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Abstract

Pancreatic cancer remains one of the most lethal forms of cancer, due in part to its ability to adapt to
stressful conditions such as a nutrieggprived microenvironment or chemotherapy. Here, we
investigated the role of the extracellular matrix (ECM)simpporting the growth of PDAC cells in
nutrient-deprived conditions. We found that the ECM supported PDAC cell proliferation under
nutrient deprivation. Our metabolomics analysis revealed that PDAC cells upregulated the Arginine
and proline metabolic pathay in the presence of Matrigel, coupled with a Matrigependent
increase in ASS1 expression, the #atdting enzyme in the de novo synthesis of Arginine.
Furthermore, Matrigedlependent mTORC1 activation was required for Matradgendent
proliferation of glucosedeprived PDAC cells. In contrast, Matrigel internalisation mediated Matrigel
dependent proliferation of glutamindeprived PDAC cells. We also investigated the effects of
MRTX1133, a KRAS G12D inhibitor, on PDAC cells and showed that MRBEX¥4$&483 significant
reduction in cell number and EdU incorporation in PDAC cells with the KRAS G12D mutation, with no
corresponding increase in cell death. Flow cytometry analysis confirmed that MRTiXddte®l cells

were in the quiescent GO phase of thell cycle, and dye retention assay revealed that MRTX1133
treated cells retained the dye compared to cells treated with the vehicle control, where proliferation
resulted in dye dilution. This suggests that MRTX4i&3ted cells are not dividing or arévitling at

a significantly slower rate than vehicle control. Importantly, upon MRTX1133 removal, cells resumed
proliferation, indicating that quiescence induced by MRTX1133 was reversible. Finally, metabolomics
FylFfeaAra &adkidadod Bf fatiykatd-telated metabolites were upregulated in MRTX1433
GNBFGSR OSftf ax & dz3d8datior of fatty &didSox dlvines Overklly ddiSstudyy
established that the ECM remodels PDAC cell metabolism to support their growth under nrutrient
limiting conditions, while KRAS inhibition induces a quiescent state in PDAC, potentially resulting in

treatment resistance and survival of PDAC cells.
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1 Introduction

1.1 Overview of Pancreatic Cancer

The pancreas is a vital organ located behind the stomach, close to the duodenum, spleen and hepatic
hilum (Valente et al., 2024). It is made up of two major components, the endocrine and exocrine
pancreas, both of which play distinct roles in the body. &héocrine pancreas consists of the islets

of Langerhans and regulates blood glucose homeostasis through the secretion of hormones, including
insulin, glucagon and somatostatin (Hu et al., 2025). On the other hand, the exocrine pancreas
facilitates digestn by secreting digestive enzymes such as amylase, lipase, and proteases, which
break down carbohydrates, lipids, and proteins (Hu et al., 2025). The exocrine pancreas is composed
of acinar and ductal cells. The acinar cells are the predominant cells @nttocrine pancreas and are
responsible for the synthesis and secretion of digestive enzymes (Valente et al., 2024; Hu et al., 2025).
In contrast, the ductal cells transport these enzymes to the duodenum and secrete them to neutralise

gastric acid and maiain an optimal pH for enzymatic digestion (Hu et al., 2025).

The abnormal growth of endocrine cells leads to Pancreatic Neuroendocrine Tumour (PNET). In
contrast, malignant transformation of exocrine cells results in either acinar cell carcinoma or
Pancreatic Ductal Adenocarcinoma (PDAC) (Lanfredini et al., 20&8)dig to the American Cancer
Society, PDAC accounts for approximately 90% of pancreatic cancer cases and has a poorer prognosis
than PNET and acinar cell carcinoma. Most PDAC cases originate in the head of the pancreas, with the
liver being the most comon site of metastasis, followed by the lungs and spleen in some cases (Hezel

et al., 2006). Some common risk factors for pancreatic cancer include age, smoking, type 2 diabetes,

family history, obesity, excessive alcohol consumption, and genetic mutdtihtalgo, 2010).

The latest statistics on pancreatic can¢&€able 1.1)from Cancer Research UK and the American
Cancer Society show that pancreatic cancer is fast becoming one of the leading causes of cancer death
in the UK and the USA. Unlike breast and prostate cancers, which havknawh and reliable
biomarkers for edy detection, there is a lack of dependable biomarkers for identifying pancreatic

cancer early.
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Table 1.1- Latest statistics of pancreatic cancer
The table shows some of the latest statistics in pancreatic cancer Worldwide, the UK and the USA.
Data from World Cancer Research Fund International (2025), Cancer Research UK (2025) and the SEER Program,
National Cancer Institute (2025). The table was generated using draw.io

5-YEAR SURVIVAL

INCIDENCE MORTALITY RATE PROJECTIONS
Worldwide 12th most common | 7th cause of cancer NA NA
cancer death
Incidence rate projected
; : 10th most common | 5th cause of cancer o to rise by about 5%
Lhited Bingdom cancer death Bak between 2023 and 2025
and 2038-2040
United States of 10th most common | 3rd cause of cancer Expected t'o becoms the
: 13.3% 2nd leading cause of
America cancer death

cancer death by 2030

Common biomarkers such as CA19.19, CEA, and CA125 are available; however, their lack of specificity

to pancreatic cancer and undetectable levels in some patients make them unreliable (Hidalgo, 2010;

Yu et al., 2025). Consequently, most patients are diagghasan advanced metastatic stage, with very

low chances of survival. Supporting this, the 2024 report by the National Pancreatic Cancer Audit

states that most individuals diagnosed with pancreatic cancer in England and Wales between 2020

and 2021 alreadad metastatic disease, with only about 10% surviving for one year after diagnosis.

Furthermore, according to the American Cancer Society, standard treatment methods such as surgery,

chemotherapy, and radiotherapy are largely ineffective for disdese survival, highlighting the

severity of the disease (Cancer facts & figures 2025).

1.1.1 Common mutations in PDAC
Pancreatic acinar cells show a marked degree of plasticity that allow them to undergotaethatal

metaplasia (ADM) in response to inflammation or injury (Marstr®adicé et al., 2023). ADM is a

cellular reprogramming process in which pancreatic aco®ls lose their differentiated state and

adopt ductallike characteristics. Under nammcogenic conditions, ADM is a reversible process that

enables regeneration of pancreatic acinar tissue following injury. However, upon persistent

inflammation and sushined oncogenic KRAS activation, ADM becomes irreversible and drives the

formation of pancreatic intraepithelial neoplasia (PanIN) followed by progression to P& (1.1)

(MarstrandDaucé et al., 2023; Aliar et al., 2026).
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COMMON GENETIC MUTATIONS IN PDAC PROGRESSION FROM ACINAR CELLS

Figure 1.1 - Genetic alterations driving the progression of pancreatic ductal adenocarcinoma (PDAC).

Under inflammatory conditions such as pancreatitis, acinar cells can undergo acinar-to-ductal metaplasia (ADM), a
reversible process in which acinar cells adopt a duct-like phenotype. However, in the presence of oncogenic KRAS
activation, ADM becomes stabilised and promotes the formation of precursor lesions of pancreatic intraepithelial
neoplasia (PanIN). Progressive accumulation of genetic alterations, including loss of CDKN2A, TP53, and SMAD4,
drives the transition from low-grade PanlIN lesions (PanIN1) to high-grade lesions (PanIN2 and PanIN3) and ultimately
to invasive PDAC. This model highlights the role of KRAS signalling in locking ADM into a neoplastic state and
illustrates the stepwise genetic evolution of PDAC from normal pancreatic cells. The figure was generated using
Biorender.com.

Activation of the KRAS oncogene, found in more than 90% of all PDAC cases, is a key driver mutation
in PDAC and is also necessary to maintain the progression of the di{staismok et al., 2023; Wei

et al., 2024) Among the KRAS mutations in PORIGure 1.2)the KRAS G12D mutation accounts for
about 42%, followed by G12V (32%), G12R (16%) and the less common G1@Ze{280al., 2024)

In addition to the KRAS mutation, inactivation of the tumour suppressor genes TP53, CDKNA and
SMAD4 is also seen inost PDAC casé€klidalgo, 2010Halbrook et al., 2023 Some less common
mutations are in DNA repair proteins, BRCA2, MSH2 and KHikiorani et al., 2005)

RAS is a small GTPase that switches between an inactivedeD® and an active GI#und form

via guanosine exchange factors (GEFs) and GHetsgating proteins (GAPs). GAPs promote RAS
GTPase activity, resulting in GTP hydrolysis, to switch RAS imacive GDMbound state, while
GEFs displace GDP from RAS to allow binding of GTP (Pantsaff-226)1.3).

In its active GTBound state, RAS activates downstream signalling pathways such as the Mitogen
Activated Protein Kinase/ Extracellular SigRebulated Kinase (MAPK/ERK) pathway, the
Phosphoinositide &inase/Protein Kinase B/Mammalian Target of RapamyBI3K/AKT/mTOR)
pathway and the Ral Guanine nucleotide Dissociation Stimulator (RalGDS)/Ral pathway. There are 3
RAS proteins: Kirsten rat sarcoma (KRAS), H&®%&/(HRAS) and NeuroblasteR#sS (NRAS), all of
which can be mutated in cancers, with KRABidgp¢he most commonly mutated RAS in all cancers,
including pancreatic cancéshi et al., 2026 The common KRAS mutations in PDAC are caused by a

point mutation on codon 12, which replaces the amino acid glycine with aspartate (G12D), arginine
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(G12R), valine (G12V) or cysteine (G12C). These mutations affect GTP hydrolysis, allowing a sustained
FOGAGIGAZ2Y 2F w! { Qd R@PesfétaNBI)Y AAIYIlIffAyT LINRGSA

A

Figure 1.2 - Structural visualisation of KRAS G12 mutation hotspots.

Ribbon diagram of human KRAS protein generated from the AlphaFold Protein Structure Database (UniProt P01116)
and visualised in UCSF ChimeraX. Functionally critical regions are highlighted: P-loop (residues 10-17, black)
coordinates GDP/GTP phosphates, Switch | (residues 30-40, blue), and Switch Il (residues 58-72, purple) undergo
conformational changes upon GTP binding and mediate interactions with downstream effector proteins. The G12
mutation site (red ) is the most frequently mutated position in KRAS-driven pancreatic cancer. (A) G12C mutation
(cysteine, ~1-2% of PDAC cases). (B) G12D mutation (aspartate, ~40-45% of PDAC cases). (C) G12V mutation (valine,
~30-35% of PDAC cases). (D) G12R mutation (arginine, ~15-20% of PDAC cases). Functional residue domain adapted
from Pantsar, 2020.

Given the vital role of KRAS in PDAC and other cancers like lung and colon cancers, several studies
have focused on effectively inhibiting KRAS, resulting in the recent development of MRTX849, a KRAS
G12C inhibitor. But, given the rarity of the KRAS Gl@@tion in PDAC, a more impactful discovery

came with the development of MRTX1133, a +wmmvalent, smaimolecule KRAS G12D inhibitor.
MRTX1133 has been reported to produce promising results in both PDAC in vivo and in vitro studies

(Wei et al., 2024)Following this is an even more recent development of-B&S inhibitors, such as
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RMGC7977 and RM®236, that inhibit the different isoforms of RAS as well as both thetyild and
mutant forms of RAS (Cregg et al., 2025).

@ INACTIVE

RAS-GDP
GAP

<‘

GEF
RAS-GTP

TS

| |
=
(erc ) (mor) ((Ral )

Figure 1.3 - Activation and Inactivation of RAS

RAS is bound to GDP in its inactive form and GTP in its active form. GTPase-activating protein (GAP) promotes RAS’s
intrinsic GTPase activity to hydrolyse GTP, allowing RAS to bind to GDP and making it inactive. Guanosine exchange
factor (GEF) displaces GDP from RAS and allows the binding of GTP to RAS, making it active. This activates its main
downstream effector pathways — the RAF/MEK/ERK pathway, PI3K/AKTmTOR pathway and the RalGDS pathway, all
implicated in cell differentiation, proliferation, migration and survival. The figure was generated using Biorender.com,
adapted from Hezel et al., 2006.

Furthermore, as a driver of progression of PDAC, mutated KRAS have also been found to play a role in
metabolic remodelling of PDAC cells, allowing them to upregulate different metabolic pathways,
nutrient transporters and nutrient scavenging mechanisme lkacropinocytosis to provide the
required nutrients needed to sustain their aberrant growth facilitated by KRAS et al., 2009Ying

et al., 2012;Jeong et al., 20)8Additionally, in PDAC, mutated KRAS has been shown to play a role in
remodelling the tumour microenvironment (TME) by driving changes that result in activation of
fibroblasts, immune cells recruitment and the expression of magirodelling enzymes suchs

MMP7, all of which contribute to the dense fibrotic TME of PDAC (Collins et al., 2012).

Interestingly, studies have found that the effects of different KRAS mutations on downstream
signalling and metabolic pathways, disease severity and patient prograrsigHobbs et al., 2020;

Ardalan et al., 2025). For example, using different PDAC cell lines, Hobbs and colleagues reported that
gKAES OSft tAySa ¢gAGK 020K DMHS5 YR DMH* Ydzil GA?2
the PI3KAKT signalling patvay and drive macropinocytosis in a Mi&pendent manner, G12R

Ydzi I yG OStft ftAySa INB AYLIANBR Ay UGKSANI FoAfAGE
the switch 1l domain, resulting in reduced PIBKT pathway activation. Despite thiS12Rmutant

PDAC cells maintain macropinocytosis through upregulation of KRARSLISY RSy i t Lo Y!
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representing a compensatory alternative mechanism. Consistently, siRNA knockdown of KRAS
reduced macropinocytosis in G12D and Gh@yant PDAC cell lines but not in Gh2Rtant lines,
confirming that macropinocytosis in GLaRutant PDAC operates independinof KRAS (Hobbs et

al., 2020)

Furthermore, Ardalan et al, analysed the molecular distinctions between patients with-@ugided

tumours and those with G12Rutated tumours and reported that patients with G12R mutations had
significantly better overall survival than those with G12D ations. They found that patients with
G12Dmutated tumours displayed higher expression of genes involved in glucose metabolism,
including Solute Carrier Family 2 Member 1 (SLC2A1), Lactate Dehydrogenase A (LDHA) and glutamine
metabolism including GlutamiOxaloacetic Transaminase 1 and 2 (GOT1 and GOT2) compared to
G12Rmutated tumours. Their gene set enrichment analysis further indicated a trending enrichment

of PIBK/AKT/mTOR pathway gene expression in G12D compared to G12R tumours, collectively
suggestingyreater metabolic activity in G12mutated PDAC (Ardalan et al., 2025). Altogether, these
findings demonstrate that KRAS variants are not functionally interchangeable and highlight the
importance of KRAS mutatiespecific stratification when considerinfgerapeutic vulnerabilities and

clinical management in PDAC.

1.2 The Tumour Microenvironment of PDAC

The TME is the natural environment of the tumour. It comprises cellular components such as immune
cells, blood vessels, fibroblasts, and an acellular component, the extracellular matrix (ECM). The PDAC
TME is characterised by altered and excessive ECMsiigpg resulting in a dense fibrotic stroma,

also called desmoplasia, which creates an environment conducive to cancer cell sustained
proliferation and survivgMahadevan and Von Hoff, 200Fapalazarou et al., 202Gjlence, it is vital

to understand the roles of the PDAC ECM and its contribution to pancreatic cancer severity.

1.2.1 Role of the ECM in PDAC

The PDAC TME is characterised by the accumulation of ECM components such aslcotiéiggan

I, collagerAV, laminin and fibronectinT@ble 1.2) with collagens being the most abundant ECM in
PDAC. The ECM comes in two forrte interstitial matrix (mainly composed of collagens |, I, V and
fibronectin), which provides structural support to tissues and organs and supports cell differentiation
and migration (Winkler et al., 2020), and the basement membrane (BM), mainly consisting of collagen
IV, laminins, nidogen and perlecan, that separates epithelial organs from the interstitial matrix and aid
in cell differentiation and tissue repaiZlfou et al., 2022)Among the BM components, laminins have

been linked to early embryonic development and formation of BMs, colldges responsible for
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maintaining the structural integrity of the BM and acts as a scaffold to aid the binding of other BM

proteins, perlecan aids in the formation of muscular tissue, while nidogen aids in the stabilisation of

the BM ghou et al., 2022)

ECM proteins bind to the cell surface receptors, including integrins, discoidin domain receptors (DDRS)
and CD44, mediating cellular processes such as cell proliferation, migration and apoptosis (Winkler et
al., 2020; Huang et al., 2021). Different ECMepears have been implicated in various cancers (Sipos

I f ®X HAHMO® C2NICSIEl YLI

Si |f oz

overexpressed in pancreatic cancer, and it was found to promote both cell proliferationetadtasis

and could represent a bad prognostic indicator in PDAC (Sipos et al., 2004, Li et al., 2016). Similarly,
high expression of Discoiddomain receptor 1 (DDR1), a collagginding receptor tyrosine kinase

that mediates cetlextracellular matrix signalling toegulate processes such as cell adhesion,

migration, proliferation, differentiation and survival (Huo et al., 2015; Chen et al., 2021), has been

HAannT | dzrq y3 Si

t

implicated in pancreatic cancer (Huo et al., 2015). A 2015 study by Huo and colleagues on the roles of

DDRs in BAC revealed that expression of DDR1 at both the mRNA and protein levels was significantly
higher in the tissue specimens of pancreatic cancer patients compared ttunuur tissues. They
also highlighted its role as a poor prognostic indicator in parireancer; however, the molecular

mechanism behind its role in pancreatic cancer was not described in this study (Huo et al., 2015).

Table 1.2 - ECM proteins and their roles in Cancer

The table shows some ECM proteins that have been implicated in pancreatic cancer. The table was generated using

draw.io
ECM PROTEINS ROLE IN CANCER CANCER REPORTED REFERENCES
Promotes Tumorigenesis Breast cancer
Promotes Metastasis Pancreatic cancer
Promotes cancer drug resistance Prostate cancer Barkan et al., 2010
Collagen-I Reactivation of dormant breast cancer cells Lung cancer Miyamoto et al., 2004
Promotes cancer drug resistance
Promotes cell proliferation and metastasis Breast Cancer
Collagen-IV Promotes liver r in different tumours Pancreatic Cancer Miyamoto et al., 2004
Reactivation of dormant breast cancer cells
Promotes cancer drug resistance
Survival and migration of tumour cells |Breast Cancer Barkan et al., 2010
Fibronectin Maintain cells in a state of dormancy Pancreatic Cancer Miyamoto et al., 2004
Laminin-332 Promotes cell proliferation, migration and invasion Pancreatic cancer Huang and Cheng, 2021
Hyaluronic acid Promotes chemotherapy resistance and metastatic relap: Pancreatic cancer Provenzano et al., 2012
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Additionally, a study by Miyamoto and colleagues found a positive correlation between expression of
ECM proteins such as collageeollageAV and fibronectin, increased cell proliferation and resistance

to anti-cancer agents in human PDAC cell liiMiyamoto et al., 2004)Also, ECM proteins have been
proposed to be a marker of relapse and poor survival in pancreatic cé€@bemd et al., 2009)n this

study, Ohlund and colleagues first investigated whether type IV collagen in pancreatic tumours
originates only from stromal cells or cancer cells themselves. Using two pancreatic cancer cell lines,
HPAC and CFPACtheir Western blotting analysf both cell lysate and conditioned media revealed
that collagerL + & dzodzy At &a o6hm FyR huwo gSNB &aiNRy3Ite SEL
suggesting that the cells express and secrete colldgesubsequently, they measured the levels of
ciraulating collagedV in pancreatic cancer patients and healthy controls via ELISA. Before surgery,
they saw a significantly higher concentration of collafjéiin pancreatic cancer patients compared to
controls, which they hypothesised to be a result of reduction and secretion of collagdi by
pancreatic cancer cells. Next, they found a consistently high level of colldgarsome pancreatic
cancer patients after surgery. They saw that higher levels of colBgemstsurgery are directly
proportional to a higher chance of relapse and low survi@ilund et al., 2009)Their study further
highlights the contribution of ECM proteins to the severity of PDAC, making it a viable target for

effective treatment.

1.2.2 ECM Remodelling in PDAC

A hallmark of PDAC is its highly desmoplastic TME, which is characterised by a complex network of
Cancer Associated Fibroblasts (CAFs), immune cells, and ECM components that collectively promote
tumour progression and therapeutic resistance (Halbrook .e28R23). In PDAC, the ECM is constantly
remodelled by cancer cells, CAFs, and immune cells to drive sustained cell proliferation and survival
(Prakash and Shaked, 2024). ECM remodelling is a process characterised by a change in the
composition, abundancestructure and organisation of the ECM, all of which alter cell behaviour
(Winkler et al., 2020). Two of the most characterised mechanisms of ECM remodelling are ECM

deposition and ECM degradation (Winkler et al., 2020)

1.2.2.1ECM Deposition

Excessive ECM deposition alters the abundance and composition of the ECM and contributes to its
dense fibrotic stroma. The dense stroma is enriched with collagens (I, Ill and 1V), laminins, hyaluronic
acid and fibronectin (Ferrara et al., 2021). In PDASTh bancerassociated fibroblasts (CAFs) and
pancreatic stellate cells (PSCs) play a vital role in ECM dep@Bitiaaz et al., 2021; Yang et al., 20R3a
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Figure 1.4 — ECM remodelling during progression from healthy pancreas to PDAC

In the healthy pancreas (A), the extracellular matrix (ECM) is maintained at low density, supporting normal tissue
architecture and function. During PDAC development (B), growth factors including TGF-B and PDGF drive the
activation of quiescent PSCs into CAFs, which subsequently secrete abundant ECM components. This subsequently
results in the formation of a dense desmoplastic stroma characterized by abundant ECM deposition, creating a
tumour microenvironment that promotes disease progression and limits therapeutic access. The figure was generated
using BioRender.com.

PSCs and CAFs are activated by growth factors such as pthteletd growth factors (PDGFs),
FAONROf I &ald 3INBgOK FFOG2NR 6CDCa0 FyR GNIyaT2NYAy
and PSCs secrete large quantities of ECM componetdal§o, 201Q)driving the desmoplastic

reaction that remodels the TME of PDAC. This excessive ECM accumulation increases tissue stiffness,
reduces vasculature, impedes drug delivery (Mahadevan and Von Hoff, 2007), and enhances tumour

progression, metastasis, and swaf (Papalazarou et al., 202@igure 1.4)

1.2.2.2ECM Degradation
ECM degradation is the process of breaking down ECM components. The two main mechanisms of
ECM degradation identified are extracellular degradation by proteases and intracellular lysosomal

degradation following ECM internalisation (Rainero, 2016).

For extracellular degradation, the ECM is broken down by specific proteases such as Matrix
metalloproteinases (MMPs), A disintegrin and metalloproteinase with thrombospondin motifs
(ADAMTS), as well as serine and cysteine proteases (Winkler et al., M02P3, one of the most
studied ECM degradation enzymes, are a family of zinc and catidpendent proteolytic enzymes
responsible for the breakdown of ECM proteins. They are classified into collagenases, gelatinases,
stromelysins, matrilysins, membrafmund MMPs and others based on their enzymatic function
(Table 1.3)(Murphy and Nagase, 2008). Studies have found that MMPs and-tifldraded ECM
proteins are differentially expressed in pancreatic cancer patients and healthy patients. For example,
Willumsen et al reported a-fold increase in the levels of MMiRegraded ctlagens |, Ill and IV in the

serum of pancreatic cancer patients compared to the healthy control group (Willumsen et al., 2013).
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Table 1.3 - MMPs and their roles in ECM degradation
Adapted from Murphy and Nagase, 2008 and Alipour et al., 2016. The table was generated using draw.io

MMPs TYPES SUBSTRATES
Collcienases MMP-1, MMP-8, MMP-13, |Collagens I, Il, II, IV, VIII, X, fibronectin,
9 MMP-18 osteonectin
Gelatinases MMP-2, MMP-9 Collagens IV, V, XI, fibronectin,

osteonectin, elastin, laminin

MMP-3, MMP-10, MMP-11,

Stromelysins Collagens lll, IV, V, IX, osteonectin

MMP-17
Matrilysins MMP-7, MMP-26 Collagens |V, X, laminin, fibronectin,
proteoglycans
Membrane-bound MMP-14, MMP-15, MMP-16, | Collagens I, II, Ill, fibronectin, laminin,
MMPs MMP-17, MMP-24, MMP-25 proteoglycan, vitronectin

Furthermore, various studies have highlighted the tumptemoting roles of different MMPs in
PDAC. An early work on the roles of MMPs in pancreatic can&dlelnyiederand colleagues revealed

that MMP-2 was highly expressed in pancreatic cancer tissues compared to the normal pancreas.
Furthermore, they found that MMR was highly expressed in PDAC cell lines, PANT IMIMPC1,

and these cell lines had higher invasalglity than PDAC cell lines that have low or minimal MMP

activity, highlighting the correlation between MMPs and invasion in RiEA&hrieder et al., 2000

1.2.3 ECM Internalisation and Lysosomal Degradation

ECM internalisation and lysosomal degradation is a process whereby cells take up ECM components
via phagocytosis or different endocytic processes (Rainero, 2016), such as macropinocytosis, clathrin
mediated endocytosis or caveolaeediated endocytosigFigure 1.5) followed by delivery into the
lysosome for lysosomal degradation. In the lysosome, 4i@sind extracellular components such as the
internalised ECM proteins are broken down and recycled to yield metabolites for use in cellular
metabolism to fuelthe tricarboxylic acid (TCA) cycle, biosynthesis of other lipids, nucleotides and

proteins, as well as activation of mTORCL1 (Lawrence and Zoncu, 2019; Miao et al., 2020).
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Figure 1.5 — Overview of Endocytic pathways associated with ECM internalisation and their pharmacological
inhibitors

(A) Macropinocytosis, an actin-mediated endocytic process, is inhibited by EIPA. (B, C) Both clathrin- and caveolae-
mediated endocytosis require the small GTPase dynamin, which is inhibited by dynasor. Filipin inhibits lipid-raft
mediated endocytosis, including but not limited to caveolae-dependent. Created with Canva and Biorender.com

The first step in ECM internalisation is the recognition and attachment of cells to ECM components
through ECM receptors such as integrins and Discoidin Domain Receptors (DDRs), followed by
internalisation via endocytic processes (Sprangers and Evert8).2d@tieed, ECM receptors such as

hHim AYGSANAYI 9yR2083GAO0 NBOSLII2NI myn O69yR2mMynov
clathrindependent collagen internalisation, and caveoetEpendent fibronectininternalisation

(Rainero, 2016). Furthermoré, NBX OSy (i aiddzReé Ay 2dzNJ € 6 NBLIRZ2NISR
ECM internalisation, facilitating invasion and migration of breast and pancreatic cancer cells (Martinez

et al., 2024). Mechanistically, they found that in MBDIB-231 cells, disruption® i m A Y G SINRY A
1Yy201R26y NBRdAzZOSR al GNARISE AYOGSNYFEAALGA2Y S |y
pharmacological inhibitor) reduced collagerand Cefderived matrices (CDM) internalisation.

{AYAfT I NI &z (KSe& T2 dzhRyBITRA3Iredicgdnfigiation df gaglcredti#cancer Ay (1 S
OSfttaz O2y FANNAY 3T G KS ¢medaiedzENSiMeEndlisatiod Tor canedr mell A y (S :
invasion (Martinez et al., 2024). Moreover, ECM internalisation is reported to be upregulated and
facilitates the survival of PDAC, colorectal cancer, lung cancer and breast cancer cells, especially in
nutrient-limited conditions (Olivares et al., 2017; Hsu et al., 2022; Nazemi et al., 2024; Martinez et al.,

2024).

Additionally, lysosomal degradation enzymes are upregulated in cancer. Quinf2ieitla and
colleagues reported that Cathepsin K (CatK), a lysosomal cysteine protease that degrades collagens in
the lysosomes, is upregulated in melanoma cells to suppoflagen degradation following
internalisation, thereby enhancing invasion and metastasis (Quintdbidlek et al., 2008). Western

blot analysis revealed that melanoma cell lines (MM, LIBR, and MeWo) strongly expressed the
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active form of CatK, whereas primary melanocytes did not. Furthermore, using Oregort/@bedad
collagenlV, the authors found that melanoma cell lines (MW and MeWo) internalised collagév,

which subsequently colocalised with LAMPL1 (lysosasspcited membrane protein 1), indicating
lysosomal localisation. Also, inhibition of CatK led to a twofold increase in the number of cells
containing detectable internalised collagé¥, indicating that inhibition of CatK blocked collagen

degradation and incr@sed its detectability (QuintaniHRieck et al., 2008).

1.3 Nutrient Deprivation

All cells (normal and cancerous) require an optimal amount of nutrients such as glucose and essential
amino acids to maintain their growth and ensure their survival. Indeed, most cells are committed to
progress through the cell cycle only with availablariemts and growth factors. Moreover, cancer

cells are more susceptible to nutrient deprivation due to their uncontrollable growth and largely
hypovascular microenvironment that limits the transport of oxygen and nutrients (especially in solid
tumours). Asa result, most cancer cells do not survive in a nutrs@rved state and succumb to
apoptosis, while some have been found to survive in a quiescent gfEdezi et al., 2016)
Unfortunately, some cancer cells have found ways to retain their ability to thrive and continue cell
proliferation under nutrientlimiting conditions(Figure 1.6) As a result, recent work in cancer
metabolism has focused on understanding how these cells survive in nutiégmived conditions,

intending to target their various survival pathways.

1.3.1 Tumour cell Quiescence

Tumour dormancy is a clinically observed stage in cancer progression in which residual disease persists
but remains asymptomatic, with cancer patients capable of developing recurrent metastatic disease
following latency periods ranging from years to decad@guirreGhiso, 2007). Studies have shown

that ERKMAPK) activity is a determinant of tumour growth and dormancy and that the balance
between ERK and p38 MAPK signalling determines whether cancer cells proliferate or enter dormancy
(AguirreGhiso et al.2003). Using breast, prostate, melanoma, and fibrosarcoma cell lines, the authors
demonstrated that the ERK/p38 activity ratio predicted in vivo behaviour in approximately 90% of cell
lines tested, with a high ERK/p38 ratio favouring tumour growth antiferation and a high p38/ERK

ratio inducing tumour growth arrest and dormancy in vivo (Aguitaso et al., 2003). Importantly,

the authors show that modulating the ERK/p38 ratio can switch tumour cells between proliferative
and dormant states, suggestjnthat this signalling balance is a key determinant of metastatic

behaviour and a potential therapeutic target.
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Figure 1.6 - PDAC cell fate under nutrient deprivation.

Nutrient deprivation in PDAC arises due to uncontrolled cell proliferation, a dense desmoplastic stroma, a
hypovascular tumour microenvironment, and pharmacological inhibition of metabolic pathways. In response to
nutrient deprivation, PDAC cells can undergo one of three fates: cell death, quiescence, or survival. Cells that survive
nutrient deprivation do so by employing adaptive strategies, including autophagy, macropinocytosis, integrin-
mediated extracellular protein scavenging, upregulation of metabolic pathways, and activation of stress response
pathways. The figure was generated using Biorender.com.

Tumour dormancy can arise through at least three distinct mechanisms. The first and most important
to this thesis is cell dormancy/quiescence, which describes a state in which individual cells enter GO
arrest or a quiescent state. Next is angiogenic dorayanwherein micrometastatic lesions fail to
expand due to insufficient vascularisation, and immunediated dormancy, a state in which anti

tumour immune surveillance constrains tumour outgrowth (AguiBiaiso, 2007).

Cells have been found to enter a reversible quiescent state as an adaptive response to unfavourable
microenvironmental conditions, including nutrient deprivation, growth factor withdrawal, and
oxidative stress imposed by chemotherapeutic agents (Nik Malail., 2021). These quiescent cells

are not responsive to chemotherapeutic agents as they are-profiferative, and most cytotoxic
therapies preferentially target actively dividing cells. However, they retain their capesific
mutations and can renter the cell cycle upon exposure to appropriate reactivation signals and cause
cancer relapsgFigure 1.7) Some common markers of quiescent cells are upregulation of ¢yclin
dependent kinase inhibitors, such as p21 and{§27ack of kb7 (a marker of cell proliferation found

in all phases of the cell cycle except GO0), inactivation of mMTORCL1 and activation of autbpbgaly,

2019)
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Furthermore, nutrient deprivation has been widely implicated as a driver of tumour cell quiescence.
To study the contributions of nutrient deprivation to the formation of quiescent tumour cells, White

et al found that upon serum deprivation, prostate cancell lines were insensitive to,E-induced
oxidative stress compared to their serumplete counterparts. In addition, they observed a
proliferation arrest, cell cycle arrest, lack of apoptotic phenotype, rounder and flatter phenotype, a
lack of pRB andccumulation of p2¥in the nucleus, all indicators of a quiescent statéhite et al.,

2020)

Furthermore, Ortmayr and Zampieri found that exposing ovarian, lung or colon cancer cells to
glutaminefree conditions resulted in a population of cells where at least 40% of the cells were in the
GO phase of the cell cycle, suggesting that nutrient siyaroay actively drive cancer cells into a
guiescent state (Ortmayr and Zampieri, 2022). Another study by Li and colleagues demostrated that
serumstarved nucleus pulposus stem cells (NPSCs) adopted a quiescent phenotype marked by
reduced ki67, accumulatin of p27'*! as well as flow cytometrgased confirmation of a GO phase.
Additionally, they found that upon supplementation with serum, the cells became reactivated and
could differentiate, indicating that the quiescent state was revergbiet al., 2019)This reversibility

is of relevanceas it suggests that nutriesdeprived cancer cells may similarly enter a protective
guiescent state that allows loAgrm survival, with the potential to reactivate upon restoration of a

nutrient-replete microenvironment, contributing to disease recurrenc

In addition to nutrient deprivation, downregulation of the KRAS oncogene in-HiRA&SR cells has

been found to result in the formation of cells with quiescent features such as lack of proliferation, lack

of apoptosis and ability to resume proliferation aup re-expression of KRAiale et al., 2014;
Rajbhandari et al., 2017Also, some ECM proteins are associated with the formation and reactivation

of quiescent tumour cell§Barkan et al., 201Mi Martino et al., 2022. Using both in vivo and in vitro
models of human head and neck squamous cell carcinoma (HNSCC), Di Martino and colleagues found
that collagenlll induced the formation of quiescent tumour cells, and it was required for the cells to

maintain their quiescenproperties(Di Martino et al., 2022)

Conclusively, understanding the changes in cancer cells that enable them to go from a proliferative to
a quiescent state and become reactivated to return to a proliferative state is crucial, since this could

be the key to preventing cancer relapse and ns¢dais.
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Figure 1.7 - Tumour quiescence

Quiescent tumour cells can temporarily exit the cell cycle because of stressful conditions or assault from
chemotherapeutic agents. They can re-enter the cell cycle in the presence of appropriate triggers to become
reactivated to rapidly proliferating cells. The figure was generated using Biorender.com

1.3.1.1Targeting quiescent tumour cells
The latest advances in targeting quiescent tumour cells have focused on three main approaches:

guiescent cell reactivation, maintenance of the quiescent state, and targeting quiescent cells.

The goal of stimulating quiescent tumour cells with proliferative signals is to reactivate them into
rapidly proliferating cells, making them sensitive to chemotherapeutic agents. However, one
drawback of this approach is that the cells might have acquicede adaptive features while in their
quiescent state that would make them less sensitive to chemotherapeutic agents, even in their
proliferative states. This would result in uncontrollable and -+temgetable tumours that could

progress faster into overnetastasis.

The second approach focuses on maintaining tumour cells in a quiescent state and preventing their
reactivation ability to become rapidly proliferative. This approach was demonstrated in a study by Di
Martino and colleagues. Using both in vivo and in vittodels of head and neck squamous cell
carcinoma (HNSCC), they found that not only does collig@rduce a quiescent phenotype in these
cells, but tumoutderived collagedll is also required to maintain the cells in a quiescent state via its
interaction with DDR1, a collagen receptor. Importantly, they observed that a disruption of the
interaction between collagetil and its receptor, DDR1, resulted in the reactivation of the cells,
leading to renewed proliferatiofDi Martino et al., 2022)These findings highlight the therapeutic

potential of collagedll in maintaining cells in a dormant state to prevent reactivation and cancer
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relapse. Again, in theory, this could be a viable option; however, due to the evolutionary nature of
cancer and the fact that the cells in a quiescent state still have the genetic properties of cancer,
keeping the cells in a quiescent state may not beltbst option, as there will always be the possibility

of reactivation.

The last and arguably the most viable option is to target and kill quiescent cells in their quiescent state.

This approach eliminates the possibility of reactivating cell proliferation and eventual relapse arising

from the other two methods. Indeed, reseders have amplified efforts into this approach. A work

f SR 608 hNIYI&@N I yR %I YL S Naxidatidd $1yhé suivikaSoRquidskefit NP f S ?
lung and breast cancer tumour cells, and they found that disrupting this metabolic pathwatyseshsi

guiescent cells to apoptosis (Ortmayr and Zampieri, 2022).

Also, a recent study led by Dwyer demonstrated that inhibiting autophagy resulted in dormant
mammary tumour cell death in vivo (Dwyer et al., 2024). Using a known doxyeycliumgble HER2
driven mouse model that recapitulates minimal residual diseasendocy and recurrence as seen in
human breast cancer, they showed that withdrawal of doxycycline (and thus HER2 downregulation)
produced a quiescent population of residual tumour cells. Their microscopy data revealed an
increased expression of GERged ight Chain 3 (LC3) in the quiescent models compared to the
actively growing models, indicating increased autophagy upon quiescence. Interestingly, treatment
with chloroquine (an autophagy inhibitor), 3 weeks after HER2 downregulation (to ensure the
formation of a quiescent population), resulted in a 38% reduction in quiescent cells compared to the
vehicle control. Their findings indicate that autophagy is required for the survival of the quiescent
population (Dwyer et al., 2024). This highlights the potnbenefits of combining autophagy
inhibitors with standard breast cancer therapies to reduce the burden of quiescent tumour cells and

the chances of tumour relapse.

In conclusion, understanding the mechanism of action behind the formation and reactivation of
guiescent tumour cells to either prevent their formation or target and kill these cells would be a
breakthrough in cancer therapy. Furthermore, identifying theietabolic requirements, nutrient
sources, and survival mechanisms while in the quiescent state and targeting these means of survival

would be an effective approach to kill these cells before they become reactivated.

1.3.2 How do PDAC cells survive in a nutriestéprived microenvironment?

PDAC tumours are poorly vascularised, resulting in insufficient availability of nutrients and oxygen

required for survival. They are known to survive and thrive in an environment deprived of nutrients
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that should ideally be unfavourable for their survival (Izuishi et al., 2000). In their study, lzuishi and
colleagues reported that normal human fibroblasts died after 24 hours of culture in sieegnmedia,
glucosefree media or amino acitee media. Incontrast, they demonstrated that upon exposing
human PDAC cell lines (PANCAsP€l, BxPE and KFB) to similar nutrientdeprived conditions,

more than half of the cell population survived 48 hours pstsirvation (lzuishi et al., 2000),

highlighting tre ability of PDAC cells to withstand stressful nutristairved conditions.

Understanding the molecular mechanisms behind nutrient starvation adaptation will be vital to
improving the treatment of pancreatic cancer. Indeed, one of the hallmarks of-HRA&S® tumours

like PDAC is their ability to scavenge the extracellular madsctal match their rapid proliferation
needs in nutriervdeprived environmentgKamphorst et al., 20135everal studies have highlighted
macropinocytosiglependent uptake of extracellular proteins, autophagy, metabolic plasticity,
increased expression of nutrient transporters and integriadiated scavenging of ECM proteins as
the main ways through which DFAC cells acquire nutrients to support their continuous cell
proliferation and survivalFigure 1.6YYun et al., 2009Guo et al., 2011Jeong et al., 201&inicle et

al., 2018.

1.3.2.1Macropinocytosis

Macropinocytosis(Figure 1.8)is an endocytic process involving the uptake of large extracellular
proteins/fluids through vesicles called macropinosomes. This is followed by macropinosome fusion
with lysosomes and lysosomal enzymes' degradation of the proteins, before the finakrefessino

acids and sugars into the cytogfinicle et al., 2018)arious studies have reported that PDAC cells
take up extracellular proteins via macropinocyto&®mmisso et al., 201&amphorst et al., 2015)
Kamphorstand colleagues assessed the internalisation of tetramethylrhodaimimgugated dextran
(TMRdextran, a known marker of macropinocytosis) by human PDAC cells. Using fluorescent
microscopy, they found significantly higher Tid&tranpositive macropinosomesm human PDAC
tissues incubated with TMBextran than in normal tissues. Further in the study, using KPC cells
harvested from KRAS Gl2iutated mouse model, they found that PDAC cells deprived of leucine
did not survive past day 3, however, when the £&lkere supplemented with Bovine Serum Albumin
(BSA), even without leucine, the cells continued to proliferate rapidly, demonstrating that the cells

sustained proliferation by scavenging extracellular proteifeniphorst et al., 2015)

Furthermore, mutant KRAS has been reported to upregulate macropinocytosis, especially in nutrient
starved conditiongJeong et al., 2038 To confirm the roles of activated KRAS in macropinocytosis,

the Commisso lab assessed the ability of human PDAC cell lines, Mi2&, Pa@muring a KRAS G12C
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mutation, and wildtype KRAS BxFC to internalise TMRlextran. They found that MIA PaQacells

showed a significantly higher uptake of TM&«tran than BxPG cells. To further confirm the role of
macropinocytosis in this uptake, upon addition efNeethyl-N-isopropyl)amiloride (EIPA), a known
macropinocytosis inhibitor, there was a dedependent reduction in the uptake of TMEextran
(Commisso et al., 20).3Additionally, using a similar technique, Jeong et al found that both pancreatic
and lung cancer cell lines expressing mutant KRAS upregulate macropinocytosis as evidenced by a
higher uptake of TMRextran compared to their corresponding wilgpe cell ines (Jeong et al.,

2018).

Uptake of extracellular
proteins via the
macropinosomes

Transport into the
lysosomes

~~ Digestion by lysosomal
enzymes

Release into the cytosol

Figure 1.8 - Macropinocytosis

In macropinocytosis, extracellular proteins are internalised into the macropinosomes. Upon fusion with lysosomes,
the internalised proteins are digested by lysosomal enzymes, releasing amino acids and sugar into the cytosol. The
figure was generated using Biorender.com

Finally, to demonstrate the roles of macropinocytosis in nutrient uptake and breakdown in nutrient
starved PDAC cells, Olivares et al studied the roles of macropinocytosis in the uptake and breakdown
of collagenl and IV in glucose and glutamideprived BAC cells. Using Bf@orescein collagehand

IV (which shows fluorescence following protein breakdown), they found that inhibiting
macropinocytosis resulted in reduced uptake and breakdown of collagens | and 1V in glapased

PDAC cells, suggestitltat macropinocytosis plays a role in the uptake and breakdown of collagens |
and IV in a glucoseeprived environment. However, they did not see similar effects under glutamine
starvation, suggesting that other pathways might be involved in matrix upbakidis condition

(Olivares et al., 2017).
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The highlighted studies suggest that understanding the molecular mechanisms behind the
macropinocytic uptake of nutrients is vital to developing novel-aaticer treatments, especially in

the context of KRA8ependent and nutrientleprived PDAC cells.

1.3.2.2Autophagy

Autophagy is another nutrieatcavenging mechanism cancer cells employ to meet their energy
demands. It is a process where cells break down their cellular components, especially in xutrient
limiting conditions or hypoxia, to obtain nutrients to maintaireth metabolic needgLevine and

Kroemer, 2008)

Autophagy is initiated when the cell senses nutrient deprivation or hypoxia. This initial stage of this
process is regulated by the Mammalian target of rapamycin complex 1 (mTORCxcthMEed

protein kinase (AMPK) and the Uhg-like kinase (ULK) familULK1, ULK2, Autophagy related gene

13 (ATG13) and ATG101). Upon mTORC1 activation, ULK1 is phosphorylated, which inactivates its
kinase activity, preventing autophagy initiation. On the other hand, AMPK is activated during low
energy or lowglucose conitions and activates the kinase activity of ULK1, initiating autophagy. Upon
activation of the ULK family, autophagosome formation is triggered to allow the engulfment of
macromolecules or damaged cellular organelles from the cytosol in a process regukitéd by the

Light Chain 3 (LC3) protein. This is followed by fusion of the autophagosome with the lysosome, called
an autolysosome, and degradation of the engulfed substances into amino acids by lysosomal enzymes

(Parzych and Klionsky, 2013; Sneeggeal.e2020).

While autophagy is primarily believed to be activated under nutrient starvation, PDAC cells have been
shown to have a high basal level of autophagy in nutrieptete conditions compared to normal
pancreatic cellsang et al., 2011)in their study, Yang et al assessed the degree of autophagy
activation in breast cancer cell lines (MCF7), lung cancer cell lines (H460), normal pancreatic cells and
PDAC cells based on the recruitment of &gged LC3 (GHEC3) into the autophagosomes.
Interestingly, their data revealed that although the cells were cultured in nutrieplete conditions,

all the PDAC cell lines tested had a higher recruitment ofl@FRhan the normal pancreatic cells or
breast and lung cancer cells, indicating theartance of autophagy in PDAC. Additionally, they saw
that upon chloroquine treatment (which inhibits autophagy by blocking lysosomal degradation of the
autophagosomg therewas a reduction in PDAC cell growth. At the same time, there was little or no
reduction in the proliferation of MCF7 and H460, both of which had a low level of autoptiagy ét

al., 2011) This led them to conclude that autophagy was required for PDAC cell proliferation even in

nutrient-replete conditions.

37



Furthermore, autophagy has been shown to support the maintenance of quiescent cells (Valcourt et
al., 2012). In a study examining the effects of serum starvation on nucleus pulposus stem cells (NPSCs),
Li et al found that induction of quiescence was assed with increased expression of the autophagy
marker LC3II/1, as detected by Western blot. Inhibition of autophagy using chloroquine caused serum
starved cells to revert to a proliferative phenotype, characterised by decreasetft#wl increased

Ki67 expression (Li et al., 2019). These findings suggest that autophagy is also important for

maintaining the quiescent state, rather than being strictly required for cell survival.

1.3.3 Mammalian Target of Rapamycin Complex 1 (mTORC1)

Mammalian target of rapamycin (MTOR) is a serine/threonine protein kinase that is divided into two
complexes- Mammalian target of rapamycin complex 1 (mMTORC1) and Mammalian target of
rapamycin complex 2 (mTORC?2). The main difference between mTORC1 d&@2rig@heir sensors.
MTORC1 senses stress, nutrients (amino acids such as arginine and lysine, and glucose), oxygen
availability and growth factors, while mTORC2 is found to be nutiesensitive (Guertin and
Sabatini, 2007)Hence, mTORC1 has been the focus of nutdeptivation studies.

Mechanistically, in the presence of amino acids and growth factors, mTQ@R@Qire 1.9)is

translocated from the cytoplasm to the lysosome, where it is activated byb@liRrd Rheb (Ras

homolog enriched in the brain). This is followed by the recruitnwr kinase 1 (S6K1) and-BE1

by a regulatory protein associated with mTOR (RAPTOR). Once activated, mTORC1 phosphorylates
S6K1, which in turn phosphorylates the ribosomal protein S6. This prompts the synthesis of ribosomal
proteins by enhancing the tranglaAh 2y 2 F p GSNXYAYIlIE 2f A3I2LRNAYARAY
promote protein synthesis (BeBahra and Manning, 2017; Mehta et al., 2024).

Concurrently, upon activation, mTORC1 phosphorylateBRE 4EBP1 is a member of the elF4E
binding protein family with both tumousupporting and tumouinhibiting roles. To inhibit cell
proliferation, 4EBP1 binds to e1lF4E to prevent the formation of #ilF4F complex (e1F4G, elF4E
and elF4A), thereby blocking edppendent mRNA translation and negatively regulating cell
proliferation. Upon its phosphorylation by mTORC1, it dissociates from elF4E and allows elF4E to
bind with other members of the e1F4Braplexes to initiate capplependent translation that promotes

protein synthesis and cell proliferation (Musa et al., 2016; Shin et al., 2022)

Several studies have highlighted the inactivation of mMTORC1 under nedeenived conditiongPalm
et al., 2015Lowman et al., 2009 Using Western blot to assess the phosphorylation of S6 as a marker

for mMTORC1 activity in mouse embryonic fibroblasts (MEFs), Lowman et al found that under glutamine
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and arginine deprivation, mMTORC1 was inadliwevman et al., 2019Additionally, mMTORC1 signalling

has been linked to tumour quiescence. Khalil et al reported that upon activation of tumour quiescence
in an in vivo model of HNSCC, in addition to the commonly known quiescent markers (high p21 and
p27Ptand low Ki67), there was a reduction in mTORC1 activation, shown as a reduction in the

phosphorylation of S6 in the quiesceinduced cells (Khalil et al., 2021).
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Figure 1.9 - mTORC1 activation results in protein, lipid and nucleotide synthesis

In the presence of growth factors, oxygen, and amino acids such as arginine and lysine, (A) mTORC1 phosphorylates
4E-BP1, resulting in the dissociation of 4E-BP1 from elF4E. This dissociation allows the formation of the elF4F
complex (elF4E, elF4A and elF4G), allowing cap-dependent mRNA translation. (B) mTORC1 phosphorylates S6K,
which in turn results in the phosphorylation of S6 to activate cellular processes such as protein synthesis and
nucleotide synthesis. (C) mTORC1 is a negative regulator of autophagy. When mTORC1 is activated, it phosphorylates
ULK1. ULK1 is required for the initiation of autophagy; upon phosphorylation, it becomes deactivated, thereby
suppressing autophagy. The figure was generated using Biorender.com

1.4 Metabolic remodelling in PDAC

Advances in cancer research have improved our understanding of cancer cells and our knowledge of
their specific features that could improve our approach to cancer therapy. One of the main advances
is our understanding of the hallmarks of cancer. In 20@haHan and Weinberg identified six main
features of cancer, which they described as hallmarks of catamahan and Weinberg, 2000h

2011, an updated version of the hallmarks was published, and they included avoiding immune
destruction and altered cellular metabolism as part of the hallmarks of cdRaauire 1.10jHanahan

and Weinberg, 2011)The latest update was released in a review by Hanahan in 2022, and it has some
emerging hallmarks such as senescent cells anehmatational epigenetic reprogrammirgdanahan,

2022)
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In normal and cancer cells, metabolic processes ensure adequate nutrient and energy availability to
support growth and survival (Vander Heiden et al., 2009). However, tumour cells often exist in
nutrient-deprived environments and must adopt alternative\dual strategies. These include nutrient
scavenging and metabolic reprogramming to meet their elevated energy and biosynthetic demands

under resourcdimited conditions (Olivares et al., 2017; Wu et al., 2024).
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Figure 1.10 - Hallmarks of Cancer

The 6 initial hallmarks of cancer, as reported by Hanahan and Weinberg in 2000, have continued to evolve as our
understanding of cancer has evolved. This has resulted in the addition of 4 new characteristics necessary for cancer
growth and survival. They are reprogramming cell metabolism, avoiding immune destruction, tumour-promoting
inflammation, and inducing angiogenesis. The figure was adapted from Hanahan 2022 and generated using
Biorender.com.

For example, using metabolomics and proteomics techniques, Biancur et al found that althcugh CB
839, a potent glutaminase inhibitor, resulted in reduced proliferation of PDAC cells in vitro, it did not
affect tumour growth in an autochthonous mouse modeP®AC (LHKRAS G12D; p53L/+; Pdxk).

This led them to hypothesise that PDAC cells in vivo may have adaptive properties that allow them to
survive the disruption in the glutamine metabolic pathway. Furthermore, they chronically exposed
MPDAC cells (deed from primary tumours of an LBIRAS G12D; p53L/+, P&x® mouse model of
PDAC) to GB39. Metabolomics analysis revealed an upregulation of glycine, serine and threonine
YSGlFIo2fAaYZ FINHAYAYS YR LINRBfAYS YSoddatarfok & Yz
branchedchain fatty acid in PDAC cells with acquired resistance t838Bdemonstrating the

adaptive metabolic plasticity of PDAC in response to glutaminase inhiigiancur et al., 2017)
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Hence, it is important to understand the metabolic dependencies of PDAC cells and highlight the key
metabolic enzymes that are upregulated in PDAC, which could be a targetable option to improve the

treatment of pancreatic cancer.

1.4.1 Metabolic Dependencies of PDAC

Anabolic metabolism is a hallmark of most proliferating cells, supporting their growing energy
demands (Shi et al, 2025). Hence, cancer cells have a unique requirement for nutrients that can be
used for further anabolic processes such as the synthesisimioeacids, lipids and nucleotides, all of
which are required for the survival of cancer cells. Glucose, glutamine, arginine, and fatty acids play a
role in this anabolic proceg&igure 1.11pand the overall survival of PDAC cells. PDAC cells remodel
their metabolic pathways to increase the availability of these nutrients to aid their survival in their

nutrient-deprived state.
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Figure 1.11 - Anabolic roles of Glucose, Glutamine, Arginine and Fatty acids
Glycolysis, the breakdown of glucose, produces intermediates for nucleotide synthesis, fatty acid synthesis and
synthesis of other amino acids. Glucose is transported into the cell via glucose transporters, and it is broken down in a
series of reactions to produce pyruvate and acetyl-CoA. Acetyl CoA aids in the synthesis of fatty acids and also feeds
into the TCA cycle. On the other hand, glucose, via the pentose phosphate pathway, produces intermediates for
nucleotide synthesis and, via 3-phosphoglutarate, aids in the synthesis of serine and glycine. Upon transport into the
cell via glutamine transporters, glutamine feeds into the TCA cycle via O-ketoglutarate and synthesises nucleotides via
aspartic acid. Arginine is broken down to produce polyamines, creatine, glutamate and urea. It feeds into the TCA
cycle via glutamate that’s converted to (-ketoglutarate. Beta oxidation of fatty acids generates acetyl-CoA, which
feeds into the TCA cycle. The figure was generated using Biorender.com

Unlike rapidly proliferating cancer cells, quiescent cancer cells have a minimal requirement for
anabolic metabolism due to their lack of proliferation; hence, their metabolic requirements are

expected to differ. Indeed, they have been found to favour rbete pathways that generate the
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needed energy to maintain their state and generate the least amount of reactive oxygen species (ROS)
to reduce their exposure to oxidative stress, such as mitochondrial fatty acid oxidation and oxidative

phosphorylationDu et al., 2023; Wang et al., 2025b)

1.4.1.1Glucose

Glucose is one of the primary nutrients required for the survival of cells in culture. Glycolysis, the
breakdown of glucose to pyruvate and aceBdA, not only provide cells with ATP to support excessive
cell proliferation but also provides the intermetika required for lipid, amino acid and nucleotide
biosynthesis, all needed for adequate cell growth and suryiYaBerardinis et al., 2008n addition

to glycolysis, other glucosgependent metabolic pathways are the pentose phosphate pathway (PPP),
which yields NADPH and pentose phosphates, the hexosamine pathway, gluconeogenesis and the
serine biosynthesis pathwaHay, 2016)Glucose deprivation reduces the level of NADPH produced

in the cells, accumulates reactive oxygen species and leads to oxidativeisthased cell deatliHay,

2016)

Several studies have highlighted the ability of cancer cells to alter glucose metabolism to meet their
energy demandsYun et al., 2009Ying et al., 2012; Yan et al., 2019). Mutant KRAS supports glucose
metabolism by increasing the expression of the glucose transporter GLUT1, to promote glucose uptake
(Yun et al., 2009)n their study, Yun and colleagues found that under low glucose conditions (0.5mM),
KRAS and BRAtutated colorectal cancer cells survived better than viyide KRAS and BRAF cells.
Their transcriptomics data revealed that KRAS and BRA&ted cells upegulate the GLUT1 gene
compared to the wildype cells. Upregulation of GLUT1 was associated with enhanced glucose uptake
from the extracellular space and the subsequent survival of these(¥eifset al., 2009)Additionally,

using an in vivo model of KRAS Gh2ated pancreatic cancer, Ying and colleagues found that
doxycyclineinduced withdrawal of the KRAS oncogene resulted in a reduction in Hpedalyicts of
glycolysis (glucose-ghosphate and fructose-phosphate) as well as a reduction in both glucose

uptake and lactate production (Ying et al., 2012).

1.4.1.2Glutamine

Apart from glucose, glutamine, a n@ssential/semiessential amino acid, is another main
requirement for cell growth and survival. Glutamine is especially vital to cancer cells as it is the primary
nitrogen source for amino acid and nucleotide biosynthesid is a carbon source for the TCA cycle.

Moreover, glutamine also plays a role in de novo synthesis of some amino acids, such as proline,
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aspartic acid and alaningarciaBermudez et al., 202@s well as in the synthesis of fatty acids via

the TCA cyclfAltman et al., 2016)

To break down glutamine for further metabolic processes, glutamine is converted to glutamate by
glutaminase enzymes, glutaminase 1 (GLS1) in the kidney and glutaminase 2 (GLS2) in the liver. Given
the role of glutamine in proliferating cells as highlightdabve, it is unsurprising that GLS enzymes

play a role in various cancers. GLS1 has been reported to be upregulated in multiple cancers, including
PDAC, breast cancer, nemall cell lung carcinoma (NSCLC) and colorectal cancer (Yu et al., 2021),
and it has been a target for cancer therapy (Shi et al., 2025). However, while GLS1 is upregulated in

various cancers, expression of GLS2 is suppressed in most cancers (Lépez de la Oliva et al., 2020).

Furthermore, due to its essential role in anabolic metabolism, cancer cells have an increased demand
for glutamine, leading them to scavenge the extracellular environment for more sources of glutamine
outside of the de novo synthesis. For example, in ghite-deprived conditions, glutamine can be
transported to the cells by amino acid transporters like SLC1A5, SLC38A1, SLC38A2, and SLC6A14,
which, unsurprisingly, have been reported to be upregulated in various cafamsgan et al., 2016;

Jin et al., 2028 In addition to transporters, cancer cells can obtain glutamine via uptake and

breakdown of extracellular proteins in the lysosotheet al., 2024)

1.4.1.3Arginine

Arginine is another sersissential amino acid that is vital to tumour cell survival. Arginine plays a
crucial role in the de novo synthesis of polyamines, creatine, and feeds in the urea and TCA cycles
(GarciaBermudez et al., 2020As a noressential amino acid, arginine is synthesised from aspartate
and citrulline, catalysed by arginosuccinate synthetase (ASS1) and arginosuccinate lyase (ASL), with
ASS1 being the ratiemiting enzyme in the de novo synthesis of arginine. Intengbyi, various cancers

like PDAC, prostate and ovarian cancer have been found to either completely lack or have a low ASS1
expression(GarciaBermudez et al., 2020)making these cells dependent on the transport of
extracellular arginine into the cell. This suggests that arginine deprivation might represent a viable
therapeutic strategy for these cancers. On the other hand, some cells have been seen to upregulate
AS3 protein, allowing de novo arginine synthesis under argiti@prived conditions. Melanoma
cancer cell lines, as reported by Tsai and colleagues, upregulate the expression of ASS1 upon
treatment with argininedeaminasebased chemotherapeutic agent, APE>20, that depletes

arginine from the cell§Tsai et al., 2009) facilitate their survival.

In addition, Apiz Saab et al found that PDAC cells upregulate ASS1 to survive under-imaitexht

conditions (Apiz Saab et al., 2023). Building on an earlier study that characterised the nutrient
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composition of the interstitial fluid (IF) of a mouse model of PDAC (mPDAC) (Sullivan et al., 2019), the
authors formulated a medium, Tissue Interstitial Fluid Media (TIFM), to mimic the physiological
nutrient environment of PDAC. Metabolomics analysieaded that arginine was the most depleted
amino acid in TIFM, but mPDAC cells cultured in TIFM maintained cell proliferation by upregulating
ASS1 expression, allowing them to produce the required arginine for sustained cell proliferation.
Functional analys of the role of ASS1 revealed that genetic knockout of ASS1 impaired proliferation
of mMPDAC cells in TIFM (Apiz Saab et al., 2023), further solidifying the role of arginine biosynthesis in

the survival of PDAC cells.

Furthermore, arginine is transported from the extracellular space via arginine transporters such as
SLC7A1, which is upregulated in breast, colorectal, and hepatocellular carcinoma (HCC) (Mossmann et
al., 2018). Using miR122, a negative regulator of SL&igtlikawa et al. found that silencing miR122

in HCC cells upregulated SLC7A1, resulting in significantly higher levels of arginine compared to the

control (Kishikawa et al., 2015).

In addition to its role in metabolic pathways, arginine is one of the main amino acids that activate
MTORC1 to promote protein translation, cell proliferation and cell survival. To highlight the
importance of arginine in MTORC1 activation, Lowman et alodstrated that mouse embryonic
fibroblasts (MEFs) deprived of both arginine and glutamine showed inactivation of mTORC1, as
indicated by reduced phosphorylation of S6 compared to control cells. Interestingly, when arginine
was reintroduced to glutamindeprived cells, mMTORC1 activity was restored. In contrast, adding
glutamine to argininadeprived cells failed to reactivate mTORCL1. These findings emphasise the critical

role of arginine in MTORC1 activatiditowman et al., 2019)

1.4.1.4Fatty acids

Chrdde IOAR YSiGlo2tAay Ay@g2t@Sa oddatiin (fatty (aci®® + OA R
ONBIFI1R28Yy 02 YR (GKS&aS (62 LINRPOSaasSa K-bxd&ionoSSy &:
(FAO) involves the breakdown of aceBdA to generate ATP tmaintain energy balance. FAO is

especially vital for energy production in glucestarved conditions, where most tissues rely on FAO

as an energy sourcéHouten and Wanders, 20100Iso, FAO has been considered to be a more

efficient way to generate ATP than glycolysis, suggesting its importance in meeting the high energy
demands of cancer celf€hen and Huang, 20L%arnitine palmitoyl transferase 1 (CPT1) is the-rate

limiting enzyme in FAO that catalyses the transport of agegA from the cytosol into the
YAG2O0K2YRNAEERIGKSNYS 2 O0dzNB ® ¢ KA & YdxilaSoa of katty | @A |

acids.Indeed, a CPT1 inhibitor, ST1326, was found to inhibit cell proliferation and induce apoptosis in
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leukaemia cell linefRicciardi et al., 20153uggesting the metabolic dependence of these cells on the

i -oxidation pathway.

Similarly, Schlaepfer et al demonstrated that targeting lipid catabolism represents a potential
therapeutic strategy for prostate cancerSchlaepfer et al., 2014)n their study, human prostate
cancer cell lines (VCaP, LNCaP, and PC3), normal prostate epithelial cells e hpatierdderived
prostate cancer and benign epithelial cells were treated with etomoxir, a CPT1 inhibitor, either alone
or in combinatia with orlistat, an inhibitor of fatty acid synthesis. Both prostate cancer cell lines and
patient-derived cancer cells exhibited greater sensitivity to these treatments compared te non
malignant counterparts, as shown by decreased cell viability andfgration. Mechanistically,
Western blot analysis revealed that etomoxir treatment suppressed mTORCL1 signalling, evidenced by
reduced phosphorylation of S6K and-BEL. In addition, etomoxir decreased phosphorylation of the
Bcl2cassociated death promoteBAD) protein, a prapoptotic member of the B family that
induces apoptosis via mitochondrial outer membrane permeabilisation (Howells et al., 2011), further
indicating activation of the apoptotic pathwagdchlaepfer et al., 2014 ollectively, these findings
highlight lipid catabolism as a critical metabolic vulnerability in prostate cancer cells and support the

potential of CPT1 inhibition as a therapeutic approach.

Furthermore, FAO plays a role in the survival of quiescent tumour(Egiapsch et al., 2020; Ortmayr
and Zampieri, 2022; Wang et al., 2025bking an estrogen receptpositive (ER+) breast cancer
model of quiescence, Hampsch and collaborators used transcriptoice RNA sequencing to reveal
that the quiescent cells upregulated FAO and were sensitive to etormakiced inhibition of FAO
(Hampsch et al., 2020Follectively, these findings highlight the therapeutic potential of targeting FAO

in cancers.

1.4.2 Latest advances in targeting metabolic dependencies of PDAC

PDAC cells and other KRAStant tumours overcome nutrient limitations by reprogramming their
metabolism to exploit alternative nutrient sources, particularly glucose, glutamine, arginine and fatty
acids, which fuel their proliferation and survivah{ et al., 2025)This makes these cancer cells reliant

on specific metabolic pathways, creating a window of opportunity for targeted therapy. Targeting
these pathways could be selectively toxic to cancer cells. Indeed, researchers are starting to explore
ways to inhibitthese metabolic pathways, resulting in several ssmallecule inhibitors against

different metabolic pathways that favour cell growth and survival.
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For example, PDAC cells with KRAS mutation depend on glutamine metabolism for sustained cell
proliferation, making this a targetable option in cancer therapy (Son et al., 2013). Before its failure in
clinical trials due to its excessive toxicityD&ze5-oxo-L-norleucine (DON), a glutamine analogue that
blocks the conversion of glutamine to glutamate by glutaminase (GLS), among other pathways that
utilise glutamine, has been suggested as a small molecule inhibitor of glutamine metabolism
(Encarnacié+fRosao et al., 2024). Fortunately, DRP4 and CHB39, other glutaminase inhibitors, are
currently in clinical trials (Shi et al., 2025)adparaginase (an enzyme that depletes serum of the non
essential amino acid asparagine) is also used as a chemothéiapgent for acute lymphoblastic

leukaemia (GarciBermudez et al., 2020).

In 2009, Yun et al reported that KRAS mutant cells upregulate GLUTL, a glucose trafi$portsr

al., 2009) Their followup study in 2015 revealed that exposure to high levels of vitamin C was
selectively toxic to human colorectal cancer cells with the KRAS G12D mutation. They found that
upregulation of GLUT1 increased the uptake of dehydroascorbate, aneakiftisn of vitamin C,
resulting in a ripple of effects that involves accumulation of reactive oxygen species (ROS), depletion
of glutathione, oxidative stress and depletion of the glycolytic enzyme glyceraldehptesphate
dehydrogenase (GAPDH), resugdtim the death of glycolysidependent KRABwtated cells(Yun et

al., 2015) An important discovery from their study is that the toxicity of high doses of vitamin C is not

seen in cells with wilype KRAS, highlighting the selectivity of the treatment.

Furthermore, some targets of fatty acid metabolism have shown promising results in clinical trials. For
example, acetyCoA carboxylase (ACC) inhibitors that catalyse the conversion of -@ogtyto
malonytCoA in fatty acid synthesis have shown promisiagults in hepatocellular carcinoma.
Inhibitors of fatty acid synthase (FASN), which catalyse the synthesis of palmitate in fatty acid

synthesis, are also in clinical trials for patients with advanced solid tumours (Shi et al., 2025)

All the studies highlighted above have shown that targeting nutrient dependency in cancer cells shows
promising therapeutic benefits in cancer treatment. It should, however, be noted that, as much as
targeting metabolic pathways could be a promising watatget cancer cells, these cells may switch

to other pathways, resulting in cancer relapse (Shi et al., 2025). Hence, apart from understanding the
specific mechanisms involved in the adaptability and survival of cancer cells in a ndajeived
envirorment, a more promising therapeutic procedure would be to focus on combinations of targets
of different metabolic pathways or different nutrient scavenging pathways with chemotherapeutic

agents to prevent metabolic adaptability and improve treatment effjcac
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1.5

Aim of the Thesis

1.5.1 Scope

Previous studies have shown that PDAC cells are hypovascular, making them more susceptible to

nutrient deprivation. Furthermore, PDAC cells are notorious for relapse after initial treatment, which

significantly contributes to its bad prognosis and high taidy rate. We hypothesise that this is

because:

PDAC cells can obtain nutrients by scavenging ECM proteins to survive in a wulgpsened

state.

PDAC cells have been shown to enter a reversible quiescent state, whereby upon reactivation,
they can resume proliferation and disseminate to distant organs, driving the development of
metastatic disease characterised by secondary tumour formation, andepopatient

outcomes

1.5.2 Aim

To investigate the roles of ECM components in supporting the growth of nutlemtived
PDAC cells.

To investigate the molecular mechanisms behind the E@pendent proliferation of PDAC
cells in a nutrientdeprived microenvironment.

To investigate the conditions that result in the formation of quiescent PDAC cells.

To investigate the molecular mechanisms behind the formation, reactivation and survival of

guiescent PDAC cells.
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2 Materials and Methods

2.1 MATERIALS

2.1.1 Cell culture media

Table 2.1 Cell culture media

MEDIA SUPPLIER
Dulbecco's Modified Eagle Medium (DMEM),| Gibco

high glucose, pyruvate

RPMI1640, LGlutamine Gibco
DMEM, no glutamine Gibco
DMEM, no glucose Gibco
11130- MEM Amino Acid Solution 50X Gibco
RPMI, no glutamine Gibco
RPMI, no glucose Gibco

TIFM

A gift from the Muir Lab

2.1.2 Reagents and Suppliers

Table 2.2 Reagents and Suppliers

REAGENT SUPPLIER
Foetal bovine serum (FBS) Gibco Gilson
Dialysed Foetal bovine serum (dFBS) Gibco
Trypsin EDTA solution 1x Sigma
Propidium lodide Invitrogen
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Pyronin Y

SigmaAldrich

VECTASHIELD Antifade Mounting Medium W
DAPI

VECTOR laboratories

Paraformaldehyde Fluka Chemika
Hoechst33342, trinydrochloride trihydrate Invitrogen

Cell trackei™ Red CMTPX Invitrogen
DRAQH Rocher

pH RoddvRed, succinimidyl ester Invitrogen

5x siRNA buffer

Horizon Discovery by Perkin Elmer

DharmaFect 1 (DF1) Reagent

Dharmacone

Ambion™Nucleasefree water

Life Technologies Corp.

High-Capacity cDNA Reverse Transcription K

Appliedbiosystems

Microplate PCR 384 well Alphalaboratories
gPCRBIO SyGreen Blue MipR®mX PCRBIOSYSTEMS
RNeasy Mini Kit (50) QIAGEN

ClickiTM EdU Alexa Floli¥ 555 Imaging Kit Invitrogen

EdU Cell Proliferation Image Kit (Orange

Fluorescence)

Antibodies.com

Collagen type | (Rat tail high concentration) | Ibidi/ Corning
Matrigel Corning
Laminin/entactin complex Corning

{ Sy S a OGaacdSBidaise cell staining kit

Cell signalling

Dimethyl sulfoxide (DMSO)

Fisher Scientific

Glutaraldehyde solution Sigma Aldrich
Glycine Sigma
Tris(hydroxymethyl)aminomethane (Tris) SigmaAldrich
Triton X100 Sigma
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Trypan Blue stain 0.4%

Gibco by Life Technologies

Tween20 Sigma

PVDF membrane IMMOBILON-L
QiaShredder QIAGEN
Bovine Serum Albumin Sigma Aldrich
Skim milk powder Sigma Aldrich

Protein ladder

Colour protein standard broad range. Riabs

2.1.3 Solutions

Table 2.3 Solutions and Recipes

SOLUTION RECIPE

PBS (10x) For 1L- 80g NaCl, 2g KClI, 14.4g¢NRQ, 2.49g
KHPQ, 800ml dHO (pH 7.4)

TBS 10mM TrisHCI pH7.4, 150mM NaCl

TBST TBS, 0.1% Twee® (V/v)

Towbin buffer (10x)

1.92M Glycine, 0.25M Tris

Transfer buffer

10% 10x Towbin buffer, 20% methanol

SDS Lysis buffer

1% SDS (v/v), 50mM TFHECI pH7.0

Metabolite extraction buffer

5 MeOH: 3 AcN: 2 dB

Running buffer

25mM Tris, 192mM Glycine and 1% SDS i®q

TIFM

For 500m} 1.560g of TIFM all pools, 3.22g of
pool 3, 1g sodium bicarbonate, 450mL ohb@H
50mL of dFBS

50



2.1.4 siRNAs used in the study

Table 2.4 siRNAs used in the study

SiRNA TARGET SUPPLIER CATALOG NUMBER
Nontargeting ON TARGET plus ron Dharmacon D-00181G604
(NT) targeting siRNASIRNA
SMART Pool
ASS1 SIGENOME Human ASS1 | Dharmacon M-010257%03-0005
(445) SiRNASMART
pool
NHE1 ON TARGET plbaman Dharmacon L-00527701-0005
NHH (3242) siRNA
SMART Pool

2.1.5 Primary Antibodies used in the study

Table 2.5 Primary Antibodies used in the study

ANTIBODY HOST DILUTION SUPPLIER/CATALOG NUME

PhospheS6 Ribosoma Rabbit Western blot Cell signalling/2211L

Protein (ser235/236) (1:1000)

GAPDH Mouse Western blot Santa Cruz Biotechnology/
(1:1000) (SGA7724)

p44/42 MAPK Rabbit Western blot Cell signalling/9102S

(ERK1/2) (1:1000)

P-p44/42 MAPK (pERH Rabbit Western blot Cell signalling/9101S
(1:1000)

p4EBP1 Rabbit Western blot Cell signalling/9459S
(1:1000)
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NHE1

Mouse

Western blot

(1:1000)

Santa Cruz Biotechnology/
(SG136239)

2.1.6 Secondary Antibodies used in the study

Table 2.6 Secondary Antibodies used in the study

ANTIBODY HOST DILUTION SUPPLIER
IRDye® 800CW Anti | Goat Western blot

Mouse IgG (1:30K)

IRDye® 680CW Anti | Donkey Western blot

Rabbit IgG (1:20K)

2.1.7 Primers used in the study

Table 2.7 Primers used in the study

PRIMER ASSAY NAME STOCK CONCENTRATION
ASS1 Hs_ASS1 1 _SG
GAPDH Hs GAPDH_1 HS

2.2 METHODS

2.2.1 Cell culture

Human PDAC cell lines S890, PANQ, MIA PaGa and BxP@ cells were used for this studygble

2.8). SW1990, PANG and MIA PaGa cells were cultured in higf dzO2 & S

5dz2 6 5002 Qa

91 3t SQ& aSRAdzY &ZelDweere culiketl in RPMI Bedia. All culture media were
supplemented with 10%(v/v) Foetal Bovine Serum (FBS). Cell lines wattainead at 37°C, 5% €O

and passaged every8days. All cell lines used were routinely tested for mycoplasma. To split the
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cells, the media was removed, and the cells were washed twice with PBS. 0.25% (w/V}EDPsin
was added to the cells and incubated at 37°C and 5%#o€@pproximately 5 minutes to detach the
cells from the surface completely. The cells were resuspended in the appropriate media and

transferred into a new 10cm dish.

Table 2.8 Pancreatic ductal adenocarcinoma (PDAC) cell lines used in this study, including tissue of

origin and KRAS mutation status.

CELL LINES ORIGIN KRAS MUTATION
SW1990 Spleen metastasis G12D

PANGL Primary tumour G12D

MIA PaC& Primary tumour G12C

BxPGE3 Primary tumour Wild type

To preserve the cells for loftigrm use, they were frozen and placed in liquid nitrogen to ggeserve
them. To do this, cells in a 10cm dish at about98%6 confluency were washed, trypsinised, and
resuspended in the required media. After resuspensiba,cells were centrifuged at 1000rpm for 3

minutes. The freezing solution was prepared as follows:
Solution A 50% FBS and 50% media
Solution B 80% FBS and 20% DMSO

After 3 minutes, the supernatant was removed and 500uL of solution A was added to the pellet and
placed in a cryovial, followed by a drepse addition of 500uL of solution B. The vial was placed in a
BiocisionMCoolCelMLX freezing container, stored-&0°C for a few days before transferring to liquid

nitrogen for longterm storage.

2.2.2 ECM Preparation

96-well plates- Collagen, Laminin/Enactin and Matrigel were diluted to a final concentration of
2mg/ml, 3.5mg/ml and 3mg/ml, respectively,inié2 f R t . { ® ¢KS LI I iSa 6SNB C

ECM solution and incubated at 37°C for at least 3 hours to polymerise.

35mm dishes Matrigel was diluted to a final concentration of 1mg/ml in-we@ld PBS. The dishes
gSNE O2FUSR 6A0GK wmnn>t 2F GKS al GNAISt az2f dzia?2

polymerise.
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6-well plates- Matrigel was diluted to a final concentration of 3mg/ml in-t@d PBS. The dishes were

021 GSR ¢AGK onn>ft 2F GKS al GNA3ISE az2fdziAzy FyR A

2.2.3 ECM Internalisation Assay
flroStfSR gAGK

bicarbonate and placed on the rocker for 1 hour. The labelled dishes were washed with PBS and

MatrigetkO2 G SR opYY RAA&AKS&a o6SNB Hn> 3k
incubated at 37°C and 5% £®ernight. Following this, 5x2@ells/well were seeded and placed in

the incubator overnight.

- For ECM internalisation in the presence of pharmacological inhibitors, the required
concentration of the inhibitorgTable 2.9)and vehicle control were added to the cells before

placing them in the incubator overnight.

Table 2.9 Inhibitors used in the study

INHIBITORS [ CONCENTRATION SUPPLIER CATALOGUE
NUMBER
CB839 200nM and 500nM} MedChemExpres] HY-12248
EIPA Hp>a Sigma A308525MG
Filipin p>3dk Yt Sigma 480499
Dynasore nn>a Sigma 120286700-2
TORINL 15nM APEXBIO A8312
MRTX1133 | 200nM MedChemExpres] H¥-134813
MRTX849 100nM MedChemExpres] H¥-130149
PALBOCICLI| m > a MedChemExpres] H¥-50767

- For ECM internalisation under nutrient deprivation, the cells were seeded in full media and
placed in the incubator for 3 hours for the cells to attach to the surface. Afterwards, the media

was changed to the required starvation megiiable 2.1)and incubated overnight.
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Afterwards, the cells were stained with Hoechst33342 and imaged live using a NIKON Al confocal
microscope with a 60x oil immersion objective. ECM uptake was quantified using ImageJ software

(https:/limagej.net/ij/), as described in Nazemi et al., 20Eg(re 2.).

2.2.4 Cell Proliferation Assay

96-well plates were coated with collagdnLaminin/Enactin, or Matrigel as 12.2.2000 cells/well
were seeded in full media on the EGidated 96well plates and placed in the incubator at 37°C and
5% C@overnight. For nutrient deprivation studies, the media were changed to starvation media
(Table 2.1)or full media, all supplemented with dFBS, in the presence of inhibficable 2.9)or
vehicle control, where indicated. The cells were left in the incubator at 37°C and 5fdr CQlays
(PANEL, SW1990, BxP@ cells) or 6 days (MIA Palaells). For quiescence studies, the media were
changed to full media in the presence of inhibitgTsble 2.9)r vehicle control, where indicated. The
cells were incubated at 37°C and 5% fo©4 days. The cells were washed twice with PBS and fixed
with 4% PFA for 1®inutes.

/| Stta 6SNB adtrAySR IyR AYF3ISR dzAAy3 RAFTFSNBydG |
DRAQS in PBS and incubated in the dark for 1 hour at RT. The cells were washed twice with PBS and
incubated in PBS for another 30 minutes to remove backgrousidisg. The cells were imaged with

I [AO2NJ hReaasSe {I aeaasSy o02FF¥asSi oYYZ wmMchp>Y NB
signal intensity was measured using Image Studio Lite software. (2) The nuclei were stained with
Mn>3k Yt 27F | at$e@KiD iniouwes at RT. Fhe dells were imaged with an InCell Analyzer

2200, 10x objective and the cell number was measured with Cell Profiler using a pipeline to detect the

nuclei by covering the range of nuclei sigegure 2.2)(3) The cells were imaged with an ImageXpress
microscope, 2x objective and DAPI filter. The cell number was measured using MetaXpress and the
Costume Module Editor software (CME) using an algorithm that could detect the nuclei by covering

the nuclei sizeand intensity range. Were indicated, the data were normalised by dividing the values

| RI & GKS YSIy 2F (GKS O2NNBaLRYyRAy3a O2yRACL

e 1T oO0¢é
OStt ydzYoSNE O2YLI NBR (2 RI& HE 6KAES @I fdzSa Xwm
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w
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Figure 2.1. Quantification of ECM Internalisation using Image)
An Imagel) macro was used to quantify ECM internalisation. (A) The ‘open images’ macro is run to overlay the
channels and create a max projection. (B, C) Individual cell areas were defined by manually outlining regions
surrounding each nucleus, and the cell area was subsequently measured. (D, E) The ‘area’ macro is run to threshold
the image, despeckle it and analyse the particles in each cell. ECM internalisation = Area/Total Area *100
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2.2.4.1Media composition for Cell Proliferation Studies

Table 2.10 Composition of different DMEM media used in the study
Components DMEM, high| DMEM, high| DMEM, no| DMEM, no amino
glucose, glucose, no| glucose (mg/L) | acids
pyruvate (mg/L) | glutamine (mg/L)
AMINO ACIDS
Glycine 30 30 30 -
L-Arginine 84 84 84 -
hydrochloride
L-Cystine 2HCI | 63 63 63 -
L-Glutamine 580 - 580 -
L-Histidine 42 42 42 -
hydrochloride
I i h
L-Isoleucine 105 105 105 -
L-Leucine 105 105 105 -
L-Lysine 146 146 146 -
hydrochloride
L-Methionine 30 30 30 -
L-Phenylalanine | 66 66 66 -
L-Serine 42 42 42 -
L-Threonine 95 95 95 -
L-Tryptophan 16 16 16 -
L-Tyrosine 72 72 72 -
L-Valine 94 94 94 -
VITAMINS
Choline chloride | 4 4 4 4
D-Calcium
4 4 4 4
pantothenate
Folic Acid 4 4 4 4
Niacinamide 4 4 4 4
Pyridoxine
4 4 4 4
hydrochloride
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Riboflavin

0.4

0.4

0.4

0.4

Thiamine

hydrochloride

i-Inositol

7.2

7.2

7.2

7.2

INORGANIC
SALTS

Calcium Chloridg

o/ F/ f£i1H

264

200

200

265

Ferric Nitrate

6CSobhi o

0.1

0.1

0.1

0.1

Magnesium
Sulfate
oad{hjir

200

97

97

97.67

Potassium
Chloride (KCI)

400

400

400

400

Sodium
Bicarbonate
Obl 1/ hio

3700

3700

3700

Sodium Chloride
(NacCl)

6400

6400

6400

6400

Sodium
Phosphate
monobasic
Obl1lithj

141

125

125

109

OTHER
COMPONENTS

D-Glucose

(Dextrose)

4500

4500

1000

Phenol Red

15

15

15

159

Sodium Pyruvate

110
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Table 2.11 Composition of different RPMI used in the study

Components RPMI, high glutaming RPMI, no glutaming RPMI, no glucosé
(mg/L) (mg/L) (mg/L)
AMINO ACIDS
Glycine 10.0 10.0 10.0
L-Arginine 200.0 200.0 200.0
L-Asparagine 50.0 50.0 50.0
L-Aspartic Acid 20.0 20.0 20.0
L-Cystine 2HCI 65.0 65.0 65.0
L-Glutamic Acid 20.0 20.0 20.0
L-Glutamine 300.0 - 300.0
L-Histidine 15.0 15.0 15.0
L-Hydroxyproline 20.0 20.0 20.0
L-Isoleucine 50.0 50.0 50.0
L-Leucine 50.0 50.0 50.0
L-Lysine hydrochloridg 40.0 40.0 40.0
L-Methionine 15.0 15.0 15.0
L-Phenylalanine 15.0 15.0 15.0
L-Proline 20.0 20.0 20.0
L-Serine 30.0 30.0 30.0
L-Threonine 20.0 20.0 20.0
L-Tryptophan 5.0 5.0 5.0
L-Tyrosine  disodiunm
alt dihycrate 29.0 29.0 29.0
L-Valine 20.0 20.0 20.0
VITAMINS
Biotin 0.2 0.2 0.2
Choline chloride 3.0 3.0 3.0
B-Caleium 0.25 0.25 0.25
pantothenate
Folic Acid 1.0 1.0 1.0
i-Inositol 35.0 35.0 35.0
Niacinamide 1.0 1.0 1.0
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ParaAminobenzoic

_ 1.0 1.0 1.0
Acid
Pyridoxine
1.0 1.0 1.0
hydrochloride
Riboflavin 0.2 0.2 0.2
Thiamine
_ 1.0 1.0 1.0
hydrochloride
Vitamin B12 0.005 0.005 0.005
INORGANIC SALTS
Calcium Nitrate 100.0 100.0 100.0
0/ Fobhioii
Magnesium  Sulfate
) _ 48.84 - 48.84
ocoa3d{hjz I
Magnesium  Sulfate
- 100.0 -
6adfrhji ho
Potassium  Chloridq
400.0 400.0 400.0
(KCI)
Sodium  Bicarbonatt
2000.0 2000.0 2000.0
Obl 1/ hiov
Sodium Chloride
6000.0 6000.0 6000.0
(NacCl)
Sodium Phosphatt
RAOlFaAO 800.0 - -
anhydrous)
Sodium Phosphatt
RAOFaAaAO -|- 1512.0 1512.0
Tliho
OTHER COMPONEN
D-Glucose (Dextrose)| 2000.0 2000.0 -
Glutathione (reduced)| 1.0 1.0 1.0
Phenol Red 5.0 5.0 5.0
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Table 2.12 Composition of Tumour Interstitial Fluid Media (TIFM) used in the study

Source: elLife Supplementary Table 1 (e8ii289)

Components mg/L

Pool 1t Vitamins
Biotin 0.013694
(-)-Riboflavin 0.021334
Pyridoxine hydrochloride 0.029149
Choline chloride 28.466792
5-methyl5,6,7,8tetrahydrofolic acid calcium 1 129375
salt
Myo-inositol 75.417643
Niacinamide 4.819355
4-Aminobenzoic acid 0.479973
D-Pantothenic acid hemicalcium 0.800786
Vitamin B12 1.35537
Thiamine hydrochloride 2.691219

Pool 2t Proteinogenic Amino Acids

L-Phenylalanine 12.5519
L-Proline 13.069449
L-Histidine 13.859573
L-Isoleucine 16.389028
L-Valine 16.610359
L-Tryptophan 5.77736
L-Tyrosine 10.006224
L-Asparagine monohydrate 16.266199
L-Alanine 91.169368
L-Serine 20.068894
L-Lysine monohydrochloride 23.588827
L-Threonine 28.044572
L-Leucine 36.052678
Glycine 129.568647
L-Cystine 15.98052
L-Citrulline 11.727166
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L-Ornithine monohydrochloride 49.678216
L-Methionine 10.443672
L-Aspartic acid 47.428445
L-Arginine monohydrochloride 0.478836
Pool3t { Ff (& X
Calcium nitrate tetrahydrate 0.1
Magnesium sulfate (anhydrous) 0.04884
Potassium chloride 0.4
Sodium chloride 5.12
Sodium phosphate dibasic (anhydrous) 0.8
Sodium bicarbonate 1000

Pool 41 Glucose, Lactate, Pyruvate

L(+}Lactic acid 309.535171
D(+)}Glucose 702.097706
3-Hydroxybutyrate (R/D enantiomer acid) 7.637217
Pyruvic acid sodium 5.811062

Pool 51 Glutamine, Glutamate

L-Glutamine

109.240905

L-Glutamic acid

138.433466

Pool 61 PCr, Cr, Taurine

Creatine anhydrous 151.122869
Taurine 265.398027
Phosphocreatine disodium hydrate 90.619937

Pool 7t TCA Cycle Intermediates

h -Ketoglutaric acid 1.119033
cisAconitic acid 0.467212
Fumaric acid 0.257113
Succinic acid 11.257729
Di-sodium hydrogen citrate sesquihydrate 90.46767
L-(-)-Malic acid 18.551766

Pool 8t Lowest Abundance

5'-Deoxy5'-methylthioadenosine

0.016239

N-FormytL-methionine

0.024216
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2-Picolinic acid 0.02607
Cytidine 5triphosphate disodium salt 0.032253
Thymidine 5monophosphate disodium salt

hydrate 0.036651
DL:Indole-3-lactic acid 0.080643
N6-AcetytL-lysine 0.107004
N-AcetytL-glutamine 0.110624
N-AcetytL-glycine 0.113834
Carbamoylaspartate 0.120107
Orotic acid potassium salt 0.139538
SAdenosylL-homocysteine 0.141865
N-AcetytL-alanine 0.164712
Kynurenine 0.193968
Homocitrulline 0.199303
2'-Deoxycytidine 0.199829
Argininosuccinate 0.218973
D-Sorbitol 0.225158
N-AcetytL-glutamic acid 0.238413
Cytidine 5diphosphocholine sodium 0.251743
Sarcosine 0.281459
L-Carnosine 0.300924
2-Ketobutyric acid 0.359485
L-Methionine sulfoxide 0.498706
Thymidine 0.546108
Pipecolinic acid 0.673762
N-AcetytL-aspartic acid 0.674355

Pool 91 Mid-Abundance

Guanidinoacetate 0.704689
L-2-Aminobutyric acid 0.713881
D-Fructosel,6-bisphosphate trisodium salt

0.747882
hydrate
3-Methyl-2-oxopentanoic acid sodium salt 1.030957
i -Alanine 1.13845
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D-Glyceric acid sodium salt 1.141444
Creatinine 1.296529
2-Hydroxybutyric acid sodium salt 1.360493
L-" -Hydroxyglutaric acid disodium salt 1.425524
Inosine 5monophosphate disodium salt

ydrate 1.451272
Sodium 3methyl2-oxobutyrate 1.712561
Itaconic acid 2.0193
DL-3-Hydroxyisobutyric acid sodium salt 2.149278
L-2-Aminoadipic acid 2.208158
Cytidine 2.340854
Guanosine Bmonophosphate disodium salt

hydrate 2.582416
Cytidine 5monophosphate disodium salt 3.012786
Hypotaurine 3.352282
Xanthine 3.380965
Phospho(enol)pyruvic acid monopotassium s{ 3.415537
UDRGlucose 4.654322
O-AcetytL-carnitine hydrochloride 5.535477

Pool 10t Highest Abundance

D-(-)-3-Phosphoglyceric acid disodium salt 6.04034
L-Carnitine hydrochloride 7.062211
Inosine 8.907947
Uracil 9.146651
Uridine 5*monophosphate disodium salt 10.35388
Adenosine 5monophosphate disodium salt | 10.615894
Uridine 13.50733
Hypoxanthine 13.766215
Betaine hydrochloride 13.935533
L-Glutathione oxidized disodium salt 15.851827
Uridine 5‘diphospheN-acetylglucosamine

16.06222
sodium salt
Allantoin 16.834751
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h-D-Glucose Iphosphate disodium salt 23.757527

D-Glucose6-phosphate sodium salt 26.77607
D-Ribose gphosphate disodium salt 29.688318
L-" -Glycerophosphorylcholine 33.117285
O-Phosphoethanolamine 66.263168
Phosphocholine chloride calcium salt

66.8885
tetrahydrate
L-Glutathione reduced 90.122616

2.2.5 ECM Crosslinking

2.2.5.1ECM crosslinking for ECM Uptake analysis

35mm dishes were coated with 1mg/ml Matrigel ai@.2.Matrigel was crosslinked with 1% or 2.5%

sterile glutaraldehyde in PBS for 30 minutes at RT and washed twice with PBS. The crosslinking agent
was quenched with 1M sterile glycine in water for 20 minutes at RT and washed with PBS until all the
quenchinga§y i 61 & ¢l aKSR 2FFd ! FOSNBINRasx al GNRISE ¢
PBS and 0.1M sodium bicarbonate and placed on the rocker for 1 hour. The labelled dishes were
washed with PBS aridcubated at 37°C and 5% £®ernight. Then, 5x®Xells/dish were seeded,

incubated and imaged as in 2.2.3.

2.2.5.2ECM crosslinking for Cell proliferation studies

96-well plates were coated with 3mg/ml Matrigel as 2r2.2. Matrigel was crosslinked with 2.5%

sterile glutaraldehyde in PBS for 30 minutes at RT and washed twice with PBS. The crosslinking agent
was quenched with 1M sterile glycine in water for 20 minutes at RT and washed with PBS until all the
guenching agent wa washed off. PBS was added to the crosslinked Matrigel and placed in the
incubator at 37 °C and 5% g£@ernight. 2000 cells/well were seeded in full media and placed in the
incubator at 37°C and 5% gavernight. The media was changed to starvation ra¢tiable 2.1)or

full media, all supplemented with dFBS. The cells were incubated at 37 °C and ¥ /Cfays. The

cells were washed twice with PBS and fixed with 4% PFA for 15 minutes at RT. The nuclei were stained
gAGKMn>3akYf 2F | 2SOKadooonu F2NJ LG €SFAG mp YAY
Analyzer 2200, 10x objective. The cell nemiwas measured with Cell Profiler using an algorithm that

detects the nuclei, covering the range of nuclei size and inte(fSigyre 2.2)
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Figure 2.2. Quantification of cell number using CellProfiler.

(A) Images from each condition were analysed in CellProfiler using a custom pipeline that quantifies cell number
based on the DAPI channel. (B) The ‘Identify Primary Object module’ was used to detect individual nuclei. The ‘typical
diameter of object’ parameter was optimised to define nuclear size based on the nuclei sizes of the image (objects
outside of the range are discarded), and the Global manual threshold was applied to enable accurate nuclei
segmentation. The cell count was automatically quantified from each image and exported for statistical analysis.

2.2.6 EdU Incorporation Assay

96-well plates were coated with 3mg/ml Matrigel as2ir2.2.2000 cells/well were seeded in full media

on the ECMcoated 96well plates and placed in the incubator at 37°C and 5%a@€rnight. For

nutrient deprivation studies, the media were changed to starvation méTable 2.1)or full media,

all supplemented with dFBS. The cells were incubated at 37°C and 8&6 CTQays. For quiescence

studies, the media were changed to full media containing DMSO and the indicated inhfbibie

2.9). The cells were incubated at 37°C and 5%fCONJ n Rl @dad ¢KS OStfa gSNB A
for 24 hours. Next, the cells were fixed with 4% PFA for 15 minutes at RT, and the nuclei iveck sta

gAGK mMn>3kYt 2F |1 2SOKadooonu F2NJ I G €SIFaG mp YAy
with 0.25% Triton X for 20 minutes and stained with Antibodies EdU mix (10x reaction buffex, CuSO

Alexa Fluor 555 azide, 10x reducing agent) for 30 minutes in the dark at RT with gentle rocking. The

cells were imaged with an InCell Analyzer 2200, 10x objective, using DAPI wavelength for nuclei and
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Cy3 wavelength for EdU. The %of Hutiditive cellswere measured with Cell Profiler using an

algorithm to detect the total number of nuclei and nuclei positive for Eeigure 2.3)

2.2.7 Propidium lodide Incorporation Assay

96-well plates were coated with collagdror Matrigel as ir2.2.2.2000 cells/well were seeded in full

media on the ECMoated 96well plates and placed in the incubator at 37°C and 5%0@€&rnight.

For nutrient deprivation studies, the media were changed to starvation n{@diale 2.1)pr full media,

all supplemented with dFBS. The cells were left in the incubator at 37°C and.%66 T@ays (SW

1990 cells) and 6 days (MIA PdCeells). For quiescence studies, the media were changed to full
media congéining DMSO or the indicated inhibitorBaple 2.9) The cells were incubated at 37°C and

5% C@¥for 4 days. Thecellsweregoli F A Y SR ¢AGK p>3IkYf | 2SOKadooonH
and incubated at 37°C and 5%:3@ 30 minutes. Afterwards, the cells were washed with PBS, and
media without phenol red was added. The cells were imaged live with an ImageXpress microscope,
10x objective, using DAPI wavelength for nuclei and Cy3 wavelength for PI. The %Pl was measured
using MetaXpress and the Costuriodule Editor software (CME) using an algorithm that could

detect the total nuclei and nuclei positive for PI.

2.2.8 Tumour Quiescent Reactivation

2000 cells/well were seeded in full media in@6ll plates and placed in the incubator at 37°C and 5%

CQ overnight. The media was changed to full media containing DMSO or 200nM MRTX1133. The cells

were incubated at 37°C and 5% Q@ 4 days. Afterwards, the cells treated with MRTX1133 were

washed, and the media were replaced with normal media and placed in the incubator at 37°C and 5%
CQfor 8 days. The cells were washed twice with PBS and fixed with 4% PFA for 15 minutes at RT. The
ydzOft SA 6SNB adGlAySR gA0GK mn>3kYf | 2SOKadooonH T2
with an InCell Analyzer 28010x objective. The cell number was measured with Cell Profiler using an

algorithm to detect the nuclei by covering the range of nuclei size and intgffsijyre 2.1)
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Figure 2.3. Quantification of EdU-positive cells using CellProfiler.

(A) Images from each condition were analysed in CellProfiler using a custom pipeline that quantifies cell number
based on the DAPI (nuclei) and Cy3 (EdU) channels. (B) The ‘Identify Primary Object module’ was used to detect
individual nuclei. The ‘typical diameter of object’ parameter was optimised to define nuclear size based on the nuclei
sizes of the image (objects outside of the range are discarded), and the Global manual threshold was applied to
enable accurate nuclei segmentation. (C) A Global manual threshold was applied in the Cy3 channel to identify EAU-
positive cells. (D) The MaskObject module was used to mask the images by keeping only the overlapping region
between DAPI-identified nuclei and Cy3 signal. (E) The ClassifyObjects module (based on single measurements) was
used to assign each nucleus as either EdU-positive or EdU-negative. The percentage of EdU-positive cells was
calculated as: %EdU-positive cells = Number of EdU+ cells/Total nuclei * 100
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2.2.9 Western Blotting

2.2.9.1 Sample preparation

For nutrient deprivation studies,-&ell plates were coated with 3mg/ml of Matrigel as in 2.2.2 10
cells/well were seeded on Matrigebated plates or on plastic and grown overnight at 37°C and 5%
CQ. Media were changed to starvation media and left in the incubator for 7 days. For the tumour
quiescence studies, @ells/well were seeded in-@vell plates and incubated overnight at 37°C and
5% C@ 200nM MRTX1133 or DMSO were added to the media and left in the incubator for 4 days.
The media was aspiratednd cells were washed twice with iceld PBS. Afterwards, cells were lysed
gAGK wmnn>t (e 23@nd halysatedriveFeSrhidsferred into QiaShredder columns and
spun down at full speed for 5 minutes. The fidwough was transferred into a new Eppendorf tube,

and the protein concentration was measured with a nanodrop. The samples were sto2af @t

2.2.9.2Western Blotting

A loading buffer made up of 1mM DTT in NuPage buffer was prepared and added to the samples, and
the samples were placed in a heating block at 70°C for 5 minutes. The required volume (based on the
OF £ Odzft F ISR LINRGSAY 02y OS ynoktuarivightlad@ed(Bial &8 werd Y LI S &
loaded on 415% MiniPROTEAN precast polyacrylamidendl or 12well gels and allowed to run at

100V for ~2 hr 30 min in 1x running buffer. Afterwards, the gels were transferred oy BE
membranes at 100V for &dinutes in the transfer buffer. Membranes were blocked in 5% (w/v) BSA

or milk in TBY for 1 hour at RT, incubated with the protein of interest and GAPDH (housekeeping
protein for normalisation) primary antibodies and placed in the cold room overnidig.pfimary
antibodies were removed, and the membranes were washed 3 times #T T&SLO min and placed

on the rocker at RT during each wash. The required LICOR secondary antibodies were added and
incubated for 1 hour at RT in the dark. Following this, tiembrane was washed 3 times in TB®r

10 min, placed on the rocker at RT during each wash, and rinsed with water before imaging.

2210  RTFgPCR

2.2.10.1 Sample preparation

6-well plates were coated with 3mg/ml of Matrigel asar2.2 1@ cells/well of SW1990 cells were
seeded on Matrigetoated plates or on plastic and grown overnight at 37°C. The media were changed

to the required starvation media and left in the incubator for 7 days.
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2.2.10.2 MRNA Extraction

Ywb! 61 & SEGNIOGSR dzaAy3d GKS wbSlFaeét aiAyiA (1Al 06\
media was removed and the cells were washed twice wittO&f R t 5{ ® ! FGSNB I NRaAI «
was added directly to the wells, cells were scraped, thatéysvas collected in a QlAshredder spin
O2ftdzyy LX I OSR Ay | HYf O02ttSO0GA2y (GdzoS IyR OSyil
in RNAsdree water was added to the flothrough, transferred into a RNeasy spin column, placed in

a 2ml collectio tube, and centrifuged for 30seconds at 10,000 rpm. The-fltomugh was discarded,

FYR Tnn>ft . dZFFSNIw2wm ¢6F& I RRSR (2 GKS wbSIFae &L
rom. The flowd KN2 dz3K ¢ a RAAOFNRSRZI | yR Rpeagysdin coludz® FSNJ w
and centrifuged for 30seconds at 10,000 rpm. Theffo® N2 dz3 K ¢l & RA&AOF NRSR | 3| J
RPE was added to the RNeasy spin column and centrifuged for 2 minutes at 10,000 rpm to wash the

spin column membrane. The RNeasy spifurom was placed in a new 2ml collection tube and
centrifuged at full speed for 1 minute to eliminate any possible carryover of Buffer RPE. Afterwards,

GKS wbSlFrae alLIAy O2fdzry gl a LJX I OSR Afife waterywdsg m dp
added diectly to the spin column membrane and centrifuged for 1minute at 10,000rpm to elute the

RNA. The mRNA concentration was measured with a nanodrop, and the samples were either stored

at -80°C or used to synthesise the cDNA immediately.

2.2.10.3 cDNA Synthesis

1000ng of mRNA per sample was used to synthesise cDNA, usingdpabtity cDNA Reverse
CNF YAONRLIGAZ2Y YAOG OCAAKSNL® ! Hna>t NBEMENHS GNI Yy

mastermix, and RNadeee water to a final volume of 20 {Lable 2.10)

Table 2.13 RT Mastermix

Component Volume (per sample)
10xRT buffer Hdn>|
25x dNTP Mix noy>|
10x RT Random Primers Hdn>|
MultiScribet Reverse Transcriptase Mdn > |

A negative control solution made up of MRNA and all other solutions in the master mix, except the
NEOSNES (GNIyaONARLIIFIASET gta |ftaz2 LINBLINSR® ¢KS H
samples were placed in a thermal cycler and run followings#téngs inTable 2.11 The synthesised

cDNA was stored a80°C
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Table 2.14 Time and Temperature for cDNA Synthesis

Step 1 Step 2 Step 3 Step 4
Temperature (°C 25 37 85 4
Time 10 min 120 min 5 min K

2.2.10.4 gPCR

The cDNA was diluted in a 1:20 dilution using RMi&sewater. The gPCR master mix was prepared
as described iffable 2.12.
Table 2.15 qPCR Mastermix

Volume/reaction (384well) Final concentration
2x QuantiFast SYBR Grg p > | 1x
PCR Master Mix
10x QuantiTect Primg m > | 1x
Assay
Water M > [
Template cDNA (diluted) | 0 > | Kmnn yIK NI

mn>ft 2F GKS az2ftdziaAzy O2yiGlAyAy3d o>f 2F O5b! &az2f
well plate (3 technical repeats for each condition, includiRg control and blank water control). The

plate was sealed and spun for a few seconds to mixémeple. The PCR reaction was set up as shown

in Table 2.13and run for 40 cycles. The PCR was run and analysed using a QuantStudio 12K flex real

time PCR system. Expression levels of the target genes were calculated usiqg thei2 YS4 K2 R 0 H
Ok / G ehe@/SE 132 dzaS1 SSLIAY3I ISYyS00 daAy3d DIt51 Fa
replicates were performed for each experiment, and the results were normalised to the mean of full

media on plastic.

Table 2.16 Time and Temperature for gPCR

Hold Stage PCR Stage Melt curve stage
Temperature (°C 95 95 60 95 60 95
Time (min: sec) 02:00 00:10 | 00:30 | 00:15 01:00 00:15
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2.2.11 siRNA Knockdown

2.2.11.1 siRNA Knockdown in-@ell plates

190 pl of optiMEM and 10ul of 5uM siRNA were added toadl plate, and the plate was incubated
for 5 minutes at RT. A mix of 4ul of Dharmafect 1 (DF1) and 196l ef¥&dli was prepared and
incubated for 5 minutes at RT. The DF1 mix was added to-thelllate. The plate was incubated
for 20 minutes at RT on a gentle rocker. 3xd0SW1990 cells in 1.6 ml of media were added to each

well and placed in the incubator at 37°C and 5%fGCB days.

2.2.11.2 siRNA Knockdown for Cell Proliferation Studies

96-well plates were coated with 3mg/ml Matrigel a?ir2.2.3000 cells/well were seeded in full media

on the ECMcoated 96well plates and placed in the incubator at 37°C and 5%f@C3 hours. The

media was removed, and a mix of 5 pl of e@EM and 5 pl of 500nM siRNA was added to each well,

and the plate was incubated for 5 minutes at RT. A mix of 0.2ul of DF1 and 4.8 pHdEdptivas

prepared and incubated for 5 minutesatRirn >f 2F G(KS 5Cm YAE 614 | RRSK
well plate (Finalcg OSY NI GA2Y 2F &dAAwb! Aad HpyaOOd ! FOUSNBI NR:
in the incubator at 37°C and 5% Gfvernight. The media was changed to the different starvation
media(Table 2.1)r full media, all supplemented with dFBS and the cells were left in the incubator at

37°C and 5% Gfor 5 days. The cells were washed twice with PBS and fixed with 4% PFA for 15 minutes

Fd wed ¢KS ydzOft SA gSNB adlrAySR gAGK mn>3akYf 128
were imaged with an InCellnalyzer 2200, 10x objective. The cell number was measured with Cell

Profiler using an algorithm to detect the nuclei by covering the range of nuclei(Bigese 2.2)

2.2.12 Cell Cycle Analysis by Flow Cytometry

15x10 cells/well were seeded in a\ell plate and incubated overnight at 37°C and 5%. @@DnM

MRTX1133 or DMSO were added to the media and left in the incubator for 4 days. The media was
removed, and the cells were washed, trypsinised, centrifuged and placed in an Eppendorf tube.
Mn>3kYtf 2F 1 2S0OKaliooonH 0RAcGEAM @K infay incyb&t® &t 0 & |
37°Cand5% G@F 2N np YAydziSaod ! FGSNBIFNRaAX p>3IkYft 2F LR
the cell solution and incubateat 37°C and 5% G@r 15 minutes. The cells were placed on ice, and

the level of fluorescence emitted was measured and analysed by flow cytometry using FCS Express
analyser. Hoechst33342 was detected at 450nm, while pyronin Y at 575 nm. The data were analysed

using FCS Ergss software at the Flow Cytometry Core Facility, University of Sheffield, UK.
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2.2.13 Dye retention assay

1C° cells/well were seeded in a-®ell plate and incubated overnight at 37°C and 5%. @Q0nM
aw¢- mmoo 2NJ 5a{h ¢gSNB I RRSR (G2 GKS YSRAIF FyR fS7F
added to the cell tracker mix. Afterwards, 1.5ml selfNBES YSRAI 461 & | RRSR (i

(0p))

tracker/DMSO mix (1:3000 dilution). The cells were washed,of the cell tracker mix was added,

and the cells were placed in the incubator at 37°C and 5%0C®hour. Next, the cells were washed,
trypsinised, counted and 20QtklIs/well were seeded on a 98ell plate in full media with DMSO or
MRTX1133 and placed in the incubator at 37°C and S2foCOdays. The cells were imaged live daily

over 4 days with an InCell Analyzer 2200, 10x objective, using DAPI wavelength for nuclei and Cy3
wavelength for Cell Tracker Red. The % of Cell Trackepdzdi/e cellsvere measured with Cell
Profiler using an algorithm to detect the total number of nuclei and the number of nuclei positive for
Cell Tracker RegFigure 2.3)

2.2.14 Mass Spectroscopy

2.2.14.1 Untargeted Mass Spectroscopy

Nutrient deprivation studies- 6-well plates were coated with 3mg/ml Matrigel as M2.2. 1¢°
cells/well were seeded in full media on the ECbdated 6well plates and placed in the incubator at
37°C and 5% GOvernight. The media was changed to starvation médable 2.1)or full media, all
supplemented with dFBS. The cells were left in the incubator at 37°C and566 TAays (SWL990
cells) and 6 days (MIA Palaells).

Tumour quiescent studies 10° cells/well were seeded in a\Bell plate and incubated overnight at
37°Cand5% GO Hnnya aw¢ - MmmMmooX mM>a LI fo20A0tA0 2NJ 5af{t

the incubator for 4 days.

The cells were placed on ice, the media was removed, and the cells were washed witldi&BS.

Afterwards, 800pl of iceold metabolite extraction solution (5 MeOH: 3 ACN2@)Hvas added for 5

minutes and transferred to an Eppendorf tube. The samples were centrifuged at 14,000 rpm at 4°C

for 10 minutes, and the samples were preserved7d°C. The samples were run at the Faculty of

Science biOMICS Facility using the settiredeviz

Untargeted UPL®S- Samples were directly injected into the mass spectrometer Waters Synapt G2

{A dzAAy3 | 2 GSNBE ! OljdzAide ldziz2al YL SN Ly2a2SOGAz2y
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= water + 0.1% formic acid, and mobile phase B = methanol + 0.1% formic acid. Isocratic flow 50:50 A:
B.

Mass Spectrometry settingdata were acquired in positive or negative mode with a 1 sec scan time
over the mass range 5800amu. Three replicates of each condition were combined and run at both
positive and negative modes. Only the data from the positivée was used for subsequent

analysis.

2.17 Tune Conditions for Positive and Negative Mode

Settings Positive Negative
Capillary (kV) 3 4.5
Sample Cone (V) 25 33
Source Offset (V) 75 48
Source TempC) 100 100
Desolvation Temp@C) 280 280
Desolvation gas Flow (L/h) 700 612

221411 Untargeted Mass Spectroscopy Data Analysis

'yil NBSGSR YSidlFro2t2YA0a REGL GSNBE IylfeaSR dzai
transformed and normalised metabolite intensity values were subjected to-gmrople ttest
alrdAaidAldrt Fyrfeaira oAldK LI NIRYS@®O5.NAE en§ue robustn dm |
statistical comparison, imputed values were replaced by NaN before testing. Metabolites with p < 0.05

were considered statistically significant, and the results were visualised using volcano plots. Metabolic
pathway enrichment malysis of metabolites upregulated on Matrigel compared to plastic was

performed using MetaboAnalyst 6.0t{ps://dev.metaboanalyst.cg)/ referencing the Homo sapiens

Small Molecule Pathway Database (SMPDB) pathway library.

2.2.14.2 Targeted Mass Spectroscopy

The samples were prepared, and metabolites were extracted 2it4.1 The samples were run at

the Faculty of Science biOMICS Facility using the settings below:

Targeted UPLB®IS (Amino acids) A Mass spectrometer Waters Synapt-&2coupled to Waters

l OljdzAde | t[/ s+ a dzZaSR® /[ 2fdzYy 2FG4SNARA . 91 I My |
0.3ml/min. Mobile phase A = water + 0.1% formic acid and mobile phase Boniadet+ 0.1% formic

acid.
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2.18 Gradient table for UPLC (Targeted Amino acids)

Time (min) % A % B
0 99 1

3 35 65
6 1 99
6.9 99 1

7 99 1

Mass Spectrometry settingsData were acquired in positive and negative modes with a 1 sec scan

time over the mass range 5800amu

2.19 Tune Conditions for positive and negative mode (Targeted Amino acids)

Settings Positive | Negative
Capillary (kV) 3 4.5
Sample Cone (V) 25 33
Source Offset (V) 75 48
Source TempC) 100 100
Desolvation Temp@C) 280 280
Desolvation gas Flow (L/h) 700 612

The samples were run in both positive and negative modes. Only the data from the positive hode was

used for subsequent analysis.

Targeted UPL-®IS (Lipids} A Bruker timsTOF fleX Mass spectrometer coupled to an Agilent 1290
Infinity Il UPLC was used. Column Bruker!Bio MANEH®MYY® LyaSOiAzy @2f

0.3ml/min. Mobile phase A = water + 0.1% formic acid and mobile @asacetonitrile + 0.1% formic

acid.
Table 2.20 Gradient table for UPLC (Targeted Lipids)
Time (min) % A % B
0 99 1
0.5 99 1
8 65 35
9 2 98
10 2 98
10.1 99 1
12 99 1
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Mass Spectrometry setting®ata acquired in positive and negative modes withsee¢ond scan time

over the mass range 50300amu

2.21 Tune Conditions for positive and negative mode (Targeted Lipids)

Source type VIRHESI (Positive) | VIRHESI (Negative)
Capillary (V) 3000 4500

Sample Cone (V) 25 33

Source Offset (V) 75 48

Source TempC) 100 100

Desolvation TempPC) 280 280

Desolvation gas Flow (L/h) | 700 612

Data ProcessingData was processed by Heather Walker at the biOMICS Mass Spectrometry Facility.
A Bruker Metaboscape 2025 software with default settings fdReX 4D processing and ion
deconvolution with a minimum 4D peak size of 85 points and an inetisieshold of 1000 counts,

was used. Compounds were matched to a target list and lipid and spectral libraries, with tolerances

and scores shown in the table below.

Table 2.22  Tolerance and scores for lipid data processing

Criteria Narrow Tolerance Wide Tolerance
m/z 2ppm Sppm
Retention time 0.1min 0.5min

mSigma 20 100

MS/MS score 900 600

CCs 1% 3%

2.2.15 Statistical Analysis

All graphs were plotted using GraphPad Prism software. A Méhiiney U test was used to analyse
experiments containing two groups. Om&ay ANOVA (Kruskall f te&t)Qaias used to analyse
experiments containing more than two groups, and Dunn's multiple comparison test was used to
compare the different data sets. A tweay ANOVA was used to analyse experiments containing more

than two groups with more thanone vario f S Yy R ¢dz] S8 Qa YdzZ GALX S O2Y
compare the different groups. Superptowere generated as described by Lord and colleagues (Lord

et al., 2020). Data points from the same experiments were presented in similar colour, and the mean
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value of each biological replicate was presented in the colour of each experiment, but in larger symbol
sizes. Statistical analysis for ntargeted metabolic profiling was performed by Perseus software

(described in section 2.2.14.1.1).
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3 The ECM supports the proliferation of PDAC cells
In nutrient-deprived conditions

3.1 Introduction

PDAC cells exist in a nutriesieprived microenvironment in vivo (Kamphorst et al., 2015). In addition

to the increased need for nutrients to support rapidly proliferating cells in all cancers, some studies
KFE@S G0N o6 dzii SdBprivedbstale @ifs defisizisthinaStlfati results in collapsed blood
vessels and low vasculature, negatively impacting the transport of nutrients to the cells (Ren et al.,
2023). Indeed, while analysing the metabolic profile of human PDAC tissues, Kamphorst et al reported
that PDAC tumours are low in glucose, glutamine and serine (Kamphorst et al., 2015). In addition,
Sullivan and colleagues analysed the interstitial fluid of murine PDAC models and found that the
tumours are low in glucose, lactate, arginine, tryptophan aystaine (Sullivan et al., 2019). Despite
this, PDAC cells have been found to survive in this nutdeptived environment (Kamphorst et al.,
2015).

The TME comprises cellular components like fibroblasts, CAFs and immune cells, and the largest and
acellular component, the ECM (Kamphorst et al., 2015). More specifically, the PDAC TME is dense and
highly fibrotic (Liot et al., 2021), due to the excessigposition of ECMrom CAFs and PSCs. This
desmoplastic reaction not only provides mechanical supeniger et al., 2018), but also negatively
impacts drug delivery into the tumour (Ferrara et al., 2021) and serves as a source of nutrients
(Olivaes et al., 2017), all of which contribute to PDAC cell proliferation, migration, metastasis and
survival. The typical ECM components found in PDAC are collagens, fibronectin, laminin and
hyaluronan. In particular, collagens I, IV and laminins have beantegbto be the most abundant

ECM in PDAC (Ferrara et al., 2021, Perez et al., 2021), with a high serum concentration oflsbllagen

being linked to the increased likelihood of relapse in pancreatic cancer pafiehisnd et al., 2009)

Furthermore, in their study on the roles of collageim pancreatic cancer, Ohlund and colleagues
found that pancreatic cancer cells seeded on either colldgerVV showed increased cell proliferation

and reduced apoptosis compared to pancreatic caruadis seeded on a control matrix, BSA. Their
wound healing assay also showed that pancreatic cancer cells grown on both céllagenlVV
matrices migrated faster than those grown on BSA, used as a control matrix (Ohlund et al., 2013). In
addition, Olivare et al reported that nutrienrtleprived PDAC cells internalised both collagens | and 1V,
and collageAV supported®DAC cell survival in glucestarved conditions. Also, they found that PDAC

cells supplemented with collagdW showed an increased phosphorylation of ERK, downstream of
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KRAS, accounting for its role in promoting cell proliferation (Olivares et al., 2017). Besides, a recent
study by Nazemi et al highlighted the role of collagi@mbreast cancer cells (also known to exist in an
ECMrich microenvironment). They found thabllagenl promoted the growth and survival of amino
aciddeprived breast cancer cells. Using metabolomics, they discovered that under amino acid
starvation, breast cancer cells seeded on a colldge&h matrix have an increased level of tyrosine

and phenylalanine, which they found was responsible for E@@#yendent growth of the cells in amino

aciddeprived conditions (Nazemi et al., 2024).

The dense fibrotic stroma, characterised by an abundant accumulation of ECM that contributes to
poor vasculature and a significantly reduced access to adequate nutrients, iskneeh feature of

the PDAC TMB/@hadevan and Von Hoff, 200 However, PDAC cells survive and continue to thrive

in their nutrientdeprived environments (Kamphorst et al., 2018ere we wanted to assess the roles

of the Matrigel and collageh in supporting PDAC cell growth in different nutrigeprived

conditions.

3.2 Results

3.2.1 Matrigel and collagend partially rescued the proliferation of PDAC cells
under nutrient deprivation

Two ECM preparations, Matrigel and collagemwere used. Matrigel is extracted from Engelbreth
Holm-Swarm (EHS) mouse sarcoma, and it contains basement membrane components such as
collagenlV, different isoforms of laminin (with the most abundant beingilsin 111) (Aisenbrey and
Murphy, 2020), nidogen and perlecan. Additionally, Matrigel contains proteases and growth factors
such as PDGF, EGF and FGF (Benton et al., 2011). Growthddated Matrigel was used in our

study to mimic the basement membranehile collaged was used to simulate the interstitial matrix.

To assess the roles of the ECM under nutrient deprivation, human PDAC cell lines with different KRAS
mutations were used to assess the possible contributions of KRAS mutation talép@éhtent

support under nutrient deprivation. S\W990 (G12D), PANC(G12D, MIA PaGa (G12C) and BxPC

3 (Wildtype KRAS) cells were seeded on plastic, Matrigel or collageated plates and cultured in
glucosefree, glutaminefree or amino acidree media, supplemented with 10% dialysed FBS (dFBS).
dFBS was used in our stublgcause, unlike regular FBS, dFBS has been depleted of small molecules
like amino acids, hormones, and other metabolites, thereby minimising the contribution of nutrients

from other sources into our starvation conditions (Nazemi et al., 2024). The esdidiwed on days 2
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and 6 for MIA PaG2cells or days 2 and 7 for the remaining cell lines, stained with DRAQ5 and imaged

using a LICOR Odyssey system.

In SW1990 cells, in full media, there was a small but statistically significant increase in cell growth in
the presence of both Matrigel and collagénompared to plasti¢Figure 3.1A)Furthermore, Matrigel
rescued the growth of SY¥990 cells under glucose deprivation, with about aiol@ increase in cell
growth in the presence of Matrigel compared to plastic. While the cell growth on collagas about

5 times more than on plastithe increase did not reach statistical significar(gure 3.1B).
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Figure 3.1 — Matrigel and Collagen-I partially rescued SW-1990 cell proliferation under nutrient deprivation
SW-1990 cells were seeded on plastic, 2mg/ml collagen-l (col-I) or 3mg/ml Matrigel-coated 96-well plates and
incubated overnight. The media were changed to (A) full media, (B) glucose-free media, (C) glutamine-free media, (D)
amino acid-free media, all supplemented with dFBS. The cells were fixed on day 2 or day 7, stained with DRAQS5 and
imaged with a Licor Odyssey Sa system. The signal intensity was quantified using Image Studio Lite software. Data are
presented as Mean + SEM. The data was normalised to the mean of each condition on plastic on day 2. Significance
was determined using Kruskal-Wallis and Dunn’s multiple comparisons test. ****p<0.0001, **p<0.01 *p<0.05. N=3
independent experiments, and the bigger dots represent the mean of each experiment.

Similarly, in glutamingleprived conditions, while there was a significant increase in cell growth in the
presence of Matrigel compared to plastic (more thafol), there was no significant difference in cell
growth between collageih and plastic(Figure 3.1C)Finally, unlike glucose and glutamifnee
conditions, in amino aciffee conditions, Matrigel and collagdrtaused a significant ~f@ld increase

in cell growth compared to plast{€igure 3.1D)Overall, that data suggests that Matrigel haware

significant effect on glucose and glutamideprived SW1990 cells than collagehn

Next, in MIA PaCa cells, the data showed that in full media, there was a significant increase in cell
growth in the presence of Matrigel compared to both plastic and colldget2fold). At the same
time, there was no difference in the cell growth bewvethe cells on plastic and the cells on collagen

I (Figure 3.2A)Next, we saw that under glucose starvation, both Matrigel and collhgamificantly
increased cell growth compared to plastic, with afel?l increase in the presence of either Matrigel

or collagenl compared to plastiFigure 3.2B)Similarly, both Matrigel and collagépartially rescued

the growth of glutaminedeprived and amino acideprived MIAPaGa OSft f a oxH FT2f R
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and collaged compared to plastiqfFigure 3.2C, D)Together, these data indicate that both Matrigel

and collageHd partially rescued MIA Pa@ecell growth under starvation to similar extents.
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Figure 3.2 — Matrigel and Collagen-I partially rescued MIA PaCa-2 cell proliferation under nutrient deprivation

MIA PaCa-2 cells were seeded on plastic, 2mg/ml collagen-1 (Col-lI) or 3mg/ml Matrigel-coated 96-well plates and
incubated overnight. The media was changed to (A) full media, (B) glucose-free media,(C) glutamine-free media, (D)
amino acid-free media, all supplemented with dFBS and incubated. The cells were fixed on day 2 and day 6, stained
with DRAQS and imaged with a Licor Odyssey Sa system. The signal intensity was quantified using Image Studio Lite
software. Data are presented as Mean + SEM. The data was normalised to the mean of each condition at day 2.
Significance was determined using Kruskal-Wallis and Dunn’s multiple comparisons test. **p<0.01 *p<0.05. N=3
independent experiments, and the bigger dots represent the mean of each experiment.

In BXPE3 cells, there wasio difference in cell growth in the presence of Matrigel or collaben
compared to plastic in full medig&igure 3.3A)In contrast, only Matrigel partially rescued cell growth

of BXxP&3 cells under glucose deprivation, as there was a significant increase in cell growth in the
presence of Matrigel compared to both plastic and collagémore than a Zold increase), whd

there was no difference in cell growth between the cells on plastic and the cells on celi@aguare

3.3B) Similarly, under glutamine starvation, there was a Matriiggpendent increase in cell growth
(about 2 times more on Matrigel compared to plastic). At the same time, there was no significant
increase in cell growth in the presence of collagi@omparedio plastic(Figure 3.3C)Next, we saw

that in amino acidree conditions, Matrigel and collagan O dzi S R -fbld), &uy sdtatistically X H
significant increase in cell growth compared to the cells on pléstgure 3.3D)Overall, similar to
SW1990cells, the data suggest that Matrigel has a more significant effect on glucose and glutamine

deprived SWL990 cells than collagein
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Figure 3.3 — Matrigel and Collagen-I partially rescued BxPC-3 cell proliferation under nutrient deprivation

BxPC-3 were seeded on plastic, 2mg/ml collagen-I (Col-1) or 3mg/ml| Matrigel-coated 96-well plates and incubated
overnight. The media was changed to (A) full media, (B) glucose-free media, (C) glutamine-free media, (D) amino acid-
free media, all supplemented with dFBS and incubated. The cells were fixed on day 2 and day 7, stained with DRAQS
and imaged with a Licor Odyssey Sa system. The signal intensity was quantified using Image Studio Lite software. Data
are presented as Mean + SEM. The data was normalised to the mean of each condition at day 2. Significance was
determined using Kruskal-Wallis and Dunn’s multiple comparisons test. ***p<0.001 **p<0.01 *p<0.05 N=3
independent experiments, and the bigger dots represent the mean of each experiment.

Finally, in PANC cells, there was no difference in cell growth in the presence of Matrigel or collagen

I compared to plastic in full med{&igure 3.4A)However, Matrigel and collagdrtaused a significant
increase (~Zold) in cell growth compared to the cells on plastic under glucose starvéfigure
3.4B). In contrast to this, there was no increase in cell growth in the presence of Matrigel or cellagen
| compared to plastic under glutamitieee conditions(Figure 3.4C)Lastly, Matrigel and collagé
significantly increased cell growth under amino acid deprivation. While the cell growth on cellagen
was about 3 times more than on plastic, the cell growth on Matrigel was about 5 times more than on

plastic(Figure 3.4D)

Overall, we saw that Matrigel had a more pronounced effect on rescuing the proliferation of glucose
and glutaminedeprived SWL990 and BxP@ cells than collageh At the same time, there was no
difference between Matrigel's and collagénQ & | 6 gpdrtihié growthdf MBAd2aG2 cells under
nutrient deprivation. In PANC cells, the data showed that Matrigel and collaggrartially rescued

cell growth under glucose and amino acid, but not glutamine starvation. Overall, Matrigel consistently

promotedcell growth under nutrient deprivation in all the cell lines tested.
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Figure 3.4 — Matrigel and Collagen-| partially rescued PANC-1 cell proliferation under glucose and amino acid
deprivation

PANC-1 were seeded on plastic, 2mg/ml collagen-I (Col-I) or 3mg/ml Matrigel-coated 96-well plates and incubated
overnight. The media was changed to (A) full media, (B) glucose-free media, (C) glutamine-free media, (D) amino
acid-free media, all supplemented with dFBS and incubated. The cells were fixed on days 2 and 7, stained with
DRAQS, and imaged using a Licor Odyssey Sa system. The signal intensity was quantified using Image Studio Lite
software. Data are presented as Mean * SEM. The data was normalised to the mean of each condition at day 2.
Significance was determined using Kruskal-Wallis and Dunn’s multiple comparisons test. ****p<0.0001 ***p<0.001
**p<0.01 N 22 independent experiments, and the bigger dots represent the mean of each experiment.

3.2.2 Matrigel, but not collagenl, partially rescued the proliferation of PDAC
cells in Tumour Interstitial Fluid Media (TIFM)

The Interstitial fluid (IF) transports nutrients and waste between the cells and the bloodstream
(Wagner and Wiig, 2015). In normal cells, the nutrient content in the IF is similar to the nutrient
content in the blood; however, in tumours such as PDAC pdtir vasculature, the nutrient content

in the IF transported to the tumours is lower than the available nutrients in the bloodstream (Sullivan
et al., 2019). This suggests that measuring the nutrient content of the IF is a better method of

characterisinghe nutrient content of tumours.

To have a clearer picture of the nutrient content in PDAC, Sullivan et al used-b&btSquantitative
metabolomics to measure the nutrient content in the IF of a murine model of PDAC and found that,
in addition to glucose, cysteine, tryptophan and laetarginine was the most depleted nutrient in

the IF of PDAC tumours (Sullivan et al., 2019). Using this data, they formulated Tumour Interstitial
Fluid Media (TIFM), which they reported to better recapitulate the nutrient depleted and
metabolically stressd state of PDAC in vivo. (Apiz Saab et al., 2023). Given the importance of
physiological relevance in cancer modelling, TIFM was selected as the culture medium to more

accurately recapitulate the nutrient microenvironment experienced by PDAC cells in vivo

To assess the ability of Matrigel and collagea support the proliferation of PDAC cell lines cultured

in TIFM, SWL990, PANG, MIA PaG& and BxP@ cells were seeded on plastic, Matrigel or collagen
I-coated surfaces and cultured in TIFM supplememntdttt 10% dFBS. After 6 days (MIA RaCalls)

and 7 days (remaining cell lines), the cells were fixed, stained with DRAQ5 and imaged using a LICOR

Odyssey system. We saw that Matrigel, but not collageascued S¥W 990, MIA PaCG2a and BxPQ3
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cell growth(Figure 3.5A, C, Mhile neither Matrigel nor collagehrescued PANC cells cultured in
TIFM(Figure 3.5B)This further solidifies our initial observation that supplementing PDAC cells with

Matrigel significantly affected nutrierdeprived PDAC cells more than collagen
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Figure 3.5 — Matrigel partially rescued PDAC cell proliferation in TIFM

(A) SW-1990 (B) PANC-1 (C) MIA PaCa-2 (D) BxPC-3 cells were seeded on plastic, 2mg/ml collagen-I (Col-1) or 3mg/ml
Matrigel-coated 96-well plates and incubated overnight. The media was changed to TIFM supplemented with dFBS
and incubated. The cells were fixed on days 2 and 6 for MIA PaCa-2 cells and days 2 and 7 for the remaining cell lines,
stained with DRAQS5, and imaged using a Licor Odyssey Sa system. The signal intensity was quantified using Image
Studio Lite software. Data are presented as Mean + SEM. The data was normalised to the mean of each condition at
day 2. Significance was determined using Kruskal-Wallis and Dunn’s multiple comparisons test. ***p<0.001 **p<0.01
N =2 independent experiments, and the bigger dots represent the mean of each experiment.

3.2.3 Laminin/entactin partially rescued the proliferation of amino acid
deprived PDAC cells

To investigate the specific basement membrane component that could be responsible for the role of
Matrigel andgiven that laminin is the most abundant basement membrane component in Matrigel
(Kleinman and Martin, 2005), we measured the effects of laminin/entactin on nutdeptived PDAC
cells. SWL990 cells were seeded on plastic, Matrigel or laminin/entactated plates and cultured

in full, glucosdree, glutaminefree, amino acid€ree media and TIFM supplemented with 10% dialysed

FBS (dFBS). After 7 days, the cells were fixed, stained with DRAQ5 and imaged using a LICOR Odyssey

system.

Culturing cells on Matrigel and laminin/entactioated surfaces significantly increased the
proliferation of SW1990 cells grown in full medigrigure 3.6Aand amino acidree media(Figure

3.6D) However, compared to Matrigelbated surfaces, laminin/entactin did not rescue cell growth

in glucosefree (Figure 3.6B)glutaminefree (Figure 3.6Cinedia or TIFMFigure 3.6E)This suggests

GKFG 1T YAYAYkSYGalrOaAy Ft2yS YAIKG y2id 0SS NBaLRy
nutrient-starved onditions.
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Figure 3.6 — Matrigel and Laminin partially rescued SW-1990 cell proliferation under nutrient deprivation

SW-1990 cells were seeded on plastic, 3.5mg/ml laminin or 3mg/ml Matrigel 96-well plates and incubated overnight.
The media were changed to (A) full media, (B) glucose-free media, (C) glutamine-free media, (D) amino acid-free
media, and (E) TIFM, all supplemented with dFBS and incubated. The cells were fixed on days 2 and 7, stained with
DRAQS5, and imaged using a Licor Odyssey Sa system. The signal intensity was quantified using Image Studio Lite
software. Data are presented as Mean + SEM. The data were normalised to the mean of each condition at day 2.
Significance was determined using Kruskal-Wallis and Dunn’s multiple comparisons test. ***p<0.001, **p<0.01,
*p<0.05, N 22 independent experiments, and the bigger dots represent the mean of each experiment.

3.2.4 Matrigel partially reversed the effects of the Glutaminase inhibitor, CB
839, in PDAC cells

Given the critical role of glutamine as a building block for other amino acids, nucleotides and fuelling
the TCA cycle, it is no surprise that rapidly proliferating cells depend on glutamine as a metabolic fuel
to support their proliferation (Son et al.023; Palm and Thompson, 2017). Consequently, targeting
glutamine metabolism is a promising method of cancer therapy. The glutaminolysis process starts with
converting glutamine to glutamate, catalysed by glutaminase (GLSBB%;B smalmolecule inhibito

of GLYFigure 3.7A)showed anttumour effects in patients with solid tumours such as tripkgative

breast cancer, renal cancer and nemall cell lung carcinoma in phase I/1l clinical trials (Harding et al.,
2021; Gouda et al., 2025). Given the ability of Matrigel topsupthe proliferation of PDAC cells

cultured in glutamindree media, we wanted to assess the effects of Matrigel upon pharmacological

inhibition of glutamine metabolism.

Here, BxPQG cells were seeded on Matrigebated plates or on plastic, cultured in full media in the
presence of different concentrations of GB9 or glutamingree media for 5 days. The cells were
fixed and stained with Hoechst33342 and imaged usingn&ell AnalyzerFigure 3.7Bshows a
concentrationdependent reduction in the cell number upon treatment with-&89, similar to the
decrease in cell number in glutamifiee media. Furthermore, Matrigel partially reversed the growth

inhibitory effect of 8-839, evidenced by the increase in the number of cells on Matdgaled plates
compared to the cells on plastic.
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This further solidifies the role of the ECM in supporting PDAC cell growth under nutrient deprivation
and suggests that the abundant ECM in PDAC could contribute to resistance to therapeutic

interventions that focus on disrupting glutamine metabolism ofARells.

A B
GlUtamine 5 LR L] EE LT EEEE EkkE - Vehicle
_ 1 « 2000MCB
2 . e, _I «  500nMCB
GLS F——— CB-839 PREE FU . Gidee
33 * H
39 I ’
EE 0.5 . ! :
Glutamate = ﬂ FEW ﬁ .
0.0 L] L} L] L 1 T T L]
Plas Mat Plas Mat Plas Mat Plas Mat

Figure 3.7 — Matrigel partially rescued PDAC cell growth under pharmacological inhibition of GLS1.

(A) Schematics of GLS inhibition by CB-839. (B) BxPC-3 cells were seeded on a plastic or 3mg/ml| Matrigel-coated 96-
well plate and incubated overnight. The media was changed to media containing DMSO (vehicle), 200nM CB-839,
500nM CB-839 or glutamine-free media supplemented with dFBS and incubated for 5 days. The cells were fixed and
stained with Hoechst 33342, imaged using InCell Analyzer 2200 and analysed using Cell Profiler. Data are presented
as Mean t SEM. The data was normalised to the mean of the plastic vehicle control. Significance was determined by
Two-Way Anova with Tukey’s multiple comparisons test. ****p<0.0001. N=3 independent experiments, and the
bigger dots represent the mean of each experiment

3.2.5 Matrigel and collageA did not reduce apoptosis in PDAC cells under
nutrient deprivation conditions

It is known that nutrient starvation induces cell death in PDAC cells (Tsai et al., 2021). Here, we wanted
to investigate the role of the ECM on the survival of nutridaprived PDAC cells. Propidium iodide

(P1) staining was used as a cell death marRers a membraneanpermeable nuclear stain that is not
incorporated in live cells with an intact plasma membrane (Crowley et al., 2016), but it stains dying or
dead cells in which the plasma membrane is damable@chst33342 is a membraipermeable dye,

making it appropriate to stain live cells. Staining the cells with both Pl and Hoechst33342 allowed

us to get a percentage of nenable cells within our live cell solution.

SW1990 and MIA PaGa cells were seeded on plastic, Matrigel or collayjemated plates and
cultured in full media, glucoskeee media, glutamindree media, amino aciffee media and TIFM, all
supplemented with 10% dFBS. The cells werstamed with Pand Hoechst33342 and imaged live 7
and 6days postireatment, respectively. In SMRB90 cells, there was a trend of an increase in the
percentage of Ppositive cells across all the starvation conditions compared to full media, with the

cells cultured irglucosefree media having the highest percentage opBsitive cellsKigure 3.8)
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Figure 3.8 — The ECM did not reduce apoptosis in nutrient-deprived SW-1990 cells

(A) Timeline of Pl incorporation experiment. SW-1990 cells were seeded on plastic, 2mg/ml collagen-I (Col-l) or a
3mg/ml Matrigel-coated 96-well plate and incubated overnight. The media were changed to (B) full media, (C)
glucose-free media, (D) glutamine-free media, (E) amino acid-free media, and (F) TIFM, all supplemented with dFBS
and incubated for 7 days. The cells were stained with both Hoechst 33342 and PI, imaged live with an Image Xpress
microscope and analysed using the MetaXpress software. Data are presented as Mean + SEM. Significance was

determined using Kruskal-Wallis and Dunn’s multiple comparisons test. ****p<0.0001,, ***p<0.001, *p<0.05. N =3
independent experiments, and the bigger dots represent the mean of each experiment.

Looking at the roles of ECM proteins, we saw that in full media, there was a small but statistically
significant increase in the percentage ofd@kitive cells in the presence of both Matrigel and collagen

| compared to plastic, suggesting that there vaasincrease in cell death in the presence of ECM
proteins in full medigFigure 3.8R)This could be attributed to the fact that the cells grew slightly
faster in the presence of ECM and were too conflubntontrast, there was a significant reduction in

the percentage of Rpositive cells cultured in glucogee media in the presence of Matrigel, and not
collagenl, compared to plasti¢Figure 3.8C)Finally, neither Matrigel nor collagdraffected the

percentage of Ppositive cells cultured in glutamideee, amino acigree media or TIFNFigure 3.8D,
E, F).

Similarly, in MIA PaGacells, there was a trend of an increase in the percentage-pb$ttive cells

across all the starvation conditions compared to full mé&igure 3.9)
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Figure 3.9 — The ECM did not reduce apoptosis in nutrient-deprived MIA PaCa-2 cells

(A) Timeline of Pl incorporation experiment. MIA PaCa-2 cells were seeded on plastic, 2mg/ml collagen-1 (Col-I) or a
3mg/ml Matrigel-coated 96-well plate and incubated overnight. The media were changed to (B) full media, (C)
glucose-free media, (D) glutamine-free media, (E) amino acid-free media and (F) TIFM, all supplemented with dFBS
and incubated for 6 days. The cells were stained with both Hoechst 33342 and PI, imaged live with an Image Xpress
microscope and analysed using the MetaXpress software. Data are presented as Mean = SEM. Significance was
determined using Kruskal-Wallis and Dunn’s multiple comparisons test ***p<0.001, **p<0.01, *p<0.05. N = 3
independent experiments, and the bigger dots represent the mean of each experiment.

In full media, there was a significant increase in the percentage-dstive cells in the presence of
both Matrigel and collageh(Figure 3.9B)also likely attributed to the slightly faster cell growth in the
presence of ECM. Furthermore, unlike in-3990 cells, neither Matrigel nor collagémeduced cell
death in glucosestarved MIA PaCGa2 cellg(Figure 3.9C)In contrast to this, Matrigel, but not collagen
I, resulted in a small but statistically significant reduction opdaitive cells under gtamine
starvation (Figure 3.9D) Neither Matrigel nor collageh affected cell death under amino acid
starvation, while Matrigel, but not collagdnslightly increased the % of-pdsitive MIA PaG2 cells
grown in TIFMFigure 3.9E, F).

Overall, our data indicate that Matrigel, but not collageneducedcell death under glucostee and,

to a lesser extent, glutaminfgee conditions in SYL990 cells and MIA PaQaells, respectively, while
neither matrix affected cell death under the other nutrient starvation conditions. This suggests that
Matrigel migt support cell proliferation through different mechanisms depending on the starvation

conditions and in a cell typgependent manner.
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3.2.6 Matrigel increased the DNA synthesis of glucose and glutamine
deprived PDAC cells

Since Matrigel did not reduce cell death in most nutrient starvation conditions studied, we
hypothesised that the Matrigehduced increase in the proliferation of nutriedeprived PDAC cells
could be due to increased DNA synthesis. To test this, we ssbe®ll cycle progression in the
presence of Matrigel and under different nutriedeprived conditions using -BthynyiH -
deoxyuridine (EdU), which is incorporated in cells during DNA synthesis98¥Wells were cultured

in full, glucosdree, glutaminefree, amino acigree media or TIFM, all supplemented with 10% dFBS.
EdU was added to the cells on day 7 for 24 ho&igufe 3.103 and the cells were imaged to

determine the percentage of Edhbsitive cells.

First, we assessed the effects of nutrient deprivation on EdU incorporation in cells on plastic. There
were approximately 60% of Edbdsitive cells in full media, followed by a reduction in the percentage

of EdUpositive cells in glucoskeee media (~20%and glutaminefree media (~35%). Surprisingly,
there was no difference in the percentage of Egsitive cells in amino acidlee media (~53%) or
TIFM (~56%) compared to full mediiagure 3.10).

Next, we investigated the impact of ECM on EdU incorporation under nutrient deprivation. We
detected a modest but statistically significant increase in the proliferation of cells seeded on Matrigel
compared to plastic in full medi&igure 3.10B On the one hand, Matrigel increased the percentage

of EdUpositive cells cultured in glucosand, to a lesser extent, glutamisieee media(Figure 3.10C,

D). On the other hand, the presence of Matrigel did not affect the percentage ofpbditive cells
culturedin amino acidree media or TIFMFigure 3.10E, FPverall, we showed that while nutrient
deprivation reduced the ability of PDAC cells cultured in glueseand glutamindree media to
synthesise new DNA, the presence of Matrigel partially restored their DNA synthesis, which is likely

responsible fothe increase in cell proliferation despite the lack of adequate nutrients.
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Figure 3.10 - Matrigel increased DNA synthesis in PDAC cells under nutrient deprivation

(A) Timeline of EdU incorporation experiment. SW-1990 cells were seeded on plastic or 3mg/ml Matrigel-coated 96-
well plates and incubated overnight. The media were changed to (B) full media, (C) glucose-free media, (D)
glutamine-free media, (E) amino acid-free media, and (F) TIFM, all supplemented with dFBS and incubated for 7 days.
The cells were incubated with EdU 7 for 24 hours, fixed and stained with Hoechst33342 and EdU cell proliferation
imaging kit. The samples were imaged using the InCell Analyzer 2200 and analysed using Cell Profiler. Data are
presented as Mean * SEM. Significance was determined using Kruskal-Wallis and Dunn’s multiple comparisons test.
*¥**%¥1<0.0001, *p<0.05. N 22 independent experiments, and the bigger dots represent the mean of each experiment.

3.3 Discussion

In our study, we show that ECM components supported the proliferation of PDAC cells in-gtaepse
glutaminefree, amino acigree and tumour interstitial fluid media (TIFM). We also found that the

9/ aQad NRBfS 461 & AyYyRSLISY RS KRASMGtationKaS wa dhldbsimBay affécts 2 NJ | ¢
on KRAShutated PDAC cell lines, SWW90, PANQG and MIA PaC2, as well as on the wiltype KRAS

PDAC cell line, BXBCAdditionally, we found that compared to collagkeand laminin, Matrigel had

a more signifiant effect on nutrientstarved PDAC cell proliferati¢Rigure 3.11)

Furthermore, we found that Matrigel partially rescued the growth of PDAC cells upon pharmacological
inhibition of glutaminase (which prevents glutamine metabolism), suggesting that the ECM could
make PDAC cells less sensitive to pharmacological metahialigipitors. Mechanistically, we found

that the role of Matrigel in supporting the growth of nutriedeprived PDAC cells is likely linked to an
increase in DNA synthesis and not a reduction in cell death. Taken together, our data suggest that the
abundantECM in PDAC could promote cancer cell growth in a nutdeptived environment and

reduce the sensitivity of PDAC cells to glutamine metabolism inhibitors.
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Consistently, Olivares et al reported that both collagemd collagedV supported PDAC cell survival

in glucose and glutaminstarved conditions (Olivares et al., 2017). Additionally, our study showed
that the role of the ECM in supporting nutriegtarved PDAC cells was independent of the presence

of the KRAS mutation. This is interesting because various reports have demonstrated thariK&AS

cells upregulate different mechanisms, such as macropinocytosis or upregulate the expression of
nutrient transporters to acquire nutrientsQommisso et al., 2013Jeong et al., 2018). While this
chapter did not focus on the mechanism of nutrient acquisition, using Bxfe0s as a wiltype KRAS

model of PDAC, we have shown that in PDAC cells, the supporting role of the ECM is independent of
the oncogenic KRASastis of the cells.

Nutrient-starved environment

DO PDAC cells DO PDAC cells DO PDAC cells
seeded on seeded on seeded on
Plastic Collagen-I Matrigel
2

D7 ¥ D7 D7

Figure 3.11 — Schematic representation of the ECM supporting PDAC cell proliferation under nutrient deprivation
conditions

Nutrient-deprived PDAC cells were cultured on plastic, collagen-I, or Matrigel. Compared to the cells grown on plastic,
those grown on either collagen-l or Matrigel continued to proliferate under nutrient-deprived conditions, with
Matrigel having a more pronounced effect on cell proliferation than plastic or collagen-I. Furthermore, the ECM
reduced the percentage of Pl-positive (dead) cells (in red) in some cases, while Matrigel increased EdU incorporation
(in yellow). DO = Day 0; D7 = Day 7. Created with Canva.

Intriguingly, using TIFM, which was formulated to better depict the nutrient content of the PDAC TME
(Sullivan et al., 2019), we found that, except in PANsells, where neither Matrigel nor collagén
supported cell growth, only Matrigel supported theofiferation of all the other PDAC cell lines
studied. This shows that Matrigel had a more prominent effect on nutritaqtrived PDAC cells than
collagenl. This suggests that the basement membrane components of the ECM could play a more
significant role incell survival in nutrienstarved conditions than other components of the ECM.
Further work is needed to determine whether this is due to changes in matrix topology and/or stiffness

or to specific basement membrane components.
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Key components of Matrigel are laminins and collaténwWe found that seeding S¥90 cells on a
laminin/entactincoated surface did not rescue the growth of the cells in TIFM, unlike Matogeéd
surfaces. This suggests that the presence of lamintattin in Matrigel might not be the only factor
responsible for its role. While we did not study the specific effects of colldge®hlund and
colleagues found that an abundant serum collagé¢rnevel was associated with pancreatic cancer
relapse QOhlund et al., 2009 Furthermore, while collagehis reported to be the most abundant ECM
component in the desmoplastic reaction in PDAC TME, Ohlund et al found that, compared to normal
pancreatic cells, where the expression of all basement membrane proteins is simiilagecdV is

highly expressed in PDAC compared to other basement membrane proteins (Ohlund et al., 2013).
While more studies are needed to confirm this, all this evidence points to the fact that celdgen
could account for the significant role of Matride our study. However, in addition to laminin/entactin

and collagedV, Matrigel also contains perlecan and growth factors, which could account for its more
significant effect on nutrientleprived PDAC cells. Interestingly, perlecan was identified asya k
component in the CAlduced premetastatic environment in a PDAC mouse model (Vennin et al.,
2019). Hence, it will be interesting to dissect the specific molecular mechanisms behind the more

substantial role of basement membrane components in nutrgeprived PDAC cells.

Given the advancement in our understanding of cancer metabolism reprogramming and the
emergence of drugs that target different metabolic pathways, such GLS1 inhibitors to block
glutaminolysis (Harding et al., 2021) anddparaginase for the treatment ofapdiatric acute
lymphoblastic leukaemia (GareBermudez et al., 2020), it is vital to understand the possible
resistance mechanisms of cancer cells to these drugs to improve efficacy and the overall survival of
patients. Biancur et al found that upon treaent with 100nM CEB39, a GLS1 inhibitor, there was a
significant reduction in the proliferation of PDAC cells (Biancur et al., 2017). This agrees with our
findings, as we saw a concentratidependent decrease in the proliferation of PDAC cells upon

treatment with CB839.

Furthermore, we found that the reduction in cell number seen upon treatment witl8&Bwas
similar to the effects of culturing PDAC cells in glutarfiee media. This shows that our model of
culturing the cells in media lacking specific nutrients, whdetargeting specific nutrient pathways,

is adequate for depicting nutrient starvation. A more interesting discovery was that seeding the cells
with Matrigel reversed the effects of &89, as there was a significant increase in cell number upon
supplemeration with Matrigel. This is of significant clinical relevance as various studies aim at
disrupting different metabolic pathways to target cancer cells. Our data suggest that the abundant

ECM in PDAC is not only a nutrient source or a barrier to chenagibaticagents butmay also
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contribute to resistance to therapeutic options that target metabolic pathways. More work is needed
to determine whether this effect is specific to glutaminolysis inhibitors or might play a role more

broadly in the response the drugs targeting energy meteim, such as glycolysis.

Proliferating cells and indeed all cells require an optimum amount of nutrients to survive. We found
that culturing the cells in glucose, glutamine, and amino-freéid media increased the percentage of
non-viable cells, as evidenced by an increase inpaeentage of Ppositive cells. Interestingly, the

cells in TIFM had a lower percentage ofpbsitive cells compared to the cells in other starvation
conditions. This could suggest that TIFM contains enough nutrients to facilitate the survival of PDAC
cdls. In agreement with this, Apiz Saab et al used murine PDAC cell lines to study how PDAC cells
survive in TIFM. They found that while their PDAC cells cultured in standard media, RPMI, grew at a
faster rate, the cells cultured in TIFM also grew and sadji showing that TIFM provides enough
nutrients for PDAC cell survival (Apiz Saab et al., 2023). However, they did not characterise the effect

of TIFM on apoptosis or other types of cell death.

Furthermore, our data revealed that while Matrigel, but not collagereduced cell death in glucose
starved SWL990 cells, neither Matrigel nor collagémaffected cell death in glutamine or amino acid
starved SWL990 cells. In agreement with this, Nazexhal found that neither Matrigel nor collagen

| significantly reduced apoptosis in amino asidrved breast cancer cells (Nazemi et al., 2024).

Finally, using EdU incorporation as a determinant of cell division, we found that there was a reduction
in the percentage of Edpositive cells cultured in glucogee media and, to a lesser extent, in
glutaminefree media, while there was no reductiontime percentage of Ediositive cells cultured

in amino acidree media or TIFM. This was unexpected, as evidence has shown that nutrient
starvation reduces proliferation in PDAC (Shen et al., 2025). However, our data showed that only about
60% of cells ifull media were EdU positive, which could be because the cell confluency was very high
in full media at the time point at which we performed the EdU incorporation experiment. This could

account for the lack of difference between the cells in full medid thwe cells under starvation.

Interestingly, we found that seeding cells on Matrigel increased DNA synthesis of glucose and
glutaminestarved PDAC cells, but not in cells cultured in amino-faee@lmedia or TIFM (in which
there was no difference in EdU incorporation between completdia and starvation on plastic).
While this was contrary to the report by Nazemi et al, where they saw a Matlggndent increase

in EdU incorporation in breast cancer cells cultured in amincfae@media, our data agree with their
report that supplenentation with Matrigel increased the EdU incorporation of glutarrsterved cells

(Nazemi et al., 2024). However, it is important to note that their study was done in breast cancer cell
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lines, which could account for the difference in the effects of amino acid starvation. More importantly,
Matrigel's ability to support DNA synthesis was rdaded. In glucosfree conditions, where there
was a significant reduction in EdU incorporationathgel had a more significant effect on EdU
incorporation compared to glutaminiee conditions. Also, in TIFM and amino dcak conditions,

where there was no reduction in EdU incorporation, Matrigel did not affect EJU incorporation.

Conclusively, while we have shown that the ECM supported PDAC cell growth under nutrient
starvation, it will be important to use a more relevant 3D model to better characterise the roles of the
ECM, as this will give a more accurate depiction of the TMED&C. However, our 2D model has
provided an interesting baseline that could be used for further studies. Additionally, the fact that
Matrigel significantly reduced cell death under glucose starvation but not under glutamine starvation,
especially in SY¥990 cells, suggests that Matrigel could use different mechanisms of action to
support cell proliferation/survival depending on the nutrient deprivation conditions. In the following
chapters, we investigated the molecular mechanisms driving Matdgpéndert proliferation of

these nutrientdeprived PDAC cells.

94



4 Matrigel internalisation and mTORC1 activation
are required for Matrigeldependent cell growth under
nutrient deprivation

4.1 Introduction

PDAC cells, although in a nutriedgprived environment, have been reported to adapt by upregulating
metabolic pathways to acquire nutrients for their survival (Son et al., 2013), upregulating nutrient
transporters (Yun et al., 2009) and making use of iaotr scavenging mechanisms such as
macropinocytosis (Commisso et al., 2013; Kamphorst et al., 2015; Olivares et al., 2017; Jeong et al.,
2018). Additionally, it has been shown that PDAC cells internalise ECM proteins, followed by lysosomal
breakdown to suply nutrients to aid their survival in a nutriestarved environment (Olivares et al.,

2017; Nazemi et al., 2024). ECM internalisation is a process whereby cells bind to the ECM via different
ECM receptors, including integrins. Uptake of ECM componeetsdbcurs via different endocytic or
phagocytic mechanisms, before lysosomal degradation. Some ECM endocytic mechanisms that have
been studied include macropinocytosis, clathmediated endocytosis, caveoldependent
endocytosis, and cholestergknsitive clathrin and caveolagéndependent endocytosis (Rainero,
2018; Ju et al., 202Qkigure 1.5)with macropinocytosis being th@ost linkedto nutrient acquisition

in PDAC. Indeed, Olivares et al reported that glucose and glutaaejmdved PDAC cells internalise

both collagenl and 1V, with macropinocytosis playing a role in gluabsarived conditions but not in

glutaminedeprived ones (Qlares et al., 2017).

Furthermore, while mTORC1 signalling is inactivated under nutrient deprivation (Palm et al., 2015;
Lowman et al., 2019), Tsai et al reported that mTORC1 signalling is an adaptive mechanism for the
survival of PDAC cells cultured in both low glucose andylotamine media (Tsai et al., 2021). Using
different human PDAC cell lines, they found that while culturing in both low glucose and low glutamine
media resulted in cell death in the majority of the cells studied, a proportion of the cells, specifically
in SUIT2 and 8988T cell lines, survived and the surviving cells upregulated mTORCL1 as evidenced by
increased phosphorylation of S6K andBIFL, both downstream of mMTORC1 (Tsai et al.,, 2021).
Additionally, a previous study in our lab highlighted the rolase ECM in reactivating mTORC1 under
nutrient-deprived conditions. Nazemi et al reported that while culturing MDB:231 cells on plastic

in amino acidfree media resulted in deactivation of mTORCL1 signalling, evidenced by a reduction in

the phosphorylaibn of S6 and in mMTOR lysosomal recruitment, culturing the cells on either Matrigel
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or collagenl coated surfaces resulted in an increased S6 phosphorylation compared to the cells

cultured on plastic (Nazemi et al., 2024).

Understanding the molecular mechanisms behind the ability of PDAC cells to survive in their nutrient
deprived environment is vital in pancreatic cancer research, as this could lead to the discovery of novel
potential therapeutic targets. Indeed, studiesvesfound that PDAC cells can scavenge nutrients from

the ECM to survive in a nutriestarved environment and that KRA&utated PDAC cells upregulate
macropinocytosis to facilitate this nutrient uptake (Commisso et al., 2013; Jeong et al., 2018). Also,
although PDAC cells can scavenge nutrients from the extracellular space, it is unclear whether nutrient
scavenging is the gm method of nutrient acquisition under all nutriewteprived conditions.
Endocytic processes such as macropinocytosis and caveefilated endocytosis are involved in
PDAC cell nutrient scavenging (Commisso et al., 2013; Kamphorst et al., 2015; Wolfe et al., 2024).
Here, we wanted to assess the ability of PDAC cells to internalise Matrigel in nuipbete

conditions and charactemsthe mechanisms involved in Matrigel internalisation in these cells.

4.2 Results

4.2.1 PDAC cells internalised Matrigel using different endocytic routes

The previous chapter showed that Matrigel supported PDAC cell growth in different nedgenived
conditions. Here, we focused on the mechanisms behind Matimngieiced proliferation of glucose

and glutaminedeprived PDAC cells. To do this, 35mm dishexewoated with 1mg/ml of Matrigel

and labelled with pHrodo red. pHrodo red is agthsitive dye that emits red fluorescence in an acidic
environment, such as the lysosome (Lindner et al., 2020), making it suitable to measure the
internalisation of Matrigl into acidic endosomal compartments (Martinez et al., 20241990 and
BxPG3 cells were seeded on pHrodimbelled Matrigelcoated plates, in the presence or absence of
EIPA, a weknown macropinocytosis inhibitor that blocks the Mt exchanger (NHE{frigure 4.1A)
(Jeong et al., 2018).

In SW1990 cells, Matrigetontaining vesicles are abundant in the cells treated with the vehicle
control, while the addition of EIPA significantly reduced the presence of Matrigel puncta in the cells.
Matrigel uptake quantification showed an 80% reductiorMatrigel internalisation upon treatment

with EIPAFigure 4.1B)Similarly, in the BxPEcells, the cells treated with DMSO featured abundant
Matrigelcontaining vesicles, while there were few or no Matrigehtaining vesicles upon treatment
with EIFA. Image analysis indicated about 60% reduction in Matrigel uptake index upon treatment
with EIPA(Figure 4.1C)The results suggest that macropinocytosis might play a role in Matrigel

internalisation in PDAC cells. Interestingly, Matrigel internalisation was more strongly induced-in BxPC
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3 cells compared to SWR90 cells. This suggests that Matrigel internalisation might be independent

of the presence of oncogenic KRAS mutations.

To confirm the role of macropinocytosis in Matrigel uptake, we knocked down NHEL, the EIPA target
and a regulator of ECM uptake in breast cancer cells (Martinez et al., 2024). To do this, siRNA targeting
NHE1 was used in both S1890 and BxRG cells; thknockdown efficiency was analysed via Western
blotting, and we observed about a 60% reduction in NHE1 expression in befld®Wand BxRPG
cells(Figure 4.2A, B)
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