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Abstract 

Pancreatic ductal adenocarcinoma (PDAC) is a highly metastatic cancer that relies on the 

epithelial to mesenchymal transition (EMT) program for its spread. EMT is a cell plasticity 

program that involves the reorganization of cell structure as cells transition from an epithelial 

to a mesenchymal phenotype. The dysregulated cholesterol metabolism resulting from 

metabolic reprogramming in PDAC is thought to play a role in EMT by affecting EMT-related 

signalling pathways. However, no publication has yet investigated the impact of EMT on 

cholesterol content in PDAC. To shed light on these dynamics, EMT was induced in PANC-1 

cells using TGF-β1, thereafter the effect of cholesterol-depleting agents (KS-01 and methyl-β-

cyclodextrin) alone or in combination with chemotherapeutic agents (Gemcitabine (GEM) and 

5-Fluorouracil (5-FU)) on cholesterol content, EMT state, drug resistance, and invasion were 

investigated. Our results showed that mesenchymal cells rely on reduced membrane cholesterol 

levels, synthesis, and uptake, while storing more cholesterol and promoting efflux. EMT also 

promoted drug resistance via upregulation of ABCB1 expression and reduced hENT1 

expression. Targeting cholesterol using cyclodextrins promoted a cholesterol compensatory 

mechanism, leading to a hybrid EMT state, drug resistance, and metastatic potential. Treating 

mesenchymal PANC-1 cells with GEM or 5-FU monotherapies were seen to promote EMT-

transcription factors, as well as promote cholesterol efflux, synthesis, and import, an 

unexpected result as these chemotherapeutic agents are not known to affect cholesterol. When 

GEM was combined with KS-01, drug resistance, invasion, EMT-transcription factors, 

vimentin, and E-cadherin was promoted indicating the promotion of a hybrid EMT state. 

Interestingly however, combining KS-01 with 5-FU resulted in an interplay that was seen to 

mitigate the EMT-promoting effects typically associated with cholesterol depletion alone. The 

exact mechanism linking the cholesterol compensatory mechanism to EMT remains complex 

and unknown. Based on work presented in this dissertation, it is proposed that targeting cellular 

cholesterol should be continued to be investigated, particularly in understanding the 

repercussions of the use of cholesterol depleting agents for the treatment of other disorders in 

patients with PDAC.    



 

 

1 Introduction 

1.1 Pancreatic cancer (PC) epidemiology  

Cancer remains a widespread global health issue, despite the existence of various modern 

approaches for its treatment. In the year 2020 alone, there were more than 19 million new cases 

and 10 million fatalities reported worldwide (Globocan, 2020d). Projections indicate that the 

global cancer burden is expected to increase by 47% in 2040 compared to 2020, with an 

anticipated 28.4 million cases (Sung et al., 2021). PC ranks as the 13th most common in the 

world and South Africa and the 7th and 8th leading cause of cancer-related deaths in the world 

and South Africa, respectively (Globocan, 2020b, 2020c). Despite its lower overall prevalence, 

it is known to be one of the most lethal types of cancer with an exceedingly high incidence to 

mortality ratio of 495 773 incidences to 466 003 deaths (Globocan, 2020a). PC has no method 

for early detection and early symptoms of the disease are extremely non-specific, resulting a 

late-stage diagnosis of the disease in over 85% of patients (Smeenk et al., 2005) making 

surgical resection impossible. PC has other difficulties, such as becoming metastatic early in 

tumorigenesis, even before the development of the entire tumour (Rhim et al., 2012). 

Consequently, this highlights the critical need of discovering novel chemotherapeutic 

treatments in the aid of improving existing treatments and improving survival outcomes.  

1.2 Molecular pathogenesis of PC 

Cancer can be characterised as the transformation from normal to abnormal cells, regulated by 

a set of fundamental processes. These include the activation of oncogenes, altered cell 

metabolism, inactivation of tumour suppressor genes, evasion from the immune system, 

resistance to apoptosis, and metastasis (Fouad and Aanei, 2017). PC can be broadly categorised 

into two main groups: exocrine PC and endocrine PC. Endocrine tumours arise from pancreatic 

endocrine cells and typically exhibit slower growth compared to exocrine tumours, which arise 

from exocrine cells (Jain et al., 2019). Accounting for most PC cases is exocrine PC with 90-

98% of cases (Xiao et al., 2019) and within this group, pancreatic ductal adenocarcinoma 

(PDAC) stands out as the most prevalent subtype, accounting for 95% of cases (Xiao et al., 

2019). PDAC is a disease of multiple genetic alterations that drive the non-invasive precursor 

lesions, such as pancreatic intraepithelial neoplasias (PanINs), mucinous cystic neoplasms 

(MCNs), and intraductal papillary mucinous neoplasms (IPMNs) towards PDAC (Maitra et al., 

2005; Rustgi, 2006; Maitra and Hruban, 2008; Yonezawa et al., 2008). PanINs are the most 

critical and well understood precursor lesions and are classified into three grades:  PanIN-1A/B, 

PanIN-2, and PanIN-3 (Hruban et al., 2001). The progression of each grade is predominantly 



 

 

driven by specific key genetic mutations involving Kirsten rat sarcoma viral oncogene homolog 

(KRAS), cyclin-dependent kinase inhibitor 2A (CDKN2A), tumour protein 53 (TP53), and 

Mothers against decapentaplegic homolog 4 (SMAD4) as seen in Figure 1.1 (Maitra and 

Hruban, 2008; Biankin et al., 2012; Waddell et al., 2015). The most common mutation occurs 

in codons 12 and 13 of exon 2 of KRAS, affecting approximately 95% of PDACs (Almoguera 

et al., 1988; Yonezawa et al., 2008; Waddell et al., 2015; Mizrahi et al., 2020). It is responsible 

for the initiation of progression towards PDAC, and its constitutive activation results in the 

promotion of the Ras/Raf/mitogen-activated protein kinase (MEK)/extracellular signal-

regulated kinase (ERK) pathway, the phosphatidyl inositol 3-kinase (PI3K)/Akt/mechanistic 

target of rapamycin (mTOR) pathway, the Ras like A/B (RalA/B) pathway and the nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathway, promoting 

proliferation, enhanced survival, and motility capabilities (Mann et al., 2016; Mizrahi et al., 

2020). The mutation of KRAS is subsequently followed by the loss of tumour suppressor gene, 

CDKN2A, in PanIN2, which occurs in approximately 35% of all PDAC tumours (Jones et al., 

2008; Waddell et al., 2015). This loss inhibits the function of p16 facilitating malignant 

progression and differentiation by preventing the regulation of G1/S phase transition and 

promoting uncontrolled cell division (Jones et al., 2008). This is lastly followed by the loss of 

tumour suppressors TP53 and SMAD4 in PanIN3 and invasive tumours, which occurs in 

approximately 31% and 74% of all tumours, respectively (Waddell et al., 2015). Mutated TP53 

gains the ability to remodel the tumour microenvironment (TME), as well as enhance cell 

metabolism and loses the ability to regulate cell division, apoptosis, and deoxyribonucleic acid 

(DNA) repair (Jones et al., 2008; Mantovani et al., 2019). Mutated SMAD4, which is primarily 

found in high-grade precursor lesions, as well as in PDAC, alters the transforming growth 

factor-β (TGF-β) signalling pathway, blocking downstream pathways from regulating 

proliferation, differentiation, cell division, apoptosis, and DNA repair (Massagué et al., 2000). 

Additional secondary mutations responsible for PDAC progression include breast cancer 1/2 

(BRCA1/2), ataxia-telangiectasia mutated (ATM), partner and localizer of BRCA2 (PALB2), 

and BRAF (Hu et al., 2021).  

 



 

 

 

Figure 1.1: Progression and development of PDAC. 

Initially, acinar cells within a healthy pancreatic duct undergo transformation into ductal 

epithelial cells, marking the beginning of the progression through PanIN stages 1–3. 

Subsequently, these cells can advance into PDAC following pivotal oncogenic genetic 

mutations, including KRAS activation and the loss of CDKN2A/TP53/SMAD4 (Maitra and 

Hruban, 2008; Biankin et al., 2012; Waddell et al., 2015). (Created in BioRender.com) 

From a broader perspective, there have been eleven genetically altered key regulatory pathways 

implicated in PDAC (Van Heek et al., 2002; Jones et al., 2008; Matsuda et al., 2015). There is 

hence an intricate interplay of genetic alterations that contribute to the complex molecular 

pathogenesis of PDAC. Unlike many other types of cancer, the classification of PDAC into 

standardised and distinct molecular subtypes is a relatively nascent field. Instead, several 

studies (Moffitt et al., 2015; Bailey et al., 2016; Puleo et al., 2018; Collisson et al., 2019) have 

introduced various terminologies and subtypes some of which show similarities or shared 

characteristics as seen in Figure 1.2. The absence of distinct subtyping in PDAC contributes to 

its treatment complexity, posing challenges in devising targeted therapeutic approaches. 



 

 

 

Figure 1.2: Subtyping in PDAC. 

The subtyping of PDAC has undergone significant evolution over the years, beginning with 

Collisson et al. in 2011, who delineated three transcriptional subtypes: Classical, Exocrine-

like, and Quasi-mesenchymal (Collisson et al., 2019). These subtypes exhibited distinct 

molecular profiles and clinical behaviors. Moffitt et al. expanded this classification in 2015, 

defining four subtypes: Basal-like, Classical, Activated, and Normal, further elucidating the 

tumor and stromal subtypes (Moffitt et al., 2015). Bailey et al. added to this in 2016, 

introducing four gene expression subtypes: Squamous, Pancreatic Progenitor, Aberrantly 

Differentiated Endocrine Exocrine (ADEX), and Immunogenic, overlapping with previous 

classifications. The Immunogenic subtype, characterized by immune cell infiltration, and the 

Pancreatic Progenitor subtype, marked by specific transcriptional networks, demonstrated 

notable distinctions (Bailey et al., 2016). Additionally, Basal-like, Squamous, and Quasi-

mesenchymal-PDAC subtypes shared similarities associated with poor prognosis and 

mutations in genes involved in DNA acetylation and methylation. Conversely, Progenitor and 

Classical subtypes exhibited better survival and susceptibility to specific treatments (Moffitt et 

al., 2015; Bailey et al., 2016; Collisson et al., 2019). Puleo et al. in 2018 introduced Pure 

Classical and Immune Classical subtypes, derived from the Classical subtype, along with 

Stroma Activated and Desmosplastic subtypes related to the stromal component (Puleo et al., 

2018). However, the classification of these subtypes remains subject to debate, highlighting 

the need for further research to establish a refined classification system to guide treatment 

decisions effectively in PDAC. (Created in BioRender.com) 

 

1.3 Current treatments options for PDAC 

The currently available treatments for PDAC are surgery, radiation therapy, chemotherapy, 

targeted therapy, and immunotherapy, with surgery combined with perioperative 

chemotherapy being the most successful in extending the long-term survival of PDAC patients. 



 

 

However, this success only increases the 5-year survival from 10% to 25% and surgery can 

only be performed in 10-15% of all patients due to metastasis (Bilimoria et al., 2007; Principe 

et al., 2021). This dismal survival rate is a direct result of a lack of early symptoms and no 

effective screening strategies. When the tumour is resectable, there is an immediate resection 

followed by 6 months of adjuvant chemotherapy such as FOLFIRINOX (5-Fluorouracil (5-

FU), leucovorin, oxaliplatin, and irinotecan), Gemcitabine (GEM) and capecitabine, or GEM 

and nab-paclitaxel. However, in borderline resectable PDAC, there is no set standard-of-care 

treatment (Jiang and Sohal, 2023). The most employed treatment for non-resectable PDAC 

typically involves the administration of chemotherapy regimens, such as the combination of 

GEM with Nab-Paclitaxel or FOLFIRINOX alone (Sohal et al., 2016).  

The selection of the initial treatment approach is guided by the Eastern Cooperative Oncology 

Group Performance Status (ECOG PS) criteria, as established by Oken et al. in 1982 (Oken et 

al., 1982). The scale ranges from 0-5, with lower scores indicating a better functional status 

and higher scores indicating a poorer functional status of the patient, with GEM and 

FOLFIRINOX as the most common first line therapy (Sohal et al., 2016). More recently, 

nanoliposomal irinotecan or a combination of oxaliplatin with 5-FU have gained approval for 

use as second-line treatments following initial GEM therapy (Sohal et al., 2016). Moreover, a 

5-FU based therapy is more commonly used in patients who previously received GEM-based 

regimens. (Wainberg et al., 2020). Additionally, GEM remains a second-line therapy option 

for patients with an ECOG PS of 2 (Sohal et al., 2016). In cases where high microsatellite 

instability and mismatch repair deficiency are present, targeted treatments like pembrolizumab, 

an anti-programmed cell death-1 (PD-1) antibody is administered (Marabelle et al., 2020; 

Hosein et al., 2022; Fang et al., 2023). Furthermore, patients with PALB2-mutated or 

BRCA1/2-mutated PDAC can explore a combination of poly-ADP ribose polymerase (PARP) 

inhibitors with cisplatin and GEM (O’Reilly et al., 2020; Hosein et al., 2022). For patients with 

specific gene fusions, including anaplastic lymphoma kinase (ALK), (ROS1, and neurotrophic 

tyrosine receptor kinase (NTRK) 1–3, targeted treatments like the ROS1 inhibitor entrectinib 

and the selective tropomyosin receptor kinase (TRK) inhibitor larotrectinib are available 

(Drilon et al., 2017; Hosein et al., 2022; Fang et al., 2023).  

It is important to note that despite the array of available chemotherapeutic options for PDAC, 

many of them exhibit limited efficacy, offering only marginal extensions in patient survival. 

Notably, among these treatments, first line GEM treatment followed by a 5-FU based second-



 

 

line treatment stands out as one of the most widely utilised approaches for managing PDAC 

due to their clinical experience and effectiveness. 

1.3.1 The molecular mechanisms of 5-FU and GEM 

GEM and 5-FU both use human concentrative nucleoside transporters (hCNT) proteins and 

human equilibrative nucleoside transporters (hENT) proteins to enter the cell. GEM primarily 

utilises hCNT1, hCNT3, and notably hENT1 (Principe et al., 2021). On the other hand, 5-FU 

utilises hENT1 and hENT2, with some reports suggesting that organic anionic transporter 2 

(hOAT2) is also involved (Kobayashi et al., 2005; Mafi et al., 2023).  

5-FU is a uracil analogue with a fluorine atom at the C-5 position, replacing a hydrogen atom. 

The mechanism of action of 5-FU involves its transformation into active metabolites within 

the cell, leading to disruption of nucleic acid synthesis and DNA damage (Longley et al., 2003). 

As depicted in Figure 1.3, 5-FU enters the cell in a similar manner to uracil. Once inside, it 

undergoes conversion into active metabolites, namely fluorouridine triphosphate (FUTP), 

fluorodeoxyuridine triphosphate (FdUTP), and fluorodeoxyuridine monophosphate (FdUMP). 

These metabolites interfere with ribonucleic acid (RNA) synthesis and inhibit thymidylate 

synthase, leading to DNA damage (Longley et al., 2003) (Figure 1.3).  

GEM, also known as 2,2-difluorodeoxycytidine (dFdC), shares a structural similarity with 

deoxycytidine but differs by having two fluoride molecules at the 2' position. As seen in Figure 

1.3 once inside the cell, GEM undergoes phosphorylation through the action of deoxycytidine 

kinase (DCK), leading to the formation of dFdC monophosphate (dFdCMP) (Principe et al., 

2021). Subsequently, phosphorylation or deamination converts dFdCMP into dFdC 

diphosphate (dFdCDP) or 2,2-difluorodeoxyuridine monophosphate (dFdUMP), respectively 

(Principe et al., 2021). dFdCDP impairs the function of ribonucleotide reductase regulatory 

subunit (RRM1/2), disrupting DNA synthesis and hindering cell proliferation. Alternatively, 

dFdCDP can undergo further phosphorylation to become dFdC triphosphate (dFdCTP) 

preventing DNA repair and synthesis, and inhibiting DNA polymerases by integrating itself 

into the genome (Principe et al., 2021). Additionally, dFdUMP functions to inhibit thymidylate 

synthase (TS), leading to increased DNA damage and disruption of DNA synthesis as described 

previously. In summary, the distinct mechanisms of action for 5-FU and GEM underscore their 

efficacy as chemotherapeutic agents, disrupting crucial pathways in nucleic acid synthesis and 



 

 

DNA damage, ultimately inhibiting the proliferation of cancer cells. However, it is important 

to note that despite their efficacy, PDAC often exhibits resistance to these chemotherapies. 

 

Figure 1.3: The molecular mechanism and action of GEM and 5-FU. 

The activation pathway involves conversion of 5-FU to fluorouridine monophosphate (FUMP) 

via orotate phosphoribosyltransferase (OPRT) in the presence of the cofactor phosphoribosyl 

pyrophosphate (PRPP) or indirectly through fluorouridine (FUR) involving uridine kinase 

(UK) and uridine phosphorylase (UP). Further phosphorylation leads to the formation of 

fluorouridine diphosphate (FUDP), which can be converted to FdUDP by RRM1/2 or 

phosphorylated to FUTP (Longley et al., 2003). FUTP is incorporated into RNA, disrupting 

normal RNA processing and function. 16-Fluorodeoxyuridine Diphosphate (FdUDP) can be 

phosphorylated to FdUTP or dephosphorylated to FdUMP where FdUTP results in DNA 

damage. Another pathway involves the conversion of 5-FU to fluorodeoxyuridine (FUDR) 

through thymidine phosphorylase (TP), followed by phosphorylation by thymidine kinase (TK) 

to form FdUMP. FdUMP inhibits TS, leading to decreased deoxythymidine monophosphate 

(dTMP) synthesis from deoxyuridine monophosphate (dUMP) and subsequent decrease in 

deoxythymidine triphosphate (dTTP) (Longley et al., 2003). This results in an imbalance in the 

deoxynucleotide pool and decreased levels of deoxyuridine triphosphate (dUTP), hindering 

DNA synthesis and repair.  5-FU can also be converted to its inactive form 5,6-dihydro-5-

fluorouracil (DHFU) by the enzyme dihydropyrimidine dehydrogenase (DPD) (Longley et al., 

2003). GEM undergoes phosphorylation by DCK to form dFdCMP, which is further 

phosphorylated to dFdCDP or deaminated to dFdUMP. dFdCDP impairs RRM1/2 disrupting 

the formation Deoxynucleoside diphosphates (dNDPs) from nucleoside diphosphates (NDPs), 

subsequently decreasing levels of Deoxynucleoside triphosphates (dNTPs) thereby preventing 

DNA synthesis and inhibiting cell proliferation (Principe et al., 2021). dFdCDP can also be 

phosphorylated to form dFdCT, preventing DNA repair and synthesis and inhibiting DNA 

polymerases by integrating itself into the genome. Additionally, dFdUMP inhibits TS, leading 



 

 

to increased DNA damage and disruption of DNA synthesis, ultimately contributing to cell 

death in PDAC (Principe et al., 2021). (Created in BioRender.com) 

1.4 The chemoresistant characteristics of PDAC 

PDAC exhibits inherent resistance (referred to as de novo resistance) to chemotherapeutic 

agents such as GEM or 5-FU, or they acquire resistance to these chemotherapy agents, 

contributing significantly to the treatment failure and poor prognosis seen in PDAC. Drug 

resistance in PDAC is a multifaceted phenomenon influenced by various cellular mechanisms, 

the first being transport mechanisms. Looking at cell entry proteins, GEM resistance has been 

associated with the loss of hENT1 and hCNT1, resulting in a partial uptake of GEM. 

Conversely, higher levels of hENT1 have been found to correlate with a better prognosis and 

improved overall survival for both GEM and 5-FU treated patients  (Elander et al., 2018; 

Principe et al., 2021). Contradictory to these findings, several PC cell lines were found to be 

less sensitive to GEM and 5-FU when hENT1 mRNA levels were high (Tsujie et al., 2007). 

Drug resistance in PDAC is also facilitated by members of the ATP binding cassette (ABC) 

transporter family, which function as drug efflux pumps to confer multidrug resistant (MDR) 

phenotype through regulation of the transport of chemotherapeutics across the cell membrane. 

A number of ABC subfamily transporters (ABCB1/MDR1, ABCC1, and ABCG2) are 

upregulated in PDAC, promoting drug efflux for both GEM and 5-FU (Chen et al., 2012). 

Similarly, ABCC3, ABCC4, and ABCC5 are also responsible for 5-FU efflux (Hagmann et al., 

2009; Li et al., 2011).  

Another mechanism of drug resistance in PDAC involves the alteration of the drug metabolism 

pathway. GEM resistance is characterised by low levels of DCK, the rate limiting step of GEM 

activation (Saiki et al., 2012), as well as high levels of cytidine deaminase (CDA), the enzyme 

responsible for metabolising the active form of GEM (dFdC) to its inactive form (dFdU), after 

cellular uptake (Figure 1.3). This suggests that excessive conversion of the drug to its inactive 

form may limit the availability of the drug for activation (Bjånes et al., 2020). High levels of 

RRM1/2 and TS are also implicated in GEM resistance, where high RRM1 and RRM2 levels 

are predicted to promote DNA repair and hence promote resistance (C. Wang et al., 2015). 

Notably, inhibition of TS has been shown to activate hENT1, and its overexpression may 

contribute to the reduction of hENT1 expression (Komori et al., 2011). Similar to GEM 

resistance, resistance to 5-FU is characterised by an upregulation of TS (Zhang et al., 2011). 

Studies have shown that low intra-tumoural levels of TS, followed by adjuvant chemotherapy 

with 5-FU, result in higher median survival compared to high TS expression (Van Der Zee et 



 

 

al., 2012). Additionally, high levels of DPD, the initial and rate-limiting enzyme in the 

catabolism of 5-FU, contributes to increased resistance to 5-FU (Kurata et al., 2011). However, 

when DPD levels are too low, it can lead to fatal toxicity from 5-FU (Fidai et al., 2018).  

GEM and 5-FU resistance also encompasses a range of cell survival pathways, including 

epidermal growth factor receptor (EGFR)/mitogen-activated protein kinase (MAPK)/ERK, 

NF-κB, Wnt/β-catenin, PI3K/Akt/mTOR and Raf/MEK/ERK pathways. Notably, the last two 

pathways are primarily activated by mutant KRAS signalling (Zheng et al., 2013; Mollinedo 

and Gajate, 2019; Mehra et al., 2021; Principe et al., 2021). These pathways play a crucial role 

in promoting proliferation and survival while inhibiting drug-induced apoptosis. Specifically, 

NF-κB and Wnt/β-catenin activation inhibits apoptosis (Griesmann et al., 2013; Makena et al., 

2019; Principe et al., 2021). GEM resistance is also attributed to the Hedgehog (Hh), hypoxia-

inducible factor 1 α (HIF1α), GLI, and SRY-Box TF 2 (SOX2) pathways, while 5-FU 

resistance involves signal transducer and activator of transcription 3 (STAT3) and Nogo-B 

receptor (NgBR) pathways. Interestingly HIF1α not only promotes chemoresistance through 

survival, proliferation, and apoptosis inhibition but also facilitates drug efflux via ABCG2 (He 

et al., 2016). In GEM resistant PDAC, there is also an upregulation of the glycolysis, pentose 

phosphate, fatty acid synthesis, and purine/pyrimidine synthesis pathways (Principe et al., 

2021). Furthermore, both GEM and 5-FU resistance are associated with pathways related to 

the extracellular matrix, cell–cell adhesion, and cell junction assembly (B. Zhao et al., 2022).  

Two additional significant factors that contribute to drug resistance are the TME and cancer 

stem cells (CSCs). The TME, which consists of a dense extracellular matrix-rich stroma, acts 

as a physical barrier, preventing efficient drug delivery. Furthermore, the TME provides a 

favourable niche environment for the survival and growth of CSCs (X. Zhao et al., 2022). CSCs 

are a subpopulation of cells within a tumour capable of self-renewal, differentiation and 

tumourigenicity, and they exhibit distinctive drug-resistant characteristics. These cells are 

quiescent, undergo metabolic reprogramming, and possess highly active DNA repair 

mechanisms that confer chemoresistance (Mathews et al., 2011). Interestingly, CSCs exhibit 

increased activity of ABC transporters, which contribute to their ability to evade the effects of 

5-FU and GEM (Cho et al., 2017; Gzil et al., 2019; Kuo et al., 2023). In particular, in the 

context of GEM treatment, only CSCs expressing high levels of CD44 will become even more 

stem-like after continuous exposure to GEM (Zhang et al., 2016; Zhao et al., 2019). These 

findings underscore the intricate interplay among genetic mutations, signalling pathways, the 

TME, and CSCs in the development of resistance to GEM and 5-FU in PDAC. However, the 



 

 

explanation does not conclude here, as two significant mechanisms, cholesterol homeostasis 

and epithelial to mesenchymal transition (EMT) remain unmentioned. These mechanisms will 

be comprehensively explored in subsequent sections. 

1.5 Cellular cholesterol homeostasis  

Cholesterol is a structural component of cell membranes and a precursor for synthesising 

steroid hormones, vitamin D, and bile acids. Cholesterol does not only provide stability and 

fluidity to the cell membrane but also regulates cell function, playing a crucial role in 

maintaining cellular homeostasis (Silva Afonso et al., 2018). It is a key component of plasma 

membranes and dynamic lipid rafts, which facilitate the interaction between signalling 

molecules and membrane proteins, essential for intracellular signal transduction (Ikonen, 

2008). Cholesterol is synthesised via the mevalonate pathway (Cerqueira et al., 2016) and is 

summarised in Figure 1.4.  

Figure 1.4: Mevalonate pathway. 

The mevalonate pathway is a key metabolic pathway responsible for the biosynthesis of 

essential biomolecules, including cholesterol, steroid hormones, and isoprenoids. This 

pathway begins with the conversion of acetyl-CoA to 3-hydroxy-3-methylglutaryl-CoA (HMG-

CoA) through the action of HMG-CoA synthase (Cerqueira et al., 2016). Subsequently, HMG-

CoA is reduced to mevalonate by HMG-CoA reductase (HMGCR), a rate-limiting enzyme in 

the pathway (Cerqueira et al., 2016). Mevalonate is next converted to the activated isoprenoids 

isopentenyl pyrophosphate and dimethyallyl pyrophosphate (not shown), from which farnesyl 

pyrophosphate originates. This is then subsequently converted to squalene, lanosterol, and 

lastly cholesterol is formed (Cerqueira et al., 2016). (Created in BioRender.com) 

The regulation of intracellular cholesterol levels is tightly controlled through liver X receptor 

(LXR), which controls cholesterol uptake and sterol regulatory element-binding protein 

(SREBP) which controls uptake and synthesis, with SREBP2 being particularly notable as a 

key regulator of cholesterol biosynthesis (Gu et al., 2019). Decreased levels of endoplasmic 

reticulum (ER) cholesterol leads to the transportation of previously ER-bound SREBPs to the 

Golgi via SREBP-cleavage activating protein (SCAP) (Wakana et al., 2021). This leads to the 

proteolytic liberation of the NH2-terminal fragments of SREBP2 that are then able to 

translocate from the Golgi to the nucleus, where it binds to the sterol regulatory element (SRE) 



 

 

promoter to initiate transcription of cholesterol synthesis and uptake genes (Brown and 

Goldstein, 1986; Ikonen, 2008; Luo et al., 2020). SREBP2 is also able to bind to an E-box 

element in the proximal promoter of ABCA1 resulting in reduced cholesterol efflux (Wong et 

al., 2006). Simultaneously, low density lipoproteins (LDLs) are delivered cholesterol into cells 

through receptor-mediated endocytosis facilitated by LDL receptors (LDLRs). The cell 

membrane and membrane-bound organelles then utilise the released free cholesterol from LDL 

hydrolysis (Brown and Goldstein, 1986; Ikonen, 2008) after which LDLR relocates back to the 

membrane for more cholesterol intake or it is degraded by proprotein convertase 

subtilisin/kexin (PCSK9), a serine protease that binds to LDLR when cholesterol uptake is no 

longer required (Kosenko et al., 2013). Acyl-CoA: cholesterol acyltransferase (ACAT) then 

re-esterifies any excess free cholesterol to prevent free cholesterol-induced cytotoxicity (Tabas, 

2002). Subsequently, it is stored in lipid droplets with the assistance of cholesteryl ester transfer 

protein (CETP), leading to cholesteryl ester (CE) accumulation within the lipid droplets (Figure 

1.5). 

Conversely, LXR is activated when intracellular cholesterol or cholesterol derived-oxysterols 

levels are elevated resulting in the downregulation of cholesterol synthesis and promotion of 

cholesterol export (Wang et al., 2008). LXRs form heterodimers with retinoid X receptors 

(RXRs) and are bound to LXR response elements (Wang and Tontonoz, 2018). Co-repressors 

are bound to the LXR-RXR complex when cholesterol or oxysterol levels are low, however 

excess levels result in a conformational change of the complex, releasing co-repressors and 

recruiting co-activators, resulting in a transcriptional increase of target genes such as ABC 

transporters and apolipoproteins for cholesterol efflux (Sallam et al., 2016; Wang and 

Tontonoz, 2018). Cholesterol efflux is primarily mediated by ABCA1 and ABCG1, which 

efflux cellular cholesterol to apolipoproteins to form discoidal high-density lipoproteins 

(HDLs) (Ye et al., 2011; Adorni et al., 2021). These HDLs are generated either passively or 

actively by lipid-poor or lipid-free apolipoprotein A-I (apoA-I) (Chang et al., 2009; Luo et al., 

2020). Mature spherical HDLs are then formed by the esterification process facilitated by 

lecithin-cholesterol acyltransferase (LCAT) (Marques et al., 2018; Adorni et al., 2021). 

Thereafter scavenger receptor B1 (SR-B1), a type of HDL receptor (HDLR), is responsible for 

direct uptake of cholesterol in the liver. Alternatively, CETP can facilitate the transfer of 

cholesterol from HDL to LDL particles (Gracia-Rubio et al., 2021). These particles can then 

be endocytosed by LDLR on the liver, known as the indirect reverse cholesterol transport 



 

 

pathway (Marques et al., 2018). Thereafter, cholesterol is either excreted or transformed into 

bile acids.  

 

Figure 1.5: Cholesterol metabolism in PDAC 

Intracellular cholesterol levels are tightly controlled through a complex network of regulatory 

mechanisms involving several key proteins and pathways. LXR and SREBP play pivotal roles 

in controlling cholesterol uptake and synthesis (Gu et al., 2019). LXR regulates cholesterol 

uptake and export, while SREBP, particularly SREBP2, is a key regulator of cholesterol 

biosynthesis (Gu et al., 2019). Upon decreased endoplasmic ER cholesterol levels, SREBPs 

are transported to the Golgi via SCAP, leading to their proteolytic liberation and subsequent 

translocation to the nucleus, where they activate transcription of cholesterol synthesis and 

uptake genes (Brown and Goldstein, 1986; Ikonen, 2008; Luo et al., 2020; Wakana et al., 

2021). Intracellularly, cholesterol biosynthesis begins with the conversion of citrate into Acetyl 

CoA by ATP citrate synthase (ACYL), followed by the rate-limiting step catalyzed by HMGCR 

to form β-HMG-CoA. LDLs play a crucial role in delivering cholesterol into cells through 

receptor-mediated endocytosis facilitated by LDLRs (Brown and Goldstein, 1986; Ikonen, 

2008). Upon LDL hydrolysis by PCSK9 which degrades LDLs under high sterol conditions, 

free cholesterol is released and utilised by the cell membrane and organelles (Kosenko et al., 

2013). Excess free cholesterol produced from biosynthesis or LDL hydrolysis is re-esterified 



 

 

by ACAT) and stored in lipid droplets with the assistance of CETP (Tabas, 2002). Conversely, 

LXR is activated when intracellular cholesterol or oxysterol levels are elevated, leading to the 

downregulation of cholesterol synthesis and promotion of cholesterol export LXRs (Wang et 

al., 2008). Cholesterol efflux is primarily mediated by efflux proteins like ABCA1, which efflux 

cellular cholesterol to apolipoproteins to form HDLs (Sallam et al., 2016; Wang and Tontonoz, 

2018). Statins inhibit HMGCR, reducing intracellular cholesterol levels, while cyclodextrins 

target membrane cholesterol. Extracellularly, cholesterol is transported via lipoproteins, 

HDLs, and LDLs. HDLs interact with SR-B1 for cholesterol clearance by the liver, while CETP 

shuttles cholesterol from HDLs to LDLs, which bind to LDLRs on hepatocytes for cholesterol 

clearance (Marques et al., 2018; Adorni et al., 2021). The raft-related proteins, such as 

caveolin-1 (Cav-1), are upregulated and stimulate cell signaling pathways and phosphatase 

and tensin homolog (PTEN) a protein involved in CE formation is downregulated (Simón et 

al., 2020). Statins are a class of drugs that inhibit HMGCR, lowering cholesterol levels within 

the cell. Cyclodextrins are a class of drugs that form dimers with hydrophobic cores which are 

able to target membrane cholesterol. Red and green indicate upregulation and downregulation 

in PDAC, respectively. (Created in BioRender.com)  

1.5.1 Metabolic reprogramming in PDAC 

The metabolic reprogramming in PDAC results in imbalanced cholesterol levels, which 

promotes the progression of PDAC, as well as cell proliferation, invasion, migration, and 

MDR. This imbalance is caused by disruptions in synthesis, efflux, influx, and metabolism, 

which are all crucial processes (Figure 1.5). The KRAS mutation, as previously mentioned, 

particularly the KRASG12D mutation, plays a significant role in this process by activating the 

PI3K/AKT/mechanistic target of rapamycin complex 1 (mTORC1) and Ras/Raf/MEK/ERK 

pathways. This activation specifically leads to the activation of SREBP1/2, promoting lipid 

and cholesterol synthesis, as well as uptake (Kuzu et al., 2016; Ricoult et al., 2016; Ruiz et al., 

2020; Li et al., 2023). Additionally, KRAS is responsible for directly and indirectly promoting 

the storage of excess cholesterol, leading to an increased number of lipid droplets. KRAS 

suppresses hormone-sensitive lipase (HSL) via the MAPK/ERK pathway, redirecting its 

metabolism away from fatty acid oxidation and resulting in the accumulation of lipid droplets 

(Rozeveld et al., 2020). This characteristic enables invasion and subsequent metastasis of 

PDAC (Rozeveld et al., 2020). The accumulation of lipid droplets is also an attempt to prevent 

toxic levels of free cholesterol after SREBP2 activation through cholesterol esterification 

(Tabas, 2002). Notably, the levels of lipid droplets are 20 times higher in PC tissue and cells 

compared to normal cells, which acts as energy reservoirs for PC cells (Li et al., 2016). KRAS 

mutations also affect ABC transporters ABCA1 and ABCB1 involved in cholesterol efflux and 

drug resistance, respectively. The activation of AKT inhibits cholesterol export via ABCA1 

through mTORC1 (Dong et al., 2014, 2022; Y. Zhang et al., 2022). Interestingly, the tumour 

suppressor TP53 has been found to contribute to unregulated cholesterol synthesis in cancer 



 

 

cells (Oberstein and Olive, 2013; Mukhopadhyay et al., 2019). Similar to KRAS, TP53 induces 

the activity of SREBP 1/2 (Kuzu et al., 2016), and it also enhances the expression of ACAT1. 

Overexpression of ACAT1 is known to reduce patient survival, promote metastasis, and 

contribute to lipid droplet accumulation (Li et al., 2016; Oni et al., 2020). Additionally, the 

low pH condition of the TME promotes cholesterol biosynthesis. PC cells at a pH of 6.8 and 

lower result in the nuclear localisation of SREBP2, leading to the transcription of cholesterol 

synthesis and uptake genes, as well as reducing ABCA1-mediated cholesterol efflux (Kondo 

et al., 2017).  

Not only have these signalling pathways, mutations, and TME conditions been implicated in 

metabolic programming, but specific lipid-related proteins are also known to be dysregulated 

in PDAC (Figure 1.5). Notably, proteins LDLR, caveolin-1 (Cav-1), and phosphatase and 

tensin homolog (PTEN) expression levels are elevated. Overexpression of LDLR is associated 

with an increased risk of recurrence and has also been found to contribute to GEM resistance 

and activation of the ERK1/2 signalling pathway, thereby promoting proliferation 

(Guillaumond et al., 2015). Interestingly, silencing of LDLR reduces CE formation and hence 

lipid droplet accumulation (Guillaumond et al., 2015). Similarly, overexpression of Cav-1 is 

associated with MDR and progression of PDAC (Chatterjee et al., 2015). Cav-1 is a structural 

protein necessary for the formation of caveolae and membrane rafts in the cell membrane, a 

process dependent on cholesterol level (Simón et al., 2020). Therefore, Cav-1 is involved in 

lipid homeostasis, signal transduction, and endocytosis (Chatterjee et al., 2015). Increased 

expression of Cav-1, due to higher cholesterol levels, leads to decreased intrinsic apoptosis, 

enhanced Akt and JAK/STAT signalling, and activation of survival pathways resulting in 

resistance to chemotherapies such as GEM and 5-FU (Chatterjee et al., 2015). Additionally, 

the lipid raft structural damage activates oncogenes such as c-Met, c-Src, and Src to promote 

tumour formation, invasion, and migration (Kuzu et al., 2016). Importantly, Cav-1 

overexpression may also contribute to lipid droplet accumulation due to its role in the assembly 

and stabilisation of lipid droplets (Kuo et al., 2018). Additionally, loss of PTEN function 

contributes to lipid droplet accumulation through the same pathway as KRAS and TP53, 

leading to increased ACAT1-mediated CE formation and an overall increase in cholesterol 

synthesis and uptake genes. Lipid droplet accumulation can also be seen to play an integral role 

in PDAC whereby the accumulation of lipid droplets enables not only proliferation but also 

invasion and metastasis, as these lipid droplets act as an energy reservoir for this highly energy-

intensive process (Li et al., 2020; Rozeveld et al., 2020). Lipid droplets also promote survival 



 

 

in stressful conditions, such as chemotherapy treatment, where GEM-resistant PDAC cells 

have been found to exhibit higher levels of CEs (Guillaumond et al., 2015; Cotte et al., 2018; 

Li et al., 2018). Additionally, lipid droplets protect cells from ER stress and lipotoxicity (Li et 

al., 2020). Therefore, it is evident that altered cholesterol homeostasis plays a significant role 

in MDR, migration, proliferation, and cancer progression, as it is involved in several oncogenic 

pathways. Targeting cholesterol may thus be considered a potential therapeutic option for 

PDAC.  

1.5.2 Targeting cholesterol for the treatment of PDAC 

Given cholesterol's significant involvement in cancer-related processes like differentiation, 

proliferation, migration, chemoresistance, and survival, alongside the observed elevated 

cholesterol levels in PDAC, targeting cholesterol depletion emerges as a prospective 

therapeutic strategy in cancer treatment. There are two broad approaches to targeting 

cholesterol, the first being targeting elements found in the cholesterol synthesis pathway and 

the second being the use of cholesterol-depleting agents to lower cholesterol levels directly.  

1.5.2.1 Statins  

Statins are a group of drugs commonly prescribed to lower cholesterol levels, particularly in 

cardiovascular diseases, however recently they have been seen to be repurposed for the 

treatment of cancer due to their anti-cancer properties (Ward et al., 2019; Jiang et al., 2021). 

Statins act to lower cholesterol levels by competitively inhibiting HMGCR, the rate-limiting 

enzyme in the mevalonate pathway (Brown, 2007) hence resulting in the reduction of de novo 

cholesterol biosynthesis, as well as altering LDLR expression (Figure 1.5). The anti-cancer 

properties of statins are dependent on time, concentration, cell type, as well as the type of statin 

used. Statins have been found to target cancer by blocking cholesterol synthesis (Murai et al., 

2011), preventing isoprenoid formation (Gonyeau and Yuen, 2010; Corcos and le Jossic-

Corcos, 2013; Gong et al., 2017; Jiang et al., 2021), targeting the TME (Jiang et al., 2021)  

inducing autophagy (Panda et al., 2015; Jiang et al., 2021), inducing ferroptosis (Stockwell et 

al., 2017), and lastly inducing pyroptosis (Jiang et al., 2021). Specifically statins have been 

found to target PDAC through several mechanisms such as targeting the functional P2X7-Akt 

signalling in PDAC cells (Mistafa and Stenius, 2009), blocking the TGF-β1/growth factor 

independent 1 (Gfi1) axis reducing GEM resistance (Xian et al., 2017), inhibition of 

geranylgeranylation and/or farnesylation hence impairing Ras Homolog Family Member A 

(RhoA) and Ras signalling pathways (Elsayed et al., 2016), inhibition of protein prenylation 



 

 

of the KRAS protein (Liao et al., 2013), and arrest of sub-G1 and S phase cell cycle arrest (Y. 

H. Chen et al., 2020) to name a few.  

Despite the extensive use of statins, evidence for their ability to enhance the overall survival 

of PDAC patients and efficacy of chemotherapies in PDAC remains inconclusive, most likely 

due to the lack of prospective studies. Statin use is also associated with musculoskeletal side 

effects, increase risk of diabetes mellitus, hepatotoxicity, kidney dysfunction, and neuropathy 

(Ramkumar et al., 2016). Therefore, further research is required prior to the approval of statins 

as an anti-cancer drug. An alternative strategy is to target the excess cholesterol in cancer cells 

as opposed to altering the synthesis process.   

1.5.2.2 Cyclodextrins (CDs) 

CDs are cyclic oligosaccharides that contain hydrophobic cavities and a relatively hydrophilic 

exterior (Ottinger et al., 2014). They typically exist as hexamers (α-CD), heptamers (β-CD), or 

octamers (γ-CD). These natural CDs can be further modified into randomly methylated-β-CD, 

hydroxypropylated-β-CD, sulphobutyl ether-βCD, and hydroxypropylated-γ -CD, which gives 

rise to an increase in water solubility of the CD (Davis and Brewster, 2004). Due to their 

structure and size, these natural CDs form inclusion complexes with different types of 

hydrophobic molecules (Másson et al., 1999). Low molecular weight molecules or a compound 

with aliphatic side chains will form an inclusion complex with α-CD, whereas any compound 

that is aromatic or heterocyclic compound will form inclusion complexes with β-CD. Large 

organic compounds however will form inclusion complexes with γ-CD (Li et al., 2007). This 

is possible due to the presence of water molecules inside the apolar cavity, an energetically 

unfavourable state, and hence any molecule less polar than water can be encapsulated into the 

CD via hydrophobic interactions, hydrogen bonds, charge-transfer interactions, van der Waals 

forces, and electrostatic interactions (Szejtli, 1998; Cordes et al., 2007). This trait has 

particularly attracted widespread attention to chemically modified CDs for their ability to 

enhance solubility, stability, and bioavailability, as well as reduce the toxicity of many drug 

formulations (Davis & Brewster, 2004; Loftsson et al., 2005; Qiu et al., 2017) .  

The most used CDs in in vitro, in vivo, and pre-clinical studies are β-CDs, particularly methyl-

β-CD (MβCD) with 2-Hydroxypropyl-β-CD (HPβCD) emerging as another commonly used 

CD (Gadade and Pekamwar, 2020; Karthic et al., 2022; Saha et al., 2023) due to their 

availability, simple production, and cost (Zhang et al., 2015).  CDs have so far been minimally 

used to increase drug bioavailability, increase therapeutic efficacy, and decrease toxicity in 



 

 

PDAC (Dandawate et al., 2012; Chapiro et al., 2014; Ji et al., 2016; Iacobazzi et al., 2020). 

However, in various other types of cancer, CDs have consistently proven to be effective in 

achieving these outcomes. It is important to note that CDs can be toxic at high concentrations, 

and as a result, dose levels must be limited (Di and Kerns, 2016). Interestingly, HPβCD has 

been shown to be less toxic than other β-CDs such as MβCD (Gould and Scott, 2005).   

β-CDs as previously mentioned, form inclusion complexes with aromatic or heterocyclic 

compounds and are hence notably able to extract cholesterol and other lipid membrane 

components from cells (Figure 1.5) (Davis and Brewster, 2004). This forms the basis of an 

emerging field of use for CDs in which membrane properties such as fluidity and permeability 

can be altered. As aforementioned, higher amounts of membrane cholesterol are known to be 

responsible for a more rigid and less permeable membrane thus contributing to 

chemoresistance in cancer, particularly PDAC (Iacobazzi et al., 2020; Preta, 2020). Reducing 

cholesterol levels via β-CDs may thus serve as a method of reducing chemoresistance, as well 

as preventing PDAC progression by regulating aberrant cholesterol homeostasis (López, de 

Vries and Marrink, 2011). Unlike other cancer types, such as breast, bladder, melanoma, rectal, 

prostate, and colon (Li et al., 2006; Mohammad et al., 2014; Resnik et al., 2015; Yamaguchi et 

al., 2015; Chowdhury et al., 2017; Yang et al., 2018; Gu et al., 2019; Sharma et al., 2019; Vona 

et al., 2021; Zhao et al., 2021; Ohno et al., 2023; Saha et al., 2023), there are no studies 

investigating the effects of CDs on PDAC progression and chemoresistance via cholesterol 

depletion, which only further relays the issue surrounding the lack of research in this emerging 

field, particularly in PDAC. The limited number of studies on the use of CDs in PDAC, 

compared to other types of cancer, indicates that CDs have not been able to fully demonstrate 

their potential as a new treatment for PDAC. Notably, there is currently only one clinical trial 

targeting cholesterol for the treatment of PDAC titled "A Phase 1 Feasibility Study of 

Cholesterol Metabolism Disruption (Evolocumab, Atorvastatin, and Ezetimibe) in 

Combination With FOLFIRINOX in Patients With Metastatic Pancreatic Adenocarcinoma" 

that is currently recruiting (NCT04862260). This study aims to slow or halt the progression of 

PDAC and reduce chemoresistance to FOLFIRINOX by depleting cholesterol using statins. 

Given that there is only one clinical trial focused on a target that is crucial to the development 

of this cancer and its significant chemoresistance, it is imperative to conduct more research and 

development on using cholesterol as a target, particularly in combination with current 

treatments. 

https://clinicaltrials.gov/ct2/show/NCT04862260?term=cholesterol&recrs=ab&cond=Pancreatic+Cancer&draw=2&rank=1


 

 

1.6 EMT 

PDAC is highly metastatic and utilises the EMT program for this metastasis. The process of 

EMT is a cell plasticity program that involves the dynamic reorganisation of cellular structure 

as cells transition from an epithelial to a mesenchymal phenotype. EMT is observed in various 

biological processes, including embryonic development, tissue regeneration, and notably the 

progression of cancer (Zeisberg and Neilson, 2009; Ribatti et al., 2020). This mesenchymal 

phenotype plays a crucial role in enabling cell migration, invasion, and ultimately, metastatic 

dissemination (Ribatti et al., 2020). EMT is regulated by specific EMT-TFs, namely, 

SNAIL1/2, TWIST1, Zinc-finger E-box Binding Homeobox 1/2 (ZEB1/2), and Paired Related 

Homeobox 1 (PRRX1), which are activated through various signalling pathways, TME 

conditions, and miRNAs, as discussed in more detail below.   

Epithelial cells are characterised by their polygonal and cobble-stone-like morphology, apical-

basal structural polarity, non-motility, expression of cytokeratin, and the ability to form 

cadherin-mediated adherens junctions, tight junctions, and desmosomes with surrounding cells 

(Thiery et al., 2009; Ye and Weinberg, 2015). In contrast, mesenchymal cells are characterised 

by an elongated and spindle-like morphology, front-back polarity, motility, expression of 

vimentin, excessive expression of actin and myosin, and minimal to no junctions with 

surrounding cells (see Figure 1.7) (Thiery et al., 2009; Ye and Weinberg, 2015). Instead, these 

mesenchymal cells attach to the extracellular matrix via focal adhesion (Ye and Weinberg, 

2015), which confers migratory and invasive capabilities. The expression of cytokeratin is 

integral to the formation of intermediate filaments in epithelial cells. However, in mesenchymal 

cells, the function of cytokeratin is taken over by vimentin, which enhances cytoskeletal 

strength and contributes to the cell flexibility that is required for migration and invasion 

(Mendez et al., 2010; Ye and Weinberg, 2015). Another hallmark of EMT is cadherin 

switching from E-cadherin to N-cadherin where mature, full-length E-cadherin (120 kDa) is 

cleaved into an extracellular N-terminal fragment (80 kDa) and an intracellular C-terminal 

fragment (38kDa) by secretases, metalloproteinases, and plasmin (De Wever et al., 2007; 

David and Rajasekaran, 2012; Gagliano et al., 2016; Sommariva and Gagliano, 2020). The 

newly soluble extracellular N-terminal fragment leads to both a reduction in adherens 

junctions, as well as upregulation of matrix metalloproteinase-2 (MMP-2) and MMP-9, which 

degrade the basement membrane. The intracellular C-terminal fragment is further cleaved, and 

the resulting fragments act as signalling molecules to promote junction disruption, migration 

and invasion through upregulation of the Wnt/β-catenin pathway (De Wever et al., 2007; David 



 

 

and Rajasekaran, 2012). Other key markers of EMT involve the loss of membrane proteins 

occludin and claudin, which are components of tight junctions, and the gain of fibronectin and 

MMPs (Thiery et al., 2009; Zeisberg and Neilson, 2009; Bulle and Lim, 2020; Ribatti et al., 

2020).  

EMT, previously believed to be a phenotypic switch, is actually a transition between 

intermediate states (see Figure 1.7). Cells can transition bidirectionally from an epithelial to 

mesenchymal state through various hybrid states, resulting in either EMT or mesenchymal to 

epithelial transition (MET) (Nieto, 2013; Ungefroren et al., 2022). MET, in particular, is a 

crucial pathway responsible for metastatic colonisation, as it facilitates cell attachment and 

proliferation necessary for secondary tumour growth (Nieto, 2013). Although the specific 

number of stable and metastable transitional states remains unknown, it has been confirmed 

that the intermediate hybrid states of EMT, referred to as hybrid E/M states, exist (Nieto, 2013; 

Zadran et al., 2014; Williams et al., 2019; Ungefroren et al., 2022). These hybrid EMT states 

have the highest metastatic potential due to their ability to migrate easily and attach to distant 

sites, forming metastatic colonies (Pastushenko et al., 2018; Celià-Terrassa and Kang, 2024). 

Interestingly, while metastatic dissemination typically occurs in the late stages of cancers, 

recent evidence suggests that it can occur when pre-cancerous acinar-to-ductal metaplasia 

(ADM) and PanIn lesions are present, long before the formation of a clinically relevant tumour 

(Rhim et al., 2012). This implies that PDAC cells can circulate in the body for years prior to 

the development of metastatic colonies. Instead, these early disseminated cells are suggested 

to play a role in tumour formation by promoting fibroblast infiltration and chronic tissue 

inflammation, creating an environment conducive to triggering EMT-TFs and promoting the 

progression of these pre-cancerous lesions into PDAC (Palamaris et al., 2021). In addition to 

its role in PDAC progression, EMT has also been implicated in drug resistance and the 

generation of CSCs in PDAC (Satoh et al., 2015).  

1.6.1 Molecular mechanism of EMT 

In order for cells to undergo this plasticity program, signalling pathways must be activated by 

certain TME conditions such as inflammation, hypoxia, nutrient deficiency or oxidative stress  

(Zhu et al., 2016; S. Wang et al., 2017). As demonstrated in Figure 1.7, the most prominent 

signalling pathways include cytokines (TGF-β, tumour necrosis factor α (TNFα), interlueukin-

1/6 (IL-1/6), growth factors (Epidermal growth factor (EGF)/hepatocyte growth factor 

(HGF)/fibroblast growth factor (FGF)/platelet-derived growth factor (PDGF)), Wnt, Hh, and 



 

 

Notch (Figure 1.6) (Moustakas and Heldin, 2007; Ribatti et al., 2020). Additionally, several 

miRNAs have also been implicated in regulating EMT. While these signalling pathways can 

individually induce EMT, in the context of tumours, there is a collaboration and crosstalk 

among these pathways leading to the amplification of EMT signalling through positive 

feedback loops.  

1.6.1.1 TGF-β1 

The binding of TGF-β1 ligand to its type II receptor (TβR-II), a membrane-bound 

serine/threonine kinase receptor, initiates the formation of a hetero-tetrameric receptor complex 

by recruiting the type I receptor (TβR-I) to the membrane (Figure 1.6) (Moustakas and Heldin, 

2016). This complex then phosphorylates and activates TβR-I, triggering a cascade of events 

(Moustakas and Heldin, 2016). Phosphorylation of SMAD2 and SMAD3 by TβR-I results in 

their heterodimerisation with SMAD4, and the resulting complex translocates to the nucleus, 

where it cooperates with DNA binding transcription factors to activate mesenchymal genes or 

repress epithelial genes (Xu et al., 2009; Moustakas and Heldin, 2016). TβR-I activation also 

promotes non-SMAD dependent pathways that contribute to EMT. For example, it can activate 

p38, Jun N-terminal kinase (JNK), and IκB kinase (IKK)-NF-κB pathways through TGF-β 

activated kinase 1 (TAK1) and receptor-associated tumour necrosis factor receptor associated 

factor 6 (TRAF6), as well the activation of the Ras/Raf/MEK/ERK signalling pathway via Shc 

phosphorylation (Sorrentino et al., 2008; Yamashita et al., 2008; Xu et al., 2009; Moustakas 

and Heldin, 2016). Furthermore, TβR-I activation leads to the activation of PI3K/Akt/mTOR 

or MAPK signalling pathways, resulting in increased SNAIL expression and cell size (Barrallo-

Gimeno and Nieto, 2005; Xu et al., 2009). Importantly, TGF-β1 was the first cytokine 

identified to induce EMT in PDAC cells (Grände et al., 2002), and it has been shown that the 

TGF-β/SMAD pathway is the most potent inducer of EMT in PDAC (Alvarez et al., 2019). 

This is attributed to the signalling crosstalk between TGF-β/SMAD and the Wnt and Notch 

pathways resulting in a robust induction of EMT (Xu et al., 2009). 



 

 

 

Figure 1.6: Transcriptional regulation of EMT induced by TGF-β 

Initiation of the canonical pathway begins with the binding of TGF-β1 ligand to TβR-II, a 

membrane-bound serine/threonine kinase receptor. This interaction recruits and activates 

TβR-I, forming a hetero-tetrameric receptor complex (Moustakas and Heldin, 2016). 

Activation of TβR-I phosphorylates downstream effectors, specifically SMAD2 and SMAD3, 

leading to their heterodimerization with SMAD4 (Moustakas and Heldin, 2016). The resulting 

complex translocates into the nucleus, where it collaborates with DNA binding transcription 

factors to regulate the expression of genes associated with EMT (Xu et al., 2009; Moustakas 

and Heldin, 2016). Additionally, TGF-β1-induced signalling pathways include non-SMAD 

dependent mechanisms. TGF-β1 stimulates the p38 mitogen-activated protein kinase kinase 

3/6 (MMK3/6), JNK, mitogen-activated protein kinase kinase 4 (MMK4), and IKK-NF-κB 

pathways by activating TAK1 through receptor-associated TRAF6. It also initiates 

Ras/Raf/MEK/ERK signaling by recruiting and phosphorylating Shc via the TβRI. TGF-β also 

activates RhoA leading to the activation of Rho-associated coiled-coil-containing protein 

kinase (ROCK) and Lin11, Isl-1 and Mec-3 kinase (LIMK), which reorganise the actin 

cytoskeleton into actin stress fibres. RhoA also participates in the ubiquitin-mediated 

degradation of tight junctions through the activation of Par6 and subsequent recruitment of 

Smurf1, resulting in enhanced ubiquitination of RhoA. Lastly, TGF-β induces PI3K/Akt/mTOR 

signalling (Sorrentino et al., 2008; Yamashita et al., 2008; Xu et al., 2009; Moustakas and 

Heldin, 2016). Consequently, the EMT-related transcription factors SNAIL1/2, TWIST1, 

ZEB1/2, and PRRX1 (Alvarez et al., 2019). (Created in BioRender.com) 



 

 

 

Figure 1.7: Overview of the major signalling pathways involved in the EMT program in 

PDAC. 

EMT is a fundamental process implicated in the progression PDAC, characterized by the 

transformation of epithelial cells into mesenchymal-like cells with enhanced migratory and 

invasive properties. This figure illustrates key signalling pathways driving EMT in PDAC and 

their molecular mechanisms. Binding of the TGF-β proteins to the TGF-β family of receptors 

leads to receptor phosphorylation and activation of SMAD complexes, which activate the EMT 

programme (Sorrentino et al., 2008; Yamashita et al., 2008; Xu et al., 2009; Moustakas and 

Heldin, 2016). SMAD proteins also interact with β-catenin and NOTCH- intracellular domain 

(ICD) (not shown here). TGF-β signalling also promotes the Ras/Raf/MEK/ERK pathway. 

Tyrosine kinase signalling of EGF, HGF, FGF, and PDGF activate EMT-TFs through 

Ras/MAPK or PI3K/AKT pathways (Barrallo-Gimeno and Nieto, 2005). The cytokine 

receptors, while not as potent as TGF-β1, interleukin-1 (IL-1), IL-6, and tumour necrosis factor 

alpha (TNFα) play integral roles in promoting EMT. IL-6 activates STAT3, which translocates 

to the nucleus and induces the expression of mesenchymal genes. IL-1 and TNFα activate the 

NF-κB pathway (Wu et al., 2004; Maier et al., 2010; Nagathihalli et al., 2016). Activation of 

Notch receptors by γ-secretase complex initiates proteolytic cleavages, releasing the Notch-

ICD, which translocates to the nucleus to induce the expression of EMT-TFs (Timmerman et 

al., 2004; Kopan and Ilagan, 2009; Mazur et al., 2010; Kar et al., 2019). Canonical Wnt 



 

 

signaling stabilizes β-catenin, leading to the release of β-catenin from the glycogen synthase 

kinase-3β (GSK3β)– axis inhibition protein (AXIN) complex allowing its translocation to the 

nucleus where it forms complexes with T-cell factor/lymphoid enhancer factor (TCF/LEF) to 

activate EMT-TFs (Xu et al., 2009; Palamaris et al., 2021; Liu et al., 2022). Normally dormant 

in the pancreas, Hh signaling becomes highly active in PDAC. Upon ligand binding, patched1 

(PTCH1) releases smoothened (SMO), leading to the transcriptional activation of GLI1. These 

signalling pathways operate to activate the specific EMT-TFs, namely, SNAIL1/2, TWIST1, 

ZEB1/2, and PRRX1 (Lei et al., 2013; Wang et al., 2016). This results in the suppression of 

epithelial markers (miRNA-200 family, E-cadherin, Occludin, Claudin, and cytokeratin) and 

the promotion of mesenchymal markers (miRNA-197 and -10b, Vimentin, N-cadherin, 

Fibronectin, and MMPs. Resulting in the morphological change of epithelial cells from a 

polygonal morphology, apical-basal polarity, and expression of cytokeratin towards a spindle-

like morphology, front-back polarity, and vimentin expression, enabling migration and 

invasion. Additionally, EMT, as previously believed to be a phenotypic switch, is actually a 

transition between intermediate states. Cells can transition bidirectionally from an epithelial 

to mesenchymal state through various hybrid states, resulting in either EMT or MET (Nieto, 

2013; Ungefroren et al., 2022). (Created in BioRender.com) 

1.6.1.2 EMT-TFs 

There’s a number of EMT-TFs involved in the EMT process. The zinc finger protein SNAIL 

family, TWIST Basic Helix-Loop-Helix (bHLH) transcription Factor 1, ZEB family, and 

PRRX1 are considered master EMT-TFs (Figure 1.7). These EMT-TFs work collaboratively 

to modulate each other, as well as the expression of target epithelial or mesenchymal genes. 

Notably, SNAIL and ZEB function as strong epithelial repressors rather than mesenchymal 

promoters, supressing the expression of epithelial markers such as E-cadherin, claudins, and 

occludins. In contrast, PRRX and TWIST have strong mesenchymal inducing properties (S. 

Wang et al., 2017).  

1.6.1.2.1 Zinc Finger protein SNAIL 

There are three SNAIL family proteins, namely, SNAIL 1 (Snail), SNAIL 2 (Slug), and SNAIL 

3 (Smuc), with Snail and Slug being implicated in EMT (Barrallo-Gimeno and Nieto, 2005). 

Notably, Snail and Slug are overexpressed in over 70% and 50% of PDAC, respectively (Hotz 

et al., 2007). Snail and Slug repress specific cell junction targets such as E-cadherin, occludins, 

and claudins through their N-terminal SNAG domain by directly binding transcriptional 

repressors to the E-box in the proximal promoter regions (Batlle et al., 2000; Ikenouchi et al., 

2003). They can also repress targets through epigenetic remodelling complexes, including 

histone modifiers and DNA methyltransferases, which affect DNA and chromatin accessibility 

(Peinado et al., 2004; Hou et al., 2008). Interestingly, Snail also forms a transcriptional 

repressor complex with SMAD3/4 during TGF-B induced EMT, targeting junction proteins 

(Vincent et al., 2009). Additionally, Slug is an essential mediator of TWIST-induced EMT, 



 

 

where TWIST first induces Slug to suppress epithelial phenotypes, after which TWIST and 

Slug act synergistically to promote EMT (Casas et al., 2011). Snail also activates MMP-9 and 

MMP-2, resulting in basement membrane degradation (Shields et al., 2011). Therefore, Snail 

activation is crucial for potent induction of EMT and consequently, PDAC progression and 

invasion.  

1.6.1.2.2 TWIST bHLH family  

TWIST-family bHLH proteins form dimers and recognise specific DNA sequences known as 

hexanucleotide E-boxes within regulatory regions, to act as transcriptional regulators (Zhu et 

al., 2016). TWIST-1 induces the transcription of mesenchymal markers like vimentin and N-

cadherin, although the exact mechanism is not fully elucidated (Lamouille et al., 2014; Meng 

et al., 2018). Moreover, TWIST-1 can directly bind to E-boxes 2 and 3 on the CDH1 promoter 

to repress E-cadherin (Vesuna et al., 2008). TWIST-1 is also known to cooperate with 

epigenetic regulators that bind to the proximal promoter of E-cadherin to repress its expression 

(Fu et al., 2011). It is important to highlight that TWIST-1 is expressed at low levels in PDAC, 

with some PC cell lines only expressing it under hypoxic conditions (Hotz et al., 2007). This 

indicates that TWIST-1 may only be a crucial TF in hypoxic conditions and may, therefore, 

contribute to the maintenance of EMT rather than its induction in PDAC. Unlike SNAIL, 

TWIST-1 may not play a significant role in PDAC progression.  

1.6.1.2.3 ZEB family 

ZEB transcription factors, specifically ZEB-1, have been found to exhibit high levels of 

expression in both tumour-associated stroma and PDAC cells (Bronsert et al., 2014; Galván et 

al., 2015). ZEB1 functions by repressing transcription through the recruitment of the C-

terminal-binding protein (CtBP) corepressor to its CtBP-interacting domain (Furusawa et al., 

1999). This mechanism is similar to SNAIL, as both proteins bind to the two E box sequences 

in the promoter region of E-cadherin to suppress its expression (Wong et al., 2014). 

Furthermore, ZEB1 can also operate in a CtBP independent manner, ZEB1 interacts with 

BRG1, a SWI/SNF chromatin remodelling protein to repress the E-cadherin promoter 

(Sánchez-Tilló et al., 2010). Interestingly, SNAIL upregulates the expression of ZEB1 

(Peinado et al., 2007). ZEB1 plays a crucial role as an EMT-TF by driving precursor lesions, 

invasion, and metastasis, making it a key driver in the progression of PDAC.  



 

 

1.6.1.2.4 PRRX1 

PRRX1 is an intriguing EMT-TF that exhibits two major isoforms, PRRX1a and PRRX1b, 

which undergo isoform switching in PDAC (Takano et al., 2016). The PRRX1b isoform 

stimulates EMT by upregulating N-cadherin, Vimentin, and fibronectin (Du et al., 2021), 

thereby promoting invasion and dedifferentiation of tumours. PRRX1 is capable of binding to 

the promoter regions of mesenchymal markers, such as vimentin and N-cadherin, through its 

homeobox DNA-binding domain, which interacts with DNA via a helix-turn-helix structure 

(Du et al., 2021). On the other hand, the PRRX1a isoform promotes tumour differentiation and 

metastatic outgrowth by inducing MET (Takano et al., 2016). Isoform switching thus governs 

plasticity, enabling metastasis in PDAC. Additionally, PRRX1 is involved in a SNAIL-

independent pathway that rather drives invasiveness in conjunction with TWIST1.  

1.6.2 EMT serves as a significant regulatory factor in drug resistance 

EMT plays a crucial role in MDR in PDAC, as supported by various studies (Buck et al., 2007; 

Li et al., 2007; Arumugam et al., 2009; El Amrani et al., 2019; Porter et al., 2019). Involvement 

of EMT in MDR is multifaceted and encompasses multiple regulatory mechanisms. Firstly, the 

EMT inducer SNAIL promotes antiapoptotic properties by activating Akt, upregulating the 

expression of the pro-survival protein Bcl-XL and disrupting cell-cycle progression (Vega et 

al., 2004; Zheng et al., 2015). Furthermore, EMT-TFs inhibit oncogene-induced senescence 

and apoptosis, particularly through the TP53- and retinoblastoma protein-dependent pathway 

(Pinho et al., 2011). Importantly, EMT activation diminishes E-cadherin-mediated clustering 

of death receptor 4 (DR4) and DR5, rendering carcinoma cells resistant to tumour necrosis 

factor-related apoptosis-inducing ligand (TRAIL)-induced apoptosis (Vega et al., 2004). 

Cellular quiescence is a major contributor to MDR, in that most conventional or targeted anti-

cancer agents are effective against cells passing through the S and G2/M phases of the cell 

cycle, with cells in an EMT state they reside in G1/G0 phase, rendering normal therapies 

ineffective (Ungefroren et al., 2022). EMT cells enter this quiescent state due to interactions 

between cell cycle machinery and EMT-TF networks, leading to the upregulation of p27KIP1, 

p21CIP1, and p57KIP2, which inhibit proliferation and activate migration (Akhmetkaliyev et al., 

2023). Particularly, the potent EMT inducer, TGFβ, acts as a canonical inhibitor of the cell 

cycle in the G1 phase. The SMAD-mediated activation of CDKN2B and CDKN1A genes, 

encoding cyclin dependent kinase (CDK) inhibitors p15INK1 and p21CIP1, leads to cell 

stagnation in the G1 phase (Ikushima and Miyazono, 2010).  Additionally, EMT activation 



 

 

increases the expression of ABC transporters, which enhances the efflux of therapeutic agents 

from cells, resulting in MDR (Saxena et al., 2011). For instance, ABCB1 and ABCC1 

overexpression, induced by EMT, confers resistance to nucleoside analogues like GEM 

(Arumugam et al., 2009; Adamska and Falasca, 2018). Interestingly, EMT has also been found 

to reduce the expression of hENT1 and hCNT3 in PDAC cells, thereby reducing the uptake of 

chemotherapeutic agents, further contributing to MDR (Zheng et al., 2015). Moreover, EMT 

facilitates the evasion of immune surveillance by upregulating PD-1 expression and inhibiting 

thrombospondin-1 activity, impairing the function of cytotoxic T cells (Chen et al., 2014). 

These findings underscore the intricate involvement of EMT in mediating MDR and recurrence 

in PDAC.  

1.6.3 The significance of cholesterol in EMT induction and regulation   

The process of EMT at the cellular level is a complex network that relies on the manipulation 

of crucial cellular signalling pathways. These pathways extensively communicate to initiate 

and control the EMT program. Furthermore, the dysregulated cholesterol metabolism resulting 

from metabolic reprogramming also plays a distinct role in EMT. As previously mentioned, 

this metabolic reprogramming in PDAC leads to the activation of several cell signalling 

pathways, namely, PI3K/Akt, Hh, and Wnt/β-catenin, either directly or through lipid raft 

disruption. All of these pathways have been implicated in the activation of EMT-TFs, as 

discussed above, the upregulation of these pathways may thus be implicated in the promotion 

of EMT-TFS and hence the promotion of EMT in PDAC. Moreover, it has been suggested that 

the increased cholesterol levels resulting in increased lipid raft content alters the signalling of 

TGF-β, subsequently promoting EMT (Kuzu et al., 2016; Abdulla et al., 2021). This alteration 

occurs due to the dependence of the formation of the TβRI/TβRII/TGβ-1 complex on lipid raft 

integrity (S. Zhang et al., 2022). Furthermore, metabolic reprogramming in PDAC also drives 

the accumulation of lipid droplets in PDAC. These lipid droplets are able to serve as an energy 

source, supporting the long-distance spread cells during invasion (Tabas, 2002; Li et al., 2016; 

Rozeveld et al., 2020). Therefore, lipid droplets do not directly stimulate EMT but rather play 

a role in sustaining EMT for invasion. While targeting cholesterol appears to be a potential 

therapeutic option in PDAC, particularly in hopes of preventing EMT, certain studies have 

indicated the promotion of a basal-subtype of PDAC when cholesterol is depleted. Research 

by Gabitova-Cornell and team demonstrates that disrupting cholesterol biosynthesis through 

treatment with statins such as atorvastatin and mevastatin or by NAD(P) dependent steroid 



 

 

dehydrogenase-like (Nsdhl) knockout results in a switch from the classical to basal subtype of 

PDAC. This switch is facilitated by disrupted cholesterol biosynthesis prompting SREBP1 

activation, inducing TGF-β1 expression, and ultimately promoting EMT and basal conversion. 

This observation was further confirmed through multiplex immunofluorescence on archival 

surgical PDAC tissue from 55 untreated patients with documented statin use information. The 

analysis indicated increased PDAC aggressiveness (Gabitova-Cornell et al., 2020). Another 

study found that statins induced a partial EMT state that could be revered upon discontinuation 

of statin use. In this, PC cells were shown to reduce the formation of secondary tumours, a 

resultant effect of MET, a property that could be reversed if statin resistance was developed or 

statin usage stopped, and hence this would drive a more metastatic and invasive form of PC 

(Dorsch et al., 2021). The impact of cholesterol depletion on EMT using alternative methods 

that do not target biosynthesis currently remains unexplored. Consequently, definitive 

conclusions regarding the benefits or drawbacks of targeting cholesterol in the treatment of 

PDAC remains inconclusive.  

 

1.7 Rationale for the current study  

PDAC poses significant challenges in clinical management due to its metastatic nature and 

resistance to conventional chemotherapies such as GEM and 5-FU. This resistance is often 

attributed to the activation of EMT, a process closely associated with metastasis and drug 

resistance. Furthermore, studies highlight that dysregulated cholesterol metabolism, a 

characteristic feature of PDAC, plays a significant role in EMT induction and even drug 

resistance. Although targeting cholesterol shows promise as a therapeutic approach to 

counteract EMT and drug resistance to improve treatment outcomes, recent studies have 

revealed that cholesterol depletion through statins may assist in secondary tumour formation, 

thereby complicating the treatment landscape. Additionally, the impact of cholesterol depletion 

on EMT using direct methods has not yet been explored in PDAC, resulting in critical gaps in 

our knowledge. Consequently, the depletion of excess membrane and intracellular cholesterol 

using MβCD or KS-01 (our lab’s novel patented cholesterol-depleting agent) will be 

investigated. Therefore, in this study PANC-1 cells will undergo EMT induction through 

treatment with TGF-1 followed by treatment with the cholesterol-depleting agents, MβCD or 

KS-01, standard chemotherapy regimens (GEM or 5-FU), as well as a combination between 

KS-01 and the standard chemotherapy regimens. Through this approach, the study aims to 

unravel the complex interplay among cholesterol metabolism, EMT, and drug resistance. 



 

 

Ultimately, the research endeavours to shed light on the potential of cholesterol depletion as a 

strategy for combatting metastasis in PDAC. 

2  Aim and objectives  

2.1 Aim 

To determine the effects of cholesterol-depleting agents (KS-01 and MβCD) alone or in 

combination with current chemotherapy treatments (GEM and 5-FU) on mesenchymal PC 

cells. 

2.2 Objectives  

1. To induce EMT in PC cells (PANC-1) by utilising TGF-1 and confirming the 

induction through cell morphology, immunofluorescence, growth curves, and reverse 

transcription quantitative polymerase chain reaction (RT-qPCR) 

2. To determine the impact of combination treatments on cell viability by employing a 3-

(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) assay. 

3. To investigate the influence of EMT on cholesterol content following treatments with 

cholesterol-depleting agents using immunofluorescence. 

4. To determine the effects of single and combination treatments on EMT induction by 

utilising immunofluorescence. 

5. To assess the MDR and invasive capabilities of cells following single and combination 

treatments using drug resistance and TranswellTM invasion assays, respectively. 

6. To examine the effects of single and combination treatments on the expression levels 

of genes and proteins involved in EMT, cancer drug resistance, and cholesterol 

metabolism signalling pathways through RT-qPCR.  



 

 

3 Methodology  

 

Figure 3.1: Summary workflow 

PANC-1 cells were cultured, counted and EMT was confirmed to be induced using brightfield 

microscopy, immunofluorescence microscopy, growth curves and RT-qPCR. Thereafter cell 

viability was analysed after EMT induction, cholesterol depleting agents, and 

chemotherapeutic agents. Changes in the cholesterol profile were then analysed post-EMT and 

with cholesterol depleting agents. Changes in the EMT state after targeting cholesterol with 

chemotherapies was also observed. The effect of drug resistance and invasion was then 

investigated after EMT, cholesterol depleting agents, and chemotherapeutic agents. Lastly, 

gene expression was investigated to aid in delineating the molecular mechanism of EMT, drug 

resistance, and cholesterol metabolism. (Created in BioRender.com) 



 

 

3.1 Cell culture of PANC-1 cells 

In this study, the PANC-1 cell line (Cellonex, SA) was used. The PANC-1 cell line was isolated 

from the pancreatic duct of a 56-year-old, white, male with epithelioid carcinoma. These cells 

were authenticated using STR profiling with Inqaba and are confirmed to be mycoplasma free. 

The PANC-1 cell line is an adherent human PC epithelial cell line. It is known to exhibit both 

epithelial and mesenchymal phenotypes, which classifies it as a quasi-mesenchymal-cell line 

(Ungefroren et al., 2022), hence throughout the dissertation the cells that have not been EMT-

induced are referred to as partial-EMT cells and those that have been EMT-induced are referred 

to as post-EMT cells. PANC-1 cells were cultured in Dulbecco's Modified Eagle's Medium 

(DMEM) (Sigma Aldrich, UK) supplemented with 1% (v/v) Penicillin-streptomycin (Sigma 

Aldrich, UK) to prevent bacterial contamination and 10% (v/v) foetal bovine serum (FBS) 

(Celtic Molecular Diagnostics, SA) to provide all necessary hormones, adhesion and growth 

factors, minerals, and lipids. The cells were incubated at 37 °C with 5% CO2 (Thermo Fisher 

Scientific, USA) to maintain a constant and normal physiological pH through the carbon 

dioxide–bicarbonate buffer system. These conditions closely simulate in vivo conditions, 

thereby promoting optimal growth of PANC-1 cells. Sub-cultivation of PANC-1 cells at 1:2 or 

1:4 was performed once a confluency of 70% was reached. 

3.2 Cell counting 

The density of viable cells was determined prior to seeding for experiments and utilised 

selective staining with trypan blue. First, the media was removed from the flask, and the cells 

were washed twice with 1× phosphate buffered saline (PBS). Then, TrypLE™ (Thermo Fisher 

Scientific, USA) was added for 5-8 minutes to dissociate the cells from the flask and neutralised 

in a 1:1 ratio with 10% (v/v) DMEM. TrypLE™ is an animal-free trypsin product derived from 

recombinant bacteria and is known to be less toxic than trypsin (Nestler et al., 2004; Alm et 

al., 2014) allowing for longer incubation times to detach the cells, which is necessary for 

PANC-1 cells. TrypLE™ functions similarly to trypsin by cleaving peptide bonds on the C-

terminal side of lysine and arginine, but with greater specificity and without affecting cell 

surface antigens (Tsuji et al., 2017). An Invitrogen Countess 2 Automated Cell Counter 

(Thermo Fisher Scientific, USA) was employed to count viable cells. Specifically, 100 µl of 

cell suspension was diluted with 100 µl of 0.4% (v/v) trypan blue in a micro-Eppendorf tube 

(Sigma Aldrich, UK). Following dilution, 10 µl of the sample was placed on each side of the 

Countess Cell Counting Chamber Slides, which were read using the Invitrogen Countess 2 

Automated Cell Counter (Thermo Fisher Scientific, USA) in which it utilises the Neubauer 



 

 

method to determine cell density. The use of an automated cell counter improved time 

efficiency and minimised subjectivity or human error in cell counting, compared to traditional 

methods such as using a haemocytometer. Trypan blue stains non-viable cells due to their 

compromised membranes, allowing for the incorporation of trypan blue. In contrast, viable 

cells remained unstained, appearing clear. Subsequently, cells were seeded according to their 

required densities. 

The total number of cells to be plated was determined using the following calculations: 

 

3.3 Microscopy sample preparation 

Prior to any fluorescent labelling, such as immunocytochemistry of E-cadherin and vimentin 

or cholesterol staining using Filipin, BODIPY, and Vybrant Alexa Fluor 594, it is necessary to 

complete sample preparation. In this study, the cells were prepared by seeding 40 000 cells/well 

into 24-well plates containing 12 mm round glass coverslips. The plates were then incubated 

overnight at 37 °C and 5% CO2 to allow for cell attachment. Subsequently, concentrations of 

of 5 ng/mL or 10 ng/mL TGF-β1 (Bio-Techne, USA) were tested for 24 and 48 hours to induce 

EMT.  Thereafter, 10 ng/mL of TGF-β1 for 48 hours was chosen to induce EMT. Relevant 

drug treatments (Table 3.1) were administered during the final 4 hours of EMT induction. The 

drugs GEM, KS-01 and MβCD were dissolved in water and 5-FU dissolved in dimethyl 

sulfoxide. Concentrations of 1 µM GEM and 10 µM 5-FU were optimised previously in the 

PANC-1 cell line and relevant graphs can be seen in Figure A1. The 10 mM concentration of 

KS-01 and 1mM of MβCD concentrations were optimised by Saha et al., 2023. Following the 

treatment, the media in the wells was discarded and the cells were washed three times with 1× 

Calculation 1: 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑚𝑒𝑑𝑖𝑎 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 ሺ𝒂ሻ = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑡𝑜 𝑏𝑒 𝑝𝑙𝑎𝑡𝑒𝑑 ×  𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑤𝑒𝑙𝑙𝑠  

Calculation 2: 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑓𝑙𝑎𝑠𝑘 ሺ𝒃ሻ = 

𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑓𝑙𝑎𝑠𝑘 ሺ𝑢𝑙ሻ × 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑡𝑜 𝑏𝑒 𝑝𝑙𝑎𝑡𝑒𝑑 × 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑤𝑒𝑙𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑓𝑙𝑎𝑠𝑘
  

Calculation 3:  

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑚𝑒𝑑𝑖𝑎 𝑡𝑜 𝑏𝑒 𝑎𝑑𝑑𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑐𝑒𝑙𝑙𝑠 = 𝒂 − 𝒃 



 

 

PBS. The cells were fixed to the coverslips by exposing them to 10% Formalin (Sigma Aldrich, 

UK) for 10 minutes at room temperature. Formalin fixation preserves the native cellular 

components, such as carbohydrates, proteins, and bio-active moieties, as well as cell 

morphology by forming inter- and intra-molecular crosslinks (methylene bridges) within 

proteins, nucleic acids, and polysaccharides thus enabling further experimentation (Fox et al., 

1985; Paavilainen et al., 2010). Following fixation, the formalin was discarded, and the 

coverslips were washed three times using 1× PBS and stored at 4 oC. These samples were used 

for future fluorescent staining which will be described in the following sections.  

Table 3.1: Drug treatments and their concentrations used throughout experimentation. 

Drug Treatments Concentration 

KS-01  10 mM 

5-FU (Sigma Aldrich, UK)   10 µM 

GEM (Sigma Aldrich, UK)  1 µM 

KS-01 + 5-FU 10 mM + 10 µM 

KS-01 + GEM 10 mM + 1 µM 

MβCD (Sigma Aldrich, UK)  1 mM 

 

3.3.1 Immunocytochemistry 

Immunocytochemistry is a technique used to identify proteins and other macromolecules 

within cells, employing a specific combination of antibodies. In this study, the indirect method 

of immunocytochemistry was utilised. This method involved the use of a primary antibody that 

is capable of binding to a particular antigen. Subsequently, the primary antibody is incubated 

with a secondary antibody that is conjugated with a fluorophore that when bound to the primary 

antibody emits a fluorescent light allowing for the visualisation of proteins. 

Immunocytochemistry was utilised throughout the research project. Initially, it was used to 

validate EMT induction after treatment with TGF-β1 by detecting E-cadherin, Ki-67, and 

vimentin. Subsequently, it was employed to investigate the impact of chemotherapeutic agents 

and cholesterol-lowering drugs on the EMT state by examining the expression of E-cadherin 

and vimentin. 

Following microscopy sample preparation, cells were permeabilised using 0.1% (v/v) Triton 

X-100 (Sigma Aldrich, UK), diluted in 1× PBS, for a duration of 15 minutes at room 



 

 

temperature. Subsequently, the cells were blocked with 1% (w/v) bovine serum albumin (BSA) 

(Sisco Research Laboratories, India) prepared in 0.1% (v/v) PBST (1× PBS with 0.1% Tween 

20 (Sigma Aldrich, UK)) for one hour. Blocking is performed to reduce the non-specific 

binding of antibodies as a result of surrounding inter-molecular forces. After this step, the 

primary antibody, which binds to a specific antigen, was added overnight at 4 °C (Table 3.2). 

The primary antibody was diluted in 0.1% (w/v) BSA prepared in 0.1% PBST (1:250 dilution). 

Once the incubation was complete the primary antibody was removed and recovered, and the 

cells were washed three times with 0.1% (v/v) PBST. The cells were treated with the 

corresponding secondary antibody (Table 3.2) and incubated for 45 minutes at room 

temperature in the dark. The secondary antibody was diluted in 0.1% (w/v) BSA prepared in 

0.1% (v/v) PBST (1:1000 dilution). After the incubation, the secondary antibody was 

discarded, and the cells were washed three times with 0.1% (v/v) PBST. Nuclei were stained 

using 0.0001 mg/mL of 4′,6-diamidino-2-phenylindole (DAPI) (Sigma Aldrich, UK) for 10 

minutes at room temperature after which cells were washed three times with 1× PBS and 

coverslips were subsequently mounted on microscope slides using Fluoromount™ Aqueous 

Mounting Medium (Sigma Aldrich, UK). DAPI has the ability to bind to the minor grooves of 

double-stranded DNA, particularly areas rich in adenine-thymine (Chazotte, 2011), allowing 

for visualisation of the nuclei. After drying, the cells were viewed using the EVOS M7000 

Imaging Station (Thermo Fisher Scientific, USA), and integrated optical density (OD) was 

quantified using Celleste 6 Image Analysis Software (Thermo Fisher Scientific, USA) or cells 

were visualised with EVOS Floid™ Cell Imaging Station (Thermo Fisher Scientific, USA) and 

corrected total cell fluorescence (CTCF) was subsequently quantified using Image J where 

CTCF = integrated density – (area of selected cell × mean fluorescence of background) (Jakic 

et al., 2017). 

Table 3.2: The primary and secondary antibodies used for target protein during 

immunocytochemistry 

Target 

protein 

Primary Antibody  Secondary antibody 

E-cadherin Mouse Anti-Human E-cadherin (BD 

Pharmingen – 610182) 

Goat Anti-Mouse Alexa Flour 488 

(Thermo Fisher Scientific, A-11029) 

Ki-67 Rabbit Anti-Human -Ki67 (Novus 

Biologicals - NB500-170) 

Goat Anti-Rabbit Texas Red 

(Thermo Fisher Scientific, T-2767) 



 

 

Vimentin  Rabbit Anti-Human Vimentin 

(Abcam - ab45939) 

Goat Anti-Rabbit Texas Red 

(Thermo Fisher Scientific, T-2767) 

 

3.4 Growth curve using cell counts as a measure of proliferation 

The growth of PANC-1 cells was analysed following treatment with or without 10 ng/mL TGF-

β1 (Bio-Techne, USA) over a period of 96 hours. Cells were seeded in a 6-well plate at a 

density of 100 000 cells/well and incubated overnight at 37 °C and 5% CO2 for cell attachment. 

Following this, cells were either treated with 10 ng/mL TGF-β1 (Bio-Techne, USA) or 

untreated for 96 hours where cells were detached and counted daily using the Invitrogen 

Countess 2 Automated Cell Counter (Thermo Fisher Scientific, USA) as previously described.  

3.5 Cell viability assay 

The effect of various chemotherapies and cholesterol-lowering drugs on cell viability was then 

measured relative to the untreated control. MTT is based on the principle that the mitochondria 

of viable cells possess NAD(P)H-dependent oxidoreductase enzymes. These enzymes can 

reduce MTT to formazan crystals, which can be solubilised, and the absorption read using a 

plate reader. The absorption is directly proportional to the concentration of formazan crystals 

and hence viable cells. While recognized for its speed and cost-effectiveness, this protocol is 

acknowledged for its limited sensitivity. Despite this, the MTT assay is known to be the gold 

standard for determining cell viability due to its simplicity, speed, and cost-effectiveness (Riss 

et al., 2004; Aslantürk, 2018).  

In a 96-well plate, 10 000 PANC-1 cells were seeded and incubated overnight at 37 °C and 5% 

CO2 for cell attachment. EMT was then induced in the relevant wells by treating with 10 ng/mL 

TGF-β1 (Bio-Techne, USA) for 48 hours. Prior to drug treatments the media was removed, the 

wells were washed once with 1X PBS, and fresh 10% (v/v) DMEM was placed into the wells. 

In contrast, drug treatments commenced immediately after seeding and attachment in non-EMT 

induced cells. Partial- and post- EMT cells were subject to appropriate treatments, as described 

in Table 3.1 above, for 48 hours in which the positive control was 40 µM plumbagin (Sigma 

Aldrich, UK). Plumbagin is a known inducer of apoptosis in PC cells by activating NF-kB 

regulated mitochondrial-mediated pathway which involves the activation of reactive oxygen 

species (Chen et al., 2009; Xu et al., 2013), reactive oxygen species also triggers ER stress-

mediated apoptosis (Huang et al., 2018). The blank wells contained only media. Blank wells 

were used to remove background interference in which the absorbance from the blank was 



 

 

subtracted from all other wells, preventing the results from being skewed. After drug 

treatments, 0.5 mg/mL MTT (Thermo Fisher Scientific, USA) was added to each well for a 

three-hour incubation at 37 °C and 5% CO2 which was then followed by overnight 

solubilisation in a solution of 10% (w/v) sodium dodecyl sulphate (SDS) (Sigma Aldrich, UK) 

and 10 mM hydrochloric acid (HCl) (Thermo Fisher Scientific, USA). This solution solubilised 

the formazan crystals that formed after treating the cells with MTT to produce a purple colour 

that can be measured spectrophotometrically. A VICTOR™ Nivo plate reader (Revvity Health 

Sciences, USA) was then used to measure absorbance at 570 nm. Viability of each treated 

sample was calculated as a percentage relative to the untreated control.  

3.5.1 Cholesterol staining  

To assess the impact of EMT induction on cholesterol levels and the effect of cholesterol-

depleting agents KS-01 and MβCD on EMT, three stains were utilised. To stain and visualise 

lipid rafts the Vybrant Alexa Fluor® Lipid Raft staining kit (Thermo Fisher Scientific, USA) 

was utilised. In order to visualise lipid droplets as a manner of estimating CE content 4-

difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene (Cholesteryl BODIPY™ FL 

C12, Thermo Fisher Scientific, USA) stain was utilised. Lastly, in order to visualise the effects 

on free cholesterol, Filipin III (Sigma-Aldrich, UK) was utilised.  The concentrations for KS-

01 and MβCD as mentioned in Table 3.1 have been extensively tested in breast and colorectal 

cancers in a laboratory setting and have been found to significantly deplete all cholesterol levels 

in these cancers after 2 to 4 hours of treatment, thus these concentrations were continued for 

further investigation in PC and utilised during the final 4 hours of EMT induction (Saha et al., 

2023, Perumel, et al unpublished article based on three research studies conducted in the lab). 

MβCD served as a positive control, providing a basis for comparison with the effects of KS-

01. 

3.5.1.1 Vybrant Alexa Fluor® Lipid Raft staining 

The Vybrant Alexa Fluor® Lipid Raft labelling kit (Thermo Fisher Scientific, USA) allows for 

the fluorescent labelling of lipid rafts in cells. The cholera toxin subunit B conjugate is able to 

bind to the ganglioside GM1, which is known to be enriched in lipid rafts found in the plasma 

membrane. The Alexa Fluor® 594 labelled cholera toxin subunit B then binds to the conjugate, 

cross-linking the lipid rafts into distinct patches that can be visualised.  



 

 

Following microscopy sample preparation in which partial- and post-EMT cells were only 

treated with the cholesterol-lowering agents KS-01 and MβCD with concentrations described 

in Table 3.1, cells were permeabilised using 0.1% (v/v) Triton X-100 (Sigma Aldrich, UK), 

diluted in 1X PBS, for 15 minutes at room temperature. Subsequently the 0.1% (v/v) Triton X-

100 was removed and the cells were washed three times with 1X PBS. This was followed by 

the addition of 1 µl/mL of Alexa Fluor® 594 cholera toxin subunit B conjugate diluted in 1× 

PBS for 30 minutes at 37 °C. Thereafter, the solution was removed, and the cells were washed 

three times with 1X PBS. The anti-cholera toxin subunit B antibody was added in a 1:500 

dilution for 30 minutes in the dark at 37 °C. Subsequently, the anti-cholera toxin subunit B 

solution was removed and the cells were washed three times with 1X PBS. Nuclei were stained 

using 0.0001 mg/mL DAPI (Sigma Aldrich, UK) for 10 minutes at room temperature. After 

staining, DAPI was recovered, and cells were washed three times with 1X PBS. The coverslips 

were then mounted on microscope slides using Fluoromount™ Aqueous Mounting Medium 

(Sigma Aldrich, UK) and was allowed to dry. Subsequently, cells were viewed using the EVOS 

M7000 Imaging Station (Thermo Fisher Scientific, USA), and fluorescence intensity was 

quantified using Celleste 6 Image Analysis Software (Thermo Fisher Scientific, USA). 

3.5.1.2 BODIPY Staining 

Cholesteryl BODIPY™ FL C12 (Thermo Fisher Scientific, USA) is a neutral, lipophilic stain 

used to detect lipid droplets in cells by localising within the polar lipids of the cell.  

Following microscopy sample preparation in which partial-and post-EMT cells were only 

treated with the cholesterol-lowering agents KS-01 and MβCD with concentrations described 

in Table 3.1, cells were permeabilised using 0.1% (v/v) Triton X-100 (Sigma Aldrich, UK), 

diluted in 1X PBS, for 15 minutes at room temperature. Subsequently, the 0.1% (v/v) Triton 

X-100 was removed, and the cells were washed three times with 1X PBS. This was followed 

by the addition of 4 µl/mL of BODIPY™ FL C12 diluted in 70% (v/v) ethanol for 30 minutes 

in the dark at 37 °C. The BODIPY™ FL C12 was then discarded and the cells were washed 

three times with 1X PBS. Nuclei were stained using 0.0001 mg/mL DAPI (Sigma Aldrich, UK) 

for 10 minutes at room temperature after which DAPI was recovered and cells were washed 

three times with 1X PBS. The coverslips were then mounted on microscope slides using 

Fluoromount™ Aqueous Mounting Medium (Sigma Aldrich, UK). After drying, cells were 

then viewed using the EVOS M7000 Imaging Station (Thermo Fisher Scientific, USA), and 

fluorescence intensity was quantified using Celleste 6 Image Analysis Software (Thermo 

Fisher Scientific, USA). 



 

 

3.5.1.3 Filipin staining 

Filipin III (Sigma-Aldrich, UK) is a polyene macrolide antibiotic derived from Streptomyces 

filipinensis that binds to cholesterol but not esterified sterols. This staining method is used to 

detect free cholesterol levels in fixed cells only (Maxfield and Wüstner, 2012).  

Following microscopy sample preparation in which cells were only treated with the 

cholesterol-lowering agents KS-01 and MβCD with concentrations described in Table 3.1, the 

cells were treated with 6 µl/mL of Filipin III diluted in 1× PBS in the dark for 2 hours at room 

temperature. In the final 10 minutes of incubation, the nuclei were stained red with NucRed™ 

Dead 647 (Thermo Fisher Scientific, USA). This staining solution was then removed, and the 

cells were washed three times with 1X PBS. The coverslips were then mounted on microscope 

slides using Fluoromount™ Aqueous Mounting Medium. After drying, cells were then viewed 

using the EVOS M7000 Imaging Station (Thermo Fisher Scientific, USA), and fluorescence 

intensity quantified using Celleste 6 Image Analysis Software (Thermo Fisher Scientific, 

USA). 

3.6 MDR assay 

The Vybrant® MDR Assay Kit (Thermo Fisher Scientific, USA) was used in order to screen 

the functionality of ABCB1. This assay relies on the principle that the fluorogenic dye calcein 

acetoxymethyl ester (calcein AM) acts as a substrate for efflux via ABCB1. When calcein AM 

enters the cell its ester bonds are cleaved resulting in a hydrophilic and fluorescent calcein, 

however when cells express high levels of ABCB1 the non-fluorescent calcein is expelled via 

the pump resulting in a lower fluorescence.  

In a 96-well plate, 10 000 PANC-1 cells were seeded and incubated overnight at 37 °C and 5% 

CO2 for cell attachment. EMT was then induced in the relevant wells as previously described, 

after which drug treatments (Table 3.1) were administered in the final 4 hours of EMT 

induction. In post-EMT cells, 20 µM Verapamil, a known ABCB1 inhibitor, served as the 

positive control and was administered for the same amount of time. Following drug treatments, 

0.25 µM of calcein-AM was administered to each well and subsequently incubated at 37 °C 

and 5% CO2 for 30 minutes in the dark. This was followed by two washes with 200 µl 1× PBS 

after which 45 µl of 1× PBS was placed into each well for imaging using the EVOS M7000 

Imaging Station (Thermo Fisher Scientific, USA). The fluorescence was then quantified using 

the Celleste 6 Image Analysis Software (Thermo Fisher Scientific, USA). The MDR activity 



 

 

was assessed based on calcein retention in cells and hence corresponding fluorescence in the 

cell.  

3.7 Transwell® invasion assay 

Invasion is the key mechanism for cancer metastasis and cell invasion assays allow for the 

quantification of the invasive potential of cells by viewing their response to chemo-attractants 

such as growth factors and lipids. The Transwell® Cell invasion assay relies on the principle 

that metastatic cells are able to invade through extracellular matrix materials, like GelTrex™ 

or Matrigel™ matrix, followed by a porous membrane as a response to a chemotactic gradient. 

This mimics the invasion of these cells in the body as cancer cells are able to migrate and 

invade through the extracellular matrix to the blood and finally attach to a different site. 

In a 24-well plate, 40 000 PANC-1 cells were seeded and incubated overnight at 37 °C and 5% 

CO2 for cell attachment. EMT was then induced in the relevant wells as previously described 

after which drug treatments (Table 3.1) were administered in the final 4 hours of EMT 

induction. The cells in each well were then detached, counted using the Invitrogen Countess 2 

Automated Cell Counter (Thermo Fisher Scientific, USA), and diluted to 300 000 cells/mL in 

serum-free media supplemented with 0.2% (w/v) BSA. BSA was used to support the 

continuous growth and survival of the cells. Thereafter, 80 μL of the PANC-1 cell suspension 

was mixed with 20 μL of GelTrex™ (Thermo Fisher Scientific, USA) and seeded in the 

Millicell® cell culture inserts (Sigma Aldrich, UK) containing 0.8 μm pores. The lower 

chamber contained 500 μL of DMEM supplemented with 10% (v/v) FBS to allow for 

chemotaxis. Cells were then incubated for 24 hours at 37 °C and 5% CO2 after which the non-

invasive cells were removed using cotton swabs. Invasive cells on the underside of the 

membrane were then fixed using 10% Formalin for 10 minutes at room temperature followed 

by dipping of the membrane in 1× PBS to gently wash. Cells were subsequently stained using 

0.0001 mg/mL DAPI (Sigma Aldrich, UK) for 10 minutes at room temperature for future 

visualisation. The membrane was again gently washed through dipping in 1× PBS three times. 

The invasive PANC-1 cells were then viewed using the EVOS M7000 Imaging Station 

(Thermo Fisher Scientific, USA), and the total cell number per membrane was quantified using 

Celleste 6 Image Analysis Software (Thermo Fisher Scientific, USA).  

3.8 RNA extraction and purification  

The E.Z.N.A.® HP Total RNA Isolation Kit (Omega Bio-Tek, USA) was utilised for RNA 

extraction. Initially, 300 000 cells were plated in 6-well plates and incubated overnight at 37 



 

 

°C and 5% CO2 for cell attachment. EMT was then induced in the relevant wells by treating 

with 10 ng/mL TGF-β1 (Bio-Techne, USA) for 48 hours. Relevant drug treatments, from Table 

3.1 above, were administered in the final 4 hours of EMT induction. Cells were then harvested 

and centrifuged at 1 400 rpm for 8 minutes to pellet the cells. These pellets were resuspended 

in 350 μL GTC lysis buffer supplemented with β-mercaptoethanol (Sigma Aldrich, UK) and 

vortexed for 30 seconds. The β-mercaptoethanol eliminates RNases released during cell lysis 

(Van Der Poel-Van De Luytgaarde et al., 2013; Masoodi et al., 2021). The lysate was then 

passed through an RNA homogenizer mini-column at maximum speed for 1 minute allowing 

for the complete breakdown of the cell and its constituents. The filtrate was then mixed with 

an equal volume of 70% (v/v) ethanol to precipitate out nucleic acids (Rio et al., 2010). This 

mixture was vortexed for 30 seconds and passed through a HiBind® RNA Mini Column at 12 

100 rpm for 1 minute after which the flow through was discarded. The column was then 

centrifuged once at 12 100 rpm for 30 seconds with 500 μL RNA Wash Buffer I. This was 

followed by two centrifugation steps with 500 μL RNA Wash Buffer II diluted in 100% (v/v) 

ethanol at 12 100 rpm for 30 seconds. These steps act to wash the RNA, removing any 

remaining salts and proteins, as well as concentrate the nucleic acids (Farrell, 2010). The flow-

through was discarded after all RNA wash steps. The HiBind® RNA Mini Column was then 

spun at maximum speed for 7 minutes to ensure all the ethanol had evaporated from the RNA. 

Lastly, RNA was eluted, and the sample resuspended in 40 μL of DNase/Rnase Free water 

(Omega Bio-Tek, USA). 

The purity and quality of the RNA were then investigated prior to cDNA synthesis, polymerase 

chain reaction (PCR) and real time-quantitative PCR (RT-qPCR). The Nanodrop 1000 

spectrophotometer (Thermo Fisher Scientific, USA) was used to quantify the RNA 

concentration (ng/µl), as well as indicate the purity of the RNA using the A260/A280 and 

A260/A230 ratios. The A260/A280 ratio allows for the confirmation of RNA purity and lack of 

protein contamination by comparing the absorbance wavelengths of 260 nm and 280 nm which 

are the wavelengths that display a maximum absorbance for the aromatic compounds in nucleic 

acids and proteins respectively. In addition, the A260/A230 ratio indicates any contaminants 

which display a maximum absorbance at 230 nm such as carbohydrates, salts, phenol, and 

EDTA. 

Furthermore, the integrity of the RNA was assessed by mixing 500 ng of RNA with 2 µl 2X 

RNA loading dye (Thermo Fisher Scientific, USA) which were then loaded carefully into the 

wells of a 1% (w/v) agarose gel (0.5 g agarose powder in 50 ml 1× Tris-borate EDTA (TBE) 



 

 

buffer) containing ethidium bromide (Thermo Fisher Scientific, USA) alongside the RiboRuler 

High Range RNA Ladder (Thermo Fisher Scientific, USA). The gel was subsequently 

electrophoresed at 80 V for approximately 1 hour and then viewed using the ChemiDoc™ 

XRS+ System (BioRad, USA) to visualise the 18S and 28S rRNA subunits. RNA with an 

A260/280 ratio of 2.0 and A260/230 ratio of 2.0-2.2, and good integrity was accepted for cDNA 

synthesis. 

3.8.1 cDNA synthesis 

Following RNA extraction, cDNA synthesis was performed using the RevertAid First Strand 

cDNA Synthesis Kit (Thermo Fisher Scientific, USA) for each treatment type. The reaction 

mixture was prepared according to Table 3.3 and dispensed into 0.2 mL microcentrifuge tubes. 

The tubes were mixed gently and centrifuged in a microcentrifuge (Starlab, Germany; Celtic 

Molecular Diagnostics, SA) to eliminate air bubbles.  

Table 3.3: Components of cDNA synthesis reaction 

Component Volume (μL) 

RevertAid Reverse Transcriptase (200 U/μL) 1 

RiboLock RNase Inhibitor (200 U/μL) 1 

5X Reaction Buffer  

(250 mM Tris-HCl (pH 8.3),  

250 mM KCl, 20 mM MgCl2, 50 mM DTT) 

4 

10mM dNTP Mix 2 

Oligo(dT)18 Primer (100 μM) 1 

RNA (1μg) x 

Nuclease-free water  x 

Total Volume 20 

 

A no template control (NTC) was used to confirm that amplification was as a result of the 

presence of RNA and not contamination of the reaction mixture. The reaction tubes were then 

placed in a T100™ Thermal Cycler at the following conditions: 1 cycle at 42 °C for 1 hour, 1 

cycle at 70 °C for 5 minutes. Subsequently, samples were either immediately placed on ice for 

use in PCR or RT-qPCR or stored at -20°C for long-term storage. 



 

 

3.9 Primer optimisation 

In this study, PCR was utilised to optimise the annealing temperatures of selected primers 

involved in EMT, cholesterol homeostasis and drug resistance. Initially, primer sequences were 

selected from the PrimerBank database (http://pga.mgh.harvard.edu/primerbank/). Thereafter 

the primers were validated to target the correct gene, have a GC content of 35-65%, length of 

18-22 base pairs, and an amplicon length of 70-140 base pairs using the UCSC In-Silico PCR 

Genome Browser (https://genome.ucsc.edu/cgi-bin/hgPcr), the NCBI Primer-BLAST website  

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/), and the Integrated DNA Technologies 

(IDT) OligoAnalyzer™ Tool (https://eu.idtdna.com/pages/tools/oligoanalyzer). The validated 

primer sequences were then synthesised by IDT (Whitehead Scientific, SA). 

3.9.1 PCR 

In order to find the annealing temperature for each primer pair to be used in RT-qPCR, PCR 

had to first be performed. The reaction mixture was prepared according to Table 3.4 and 

dispensed into 0.2 mL microcentrifuge tubes. The OneTaq® 2X Master Mix with Standard 

Buffer (New England Biolabs, USA) allowed for the amplification of amplicons without 

altering the pH.  

Table 3.4: Components of PCR reaction 

Component Volume (μL) 

OneTaq® 2X Master Mix with Standard 

Buffer 

6.25 

Forward primer (10 µM) 0.4 

Reverse primer (10 µM) 0.4 

RNase-free water 3.45 

Template cDNA 2 

Total volume  12.5 

 

An NTC was again used to confirm that amplification was as a result of the presence of cDNA 

and not contamination of the reaction mixture. The reaction tubes were then placed in a T100™ 

Thermal Cycler with the following parameters in Table 3.5.  

http://pga.mgh.harvard.edu/primerbank/
https://genome.ucsc.edu/cgi-bin/hgPcr
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://eu.idtdna.com/pages/tools/oligoanalyzer


 

 

Table 3.5: Cycling conditions for PCR 

Step Time Temperature (°C) Cycle number 

Initial activation 10 minutes 95 1 

Denaturation 

 

Annealing 

 

Extension 

10 seconds 

 

15 seconds 

 

20 seconds 

95 

Temperature range for 

each primer pair based 

on Tm 

72 

40 

Final extension 1 minute 72 1 

 

Subsequently, samples were either immediately placed on ice for visualisation on a 1% (w/v) 

agarose gel or stored at -20°C for long-term storage. Each PCR product was gently mixed with 

6X DNA loading dye (Thermo Fisher Scientific, USA) which were then loaded into each well 

of the gel alongside a 50 bp DNA ladder (New England Biolabs, USA) to determine the 

amplicon size and to determine if any primer-dimers were present. The gel was subsequently 

electrophoresed at 80 V for approximately 1 hour and then viewed using the ChemiDoc™ 

XRS+ System (BioRad, USA). Annealing temperatures with the brightest bands and without 

any non-specific primer dimers were then chosen to be used in RT-qPCR (Table 3.6).  

Table 3.6: Optimised annealing temperatures of genes of interest alongside their forward 

and reverse sequences 

Gene Primer Sequence (5’- 3’) Annealing temperature (°C) 

SNAIL1 F: TCGGAAGCCTAACTACAGCGA 
61 

R: AGATGAGCATTGGCAGCGAG 

TGF-β1 F: TACCTGAACCCGTGTTGCTCTC 
62 

R: GTTGCTGAGGTATCGCCAGGAA 

SREBF2 F: CTGCAACAACAGACGGTAATGA  
63 

R: CCATTGGCCGTTTGTGTCAG 

LDLR F: ACCAACGAATGCTTGGACAAC 
61 

R: ACAGGCACTCGTAGCCGAT 

ABCA1 F: ACCCACCCTATGAACAACATGA 
61 

R: GAGTCGGGTAACGGAAACAGG 



 

 

hENT1 F: CTCCAACTCTCAGCCCACCAATGA 
61 

R: GAAGTAACGTTCCCAGGTGCTGC 

ABCC5 F: AGTCCTGGGTATAGAAGTGTGAG 
63 

R: ATTCCAACGGTCGAGTTCTCC 

ABCG2 F: CAGGTGGAGGCAAATCTTCGT 
60 

R: ACCCTGTTAATCCGTTCGTTTT 

ABCB1 F: TTGCTGCTTACATTCAGGTTTCA 
62 

R: AGCCTATCTCCTGTCGCATTA 

GAPDH F: GGAGCGAGATCCCTCCAAAAT 
62 

R: GGCTGTTGTCATACTTCTCATGG 

 

3.10 RT-qPCR 

To quantify gene expression of genes involved in drug resistance, cholesterol homeostasis, and 

EMT, the Luna® Universal qPCR Master Mix (New England Biolabs, USA) was utilised to 

conduct RT-qPCR. During the annealing and extension stages of RT-qPCR Luna® is able to 

bind to the minor grooves of double-stranded DNA (dsDNA). By monitoring the fluorescence 

output after each amplification cycle the relative quantification of the amount of DNA present 

can be calculated.  

The RT-qPCR reaction mixture was prepared according to Table 3.7 for each gene and sample 

type after which 10 μL of the reaction mixture was dispensed into optically clear strip PCR 

tubes, sealed with optically clear flat caps, and centrifuged in a microcentrifuge (Starlab, 

Germany; Celtic Molecular Diagnostics, SA) to eliminate air bubbles. The QuantStudio™ 5 

Real-Time PCR system (Thermo Fisher Scientific, USA) was then used with the cycling 

conditions as described in Table 3.8. Subsequently, the Cq values were found using the Design 

& Analysis 2 software (Thermo Fisher Scientific, USA) after setting a quantification threshold. 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a reference gene for 

expression normalization during fold change calculations. Reference genes, also known as 

housekeeping genes, are fundamental constitutively expressed genes utilised in RT-qPCR to 

normalize gene expression levels (Ong, 2018). These genes play a critical role in mitigating 

the limitations associated with RT-qPCR, including primer specificity, uniform RNA quality, 

inhibitor presence, reverse transcription efficiency and ensuring equal cDNA levels across 

samples for accurate expression normalization and data interpretation (Turabelidze et al., 

2010). Following RT-qPCR gene expression was quantified using the Livak method of relative 



 

 

quantification  (Livak and Schmittgen, 2001) and data was presented as log2 of this fold 

change. 

The log2 fold change was calculated using the following calculations: 

 

Table 3.7: Components of Luna® Universal qPCR reaction 

Component Volume (μL) 

Luna® Universal qPCR Master Mix 5 

Forward Primer 0.25 

Reverse Primer 0.25 

cDNA 0.5 

Nuclease-free water 4 

Total Volume 10 

 

Table 3.8: Two-step cycling conditions for RT-qPCR using the QuantStudio™ 5 Real-Time 

PCR System 

Step Time (Seconds) Temperature (°C) Cycle number 

Initial denaturation 60 95 1 

Calculation 1: 

ΔCt =  Ct ሺtarget geneሻ −  Ct ሺendogenous control GAPDHሻ  

Calculation 2: 

 ΔΔCt =  ΔCt ሺexperimental sampleሻ −  ΔCt ሺnormal sampleሻ  

Calculation 3:  

Normalised target gene expression in sample ሺfold changeሻ  =  2−ΔΔCt  

Calculation 4:  

log2 fold change of expression of the sample 

=  𝑙𝑜𝑔2ሺNormalised target gene expression of sampleሻ  



 

 

Denaturation 

 

Annealing 

 

Extension 

15 

 

30 

 

30 (+ plate read) 

95 

 

Optimised primer 

temperature 

60 

40 

 

3.11 Statistical analysis 

All statistical analysis was performed using GraphPad Prism version 8.4.3, with all experiments 

conducted in both technical and biological duplicate or triplicate where possible. To measure 

the statistical significance of the results, an analysis of variance (ANOVA) test was run to 

compare the means among three or more groups (Mishra et al., 2019). This was followed by a 

Tukey post hoc test to determine the statistical comparisons between the means of the group. 

To measure the statistical significance of smaller data sets with fewer than three groups or in 

cases where an ANOVA was not possible. a two-tailed student’s t-test was utilised. This tests 

for changes in the variable, and determines if there are any significant differences between the 

means of the groups. Values were considered significant at p < 0.05. For any assays conducted 

in a 96-well plate, a Z-factor was calculated (Zhang et al., 1999). This value indicated the 

robustness and reliability of the scientific data produced, with a Z-factor above > 0.6 considered 

the acceptable range for use.  

4 Results 

4.1 Analysing Changes in PANC-1 Cell Morphology Following TGF-β1 Treatment 

The PANC-1 cell line is an adherent human PC epithelial cell line. It is known to exhibit both 

epithelial and mesenchymal phenotypes, which classifies it as a quasi-mesenchymal-cell line 

(Ungefroren et al., 2022). Previous studies have indicated that the PANC-1 cell line can 

undergo a shift towards a more mesenchymal or epithelial phenotype (Ungefroren et al., 2022). 

Following the treatment with 5 ng/mL and 10 ng/mL TGF-β1 for incubation periods of 24 or 

48 hours, the cells exhibited characteristics associated with the mesenchymal phenotype 

particularly after 48 hours of treatment (Figure 4.1d and e). After 48 hours of treatment, and 

specifically with a concentration of 10 ng/mL of TGF-β1, there was a notable loss of cell-cell 

contacts and a transition to an elongated, spindle-like morphology. Consequently, further 

investigation was conducted using a 48-hour treatment with concentrations of 5 ng/mL and 10 

ng/ml.  



 

 

 

 

Figure 4.1: Changes in morphology of PANC-1 cells after various TGF-β1 treatment times 

and concentrations. 

The images depict the morphological changes observed in PANC-1 cells following treatment 

with various concentrations and durations of TGF-β1. The images correspond to the following 

conditions: (a) Untreated, (b) 5 ng/mL TGF-β1 for 24 hours, (c) 10 ng/mL TGF-β1 for 24 

hours, (d) 5 ng/mL TGF-β1 for 48 hours, and (e) 10 ng/mL TGF-β1 for 48 hours. Cells were 

imaged using the EVOS M7000 Imaging Station at 20× magnification. Scale bar represents 

150 μM. Notably, the most pronounced mesenchymal-like morphology was observed after 48 

hours of treatment, particularly at a concentration of 10 ng/mL of TGF-β1.  

 

4.2 Confirming EMT induction using Vimentin and E-cadherin staining 

Following morphological analysis to visualise EMT induction in PANC-1 cells, 

immunofluorescence microscopy was utilised to study the expression of key EMT markers 

following TGF-β1 administration. E-cadherin is a cell junction protein, indicative of an 



 

 

epithelial phenotype, whereas vimentin, an intermediate filament, is the marker indicative of a 

mesenchymal phenotype (Thiery et al., 2009; Ye and Weinberg, 2015). As seen in Figure 4.2 

vimentin expression increased by 16% after 24 hours and 44% after 48 hours of treatment with 

10 ng/mL TGF-β1, the only statically significant increase was after 48 hours. As seen in Figure 

4.3, E-cadherin expression decreased by 49%. These markers indicate the promotion of an 

EMT state. Therefore, treatment conditions of 10 ng/mL TGF-β1 for 48 hours was selected to 

induce complete EMT in PANC-1 cells.  

 

 

Figure 4.2: Changes in vimentin fluorescence in PANC-1 cells after TGF-β1 treatment 

The representative immunofluorescent images illustrate the impact of various TGF-β1 

treatments on vimentin expression levels. (i) The images correspond to the following 

conditions: (a) Untreated, (b) 5 ng/mL TGF-β1 for 48 hours, and (c) 10 ng/mL TGF-β1 for 48 

hours. Cells were labelled with Rabbit Anti-Human Vimentin primary antibody and Goat Anti-

Rabbit Texas Red secondary antibody. Nuclei are stained with DAPI and shown in blue, and 

vimentin in red. (ii) Quantification revealed a significant increase vimentin, a mesenchymal 

marker, only after treatment with 10 ng/mL of TGF-β1 for 48 hours. Images were captured 

using EVOS Floid™ Cell Imaging Station at 20× magnification and subsequently quantified 

using Image J. A corresponding bar graph depicting mean values of the corrected total cell 

fluorescence (CTCF) from three independent repeats, is included. Treatment groups were 

compared to the untreated control. Scale bar represents 100 μM. Data are mean ± SD; (n = 3) 

from raw data. Treatment groups were compared to the untreated control. Statistical analysis 

was calculated using a two-tailed students t-test, where *p < .05, **p < .01, ***p < .001, 

****p < .0001, and ns = non-significant indicates a significant or non-significant difference to 

the untreated control.  

 



 

 

 

Figure 4.3: Changes in E-cadherin fluorescence in PANC-1 cells after TGF-β1 treatment. 

The representative immunofluorescent images depict the impact of 10ng/mL TGF-β1 treatment 

for 48 hours on E-cadherin expression levels. (i) The images correspond to the following 

conditions: (a) Untreated and (b) 10 ng/mL TGF-β1 for 48 hours. PANC-1 cells were exposed 

to 10 ng/mL of TGF-β1 for 48 hours. Cells were labelled with Mouse Anti-Human E-cadherin 

primary antibody and Goat Anti-Mouse Alexa Fluor 488 secondary antibody. Nuclei are 

stained with DAPI and shown in blue, and E-cadherin in green. (ii) Quantification revealed a 

significant decrease in E-cadherin, an epithelial marker, after 10 ng/ml of TGF-β1 for 48 

hours. Images were captured using EVOS FLoid™ Cell Imaging Station at 20× magnification 

and subsequently quantified using Image J. A corresponding bar graph depicting mean values 

of the corrected total cell fluorescence CTCF from three independent repeats, is included. 

Treatment groups were compared to the untreated control. Scale bar represents 100 μM. Data 

are mean ± SD; (n = 3) from raw data, where n is the total number of cells quantified per 

condition. Treatment groups were compared to the untreated control. Statistical analysis was 

calculated using a two-tailed students t-test, where *p < .05, **p < .01, ***p < .001, 

****p < .0001, and ns = non-significant indicates a significant or non-significant difference to 

the untreated control.  

 

4.3 Investigating the effect of TGF-β1-induced EMT on cell proliferation 

Since the induction of EMT has been linked to cell quiescence (Akhmetkaliyev et al., 2023), it 

was crucial to investigate the impact of 10 ng/mL TGF-β1 treatment for 48 hours on cell 

proliferation. This was done by analysing growth curves and immunofluorescence of Ki-67, a 

cell proliferation marker that is present in all active phases of the cell cycle, namely G1, S, G2 

and M-phase where low levels of Ki-67 can indicate a stagnation in the G1/S checkpoint phase 

(Miller et al., 2018).  The growth curves, depicted in Figure 4.4, clearly demonstrate that the 

growth of PANC-1 cells reached a plateau after 48 hours of treatment with 10 ng/mL TGF-β1, 

whereas the untreated cells continued to proliferate exponentially until 96 hours. Subsequently, 

the expression of Ki-67 was examined, revealing a significant 53% decrease in expression after 



 

 

48 hours of treatment with 10 ng/mL TGF-β1 (Figure 4.5ia, ib, and ii). These findings confirm 

a reduction in cell proliferation and a halt in the cell cycle following treatment with 10ng/mL 

TGF-β1. The morphological changes observed, such as a transition to a more spindle-like shape 

(Figure 4.1), along with the promotion and reduction in the expression of vimentin and E-

cadherin respectively (Figure 4.2 and Figure 4.3), and lastly the reduction in proliferation and 

halt of the cell cycle (Figure 4.4 and Figure 4.5) as seen after treatment with 10 ng/mL TGF-

β1 confirmed the induction of EMT and was chosen for future experiments to induce EMT.  
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Figure 4.4: Growth curves using cell counts as a measure of proliferation of the PANC-1 

cell line before and after TGF-β1 treatment. 

Cell numbers were analysed daily using the trypan blue cell counting method using the 

Invitrogen Automated Cell Counter in triplicates after treatment with 10 ng/ml TGF-β1. Cell 

numbers reduced and stagnated after EMT induction whereas the untreated cells continued to 

proliferate exponentially. Data represents the mean ± SD; (n = 3). Treatment groups were 

compared to the untreated control. Statistical analysis was calculated using a two-way ANOVA 

followed by a Tukey post-hoc test to compare individual differences, where *p < .05, **p < .01, 

***p < .001, ****p < .0001, and ns = non-significant indicates a significant or non-significant 

difference to the untreated control.  

 



 

 

 

Figure 4.5: Changes in Ki-67 fluorescence in PANC-1 cells after TGF-β1 treatment. 

The representative immunofluorescent images illustrate the effects of EMT on Ki-67 levels. (i) 

(i) The images correspond to the following conditions: (a) Untreated, and (b) 10 ng/mL TGF-

β1 for 48 hours. PANC-1 cells were treated with 10 ng/ml of TGF-β1 for 48 hours. Cells 

labelled with a rabbit Anti-Human Ki-67 primary antibody followed by the secondary antibody, 

Goat Anti-Rabbit Texas Red. (ii) Quantification revealed that Ki-67, a proliferation marker, 

was reduced after 10 ng/ml of TGF-β1 for 48 hours. Nuclei are stained with DAPI and shown 

in blue, and Ki-67 in red. (ii) Images were captured using EVOS FLoid™ Cell Imaging Station 

at 20× magnification and subsequently quantified using Image J. A corresponding bar graph 

depicting mean values of the CTCF from three independent repeats, is included. Scale bar 

represents 100 μM. Data are mean ± SD; (n = 3) from raw data. Treatment groups were 

compared to the untreated control. Statistical analysis was calculated using a two-tailed 

students t-test, where *p < .05, **p < .01, ***p < .001, ****p < .0001, and ns = non-

significant indicates a significant or non-significant difference to the untreated control.  

 

4.4 Analysing the effect of TGF-β1-induced EMT on cell viability following treatment 

with cholesterol lowering drugs and chemotherapeutic agents.  

In order to examine the effects of TGF-β1-induced EMT on cell viability following treatment 

with cholesterol lowering drugs and chemotherapeutic agents, MTT assays were performed on 

partial- and post-EMT cells. It was found that in cells without EMT induction there was a 

significant 86% and 30% reduction in viability when treated with KS-01 or MβCD, 

respectively. Notably, there was no significant reduction in viability when treated with 5-FU 

or GEM alone. However, when 5-FU or GEM was combined with KS-01 there was a 

significant reduction in viability (45% and 57% respectively). In EMT-induced cells, the same 

was not seen, instead, there was a significant 76% increase in viability when treated with KS-

01 or no effect when treated with MβCD alone. Again, it was seen that there was no significant 

reduction in viability when treated with 5-FU or GEM alone. It was however seen that there 



 

 

was a significant increase in viability when 5-FU or GEM were combined with KS-01 (63% 

and 54% respectively). Notably, in partial-EMT, the positive control plumbagin reduced cell 

viability by 86% but in post-EMT cells there was only a 46% decrease. Lastly, the viability in 

untreated partial-EMT was 199% higher than in untreated post-EMT. EMT seems to impact 

the growth of PANC-1 cells as previously seen in Figure 4.4 and Figure 4.5, and when 

combined with treatments particularly KS-01 as seen in Figure 4.6 there is an increase in the 

viability but not to the extent as partial-EMT cells without treatment (Figure 4.6b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Changes in percentage cell viability in PANC-1 cells both prior to TGF-β1-

induced EMT and after, with combination treatments. 

The graphs depict (a) The percentage cell viability of PANC-1 cells prior to EMT induction 

with various treatments, normalised to untreated (partial-EMT). (b) The percentage cell 
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viability of PANC-1 cells after TGF-β1-induced EMT with various treatments, normalised to 

untreated (post-EMT). (a) Cells were then either immediately treated for 48 hours with the 

necessary drugs or (b) EMT was induced using 10 ng/ml of TGF-β1 for 48 hours after which 

cells were treated for 48 hours with the necessary drugs. MTT was then added for 4 hours, 

formazan crystals solubilised overnight, and viewed using a VICTOR™ Nivo plate reader at 

570 nm. Cells were treated with 10 mM KS-01, 10 μM 5-FU, 1 μM GEM, 10 mM KS-01+10 

µM 5-FU, 10 mM KS-01+1 µM GEM, and 1 mM MβCD. A positive control (Plumbagin at 

40 μM) was used for all conditions, as it is known to have pro-apoptotic properties. 

Quantification indicated that in cells without EMT induction (a) there was a significant 

reduction in viability when treated with KS-01 or MβCD alone, there was no significant 

reduction in viability when treated with 5-FU or GEM alone, however when 5-FU or GEM 

was combined with KS-01 there was a significant reduction in viability. In EMT-induced cells 

(b) the same was not seen, instead, there was a significant increase in viability when treated 

with KS-01 or no effect when treated with MβCD alone. Again, it was seen that there was no 

significant reduction in viability when treated with 5-FU or GEM alone. Contrastingly, it was 

also seen that there was a significant increase in viability when 5-FU or GEM were combined 

with KS-01. Treatment groups were compared to the (a) untreated control and (b) untreated 

control for post-EMT. Cell viability was assessed using an MTT assay relative to the untreated 

control (100% viability). Data are mean ± SD; (n = 3) from raw data. Statistical analysis was 

calculated using a one-way ANOVA followed by a Tukey post-hoc test to compare individual 

differences, where *p < .05, **p < .01, ***p < .001, ****p < .0001, and ns = non-significant 

indicates a significant or non-significant difference to the untreated control. The z-factor was 

>0.6 for each 96-well plate.  

 

4.5 Delineating the link between TGF-β1-induced EMT and cholesterol in PANC-1 cells 

The process of EMT at the cellular level is a complex network that relies on the manipulation 

of crucial cellular signalling pathways. These pathways extensively communicate to initiate 

and control the EMT program. Furthermore, dysregulated cholesterol metabolism resulting 

from metabolic reprogramming has also been found to play a distinct role in EMT. As 

previously mentioned, this metabolic reprogramming in PDAC leads to the activation of 

several cell signalling pathways that are implicated in the activation of EMT-TFs. 

In order to examine the effects of TGF-β1-induced EMT on membrane cholesterol levels, 

Vybrant Lipid Raft labelling was completed. Following the induction of EMT there was a 

notable 43% decrease in membrane lipid rafts (Figure 4.7ia, ib, and ii). In partial-EMT PANC-

1 cells, treatment with cholesterol-depleting agents KS-01 and MβCD resulted in a significant 

74% increase after KS-01, but no significant change was observed when treated with MβCD 

(Figure 4.7ic, ie, and ii). Interestingly, in post-EMT cells, the treatment with KS-01 and MβCD 

resulted in a significant 128% and 57% increase in membrane lipid rafts, respectively (Figure 

4.7id, ie, and ii).  

 



 

 

 

Figure 4.7: Changes in Vybrant Alexa Fluor® Lipid Raft staining fluorescence in PANC-

1 cells as a result of TGF-β1-induced EMT and cholesterol-depleting agents. 

The representative immunofluorescent images illustrate the impact of EMT and cholesterol-

depleting agents on lipid rafts. (i) The images correspond to the following conditions: (a) 

Untreated partial-EMT, (b) Untreated post-EMT, (c) 10 mM KS-01 partial-EMT, (d) 10 mM 

KS-01 post-EMT, (e) 1 mM MβCD partial-EMT, (f) 1 mM MβCD post-EMT.  PANC-1 cells 

were treated with 10 ng/ml of TGF-β1 for 48 hours after which relevant drug treatments (KS-

01 and MβCD) were administered during the final 4 hours of EMT induction. Cells were 

stained with Vybrant Alexa Fluor® Lipid Raft stain and DAPI. (ii) Quantification revealed a 

significant decrease in lipid raft content after EMT induction as well as an increase in lipid 

raft content after treatment with KS-01 in both partial- and post-EMT. MβCD had no 

significant effect in partial-EMT but increased significantly post-EMT. Nuclei are stained with 

DAPI and shown in blue, and lipid rafts in red. Images were captured using EVOS M7000 

Imaging Station at 40× magnification and subsequently quantified using Celleste 6 imaging 

software. A corresponding bar graph depicting mean values of the integrated optical density 

(OD) from three independent repeats, is included. Scale bar represents 150 μM. Data are 

mean ± SD; (n = 3) from raw data. Treatment groups were compared to the untreated control 

for either partial- or post-EMT. Statistical analysis was calculated using a one-way ANOVA 

followed by a Tukey post-hoc test to compare individual differences, where *p < .05, **p < .01, 

***p < .001, ****p < .0001, and ns = non-significant indicates a significant or non-significant 

difference to the untreated control.  

 

In addition to lipid raft staining, we then looked at stored cholesterol.  In order to examine the 

influence of TGF-β1-induced EMT on CEs, the quantification of lipid droplets was conducted. 

Following the induction of EMT there was a notable 70% increase in lipid droplets (Figure 

4.8ia, ib, and ii). In partial-EMT PANC-1 cells, treatment with cholesterol-depleting agents 



 

 

KS-01 and MβCD did not yield any significant differences in the number of lipid droplets by 

the integrated OD (Figure 4.8ic, ie, and ii). Conversely, in post-EMT cells, the treatment with 

KS-01 and MβCD resulted in a significant 32% and 30% decrease in lipid droplets, respectively 

(Figure 4.8id, if, and ii).  

 

 

Figure 4.8: Changes in BODIPY staining fluorescence in PANC-1 cells as a result of TGF-

β1-induced EMT and cholesterol-depleting agents. 

The representative immunofluorescent images illustrate the impact of EMT and cholesterol-

depleting agents on LDs. (i) The images correspond to the following conditions: (a) Untreated 

partial-EMT, (b) Untreated post-EMT, (c) 10 mM KS-01 partial-EMT, (d) 10 mM KS-01 post-

EMT, (e) 1 mM MβCD partial-EMT, (f) 1 mM MβCD post-EMT. PANC-1 cells were treated 

with 10 ng/ml of TGF-β1 for 48 hours after which relevant drug treatments (KS-01 and MβCD) 

were administered during the final 4 hours of EMT induction. Cells were stained with 

BODIPY™ FL C12 and DAPI. (ii) Quantification revealed a significant increase in LDs post-

EMT as well as a significant decrease in LDs after KS-01 and MβCD post-EMT. There were 

no significant changes in LDs when KS-01 or MβCD was administered. Nuclei are stained with 

DAPI and shown in blue, and LDs in green. Images were captured using EVOS M7000 Imaging 

Station at 40× magnification and subsequently quantified using Celleste 6 imaging software. 

A corresponding bar graph depicting mean values of the integrated optical density (OD) from 

three independent repeats, is included. Scale bar represents 150 μM. Data are mean ± SD; 

(n = 3) from raw data. Treatment groups were compared to the untreated control for either 

partial- or post-EMT. Statistical analysis was calculated using a one-way ANOVA followed by 

a Tukey post-hoc test to compare individual differences, where *p < .05, **p < .01, 

***p < .001, ****p < .0001, and ns = non-significant indicates a significant or non-significant 

difference to the untreated control.  

 



 

 

Finally, free cholesterol was analysed. To investigate the impact of TGF-β1-induced EMT on 

free cellular cholesterol levels, Filipin III staining was conducted. Free cholesterol plays a 

crucial role in lipid rafts and can be stored as CEs. Following the induction of EMT there was 

a notable 126% increase in free cholesterol levels (Figure 4.9ia, ib, and ii). In partial-EMT 

PANC-1 cells, treatment with cholesterol-depleting agents KS-01 and MβCD led to a 

respective 105% and 90% increase in free cholesterol levels, as evidenced by the rise in the 

integrated OD (Figure 4.9ic, ie, and ii). Conversely, in post-EMT cells, treatment with KS-01 

and MβCD resulted in a slight decrease in free cholesterol 17% and 21% respectively; however, 

findings were not statistically significant (Figure 4.9id, if, and ii).  

 

 

Figure 4.9: Changes in Filipin III staining fluorescence in PANC-1 cells as a result of TGF-

β1-induced EMT and cholesterol-depleting agents. 

The representative immunofluorescent images illustrate the impact of EMT and cholesterol-

depleting agents on free cholesterol. (i) The images correspond to the following conditions: (a) 

Untreated partial-EMT, (b) Untreated post-EMT, (c) 10 mM KS-01 partial-EMT, (d) 10 mM 

KS-01 post-EMT, (e) 1 mM MβCD partial-EMT, (f) 1 mM MβCD post-EMT.  PANC-1 cells 

were treated with 10 ng/ml of TGF-β1 for 48 hours after which relevant drug treatments (KS-

01 and MβCD) were administered during the final 4 hours of EMT induction. Cells were 

stained with Filipin III and DAPI. (ii) Quantification revealed a significant increase in free 

cholesterol content after EMT induction. Additionally, there was a significant increase in free 

cholesterol after treatment with KS-01 and MβCD in partial-EMT PANC-1 cells. In post-EMT 

cells, however, there was no significant change in free cholesterol. Nuclei are stained with 

NucRed™ Dead 647 and shown in red, and free cholesterol in blue. Images were captured 

using EVOS M7000 Imaging Station and subsequently quantified using Celleste 6 imaging 



 

 

software. A corresponding bar graph depicting mean values of the integrated optical density 

(OD) from three independent repeats, is included. Scale bar represents 150 μM. Data are 

mean ± SD; (n = 3) from raw data. Treatment groups were compared to the untreated control 

for either partial- or post-EMT. Statistical analysis was calculated using a one-way ANOVA 

followed by a Tukey post-hoc test to compare individual differences, where *p < .05, **p < .01, 

***p < .001, ****p < .0001, and ns = non-significant indicates a significant or non-significant 

difference to the untreated control.  

 

4.6 Analysing the Effect of Targeting Cellular Cholesterol alone or in combination with 

chemotherapeutic agents on EMT 

Based on the observation that levels of free cholesterol and stored cholesterol levels are higher 

after EMT induction, as well as the variable responses of cell viability, membrane lipid raft 

cholesterol, free cholesterol, and CEs to cholesterol-depleting agents, together with scientific 

evidence implicating cholesterol in regulating EMT-related signalling pathways and lipid 

droplet accumulation in invasion, we aimed to elucidate the effect of targeting cholesterol alone 

and in combination with chemotherapeutic agents on the EMT state of PANC-1 cells. This was 

achieved by investigating the expression of EMT markers vimentin and E-cadherin. As 

expected, there was a significant increase in vimentin expression by 27% after EMT induction 

(Figure 4.10ia, ib, and ii). Unexpectedly, treatment with KS-01, KS-01 + GEM, and MβCD 

further promoted vimentin expression by 115%, 88%, and 157%, respectively (Figure 4.10ic, 

ig, ih and ii). Interestingly, when KS-01 was combined with 5-FU, there was no significant 

change in vimentin expression (Figure 4.10if and ii). None of the other treatments significantly 

altered vimentin expression (Figure 4.10id, ie, and ii).  

E-cadherin expression, as expected, significantly decreased after EMT induction by 54% ( 

Figure 4.11ia, ib, and ii).  However, the treatment groups that promoted vimentin also increased 

E-cadherin expression (KS-01 by 45% and KS-01 + GEM by 35%) or had no effect (MβCD). 

This is an unexpected result as vimentin expression is usually accompanied by reduced E-

cadherin expression (Figure 4.11ic, ig, ih, and ii). Targeting cholesterol in PDAC may thus 

promote a specific EMT state that fosters the expression of both mesenchymal and epithelial 

phenotypes.  



 

 

 

Figure 4.10: Changes in vimentin fluorescence in PANC-1 cells as a result of TGF-β1-

induced EMT and combination treatments. 

The representative immunofluorescent images illustrate the impact of EMT on vimentin 

expression levels. (i) The images correspond to the following conditions: (a) Untreated partial-

EMT, (b) Untreated post-EMT, (c) 10 mM KS-01, (d) 10 μM 5-FU, (e) 1 μM GEM, (f) 10 mM 

KS-01 + 10 µM 5-FU, (g) 10 mM KS-01 + 1 µM GEM, and (h) 1 mM MβCD. PANC-1 cells 

were treated with 10 ng/ml of TGF-β1 for 48 hours after which relevant drug treatments were 

administered during the final 4 hours of EMT induction. Cells were labelled with Rabbit Anti-

Human Vimentin primary antibody and Goat Anti-Rabbit Texas Red secondary antibody. (ii) 

Quantification revealed a significant increase in vimentin after EMT induction and treatment 

with KS-01, KS-01 + GEM, and MβCD further promoted its expression. Nuclei are stained 

with DAPI and shown in blue, and vimentin in red. Images were captured using EVOS M7000 

Imaging Station at 40× magnification and subsequently quantified using Celleste 6 imaging 

software. A corresponding bar graph depicting mean values of the integrated optical density 

(OD) from three independent repeats, is included. Scale bar represents 150 μM. Data are 

mean ± SD; (n = 3) from raw data. Treatment groups were compared to the untreated control 

for post-EMT. Statistical analysis was calculated using a two-tailed student's t-test, where 

*p < .05, **p < .01, ***p < .001, ****p < .0001, and ns = non-significant indicates a 

significant or non-significant difference to the untreated control. 



 

 

  

Figure 4.11: Changes in E-cadherin fluorescence in PANC-1 cells as a result of TGF-β1-

induced EMT and combination treatments. 

The representative immunofluorescent images illustrate the impact of EMT on vimentin 

expression levels. (i) The images correspond to the following conditions: (a) Untreated partial-

EMT, (b) Untreated post-EMT, (c) 10 mM KS-01, (d) 10 μM 5-FU, (e) 1 μM GEM, (f) 10 mM 

KS-01 + 10 µM 5-FU, (g) 10 mM KS-01 + 1 µM GEM, and (h) 1 mM MβCD. PANC-1 cells 

were treated with 10 ng/ml of TGF-β1 for 48 hours after which relevant drug treatments were 

administered during the final 4 hours of EMT induction. Cells labelled with Mouse Anti-Human 

E-cadherin primary antibody and Goat Anti-Mouse Alexa Fluor 488 secondary antibody. (ii) 

Quantification revealed a significant increase in decrease in E-cadherin after EMT induction. 

Contrastingly, the treatment with KS-01 and KS-01 + GEM significantly increased E-cadherin 

but not to levels found in partial-EMT Nuclei are stained with DAPI and shown in blue, and 

E-cadherin in green. Images were captured using EVOS M7000 Imaging Station at 40× 

magnification and subsequently quantified using Celleste 6 imaging software. A corresponding 

bar graph depicting mean values of the integrated optical density (OD) from three independent 

repeats, is included. Scale bar represents 150 μM. Data are mean ± SD; (n = 3) from raw data. 

Treatment groups were compared to the untreated control for post-EMT. Statistical analysis 

was calculated using a two-tailed student's t-test, where *p < .05, **p < .01, ***p < .001, 

****p < .0001, and ns = non-significant indicates a significant or non-significant difference to 

the untreated control.  

 



 

 

4.7 Analysing the drug resistant potential of PANC-1 cells post-EMT induction 

following treatment with cholesterol targeting agents and chemotherapeutic agents 

There is a well-documented link between EMT and MDR in PDAC. Previous studies have 

highlighted the multifaceted role of cholesterol in MDR, particularly in its impact on ABC 

transporters such as ABCB1 (Arumugam et al., 2009; Adamska and Falasca, 2018). To 

evaluate the functionality of the ABCB1 transporter following cholesterol depletion and 

various chemotherapy treatments, the intracellular retention of calcein was measured. 

Induction of EMT by TGF-β1 significantly increased MDR potential, as evidenced by a 19% 

decrease in calcein retention. Interestingly, the cholesterol-depleting agent KS-01 had no 

impact on MDR potential, while treatment with MβCD resulted in a 27% increase in calcein 

retention, and hence a reduction in MDR potential. Similarly, individual chemotherapy 

treatments with 5-FU and GEM reduced MDR potential by 44% and 39%, respectively, with 

5-FU showing a significant reduction. However, treating post-EMT cells with a combination 

of KS-01 and GEM promoted MDR potential, decreasing calcein retention by 25%. Lastly, the 

positive control for reducing MDR, Verapamil, a known ABCB1 inhibitor, exhibited a drastic 

increase in calcein retention (Figure 4.12).  

 

Figure 4.12: Changes in MDR in PANC-1 cells after TGF-β1-induced EMT and 

combination treatments. 

The graph depicts the percentage integrated optical density (OD) green in PANC-1 cells under 

different treatment conditions normalised to the Untreated (post-EMT), representing levels of 

MDR. Higher levels of fluorescence correspond to reduced drug resistance. In a 96-well plate, 

10 000 PANC-1 cells were seeded after which cells were incubated overnight for attachment. 

PANC-1 cells were treated with 10 ng/ml of TGF-β1 for 48 hours after which relevant drug 

P
ar

tia
l-E

M
T

P
ost

-E
M

T

0
10
20
30
40
50
50

100

150

200

500

1000

1500

1
1

4
1

1
1

4
1

1
1

4
1

1
2

7
1

2
7

1
2

7

7
5

7
5

7
5

1
0

1
1

0
1

1
0

1

1
3

9
1

3
9

1
3

9

1
4

4
1

4
4

1
4

4

1
0

3
1

0
3

1
0

3

1
1

9

1
0

0

1
1

9

1
0

0

1
1

9

1
0

0

In
te

g
ra

te
d

 O
D

 G
re

e
n

 (
%

) Untreated

10 mM KS-01

10 µM 5-FU

1 µM GEM

10 mM KS-01 + 10 µM 5-FU

10 mM KS-01 + 1 µM GEM

1 mM MßCD

20 µM Verapamil

ns
✱

ns

ns

✱

✱✱

✱✱

✱✱



 

 

treatments were administered in the final 4 hours of EMT induction. Cells were treated with 

10 mM KS-01, 10 μM 5-FU, 1 μM GEM, 10 mM KS-01 + 10 µM 5-FU, 10 mM KS-01 + 1 µM 

GEM, and 1 mM MβCD. A positive control (20 μM Verapamil) was used for all conditions, as 

it is known ABCB1 inhibitor. Quantification revealed a significant increase in MDR when EMT 

was induced in PANC-1 cells. Treatments with KS-01, GEM, and KS-01 + 5-FU showed no 

significant further effect on MDR, whereas treatment with KS-01 + GEM significantly 

promoted MDR. In contrast, treatments with 5-FU, and MβCD reduced MDR. Fluorescence 

data was captured using EVOS M7000 Imaging Station and subsequently quantified using 

Celleste 6 imaging software relative to the untreated (post-EMT) control (100% integrated 

OD). Data are mean ± SD; (n = 3) from raw data. Statistical analysis was calculated using a 

two-tailed student's t-test, where *p < .05, **p < .01, ***p < .001, ****p < .0001, and 

ns = non-significant indicates a significant or non-significant difference to the untreated 

control.  

 

4.8 Assessing the invasive potential of PANC-1 cells post-EMT induction following 

treatment with cholesterol targeting agents and chemotherapeutic agents 

The TranswellTM invasion assay is a widely employed technique aimed at understanding the 

invasive behaviour of cancer cells, which is a crucial step in metastasis. Following the 

observation that the cholesterol-depleting agents and certain combination therapies promoted 

the expression of vimentin and displayed varied effects on E-cadherin expression, the following 

step was to investigate the effects of these treatments on the invasive potential of the post-EMT 

groups.  

EMT induction increased invasion by 51%, while the treatment groups 5-FU, GEM, and KS-

01 + 5-FU had no significant effect on invasion compared to post-EMT. However, treatment 

with cholesterol-depleting agents alone significantly increased invasion by 72% and 88%, 

respectively. Notably, the combination of KS-01 and GEM also promoted invasion by 54% 

(Figure 4.13). These findings suggest a potential relationship between targeting cholesterol in 

PDAC and metastasis, particularly when combined with GEM.  



 

 

 

Figure 4.13: Changes in invasive potential of PANC-1 cells after TGF-β1-induced EMT 

and combination treatments. 

The graph depicts the percentage of invaded PANC-1 cells under various treatment conditions 

after TGF-β1-induced EMT normalised to the untreated (post-EMT) control, as determined by 

a Transwell® invasion assay. The higher the percentage the more invasive the PANC-1 cells 

are. After 48 hours of TGF-β1-induced EMT and relevant drug treatments in the final 4 hours 

of EMT induction 300000 PANC-1 cell/mL of serum free media were seeded in the upper 

chamber of a Transwell® invasion insert coated with GelTrex™ for 24 hours. The lower 

chamber containing DMEM supplemented with 10% FBS acted as a chemoattractant. Invasive 

cells were then stained with DAPI.  Cells were treated with 10 mM KS-01, 10 μM 5-FU, 1 μM 

GEM, 10 mM KS-01 + 10 µM 5-FU, 10 mM KS-01 + 1 µM GEM, and 1 mM MβCD. 

Quantitative analysis revealed a significant increase in the invasive ability of PANC-1 cells 

following EMT induction. Treatment with KS-01, KS-01 + GEM, and MβCD significantly 

further promoted invasion. Conversely, all other treatments had no additional effects on 

invasion. Fluorescent Data was captured using EVOS M7000 Imaging Station and cell number 

quantified using Celleste 6 imaging software relative to the untreated (post-EMT) control 

(100% cell number). Data are mean ± SD; (n = 2) from raw data. Statistical analysis was 

calculated using a two-tailed student's t-test, where *p < .05, **p < .01, ***p < .001, 

****p < .0001, and ns = non-significant indicates a significant or non-significant difference to 

the untreated control.  

 

4.9 Molecular mechanism of EMT, cancer drug resistance, and cholesterol metabolism 

post-EMT induction following treatment with cholesterol targeting agents and 

chemotherapeutic agents.  

The expression levels of relevant genes were observed using RT-qPCR. The EMT related genes 

analysed using RT-qPCR included: SNAIL1 and TGF-β1, the drug resistance related genes 
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included: ABCC5, ABCB1, ABCG2, and hENT1, and the cholesterol homeostasis genes 

included: LDLR, ABCA1, and SREBF2.  

Treatment with TGF-β1, as expected, induced EMT and promoted the expression of SNAIL1, 

TGF-β1 and ABCB1. The expression of the other cancer drug efflux genes, particularly 

ABCG2, were downregulated. EMT seems to promote drug resistance by upregulating drug 

export through ABCB1. EMT induction also downregulated LDLR and SREBF2, genes 

involved in cholesterol uptake and synthesis, while increasing the expression of ABCA1, a gene 

involved in cholesterol efflux. Overall, all treatment groups promoted the expression of the 

EMT-TF SNAIL1. Among the treatment groups, KS-01, GEM, and KS-01 + GEM promoted 

the expression of TGF-β1 the most, with KS-01 and KS-01 + GEM having the highest 

promotion. The combination treatment of KS-01 + GEM promoted EMT more than GEM 

alone, while 5-FU alone promoted EMT more than its combination with KS-01 (Figure 4.14). 

All treatment groups did not have a significant further effect on ABCG2 expression, while 

ABCC5 expression was significantly promoted by KS-01, KS-01 + GEM, and MβCD.  

Interestingly, the combination treatments promoted the expression of ABCC5 more than the 5-

FU and GEM treatments alone, but less than KS-01 alone. ABCB1 expression was significantly 

downregulated by treatment with KS-01, and MβCD further promoted its expression. The 

expression of hENT1, a drug import pump, was promoted significantly in all treatment groups 

except for MβCD, where there was no noticeable change. The treatment with KS-01, 5-FU, 

and GEM alone particularly upregulated hENT1 expression, with the combination treatments 

promoting its expression less than the single treatments (KS-01, 5-FU, and GEM). All the 

cholesterol homeostasis genes were significantly upregulated in all of the treatment groups. 

However, the combination treatments had reduced expression of ABCA1 compared to the single 

treatments (KS-01, 5-FU, and GEM), while there was an increase in expression of LDLR in the 

combination treatments, KS-01, and MβCD, compared to the single treatments (5-FU and 

GEM). Lastly, SREBF2 was significantly highly expressed in the KS-01 and KS-01 + GEM 

treatment groups, with the combination groups again having a higher expression than the single 

treatments (5-FU and GEM). Targeting cholesterol in PDAC promotes aberrant cholesterol 

homeostasis, EMT, and drug resistance particularly when combined with GEM (Figure 4.14 

and Table 4.1). 
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Figure 4.14: Changes in drug-resistance, cholesterol homeostasis, and EMT genes after 

TGF-β1-induced EMT and combination treatments. 

The heatmap depicts the log2 fold change of genes involved in EMT (SNAIL1 and TGF-β1), 

drug resistance (ABCC5, ABCB1, ABCG2, and hENT1), and cholesterol homeostasis (LDLR, 

ABCA1, and SREBF2) in PANC-1 cells relative to the untreated (post-EMT) group. Each gene 

is represented on the x-axis and each treatment group on the y-axis where the red represents 

a positive log2 fold change (increase), white represents no change and green a negative log2 

fold change (decrease) compared to the untreated (post-EMT). Cells were treated with 10 mM 

KS-01, 10 μM 5-FU, 1 μM GEM, 10 mM KS-01 + 10 µM 5-FU, 10 mM KS-01 + 1 µM GEM, 

and 1 mM MβCD. TGF-β1-induced EMT promotes the gene expression of drug efflux pumps 

ABCB1 and ABBC5, and cholesterol efflux gene ABCA1. EMT does however, reduce the 

expression of cholesterol import and export genes LDLR and SREBF2, respectively. All drug 

treatments resulted in the further promotion of EMT, some drug efflux, and all cholesterol 

related genes. The heatmap was generated by GraphPad software. Relative log2 fold change 

was assessed relative to the untreated control (0-fold change). Data are mean ± SD; (n = 2) 

from raw data.  

 



 

 

Table 4.1: The standard deviation and significance of the log2(fold change) RT-qPCR gene 

expression data where *p < .05, **p < .01, ***p < .001, ****p < .0001, and ns = non-

significant indicates a significant or non-significant difference to the untreated control 

 

5 Discussion  

 

The challenges posed by PDAC in clinical management are substantial, primarily due to its 

metastatic nature and resistance to conventional chemotherapies like GEM and 5-FU. Given 

cholesterol's significant involvement in cancer-related processes like differentiation, 

proliferation, migration, chemoresistance, and survival, alongside the observed elevated 

cholesterol levels in PDAC, targeting cholesterol depletion emerges as a prospective 

therapeutic strategy in cancer treatment. In addition to its role in PDAC progression, EMT has 

also been implicated in drug resistance and the generation of CSCs in PDAC (Satoh et al., 

2015). The process of EMT at the cellular level is a complex network that relies on the 

manipulation of crucial cellular signalling pathways. These pathways extensively communicate 

to initiate and control the EMT program. Furthermore, the dysregulated cholesterol metabolism 

resulting from metabolic reprogramming may also play a distinct role in EMT. This study was 

carried out with the aim of determining whether targeting cellular cholesterol in these cells 

could offer a new approach to addressing aggressive cancer characteristics, while also restoring 

drug sensitivity. Using PANC-1 cells as a model, EMT was induced through TGF-β1 treatment, 

followed by exposure to the cholesterol-depleting agent KS-01 in combination with standard 

chemotherapy regimens (GEM and 5-FU). Through this approach, the current study aimed at 

elucidating the intricate interplay between cholesterol metabolism, EMT, and drug resistance 

in PDAC. 



 

 

5.1 Alterations to Cellular Morphology and Resulting Implications following treatment 

with TGF-β1 

PDAC utilises the EMT program to facilitate its highly metastatic nature. EMT is characterised 

as a cellular plasticity program and entails the dynamic reorganization of cellular components, 

enabling migration, invasion, and metastatic spread. EMT is governed by specific EMT-TFs, 

signalling pathways, and miRNAs. Furthermore, it is crucial to note that EMT is not a simple 

binary switch, but rather a transition between intermediate states, including hybrid E/M states 

that exhibit heightened metastatic potential.  

In this study, we first established that the PANC-1 cell line underwent EMT after treatment 

with TGF-β1. Following treatment with TGF-β1, PANC-1 cells displayed time and 

concentration dependent changes in morphology, shifting from a classic polygonal or 

cobblestone shape to an elongated and spindle-like morphology. The most pronounced 

mesenchymal phenotype was observed after 48 hours with a concentration of 10 ng/mL of 

TGF-β1 (Figure 4.1e). This phenotypic transition was accompanied by a significant decrease 

in the expression of E-cadherin, an epithelial marker, and a significant increase in vimentin, a 

mesenchymal marker (Figure 4.2 and Figure 4.3), which serve as established indicators of EMT 

induction. Additionally, the expression of SNAIL1 and TGF-B1 (Figure 4.14) was significantly 

upregulated following TGF-β1 treatment. These findings are consistent with previous studies 

that have documented treating cells with 10 ng/mL TGF-β1 for 48 hours promoted spindle-like 

morphology, increased vimentin expression, decreased E-cadherin expression, and promoted 

SNAIL1/2 expression   (Ellenrieder et al., 2001; Kabashima et al., 2009; Wang et al., 2012; 

Ungefroren et al., 2022). Interestingly, immunofluorescent analysis of the PANC-1 cells 

revealed high levels of vimentin expression and low levels of E-cadherin expression even 

before EMT induction, as depicted in Figure 4.2 and Figure 4.3. This characteristic is attributed 

to the fact that PANC-1 cells are considered a complete-EMT cell line, specifically classified 

as a quasi-mesenchymal cell line. Prior studies have consistently reported that the PANC-1 cell 

line inherently exhibits high vimentin levels and low E-cadherin levels (Shichi et al., 2019; 

Ungefroren et al., 2022). Being a quasi-mesenchymal cell line, PANC-1 cells can display 

various EMT phenotypes and transition between these states either spontaneously or in 

response to external signals (Ungefroren et al., 2022). Although it is considered a complete-

EMT cell line, promotion towards a more mesenchymal phenotype has been documented 

(Ungefroren et al., 2022). This unique characteristic makes PANC-1 cells valuable for studying 

clonal heterogeneity and EMT subtype shifting. However, these aspects were not explored in 



 

 

the present study. Previous research conducted by Aiello et al. has shown that tumour cells in 

the quasi-mesenchymal/squamous/basal subtype of PDAC primarily lose their epithelial 

phenotype through transcriptional changes, while those in the classical/pancreatic 

progenitor/ADEX subtype undergo EMT mainly through E-cadherin re-localization to 

transition from their epithelial phenotype (Aiello et al., 2018). The loss of E-cadherin 

demonstrated in Figure 4.3 supports these findings. 

TGF-β1 is an established and essential signalling pathway involved in the induction of EMT. 

It exerts its effects through both SMAD-dependent and SMAD-independent pathways (Figure 

1.6). The induction of EMT by TGF-β1 can occur through the activation of EMT-TFs, 

particularly the Snail family (Lamouille et al., 2014), as well as through its influence on 

cytoskeleton organisation, cell growth, and survival (Figure 1.7). Specifically, the upregulation 

of SNAIL1, by TGF-β1 directly or indirectly represses the expression of E-cadherin, claudin, 

and occludin through binding of the transcriptional repressors to the E-box in the proximal 

promoter regions. This repression is mediated by the N-terminal SNAG domain of SNAIL1 

(Batlle et al., 2000; Ikenouchi et al., 2003). Additionally, TGF-β1-induced EMT-TFs can 

repress target genes through the action of epigenetic remodelling complexes, such as histone 

modifiers and DNA methyltransferases, which impact DNA and chromatin accessibility 

(Peinado et al., 2004; Hou et al., 2008). Although EMT-TFs induced by TGF-β1 also promote 

the expression of mesenchymal markers, such as vimentin, it is worth noting that vimentin 

itself possesses a NF-κB and TGF-β response element in its promoter region (Cano et al., 

2000). This suggests a dual promotion of vimentin expression upon treatment with TGF-β1 

(Wu et al., 2007; Baba et al., 2022). Furthermore, TGF-β1 treatment has been found to result 

in an autocrine signalling loop, further amplifying its expression. This is evident from the 

increase in TGF-β1 expression observed (Figure 4.14). Autocrine signalling has been 

recognised as playing a significant role in cancer development and progression. In various cell 

lines, it has been observed that treatment with TGF-β1 positively regulates its own expression 

(Bascom et al., 1989; Ungefroren et al., 2022).  

Treatment with TGF-β1 has a significant impact on adherens junctions and tight junctions, both 

of which play crucial roles in maintaining the epithelial program. Central to the functionality 

of adherens junctions is the presence of E-cadherin, which acts as a key mediator and 

effectively supresses the activation of the Wnt/β-catenin pathway and the RTK/PI3K pathway 

in epithelial cells (Loh et al., 2019). The adherens junctions themselves are composed of 

cadherins, which bind to α-, β-, and γ-catenins, thereby establishing a connection with the actin 



 

 

cytoskeleton (Loh et al., 2019). During EMT, E-cadherin is cleaved resulting in the conversion 

to N-cadherin. This cleavage event leads to the destabilisation of adherens junctions, 

fascilitating the release of β-catenin and disrupting vital cell-cell and cell-extracellular matrix 

interactions (Nagafuchi, 2001). This phenomenon can be directly attributed to the increased 

solubility of N-cadherin fragments, which subsequently reduces the presence of adherens 

junctions. Additionally, EMT involves the upregulation of MMPs, which contribute to the 

degradation of the basement membrane (De Wever et al., 2007; David and Rajasekaran, 2012).  

Furthermore, PANC-1 cells exhibited an increase in vimentin, a type III intermediate filament, 

after treatment with TGF-β1 (Figure 4.2). It has been established that vimentin plays a crucial 

role in maintaining the integrity of cells and tissues. Importantly, vimentin replaces the function 

of cytokeratin in mesenchymal cells. It enhances the cytoskeletal strength and contributes to 

the cell’s flexibility required for migration and invasion (Mendez et al., 2010; Ye and 

Weinberg, 2015) Moreover, vimentin protects cancer cells from mechanical stresses endured 

during migration or even manoeuvring through narrow spaces. This is accomplished by 

providing an intricate cage-like network capable of supporting the positioning and integrity of 

organelles and the nucleus, thereby preventing genomic damage (Lowery et al., 2015; Patteson 

et al., 2019). Studies have indicated that vimentin, when introduced into epithelial cells, elicits 

a reversible mesenchymal shape, reducing desmosomal interactions and increasing motility. 

Interestingly, vimentin works in conjunction with microtubules to direct their accumulation at 

the nucleus, facilitating directed cell migration (Usman et al., 2021). Consequently, this leads 

to front-back polarity rather than apical-basal (Thiery et al., 2009; Ye and Weinberg, 2015). 

Additionally, vimentin directly associates with actin stress fibres thereby regulating their 

modulation and cell migration (Esue et al., 2006). Notably, vimentin has been shown to 

promote and even be crucial to the formation of actin-rich protrusions called lamellipodia, 

primarily located at the leading edge, thereby facilitating the development of secondary 

tumours (Yang et al., 2019). The upregulation of vimentin in PANC-1 cells during EMT, not 

only facilitates the transition to a mesenchymal phenotype but also contributes to enhanced cell 

motility, protection against mechanical stresses, and reorganization of the cytoskeleton in 

preparation for metastasis.  

In addition, treatment with TGF-β1 was found to reduce cell proliferation from as early as 48 

hours up to 96 hours of treatment. Specifically, PANC-1 cells reached a plateau after 48 hours 

of treatment with 10 ng/mL TGF-β1, while the untreated cells continued to proliferate 

exponentially until 96 hours (Figure 4.4). This can also be seen in Figure 4.1e which visually 



 

 

displayed a reduction in cell number. The expression of Ki-67, a marker of cell proliferation, 

present in all active phases of the cell cycle (G1, S, G2 and M-phase), was observed to decrease 

post-EMT induction (Figure 4.5). Additionally, the viability of post-EMT cells decreased by 

199% as seen in Figure 4.6. This phenomenon has been previously documented in various 

studies. Ungefroren et al. and Wang et al. demonstrated that treatment with TGF-β1 resulted 

in growth inhibition of PANC-1 cells, wherein it was demonstrated that TGF-β1 induced 

growth inhibition is selectively regulated by SMAD3 (Ungefroren et al., 2011; Wang et al., 

2012). Another study demonstrated that PANC-1 cells exhibiting EMT characteristics after 

culturing in a stem cell-specific media attained a quiescent state (Ambrosini et al., 2020). EMT 

and the cell cycle are interconnected, as described as the "Go or Grow" hypothesis, which 

proposes a dichotomy in cancer cell behaviour, suggesting that cancer cells can either 

proliferate rapidly (grow) or migrate and invade surrounding tissues (go). In the context of 

EMT, this hypothesis suggests that cancer cells undergoing EMT may prioritize migration and 

invasion (go) over proliferation (grow) (Akhmetkaliyev et al., 2023). The pivotal pathway that 

integrates signals promoting growth with those inhibiting growth to determine cell fate is the 

retinoblastoma-E2F pathway. This pathway is regulated by CDK complexes, including cyclin 

D-CDK4/6 and cyclin E-CDK2, which phosphorylate retinoblastoma to facilitate progression 

through the G1 phase and initiation of the S phase (Topacio et al., 2019; Akhmetkaliyev et al., 

2023). Cyclin-dependent kinase inhibitors, such as p27KIP1, p21CIP1, and p57KIP2, are crucial 

regulators of CDK activity. EMT cells enter a quiescent state mediated by interactions between 

cell cycle machinery and EMT-TF networks, resulting in the upregulation of above-mentioned 

cyclin dependent kinase inhibitors. These inhibitors prevent proliferation and promote 

migration (Akhmetkaliyev et al., 2023). Interestingly, invadopodia components are 

upregulated in the G1 phase, and cells in G1 exhibit higher levels of extracellular matrix 

degradation (Bayarmagnai et al., 2019). Notably, the activation p27KIP1 promotes migration 

and metastasis by promoting PAK1/cortactin, increasing the turnover of invadopodia (Jeannot 

et al., 2017). Cell cycle arrest is not only a consequence of EMT but also a factor contributing 

towards metastasis. This explains the decrease in Ki-67 levels observed after treatment with 

TGF-β1 (Figure 4.5), as Ki-67 is a proliferation marker, that is degraded when cells are in the 

G0 or G1 phases and unable to pass through the G1/S checkpoint (Miller et al., 2018). 

Additionally, TGF-β, acts as a canonical inhibitor of the cell cycle in the G1 phase through 

SMAD-mediated activation of CDKN2B and CDKN1A genes, encoding cyclin-dependent 

kinase inhibitors p15INK1 and p21CIP1, which leads to cell stagnation in the G1 phase (Ikushima 

and Miyazono, 2010).  



 

 

5.2 EMT induction alters cholesterol content, potentiates drug resistance, and promotes 

invasion. 

5.2.1 The role of EMT in cholesterol homeostasis 

During EMT, metabolic alterations occur that support the transition to a mesenchymal 

phenotype. Cholesterol metabolism has been raised to be intricately linked to these changes, 

however the exact mechanism remains elusive, particularly in PDAC. There have been some 

speculations that the upregulation of signalling pathways due to elevated levels of cholesterol 

are implicated in the promotion of EMT-TFS, hence the promotion of EMT in PDAC, since 

these signalling pathways are common to both pathways. Although metabolic profiling has 

taken place, only glycolysis, diverted glutamine consumption, and anomalous pentose 

phosphate pathway have been extensively elucidated to play a role in mesenchymal tumours 

of PDAC (Blum and Kloog, 2014; Daemen et al., 2015). Overall, proliferating cancer cells are 

characterized by increased lipids and cholesterol dependency (Morandi et al., 2017). This study 

aimed to shed light on the dynamics of the relationship between cholesterol and EMT. In this 

study, EMT induction orchestrated significant changes in cholesterol homeostasis, lowering 

membrane cholesterol levels by 43% and increasing free and stored cholesterol by 126% and 

70% respectively (Figure 4.7, Figure 4.8, and Figure 4.9).   

Dysregulated cholesterol metabolism is thought to activate key pathways like PI3K/Akt, Hh, 

and Wnt/β-catenin, either directly or through lipid raft disruption, all implicated in EMT-TF 

activation (Figure 1.7). It has been speculated that elevated cholesterol levels, increasing lipid 

raft content, may further alter TGF-β signalling, promoting EMT (Kuzu, Noory, & Robertson, 

2016; Abdulla, Vincent, & Kaur, 2021). The increased presence of cholesterol in lipid rafts 

within plasma membranes is significant, particularly in cancer cells such as those found in 

breast, prostate, and melanoma (Zhuang et al., 2005; Mikesh et al., 2010; Donatello et al., 

2012; Zhao et al., 2016). Lipid rafts possess a crucial characteristic of compartmentalizing 

various signalling pathways, thereby serving as sorting platforms. These platforms facilitate 

the efficient and swift transmission of potent signals from the membrane to other cellular 

locations (Mollinedo and Gajate, 2020). The clustering of lipid rafts into larger platforms 

enables the recruitment of numerous proteins, allowing them to exert their functions in a secure 

and conducive environment. Consequently, the functional role of a protein within these rafts is 

influenced not only by its inherent activity but also by its interactions with the surrounding 

environment and proteins within the same membrane raft (Mollinedo and Gajate, 2020). Hence, 

the functionality of raft-localized chaperones, kinases, phosphatases, and other proteins is 



 

 

likely contingent upon the availability of substrate proteins within the same membrane domain 

(Mollinedo and Gajate, 2020). 

In contrast to this, it has been documented that the destabilisation and reduction of lipid rafts, 

is a direct consequence of EMT induction. Tisza et al. found that by inducing EMT using TGF-

β or ectopic expression of the transcription factors SNAIl1/2 or TWIST1, promoted the 

destabilisation of lipid raft domains. Normal ordered lipid rafts are characterised by being rich 

in sphingolipids, saturated lipids, and cholesterol, whereas disordered domains are enriched in 

unsaturated lipids. They observed that re-stabilisation of lipid rafts reversed motility, 

mammosphere formation, and importantly inhibited EMT-associated signalling networks 

(Tisza et al., 2016). This supports the results of this study in which membrane cholesterol levels 

were lowered by 43% after EMT induction, possibly through lipid raft destabilisation. 

Similarly, a study by Aulas et al. demonstrated that an active EMT program lowers the 

cholesterol pathway, promoting aggressive subtypes of colon tumour. They hypothesized that 

EMT necessitates the reduction of cholesterol synthesis to destabilize lipid rafts and enhance 

cell membrane flexibility for migration (Aulas et al., 2021). Therefore, targeting membrane 

fluidity may decrease cell motility, stem cell-like properties, and EMT. Although lipid raft 

destabilisation may seem counter-productive in TGF-β signalling, Chen et al. discovered that 

treatment with cholesterol promoted localization of TβR-I and TβR-II in lipid rafts/caveolae, 

actually promoting their rapid degradation and suppressed TGF-β signalling. Instead, reducing 

cholesterol levels destabilise lipid rafts increasing the localization of TβR-I and TβR-II in non-

lipid raft microdomains of the plasma membrane potentiating TGF-β responsiveness (Chen et 

al., 2008). This may also be why TGF-β1 expression increased after EMT induction (Figure 

4.14). The role of lipid rafts in cancer cell adhesion and migration remains to be fully 

elucidated. Notably, there are no studies investigating the role of lipid rafts in the context of 

EMT in PDAC. 

The decrease in membrane cholesterol may also explain the 126% increase in free cholesterol 

and 70% increase in stored cholesterol as cholesterol is being mobilised from the membrane, 

where it is then being esterified to prevent free cholesterol-induced cytotoxicity (Tabas, 2002). 

The accumulation of lipid droplets, have also been implicated in PDAC in which they are able 

to serve as an energy source, supporting the long-distance spread of cells during invasion 

(Tabas, 2002; Li et al., 2016; Rozeveld et al., 2020). It has been documented that the promotion 

of TGF-β2 signalling, promoting EMT, favours the accumulation of lipid droplets. These lipid 

droplets were implicated in acetylation of SMAD2, increasing its transcription and inducing 



 

 

invasive capabilities (Corbet et al., 2020). In breast cancer, genes involved in lipid droplet 

formation were highly expressed and a trait of mesenchymal breast cancer cells (Giudetti et 

al., 2019). Overall, cholesteryl accumulation and ACAT-1 overexpression has been seen to be 

prevalent in PDAC specimens and cancer cells lines, promoting metastasis (Li et al., 2016). 

Additionally, ACAT-1 has been shown to regulate EMT in nasopharyngeal carcinomas (Lu et 

al., 2021). Interestingly, the inhibition of cholesterol esterification supressed metastasis via the 

E2F-1 signalling pathway in prostate cancer, resulting in decrease Ki-67 levels and reduced 

metastasis in pulmonary metastasis model (Lu et al., 2021). Lipid droplets may hence not only 

serve as an energy source but as a contributor towards metastasis. However, the importance of 

lipid droplet accumulation in cell invasion and metastasis is still debatable, particularly why 

and when lipid mobilization from lipid droplets would be necessary to trigger a more 

aggressive phenotype in cancer cell (Cruz et al., 2020).  

Along with these alterations in cholesterol content, EMT was found to downregulate the 

expression of LDLR (-0.49 log2 fold change) and SREBF2 (-1.30 log2 fold change), while 

upregulating ABCA1 expression (1.91 log2 fold change) (Figure 4.14) indicating a reduction 

in cholesterol synthesis and uptake along with an increase in cholesterol export. This may be 

explained by the higher intracellular free cholesterol levels seen after EMT induction. When 

intracellular cholesterol or cholesterol derived-oxysterols levels are elevated there is a 

subsequent downregulation of cholesterol synthesis and import and the promotion of 

cholesterol export, which correspond exactly to the results of this study (Wang et al., 2008). 

Notably, ABCA1 may be facilitating the export of cholesterol that was once in the membrane 

and is no longer required for cellular functioning or lipid droplet accumulation. ABCA1 has 

also been implicated in being necessary for metastasis (Zhao et al., 2016) in which it has been 

found to be upregulated via MYC-mediated de-repression of its proximal E-box element via 

EMT induction (Prijic and Chang, 2022). Additionally, ABCA1 has been used to induce EMT 

in Papillary Thyroid Cancer and has been shown to operate through cooperation with ZEB1 

(Park et al., 2023). ABCA1 has also been seen to be regulated by TGF-β1 via the LXR 

signalling pathway (Hu et al., 2010). ABCA1 overexpression can thus be seen to play a key 

role in EMT supporting the results of the current study. Although LDLR expression was 

reduced, previous studies have indicated that higher level of LDLR expression are associated 

with advanced stages of colorectal cancer and stemness (C. Wang et al., 2017). Interestingly, 

low levels of SREBF2 have been evidenced in the basal subtype of PDAC more than the 

classical (Gabitova-Cornell et al., 2020). Despite metabolic reprogramming in PDAC leading 



 

 

to aberrant cholesterol homeostasis, driving disease progression with upregulated cholesterol 

synthesis and uptake and downregulated efflux (Kuzu et al., 2016; Ricoult et al., 2016; Ruiz et 

al., 2020; Li et al., 2023), these features align more with epithelial-like tumour cells as 

described by Aulas et al. Gabitova-Cornell et al confirms these speculations by showing that 

fatty acid and cholesterol metabolism genes were associated with a classical subtype of PDAC, 

rather than basal. Therefore, mesenchymal cells appear to depend on reduced membrane 

cholesterol levels, synthesis, and uptake, coupled with increased stored cholesterol and efflux, 

though this mechanism requires further elucidation. The conflicting interpretations regarding 

the association between cholesterol and cancer underscore a complex relationship that remains 

poorly understood. TGF-β1-induced EMT cells therefore seem to rely on reduced membrane 

cholesterol levels, synthesis, and uptake, coupled with increased stored cholesterol and efflux, 

which may act to promote invasion, migration and further TGF-β1 signalling. 

5.2.2 The role of EMT in drug resistance  

EMT plays a central role in the development of chemoresistance by upregulating ABC 

transporters. This process is further complicated by the intricate relationship between EMT and 

the cell cycle. Previous studies have shown that EMT induces cell quiescence, which can lead 

to resistance to conventional chemotherapies such as 5-FU and GEM due to the fact that these 

therapies primarily target cells in the S and G2/M phases, while the resistant cells reside in the 

G1/G0 phase (Akhmetkaliyev et al., 2023). The promotion of quiescence as seen in Figure 4.4 

and Figure 4.5 may thus be contributing to drug resistance. Although previously believed to be 

only correlated with drug resistance through ABC transporters, EMT has been shown to 

directly impact the expression of these transporters. A study by Saxena et al. demonstrated that 

the promoters of ABC transporters contain multiple binding sites for EMT-TFs, and 

overexpression of TWIST and SNAIL1 increased the promoter activity of 16 ABC transporters 

(Saxena et al., 2011). Recent studies have also shown that SNAIL1, TWIST1, and ZEB1 

overexpress ABCB1, ABCG2, and ABCC5 in various types of cancer cells, including cervical, 

breast, thyroid papillary, and hepatocellular carcinoma (Chen et al., 2010; Uchibori et al., 2012; 

Zhu et al., 2012; Tsou et al., 2015; Park et al., 2023). 

EMT was shown to promote drug resistance, as evidenced by a 19% decrease in calcein 

retention (Figure 4.12). Additionally, there was an observed upregulation of ABCB1 expression 

with a log2 fold change of 0.46 (Figure 4.14), further supporting the notion of EMT-induced 

drug resistance. Moreover, EMT was found to exert a general effect on treatment resistance, as 



 

 

evidenced by the ability to maintain cell viability even after exposure to various drug 

combinations. This resistance was particularly evident in the case of plumbagin, as its efficacy 

in reducing cell viability was significantly diminished (Figure 4.6). It is worth noting that while 

cell viability can be initial evidence of resistance, further confirmation was sought through a 

drug resistance assay and RT-qPCR. Surprisingly, EMT was also found to have conflicting 

effects on the expression of specific drug resistance related-ABC transporters. Specifically, 

there was a reduction in the expression of ABCC5 (with a log2 fold change of -1.08) and 

ABCG2 (with a log2 fold change of -3.95), both of which are known to play a role in drug 

efflux (Figure 4.14). Interestingly, a side population of PANC-1 cells known to be in an EMT 

state had an increase in ABCG2 mRNA levels (Kabashima et al., 2009), whereas in this study 

a decrease was observed, this may be due to the fact that this study focussed on a sub-population 

within the PANC-1 cell line that had a high metastatic potential and was in a partial EMT state 

and not on TGF-β1 EMT-induced PANC-1 cells. Additionally, there was a decrease in the 

expression of the drug entry gene hENT1 (with a log2 fold change of -0.14), which restricts 

drug import (Figure 4.14). These findings suggest that EMT enhances drug resistance through 

upregulation of ABCB1 but may also impact drug import mechanisms. In Saxena et al.'s study, 

different breast cancer cell lines responded differently to EMT, with some promoting multiple 

ABC transporters while others only promoted one (Saxena et al., 2011). It is possible that TGF-

β promotes drug resistance through ABCB1 and other ABC transporters implicated in drug 

resistance that were not investigated in this study. To date, no studies have examined the 

specific ABC transporters involved in TGF-β-induced EMT resistance in PDAC. Contrastingly 

to the findings in this study, Subramanian et al. showed, using molecular dynamics simulations, 

that cholesterol accumulation in the membrane increases the activity of the ABC transporter 

ABCB1 by preferentially accumulating ABCB1 substrates in cholesterol-rich regions of the 

membrane (Subramanian et al., 2016), linking high levels of membrane cholesterol to MDR 

via ABC transporters. This is; however, a simulation and the exact response may not be elicited 

in vitro.  In the case of EMT, cells are reducing their membrane cholesterol and drug resistance 

via ABC transports may thus be alternatively being promoted through EMT-TFs.  

Interestingly, hENT1 expression was downregulated in this study (Figure 4.14). GEM and 5-

FU both use hCNT proteins and ENT proteins to enter the cell. GEM primarily utilises hCNT1, 

hCNT3, and notably hENT1 (Principe et al., 2021). On the other hand, 5-FU utilises hENT1 

and hENT2, with some reports suggesting that organic anionic transporter 2 (hOAT2) is also 

involved (Kobayashi et al., 2005; Mafi et al., 2023). Interestingly, EMT has been found to 



 

 

promote drug resistance in PC cells through the functional loss of hENT1, particularly for GEM 

(Weadick et al., 2021). The promotion of N-cadherin has been found to decrease hENT1 

expression and membrane localisation, therefore hENT1 expression is reliant on cadherin 

switching, and the presence of E-cadherin (Weadick et al., 2021), this is in agreement with the 

findings of this study that presented a decrease in hENT1 (Figure 4.14) expression alongside a 

decrease in E-cadherin expression (Figure 4.11).  

In the present study, only gene expression was investigated, but to fully understand the 

mechanism, protein analysis should also be conducted. EMT cells are thus enhancing drug 

resistance through increased drug export via ABCB1, decreased drug import via hENT1, and 

the induction of cell quiescence. Notably, EMT was found to significantly increase invasive 

capacity by approximately 51% (Figure 4.13) and hence invasion is facilitated through the 

induction of EMT, a pivotal characteristic of the process. In general, EMT augments the 

invasive capacity of cells by orchestrating intricate molecular and cellular modifications that 

promote their mobility and dissemination within tissues. Remarkably, cell lines characterized 

by partial EMT typically exhibit invasive properties through the formation of budding clusters 

and individual cells, whereas cell lines with complete EMT are primarily observed to invade 

as individual cells (Aiello et al., 2018).  

5.3 Targeting cholesterol content post-EMT induction promotes altered cholesterol 

homeostasis, increased drug resistance, invasion, and subsequently EMT. 

Given the significant involvement of cholesterol in various cancer-related processes such as 

differentiation, proliferation, migration, chemoresistance, and survival, as well as the observed 

disruption of synthesis, efflux, influx, and metabolism in PDAC, targeting cholesterol 

depletion has emerged as a potential therapeutic strategy in cancer treatment. Initial studies 

were conducted in partial-EMT cells to investigate the impact of targeting cholesterol on cell 

viability in PDAC. Specifically, targeting cholesterol using KS-01 or MβCD for 48 hours in a 

partial-EMT state resulted in reduced viability. Furthermore, the combination of KS-01 with 

chemotherapies notably enhanced their efficacy (Figure 4.6). This phenomenon has been 

extensively documented in laboratory settings and has been observed in breast and colorectal 

cancers. For instance, treatment with HPβCD has demonstrated preferential and significant 

cytotoxic potential in breast cancer cells, inducing apoptosis in both cancer cell lines by 

depleting cholesterol (Saha et al., 2023). Similarly, in an unpublished dissertation by Pillay et 

al., the same trend was observed after treating colorectal cancer with KS-01. Both of these 



 

 

research findings have also been confirmed in vivo. However, in the current study, while the 

efficacy of drug treatments appeared to improve and cell viability decreased upon treatment 

with KS-01 or MβCD, the use of KS-01 resulted in a notable increase in membrane cholesterol 

levels (74%), with no significant change in CE levels being observed. Conversely, treatment 

with MβCD did not affect membrane cholesterol or CE levels significantly but led to a 

considerable increase in free cholesterol by 90% (Figure 4.7, Figure 4.8, and Figure 4.9). This 

difference is most likely due to the use of a different and more aggressive PANC-1 cell line as 

treatment times and the concentration of KS-01 in this study were kept the same as these breast 

and colorectal cancer studies.  

Without gene expression data or any other experiments performed on the partial-EMT cells, 

the only mechanism that can be speculated is that targeting cholesterol may lead to cells 

entering a compensatory state to prevent its reduction. It is important to note that these drug 

combinations were tested for a duration of only 4 hours, and it is possible that different results 

may occur over longer periods of time. When cholesterol is depleted through CDs, stored 

cholesterol is not mobilized; instead, cholesterol synthesis or uptake by LDLR may occur to 

prevent its loss. This results in the observed increase in free cholesterol in both KS-01 or MβCD 

treatments and the increased membrane cholesterol in KS-01 treated cells. The dysregulation 

of cholesterol plays a crucial role in PDAC progression, suggesting that this dependence is 

more significant than previously believed. However, when paired with cell viability assays, 

these results no longer tell the same story. The mechanisms underlying these results still need 

to be elucidated and are currently being investigated by Daya et al. (unpublished thesis).  

Current studies have shed light on the promising role of MβCD and HPβCD in targeting 

membrane cholesterol as a potential therapeutic strategy for cancer treatment. Research on 

breast cancer cells has demonstrated that HPβCD treatment effectively depletes cholesterol in 

lipid rafts, leading to changes in raft construction and affecting the localization of TGF-β 

receptors within these structures (Saha et al., 2023). As a result, TGF-β1-induced migration 

and invasion signalling pathways are disrupted, highlighting the potential benefits of 

cholesterol depletion in lipid rafts as a mechanism to inhibit cancer progression (Saha et al., 

2023). Studies have also shown that MβCD can increase cholesterol levels in the medium in a 

dose-dependent manner by removing cholesterol from the plasma membrane of human 

colorectal cancer cells. This decrease in cholesterol levels contributes to the anti-cancer effects 

of the drug (Ohno et al., 2023b). Another cholesterol-lowering agent, simvastatin, has been 



 

 

found to reduce raft cholesterol content, inhibit the Akt signalling pathway, and induce 

apoptosis in certain prostate cancer cells lacking caveolin and PTEN (Zhuang et al., 2005). 

Additionally, MβCD has been shown to suppress proliferation in head and neck carcinoma and 

non-small cell lung cancer cells by preventing lipid raft aggregation and inhibiting the 

activation of key signalling molecules such as c-met and c-Src (Zeng et al., 2018)). 

Collectively, these findings highlight the potential of cholesterol-targeting agents like MβCD 

and HPβCD in cancer therapy by disrupting lipid raft organization and impeding cancer cell 

proliferation and metastasis. This study however, focused on targeting cholesterol in post-EMT 

PANC-1 cells. The process of EMT entails significant changes in cholesterol levels and gene 

expression, which reflect alterations in cellular behaviour and phenotype. Our observations 

revealed that elevated levels of stored cholesterol (CEs stored in lipid droplets), known to play 

a crucial role in invasion, as well as increased expression of free cholesterol and ABCA1, a 

cholesterol exporter associated with invasiveness in other cancer studies, indicated that 

targeting cholesterol could serve as a novel therapeutic approach to reduce overall cholesterol 

levels (Figure 4.8, Figure 4.9, and Figure 4.14). By doing so, we could potentially revert the 

cells back to a more epithelial-like phenotype and induce cytotoxic effects in PDAC. 

Preliminary studies have showed the ability of KS-01, statins, and MβCD to reverse an EMT 

state in breast and colorectal cancer (Perumel, et al unpublished article based on three research 

studies conducted in the lab). Thus, we investigated the possibility of targeting cholesterol in 

order to reverse the EMT state. 

Following the induction of EMT, treatment with the compound KS-01 resulted in a significant 

elevation of membrane cholesterol levels by 128%, coupled with a decrease of 32% in stored 

cholesterol levels. However, the levels of free cholesterol showed a slight, non-significant 

decrease, indicating its sustained high expression. In a similar trend, treatment with the agent 

MβCD during the post-EMT phase led to a 57% rise in membrane cholesterol levels and a 

reduction of 30% in CE levels, with a slight, non-significant drop of 21% in free cholesterol 

(Figure 4.7, Figure 4.8, and Figure 4.9). Notably, there was a significant upregulation of genes 

linked to cholesterol metabolism, including LDLR (2.71-fold increase) and SREBF2 (3.31-fold 

increase), as well as a notable increase in expression of ABCA1 (1.51-fold increase). Similar to 

the effects of KS-01 treatment, MβCD induced upregulation of LDLR (2.63-fold increase), 

SREBF2 (1.79-fold increase), and ABCA1 (0.84-fold increase) (Figure 4.14). Indicating both 

treatments may be promoting cholesterol synthesis, uptake, and export. Consistent with partial-

EMT cells, treatment with cholesterol-depleting agents did not lower the overall levels of 



 

 

cholesterol, but rather reduced the levels of stored cholesterol. This phenomenon may be a 

transient response to the removal of cholesterol from the cell. It is postulated that the removal 

of cholesterol from the membrane via CDs prompts the cell to mobilise its stored cholesterol 

and stimulate the expression of genes involved in cholesterol synthesis and import as a robust 

compensatory mechanism. Additionally, the substantial increase in cholesterol levels may 

further induce the transcription of ABCA1 in an effort to efflux cholesterol. Notably, this study 

is the first to document this mechanism and is in contrast to Perumel, et al.’s unpublished article 

most likely due to a cancer-specific response to cholesterol depleting agents that is not seen in 

breast or colorectal cancers, the exact mechanism behind this discrepancy is unknown. The 

compensatory effects observed appear to be more pronounced with KS-01 compared to MβCD. 

The precise mechanisms underlying this difference remain unknown, and further investigation 

is warranted to elucidate the specific cholesterol uptake mechanism employed by each CDs. 

Interestingly, the effect on cholesterol is accompanied by a simultaneous increase in EMT. 

Following treatment with KS-01, there was a significant upregulation of mesenchymal 

markers, such as vimentin (115% increase), along with a moderate increase in E-cadherin levels 

(45% increase), which is somewhat contradictory. Treatment with MβCD also led to a 

significant elevation in vimentin expression (157% increase), while E-cadherin levels remained 

unaltered (Figure 4.11 and Figure 4.10). KS-01 and MβCD caused a 2.44 and 0.93 log2-fold 

change, respectively, in the expression of the EMT transcription factor SNAIL1. Additionally, 

KS-01 increased the expression of TGF-β1 by 1.11 log2-fold change, whereas MβCD only 

slightly increased it by 0.42 log2-fold change, which was not statistically significant (Figure 

4.14). Interestingly, despite the fact that lipid raft levels were elevated in this study, previous 

evidence suggests that reduced cholesterol levels and destabilization of lipid rafts are 

implicated in EMT and TGF-β functioning. Hence, alternative mechanisms must be at play to 

induce EMT. Two important studies in PDAC have demonstrated that targeting cholesterol, 

either through statins or by knocking out Nsdhl, switches the classical subtype of PDAC to a 

basal subtype. Specifically, Gabitova-Cornell et al. showed that decreased cholesterol levels 

promoted the expression of SREBP1, a key regulator of de novo lipogenesis and glycolysis 

pathways, which in turn increased the expression of TGF-β1 due to the presence of SREBP1 

binding motifs. This activation of TGF-β1 leads to the EMT phenotype. Although the study 

was conducted on epithelial PDAC cells and used cholesterol biosynthesis inhibitors, it is 

reasonable to speculate that a similar mechanism may occur in EMT-induced cells. Another 

study by Dorsch et al. demonstrated that statins induced a partial EMT phenotype in PDAC, 

lung cancer, and colon cancer cells. Furthermore, in these PC cells, secondary tumour 



 

 

formation was reduced, which is attributed to a MET phenotype; however, this effect could be 

reversed with the development of statin resistance or cessation of statin use, leading to a more 

metastatic and invasive form of PC (Dorsch et al., 2021). The varying compensatory 

cholesterol mechanisms may explain the lower overall promotion of SNAIL1 and TGF-β1 gene 

expression observed in MβCD-treated cells. Differing levels of TGF-β1 expression could also 

account for the proportional difference in ABCA1 expression. As mentioned earlier, TGF-β1 

regulates ABCA1 in THP-1 macrophage-derived foam cells through the LXR signalling 

pathway (Hu et al., 2010). The upregulation of SNAIL1 can account for the observed increase 

in vimentin expression, but it does not fully explain the differences in expression levels, as KS-

01, despite having higher SNAIL1 and TGF-β1 expression, did not exhibit the highest level of 

vimentin expression. SNAIL1 is just one of several transcription factors involved in EMT, and 

the gene expression of all EMT transcription factors would provide further insight into the 

mechanisms underlying MβCD-induced vimentin expression. Interestingly, E-cadherin 

expression increased alongside vimentin expression after KS-01 treatment, while no change 

was observed with MβCD (Figure 4.11). This observation does not align with the known 

mechanisms of EMT and warrants further research to elucidate the underlying reasons. It is 

possible that depleting cholesterol using CDs may induce a hybrid EMT state that maintains 

an epithelial phenotype. These hybrid EMT states have the highest metastatic potential due to 

their ability to migrate easily and attach to distant sites, forming metastatic colonies 

(Pastushenko et al., 2018; Celià-Terrassa and Kang, 2024). It is worth noting that both KS-01 

and MβCD promoted cell invasion, with MβCD inducing the highest level of invasion, which 

may be attributed to its greater promotion of vimentin expression and consequently enhanced 

invasive capabilities. 

Depleting cholesterol was also implicated in promoting a more aggressive phenotype, by 

promoting drug resistance, but not through a continued promotion of ABCB1. Instead, KS-01 

promoted an increase in the expression of ABCC5 (1.74 log2 fold change) and a slight, but not 

significant, increase in ABCG2 (0.92 log2 fold change). Treatment with MβCD led to slight 

increases in ABCC5 expression (0.94-fold increase) and ABCG2 expression (0.29-fold 

increase), but these changes were not statistically significant (Figure 4.14). This can be 

attributed to the increased expression of EMT-TFs, which directly promote the expression of 

ABC transporters due to their multiple binding sites for EMT-TFs (Saxena et al., 2011). 

Importantly, ABCC5 and ABCG2 are known facilitators of drug resistance to 5-FU and GEM 

(Hagmann et al., 2009; Li et al., 2011). However, the complete mechanism of drug resistance 



 

 

through ABC transporters is not documented in this study. One particularly contrasting result 

observed in this study was the significant decrease in ABCB1 drug exporter functionality after 

MβCD treatment, despite a 0.91 log2 fold change increase in gene expression. Investigation of 

protein expression is needed to understand the mechanism behind this, as gene expression alone 

does not necessarily indicate functionality or localization to the membrane. This result, 

however, is supported by a study documenting that MβCD abolishes the expression of ABCB1 

and ABCG2 in ovarian cancer (Kim et al., 2018). The effects of MβCD and KS-01 on other 

ABC transporters contradict studies showing that targeting cholesterol with statins inhibits 

drug transporter activity, but this disparity may lie in the use of chronic myeloid leukaemia 

cells and not PC cells in the study as well as the use of statins instead of CDs (Glodkowska-

Mrowka et al., 2014). Interestingly, KS-01 significantly promoted the expression of hENT1 

(2.22 log2 fold change), which is contradictory in terms of drug resistance (Figure 4.14). 

However, as mentioned earlier, hENT1 expression is dependent on cadherin switching, and the 

presence of N-cadherin reduces its expression and localization to the membrane (Weadick et 

al., 2021). Although EMT was promoted, E-cadherin was upregulated by 45%. Therefore, it 

can be speculated that the increase in E-cadherin and subsequent downregulation of N-cadherin 

promoted the expression of hENT1. It has also been interestingly found that several PC cell 

lines were less sensitive to GEM and 5-FU when hENT1 mRNA levels were high (Tsujie et 

al., 2007). This confirms the lack of significant change in hENT1 expression after MβCD 

treatments, as there was no significant change in E-cadherin levels. Therefore, it can be 

speculated that instead of combating EMT through cholesterol depletion, CDs enhance EMT, 

drug resistance, and invasion, thereby promoting the acquisition of an aggressive disease 

phenotype. This is the first time such results have been documented. 

5.4 Combining cholesterol depletion with current chemotherapies 5-FU and GEM 

GEM or 5-FU alone or in combination with other conventional therapeutics is considered the 

standard of care for the treatment of advanced PDAC. However, this treatment approach has 

shown limited improvement in overall survival rates and resistance, particularly in 

mesenchymal PDAC. Consequently, this study aimed to investigate the potential enhancement 

of the efficacy of GEM and 5-FU in post-EMT PANC-1 cells. 

5.4.1 Targeting cholesterol content in combination with 5-FU does not alter the EMT 

state or drug resistance, but does alter cholesterol homeostasis 



 

 

Treatment with either 5-FU alone or the combination of KS-01 with 5-FU showed conflicting 

results compared to KS-01 treatment alone in PANC-1 cells. Neither treatment exhibited 

significant changes in expression levels of vimentin or E-cadherin. Interestingly, 5-FU 

treatment induced a slightly higher increase in SNAIL1 expression (2.04 log2 fold change) 

compared to the combination of 5-FU and KS-01 (1.79 log2 fold change), although the effect 

was not as pronounced as in other treatments. Indicating that 5-FU alone may be beginning to 

promote EMT, as drug treatments were only over 4 hours. Moreover, 5-FU alone did not 

significantly enhance TGF-β1 expression (0.64 log2 fold change alone, 0.56 log2 fold change 

combination) beyond the post-EMT levels, although a slight increase was observed (Figure 

4.14). However, this increase was not statistically significant and did not reach the level 

observed in other treatments. Additionally, neither treatment demonstrated an effect on 

invasion (Figure 4.13). Importantly, the combination of 5-FU with KS-01 exhibited a greater 

increase in LDLR expression (2.69 log2 fold change) compared to 5-FU alone (0.89 log2 fold 

change), while 5-FU alone showed a higher increase in ABCA1 expression (2.21 log2 fold 

change) compared to the combination (1.03 log2 fold change). Furthermore, the combination 

of 5-FU with KS-01 (2.41 log2 fold change) induced a higher increase in SREBF2 expression 

compared to 5-FU alone (1.82 log2 fold change) indicating the same compensatory mechanism 

was activated in response to KS-01, but the resultant enhancement of EMT was not as present 

(Figure 4.14). 

Studies investigating the impact of 5-FU and cytotoxic compounds on EMT have yielded 

interesting results. In particular, 5-FU-resistant MCF-7 cells demonstrated EMT features, such 

as increased invasion and migration, reduced E-cadherin expression, and elevated SNAIL2 

expression (Zhang et al., 2012). The reversal of EMT and invasive behaviour was observed 

when SNAIL was silenced (Zhang et al., 2012). Similarly, 5-FU-resistant DLD1 cells exhibited 

EMT characteristics, including enhanced invasion and migration, suppressed E-cadherin 

expression, and increased SNAIL2 expression (Findlay et al., 2014). Furthermore, cytotoxic 

compound-induced ER stress has been associated with the promotion of EMT, which seems to 

be independent of cancer cell type (Shah et al., 2017). Notably, treatment with cisplatin in oral 

cancer cells has been shown to induce prolonged ER stress, leading to EMT promotion, delayed 

cell-cycle progression, and S-phase exit (C. Y. Chen et al., 2020). These studies emphasize the 

multifaceted effects of cytotoxic compounds on EMT regulation and highlight the complex 

relationship between drug-induced stress responses and cellular phenotypic transitions. Thus, 

it can be speculated that treatment with 5-FU and subsequent ER stress triggers the 



 

 

upregulation of EMT-TFs when used alone. However, the unexpected results of gene 

expression related to cholesterol homeostasis necessitate further investigation, as 5-FU is not 

known to directly affect cholesterol. Additional observations regarding cholesterol content 

would provide a better understanding of this mechanism. It is possible that 5-FU disrupts 

cholesterol homeostasis, resulting in increased synthesis, uptake, and export. Nevertheless, the 

impact is less significant compared to specifically targeting cholesterol using KS-01, which 

induces the compensatory mechanism described earlier. The upregulation of all genes observed 

when 5-FU is combined with KS-01 follows similar trends as KS-01 alone, albeit to a lesser 

extent, particularly with minimal effects on TGF-β1 (Figure 4.14). Surprisingly, this did not 

translate to any changes in vimentin and E-cadherin protein expression. This discrepancy may 

be attributed to 5-FU's known influence on translation machinery, mainly affecting ribosomal 

RNA and transfer RNA processing and functions (Bash-Imam et al., 2017). Consequently, this 

may reduce the propensity of KS-01 to promote an EMT phenotype and thus not increasing 

invasion. Therefore, the proposed mechanism involving SREBP1 and TGF-β1 may not be the 

driving force in this combination. Furthermore, it is possible that the observed increase in 

EMT-TF gene expression is an early event, occurring before significant changes in vimentin 

or E-cadherin levels become detectable. The downstream effects on protein expression may 

require more time or additional signalling cascades to manifest. However, further studies are 

necessary to comprehend these irregular findings fully.  

As mentioned earlier, PDAC often demonstrates inherent or acquired resistance to 

chemotherapy. Surprisingly, treatment with 5-FU alone effectively reduced drug resistance via 

ABCB1 in the drug resistance assay (Figure 4.12). Following treatment, ABCB1 expression was 

slightly higher (0.37 log2 fold change), but this increase was not statistically significant. On 

the other hand, the combination of 5-FU with KS-01 did not affect drug resistance. 

Additionally, there was minimal change in ABCB1 expression (0.16 log2 fold change) in this 

combination. No significant effects were observed on ABCG2 or ABCC5, although there was 

a slight increase in ABCC5 expression post-treatment (0.48 log2 fold change alone, 0.63 log2 

fold change in combination). Drug influx gene expression increased more with 5-FU alone 

(1.78 log2 fold change) compared to the combination of 5-FU and KS-01 (0.91 log2 fold 

change) (Figure 4.14). It can be postulated that the absence of significant alterations in the ABC 

transporters ABCC5 and ABCG2 is attributed to the limited increase in EMT-TFs as a result of 

the treatments. The specific mechanisms underlying these results remain unclear as they have 

not yet been documented. It is noteworthy that the decreased activity of the ABC transporter 



 

 

ABCB1 contradicts previous studies that have highlighted the role of ABCB1 expression in 5-

FU resistance, these studies, however, focussed on colorectal cancer cell lines that were 

developed to be 5-FU resistant over several passage numbers (T. Wang et al., 2015; Sousa-

Squiavinato et al., 2022). These findings also differ from the cell viability results of this study 

and a previous study that demonstrated a significant increase in cytotoxic effects of 5-FU and 

patient survival when combined with a statin for cholesterol depletion, but unlike this study it 

was based on the survival rates of patients with hepatocellular carcinoma (Kawata et al., 2001). 

Further investigation may be required to fully understand the molecular mechanisms, including 

drug-drug interactions between KS-01 and 5-FU. It can however be concluded that 5-FU is an 

ineffective treatment post-EMT and it is not recommended to employ cholesterol depletion as 

a strategy to increase the efficacy of 5-FU in PDAC. 

5.4.2 Targeting cholesterol content in combination with GEM alters cholesterol 

homeostasis, potentiates EMT induction, chemoresistance, and invasion.  

GEM stands as the cornerstone of first-line therapy for PDAC. GEM became the standard of 

care due to its modest efficacy and tolerability profile. Despite its widespread use, the overall 

survival benefit conferred by GEM monotherapy remains limited. The administration of GEM 

treatment alone did not result in statistically significant changes in the levels of vimentin or E-

cadherin expression. However, when used in combination with KS-01, there was an increase 

in vimentin expression, although to a lesser extent compared to when KS-01 was administered 

alone (Figure 4.2). Additionally, a small but significant increase in E-cadherin expression was 

observed, albeit less pronounced than with KS-01 alone. In terms of invasion, GEM alone did 

not have a significant impact, but when combined with KS-01, it resulted in a 54% increase in 

invasion (Figure 4.13). However, this increase was not as prominent as when KS-01 or MβCD 

were administered individually. Moreover, GEM alone significantly promoted the expression 

of SNAIL1 (with a 1.99 log2 fold change) and TGF-β1 (with a 0.44 log2 fold change) (Figure 

4.14). Conversely, when GEM was combined with KS-01, it significantly enhanced SNAIL1 

expression the most, with a 2.57 log2 fold change, although the increase in TGF-β1 was less 

pronounced, with a 0.78 log2 fold change compared to KS-01 alone (Figure 4.14). GEM, like 

5-FU seems to promote the initiation of EMT even without KS-01, and when combined with 

KS-01 exhibits similar effects to KS-01 alone.  Additionally, GEM alone promoted LDLR 

expression with a 0.94 log2 fold change, ABCA1 expression more than when in combination 

with KS-01 (with a 1.94 log2 fold change), and SREBF2 expression less than when in 



 

 

combination (with a 2.27 log2 fold change), similar to the trend observed with 5-FU treatment, 

again indicating that the monotherapy induces changes in cholesterol, promoting less import 

and synthesis and more export than when combined with KS-01. On the other hand, when GEM 

was combined with KS-01, it significantly promoted LDLR expression (with a 2.40 log2 fold 

change), ABCA1 expression (with a 1.17 log2 fold change), and SREBF2 expression (with a 

3.47 log2 fold change) in a similar pattern to what was observed with KS-01 alone (Figure 

4.14). Hence, combining GEM with KS-01 promotes synthesis and uptake, while promoting 

cholesterol efflux less than GEM alone.  

GEM resistance in PC has been linked to the induction of EMT, a process associated with 

aggressive tumour behaviour and resistance to therapy. Research has demonstrated that GEM-

resistant PC cells undergo additional molecular changes resembling EMT, which are mediated 

by the ERK-ZEB-1 pathway (El Amrani et al., 2019). Inhibiting the phosphorylation of 

ERK1/2 or the expression of ZEB-1 has been shown to decrease chemoresistance, indicating 

the critical role of EMT-related signalling pathways in GEM resistance (El Amrani et al., 

2019). Furthermore, induced GEM-resistant cells show an upregulation of Notch-2 and its 

ligand, Jagged-1, suggesting the involvement of the Notch signalling pathway in EMT 

acquisition and the emergence of cancer stem-like cell phenotypes (Wang et al., 2009). 

Moreover, surviving PC cells after GEM treatment exhibit characteristics indicative of stem 

cell differentiation and EMT, including elevated expression levels of OCT4, CD24, EpCAM, 

PDX-1, SHH, CD44, CD133, and SNAIL2 (Quint et al., 2012). These findings emphasize the 

complex relationship between GEM resistance and EMT induction, underscoring the 

importance of targeting EMT pathways to overcome therapeutic resistance and improve 

treatment outcomes. This may explain the upregulation of EMT-TFs SNAIL1 and TGF-β1 after 

treatment with GEM alone (Figure 4.14). However, there were no changes observed in 

vimentin or E-cadherin expression, indicating that the increase in EMT-TF gene expression 

may be an early event that occurs before significant changes in vimentin or E-cadherin levels 

can be detected. Additionally, since the drug treatments were only administered for 4 hours, 

the full effects may not have been observed. In a similar context to 5-FU treatment, ER stress 

induced by cytotoxic compounds has been associated with the promotion of EMT (Shah et al., 

2017) and thus the reason behind the increase in SNAIL1. The unexpected gene expression 

results related to cholesterol homeostasis genes suggest that further investigations are needed 

to understand this mechanism, considering that GEM is not known to affect cholesterol. Similar 

trends as observed with KS-01 alone were observed when combining GEM with KS-01; 



 

 

however, this time there were translational changes in the protein expression of vimentin and 

E-cadherin, unlike 5-FU treatments (Figure 4.10 and Figure 4.11). This may be due to the 

different mechanisms of action between 5-FU and GEM, which potentiate the increase in 

invasion observed in the study. It is speculated that the combination treatment follows a similar 

mechanism of action as proposed previously with KS-01 alone, with the additional mechanism 

of GEM explaining some of the minor differences observed. However, GEM does not seem to 

be functioning as expected, as there is no decrease in cell viability observed after GEM alone 

or in combination (Figure 4.6). Similarly to KS-01 alone, a hybrid state of EMT that maintains 

an epithelial phenotype was observed, potentially contributing to a higher metastatic potential 

(Pastushenko et al., 2018; Celià-Terrassa and Kang, 2024). Nonetheless, the exact mechanism 

of action underlying the study's results needs further elucidation before drawing specific 

conclusions. 

When administered as a monotherapy, GEM did not have an impact on drug resistance 

facilitated by ABCB1. However, when KS-01 was combined with GEM, drug resistance 

increased by 25% without any change in ABCB1 expression (Figure 4.12 and Figure 4.14). It 

is possible that the upregulation of the transporter's activity was due to increased membrane 

cholesterol levels (Figure 4.7). This can be speculated because the accumulation of cholesterol 

in specific regions of the membrane may lead to the preferential accumulation of ABCB1 

substrates (Subramanian et al., 2016). However, this phenomenon was not observed in any 

other drug treatments, suggesting that the combination of KS-01 and GEM resulted in higher 

membrane cholesterol levels compared to other treatments. To validate this, further cholesterol 

analysis is required. GEM alone had no effect on the expression of ABCC5 and ABCG2, but 

like 5-FU, it promoted the expression of hENT1, although to a lesser extent. A similar 

speculation can be made here as with 5-FU. However, the combination treatment resulted in 

an increase in ABCC5 expression (1.35 log2 fold change), with no change in ABCB1 expression 

and a slight increase in ABCG2 expression, although this change was not statistically 

significant (Figure 4.14). The promotion of EMT-TF SNAIL1 may be involved in this 

phenomenon as these TFs have the ability to bind to the promoters of ABC transporters, thereby 

promoting their expression and subsequently drug resistance. This is in contrast to a previous 

study that reported an enhanced anti-neoplastic effect of GEM when combined with a statin to 

deplete cholesterol levels, although this study was in another PC cell line the use of a statin and 

for 72 hours instead of a cyclodextrin for 4 hours may explain the differing result (Bocci et al., 

2005). The underlying mechanisms behind the increase in hENT1 expression are not fully 



 

 

understood. On one hand, it has been found that the promotion of N-cadherin can decrease 

hENT1 expression and its localization in the membrane, indicating that hENT1 expression 

depends on the presence of E-cadherin. This may explain the increase in hENT1 expression 

observed in the GEM + KS-01 treatment group. On the other hand, hENT1 expression increased 

in the GEM monotherapy group without any observed changes in E-cadherin (Figure 4.11 and 

Figure 4.14). To gain a better understanding of this mechanism across different treatment 

groups, the activity of the drug importer as well as protein expression should be investigated 

further. It can be concluded that GEM is an ineffective treatment post-EMT and when 

combined with cholesterol depletion potentiates EMT, drug resistance, and invasion.  

Cholesterol depletion by itself has the potential to activate specific signalling pathways or cause 

cellular changes that facilitate EMT. When combined with GEM, another promoter of EMT, 

the two treatments may act in synergy to amplify EMT-related processes. However, when 

combined with 5-FU, the interaction between cholesterol depletion and the drug leads to a 

distinct cellular response that may counteract the EMT-promoting effects observed with 

cholesterol depletion alone. This could be attributed to various factors, such as modifications 

in intracellular signalling pathways, alterations in patterns of gene expression, or adjustments 

in cellular metabolism, which ultimately impact the likelihood of EMT induction. Further 

studies focusing on the mechanisms at the molecular level are necessary to clarify specific 

molecular processes behind these findings and gain a deeper understanding of the correlation 

between cholesterol depletion and different chemotherapeutic agents in the regulation of EMT. 

5.5 Conclusion 

Treating PANC1 cells with 10 ng/mL of TGF-β1 mediated the induction of EMT and promoted 

a more resistant state. This is evidenced by the promotion of the drug export gene ABCB1, the 

decrease in drug import, and the resistance to chemotherapeutic agents.  It is worth noting that 

this study is the first to document alterations in cellular cholesterol levels following EMT 

induction in PDAC. Interestingly, TGF-β1-induced EMT seems to rely on reduced membrane 

cholesterol levels, synthesis, and uptake, coupled with increased stored cholesterol and efflux. 

Although lipid rafts are key signalling hubs crucial for EMT induction, their destabilisation 

and decrease facilitated an EMT phenotype, possibly by allowing for a more flexible cell for 

metastasis. The role of lipid rafts in this context is rather contradictory, as different cancer types 

demonstrate varying results, and the exact mechanism underlying these discrepancies remains 

unknown. 



 

 

Given the significant involvement of cholesterol in various cancer-related processes such as 

progression, chemoresistance, and invasion along with the successes of previous studies at 

reversing the EMT phenotype, attempts were made at targeting cellular cholesterol in PDAC 

to affect both EMT and drug resistance. This, however, led to unexpected results, in which a 

cholesterol compensatory mechanism was activated, subsequently promoting a hybrid EMT 

state, drug resistance, and metastatic potential. When combined with GEM, these two 

treatments are speculated to act collaboratively to enhance EMT-related processes. On the other 

hand, when paired with 5-FU, the interplay between cholesterol depletion and the drug leads 

to a unique cellular response that may mitigate the EMT-promoting effects typically associated 

with cholesterol depletion alone. With regards to this in a clinical setting, patients on 

cholesterol-lowering agents such as statins should be cautious of the possible repercussions 

faced if diagnosed with PDAC. Therefore, the findings of this study, along with existing 

literature, suggest that lowering cholesterol should not be considered a viable therapeutic 

option for combatting PDAC, particularly when cells are in a mesenchymal state (Figure 5.1).  



 

 

 

Figure 5.1: A summary of the main findings of the research 

When EMT is induced using TGF-β1 there is a promotion of drug resistance and invasive 

potential as a result of increased drug efflux, and decreased drug import and cell proliferation. 

EMT alters cholesterol homeostasis by increasing levels of free cholesterol and CEs as well as 

promoting export. Interestingly, lipid raft cholesterol was seen to be decreased and cholesterol 

synthesis and uptake were promoted. Thus, indicating the reliance of mesenchymal cells on 

stored cholesterol. These effects on cholesterol, particularly increased CEs and reduced lipid 

raft cholesterol contribute to the invasive potential of mesenchymal cells. Attempts at targeting 

cholesterol were then made to see the effects on EMT and drug resistance. Using the CDs KS-

01 and MβCD resulted in a compensatory cholesterol response, where overall levels of 



 

 

cholesterol were not reduced and instead, the PANC-1 cells tried to compensate for this loss 

by promoting uptake and synthesis of cholesterol, as well as mobilising cholesterol stores. This 

compensatory effect promoted a hybrid EMT state as indicated by an increase in both vimentin 

as well as E-cadherin, resulting in the promotion of invasion but yielded conflicting drug 

resistance responses. When KS-01 was combined with 5-FU, the same cholesterol 

compensatory response was activated, promoting the expression of EMT-TFs as indicated by 

changes in gene expression, however, there were no translational changes in the EMT or drug 

resistance state. Combining KS-01 with GEM, however, promoted a similar mechanism of 

action to KS-01 alone, but with this treatment drug resistance was also significantly promoted. 

Therefore, combining cholesterol-depleting agents with chemotherapeutic agents does not 

promote their efficacy. Hence, based on the outcomes of this investigation and in alignment 

with prior research, it appears that reducing cholesterol levels may not present a feasible 

therapeutic avenue for addressing PDAC, especially when cells exhibit a mesenchymal 

phenotype. 

 

5.6 Limitations and future studies 

Limitations of this study include the reliance on time-point experiments conducted only after 

4 hours, which leaves gaps in understanding the temporal dynamics of cellular responses before 

and after this period, necessitating investigation into long-term effects. Additionally, not 

utilising the quasi-mesenchymal phenotype resulted in grouping cells together, potentially 

overlooking variations where one subset of cells may have been more prevalent than another, 

potentially skewing results. Furthermore, this study focused solely on a single PC cell line, 

neglecting the exploration of other cell lines representing varying degrees of EMT. The high 

cost associated with TGF-β1 limited the scope of experiments, resulting in limited sample sizes 

for invasion and RT-qPCR analyses. Moreover, the exclusive reliance on in vitro models 

overlooks the influence of the TME, intra-tumour heterogeneity, as well as the true metastatic 

propensity of targeting cholesterol using CDs highlighting the need for complementary in vivo 

studies.  

The biological mechanism for the observations made in the current study are still unknown and 

literature is limited therefore future studies should include cell count assays on post-EMT cells 

across all drug combinations to elucidate effects on cell growth or viability. Additionally, 

investigations on partial-EMT cells are essential for accurate comparisons, and hence all 

experiments should be performed again, but only on partial-EMT cells. Exploring alternative 

cholesterol-targeting agents such as statins to act as a control for the data observed in this study 

as well as conducting comprehensive cholesterol studies across all treatment combinations are 

warranted. Additionally, further experiments should be conducted to assess the dosage and 

exposure time required for the current cholesterol-depleting agents to effectively reduce 



 

 

cholesterol levels. These experiments will help determine the specific concentrations and 

durations that yield the desired outcomes. Subsequently, the findings from these experiments 

can be used to re-evaluate the results of the current study. 

Combining other CDs, such as MβCD, and statins with the chemotherapeutic drugs should also 

be explored. One could even combine statins and CDs and see their collaborative effects on 

PDAC. Incorporating flow cytometry techniques to understand each subtype of PANC-1 to 

prevent specific subsets from skewing the reliability of data could also be implemented. Several 

more genes involved in these pathways should be further investigated possibly through RT2 -

PCR profiler arrays which can further elucidate mechanisms underlying drug resistance, 

lipoprotein, and cholesterol homeostasis pathways. Western blot analyses on proteins of 

interest would provide insights into post-transcriptional and post-translational regulatory 

mechanisms influencing protein expression. Ultimately, transitioning this study to in vivo 

models will be crucial for validating these findings. Nevertheless, the insights gained from this 

study lay the groundwork for future investigations aimed at elucidating the exact cholesterol-

mediated mechanism of EMT in PDAC. 

6 Troubleshooting 

6.1 EMT induction 

In order to optimise EMT induction different times (24 and 48 hours) and concentrations (5 

ng/mL and 10ng/mL) of TGF-β1 were tested for EMT induction and can be seen in Figure A2.  

6.2 MTT assay 

Since the treatment with TGF-β1 extends over 48 hours, which is then followed by drug 

treatments that extend over 48 hours the resultant time the cells are exposed to TGF-β1 would 

be 96 hours. RT-qPCR was done to compare EMT induction at 48 and 96 hours, in order to 

ensure cells were in a comparable EMT state after 96 hours as with 48 hours. It was found that 

EMT was comparable after 96 hours to 48 hours when TGF-β1 was removed at the 48-hour 

mark, cells were washed and fresh media was added with the chemotherapies. This was 

validated through the gene expression of the EMT-TF SNAIL1 and can be seen in Figure A3 

6.3 MDR assay 

The Vybrant® MDR Assay Kit is usually read on a plate reader at excitation maximum of 494 

nm and an emission maximum of 517 nm utilising black 96-well fluorescent plates (Thermo 

Fisher Scientific, USA) to prevent background fluorescence due to the scattering and reflection 



 

 

of light. Owing to the difficult nature of the PANC-1 cell line, the cells did not attach to this 

type of 96-well plate. The experiment thus needed to be optimised rather to be viewed under a 

fluorescent microscope, using the GFP channel, in a normal clear 96-well plate which required 

adaptations to the protocol. Wash steps were extended from two wash steps on a plate shaker 

for 1 minute to three wash steps on a plate shaker for 5 minutes and lastly cells were left in 45 

μL of 1× PBS for viewing instead of 200 μL.  

6.4 Invasion Assay 

After following the previously optimised protocol using 40% GelTrex™ and 100 000 cell/mL 

it was noted that no invasion occurred. To validate if the concentration of GelTrex™ was an 

issue or if there were other factors such as the Millicell® cell culture inserts pore size (Sigma 

Aldrich, UK) or lack of invasive capabilities of the cells a range of GelTrex™ concentrations, 

0%, 10%, 20%, and 40% as well as cell concentrations (100 000 cells/mL, 200 000 cells/mL, 

300 000 cells/mL) were investigated. It was found that maximum invasion occurred at a 

concentration of 20% GelTrex™ with 300 000 cells/mL. Lastly, cells could not survive in 

serum free media alone, so varying concentrations of BSA (0.1%, 0.2%, and 0.5%) were tested 

to support the growth of the PANC-1 cells, cells attached and sustained morphology when 

treated with at least 0.2% BSA, and this concentration was hence chosen.  

6.5 RNA extraction 

RNA from PANC-1 cells was challenging to extract in that yields were extremely low and 

purity ratios were not usable. The Direct-zol™ RNA MiniPrep kit (Zymo Research, Inqaba 

Biotec™, SA), Trizol-chloroform method, and RNeasy kit (Qiagen, Netherlands) were all 

utilised to extract RNA but were unsuccessful. RNA was only successfully extracted after the 

use of E.Z.N.A.® HP Total RNA Isolation Kit (Omega Bio-Tek, USA).  

6.6 RT-qPCR  

The annealing temperatures of the designed primers had to be initially optimised using gradient 

PCR, using the OneTaq® 2X Master Mix with Standard Buffer (New England Biolabs, USA), 

prior to RT-qPCR. SNAIL1, ABCB1, SREBF2, GAPDH, LDLR, ABCC5, ABCG2, and ABCA1 

were run on a gradient from 57°C to 64°C and TGF-β1 on a gradient from 57°C to 64°C and 

can be seen in Figure A4  
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8 Appendix 

Optimising GEM and 5-FU concentrations in the PANC-1 cell line 

In order to optimise the concentrations of drugs 5-FU and GEM for downstream experiments, 

MTT assays were performed using a range of drug concentrations alone or in combination with 

the cholesterol depleting agent, 10 mM KS-01. The drugs 5-FU and GEM demonstrated 

resistance to cell death at all concentrations and thus chosen concentrations were chosen based 

off their effect in combination with KS-01. A concentration of 1 μM was chosen for GEM and 

a concentration of 10 μM for 5-FU for downstream experiments.  

 

Figure A1: Changes in cell viability in PANC-1 cells after a range of concentrations of 5-

FU or GEM alone or in combination with a cholesterol depleting agent KS-01. 

The graphs depict (a) The percentage cell viability of PANC-1 cells after treatment with 

various concentrations of 5-FU alone or in combination with 10mM KS-01 after 48 hours, 

normalised to untreated. (b) The percentage cell viability of PANC-1 cells after treatment with 

various concentrations of GEM alone or in combination with 10mM KS-01 after 48 hours, 

normalised to untreated. Cells were plated, treated for 48 hours and MTT was then added for 

4 hours, formazan crystals solubilised overnight, and viewed using a VICTOR™ Nivo plate 

reader at 570 nm. Cells were treated with 1 μM, 5 μM, 10 μM, 20 μM, 50 μM, and 100 μM 5-

FU or GEM as well as these same concentrations combined with 10 mM ks-01. A positive 

control (Plumbagin at 40 μM) was used for all conditions, as it is known to have pro-apoptotic 

properties. Quantification indicated that in cells treated with 5-FU (a) there was a reduction 

in viability when treated with a combination of 5-FU and KS-01, there was no reduction in 

viability when treated with 5-FU alone and a concentration of 10 μM 5-FU was chosen for all 

downstream experiments. In GEM treated cells (b) the same was seen, there was a reduction 

in viability when treated with a combination of GEM and KS-01, there was no reduction in 

viability when treated with GEM alone and a concentration of 1 μM GEM was chosen for all 

downstream experiments. Treatment groups were compared to the (a) untreated control and 

(b) untreated control. Cell viability was assessed using an MTT assay relative to the untreated 

control (100% viability). Data are mean ± SD; (n = 3) from raw data. The z-factor was >0.6 

for each 96-well plate. 

Optimising EMT induction in the PANC-1 cell line 

In order to optimise the concentration of TGF-β1 to successfully induce EMT, 24- and 48-

hours incubations were investigated using 5 ng/mL and 10 ng/mL of TGF-β1. The only 



 

 

significant change in vimentin expression, a mesenchymal marker, was after 48 hours with a 

concentration of 10 ng/mL and was hence chosen to be investigated further using the epithelial 

marker E-cadherin and the proliferation marker Ki-67 which then resulted in the use of 10 

ng/mL TGF-β1 for downstream experiments. 

 

Figure A2: Changes in vimentin fluorescence in PANC-1 cells after TGF-β1 treatment 

The representative immunofluorescent images illustrate the impact of various TGF-β1 

treatments on vimentin expression levels. (i) The images correspond to the following 

conditions: (a) Untreated, (b) 5 ng/mL TGF-β1 for 24 hours, (c) 5 ng/mL TGF-β1 for 24 hours, 

(d) 5 ng/mL TGF-β1 for 48 hours, (e) 10 ng/mL TGF-β1 for 48 hours. Cells were labelled with 

Rabbit Anti-Human Vimentin primary antibody and Goat Anti-Rabbit Texas Red secondary 

antibody. Nuclei are stained with DAPI and shown in blue, and vimentin in red. (ii) 

Quantification revealed a significant increase vimentin, a mesenchymal marker, only after 

treatment with 10 ng/mL of TGF-β1 for 48 hours. Images were captured using EVOS Floid™ 

Cell Imaging Station at 20× magnification and subsequently quantified using Image J. A 

corresponding bar graph depicting mean values of the corrected total cell fluorescence 

(CTCF) from three independent repeats, is included. Treatment groups were compared to the 

untreated control. Scale bar represents 100 μM. Data are mean ± SD; (n = 3) from raw data. 

Treatment groups were compared to the untreated control. Statistical analysis was calculated 

using a two-tailed students t-test, where *p < .05, **p < .01, ***p < .001, ****p < .0001, and 

ns = non-significant indicates a significant or non-significant difference to the untreated 

control.  

Optimising MTT assay conditions  



 

 

In the MTT assay, treatment with TGF-β1 extends over 48 hours, which is then followed by 

drug treatments that extend over 48 hours the resultant time the cells are exposed to TGF-β1 

would be 96 hours. It was then confirmed if there are comparable levels of expression of 

SNAIL1, and EMT-TF gene, after these treatment times. A 48-hour treatment with 10 ng/mL 

TGF-β1 was found to be comparable to a treatment for 96 hours of 10 ng/ml TGF-β1 with a 

media change after 48 hours and these conditions were kept for all MTT assays involving EMT 

induction.  

 

Figure A3: Changes in SNAIL1 expression after TGF-β1-induced EMT and combination 

treatments. 

The graph depicts the 2-(ΔΔCt) fold change of a gene involved in EMT (SNAIL1) in PANC-1 cells 

normalized to the untreated. Cells were treated with 10 ng/ml TGF-β1 for 48 hours, 10 ng/ml 

TGF-β1 for 96 hours without any media change after 48 hours, and 10 ng/ml TGF-β1 for 96 

hours with a media change after 48 hours. TGF-β1-induced EMT promotes the gene expression 

of SNAIL1 at comparable levels after either 48 hours of 10 ng/mL TGF-β1 or 96 hours of 

10 ng/ml TGF-β1 with a media change after 48 hours. n=1.  

Determining the optimal annealing temperatures of genes for RT-qPCR  

As to determine the optimal annealing temperature for RT-qPCR, gradient PCR was run on all 

of the utilised genes and their PCR products run on an agarose gel.  



 

 

 

Figure A4: Agarose gel electrophoresis of gradient PCR products for various genes. 

Each panel represents the specific PCR product band corresponding to the gene indicated, 

with the expected sizes determined by comparison to the 50 bp DNA ladder. The images 

correspond to the following genes. (a) TGF-β1, (b) SREBF2, (c) SNAIL1, (d) ABCB1, (e) 

LDLR, (f) hENT1, (g) GAPDH, (h) ABCG2, (i) ABCC5, (j) ABCA1. The genes in panels (a) 

and (f) were run on a gradient of 59 to 66°C and the rest of the genes run on a gradient of 57 

to 64 °C. Gradient PCR optimization was employed to achieve specific amplification of each 

target gene, facilitating precise assessment of the correct annealing temperature for use in RT-

qPCR.  

 

 


