
ther investigation into the role of NPY signaling through NPY1R in
PC tumorigenesis.
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Fig. 1. NPY expression is up-regulated in both mouse models of PC and human patients with PC. (A) Schematic representation of the two genetically engineered PC
mouse models, KP19*C and KPR'72C (16). (B) Q-RT-PCR results of the NPY signaling ligands (i) Npy, (ii) Pyy, and (iii) Ppy from whole tissue samples of normal pancreas and
KPR172HC tumors (n = 3). (C) Representative images and quantification of IHC analysis of NPY protein expression of normal pancreas and KP"*C and KPR'721C tumors
(n = 3). Scale bars, 200 um. (D) Representative image of NPY IHC of KPR'72C liver metastases. Scale bar, 200 pm. (E) Representative images of normal pancreas and Kpfloxc
and KPY72MC tumors stained with RNAscope for Npy (red) and NpyTr (blue). Scale bars, 25 pm. (F) Representative images of KP'™C tumor and KPR'72C tumor with
matched liver metastases stained with RNAscope for Krt19 (red) and Npy (blue, top panel) or Npy1r (blue, bottom panel). Scale bars, 50 pm for the primary tumor and
25 pm for the liver metastases. Zoomed insets are 10 pm by 10 pm. (G and H) Gene expression data from the TCGA database assessed through OncoDB (60) for (G) NPY in
human PDAC relative to normal pancreas and (H) NPY1R, NPY2R, NPY4R, and NPY5R expression from human PDAC. Normal pancreas (n = 200) and PDAC (n = 178). (I) (i)
Representative images and (i) quantification of IHC analysis of NPY protein expression of human PDAC tumors relative to patient matched normal pancreas (n = 4). Scale
bars, 200 pm. Means + SEM. ns, P > 0.05; *P < 0.05; **P < 0.01; ****P < 0.0001 by an unpaired parametric t test or a one-way ANOVA with multiple comparisons.
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To determine whether NPY expression was also up-regulated in
tumors of human patients with PC, and to assess the clinical rele-
vance of targeting NPY, we next interrogated the publicly available
The Cancer Genomic Atlas (TCGA) dataset via OncoDB (60) and
found that NPY mRNA expression was significantly elevated in
PDAC tumors relative to the normal pancreas (Fig. 1G). This sug-
gests that NPY could also play a role in tumor development in hu-
man patients with PC. Furthermore, we identified that of the four
different NPY receptors (NPYIR, NPY2R, NPY4R, and NPY5R),
NPYIR was the most highly expressed NPY receptor in human
PDAC samples (Fig. 1H). Last, to confirm that NPY was also ex-
pressed at the protein level in human patients with PC, we per-
formed IHC on human PDAC samples with the matched adjacent
normal pancreas and found that NPY protein expression was sig-
nificantly higher in tumors relative to the adjacent normal pancreas
(Fig. 11i; quantified in Fig. 1lii). Together, these results show that
NPY and its receptor NPYIR are up-regulated in both mouse and
human PC tumors, suggesting a role for NPY signaling in PC tumor
development and progression.

Conditional and whole-body knockout of Npy1r in the
KP®'72C model reduces metastasis to the liver
Given that Npy/NPY and NpylIr expression is up-regulated in the
highly metastatic KP*'7?)C mouse model and NPYIR was the
most highly expressed receptor in human PDAC, we next wanted
to investigate the effect of genetic ablation of NpyIr on disease pro-
gression in the genetically engineered KPR72HC mouse model of
PC. To distinguish between PC cell-autonomous and nonautono-
mous NPY 1R functions, we crossed KP?7?C mice with Npy1/1o/lox
mice for conditional NpyIr knockout in the pancreatic epithelium
as well as with Npylr~'~ mice to generate a whole-body Npylr
knockout in the KP*7*"C model. In the pancreas-specific model,
NpylIrknockout was driven under the Pdx1-Cre promoter, causing
NpylIr to be depleted in all cells also expressing Kras®'?" and
Trp53*7?H mutations. We generated long-term cohorts of KP*'721C
NpylIrwild-type mice [Pdx1-Cre, LSL-Kras®"?P'*, LSL-Trp53%1721/*,
Npylr*’* (Npylr WT)], heterozygous pancreas-specific NpyIr
knockout KPR72HC mice [PdxI-Cre, LSL-Kras®"?P'*, LSL-Trp53R172H/+,
Npy1#"* (Npy17"“*)], and homozygous pancreas-specific NpyIr
knockout KPR7ZHC mice [PdxI-Cre, LSL-Kras®"?P'™*, LSL-Trp53R172H/+
Npy1r°fox (Npy 1710, Big 2A)]. Animals were closely moni-
tored for palpable tumors and were euthanized upon reaching hu-
mane end points, as previously described (16). Overall, conditional
NpylIr knockout was well tolerated with no significant change in
body weight observed between the different genotypes (fig. S1A).
While Kaplan-Meier analysis of survival showed that conditional
Npylr knockout in the pancreas did not affect the overall survival
[median survival of 168 days for Npylr WT versus 147 days for
NpyI1r* versus 174 days for NpyIrfo¥/flex (Fig. 2B)], we observed a
significant decrease in metastasis to the liver at the study end point
upon both heterozygous and homozygous pancreas-specific knock-
out of NpyIr relative to KP*”*C Npy1r WT mice (Fig. 2, C, Di, and
Dii). This suggests that NPY1R signaling in PC cells may be required
for metastasis to the liver in the KPR72HC model, which is the most
common site of metastasis in human patients with PC. This obser-
vation did not occur at other PC metastatic sites, e.g., lung, dia-
phragm, or peritoneum, following conditional NpyIr ablation (fig.
S1B); however, metastasis to these organs was comparatively low
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across all genotypes when compared with the liver, consistent with
this model and clinical features in the human setting.

Furthermore, to assess non-cancer cell-autonomous contribu-
tions of NPY signaling through NPY1R, we crossed the KP*'72HC
model with NpyIr™~ whole-body knockout mice. For this, we gen-
erated long-term cohorts of NpyIr wild-type KP*'72C mice [Pdx1-
Cre, LSL-Kras®?P*, LSL-Trp53%172H* "Npy1r*'* (Npylr WT)],
NpyIr heterozygous knockout KP*7*"'C mice [Pdx1-Cre, LSL-
KrasS"2P"*, LSL-Trp53%17"* Npy1r*'~ (Npy1r*'™)], and Npylr ho-
mozygous knockout KP*'7?HC mice [Pdx1-Cre, LSL-Kras®?""*,
LSL-Trp53"7"* Npy1r™~ (Npy1r™"~; Fig. 3A)]. As before, all ani-
mals were closely monitored for palpable tumors and all animals
were euthanized upon reaching humane end points. Here, we also
observed no overall changes in body weight upon whole-body
Npylrknockout (fig. S1C). We found that NpyIr whole-body knock-
out in the KP*”*!C GEMM mimicked our results from the condi-
tional NpyIr knockout, exhibiting no overall changes in survival
[median survival of 168 days for Npylr WT versus 198 days for
Npylr*'~ versus 190 days for Npylr~'~ (Fig. 3B; compared to Fig.
2B)] but again showing a significant decrease in metastasis to the
liver relative to KPM72HC Npylr WT mice (Fig. 3, C, Di, and Dii).
Moreover, there were no significant changes in metastasis to organ
sites outside of the liver (fig. S1D), consistent with the Npylr condi-
tional knockout model.

We also determined the time to palpable tumor and time from
palpable tumor to the end stage for conditional and whole-body
Npylr knockout animals and found no significant difference com-
pared to KP*'72'C Npylr WT mice (fig. S2, A and B), suggesting
that the decrease in liver metastasis observed upon NpyIr knockout
is not due to a change in overall disease progression. Moreover, be-
cause of the known role of NPY/NPY 1R signaling in energy homeo-
stasis control (40, 61, 62), we quantified the weights of key organs
and adipose and muscle tissues of our mice at the end stage (fig. S3,
A and B). Here, we found that while NpyIr knockout did not affect
most organs measured, we observed significant increases in white
adipose tissue weight and muscle weight, which may provide an ad-
ditional benefit in PC, which is commonly associated with tissue
wasting (63-65).

The pancreatic tumor microenvironment is a complex ecosystem
consisting of extracellular matrix (ECM) as well as a plethora of dif-
ferent cell types including cancer-associated fibroblasts, endothelial
cells, and immune cells, which have all previously been shown to
regulate cancer metastasis to distant sites (12, 19, 35, 66-69). We
therefore assessed the pancreatic tumor microenvironment in end-
stage tumors of the whole-body NpyIr knockout using IHC. This
revealed that genetic Npylr ablation did not significantly alter the
abundance of stromal cell populations or ECM including cancer-
associated fibroblasts [@SMA (ACTA2) and PDGFRB; fig. $4, A and
B], endothelial cells [CD31 (PECAM1); fig. S4C], and fibrillar col-
lagens assessed by transmitted and polarized light imaging of Picro-
sirius Red (fig. S5, A and B). Furthermore, no significant difference
in the abundance of T cell subsets (CD4, CD8, and FOXP3; fig. S6,
A to C), macrophages, or neutrophils (F4/80, ELANE, and MPO;
fig. S7, A to C) was detected upon Npylr knockout. These data
therefore suggest that the decreased metastasis we observed upon
NpylIr knockout was not due to changes in the overall composition
of the primary tumor microenvironment.

We next assessed changes in gene expression upon NpyIr knock-
out using RNA sequencing (RNA-seq) and mass spectrometry (MS)
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Fig. 2. Pancreas-specific Npy r genetic ablation decreases metastasis to the liver in the KP?'72%C mouse model. (A) Schematic showing the pancreas-specific Npy Tr
knockout KPR'72C model (knockout tissue in blue). (B) Kaplan-Meier analysis of survival of KPR172HC mice for the three different pancreas-specific Npy 1r knockout geno-
types, Npy 1r WT, Npy 1r"%* and Npy 1r"%%°% (n > 20 mice per genotype). (C) Quantification of visible macrometastases in the liver at the study end point. (D) (i) Represen-
tative images and (ii) H&E images of sections through the livers at the study end point of the pancreas-specific Npy 1r knockout. Metastases are outlined in green. Data for
Npy1r WT were the same for both pancreas-specific and whole-body Npy1r knockout survival studies and are also shown in Fig. 3D. Scale bars, 5 mm. Means + SEM. ns,
P > 0.05; **P < 0.01; ***P < 0.001 by a one-way ANOVA or Kaplan-Meier survival analysis.

proteomics. This revealed that 107 transcripts and 427 proteins were
differentially expressed between end-stage tumors of KP®72(C
Npylr WT and KPR'72C Npy1r™~ mice (figs. S8, A and B, and S9,
A and B, and tables S1 and S2), which may contribute to the differ-
ent metastatic capacity observed for both genotypes. Down-
regulated transcripts and proteins included genes previously
described to be regulated by NPY (70), such as CCN2, whose inhibi-
tion has been shown to decrease bone metastases of MDA-MB-231
breast cancer cells (71), as well as CIRBP, which was previously
found to be required for metastasis in a xenograft mouse model of
bladder cancer (72). Similarly, we found significant down-regulation
of LAMA3 mRNA and protein, whose expression has previously
been correlated with liver metastasis in patients with PC (73). Up-
regulated transcripts and proteins included LGALS2, which has
been implicated to restrain tumor progression in colorectal and
breast cancer (74, 75), as well as CRABP2, whose overexpression has
been associated with decreased invasiveness of ER+ breast cancer
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cells (76). Gene set enrichment analysis (GSEA) enrichment also
identified a down-regulation in transforming growth factor-f sig-
naling, coagulation, and hypoxia hallmarks (figs. S8B and S9B and
tables S1 and S2), which have previously been associated with me-
tastasis (77-80). Further studies are needed to elucidate how these
alterations in gene expression programs contribute to the decrease
in metastasis following NpyIr knockout.

Together, our GEMM studies support the notion that NPY sig-
naling through NPYIR is required for the metastatic phenotype in
KPR*72HC cancer cells with no further reduction in metastases to the
liver upon whole-body NpyIr knockout compared to the pancreas-
specific Npy1r knockout in KP*7?C mice (Fig. 2C compared with
Fig. 3C). Heterozygous NpyIr knockout in both the conditional and
whole-body settings was sufficient to decrease metastasis to the liv-
er, thereby suggesting that pharmacological inhibition of NPY1R
function instead of complete Npylr ablation may be a feasible ap-
proach to decrease PC metastasis. These results suggest that the
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Fig. 3. Whole-body Npy1r genetic ablation decreases metastasis to the liver in the KP?'”2"C mouse model. (A) Schematic showing the whole-body Npy1r knockout
KPR172MC model (knockout tissue in blue). (B) Kaplan-Meier analysis of survival of KPR172MC mice for the three different whole-body Npy1r knockout genotypes, NpyTr WT,
Npy1r*’~, and Npy1r™~ (n > 19 mice per genotype). (C) Quantification of visible macrometastases in the liver at the study end point. (D) (i) Representative images and (i)
H&E images of sections through the livers at the study end point of the whole-body Npy 7r knockout. Metastases are outlined in green. Data for Npy7r WT were the same
for both pancreas-specific and whole-body Npy1r knockout survival studies and are also shown in Fig. 2D. Scale bars, 5 mm. Means + SEM. ns, P > 0.05; *P < 0.05;

*#P < 0.01 by a one-way ANOVA or Kaplan-Meier survival analysis.

NPY/NPY1R signaling axis could be a novel target in PC metastasis
and is required for mutant p53-dependent metastatic spread to the
liver in KP*'”?MC mouse models, highlighting NPY1R as a previ-
ously unidentified target in PC.

Pharmacological NPY1R inhibition reduces the motility of
KPR172H¢ cells

Following the observation that pancreas-specific, genetic ablation of
Npylrin the KP*7*"'C mouse model significantly reduced metasta-
sis to the liver, which was not further improved upon by whole-body
Npylrknockout, we next aimed to elucidate how PC cell-autonomous
NPY1R inhibition might be driving this antimetastatic effect. Pre-
vious studies have shown that NPY signaling stimulates cancer cell
motility and invasive potential in vitro in breast and prostate cancer
cell lines (49, 50, 80, 81), warranting further investigation of the role
of NPYIR in PC cell migration. We first assessed the expression
of Npy in previously characterized primary cancer lines isolated
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from the low metastatic KP'®*C mouse model compared to the
highly metastatic KPRY72HC mouse model (Fig. 4A) (16, 82). To con-
tinue the assessment of NPYIR function in an immunocompetent
setting, for the KP*7?1C cell line, we used the well-characterized
syngeneic TB32043 cell line, which was isolated from KP*7*1C
mice backcrossed with the C57BL/6] background (11, 83, 84). We
found that Npy mRNA expression was significantly increased in pri-
mary cancer cells of the C57BL/6] syngeneic KP*'72"C model rela-
tive to primary cancer cells of the KP™*C model via Q-RT-PCR (Fig.
4Bi), suggesting that Npy is important for the maintenance of the
highly metastatic phenotype of the KP*'721C cancer cells. Notably,
the up-regulation of Npy expression in KP*'72HC cells compared to
KP*C cells (Fig. 4Bi) was enhanced compared to our immunohis-
tochemical results in tumors (Fig. 1C), suggesting that Npy expres-
sion may depend on the local tumor microenvironment and/or an
enhancement of Npy expression in KP*'72C cells upon backcross
with the C57BL/6] background. Expression of its sister peptides Pyy
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Fig. 4. Pharmacological NPY1R inhibition decreases KPR'721C cell motility but not KPxc motility in vitro. (A) Schematic showing the low metastatic KP1*C model
and highly metastatic KP?'72#C PC mouse models, from which cancer cells were derived and used in the following experiments. (B) Quantification of (i) Npy, (ii) Pyy, and
(iii) Ppy expression using Q-RT-PCR of cancer cells isolated from the KP1*C and KPR'72HC models. (€) Schematic showing CDM generation, decellularization, and cancer cell
seeding in vitro. (D) Representative binary images of KP?'721C cells migrating on CDMs upon BIBO3304 or vehicle treatment. (E) Quantification of KPR'72C cell total dis-
tance traveled, average speed, average distance from the origin, and maximum distance from the origin treated with vehicle or 1 uM BIBO3304 over 8 hours (n = 3).
(F) Representative x-y tracks of KPR172HC cells over 8 hours upon treatment with vehicle or 1 uM BIBO3304 (n = 3, 10 cell tracks per polar plot). (G) Representative binary
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upon treatment with vehicle or 1 pM BIBO3304 (n = 3, 10 cell tracks per polar plot). Scale bars, 100 pm. Means + SEM. ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001 by
an unpaired parametric t test.
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and Ppy was unchanged or undetectable in KP*”*C cancer cells
relative to KP°*C cancer cells (Fig. 4, Bii and Biii), further confirm-
ing that Npy, and not its sister peptides, may have a role in the meta-
static spread in the KP*'7?!C mouse model of PC.

Next, CDMs were generated as previously described (85, 86),
where fibroblasts are treated with ascorbic acid to induce ECM de-
position (Fi%. 4C). After 7 days, the CDMs were decellularized and
primary KP*7?HC cancer cells seeded onto the CDMs to monitor
their migratory patterns on a three-dimensional ECM scaffold (Fig.
4, C and D; see movie S1). Using primary KP?'72HC cancer cells, we
tracked cancer cell movement on CDMs upon pharmacological
NPY1R inhibition using the NPY1R antagonist BIBO3304 (Fig. 4, C
to F) (87) to assess how inhibiting the NPY signaling axis might af-
fect PC cell motility. BIBO3304 is a selective small-molecule NPY1R
antagonist exhibiting high affinity and specificity for NPYIR (87-
89). The total distance the cancer cells traveled, the average speed,
the average distance from the point of origin, and the maximum
distance from the point of origin were all significantly decreased
upon NPY1R inhibition using BIBO3304 (Fig. 4, E and F), confirm-
ing that NPY1R may regulate the motility of KP*'7*"'C cancer cells.
Moreover, BIBO3304 treatment of KP'™*C cells migrating on CDMs
did not result in a significant change in any of the parameters as-
sessed (total difference traveled, average speed, and average/maxi-
mum distance from the point of origin; Fig. 4, G to I, and movie S2),
suggesting that the low basal level of migration observed in Kp*C
cells does not require NPY/NPY1R signaling. Together, these results
reveal a decrease in mutant p53-dependent PC cell motility upon
NPY1R inhibition, which could, in part, be contributing to the anti-
metastatic effect observed upon conditional and whole-body NpyIr
knockout within the KPY72C mouse model (Figs. 2 and 3).

Pharmacological NPY1R inhibition reduces metastasis to the
liver in vivo

We next sought to interrogate whether pharmacological NPY1R in-
hibition using BIBO3304 would recapitulate the observed decrease
in liver metastasis found upon genetic NpylIr deletion. Therefore,
we used an intrasplenic model of PC metastasis where the synge-
neic KP*'7?HC cancer cells were injected into the spleens of
C57BL/6] mice to drive metastasis to the liver. In this model, the
flux of cancer cells through the portal vein of the spleen results in
robust metastasis to the liver, as achieved previously (33, 90). Mice
were subjected to daily intraperitoneal injections with BIBO3304
(1 mg/kg) or vehicle before and after intrasplenic injection, resulting
in pharmacological NPYIR inhibition be'ngI present during the
transit and liver colonization phase of KP*'72HC cancer cell metas-
tasis (Fig. 5A). Mice were euthanized 12 days postsurgery (Fig. 5A).
Consistent with the genetic NpyIr knockout models, pharmaco-
logical NPY1R inhibition resulted in significantly decreased visible
metastases within the liver (Fig. 5, B and Di), further confirming
that NPYIR is required for metastatic spread in PC. Livers were
also stained for KRT19 to detect PC cells to further validate the
antimetastatic effect of NPYIR inhibition. From this, total meta-
static burden within the liver (KRT19" area) and the number of
large metastases (metastases >50,000 pmz) were assessed and were
found to be significantly decreased upon BIBO3304 treatment (Fig.
5, C and Dii). These results show that pharmacological NPY1R in-
hibition using BIBO3304 reduces PC metastasis to the liver, high-
lighting the possibility that NPYIR inhibition could represent a
novel future therapeutic strategy to counteract PC metastasis in
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combination with standard-of-care therapies, such as gemcitabine/
Abraxane or FOLFIRINOX (5, 6).

To interrogate whether BIBO3304 also affects early metastatic
outgrowth, we repeated the intrasplenic model and assessed meta-
static burden on day 5 (4 days after intrasplenic cancer cell injection;
Fig. 6A). We found that in this early intrasplenic model, BIBO3304
also significantly reduced liver metastases as assessed by both visual
inspection (Fig. 6B) and KRT19 IHC (Fig. 6, C and D). Moreover, to
assess whether BIBO3304 treatment affects cell survival or prolifera-
tion in these early metastases, we stained our samples for cleaved
caspase-3 and Ki67. While we did not observe any changes in cell
survival (Fig. 6E), we observed a significant reduction in Ki67 fol-
lowing BIBO3304 treatment (Fig. 6F), suggesting that BIBO3304
may reduce metastasis by decreasing cell proliferation. Collectively,
these results demonstrate a requirement for NPY1R in PC metasta-
sis and warrant further assessment of the NPY/NPY1R signaling
axis as a cotarget in conjunction with current and contemporary
standard-of-care therapies in PC (5, 6).

DISCUSSION

The role of the NPY signaling axis in tumorigenesis has been estab-
lished in multiple cancers. For example, in NB, NPY increases tu-
mor growth in mice xenografts (52), and high serum NPY correlates
with decreased survival, increased metastasis, and disease recur-
rence in human patients with NB (91, 92). In breast cancer, NPY1R
expression was confirmed in 85% of primary human breast carcino-
mas and 100% of lymph node metastases exhibiting a switch from
NPY2R expression in normal breast tissue to NPY1R dominant ex-
pression during cancer progression (56). In addition, high NPY1R
expression in circulating tumor cells isolated from peripheral blood
has also been shown to correlate with poor survival and lymph node
metastasis in patients with breast cancer (57). Furthermore, NPY
signaling was shown to regulate angiogenesis in colon cancer and
tumor growth and fibrosis in liver cancer (54, 55). However, NPY’s
function in PC tumorigenesis has yet to be assessed. Therefore, we
sought to characterize the role of NPY in PC and elucidate whether
NPY is playing a role in PC tumorigenesis and progression. In
this study, we found that NPY is up-regulated at both the mRNA
and protein levels in the highly metastatic KP*'”2'C model of PC
relative to the normal pancreas and is predominantly colocalized
with cancer cells in the primary tumor and liver metastases. Fur-
thermore, NPY expression is increased in the tumors of human
patients with PDAC relative to the normal pancreas, and expres-
sion analysis confirmed that Npylr is up-regulated in KPR'7?HC
tumors compared with the normal pancreas. Moreover, NPYIR is
the most highly expressed NPY receptor in human patients with
PDAC, supporting a role of NPY signaling in murine and human
PC tumorigenesis.

PC metastasis is a key factor in human patients’ mortality, with
the 5-year survival of patients presenting with metastatic disease be-
ing only 3% (1). Here, we show that both heterozygous and homozy-
gous pancreas-specific and whole-body knockout of NpyIr results in
significantly decreased metastasis to the liver in the highly meta-
static KP*'?C mouse model. The liver is the most common site of
metastasis in human patients, with ~80% of patients with PC pre-
senting with hepatic metastases at autopsy (93). Heterozygous Npylr
knockout in both the pancreas-specific and whole-body knockout
models was sufficient to decrease metastatic burden within the liver,
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Fig. 5. Pharmacological NPY1R inhibition decreases metastatic burden within the liver in vivo. (A) Schematic showing the treatment schedule for the intrasplenic
xenograft experiment with BIBO3304 or vehicle control (saline). (B) Quantification of the number of visible liver metastases per mouse (n > 13 mice per treatment).
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BIBO3304. Scale bars, 5 mm. Means + SEM. *P < 0.05; **P < 0.01 by an unpaired parametric t test.
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suggesting that complete NpyIr depletion is not required to impair
this metastatic program. Our observations are consistent with other
cancer types where NPY has been shown to play a role in metastasis
(51, 57, 80). In a recent study investigating Ewing sarcoma, it was
found that enhanced metastasis to the bone was driven by a hypoxia-
induced activation of NPY signaling components (51). This obser-
vation might not be limited to Ewing sarcoma tumors, as hypoxia
also induces NPY1R and NPY5R expression in breast cancer cells,
causing them to migrate more upon NPY stimulation in vitro (80).
Moreover, human patients with breast cancer whose circulating tu-
mor cells were NPY1R positive exhibited decreased overall survival
and the level of NPY1R also correlated with late-stage disease and
lymph node metastases (57). Last, immunohistochemical analysis of
human patients with prostate cancer found that NPY, NPYIR,
NPY2R, and NPY5R expression was all significantly increased at the
invasive border relative to the bulk tumor mass (50). These data,
alongside our observation of decreased liver metastasis upon NpyIr
ablation in the KP*'7?"C mouse model of PC, highlight a new role
for the NPY signaling axis in PC aggressiveness.

Transcriptomic and proteomic assessment via RNA-seq and MS,
respectively, identified ~500 differentially expressed transcripts and
proteins in pancreatic tumors following NpyIr knockout. While
some of these differentially expressed genes/proteins have already
been shown to have a role in cancer metastasis, such as CCN2 (71),
CIRBP (72), and LAMA3 (73), many are underexplored in PC, war-
ranting further studies based on our datasets.

We also investigated the cancer cell-intrinsic features of NPY1R
inhibition in KP*'"2"C cells and found that their three-dimensional
motility was decreased upon NPYI1R inhibition when migrating
upon CDMs. This is consistent with studies that have found a role
for NPY in regulating the motility and chemotaxis of cancer cells.
For example, two breast cancer cell lines MDA-MB-231 and MCF-7
exhibit increased motility and invasion in response to NPY, which
could be blocked with pharmacological NPY1R and NPY5R antago-
nists (49). Moreover, NPY was shown to regulate chemotaxis in the
highly aggressive LNCaP prostate cancer cell line (50). The observed
reduction in the motility of KP*'72C cells upon BIBO3304 treat-
ment suggests a role for NPY in cancer cell movement and could
represent one of the modes through which NPY1R inhibition de-
creases metastasis to the liver.

Our study focused on NPYIR because of its significantly in-
creased expression in human patients with PDAC relative to NPY2R,
NPY4R, and NPY5R. However, other NPY receptors have been im-
plicated in promoting tumorigenicity in other cancers; for example,
NPY2R is up-regulated in vascular endothelial growth factor A-
depleted orthotopic models of colon cancer, and NPY2R antagonists
inhibited angiogenesis and tumor growth in these models (55). Fur-
thermore, in NB, NPY has been shown to promote cell motility via
increased cytoskeleton remodeling (94), and NPY5R expression was
significantly up-regulated in NB cells adjacent to blood vessels, sug-
gesting preferential NPY5R expression in angioinvasive cancer cells
(92). Therefore, other NPY receptors could be playing a role in PC
and future studies could aim to elucidate their functions.

Last, we were able to recapitulate the observed decrease in liver me-
tastases seen during Npylr genetic ablation using pharmacological
NPY1R inhibition in an intrasplenic model of metastasis. Here, using
pharmacological NPY1R inhibition via the small-molecule antagonist
BIBO3304, we show a significant decrease in metastatic burden in the
liver compared with vehicle-treated mice, highlighting a potential future
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therapeutic strategy to reduce metastatic burden for patients. BIBO3304
exhibits subnanomolar affinity for human NPY1R (0.69 + 0.16 nM),
which is comparable to that of rodent NPY1R (0.72 + 0.42 nM), and
therefore can bind and inhibit human NPY1R (87) but has yet to be used
in human clinical trials. The fact that BIBO3304 is unable to cross the
blood-brain barrier and thus cannot affect the central action of other
NPY1R-mediated functions, such as stimulating appetite and reducing
energy expenditure, represents a distinct advantage in a cancer setting,
since PC progression is often associated with tissue wasting (63-65).
Here, we observed an increase in adipose and muscle tissue mass in
Npylr knockout settings, providing an additional benefit on top of re-
ducing metastasis in PC.

Collectively, our findings establish NPY1R as a previously un-
identified drug target in PC metastasis. We demonstrate that genetic
and pharmacological inhibition of NPY1R reduces metastasis in the
highly aggressive KP*7*!C model. Targeting this pathway may
therefore represent a highly effective novel antimetastatic strategy
for future assessment in conjunction with other standard-of-care
approaches, such as gemcitabine/Abraxane or FOLFIRINOX che-
motherapies (5, 6), to improve outcomes for patients with PC.

MATERIALS AND METHODS

Experimental design

This study assesses the function of NPY signaling in PC. Q-RT-PCR
analysis of in vitro assays of cell lines and CDMs was conducted in
independent biological triplicates with three technical replicates per
repeat for each genotype or treatment group. Q-RT-PCR and IHC
analysis of mouse tumor tissue and normal pancreas were per-
formed with tumors/tissues isolated from three independent mice
per genotype. IHC analysis of human PDAC tissue and matched
normal pancreas was performed with tumors and tissues isolated from
four patients with PC, taking four representative regions of interest
(ROIs) per tissue type per patient. Human NPY and NPYIR expres-
sion was assessed via analysis of mRNA expression from the TCGA
datasets through OncoDB (60). Mouse numbers used in in vivo
experiments are outlined in the corresponding figure legends.

Statistical analysis

Unless stated otherwise, P values were determined using unpaired
parametric ¢ test (comparison between two groups) or an unpaired
one-way analysis of variance (ANOVA) assuming Gaussian distri-
bution with Tukey’s multiple comparisons test (comparison between
more than two groups). Kaplan-Meier survival curves were evalu-
ated using a log-rank Mantel-Cox test. All statistical analysis was
performed using GraphPad Prism (GraphPad Software Inc., CA)
with statistical significance defined as ns, P > 0.05; *P < 0.05;
*#P < 0.01; ¥**P < 0.001.

Human ethics

Human ethics approval for acquisition of data and biological mate-
rial was obtained from North Shore Local Health District human
research ethics committee (2023/ETH02130).

Animals

Animal experiments were conducted in compliance with the Australian
code of practice for the care and use of animals for scientific purposes
and the Garvan/St. Vincents Animal Ethics committee (guidelines
19/06, 19/10, 19/13, 22/08, 22/09, and 22/10). All experimental end
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points were in accordance with Garvan/St. Vincents Animal Ethics
committee (guidelines 19/06, 19/10, 19/13, 22/08, 22/09, and 22/10).
Mice were kept in ventilated cages on a 12-hour light/dark cycle with
24-hour access to food and water.

Quantitative real-time polymerase chain reaction (Q-RT-PCR)
Q-RT-PCR on tumors from end-stage KP*'7*'C mice and normal
pancreas was performed by collecting tissue samples isolated from
three independent mice per genotype and immediately snap freezing
the tissues before homogenization in 500 pl of RNA Prep Buffer using
metal bead lysing matrix Eppendorf tubes (MP Biomedicals) in a Fast-
Prep Tissue Homogenizer (MP Biomedicals). Q-RT-PCR on cell lines
(KPM7?HC TB32043 and KP floxC cancer cells) was performed by seed-
ing three repeats of three replicates of 500,000 cells into 10-cm dishes
for 48 hours. The cells were then washed twice with phosphate-
buffered saline (PBS), lifted with a cell scraper, transferred to an Ep-
pendorftube, and spun at 13,000 rpm for 5 min at 4°C. The supernatant
was removed, and the cell pellet was snap frozen and stored at
—80°C. RNA extraction was performed using the RNA Qiagen Spin
Column Extraction protocol (Qiagen). cDNA was synthesized using
the Roche transcriptor first strand ¢cDNA synthesis kits protocol
(Roche). Q-RT-PCR was performed using the Universal ProbeLibrary
System (UPL; Roche) on a LightCycler 480 System (Roche) using the
forward and reverse primers listed in Table 1. Gapdh was used as con-
trol for tissues and Rplp0 used as control for cell lines.

Immunohistochemistry

Hematoxylin and eosin (H&E) and THC staining was performed on
4-um sections of formalin-fixed paraffin-embedded tissue with sec-
tions for H&E placed onto plain glass slides and sections for IHC
placed onto positively charged slides. The slides were incubated for
2 hours in a 60°C oven for maximum adhesion. H&E sections were
deparaffinized and stained following standard H&E procedures on
the Leica ST5010 Autostainer XL with hematoxylin [Hematoxylin
Harris nontoxic (acidified), Australian Biostain] and eosin (Eosin
Phloxine Alcoholic 1%, Australian Biostain). All IHC was per-
formed on a Leica Bond RX machine using the Bond Polymer Re-
fine Detection Kit (DS9800), where slides were first dewaxed using
Bond Dewax Solution (Leica, AR2992) before heat-induced epitope
retrieval at 100°C with either epitope retrieval solution 1 (pH 6,
Leica AR9961) or epitope retrieval solution 2 (pH 9, AR9640) for 20
to 40 min (please see Table 2 for details). The slides were then incu-
bated with primary antibody for 60 min before being washed, incu-
bated with secondary antibody (polymer), and visualized with
3,3’-diaminobenzidine. Please see Table 2 for primary antibody di-
lution, host source, and retrieval protocol for the antibodies used.
For NPY staining of KP*'72!C tumors, KP'**C tumors, and normal
pancreas, tumor/tissue sections from three independent mice per
genotype were stained. For human tissues, sections of tumor and
adjacent normal pancreas on the same slide and isolated from five
independent patients with PC were stained, and four ROIs were

Table 1. UPL probe number and forward and reverse primer sequences for all genes assessed during Q-RT-PCR analysis.

Genes UPL probe # Forward Reverse
96 ~ 5'-GAA AGC ACA GAA AAC GCCCCCAG-3"  5'-AAATGG GGC GGA GTC CAG CCT A-3'
17 5 CCT ACC CTG CCA AAC CAG 3’ 5 GGA CAT CTC TTT TTC CAT ACC G 3’

9 5-ACTGGTCTAGGA CCC GAG AAG-3'

5'-CTCCCACCTTGTCTCCAGTC3

Table 2. List of primary antibodies used for IHC with their supplier or company, catalog number, level of dilution, host source, staining system, and

retrieval protocol.

Antibody Supplier/company Catalog no. Antibody dilution Host Staining system Retrieval

NPY Abcam Ab30914 1'2000 Rabbit Leica BOND IHCF pH 9, 20 min
KRT19 e Abcam e Ab133496 s .‘1 1000 SO Rabb|t P Le|caBOND IHCF o pH6 40m|n .
K|67 - Thermo F|sherSC|ent|ﬁc Ab 4 Neomark S 1 500 S “Rabblt o LelcaBOND IHCF o .pH 9, 30 mm
CC3 S CeII SlgnalmgTechnoIogy 9661 S 1:200' S “Rabblt o Lelca BOND IHCFW o .pH 9, 20 m|n
(xSMA SR Abcam P Ab5694 s O “Rabb|t P |on Rabb|t e .pH 5 30 i
PDGFRB  CellSignalingTechnology 3169  1:100  Rabbit  LeicaBONDIHCF  pH9,30min
CD31 e DIA 310 P D|anovaw e et Rat e Le|ca BOND IHCFW o pH640m|n .
CD4 o CeII Slgnalmg Technolog : 25229 S : . “Rabb|t o Lelc BOND IHCFW o pH920m|n '
CD8 o CeII SlgnalmgTechnoIogy o 98941' S o0 “Rabb|t o Lelca BOND IHCFW o pH920m|n
FOXP3 o CeII SlgnaImgTechnoIogy o 12653' T 400 “Rabblt o Lelca BOND IHCFW o pH9 20m|n
F4/80 o CeII SlgnalmgTechnoIogy o 70076' N P 1 “Rabblt o Envmon Rabblt - .pH 9, 30 m|n
ELANE : Abcam o Ab68672 S “Rabblt o Le|c BOND IHCFW o .pH 6, 40 m|n
MPO o Agllent o AO39829 2‘ o . “Rabblt o Lelca BOND IHCFW o .pH 9, 30 min o
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taken from epithelial cancer regions versus four ROIs from normal
pancreas regions and averaged. For THC analysis of KP*'72HC Npy1r
WT and KP*72C Npy1r~~ tumors (from 10 animals with the
highest number of liver metastases per genotype), 10 ROIs per tu-
mor were analyzed. For IHC analysis of Ki67 and cleaved caspase-3
of the early intrasplenic study (day 5), 10 metastases per animal
were analyzed. Slides were imaged on the Hamamatsu NanoZoomer
S$210 Digital slide scanner and quantified in QuPath.

Picrosirius Red histological staining and transmitted and
polarized light imaging and analysis

Formalin-fixed paraffin-embedded tumors (from 10 animals with
the highest number of liver metastases per genotype) were cut at
4-pm section thickness and allowed to adhere to Superfrost Plus
slides. Slides were dewaxed on a Leica ST5010 Autostainer XL and
manually stained using 0.1% Picrosirius Red and 0.02% phospho-
molybdic acid for fibrillar collagens (Australian Biostain). Follow-
ing a rinse in acidified water and dehydration in a graded ethanol
series, slides were covered with coverslips using a Leica Coverslip-
per (CV5030) and imaged on a Slideview VS200 slide scanner
(Olympus) in bright-field and polarized (birefringence) mode. The
Picrosirius Red signal was analyzed in QuPath, and the birefrin-
gence signal was analyzed with Image] as described previously
(19, 33) with 10 ROIs per animal. To assess the red-orange, yellow,
and green birefringence signals, images were analyzed using Image],
as described previously (19, 33). Briefly, hue-saturation balance
thresholding was applied (high birefringence/red-orange 0 > H < 27
| 0> S < 255 | 70 > B < 255, medium birefringence/yellow
28 >H < 47| 0> S < 255]|70 > B < 255, and low birefringence/
green 48 > H < 140 | 0 > S < 255 | 70 > B < 255).

RNAscope

RNAscope was performed using RNAscope 2.5 HD Duplex Detection
kit (ADV322500), as previously described (95, 96). Sections (4 pm) of
formalin-fixed paraffin-embedded tissues were cut and then dehy-
drated, and then an ImmEdge Hydrophobic Barrier Pen (ADV310018)
was used to draw a hydrophobic barrier around the tissue of interest.
The tissue was then pretreated with RNAscope H,0, & Protease Plus
Reagent (ADV322330), followed by submergence in RNAscope Tar-
get Retrieval Reagent (ADV322000) and then, lastly, the addition of
Protease Plus (ADV322340). RNA was then amplified and detected
using probes for Npy (ACDBIO, 313321), Npylr (ACDBIO, 427021),
and Krt19 (ACDBIO, 402941) using RNAscope 2.5 HD Duplex Re-
agent Kit (ADV322500). For RNAscope, a normal pancreas, Kpl*C
end-stage tumor, KP*'”*C end-stage tumor, and the matched liver
were stained. Five field-of-view images were acquired at 63X magnifi-
cation on a Leica DM4000 bright-field microscope for each tissue and
representative image shown.

Expression analysis in OncoDB

The OncoDB database (https://oncodb.org/) was used to assess NPY
expression in patients with PDAC. RNA-seq data of pancreatic tissue
obtained from patients with PDAC (n = 178) and normal pancreas
controls (n = 200) were analyzed for NPY expression [transcripts per
million (TPM)] and subjected to an unpaired parametric ¢ test.
NPYIR, NPY2R, NPY4R, and NPY5R expression (TPM) was ana-
lyzed in patients with PDAC (n = 178), and an unpaired one-way
ANOVA assuming Gaussian distribution with Tukey’s multiple com-
parisons test was performed.
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Survival studies with genetically engineered mice

KPM72HC mice (Pdx1-Cre, LSL-Kras®'*”"*, LSL-Trp53"/72%*) (11, 16)
were crossed with Npy1r"* mice (89, 97) for conditional knock-
out of Npylr in pancreatic epithelial cells. Cohorts of KP*'7*HC
Npy1r wild-type mice (PdxI-Cre, LSL-Kras®'?"'*, LSL-Trp53™172%/*,
Npylr*'*), heterozygous pancreas-specific sz)zd r knockout KPR'72HC
mice (Pdx1-Cre, LSL-Kras®'??'*, LSL-Trp53%172%*, Npy1/"*/*), and
homozygous pancreas-specific Npylr knockout KPR7*C mice
(Pdx1-Cre, LSL-Kras®'?P'*, LSL-Trp53R172H/* | Npy 1://M10%) yere
generated. Furthermore, KP*'7*C mice were crossed with NpyIr
whole-body knockout mice (89, 97) to generate cohorts of KPRI72HC
Npy1r wild-type mice (Pdx1-Cre, LSL-Kras®'?""*, LSL-Trp53%177/%,
Npy1r*"*), whole-body NpyIr heterozygous knockout KP*'7*C mice
(Pdx1-Cre, LSL-Kras®"2P"*, LSL-Trp53*'7"*, Npy1r*/7), and homozy-
gous NpyIr knockout KP*”*C mice (PdxI-Cre, LSL-Kras®'*""*,
LSL-Trp53%172H+ Npy177/7). KPM7C Npylr WT animals were
obtained from a pool of mice generated from the progeny of both
genetic crosses. All mice were bred at Australian BioResources,
and genotyping was performed at the Garvan Molecular Genetics
facility. Mice with the appropriate genotypes were enrolled into
the study at ~6 weeks of age and weighed, palpated, and moni-
tored once weekly until detection of a palpable tumor, after which
monitoring was increased to at least 3X weekly. The time to pal-
pable tumor and time from palpable tumor to the end point were
determined for all animals where tumor could be clearly detected
via palpation. Mice were euthanized upon reaching the study end
point, which included the development of signs of ascites, over-
night weight loss of >10% or weight loss of >20% compared to
the maximum body weight, hunching posture, and signs of pain.
Tissues and organs were harvested from end-point animals and
weighed unless determined not feasible (e.g., because of tissues/
organs excessively infiltrated/invaded by the tumor). Mice were
censored from the study if they had to be euthanized because of
unspecific end points not related to PC, including presentation of
severe prolapses, papilloma, and lymphomas.

RNA-seq of KPR'72HC tumors

Tumors were isolated from KP*'7*"'C Npy1r WT and Npy1r™'~ mice
at the end stage, snap frozen, and stored at —80°C. RNA extraction
was performed on 10 KP*7*C NpyIr WT and 10 KPR'7#C
Npy1r™'~ end-stage tumors (from 10 animals with the highest num-
ber of liver metastases per genotype) using the QITAGEN RNeasy
Mini Kit (no. 74104) according to the manufacturer’s instructions.
RNA concentration and integrity were assessed using the Agilent
4200 TapeStation system and a Qubit 3.0 Fluorometer (Thermo
Fisher Scientific). Library preparation was performed using the Il-
lumina Stranded mRNA Library Preparation Kit according to the
manufacturer’s protocol, and paired-end sequencing was performed
using the NovaSeq S4 Flow Cell (300 cycles) Standard.

RNA-seq data were processed using Nextflow pipeline nf-core/
rnaseq (3.16.0) (98). Briefly, sequence reads were aligned to mouse
reference genome assembly GRCm39 using STAR (2.7.10a) (99) and
expression counts estimated for Gencode basic gene annotation
M35 using RSEM (1.3.1) (100). Downstream analysis was per-
formed in R (4.4.2) using Bioconductor packages DESeq2 (1.44.0)
(101) for differential expression analysis and fgsea (1.30.0) for
GSEA. P values were adjusted using the Benjamini-Hochberg pro-
cedure to control the false discovery rate.
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MS proteomics sample preparation

Tumors were isolated from KP*7)C Npy1r WT and NpyIr™~ at the
end stage, snap frozen, and stored at —80°C. Samples were prepared as
previously reported (19). Briefly, samples were lysed with a bead beater
in 1% SDS and 100 mM tris (pH 8.5) for 2 min at 50 Hz. Cell debris was
removed by centrifugation, and the supernatant was denatured with
100 mM tris(2-carboxyethyl)phosphine hydrochloride and alkylated
with 40 mM chloroacetic acid for 5 min at 45°C. Protein concentration
was determined using Qubit (Protein Assay Kit, Life Technologies).
Proteins were coupled to a 1:1 mix of hydrophilic:hydrophobic Sera-
Mag SpeedBeads (Cytvia) as per the manufacturer’s instructions at a
ratio of 1 pg of protein:10 pg of beads with incubation at room tempera-
ture for 8 min. Beads were washed three times with 80% ethanol, dried,
and resuspended in 100 pl of 10% tetrafluoroethylene in 100 mM tris-
HCI (pH 7.5). Proteins were then digested with the addition of 1:50
sequencing-grade trypsin (Sigma-Aldrich) and 1:50 LysC sequencing

grade LysC (Wako, Japan) (micrograms of protease:micrograms of
protein) overnight at 37°C and 600 rpm in a ThermoMixer. Diges-
tion was stopped by acidification to 1% trifluoroacetic acid (TFA),
and peptides were desalted using SDB-RPS (styrenedivinylbenzene
reverse phase sulfonate) StageTips. Briefly, StageTips were equili-
brated with 100% acetonitrile (ACN), 30% methanol/1% TFA, and
0.2% TFA. Peptides were added and then washed with 99% ethyl
acetate and 1% TFA. Peptides were eluted with 5% ammonium
hydroxide/80% ACN. Peptides were dried for 1 hour at 45°C in
a Speedvac and stored at —30°C before liquid chromatography-
tandem MS (LC-MS/MS) analysis.

DIA LC-MS/MS proteomics

Peptides were reconstituted in 3% ACN and 0.1% formic acid (FA).
One microgram of peptide was separated on an in-house packed col-
umn (150 pm by 150 mm, 1.9-pm ReproSil Pur 120 C18, Dr. Maisch

Table 3. Quadrupole isolation windows used for DIA MS analysis.

Window number

Window start (m/z)

Window end (m/z)

1 350 375
. o
3 39
4 a2
s e 27
s w0
;e a4
s 467
a79
s i —
s e
e si7
g ——— 531
ww e 545
s 55
w6 e 573
588

603
19 619
20 635
2 652
2 669
7 687
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748

775
28 802
20 83
s e .
s jpa — 1
s o 5
s e — i
0 i et

Chambers et al., Sci. Adv. 11, eadq4416 (2025)

12 March 2025

140f 19



SCIENCE ADVANCES | RESEARCH ARTICLE

GmbH, Germany) with a Vanquish Neo Liquid Chromatography
(Thermo Fisher Scientific) with mobile phases A [0.1% (v/v) FA] and
B [80% (v/v) ACN and 0.1% (v/v) FA]. Peptides were eluted at a flow-
rate of 1.2 pl/min and a gradient of 5% B to 35% B in 35 min, 35% B
to 60% B in 1 min, and 60% B to 98% B in 30 s and then washed
with 95% B for 3 min. The LC was coupled to an Orbitrap Exploris
480 mass spectrometer (Thermo Fisher Scientific) with a spray volt-
age of 2600 V; a radio frequency lens of 30%, and an ion transfer tube
heated to 320°C. The Orbitrap Exploris 480 was operated in data-
independent acquisition (DIA) mode as previously reported (19, 102)
comprising of a survey MS scan acquired as a profile with a maxi-
mum injection time of 54 ms and a standard automatic gain control
target across a scan range from 350 to 1650 m/z with an Orbitrap
resolution of 30,000. For MS/MS analysis, peptides were isolated with
34 variable width overlapping windows for a normalized automatic
gain control target of a 1000% maximum isolation time of 30 ms
(Table 3). These were fragmented with stepped higher-energy colli-
sional dissociation collision energies of 25, 27, and 30 and analyzed
across a mass range from 300 to 2000 m1/z with an Orbitrap resolution
of 15,000. Data files were searched with Spectronaut version 19.1
using a Mus musculus database (UniProt release 2024_04) and Tryp-
sin and Lys-C/P enzymatic cleavage rules. The default settings were
used for the remaining parameters. Raw data were normalized using
log,(x) transformation and median subtraction. To assess for differ-
entially abundant candidate proteins between two conditions, filters
for >1.25-fold change and a g value (adjusted P value) of <0.05 were
applied. GSEA analysis was performed using fgsea (1.30.0).

Cell culture

Primary KPR72HC (TB32043) (11, 83, 84) and KP™*C cancer cells
(16, 35) were previously isolated from the tumors of end-stage
KP*72HC mice (Pdx1-Cre, LSL-Kras®'?"*, LSL-Trp53%7?/*) and
KP*C mice (Pdx1-Cre, LSL-Kras®'?P'*, Trp53ﬂw *)(16). Telomerase-
immortalized fibroblasts (TIFs) were also generated previously (103).
Both cancer cell lines and TIFs were cultured in Dulbeccos modified
Eagle’s medium (DMEM,; high glucose, pyruvate, Gibco) supplement-
ed with 10 mM Hepes (Thermo Fisher Scientific), 10% fetal bovine
serum (HyClone), and 1% penicillin/streptomycin (Thermo Fisher
Scientific) at 37°C with 20% O, and 5% CO,. All cell lines were regu-
larly tested for mycoplasma (all negative results).

Cell-derived matrices (CDMs)

CDMs were generated as described previously (85, 86). Before CDM
generation, the glass surface was coated with 0.2% gelatin and allowed
to set at 37°C for 2 hours before being rinsed twice with Dulbecco’s
PBS and formalin fixed for 30 min at room temperature. After a
further two washes with PBS, the fixed gelatin cross-links were
quenched in 1 M sterile glycine for 30 min at room temperature, and
coated plates were rinsed twice with PBS and once with DMEM be-
fore TIF cell seeding. To generate the CDMs, on day 0, 1.5 X 10° TIFs
were seeded per well in a glass-bottom 24-well plate (Corning). On
days 1, 3, and 5, cells were treated with ascorbic acid (50 pg/ml) in
DMEM supplemented with 10 mM Hepes, 10% fetal bovine serum,
and 1% penicillin/streptomycin. On day 7, the CDMs were denuded,
using an extraction buffer [0.5% (v/v) Triton X-100, 20 mM NH4OH,
and 0.01% sodium deoxycholate, made up in PBS], and rinsed twice
with PBS, before addition of deoxyribonuclease I (10 pg/ml; Roche)
in PBS containing calcium and magnesium, to digest DNA residue.
This was followed by two PBS rinses before 4000 TB32043 KP*'72HC
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or 4000 KP™™C cancer cells were seeded and allowed to adhere and
grow for 16 hours. BIBO3304 (1 uM) or vehicle (water) was added to
the cells before subsequent live cell imaging for 8 hours using a Leica
Live Cell system with a Leica DMi6000 inverted microscope or an
IncuCyte S3 Live-Cell Analysis Instrument (Sartorius). Tracking and
quantification of cell migration were performed on binary images us-
ing a MATLAB plug-in (CellTracker) (104).

Intrasplenic injections

For intrasplenic experiments, 5 X 10° TB32043 KP*7C cells were
injected into the spleens of C57BL/6JAusb mice in 50 pl of Hanks
Balanced Salt Solution as previously described (33, 90). Mice were
first anesthetized using gaseous isoflurane, and a left subcostal inci-
sion was made through the skin. The cell suspension was then in-
jected into the spleen during open laparotomy, followed by application
of cyanoacrylate to the injection site to prevent hemorrhage from the
spleen. The surgery site was closed using 5-mm resorbable vicryl su-
tures on the peritoneal wall and clips for the skin, and mice were
treated with analgesia bupivacaine (topically, 8 mg/kg) and buprenor-
phine (subcutaneously, 0.075 mg/kg). BIBO3304 (1 mg/kg) or vehi-
cle (saline) was administered daily via intraperitoneal injection
(day 0 to day 11). Mice were euthanized either on day 5 or on day 12,
and the number of visible metastases in the liver was quantified by
first separating the liver into its various lobes and then counting the
number of metastases on the front and back on the lobes. Livers were
subsequently fixed in formalin, dehydrated, and paraffin embedded
for histological analysis. Animals with surgical complications were
euthanized immediately and excluded from the study.
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Legends for tables S1 and S2

Legends for movies S1 and S2

Consortium members of the Australian Pancreatic Cancer Genome Initiative (APGI)
Consortium members of the Avner Australian Pancreatic Cancer Matrix Atlas (APMA)

Other Supplementary Material for this manuscript includes the following:
Tables S1 and S2
Movies S1 and S2

REFERENCES AND NOTES

1. R.L.Siegel, A.N. Giaquinto, A. Jemal, Cancer statistics, 2024. CA Cancer J. Clin. 74, 12-49
(2024).

2. J.Kleeff, M. Korc, M. Apte, C. La Vecchia, C. D. Johnson, A. V. Biankin, R. E. Neale, M.
Tempero, D. A. Tuveson, R. H. Hruban, J. P. Neoptolemos, Pancreatic cancer. Nat. Rev. Dis.
Primers 2, 16022 (2016).

3. D.Lyden, C. M. Ghajar, A. L. Correia, J. A. Aguirre-Ghiso, S. Cai, M. Rescigno, P. Zhang,

G. Hu, S. M. Fendt, A. Boire, R. R. Weichselbaum, R. R. Katipally, Metastasis. Cancer Cell 40,
787-791 (2022).

4. A.Zijlstra, A.Von Lersner, D. Yu, L. Borrello, M. Oudin, Y. Kang, E. Sahai, B. Fingleton,

U. Stein, T.R. Cox, J. T. Price, Y. Kato, A. L. Welm, J. A. Aguirre-Ghiso, Board Members of the
Metastasis Research, The importance of developing therapies targeting the biological
spectrum of metastatic disease. Clin. Exp. Metastasis 36, 305-309 (2019).

5. D.D.Von Hoff, T. Ervin, F. P. Arena, E. G. Chiorean, J. Infante, M. Moore, T. Seay,
S. A.Tjulandin, W.W. Ma, M. N. Saleh, M. Harris, M. Reni, S. Dowden, D. Laheru, N. Bahary,
R. K. Ramanathan, J. Tabernero, M. Hidalgo, D. Goldstein, E. Van Cutsem, X. Wei, J. Iglesias,
M. F. Renschler, Increased survival in pancreatic cancer with nab-paclitaxel plus
gemcitabine. N. Engl. J. Med. 369, 1691-1703 (2013).

6. T.Conroy, P. Hammel, M. Hebbar, M. B. Abdelghani, A. C. Wei, J. L. Raoul, L. Chone,
E. Francois, P. Artru, J. J. Biagi, T. Lecomte, E. Assenat, R. Faroux, M. Ychou, J. Volet,
A. Sauvanet, G. Breysacher, F. Di Fiore, C. Cripps, P. Kavan, P. Texereau, K. Bouhier-Leporrier,
F. Khemissa-Akouz, J. L. Legoux, B. Juzyna, S. Gourgou, C. J. O'Callaghan, C. Jouffroy-
Zeller, P. Rat, D. Malka, F. Castan, J. B. Bachet, Canadian Cancer Trials Group and the

150f 19



SCIENCE ADVANCES | RESEARCH ARTICLE

Chambers et al., Sci. Adv. 11, eadq4416 (2025)

Unicancer-GI-PRODIGE Group, FOLFIRINOX or gemcitabine as adjuvant therapy for
pancreatic cancer. N. Engl. J. Med. 379, 2395-2406 (2018).

. N.Waddell, M. Pajic, A. M. Patch, D. K. Chang, K. S. Kassahn, P. Bailey, A. L. Johns, D. Miller,

K. Nones, K. Quek, M. C. Quinn, A. J. Robertson, M. Z. Fadlullah, T. J. Bruxner, A. N. Christ,
I. Harliwong, S. Idrisoglu, S. Manning, C. Nourse, E. Nourbakhsh, S. Wani, P. J. Wilson,

E. Markham, N. Cloonan, M. J. Anderson, J. L. Fink, O. Holmes, S. H. Kazakoff, C. Leonard,
F. Newell, B. Poudel, S. Song, D. Taylor, N. Waddell, S. Wood, Q. Xu, J. Wu, M. Pinese,

M. J. Cowley, H. C. Lee, M. D. Jones, A. M. Nagrial, J. Humphris, L. A. Chantrill, V. Chin,

A. M. Steinmann, A. Mawson, E. S. Humphrey, E. K. Colvin, A. Chou, C. J. Scarlett, A.V. Pinho,
M. Giry-Laterriere, . Rooman, J. S. Samra, J. G. Kench, J. A. Pettitt, N. D. Merrett, C. Toon,
K. Epari, N. Q. Nguyen, A. Barbour, N. Zeps, N. B. Jamieson, J. S. Graham, S. P. Niclou,

R. Bjerkvig, R. Grutzmann, D. Aust, R. H. Hruban, A. Maitra, C. A. lacobuzio-Donahue,
C.L.Wolfgang, R. A. Morgan, R.T. Lawlor, V. Corbo, C. Bassi, M. Falconi, G. Zamboni,
G.Tortora, M. A. Tempero, Australian Pancreatic Cancer Genome Initiative, A. J. Gill,
J.R. Eshleman, C. Pilarsky, A. Scarpa, E. A. Musgrove, J. V. Pearson, A. V. Biankin,

S. M. Grimmond, Whole genomes redefine the mutational landscape of pancreatic
cancer. Nature 518, 495-501 (2015).

. A.V.Biankin, N. Waddell, K. S. Kassahn, M. C. Gingras, L. B. Muthuswamy, A. L. Johns,

D. K. Miller, P. J. Wilson, A. M. Patch, J. Wu, D. K. Chang, M. J. Cowley, B. B. Gardiner, S. Song,
I. Harliwong, S. Idrisoglu, C. Nourse, E. Nourbakhsh, S. Manning, S. Wani, M. Gongora,

M. Pajic, C. J. Scarlett, A. J. Gill, A. V. Pinho, I. Rooman, M. Anderson, O. Holmes, C. Leonard,
D.Taylor, S. Wood, Q. Xu, K. Nones, J. L. Fink, A. Christ, T. Bruxner, N. Cloonan, G. Kolle,

F. Newell, M. Pinese, R. S. Mead, J. L. Humpbhris, W. Kaplan, M. D. Jones, E. K. Colvin,

A. M. Nagrial, E. S. Humphrey, A. Chou, V. T. Chin, L. A. Chantrill, A. Mawson, J. S. Samra,

J. G.Kench, J. A. Lovell, R. J. Daly, N. D. Merrett, C. Toon, K. Epari, N. Q. Nguyen, A. Barbour,
N. Zeps, Australian Pancreatic Cancer Genome Initiative, N. Kakkar, F. Zhao, Y. Q. Wu,

M. Wang, D. M. Muzny, W. E. Fisher, F. C. Brunicardi, S. E. Hodges, J. G. Reid, J. Drummond,
K.Chang, Y. Han, L. R. Lewis, H. Dinh, C. J. Buhay, T. Beck, L. Timms, M. Sam, K. Begley,

A. Brown, D. Pai, A. Panchal, N. Buchner, R. De Borja, R. E. Denroche, C. K. Yung, S. Serra,

N. Onetto, D. Mukhopadhyay, M. S.Tsao, P. A. Shaw, G. M. Petersen, S. Gallinger, R. H. Hruban,
A. Maitra, C. A. lacobuzio-Donahue, R. D. Schulick, C. L. Wolfgang, R. A. Morgan,

R.T. Lawlor, P. Capelli, V. Corbo, M. Scardoni, G. Tortora, M. A. Tempero, K. M. Mann,

N. A. Jenkins, P. A. Perez-Mancera, D. J. Adams, D. A. Largaespada, L. F. Wessels, A. G. Rust,
L. D. Stein, D. A. Tuveson, N. G. Copeland, E. A. Musgrove, A. Scarpa, J. R. Eshleman,

T.J. Hudson, R. L. Sutherland, D. A. Wheeler, J. V. Pearson, J. D. McPherson, R. A. Gibbs,

S. M. Grimmond, Pancreatic cancer genomes reveal aberrations in axon guidance
pathway genes. Nature 491, 399-405 (2012).

. S. Lanfredini, A. Thapa, E. O'Neill, RAS in pancreatic cancer. Biochem. Soc. Trans. 47,

961-972(2019).

. A.Scarpa, P. Capelli, K. Mukai, G. Zamboni, T. Oda, C. lacono, S. Hirohashi, Pancreatic

adenocarcinomas frequently show p53 gene mutations. Am. J. Pathol. 142, 1534-1543 (1993).

. S.R. Hingorani, L. Wang, A. S. Multani, C. Combs, T. B. Deramaudt, R. H. Hruban,

R172H G12D

A. K. Rustgi, S. Chang, D. A. Tuveson, Trp53 and Kras cooperate to promote
chromosomal instability and widely metastatic pancreatic ductal adenocarcinoma in
mice. Cancer Cell 7, 469-483 (2005).

. C.Vennin, K. J. Murphy, J. P. Morton, T. R. Cox, M. Pajic, P. Timpson, Reshaping the tumor

stroma for treatment of pancreatic cancer. Gastroenterology 154, 820-838 (2018).

. A.Neesse, H. Algul, D. A. Tuveson, T. M. Gress, Stromal biology and therapy in pancreatic

cancer: A changing paradigm. Gut 64, 1476-1484 (2015).

. M. Alsamraae, L. M. Cook, Emerging roles for myeloid immune cells in bone metastasis.

Cancer Metastasis Rev. 40, 413-425 (2021).

. O.Adler,Y. Zait, N. Cohen, R. Blazquez, H. Doron, L. Monteran, Y. Scharff, T. Shami,

D. Mundhe, G. Glehr, A. A. Kanner, S. Horn, V. Yahalom, S. Haferkamp, J. A. Hutchinson,

A. Bleckmann, L. Nahary, |. Benhar, S. Yust Katz, T. Pukrop, N. Erez, Reciprocal interactions
between innate immune cells and astrocytes facilitate neuroinflammation and brain
metastasis via lipocalin-2. Nat. Cancer 4, 401-418 (2023).

. J.P.Morton, P.Timpson, S. A. Karim, R. A. Ridgway, D. Athineos, B. Doyle, N. B. Jamieson,

K. A. Oien, A. M. Lowy, V. G. Brunton, M. C. Frame, T. R. Evans, O. J. Sansom, Mutant p53
drives metastasis and overcomes growth arrest/senescence in pancreatic cancer. Proc.
Natl. Acad. Sci. U.S.A. 107, 246-251 (2010).

. A.M. Krebs, J. Mitschke, M. Lasierra Losada, O. Schmalhofer, M. Boerries, H. Busch,

M. Boettcher, D. Mougiakakos, W. Reichardst, P. Bronsert, V. G. Brunton, C. Pilarsky,

T. H. Winkler, S. Brabletz, M. P. Stemmler, T. Brabletz, The EMT-activator Zeb1 is a key
factor for cell plasticity and promotes metastasis in pancreatic cancer. Nat. Cell Biol. 19,
518-529 (2017).

. G. Kaushik, P. Seshacharyulu, S. Rauth, P. Nallasamy, S. Rachagani, R. K. Nimmakayala,

R.Vengoji, K. Mallya, R. Chirravuri-Venkata, A. B. Singh, J. M. Foster, Q. P. Ly, L. M. Smith,
S. M. Lele, M. P. Malafa, M. Jain, M. P. Ponnusamy, S. K. Batra, Selective inhibition of
stemness through EGFR/FOXA2/SOX9 axis reduces pancreatic cancer metastasis.
Oncogene 40, 848-862 (2021).

. B.A.Pereira, S. Ritchie, C. R. Chambers, K. A. Gordon, A. Magenau, K. J. Murphy, M. Nobis,

V.M. Tyma, Y. F. Liew, M. C. Lucas, M. M. Naeini, D. S. Barkauskas, D. Chacon-Fajardo,

12 March 2025

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

A.E.Howell, A. L. Parker, S. C. Warren, D. A. Reed, V. Lee, X. L. Metcalf, Y. K. Lee, L. P. O'Regan,

J. Zhu, M. Trpceski, A. R. M. Fontaine, J. Stoehr, R. Rouet, X. Lin, J. L. Chitty, S. Porazinski,
S.Z.Wu, E. C.Filipe, A. L. Cadell, H. Holliday, J. Yang, M. Papanicolaou, R. J. Lyons, A. Zaratzian,
M. Tayao, A. Da Silva, C. Vennin, J.Yin, A. B. Dew, P. J. McMillan, L. D. Goldstein,

1. W. Deveson, D. R. Croucher, M. S. Samuel, H. W. Sim, M. Batten, L. Chantrill, S. M. Grimmond,
A.J.Gill, J. Samra, T.R. J. Evans, T. Sasaki, T. G. Phan, A. Swarbrick, O. J. Sansom,

J. P.Morton, Australian Pancreatic Cancer Matrix (APMA), Australian Pancreatic Cancer
Genome Initiative (APGI), M. Pajic, B. L. Parker, D. Herrmann, T. R. Cox, P. Timpson,
Temporally resolved proteomics identifies nidogen-2 as a cotarget in pancreatic cancer
that modulates fibrosis and therapy response. Sci. Adv. 10, eadl1197 (2024).

K. P. Olive, M. A. Jacobetz, C. J. Davidson, A. Gopinathan, D. McIntyre, D. Honess,

B. Madhu, M. A. Goldgraben, M. E. Caldwell, D. Allard, K. K. Frese, G. Denicola, C. Feig,

C. Combs, S. P. Winter, H. Ireland-Zecchini, S. Reichelt, W. J. Howat, A. Chang, M. Dhara,

L. Wang, F. Ruckert, R. Grutzmann, C. Pilarsky, K. Izeradjene, S. R. Hingorani, P. Huang,

S. E. Davies, W. Plunkett, M. Egorin, R. H. Hruban, N. Whitebread, K. McGovern, J. Adams,
C. lacobuzio-Donahue, J. Griffiths, D. A. Tuveson, Inhibition of Hedgehog signaling
enhances delivery of chemotherapy in a mouse model of pancreatic cancer. Science 324,
1457-1461 (2009).

P.P. Provenzano, C. Cuevas, A. E. Chang, V. K. Goel, D. D. Von Hoff, S. R. Hingorani,
Enzymatic targeting of the stroma ablates physical barriers to treatment of pancreatic
ductal adenocarcinoma. Cancer Cell 21, 418-429 (2012).

M. A. Jacobetz, D. S. Chan, A. Neesse, T. E. Bapiro, N. Cook, K. K. Frese, C. Feig, T. Nakagawa,
M. E. Caldwell, H. I. Zecchini, M. P. Lolkema, P. Jiang, A. Kultti, C. B. Thompson,

D. C. Maneval, D. . Jodrell, G. I. Frost, H. M. Shepard, J. N. Skepper, D. A. Tuveson,
Hyaluronan impairs vascular function and drug delivery in a mouse model of pancreatic
cancer. Gut 62, 112-120 (2013).

B. A. Pereira, C. Vennin, M. Papanicolaou, C. R. Chambers, D. Herrmann, J. P. Morton,

T. R. Cox, P. Timpson, CAF subpopulations: A new reservoir of stromal targets in
pancreatic cancer. Trends Cancer 5, 724-741 (2019).

C. J. Whatcott, C. H. Diep, P. Jiang, A. Watanabe, J. LoBello, C. Sima, G. Hostetter,

H. M. Shepard, D. D. Von Hoff, H. Han, Desmoplasia in primary tumors and metastatic
lesions of pancreatic cancer. Clin. Cancer Res. 21, 3561-3568 (2015).

L. Monteran, Y. Zait, N. Erez, It's all about the base: Stromal cells are central orchestrators
of metastasis. Trends Cancer 10, 208-229 (2024).

A.C.Koong, V. K. Mehta, Q.T. Le, G. A. Fisher, D. J. Terris, J. M. Brown, A. J. Bastidas,

M. Vierra, Pancreatic tumors show high levels of hypoxia. Int. J. Radiat. Oncol. Biol. Phys. 48,
919-922 (2000).

Z.Tan, J. Xu, B. Zhang, S. Shi, X. Yu, C. Liang, Hypoxia: A barricade to conquer the
pancreatic cancer. Cell. Mol. Life Sci. 77, 3077-3083 (2020).

J.R. Conway, D. Herrmann, T. J. Evans, J. P. Morton, P. Timpson, Combating pancreatic
cancer with PI3K pathway inhibitors in the era of personalised medicine. Gut 68,
742-758 (2019).

J.R.W. Conway, S. C. Warren, D. Herrmann, K. J. Murphy, A. S. Cazet, C. Vennin,

R. F. Shearer, M. J. Killen, A. Magenau, P. Melenec, M. Pinese, M. Nobis, A. Zaratzian,

A. Boulghourjian, A. M. Da Silva, G. Del Monte-Nieto, A. S. A. Adam, R. P. Harvey, J. J. Haigh,
Y.Wang, D. R. Croucher, O. J. Sansom, M. Pajic, C. E. Caldon, J. P. Morton, P. Timpson,
Intravital imaging to monitor therapeutic response in moving hypoxic regions resistant
to PI3K pathway targeting in pancreatic cancer. Cell Rep. 23, 3312-3326 (2018).

A.S. Bear, R. H. Vonderheide, M. H. O’Hara, Challenges and opportunities for pancreatic
cancer immunotherapy. Cancer Cell 38, 788-802 (2020).

J. Lei, J. Ma, Q. Ma, X. Li, H. Liu, Q. Xu, W. Duan, Q. Sun, J. Xu, Z. Wu, E. Wu, Hedgehog
signaling regulates hypoxia induced epithelial to mesenchymal transition and invasion
in pancreatic cancer cells via a ligand-independent manner. Mol. Cancer 12, 66 (2013).
Q. Chang, . Jurisica, T. Do, D. W. Hedley, Hypoxia predicts aggressive growth and
spontaneous metastasis formation from orthotopically grown primary xenografts of
human pancreatic cancer. Cancer Res. 71,3110-3120 (2011).

K. J. Murphy, D. A. Reed, C. Vennin, J. R. W. Conway, M. Nobis, J. X. Yin, C. R. Chambers,

B. A. Pereira, V. Lee, E. C. Filipe, M. Trpceski, S. Ritchie, M. C. Lucas, S. C. Warren, J. N. Skhinas,
A. Magenau, X. L. Metcalf, J. Stoehr, G. Major, A. Parkin, R. Bidanel, R. J. Lyons, A. Zaratzian,
M. Tayao, A. Da Silva, L. Abdulkhalek, Australian Pancreatic Genome Initiative (APGI),
Australian Pancreatic Cancer Matrix Atlas (APMA), A. J. Gill, A. L. Johns, A. V. Biankin,

J. Samra, S. M. Grimmond, A. Chou, J. G. Goetz, M. S. Samuel, J. G. Lyons, A. Burgess,
C.E. Caldon, L. G. Horvath, R. J. Daly, N. Gadegaard, Y. Wang, O. J. Sansom, J. P. Morton,

T. R. Cox, M. Pajic, D. Herrmann, P. Timpson, Intravital imaging technology guides
FAK-mediated priming in pancreatic cancer precision medicine according to Merlin
status. Sci. Adv. 7, eabh0363 (2021).

X.Sun, X. He, Y. Zhang, K. Hosaka, P. Andersson, J. Wu, J. Wu, X. Jing, Q. Du, X. Hui, B. Ding,
Z.Guo, A. Hong, X. Liu, Y. Wang, Q. Ji, R. Beyaert, Y. Yang, Q. Li, Y. Cao, Inflammatory
cell-derived CXCL3 promotes pancreatic cancer metastasis through a novel
myofibroblast-hijacked cancer escape mechanism. Gut 71, 129-147 (2022).

C.Vennin, P. Melenec, R. Rouet, M. Nobis, A. S. Cazet, K. J. Murphy, D. Herrmann,

D. A.Reed, M. C. Lucas, S. C. Warren, Z. Elgundi, M. Pinese, G. Kalna, D. Roden, M. Samuel,

16 of 19



SCIENCE ADVANCES | RESEARCH ARTICLE

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Chambers et al., Sci. Adv. 11, eadq4416 (2025)

A. Zaratzian, S.T. Grey, A. Da Silva, W. Leung, Australian Pancreatic Genome Initiative (APGI),
S. Mathivanan, Y. Wang, A. W. Braithwaite, D. Christ, A. Benda, A. Parkin, P. A. Phillips,

J. M. Whitelock, A. J. Gill, O. J. Sansom, D. R. Croucher, B. L. Parker, M. Pajic, J. P. Morton,
T.R. Cox, P.Timpson, CAF hierarchy driven by pancreatic cancer cell p53-status creates a
pro-metastatic and chemoresistant environment via perlecan. Nat. Commun. 10, 3637
(2019).

A. D.Rhim, E.T. Mirek, N. M. Aiello, A. Maitra, J. M. Bailey, F. McAllister, M. Reichert,

G. L. Beatty, A. K. Rustgi, R. H. Vonderheide, S. D. Leach, B. Z. Stanger, EMT and dissemination
precede pancreatic tumor formation. Cell 148, 349-361 (2012).

M. C. Michel, A. Beck-Sickinger, H. Cox, H. N. Doods, H. Herzog, D. Larhammar, R. Quirion,
T. Schwartz, T. Westfall, XVI. International Union of Pharmacology recommendations for
the nomenclature of neuropeptide Y, peptide YY, and pancreatic polypeptide receptors.
Pharmacol. Rev. 50, 143-150 (1998).

A. G. Blomqpvist, H. Herzog, Y-receptor subtypes--how many more? Trends Neurosci. 20,
294-298 (1997).

K. Loh, H. Herzog, Y. C. Shi, Regulation of energy homeostasis by the NPY system. Trends
Endocrinol. Metab. 26, 125-135 (2015).

K. Loh, Y. C. Shi, M. Bensellam, K. Lee, D. R. Laybutt, H. Herzog, Y1 receptor deficiency in
p-cells leads to increased adiposity and impaired glucose metabolism. Sci. Rep. 8, 11835
(2018).

D. E. Hansel, B. A. Eipper, G. V. Ronnett, Neuropeptide Y functions as a neuroproliferative
factor. Nature 410, 940-944 (2001).

D. Stanic, G. Paratcha, F. Ledda, H. Herzog, A. S. Kopin, T. Hokfelt, Peptidergic influences
on proliferation, migration, and placement of neural progenitors in the adult mouse
forebrain. Proc. Natl. Acad. Sci. U.S.A. 105, 3610-3615 (2008).

M. Dimitrijevi¢, S. Stanojevi¢, The intriguing mission of neuropeptide Y in the immune
system. Amino Acids 45, 41-53 (2013).

. W.Wu, S. Peng, Y. Shi, L. Li, Z. Song, S. Lin, NPY promotes macrophage migration by

upregulating matrix metalloproteinase-8 expression. J. Cell. Physiol. 236, 1903-1912
(2021).

C. Ortiz, S. Klein, W. H. Reul, F. Magdaleno, S. Groschl, P. Dietrich, R. Schierwagen,

F. E. Uschner, S.Torres, C. Hieber, C. Meier, N. Kraus, O. Tyc, M. Brol, S. Zeuzem, C. Welsch,
M. Poglitsch, C. Hellerbrand, M. Alfonso-Prieto, F. Mira, U. A. D. Keller, A. Tetzner, A. Moore,
T. Walther, J. Trebicka, Neprilysin-dependent neuropeptide Y cleavage in the liver
promotes fibrosis by blocking NPY-receptor 1. Cell Rep. 42, 112059 (2023).

X.Wang, R. Istvanffy, L. Ye, S. Teller, M. Laschinger, K. N. Diakopoulos, K. Goérgld, Q. Li,

L. Ren, C. Jager, K. Steiger, A. Muckenhuber, B. Vilne, K. Cifcibagi, C. M. Reyes, U. Yurteri,
M. KieBler, I. H. Glirginar, M. Sugden, S. E. Yildizhan, O. U. Sezerman, S. Cilingir, G. Stiyen,
M. Reichert, R. M. Schmid, S. Barthel, R. Oellinger, A. Kriiger, R. Rad, D. Saur, H. Alguil, H. Friess,
M. Lesina, G. O. Ceyhan, I. E. Demir, Phenotype screens of murine pancreatic cancer
identify a Tgf-a-Ccl2-paxillin axis driving human-like neural invasion. J. Clin. Invest. 133,
e166333 (2023).

S. Movafagh, J. P. Hobson, S. Spiegel, H. K. Kleinman, Z. Zukowska, Neuropeptide Y
induces migration, proliferation, and tube formation of endothelial cells bimodally via
Y1,Y2, and Y5 receptors. FASEB J. 20, 1924-1926 (2006).

Z. Zukowska-Grojec, E. Karwatowska-Prokopczuk, W. Rose, J. Rone, S. Movafagh, H. Ji,
Y.Yeh, W.T. Chen, H. K. Kleinman, E. Grouzmann, D. S. Grant, Neuropeptide Y: A novel
angiogenic factor from the sympathetic nerves and endothelium. Circ. Res. 83, 187-195
(1998).

S. A. Pascetta, S. M. Kirsh, M. Cameron, J. Uniacke, Pharmacological inhibition of
neuropeptide Y receptors Y1 and Y5 reduces hypoxic breast cancer migration,
proliferation, and signaling. BMC Cancer 23, 494 (2023).

D. Sigorski, W. Wesotowski, A. Gruszecka, J. Gulczynski, P. Zielinski, S. Misiukiewicz,

J. Kitlinska, E. 1zycka-Swieszewska, Neuropeptide Y and its receptors in prostate cancer:
Associations with cancer invasiveness and perineural spread. J. Cancer Res. Clin. Oncol.
149, 5803-5822 (2023).

C. Lu, A. Mahajan, S.-H. Hong, S. Galli, S. Zhu, J. U. Tilan, N. Abualsaud, M. Adnani,

S. Chung, N. Elmansy, J. Rodgers, O. Rodriguez, C. Albanese, H. Wang, M. Regan, V. Zgonc,
J. Blancato, E. Krawczyk, G. |. Gallicano, M. Girgis, A. Cheema, E. Izycka-Swieszewska,

L. R. Cavalli, S. D. Pack, J. Kitlinska, Hypoxia-activated neuropeptide Y/Y5 receptor/RhoA
pathway triggers chromosomal instability and bone metastasis in Ewing sarcoma. Nat.
Commun. 13,2323 (2022).

J. Kitlinska, K. Abe, L. Kuo, J. Pons, M. Yu, L. Li, J. Tilan, L. Everhart, E. W. Lee, Z. Zukowska,
J. A. Toretsky, Differential effects of neuropeptide Y on the growth and vascularization of
neural crest-derived tumors. Cancer Res. 65, 1719-1728 (2005).

Y.Cheng, X.Y.Tang, Y. X. Li, D. D. Zhao, Q. H. Cao, H. X. Wu, H. B. Yang, K. Hao, Y. Yang,
Depression-induced neuropeptide Y secretion promotes prostate cancer growth by
recruiting myeloid cells. Clin. Cancer Res. 25, 2621-2632 (2019).

P. Dietrich, L. Wormser, V. Fritz, T. Seitz, M. De Maria, A. Schambony, A. E. Kremer,

C. Gunther, T. Itzel, W. E. Thasler, A. Teufel, J. Trebicka, A. Hartmann, M. F. Neurath,
S.von Hérsten, A. K. Bosserhoff, C. Hellerbrand, Molecular crosstalk between Y5

12 March 2025

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

receptor and neuropeptide Y drives liver cancer. J. Clin. Invest. 130, 2509-2526
(2020).

D. Chakroborty, S. Goswami, H. Fan, W. L. Frankel, S. Basu, C. Sarkar, Neuropeptide Y, a
paracrine factor secreted by cancer cells, is an independent regulator of angiogenesis in
colon cancer. Br. J. Cancer 127, 1440-1449 (2022).

J. C. Reubi, M. Gugger, B. Waser, J. C. Schaer, Y(1)-mediated effect of neuropeptide Y in
cancer: Breast carcinomas as targets. Cancer Res. 61, 4636-4641 (2001).

L. Liu, Q. Xy, L. Cheng, C. Ma, L. Xiao, D. Xu, Y. Gao, J. Wang, H. Song, NPY1R is a novel
peripheral blood marker predictive of metastasis and prognosis in breast cancer
patients. Oncol. Lett. 9, 891-896 (2015).

S.R. Hingorani, E. F. Petricoin, A. Maitra, V. Rajapakse, C. King, M. A. Jacobetz, S. Ross,

T. P. Conrads, T. D. Veenstra, B. A. Hitt, Y. Kawaguchi, D. Johann, L. A. Liotta, H. C. Crawford,
M. E. Putt, T. Jacks, C. V. Wright, R. H. Hruban, A. M. Lowy, D. A. Tuveson, Preinvasive and
invasive ductal pancreatic cancer and its early detection in the mouse. Cancer Cell 4,
437-450 (2003).

P.A. Muller, P.T. Caswell, B. Doyle, M. P. Iwanicki, E. H. Tan, S. Karim, N. Lukashchuk,

D. A. Gillespie, R. L. Ludwig, P. Gosselin, A. Cromer, J. S. Brugge, O. J. Sansom, J. C. Norman,
K. H.Vousden, Mutant p53 drives invasion by promoting integrin recycling. Cell 139,
1327-1341 (2009).

G.Tang, M. Cho, X. Wang, OncoDB: An interactive online database for analysis of gene
expression and viral infection in cancer. Nucleic Acids Res. 50, D1334-D1339 (2022).

P. A. Baldock, S. J. Allison, P. Lundberg, N. J. Lee, K. Slack, E. J. Lin, R. F. Enriquez,

M. M. McDonald, L. Zhang, M. J. During, D. G. Little, J. A. Eisman, E. M. Gardiner,

E. Yulyaningsih, S. Lin, A. Sainsbury, H. Herzog, Novel role of Y1 receptors in the coordinated
regulation of bone and energy homeostasis. J. Biol. Chem. 282, 19092-19102 (2007).
Y.Zhu, L. Yao, A. L. Gallo-Ferraz, B. Bombassaro, M. R. Simoes, |. Abe, J. Chen, G. Sarker,

A. Ciccarelli, L. Zhou, C. Lee, D. Sidarta-Oliveira, N. Martinez-Sanchez, M. L. Dustin, C. Zhan,
T. L. Horvath, L. A. Velloso, S. Kajimura, A. . Domingos, Sympathetic neuropeptide Y
protects from obesity by sustaining thermogenic fat. Nature 634, 243-250 (2024).

S.F. Schmidt, M. Rohm, S. Herzig, M. B. Diaz, Cancer cachexia: More than skeletal muscle
wasting. Trends Cancer 4, 849-860 (2018).

L.V. Danai, A. Babic, M. H. Rosenthal, E. A. Dennstedt, A. Muir, E. C. Lien, J. R. Mayers, K. Tai,
A. N. Lau, P. Jones-Sali, C. M. Prado, G. M. Petersen, N. Takahashi, M. Sugimoto, J. J. Yeh,

N. Lopez, N. Bardeesy, C. Fernandez-Del Castillo, A. S. Liss, A. C. Koong, J. Bui, C. Yuan,

M. W. Welch, L. K. Brais, M. H. Kulke, C. Dennis, C. B. Clish, B. M. Wolpin, M. G. Vander Heiden,
Altered exocrine function can drive adipose wasting in early pancreatic cancer. Nature
558, 600-604 (2018).

A. Boire, K. Burke, T. R. Cox, T. Guise, M. Jamal-Hanjani, T. Janowitz, R. Kaplan, R. Lee,

C. Swanton, M. G.Vander Heiden, E. Sahai, Why do patients with cancer die? Nat. Rev.
Cancer 24, 578-589 (2024).

J. L. Chitty, M. Yam, L. Perryman, A. L. Parker, J. N. Skhinas, Y. F. I. Setargew, E. T. Y. Mok,
E.Tran, R.D. Grant, S. L. Latham, B. A. Pereira, S. C. Ritchie, K. J. Murphy, M. Trpceski,

A. D. Findlay, P. Melenec, E. C. Filipe, A. Nadalini, S. Velayuthar, G. Major, K. Wyllie,

M. Papanicolaou, S. Ratnaseelan, P. A. Phillips, G. Sharbeen, J. Youkhana, A. Russo, A. Blackwell,
J. F. Hastings, M. C. Lucas, C. R. Chambers, D. A. Reed, J. Stoehr, C. Vennin, R. Pidsley,

A. Zaratzian, A. M. Da Silva, M. Tayao, B. Charlton, D. Herrmann, M. Nobis, S. J. Clark,
A.V.Biankin, A. L. Johns, D. R. Croucher, A. Nagrial, A. J. Gill, S. M. Grimmond, Australian
Pancreatic Cancer Genome Initiative (APGI), Australian Pancreatic Cancer Matrix Atlas
(APMA), M. Pajic, P. Timpson, W. Jarolimek, T. R. Cox, A first-in-class pan-lysyl oxidase
inhibitor impairs stromal remodeling and enhances gemcitabine response and survival
in pancreatic cancer. Nat. Cancer 4, 1326-1344 (2023).

T. R. Cox, The matrix in cancer. Nat. Rev. Cancer 21, 217-238 (2021).

T. Kitamura, B. Z. Qian, J. W. Pollard, Immune cell promotion of metastasis. Nat. Rev.
Immunol. 15, 73-86 (2015).

C.W. Steele, S. A. Karim, J. D. G. Leach, P. Bailey, R. Upstill-Goddard, L. Rishi, M. Foth,

S. Bryson, K. McDaid, Z. Wilson, C. Eberlein, J. B. Candido, M. Clarke, C. Nixon, J. Connelly,
N. Jamieson, C. R. Carter, F. Balkwill, D. K. Chang, T. R. J. Evans, D. Strathdee, A. V. Biankin,
R.J.B.Nibbs, S.T. Barry, O. J. Sansom, J. P. Morton, CXCR2 inhibition profoundly
suppresses metastases and augments immunotherapy in pancreatic ductal
adenocarcinoma. Cancer Cell 29, 832-845 (2016).

R. Erion, A.N.King, G.Wu, J. B. Hogenesch, A. Sehgal, Neural clocks and Neuropeptide F/Y
regulate circadian gene expression in a peripheral metabolic tissue. eLife 5, -e13552 (2016).
T. Shimo, S. Kubota, N. Yoshioka, S. Ibaragi, S. Isowa, T. Equchi, A. Sasaki, M. Takigawa,
Pathogenic role of connective tissue growth factor (CTGF/CCN2) in osteolytic metastasis
of breast cancer. J. Bone Miner. Res. 21, 1045-1059 (2006).

M. Lu, Q. Ge, G. Wang, Y. Luo, X. Wang, W. Jiang, X. Liu, C. L. Wu, Y. Xiao, X. Wang, CIRBP is a
novel oncogene in human bladder cancer inducing expression of HIF-1a. Cell Death Dis.
9, 1046 (2018).

Y. Xing, X. Jing, G. Qing, Y. Jiang, Correlation of laminin subunit alpha 3 expression in
pancreatic ductal adenocarcinoma with tumor liver metastasis and survival. Radiol.
Oncol. 58, 234-242 (2024).

17 of 19



SCIENCE ADVANCES | RESEARCH ARTICLE

74. H.Li, L. Zhao,Y.S. Lau, C. Zhang, R. Han, Genome-wide CRISPR screen identifies LGALS2
as an oxidative stress-responsive gene with an inhibitory function on colon tumor
growth. Oncogene 40, 177-188 (2021).

75. M. Chetry, A. Bhandari, R. Feng, X. Song, P. Wang, J. Lin, Overexpression of galectin2
(LGALS2) predicts a better prognosis in human breast cancer. Am. J. Transl. Res. 14,
2301-2316 (2022).

76. X.Feng, M. Zhang, B.Wang, C. Zhou, Y. Mu, J. Li, X. Liu, Y. Wang, Z. Song, P. Liu, CRABP2
regulates invasion and metastasis of breast cancer through hippo pathway dependent
on ER status. J. Exp. Clin. Cancer Res. 38,361 (2019).

77. W.Shen, G.Q.Tao, Y. Zhang, B. Cai, J. Sun, Z. Q. Tian, TGF-p in pancreatic cancer initiation
and progression: Two sides of the same coin. Cell Biosci. 7,39 (2017).

78. M. J. Garcia-Leon, C. Liboni, V. Mittelheisser, L. Bochler, G. Follain, C. Mouriaux, . Busnelli,
A. Larnicol, F. Colin, M. Peralta, N. Osmani, V. Gensbittel, C. Bourdon, R. Samaniego,

A. Pichot, N. Paul, A. Molitor, R. Carapito, M. Jandrot-Perrus, O. Lefebvre, P. H. Mangin,
J. G. Goetz, Platelets favor the outgrowth of established metastases. Nat. Commun. 15,
3297 (2024).

79. B.A.Brown, P.J. Myers, S. J. Adair, J. R. Pitarresi, S. K. Sah-Teli, L. A. Campbell, W. S. Hart,
M. C. Barbeau, K. Leong, N. Seyler, W. Kane, K. E. Lee, E. Stelow, M. Jones, M. C. Simon,

P. Koivunen, T. W. Bauer, B. Z. Stanger, M. J. Lazzara, A histone methylation-MAPK signaling
axis drives durable epithelial-mesenchymal transition in hypoxic pancreatic cancer.
Cancer Res. 84, 1764-1780 (2024).

80. P.J. Medeiros, S. A. Pascetta, S. M. Kirsh, B. K. Al-Khazraji, J. Uniacke, Expression of hypoxia
inducible factor-dependent neuropeptide Y receptors Y1 and Y5 sensitizes hypoxic cells
to NPY stimulation. J. Biol. Chem. 298, 101645 (2022).

81. P.J. Medeiros, B. K. Al-Khazraji, N. M. Novielli, L. M. Postovit, A. F. Chambers, D. N. Jackson,
Neuropeptide Y stimulates proliferation and migration in the 4T1 breast cancer cell line.
Int. J. Cancer 131, 276-286 (2012).

82. J.P.Morton, S. A. Karim, K. Graham, P. Timpson, N. Jamieson, D. Athineos, B. Doyle,
C. McKay, M. Y. Heung, K. A. Oien, M. C. Frame, T. R. Evans, O. J. Sansom,

V. G. Brunton, Dasatinib inhibits the development of metastases in a mouse model
of pancreatic ductal adenocarcinoma. Gastroenterology 139, 292-303
(2010).

83. M. Ayars, E. O'Sullivan, A. Macgregor-Das, K. Shindo, H. Kim, M. Borges, J. Yu, R. H. Hruban,
M. Goggins, IL2RG, identified as overexpressed by RNA-seq profiling of pancreatic
intraepithelial neoplasia, mediates pancreatic cancer growth. Oncotarget 8, 83370-
83383 (2017).

84. N.F.Brown, E.R. Murray, L. C. Cutmore, P. Howard, L. Masterson, F. Zammarchi, J. A.
Hartley, P. H. van Berkel, J. F. Marshall, Integrin-avf6 targeted peptide-toxin therapy in a
novel avf6-expressing immunocompetent model of pancreatic cancer. Pancreatology
24, 445-455 (2024).

85. K.J.Murphy, D. A. Reed, C. R. Chambers, J. Zhu, A. Magenau, B. A. Pereira, P. Timpson,

D. Herrmann, Cell-derived matrix assays to assess extracellular matrix architecture and
track cell movement. Bio Protoc. 12, e4570 (2022).

86. E.Cukierman, R. Pankov, D. R. Stevens, K. M. Yamada, Taking cell-matrix adhesions to the
third dimension. Science 294, 1708-1712 (2001).

87. H.A.Wieland, W. Engel, W. Eberlein, K. Rudolf, H. N. Doods, Subtype selectivity of the
novel nonpeptide neuropeptide Y Y1 receptor antagonist BIBO 3304 and its effect on
feeding in rodents. Br. J. Pharmacol. 125, 549-555 (1998).

88. K.Loh,Y.C.Shi, S. Walters, M. Bensellam, K. Lee, K. Dezaki, M. Nakata, C. K. Ip, J. Y. Chan,

E. N. Gurzov, H. E. Thomas, M. Waibel, J. Cantley, T. W. Kay, T. Yada, D. R. Laybutt, S.T. Grey,
H. Herzog, Inhibition of Y1 receptor signaling improves islet transplant outcome. Nat.
Commun. 8,490 (2017).

89. C.Yan,T.Zeng, K. Lee, M. Nobis, K. Loh, L. Gou, Z. Xia, Z. Gao, M. Bensellam, W. Hughes,
J.Lau, L. Zhang, C. K. Ip, R. Enriquez, H. Gao, Q. P.Wang, Q. Wu, J. J. Haigh, D. R. Laybutt,
P.Timpson, H. Herzog, Y. C. Shi, Peripheral-specific Y1 receptor antagonism increases
thermogenesis and protects against diet-induced obesity. Nat. Commun. 12, 2622 (2021).

90. C.Vennin, V.T. Chin, S. C. Warren, M. C. Lucas, D. Herrmann, A. Magenau, P. Melenec,

S. N. Walters, G. Del Monte-Nieto, J. R. Conway, M. Nobis, A. H. Allam, R. A. McCloy, N. Currey,
M. Pinese, A. Boulghourjian, A. Zaratzian, A. A. Adam, C. Heu, A. M. Nagrial, A. Chou,

A. Steinmann, A. Drury, D. Froio, M. Giry-Laterriere, N. L. Harris, T. Phan, R. Jain, W. Weninger,
E.J. McGhee, R. Whan, A. L. Johns, J. S. Samra, L. Chantrill, A. J. Gill, M. Kohonen-Corish,
R. P.Harvey, A.V. Biankin, Australian Pancreatic Cancer Genome Initiative (APGI), T. R. Evans,
K.1. Anderson, S.T. Grey, C. J. Ormandy, D. Gallego-Ortega, Y. Wang, M. S. Samuel, O.J. Sansom,
A. Burgess, T. R. Cox, J. P. Morton, M. Pajic, P. Timpson, Transient tissue priming via ROCK
inhibition uncouples pancreatic cancer progression, sensitivity to chemotherapy, and
metastasis. Sci. Transl. Med. 9, eaai8504 (2017).

91. P.Kogner, O. Bjork, E. Theodorsson, Neuropeptide Y as a marker in pediatric
neuroblastoma. Pediatr. Pathol. 10, 207-216 (1990).

92. S.Galli, A. Naranjo, C. Van Ryn, J. U.Tilan, E. Trinh, C. Yang, J. Tsuei, S. H. Hong, H. Wang,

E. Izycka-Swieszewska, Y. C. Lee, O. C. Rodriguez, C. Albanese, J. Kitlinska, Neuropeptide Y as
a biomarker and therapeutic target for neuroblastoma. Am. J. Pathol. 186, 3040-3053
(2016).

Chambers et al., Sci. Adv. 11, eadq4416 (2025) 12 March 2025

93. S.Yachida, C. A. lacobuzio-Donahue, The pathology and genetics of metastatic
pancreatic cancer. Arch. Pathol. Lab. Med. 133, 413-422 (2009).

94. N.Abualsaud, L. Caprio, S. Galli, E. Krawczyk, L. Alamri, S. Zhu, G. . Gallicano, J. Kitlinska,
Neuropeptide Y/Y5 receptor pathway stimulates neuroblastoma cell motility through
RhoA activation. Front. Cell Dev. Biol. 8, 627090 (2020).

95. L.Zhang, J. Koller, G. Gopalasingam, Y. Qi, H. Herzog, Central NPFF signalling is critical in
the regulation of glucose homeostasis. Mol. Metab. 62, 101525 (2022).

96. F.Wang, J. Flanagan, N. Su, L. C. Wang, S. Bui, A. Nielson, X. Wu, H. T. Vo, X. J. Ma, Y. Luo,
RNAscope: A novel in situ RNA analysis platform for formalin-fixed, paraffin-embedded
tissues. J. Mol. Diagn. 14, 22-29 (2012).

97. L.Zhang, L. Macia, N. Turner, R. F. Enriquez, S. J. Riepler, A. D. Nguyen, S. Lin, N. J. Lee,

Y. C. Shi, E. Yulyaningsih, K. Slack, P. A. Baldock, H. Herzog, A. Sainsbury, Peripheral
neuropeptide Y Y1 receptors regulate lipid oxidation and fat accretion. Int. J. Obes. (Lond)
34,357-373(2010).

98. P.A.Ewels, A. Peltzer, S. Fillinger, H. Patel, J. Alneberg, A. Wilm, M. U. Garcia, P. Di Tommaso,
S. Nahnsen, The nf-core framework for community-curated bioinformatics pipelines. Nat.
Biotechnol. 38, 276-278 (2020).

99. A.Dobin, C. A. Davis, F. Schlesinger, J. Drenkow, C. Zaleski, S. Jha, P. Batut,

M. Chaisson, T. R. Gingeras, STAR: Ultrafast universal RNA-seq aligner. Bioinformatics 29,
15-21(2013).

100. B.Li, C.N. Dewey, RSEM: Accurate transcript quantification from RNA-Seq data with or
without a reference genome. BMC Bioinformatics 12,323 (2011).

101. M.I. Love, W. Huber, S. Anders, Moderated estimation of fold change and dispersion for
RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014).

102. R.Bruderer, O. M. Bernhardt, T. Gandhi, Y. Xuan, J. Sondermann, M. Schmidt,

D. Gomez-Varela, L. Reiter, Optimization of experimental parameters in data-independent
mass spectrometry significantly increases depth and reproducibility of results. Mol. Cell.
Proteomics 16, 2296-2309 (2017).

103. J. Munro, K. Steeghs, V. Morrison, H. Ireland, E. K. Parkinson, Human fibroblast replicative
senescence can occur in the absence of extensive cell division and short telomeres.
Oncogene 20, 3541-3552 (2001).

104. F.Piccinini, A. Kiss, P. Horvath, CellTracker (not only) for dummies. Bioinformatics 32,
955-957 (2016).

Acknowledgments: This study was supported by the following facilities at the Garvan
Institute of Medical Research: Australian BioResources (ABR); Biological Testing Facility (BTF);
Garvan Molecular Genetics (GMG); Garvan Sequencing Platform (GSP); Garvan Data Science
Platform; Tissue Culture Facility under G. Lehrbach and R.J.L.; the Garvan Imaging Facility
under L. Dansereau, A. Fontaine, and D. Barkauskas; and the Garvan Histology Core Facility
under A.Z.The MS proteomics research was facilitated by access to Sydney Mass Spectrometry,
a core research facility at the University of Sydney. C.V.is an employee of Galapagos BV. We
also would like to thank the staff of the ACRF INCITe Intravital Imaging Centre under
coleadership of T. G. Phan and P.T. We would also like to thank our consumers (J. Mumford,

R. Pesman, and D. Goulburn) for valuable input regarding this work. Funding: This study was
supported by the National Health and Medical Research Council (NHMRGC; 1136974, 1158590,
1160022, 1162556, 1188208, 2000937, 2003310, 2010330, 2012837, 2013881, 2016930,
2019139, 2019843, 2025606, 2027300, and 2028766), Australian Research Council (ARC),
Cancer Council NSW (RG 21-12 and RG 24-06), Cancer Institute NSW (CINSW; ECFO11, ECF012,
ECF1309, ECF1384, and TPG2100), Cancer Australia, Tour de Cure, St. Vincent’s Clinic
Foundation, Sydney Catalyst (the Translational Cancer Research Centre of Central Sydney and
Regional New South Wales), UNSW SPHERE, Perpetual (IPAP2022-0736), an Australian Cancer
Research Foundation (ACRF) infrastructure grant (INCITe Centre), and Suttons Family and Len
Ainsworth Foundation philanthropy. This work was made possible by Pankind Grants (formerly
known as the Avner Pancreatic Cancer Foundation Grants, R3-PT accelerator, PT.GIMR.16
accelerator, and R4-DH). C.R.C. and D.A.R. were supported by Baxter Family Scholarships. K.J.M.
(ECF1384), M.N. (ECF012), B.A.P. (ECF1309), and D.H. (ECF011) were supported by CINSW Early
Career Research Fellowships. D.R.C. was supported by a National Breast Cancer Foundation
(NBCF) Fellowship (IIRS-20-032). T.R.C. was supported by the NHMRC Career Development
Fellowship (1158590). H.H. was supported by a National Health and Medical Research Council
(NHMRC) Investigator Grant (2025606). P.T. was supported by the Len Ainsworth Fellowship in
Pancreatic Cancer Research and a National Health and Medical Research Council (NHMRC)
Fellowship and Investigator Grant (1136974 and 2016930). J.Z. was supported by a UNSW
SPHERE Cancer CAG PhD scholarship. M.Tr. was supported by a White Walker Cancer Research
PhD scholarship. S.R. was supported by a UNSW International PhD scholarship. L.D.G. was
supported by the Kinghorn Foundation. M.Pa. was the recipient of a Snow Medical Fellowship
(SF2020-79), an NHMRC Fellowship and Investigator Grant (1162556 and 2027300), and Philip
Hemstritch Pancreatic Cancer Fellowships. J.P.M. was supported by Cancer Research UK core
funding to the CRUK Scotland Institute (A17196 and A31287) and to the Morton lab (A29996).
Author contributions: Conceptualization: C.R.C, PS., BAP, LA, AMa, J.L.C, APGI, RJW.,,
RFE,TRC,T.C,AMJ, LC,AJG,MPa,D.C,HH., PT, and D.H. Methodology: C.R.C,, P.S., M.Tr.,
LA, AMa,AZ,MTa,ADS.,BC, CV, APGIl, G.D.M-N. Y-C.CS,T.C, AJG, JPM, MPa, HH.,
PT, and D.H. Software: C.R.C,, D.C.-F, PK,, T.R.C,, and M.Pi. Validation: CR.C, SW,, AEH., J.Z,

18 of 19



SCIENCE ADVANCES | RESEARCH ARTICLE

AMHT,NK,DAR,BAP, VL, MTr, PM, SR, YTHT, APGIl, GD.M-N, LZ,RFE, H-WS,,

AM.J, LC, AJG,HH,PT, and D.H. Formal analysis: C.R.C,, S.W.,
D.AR,B.AP, VL, MTr, PM, SR, AMa,D.C-F,LD.G, AR, YTH

AEH.,JZ,AMHT,NK,
,PK, APMA, L.Z,RFE, H-WS,,

PT, and D.H. Investigation: C.R.C,, SW., PS, AEH,J.Z, AMHT,NK, DAR, KJM., LM.C, BAP,
V.MT, V.L, MTr, PM,, LA, MN,, X.L.M,, S.R,, ACa., J.St, AMa, JLC,AZ, M.Ta, ADS,, RJ.L,AD.,
AR. ACo., M.D, APGI, APMA, J.Sa., AP, LZ,RFE, Y-CCS., H-WS., AJ.G, and D.H. Resources:
PS.,J).Z,D.AR,BAP, VL, MTr, JH,PM, S.O'C,AZ, MTa, ADS, LD.G, AR, A.Co, PK,CV,
APGI, D.R.C, J.Sa,, AMi, RJW., GDM.-N, RFE,TRC,Y-CCS., MPi, NW, TC, YW, AJG., JPM,
D.C, H.H, PT, and D.H. Data curation: L.D.G., A.Co,, PK., APGI, J.Sa., R.FE, N.W., and D.H.
Writing—original draft: C.R.C,, APGI, A.Mi., L.C., H.H., P.T, and D.H. Writing—review and editing:
CRC,SW,PS, J.Z,D.AR, M.Tr, APGI, D.R.C, AMi, RJW, TR.C, H-WS, AMJ, LC, TRJE,
AJ.G, JPM, M.Pa, HH., PT, and D.H. Visualization: C.R.C,, PS., M.Tr,, A.Ma,, LD.G., APGI, A.Mi.,
PT, and D.H. Supervision: C.R.C,, B.C,, APGI, DR.C, G.D.M-N, RFE,T.C, AMJ, LC,JPM, M.Pa.,
D.C,, H.H., PT, and D.H. Project administration: C.R.C,, B.C,, APGI, G.D.M-N., R.EE.,, AM.J, D.C,
PT.,, and D.H. Funding acquisition: K.J.M., B.A.P, M.N., APGI, L.C,, AJ.G,, JPM, D.C, H.H, PT, and

Chambers et al., Sci. Adv. 11, eadq4416 (2025)

12 March 2025

D.H. Competing interests: PT. receives reagents from Kadmon Inc., InxMed (consultant), Redx
Pharma, Equilibre Biopharmaceuticals, and Amplia Therapeutics. Under a licensing agreement
between Amplia Therapeutics and Garvan Institute of Medical Research, K.J.M., D.H., and PT.
(consultant) are entitled to milestone payments. C.V. is an employee of Galapagos BV. The
other authors declare that they have no competing interests. Data and materials
availability: All data needed to evaluate the conclusions in the paper are present in the paper
and/or the Supplementary Materials. Proteomic data have been deposited to the
ProteomeXchange consortium via the PRIDE partner repository with the dataset identifier
PXD058833. RNA-seq data have been deposited to the Gene Expression Omnibus (GEO) with
accession number GSE283652.

Submitted 28 May 2024
Accepted 29 January 2025
Published 12 March 2025
10.1126/sciadv.adq4416

190f 19



	Targeting the NPY/NPY1R signaling axis in mutant p53–dependent pancreatic cancer impairs metastasis
	INTRODUCTION
	RESULTS
	NPY expression is up-regulated in PC
	Conditional and whole-body knockout of Npy1r in the KPR172HC model reduces metastasis to the liver
	Pharmacological NPY1R inhibition reduces the motility of KPR172HC cells
	Pharmacological NPY1R inhibition reduces metastasis to the liver in vivo

	DISCUSSION
	MATERIALS AND METHODS
	Experimental design
	Statistical analysis
	Human ethics
	Animals
	Quantitative real-time polymerase chain reaction (Q-RT-PCR)
	Immunohistochemistry
	Picrosirius Red histological staining and transmitted and polarized light imaging and analysis
	RNAscope
	Expression analysis in OncoDB
	Survival studies with genetically engineered mice
	RNA-seq of KPR172HC tumors
	MS proteomics sample preparation
	DIA LC-MS/MS proteomics
	Cell culture
	Cell-derived matrices (CDMs)
	Intrasplenic injections

	Supplementary Materials
	The PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments


