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Abstract

The microenvironment of pancreatic ductal adenocarcinoma (PDAC) is characterized by an extensive
desmoplastic reaction, an alteration of the tumour stroma where activated pancreatic stellate cells
(PSC) produce large deposits of extracellular matrix where hyaluronan (HA) stands out. The large
deposits of HA have been shown to increase interstitial pressure and collapse blood vessels creating
an impenetrable barrier for chemotherapy drugs. Clinical trials attempting to disrupt large deposits of
HA have failed to improve chemotherapy outcomes. There are a limited number of studies that have
investigated the functional role of HA in PDAC, therefore this study attempted to understand the role
of exogenous and endogenous HA in two cancer hallmarks, proliferation, and migration. We used
conditioned media rich in HA derived from PSCs and commercial HA to analyse the exogenous
effects on PDAC proliferation and migration. This study also characterised the endogenous
production of HA, the proteins involved in HA turnover and how endogenous HA affects PDAC cell
proliferation and migration. Proliferation was assessed by the cell counting kit and sulforhodamine
assays and migration was analysed by gap closure assays. HA production was assessed with an HA-
ELISA-like assay and HA in PDAC cells was assessed by an immunofluorescence-like assay. The
proteins involved in HA turnover were analysed by immunoblotting, cell membrane enrichment kits,
immunofluorescence and siRNA knock downs. We found that PSC-conditioned media did not affect
PDAC cell proliferation. Despite PSC-conditioned media increasing migration, we found that this
effect was independent of HA. Exogenous HA did not affect PDAC cell proliferation. However
exogenous HA had a differential effect on migration. BXPC3 cells expressing variants of HA receptors
CD44 and RHAMM, increased migration with exogenous high molecular weight HA. This was
abolished by blocking hyaluronidases (HYALs), HA degrading enzymes, with dextran sulphate. PDAC
cells differentially produced HA. Disrupting endogenous HA by removing pericellular HA or inhibiting
HA synthesis differentially decreased the migration of BXPC3 cells but did on affect PDAC cell
proliferation. The combination of these two treatments had an additive effect in decreasing migration.
Knocking down hyaluronan synthase 2 (HAS2) had a similar effect and greatly reduced migration in
BXPC3 cells. This study provides evidence of differentially expressed HA turnover systems that can
affect migration and proliferation in PDAC. Further studies investigating the role of HA in PDAC could

provide insight into why the recent therapeutic attempts to target HA in the stroma have failed.
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Chapter 1 Introduction

1.1 Pancreatic Cancer

Pancreatic cancer has some of the worst survival statistics and very limited treatment options.
This is due to a combination of different factors such as a general lack of symptoms and late detection.
This means that by the time of diagnosis the disease has advanced to a late stage and is often found
metastasising. In addition, pancreatic cancer usually presents with a dense tumour
microenvironment, making it almost impenetrable to most cytotoxic chemotherapy drugs.
Understanding the underlying molecular pathology, potential vulnerabilities and the nature of the
tumour microenvironment are critical if we are to identify novel drug targets and develop new drugs

to treat this devastating disease.

1.1.1 Epidemiology of pancreatic cancer

According to data from the analysis of the Global Burden of Disease study 2017, the global
recorded deaths from pancreatic cancer increased 2.3 times from 196000 in 1990 to 441000 in 2017
(Collaborators, 2019). In the year 2020, there had been an increase of 55% in the incidence of
pancreatic cancer, a 63% increase in prevalence and a 53% increase in mortality in the last 25 years
(Lippi and Mattiuzzi, 2020). Despite that, the incidence of pancreatic cancer is estimated to be only
14t among all cancers (1.8%). However, it is the 6" cause of death of all cancers worldwide (4.8%)
(Lippi and Mattiuzzi, 2020). Furthermore, projections for the year 2030 have set pancreatic cancer to
become the 2" leading cause of cancer deaths (Rahib et al., 2014). Survival rates are overwhelmingly
low, although progress has been made. The overall 5-year survival rate increased from less than 5%
in 1990 up to 9% in 2019 in the USA and Europe, which remains very low (Klein, 2021). There are
three main recognized risk factors associated with pancreatic cancer: smoking, diabetes mellitus and
high body mass index (BMI) (Collaborators, 2019). In recent years other risk factors have been under
study, such as high alcohol consumption, pancreatitis and the microbiota (Klein, 2021). Individuals
with a family history of pancreatic cancer have a higher risk of developing the disease, accounting for
approximately 10% of all pancreatic cancers (Hruban et al., 2010). As most diagnosis of pancreatic
cancer occurs in older patients, with a median age of 71 years, age has also been associated with a

higher risk of developing the disease (Midha, Chawla and Garg, 2016).

1.1.2 Treatments for pancreatic cancer

The poor survival rates reported for pancreatic cancer patients are mainly related to late
detection because patients are asymptomatic and are usually diagnosed at advanced stages (Vincent
et al., 2011). Surgical resection is the only potential cure for treatment however more than 80% of
patients do not qualify due do the advance of the diseases, therefore surgical resections are
performed in only 10% of patients. Tumours are typically resected by pancreatic-duodenectomy
(Whipple’s procedure) and patients receiving surgery have a 10-25% 5 year overall survival (Mizrahi
et al., 2020).
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The standard adjuvant treatment for pancreatic cancer was gemcitabine (Neoptolemos et al.,
2010), but several recent changes have improved these original treatments. In the ESPAC-3 clinical
trial, Gemcitabine plus capecitabine has shown better patient outcomes than gemcitabine alone
(Neoptolemos et al., 2017). The PRODIGE24/CCTG clinical trial compared patient outcomes
between treatments with gemcitabine and mFOLFIRINOX (oxaliplatin, irinotecan, and leucovorin).
mFOLFIRINOX was associated with improved overall survival compared to gemcitabine (54-4
months vs 35 months)(Conroy et al., 2018). Despite the advances in cancer treatment more than
70% of patients relapse within 2 years (McGuigan et al., 2018). One of the main reasons limiting the
effects of chemotherapy treatment is due in part to the high desmoplastic reaction characterizing the
stromal compartment of pancreatic cancer which has been found to increase the interstitial pressure
collapsing blood vessels, limiting the access of chemotherapy drugs to the tumour(Provenzano et al.,
2012). Hyaluronan has been found to be the main factor responsible for the increased interstitial

pressure due to its ability to attract water (Toole, 2004).

1.1.3 PDAC cancer hallmarks

The biology of a tumour is a complex network of interactions between cells and the environment, with
a series of acquired traits that enable the success of aberrant growth and metastasis of cancer cells.
The general framework for understanding the features that allow the success of cancer cells was laid
in the seminal papers by Douglas Hanahan and Robert Weinberg (Hanahan and Weinberg, 2000).
They proposed a set of six basic functional capabilities acquired by cancer cells during their
development. Self-sufficiency in growth signals, insensitivity to anti-growth signals, tissue invasion
and metastasis, limitless replicative potential, sustained angiogenesis, and evading apoptosis. These
where later complimented by four additional attributes, two emerging hallmarks: avoiding immune
destruction and deregulating cellular energetics. And two enabling characteristics: Tumour promoting
inflammation and genome instability (Hanahan and Weinberg, 2011). In PDAC some of the attributes
are more prominent than others in leading tumorigenesis, cancer progression and metastasis, with

the tumour microenvironment having an essential role.

1.1.4 Pathology of pancreatic cancer

The pancreas is an organ with two main functions, endocrine and exocrine. Histologically the
tissue is divided into two main compartments. The parenchyma is the functional compartment
composed of both endocrine and exocrine tissue. The second compartment is the stroma which is
the extracellular compartment that harbours the interstitial support tissue, the extracellular matrix,
several types of mesenchymal and immune cells, blood vessels, and nerves (Whatcott et al., 2015).
The endocrine tissue is formed by hormone producing cells (insulin, glucagon) while the exocrine
cells secrete digestive enzymes (amylase, lipase, trypsinogen) (Roder et al., 2016). Malignant
pancreatic tumours can originate from either exocrine or endocrine pancreatic cells. However, only
5% of cancers originate from endocrine cells compared to more than 90% of cancer originating from
exocrine cells, with the most common exocrine cancer classified as pancreatic ductal

adenocarcinoma (PDAC) (Grant, Hua and Singh, 2016).
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PDAC arises from the exocrine tissue formed by acinar cells (enzyme producing cells) and epithelial
cells found in the lining of pancreatic ducts. The classic hypothesis was that PDACs originated from
ductal cells (Hruban et al., 2000; Hruban, Wilentz and Kern, 2000), however, newer evidence
suggests a more complex origin (Perez-Mancera et al., 2012). Acinar cells have been reported to
undergo a process called acinar-ductal-metaplasia (ADM), and this process could be a precursor to
neoplasia (Kopp et al., 2012; Rooman and Real, 2012; Strobel et al., 2007). Independently of the cell
origin, PDAC tumours arise from lesions found in the ducts of the pancreatic tissue. These lesions
are called pancreatic intraepithelial neoplasia (PanIN) and are thought to originate in more than 90%
of PDACs (Wood et al., 2022), while less than 10% of tumours originate from intraductal papillary
mucinous neoplasms (IPMNs) (Basturk et al., 2015; Felsenstein et al., 2018). PanINs are classified
into three stages, low grade (PanIN-1), intermediate grade (PanIN-2) and high grade (PanIN-3) (Guo,
Xie and Zheng, 2016). This classification is based on the ductal morphology in histological samples
where cells gradually increase in atypia (abnormal non-cancerous changes) towards higher grade
lesions (lacobuzio-Donahue, 2012). A revised classification has been proposed for describing PanINs
that involves only two categories, low grade PanIN and high grade PanIN. This is thought to provide
greater consensus among reporting these types of precursor lesions and updated to match the

current knowledge (Basturk et al., 2015).

1.1.5 Oncogenes and tumour suppressor, mutations and aberrant signalling

The proposed mechanism for PDAC progression begins with the appearance of low grade
PanINs, which progressively accumulate somatic mutations overtime evolving into higher grade
PanINs, that will eventually develop into cancer (lacobuzio-Donahue, 2012). PDAC cells are
characterized for presenting several somatic mutations, with the most common activating mutations
found in the KRAS2 oncogene. Mutations in KRAS2 are present in more than 90% of pancreatic
tumours and are critical for tumourigenesis (Hidalgo, 2010). In addition to KRAS2 activation, tumours
may also present inactivation of tumour suppressor genes CDKN2A/INK4, TP53 and DPC4/SMAD4
(Hidalgo, 2010; Mizrahi et al., 2020). Mutations in KRAS arise in early stages in low grade PanINs
while mutations in tumour suppressor genes start to appear in high grade PanINs and PDAC (Figure
1) (lacobuzio-Donahue, 2012).

The mutations in KRAS2 generate aberrant activation of proliferation, migration, and survival
pathways (Furukawa, 2022; Jonckheere, Vasseur and Van Seuningen, 2017; Schubbert, Shannon
and Bollag, 2007). KRAS is a member of the small GTPase super family, that functions as a binary
switch between an inactive GDP (guanosine diphosphate)-bound state to a GTP (guanosine

diphosphate)- bound activated state (Colicelli, 2004). When KRAS is activated, it can bind to several
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Figure 1. Model the progression of pancreatic ductal adenocarcinoma. PDAC begins in the ducts
of the pancreas where non-invasive lesions can be found in the epithelial lining of the ducts. These
lesions begin with mutations in KRAS which unleashes uncontrolled proliferation. Low grade PanINs
evolve into high grade PanINs. High grade PanIN continues to grow and present atypical phenotypes
accompanied by mutations in other genes, mainly CKN2A, TP53 and SMAD4. Eventually, an invasive
phenotype in the intraepithelial lesions breaks through the basement membrane and invades the
surrounding stroma evolving into pancreatic cancer. Modified from (Hayashi, Hong and lacobuzio-
Donahue, 2021).
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effector proteins activating downstream signalling pathways regulating cell cycle, cell differentiation
cell motility cell survival, among others (Vigil et al., 2010). The three most frequent KRAS mutations
found in PDAC are G12D (41%) followed by G12V (34%) and G12R (16%). These mutations generate
a constant GTP-bound KRAS overstimulating downstream signalling pathways that lead to cancer
growth (Waters and Der, 2018).

Mutations in the tumour suppressor CDKN2A/INK4 result in a loss of G1/S checkpoint control
leading to increases in cell proliferation (Bardeesy et al., 2006; Kim and Sharpless, 2006). Mutations
in the tumour suppressor TP53 lead to a loss of apoptosis regulation, aberrant activation of the cell
cycle, induce several metabolic changes and even support metastasis (Morton et al., 2010; Petitjean
et al., 2007; Weissmueller et al., 2014). Mutations in the tumour suppressor DPC4/SMAD4 produce
the loss of the intracellular TGF- signalling pathway, these results in increased migration, autocrine
activation, and immune evasion (Chen et al., 2014; Hayashi, Hong and lacobuzio-Donahue, 2021;
Hurwitz et al., 2023). Although these are the main four mutations characteristic of most PDACs there
are several more such as mutations in the TGF-B pathway (TGFBR1, TGFBR2 and ACVR1B) and
germline mutations in BRCA2, FANCC, FANCG and STK11/LKB1 that contribute to maintenance,

progression and metastasis (lacobuzio-Donahue, 2012).

1.1.6 Pancreatic cancer microenvironment

The tumour microenvironment (TME) is an important component of pancreatic cancer. Not
only does it provide a physical structure providing a scaffold that supports cancer cells, but it is also
formed by a great number of biochemicals cues and different cell types that are indispensable for
maintaining tumour growth, progression and metastasis (Hosein, Brekken and Maitra, 2020). An
important part of PDAC development is its interaction with the microenvironment. This interaction is
mutually beneficial where cancer cells are able to modify their microenvironment and in turn the

microenvironment supports several cancer hallmarks (Herting, Karpovsky and Lesinski, 2021).

1.1.7 Extracellular matrix

The extracellular matrix (ECM) is a three-dimensional network of numerous macromolecules
that provide structural support for tissues to function and it is highly dynamic with the ability to be
remodelled upon the requirements of the tissue (Theocharis et al., 2016). It is an intertwined network
of collagens, laminin fibronectin, proteoglycans, glycoproteins, hyaluronan and many other molecules
that interact and bind to each other as well as interacting with different types of cells (Hynes and
Naba, 2012). The ECM can be classified into two categories, the basement membrane, a thin layer
of ECM that directly supports epithelial and endothelial tissues, and the interstitial matrix which is a
broader matrix where several stromal cells coexist (Piersma, Hayward and Weaver, 2020). In healthy
tissues, the basement membrane is formed mainly by a network of collagen IV and laminin (Mouw,
Ou and Weaver, 2014). Interstitial ECM is formed by large quantities of collagen and fibronectin fibrils
that grant the ECM mechanical strength, and by proteoglycans that like hyaluronan (HA) maintain
hydration due to its highly hydrophilic structure (Toole, 2004).
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Cancer cells can bind to the ECM through several receptors present on the cell's surface
such as integrins, syndecans, discoidin and hyaluronan receptors (Leitinger and Hohenester, 2007;
Misra et al., 2015; Xian, Gopal and Couchman, 2010). These interactions with the ECM can control
cellular processes like cell proliferation, adhesion, differentiation, survival, motility, angiogenesis and

many others (Karamanos et al., 2021).

During PDAC tumorigenesis, ECM remodelling begins early on in low grade PanIN where
stromal cells can be activated increasing the secretion and deposition of extracellular matrix
components, in a process known as fibrosis (Detlefsen et al., 2005). These activated stromal cells
are responsible for the increase of several ECM components like collagen (I, 1ll, V) periostin,
fibronectin, and HA are all found to be present from early stages of PanIN and throughout the
progression of PDAC (Berchtold et al., 2015; Dawson et al., 2013; Provenzano et al., 2012; Tian et
al., 2019; Yan et al., 2021).

In PDAC the ECM undergoes several transformations that change its structure, one example
is collagen fibres have been found to be highly aligned compared to non-neoplastic tissue, and this
collagen alignment correlates with a worse prognosis (Drifka et al., 2016; Drifka et al., 2015).
Increases in ECM stiffness due to large deposits of collagens have been reported to alter PDAC cell
behaviour and even contribute to chemoresistance (Rice et al., 2017). The changes in collagen
deposits are only part of a greater process in the PDAC stroma, characterized by extensive fibrosis
generated by activated stromal cells, where cancer associated fibroblasts (CAFs) and pancreatic
stellate cells (PSCs) are the main culprits (Apte et al., 2004; Hosein, Brekken and Maitra, 2020). The
extensive fibrosis found in PDAC is called desmoplastic reaction and it generally composes more
than 90% of the tumour volume (Orth et al., 2019). The desmoplastic reaction will be more profoundly
discussed at a later point.

1.1.8 Desmoplastic reaction

One of the defining characteristics of PDACs is the excessive deposits of ECM surrounding
the tumours (Erkan et al., 2008; Yen et al., 2002). Over 90% of the proteins found in PDAC ECM are
derived from CAFs with less than 10% coming from PDAC cells (Tian et al., 2019). The desmoplastic
ECM is formed by large deposits of collagen [, collagen lll, collagen IV and HA accompanied by
extensive staining of a-smooth muscle actin (a-SMA) a marker for CAFs and PSCs (Figure 2)
(Whatcott et al., 2015). Within the ECM collagen | and HA quantity are correlated to survival, the
median difference in survival of patients with high and low HA was 15 months, while the median
difference in survival between high and low collagen | was 8.2 months (Figure 2) (Whatcott et al.,
2015). Interestingly metastatic lesions from the lung, liver and peritoneal cavities also present a
desmoplastic stroma (Figure 2) (Whatcott et al., 2015). Collagen | is known to promote the malignant
phenotype of PDAC cells in vitro and induce chemoresistance by increasing cell proliferation and
reducing apoptosis in response to 5-fluorouracil (Armstrong et al., 2004; Koenig et al., 2006; Rice et
al., 2017; Shields et al., 2011) Collagen | can also be a source of proline for PDAC cells promoting

cell survival (Olivares et al., 2017). Collagen IV can also promote PDAC by enhancing proliferation,
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migration and inhibiting apoptosis (Ohlund et al., 2013) HA has been shown to promote growth by
acting as fuel for PDAC cells (Kim et al., 2021) and by partially decreasing cell adhesion (Kultti et al.,
2014). Several other ECM proteins can be found increased in the desmoplastic stroma which includes
laminin, tenascin, and fibronectin that are also involved in promoting the malignant phenotype (Apte
et al., 1999; Haber et al., 1999; Leppanen et al., 2019; Opitz et al., 2021; Paron et al., 2011).

The desmoplastic reaction found in PDAC is induced through the secretion of several factors
from PDAC cells, transforming growth factor beta-1 (TGF-f1), fibroblast growth factor 2(FGF-2), sonic
hedgehog (SHH) and platelet derived growth factor (PDGF) are the main factors responsible for
CAF-induce ECM production and proliferation (Bachem et al., 2005; Bailey et al., 2008; Lohr et al.,
2001). In a mouse model, the inhibition of SHH was studied to try an improve drug delivery
(gemcitabine) into the blood vessel collapse tissue of PDAC surrounding PDACs (Olive et al., 2009).
Inhibition of SHH effectively depleted the desmoplastic stroma and improved vascular perfusion for
gemcitabine delivery and delayed disease progression. This strategy was later applied to humans in
a clinical trial with unsuccessful results (NCT01130142). The inhibition of SHH had the opposite effect
decreasing patient survival when it was combined with gemcitabine treatment (Sahai et al., 2020).
This was further studied in mouse models discovering that the desmoplastic reaction acts both as a
tumour promoter as well as a tumour constraint, suggesting that this dual function is due to the

different stromal populations in the tumour (Hosein, Brekken and Maitra, 2020).

The excess deposit of ECM poses one of the biggest difficulties to overcome in PDAC as it acts as a
barrier that limits the accessibility of chemotherapeutic drugs for PDAC treatment (Neesse et al.,
2015). In the desmoplastic stroma of a mouse model blood vessels were found to be collapsed and
tumour perfusion was limited due to the high interstitial pressure exerted mainly by the ability of HA
to hold water (DuFort et al., 2016; Jacobetz et al., 2013; Provenzano et al., 2012). The high interstitial
pressure could be reversed using a PEGylated recombinant hyaluronidase PH-20 (PEGPH20)
(Thompson et al., 2010). This allowed blood vessels to reopen and increased perfusion allowing
chemotherapeutic agents, like gemcitabine, to reach the tumours in mouse models effectively
reducing tumour size (DuFort et al., 2016; Jacobetz et al., 2013; Provenzano et al., 2012). However,
a phase lll clinical trial applying this concept returned unsuccessful results when PEGPH20 was used
as it did not improve the overall survival of treated patients (Van Cutsem et al., 2020). The
heterogeneity of stromal cells participating in the desmoplastic reaction might be the reason why
these therapeutic strategies have failed, therefore further studies are needed to understand why these
strategies failed.
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Figure 2. The stroma of PDAC tumours is characterized by an extensive desmoplastic
reaction. a) Tissue from primary and metastatic PDAC displays abundant collagen and
glycosaminoglycans (yellow and light blue) staining in the stroma, accompanied by extensive staining
for the CAF marker a-SMA. b) Abundant collagen |, Il and IV together with HA is present in PDAC
tissue of primary tumours and metastasis. ¢) Kaplan-Meier survival curves for high and low quantities
of HA and collagen I. The media difference between low HA and high HA was 15 months, while for

high collagen | and low collagen | was 8.2 months. Figure modified from Whatcott et al. 2015
(Whatcott et al., 2015).
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1.1.9 PDAC cells can recruit and activate different cell types in the stroma.

PDACSs are known to be immunologically cold tumours, with low infiltration of cytotoxic T cells
and a high presence of immunosuppressing cells (Blando et al., 2019; Pineda et al., 2021; Zhao et
al., 2009). PDAC can modulate the TME into an immunosuppressive environment by inducing the
recruitment of immunosuppressing cells, such myeloid derived suppressor cells (MDSCs), regulatory
T cells (Tregs) and tissue associated macrophages which in turn reduce the recruitment of
proinflammatory cells (Khaled, Ammori and Elkord, 2014) (Ullman et al., 2022).

Myeloid derived suppressor cells: Tumour derived factors such as cytokines and chemokines
(VEGF, CSF, IL-6), IL-10) that are systemically released can interrupt the normal progression of
myeloid cell differentiation (Messmer et al., 2015). One of the main pathways that cause the
interruption of myeloid differentiation is thought to be the activation of the transducer and activator of
transcription 3 (STAT3) (Gabrilovich, 2004). Pathological interruption of differentiation results in
immature myeloid cells named MDSCs. There are two main types of MDSCs, granulocytic MDSCs
(G-MDSC) and monocytic MDSCs (M-MDSC) (Gabrilovich, Ostrand-Rosenberg and Bronte, 2012).
Circulating MDSCs were found to be increased in PDAC patients compared to healthy patients
(Khaled, Ammori and Elkord, 2014; Trovato et al., 2019), and tissue infiltrating G-MDSC and MDSCs
have been reported in several studies (Khaled, Ammori and Elkord, 2014; Sivakumar et al., 2021;
Trovato et al., 2019). PDAC cells secrete granulocyte-macrophage colony-stimulating factor (GM-
CSF) that recruits MDSCs from the bone marrow to the tumour stroma, where they have
immunosuppression activity by limiting the activity of anti-tumour T cells (Bayne et al., 2012). PDACs
can also secret the chemokine CCL2 that can recruit CCR2* macrophages from the bone marrow
that infiltrate the tumour and are characterized by an immunosuppressive phenotype (Sanford et al.,
2013). Once in the tumour stroma MDSCs have immunosuppressing effects by four main
mechanisms: metabolite depletion (e.g L-arginine), production of reactive oxygen and nitrogen

species, direct contact inhibition, and secretion of soluble factors (e.g. TGF-B) (Trovato et al., 2020).

Tumour associated macrophages: Macrophages are late stage differentiated myeloid cells that
form part of the innate immune defence (Lankadasari et al., 2019). Tumour associated macrophages
(TAMs) found in PDAC tissue can either be recruited from circulation (monocytes) or arise from
embryonic precursors residing within the tissue that have self-renewal capabilities (Zhu et al., 2017).
They can be categorized into two separate groups, classic activation M1 and alternative activation
M2 macrophages, which are differentiated by local environmental signalling (Lankadasari et al.,
2019). The M1 macrophages are characterized by an anti-tumoral phenotype while the M2
macrophages are characterized by a pro-tumoral phenotype (Murray et al., 2014; Yang, Liu and Liao,
2020). The M2 macrophages, mainly derived from circulating monocytes, exert their pro-tumoral
activity by generating an immunosuppressing environment mediated by the secretion of anti-
inflammatory cytokines such as TGF-B and interleukin-10 (IL-10) abrogating T cell anti-tumoral

activity while recruiting immunosuppressing Tregs (Habtezion, Edderkaoui and Pandol, 2016; Ostuni
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et al.,, 2015). While tissue resident TAMs are reported to be associated with a more pro-fibrotic
phenotype (Zhu et al., 2017).

Cancer associated fibroblasts: Fibroblasts are one of the most abundant cell types in the stroma
(Maia and Wiemann, 2021). They are distributed along the stromal tissue of all organs in a quiescent
state, resting until an alteration occurs in the tissue that can activate them (Kalluri, 2016). The origin
of fibroblasts has not been fully established but they are thought to arise from mesenchymal cells of
the embryonic tissue called mesenchyme with either mesoderm or neural crest origin (Sahai et al.,
2020). Because of the unclear origins of fibroblasts, it is difficult to differentiate them, but fibroblasts
can be identified by a combination of markers and morphological characteristics. Fibroblasts tend to
have a spindle like shape and can express markers like vimentin, desmin, platelet derived growth
factor receptor (PDGFRa and PDGFR), fibroblast specific protein 1, and fibroblast activation protein
(FAP) and a-smooth muscle actin (Maia and Wiemann, 2021). CAFs can also originate from other
stromal resident cells like endothelial cells, smooth muscle cells and myoepithelial cells (Shiga et al.,
2015).

In the context of cancer, fibroblasts can become activated and are categorized as cancer associated
fibroblasts or CAFs (Gieniec et al., 2019). PDAC cells can secrete TGF-, PDGF, sonic hedgehog
and fibroblast growth factor-2, all of which induce CAF activation, proliferation, and matrix deposition
(Apte et al., 2004; Bachem et al., 2005; Bailey et al., 2008). Even though CAFs are a heterogeneous
group of cells in the tissue, in PDAC it is thought that the majority of CAFs derive from quiescent
resident pancreatic stellate cells that can be identified by increased expression of a-SMA and FAP
(Apte et al., 1998; Apte et al., 1999; Arina et al., 2016; Bachem et al., 2005). It is important to note
that these markers are also expressed by several different cell types (Santi, Kugeratski and Zanivan,
2018).

Recently CAFs have been categorized according to their functional phenotype into myofibroblast
CAFs (myCAF) and inflammatory CAFs (iCAF) in an organoid in vitro model (Ohlund et al., 2017). In
this study, myCAFs were characterized by expressing high levels of a-SMA and low levels of IL-6 (a-
SMAVigh|L-6ow), whereas the iCAF phenotype was characterized by low expression of a-SMA and
high levels of IL-6 (a-SMA°*|L-6Mgh). These two phenotypes have distinct functions, the a-SMA"is"||_-
6'v had ECM synthesis functions while the a-SMA'°*|L-6Msh secreted cytokines, like IL-6, are known
to promote tumorigenesis on PDAC cells via activation of STAT3 (Huang et al., 2019). This
heterogeneity of CAFs becomes important, as seen in a PDAC mouse model where a-SMA positive
cells can be selectively targeted and eliminated (Ozdemir et al., 2015). Eliminating a-SMA positive
cells from the tumour stroma of these mice generated more invasive and undifferentiated PDAC cells
and diminished animal survival. This demonstrates the highly heterogenous nature of CAFs in the
tumour tissue and the interconnections with PDAC cells are extremely complicated and require

continued study.
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Pancreatic stellate cells: Pancreatic stellate cells are “star” shaped mesenchymal cells residing
around the acinar, pancreatic ducts and blood vessels of the pancreas and comprise 4-7% of
parenchymal cells (Apte et al., 1998; Bachem et al., 1998). PSCs share similarities to hepatic stellate
cells that reside in the liver as they both are quiescent vitamin A storing cells, which led to the
identification of PSCs by autofluorescence of cytoplasmic lipid droplets of vitamin A (Watari, Hotta
and Mabuchi, 1982). PSCs express intermediate filament proteins like desmin and glial acidic fibrillary
protein (GFAP) that can be used as markers for identification to differentiate them from fibroblast, as
well as a-SMA which is differentially expressed when PSCs are activated and acquire an ECM
producing phenotype (Apte et al., 2004; Bachem et al., 2005; Haber et al., 1999; Ohlund et al., 2017).
Even though a-SMA is not a specific marker for activation of PSCs it is important to note that a-SMA

considered a marker for ECM synthesising phenotype in PSCs (Ohlund et al., 2017).

PSCs can become activated in pathological instances like chronic pancreatitis and cancer
(Mews et al., 2002). As previously mentioned, PDAC cells can secrete several factors that can
activate PSCs such as TGF- B, PDGF, SHH, FGF-2 and IL-1 (Bachem et al., 1998; Biffi et al., 2019;
Hwang et al., 2012). The stronger promoters of ECM deposition by activated PSCs are TGF-3 FGF-
2 and SHH, which induce the deposition of several ECM components like collagen, fibronectin and
hyaluronan (Apte et al., 2004; Bachem et al., 2005; Junliang et al., 2019). ECM degrading enzymes
from the matrix metalloproteinases family (MMPs ) like MMP-2 and MMP-9 can be secreted by PSCs,
as well as MMP inhibitors like tissue inhibitor of metalloproteinase 2 (TIMP-2), which suggests that
PSCs actively participate in matrix remodelling and turnover (Phillips et al., 2003; Schneiderhan et
al., 2007).

In addition to ECM deposition, activated PSCs can secrete several factors that act in a
paracrine or autocrine manner. Activated PSCs secrete hepatocyte growth factor (HGF),
Tromosbospondin-2 (TSP-2) and PDGF that can promote the growth of PDAC cells (Farrow, Berger
and Rowley, 2009; Pothula et al., 2016; Vonlaufen et al., 2008). Furthermore, PSCs can induce
chemoresistance against gemcitabine in PDAC cells via Nocth-HES1 signalling (Cao et al., 2015)
and by c-MET phosphorylation on PDAC cells through paracrine secretion of HGF by PSCs (Firuzi et
al., 2019). Another cytokine found to be secreted by activated PSCs was the leukaemia inhibitory
factor (LIF) (Shi et al., 2019). LIF was present throughout the development of PDAC in a mouse
model, actively promoting PDAC progression through STAT3 activation and inducing
chemoresistance to gemcitabine (Shi et al., 2019). PSCs can secrete connective tissue growth factor
(CTGF) (Eguchi et al., 2013) and PDGF in an autocrine manner increasing their activation and
proliferation in a self-stimulating loop (Habisch et al., 2010). The constant crosstalk of PDAC cells
and PSCs are replicated in several in vivo mice models, when both cell types were co-injected in a
xenograft model, PSCs replicated the desmoplastic reaction reported in human tissue. PSCs also
promoted tumour growth when injected together, compared to mice that were only injected with PDAC
cells alone (Bachem et al., 2005; Hwang et al., 2008; Vonlaufen et al., 2008; Xu et al., 2010). In one

mouse model where PDAC metastasis was studied, PSCs were able to migrate along with
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metastasizing PDAC cells to metastatic sites, highlighting the closed interconnected fate of PDAC
and PSCs (Xu et al., 2010).

It is important to remember that activated PSCs can also acquire an iCAF phenotype that is
mainly induced by PDAC cell secreted IL-1 (Biffi et al., 2019). This inflammatory phenotype of PSCs
is characterized by low a-SMA expression and high IL-6 secretion (Ohlund et al., 2017). This becomes
important since high levels of IL-6 have been found in patients with PDAC and are correlated to
tumour size and liver metastasis (Talar-Wojnarowska et al., 2009). Secretion of IL-6 by PSCs has
been reported to directly promote invasion and progression of PDAC cells through a STAT3
dependent pathway (Nagathihalli et al., 2016; Ohlund et al., 2017). Other cytokines IL-11, LIF and
chemokines CXCL1 and CXLC2 are also expressed by the activated inflammatory PSCs and promote
PDAC progression (Al-Ismaeel et al., 2019; Ohlund et al., 2017; Shi et al., 2019; Steele et al., 2016).

PSCs can also promote PDAC progression indirectly by affecting other cells in the tumour
tissue. PSCs express galectin-1 that induces T cell apoptosis (Tang et al., 2015) inducing an immune
escape environment. PSCs can also sequester cytotoxic T cells in the stroma limiting access to the
tumour by secreting the chemotactic cytokine CXCL12 (Ene-Obong et al, 2013). The
immunosuppressive environment observed in PDAC can also be promoted by PSCs by inducing
TAMs into an M2 suppressive phenotype by secreting GM-CSF and reactive oxygen species (Zhang
etal., 2017).

Metabolic coupling between PDAC cells and PSCs has been reported to occur through two
different pathways. In a co-culture system, PDAC cells induced a change in metabolism from
oxidative phosphorylation (OXPHOS) to glycolysis in activated PSCs. This produced increased
secretion of lactate by PSCs through monocarboxylate transporter 4 (MCT4) and uptake of lactate by
PDAC cells through monocarboxylate transporter 1 (MCT1) supporting the tumour progression (Shao
et al., 2020). PDAC cells can induce autophagy in activated PSCs which leads to cell catabolism and
the release of alanine from PSCs. This alanine can be captured by PDAC cells and shuttled into
oxidative phosphorylation promoting growth, more importantly in nutrient deprived environments
(Sousa et al., 2016).

As shown above, the closely regulated crosstalk between PSCs and PDAC cells is essential for
tumour progression and metastasis (Figure 3). This remains under active study as there are still
many unanswered questions. One of the most prominent ECM macromolecules synthesized by PSCs
is HA. Most studies in PDAC have been centred around removing HA from the tumour tissue to
recover collapsed blood vessels and overcome chemoresistance. However, research on how HA
interacts with PDAC cells is limited and given the recent failure of one of the most promising clinical
trials focused on removing HA from the stroma, the need for understanding how HA and PDAC

interact is even more necessary.
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Figure 3. Pancreatic stellate cell interaction in the tumour microenvironment. Tumour cells
actively secrete several factors that can activate PSCs in the tumour microenvironment. Once
activated, PSCs release several factors that affect cancer proliferation, progression, and metabolism.
Activated PSCs can also secrete self-stimulating factors in an autocrine manner. Activated PSCs can
secrete several chemokines to recruit TAMs, favouring immunosuppressive phenotypes. The ECM is
remodelled by activated PSCs by the release of several ECM degrading enzymes and by synthesizing
large quantities of ECM components. Adapted from Habisch et al., 2010 (Habisch et al., 2010).
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1.2 Hyaluronan

HA is part of a group of negatively-charged, long chain polysaccharides called
glycosaminoglycans (GAGs), which are composed of repeating disaccharide units and are present in
most tissues (Afratis et al., 2012). HA formed from two glucose derived precursor sugars conjugated
to uridine diphosphate (UDP), UDP-glucuronic acid (UDP-GIcUA) and UDP-N-acetylglucosamine
(UDP-GIncNAc) (Figure 4), which are processed by a hyaluronan synthase (HAS) into a linear
polysaccharide composed of multiple disaccharide repeats of glucuronic acid and N-acetyl
glucosamine linked by B1-4 and 1-3 glycosidic bonds [1,4-GIcUA-$1,3-GIcNAc-]» (Toole, 2004).
Hyaluronan differs from other types of GAGs because it is unbranched, lacks additional sulphate
groups and is completely devoid of peptide core (Fraser, Laurent and Laurent, 1997). Hyaluronan is
ubiquitously present in different human tissues mainly found forming part of the ECM, in synovial fluid
of the joints, and in the skin, with the highest concentrations found in the umbilical cord and the
vitreous body of the eye (Laurent and Fraser, 1992). It can also be found as an extracellular coating
around cells or even located intracellularly associated to the mitotic spindle (Evanko and Wight, 1999;
Monslow, Govindaraju and Pure, 2015; Toole, 2004). The number of disaccharides that compose it
can vary, ranging from 2000 to 25000 units, which adds up to a molecular weight of approximately
10% to 107 Da. Another important difference from other GAGs is their synthesis pathway. Most GAGs
are mainly synthesized in the Golgi apparatus while hyaluronan is synthesized by plasma membrane

bound enzymes known as hyaluronan synthases.

One of the most prominent physical properties of HA is the ability to retain water. HA can
retain up to 1000 times its weight (Kultti et al., 2012) at around 15 water molecules per disaccharide
unit (Jouon et al., 1995). This allows HA to be an integral part of the ECM, adding viscosity to the
tissue, maintaining hydration and controlling water homeostasis. HA also confers structure to the
ECM as the large molecules act like a scaffold for hyaluronan binding proteins (hyaladherins) that
can interconnect HA with other large proteoglycans adding extra support to the ECM (Abatangelo et
al., 2020; Kultti et al., 2012).

HA turnover is a process that varies among tissues, with rapid turnover rates in the blood,
from minutes to 2-3 days in most tissues (Fraser, Laurent and Laurent, 1997). With this high turnover
rate, it is believed that around a third of HA is degraded and replaced daily (Monslow, Govindaraju
and Pure, 2015). In tissues there is a local turnover rate of about 20-30% of HA, the rest is processed
systemically as HA is drained from tissues through the lymphatic system where turnover is mainly
processed by endothelial cells in the liver and to some degree in lymphatic nodules, therefore it is
usual to find low levels of circulating HA in the blood (Fraser, Laurent and Laurent, 1997; Mochizuki
et al., 2009). HA is usually found in healthy tissues as a high molecular weight polymer (H-HA),
participating in tissue maintenance and protection, however under tissue injury or disease HA suffers

fragmentation. These fragments can act as signalling molecules that affect numerous processes such
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as cell proliferation, migration, immune activation, and angiogenesis among several others (Stern,
Asari and Sugahara, 2006).

1.2.1 Hyaluronan Synthases

In humans, there are three isoenzymes capable of hyaluronan synthesis, hyaluronan
synthase 1, 2 and 3 (HAS1, HAS2 and HAS3) encoded by their respective genes located in different
chromosomes (Itano and Kimata, 2002). In humans, HAS1 is located on chromosome 19q13.3 —
g13.4, HAS2 is on chromosome 8qg24.12 and HAS3 is located on chromosome 16q22.1 (Spicer et
al., 1997). These enzymes have a shared sequence similarity between 55-70% but they differ in their
functions and the output of HA (ltano et al., 1999). Structurally HAS has 7 membrane spanning
domains, with both the C- and N-terminal facing the cytosol (Itano and Kimata, 2002). The HAS are
special enzymes as they can use four substrates (two sugar-nucleotides and two UDP bound
precursors), with two glycosyltransferase activities in the same protein (highly unusual), and they can
generate two different types of glycosidic linkages in two different sugars (ltano and Kimata, 2002;
Rilla et al., 2005). There are two proposed mechanism for how HA is transferred extracellularly, the
first is that it can be translocated or extruded through a pore like structure within HAS as it is being
synthesized (Figure 5), and the second is that it may be translocated by an unknown ABC transporter
(Philipson and Schwartz, 1984; Weigel and DeAngelis, 2007). Their enzymatic properties can vary
according to the different isoforms, as shown by in vitro experiments using recombinant HAS proteins
transfected into rat fibroblasts, and where the size of hyaluronan produced was measured (Itano et
al., 1999). These measurements indicated that HA produced by HAS1 ranged from 200-2000 kDa,
HAS2 >2000 kDa and HAS3 from 100-1000 kDa (Itano et al., 1999). The difference in hyaluronan
molecular weight produced by these enzymes could indicate that there may be a physiological
mechanism regulating enzyme expression and therefore the size of hyaluronan that is being
synthesized. In knockout mouse models, the HAS2 knockout mice die during gestation due to heart
failure (Camenisch et al., 2000). This highlights the importance of HAS2 as it is critical during
embryogenesis, while HAS1 and HAS3 knockouts did not present these abnormalities and mice were

born without issues and remained fertile (Itano et al., 2002; Itano and Kimata, 2002).

The most common molecule used to inhibit HA synthesis by HAS is a coumarin derivative
named 4-methylumbeliferone (4-MU) (Nagy et al., 2015). The proposed mechanism for the inhibitory
effect of 4-MU is that it functions as a competitive substrate. The pathway for HA synthesis involves
the generation of the UDP-conjugated precursors by a UDP-glucuronosyltransferase (UGT), 4-MU
can be used as a substrate by UGT which then conjugates 4-MU to glucuronic acid, depleting the
cytoplasmic pool of UDP-GIcUA used in HA synthesis which leads to inhibition (Kakizaki et al., 2004;
Kultti et al., 2009) (Figure 5).
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1.2.2 Hyaluronidases

One of the important components of HA turnover is HA degradation, which is carried out by
a group of enzymes named hyaluronidases, which are hydrolases capable of cleaving 3-1-4
glycosidic linkage in HA. There are six hyaluronidases (HYALs) in humans codified by genes
clustered in groups of three in two different chromosome locations, HYAL1, HYAL2 and HYAL3 are
located on chromosome 3p21.3 and HYAL4, PH20 (also known as SPAM1) and HYALP1 (non-coding
pseudogene) located on chromosome 7q31.3 (Csoka, Scherer and Stern, 1999). Their activity is pH
dependent, acidic HYAL1-4 are active at pH 3-4 and neutral PH20 is active at pH 5-8 (Stern et al.,
2007). HYAL1, HYAL2 and PH20 are reported to have hyaluronidase activity, while HYAL3 has no
hyaluronidase activity reported. HYLA4 has chondroitinase but not hyaluronidase activity and the
HYALP1 pseudogene does not encode a functional enzyme (Csoka, Frost and Stern, 2001). HYAL1
and HYAL2 are the most important enzymes for HA turnover. HYAL1 is primarily located in lysosomes
(Puissant et al., 2014) while HYALZ2 is located at the cell membrane as a GPl-anchored protein (Andre
et al., 2011; Rai et al., 2001). They appear to work together in a concerted action where HYAL2
degrades HA into 20 kDa fragments at the membrane, which are then sequestered by an HA receptor
like CD44, followed by the formation of an endocytic vesicle which then fuses with lysosomes where
further HA degradation occurs by HYAL1 that can degrade HA of any size (Figure 6) (Csoka, Frost
and Stern, 2001; Harada and Takahashi, 2007; Tammi et al., 2001). PH20 has a more localized
function as it is expressed mainly in the sperm where it aids in the fertilization process by degrading
the cumulus ECM of the oocyte (Cherr, Yudin and Overstreet, 2001).

In addition to these hyaluronidases, two other proteins exhibit hyaluronidase-like activity. The
KIAA1199/CEMIP (Cell Migration Inducing Hyaluronidase 1), found located intracellularly and on the
plasma membrane, induced HA depolymerization generating 10-100 kDa fragments (Yoshida et al.,
2013). However, this process was dependent on the cleavage of endo-3-N-acetylglucosamine bonds
and occurred via the clathrin-coated pit pathway. The second protein discovered to have
hyaluronidase activity is transmembrane protein 2 (TMEM2). This protein is located in the cell
membrane and is reported to have calcium dependent hyaluronidase activity and degrades HA into
5 kDa fragments (Yamamoto et al., 2017). Information on these new enzymes with hyaluronidase

activity is limited, therefore more studies are needed to assess their function in HA turnover.

1.2.3 Hyaluronan receptors

Hyaluronan can bind to different receptors on the cell surface triggering intracellular signalling
that can affect several cellular processes such as cell proliferation, migration, angiogenesis,
inflammation and cell survival (Stern, Asari and Sugahara, 2006). The most recognized receptors are
cluster of differentiation 44 (CD44) and receptor for HA-mediated motility (RHAMM). These two
receptors share a common hyaluronan binding motif (B(X7)B) that is essential for their ability to bind
to HA (Yang et al., 1994).
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CD44: The receptor CD44 is a transmembrane glycoprotein comprised of an extracellular ligand
binding domain, a juxtamembrane variable domain, a transmembrane domain and a cytoplasmic tail
(Naor et al., 2002). It is encoded by a gene located on chromosome 11p13 (lczkowski, 2010). The
genetic sequence of CD44 has 19 exons, of which 10 remain constant and 9 exons can be variably
expressed (Naor et al., 2002). The standard form of CD44 (CD44s) is formed by the 10 constant
exons and the variant isoforms (CD44v) are formed by the 10 exons plus alternative splicing of 9
extra exons, affecting only the sequence of the variable juxtamembrane domain (Figure 7a). In
addition, the variable extracellular domain has glycosylation sites for heparan sulfate and chondroitin
sulfate that can alter the affinity of the ligand binding domain(Bennett et al., 1995). CD44s is the most
common isoform that is found in most tissue, while CD44v is associated with expression in
proliferating epithelial cells and activated T lymphocytes (Naor, Sionov and Ish-Shalom, 1997; Ponta,
Sherman and Herrlich, 2003). CD44 does not only bind to HA but to several different ligands as well,
other glycosaminoglycans, collagen, fibronectin, periostin among others (Chen et al., 2018). The
cytoplasmic tail of CD44 does not have any active sites per se but has a binding motif that allows
interaction with cytoplasmic proteins to transmit signals (Ponta, Sherman and Herrlich, 2003).
Cytoskeletal proteins such as ankyrin can bind to the cytoplasmic tail of CD44 and regulate cell
adhesion, proliferation and calcium signalling (Singleton and Bourguignon, 2004). CD44 can directly
interact with the ezrin, radixin and moesin family of proteins (ERM) that are known for regulating cell
shape and migration by linking the actin cytoskeleton to CD44 (Cywes and Wessels, 2001; Mori et
al., 2008). Upon HA binding, CD44 undergoes conformational changes that can activate different
signalling pathways inside the cells such as RhoGTPases, PI3K-Akt, MAPK-Ras-Erk1/2
(Bourguignon et al., 2003; Lv et al., 2016; Yang et al., 2020). The molecular weight of HA can also
alter intracellular signalling when binding to CD44. For example, H-HA is associated with promoting
cell quiescence by inducing cell cycle arrest in a CD44-HA dependent manner whereas low molecular
weight (L-HA) stimulates growth by binding to CD44 inducing ERK activation (Kothapalli et al., 2008;
Morrison et al., 2001). On the other hand L-HA induces a proinflammatory phenotype in macrophages

while H-HA induces an M2 phenotype (Rayahin et al., 2015).

RHAMM: The receptor for HA-mediated motility, RHAMM (also known as CD168), is a protein with
intracellular and extracellular functions (Hinneh et al., 2022). RHAMM is encoded by the HMMR gene
located on chromosome 5q33.2 (Hardwick et al., 1992). The HMMR gene is formed by 18 exons and
2 start codons, which can produce several splice variants (Figure 7b) (Lin et al., 2021; Ogiya et al.,
2019; Schutze et al., 2016). It is a helicoidal hydrophilic protein found intracellularly or in the cell
membrane, however, it lacks a transmembrane domain or a signal peptide, instead, it is thought to
be glycosylphosphatidylinositol-anchored (GPIl-anchored) to the cell membrane where it can bind to
HA (Entwistle, Hall and Turley, 1996). On the membrane, it can interact with CD44 to control cell
motility, promote angiogenesis, and modify intracellular cell signalling (Maxwell, McCarthy and Turley,
2008; Misra et al., 2015; Park et al., 2012). Intracellularly RHAMM can bind to microtubules of the
mitotic spindle providing structural stability and integrity supporting growth (Maxwell et al., 2003; Tolg

et al., 2010). RHAMM can interact with other proteins on the membrane, for example it can form a
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complex with CD44 that can promote motility in a Src/Raf-1/MEK-1/ERK1/2 dependent manner (Misra
et al., 2015). Several other proteins can interact which include PDGF receptor, TGF-31 receptor, and
FGF-2 receptor (Tolg et al., 2014). RHAMM as CD44 can also bind HA of different molecular sizes
generating different outputs, for example in a fibrosarcoma cell line L-HA increased adhesion by
activation of ERK1/2-FAK pathway in a RHAMM dependent manner, which was inhibited when
exposed to H-HA (Kouvidi et al., 2011).

There are additional HA receptors/binding proteins that are present on the cell membrane
which are less studied and appear to be reduced to more specific tissues and functions. One of these
receptors is hyaluronan receptor for endocytosis (HARE) also known as stabilin-2 (STABZ2) (Zhou et
al.,, 2000). HARE is mainly found in sinusoidal endothelial cells, lymph nodes, spleen and bone
marrow (Qian et al., 2009). Its main function is the systemic clearance of HA in the liver and lymph
nodes (Harris and Baker, 2020). HARE not only binds to HA but also to other GAGs derived from

chondroitin sulphate and heparin (Harris and Baker, 2020).

1.2.4 Other HA receptors

The second receptor is the lymphatic vessel endothelial receptor-1 (LYVE-1), as inferred from
its name, is the main HA receptor in lymphatic endothelial cells. LYVE-1 has a sequence similarity of
41% with CD44 (Baneriji et al., 1999). The sequence with the highest homology between the two
receptors is the HA binding domain. LYVE-1 is thought to participate in the clearance of HA in the
lymphatic system, however, one of its more studied functions is its role in leucocyte trafficking in the
lymphatic system (Jackson, 2019). The mechanism for leucocyte trafficking is based on the
endogenous HA synthesis of a pericellular coating around leucocytes, to which LYVE-1 is recognized
and binds, facilitating cell adhesion and transport of cells across the lymphatic endothelium (Johnson
et al., 2017; Lawrance et al., 2016).
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1.3 Hyaluronan in Cancer

HA deposits vary in different types of cancer and are found in the tumour stroma of 25-30% of all
tumours (Jacobetz et al., 2013), but it is usually associated with poor prognosis and poor survival.
This has been seen in head and neck cancers, where high HA content was related to poor survival
(Hendawy et al., 2017). In breast cancer similar results were observed, while stromal staining intensity
for HA increased, survival decreased and staining was associated with less differentiated cells
(Auvinen et al., 2013; Wu et al., 2020). Analysis of cancers from the digestive system show a
prominent HA staining of the surrounding tumour stroma and some HA positive cells invading the
muscular wall (Wang et al., 1996). The same has also been reported in some lung carcinomas (Gong
et al., 2022; Pirinen et al., 2001) ovarian cancer (Anttila et al., 2000) and prostate cancer (Aaltomaa
et al., 2002) where stronger HA staining is an indicator of poor prognosis and higher local invasion of
cancer cells. In all the above studies, there is also some degree of HA staining on cancer cells
themselves, but the results are inconsistent with some higher-grade carcinoma cells having low
staining and others having high staining. What remains most consistent is that stromal HA in cancer

is much higher than in normal tissue (Tammi et al., 2008).

Serum HA levels in healthy patients are low but have been found to increase in diseases like
cancer which is why it has been proposed as a biomarker for detecting high-risk groups for cancer
(Aghcheli et al., 2012). This is the case for upper gastrointestinal tumours where HA blood levels
were found to be increased in cancer patients compared to non-cancerous patients (Aghcheli et al.,
2012). Similar studies in breast cancer patients have also found increased HA serum levels in cancer
patients compared to non-cancerous patients, with even higher serum HA levels in patients with
metastasis compared to non-metastatic (Delpech et al., 1990; Wu et al., 2020). L-HA specifically has
been shown to increase in the serum of patients with nodal metastasis (Wu et al., 2015). In leukaemia
patients, serum HA was increased, and patients in relapse showed higher HA serum levels than
patients in remission (Anagnostopoulou et al., 2017). Higher serum levels of HA have also been
reported in mesothelioma (Grigoriu et al., 2009; Hotta et al., 2004) oral cancer (Xing et al., 2008) and
pancreatic cancer patients (Chen et al., 2020). HA has also been found at higher levels in the urine
of patients with higher-grade bladder cancer compared to the urine of patients with low-grade bladder
cancer or normal bladder and proposed as a prognostic marker (Lokeshwar et al., 1997; Morera et
al., 2017).

In the TME of cancerous tissue, HA can serve multiple functions. TAMs seem to require
higher HA deposits as it improves their distribution by serving as a binding structure. As shown in a
study on mononuclear leukocytes, they can adhere to HA structures through the HA binding receptor
CD44 (de la Motte et al., 2003). There is evidence that tumour derived HA can activate monocytes
and polarize them to the M2 immunosuppressive pro-tumorigenic phenotype (Kuang et al., 2007) and
that the amount of M2 macrophages in breast cancer tissue correlates with the amount of HA (Zhang

et al., 2016). In both studies, the polarization of monocytes to the M2 phenotype was dependent on
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the binding of CD44 with HA since blocking CD44-HA binding significantly decreased the population
of M2 macrophages (Zhang et al., 2016).

1.3.1 HA receptors in cancer

The expression of different variants of CD44 have been associated with a wide array of
functions in cancer cells. Depending on the type of cancer cell, it can affect migration, proliferation,
chemoresistance, metastasis, and epithelial mesenchymal transition (EMT) among others (Chen et
al., 2018). For example, in an in vitro coculture system myofibroblast derived HGF induces activation
of the HGF receptor c-Met in prostate cancer cells, stimulating HA-CD44v9 signalling. The activation
of CD4v9 results in increased proliferation, migration and HA synthesis and prostate cancer cell lines
(Ghatak et al., 2010). It is important to note that a recent meta-analysis of CD44 expression as a
prognostic factor in advanced cancer concluded that in patients submitted to chemotherapy or
radiotherapy, the expression CD44v9 was specifically associated with poor 5-year cancer specific
survival (Han et al., 2019). In lung cancer, CD44v expression is associated with poor overall survival
(Nagashima et al., 2020). A study in gallbladder reported conflicting data regarding the role of CD44s
and CD44v, CD44s was associated with increased invasiveness but decreased tumorigenicity, while
CD44v9 had the opposite phenotype (Miwa et al., 2017). Despite these differences, both CD44s and
CD44v9 were associated with poor survival. In lung tumours, CD44v5-6 and CD44v8-9 were
significantly increased in tumours but not CD44s (Zhao et al., 2013). One issue that is important to
point out in studies related to CD44s and CD44v is that the effect of HA whether it be endogenous or
exogenous is not always studied along with the function of CD44, which could explain some

discrepancies found in the literature.

Studies in colorectal cancer have shown that inhibition of RHAMM reduces cell migration by
at least 50% in vitro whereas in vivo RHAMM knockdown slowed down tumour growth, reduced its
size and inhibited metastasis (Mele et al., 2017). In tumour samples from patients with colorectal
cancer RHAMM positive cells progressively increase from a primary tumour, nodal metastasis to liver
metastasis (Mele et al., 2017). In human urothelial transitional cell cancer of the bladder RHAMM
mRNA expression levels were increased in infiltrating tumours compared to non-invasive and higher
RHAMM expression was associated with decreased survival in a completely independent manner
from other prognostic markers (Niedworok et al., 2013). This was also seen by immunohistochemistry
in tumour tissue samples where the percentage of RHAMM positive areas increased with the tumour

stage and was higher in invasive tumour samples (Niedworok et al., 2013).

1.3.2 HAS and HYALs in cancer

The functional role of HASs and HYALSs vary in different types of cancer. In breast cancer cell
lines in vitro HAS2 was overexpressed as well as in invasive duct cancer (Li et al.,, 2015). The
knockdown of HAS2 resulted in decreased proliferation and migration of breast cancer cells.
Furthermore, when studied in vivo, the knockdown of HAS2 decreased the tumorigenicity of breast

cancer cells (Li et al., 2015). Another study knocking down HAS2 found a decreased invasion of
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breast cancer cells which was correlated to a decrease in FAK/PI3K/AKT signalling (Bernert, Porsch,
& Heldin, 2011). In a model of rat colon carcinoma, cells with overexpressed HAS2 showed increased
growth and higher tumour development when transplanted in vivo (Jacobson et al., 2002). On the
contrary, overexpressing HYAL1 had the opposite effect, reducing tumour growth in vitro and in vivo.
In prostate cancer cell lines in vitro, the overexpression or suppression of HYAL1 resulted in growth
inhibition, therefore a tight control of expression is needed to sustain proliferation (Lokeshwar et al.,
2005). In endometrial carcinoma despite finding HA accumulation surrounding the tumour, HASs
were not overexpressed but HYALs were downregulated (Nykopp et al.,, 2010). HAS and HYAL
expression in cancer cells still lack sufficient studies to understand its role, since it seems highly

dependent on the type of cancer where it has been studied.

As previously established, the molecular weight of HA has different effects on cells (Stern,
Asari and Sugahara, 2006). Experiments in vitro using different breast cancer cell lines showed that
inhibiting HA degradation with dextran sulphate (DSS), a hyaluronidase inhibitor, decreased CD44
and HAS expression, with no changes in cell proliferation (Udabage et al., 2004). Further studies by
the same group demonstrated that HAS2, HYAL2 and CD44 expression is associated with breast
cancer cell lines with higher invasive potential (Udabage et al., 2005). Interestingly, they also
established that in these cell lines, pericellular HA retention was associated with HAS2 and not HAS3.
One key finding is that following HA synthesis and extracellular extrusion of 10000 kDa in size, HA
was rapidly degraded by HYALSs into low molecular weight fragments of 10, 20, 40 kDa up to 500 kDa
(Udabage et al., 2005). Another study using breast cancer cell lines established that L-HA (>50 kDa)
produced by HAS2, and likely degraded by HYAL1 and HYALZ2, is important for cell migration and
invasion (Figure 8). Blocking the degradation of HA with DSS decreases both migration and invasion
(Wu et al., 2015). In a study using gastric cell lines, ultra-low HA (UL-HA) induced cells to adopt a
“hummingbird” phenotype characterized by high cellular motility (Amorim et al., 2020). This process
was mediated by the RHAMM and activation ERK1/2-AKT pathway. Given that HA in the cancer
microenvironment can vary in size, it is an important factor to take into consideration since it can exert

different effects on cancer cells and non-cancerous cells.

1.3.3 HA in the naked mole rat and resistance to cancer.

One intriguing study involves the naked mole rat which has a surprising resistance to
generating cancer (Tian et al., 2013). In this study, the resistance is attributed to the fact that the
fibroblasts of this rodent can synthesize HA of ultra-high molecular weight than what is usually found
in humans, 6000-12000 kDa vs the 500-2000 kDa. Overexpression of HAS2 is responsible for
synthesizing HA in the naked mole rat. Analysing the sequence for HAS2 there were two asparagines
replaced by serines which might explain why the naked mole rat can synthesize HA of such a large
size (Tian et al., 2013). Further experiments established that HA produced contact inhibition inducing
cell cycle arrest, a process partially mediated by CD44. One interesting point was that treating isolated
cells from the naked mole rate with hyaluronidase, abrogated contact inhibition (Tian et al., 2013).

This was replicated by overexpression of HYAL2 in vitro and in vivo. This highlights the importance
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of HYALs in cancer progression, as the balance of HA turnover in the TME might determine the

tumorigenicity of HA.

A recent response to the initial study of HA in the naked mole rat (Tian et al., 2013) questioned the
statement that cells from the naked mole rat were resistant to oncogenic transformation by SV40LT
and HRAS®'2V(Hadi et al., 2020). This study showed that the oncogenic transformation of naked mole
rat cells was possible by lentiviral expression of SV40LT and HRAS®'2V, These results could cast
doubt on the role of ultra-high molecular weight HA in the induction of cancer resistance by contact
inhibition. However, this study did not address the role of ultra-high molecular weight HA, CD44
signalling, HAS2 or HYAL?2 in these transformed naked mole rat cells, therefore this remains to be
elucidated. In addition, another study has shown physical differences between HA from the naked
mole rat and mice (Kulaberoglu et al., 2019). The authors found that HA in the naked mole had a
unique morphology with highly folded structures that were dependent on the type of tissue, indicating

a much more complex role which is not yet understood.
1.4 Hyaluronan in Pancreatic Cancer

In pancreatic cancer, the stromal compartment compromises almost 90% of the total tumour
volume, a mixture of large amounts of ECM proteins, glycosaminoglycans and a cellular component
formed by CAFs, PSCs, vascular cells, TAMs and other immune cells all of which contribute in
different ways to support tumour growth (Cutsem et al., 2018). HA accumulation is a key characteristic
as it occurs in more than 80% of PDAC (Jacobetz et al., 2013). The PSCs are one the most important
components of the stroma in pancreatic cancer, as their activity is essential in supporting tumour
growth, progression and invasion. PSCs have been deemed responsible for the large amounts of HA
present in the pancreatic cancer associated stroma (Apte et al., 2004) and elevated levels of HA can
promote cancer progression (Li et al., 2018; Theocharis et al., 2000). Analysis of tissue samples from
pancreatic cancer patients demonstrated that high staining for HA was correlated with poor survival.
The level of desmoplasia observed in primary pancreatic tumours is also seen in pancreatic
metastasis to the liver, lung and peritoneal cavity (Whatcott et al., 2015). These results were recently
replicated in another group of PDAC tumours, where HA deposits were associated with poor overall
survival (Tahkola et al., 2021). Additionally, this study also showed a low immune response with a
low presence of T lymphocytes. The vast accumulation of hyaluronan can confer unique properties
to PDAC tumours, such as abnormal collapsed blood and lymphatic vessels (Provenzano et al.,
2012). This is produced by increased interstitial fluid pressure due to the high capacity of HA to retain
water. This generates hypoxia and limits the access of molecules through the bloodstream which
complicates therapeutic actions in pancreatic cancer and is one of the main reasons for the lower
overall survival seen in most PDAC patients (Jacobetz et al., 2013). As mentioned previously, efforts
to remove the excess deposits of HA with recombinant PEGPH20 hyaluronidase have failed in clinical
trial settings as no improvement was seen by depleting HA from the tumours followed by

chemotherapy (Van Cutsem et al., 2020).
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There are a reduced number of studies on HA receptors in PDAC. One study analysing CD44
expression in PDAC tissue reported that CD44s and CD44v6 expression is higher in PDAC tissue,
but only high CD44s expression is associated with poor overall survival (Li et al., 2014). Applying a
CD44s blocking antibody (H4C4) in a PDAC xenograft model caused a reduction in growth,
metastasis, and post radiation recurrence. In another study, CD44v6 and CD44v2 were also found to
be increased in PDAC tumours compared to the normal pancreas, and the higher expression was
associated with poor overall survival (Gotoda et al., 1998). The HA receptor RHAMM was found to
be expressed in several PDAC cell lines. It had a higher expression in PDAC tumours compared to

normal tissue and was associated with poor survival (Cheng et al., 2015).

There are far fewer studies investigating the role of HA on PDAC cells compared to the
number of studies in other types of cancer, such as breast cancer. Among the few in vitro studies in
pancreatic cancer cell lines, one study demonstrated that L-HA (25-75 kDa) increased cell migration
in Boyden chamber assays, and in some cells lines, H-HA (400-600 kDa) also increased migration to
alesser extent (Cheng et al., 2016). Migration experiments inhibiting HA synthesis with 4-MU showed
a decreased migration, as opposed to PMA (12-O-tetradecanoyl-phorbol-13-acetate) a stimulator of
HA synthesis which showed increased migration. When PDAC cell lines were co-cultured with primary
CAFs from pancreatic cancer tissue in a Boyden chamber, migration increased compared to
monocultures. One interesting finding in this report is that mRNA for HAS2 was higher than HAS1
and HAS3 in most PDAC cells analysed. For hyaluronidases, HYAL1 mRNA was higher in most
PDAC cells while HYLA2 mRNA was lower, it was fairly consistent among all cell lines (Cheng et al.,
2016). However, this report has several observable issues in the migration assays and in the use of
PMA, as it is known to be a tumour promotor on its own through the activation of PKC (Ron and
Kazanietz, 1999; Taniuchi, Yokotani and Saibara, 2012). Inhibition of HA by using 4-MU a hyaluronan
synthase inhibitor showed that proliferation, migration and invasion were reduced in MIA PaCa-2
pancreatic cancer cell line (Nagase et al., 2017). In a study of PDAC cells in vitro HA induced motility
and migration through the Src-PI3K-Akt signalling pathway, since applying PI3k inhibitor wortmannin,
reduced motility and migration were observed (Teranishi et al., 2009).

In xenografts models using BXPC-3 pancreatic cancer cell lines with forced overexpression
of HAS2 and HAS3, there was an increase in HA content compared to non-overexpressing cells
(Kultti et al., 2014). This was accompanied by a loss of E-cadherin, accumulation of cytoplasmic f3-
catenin and a decrease in apoptotic markers (Kultti et al., 2014). When these tumours were treated
with the recombinant human hyaluronidase PEGPH20, there was a decrease in HA content which
was accompanied by a reduction in tumour volume and hypoxic markers, a recovery of E-cadherin
and membrane [3-catenin, and an increase in apoptotic markers. This could indicate the possibility of
HA promoting tumour growth, inducing EMT, generating hypoxia and favouring HIF-1a nuclear

translocation and protection from apoptosis (Kultti et al., 2014).

HA plays an important part in PDAC, from promoting tumour growth, migration and

metastasis to participating in the chemoresistance of PDAC as a component of the desmoplastic
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reaction. However, the effects of HA in PDAC cells are limited and more information is needed to
understand the characterises of HA turnover in PDAC and the effects that it can have on different

cancer hallmarks.
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Hypothesis

One of the most predominant characteristics of PDAC is extensive fibrosis of the tumour
stroma called the desmoplastic reaction. Activated PSCs are responsible for the synthesis of
excessive amounts of numerous macromolecules that are deposited into the tumour causing dense
fibrosis that limits access of immune cells to the tumour and collapses blood vessels resulting in
chemoresistance. Among these macromolecules is HA which can be found in more than 80% of
PDAC tumour tissue and has been associated with poor survival. We hypothesized that HA can
directly interact with HA receptors on PDAC cells in vitro and by doing so, it can regulate important

cancer hallmarks such as proliferation and migration.

Aims
General aim
Analyse PDAC cell proliferation and migration in vitro under treatment with conditioned media

containing HA produced by activated PSCs, with exogenous HA and endogenous HA produced by
PDAC cells.

Specific aim 1

Establish an HA-producing PSC phenotype by activating PSC using cytokines TGF- and PDGF to
obtain conditioned media that will be applied to PDAC cells in proliferation and migration experiments.
This includes standardizing the conditions of serum type and glucose concentration for optimal HA

synthesis and moderate growth of PDAC cells.
Specific aim 2

Determine the effects of PSC-derived HA on PDAC cell growth and migration. This will be achieved
using conditioned media from activated PSCs and by adding exogenous HA to the culture media. To
understand the role of different components participating in HA turnover, a series of inhibitors will be
used to block HA synthesis, HA degradation by hyaluronidases and HA receptors to block HA binding.

Specific aim 3

Determine the role of PDAC cell derived HA on PDAC cell proliferation and migration. This will be
achieved by stripping the HA pericellular coating with hyaluronidase and inhibiting HA synthesis with
the inhibitor 4-MU or by knocking down HAS with siRNA.
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Chapter 2 Methodology

2.1 Cell culture

The PDAC cell lines MIA PaCa-2 and PANC1 cells were purchased from the American Type Culture
Collection (ATCC). The BXPC3 cell line was a kind gift from Dr Ayse Latif (University of Manchester).
MIA PaCa-2 and PANC1 cells were cultured in Dulbecco’s modified Eagle’s media (DMEM,
Cat.#D5796, Cat.#D6064, Sigma) containing 25 mM glucose or 10 mM glucose, supplemented with
1% streptomycin/penicillin (Cat.#P0781, Sigma) and 10% foetal bovine serum (FBS, Cat.#F9665,
Corning) or 10% NU-Serum (NU-S) (Cat.#355500, Corning). Human PSCs (hPSCs) were a kind gift
from Professor David I. Yule from the University of Rochester. hPSCs were grown in DMEM
supplemented with 1% streptomycin/penicillin and 25 or 10 mM with either 10% FBS or 10% NU-S,
for a maximum of 9 or 10 passages. All cells were cultured in a humidified incubator at 37°C with 5%
CO:a. Cells were subcultured between 80-90% confluence, washed with Dulbecco’s phosphate buffer
saline (DPBS, Cat.#D8537, Sigma), followed by a 5-10 min trypsinisation, depending on the cell type,
with 0.25% Trypsin-EDTA (Cat.#T4174, Sigma). Then fresh media was added and cells in suspension
were centrifuged at 900 RPM for 4 min at room temperature (U-32R centrifuge, BOECO Germany).
The pellets were re-suspended in fresh media and transferred to T75 flasks. PDAC cells were used

for a maximum of 30 passages.

2.2 hPSC activation standardization.

hPSCs were seeded onto 12 mm glass coverslips in 24 well plates at a density of 5x10* cells per well
and cultured in DMEM supplemented with 25 or 10 mM glucose with either 10% FBS or 10% NU-S.
hPSCs were allowed to attach for 24 h and then the media was changed to serum free media with
0.1% Bovine Serum Albumin (BSA, Cat.#A9647, Sigma) (as a carrier protein) and activated with 1-
10 ng/ml of TGF-B (Cat#PHG9214, Gibco), 10 ng/ml of PDGF (Cat.#PHG9204, Gibco) or a
combination of both according to each experiment. hPSCs were left in activation media for 24 h and
then fixed in 4% paraformaldehyde (PFA, Cat.#P6148, Sigma) for immunofluorescence or left for a

further 48 h and then fixed in 4% PFA according to each experiment.
2.3 Immunofluorescence

Cells were seeded onto 12 mm glass coverslips in 24 well plates at a density of 5x104 cells per well.
After the experimental treatment cells were fixed in 4% PFA prepared in HEPES buffer (15 mM
HEPES, 135 mM NacCl, 5 mM KCI, 1.8 mM CaClz, 0.8 mM MgClz, pH 7.4) for 20-30 minutes at room
temperature. Fixed cells were washed with HEPES buffer and permeabilized with Triton X-100
(Cat.#X100, Sigma) for 5 min. The cells were then washed in HEPES buffer and blocked in blocking
buffer (5% BSA in HEPES buffer) for 30 minutes. The blocked cells were incubated with primary
antibodies (Table 1) prepared in blocking buffer overnight at 4°. Then the cells were washed in

HEPES buffer and incubated with secondary antibodies prepared in blocking buffer, for 1 h at room
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temperature. The cells were washed and incubated for 7 min in Hoechst 33342 at 300 ng/ml
(Cat.#3570, Invitrogen), then cells were washed again and mounted onto glass slides using
ProLongTM Gold antifade (Cat.#P36934, Thermo Fisher Scientific).

Immunofluorescence for HYAL2 followed the same protocol except for the permeabilization step
which was done with saponin (#47036, Sigma) 0.1% in HEPES buffer, which selectively

permeabilizes cholesterol-enriched plasma membrane zones.

2.3.1 Hyaluronan detection by fluorescence

Cells were seeded onto 12 mm glass coverslips in 24 well plates at a density of 5x104 cells per well.
After the experimental treatment cells were fixed in 4% PFA prepared in HEPES. Fixed cells were
washed with HEPES buffer and permeabilized with Triton X-100 for 5 min. The cells were then
washed in HEPES buffer and blocked with an avidin-biotin block (Cat.#R37628, Thermo Scientific)
for 10 min. The cells were washed in HEPES buffer and blocked in 5% BSA in HEPES buffer for 30
min. Then we used a biotinylated HA binding protein (HABP, Cat.# AMS.HKD-BC41, AMSBIO) a
recombinant protein corresponding to the versican G1 HA binding domain that exclusively binds HA
and no other GAG. The HABP was incubated overnight at 4°C. The cells were washed in HEPES
buffer and incubated for 1 h with FITC-conjugated streptavidin (Cat#SA-5001, Vector Labs) that
binds to the biotin on the HABP. The cells were then washed and incubated for 7 min in Hoechst and

then washed and mounted onto glass slides using ProLongTM Gold antifade.

Target Host Clonality Isotype Dilution Supplier Reference

Primary antibodies

a-SMA Rabbit | Monoclonal = IgG 1/200 Cell Signalling = 19245
CD44 Mouse | Monoclonal 1gG 1/200 Cell Signalling = E7K2Y
RHAMM Rabbit | Polyclonal @ IgG 1/200 Cell Signalling = 55463
HYAL2 Rabbit Polyclonal IgG 1/200 Proteintech 51148-1-AP
HAS2 [4ET7] Mouse | Monoclonal 1gG 1/200 Abcam Ab140671
Secondary antibodies

Anti-mouse Goat Polyclonal IgG 1/400 Thermo A11029
Alexa Fluor 488 Scientific

Anti-rabbit Goat F(ab)2 | 1/400 Cell Signalling = 4412S
Alex Fluor 488

Anti-mouse Goat F(ab)2 | 1/400 Cell Signalling = 8890S

Alexa Fluor 594
Table 1 Primary and secondary antibodies used for Immunofluorescence.
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2.3.2 Immunofiluorescence image analysis of hPSC activation
Two strategies to quantify hPSC activation were adopted, the first strategy was to count the total
number of a-SMA+ cells as a percentage of total Hoechst stained cells. This strategy was used when

hPSCs were at relatively low density, as cell boundaries were easily visible.

The second strategy was to measure the total a-SMA+ fluorescent area which was then normalized
by the total number of cells, which were counted by counting the nuclei stained with Hoechst. This
second strategy was used when cells were highly confluent and cell boundaries were much more

difficult to distinguish, which made accurate counting of individual a-SMA+ cells almost impossible.

2.3.3 Immunofluorescence image analysis of PDAC cells treated with HAdase and 4-
MU

In MIA PaCa-2 cells, to evaluate HA fluorescence after treatments with either HAdase or 4-MU, a line
profile of fluorescent intensity was traced using FlJl/Imaged. This intensity profile will show a high
peak of fluorescence intensity indicating pericellular HA. If treatments with HAdase or 4-MU reduce
pericellular HA this will be reflected by the loss of the intensity peaks.

For BXPC3 cells a qualitative analysis was done by plotting fluorescence intensity as a 3D surface
plot. The fluorescent pixel intensity is represented in a colour temperature scale, with low intensity

peaks in colour blue to high intensity peaks in red colour.

2.3.4 Immunofiluorescence Imaging

Images were collected on a [Zeiss Axioimager.D2] upright microscope using a 20x / 0.5 EC Plan-
neofluar, or the 63x / 1.4 Plan Apochromat (Oil, DIC) objectives and captured using a Coolsnap HQ2
camera (Photometrics) through Micromanager software v1.4.23. Specific band pass filter sets for
DAPI and FITC were used to prevent bleed through from one channel to the next. Images were then

processed and analysed using [Fiji Imaged (http://imagej.net/Fiji/Downloads)].

2.4 Cell treatments

2.4.1 Conditioned media collection from PDAC cells

MIA PaCa-2, PANC1 and BXPC3 cells were seeded at a density of 40000 cells/cm?2 and grown in
T75 culture flasks in 10 ml of the appropriate media. They were grown to 70-80 % confluency and
then the media was changed to serum free media. Cells were incubated for 24, 48 or 72 h according
to experimental conditions. The conditioned media (CM) was collected and centrifuged at 500 RPM
to eliminate cell debris. Cells left on the flask were trypsinised and an aliquot was taken for cell

counting, the rest of the cells were saved to prepare protein lysates for protein quantification.
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2.4.2 Activated and non-Activated PSC conditioned media collection.

hPSCs were 40,000 cells/cm?2 and grown in T75 culture flasks in 10 ml of DMEM supplemented with
25 or 10 mM glucose with either 10% FBS or 10% NU-S. Cells were grown to 80% confluency and
then the media was replaced with serum free media supplemented with 0.1% BSA containing 5 ng/ml
of TGF-B. For the non-activated media on serum free DMEM with 0.1%, BSA was added to the media.
hPSCs were activated for 24 h and then the media was replaced with fresh serum free DMEM. hPSCs
were left for a further 24, 48 or 72 h according to each experiment. The CM was collected and
centrifuged at 500 RPM to eliminate cell debris. Cells left on the flask were trypsinised and an aliquot
was taken for cell counting, the rest of the cells were saved to prepare protein lysates for protein

quantification.

2.4.3 Filtered activated and non-activated PSC conditioned media.

For filtered hPSC CM the same process was followed as mentioned above. After the centrifuge step
eliminating cell debris, the 10 ml of CM was loaded on 15 ml 3kDa Amicon filters (Amicon® Ultra-15
Centrifugal Filter Unit, Cat.#UFC9003, Millipore) and centrifuged at 3850 g for 60 min. The media that
was retained in the upper chamber of the filter was retained and the filtrate was discarded. The
concentrated media was then diluted in 10 ml of fresh DMEM with 10% FBS or NU-S and either 10

or 25 mM glucose.

2.5 Hyaluronan Enzyme-Linked Inmunosorbent Assay

HA in PDAC conditioned media was detected using the Hyaluronan Enzyme-Linked Immunosorbent
Assay Kit (K-1200, Echelon Biosciences Inc). This is a competitive ELISA, where the signal detected
is inversely proportional to the amount of HA present in the sample. A standard curve was included
to determine the concentration of HA. Briefly, samples and the standard curve (K-1202) were loaded
on yellow U-bottom plates and incubated with the HA detector (K-1203) for 1 h at 37°C. Then, controls
and samples were moved to a detection plate and incubated for 30 min at 4°C. The detection plates
were washed with wash buffer (K-PBST3) 3 times and then the plates were inverted and tapped dry
on absorbent tissue. Later, a working Enzyme (K-1206) was added to the wells, and the plate was
incubated for 30 min at 37°C. Plates were washed as described before and then incubated in the
dark at room temperature with Substrate solution (K-1208). 30 minutes later, absorbance was
measured at 405 nm using a plate reader (Synergy HT, BioTEK). The reaction was stopped by adding
Stop solution to the plate. Quantification of the samples was done by interpolation from the standard

curve.

2.6 Hyaluronan

HA of four different molecular weights (R&D Systems®, Inc.) were used for proliferation and migration
assays. Ultra low molecular weight HA (UL-HA, 4.66 kDa, Cat.#GLR003), low molecular weight HA
(L-HA, 33 kDa, Cat.#GLR001), medium molecular weight HA (M-HA, 205 kDa, Cat.#GLR004) and
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high molecular weight HA (H-HA, 1500 kDa, Cat.#GLR002). Each HA was dissolved in PBS at a

concentration of 5 mg/ml, aliquoted and stored at -20°C.

2.7 Cell counting kit-8 viability assay (WST-8)

Cell proliferation was measured with Cell Counting Kit-8 (CK04, Dojindo Molecular Technologies) an
assay that uses WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium, monosodium salt] a water soluble tetrazolium salt to quantify the number of live cells that
reduce WST-8 producing an orange formazan dye (WST-8 formazan) in the presence of an electron
donor. The WST-8 solution was added to each well and the plate was incubated for 2 h in a humidified

incubator at 37°C. Absorbance was measured at 450 nm using a plate reader (Synergy HT, BioTEK).

2.7.1 Proliferation assays with the cell counting kit-8

PDAC cells were seeded onto a 96 wells plate at a density of 2500 or 5000 cells according to the
experimental conditions. Cells were allowed to attach for 24 h, then the media was replaced according
to each treatment. The cells were left to grow for up to 96 h. Every 24 h a plate was processed by
adding 10 pl of WST-8 solution to each well. The plate was incubated for 2 h in a humidified incubator.

After 2 h, absorbance was measured at 450 nm using a plate reader (Synergy HT, BioTEK).

2.7.2 WST-8 proliferation assay for standardization of serum and glucose

concentration

For proliferation assays standardizing serum and glucose concentration, 2500 or 5000 cells were
seeded in 96 well plates. Cells were allowed to attach for 24 h, then the media was replaced with
DMEM supplemented with 0, 1, and 10% NU-S with 5, 8, 10, 15, and 25 mM glucose. Proliferation
was measured every 24 h by the WST-8 assay.

2.7.3 WST-8 proliferation assay with hPSC conditioned media

For proliferation assays using hPSC CM 2500 cells were seeded onto 96 well plates. After 24 h the
media was changed to either activated or non-activated hPSC CM with 10% NU-S and 10 mM glucose
or to filtered activated or non-activated hPSC CM with 10% NU-S and 10 mM glucose. Proliferation
was measured every 24 h by the WST-8 assay.

2.7.4 WST-8 proliferation with hyaluronan

For proliferation assays using HA of different molecular weights, cells were seeded onto 96 well
plates. After 24 h the media was changed to DMEM with 10% NU-S and 10 mM glucose
supplemented with either UL-HA, L-HA, M-HA or H-HA at concentrations of 30, 100, and 300 pg/mi.

Proliferation was measured every 24 h by the WST-8 assay.
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2.7.5 WST-8 proliferation with HAdase treatment and 4-MU

For proliferation assays using 4-Methylumbelliferone (4-MU, Cat.#M1381, SIGMA) and hyaluronidase
from bovine testes type |I-S (HAdase, Cat.#H3506, Sigma) cells were seeded onto 96 well plates.
After 24 h the media was changed to serum free media with 0.1% BSA and incubated with 800 pg/ml
or media 10% NU-S and 10 mM glucose accordingly. Cells were then washed in DPBS and fresh
media with 10% NU-S and 10 mM glucose supplemented with 1-100 yuM 4-MU and 300 ug/ml of UL-
HA, L-HA, M-HA, or H-HA accordingly. Proliferation was measured every 24 h by the WST-8 assay.

2.7.6 Cytotoxicity assay for dextran sulphate using the cell counting kit-8

PDAC cells were seeded at 5x10* cells per well and allowed to attach for 24 h. The media was then
replaced with media containing 0.1-1000 pg/ml of DSS (Dextran sulfate Cat.#D8906, Sigma) and the
cells were left to incubate for 48 h. The WST-8 solution was added to each well and the plate was
incubated for 2 h in a humidified incubator at 37°C. Absorbance was measured at 450 nm using a
plate reader (Synergy HT, BioTEK).

2.8 Sulforhodamine B protein (SRB) assay protein quantification method

The SRB assay is used to determine cell density based on the measurement of protein components
of cells adhered to a cell culture surface. This is possible due to the ability of SRB to bind cellular
protein content that has been fixed by TCA (Trichloroacetic acid, Cat.#T6399, Sigma). The binding of
SRB to proteins is stoichiometric, which means that the amount of dye is proportional to the amount

of protein present and is therefore proportional to cell mass.

Briefly, cells were seeded on a 96 well plate, and after 24-96 h days, cells were fixed by adding 10%
w/w TCA and incubating them for 1 h at 4°C. Fixed cells were washed and dried at room temperature.
Then cells were stained with 0.057% w/v SRB solution for 30 min. Cells are then quickly rinsed with
1% v/v acetic acid to remove unbound dye. The cells were left to dry at room temperature. Later 10
mM Tris base solution was added and the plate was incubated on a shaker for 5 min to solubilize the
protein bound to the dye. Absorbance was measured at 540 nm using a plate reader (Synergy HT,

BioTEK) to quantify the protein content.

2.8.1 SRB proliferation assay for standardization of serum and glucose concentration

For proliferation assays standardizing serum and glucose concentration, 2500 or 5000 cells were
seeded in 96 well plates. Cells were allowed to attach for 24 h, then the media was replaced with
DMEM supplemented with 0, 1, and 10% NU-S with 5, 8, 10, 15, and 25 mM glucose. Proliferation
was measured every 24 h by the SRB assay.
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2.8.2 SRB proliferation assay with hPSC conditioned media

For proliferation assays using hPSC CM 2500 cells were seeded onto 96 well plates. After 24 h the
media was changed to either activated or non-activated hPSC CM with 10% NU-S and 10 mM glucose
or to filtered activated or non-activated hPSC CM with 10% NU-S and 10 mM glucose. Proliferation

was measured every 24 h by the SRB assay.

2.8.3 SRB proliferation with hyaluronan

For proliferation assays using HA of different molecular weights, cells were seeded onto 96 well
plates. After 24 h the media was changed to DMEM with 10% NU-S and 10 mM glucose
supplemented with either UL-HA, L-HA, M-HA, or H-HA at concentrations of 30, 100, and 300 pg/ml.
For proliferation analysis in HA coated plates, the day before seeding cells, 96 well plates were
incubated with UL-HA, L-HA, M-HA, or H-HA at concentrations of 300 ug/ml in DPBS for 24 h at 4°C.

Proliferation was measured every 24 h by the SRB assay.

2.8.4 SRB proliferation with HAdase treatment and 4-MU

For proliferation assays using 4-MU and HAdase, cells were seeded onto 96 well plates. After 24 h
the media was changed to serum free media with 0.1% BSA supplemented with or without 800 pg/ml
of HAdase. Cells were treated for 1 h at 37°C. Cells were then washed in DPBS and incubated in
fresh media with (10% NU-S and 10 mM glucose) with or without 1-100 uM 4-MU and 300 pg/ml of
UL-HA, L-HA, M-HA, or H-HA according to experimental conditions. Proliferation was measured every
24 h by the SRB assay.

2.9 Gap closure assays

2.9.1 Gap closure assays for migration

The gap closure assay performed in these experiments uses 2-chamber silicone Ibidi inserts
(Cat.#80209, Ibidi) which are based on the principle of area exclusion by generating a cell free space
through physical exclusion, in this case, the silicone divider of the Ibidi inserts. PDAC cells were
seeded into each side of the chamber at 40000-50000 cells per side of the insert in 12 or 24-well
culture plates. For the assay to work properly, a high confluence must be achieved >95%. The cells
were allowed to attach for 24 h, after which fresh media was added supplemented with 2 pg/ml of
mitomycin C previously standardized(Sritangos et al., 2020) (Cat.#3258, Tocris). Mitomycin C is used
as a proliferation inhibitor at non-lethal concentrations to ensure the cell free area is occupied by
migrating cells. The cell free gaps were imaged at 0, 24, 36, and 48 h for MIA PaCa-2 cells. Brightfield
images were acquired using an Olympus IX83 inverted microscope using a 4x / 0.13 LUC PlanFL N
objective and captured using an Orca ER camera (Hamamatsu) using CellSens software (Olympus).
BXPC3 cells were imaged every 15 min for up to 22 h. Brightfield images were acquired on an Eclipse

Ti inverted microscope (Nikon) using a 4x Plan Fluor (PhLDL) objective. Imaging software NIS
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Elements AR.46.00.0. Point visiting was used to allow multiple positions to be imaged within the same
time course and cells were maintained at 37°C and 5% CO2. The images were collected using a
Retiga R6 (Q-Imaging). Images were analysed and processed using FIJI Imaged. The percentage of

gap closure was calculated according to the following formula:

Gap closure % = (%) x 100,
t=0
Where (At=0) is the area of the gap at time 0 and (At=s) is the area of the gap at any given time point.
The migration rate in um/h was calculated using the Wound_healing_size tool (Suarez-Arnedo et al.,

2020) and the following formula

where W, is the average of the initial gap width, Wris the average of the final gap width, both in um,
and tis a time point of the assay in h. For MIA PaCa-2 and PANC1 cells, t was 24 h and for BXPC3

cells t was the time at which 50% of the gap was closed.

2.9.2 Gap closure assay with hPSC conditioned media

For gap closure assays using hPSC CM cells were seeded into Ibidi inserts at 4000-50000 per side
of the insert. The cells were allowed to attach for 24 h the media. The media was then replaced with
filtered or non-filtered hPSC CM, from activated or non-activated cells supplemented with 2 ug/ml of

mitomycin C. Images of the gap were captured according to the main protocol.

2.9.3 Gap closure assay with exogenous Hyaluronan

For gap closure assays using HA, cells were seeded into Ibidi inserts at 4000-50000 per side of the
insert. The cells were allowed to attach for 24 h the media. The media was then replaced with fresh
media (10% NU-S and 10 mM glucose) with 2 pg/ml of mitomycin C supplemented with 300 pg/ml of
UL-HA, L-HA, M-HA, or H-HA. For gap closure assay involving coated HA, the day before seeding
cells 24 well plates were incubated with UL-HA, L-HA, M-HA, or H-HA at concentrations of 300 pg/ml
in DPBS for 24 h at 4°C. The inserts were then placed inside the HA coated wells followed by cell

seeding. Images of the gap were captured according to the main protocol.

2.9.4 Gap closure assay with Hyaluronidase treatment and 4-MU

For gap closure assays using 4-MU and HAdase, cells were seeded into Ibidi inserts at 4000-50000
per side of the insert. The cells were allowed to attach for 24 h the media. For experiments including
4-MU alone, fresh media was added (10% NU-S and 10 mM glucose) with 2 pug/ml of mitomycin C
supplemented with 1-100 yM 4-MU. For experiments including HAdase, the media was changed to
serum free media with 0.1% BSA supplemented with 200, 400 or 800 pg/ml and treated for 1 h at

37°C, according to each experiment. Cells were then washed in DPBS and fresh media was added
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(10% NU-S and 10 mM glucose) with 2 ug/ml of mitomycin C supplemented with 100 yM 4-MU and
300 pg/ml of UL-HA, L-HA, M-HA, or H-HA according to each experiment. Images of the gap were

captured according to the main protocol.

2.9.5 Gap closure with HAS2 siRNA

For gap closures assays using HAS2 siRNA, 50000 BXPC3 cells were seeded into each side of the
Ibidi inserts that were preloaded with a mix of 25 nM of HAS2 siRNA and TurboFect Transfection
Reagent (Cat.#R0531, Thermo Scientific). After 36 h the inserts were removed, and fresh media was
added (RPMI with 10% NU-S and 10 mM glucose) with 2 pg/ml of mitomycin C. For experiments
including HAdase, the media was changed to serum free media with 0.1% BSA supplemented with
800 ug/ml of HAdase and treated for 1 h at 37°C. Cells were then washed in DPBS and fresh media
was added (10% NU-S and 10 mM glucose) with 2 pg/ml of mitomycin C. Depending on experimental
conditions the media was also supplemented with 300 pg/ml of H-HA. Images of the gap were

captured according to the main protocol.
2.10 CD44 Neutralising antibody

Anti-CD44 antibody KM81 (Cat.#ab112178, Abcam) was used to target the HA binding domain of
CD44. The antibody was applied to PDAC cells in migration assays (as described before) at

concentrations of 1, 5 and 10 ug/ml.
2.11 Protein preparation and detection

2.11.1 Protein lysate preparation

Cells were harvested using Lysis buffer containing 50 mM Tris Base, 40 mM sodium pyrophosphate,
100 mM sodium fluoride, 150 mM sodium chloride, 0.5 M EDTA and 0.5 M EGTA, supplemented with
protease and phosphatase inhibitors: cOmplete EDTA-free protease inhibitor cocktail
(Cat.#11873580001, Sigma) and PhosSTOPT phosphatase Inhibitor (Cat.#4906837001, Sigma).
Cell lysates were sonicated (Soniprep 150 Ultrasonic disintegrator, MSE) on ice at amplitude 7-8 and
6 seconds intervals 5 times. Then samples were incubated on ice for 30 minutes, and later centrifuged
at 13000 rpm (PRISMR centrifuge, Lab International Inc.) at 4°C, for 10 minutes. Lysate supernatant

was collected and stored at -20°C until further use.

2.11.2 Membrane protein extraction

Membrane proteins were extracted and enriched from adherent cell culture using the Mem-PER plus
kit (Thermo scientific, 89842) following manufacturer instructions. This is a detergents-based kit that
permeabilises cells allowing the release of soluble cytosolic proteins and solubilises the membrane
proteins. Briefly, cells were scraped and resuspended in cell culture media and centrifuged at 300 g

for 5 min. The cell pellet was washed with the cell washing solution and centrifuged at 300 g for 5 min
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twice. The cell pellet was resuspended with Permeabilization buffer and vortexed to obtain a
homogeneous cell suspension. Cells were incubated at 4°C for 10 min with frequent mixing.
Permeabilized cells were centrifuged at 16000 g for 15 min. The supernatant containing cytosolic
proteins was transferred to a new tube. A solubilization buffer was added to the pellet, and it was
resuspended by pipetting. The mixture was incubated at 4°C for 30 min with constant mixing. Later,
it was centrifuged at 16000 g for 5 min and the supernatant containing membrane proteins was

transferred to a new tube. Cytosolic and membrane samples were stored at -20°C until further use.

2.11.3 SDS-PAGE and Western blot

Cell lysates were prepared in NUPAGE LDS Loading buffer (Invitrogen, NPO007) and denatured for
5 - 20 min at 95°C. Denatured samples were loaded onto a NUPAGE 4 to 12%, Bis-Tris Protein Gel
(Cat.#NP0321, Cat.#NP0336, Invitrogen) with a protein ladder (Precision Plus Protein Dual Color
Standards Cat.#1610374 Bio-Rad). Gels were run in a mini gel tank (Cat.#A25977, ThermoFisher
Scientific) between 100-200 V with an electrophoresis power supply (E831 electrophoresis power
supply, Consort) for 45-90 min in NUPAGE MOPS SDS running buffer (Cat.#NP0001, Invitrogen).

For immunoblotting, the proteins were transferred with Transblot Turbo transfer buffer to PVDF
membranes (Trans-Blot Turbo RTA Mini 0.2 pm PVDF Transfer Kit. Cat.# 1704272, Bio-Rad) using
the TransBlot® Turbo and transfer system (1.3 Amps constant, up to 25 V, 15 minutes; Bio-Rad). The
membranes were washed with Tris-buffer saline with 0.1% Tween 20 (TBST) and then blocked for 1
hin 5% BSA TBST. Later, membranes were incubated overnight with primary antibodies (Table 2) in
orbital agitation. On the following day, membranes were washed 3 times for 10 min with TBS-Tween.
Membranes were incubated with secondary antibodies conjugated to HRP diluted in 5% BSA TBST
(Table 2) for 1 h at room temperature in orbital agitation. Membranes were washed in TBST and
incubated for 3 min in Clarity Western ECL substrate (Cat.# 170-5060, Bio-Rad). Images were
acquired using a ChemiDoc XRS+ (Bio-Rad). Analysis and editing of the images were done on Image
Lab Standard Edition v6.0.1 software (Bio-Rad).

Target Host Clonality Isotype Dilution Supplier Reference

Primary Antibodies

B-actin Mouse Monoclonal  IgG 1/50000 Sigma A3854

Cyclophilin A Rabbit | Polyclonal 1gG 1/1000 Cell Signalling = 2175S

Cyclophilin B Rabbit | Monoclonal @ 1gG 1/1000 Cell Signalling = 43603S

HAS2 Mouse = Monoclonal @ 1gG 1/2000 Abcam ab140671

HYAL2 Rabbit | Polyclonal IgG 1/2000 Proteintech 51148-1AP

Secondary Antibodies

Rabbit IgG HRP Goat Purified 1/1000 Cell Signalling = 7074S
1/8000

Mouse IgG-HRP Goat Purified 1/8000 Cell Signalling = 7076S

Table 2 Primary and secondary antibodies used for Immunoblotting.
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2.12 Expression knockdown by siRNA

The expression of HAS2 and HYAL2 was knocked down using 10-50 nM of ON-TARGETplus
SMARTpool siRNA targeting HAS2 mRNA (siHAS2; L-0112053-02-0010) or HYAL2 mRNA
(siHYAL2; L-013689-01-0010). Non-targeting scrambled siRNA (siSCR; D-001810-10-05) was used
as a control. Knockdown conditions were performed using serval transfection reagents 0.1-0.2%
DharmaFect1 (D1), D DharmaFect2 (D2), Dharmafect4 (D4) (Dharmacon), Turbofect, (Cat.# R0531,
ThermoFisher), JetPEI (Cat.# 101-10N, Polyplus-Transfection) and Fugene (Cat.#Promega). All
target sequences for ON-TARGETplus SMARTpool siRNA used in knockdown experiments are listed

below in Table 3.

Target gene ON-TARGETplus Reference = Target Sequence

HAS2 L-0112053-02-0010 GGGUGUGUUCAGUGCAUUA
GGAUUAAAGUUGUCAUGGU
CCAAACGGAUAAUUACUAU
GGUUUGUGAUUCAGACACU

HYAL2 L-013689-01-0010 AGAUGUGUAUCGCCGGUUA
UGCUGGAGACACUGCGUUA
GCUCAGUUGGGCCGACAUU
UAGUCAAACAGGCACAAUA

Non-Targeting D-001810-10-05 UGGUUUACAUGUCGACUAA

scrambled UGGUUUACAUGUUGUGUGA
UGGUUUACAUGUUUUCUGA
UGGUUUACAUGUUUUCCUA

Table 3 Dharmacon gene targeting sequences of ON-TARGETplus SMARTpool siRNA.

2.13 Statistical Analysis

Prism 9 software (GraphPad) was used for generating graphs and statistical analysis. Error bars are
presented as mean + SEM (error bars). Data Normality was checked by Shapiro-Wilk test. Statistical
significance for comparing two groups was determined by unpaired t-test with parametric distribution
and Mann-Whitney for non-parametric distribution. Two-way ANOVA with Tukey’s post hoc test for
multiple comparisons was used when comparing 2 or more factors in 3 or more groups. One-way
ANOVA with Dunnett's post hoc test was used to compare every mean against a control mean.
Statistical significance was defined as p<0.05.
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Chapter 3 Optimization of pancreatic stellate cell activation and collection

of stellate cell conditioned media

3.1 Activation of human pancreatic stellate cells.

In pancreatic cancer tissue, human PSCs (hPSCs) are present in an activated state. These
activated hPSCs have been linked to pancreatic tumour progression, by secreting several
extracellular matrix proteins and Hyaluronan among others (Li et al., 2018). By activating hPSC cells
in culture we attempted to reproduce the interaction they have with PDAC cells in vivo by collecting
the media in which they grow (conditioned media), to capture the molecules secreted by hPSCs. We
aimed to use this hPSC conditioned media (CM) on PDAC cells to study the in vitro effects of hPSC-
derived HA on the two main cancer hallmarks proliferation, and migration. To accomplish this, we first
standardized hPSC activation to obtain the optimal conditions for HA production, controlling for serum
type, glucose concentration and activating cytokines using a-SMA as a readout of hPSC activation
(Apte et al., 2004). We then measured HA production in these activated stellate cells with an ELISA-
like assay that detects HA.

Under in vitro conditions, hPSCs have been reported to be contact activated when grown on
plastic or glass. The most common marker used to detect activation is a-SMA expression (Apte et
al., 1998; Lachowski et al., 2017). We used NU-S to grow hPSC as it has less variation batch to
batch, less overall protein that can interfere with secreted molecules and maintains consistency with
future proliferation assays in PDAC cells. hPSCs were grown first in T75 flasks for 1-2 weeks in
DMEM supplemented with 10% NU-S and 10 or 25 mM glucose. hPSC Cells were seeded on glass
coverslips and allowed to attach and grow for 24 h. Then the media was changed to either serum
free, 1% or 10% Nu-serum with 10 mM or 25 mM glucose. After 48 h they were fixed in 4% PFA and
incubated with an a-SMA antibody detected with Alexa 488 conjugated secondary antibody (Figure
9a).

We used two strategies to quantify hPSC activation, the first strategy was to count the total
number of cells and a-SMA* cells to obtain the percentage of a-SMA* cells. The second strategy was
to measure the a-SMA* fluorescent area and normalize this by the total number of cells. The second
strategy was used when individual a-SMA* cells were not possible to count due to high cell density

and unclear cell borders.

When hPSC activation was quantified by the number of a-SMA* cells the overall activation
was very low (Figure 9¢), however when hPSC activation was quantified by fluorescent area, hPSCs
grown in 10% NU-S and 25 mM glucose showed a statistically significant higher activation than cells

grown in 10 mM glucose (Figure 9d).
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a Media Fix 4% PFA
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Figure 9. Low Activation of hPSC in NU-S. a,b) hPSC were grown on coverslips for 24 h in DMEM
supplemented with 0%, 1% or 10% NU-S and 10 or 25 mM glucose. Cells were fixed in PFA and
stained a-SMA antibody detected with an Alex 488 conjugated secondary antibody (green). All nuclei
were stained with Hoechst to determine the total number of cells (blue). Epifluorescence images were
collected on a Zeiss Axioimager and analysed with ImageJ. ¢,d) a-SMA positive cells were quantified
by cell number and fluorescent area (um?). Two-way ANOVA using Tukey’s multiple comparison test
was used for analysis (**p<0.005) (n=5).
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Figure 10. hPSC activation in NU-S remains low over time but is higher in FBS cultured cells.
a) hPSC were seeded on coverslips and cultured in DMEM supplemented with NU-S and 25 mM for
48 to 168 h. b) Fluorescent images were taken of a-SMA positive hPSC (green) at 48 and 168 h and
were analysed with ImagedJ. ¢) Flourescent area quantification. d) hPSC were grown in DMEM
supplemented with NU-S or FBS with 25 mM glucose for 48 h. Fluorescent images were taken of a-
SMA positive hPSC at 48 h and were analysed with imageJ. e,f) a-SMA positive cells were quantified
by cell number and fluorescent area (um2) Mann Whitney's test was used for analysis (*p<0.05 and
**p<0.005) (n=5).
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Time has also been suggested as a factor for the activation of hPSC in vitro (Apte et al., 1998;
Bachem et al., 1998). We therefore seeded cells in DMEM with 10% NU-S and 25 mM glucose for
168 h (Figure 10a). Cells continued to show a low level of activation overall. At 168 h individual cells
are impossible to count due to unclear cell borders (Figure 10b), so a fluorescent area was used to
quantify the level of activation. No significant difference in hPSC activation was observed between
48 and 168 h. Despite a visual increase of a-SMA* fluorescent area, when this was normalized by
cell number there was no difference in the level of hPSC activation between 48 and 168 h (Figure
10c).

Due to the overall low activation of hPSCs grown in NU-S, we compared them to hPSCs
cultured in FBS (Figure 10d). Cells grown in FBS showed a significant 2.8-fold increase in hPSC
activation compared to cells grown in NU-S (Figure 10e), but activation was still low at 20% of a-
SMA* cells.

To further investigate this difference and to achieve the highest level of activation possible
we incorporated two known activators of hPSCs, PDGF and TGF-B (Apte et al., 1999; Bachem et al.,
1998). We seeded hPSCs on coverslips cultured with FBS or NU-S and supplemented with 10-or 25-
mM glucose for 24 h. To activate the cells we used cytokines PDGF (1 ng/ml) and TGF-3 (1 ng/ml)
which have been reported to induce the activation of hPSCs (Apte et al., 1999). hPSCs were
incubated with each cytokine separately and with a combination of both for 24 h. A group of cells
were then fixed and stained for a-SMA to analyse the state of activation after 24 h incubation (Figure
11a). The remaining cells were kept in culture, the media was replaced with fresh media
supplemented with FBS or NU-S and 10 or 25 mM glucose accordingly and incubated for a further
48 h. As shown in Figure 11c after the activation period cells grown in FBS showed a significant level

of activation compared to cells grown in NU-S, even when the cells were treated with PDGF and TGF-

B.

This difference is maintained at 48 h and maximum activation was achieved when cells were
grown in FBS treated with TGF-[3 regardless of whether PDGF was included (Figure 11d). Therefore,
we selected TGF- in DMEM supplemented with 10% FBS as the activator to use in subsequent

experiments.

To optimize the concentration of TGF-f, cells were grown first in 10% FBS and 25 mM
glucose and then treated with increasing concentrations from 0.5 ng/ml to 10 ng/ml of TGF-f3. Cells
were activated for 24 h in serum free DMEM with 0.1% BSA and 25 mM glucose. After 24 h a group
of cells were fixed in 4% PFA and stained for a-SMA. Another group of cells were left for a further 48
h in serum free DMEM supplemented with 25 mM glucose to evaluate if activation was sustained in

time (Figure 12a).

hPSCs reached a significantly increased activation when treated with either 5 or 10 ng/mi
(Figure 12¢). hPSC activation was sustained in time and did not reverse during this period (Figure

12d). However, there were no significant differences in activation between 5 and 10 ng/ml TGF-.
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Figure 11. hPSC activation is increased in cells grown in FBS and activated with TGF-f. a)
hPSC were cultured in DMEM supplemented with either NU-S or FBS with 25 mM glucose. Cells
were activated for 24 h in 0.1% BSA serum free DMEM supplemented with 1 ng/ml of TGF- or 10
ng/ml of PDGF or a mix of the TGF-f + PDGF. b) Cells were fixed and stained for a-SMA (green)
and nuclei with Hoescht staining (blue) at 0 h after activation and 48 h after activation. Fluorescent
images were collected and analysed in Imaged. ¢,d) hPSC activation was quantified by a-SMA
positive fluorescent area (um2). Two-way ANOVA using Tukey’s multiple comparison test was used
for analysis (*p<0.05, **p<0.005, *** p<0.005) (n=5).
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Figure 12. Concentration-dependent hPSC activation is reached by 5 or 10 ng/ml of TGF-B and
cells remain activated in serum free DMEM after 48 h. a) hPSC were grown in DMEM
supplemented with 10% FBS and 25 mM glucose. Cells were activated for 24 h in 0.1% BSA serum
free DMEM with increasing concentrations of TGF- 0.5, 1, 5 and 10 ng/ml. b) Cells were fixed stained
for a-SMA (green) and Hoescht staining for nuclei (blue) at 0 h and 48 h after activation. ¢, d) a-SMA
positive cells were quantified by cell number and fluorescent area (um2). Two-way ANOVA using
Tukey’s multiple comparison test was used for analysis (*p<0.05, ***p<0.0005) (n=5).
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Given these results, 5 ng/ml was selected for subsequent experiments and the generation of

conditioned media from activated hPSC.

In addition, it is also important to note that the reason no FBS was added during the 48 h period post
activation was to test the conditions that were used in subsequent experiments where the conditioned
media was collected and applied to PDAC cell proliferation. These experiments included media
supplement with NU-S therefore if the conditioned media contained any traces of FBS then this may

have interfered with the assay.

3.2 Measurement of Hyaluronan in conditioned media

Hyaluronan production was measured with an ELISA based assay using a Hyaluronan
binding protein (versican G2 domain) which can detect Hyaluronan independent of its molecular
weight. This Echelon kit was used to detect Hyaluronan in conditioned media of TGF-B-activated
hPSCs cultured in 10- or 25-mM glucose for 24-72 h (Figure 13a-b). MIA PaCa-2 cells received the
same treatment and were used as a control as it has been reported that these PDAC cells release
low levels of HA to the media (Kudo et al., 2019). hPSCs released more than 10-fold of HA to the
media compared to MIA PaCa-2 cells (Figure 13¢). HA had a time-dependent accumulation reaching
~1.5 pyg/ml in hPSC CM collected at 72 h. Surprisingly, when comparing conditions of activated
hPSCs the HA concentration was higher in activated hPSC cultured in 10 mM glucose compared to
25 mM glucose (Figure 13c). When hyaluronan concentration was normalized to cell number or
protein concentration to control for potential differences in cell growth under the different conditions,
the differences in HA concentration or patterns of HA production between conditions did not change
significantly (Figure 13d-e). Due to the small difference in Hyaluronan concentration between 48 and
72 h in hPSCs grown in 10 mM glucose, the 48 h HA accumulation timepoint was selected for the
collection of conditioned media. This was mainly to avoid excessively long periods without serum,
excessive nutrient deprivation, or metabolite accumulation, each with potentially confounding effects
as we have previously seen in the lab. We determined the glucose concentration in the hPSC CM
(Figure 13f), which decreased by 50% when used at a concentration of 25 mM and 75% when used
at a 10 mM concentration. This allowed us to replenish glucose in the hPSC CM for subsequent
experiments to eliminate glucose deprivation as a confounding variable in proliferation or migration

studies.
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Figure 13. Activated hPSC secrete the highest concentration of HA when cultured in 10 mM
glucose. a,b) Conditioned media was prepared from hPSC and MIA PaCa culturing cells in DMEM
supplemented with 10% FBS with either 10 or 25 mM glucose. Both hPSCs and MIA PaCa cells were
activated for 24 h in serum free media 0.1% BSA with 5 ng/ml TGF-(3. After activation, the cells were
left for 48 h in serum free media with 10 or 25 mM glucose and conditioned media was collected. c-
e) An ELISA-based assay for HA was used to measure the concentration of HA in the conditioned
media collected. Absorbance was measured after 30 min incubation at 405nm and HA concentration
was calculated from a standard curve. HA concentrations were normalized to cell number and mg of
protein to determine whether growth, which is faster in MIA PaCa cells, might be an independent
variable. f) Glucose concentration was measured in the media of hPSC at 48h. Two-way ANOVA
using Tukey’s multiple comparison test was used for analysis (*p<0.05, **p<0.005) (n=2). Two-tailed
unpaired t-test was used for analysis of glucose depletion (***p<0.0005) (n=3).
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3.3 Standardization of proliferation conditions of MIA PaCa-2 cells

To standardize proliferation conditions for MIA PACa-2 cells it was necessary to determine
the optimum growth in glucose and serum. Most culture conditions use high glucose and high serum
which maximises cell growth and could potentially be at its maximum rate and a non-physiological
condition. Therefore, we used NU-S, a commercial formulation with 25% of FBS that has less
variability in each batch. We tested several concentrations of glucose and NU-S to find the optimal

conditions that did not oversaturate cell growth factors but still supported cell proliferation.

Two assays were used to study proliferation, the WST-8 assay, is based on the reduction of
a water-soluble tetrazolium salt by cellular dehydrogenases into a yellow formazan dye that is also
water-soluble. The second assay uses sulforhodamine B (SRB), which is a dye that binds to basic
amino acid residues. This binding of the dye is stoichiometric which means that the amount of bound
dye is directly proportionate to the amount of protein and thus to cell mass (Vichai and Kirtikara,
2006).

The conditions for PDAC proliferation assays were standardized by cell density and glucose
concentration for optimal proliferation of cells, sufficient to maintain cell growth rate but at a
submaximal rate so that any experimental condition has the potential to further increase or decrease
cell growth. We applied these two assays to analyse the growth curves of MIA PaCa-2 cells grown in
DMEM with different concentrations of NU-S (0%, 1% and 10%) and glucose (10 and 25 mM).

Cells were seeded at a density of 5000 cells per well in 96 well plates and proliferation was
measured every 24 h up to 72 h. Concentrations of NU-S lower than 10% did not appear to support
cell proliferation and glucose concentration did not affect cell growth assessed by either WST-8 or
SRB (Figure 14a-b). We then extended the proliferation time frame to 96 h. For the extended time
frame, we standardized glucose concentration and cell density. Glucose concentrations of 5, 8, 10,
15 and 25 mM and cell densities of 2500 and 5000 cells/well were analysed. With the WST-8 assay,
MIA PaCa-2 cells showed a significant decrease in signal at 96 h when cells were cultured in 5-8 mM
glucose and seeded at a density of 2500 per well (Figure 14c). However, this reduced signal when
assessed using SRB was not apparent suggesting that this may be a fundamental difference in how
these assays report cell growth (Figure 14d). For example, the WST-8 assay may report a sudden
drop in cellular redox state independent of cell growth that would not be detected by SRB. Likewise,
a change in cell adherence may affect the SRB assay, due to the vigorous washing step that would
lose non-adherent or loosely adherent cells, but not the WST-8 assay. When the cell density was
5000 cells per well this decrease in signal was observed up to a concentration of 15 mM glucose (c)
but not at the highest glucose concentration (25 mM). Overall, the WST-8 assay together with the
SRB assay showed that seeding cells at a density of 2500 per well combined with a concentration of
10 or 25 mM glucose were the optimal conditions. However, to avoid hyperglycaemic conditions and
use concentrations closer to an in vivo we chose to use 10 mM glucose since proliferation was not

significantly different between 10 + 25 mM glucose at the 96 h time point.
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Figure 14. Optimization of MIA PaCa-2 cell growth. a,b) MIA PaCa-2 cells were seeded at a
density of 5000 cells per well in DMEM supplemented with 0%, 1% or 10% FBS. Cell proliferation
was measured every 24 h up to 72 h. ¢,d) MIA PaCa-2 cells were seeded at a density of 2500 cells
per well in DMEM supplement with 10% NU-S with increasing concentrations of glucose of 5, 8, 10,
15 and 25 mM. e,f) MIA PaCa-2 cells were seeded at a density of 5000 cells per well in DMEM
supplement with 10% NU-S with increasing concentrations of glucose of 5, 8, 10, 15 and 25 mM.
Proliferation was measured with the WST-8 and SRB assays. Two-way ANOVA using Tukey’s
multiple comparison test was used for analysis (*p<0.05, **p<0.005, ****p<,00001) (n=3).
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3.4 Discussion

To truly investigate the role of hPSC-derived HA on PDAC cells, it was necessary to
characterise and optimise the activation of hPSCs and conditions for collecting CM. hPSCs when
grown in vitro are highly dependent on external stimulation by TGF-f3 or PDGF. This was evidenced
when hPSCs were grown in media supplemented with NU-S, in which the overall level of activation,
assessed by a-SMA* staining was only partial at best despite being cultured for up to 168 h. This
somewhat conflicts with previous reports in which sufficient activation was achieved by simply
growing cells on plastic and glass for 48 hrs (Apte et al., 1998). One explanation for this difference
could be that our batch of primary hPSCs is not pure but contaminated by other types of cells therefore
the number of a-SMA* cells is fewer because there are fewer total bona fide hPSCs within the
population. Initially, NU-S was used as it is a more standardized serum with less variation from batch
to batch, and with fewer proteins that can interfere with proteins and macromolecules secreted to the
CM. However, when PSCs were grown in the commonly used FBS, the number of a-SMA* increased.
This suggests that FBS may contain a high repertoire of cytokines that can activate the hPSCs
compared to simply growing on plastic or glass. This is supported by the fact that FBS is known to
contain TGF-B (10-20 ng/ml), one of the main activators of PSC (Oida and Weiner, 2010). The
composition of NU-S according to the manufacturer (Corning™) is 25% FBS plus several growth
factors and hormones with less difference from batch to batch compared to FBS. This would indicate
that NU-S has only 25% of the required TGF-f3 necessary to activate PSCs.

In line with previous studies, TGF-f3 induced more a-SMA* cells than PDGF which is known
to have a greater effect on proliferation-(Apte et al., 1999; Luttenberger et al., 2000). We observed
maximum activation with TGF-B at 5 ng/ml, with no further statistical increase at 10 ng/ml. This
activation was sustained over time and did not reverse. Interestingly, even after reaching maximum
activation, there was still close to 40% of hPSC that did not show any staining for a-SMA and did not
respond to TGF-B mediated activation. Populations of a-SMAl*¥ PSCs have been previously reported
in a mouse model of PDAC (Biffi et al., 2019; Ohlund et al., 2017). These two populations of PSCs
are characterized as myCAFs (a-SMAPgh|-6°%) and iCAFs (a-SMA'""IL-6"9") because they respond
to different stimuli secreted by PDAC cells. The myCAF phenotypes respond to TGF- and turn into
a fibrogenic hPSC with increased synthesis of ECM, while the iCAF phenotypes respond to IL-1 and
transform into an inflammatory PSC that secretes IL-6 among other cytokines. Therefore, it is likely

that the cells in our culture are a heterogenous mix of fibrogenic and inflammatory PSCs.

Activated hPSCs synthesized higher quantities of HA compared to non-activated PSCs and
PDAC cell line MIA PaCa-2. The concentration of HA released to the media was almost 40-fold higher
compared to HA released by MIA Paca-2. This was in line with previous studies where higher
concentrations of HA were measured in the media of activated PSCs compared to PDAC
cells.(Junliang et al., 2019; Kim et al., 2021). However, in terms of raw concentrations, these differ
between our study and the two studies mentioned, 2 fold less than Kim et al., and.70 fold higher than

in Junliang et al. This could be because different kits were used for measuring HA in each study and
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the overall protocol was also different. Another important point is that neither study mentioned the
level of activation of the PSCs that were used to measure HA released to the media which could

explain some of the differences seen.

Interestingly when hPSCs, were grown in lower glucose concentrations (10 mM) the quantity
of HA released to the media, was higher than that of hPSCs grown in high glucose concentrations
(25 mM). This response may seem counterintuitive and is at odds with previous research showing
that HA synthesis is not affected by either high or low glucose concentrations in a model of cardiac
fibroblasts (Gorski et al., 2019). However, in this study HA synthesis did not change when fibroblasts
were activated with TGF-f which differs from our findings. In another study, mesangial cells increased
HA synthesis when exposed to high glucose concentrations (25.6 mM) (Wang and Hascall, 2004). A
similar effect was seen in vascular smooth muscle cells when grown in hyperglycaemic conditions
(25 mM), there was an upregulation of HAS2 accompanied by increased HA synthesis (Sainio et al.,
2010). One critical regulator of HAS2 activity is AMPK (adenosine monophosphate-activated protein
kinase), which inhibits HAS2 activity by phosphorylation of Thr-110 (Vigetti et al., 2011). This supports
the notion of higher HA synthesis in high glucose environments as AMPK is down regulated by high
glucose concentration (Jiang et al., 2021) this could in turn release HAS2 from inhibition and allow

synthesis of HA.

One important piece of data is that when we measured glucose in the media of activated
PSC after 48 h, there was a higher glucose depletion in PSCs grown in 10 mM glucose (80%)
compared to 25 mM (40%). Although in raw quantities cells grown in 25 mM consumed nearly 10 mM
while cells grown in 10 mM consumed 8 mM of glucose. To understand the results of this conflicting
data more studies are needed to understand how PSC controls glucose metabolism and HA synthesis

to explain our findings.

Standardizing the growth conditions for our cell model was key for the experiments that
followed. MIA PaCa-2 cells have a high growth rate and high glycolytic phenotype as previously
established in our lab (Ahlam thesis). We wanted to determine the optimum conditions of growth such
that growth is not too fast nor too slow. This is important to not mask any experimental increase or
decrease when applying hPSC-derived CM (containing hPSC-derived HA) or exogenous HA. It is
also important to assess optimum glucose concentrations and assess glucose depletion over the long
time course of these proliferation experiments (96 h). Controlling for cell density was also key for the
long 96 h growth experiments, as higher densities (5000 cell/well) glucose depletion becomes evident
from 48 h by a decline in growth at lower glucose concentrations with WST-8 and SRB. At cell
densities of 2500 cells/well there is a sharp decrease in WST-8 signal at 5-8 mM glucose which was
not seen in the SRB assay. This is probably due to glucose deprivation, which is known to induce
oxidative stress (Spitz et al., 2000). This could affect the readings for WST-8 assays as it depends
on con the redox state of the cell to produce a signal, but not affect the SRB assay, which is what we
observed. According to the data obtained the optimum growth conditions for 96 h proliferation assays

in MIA PaCa-2 cells are 2500 cells/well in 10 mM glucose. PDAC tumour tissue is characterized by
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nutrient depletion including lower glucose concentrations (Kamphorst et al., 2015), therefore we used
the lowest glucose concentrations possible that could sustain growth but not affect the cells (10 mM),

avoiding extremely hyperglycaemic concentrations (25 mM).
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Chapter 4 Effect of pancreatic stellate cell conditioned media and

exogenous hyaluronic acid on PDAC cells

4.1 PDAC cell proliferation and migration in filtered and non-filtered hPSC

conditioned media

After standardizing the conditions for hPSC activation, CM collection and PDAC cell
proliferation, we studied the effects of CM from activated and non-activated hPSC on PDAC cell
proliferation and migration. Cells were seeded at a density of 2500 cells/well and grown for 96 h hPSC
CM supplemented with 10% NU-S (Figure 15a-b,e-f) or FBS (Figure 15c-d,g-h) and the glucose
was replenished to 10 (Figure 15a-d) or 25 mM (Figure 15e-h) to compensate for glucose
deprivation. These were the optimum conditions defined in Chapter 3. Proliferation was quantified
every 24 h with the WST-8 and SRB assays. There were no measurable effects on cell proliferation
when cells were grown in CM. Neither activation, serum type nor glucose concentrations had any
significant effects (Figure 15a-h). Although there was considerable variability in these data, we
hypothesised that HA secreted by hPSCs in CM may be responsible for any potential increase in cell
proliferation. However, nutrient depletion, metabolite accumulation or both may have confounding

and counteracting effects in reducing cell proliferation.

To eliminate any confounding variables from nutrient depletion and metabolite accumulation
we filtered the hPSC CM using 3 kDa amicon filters. Through this procedure, we can filter out
molecules smaller than the 3kDa cut-off and are left with a small volume of media (~500 pl) containing
molecules over 3 kDa in size. This concentrated hPSC CM was then resuspended in fresh DMEM
supplemented with 10% NU-S and 10 mM glucose. Nevertheless, when this filtered CM from either
activated or non-activated hPSC was tested on PDAC cell proliferation there were no differences
when compared to the corresponding non-filtered control (Figure 16a-b). These proliferation

experiments were only carried out in MIA PaCa-2 cells.

We then used the same strategy and tested filtered and non-filtered CM on cell migration by
using a gap closure assay. In this assay, cells are seeded in a monolayer into silicone inserts with 2
wells separated by a silicone divide. This assay is based on generating a cell free space by physical
exclusion, in this case, the silicone divider. When the insert is removed, migration can then be
assessed as cells migrate into the cell free space. In addition, to avoid measuring space occupation
due to cell proliferation, the anti-proliferation drug mitomycin C (Vang Mouritzen and Jenssen, 2018)
was added to the culture media. Mitomycin C is a drug from Streptomyces caespitosus that causes
crosslinking of CpG areas in the DNA, limiting cell division (Tomasz, 1995). This drug was previously
standardized for its use in this assay and a concentration of 1-2 ug/ml was found to be sufficient to

block cell proliferation without any toxic effects to induce cell death (Sritangos, 2019).
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Figure 15. Conditioned media from activated hPSC does not affect MIA PaCa-2 cell
proliferation measured by the WST-8 and SRB assay. a,b) CM was obtained from hPSC activated
for 24 h with TGF-B 5 ng/ml for 24 h. CM was supplemented with either 10% NU-S or 10% FBS and
glucose was replenished to 10 mM or 25 mM. MIA PaCa-2 cells were seeded onto 96 well plates and
incubated in the CM collected. a,b) MIA PaCa-2 cells were grown in activated or non-activated hPSC
CM supplemented with 10% NU-S and 10 mM glucose. ¢,d) MIA PaCa-2 cells were grown in activated
or non-activated hPSC CM supplemented with 10% FBS and 10 mM glucose. e.f) MIA PaCa-2 cells
were grown in activated or non-activated hPSC CM supplemented with 10% NU-S and 25 mM
glucose. g,h) MIA PaCa-2 cells were grown in activated or non-activated hPSC CM supplemented
with 10% FBS and 25 mM glucose. Proliferation was measured every 24 h for 96 h by the WST-8
and SRB assay. Two-way ANOVA using Tukey’s multiple comparison test was used for analysis.
(n=3).

70



a Mia PaCa-2 proliferation b Mia PaCa-2 proliferation
non-filtered hPSC CM filtered hPSC CM
= 1.2+ — 1.2
g E -=- Control
o 1.0- -=- Control o 1.04 -e- Non-activated CM
- -e- Non-activated CM % - —a- Activated CM
o 981 e ActivatedCM o -84
[X] Q
c c
3] ©
Qa o
[ =
o [}
(2] (2}
e e
< <
m m
74 o
7] n
0 24 48 72 96
Time (h) Time (h)

Figure 16. Filtered conditioned media from activated hPSC does not affect MIA PaCa-2 cell
proliferation. a,b) hPSC were activated with 5 ng/ml TGF for 24 h. Serum free DMEM was added
and after 48 h the conditioned media was collected. The conditioned media was processed in 2
separate paths. The first was supplemented with 10% NU-S and 10 mM glucose and the second
included a filtration step with 3 kDa Amicon filters. All molecules above 3 kDa were kept and
resuspended in fresh DMEM supplemented with 10% NU-S and 10 mM glucose. MIA PaCa-2 cells
were incubated in DMEM 10% NU-S 10 mM glucose, non-activated hPSC conditioned media and
activated conditioned media. Proliferation was measured every 24 h up to 96 h by the SRB assay.
Two-way ANOVA using Tukey’s multiple comparison test was used for analysis (*p<0.05) (n=3).
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MIA PaCa-2 cells were seeded into wells containing the silicone inserts and allowed to attach
for 24 h to the culture plate. The inserts were then removed, and the cells were incubated in optimised
CM (e.g. NU-S, glucose replenished) containing Mitomycin. The gap closure measures the
occupation of a cell free area over time. The percentage of gap closure can then calculate using the
following equation

Gap closure % = (%) x 100,

t=0

where (Ato) is the area of the gap at time 0 and (A:=x) is the area of the gap at any given time point.

The migration rate in ym/h was calculated using the Wound_healing_size tool (Suarez-Arnedo et al.,

2020) and the following formula

where Wi is the average of the initial gap width, Wk is the average of the final gap width both in ym
and tis a time point of the assay in h. For MIA PaCa-2 and PANC1 cells, t was 24 h and for BXPC3

cells t was the time at which 50% of the gap was closed.

We then compared migration by the gap closure assay in all three PDAC cells (MIA PaCa-2,
PANC1 and BxPC3) in activated hPSC CM (5 ng/ml TGF-B) vs non-activated hPSC CM, that was
either filtered or non-filtered. There were marked differences in the migration between the PDAC cell
lines. In the control cells, MIA PaCa-2 cells exhibited a slow migration, with a linear phase between
12-36 h after which migration began to slow down (Figure 17a,d). PANC1 control cells showed a
faster linear migration up to 24 h but then slowed down as the gap began closing between 36 and 48
h (Figure 17b,e). BXPC3 control cells rapidly migrated between 6 to 12 h closing the gap at
approximately 15-18h (Figure 17c.f). When we analysed the migration with non-filtered hPSC CM
(activated or unactivated) there were no significant differences in migration (Figure 17a-c). Analysing
the gap closure in filtered hPSC CM there was a significant increase in migration in MIA PaCa-2 cells
treated with activated filtered hPSC CM (Figure 17d). However, there were no significant differences
in migration between activated and non-activated filtered hPSC CM (Figure 17d). Therefore, the only
determining factor increasing migration was the hPSC CM independently of activation (Figure 17d).

Neither PANC1 nor BXPC3 cells showed a significant increase in migration (Figure 17e,f).

We also measured the migration rate (um/h). This was measured by calculating the average
distance migrated at 24 h for the MIA PaCa-2 cells, and at the time point of 50% gap closure for the
BXPC3 cells (more data was available for BXPC3 cells because images were taken every 15 min
due to the very fast migration). Only in MIA PaCa-2 cells the activated filtered hPSC CM induced a
significant increase in migration (Figure 17g). Representative images of the gap closure assay for
MIA PaCa-2 cells are shown in Figure 17k.
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Figure 17. hPSC conditioned media increases MIA PaCa-2 migration but not PANC1 or BXPC3
cell migration. a-c) MIA PaCa-2, PANC1 and BXPC3 cells were seeded into IBIDI 2-well silicone
inserts for 24 h. The insert was removed, and the media was changed to non-filtered hPSC CM, either
non-activated or activated hPSC CM with 10% NU-S, glucose replenished to 10 mM, supplemented
with mitomycin C (2 ug/ml). d-f) MIA PaCa-2, PANC1 and BXPC3 cells were seeded into IBIDI 2-well
silicone inserts for 24 h. The insert was removed, and the media was changed to filtered hPSC CM,
either non-activated or activated hPSC CM resuspended in 10% NU-S, 10 mM glucose,
supplemented with mitomycin C (2 pg/ml). Images were taken every 12 h for MIA PaCa-2 and Panc1
cells. For Bxpc3 cells, images were taken every 15 min for up to 16 h. Analysis of gap closure was
processed in Fiji Imaged. g-i) The migration rate (uM/h) of PDAC cells in hPSC CM was calculated
from the average gap width at 0 h, minus the average gap width at 24 h for MIA PaCa-2 and PANC1
cells. For BXPC3 cells the migration rate was calculated at 50% gap closure. k) Representative
images of gap closure of MIA PaCa-2 cells treated with control media and filtered, activated hPSC
CM. Gap is delimited by the red lines. Two-way ANOVA using Tukey’s multiple comparison test was
used for analysis of % of gap closure (*p<0.05). Two-tailed unpaired t-test was used for analysis of
migration rate(*p<0.05) (n=3).
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4.2 Characterization of HA receptors in the effect of exogenous HA in PDAC cells

To better understand PDAC cell behaviour we investigated the presence of HA receptors in
our PDAC cell lines. Immunoblotting and immunofluorescence were carried out to detect the two most
common HA receptors, CD44 and RHAMM. All PDAC cell lines expressed CD44 and RHAMM by
immunofluorescence. CD44 was located in the cell membrane, including in filopodia-like membrane
projections, in all cell lines (Figure 18a-c). RHAMM did not have a clear membrane pattern but more
of a punctate pattern (Figure 18d-f). However, in BXPC3 cells it appeared to be located on the leading
edge of a lamellipodia-type projection and in PANC1 cells at the tip of membrane projections (Figure
18f). In MIA PaCa-2 cells there was mainly a punctate pattern more than a membrane pattern and

some cells display higher intensities than others (Figure 18d).

In the immunoblotting assays, the expected band of 80 kDa for CD44 standard (CD44s) was
present in whole cell lysates of MIA PaCa-2 and PANC1 cells, but only a light and thin band was
present in BXPC3 whole cell lysates (Figure 18g). In BXPC3 cell lysates there was an additional
higher molecular band close to 150 kDa that could correspond to CD44 variants (CD44v) as
previously reported (Zhao et al., 2016). When BXPC3 lysate bands were exposed separately from
the other cell lines, these double bands were more evident (Figure 18h). When RHAMM protein was
detected, a band at the expected molecular weight of 85 kDa was present in MIA PaCa-2 and PANC1
cell lines. However, there were two separate smaller bands between 50 and 40 in BXPC3 lysates
Figure 18i), similar to a 45 kDa band for RHAMM that has been reported in a fibrosarcoma cell line
(Kouvidi et al., 2011).
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Figure 18. PDAC cells express HA receptors in vitro. a-c) Immunocytochemistry in MIA PaCa-2,
PANC1 and BXPC3 cells of HA receptors using anti-CD44 and d-f) anti-RHAM antibodies detected
with Alexa 488 conjugated secondary antibody. In the close-up images, the staining of CD44 can be
appreciated on membrane protrusions (white arrowheads). g-h) Immunoblotting for CD44 and i)
RHAMM using whole cell lysates of MIA PaCa-2, PANC1 and BXPC3 cells.
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4.3 Proliferation and migration of PDAC cell lines treated with exogenous HA

Although there were some effects of hPSC CM on PDAC cells, there were no drastic changes
in PDAC cell proliferation or migration. Therefore, we studied how PDAC cells responded to the
addition of exogenous HA to the culture media. We used commercially produced HA (R&D systems)
at 4 different molecular weights, UL-HA at 4.66 kDa, L-HA at 33 kDa, M-HA at 205 kDa and H-HA at
>1520 kDa and three concentrations were tested 30, 100 and 300 ug/ml of HA. Cells were grown for
up to 96 h in DMEM supplemented with 10% NU-S 10 mM glucose and proliferation was measured
every 24 h. Due to the variability seen in previous growth experiments, we focused on using only the

SRB assay to measure proliferation in these experiments.

There were no significant changes in cell proliferation (Figure 19a-1) with any of the
exogenous HAs of different molecular weights in any of the PDAC cell lines, which is at odds with
previous reports that show HA can increase PDAC cell proliferation (Kim et al., 2021). Oppositely, H-
HA has been shown to inhibit cancer cell proliferation (Amorim et al., 2020; Enegd et al., 2002; Mueller
et al., 2010). We also assessed proliferation by coating the cell culture plates with HA at 300 pg/ml
instead of adding HA to the culture media. Similarly, there were no significant effects on cell

proliferation under these conditions either (Figure 20).

We then assessed the effect of exogenous HA, of different molecular weights on cell
migration. The system used to assess the migration of hPSC conditioned media was also used in
these experiments. Similar to the proliferation assays, we studied HA in two ways, by coating cell
culture plates with HA and by adding HA to the culture media (Figure 21). Coating the plates with H-
HA did not affect cell migration in any cell line (Figure 21a,c,e). The same negative effect was
observed when HA was added to the media on MIA PaCa-2 or PANC1 cells (Figure 21b,d). However,
there was a significant increase in migration in BXPC3 cells with H-HA added to the media (Figure
21f). To see this effect more clearly H-HA treated BXPC3 cells were plotted separately in Figure 22a.
Representative images of migration of BXPC3 cells treated with H-HA show the degree of gap closure
over time (Figure 22c¢). This becomes more evident when analysing the migration rate (um/h) which
shows a 2-fold increase in migration rate compared to the control (Figure 22b). This result was
somewhat surprising considering that the reported data generally shows that H-HA is associated with
the inhibition of cell proliferation and UL-HA with the promotion of proliferation, therefore we decided

to further investigate these inconsistencies.
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Figure 19. HA does not affect proliferation independent of its molecular weight. MIA PaCa-2,
PANC1 and BXPC3 cells were cultured for 96 h and proliferation was measured by the SRB assay
every 24 h. The cells were cultured in DMEM with 10% NU-S, and 10 mM glucose supplemented with
HA of different molecular weights at a concentration of 30 pg/ml (red line), 100 pg/ml (green line)
and 300 g/ml (blue line). a-¢) PDAC cells were incubated with UL-HA (4.66 kDa). d-f) PDAC cells
were incubated with L-HA (33 kDa). g-i) PDAC cells were incubated with M-HA (205 kDa). j-I) PDAC
cells were incubated with H-HA (1500 kDa).
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Figure 20. Coating plates with HA does not affect PDAC cell proliferation. Culture plates were
coated with HA of different molecular weights (UL, L, M and H) at 300 yg/ml for 24 h at 4°C. MIA
PaCa-2 and PANC1 cells were seeded on the prepared HA coated plates and cell proliferation was
measured every 24 h up to 96 h using the SRB assay.
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Figure 21. H-HA increases migration of BXPC3 cells but not MIA PaCa-2 or PANC1 cells. MIA
PaCa-2, PANC1 and BXPC3 cells were seeded into IBIDI 2-well silicone inserts for 24 h. The insert
was removed, and the media was changed to DMEM 10% NU-S 10 mM glucose supplemented with
mitomycin C (2 yg/ml) and HA of different molecular weights (UL, L, M, H) at 300 ug/ml. a, ¢, e) PDAC
cells grown on culture plates precoated with HA. b, d, f) PDAC cells were treated with soluble HA.
Images were taken every 12 h for MIA PaCa-2 and PANC1 cells. For BXPC3 cells, images were
taken every 15 min for up to 16 h. Analysis of gap closure was processed in Fiji Imaged. Two-way
ANOVA using Tukey’s multiple comparison test was used for analysis (*p<0.05) (n=3).
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Figure 22. The migration rate increases in H-HA treated BXPC3 cells. a) Migration represented
by the percentage of gap closure over a 16 h period. b) Migration in ym/hr was calculated by
measuring the width at 0 h minus the width at 50% of gap closure in control versus H-HA treated
BXPC3 cells. ¢) Representative images of the gap closure assay in BXPC3 cells. Gap is delimited by
the red lines. Two-way ANOVA using Tukey’s multiple comparison test was used for analysis of % of
gap closure (*p<0.05). Two-tailed unpaired t-test was used for analysis of migration rate(*p<0.05)

(n=3).
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4.4 Discussion

Following the characterisation and optimisation for activation of hPSCs for hPSC-derived HA
production and the subsequent collection of hPSC CM, we next wanted to test the effect of this
optimised hPSC CM on PDAC cell proliferation and migration, two key cancer hallmark responses.
Our results showed no major changes in cell proliferation in PDAC cells treated with hPSC CM from
either TGF-B activated or non-activated PSC. Even when the hPSC CM was filtered to capture
macromolecules above 3 kDa and resuspended in fresh media to control for nutrient depletion and
metabolite accumulation, no increase or decrease in cell proliferation was observed. This suggests
that hPSC-derived HA in the conditioned media, despite the high levels of HA produced by hPSC
cells, nor any other hPSC-derived macromolecules, had any effects on PDAC cell growth. This is
despite attempts to control for any confounding effects of nutrient depletion/metabolite accumulation
within the hPSC CM and optimization of PDAC cell growth conditions so that any changes could be
appropriately observed.-These-findings conflict with previous reports, as increased proliferation was
observed in PDAC cells MIA PaCa-2 and PANC1 when incubated with CM from PSCs (Vonlaufen et
al.,, 2008). This proliferation was in part mediated by PDGF, since using neutralizing antibodies
against PDGF decreased MIA PaCa-2 cell proliferation. However, the protocol used to collect hPSC
CM was not specified, therefore we cannot determine the main differences with our study other than
the outcome. TGF-B activated hPSC CM increased migration but only in MIA PaCa-2 cells, consistent
with the previous study by (Vonlaufen et al., 2008). Nevertheless, there was no corresponding
increase in migration with hPSC-CM on PANC1 or BXPC3 cells in the present study, which is at
variance with the study by Vonlaufsen et al (2008) who showed that PSC CM increased PANC1
migration. It is important to mention that in this study even though hPSCs were assessed for a-SMA,
there is no mention of the percentage of a-SMA* cells which could have important effects on the

outcome of the experiments.

In a different study CM from PSCs also increased proliferation in the PDAC cell lines BXPC3
and PANC1, however in this case the CM was prepared differently (Hwang et al., 2008). In this study
hPSCs that were more than 95% positive for a-SMA were used to obtain hPSC CM. The hPSC CM
was also processed differently, it was concentrated using filters and then this concentrated CM was
applied to the PDAC cells. This differs from our approach in which we added back the filtered CM to
fresh media at the equivalent concentration (i.e., filtration condenses the volume to 10%, so this is
added back to fresh media 1 in 10 dilutions) to not influence the results. Furthermore, our hPSC in
culture only reached approximately 60% of a-SMA* cells when activated by TGF-, even though HA
was being synthesized by these cells and released into the CM, this level of activation may have been
inadequate to produce enough HA into the CM to increase cell proliferation and thus may explain our
observed lack of response. There could also be a mixed population of myCAFs and iCAFs that could
be contributing differently to the CM and affecting the outcome. Further studies would be required to

dissect the specific mechanism.
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We next characterized HA receptors in our PDAC cell lines to determine whether the lack of
effect of HPSC CM was due to a lack of HA receptors. CD44 was expressed in all three cell lines
mainly associated with the plasma membrane and specifically within filopodia-like structures of the
membrane. In a gastric cell line, CD44 has been detected in filopodia, colocalizing with HA (Harkonen
et al., 2019). This is also seen in gastroesophageal cancer cell lines, where CD44 and HA colocalize
in filopodia (Twarock et al., 2010). However, even though CD44 can be found in filopodia, it is not
essential in their development (Kyykallio et al., 2020). Immunostaining for RHAMM revealed a mainly
cytoplasmic expression in MIA PaCa-2 cells, while there was a mixed cytoplasmic and membrane
expression for RHAMM in PANC1 and BXPC3 cells. RHAMM is known to have a dual function, on
the membrane, it can bind to other proteins like CD44 and activate signalling pathways like ERK1/2
and induce tumour cell motility (Hamilton et al., 2007). It can also participate in cell adhesion as seen
in a fibrosarcoma cell line (Kouvidi et al., 2011). Intracellularly RHAMM can bind to the centrosome

and microtubules in the mitotic spindle adding stability to the mitotic process (Maxwell et al., 2003).

The detection of CD44 revealed that MIA PaCa-2 and PANC1 cells expressed CD44s, while
BXPC3 expressed CD44v with only a faint band for CD44s. Previous studies have found this to be
the case for BXPC3 cells, as CD44v3 and CD44v6 have both been found in this cell line while CD44s
was mostly detected in MIA PaCa-2 and PANC1 cells(Zhao et al., 2016). CD44s have been shown
to be the most prominent variant in the EMT phenotype in PDAC cells (Zhao et al., 2016). The CD44v6
variant has recently been found to be highly expressed in PDAC patients with liver metastasis where
it can promote liver fibrosis and is associated with poor survival (Xie et al., 2022). Detection of
RHAMM protein revealed three variants of different molecular weights with varying levels of intensity
among the three PDAC cell lines (~80, ~60 and ~40 kDa). The 80 kDa band was the predominant
variant found in MIA PaCa-2 and PANC1 lysates while the lower 40 kDA band was most prominent
in BXP3 lysates. These three variants have been found in several studies (Hamilton et al., 2007,
Kouvidi et al., 2011; Lin et al., 2021). The 40 kDa variant could associate with ERK1/2 while the 80
and 60 kDa were found to associate with CD44 (Hamilton et al., 2007). As we previously mentioned
the interaction between CD44 and RHAMM has been shown to promote cell motility (Hamilton et al.,
2007).

Due to the lack of effects of hPSC CM despite the presence of HA receptors, we next tested
the effects of exogenously applied HA (of varying molecular weight), to control the concentration of
exogenous HA more effectively. Results show that none of the exogenously applied HAs, of any
molecular weight, whether added to the media or coating the plates had any effect on cell proliferation
in any of the three PDAC cell lines (MIA PaCa-2, PANC1 or BxPC3). There is limited evidence
regarding proliferation by HA but most studies suggest that H-HA induces proliferation. In a study
using vascular smooth muscle cells, they showed opposite effects for HA depending on their
molecular weight (Cuff et al., 2001). This study showed that L-HA (of undisclosed molecular weight)
stimulated cell proliferation while H-HA (of undisclosed molecular weight) decreased proliferation.

Both effects were mediated by CDA44, this was corroborated by using a neutralizing anti-CD44
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antibody and CD44 knockout cells. This was reproduced in two more studies of the same group
(Kothapalli et al., 2008; Kothapalli et al., 2007). On the contrary, two studies in breast cancer cells
showed increased proliferation with H-HA (~1000 kDa and 500 kDa) (Bourguignon et al., 2003;
Bourguignon, Xia and Wong, 2009). In a human oral squamous carcinoma cell line, the same group
also saw increased growth when cells were treated with H-HA (500 kDa) (Bourguignon et al., 2006).
In a study in a human leukemic cell H-HA (1500-1800 kDa) also induced proliferation (Lompardia et
al., 2013). An important detail lacking in all these studies is the effect that endogenous hyaluronidases
can have on exogenous HA, as they can be present in the cell membrane degrading HA (Udabage
et al., 2005; Wu et al., 2015).

Our analysis of cell migration revealed interesting differences among PDAC cell lines. BXPC3
cells migrated the fastest followed by PANC1 cells and MIA PaCa-2 cells migrated the slowest.
BXPC3 were the only cells that responded to incubation with HA, specifically with H-HA, which
induced a 50% increase in the migration rate compared to the untreated control. This is partially in
line with the only study of PDAC cell migration treated with exogenous HA. In this previous report
there was an almost universal increase in migration with L-HA (25-75 kDa) in the 8 PDAC cell lines
tested. When PDAC cell lines were incubated with H-HA (400-600 kDa), migration only increased in
4 out of the 8 cell lines tested. Interestingly, BXPC3 cells were among the cell lines that showed an
increase in migration (Cheng et al., 2016). However, this migration was measured using the Boyden
chamber assay, which measures the migration of cells through a porous membrane while the assay
used in our study measures cells migrating into a cell-free area, so there are intrinsic differences in
these assays that could explain some disparity. One other important point to note is that exogenous
HA used in these studies can largely vary in molecular weight and origin. There is no standardized

classification of the use of exogenous HA which makes comparisons more difficult.
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Chapter 5 Autocrine effect of endogenous hyaluronic acid on PDAC cells

5.1 Characterization of HA in PDAC cells

The effect of exogenously applied HA of different molecular weights on PDAC cell
proliferation and migration was unexpectedly minimal. Only BXPC3 cells exhibited an increase in
migration in response to H-HA. A similar increase in cell migration has been reported in breast cancer
and hepatoma cell lines (Bourguignon et al., 2010; Fuchs et al., 2013). However, this effect seems to
be cell specific since H-HA (of unspecified molecular weight) has also been reported to inhibit
migration in a fibrosarcoma cell line (Berdiaki et al., 2009). Due to the conflicting data reported, we
first attempted to fully characterise the endogenous location and synthesis of HA in our PDAC cell
lines and determine whether this may influence the effects or lack of effect of exogenously applied
HA. This was achieved using a recombinant HA binding protein (Versican G1 domain) conjugated to

biotin that can be detected using streptavidin conjugated to FITC (HABP/FITC-streptavidin).

MIA PaCa-2, PANC1 and BXPC3 all showed positive staining for HA; however, its cellular
localisation was different for each cell line (Figure 23a-c). MIA PaCa-2 and PANC1 cells showed a
pericellular staining mixed with an intracellular staining pattern, while BXPC3 exhibited a
predominantly punctate intracellular staining (Figure 23c) rather than pericellular staining seen with
MIA PaCa-2 and PANCH1 cells (Figure 23a-b). We grew all PDAC cells in serum free media for 48
hrs and collected the media to examine the concentration of HA present in the media using an ELISA-
based assay (Figure 23d). This also revealed differences between cell lines where PANC1 released
nearly 600 ng/ml of HA into the media, BXPC3 cells more than 200 ng/ml and MIA PaCa-2 secreted
the lowest at around 40 ng/ml. Given the marked pericellular staining in MIA PaCa-2 cells, we
investigated this further to see if there was any association with HA receptors. MIA PaCa-2 cells
double labelled against CD44 and HA (Figure 23e), show a close relationship between the presence
of CD44 and HA as seen by the overlap of the fluorescence intensity profiles between CD44 and HA.
When the labelling of CD44 is negative so is the labelling of HA as seen in the fluorescence intensity

profile (Figure 23f).

Altogether these results show that these cell lines have different mechanisms of HA turnover
which could impact how they respond to exogenously added HA. It has been recently shown that
endogenously synthesized HA can fuel pancreatic cancer cell growth (Kim et al., 2021). Based on
the heterogeneity of HA staining within the different PDAC cells we further investigated other
components of HA turnover. We focused on two important mechanisms in HA turnover this includes
HASs responsible for the synthesis of HA and HYALSs responsible for the degradation of H-HA into

smaller fragments.
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Figure 23. Characterization of HA in PDAC cells. a-c) PDAC cells were fixed in PFA and the
presence of HA was analysed using a biotinylated HA binding protein (Versican G2 binding domain)
that was detected with FITC-conjugated streptavidin (HABP/FITC-streptavidin). d) PDAC cells were
seeded in T75 flasks. After 24 h the media was replaced with serum free media and the cells were
incubated for a further 48 h. PDAC cell CM was collected and an HA ELISA-based assay was used
to detect HA in the PDAC cell CM. e) MIA PaCa-2 cells were labelled with CD44-Alexa 594 and
HABP/FITC-streptavidin. Line intensity profiles were traced in positive cells (y, yellow line) and
negative cells (c, cyan line). f) Intensity profile plots for CD44 and HA.
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5.2 Characterization of HAS2 and HYAL2 in PDAC cells

HASs are an important component of HA turnover, they are a family of transmembrane
enzymes responsible for the synthesis of HA from two precursors UDP-GIcUA and UDP-GIcNAc. We
focused on Hyaluronan synthase 2 (HAS2) as it has been extensively shown to be associated with
several types of cancer including breast, colorectal and ovarian cancer and has been known to
promote invasion, tumour cell survival and contribute to several characteristics of malignant
phenotypes (Kim et al., 2019; Riecks et al., 2022; Sheng et al., 2021).

Several HYALs can break down HA, however, we focused on HYAL2 (McAtee, Barycki and
Simpson, 2014). HYALZ2 is an extracellular facing, GPIl-anchored, lipid raft associated enzyme (Andre
et al., 2011) that can breakdown HA into 20 kDa fragments which can then be internalized by
endocytosis or micropinocytosis (Greyner et al., 2010; Tammi et al., 2001). Increased HYAL2
expression has been associated with malignant melanoma (Siiskonen et al., 2013) and when
overexpressed in the cancer resistance mole rat they become susceptible to cancer (Tian et al.,
2013). We chose to investigate the role of HYAL2 in PDAC due to its membrane localization and

association with cancer.

We hypothesized that endogenously produced H-HA by HAS2 within PDAC cells was
subsequently cleaved into smaller fragments by endogenously expressed HYAL2. This facilitates the
interaction of these fragments with HA receptors such as CD44 and RHAMM. Therefore, inhibition of
either HYAL2 or HAS2 might be expected to inhibit PDAC cancer hallmarks responses if they have

any role in this response.

Both HAS2 and HYAL2 were expressed by all PDAC cell lines (Figure 24a) as assessed by
standard western blotting of whole cell lysates. However, because HAS2 is a transmembrane protein
and HYALZ2 is an exofacial plasma membrane-tethered enzyme we sought to determine their cellular
location using two different membrane enrichment kits to separate membrane proteins from cytosolic
proteins. The Mem-PER Plus kit from Pierce™ is a detergent based extraction kit, through several
centrifugation steps a lysate is obtained, enriched in integral membrane proteins and membrane
associated proteins. Western blotting of these lysates showed HYAL2 almost exclusively associated
with cell membranes compared to HAS2 which was mostly in the cytosol with some detection in the
membrane fraction (Figure 24b). In addition, we used the Cell Surface Protein Biotinylation and
Isolation Kit from Pierce™ which is based on the biotinylation of cell surface proteins followed by a
detergent based lysis of the cells and subsequent capture of biotinylated proteins with Neutravidin.
This Neutravidin can later be removed, and lysates processed through western blotting. These lysates
also showed HYAL2 present in the membrane of all three cell lines (Figure 24c). HAS2 was also
detected with the cell surface biotinylation, with faint bands in MIA PaCa-2 cells and prominent bands
in PANC1 and BXPC3 lysates (Figure 24c).
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Figure 24. Characterization of HAS2 and HYAL2 in PDAC cells. a) Immunoblotting of whole cell
lysates was used to detect HAS2 and HYALZ2. b) Membrane and cytosol fractions of PDAC cells were
prepared using the Mem-PER Plus Membrane Protein Extraction Kit from Pierce™, followed by
immunoblotting for HAS2 and HYALZ2 detection. ¢) The cell Surface Protein Biotinylation and Isolation
Kit from Pierce™ was used to enrich membrane proteins, followed by immunoblotting for HYAL2. d,
e, f) Immunofluorescence using an anti-HYAL2 antibody (green) in PDAC cells. g, h, i) Closeup
images of HYAL2 staining in PDAC cells. j, k, I) Immunofluorescence using an anti-HAS2 antibody
(green) in PDAC cells. m, n, o) Closeup images of HAS2 staining in PDAC cells. All
immunofluorescence was stained with Hoechst for nuclei detection. Images were processed in
FlJl/imagelJ.
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Immunofluorescence assays were also used to further study the location of HYAL2 and HAS2
in PDAC cells (Figure 24d-f). Because HYAL2 is associated with lipid rafts, we used saponin as a
permeabilizing agent because it can remove cholesterol that is enriched in lipid rafts (Simons and
Ehehalt, 2002). This improved our visualization of HYAL2 on the cell membrane when using
immunofluorescence. In MIA PaCa-2 and PANC1 cells exhibited HYALZ2 staining in filopodia-like
membrane protrusions (Figure 24g,h). These protrusions were more prominent in MIA PACa-2 cells
than in PANC1 cells (Figure 24g). BXPC3 cells showed a different HYAL2 staining pattern, mainly
on the tip of membrane protrusions that resembled lamellipodia. HAS2 showed a more diffuse

punctate pattern, with mainly a cytosolic location (Figure 24i).

We next wanted to determine the effect of inhibiting hyaluronidases on PDAC cell cancer
hallmark responses: proliferation and migration. HYAL2 has been reported to be involved in an
autocrine chemokinetic motility system in HelLa cells. This occurs by breaking down H-HA into smaller
fragments that promote cell motility (Saito et al., 2011). We used a known inhibitor of HYALs, DSS
(Udabage et al., 2004). We first tested DSS for cytotoxicity by incubating PDAC cells for 48h under
increasing concentrations of DSS (0.1-1000 pg/ml) (Figure 25a,b). Cytotoxicity can also be
measured with the WST-8 and SRB assays. This requires a change in the protocol used for
proliferation by seeding cells at a much higher density and then applying the treatment for a fixed
period of time, usually 24 or 48 h. For MIA PaCa-2 cells, there was an increase in WST-8 signal
starting from 1 pyg/ml of DSS (Figure 25a). However, there are no corresponding changes in the SRB
signal at the same concentrations (Figure 25b). This suggests that the sharp increase in signal is
likely an alteration of the redox state of MIA PaCa-2 cells caused by DSS. In the SRB assay, there is
a slight reduction in signal with DSS concentrations greater than 30 ug/ml (Figure 25b). This could
suggest that DSS could be slightly cytotoxic causing either cell death, growth inhibition or reduction
of cell adherence. On the contrary BXPC3 cells showed no signs of cytotoxicity in both WST-8 and
SRB assays and did not seem affected by DSS as they maintained a constant signal in all
concentrations (Figure 25a,b). Even though there was a slight cytotoxic effect of DSS on MIA PACa-
2 cells we then studied the effects of DSS (50-400 ug/ml) on cell migration using the gap closure
assay. This caused a marked decrease in cell migration of MIA PaC-2 cells reducing migration by
approximately 60% (Figure 25c¢). On the other hand, DSS had minimal effects on BXPC3 cell
migration (Figure 25d).

We next wanted to determine whether exogenously applied HA could reverse the inhibitory
effect of DSS. Given that DSS is reported to inhibit HYAL2 (Udabage et al., 2004). According to our
hypothesis that HYALZ2 cleaves synthesized H-HA into smaller L-HA fragments, we expected that L-
HA could reverse the effects of DSS. However, the addition of HA of any molecular weight did not
reverse the effects of DSS, at least in MIA PaCa-2 cells (Figure 26a-d). The effect of DSS and the
subsequent addition of exogenous HA on BXPC3 cells was very different. There was no effect with
UL-HA L-HA or M-HA Figure 26e-g). We previously showed in Chapter 4 that the addition of
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exogenous H-HA increases the migration of BXPC3 cells, when exogenous H-HA was added in

combination with DSS, the increase in migration was abolished (Figure 26h).

To see these effects more clearly of H-HA and DSS treated BXPC3 cells, those curves were
plotted separately (Figure 27a). When the migration rate (um/h) was measured there was a tendency
to decrease cell migration in BXPC3 cells treated with H-HA and DSS, even though this decrease
was not statistically significant (Figure 27b). However, the combined treatment was also not

significantly different from the control.

We then studied another component of HA turnover, the HA receptor CD44. This receptor
plays an important role in tumour cells that range from proliferation to adhesion, migration, and
invasion (Chen et al., 2018; Zoller, 2011). As most of the effects of HA were seen in migration, we
studied the effects of blocking the CD44 receptor in gap closure assays. We used the anti-CD44
antibody (KM81) that specifically binds to the HA binding site of the CD44 receptors and blocks its

interaction with HA.

Previous reports have shown that KM81 reduces cell migration and invasion (Uchino et al.,
2010). We incubated MIA PaCa-2 and BXPC3 cells with concentrations of 1, 5, and 10 yg/ml of anti-
CD44 antibody for the complete duration of the gap closure assay. The incubation with the anti-CD44
antibody showed no decrease in the migration of MIA PaCa-2 or BXPC3 cells (Figure 28a,b). When
MIA PaCa-2 cells were incubated with non-activated and activated hPSC CM in the presence of the
KM81 antibody no decrease in migration was observed for the non-activated or activated hPSC CM
(Figure 28c,d). These results could imply that HA effects on PDAC cells may not be mediated by
CD44 or that the blocking of CD44 by the KM81 antibody is not functional in these cell models. To
corroborate these results multiple antibodies that block the HA binding site on CD44 should be tested.
The next step was to study the last component of HA turnover, HA synthesis. To accomplish this, we
used a known blocker of HA synthesis 4-Methylumbelliferone (4-MU) (Kakizaki et al., 2004). HA is a
long polysaccharide formed of multiple repeats of a single disaccharide of glucuronic acid (GIcUA)
and N-acetylglucosamine (GIcNAc). HAS synthesizes this disaccharide from two precursors, UDP-
glucuronic acid (UDP-GIcUA) and UDP-N-Acetylglucosamine (UDP-GIcNAc) which are generated by
a UDP-glucuronyltransferase. The mechanism of action of this inhibitor is based on the conjugation
of 4-MU to GIcUA generating 4-MU-GIcUA and thereby depleting the pool of UDP-GIcUA and
inhibiting synthesis of HA by the low availability of one of its precursors as shown in Figure 5 (Kakizaki
et al., 2004; Kuipers et al., 2016).
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Figure 25. Cytotoxicity and migration effects of hyaluronidase inhibitors. a, b) The
hyaluronidase inhibitor DSS was tested to evaluate cytotoxicity using the WST-8 and SRB assays.
Cells were seeded for 24 h and later treated with the DSS in increasing concentrations (0.1-1000
pg/ml) for 48 h. ¢, d) Cells were seeded in silicone inserts which were removed after 24 h. Cells were
treated with DSS (50, 100, 400 pg/ml) in media containing 2 pg/ml of mitomycin. Images of MIA PaCa-
2 cells were taken every 12 h for 24 h. Images of BXPC3 cells were taken every 15 min for 22 h Gap
closure was analysed and quantified using Fiji/lmagedJ. Two-way ANOVA using Tukey’s multiple
comparison test was used for analysis (**** p<0.0001) (n=3).
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Figure 26. Differential effect of DSS on PDAC cell migration. Cells were seeded into silicone
inserts. After 24 h the insert was removed and cells were treated with HA of different molecular
weights (UL, L, M, H at 300 pg/ml) and DSS (50,100, 400 yg/ml) in media containing 2 pg/ml of
mitomycin. a-d) Percentage of gap closure calculated from images of MIA PaCa-2 cells taken every
12 h for 24 h. e-h) Percentage of gap closure calculated from images of BXPC3 cells taken every 15
min for 22 h. Gap closure was analysed and quantified using Fiji/lmageJ. ANOVA using Tukey’s
multiple comparison test was used for analysis (***p<0.0005, **** p<0.0001) (n=3).
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Figure 27. DSS inhibits the increase in migration by H-HA. a). Quantification of gap closure of
BXPC3 cells treated with H-HA and DSS. b) Migration rate in um/hr of BXPC3 cell treated with H-HA
and DSS c) Representative images of the gap closure assay of BXPC3 treated with HA and DSS.
Two-way ANOVA using Tukey’s multiple comparisons test was used for analysis of % of gap closure
(***p<0.0005). One-way ANOVA using Tukey’s multiple comparison test was used for analysis of

migration rate (*p<0.05) (n=3).
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Figure 28. CD44 neutralizing antibody KM81 does not affect cell proliferation or migration in
PDAC cells. a,b) Migration was assessed in MIA PaCa-2 and BXPC3 cells by gap closure assays.
Cells were incubated in media containing mitomycin C and increasing concentrations of anti-CD44
antibody (KM81) at 1, 5 and 10 pg/ml. ¢,d) Migration was assessed in cell incubated in non-activated
or activated hPSC CM containing mitomycin C and increasing concentrations of CD44 as previously
mentioned. Two-way ANOVA using Tukey’s multiple comparisons test was used for analysis of % of
gap closure (**p<0.005) (n=3).
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We studied the effects of 4-MU on proliferation and migration in MIA PaCa-2 and BXPC3
cells. MIA PaCa-2 cell proliferation was affected showing a 2-fold decrease using the WST-8 assay
(Figure 29a). However, when the SRB was analysed, the data showed a different situation. There
were no significant changes to SRB absorbance (Figure 29c¢). Therefore, 4-MU may be causing an
alteration to the redox state of the cell. This could mainly be due to the depletion of NADPH which is
a key component of the cell's redox system and the functional basis of how the WST-8 assay
measures cell viability/proliferation. NADPH is an important cofactor in the synthesis cascade of HA,
especially in the mechanism of action of 4-MU by the conjugation of 4-MU to GIcUA. There were no
major effects of 4-MU on BXPC3 cell proliferation at 100 uM 4-MU (Figure 29b, d). When gap closure
was examined 4-MU did not affect MIA PaCa-2 cell migration (Figure 29e) but it reduced migration
in BXPC3 cells at 100 yM 4-MU (Figure 29f). These results indicate a possible involvement of
endogenously synthesized HA in BXPC3 cell migration. We next analysed the effects of 4-MU on HA
distribution in PDAC cells by immunofluorescence-like assays with HABP/FITC-streptavidin. MIA
PaCa-2 cells showed a decrease in pericellular HA which was clearly observed by plotting a line
intensity profile (Figure 29g). In BXPC3 cells changes were less obvious as the staining of HA is
diffuse with punctate intracellular staining (Figure 29h). Analysing cells using 3D surface plots of
fluorescence no clear observation could be made, apart from a slight decrease in overall fluorescence
in 4-MU treated BXPC3 cells (Figure 29h).

5.3 Strategies for removing endogenous pericellular hyaluronic acid from PDAC cells.

From experiments shown previously in this chapter, we established that PDAC cell lines synthesize
HA endogenously (Figure 30a-c), however, each cell line exhibited different locations throughout the
cell, with spotty or punctate patterns in the cytoplasm or a pericellular distribution. We next wanted to
know if the endogenous pericellular HA coating had any functional role in PDAC, for example through
activation of HA receptors. Firstly, bovine testes hyaluronidase (HAdase) was used to remove the
pericellular HA coating. This enzyme can degrade HA and has previously been demonstrated as a
successful method of removing HA from cells in culture by removing extracellular HA from a breast
cancer cell line (Sullivan et al., 2018). Using the same methodology, we used HAdase to remove HA
from MIA PaCa-2 cells. The cells were incubated at 37°C for 1, 2, 3 or 4 h with 200, 400, or 800 ug/ml
of HAdase prepared in serum free DMEM with 0.1% BSA. After the HAdase treatment cells were
fixed in 4% PFA and HA was detected using the biotinylated HABP/FITC-streptavidin system.
Fluorescent images were taken of control cells and HAdase treated cells. These images show the
distinct pericellular distribution of HA in MIA PaCa-2 cells in the controls at all 4-time points (Figure
30b). On the other hand, in all the different concentrations of HAdase and different incubation time
points, the pericellular distribution was lost and only cytoplasmic staining could be seen (Figure 30b).
This proved the effectiveness of the HAdase in degrading HA and removing the extracellular coating.
Higher incubation times with the HAdase had no further effect on removing HA therefore the lowest

incubation time of 1 h was used for the following experiments.

94



a MIA PaCa-2 4-MU b BXPC3 4-MU
2.5+ 2.0+
=3 sod ™ Control B
e ] = 4Mu Z 1]
0 n
o< 1.5- oI
- @ ]
w & 58 1.0
2§ 1.0 4
5 s
2 o5 2 %%
< <
0.0 T T T T 0.0 T T T 1
0 24 43 72 96 1] 24 48 72 96
Time (h) Time (h)
MIA PaCa-2 4-MU BXPC3 4-MU
c 15 d 25
E E-
< c
=) e 204
8 8 1.5
c c
] ]
2 £ 1.04
S 05 8
a 8
® © 054
m m
o 4
n o'ﬂ T T 1 1 L 0‘" T T T 1
0 24 48 72 96 0 24 48 72 96
Time (h) Time (h)
e MIA PaCa-2 4-MU f BXPC3 4-MU
100 = 100
% 80+ . % 754
% 60 -e- Control %
a -& 1uM4MU a 504
S 40 - 3UMAMU g
5 4 ~ 10uM4MU 5 o5
= 204 30 UM 4-MU ®
- 100 UM 4MU & 100 UM 4-MU &%
0 T T T 1 0= T T T 1
0 12 24 36 48 0 3 6 9 12
Time (h) Time (h)
g MIA PaCa-2 4-MU h BXPC3 4-MU
Control 100 pM 4-MU Control 100 pM 4-MU

15000 5000

== HABP FITC

10000 10000

8
8
g

Distance (pm) Distance (um)

Figure 29. The HAS inhibitor 4-methylumbeliferone differentially decreases migration but not
proliferation of PDAC cells. a-d) Cells were grown media with 10% NU-S and 10 mM glucose,
supplemented with 100 uM 4-MU for up to 96 h. Proliferation was measured every 24 hrs with the
WST-8 and SRB assays. e, f) Gap closure assay was used to assess migration of MIA PaCa-2 and
BXPCS3 cells incubated in media supplemented with mitomycin C and increasing concentrations of 4-
MU (1, 3, 10, 30, 100 uM). g) The effects of 4-MU on endogenous HA were studied by staining HA
with HABP/FITC-streptavidin in MIA PaCa-2 cells. The pericellular HA was studied by line profiles of
fluorescence intensity generated in FIJI Imaged. h) The effects of 4-MU on endogenous HA were
studied by staining HA with HABP/FITC-streptavidin in BXPC3 cells.). Pseudo-coloured fluorescence
intensity 3D surface plots were generated in FIJI ImageJ to study fluorescence distribution in BXPC3
cells. Two-way ANOVA using Tukey’s multiple comparisons test was used for analysis of % of gap
closure (****p<0.0001) (n=3).
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a Seeding Media Fixed 4% PFA
coverslips change HABP FITC

MIA PaCa-2 Treated for1,2,3 0or4 h
DMEM 10 mM Gluc 10% NU-S DMEM 10 mM Gluc 0.1% BSA HAdase
b
MIA PaCa-2
Control 200 HAdase 400 HAdase 800 HAdase

3h

4h
-

Figure 30. Bovine hyaluronidase removes pericellular hyaluronic acid from MIA PaCa-2 cells.

a) Schematic illustrating the experimental design. MIA PaCa-2 cells were seeded on coverslips and

incubated for 24 hrs. The cells were treated with different concentrations (200, 400 and 800 pg/ml) of

bovine hyaluronidase (HAdase). The treatments were applied for 1, 2, 3, or 4 hours. b) An
immunofluorescence-type assay was used to detect HA with HABP/FITC-streptavidin.
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Although the removal of HA proved to be effective, we did not know if the cells were able to
resynthesize this extracellular coating over time. To explore this, we treated MIA PaCa-2 and BXPC3
cells for 1 h with HAdase at a concentration of 100, 200, 400 and 800 ug/ml and fixed cells
immediately after treatment and the remaining cells were washed in PBS and cultured for a further
24 hin normal media. HA was detected in the fixed samples using the same HABP/FITC-streptavidin.
The fluorescent images taken of MIA PaCa-2 cells show that HA synthesis did not come back after
24 h at the high concentration of HAdase (200, 400 and 800 ug/ml) (Figure 31b) but a faint signal
was detected at 24 h in cells treated with 100 pug/ml of HAdase (Figure 31b). When we analysed
fluorescence using an intensity profile graph (Figure 9¢) we corroborated that with 100 pyg/ml, the

pericellular coating is starting to recover (Figure 31c, red arrows).

BXPC3 cells show a different distribution of HA within the cell, mainly consisting of a
cytoplasmic location and the pericellular location is not as evident as seen on MIA PaCa-2 cells.
When the cells were treated with hyaluronidase for 1 h there was not a clear decrease in fluorescent
intensity for HA that would indicate its removal (Figure 32b). We could observe that in HAdase treated
cells starting from 200 and up to 800 ug/ml there are vesicle-like structures in the cell displaying high
fluorescent intensity (Figure 32b). To overcome this issue, fluorescent intensity 3d surface plots were
generated in FIJI (Figure 10c). Presenting fluorescent intensity data in this way allowed us to observe
that the overall pixel intensities were reduced in HAdase treated cells (Figure 32c). Interestingly at
400 and 800 ug/ml, we can observe high intensity peaks that coincide with the vesicle-like structures
previously observed (Figure 10c). We speculate that these vesicle-like structures could be the result
of accumulation through endocytosis of degraded HA from the use of HAdase. Even though the
presence of a pericellular coating is not evident we could see a loss of HABP-FITC fluorescence by
treatment with HAdase in BXPC3 cells. This could indicate the presence of pericellular HA obscured
by intracellular staining due to epifluorescence imaging, which is characterized by out of focus light.
After 24 h HA fluorescence showed a slight recovery that is more evident after treatment with 100
HAdase (Figure 32d,e).

After establishing that HAdase removes HA from PDAC cells, we wanted to study the effects
that this could have on the proliferation and migration of PDAC cells. Cells for proliferation assays
were seeded at double density than for previous experiments due to some loss of cells from the
HAdase treatment. For all experiments, we used 800 ug/ml of HAdase and treated the cells for 1 h
followed by a wash in PBS to remove any remnants of the enzyme that could interfere with the assays.
Due to the extended lengths of these assays (96 h), we used the highest concentration of HA to
ensure the removal of as much HA as possible. PDAC cells were then further grown in DMEM or
RPMI accordingly in 10% NU-S and 10 mM glucose as was done for previous proliferation assays.
The WST-8 and SRB assays were used to measure proliferation every 24 h up to 96 h. The removal
of HA did not affect the proliferation of PDAC cells measured by WST-8 or SRB (Figure 33b-e).
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Figure 31. Pericellular hyaluronic acid removed by bovine hyaluronidase is not resynthesized
after 24 hrs. a) Schematic illustrating the experimental design. MIA PaCa-2 cells were seeded on
glass coverslips and incubated for 24 hrs. Cells were treated with increasing concentrations (100,
200, 400, 800 pg/ml) of bovine hyaluronidase (HAdase) for 1 h. A first batch of cells was fixed in 4%
PFA and another batch was incubated for a further 24 hrs before being fixed in 4% PFA. b)
Representative images of HABP/FITC-streptavidin labelled (green) cells and Hoechst nuclei stain
(blue). ¢) Line profiles of fluorescence intensity were generated in FIJI ImageJ. The red arrows
indicate the pericellular HA of MIA PaCa-2 cells. d,f) HA was detected in HAdase treated BXPC3 cells
as in (b). e, g) Pseudocolored fluorescence intensity 3D surface plots were generated in FIJI.
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a Seeding Media
coverslips change
24 h Treatedfor 1h 24 h

Media 10 mM Gluc 10% NU-S Media 10 mM Gluc 0.1% BSA HAdase Media 10 mM Gluc 0% NU-5
BXPC3

Fixed 4% PFA Fixed 4% PFA
HABP FITC HABP FITC

400 HAdase 200 HAdase 100 HAdase Control

800 HAdase

Figure 32. Pericellular hyaluronic acid is removed by bovine hyaluronidase in BXPC3 cells. a)
Schematic illustrating the experimental design. BXPC3 cells were seeded on glass coverslips and
incubated for 24 hrs. Cells were treated with increasing concentrations (100, 200, 400, 800 ug/ml) of
bovine hyaluronidase (HAdase) for 1 h. A first batch of cells was fixed in 4% PFA and another batch
was incubated for a further 24 hrs before being fixed in 4% PFA. b,c) Representative images at 0 h
after treatment of HA detected with HABP/FITC-streptavidin labelled (green) and Hoechst nuclei
stain (blue). ¢) Pseudocoloured fluorescence intensity 3D surface plots at 0 h after treatment. d)
Representative images at 24 h after treatment of HA detected with HABP/FITC-streptavidin labelled
(green) and Hoechst nuclei stain (blue).e) Pseudocoloured fluorescence intensity 3D surface plots at
0 h after treatment.
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Figure 33. Treatment with bovine hyaluronidase affects migration only in BXPC3 cells and
does not affect the proliferation of PDAC cells. a) MIA PaCa-2 and BXPC3 cells were seeded for
proliferation and gap closure assays. Cells were treated for 1 h with bovine hyaluronidase in serum
free media with 0.1% BSA at a concentration of 800 ug/ml for proliferation assays and 200, 400 and
800 ug/ml for gap closure assays. b-e) Cell proliferation was assessed with the WST-8 and SRB
assays every 24 h up to 96 h. f-k) Cell migration was assessed by the gap closure assay using
silicone inserts. Images of the gap were taken every 12 h up to 48 h for MIA PaCa-2 cells and every
15 min for BXPC3 cells up to 12 h. Two-way ANOVA using Tukey’s multiple comparisons test was
used for analysis of % of gap closure (****p<0.0001) (n=3).
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Migration assays followed the same process as previously mentioned with the added extra step of
treating the cells with HAdase at 200, 400 or 800 pg/ml after the silicon inserts were removed. The
cells were washed with PBS to remove any leftover enzyme and were incubated in media
supplemented with mitomycin C (2 ug/ml). Migration of MIA PaCa-2 cells was completely unaffected
by HAdase treatment (Figure 33f-h), however, BXPC3 cells showed a slight decrease in cell
migration when the cells were treated with 800 ug/ml of HAdase (Figure 33k). These assays together
with what was observed previously in this chapter, show that BXPC3c cells are sensitive to disruption
of endogenous pericellular HA. Therefore, we could continue to exploit this feature by a combination
of synthesis inhibition with 4-MU and removal of extracellular HA with HAdase. Combining hyaluronic
acid synthesis inhibition with 4-MU and hyaluronic acid removal with HAdase to study proliferation
and migration in PDAC cells.

5.4 Disruption of endogenous HA with a combined treatment with HAdase and 4-MU

We have shown that disrupting endogenous HA through synthesis inhibition with 4-MU or
extracellular removal with HAdase can differentially affect PDAC cells. However, despite the
effectiveness of HAdase in removing pericellular HA, there could still be resynthesis of the pericellular
coating of HA. Therefore, to prevent recoating of pericellular HA we used a combined approach by
degrading the pericellular HA with HAdase, followed by synthesis inhibition with 4-MU.

The first step was to analyse through fluorescence microscopy the presence of HA in cells
treated with the combination of 4-MU at 100 uM and HAdase at 800 at ug/ml. These concentrations
were chosen because they independently decreased migration in BXPC3 cells. For this assay, PDAC
cells were seeded onto coverslips and incubated for 24 h. The cells were then treated with 800 pg/ml
of HAdase for 1 h. The cells were washed and then continued incubation in either DMEM or RPMI
supplemented with 100 uM of 4-MU for 24, 48 and 72 hrs. HA was detected using the HABP/FITC-
streptavidin. Fluorescent images show that the pericellular HA distribution exhibited by untreated
control MIA PaCa-2 cells (Figure 34a) is lost in cells treated with HAdase-4-MU (Figure 34b). There
is no sign of recovery of pericellular HA up to the 72 h timepoint studied as seen in the fluorescence
intensity line profiles (Figure 34c).

Given that both 4-MU and HAdase separately reduced migration in BXPC3 cells within 12 h
from starting the assay, we only aimed to analyse the effects of the combined treatment in the first
24 h, as it is well within the timeframe that migration occurs (6-12 h). BXPC3 cells treated with
HAdase-4-MU exhibited a very localized high fluorescence intensity (Figure 35a) exhibited as high
intensity peaks in the 3D surface intensity plots, compared to control cells that exhibit a more diffuse
but high intensity (Figure 35b). These high intensity peaks resemble those seen previously
immediately after HAdase treatment and are probably due to the accumulation of extracellular HA
degraded by HAdase.
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Figure 34. Treating cells with a combination of bovine hyaluronidase and 4-
methylumbeliferone maintains hyaluronic acid levels low in MIA PaCa-2 cells. a) MIA Paca-2
cells were treated with bovine hyaluronidase at a concentration of 800 ug/ml for 1 h. The cells were
fixed in 4% PFA at different time points starting from 0 h, immediately after treatment with
hyaluronidase. The cells after 0 h were incubated in media containing 100 uM of 4-MU for 24, 48 and
72 h. b) HA was detected by the HABP/ FITC-streptavidin (green), nuclei were stained with Hoechst
(blue) and fluorescent images were obtained. ¢) From the images line profiles of fluorescence
intensity were generated, processed, and analysed using FIJI. In control cells, high fluorescence
intensity peaks (red arrows) correspond to pericellular HA.
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30 uM 4-MU 0 uM 4-MU Control

100 uM 4-MU

Figure 35. Treating cells with a combination of bovine hyaluronidase and 4-
methylumbeliferone maintains hyaluronic acid levels low in BXPC3 cells a) BXPC3 cells were
treated with bovine hyaluronidase at a concentration of 800 ug/ml for 1 h. After, the cells were
incubated in media containing 100 pM of 4-MU for 24 h and then fixed in 4% PFA. HA was detected
by the biotinylated HABP and FITC-streptavidin and fluorescent images were obtained. b)
Fluorescent intensity 3D surface plots were generated using FIJI.
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After establishing the decrease of HA by the combined treatment of HAdase-4-MU we wanted
to study how this could affect proliferation. In addition, we added exogenous HA of different molecular
weights to observe if there was any change in cell behaviour when treated with HAdase-4-MU. PDAC
cells were seeded onto culture plates and left to grow for 24 h. The cells were then treated with 800
pg/ml of HAdase for 1 h. Cells were washed and left to grow in either DMEM or RPMI supplemented
with 10% NU-S, 10 mM glucose, and 100 pM 4-MU for up to 96 h. We assessed proliferation using
the WST-8 and SRB assays every 24 h. As previously seen in MIA PaCa-2 cells (Figure 29a) when
4-MU is added to the media the WST-8 shows a decrease in signal (Figure 36a) but when cells were
analysed by the SRB (fig) there was no change compared to the control (Figure 36e). Adding HA of
different molecular weights had no effect in any of the conditions studied and MIA PaCa-2 cells
remained completely unresponsive to these changes when analysed by the SRB assay (Figure 36e-
h). It is important to note that MIA PaCa-2 cells with the combined treatment (HAdase/4-MU) showed
a tendency to increase cell proliferation at 96 h with the SRB assay, however, this does not have any

statistical significance (Figure 36e-h).

In BXPC3 cells there was no decrease in signal when 4-MU was added to the media
compared to MIA PaCa-2 cells (Figure 37a-d). Moreover, in both assays measuring proliferation
there was no difference compared to the control, and cells remain unresponsive to the combined
treatment of HAdase-4-MU (Figure 37a-h). There were also no changes when exogenous HA was
added to the media (Figure 37a-h).

We studied MIA PaCa-2 and BXPC3 cell migration by the gap closure assay using the
combined treatment of HAdase-4-MU. Similar to the previous assays, after the silicon inserts were
removed the cells were treated with 800 ug/ml of HAdase for 1 h in serum free media. The HAdase
was removed, and the cells were washed with PBS to remove any remnants of the enzyme. The cells
were further incubated in media supplemented with mitomycin C (ug/ml) and exogenous HA of
different molecular weights. Images of the gap were taken every 12 h for MIA PaCa-2 cells and every
15 min for up to 12 h for BXPC3 cells.

The percentage of gap closure did not change in MIA PACa-2 cells incubated with the
HAdase-4-MU combination when compared to control cells (Figure 38a-d). The addition of
exogenous HA to the media also did not affect migration (Figure 38a-d). This was reflected when the
migration rate (um/h) was measured, showing no significant differences from the control in any of the
conditions studied (Figure 38j). Interestingly, BXPC3 cell migration was affected with the combined
treatment of HAdase-4-MU, significantly reducing migration in treated cells compared to the control
(Figure 38i). However, the addition of exogenous HA could not recover the decrease in migration
(Figure 38e-h). Analysing the migration rate (um/h) of treated BXPC3 cells there is approximately a
40% decrease in the migration rate in cells treated with HAdase, 4-MU or the combination of HAdase-
4-MU (Figure 38k).
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Taken together, these results show that endogenous HA seems to play a critical role in
BXPC3 cells, but not MIA PaCa-2 cells, as a disruption of cell surface HA by HAdase and synthesis
inhibition by 4-MU cause a drastic reduction in the migration capabilities of BXPC3 cells. The rapid
migratory phenotype of BXCP3 cells seems to be partially dependent on the synthesis of endogenous

HA and the formation of a pericellular coating.
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Figure 36. Treatment with bovine hyaluronidase and 4-methylumbeliferone does not affect MIA
PaCa-2 cell proliferation even after the addition of exogenous hyaluronic acid. MIA PaCa-2 and
BXPC3 cells were seeded for proliferation assays. Cells were treated for 1 h with bovine
hyaluronidase in serum free media with 0.1% BSA at a concentration of 800 ug/ml. Then the cells
were incubated in media containing 100 uM of 4-MU supplemented with HA of different molecular
weights at a concentration of 300 ug/ml (UL, L, M, H) for 24, 48, 72 and 96 h. a-d) Cell proliferation
was assessed at each time point with the WST-8 assay. e-h) Cell proliferation was assessed at each
time point with the SRB assays (n=3).
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Figure 37. Treatment with bovine hyaluronidase and 4-methylumbeliferone does not affect
BXPC3 cell proliferation even after the addition of exogenous hyaluronic acid. BXPC3 cells
were seeded for proliferation assays. Cells were treated for 1 h with bovine hyaluronidase in serum
free media with 0.1% BSA at a concentration of 800 ug/ml. Then the cells were incubated in media
containing 100 uM of 4-MU supplemented with HA of different molecular weights at a concentration f
300 pg/ml (UL, L, M, H) for 24, 48, 72 and 96 h. a-d) Cell proliferation was assessed at each time
point with the WST-8 assay. e-h) Cell proliferation was assessed at each time point with the SRB
assay (n=3).

107



MIA PaCa-2 HAdase 4-MU UL-HA

100

MIA PaCa-2 HAdase 4-MU L-HA

c d

MIA PaCa-2 HAdase 4-MU M-HA MIA PaCa-2 HAdase 4-MU H-HA

e 7 @
g 80 g i g 80
g g g
o 60 s S
g g g
5 40 -3 & 40
Pt /
° -e- Control § -+ Control 5 -+~ Control
= 20 -m- Hadase 4MU *® -m- HAdase 4MU ® 20 -m- HAdase 4MU
& Hadase 4-MU UL-HA = 4 HAdase 4-MU M-HA 4 HAdase 4-MU H-HA
o=y T T T T T T T 1 0 T T T T 1
0 12 24 36 48 12 24 36 48 0 12 24 36 48
Time (h) Time (h) Time (h) Time (h)

BXPC3 HAdase 4-MU UL-HA

BXPC3 HAdase 4-MU L-HA

BXPC3 HAdase 4-MU H-HA

° ® ® ®
5 75 5 75 5 75 5 75
2 2 2 2
k-t k-t k-t k-t
S S S ]
a 50 a 50 a 50 a 50
& & & g
o o o o
5 s 5 s 5 2 5 o 2
& & & & !
3 = HAdase 4-MU % & & & —&— HAdase 4-MU * % % —a— HAdase 4MU * *& %
o = = HAdase 4-MU UL-HA % %4 % = HAdase 4-MU L-HA % s % HAdase 4-MU M-HA% %% % = HAdase 4-MU HHA % %% %
T T T T 1 T T T 1 T T 1 T T T T 1
0 3 ] ] 12 3 6 9 12 0 3 ] 9 12 0 3 6 [ 12
Time (h) Time (h) Time (h) Time (h)
] j Migration of MIA PaCa-2 treated k Migration of BXPC3 treated
BXPC3 HAdase 4-MU with HAdase 4-MU H-HA with HAdase 4-MU H-HA
100 6 50
£ 3 w©
o
< 2 2 30 ¥ ek
o 50 g e XS
o c c
> -s~ Control L, 2 20
© - HAdase x#x* I ©
= = MU sk o2 o1
o HAdase 4MUH%% = =
0 T 7 0 0
0 3 6 9 12 100 WM 4-MU - - - + + + 100 uM 4-MU - - + + +
Time (h) 800 HAdase pg/ml - + - + + 800 HAdase ygiml - + - + +
H-HA - - - - + H-HA - - - - +

Figure 38. Treatment with bovine hyaluronidase and 4-methylumbeliferone decreases
migration in BXPC3 cells but not MIA PaCa-2 cells and this decrease is not recovered by
exogenous hyaluronic acid. a-h) MIA PaCa-2 and BXPC3 cells were seeded into silicone inserts
for gap closure assays for 24 h. The cells were then treated for 1 h with bovine hyaluronidase in
serum free media with 0.1% BSA at a concentration of 800 ug/ml. Next, the cells were incubated in
media containing 100 uM of 4-MU for up to 48 h for MIA PaCa-2 cells and up to 12 h for BXPC3 cells.
Images of the gap were taken every 12 h up to 48 h for MIA PaCa-2 cells and every 15 min for BXPC3
cells up to 12 h. Gap closure images were analysed and processed using FIJI. i) BXPC3 cell migration
treated with 800 pg/ml, 100 uM of 4-MU or a combination of both. j,k) From the gap closure images
the migration rate (um/h) was calculated at the 24 h timepoint for MIA PaCa-2 cells and 50% gap
closure for the BXPC3 cells. Two-way ANOVA with Tukey’s post hoc test was used for statistical
analysis of % of gap closure (**p<0.005, ****p<0.0001). One-way ANOVA with Dunnett’'s post hoc
test was used for statistical analysis of migration rate (*p<0.05, **p<0.005) (n=3).

108



5.5 Standardization of hyaluronic acid synthase-2 and hyaluronidase-2 knockdown
with siRNA

We established that endogenous HA turnover is an important characteristic of PDAC cells,
and in some causing its disruption with inhibitors (DSS, 4-MU) or directly removing extracellular HA
with HAdase can have an effect on cell behaviour. To further understand endogenous HA turnover
the next logical step was to knock down the expression of key proteins involved in this process. We
chose to knock down HYAL2, hyaluronidase present on the membrane that is likely the main target
of inhibitor DSS. Our migration experiments indicated that blocking hyaluronidases with DSS
drastically reduces migration of MIA PaCa-2 cells and reduces the H-HA induced migration in BXPC3
cells. Therefore, HYALZ2 could be a critical enzyme for PDAC cell migration and knocking it down

could reveal more important information.

The synthesis of HA is another important component of HA turnover, and its inhibition by 4-
MU showed that it can reduce migration in BXPC3 cells. However, the potential non-specific effects
of 4-MU cannot be completely ruled out Therefore, interrupting HA synthesis by knocking down the
enzymes involved in the process was a critical way of understanding the role HA synthesis can have
in PDAC cells. We focused on HAS2 as it is one of the most important enzymes that synthesize HA

and is involved in cancer progression.

For the knockdown of HYAL2 and HAS2, we used a mix of 4 different siRNAs (Dharmacon)
to increase our chances of a knockdown. The recommended transfection agent, Dharmafect 1, was
produced by the same manufacturer. This transfection agent was previously standardized in the lab
for its use in PDAC cells (Sritangos et al., 2020), where the optimal concentration for the transfection
agent was 0.1% -0.2%. Concentrations of 10, 25 and 50 nM were tested for both siRNAs for a period
of 24, 48 and 72 hrs. A siRNA based on scrambled sequences of RNA was used as an experimental
control. To verify protein knockdown whole lysates from transfected cells were used. Cyclophilin A
and B (CYPA and CYPB) were used as a loading control. A decrease in band intensity would indicate
a successful knockdown, however, there was no decrease in band intensity for both siRNAs (Figure
39a). Continued testing of other available transfection agents from the same company, Dharmafect
2 (D2) and Dharmafect 4 (D4) showed the same result, no successful transfection even after 120 h
(Figure 39b-d).
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Figure 39. Standardization of HAS2 and HYAL2 knockdown by siRNA. a-d) MIA PaCa-2 cells
were transfected with siRNAs for HAS2 or HYAL2 and a scrambled (SCR) siRNA was used as a
control (Dharmacon). Cells were transfected with different concentrations (10, 25 and 50 nM) using
several transfection agents from the same manufacturer. These included Dharmafect 1 (D1),
Dharmafect 2 (D2) and Dharmafect 4 (D4). Transfection times were tested from 24 to 120 h. Silencing
of HAS2 and HYAL2 proteins was evaluated by western blotting of whole cell lysates obtained from
MIA PaCa-2 cells. e) HEK 293T cells were transfected with the 25 nM of siHAS2 or siHYAL2 mix
using four different transfecting agents that included Turbofect, JetPEI, Fugene and Dharmafect 1 for
48 hrs. Western blotting of whole cell lysates was used to evaluate protein silencing. f-g) Relative
density HYAL2 and HAS2 bands were quantified using Image Lab software from BioRad (each
western blot n=1).
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PDAC cells as well as other cancer lines can sometimes be proven difficult to transfect,
therefore we used a common and easy-to-transfect cell line to test the effectiveness of the siRNA in
generating a knockdown. HEK293T cells were transfected with four different transfection agents
including, Turbofect, JetPEI, Fugene and D1. In HEK293T cells HYALZ2 was effectively knocked down
using Fugene and D1 by 60% and 70% respectively (Figure 39e-g). On the other hand, the most
effective transfection agent for HAS2 knockdown was Turbofect which decreased band intensity by
80% (Figure 39e-g).

After establishing that the siRNAs did induce knockdowns in HEK293T cells, we tested the
same conditions in MIA PaCa-2 and BXPC3 cells. Application of siHYAL2 yielded no effective
knockdowns in both cell lines (Figure 40a,d). In MIA PaCa-2 siHAS2 decreased band intensity by
40%, much less than what we obtained in HEK293T cells (Figure 40b). In the case of BXPC3 cells,
the decrease in band intensity was closer to 60% (Figure 40e). Given the higher decrease in band
intensity and the fact that HA synthesis inhibition had effects only in BXPC3 cells, we chose to

continue with this cell line for further experiments.

Once the optimal transfection conditions for HAS2 were found, we tested the effects of HAS2
knockdown in BXPC3 cell migration. The cells were seeded into the silicon inserts containing the
transfection mix, transfection agent (Turbofect) and siHAS2. During this process, the transfection
occurs while cells are settling down and attaching to the culture plate. The cells were left transfecting
for 36 h before removing the silicon insert. After this, and depending on the experimental conditions,
siHAS2 cells were subsequently treated with HAdase and H-HA. In these experiments, the
knockdown of HAS2 only reached 50% of gap closure at the 12 h timepoint compared to nearly 90%
for the control with siSCR (Figure 40g). In cells treated with HAdase in addition to siHAS2, cell
migration decreased by around 75% at the 12 h timepoint (Figure 40h). On the other hand, the
addition of H-HA could not recover the migration of the cells transfected with siHAS2, including the
cells treated with HAdase. These experiments reinforce our previous findings that endogenous HA

synthesis is critical for the migration of BXPC3 cells.
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Figure 40. Knockdown of HAS2 by siRNA decreases BXPC3 cell migration. a, d) MIA PaCa-2
and BXPC3 cells were transfected with the HAS2 or HYAL2 siRNA mix using four different
transfecting agents that included Turbofect, JetPEI, Fugene and Dharmafect 1 for 48 hrs. Western
blotting of whole cell lysates was used to evaluate protein following respective RNA silencing.
Cyclophilin B (CYPB) was used as a loading control. b, c, e, f) Relative density for western blot bands
was quantified using Image Lab software from BioRad. g, h) BXPC3 cells were seeded into silicone
inserts containing siRNA for HAS2 or scrambled. Cells were incubated for 36 h before removing the
insert. Gap closure was evaluated by taking images every 3 h for up to 12 hrs. Images were processed
and analysed using FIJI. Statistical analysis. One way ANOVA was used for statistical analysis
(*p<0.05, **p<0.005) (western blots n=1, gap closures n=3, migration rate n=3).

112



5.6 Discussion

The overall lack of response with HA-containing hPSC CM and exogenous HA (H-HA-
induced increase in BxPC3 cell migration notwithstanding) led us to investigate the autocrine effect
of endogenous HA turnover in PDAC cells. This involved investigating HA localisation, the expression
of enzymes involved in HA synthesis (HAS2) and HA breakdown (HYAL2), and strategies for
functionally inhibiting these processes on PDAC cell proliferation and migration. All three PDAC cell
lines showed positive staining for endogenous HA. The fluorescent pattern observed in MIA PaCa-2
and PANC1 cells was characterised by an intense pericellular fluorescence while BXCP3 cells
showed mainly a punctate pattern intracellularly with faint fluorescence on the cell membrane. The
pericellular coating is thought to be an important feature of metastasizing cells as it can offer
protection from immune cells as well as allow adherence to endothelial cells through HA receptors
like LYVE-1(Toole, 2004). PDAC cells release HA to the culture media in different quantities, MIA
PaCa-2 releasing very small quantities. This feature has been observed in several types of cancer
cells, becoming an intrinsic feature for some cells (Cheng et al., 2016; Li et al., 2007; Udabage et al.,
2005). Intracellular HA is usually associated with endocytic vesicles where HA is destined to be
degraded by HYAL1 (McAtee et al., 2015; Puissant et al., 2014). HYAL1 is an important mechanism
proposed for HA turnover that begins with HA tethered to CD44 that is fragmented into smaller
fragments by HYAL2 in the membrane where subsequent endocytosis occurs and it is finally
degraded by HYAL1 in these endocytic vesicles (Kobayashi, Chanmee and Itano, 2020). The
intracellular HA staining observed in BXPC3 cells could indicate that these cells have a high turnover
rate for HA. It's also important to emphasise that despite the relative lack of plasma membrane HA
staining and abundant intracellular HA staining within BxPC3 cells, does not necessarily mean that

HA at the plasma membrane is not exerting an important functional response.

We determined that PDAC cells express HYAL2 in the membrane and not intracellularly. On
the membrane immunofluorescence assays showed that HYAL2 was located on filopodia-like
structures in MIA PaCa-2 and PANC-1 but on BXPC3 cells HYAL2 seem to be located in a
morphologically different membrane structure at the leading edge, characteristic of lamellipodia
(Olson and Sahai, 2009). This appears to be a novel finding as to this date there is no report indicating
the presence of HYAL2 associated with these membrane structures. HAS2 was expressed in all cell
lines in accordance with previous reports (Cheng et al., 2016; Junliang et al., 2019; Nagase et al.,
2017). HAS2 is the most important isoform of the three HASs in adult tissue (Caon et al., 2021) and
has been associated with the proliferation, migration, invasion and tumorigenicity of cancer cells
(Bernert, Porsch and Heldin, 2011; Jacobson et al., 2002; Li et al., 2015). Although HAS2 plays an
important role in tumour progression, it is important to note that the majority of HA associated with
the desmoplastic reaction in PDAC is thought to be synthesized by PSCs (Apte et al., 2004).

To better understand HA turnover in PDAC cells we targeted different components of this
system. Blocking HYALs with dextran sulphate sodium (DSS) generated striking inhibitory effects in

MIA PaCa-2 cell migration but not on other cell lines. Moreover, DSS did not affect cell proliferation
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in any PDAC cell line. A similar finding also showed that DSS could decrease migration, however,
the cell line used was BXPC3, that in our experiments was only minimally affected by DSS treatment
(Kohi et al., 2016). These discrepancies could be due to the type of assay used, Boyden chamber
versus gap closure and the DSS used in these experiments which were not specified in Kohi et. al.
Migration decrease by DSS has also been reported in gastric cancer cells (Xu et al., 2018) and breast
cancer cells (Udabage et al., 2005; Wu et al., 2015). Interestingly it was shown that DSS decreased
the generation of L-HA fragments by inhibiting HYALSs in breast cancer cell lines and that L-HA was
responsible for the decrease in migration (Wu et al., 2015). However, in our cell model, MIA PaCa-2
is characterized by releasing low levels of HA which might not fit with this proposed model, as adding
exogenous L-HA did not recover migration. The effects of DSS might thus be related to the location
of HYAL2 in filopodia-like structures, where it might have a function in stabilizing these structures
(Jacquemet, Hamidi and lvaska, 2015) that are important for cell migration (Xue, Janzen and Knecht,
2010). Interestingly DSS abolished the increase in migration seen by H-HA In BXPC3 cells which
seem to express HYALZ2 within lamellipodia-like structures, which could implicate HYAL-dependent

migration when exposed to exogenous HA, aligning with the model proposed by Wu et. al (2005).

HA synthesis by HASs has been associated with the migration and proliferation of cancer
cells, therefore its inhibition can reveal the level of participation of HA in these cellular processes.
Treatment with 4-MU slightly decreased proliferation but not migration in MIA PaCa-2 cells, but
slightly decreased BXPC3 cell migration without any effect on cell proliferation. These differences
seen among the two cell lines could be related to their intrinsic characteristics, MIA PaCa-2 have a
high proliferation rate while BXPC3 proliferate slower. This is reflected in our experiments since
BXPC3 cells need to be seeded in double the density of MIA PaCa-2 cells to reach similar growth
curves. On the contrary, BXPC3 cells migrate 4 to 5 times faster than MIA PaCa-2 cells. A
discrepancy was seen in the outcomes of the two assays used to quantify the proliferation of MIA
PaCa-2 cells, the WST-8 assay showed a marked decrease in signal while the SRB assay showed a
slight decrease in signal. One explanation for this is related to how the WST-8 assay works, it relies
on the redox state of the cell. The treatment with 4-MU could be increasing the oxidative stress of the
cells, an effect seen in fibrosarcoma cells (Saga et al., 2021), and therefore altering the readout of
the assay. MIA PaCa-2 cells have a highly glycolytic phenotype (Sritangos et al., 2020)which added
to the depletion of the cytoplasmic pool of UDP-GIcUA (Kakizaki et al., 2004) could explain the

apparent decrease in proliferation observed.

The HA receptor CD44 is commonly found in PDAC cells and has been associated with
migration, proliferation, and invasion. Blocking CD44 with neutralizing antibodies have shown to
decrease proliferating PDAC cells and reduce invasion (Li et al., 2014). Specifically, the anti-CD44
KM81 antibody induced a decrease in proliferation and migration in MIA PaCa-2 cells (Nagase et al.,
2017). We did not see any of these effects in MIA PaCa-2 or BXPC3 cells treated with HA-containing
hPSC CM. These results are puzzling and difficult to reconcile but they could be due to intrinsic

differences in the cells, due to the expression of CD44 variants in PDAC.
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Tumour cells express HASs that can synthesize a pericellular coating of HA (Aaltonen et al.,
2022; Brett et al., 2018; Kainulainen et al., 2022; Rilla et al., 2008). This pericellular coating of HA is
thought to be tethered to the membrane by CD44, as the absence of CD44 decreases the amount of
HA on the membrane (Harkonen et al., 2019). In MIA PaCa-2 cells, we observed a similar
phenomenon as HA was only localized in cells expressing CD44 on the membrane. Removing this
pericellular coating with HAdase was very effective as there was no measurable membrane HA at
high concentrations of the HAdase. In BXPC3 cells it was much more difficult to observe a clear-cut
membrane HA staining, and any consequent removal of membrane HA staining following HAdase
treatment, due to predominant and-extensive intracellular staining for HA. One of the reasons for this
could be that in capturing a single plane with epifluorescence imaging, any HA staining out of focus,
either above or below the focal plane may also be captured in the image In addition, to exacerbate
this problem, BXPC3 cells have a rounder voluminous shape, whereas MIA PaCa-2 cells are much
flatter and by definition produce a sharper image with less out of focus light and a clearly defined
membrane staining. However, by analysing the overall fluorescence in the 3D surface plots, a
decrease in HA staining after HAdase treatment could be appreciated, thus the presence of
pericellular HA could be expected. The resynthesis of HA appears to be a slow process as HA staining
was maintained at a low level and did not recover to the control levels at 24 h after the treatment. The
delay in synthesis could be due to the low levels of HAS2 seen in the membrane enrichment
immunoblots or to the loss of CD44 signalling by internalization, which could lead to a decrease in
HA synthesis by HASs (Yang et al., 2020).

The pericellular coating of HA seen in many cells is synthesized by HASs (Evanko
et al., 2007; Kultti et al., 2014). This pericellular HA has been associated with facilitating cell
proliferation (Itano et al., 2002; Kultti et al., 2014) by overcoming contact inhibition (ltano et al., 2002).
However, the loss of the pericellular coating did not affect the proliferation of MIA PaCa-2 or BXPC3
cells. One possibility for this lack of response is-that endogenous HA synthesis was not completely
inhibited and thus HA was still able to engage with the HA receptor and activate downstream
signalling. The other possibility is that proliferation is mainly driven by mutations in the genes KRAS2,
CDKN2A/INK4, TP53 or DPC4/SMAD and are less affected by HA signalling.

The synthesis of HA has been associated with migration in several types of cancer cells
(Cheng et al., 2016; Kim et al., 2019) (Li et al., 2015). Removing the pericellular coating of HA
differentially affects PDAC cells. In BXPC3 cells a decrease in migration could be observed while MIA
PaCa-2 cells were unaffected. This indicates HA metabolism plays an active role in this cell line as it
also responds to exogenous HA by increasing migration and to HA synthesis inhibition by decreasing
migration. This has been alluded to in a recent report where a classification of PDAC cells was
determined by the activity of HA metabolism based on the expression of several proteins that included
the synthase HAS2, HAS3, and the hyaluronidases HYAL1, CEMIP (Kudo et al., 2019). PDAC cell
lines express 4 proteins that are used to classify cells into having an HA activated-metabolism
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phenotype (HAMP), which, in a small sample of PDAC patients (n=4) is associated with poor survival.
(Kudo et al., 2019).

To eliminate the possibility of HA resynthesizing after treatment with HAdase, we used a
combined treatment of HAdase for the removal of pericellular HA plus 4-MU to inhibit the resynthesis
of HA. After 72 h no resynthesis of pericellular HA was observed in MIA PaCa-2 cells. We used this
combination of HAdase and 4-MU to analyse PDAC cell proliferation. Both cells had no response to
the treatment, and adding exogenous HA did not result in any increase or decrease in proliferation.
In MIA PaCa-2 cells we observed the same effect seen with 4-MU alone, where there is a decrease
in the signal of WST-8 that does not correlate with the results from the SRB assays. This was probably
due to the redox-altering effects of 4-MU inducing a decrease in signal for WST-8 (Saga et al., 2021),
rather than any real effect on cell proliferation as the same was not observed with SRB. These
experiments sustain the fact that HA does not seem to have an important role in the proliferation of
PDAC cells.

Analysing migration with the combined use of HAdase and 4-MU affected only BXPC3 cells.
An additive/synergistic effect could be seen in BXPC3 cells where the combined effect of HAdase
and 4-MU produced a greater decrease in migration compared to each treatment on their own. When
the migration rate was measured (um/h) there was a 40% decrease in migration rate with the
combined treatment while no changes were observed in MIA PaCa-2 cells. One important thing to
note is that adding exogenous HA along with 4-MU in HAdase treated cells did not recover the
decrease in migration. One reason for this could be related to HA receptor CD44, as reports have
shown that HA can bind to CD44 which is then internalized (Spadea et al., 2019). However, CD44 is
critical for the function of HYALs on the membrane, as their activity decreases in the absence of CD44
(Harada and Takahashi, 2007). The internalization of CD44 would decrease HYAL activity which we
know is crucial for the action of exogenous HA since blocking HYALs with DSS abolishes the action
of exogenous HA. This highlights the importance that HA turnover has in the BXPC3 cells. Given the
differences between these two cell lines, further studies exploring their characteristics could give a

better understanding of HA turnover in the context of cancer.

We attempted to replicate these findings by inhibiting HA synthesis through a knockdown of
the HAS2 with siRNA in BxPC3 cells. This was particularly important to remove any confounding non-
specific effects of HAS2 inhibition by 4-MU. We observed a 50% decrease in migration in the HAS2
knockdown cells and a further decrease when treatment with HAdase was added. This replicates the
findings observed in previous experiments with combined treatment (HAdase 4-MU). Adding
exogenous HA produced a partial recovery up to 6 h and then was lost. These findings show a similar
pattern observed in breast cancer cells where HAS2 knockdown produced a decrease in both
migration and invasion (Bernert, Porsch and Heldin, 2011; Li et al., 2015; Porsch et al., 2013). Similar
findings have been seen in colorectal cancer cells (Kim et al., 2019). Taken together these data
provide evidence that HA turnover within PDAC cells; HA synthesis by HAS2 and HA breakdown by

HYAL have an important role in cell migration. This is especially true in BXPC3 cells with a high HA
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turnover rate and high migratory phenotype. Given the differences in HA turnover among PDAC cells,
a similar phenomenon could be happing in a tumour setting. This could explain the failure of the
clinical trial using PEGPH20 to degrade the stromal HA, as this could generate HA fragments that

could be captured by tumours with high HA turnover and therefore promote the malignant phenotype.
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Chapter 6 Conclusions and Future work

6.1 Conclusions

The desmoplastic reaction is one of the most defining characteristics of PDAC. The high level
of fibrosis surrounding the tumour produces a collapse of blood vessels due to abnormally high
interstitial pressure. This is one of the many challenges for successful treatments as it limits the
access of chemotherapeutic drugs to the tumour (Olive et al., 2009). The difficulty in overcoming this
barrier has led PDAC to be among the cancers with the lowest overall survival rates of all types of

cancer.

HA is a main component of this extensive fibrosis and the culprit of the high interstitial
pressure typically observed in PDAC tumours. Several experimental treatments have been developed
to deplete the tumour stroma from HA (Provenzano et al., 2012). These are based on the use of a
recombinant hyaluronidase that degrades the HA in the tumour stroma, which decreases the
interstitial pressure and recovers the collapsed blood vessels allowing access to chemotherapeutic
drugs. Despite the efforts, these treatments have failed at the clinical trial stage, therefore further
studies are needed to understand the role that HA has in PDAC (Van Cutsem et al., 2020).

In the tumour microenvironment, the PSCs are responsible for synthesizing large quantities
of ECM proteins and glycosaminoglycans (GAGs), and HA in particular. Studies have shown
extensive crosstalk between PSC and PDAC cells that support tumour growth and progression. PSC
can become activated by signals from PDAC cells and in response, PSCs secrete several cytokines
and growth factors that directly support tumour progression. PSCs can also contribute to metabolic
coupling with PDAC cells supplying tumour cells with metabolites to support growth. In this study, we
attempted to investigate the role that PSC-derived HA could have on two classic cancer hallmarks:
proliferation and migration. Our studies found that the CM from activated PSCs did not have any
effects on proliferation but did increase migration in one of the studied PDAC cell lines (MIA PaCa-2
cells). Although when these experiments were done in the presence of blocking antibodies against
the most common HA receptor CD44, this increase in migration by PSC CM was not affected. These
results indicated that the migration induced by PSC CM was independent of CD44 signalling, which
could imply that HA does not have a role in this process. However, MIA PaCa-2 cells also express
another HA receptor, RHAMM, that we did not address in this work and could be participating in this
process. In addition, since our activated hPSC cell culture did not reach 100% activation, as assessed

by a-SMA, this could also have confounding effects on our results.

Recent studies have demonstrated that one of the two building blocks of HA, GIcNAc can be
used to fuel the hexosamine biosynthetic pathway and promote tumour growth (Kim et al., 2021).
Other studies have found that HA can promote migration (Cheng et al., 2016; Teranishi et al., 2009)
and in vivo tumour growth (Kultti et al., 2014). However, the number of studies addressing the

functional role of HA on PDAC is limited. Therefore, we attempted to further investigate the role of
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HA in the proliferation and migration of PDAC cells using exogenous HA of different molecular
weights. Our experiments found that HA did not affect proliferation in any of the PDAC cells studied.
When we analysed migration, only H-HA increased the migration, and this effect was only seen in
BXPC3 cells.

Several studies have reported that some types of tumour cells have an active HA metabolism,
expressing several proteins that participate in HA turnover (Amorim et al., 2020; Bernert, Porsch and
Heldin, 2011; Li et al., 2015). HAS can produce endogenous HA in PDAC cells, while HYALs can
degrade HA into smaller fragments and HA receptors CD44 and RHAMM can bind HA activating
intracellular signalling in PDAC cells, promoting proliferation and migration. This study focused on the
expression of HAS2, HYAL2, CD44 and RHAMM. We found that the three PDAC cell lines studied
expressed all four proteins. But we found some key differences, BXPC3 cells expressed variants of
both HA receptors CD44 and RHAM. One important finding is that expression of HYAL2 was
associated with membrane protrusions resembling filopodia in MIA PaCa-2 cells and lamellipodia in
BXPC3 cells. The location of HYAL2 seems to be a novel finding that has not been reported in

previous studies.

When analysing the role of HYALZ2 in migration, we used the HYAL blocker DSS (Udabage
et al., 2004) to inhibit HYAL2. We found a marked decrease in the migration of MIA PACa-2 cells,
which was not replicated in other PDAC cell lines. Previous studies have reported that HYAL2 is a
key protein in the migration of breast cancer cells (Udabage et al., 2005), therefore this could highlight
the importance of HYAL2 in the migration capacity of MIA PaCa-2 cells. The role of HYAL2 in
migration could be related to its cellular location that we demonstrated is associated with membrane

protrusions (filopodia) that are important for cell migration (Arjonen, Kaukonen and lvaska, 2011).

The HA receptor CD44 is overexpressed in several types of cancer, and it has been
implicated in cancer cell migration and invasion (Hamilton et al., 2007; Harkonen et al., 2019;
Udabage et al., 2005). Blocking the HA receptor CD44 did not produce any significant effects on
migration in MIA PaCa-2 or BXPC3 cells, therefore there is a possibility that any effects of
endogenous HA on PDAC cell migration may not be mediated by CD44 signalling. Furthermore, when
we blocked HA synthesis in PDAC cells using 4-MU, proliferation was not affected and only BXPC3
cell migration slightly decreased. Previous studies have shown this to be the case for other cell lines
as well, where HA synthesis inhibition with 4-MU also decreased the migration of several PDAC cell
lines (Cheng et al., 2016).

Endogenous HA synthesis in cell lines cultured in vitro is usually exhibited as a pericellular
coating synthesized by HASs (Evanko et al., 2007; Harkonen et al., 2019; Rilla et al., 2008). In this
study, we analysed the role that this endogenous pericellular HA could play in the migration of PDAC
cells. By using a bovine HAdase, we removed this pericellular coating from MIA PaCa-2 and BXPC3
cells. The removal of the pericellular HA slightly decreased migration in BXPC3 cells, but MIA PaCa-

2 cells were unaffected. Furthermore, we used a combined treatment of HAdase for pericellular HA
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removal and 4-MU for HA synthesis inhibition. When these two treatments were combined, there was
an additive effect decreasing migration in BXPC3 cells more than each treatment applied separately.
We were able to replicate these results by inhibiting HA synthesis through the knock-down of HAS2
in combinate with pericellular HA removal. This also produced a decrease in migration even more
drastic than in the previous experiments. These experiments highlighted the importance of

endogenous HA in the migration of BXPC3 cells.

The migration experiments in this study produced an intriguing result. Migration could not be
rescued by exogenous HA when any decreases occurred by blocking HYALSs, inhibiting HAS or
removing pericellular HA. In previous reports studying colon carcinoma cell invasion, inhibiting HA
synthesis by knocking down HASs decreased invasion, which could eventually be recovered by the
addition of exogenous HA (Kim et al., 2004). One possible explanation for the lack of recovery with
exogenous HA after treatments with HAdase could be the possibility of HA receptor internalization
(Spadea et al., 2019; Yang et al., 2020).

Studies involving exogenous HA present several difficulties as there is no standard
classification regarding the molecular weight of HA. Other issues arise in reporting the effects of HA
as it exists in a range of molecular weights, therefore studies should include the molecular weight of
HA used, a very important detail that is not always included. The range of molecular weights falls
within a very high range, for example, H-HA can vary from 500 kDa to over 1000 kDa, while L-HA
can range between over 30 kDa and up to 100 kDa. This adds another layer of difficulty when
comparing different studies, as there is no agreed-upon classification for the use of HA in cancer
biology studies. Even more so, when reporting the effects of HA on in vitro cell line cultures the
presence of HYALs is not always considered, so for example the effects of H-HA could be due to the
breakdown into smaller fragments rather H-HA per se. There is an urgent need for some sort of

standardization to improve the knowledge of the role that HA has in cancer biology.

The main outcome of our experiments highlighted key differences in migration between two
PDAC cell lines MIA PaCa-2 and BXPC3. MIA PaCa-2 cells did not respond to exogenous HA or
changes in endogenous HA. Only when DSS was used to block HYALs we saw a drastic fall in MIA
PaCa-2 cell migration. BXPC3 cells on the other hand increased migration when exogenous HA was
applied, and decreased migration when endogenous HA was disrupted, either by inhibiting HA
synthesis or removing pericellular HA. In addition to the difference in migration, how endogenous HA
was present also different among these cells. The staining pattern in BXPC3 cells was prominent
intracellularly and these cells released moderate quantities of HA to the media, while MIA PaCa-2
were characterized by a noticeable pericellular coating of HA and released low quantities of HA to
media. The expression of HA receptors is also different, MIA PaCa-2 cells express RHAMM and
CD44s more than CD44v while BXPC3 cells predominantly express low molecular weight RHAMM
variants and CD44v. These characteristics suggest that BXPC3 cells have a highly active HA turnover
while MIA PaCa-2 cells have a less active HA turnover. This has also been alluded to in a recent

study of PDAC cells (Kudo et al., 2019) which supports the results of our study. These differences
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may help to explain the intrinsic differences in cell migration; BXPC3 with a fast migratory phenotype

and MIA PaCa-2 cells with a slow migratory phenotype.

Many more studies are needed to understand the role of HA in PDAC to understand what
caused the failure of the clinical trials targeting HA in the tumour stroma. A further understanding
could in the future improve these types of treatments which are desperately in need for patients with

PDAC as treatment options are limited.

6.2 Future work

o Explore the effects of PSC CM from at least two PSC primary cultures. Identify
subpopulations by using markers for myCAFs (a-SMA) and iCAFs(IL-6) through flow
cytometry to get a more accurate reading.

o Confocal imaging of pericellular HA for a more detailed analysis.

o The differential effect of HA on PDAC cells should be investigated by a complete
characterization of the HA receptors involved, identifying CD44v that are expressed
and what their role is, by knocking down both CD44s and CD44v. Complementing
with the knockdown of RHAMM to reveal if it plays a role in exogenous HA induced
migration.

o A complete study of the signalling cascades involved in exogenous HA induced
migration by studying the main effectors of HA-receptor interaction such as PI3K,
ERK1/2, AKT, and Rho.

o Identifying the cause of the failure of exogenous HA to recover migration in PDAC
cells treated with HAdase by studying the possibility of CD44 or RHAMM receptor
internalization.

o Study the role of other hyaluronidases CEMIP and TMEMZ2, and their contribution to
HA turnover in PDAC cells, through inhibition or knockdown strategies.

o Study the effects of HA of different molecular weights on invasion using the Boyden
chamber assay with Matrigel supplemented with HA.

o Investigate the role of HYAL2 in membrane protrusions by knocking down HYAL2
and measuring any changes in protrusion length and number.

o Use several more CD44 blocking antibodies to elucidate the role of CD44 in HA
turnover in PDAC cells.

o PDAC cell invasion assays with HA of different molecular weights and knockdown of
HYALs.

o Test the effects of PDAC-hPSC co-cultures on PDAC migration and proliferation
(differentially express each cell type with RFP vs GFP) then knockout HAS2/HY AL2
and determine the effect on cell migration/proliferation.
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Cell proliferation could be assessed using flow cytometry (or imaging) of RFP+ vs
GFP+ cells.

Gap closure could still be used to monitor cell migration of the co-culture but with
comparisons made between control co-cultures with stable knock-down of hPSC
HAS2 vs HYAL2 compared to knock-down of PDAC HAS2 vs HYAL2.

Alternatively, particle tracking software could be used to assess the migration of
RFP+ vs GFP+ cells within a co-culture.

In vivo models — xenograft vs orthotopic of PDAC cells implanted compared to
PDAC-hPSC co-culture implanted with or without stable HAS2/HYAL2

knockdown/overexpression in either PDAC cells or hPSCs.
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